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INTRODUCTION DEFINITION OF IMMUNOMODULATION

Recently, many advances have been made toward under-
standing host immune responses to infectious diseases. Novel
cell surface and soluble signaling molecules produced by cells
of the immune system have been discovered that regulate host
responses to microorganisms. It is now widely appreciated that
these molecules interact in a concerted fashion to maintain a
balance that governs an appropriate response to infectious
organisms. Investigators have focused on discovering com-
pounds that positively or negatively modulate the biologic re-
sponse of immune cells and enhance the host’s ability to resist
microbial infection. Several classes of these compounds, such
as proteins, peptides, lipopolysaccharides, glycoproteins, and
lipid derivatives, have all been characterized as molecules that
have potent effects on the host immune system. Peptides such
as cytokines and chemokines are well-known examples of such
molecules. While polysaccharides have long been believed to
have benign biologic properties, certain polymers have recently
been shown to act as potent immunomodulating agents. This
review will focus on polysaccharides that exhibit this biologic
activity and their potential for clinical use.

* Mailing address: Channing Laboratory, Brigham and Women’s
Hospital, Harvard Medical School, 181 Longwood Ave., Boston, MA
02115. Phone: (617) 525-2610. Fax: (617) 731-1541. E-mail: atzianabos
(@channing.harvard.edu.
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With recent advances in the understanding of how cells
communicate with each other to signal effector functions, it has
become possible to conceive of strategies to manipulate these
signaling pathways in order to influence host responses. Com-
pounds that are capable of interacting with the immune system
to upregulate or downregulate specific aspects of the host
response can be classified as immunomodulators or biologic
response modifiers. Whether certain compounds enhance or
suppress immune responses can depend on a number of fac-
tors, including dose, route of administration, and timing of
administration of the compound in question. The type of ac-
tivity these compounds exhibit can also depend on their mech-
anism of action or the site of activity.

The cell types involved in orchestrating specific aspects of
innate and acquired immune responses are well known. How-
ever, until recently the pathways by which these cells commu-
nicate were less well understood. These studies have begun to
unravel the network of signaling molecules and cell surface
receptors that direct an appropriate host response to infectious
agents. The basic strategy underlying immunomodulation is to
identify aspects of the host response that can be enhanced or
suppressed in such a way as to augment or complement a
desired immune response. This approach, which should allow
the host to better defend itself against invading microorgan-
isms during the course of infection, is attractive because (i) it
allows for enhanced host-derived mechanisms to take part in
the immune response and (ii) it does not involve the use of
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FIG. 1. Schematic representation of the balance between pro- and anti-inflammatory cytokines elicited during bacterial sepsis. The onset of bacterial sepsis
immediately leads to the production of numerous proinflammatory mediators, such as TNF-a, IL-1B, IL-6, IL-8, and NO. To prevent an overwhelming inflammatory
response anti-inflammatory mediators such as IL-10 and MCP-1 are produced a few hours later. These cytokines have pleiotropic effects functioning to directly inhibit
proinflammatory cytokine synthesis and promote the synthesis of specific cytokine inhibitors, such as IL-1 receptor antagonist and soluble TNF receptors. In addition,
they downregulate chemokine and chemokine receptor production and inhibit Thl cytokines, such as IL-2 and IFN-y.

organism-specific therapeutics such as antibiotics. The latter
point is especially important due to the increase in the number
of bacterial species that have developed resistance to the ef-
fects of various antimicrobial agents.

Knowledge of the specific components of cytokine networks
and signaling pathways and their role in the regulation of
immune responses is important in designing strategies to aug-
ment these responses. For example, recent studies have dem-
onstrated the role of anti-inflammatory cytokines such as in-
terleukin 10 (IL-10) and MCP-1 in dampening endotoxic shock
associated with bacterial sepsis (26, 80). The influx of bacteria
into otherwise sterile spaces such as the peritoneal cavity re-
sults in a massive inflammatory response that causes an almost
immediate production of proinflammatory cytokines such as
tumor necrosis factor alpha (TNF-«), IL-18, and IL-6. In ex-
perimental animal models, upregulation of these mediators
is associated with increased endotoxic shock and mortality.
Following elicitation of proinflammatory cytokines, levels of
anti-inflammatory mediators such as IL-10 and MCP-1 are
increased and suppress the activity of TNF-a and other proin-
flammatory molecules such as nitric oxide (NO) (26). The role
of IL-10 in the suppression of deleterious effects associated
with sepsis has recently been documented (27, 33, 58). MCP-1
complements the role of IL-10 in its ability to increase innate
immune defenses associated with bacterial clearance (41). Fur-
thermore, administration of inhibitors of proinflammatory me-
diators such as NO leads to increased levels of IL-10 and
MCP-1 and significantly reduces mortality associated with sep-
sis in animals (26). These data support the concept that a
balance between pro- and anti-inflammatory mediators is
maintained during acute infections such as bacterial sepsis and
underscore how modulation of this balance of cytokines in
favor of anti-inflammatory mediators can be used to amelio-
rate disease processes. A schematic representation of this pro-
cess is shown in Fig. 1.

