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Exposure of mononuclear phagocytes to -glucan, a naturally occurring polysaccharide, contributes to the induction of

innate immune memory, which is associated with long-term epigenetic, metabolic, and functional reprogramming. Although
previous studies have shown that innate immune memory induced by B-glucan confers protection against secondary
infections, its impact on autoinflammatory diseases, associated with inflammasome activation and IL-1§ secretion, remains
poorly understood. In particular, whether B-glucan-induced long-term reprogramming affects inflammasome activation in
human macrophages in the context of these diseases has not been explored. We found that NLRP3 inflammasome-mediated
caspase-1 activation and subsequent IL-1p production were reduced in B-glucan-reprogrammed macrophages. -Glucan

acted upstream of the NLRP3 inflammasome by preventing potassium (K*) efflux, mitochondrial ROS (mtROS) generation,
and, ultimately, apoptosis-associated speck-like protein containing a CARD (ASC) oligomerization and speck formation.
Importantly, B-glucan-induced memory in macrophages resulted in a remarkable attenuation of IL-1§ secretion and caspase-1
activation in patients with an NLRP3-associated autoinflammatory disease, cryopyrin-associated periodic syndromes (CAPS).

support its potential clinical use in NLRP3-driven diseases.

Introduction

Over the past decades, multiple studies have described memory
phenotypes in innate immune cells, e.g., mononuclear phago-
cytes. The concept of innate immune memory refers to a change
in the reactivity of monocytes/macrophages previously exposed
to various microbe-associated molecular patterns (MAMPs)
(1-4). B-Glucan, an abundant polysaccharide in the cell wall of
Candida albicans (C. albicans), has been reported to be a strong
inducer of innate immune memory in mononuclear phagocytes,
associated with increased immune responsiveness to secondary
challenges. The enhanced responsiveness observed in vitro in
cultured primary cells has been linked to the induction of met-
abolic reprogramming and epigenetic alterations (5-8). In addi-
tion, B-glucan can confer protection against unrelated bacterial
and Leishmania infections in mice (6, 9). All of these findings
have raised interest in B-glucan for the development of innova-
tive combinational immune-modulating therapies and control of
macrophage function (10, 11).
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Our findings demonstrate that p-glucan-induced innate immune memory represses IL-13-mediated inflammation and

Macrophages are remarkably plastic cells that undergo
diverse forms of activation in response to cytokines and micro-
bial signals. Depending on the microenvironmental stimuli,
macrophages may undergo activation or “polarization” along
a wide spectrum of phenotypes (12), among which classical M1
activation (induced by granulocyte macrophage-CSF [GM-CSF],
IFN-y, and TLR ligands) and alternative M2 activation (induced
by macrophage-CSF [M-CSF], IL-4, IL-13, and glucocorticoids)
are the best studied (13). M1-like macrophages are classically
characterized by the expression of proinflammatory cytokines,
high ROS production, and microbicidal and tumoricidal activity
(14). In contrast, M2-like macrophages are commonly described
as an antiinflammatory cell type, promoting tissue remodeling
and repair and exerting potent protumoral activity (15). Imbal-
ance in M1/M2 activation is therefore often pathological and
associated with various diseases, such as cancer, inflammatory
and autoimmune disorders, and chronic infections (16-20).
Therefore, understanding strategies to reprogram monocyte dif-
ferentiation and macrophage polarization is crucial to further
design new approaches in the context of inflammatory disorders
and infectious diseases (21-25).

Although p-glucan-induced innate memory is associated
with a nonspecific protective effect against infections, the role
of this functional reprogramming in autoinflammatory disorders
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is unknown (26, 27). Because of its inherent function to increase
immune function and responses, it has been suggested that innate
immune memory is not always beneficial (28). As such, reprogram-
ming of mononuclear phagocytes could lead to a non-negligible
risk of inducing or enhancing systemic inflammatory pathologies
(for review, see ref. 26). Interestingly, the first described mono-
genic autoinflammatory diseases, now classified as inflammaso-
mopathies, are linked to mutations in inflammasome components
(29, 30). Inflammasomes are molecular platforms that form to
mediate the activation of caspase-1, a cysteine protease respon-
sible for the processing and release of the proinflammatory cyto-
kines IL-1B and IL-18 (31, 32). The NLRP3 inflammasome, the first
to be described and most-studied member of inflammasomes,
is activated in response to the widest array of stimuli, including
microbial and nonmicrobial activators (33). Gain-of-function
mutations in the NLRP3 gene, which lead to increased secretion
of IL-1B and dysregulated inflammation, have been identified in
patients with cryopyrin-associated periodic syndromes (CAPS).
CAPS, also referred to as NLRP3-associated autoinflammatory
diseases (NLRP3-AIDs) (34), include a moderate form, Muckle-
Wells syndrome (MWS), and a severe form, chronic infantile neu-
rologic cutaneous articular (CINCA) syndrome (35-38).

In this study, we deciphered the effect of B-glucan-induced
innate immune memory on NLRP3 inflammasome regula-
tion in human monocyte-derived macrophages. We report that
preincubation of human monocytes with B-glucan decreased
macrophage secretion of mature IL-1p in response to NLRP3-
activating stimuli. This decrease was observed regardless of
the M1 or M2 macrophage environmental cues provided. We
also report that the inhibition of pro-IL-1B processing occurred
upstream of the apoptosis-associated speck-like protein containing
a CARD (ASC) oligomerization and inflammasome/caspase-1 acti-
vation. Remarkably, B-glucan-induced memory also affected mac-
rophages from patients with CAPS, reducing the secretion of mature
IL-1B through the blockade of ASC oligomerization and caspase-1
activation. Thus, the natural product p-glucan imprints anti-NLRP3
inflammatory features in macrophages and represents a potential
approach for the treatment of IL-1p-mediated diseases.

