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primary role for these polymers is a structural one, i.e. they
play a role in maintaining the rigidity and integrity of the
fungal cell wall (1). The glucan polymers in the fungal cell
wall may form a meshwork, due to the presence of (16)-D-glucopyranose side-chain branches, which may connect
adjacent (13)--D-glucan polymers (1). The basic
structure of a non-branched (13)--D-glucan polymer and
a (13)--D-glucan polymer with single (16)- side-chain
branches are shown in Figure 1. Glucan polymers can exist
as a single polymer strand with a helical conformation
(single helix) or as a stable complex of three polymer
strands forming a triple helix (16). The triple helix, which
appears to be the preferred form, is stabilized by extensive
hydrogen bonding at the O-2 hydroxyl (17-20).

Abstract
Glucans are (13)--D-glucose polymers that are found in
the cell wall of fungi, bacteria and plants. Glucans,
isolated from natural sources, are known to stimulate
humoral and cell-mediated immunity in humans and
animals. In addition to the potent immune stimulatory
effects of (13)--D-glucans, there are a number of
toxicological effects associated with exposure to the water
insoluble, micro-particulate form of the polymer. Recent
investigations have also suggested a potential role for
(13)--D-glucans in inhalational toxicity. Specifically,
(13)--D-glucans have been implicated in the
symptomatology associated with “sick building” syndrome.
The mechanisms by which (13)--D-glucans mediate
immune stimulation and, perhaps, toxicity are currently
under investigation. It is now established that (13)--Dglucans are recognized by macrophages and, perhaps,
neutrophils and NK cells via a (13)--D-glucan specific
receptor. Following receptor binding, glucan modulates
macrophage cytokine expression. Herein, we review the
chemistry, immunobiology and toxicity of (13)--Dglucans and how it may relate to sick building syndrome.

This report will focus on the: i) growing evidence which
implicates (13)--D-glucans in the symptoms associated
with sick building syndrome (6-15); ii) immunologic effects
of (13)--D-glucans and iii) mechanisms by which (13)-D-glucans may modulate macrophage activity and
subsequently immunity.
Potential Role of (13)--D-Glucans in Symptoms
Related to Sick Building Syndrome.
Rylander, Fogelmark, Goto and colleagues (6-15) have
recently speculated on the potential role of (13)--Dglucans in the pulmonary symptoms associated with “sick
building” syndrome. In 1992, Rylander et al. reported that
airborne (13)--D-glucan may be related to symptoms in
sick buildings (6). These workers measured airborne levels
of glucan and endotoxin in four buildings where complaints
about indoor air quality had been registered. A control
building, where no similar complaints were recorded, was
assessed in an identical manner. Elevated levels of both
glucan and endotoxin were recorded in the suspected “sick
buildings”, when compared to the control building. There
was a statistically significant correlation between elevated
levels of glucan and dry cough and itchy skin in the sick
buildings. In addition, there was a statistically significant
correlation between airborne endotoxin and skin rashes.
The authors correctly pointed out that the data acquired was
based on a limited set of samples. Further, these workers
noted that the data acquired did not establish a cause-andeffect relationship between the presence of glucan and/or
endotoxin and the symptoms reported in the buildings.
Nevertheless, these data suggested a potential role for
glucan and/or endotoxin involvement in the symptoms
associated with sick building syndrome.

Introduction
Glucans are polymers of glucose that are found widely
distributed throughout the biosphere (1). Specifically,
glucans are found in the cell wall of plants, bacteria and
fungi, as minor constituents of fungal cytosol and as
polymers which are secreted into the environment by
glucan producing microorganisms (1). Glucans can be
broadly classified according to the type of intrachain
linkage of the polymer, i.e. .- or -linked (1). The -linked
glucans are the predominant form found in fungi (1). It is
the fungal derived (13)--D-glucans which have been
reported to modulate various aspects of immunity (2-5).
Recently, it has been proposed that glucans may play a role
in the symptoms associated with sick building syndrome (615). This is due, in part, to their immunomodulatory
activity and presence in the cell wall of fungi, which are
frequently associated with “sick buildings”. In the fungal
cell wall (13)--D-glucans are linked to proteins, lipids
and other carbohydrates such as mannan (1). The specific
role for glucans in the physiology of fungi is not clearly
understood. However, it is generally considered that the