POLYSACCHARIDE IMMUNOMODULATORS

Generally, polysaccharides are considered to be classic T-
cell-independent antigens that do not elicit cell-mediated im-
mune responses. Rather, most bacterial polysaccharides elicit
humoral immunity that results in the induction of low-affinity
immunoglobulin M (IgM) and some IgG antibodies. This re-
sponse is short-lived due to the absence of T-cell help in the
development of immunologic memory and the lack of long-
lasting antibody response with a switch in class from IgM to
IgG. It is believed that the inability of antigen-presenting cells
to process polysaccharide antigens leads to the lack of T-cell
help, in contrast to the immune response elicited by protein
antigens, which stimulate long-lived cell-mediated and hu-
moral responses. Antigen-presenting cells are able to internal-
ize protein antigens, degrade them to peptide subunits, and
present these subunits along with major histocompatibility
class II molecules on the cell surface. T cells recognize these
antigens and are activated to perform effector functions: pro-
viding T-cell help in the production of specific IgG antibody by
B cells or acting as cytotoxic cells in the lysis of infected host
cells.

Recently, certain polysaccharides of microbial origin have
been described that act as potent immunomodulators with
specific activity for both T cells and antigen-presenting cells
such as monocytes and macrophages. While quite a few poly-
saccharide immunomodulators have been identified, most of
the studies have been anecdotal in nature. Relatively few poly-
saccharides have been examined in detail where both struc-
ture-function and mechanism of action studies have been per-
formed. For the purposes of this review, specific examples of
polysaccharide immunomodulators will be discussed for cases
in which information regarding their biologic activity is avail-
able. The review is not meant to provide a complete list of
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FIG. 2. Structure of B. fragilis PS A. This repeating unit comprises a trisaccharide backbone with a galactofuranose side chain. PS A has a positively charged free
amino group on the 2,4-dideoxy-4-amino-p-FucNAc and a 4,6-pyruvate ring on the galactose moiety.

compounds of this nature but rather illustrates their potential
for clinical use.

PS A

Structural attributes and role in biologic function. Polysac-
charide A (PS A) is the prototype of a group of polysaccharides
termed zwitterionic polysaccharides (Zps) that have both pos-
itively and negatively charged moieties and share the same
biologic function. PS A is one of two capsular polysaccharides
isolated from the gram-negative anaerobic bacterium Bacte-
roides fragilis that share this dual-charge motif (47, 66). They
are present on the surface of this organism and exist as an
ionically linked aggregate that can be separated on the basis of
electrophoretic mobility (66). These molecules make up the
capsular polysaccharide complex (CPC) of B. fragilis and ex-
hibit distinct biologic properties. Early studies by Onderdonk
et al. and Kasper et al. showed that the CPC modulates abscess
formation associated with experimental intra-abdominal sepsis
(29, 44). Intraperitoneal challenge with the polysaccharide

complex along with sterile cecal contents induced abscess for-
mation in animals. Conversely, subcutaneous immunization
with the CPC prior to intraperitoneal challenge with B. fragilis
prevented subsequent abscess formation. The ability to both
induce abscesses and prevent their formation could be trans-
ferred to naive animals by T cells, while B cells failed to
transfer this activity (45, 53, 54). These studies were the first to
indicate that the B. fragilis polysaccharides behaved as immu-
nomodulators with activity specific for T cells.

The CPC of B. fragilis NCTC 9343 comprises two structurally
distinct high-molecular-weight polysaccharides, termed PS A
and PS B. The component polysaccharides are coexpressed on
the surface of B. fragilis (66) and have repeating-unit structures
that possess positively and negatively charged groups (6). PS A
is a tetrasaccharide repeating unit with a balanced positively
charged amino group and negatively charged carboxyl group,
while PS B is a hexasaccharide repeating unit with a 2-amino-
ethylphosphonate substituent containing a free amino group
and a negatively charged phosphonate group. An additional
negative charge conferred by a galacturonic acid residue gives
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TABLE 1. Abscess induction by Zps*

Polysaccharide ADs? (ng)
PS A s 0.67
PS B 25
CPC ettt 22
C substance 5
S. pneumoniae type 1 CP.......ccccceuiiiiiiiiiiiiiiccicccccene 31
Group B meningococcal CP ....... ... >200
Group B streptococcal type Ia CP......cccooviiiiiiiiiiiiicns >200

“ Animals were challenged intraperitoneally with 10-fold dilutions of each
polysaccharide mixed 1:1 with sterile cecal-content adjuvant (64). Animals were
examined for intra-abdominal abscesses 6 days later, and the ADs, was calcu-
lated as described (64). Zps were potent abscess-inducing agents, while polysac-
charides that did not have this charge motif had ADs,s greater than 200 wg.

® The dose of polysaccharide calculated to yield abscesses in 50% of animals as
previously described (64).

this repeating unit one positive and two negative charges. Of
the hundreds of capsular polysaccharides whose structures
have been determined, very few possess this zwitterionic
charge motif. The capsule of Streptococcus pneumoniae type 1
and the group polysaccharide from this organism, C substance,
are two such polymers. The structure of PS A is shown in Fig. 2.