Results

B-Glucan attenuates IL-15 release upon NLRP3 inflammasome acti-
vation. Macrophages derived from human primary monocytes
cultured in human serum only are reprogrammed upon preincu-
bation of monocytes for 24 hours with highly purified B-glucan
from C. albicans (7). B-Glucan-reprogrammed macrophages are
characterized by an increased expression of inflammatory cyto-
kines and decreased ROS production upon restimulation 6 days
later with heterologous stimuli, as well as by changes in morphol-
ogy and metabolism (6, 7, 39). This innate immune memory effect
is associated with a nonspecific protective effect against infec-
tions. We sought to determine whether preincubation of human
monocytes with C. albicans-B-glucan particles also results in dif-
ferent degrees of inflammasome activation and IL-1B production
in the derived reprogrammed macrophages. The innate immune
memory model with human monocytes that we used is depicted
in Figure 1A. Purified monocytes were maintained in GM-CSF-
or M-CSF-supplemented culture medium to obtain M1-like and
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M2-like macrophages, respectively (Supplemental Figure 1;
supplemental material available online with this article; https://
doi.org/10.1172/JCI134778DS1). Supplementation with these
exogenous growth factors allowed for a significant increase in
the number of live cells compared with classical culture condi-
tions with human or fetal bovine serum (Supplemental Figure 2).
During the first 24 hours, isolated monocytes were preincubated
with culture medium containing either GM-CSF or M-CSF, in
the presence or absence of B-glucan. Importantly, we observed
no difference in cell numbers or viability between macrophages
derived from B-glucan-treated or untreated monocytes (Supple-
mental Figure 2). After 24 hours, the cells were washed, and com-
plete medium (without B-glucan) was added for 5 days. On day
6, the GM-CSF or M-CSF monocyte-derived macrophages were
primed with LPS, and the NLRP3 inflammasome was activated
with nigericin or ATP to induce IL-1p release by macrophages
(40). As expected, we did not detect secreted IL-1f cytokine in
the supernatant of macrophages treated with LPS alone, in the
absence of nigericin supplementation (Figure 1B), whereas IL-6
and TNF-a, which do not require proteolytic processing, were
released (Supplemental Figure 3, A and B). By contrast, costim-
ulation of LPS-primed cells with nigericin induced the release
of IL-1f from both GM-CSF- and M-CSF-derived macrophages.
This release was significantly higher in the M-CSF-derived mac-
rophage subtype, similar to findings reported by Budai et al.
(41). Most important, preincubation of monocytes with B-glu-
can surprisingly did not increase the inflammatory response but
rather dramatically reduced the amount of IL-1f found in the
supernatant of both macrophage subsets (Figure 1B), suggesting
that B-glucan-induced monocyte/macrophage reprogramming
affects the ability of macrophages to secrete the proinflamma-
tory cytokine IL-1B. We observed a comparable downregulatory
effect of p-glucan-induced monocyte/macrophage reprogram-
ming on the secretion of IL-18 (Supplemental Figure 4), another
IL-1 family cytokine that is activated by the inflammasome via
proteolytic processing (42). Of note, unlike IL-1B, IL-18 is con-
stitutively expressed in mononuclear phagocytes under steady
state (42, 43), highlighting the importance of B-glucan in pro-
teolytic processing rather than in cytokine expression in the
context of inflammasome. B-Glucan-induced monocyte/mac-
rophage reprogramming also reduced IL-1p and IL-18 secretion
from LPS-primed macrophages upon ATP stimulation, similar to
what was observed upon nigericin treatment (Figure 1C and Sup-
plemental Figure 4). ATP and nigericin are 2 canonical NLRP3
activators that facilitate primary potassium (K*) efflux via mech-
anistically distinct pathways. Nigericin is an exogenous bacte-
rial ionophore, whereas ATP activates the endogenous plasma
membrane P2X7 purinergic receptor to induce K* efflux (44).
This implies that the effect of B-glucan on IL-1p or IL-18 secre-
tion by macrophages was independent of the inflammasome-
activating agent, because p-glucan inhibited both nigericin- and
ATP-induced IL-1p release. In addition, as expected from previ-
ous work on B-glucan-induced immune memory (7), we found
that M-CSF-derived macrophages preincubated with p-glucan
had increased secretion of the proinflammatory cytokines IL-6
and TNF-a compared with the nontreated control (Supplemen-
tal Figure 3). In contrast, this is the first study to our knowledge
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Figure 1. Effect of B-glucan on IL-1B release upon NLRP3 inflammasome activation. (A) Schematic overview of innate immune memory methodology.
Monocytes were preincubated with B-glucan or left untreated in a medium containing either GM-CSF or M-CSF. After 24 hours, the stimulus was washed
away, and the cells were differentiated for an additional 5 days, after which the macrophages were restimulated. d6, day 6. (B) Macrophages were primed
for 3 hours with LPS and then stimulated for 1 hour with nigericin or vehicle as a control. Culture supernatants were collected, and the concentration of
secreted IL-1B was determined by ELISA. (C) Macrophages were primed for 3 hours with LPS and stimulated for 1 hour with ATP. Culture supernatants were
collected, and the concentration of secreted IL-18 was determined by ELISA. Note that the highest IL-1B values in control (None) GM-CSF and M-CSF macro-
phages were from different healthy donors. (D) Real-time quantitative PCR (RT-gPCR) of /L7B mRNA in macrophages primed for 3 hours with LPS. Results
were normalized to B-actin expression levels. The results obtained for the cells differentiated with GM-CSF in the absence of B-glucan were arbitrarily set
at 1to express the results as fold change. (B-D) Graphs show the mean + SEM of at least 3 independent experiments. ForB, n=10; forCand D, n =7, *P <

0.05 and **P < 0.01, by Wilcoxon matched-pairs, signed-rank test.

showing that GM-CSF-derived macrophages, which are initially
more proinflammatory than M-CSF-derived macrophages in
terms of IL-6 and TNF-a release, were also imprinted by B-glucan,
resulting in decreased expression of IL-6 and TNF-a, two cyto-
kines that do not require proteolytic processing. Because prein-
cubation of monocytes with p-glucan dramatically reduced the
amount of IL-1B found in the supernatant of both M-CSF- and
GM-CSF-derived macrophage subsets, the effect of B-glucan
on IL-1B secretion by macrophages was mediated by a mech-
anism independent of what was previously described in innate
immune-mediated memory.

IL-1B expression in macrophages is a 2-step regulated process,
whereby a pattern recognition receptor-mediated signal induces
transcription of IL1Binto cytoplasmic pro-IL-1f protein, and a sec-
ond signal activates the inflammasome to process the cytoplasmic
pro-IL-1B into a mature, biologically active and secretable IL-1B
form (40). To investigate the mechanism underlying the down-
regulation of IL-1p by B-glucan, we first assessed the transcrip-
tional regulation of its gene. We quantified the mRNA levels of
IL1B following LPS stimulation of macrophages. As shown in Fig-
ure 1D, B-glucan treatment decreased the amount of IL1B mRNA
found in GM-CSF-derived macrophages but induced increased
expression (P = 0.0469; n = 7 donors) when the cells were differ-
entiated in the presence of M-CSF. This opposing effect on gene
expression depending on the macrophage type is reminiscent of
what we observed for the nonproteolytically activated IL-6 and
TNF-a cytokines (Supplemental Figure 3), emphasizing that the

mechanism of B-glucan imprinting on inflammasome-dependent
IL-1pB is unique. Hence, although the strong decrease in secreted
IL-1B could be partly attributed to the decrease in ILIB mRNA
in GM-CSF-derived macrophages, the decreased protein levels
observed in M-CSF-derived macrophages could not be a conse-
quence of altered IL1B transcription.

