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Abstract

Microglia, the resident immune cells of the brain, are activated in response to any kind of CNS
injury, and their activation is critical for maintaining homeostasis within the CNS. However,
during inflammatory conditions, sustained microglial activation results in damage to surrounding
neuronal cells. f-Glucans are widely recognized immunomodulators, but the molecular
mechanisms underlying their immunomodulatory actions have not been fully explored. We
previously reported that B-glucans activate microglia through Dectin-1 without inducing
significant amount of cytokines and chemokines. Here, we show that particulate $-glucans
attenuate cytokine production in response to TLR stimulation; this inhibitory activity of 8-glucan
is mediated by Dectin-1 and does not require particle internalization. At the molecular level, -
glucan suppressed TLR-mediated NF-xB activation, which may be responsible for the diminished
capacity of microglia to produce cytokines in response to TLR stimulation. Overall, these results
suggest that f-glucans may be used to prevent or treat excessive microglial activation during
chronic inflammatory conditions.
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Microglia, the innate immune cells of the CNS are resting under normal conditions, but
become activated in case of brain injury resulting from trauma, infection, or
neurodegenerative diseases [29]. The activated microglia migrate to the site of injury and
secrete cytokines, chemokines, and reactive oxygen and nitrogen species, and they also
actively phagocytose apoptotic cells, microbes, and cellular debris in the CNS [9]. Although
microglial activation is necessary for the elimination of pathogenic agents and preventing
further damage, it can be a double-edged sword during chronic inflammatory conditions,
such as neurodegenerative diseases or CNS infections. For example, in Alzheimer’s disease,
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microglia are unable to phagocytose f-amyloid plaques and are persistently activated [15].
The persistently activated microglia continuously release cytokines, chemokines, and
reactive oxygen species. This leads to feed-forward activation of these cells and surrounding
astrocytes, resulting in disease progression due to continuous production of substances toxic
to the neurons [1]. Similarly, persistent microglial activation during chronic bacterial
infections of the CNS is also responsible for the excessive tissue damage seen in brain
abscess [16]. Away to resolve this microglial conundrum is to modulate the microglial
response by limiting its excessive activation. Therefore, there is a need for therapeutic
approaches that modulate such microglial responses.

Immunomodulators are compounds that are capable of modifying the host response by
upregulating or downregulating specific aspects of the immune response. Polysaccharides
like B-glucans have evoked lot of interest lately because of their immunomodulatory
properties. They are known to possess antitumor and anti-infective properties [31,4].
Remarkably, a number of studies have also shown that soluble glucans significantly increase
long-term survival in animal models of polymicrobial sepsis as well as ischemia/reperfusion
injury, in part through attenuation of the inflammatory pathways and activation of the PI3K
survival pathway, although the underlying molecular mechanisms still need to be fully
determined [33,34]. In contrast to the aforementioned animal models, relatively little is
known about the potential value of glucans in modifying CNS injury outcomes. However,
recent identification of Dectin-1 as the major B-glucan receptor in leukocytes as well as in
microglia [3,8,24,27] provided us with an opportunity to investigate the effects of glucans
on inflammatory responses of microglia at the cellular and molecular level.

We previously demonstrated for the first time that particulate f-glucan-stimulated microglia
become phagocytic and secrete reactive oxygen species [27]. Remarkably, unlike in
macrophages, particulate p-glucan on its own did not elicit any cytokine or chemokine
production in microglia. Intrigued by this observation, we sought to investigate whether f3-
glucan can modulate microglial production of inflammatory mediators in response to other
stimulants. Here, we show that B-glucan attenuates cytokine production induced by both
TLR4 and TLR2 ligands and this response is mediated by Dectin-1, the major receptor for 3-
glucans. This anti-inflammatory activity of f-glucan is in part due to NF-xB inhibition.
Thus, our results suggest that B-glucans could serve as immunomodulators of microglial
activation.

