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Dexamethasone induced
Dectin-1 activation enhances
NLRP3 inflammasome activation
Ruth-Miriam Koerber1,2, Sebastian Oberbeck1, Philipp Kotthoff1,
Solveig N. Daecke1, Peter Brossart1 and Stefanie A. E. Held1*

1Department of Medicine III, University Hospital Bonn, Bonn, Germany, 2Mildred Scheel School of
Oncology, University Hospital Bonn, Medical Faculty, Bonn, Germany
Systemic candidiasis is a serious complication in immunocompromised patients,

with Candida albicans emerging as themost common opportunistic pathogen. In

various therapeutic treatment regimens the immunosuppressive agent

Dexamethasone is used. Dexamethasone itself impairs the function of

dendritic cells and reduces thereby their capacity for T-cell proliferation

through the activation of Dectin-1 by b-glucans. In the present study, we

reveal that these tolerogenic dendritic cells (Dex-DCs) have an increased

secretion of IL-1ß and IL-18 when stimulated with b-glucans. We show an

increased formation of ASC specks, which are crucial for recruiting pro-

caspase-1, indicating an elevated inflammasomal activity. In line with this, we

were able to show that treatment of tolerogenic dendritic cells with a NLRP3

inhibitor prior to Dectin-1 stimulation normalized the secretion of IL-1ß and IL-

18. Furthermore, the addition of Caspase- and Syk-inhibitors led to diminished

inflammasome activation as well as to less pyroptosis and apoptosis in response

to b -glucan stimulation. Finally, we identified elevated production of reactive

oxygen species (ROS) upon b-glucan stimulation in DexDCs as a possible

mechanism for apoptosis induction as it can be reversed by the treatment with

a specific anti-Dectin-1 antibody. Moreover, the underlying mechanism of the

NLRP3 activation seems to be mediated through mitochondrial DNA release

induced by mitochondrial ROS. Taken together, the present study demonstrates

that Dectin-1 stimulation of tolerogenic DCs can result in severe pro-

inflammatory responses due to cytokine release and subsequent NLRP3

inflammasome activation. In conclusion, the application of NLRP3

inflammasome inhibitors to patients treated with corticosteroids like

Dexamethasone may significantly improve their outcome as they might be

well-protected against local or severe systemic fungal infections.
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GRAPHICAL ABSTRACT
Introduction

Systemic candidiasis, a serious complication in patients with

compromised immune systems, is a significant cause of mortality.

Among the various Candida species, Candida albicans (C. albicans)

has emerged as a prevalent opportunistic pathogen (1). The widely

used pharmaceutical agent dexamethasone has been demonstrated

to induce immunosuppression, which is attributed to a suppression

of differentiation, function and proliferation of T-cells. This is

revealed by downregulation of co-stimulatory molecules such as

CD28 and an impaired cytokine production (e.g. IL-6, TNF-alpha).

Furthermore, dexamethasone decreases antigen presentation by

dendritic cells, which limits again T-cell activation and induction

of ROS can further activate pro-apoptotic pathways like NF-

kappaB. (2). Treatment of monocyte-derived dendritic cells

(moDC) with dexamethasone has been shown to result in a

deficiency of co-stimulatory molecules and an impaired capacity

for effective T cell proliferation. Additionally, these cells exhibit an

augmented release of IL-10 and an increased induction of

regulatory T cells (Tregs) (3).

A critical component of fungal cell walls, including components

of candida yeast, are ß-glucans. These can be sensed via Dectin-1, a

major receptor on DCs, macrophages, and neutrophils (4) and is a

member of the group of pattern-recognition receptors (PRRs) (5).

For example, Curdlan, a bacterial ß- (1, 3)-glucan polysaccharide, is
Frontiers in Immunology 02
a specific ligand of Dectin-1, capable of triggering innate immune

responses (6). It has been demonstrated that human DC can

activate spleen tyrosine kinase (Syk) via Dectin-1 in a TLR2-

dependent manner, subsequently inducing NF-kappaB (NFkB)-
associated inflammatory responses. However, it is imperative to

note that while b-glucan-associated stimulation of Dectin-1 can

orchestrate a variety of immune stimulatory effects of innate and

adaptive immune responses, an adequate DC function is essential to

sufficiently control fungal infections (7). Kotthoff et al.

demonstrated that Dex-DC are impaired in their immunological

function as relators of fungal b-glucans with Dectin-1 (6).

The distinct T helper cell population of TH17 cells plays a

crucial role in effective anti-candida immunity, and their

proliferation is promoted by, for example, IL-1ß (8).