B-Glucan prevents NLRP3-dependent pyroptosis and attenuates
IL-1B secretion via dectin-1. Inflammasome activation may also lead
to a proinflammatory programmed cell death process called pyro-
ptosis (45). To assess whether B-glucan-induced innate immune
memory also affects pyroptosis, we measured the release of the
enzyme lactate dehydrogenase (LDH). As shown in Figure 2A, LDH
release paralleled the secretion of IL-1B upon LPS-plus-nigericin
stimulation of GM-CSF and M-CSF monocyte-derived macro-
phages. Importantly, we found that both IL-1p release and pyro-
ptosis were significantly reduced by p-glucan-induced monocyte/
macrophage reprogramming (Figure 2A). Similarly, LDH and IL-1B
release induced by nigericin was significantly blocked by the specific
NLRP3 inhibitor MCC950 (Figure 2A), suggesting that p-glucan
attenuates NLRP3-dependent IL-1p release and pyroptosis.

Innate immune memory of monocytes is dependent on the
recognition of B-glucan by the dectin-1 receptor (7). To ascertain
a role for dectin-1 in the attenuation of IL-1f release by B-glucan-
induced memory macrophages, we treated cells with a specific
anti-dectin-1 mAb. Although incubation of monocytes with a non-
specific control IgG mAb did not affect the reduced secretion of
IL-1B induced by B-glucan reprogramming (Figure 2B), the specific
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Figure 2. Effect of §-glucan on pyroptosis upon NLRP3 inflammasome activation and the importance of the dectin-1 receptor. (A) Monocytes were pre-
incubated or not with B-glucan and then differentiated with either GM-CSF or M-CSF. Macrophages were primed for 3 hours with LPS and then stimulated
with nigericin or vehicle as a control. For some experiments, LPS-primed macrophages were preincubated with a NLRP3 inhibitor for 30 minutes before
addition of nigericin. Culture supernatants were collected, and the concentration of secreted IL-13 was determined by ELISA. Cell lysis was determined

by LDH release, and results were normalized to the maximum (Max) LDH release (100%) induced by lysing the cells with 1% Triton X-100. (B) Monocytes
were pretreated for 30 minutes with anti-dectin-1 mAb (a-Dectin-1) or an isotype control before incubation with B-glucan (or vehicle) and differentiation
with either GM-CSF or M-CSF. Macrophages were primed for 3 hours with LPS and then stimulated for 1 hour with nigericin or were left untreated. Culture
supernatants were collected, and the concentration of secreted IL-18 was determined by ELISA. (A and B) Graphs show the mean + SEM of at least 3 inde-
pendent experiments. (A) n =4 and n = 6; *P < 0.05, by paired, 2-tailed Student’s t test. (B) n = 5; *P < 0.05, by Wilcoxon matched-pairs, signed-rank test.

anti-dectin-1 mAb incubated during the 24-hour B-glucan stimula-
tion period restored the production of IL-1f by LPS and nigericin-
stimulated macrophages (Figure 2B), suggesting that the B-glucan
effect was mediated via the dectin-1 pathway.

B-Glucan attenuates NLRP3 inflammasome assembly and
activation. The NLRP3 inflammasome is composed of multiple
proteins, and their expression affects its activity. We assessed
the impact of B-glucan-induced reprogramming on the expres-
sion of IL-1p and inflammasome components in the stimulated
cell lysates of either GM-CSF- or M-CSF-derived macrophages.
As shown in Figure 3, A and B, the expression of NLRP3, ASC,
pro-IL-1B, and pro-caspase-1 in the stimulated cell lysates was
not affected by B-glucan-induced reprogramming. We observed
a significant increase in the levels of pro-IL-1p protein only in
the B-glucan/M-CSF-derived cells (Figure 3B), which is con-
sistent with the mRNA results (Figure 1D). Of note, although
we observed a decrease in ILIB mRNA in B-glucan/GM-CSF-
derived macrophages (Figure 1D), it was not reflected in the
amount of pro-IL-1p protein present (Figure 3B). Therefore,
the decreased levels of secreted mature IL-1B protein detected
in both GM-CSF- and M-CSF-derived macrophages upon
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B-glucan reprogramming cannot be explained by the modula-
tion of ILIB transcription and subsequent translation. In addi-
tion, and in line with the decreased IL-1B production by mac-
rophages we observed by ELISA (Figure 1B), B-glucan inhibited
both caspase-1 processing and IL-1f maturation induced by the
NLRP3 agonist nigericin, as evidenced by reduced active p20
caspase-1and active p17 IL-1B levels in cell supernatants, respec-
tively (Figure 3, A and C).

Although not a model of B-glucan innate imprinting, direct
extracellular activation of dectin-1 in fully differentiated human
monocyte-derived DCs by large and linear B-(1,3)-glucan parti-
cles of curdlan activates caspase-8 and induces IL-1p production
and maturation (46). We therefore assessed whether our model
of B-(1,3-1,6)-glucan imprinting of human monocytes would
have a long-lasting effect on caspase-8 activity in the resulting
human-derived macrophages and determined whether caspase-8
participates in the B-glucan reprogramming of the inflammasome
in macrophages, as observed for caspase-1. Caspase-8 mediates
priming and activation of the canonical NLRP3 inflammasome
(47), however B-glucan did not alter the amount of NLRP3 upon
activation with LPS and nigericin (Figure 3B), nor did p-glucan
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Figure 3. Effect of B-glucan on NLRP3 inflammasome-mediated activation of caspase-1. (A) Monocytes were preincubated or not with B-glucan and
differentiated with either GM-CSF or M-CSF. The resulting macrophages were primed for 3 hours with LPS and then stimulated for 1 hour with nigericin

or vehicle as a control. Caspase-1 (pro form and cleaved p20), NLRP3, ASC, and IL-1B (pro form and mature IL-1B) expression was assessed by Western
blotting. Mature IL-18 and the p20 fragment of caspase-1were also detected in cell culture supernatants. -Actin was used as the loading control. Blots are
representative of 5 independent experiments. (B) Densitometric analysis of the blots shown in A. Immunoreactive bands in cell lysates were normalized
to B-actin. (C) Densitometric analysis of the blots done on supernatants shown in A. Data represent the mean + SEM of the analysis of 4 independent
experiments. n = 5. *P < 0.05, by Wilcoxon matched-pairs, signed-rank test. casp-1, caspase 1.

decrease the amount of pro-IL-1f (Figure 3B). In addition,
the modest caspase-8 activity detected upon activation of the
canonical NLRP3 inflammasome with LPS and nigericin was not
affected by p-glucan priming (Supplemental Figure 5). We there-
fore concluded that the effect of B-glucan on the NLRP3 inflam-
masome is not attributable to caspase-8 activity.

