

















Chitosan but Not Chitin Activates the Inflammasome

FIGURE 3. The effect of particle size on inflammasome activation. A, chitosan and chitin preparations prepared as in Fig. 1 were sonicated and then
size-fractionated through 100-um and 20-um filters. BMM® (1 X 10°/well) were primed with LPS and then stimulated with chitosan or chitin particles (1
mg/ml) that were left unfractionated (unfract) or size-fractionated as indicated. IL-13 was analyzed by ELISA. Data are means = S.E. of three independent
experiments, each performed in triplicate. p < 0.001 comparing unfractionated chitosan to 20-100 chitosan and >100 chitosan fractions, and between the
<20 chitosan fraction and the 20-100 and >100 chitosan fractions, analyzed by two-way ANOVA. B, LPS-primed BMM® (1 X 10°/well) were left unstimulated
(Unstim) or incubated for 6 h with the indicated size and type of beads (1 mg/ml). Alum (1 mg/ml) served as a positive control. Supernatants were analyzed for
IL-1 by ELISA. Data are means = S.E. of three independent experiments, each performed in triplicate. p < 0.01 comparing 3-um chitosan beads and 50-um
chitosan beads by two-way ANOVA. Shown are representative photomicrographs of BMM® following 30-min incubation with 3-um chitin-coated (C) and

chitosan-coated (D) beads demonstrating robust phagocytosis of both types of glycan-coated beads.

tions in the supernatants were below the limits of detection. To
examine whether the lack of stimulation by the chitosan hex-
amers was a general property of soluble chitosan, we solubilized
chitosan by dissolving it in dilute acetic acid. Although the sol-
uble chitosan induced IL-1f release, the levels were less than
20% of that seen when insoluble particulate chitosan served as
the stimulus (Fig. 4F).

Effect of Cytochalasin D on IL-1B Activation—The inverse
association of size of the chitosan particles with inflammasome
activity suggests that phagocytosis is necessary for inflam-
masome activation. To test this supposition further, we exam-
ined the effect of cytochalasin D, an inhibitor of actin polymer-
ization and phagocytosis, on stimulated release of IL-18 (Fig. 5).
For the particulates, alum and chitosan, pretreatment of
macrophages with cytochalasin D significantly reduced the
amount of IL-18 produced. The small amount of IL-13 stimu-
lated by the chitin was also inhibited by cytochalasin D. How-
ever, IL-1B production in response to soluble nigericin was
unaffected. Taken together, the data demonstrate that phago-
cytosis is required for IL-1 activation by chitosan.

DISCUSSION

The immunological properties of chitin and chitosan have
been the subject of much investigation. However, previously
reported studies generally used partially purified preparations
and/or did not compare the two glycans side by side. Here we
utilized preparations that were derived from a common source
and differed solely by their degree of acetylation to ascertain
what impact acetylation had on inflammasome activation. We
found that although chitosan potently activates the inflam-
masome, chitin is only a very weak stimulator.

The seemingly contradictory literature on the immunos-
timulatory properties of chitin and chitosan are likely due to
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many factors, including differences in the sources of the mate-
rial, procedures used for purification, readouts for inflamma-
tory responses, and the size of the glycan particles. Most pub-
lished studies on chitin and chitosan used preparations derived
from crustacean sources (16, 20), as in our studies, although
some have used chitin isolated from fungi (19, 38). There are
known structural differences between the two sources (39) that
could have an impact on how the particles effect the immuno-
logical response. Chitin and chitosan are able to withstand
many harsh purification procedures (40). However, some of
these procedures may affect the tertiary structure of the poly-
mers (13). Additionally, methods of purification are often
proprietary, and endotoxin, glucans, proteins, and other
contaminants may impact the results obtained. We obtained
relatively pure chitosan and then undertook a series of fur-
ther purification steps. These steps included NaOH treat-
ment to destroy possible endotoxin contaminants (36) and
chloroform to extract remaining proteins. Finally, for each
experiment, half of the chitosan was acetylated to chitin, and
therefore one would expect that had contaminants remained
after the purification procedure, they would be present in
both of the preparations. With only the chitosan having sub-
stantial capacity for stimulating the inflammasome, the
activity is unlikely to be due to a contaminant but because of
the polysaccharide itself.