B. fragilis Zps are potent inducers of intraabdominal ab-
scesses in a rat model of sepsis. Intraperitoneal challenge with
a dose of less than 1 g of PS A results in abscess formation in
more than 50% of animals (ADs,) (Table 1). PS B (ADs, = 25
pg) and CPC (ADs, = 22 pg) also exhibit this activity (64).
Structurally distinct Zps induce abscesses in a similar manner.
The type 1 capsular polysaccharide of S. pneumoniae and C
substance have potent abscess-inducing ability. Polysaccha-
rides with only one negatively charged group per repeat (such
as the Vi antigen of Salmonella enterica serovar Typhi) can be
converted into abscess-inducing polymers by the chemical ad-
dition of positively charged groups. Finally, chemical modifi-
cation of PS A or PS B to neutralize or eliminate positively or
negatively charged groups on each repeating unit significantly
reduces potency by 2 orders of magnitude. It is important to
point out that bacterial polysaccharides with repeating-unit
structures that lack charged groups or have one negatively
charged group per repeating unit do not induce abscesses in
this model. Taken together, these studies delineate a structure-
activity relationship that explains the ability of certain polysac-
charides to interact with the host immune system to induce
abscess formation.

Model of intra-abdominal abscess formation by Zps. The
recruitment, infiltration, and sequestration of polymorphonu-
clear lymphocytes (PMNs) within the peritoneal cavity form
the basis for the development of intra-abdominal abscesses.
Cell adhesion molecules (CAMs) expressed by eukaryotic cells
are critical in the trafficking of white blood cells from circulat-
ing blood to sites of inflammation. The expression of CAMs on
the surfaces of cells increases in response to proinflammatory
cytokines and chemokines and mediates cellular extravasation
and localization of PMNs to host cell surfaces. The role of the
B. fragilis CPC in regulating the production of cytokines in the
peritoneal cavity and the expression of CAMs such as ICAM-1
on mesothelial cells has been studied in vitro. The CPC of B.
fragilis stimulates both TNF-a and IL-1a from murine perito-
neal macrophages, which interact with peritoneal mesothelial
cells to induce the expression of ICAM-1. Surface-expressed
ICAM-1 on mesothelial cells serves as a functional ligand for
infiltrating PMNs and increases the binding of this cell type in
vitro (25). The CPC also stimulates IL-8 production from hu-
man peripheral blood monocytes and PMNs, which suggests
that it also serves to recruit PMNs to sites of infection. It has
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been proposed that the Zps of B. fragilis have many roles in
coordinating events that could lead to abscess formation in the
peritoneal cavity: 1) they allow for the adherence of bacteria to
mesothelial surfaces lining the peritoneal cavity; and 2) stim-
ulate proinflammatory cytokines and chemokines that induce
the expression of CAMs on host cells and recruit PMNs to the
abdominal cavity. CAMs such as intracellular adhesion mole-
cule 1 (ICAM-1) facilitate the adherence of infiltrating PMNs
to mesothelial tissue. The recruitment of PMNs into the peri-
toneal cavity and subsequent adherence of these cells to in-
flamed mesothelial tissue form the first stages of intra-abdom-
inal abscess formation in the infected host. The proposed
mechanism by which Zps coordinate these events is shown in
Fig. 3.

Prevention of abscess formation by Zps. While intraperito-
neal challenge with Zps and sterile cecal contents induces
intra-abdominal abscess formation, subcutaneous or intramus-
cular treatment of animals with these polymers prevents the
development of this host response following bacterial chal-
lenge. Subcutaneous administration of PS A in the absence of
any adjuvant mixtures protects against abscess formation fol-
lowing challenge with B. fragilis or different intestinal organ-
isms capable of causing intra-abdominal abscesses. Protection
by PS A can also be conferred by administration 24 h following
bacterial challenge.

The ability of Zps to prevent abscess formation is dependent
on the presence of positively and negatively charged groups on
their repeating-unit structures. Naturally occurring polysaccha-
rides or polysaccharides chemically modified to possess these
charged groups protect animals against challenge with B. fra-
gilis or heterologous abscess-inducing bacteria. Protection
from abscess formation by antigenically distinct, heterologous
bacterial species that induce this pathobiologic host response
demonstrates that PS A does not behave as a classic immuno-
gen that confers specific immunity. Rather, it appears this
polymer modulates the immune system to suppress a general-
ized host response that leads to abscess formation. This hy-
pothesis is further supported by the fact that PS A can be
administered shortly before or even after challenge with bac-
teria and still protect against abscess formation.

T-cell immunomodulation by Zps. Despite the conventional
view regarding humoral immune mechanisms governing the
host response to bacterial polysaccharides, a role for T cells in
mediating protection against abscess formation has been dem-
onstrated (45, 53, 63, 65). T cells taken from animals previously
treated with PS A protect naive recipient animals against ab-
scess formation induced by viable B. fragilis or a combination
of Fusobacterium varium and Enterococcus faecium.