ASC oligomerization leading to ASC speck formation medi-
ates caspase-1 activation (48, 49). To determine the mechanism
ofimpairment of the NLRP3 inflammasome by p-glucan-induced
memory in macrophages, we investigated the effect of f-glucan
on ASC oligomerization and subsequent speck formation. ASC
oligomerization was measured by immunoblotting of the DSS-
cross-linked insoluble macrophage cell lysate fraction. As shown
in Figure 4, A and B, LPS plus nigericin stimulation induced ASC
oligomerization in both GM-CSF- and M-CSF-derived macro-
phages. Interestingly, we found that ASC oligomerization was
attenuated in macrophages with p-glucan-induced memory
(Figure 4, A and B). Similar results were obtained by immuno-
fluorescence staining of endogenous ASC in macrophages. We
observed ASC specks in both GM-CSF- and M-CSF-derived

macrophages upon treatment with LPS and nigericin (Figure 4,
C and D). Importantly, the frequency of ASC speck-containing
cells significantly decreased in p-glucan-reprogrammed macro-
phages (Figure 4, C and D), suggesting that B-glucan regulates
caspase-1 activation and IL-1f release upstream of ASC oligom-
erization and speck formation.

NLRP3 is responsive to a diverse array of stimuli ranging from
pathogens to ATP, pore-forming toxins, and synthetic nanoparti-
cles (50). Because the stimuli are diverse and are structurally and
chemically distinct, with apparent differences in their mode of
action, some common signal or signals should converge on a single
pathway to activate NLRP3.

Potassium (K*) efflux is one of the most described and
proposed mechanisms for regulating activation of the NLRP3
inflammasome pathway (51). In addition, mtROS production
has been linked to canonical NLRP3 activation (52) in a model in
which K* efflux results in mtROS generation to trigger the NLRP3
inflammasome (53).

To further decipher the mechanism of impairment of the
NLRP3 inflammasome by B-glucan-induced memory in macro-
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Figure 4. Effect of B-glucan on ASC oligomerization and speck formation. (A) Monocytes were preincubated or not with B-glucan and differentiated

with either GM-CSF or M-CSF. Macrophages were primed for 3 hours with LPS and then stimulated for 1 hour with nigericin or vehicle as a control. Total

cell lysates were obtained in Triton X-100-containing buffer. Insoluble (pellet) fractions were cross-linked with DSS to capture ASC oligomers. The soluble
(input) and insoluble fractions were analyzed by immunoblotting with an ASC Ab. B-Actin was used as a loading control. Blots are representative of 3
independent experiments. (B) Densitometric analysis of the ASC oligomers on the blots of 3 healthy donors. *P < 0.05 and **P < 0.01, by paired, 2-tailed
Student’s t test. (C) Representative immunofluorescence microscopic images of ASC specks. Macrophages (generated as in A) were stimulated for 1 hour
with nigericin or vehicle. DNA is stained in blue and ASC in green. Red arrowheads point to ASC specks, and the enlarged inserts show cells with an ASC
speck. Original magnification, x40. Scale bars: 100 um. (D) Quantification of the percentage ASC specks (4 x 200 cells/nuclei [DAPI-stained], analyzed with
Image)). Data represent the mean + SEM of the analysis of 3 independent experiments. n = 4. **P < 0.01, by paired, 2-tailed Student's t test.

phages, we therefore first investigated the intracellular K* content
of the macrophages following activation of the NLRP3 inflam-
masome. As expected, using Asante Potassium Green-2 (APG-2),
a fluorescence indicator of cytosolic K*, we observed a significant
efflux of K* after nigericin activation of the inflammasome in both
GM-CSF- and M-CSF-derived macrophages (Figure 5A). This K*
efflux was significantly blocked in GM-CSF-derived macrophages
and significantly reduced in M-CSF-derived macrophages upon
B-glucan reprogramming (Figure 5A).

We next assessed mtROS generation in the macrophages
upon activation of the NLRP3 inflammasome using a mito-
chondria-specific label (MitoSOX) that distinguishes ROS-
generating mitochondria (52, 54). Consistent with the decrease
in K* efflux, mtROS levels were significantly attenuated in both
GM-CSF and M-CSF macrophages with B-glucan-induced
memory (Figure 5B). Altogether, these data confirmed that
B-glucan downregulates the K* efflux and mtROS generation
that are the early mechanisms of NLRP3 inflammasome activa-
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tion described upstream of ASC oligomerization, speck forma-
tion, caspase-1 activation, and IL-1p release.

B-Glucan attenuates IL-15 release and caspase-1 activation in
cells from patients with CAPS. In light of the attenuating effect of
B-glucan on NLRP3 inflammasome activation in macrophages
generated from healthyindividuals, we hypothesized that f-glucan
may also affect uncontrolled NLRP3 inflammasome activation
in patients with gain-of-function mutations in the NLRP3 gene.
Patients with CAPS harbor NLRP3 gain-of-function mutations,
and a series of studies have demonstrated that mononuclear
phagocytes from patients with CAPS release significantly more
IL-1B than do those from healthy controls (55-57). Accordingly, our
results showed that IL-1B secretion was detectable in the superna-
tants of untreated blood monocytes isolated from 8 patients with
CAPS (Table 1) and was significantly higher than that in superna-
tants from the control group after 18 hours of culture (Figure 6A).
Moreover, monocytes from patients with CAPS released signifi-
cantly higher levels of IL-1p than did those from healthy subjects
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Figure 5. Effect of B-glucan on K* efflux and mtROS. (A) Monocytes were preincubated or not with B-glucan and differentiated with either GM-CSF or
M-CSF. Macrophages were primed for 3 hours with LPS, stained with APG-2, and then stimulated for 20 minutes with nigericin or vehicle as a control.
Results are expressed as the average K* content (average APG-2 fluorescence intensity per cell), as measured through Icy software’s image analysis
pipeline. Data represent average values + SEM of the analysis of 3 independent experiments. n=7and n=9. *P < 0.05 and **P < 0.01, by 1-way ANOVA
Friedman test with Dunn’s correction for multiple comparisons. (B) Macrophages were primed for 3 hours with LPS and then stimulated for 30 minutes
with nigericin. Cells were stained with MitoSOX for mtROS levels. Data are expressed as the MFI relative to unstained cells. Ratio + SEM of the analysis
of 3 independent experiments. n = 4 (GM-CSF) and n = 3 (M-CSF). *P < 0.05, by paired, 2-tailed Student’s t test.

upon LPS stimulation, regardless of the mutation or treatment
(Figure 6A and Supplemental Figure 6A).