In addition to contaminants, disparities in the size of the
chitin and chitosan preparations may account for some of the
seemingly contradictory results reported in the literature. In a
prior study, particle size was reported to impact the capacity of
chitin to stimulate macrophage TNFa and IL-10 production
(20). However, in our studies, chitin was a poor activator of the
inflammasome regardless of particle size. In contrast, size had a
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FIGURE 4. Effect of pepsin digestion of chitosan on inflammasome activation. Following the procedure outlined in A, chitosan was digested with pepsin and then
half was converted to chitin. B, dose curve of the pepsin-treated chitin and chitosan-stimulating BMM® (1 X 10°/well) after they were primed for 3 h with 100 ng/ml
LPS. Data are means = S.E. of four independent experiments, each performed in triplicate. p < 0.01 comparing chitin and chitosan at any concentration = 0.1 mg/ml
as analyzed by unpaired t test. C, BMM® (1.5 X 10°/well) were primed for 3 h with 100 ng/ml LPS and then stimulated with alum (0.1 mg/ml) or chitin and chitosan
derived from the procedure outlined in Fig. 4A (pepsin) or the procedure outlined in Fig. 1A (NaOH). Supernatants were then collected and analyzed for caspase-1 and
IL-1B by immunoblot. Caspase-1 p20 and IL-1B p17 represent the mature forms and indicate an active inflammasome, whereas caspase-1 p45 is an inactive proform
of caspase-1.D,BMM® (1 X 10°/well) were primed as in Band then stimulated with alum or chitin and chitosan derived from the procedure outlined in Fig. 4A (pepsin)
or the procedure outlined in Fig. 1A (NaOH). The chitin and chitosan preparations were left unsonicated (no sonication) or sonicated for 5 min (5 min). All stimuli were
added at a concentration of 0.1 mg/ml. Supernatants were analyzed by ELISA for IL-183. Data are means = S.E. of three independent experiments, each performed in
triplicate. p < 0.001 comparing no sonication and 5-min sonication of pepsin chitosan by two-way ANOVA. E, BMM® (1 X 10°/well) were primed as in B. Two hours
later, wells either received 0.1 mg/ml chitin or were left without chitin treatment (no chitin). One hour later, cells were left unstimulated (unstim) or stimulated for 6 h
with alum (0.1 mg/ml), or chitosan (0.1 mg/ml), or T h with nigericin (2.5 um). Supernatants were analyzed by ELISA for IL-13. Data are mean = S.E. of two independent
experiments, each performed in triplicate. F, BMM® (1 X 10°/well) were primed as in B. Insoluble suspended chitosan and chitosan that had been solubilized in acetic
acid were diluted in media and added to cells. Supernatants were analyzed by ELISA for IL-1 3. Data are means = S.E. of two independent experiments, each performed
in triplicate. p < 0.01 comparing insoluble with soluble chitosan by two-tailed unpaired t test.

major influence on the immunostimulatory properties of masome. First, when the particulate glycans were passed
chitosan. through filters of defined size, the smallest size fraction (<20

Several lines of evidence support the inverse relation wm)induced the most cleavage of pro-IL-1f3 and release of the
between size and the ability of chitosan to stimulate the inflam-  mature cytokine. The larger-sized fractions also had some bio-
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FIGURE 5. Inhibition of phagocytosis blocks inflammasome activation.
BMM® (1 X 10°/well) were primed for 3 h with 100 ng/ml LPS. The BMM®
were treated with 1 ug/ml cytochalasin D to inhibit phagocytosis 10 min prior
to addition of stimuli. After 1 h stimulation with nigericin (2.5 um), or 6 h with
alum (0.1 mg/ml), chitin (0.1 mg/ml), and chitosan (0.1 mg/ml), supernatants
were collected and analyzed by ELISA. Data are means = S.E. of three exper-
iments performed in triplicate. p < 0.001 comparing cytokine concentrations
with and without cytochalasin D following stimulation with alum and chi-
tosan, analyzed by two-tailed unpaired t test.

activity, which may have been due to some smaller particles that
failed to pass through the filters. Second, when macrophages
were challenged with chitosan-coated beads, the 3-um- but not
the 50-um-diameter chitosan beads were stimulatory. Third,
partial digestion of chitosan with pepsin boosted the ability of
the glycan to activate the inflammasome. Finally, mild sonica-
tion, which broke up aggregated particles, resulted in a boost in
the IL-18 signal.

Generally, small particles or soluble compounds have been
found to be the best activators of the inflammasome, although
inflammasome stimulation following “frustrated phagocyto-
sis,” defined as the process whereby phagocytes attempt to
phagocytose particles too large to be ingested, has been
described (24). With chitosan though, inflammasome activa-
tion did not occur via frustrated phagocytosis, as the 50-um
chitosan-coated beads were not stimulatory. Rather, phagocy-
tosis appeared to be required for inflammasome activation, as
particles that were small enough to be phagocytosed were the
best activators. Moreover, treatment of macrophages with
cytochalasin D, which inhibits phagocytosis, abolished chi-
tosan-induced IL-1f release. Similarly, for other particulate
activators of the inflammasome, inhibition of phagocytosis also
abrogates inflammasome activation (24, 41).