Anti-NF-xB p65, anti-lxBa, anti-phospho-IxB-a (Ser 32/36) and anti-phospho-NF-xB p65
(Ser 536) antibodies were purchased from Cell Signaling (Beverly, MA). LPS and
cytochalasin D were purchased from Sigma—Aldrich, whereas Pam3Csk4 was from
InvivoGen.

Particulate B-glucan was isolated and characterized as described by Muller et al. [21],
Lowman et al. [19], and colleagues. Glucan phosphate was prepared and characterized as
described by Williams et al. [32], Muller et al. [22], and colleagues. Glucan phosphate was
selected for this study because it is bound by Dectin-1 with high affinity [2]. The primary
structures of the glucans were confirmed by NMR [19].
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C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Animals
were housed, bred, and euthanized in accordance with protocols reviewed and approved by
The Ohio State University Institutional Animal Care And Use Committee. Primary mixed
glial cultures were prepared from postnatal day 1-3 mice as described previously [27].
These mixed glial cells were cultured for 18 days, changing medium every 4-5 days.
Microglial cells were isolated from the mixed culture using the mild trypsinization method
as described previously [26]. The isolated microglial cells were then reseeded in 24 well
plates or 60 mm dishes and cultured in astrocyte-conditioned medium for 5-7 days to allow
sufficient time for them to become quiescent. This method yielded highly pure microglial
cultures, as evident from the morphology and absence of astrocytic and neuronal markers.

For Western blot analysis, primary microglia plated in 60-mm dishes were treated with
particulate p-glucan (100 pug/ml) and LPS (1 pug/ml) or Pam3Csk4 (1 pg/ml) for 5 min or
15min. A subset of cells was pre-treated with B-glucan for 2 h before stimulation with LPS
or Pam3Csk4. The cells were then lysed in RIPA buffer, and proteins were eluted by boiling
with Laemmli buffer and then resolved by SDS-PAGE. Western blotting was essentially
performed as described previously [27].

For cytokine measurement, primary microglia were stimulated with LPS (1 pg/ml),
Pam3Csk4 (1 ug/ml) or particulate B-glucan (100 pg/ml) for 16 h, and the supernatants were
harvested and stored at —80 °C. The supernatants were then analyzed for TNF-a and IL-6
using appropriate ELISA kits purchased from BioLegend. For some experiments, cells were
pre-treated with particulate B-glucan for 2 h or 24 h before stimulation with LPS or
Pam3Csk4. For experiments involving inhibitors, cells were treated with glucan phosphate
(100 pg/ml) or cytochalasin D (5 uM) for 40 min before stimulation, and the inhibitors
remained present in the cell medium throughout the 16 h incubation period.

Statistical significance was determined by one-way ANOVA, and the Tukey—Kramer
multiple comparison test was used to determine p values.

Previously, we reported that forced internalization of Dectin-1 by glucan phosphate, a
soluble B-glucan, resulted in slightly increased TNF-a production in response to zymosan
stimulation in microglia, suggesting that Dectin-1 may have an inhibitory effect in microglia
[27]. Conversely, we observed that co-stimulation of microglia with particulate -glucan
significantly inhibited TNF-a production by Pam3Csk4, a TLR2 ligand. Based on these
findings, we hypothesized that particulate p-glucan may be acting as a negative regulator of
Toll receptor-mediated cytokine production. To address this hypothesis, we conducted
additional experiments in which primary microglia were pre-treated with particulate -
glucan for 2 h (Fig. 1A) or 24 h (Fig. 1B) followed by stimulation with Pam3Csk4 for 16 h
prior to determination of TNF-a and IL-6 levels. For comparison, a subset of cells was
simultaneously treated with p-glucan and Pam3Csk4. As shown, unlike Pam3Csk4,
particulate p-glucan by itself did not induce cytokine production. However, consistent with
our previous findings, co-treatment as well as pre-treatment with B-glucan for both 2 h and
24 h significantly reduced Pam3Csk4-induced TNF-a and IL-6 production. Furthermore,
pre-treatment withp-glucan was observed to be more effective than co-treatment in reducing
cytokine secretion by microglia. Our results suggest that in contrast to peripheral leukocytes,
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where particulate glucan is known to stimulate production of pro-inflammatory cytokines
[5,25], microglia may be unique in that glucan particles actually inhibit TLR-induced
cytokine production.