To investigate the effect of B-glucan-induced memory on
macrophages with gain-of-function mutations in the NLRP3
gene, monocytes isolated from the same 8 CAPS patients were
differentiated with either GM-CSF or M-CSF after a 24-hour pre-
incubation in the presence or absence of B-glucan. Interestingly,
we observed a significantly higher release of IL-1B from macro-
phages of patients with CAPS compared with those of healthy
control donors only when the monocytes were differentiated
into a proinflammatory macrophage subset by GM-CSF (Figure
6B). Importantly, however, IL-1p secretion by either GM-CSF-
or M-CSF-derived macrophages from patients with CAPS was
significantly inhibited by B-glucan, independently of treatment
or disease state (Figure 6B and Supplemental Figure 6B). Next,
to understand whether the low levels of extracellular IL-1B pres-
ent in supernatants of LPS-plus-nigericin-stimulated, B-glucan-
derived reprogrammed macrophages from CAPS patients were
dependent on caspase-1, we analyzed caspase-1 activity. As
shown in Figure 6C, caspase-1 activity was detected following
stimulation with LPS and nigericin in both GM-CSF-and M-CSF-
derived macrophages, and its specific activity was demonstrated
by the use of a caspase-1 inhibitor. Importantly, preincubation of
monocytes with B-glucan significantly reduced caspase-1 activity

Table 1. Clinical characteristics of patients with CAPS

Syndrome Sex Mutation Age, yr Treatment
CINCA F H358R 19 (anakinumab/anakinra
MWS F T348M 31 Anakinra
MWS M A439V 34 -

MWS F A439V 60 -
MWS F A439V 23 -
MWS F T859C 48 Anakinra
MWS F T859C 29 Anakinra
MWS F T859C 54 Anakinra

F, female; M, male.

in both subsets of macrophages obtained from patients with
CAPS (Figure 6C). In addition, we observed that B-glucan inhib-
ited caspase-1 cleavage in both GM-CSF- and M-CSF-derived
macrophages from patients with CAPS (Figure 6D). Finally, LPS
and nigericin stimulation induced ASC oligomerization in both
GM-CSF- and M-CSF-derived macrophages from patients with
CAPS, which was attenuated in macrophages with p-glucan-
induced memory (Figure 6E). In summary, p-glucan-induced
memory strongly reduced ASC oligomerization, caspase-1 activa-
tion, and IL-1f release in patients with CAPS.

Discussion

NLRP3 is the best-described inflammasome sensor and rep-
resents an attractive drug target. Upon infection or cellular
damage, NLRP3 assembles into a multiprotein inflammasome
complex leading to the release of IL-1B. However, NLRP3 inflam-
masome activity can also be detrimental to the host, and its aber-
rant chronic activation is associated with severe pathologies and
the rare monogenic CAPS (or NLRP3-AID) (58). B-Glucan, a poly-
saccharide of the fungal cell wall of the yeast C. albicans, has been
widely described as a potent mediator of innate immune memory,
which confers an enhanced immune function to mononuclear
phagocytes (6-8). Although the literature focuses on the benefi-
cial reprogramming effects of B-glucans against infection, to our
knowledge, nowork has addressed the effect of f-glucan-induced
innate memory on macrophages and its possible impact on the
inflammasome and associated autoinflammatory diseases.

In this study, using a model of innate immune memory,
we investigated how preincubation of human monocytes with
particulate p-glucan affects the biological response of macro-
phages following NLRP3 inflammasome activation. In macro-
phages, activation of the NLRP3 inflammasome relies on a
2-signal model. First, microbial components prime NLRP3
through the NF-kB pathway, and second, NLRP3 is activated
for inflammasome assembly by a wide range of stimuli. Our
results show that innate immune memory induced by -
glucan strongly reduced IL-1B release by macrophages upon
NLRP3 priming by LPS and activation by either nigericin or
ATP. The decrease in biologically active IL-1B secretion we
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Figure 6. Effect of B-glucan on IL-1p release and caspase-1 activation in macrophages from patients with CAPS. (A) Monocytes from healthy donors (HD)
and patients with CAPS were left untreated or were stimulated with LPS for the indicated durations. The concentration of secreted IL-1B was determined
by ELISA in culture supernatants. (B-E) Monocytes were preincubated with or without B-glucan and differentiated into macrophages with either GM-CSF
or M-CSF. Macrophages were primed with LPS for 3 hours and then activated with nigericin for 1 hour. (B) The amount of secreted IL-18 was determined

by ELISA in culture supernatants. (C) Cells plus supernatants from patients with CAPS were assayed for caspase-1 activity and normalized to the activity
measured in LPS-plus-vehicle-stimulated macrophages. Ac-YVAD-CHO was used as a specific caspase-1inhibitor (Inh.). (D) Caspase-1 (pro form and
cleaved p20) expression and activation were assessed by Western blotting of cell lysates. The p20 fragment of caspase-1was also detected in cell culture
supernatants. B-Actin was used as the loading control. Blots show results for cell lysates from 2 patients with CAPS: MWS T859C (left panel) and MWS
A439V (right panel). (E) Total cell lysates were obtained in Triton X-100-containing buffer. The insoluble (pellet) fraction was cross-linked with DSS to
capture ASC oligomers. The soluble (input) and insoluble fractions were analyzed by immunoblotting with an ASC Ab. 3-Actin was used as the loading
control. Blot results are for cell lysates from 1 patient with CAPS: MWS A439V. (A-C) Graphs show the mean + SEM of at least 3 independent experiments;
n = 8 (healthy donors) and n = 8 (patients with CAPS). *P < 0.05, by Wilcoxon matched-pairs, signed-rank test. #*P < 0.05, *#P < 0.01, and *##P < 0.001, for
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statistical differences between healthy donors and patients with CAPS, by unpaired Mann-Whitney U test.

observed in macrophages with B-glucan-derived memory was
not controlled at the first priming step of this process. Indeed,
our results demonstrate that pB-glucan reduced the secretion
of active IL-1B by macrophages without significantly down-
regulating NLRP3 and pro-IL-1p protein levels. By contrast,
B-glucan reduced K* efflux and production of mtROS and sub-
sequently attenuated the formation of ASC pyroptosomes and
activation of caspase-1, indicating that B-glucan can target
NLRP3 to exert its antiinflammatory activity upstream of
ASC oligomerization. Remarkably, the attenuating effect of p-
glucan early in the process of NLRP3 activation was indepen-
dent of the quality of the second signal. Indeed, the effect was
observed with ATP or with the bacterial ionophore nigericin,
both facilitators of K* efflux by mechanistically distinct path-
ways, which excludes a simple modulation of the endogenous
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ATP-gated P2X7 receptor channels and rather implies a very
general mechanism. In this respect, another important obser-
vation resides in the fact that the NLRP3 inflammasome-
modulating properties of B-glucan did not change when the
differentiation of monocytes was driven by either GM-CSF
or M-CSF and were, therefore, independent of microenviron-
mental cues and the functional polarization of macrophages.
Despite increasing interest in the field, the mechanisms under-
lying NLRP3 activation remain a controversial topic (59). Activation
of primed NLRP3 is induced by a plethora of stimuli that are struc-
turally and chemically unrelated (e.g., pore-forming toxins, activa-
tors of ion channels, uric acid crystals, f-amyloid protein), suggest-
ing that NLRP3 senses downstream cytosolic stress signals such as
ion imbalances or oxidized mitochondrial DNA, the latter being
proposed as an NLRP3 ligand (60). Potassium (K*) efflux is one of
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the most-described and proposed mechanisms for regulating acti-
vation of the NLRP3 inflammasome pathway (51) and is modelized
as the first event resulting in mtROS generation to trigger the NLRP3
inflammasome (53). In addition, coordination between priming and
activation signals may be orchestrated by trafficking of NLRP3 to
other organelles in the cell (61). Whether organelle-linked mecha-
nisms control NLRP3 is still a matter under investigation (62). Fur-
thermore, several mechanisms of posttranslational modifications
of NLRP3 have been suggested to regulate NLRP3 inflammasome
activation (63), and of these modifications, the ubiquitination and
phosphorylation of NLRP3 are the best characterized.