CD4™" T cells transfer the immunomodulatory activity in this
system (67). A role for soluble mediators produced by CD4* T
cells was demonstrated when cell lysates could also transfer
this protective activity. Analysis of the cytokine profile of
splenic T cells taken from animals treated with PS A showed
that mRNA transcripts were produced for IL-2, gamma inter-
feron (IFN-vy), and IL-10, but not for IL-4. This pattern did not
follow a classic Th1 or Th2 profile but rather seemed to rep-
resent a combination of the two patterns. This cytokine profile
is characteristic of the response to the superantigen staphylo-
coccal enterotoxin B (3), in which IL-2 and IFN-y are seen
early in the response, while IL-10 is produced 48 h later. Since
IL-10 has been shown to inhibit Thl responses, these investi-
gators hypothesized that cells stimulated with staphylococcal
enterotoxin B likely produced this cytokine in order to help
downregulate the stimulatory response.

IL-2 produced by T cells appears to be central to the ability
of PS A to modulate the prevention of abscesses, since neu-
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FIG. 3. Proposed model of intra-abdominal abscess formation. The CPC of B. fragilis interacts with cells of the host immune system within the peritoneal cavity.
This interaction (i) allows for the localization of B. fragilis within the abdominal cavity, thus resulting in enhanced adherence to the mesothelial surface and the ability
to resist clearance from the peritoneum, and (ii) stimulates proinflammatory cytokines and chemokines, the production of which stimulates the expression of CAMs
(such as ICAM-1) on host cells and the recruitment of PMNs to the abdominal cavity. Infiltration and sequestration of PMNs within the peritoneal cavity are the
hallmark of intra-abdominal abscess formation. The CPC of B. fragilis interacts with T cells, peritoneal macrophages, and PMNs. In response to this interaction, these
cells produce TNF-a and IL-8, which serve to recruit activated PMNs to the peritoneal cavity and upregulate ICAM-1 expression on mesothelial cells. The production
of ICAM-1 by mesothelial cells serves as a functional ligand for infiltrating PMNs. The recruitment of PMNs into the peritoneal cavity and subsequent adherence of
these cells to activated mesothelial tissue form the first stages of intra-abdominal abscess formation in the infected host.

tralization of this cytokine with specific antibody abrogates the
ability of T-cell lysates to transfer protection to naive animals
(67). In contrast, mixing of IFN-y- or IL-10-specific antibody
did not abrogate the protective activity. Furthermore, admin-
istration of recombinant IL-2 to animals at the time of chal-
lenge with B. fragilis also prevented abscess formation. Parallel
studies have shown that PS A stimulates CD4" T-cell prolif-
eration in vitro (11).

On the basis of this work, the mechanism of protection by
Zps is thought to occur through the modulation of CD4™"
T-cell activity and the production of IL-2. It has been reported
that certain activated CD4™" T cells can induce suppression in
naive T cells in a manner that obviates unwanted host re-
sponses to specific antigens or alloantigens (22, 51, 60). The
mechanism by which tolerance is induced in these cells is
unclear, but some investigators have suggested that induction
is mediated through control of IL-2 secretion and the upregu-
lation of the IL-2 receptor CD25 on T cells (37, 60). It is
possible that the transfer of PS A-activated CD4™ T cells from

rats confers protection to naive animals in a similar manner.
The ability of Zps to both upregulate and downregulate the
host immune system to induce or prevent abscess formation
clearly demonstrates their inmunomodulatory properties. The
interaction of Zps with T cells and other host cells to regulate
the production of cytokines exemplifies how these molecules
can influence the immune system to prevent deleterious host
responses.

B-(1-3)-Glucans

Structure-function attributes. B-(1-3)-Glucans are glucose
homopolymers purified from fungi and yeasts. These polymers
are generally 1-3 linked throughout the repeating unit but can
be isolated with 1-6 branches of the 1-3 polymer. Glucans can
be obtained in crude form by boiling and enzyme treatment of
yeast strains to yield insoluble and soluble material. Insoluble
glucans have been derivatized by phosphorylation, sulfation,
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and amination to improve solubility. The soluble glucans exist
mainly as linear triple-helical structures in aqueous solution (8).

The biologic activity of particulate yeast glucans that differed
in molecular weight and the number of 1-6 linkages has been
determined. Mice injected with high-, medium-, or low-molec-
ular-weight glucans all induced peritoneal cell activation.
Treatment with these polymers resulted in an increase in the
proportion of neutrophils and eosinophils and an alteration in
macrophage morphology. Macrophages also showed an in-
crease in phosphatase activity and lipopolysaccharide (LPS)-
stimulated NO production (15).

The challenge in fully assessing the structure-function prop-
erties of the B-(1-3)-glucans has been in obtaining purified
soluble preparations of this material. Many investigators have
demonstrated immunomodulatory properties with cell wall-
derived insoluble material. However, more recent efforts have
been directed toward identifying the structural and biologic
characteristics of the soluble form of the molecule in order to
evaluate its potential for clinical use.

Conversion of particulate glucan to a soluble material can be
achieved with treatment in methyl sulfoxide and urea (8 M) at
100°C. This preparation is endotoxin free and composed of
34.06% C, 6.15% H, 50.30% O, 5.69% S, and 3.23% N. Fol-
lowing this treatment, two polymer peaks were resolved by size
exclusion chromatography: peak 1 was approximately 1 X 10°
Da and represented 1% of the total polymer mass, and peak 2
was about 1.5 X 10* Da and represented 99% of the total
polymer mass (76). These polymers formed a triple helix in
solution and were biologically active.