To test the hypothesis that airborne glucan and/or
endotoxin play a role in sick building symptomatology,
Rylander, Fogelmark and co-workers (7,9,11,14,15) have
studied the effects of these agents under controlled
laboratory conditions. Fogelmark et al. (14) have examined
the acute pulmonary toxicity of inhaled (13)--D-glucan
and endotoxin on guinea pig lung inflammatory cells. In
this study, a crude glucomannan preparation, zymosan, a
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purified (13)--D-glucan, curdulan, and a branched
(13)--D-glucan, schizophyllan, were evaluated. While
inhalational exposure to endotoxin increased lung lavage
and wall inflammatory cells, inhaled curdulan either had
no effect or reduced inflammatory cell infiltrate. When
curdulan and endotoxin were administered conjointly, the
inflammatory response to endotoxin was reduced (14).
Subsequent studies by Fogelmark et al. (15) have extended
these observations. In this study, guinea pigs were
chronically exposed to repeated inhalations of curdulan
and/or endotoxin for a period of up to 5 weeks. Chronic
exposure to curdulan did not significantly alter lung lavage
cell number. As expected, chronic endotoxin exposure
increased the number of lung lavage cells for all cell types
examined (15). When curdulan and endotoxin were
combined a significant increase in the number of
macrophages, lymphocytes and neutrophils was observed,
when compared to either endotoxin or curdulan alone (15).
Pulmonary histopathology was also evaluated in control,
endotoxin, curdulan and endotoxin + curdulan exposed
guinea pigs. A significant increase in alveolar infiltrate,
interstitial cell infiltrate and alveolar wall thickening was
noted (15). The authors concluded that the chronic
curdulan and endotoxin inhalation resulted in a synergistic
effect on lung lavage cells and pulmonary histopathology.
These workers also speculated that exposure to both agents
was necessary for induction of a pulmonary response in sick
buildings. Taken together these studies suggest a potential
role for (13)--D-glucan and endotoxin as mediators of
sick building symptoms. An important caveat in these
studies concerns the use of a purified (13)--D-glucan,
such as curdulan, as the stimulus. In order to test the
hypothesis that glucans mediate, in part, the symptoms
associated with sick buildings, it is essential to examine the
effect of a “chemically defined” glucan preparation under
controlled laboratory conditions, such as those described
above. However, in the real world scenario of “sick
buildings” the glucans that would be encountered, would in
all likelihood be part of a fungal cell wall where they would
be complexed to proteins, lipids and other carbohydrates.
The pathophysiological effect of such a complex mixture
will be difficult to elucidate. Additional research is required
to address this important issue.

shown that (13)--D-glucan polymers will enhance the
functional status of macrophages (26-29), neutrophils
(30,31) and other immunocytes. These observations have
stimulated investigation into the potential biomedical
applications of polymeric (13)--D-glucans (4).
Unfortunately, there were also toxicological effects
associated with the systemic administration of these agents.
Upon initial isolation from yeast, (13)--D-glucans are
usually water insoluble, micro-particulates (16). Systemic
(IV) administration of glucan micro-particulates is
associated with hypertrophy and hyperplasia of macrophage
rich organs such as the liver, lung and spleen. Specifically,
granuloma formation is observed (32). Interestingly, many
workers have reported that if (13)--D-glucans are
converted to a water soluble form the immunologic activity
is preserved, but the undesirable side-effects are eliminated
(33).
The studies by Rylander, Fogelmark and colleagues
(7,9,11,14,15) suggest that a potential role for (13)--Dglucans in pulmonary symptomatology may include synergy
with endotoxin. Therefore, an important aspect of glucan’s
immunobiological activity, which may be of particular
relevance to sick building syndrome, is its adjuvant effect.
Numerous studies have documented the ability of (13)-D-glucans to exert adjuvanticity when combined with a
variety of bacterial, viral or parasite vaccines (34-41).
Glucan has been shown to enhance humoral and cellmediated immunity to antigens (34-41). In addition,
glucans have been demonstrated to exert additive or
synergistic effects on immunity when combined with a
variety of agents (27,29).
Receptor Mediated Binding of a (13)--D-Glucan to
the Human Macrophage Cell Line, U937.
The cellular and molecular mechanisms by which (13)-D-glucans modulate immunity are just beginning to
emerge. We (27,29) have shown that glucans mediate
immunological activity, in part, via macrophage
participation. Fogelmark et al. (15) have speculated that
glucans mediate pulmonary effects due, in part, to their
effect on macrophages. The first step in the interaction of
glucan with mammalian macrophages is thought to involve
the binding of (13)--D-glucan to a macrophage receptor
(42-45). In support of this concept, Czop and co-workers
(42-45) have reported the existence of a (13)--D-glucan
specific receptor on human monocytes. Goldman (46) has
reported the presence of a (13)--D-glucan receptor on
P388D1 cells, a murine macrophage cell line. Williams et
al. (31) have extended these observations by reporting a
glucan specific receptor on human polymorphonuclear
leukocytes. These reports of specific (13)--D-glucan
receptors on mammalian immunocytes offers a tantalizing
explanation for the cellular activation induced by glucans.
However, the in vivo significance of these receptor studies
is uncertain, because virtually all of these experiments were
limited to in vitro phagocytosis and/or phagocytosis