We report here that p-glucan targets NLRP3 inflammasome
activation upstream of ASC oligomerization, at the level of ion
efflux and mtROS, attenuating pyroptosis and IL-1fB release
induced by either the plasma membrane ATP-gated P2X7 puri-
nergic receptor or the exogenous ionophore nigericin. Our data
suggest that the first controlled event by B-glucan reprogram-
ming is the reduction of K* efflux from macrophages, yet the
upstream underlying mechanisms remain to be determined. One
might postulate that B-glucan blocks NLRP3 inflammasome acti-
vation by controlling an unknown upstream event that reduces
K* efflux from macrophages, as suggested by others (64, 65). Of
note, because of the reduced inflammasome-mediated pyroptosis
induced by B-glucan priming of macrophages, the current study
cannot exclude the fact that the K* efflux is accompanied by a
passive K* release across leaky pores from damaged cells. Finally,
further investigation is required to determine whether microtu-
bule dynamics and posttranslational modification of NLRP3 are
also key regulatory mechanisms in p-glucan-mediated control of
the NLRP3 inflammasome.

CAPS, the autoinflammatory disease due to NLRP3 dysfunc-
tion, is rare and is found in approximately 1 of 360,000 individ-
uals in France and in 1 to 2 per 1,000,000 persons in the United
States (66). In this study, we have examined the biological effects
of B-glucan-induced memory on monocyte-derived macro-
phages from a large cohort of 8 patients with CAPS. Monocytes
from patients with CAPS were more inflammatory than healthy
donor-derived cells, and macrophages generated from monocytes
of CAPS patients presented a similar pattern. The secretion of
mature IL-1B upon exogenous NLRP3 activation in macrophages
from CAPS patients was higher than in their healthy counter-
parts’ cells. Despite this extreme inflammatory context, -glucan-
induced reprogramming of monocytes strongly reduced the secre-
tion of IL-1P in both GM-CSF- and M-CSF-derived macrophages
from patients with CAPS, to the same level as that seen in mac-
rophages from healthy donors. Remarkably, the p-glucan effect
was independent of the NRLP3 mutation, clinical classification, or
pharmacological treatment of patients with CAPS. Additionally,
we confirmed that the B-glucan-induced attenuation of IL-1f
release by CAPS macrophages was dependent on the inhibition
of ASC oligomerization and caspase-1 cleavage and activity. The
reduced caspase-1 activity induced by p-glucan in CAPS-derived
macrophages was comparable to that induced by the synthetic
caspase-1 inhibitor Ac-YVAD-CHO.

To date, treatment of patients with CAPS relies on target-
ing the symptomatic oversecretion of IL-18. Three anti-IL-1p-
targeted therapies have been approved for patients with CAPS,
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including the IL-1 receptor antagonist anakinra, the soluble
decoy receptor rilonacept, and the anti-IL-1p-neutralizing mAb
canakinumab (67). Because of the administration frequency and
conservation needs, IL-1p-targeted therapy is invasive, complex,
and also costly (68). In addition, IL-1B, an acute-phase protein,
is crucial for effective immune responses to infection (69),
and inhibitors targeting IL-1f may lead to unintended immu-
nosuppressive effects in addition to preventing NLRP3 inflam-
masome activity in itself. Therefore, targeting the origin of the
disease, i.e., NLRP3, would represent the best therapeutic strat-
egy. Remarkably, although a number of NLRP3 inhibitors have
been reported, none of them has been formally approved for
the treatment of NLRP3 inflammasome-driven diseases (70).
Of interest, most of these candidate drugs directly interact with
NLRP3 (70), but none seems to regulate the early activation
events upstream of NLRP3 inflammasome assembly, although
regulation of K* efflux was suggested by others in the context
of cryopyrinopathies (65). B-Glucan is a safe molecule present
in food products and already widely used in food supplementa-
tion. As such, pB-glucan is already applied as a food additive to
enhance immune responsiveness in animals (71, 72). In humans,
the reported clinical trials on the effects of oral intake of p-glu-
can on immune markers are too limited to draw conclusions at
this time (73, 74). Of note, parenteral injection of p-glucan in
rodent animal models induces protective immunity (6, 7, 75),
and encouraging protective effects have been reported in HIV
and high-risk surgical patients (76-80). In the present study,
B-glucan affected NLRP3 activation to reduce the secretion of
IL-1B in both GM-CSF- and M-CSF-derived macrophages from
patients with CAPS, regardless of the NRLP3 mutation or phar-
macological treatment. Therefore, provided the appropriate sup-
plementation dose and route are established, B-glucan supple-
mentation could represent a potential new therapeutic approach.

In conclusion, in the present study, we demonstrate that
B-glucan-induced reprogramming of human monocytes,
through a dectin-1-dependent mechanism, resulted in reduced
NLRP3 inflammasome activation and subsequent IL-1p secre-
tion by macrophages. In addition, the ability of B-glucan to block
NLRP3 activation in patients with CAPS makes it an attractive,
low-cost, and well-tolerated new candidate for the treatment of
NLRP3-driven disorders.

Methods

Cell isolation. Human PBMCs were separated using Ficoll-Paque
media (GE Healthcare) by density centrifugation of heparinized blood
from healthy donors (at the Etablissement Frangais du Sang [EFS],
Paris, France). Monocytes were purified by positive selection using
human CD14 MicroBeads (Miltenyi Biotec). The purity evaluated by
flow cytometry was routinely greater than 90%. Cells were seeded at
5 x 10° cells/mL in RPMI 1640, supplemented with 2 mM GlutaMax,
50 pg/mL gentamicin, and 1 mM sodium pyruvate (Gibco, Invitro-
gen, Thermo Fisher Scientific). Cells were maintained in a humidified
atmosphere of 5% CO, at 37°C.