Consequently, it is postulated that both pro-inflammatory

cytokines IL-1ß and IL-18 play a substantial role in anti-fungal

immune defenses via T cell-mediated IL-17 and INF-g production
(9, 10). The primary source for maturation of cytosolic IL-1ß and

IL-18 are inflammasomes. The most thoroughly studied

inflammasome is the NOD-, LRR- and pyrin domain-containing

protein 3 (NLRP3) (11). The subsequent process of NLRP3

association with the adaptor protein ASC (apoptosis speck-like

protein containing a caspase recruitment domain) leads to the

cleavage of caspase-1. ASC specks are micrometer-sized protein

structures formed by the inflammasome adaptor ASC. The
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formation of ASC specks is a hallmark of inflammasome activation

(12), which in turn activates the procession of pro-IL-1ß and pro-

IL-18 (13). This series of events results in pyroptotic cell death.

Apart from inflammasome-mediated IL-1ß maturation, non-

canonical caspase-8 inflammasome and dectin-1-dependent IL-1ß

activating mechanisms have been described (14). Since ß-glucans

are highly immunostimulatory, further research is necessary to

better understand the associated sensing and effector pathways,

especially in situations involving immune compromise

with Dexamethasone.

Crucial players of our immune system are so called dendritic

cells (DCs), whose main task is to recognize and present antigens to

other immune cells. Two main groups can be distinguished:

immature and tolerogenic DCs. Tolerogenic DCs can be

discriminated phenotypically from immature DCs, for example,

by the expression of CD80, CD83, and CD86. Functionally,

tolerogenic DCs are involved in mediating immune tolerance.

Our research group has demonstrated this in previous studies

(15). In the present study, we observed a significant secretion of

the cytokines IL-1ß and IL-18 in tolerogenic dendritic cells (Dex-

DC) compared to immature dendritic cells (iDC) when stimulated

with Curdlan, indicating enhanced inflammasome activation.

Additionally, Dex-DC showed an increased formation of ASC

specks, which are crucial for recruiting pro-caspase-1, suggesting

amplified inflammasome activity in these cells.

Actually, there is a tolerogenic–inflammatory paradox existing in

Dex-DCs: Dex-DCs are usually programmed to be immunosuppressive

and tolerogenic. Nevertheless, tolerogenic DCs can robustly release pro-

inflammatory signals when stimulated via the Dectin-1 pathway,

inducing a strong innate inflammatory response (16). This paradox

arises because Dex-DCs exhibit suppression of adaptive immunity but

can still activate innate inflammatory responses under certain stimuli.

As mentioned above, Dex-DCs appear to have a tolerogenic phenotype

(diminished expression of costimulatory molecules like CD80 and

CD83, upregulation of anti-inflammatory mediators like MERTK, IL-

10) with a reduced ability to activate T cells. These features promote

expansion of regulatory T-cells (Tregs) and suppress adaptive immune

responses, particularly antigen-specific T-cell activation (17). On the

other hand, Dectin-1 stimulation triggers Syk-dependent and Syk-

independent signaling, activating NF-kB and leading to production of

pro-inflammatory cytokines (IL-1b, TNF-a, IL-6, etc.) and

inflammasome activation. We observed, that Dectin-1 is sufficient to

trigger innate pro-inflammatory responses in previously tolerogenic

Dex-DCs, overriding their immunosuppressive programming at the

level of innate immunity. More precise, Dectin-1 stimulation leads to

the activation of cytokine secretion (IL-1b, IL-18), characteristic of

robust innate immunity. Taken together, tolerogenic programming

targeted by dexamethasone is most effective on the adaptive arm [T-

cell regulation (17)], while innate pathways [e.g., Dectin-1, TLR (18)]

can remain responsive to specific danger signals, enabling a paradoxical

inflammatory response even by cells considered tolerogenic. In this

investigation, we sought to elucidate a potential mechanistic pathway in
Frontiers in Immunology 03
response to b-glucan-stimulated human tolerogenic dendritic cells

(DCs) treated with dexamethasone (Dex-DC). Our findings revealed

that the activation of Dectin-1 by b-glucans can induce pyroptosis and

apoptosis in tolerogenic DCs. In the presence of dexamethasone,

Dectin-1-mediated activation of mDCs has been shown to result in

increased secretion of IL-1ß, leading to enhanced inflammation. This

process may play a role in the development of local and systemic

pathologic effects associated with fungal infections.
Methods

Ethics statement

This study was conducted in accordance with the Declaration of

Helsinki and approved by the Institutional Ethics Committee of the

University of Bonn, North-Rhine Westphalia, Germany (grant

number 173/09). Buffy coats for human monocyte isolation were

obtained from healthy, voluntary blood donors of the University

Hospital Bonn. Written informed consent was obtained from all

volunteers for blood donation and further processing of blood

samples for scientific purposes by the blood bank/transfusion

medicine of the University Hospital of Bonn. All experiments were

performed in accordance with relevant guidelines and regulations.
Media and reagents