Further work simplified the extraction of water-insoluble
B-(1-3)-p-glucan from Saccharomyces cerevisiae by employing
hydrochloric acid. However, other protic acids tested for the
extraction of water-soluble glucan showed promising results.
Purified glucan could be obtained from acetic, formic, and
phosphoric acids and varied in molecular mass and viscosity;
however, the basic structure and side chain branching were not
altered (39).

Anti-infective activity. The biologic properties of crude
preparations of B-(1-3)-glucans have been studied since the
1960s. Although these molecules exhibit a wide range of bio-
logic functions, including antitumor activity, their ability to
prevent a range of experimental infectious diseases has been
studied in the greatest detail (8). Numerous reports have doc-
umented the ability of B-(1-3)-glucans to nonspecifically acti-
vate cellular and humoral components of the host immune
system. Primarily, these molecules increase antimicrobial ac-
tivity of mononuclear cells and neutrophils (36, 49, 69) and
enhance the functional activity of macrophages (12). B-(1-3)-
Glucans also stimulate the proliferation of monocytes and
macrophages and have potent hematopoietic activities (48, 49).

The anti-infective activity of B-(1-3)-glucans has been tested
in animal models of bacterial, fungal, parasitic, and viral dis-
ease but has been most extensively tested in experimental
bacterial diseases. B-(1-3)-Glucans have been evaluated in ex-
perimental models of Escherichia coli, Staphylococcus aureus,
Pseudomonas aeruginosa, and Mycobacterium leprae infection
(19, 30, 73-75, 77, 79). In each case, treatment with B-(1-3)-
glucan had a beneficial effect in reducing mortality or decreas-
ing bacterial counts in infected animals.

Insoluble and derivatized B-(1-3)-glucans stimulate the pro-
duction of proinflammatory mediators such as complement
components, IL-1, TNF-a, IL-2, and eicosanoids (9, 16, 17, 21,
32). Due to their potential for adverse reactions in animals and
humans, the insoluble compounds have not been evaluated in
detail for clinical use.

The soluble B-(1-3)-glucans have been examined extensively
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for their ability to prevent bacterial sepsis. Studies by Williams
and DiLuzio and coworkers were among the first to identify
the anti-infective properties of these compounds and their
ability to prevent bacterial sepsis in experimental models (20,
73-75). Subsequent studies focused on the nature and mech-
anism of this protective activity. Williams and coworkers
showed that administration of soluble B-(1-3)-glucan has mul-
tiple effects. It significantly increased the number of circulating
neutrophils in animals and enhanced bone marrow prolifera-
tion. Neutrophils from glucan-treated mice showed increased
phagocytosis of E. coli in vitro (77). Subsequent work with
PGG-glucan, a highly purified proprietary 8-(1-3)-glucan with
B-1,6 branches demonstrated similar activity. Administration
of PGG-glucan to mice or rats prior to bacterial challenge
protected against lethal peritonitis (43) and yielded a dose-
dependent protective effect against lethal E. coli and S. aureus
challenge. Prophylactic treatment also resulted in a decrease in
mortality associated with intra-abdominal sepsis. This model of
sepsis simulates fecal contamination of the peritoneal cavity
following disruption of the bowel and results in severe perito-
nitis with associated mortality and abscess formation. Fewer
organisms were present in blood cultures of PGG-glucan-
treated animals, and studies of leukocytes from rats and mice
following a single injection of PGG-glucan showed a transient
increase in the total leukocyte count (43). Treatment with
PGG-glucan could be administered up to 4 h postchallenge
and still effect a significant reduction in mortality (62). This
activity can be transferred by spleen cells taken from glucan-
treated animals and is thought to be mediated, at least in part,
by an increase in the production of prostaglandins by these
cells (14).

Recent evidence suggests that PGG-glucan modulates the
production of pro-inflammatory cytokines from lymphocytes
and monocytes during sepsis. Lymphocytes and monocytes
taken from mice treated with PGG-glucan produced signifi-
cantly less TNF-a and other proinflammatory cytokines when
stimulated in vitro with LPS or a superantigen (56). In addi-
tion, treatment with glucan increases the level of cellular ap-
optosis, suggesting that inflammatory cells induced by the sep-
tic process are deleted from circulation. The ability to dampen
the proinflammatory response associated with bacterial sepsis
and to remove cells producing these cytokines from sites of
inflammation furthers our understanding of the anti-infective
properties of PGG-glucan.

In work done to determine the effect of B-(1-3)-glucan on
transcriptional activation, cytokine expression, and mortality in
a mouse model of sepsis, decreased NF-«kB and NF-IL-6 nu-
clear binding activity and TNF-a and IL-6 mRNA levels were
observed compared to control animals (72). The downregula-
tion of transcription factor activation and cytokine message
expression was associated with an increase in survival in ani-
mals with sepsis. Animals treated with the glucan in a prophy-
lactic or therapeutic mode showed increased survival rates
compared to controls following the induction of sepsis by cecal
ligation puncture.