Immunologic effects of (13)--D-glucans
The ability of naturally occurring complex polysaccharide
polymers to modulate immunity has been well documented
(2-5). In 1959, Benacerraf and Sebestyn demonstrated that
zymosan, a glucomannan isolated from Saccharomyces
cerevisiae, would produce marked hyperplasia and
hyperfunctionality of fixed tissue macrophages (21). Di
Luzio (22), Cutler (23), Kelly and colleagues (24)
confirmed and extended the work of Benacerraf and
Sebestyn (21). In 1961, Di Luzio and Riggi (25)
demonstrated that glucan, a (13)--D-linked
glucopyranose polymer, was the macrophage stimulating
agent in zymosan. Since that time, numerous studies have
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thus far suggests that glucans must act in concert with other
etiologic agents, such as endotoxin, in order to mediate
symptomatology. Therefore, the primary role of (13)--Dglucans appears to be as an adjuvant which exerts an
additive or synergistic effect when combined with other
agents. It is important to note that absolute proof of a
cause-and-effect relationship between the presence of
airborne (13)--D-glucans and sick building syndrome
has not been established. Additional research is required in
order to confirm a role for glucans in this condition.

inhibition assays (31,42,43). More importantly, virtually all
of these studies employed water insoluble glucans which
were not chemically characterized (31,42,43).
To
conclusively demonstrate the presence of a (13)--Dglucan specific receptor required a water soluble,
chemically characterized, radiolabeled glucan ligand. We
have developed a process for incorporating a nonexchangable 3H-label into a chemically pure, well
characterized, water soluble glucan, termed “glucan
phosphate” (16). Preliminary data with the human
promonocytic cell line, U937, indicates that glucan
phosphate binding obeys the criterion for specific binding
in that competition for the bind sites can be demonstrated
in the presence of a 10- fold excess of unlabeled ligand
(data in press). Association binding studies were also
undertaken. In these experiments, U937 (1 x 106 cells) were
co-incubated with varying concentrations of 3H-glucan
phosphate for 90 minutes (Fig. 2). We observed a rate
constant (Kob) of 0.95 min-1, a KD of 37 µM and a BMAX of
6.5 x 107 sites/cell. This indicated a medium affinity
receptor and a rapid binding of the ligand. The BMAX value
more than accounts for the entire U937 cell surface area.
This suggested that the glucan was being internalized
following receptor binding. Konopski et al. (47) have
reported that murine macrophages will bind and internalize
a fluorescent labeled glucan. Our observations are
consistent with those of Konopski et al. (47). We have
examined U937 cells by electron microscopy following
glucan exposure and observed an increase in
phagolysosome formation which is consistent with uptake
of glucan (data in press). We concluded that the binding
and internalization of glucans by human macrophages is a
two-phase process; the first phase is a rapid binding of the
glucan ligand to the receptor followed by a slower
uptake/internalization phase. In subsequent studies, we
examined the specificity of the (13)--D-glucan receptor
on U937 cells. In this series of experiments, U937 (1 x 106
cells) was incubated with 3H-glucan phosphate and varying
concentrations of unlabeled glucan phosphate, pullulan, a
(14)-.-linked glucose polymer and schizophyllan (SPG),
a branched (13)--D-glucan polymer (Fig. 3) for 90 min.
In this competitive binding study, pullulan did not compete
for binding to the (13)--D-glucan receptor.
Schizophyllan showed a 5-fold increase in affinity for the
human macrophage (13)--D-glucan receptor, when
compared to non-branched glucan phosphate. These data
conclusively demonstrate the presence of a (13)--Dglucan specific receptor on a human macrophage-like cell
line. Further, these data demonstrate that the glucan
receptor is specific for (13)--linked polymers and that the
glucan receptor has a higher affinity for one form of glucan
over another, i.e. branched versus non-branched.
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helical conformation (single helix) or as a stable complex of three polymer
strands forming a triple helix. The triple helical form is generally
considered to be the preferred form in nature.
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Figure 2. Specific binding and internalization of glucan phosphate to U937
cells. Combined saturation and competitive displacement data yielded
specific binding (sites per cell) to U937 as a function of (13)--D-glucan
phosphate molarity at 37oC. We mathematically derived the KD and BMAX
value. The results are given as means and 95% CI of means + s.e. of at least
four replicates and represent data from five separate experiments.
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Figure 3. Competitive displacement of tritiated glucan phosphate by
unlabeled glucan phosphate and schizophyllan at 37oC. Pullulan () does
not compete for the same binding site as unlabeled glucan phosphate (q).
Schizophyllan (SPG, r) does compete for the same binding site as
unlabeled glucan phosphate and has an approximate 5-fold increase in
affinity for the binding site. The results are shown as means + s.e. of at least
four replicates from two separate experiments.
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