Cells were cultured in RPMI 1640 containing glutamax-I,

supplemented with 10% inactivated fetal calf serum (RP10

medium) and 1% penicillin/streptomycin (Invitrogen, California,

USA). All reagents not otherwise indicated were purchased from

Sigma-Aldrich. Curdlan was purchased from Wako Chemicals USA,

Inc. (Virginia, USA). Zymosan A was purchased from InvivoGen

(San Diego, USA). Oridonin was purchased from Cayman Chemical

(Michigan, USA). R406 was purchased from Cayman Chemical

(M i c h i g a n , U SA ) . z VAD ( Z -VAL -A LA -DL -A s p -

fluoromethylketone) was purchased from Bachem (Switzerland).
Generation of iDCs and Dex-DCs

Human monocyte-derived DCs (iDCs) were generated from

peripheral blood by plastic adherence as described previously (19,

20). Adherent monocytes were cultured in RP10 medium

supplemented with GM-CSF (100 ng/mL; Leukine, Liquid

Sargramostim) and IL-4 (20 ng/ml; R&D Systems). Cytokines

were added to the cells every other day.

To generate Dex-DC adherent monocytes were treated as

described for iDC. Dexamethasone was added further at 100 nM

every other day. In each case, equal amounts of EtOH were added as

a control.
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Immunostaining for flow cytometry

iDC and Dex-DC were harvested, washed and stained using

commercially available mAbs from Biolegend (ASC, clone HASC-

71). Cells were, as indicated, stimulated for 18 h with Curdlan (at

100 µg/ml) prior to flow cytometric analysis. For determination of

ASC-Specks, a Caspase-1 inhibitor (50 µM Belnacasan,

Selleckchem) was added prior to Curdlan stimulation. Cells were

then further processed for subsequent analysis.

Intracellular staining was carried out using the FoxP3/

Transcription Factor Staining Buffer Set (Thermo Fisher

Scientific). For exclusion of dead cells a ZOMBIE dye (Biolegend)

was used. Data were acquired on a FACS Canto II (BD) and

analyzed with FlowJo 10.8.1. (BD). The gating is shown

examplarily in Supplementary Figure S2.
Determination of cytokine production

Concentration of cytokines in cell-culture supernatants was

determined using DuoSet® ELISA Development Systems (R&D

systems) according to the manufacturer’s instructions for IL-1ß

and IL-18. Cells were harvested, washed and seeded in 24-well

plates in fresh RP10 media prior to stimulation. Dectin-1

stimulation was accomplished by stimulation for 18 h with

curdlan (both at 100 µg/ml) prior to cytokine measurement.

Inhibitors were added to the cells 30 min prior to stimulation at

the indicated concentrations.
Detection of superoxide-anion generation

Dex-DC and iDC were washed and plated in 96-well cell-

culture plate at 5 × 105 per well in fresh RP10 medium and were

allowed to settle for 12–24 h, after the aforementioned culturing

conditions. DCs were incubated with Inhibitors at the indicated

concentrations, MnTBAP (Sigma-Aldrich, California, USA),

Oridonin or an anti-hDectin-1 antibody (Human Dectin-1

CLEC7A Antibody, Biotechne, Minnesoa, USA) 30 min prior to

stimulation with the beta-glucan zymosan (100 µg/ml). At

timepoint of stimulation the superoxide detection reagent

(Invitrogen™, H2DCFDA) was applied to the DCs. Cell-

permeable 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA)

is a chemically reduced form of fluorescein that is used as an

indicator of reactive oxygen species (ROS) in living cells. Oxidation

with any reactive oxygen species leads to the formation of a

fluorescent product, 2’,7’-dichlorofluorescein, which we measured

using flow cytometry. DCs were stimulated for 45 min with

H2DCFDA before harvested and analysed.
Statistical analysis

All experiments were performed at least two or three times, with

representative experiments shown. Statistical analysis was
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performed with GraphPad 9 (Prism). The statistical tests used are

indicated in the figure legends.
Results

Stimulation of DCs with the dectin-1 ligand
curdlan leads to inflammasome activation
and is enhanced in tolerogenic DCs.