The immunomodulatory properties of PGG-glucan have
been studied in many in vitro models. Incubation of phagocytic
cells such as PMNs with this compound increases their bacte-
ricidal capabilities (57, 69). Incubation of human whole blood
with PGG-glucan does not directly stimulate oxidative burst,
phagocyte degranulation, or the release of proinflammatory
cytokines but does prime PMNs and monocytes for subsequent
activation following exposure to opsonized bacteria or partic-
ulate matter (69).

The basis for the biologic activity of the B-(1-3)-glucans lies
in their ability to interact directly with macrophages and
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PMNs. Muller et al. showed that glucan phosphate, a water-
soluble, chemically defined (1-3)-B-D-glucan, binds to human
and murine monocyte/macrophage cell lines (40). This work
suggests that the binding is specific and leads to internalization
of bacteria and increased cytoplasmic vacuolization. Comple-
ment receptor 3 (CR3) has been identified as a receptor for
certain glucans (78). CR3-mediated phagocytosis and degran-
ulation are dependent upon simultaneous ligation of an iC3b
binding site and a glucan binding site, both within the domain
of CR3 (50). However, PGG-glucan appears to bind to a re-
ceptor that is distinct from CR3 (1). The concentration-depen-
dent and high-affinity binding of PGG-glucan resulted in the
activation of rat macrophages. Recent studies showing that
monoclonal antibodies specific for a lactosylceramide glyco-
sphingolipid inhibited specific binding of PGG-glucan suggest
that this molecule is the receptor (69). Although this binding
was specific, lactosylceramides with different fatty acid chain
lengths and varying degrees of saturation could act as PGG-
glucan receptors.

B-(1-3)-Glucan binding to eukaryotic cells results in the ac-
tivation of signal transduction pathways. PGG-glucan elicits
NF-kB-like and NF-IL-6-like transcription factors in a time-
and concentration-dependent manner (1). The signal transduc-
tion pathways used are distinct from those used by LPS. Treat-
ment of neutrophils with the monoclonal antibody specific for
the PGG-glucan glycosphingolipid receptor inhibited the acti-
vation of the NF-«kB-like factor in these studies (69).

Mannans

Candida albicans mannan. Mannan from C. albicans exhibits
certain immunomodulatory properties. In general, these com-
pounds consist mostly of a polysaccharide component but also
include proteins (5% by weight). The biologic activity of this
molecule was initially noted in patients suffering from candi-
diasis. Patients infected with C. albicans had suppressed im-
mune system function and elevated levels of circulating man-
nan. Mannose-binding lectins present on macrophages can
bind mannan and activate the host immune system via a non-
self-recognition mechanism (68). The mannose receptor rec-
ognizes a repeating-unit pattern associated with carbohydrates
that surround infectious agents and mediates endocytosis and
phagocytosis (2). This recognition leads to signal transduction,
cytokine production, and complement activation.

The immunosuppressive activity of C. albicans mannan was
documented in studies in which delayed hypersensitivity was
inhibited in animals following intravenous injection of this
polymer (23). It is interesting that treatment with mannan
elicited specific CD8" T cells that were responsible for this
downregulatory activity (23). These cells are not produced in
the absence of CD4+ or I-A™ cells following administration of
mannan. Subsequently, these investigators found that IL-4 is
the key cytokine that mediates the induction of mannan-spe-
cific downregulatory cells. It is believed that Th2 CD4™ T cells
that secrete IL-4 are involved in this process. Additional stud-
ies showed that IL-12p40, IL-10, and IFN-y may also play a
role in the production of CD8* downregulatory effector cells
(70).

The C. albicans mannan also induces the release of proin-
flammatory cytokines. Animals injected with this compound
have increased levels of TNF-a in serum (24). The response is
concentration dependent and can be blocked by administration
of mannan-specific antibodies. It is hypothesized that, upon
saturation of mannan clearance mechanisms via mannan-bind-
ing proteins, free mannan stimulates an inflammatory response
that is important in the pathogenesis of Candida sepsis.
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Cryptococcus neoformans GXM. C. neoformans infections are
characterized by a generalized suppression of the host immune
system that is mediated by T-suppressor cells. The capsular
polysaccharide of this organism, glucuronoxylomannan (GXM),
elicits the production of these cells during the course of infec-
tion (7). However, GXM mixed directly with antigen-present-
ing cells inhibits the induction of T suppressor responses and
increases delayed-type hypersensitivity responses in infected
mice. Treatment of mice with a mixture of GXM and antigen-
presenting cells results in an increase in survival following
infection.

PSK and PSP

Protein bound polysaccharides PSK and PSP have been iso-
lated from distinct strains of mushrooms. These compounds
are chemically similar and have a molecular mass of about 100
kDa (42). The polysaccharide component is made up of
monosaccharides with a-(1-4) and B-(1-3) glucosidic linkages,
while aspartic and glutamic acids predominate in the peptide
component of these compounds. PSK and PSP differ mainly in
the presence of fucose in PSK and rhamnose and arabinose in
PSP. PSK and PSP are classified as biological response modi-
fiers that stimulate T-cell activation and induce IFN-y and IL-2
production. The biologic activity is characterized by their abil-
ity to increase white blood cell counts, IL-2 production and
delayed-type hypersensitivity reactions. In addition, these poly-
saccharides have been shown to inhibit the growth of tumor
cell lines and have in vivo antitumor activity.