Stimulation experiments. Monocytes were incubated for 24 hours
with RPMI 1640 containing either GM-CSF (25 ng/mL, 130-093-865,
Miltenyi Biotec) or M-CSF (25 ng/mL, 216-MC-025, R&D Systems)
in the presence or absence of purified B-glucan from C. albicans (10
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pg/mL; depyrogenated). After the incubation period, the cells were
washed once with 200 uL warm PBS and incubated for 6 days in RPMI
containing 10% FBS (F7524, MilliporeSigma) and either GM-CSF or
M-CSF (Figure 1A), and the medium was changed once on day 3. For
inflammasome activation, macrophages were primed with LPS (250
ng/mL, catalog code tlrl-3pelps, InvivoGen) in RPMI containing 10%
FBS. After 3 hours, LPS-primed macrophages were given fresh media
(RPMI 1640 without FBS) in the presence of adenosine triphosphate
(ATP) (5mM, catalog code tlrl-atpl, InvivoGen), nigericin (10 pM, cat-
alog code tlrl-nig, InvivoGen), or vehicle control for 1 hour.

For inhibition, before addition of inflammasome activation stimuli,
macrophages were preincubated for 30 minutes with 1 uM MCC950
(NLRP-3 inhibitor, CP-456773, MilliporeSigma) or vehicle control.
In some experiments, the anti-dectin-1 mAbs (10 pg/mL, ab82888,
Abcam) or IgGl isotype control Abs (10 pg/mL, 401402, BioLegend)
were added 30 minutes before -glucan stimulation and maintained
in the culture medium for 24 hours.

Patients. Eight patients with CAPS (1 with CINCA and 7 with MWS,
3 different mutations) were enrolled in the study (Table 1). Healthy
controls were studied in parallel. Blood samples were obtained from
the patients, and PBMCs were separated using Ficoll-Paque media
by density centrifugation of heparinized blood as described above.
Cells were suspended in RPMI at 5 x 10%/mL and seeded at 0.5 x 106/
cells per well in 96-well flat-bottomed white plates in a total of 100 pL
RPMI for 1 hour. Nonadherent cells were discarded, and the adherent
monocytes were treated and differentiated according to the experi-
mental setup described above (Figure 1A).

Cytokine assay. 1L-18, IL-6, TNF-q, IL-18, IL-12 (all from R&D
Systems), and IL-10 (BioLegend) levels in cell culture supernatants
were determined by ELISA according to the manufacturers’ instruc-
tions. Absorbance was measured with a Synergy H1 Microplate Reader
(BioTek Instruments).

RNA isolation and real-time PCR analysis. Total RNA was isolated
from macrophages using TriZOL Reagent (Invitrogen, Thermo Fisher
Scientific). RNA quality was monitored by spectrophotometric analy-
sis. Total RNA (1 pg) from each sample was used for reverse transcrip-
tion with the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Life Technologies, Thermo Fisher Scientific). Real-time
PCR was performed in an ABI Step One Plus Real-Time PCR System
(Applied Biosystems, Life Technologies) using TagMan 2x Universal
Master Mix and the TagMan Gene Expression Assay for IL-1f (assay
ID: Hs01555410, Applied Biosystems, Life Technologies, Thermo
Fisher Scientific). Each sample was assayed in triplicate. Thermal
cycling conditions were as follows: denaturation at 95°C for 10 min-
utes and 40 cycles at 95°C for 15 seconds and 60°C for 60 seconds.
The fold change of the cytokine genes in the samples was calculated
using the 2742t method. All values were normalized to endogenous
control B-actin (Hs99999903; Applied Biosystems, Life Technologies)
and were expressed in arbitrary units.

Western blotting. Total cellular protein extracts were obtained by
lysing cells for 30 minutes at 4°C in lysis buffer (Pierce RIPA Buf-
fer, Thermo Fisher Scientific) in the presence of protease inhibitors
(cOmplete Protease Inhibitor Cocktail, Roche). Samples were centri-
fuged for 15 minutes at 4°C, 12,000 g and supernatants collected in
new tubes. Cell culture supernatants were collected and concentrat-
ed (x10) using Amicon Ultra Centrifugal Filters (MilliporeSigma).
Proteins from cell extracts and supernatants were suspended in
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Laemmli Buffer 1x, boiled at 95°C for 10 minutes and resolved by
SDS-PAGE. Then, proteins were transferred with an iBlot instrument
(Life Technologies, Thermo Fisher Scientific). Immunoblotting was
performed using the following primary Abs: anti-NLRP3 (clone
D4D8T, 15101), anti-caspase-1 (clone D7F10, 3866), anti-IL-18
(clone 3A6, 12242) (all from Cell Signaling Technology), and anti-
ASC (clone B-3, sc-514414, Santa Cruz Biotechnology). Anti-mouse
or anti-rabbit IgG, HRP-linked Abs (NA931 and NA934, respectively,
GE Healthcare) were used as secondary Abs, and protein bands were
visualized with ECL Prime (GE Healthcare) or SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific)
and a myECL Imager (Thermo Fisher Scientific). Proteins were nor-
malized to B-actin (clone C4, sc-47778, Santa Cruz Biotechnology)
using Image] software (NIH).

For the ASC oligomerization assay, cells were directly lysed in
the well by the addition of cold PBS containing 0.5% Triton X-100
and protease inhibitor mixture (cOmplete Protease Inhibitor Cock-
tail, Roche). Cell lysates were separated into a Triton X-100 soluble
fraction and an insoluble fraction by centrifugation at 6000 x g for
20 minutes at 4°C. The soluble fraction of cell lysates was subse-
quently used for immunoblotting, whereas the Triton X-100 insolu-
ble pellets were washed twice with PBS and then chemically cross-
linked with 2 mM disuccinimidyl suberate (DSS) (Thermo Fisher
Scientific) for 30 minutes at room temperature. Cross-linked pellets
were further spun down at 6000 x g for 20 minutes and eluted in
Laemmli buffer for SDS-PAGE.

Surface markers. On day 6, macrophages were detached from the
plate using Accutase Solution (MilliporeSigma) at 37°C for 15 minutes
followed by manual shaking and repeated pipetting. After blocking
of Fc receptors (FcR Blocking Reagent, Miltenyi Biotec), staining was
performed using anti-CD163 phycoerythrin (PE) (clone REA812,
130-112-128, Miltenyi Biotec), and anti-CD206 PE-Vio770 (clone
DCN228,130-100-152, Miltenyi Biotec). Cells were also stained with
fluorescence minus one (FMO) mixes containing the relevant isotype
control: REA control coupled with PE (clone REA293, 130-113-438,
Miltenyi Biotec) or mouse IgG1 PE-Vio770 (clone 1S5-21F5, 130-113-
202, Miltenyi Biotec). Acquisition was performed on a LSR Fortessa
(BD Biosciences) after fixation of cells with 4% formaldehyde solu-
tion at room temperature, protected from light. Analysis was per-
formed using Flow]o software, version 9.9.5 (Tree Star).