The activation of Dectin-1 by b-glucans has been demonstrated

to elicit immune system activation, accompanied by pro- and anti-

inflammatory responses. The expression of HLA-DR- or PD-L1/

2-positive dendritic cells and the measurement of cytokines have

been identified as hallmarks of these responses. Our group has

previously demonstrated that tolerogenic DCs (generated in the

presence of dexamethasone) exhibit elevated levels of Dectin-1

expression (6).

We analyzed the cytokine secretion of IL-1ß and IL-18 in

supernatants of two distinct cell populations: tolerogenic DCs

(Dex-DC) and immature DCs (iDC). These cells were stimulated

with Curdlan (100 µg/ml), a known specific ligand for Dectin-1,

with minimal TLR-stimulating properties. Our findings revealed a

pronounced IL-1ß and IL-18 response in Dex-DC (Figure 1A).

Given the established role of IL-1ß and IL-18 as the key effector

cytokines of the NLRP3-inflammasome (21), we hypothesize that

there is enhanced inflammasome activation in tolerogenic DCs.

Conversely, we found elevated levels of the anti-inflammatory

cytokine IL-10 in Dex-DC compared to iDC (Supplementary

Figure S1).

A major event in NLRP3 inflammasome activation is the

formation of so-called ASC-specks, which recruit pro-caspase-1 to

its activating complex (22). Our observations reveal an augmented

tendency for ASC Speck formation in Dex-DC in comparison to

iDC, while the expression levels of non-specking ASC molecules

remain comparable between Dex-DC and iDC (Figure 1B). These

findings collectively suggest an amplified inflammasome activation

within the context of tolerogenic DCs.
Inflammasome activation in dectin-1
stimulated Dex-DC with curdlan can be
abrogated by NLRP3-inhibition.

To verify our hypothesis of NLRP3 induction in Dex-DC, we

tested the specific NLRP3 inhibitor Oridonin (10 µM). The cells were

treated with the inhibitor for 1.5 hours prior to Dectin-1 induction.

The secretion of IL-1ß and IL-18 in the culture media of Dex-DC was

observed, resulting in the normalization of cytokine levels to that of

those of non-curdlan activated controls. A similar response was

observed in iDCs (Figure 2A). The activation of the NLRP3

inflammasome typically results in pyroptosis. To assess whether

apoptosis is also diminished in iDC and DexDC following Dectin-1

stimulation, we examined the effects of the pan-caspase inhibitor

zVAD (10 µM). Following a 1.5-hour period of inhibitor treatment

and stimulation with Curdlan (100 µg/ml), we measured IL-1ß and
frontiersin.org
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IL-18 in supernatants of iDCs and Dex-DCs. The analysis revealed a

reduction in these cytokines after inhibitor treatment (Figure 2B).

Furthermore, targeting the Dectin-1/Syk-pathway with R406, a

known Syk-inhibitor (10 µM), in Dex-DCs also leads to reduced

levels of IL-1ß and IL-18 (Figure 2C). Concomitant with the cytokine

levels, a decrease in ASC-Specking cells was observed after inhibitor

treatment in Dex-DC compared to iDC (Figures 2D–F).

Collectively, these observations demonstrate that Dex-DCs

trigger both pyroptosis and apoptosis following Curdlan

stimulation. Furthermore, the inhibition of Syk-signaling has been

observed to result in a dampened inflammasome activation.
Inflammasome activation in tolerogenic
Dex-DC is ROS-dependent as a potential
mechanism of NLRP3-activation.

A variety of mechanisms have been identified that facilitate

NLRP3 activation. The production of Reactive Oxygen Species
Frontiers in Immunology 05
(ROS) is a common activating event upstream of NLRP3 (23). In

the present study, upon stimulation with the alternative b-glucan
Zymosan A (100 µg/ml), a heightened level of ROS production was

observed in Dex-DC in comparison to iDC. To validate signaling

via Dectin-1, we treated both iDC and Dex-DC with a specific anti-

Dectin-1 antibody (5 µg/ml) and found ROS-levels equivalent to

control conditions, indicating a Dectin-1-mediated ROS release

after fungal infections. Furthermore, anti-Dectin 1 treatment

resulted in a protection from dexamethasone induced ROS

production (Figure 3A).