The antitumor activity has been evaluated in Japan for pre-
vention of esophageal, gastric, and lung cancer in humans with
promising results (42). In phase II and phase III trials in China,
PSP significantly enhanced immune status in 70 to 97% of
patients with cancers of the stomach, esophagus, lung, ovary,
and cervix. In these studies, PSK and PSP increased the num-
ber of immune cells and facilitated dendritic and cytotoxic
T-cell infiltration of tumors. The polysaccharides were well-
tolerated and compatible with chemotherapy and radiation
therapy.

The mechanism of action of these polymers is not clear.
Studies have suggested that in treatment of mice with PSK, the
PSK binds to and inhibits the immunosuppressive cytokine
transforming growth factor beta (38). PSK and PSP were also
found to enhance superoxide dismutase (SOD) activity in
mice. Tumor-bearing mice that were treated with the polysac-
charides showed decreased tumor growth and increased SOD
activity in this tissue. Since SOD is believed to protect cells
against superoxide radical-mediated damage it is believed that
these polysaccharides ameliorated disease by increasing the
activity of this enzyme (71).

The effect of PSK treatment on neutrophil activity in vivo
has been studied and suggests that the activation of this cell
type may be responsible in part for efficacy in the treatment of
experimental cancers (28). Animals receiving PSK had in-
creased neutrophil levels with concomitant target cell toxicity
and a marked decrease in size and number of lung metastatic
foci. This was associated with an increase in chemotactic fac-
tors produced by neutrophils.

HA

Hyaluronic acid (HA) is produced by streptococci and is also
a major carbohydrate component of the extracellular matrix of
mammalian tissue and can be found in skin, joints, eyes, and
most other organs and tissues. It is a disaccharide repeating
unit that is the simplest example of the class of anionic glycos-
aminoglycans. The HA capsule of group A streptococci acts as



530 TZIANABOS

Treatment

A)

saline

PGG-glucan

PS A

CLIN. MICROBIOL. REV.

PGG-glucan + PS A

0 5 10

Treatment

B) saline

PGG-glucan

PGG-glucan + PS A

I T T I T I 1

15 20 25 30 35 40 45 50

Mortality (%)

I I T

1
40 60 80 100

Abscess formation (%)

FIG. 4. Polysaccharide-mediated protection against mortality and abscess formation associated with experimental intra-abdominal sepsis (62). Animals were treated
prophylactically with saline, PGG-glucan, PS A, or a combination of these polymers and challenged with rat cecal contents. The challenge inoculum is titrated to yield
approximately a 50% mortality rate with 100% abscess formation in surviving animals. Results are taken from two separate experiments. (A) Mortality rates in animals
treated with PGG-glucan or with the combination of PGG-glucan and PS A were significantly reduced (*) compared with the saline-treated control group. (B) Abscess
formation was significantly reduced (*) in animals treated with PS A or the combination of PS A and PGG-glucan compared with the saline-treated controls. These
results demonstrate that administration of two polysaccharide immunomodulators can prevent both phases of intra-abdominal sepsis in the absence of antibiotic therapy.

an adhesin for attachment of this organism to CD44 on human
keratinocytes. This capsule protects the organism from inges-
tion by both phagocytes and epithelial cells and enhances vir-
ulence in mouse models of lethal systemic infection, upper
airway colonization, and pneumonia (52).

Modulation of the immune system is believed to occur via
binding of HA to the CD44 receptor on eukaryotic cells. This
receptor-ligand interaction is critical in regulating cell-cell
communication and leukocyte extravasation. T-cell activation
via T-cell receptor signaling induces activated CD44 and
CD44-dependent primary adhesion and the extravasation of
activated T cells to inflamed sites, thus suggesting that HA-
CD44 interactions lead to the development of pathogenic T
cells in chronic inflammation (55).

Low-molecular-weight HA can be used to block interactions
between T lymphocyte CD44 and eukaryotic cell-derived hy-
aluronate. Blockade in this manner prevents allograft rejection
and preserves organ function (31). In addition, HA has skin
wound-healing properties (13) and can be used as a replace-
ment of naturally occurring hyaluronate in eye and joint sur-

gery (59).