We sought to determine whether B-glucan-induced inhibitory effects were limited to TLR2-
induced signaling or were applicable to other Toll-like receptors. To address this, we pre-
treated primary microglia with particulatef-glucan for 2 h (Fig. 2A) or 24 h (Fig. 2B),
followed by stimulation with the TLR4 ligand LPS, for 16 h. As shown (Fig. 2), LPS-
induced TNF-a and IL-6 production was downregulated by co-treatment and pre-treatment
with particulate f-glucan. Thus, the results suggest that p-glucan has a broader inhibitory
effect on Toll receptor-mediated inflammatory responses, including those mediated by
TLR2 and TLR4.

Since B-glucan effected both TLR2 and TLR4 signaling, we asked whether the effects were
mediated by the Dectin-1 pathway or were more generic in nature. To determine whether
Dectin-1 is required for the inhibitory effects of 3-glucan, we tested the effects of B-glucan
in microglia that were pre-treated with glucan phosphate, a soluble glucan that is known to
deplete Dectin-1 on the cell surface through forced internalization [11,23]. As before,
Pam3Csk4-induced TNF-a production was suppressed by co-incubation with particulate -
glucan (Fig. 3A). However, when the cells were pre-treated with glucan phosphate, the
inhibitory effect of particulate 3-glucan on Pam3Csk4-induced TNF-a production was
completely reversed, while the inhibitory effect on IL-6 production was reversed by 60%
(Fig. 3A). Similarly, pre-treatment with glucan phosphate reversed the inhibitory effect of
particulate B-glucan on LPS-induced TNF-a and IL-6 by about 33% and 45%, respectively
(Fig. 3B). Therefore, our results indicate that f-glucan-mediated immunomodulation of
microglial inflammatory responses require Dectin-1.

Binding of B-glucan to Dectin-1 causes particle internalization through phagocytosis [27,11].
To determine if particle internalization is necessary for the inhibitory effect of 3-glucan on
TLR-mediated cytokine production, we used cytochalasin D, a potent inhibitor of particle
uptake through actin-dependent mechanisms, to inhibit p-glucan internalization.
Interestingly, B-glucan suppressed LPS-induced TNF-a production even in cells pre-treated
with cytochalasin D (Fig. 3C). This strongly suggests that internalization of f-glucan is not
required for the immunomodulatory actions of -glucan, and that surface stimulation of
Dectin-1 may be sufficient to mediate inhibitory signals.

NF-xB is a major transcription factor involved in the regulation of cytokine production [17].
Therefore, we investigated the effect of f-glucan on NF-xB activation in response to LPS
and Pam3Csk4. To address this, we left primary microglial cells untreated, or treated them
either with LPS, Pam3Csk4, or B-glucan. As shown in Fig. 4A, both LPS and Pam3Csk4,
but not p-glucan, induced phosphorylation of NF-kB on Ser 536, a marker for NF-xB
activation. While co-treatment of cells with p-glucan and LPS or Pam3Csk4 did not alter
NF-kB activation, pre-treatment with f-glucan for 2 h inhibited both LPS- and Pam3Csk4-
induced NF-«B activation (Fig. 4A). To confirm our findings, we also measured
phosphorylation of IkB-a on Ser 32 and 36 as an additional indicator of NF-xB activation.
As with NF-xB activation, both LPS- and Pam3Csk4-induced I1xB-a phosphorylation was
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inhibited by pre-treatment with B-glucan (Fig. 4B). Taken together, our results suggest that
B-glucan-induced immunomodulation in microglia is likely mediated through a signaling
pathway that ultimately interferes with TLR-mediated NF-xB activation.