ASC immunofluorescence. Treated macrophages were fixed in 4%
formaldehyde solution for 10 minutes at 37°C and then washed with
PBS, and excess formaldehyde solution was quenched for 10 minutes
with 0.1 M glycine. Cells were permeabilized with saponin 0.2% BSA
3% for 20 minutes at 4°C. Anti-ASC Ab (1:500, clone B-3, sc-514414,
Santa Cruz Biotechnology) was incubated at 4°C in the saponin-BSA
solution overnight. The next day, samples were incubated with an
Alexa Fluor 488-conjugated anti-mouse IgG secondary Ab (1:500;
A11001, Invitrogen, Thermo Fisher Scientific). DAPI (Invitrogen,
Thermo Fisher Scientific) was used at 1:1000 for nuclear staining.
Coverslips were mounted using VectaShield Mounting Medium (Vec-
tor Laboratories) and sealed. Cells were imaged using an EVOS FL
Cell Imaging system and a x40 objective (Thermo Fisher Scientific).
Images were analyzed with Image] software, and brightness was
adjusted with Adobe Photoshop CC 2018.

Intracellular K* measurements. LPS-primed macrophages in
96-well, flat, clear-bottomed black plates (Costar) were loaded
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with Asante Potassium Green-2 (APG-2) (Abcam), a fluorescence
indicator of intracellular K*. More specifically, cells were labeled
with a staining solution of APG-2 AM 5 uM (ab142806, Abcam) plus
Pluronic F-127 0.1% (P6867, Invitrogen, Thermo Fisher Scientific)
for 30 minutes at 37°C. Cells were then stimulated with 10 uM
nigericin for 20 minutes. After washing with PBS twice, cells were
imaged using an EVOS FL Cell Imaging System and a x10 objective
(Thermo Fisher Scientific). Quantification of the average fluores-
cence intensity per cell was performed through an image analysis
pipeline. The pipeline consists of HK-mean segmentation in Icy
software (81, 82). Qualitative evaluation was done to confirm that
the pipeline identified all of the cells (average of 600 cells) in the
field of view with an error rate of 0.2% * 0.2%.

mtROS. LPS-primed macrophages were detached using Accutase
(A6964, MilliporeSigma) for 15 minutes at 37°C, followed by manual
shaking and repeated pipetting. Cells were then stimulated with 10
uM nigericin in RPMI 1640 for 30 minutes at 37°C in 96-well round-
bottomed plates. mtROS levels were measured by staining cells with
MitoSOX (M36008, Thermo Fisher Scientific) at 5 mM for 15 minutes
at 37°C in HBSS (11550456, Gibco, Thermo Fisher Scientific). Cells
were then washed, resuspended with HBSS, and acquired on a LSR
Fortessa (BD Biosciences). Fluorescence was measured usinga 561-nm
laser and a 585/15 filter for the PE channel. Data were analyzed using
Flow]Jo software, version 9.9.5 (Tree Star).

Cell viability. Fluorescein diacetate (FDA) is a cell-permeant
esterase substrate used to measure both enzymatic activity (to
activate its fluorescence) and cell-membrane integrity (required
for intracellular retention of the fluorescent product). Cell cul-
tures were performed in 96-well, flat, clear-bottomed black plates.
Monocytes were incubated for 24 hours with RPMI 1640 alone
(human serum and FBS conditions) (Supplemental Figure 2). In
parallel, monocytes were incubated for 24 hours with RPMI 1640
containing either GM-CSF or M-CSF in the presence or absence
of purified p-glucan from C. albicans. After the 24-hour incuba-
tion, the cells were washed once with warm PBS and incubated
for another 5 days in RPMI supplemented with 10% human serum
(Human Serum Type AB [male], MilliporeSigma), 10% FBS, and
10% FBS plus GM-CSF or M-CSF, and the medium was changed
once on day 3. The amount of remaining viable cells was evaluated
on day 6 by loading cells with FDA. FDA (F7378, MilliporeSigma)
was dissolved in acetone to a stock concentration of 5 mg/mL. A
final staining solution (8 pg/mL) of FDA was prepared in serum-
free RPMI. Cells were stained for 3 minutes at room temperature
and then washed, and viability was assessed by measuring the
fluorescence on a Synergy H1 Microplate Reader (excitation: 490,
emission: 526; BioTek Instruments).

LDH release assay. LDH release was measured using the Cytotox-
icity Detection Kit (Roche) according to the manufacturer’s instruc-
tions. Macrophages in 96-well, flat, clear-bottomed white plates were
pretreated with the indicated inhibitors for 30 minutes (see Stimu-
lation experiments for the various concentrations used) and primed
with LPS for 3 hours. Macrophages were then stimulated with vehicle
or nigericin for 1.5 hours (M-CSF macrophages) or 3 hours (GM-CSF
macrophages) before cell-free culture supernatants were collected
and incubated with LDH assay solution at 25°C for 30 minutes. The
optical density values were analyzed at 490 nm by subtracting the
reference value at 620 nm. The experiment was repeated at least 3

RESEARCH ARTICLE

times, and the results are expressed as a percentage of the maximum
LDH release, obtained by lysing the cells in 1% Triton X-100.

Caspase activity assay. LPS-primed macrophages were incubated
with either vehicle or nigericin for 1 hour, and caspase-1 or caspase-8
activity was then measured using the Caspase-Glo 1 Inflammasome
Assay (G9951, Promega) or the Caspase-Glo 8 Assay System (G8201,
Promega), respectively, according to the manufacturer’s instructions.
Briefly, the white 96-well plate containing cells was removed from the
incubator, and 100 pL of the supernatant in each well was collected and
used for IL-1p cytokine detection. An aliquot of 100 puL of the Caspase-
Glo 1 Reagent or Caspase-Glo 8 was then added to each well contain-
ing cells and the remaining 100 pL supernatant and gently mixed on a
plate shaker for 30 seconds. The mixture was then incubated for 1 hour
at room temperature before measuring the luminescence on a Synergy
H1 microplate reader (BioTek Instruments). Ac-YVAD-CHO (G9951,
Promega) was used as a specific caspase-1 inhibitor, and z-IETD-fmk
(1148, BioVision) was used as a specific caspase-8 inhibitor.

Statistics. Experiments were performed at least 3 times, and the
results were analyzed using a Wilcoxon matched-pairs, signed-rank
test unless otherwise stated. A Pvalue of less than 0.05 was considered
statistically significant. All data were analyzed using GraphPad Prism,
version 5.0 (GraphPad Software). Data are shown as the mean * SEM.

Study approval. Blood samples from healthy donors were obtained
from the EFS (Paris, France, habilitation HS-2015-25101), and written
informed consent from was obtained from the volunteers. Blood sam-
ples from patients with CAPS were obtained with informed consent of
the patients. The informed consent protocol was approved by the local
ethics board (CPP Ile de France 1).
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