POTENTIAL CLINICAL APPLICATIONS

The potential usefulness of immunomodulating polysaccha-
rides in the treatment of infectious diseases has been demon-
strated in preclinical and clinical studies on PGG-glucan and B.
fragilis PS A. Glucans have long been known to enhance the
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effect of antimicrobial agents in the treatment of experimental
sepsis (10, 34, 35). However, the recent alarming increase in
the number of antibiotic-resistant bacterial strains isolated
from infected patients has refocused attention on alternative
treatment regimens. This has led investigators to study the
effectiveness of glucan treatment on infectious diseases caused
by antibiotic-resistant bacteria. In a rat model of intra-abdom-
inal sepsis, treatment with PGG-glucan significantly reduced
mortality associated with challenge by antibiotic-resistant
strains of E. coli or S. aureus. Combination treatment with
glucan and the antibiotic to which these organisms were sen-
sitive resulted in greater protection than with antibiotic ther-
apy alone (61). Similar studies with guinea pigs showed that
administration of PGG-glucan increased the infective dose of
methicillin-resistant strains of S. aureus and Streptococcus epi-
dermidis by as much as 2.5- and 60-fold, respectively (30).
Finally, rats treated with PGG-glucan and challenged with a
multiple-antibiotic-resistant S. aureus strain had reduced bac-
terial counts in blood, elevated absolute monocyte and neu-
trophil counts, and increased neutrophil oxidative burst
activity. The enhancement of the innate immune function by
PGG-glucan in animals treated with ampicillin resulted in an
overall reduction in mortality following challenge with ampi-
cillin-resistant S. aureus (36). In summary, these studies clearly
demonstrate the ability of B-(1-3)-glucan to augment standard
antibiotic regimens in clinical cases where antibiotic-resistant
bacteria can predominate.

The potential clinical use of polysaccharide immunomodu-
lators can be further illustrated by studies of the effectiveness
of PGG-glucan and PS A in preventing intra-abdominal sepsis
in the absence of antimicrobial therapy (62). Clinically, this
disease process is associated with acute bacterial sepsis fol-
lowed by the development of intra-abdominal abscess forma-
tion. Its pathogenesis has been studied in animals and can be
simulated by the implantation of rat cecal contents into the
peritoneal cavity of rats. Animals challenged with this inocu-
lum develop acute sepsis associated with mortality and a
chronic phase marked by abscess formation in surviving ani-
mals (46). This is a severe sepsis model in which the cecal-
content inoculum contains several hundred aerobic and anaer-
obic bacterial species. In these studies, animals were given
prophylactic treatment with PGG-glucan and/or PS A in the
absence of conventional antibiotic therapy (data are shown in
Fig. 4). Administration of the combination of both PGG-glu-
can and PS A to animals prior to challenge with cecal contents
significantly reduced the rate of mortality and abscesses com-
pared with saline-treated controls. Animals treated with PGG-
glucan alone had a reduced mortality rate, but there was no
effect on the number of animals with abscesses compared with
controls. However, treatment with PS A alone significantly
reduced the abscess rate. Although there was a reduction in
the mortality rate in PS A-treated animals, it was not statisti-
cally significant, demonstrating that suppression of the ability
of these animals to form abscesses does not lead to increased
mortality as some would hypothesize. These data clearly de-
lineate the potential usefulness of polysaccharide immuno-
modulators for the treatment of infectious diseases. This strat-
egy enhances the host’s ability to combat infections and could
augment the efficacy of current anti-infective regimens that
consist solely of antibiotic therapy. In addition, this approach
obviates the problems associated with the development of an-
tibiotic-resistant bacterial strains.

Clinical Testing of PGG-Glucan

PGG-glucan has been evaluated in clinical trials to assess its
ability to prevent serious postoperative infections following
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high-risk gastrointestinal procedures (4, 5, 18). In phase I-1I
and phase II trials, treatment with PGG-glucan reduced infec-
tion rates and the length of hospitalization. In a subsequent
phase III trial, there was no overall difference in the number of
serious infections and deaths between PGG-glucan-treated
groups and placebo groups. In a prospectively defined group of
patients who had undergone noncolorectal surgery, PGG-glu-
can administration resulted in a statistically significant reduc-
tion in serious infections and death. However, this study was
terminated due to an increased incidence of adverse effects in
patients receiving PGG-glucan (18). While initial trials seemed
promising, it was unclear why PGG-glucan failed to achieve an
overall clinically significant effect in the later stages of these
trials. Given the fact that the B-(1-3)-glucans are so structurally
diverse, it is possible that further analysis of the structure-
function properties of these compounds will eventually yield a
compound with clinical efficacy.

CONCLUSIONS

The collection of work reviewed here illustrates the distinct
biologic properties associated with polysaccharide immuno-
modulators. While the activity of some of these polymers has
been known for over 30 years, the lack of defined structural
and mechanistic information has limited efforts to study their
potential for clinical use. Recent investigations have led to a
more detailed understanding of structural aspects of polysac-
charides that govern biologic function and regulation of cyto-
kine networks that influence host immune responses. Particu-
lar structure-function relationships have been identified and
polysaccharide-specific receptors have been discovered that
should provide a foundation for the development of com-
pounds with novel activities.

The use of immunomodulating agents provides distinct ad-
vantages over conventional therapies. Most important, the en-
hancement of the host immune system’s innate ability to com-
bat bacterial infection obviates the problems associated with
antibiotic resistance. Because bacteria can rapidly mutate in a
manner that blunts the activities of many antimicrobial agents,
resistance to these agents will be an ongoing problem. As seen
from the numerous preclinical studies presented here, the use
of a combination of immunomodulation and antimicrobial
therapy may be a valuable new tool in the treatment of infec-
tious diseases.
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