In this study we show that particulate f-glucan modulates TLR-mediated inflammatory
response in microglia. The TLR2 ligand Pam3Csk4 and the TLR4 ligand LPS induced
robust TNF-a and IL-6 production by microglia. However, TLR2 is known to be a relatively
weaker inducer of pro-inflammatory cytokines compared to TLR4 [12], and in our hands it
consistently induced low levels of cytokines. Interestingly, co- and pre-treatment of
microglia with particulate B-glucan diminished both TNF-a and IL-6 production by LPS and
Pam3Csk4. Our data suggest that it may be possible to harness this property of f-glucan to
modulate microglial activation during chronic inflammatory conditions of the brain.
Previously, we reported that particulate B-glucan activates microglia by stimulating their
phagocytic activity and inducing ROS production [27]. Remarkably, particulatef-glucan did
not induce production of cytokines or chemokines by microglia, which was in sharp contrast
to macrophages, where zymosan as well as glucan particles trigger induction of several
cytokines and chemokines [25,13,30]. Unlike in macrophages and dendritic cells, where
Dectin-1 has been implicated in induction of several cytokines either alone or in
combination with TLR2 [8,24,2,28], we consistently found that zymosan-induced cytokine
production was augmented when cells were pre-treated with glucan phosphate to internalize
Dectin-1 [27]. Therefore, Dectin-1 may have a unique function in microglia, as shown by
our results with glucan phosphate. Interestingly, glucan phosphate was previously shown to
increase long-term survival of animal models of polymicrobial sepsis as well as ischemia/
reperfusion injury [33,18]. Moreover, following in vivo injection into the animals, the
immunomodulatory property of glucan phosphate correlated negatively with NF-xB activity
but positively with PI3K activity. In contrast, we did not observe any discernible effects of
soluble glucans, such as glucan phosphate, alone on cytokine production or NF-xB or PI3K
activity (data not shown) in microglia. Rather, glucan phosphate effectively antagonized the
effects mediated by particulate glucan. Thus, at least at the cellular level, microglial
responses to glucans are dependent upon the physical form of glucans, whereby particulate
glucan is actively phagocytosed, induces ROS production, but inhibits TLR-induced
cytokine production, whereas soluble glucan counters the effects of particulate glucan but
has no discernible effect of its own. In macrophages and monocytes, Dectin-1 was shown to
synergistically augment TLR2- and TLR4-mediated cytokine production [7]. Thus, the
contrasting results in microglia suggest yet another important functional difference between
peripheral macrophages and brain microglia, which are considered akin to each other
because of their myeloid origin [10].

Purified particulate B-glucan prepared from various sources range in size from 2 ym to 8 ym
[20] and we previously demonstrated that the interaction of purified particulate 3-glucan
with microglia leads to their internalization in an actin-dependent manner [27]. Herein, our
results suggest that binding of B-glucan to the surface receptors is sufficient to induce an
inhibitory effect on TLR-mediated cytokine production. Further lending support to our
findings, a recent study reported that internalization of f-glucan is not necessary for
inducing cytokine production in macrophages [20]. Thus, the signaling pathway mediating
the inhibitory effect of B-glucan is likely mediated by surface activation of Dectin-1.
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NF-xB is a major transcription factor that is involved in TLR-mediated cytokine production
[17]. Studies showing effect of -glucan on NF-xB activation are contrasting. While -
glucan devoid of TLR2 stimulatory activity induced NF-xB activation in alveolar epithelial
cells [6], it did not do so in macrophages [8]. In our studies, particulate f-glucan did not
directly activate NF-xB in primary microglia, indicating that the actions of B-glucan may
vary depending on the cell types involved. However, it consistently blunted LPS- and
Pam3Csk4-induced NF-kB activation, suggesting that f-glucan stimulation likely interferes
with TLR signaling rather than directly affect NF-xB activity.