In addition to a requirement that chitosan particles be small
enough to be phagocytosed, optimal inflammasome stimula-
tion required that the chitosan be in a particulate form. Soluble
chitosan hexamers failed to stimulate IL-1f3 release, whereas
soluble chitosan stimulated greatly reduced amounts of IL-1f3
compared with particulate chitosan. An analogous situation
exists for B-b-glucans where Dectin 1 signaling and cytokine
release is activated by particulate, but not soluble, B-glucans
(42). Taken together, these data emphasize that the level of
stimulation seen with glycans will vary as a function of their
physicochemical properties, including size, solubility, and ter-
tiary structure.

The inflammasome is an important component of the
immune response to fungal infections. IL-18 has been shown to
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be essential for host defenses against fungal pathogens (43), and
several fungal pathogens have been shown to activate the
NLRP3 inflammasome (44 —46). Our data suggest that cell wall
chitin is unlikely to contribute greatly to the IL-1 release seen
in response to fungal stimulation. A more likely stimulator is
B-glucans, which are abundant components of the fungal cell
wall and have recently been shown to be activators of the
NLRP3 inflammasome (46). Although a mutant strain of Can-
dida albicans with reduced chitin content stimulated less IL-13
release compared with the wild-type parent (47), compensatory
structural changes in the cell wall could have been responsible
for the results. However, for those fungi such as C. neoformans,
that contain significant amounts of chitosan that glycan could
contribute to inflammasome activation. Although chitin and
chitosan are part of the inner cell wall and therefore not sur-
face-exposed, following phagocytosis and phagolysosomal
fusion, digestion by lysozyme and chitinase could result in
release of fragments of chitin and chitosan.

Chitosan has been demonstrated to have adjuvant proper-
ties, leading some to propose its use as a vaccine adjuvant (48 —
52). If future studies determine that the adjuvant properties of
chitosan are inflammasome-dependent, then formulations
consisting of particles small enough to be phagocytosed would
likely lead to maximum effectiveness. Interestingly, the com-
monly used adjuvant alum also stimulates the NLRP3 inflam-
masome (27, 53, 54), although recent studies have suggested
that the ability of alum to activate the inflammasome is not
required for its adjuvanticity (55). Chitosan has also been
utilized to encapsulate DNA (56), and the primary amines of
chitosan can be exploited to conjugate antigens, thus allow-
ing direct delivery into cells. Conversely, in biomedical
applications where inflammatory responses are not desired,
such as in bioprostheses, our data suggest that non-phago-
cytosable (e.g. > 50 um) chitosan and/or acetylation to chi-
tin should be considered.

The mechanistic basis for why chitosan activates the
inflammasome but chitin does not is speculative. Chitin does
not play an inhibitory role, as incubation of macrophages
with chitin does not prevent IL-18 release by known activa-
tors of the inflammasome. Although chitosan is charged
because of its free amine, the presence of N-acetylation
results in chitin lacking charge. Thus, activation could be
dependent, at least in part, on a charge-charge interaction,
although a large variety of compounds activate the NLRP3
inflammasome, including -glucan, which is uncharged (46).
Another possible explanation for inflammasome activation
by chitosan but not chitin may be related to differences that
occur in the phagolysosome after uptake. Although chitin
and chitosan particles are readily phagocytosed, the environ-
ment of the phagolysosome is likely to have very different
effects on the two glycans. Acid-soluble chitosan may
become soluble in the phagolysosome, whereas chitin will
remain particulate. Conversely, mammalian white blood
cells contain chitinases and lysozyme (3, 57) that can act on
both chitosan and chitin but are more effective on chitin (58,
59). These properties may better enable chitosan to translo-
cate from the phagolysosome to the cytosolic compartment
and activate the NLRP3 inflammasome.
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In summary, we have demonstrated that chitosan potently
activates the inflammasome, whereas chitin does not. More-
over, stimulation of IL-1 release by chitosan is dependent on
both phagocytosis and assembly of the NLRP3 inflammasome.
It is possible that the inflammasome response elicited by expo-
sure to naturally occurring versions of these glycans may vary
because of the variable degrees of acetylation found in natural
chitin and chitosan. However, our findings have important
implications for the formulation of chitin and chitosan for use
in biomedical applications, both in situations where an inflam-
matory response is desirable (e.g. enhancing adjuvanticity) and
in those where it is not (eg bioprostheses). Finally, our
improved methodology for purification of chitin and chitosan
will be useful to those studying or preparing these ubiquitous
glycans.
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