While our studies were ongoing, a study by Jung et al. reported similar findings in BV-2
cells, where inhibition of LPS-induced NF-«xB activation was attenuated by pre-treatment
with particulate B-glucan [14]. Thus, our results are consistent with these observations and
suggest that p-glucans are important modulators of microglial activation. Future studies
addressing the molecular mechanisms governing this anti-inflammatory action may provide
important insights into novel approaches for countering excessive CNS inflammation.
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Fig. 1.

Pagrticulate B-glucan inhibits TLR2-mediated cytokine production by microglia. Primary
microglia were left untreated (control) or were stimulated with B-glucan (100 pg/ml),
Pam3Csk4 (Pam; 1 pg/ml) or combination of f-glucan and Pam3Csk4 for 16 h (Co-Tx). A
subset of cells was pre-treated with p-glucan (Pre-Tx) for either 2 h (A) or 24 h (B) before
stimulation with Pam3Csk4 for 16 h in continuous presence of B-glucan. Supernatants were
then collected, and levels of TNF-a and IL-6 were measured using ELISA. Data are
presented as mean £ SEM, n= 3. *p < 0.05 compared with control. **p < 0.05 compared
with Pam alone.
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Particulate B-glucan inhibits TLR4-mediated cytokine production by microglia. Primary
microglia were left untreated (control) or were stimulated with $-glucan (100 pg/ml), LPS (1
pg/ml) or combination of B-glucan and LPS for 16 h (Co-Tx). A subset of cells was pre-
treated with B-glucan (Pre-Tx) for 2 h (A) or 24 h (B) before stimulation with LPS for 16 h
in continuous presence of f-glucan. Supernatants were then collected, and levels of TNF-a
and IL-6 were measured using ELISA. Data are presented as mean £ SEM, n= 3. *p < 0.05
compared with control. **p < 0.05 compared with LPS alone.
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Fig. 3.
B-Glucan-induced downregulation of TLR-mediated cytokine production is through

Dectin-1 and does not require particle internalization. Primary microglia were left untreated
(control) or were stimulated with B-glucan (100 pg/ml) (A-C), Pam3Csk4 (Pam; 1 ug/ml)
(A), LPS (1 pg/ml) (B and C), combination of B-glucan with Pam3Csk4 (A) or combination
of B-glucan with LPS (B and C) for 16 h. A subset of cells was pre-treated with glucan
phosphate (GP; 100 pug/ml) (A and B) or cytochalasin D (Cyto D; 5 pM) (C) for 40 min
before appropriate stimulation. Supernatants were then collected, and levels of TNF-a and
IL-6 were measured using ELISA. Data are presented as mean £ SEM, n= 3. *p < 0.05
compared with control. **p < 0.05 compared with Pam alone or LPS alone. ***p < 0.05
compared with B-glucan + Pam or f-glucan + LPS.
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Fig. 4.
Particulate B-glucan suppresses activation of NF-xB by TLR ligands. Primary microglia (A

and B) were left untreated (control) or were stimulated with LPS (1 pg/ml) or Pam3Csk4
(Pam; 1 pg/ml) for 15 min (A) or 5 min (B). Subset of cells was stimulated with -glucan
alone for 2 h (A and B) or co-stimulated with $-glucan + LPS or -glucan + Pam3Csk4 for
15 min (A). In some experiments cells were pre-treated with B-glucan for 2 h followed by
stimulation with LPS or Pam3Csk4 for 15 min (A) or 5 min (B). Cells were lysed and whole
cell lysates were used to determine phospho-Ser 536 levels of NF-xB (p65) (A) or phospho-
Ser 32/36 levels of IxBa (B). Equal levels of p65 and IxBa were then confirmed by
stripping and reprobing the membrane using anit-p65 antibodies and IxBa antibodies
respectively.
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