The overproduction of ROS, also known as oxidative stress, has

been demonstrated to result in cellular damage or dysfunction and

can induce cell death. The production of ROS occurs in various

cellular locations, including the mitochondria, the endoplasmic

reticulum, and the peroxisomes (24). These ROS can either

directly or indirectly activate the NLRP3 inflammasome. A

potential direct pathway for NLRP3 activation involves the release

of mitochondrial DNA (mtDNA), which is dependent on

mitochondrial ROS (mtROS) (25). The release of mtDNA directly
FIGURE 1

Dex-DC reveal a signature of inflammasome activation. (A) Supernatants of iDC and Dex-DC with and without Dectin-activation via Curdlan-
stimulation were analyzed for IL-1ß and IL-18 secretion as described. Scatter bar plots show mean ± SEM with each dot representing the median of
duplicates of four independent experiments. Kruskal-Wallis test was applied for statistical analysis. *P < 0.01, **P < 0.005, ****P < 0.0001.
(B) Intracellular ASC expression (left) and specking ASC-molecules (right) in iDC and Dex-DC were measured by flow cytometry under unstimulated
conditions or following curdlan stimulation. Percentage of positive cells/specks is indicated and one representative experiment of four is shown.
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binds and activates NLRP3. To test this possible source of NLRP3

activating mtROS, we treated iDC and Dex-DC with the superoxide

dismutase (SOD)-mimetic MnTBAP (0,4 mM). MnTBAP has been

shown to neutralize superoxides in both extra- and intracellular

compartments without scavenging nitric oxide (NO). In the context

of Zymosan A-stimulated Dex-DC, the ability of MnTBAP to

impede mtROS production was observed, although this effect was

less pronounced in comparison to its effect on iDC (Figures 3A, B).
Frontiers in Immunology 06
These findings demonstrate a NO-independent ROS production in

Dex-DC as a potential NLRP3-activating mechanism.
Discussion

The utilization of immunosuppressive medications, such as

dexamethasone, remains an indispensable component in the
FIGURE 2

Activated Dectin-1 signaling in Dex-DC induces pyroptosis and apoptosis. iDC and Dex-DC were either unstimulated or stimulated with Curdlan and
treated with a NLRP3-inhibitor (Oridonin), a pan-Caspase inhibitor (zVAD) and a Syk-inhibitor (R406) as indicated. (A–C) Supernatants of these
cultures were analyzed for IL-1ß and IL-18 secretion as described in the methods section. Scatter bar plots show mean ± SEM with each dot
representing the median of duplicates of independent experiments. Kruskal-Wallis test was applied for statistical analysis. *P < 0.01, **P < 0.005.
(D–F) Specking ASC-molecules were measured by flow cytometry in iDCs and DEX-DC under unstimulated conditions or following curdlan
stimulation. Percentage of specks is indicated and one representative experiment of four is shown.
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management of hematologic diseases and autoinflammatory

processes. However, these treatments are frequently accompanied

by fungal infections, particularly those caused by Candida species,

with C. albicans being the most prevalent pathogen. Under normal

conditions, colonization with C. albicans does not typically result in

severe systemic infections. This is due to the protective effects of

TH1 and TH17 cells against mucosal invasions, as well as the ability

of neutrophils, monocytes/macrophages to prevent systemic

candidiasis (26). The primary receptor responsible for detecting

the Candida species via their fungal cell wall component of b-
glucans is Dectin-1 (27). The well-studied C-type lectin receptor

(CLR) Dectin-1 is predominantly expressed by dendritic cells

(DCs), monocytes, and macrophages, leading to the production of
Frontiers in Immunology 07
a Syk-mediated pro-inflammatory response (28). Other

mechanisms of action include signaling via TLR2 and TLR4 (29)

and the formation of neutrophil extracellular traps (NETs) (30).

In this study, we demonstrate that dexamethasone-treated

monocyte-derived dendritic cells (Dex-DC) elicit a robust pro-

inflammatory response that is mediated by the NLRP3

inflammasome. The stimulation of Dectin-1 in Dex-DC resulted

in the detection of a robust and characteristic NLRP3-mediated

pro-inflammatory response, which was significantly more

pronounced compared to iDC. The analysis revealed elevated

levels of IL-1ß and IL-18, the principal effector cytokines of the

NLRP3 inflammasome. The formation of ASC specks is a

consequence of NLRP3 oligomerization, which is a prerequisite
FIGURE 3

Dectin-1 activation leads to inflammasome activation via ROS-production. (A) iDC and Dex-DC were stimulated with Zymosan A, control solvent
and anti-Dectin Antibody and MnTBAP as indicated. Superoxide-Anion production was measured by flow cytometry and percentages of ROS-
positive cells are shown. Scatter bar plots show mean ± SEM with each dot representing a measurement result of four experiments in duplicates.
Mann-Whitney-U-test was applied for statistical analysis. *P < 0.01, ***P < 0.001. (B) Staining histograms display gating of ROS-distribution of the
afore mentioned experiment.
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for the activation of this inflammasome (22). This process results in

the cleavage of the effector-Caspase-1. Active Caspase-1 plays a

pivotal role in the maturation of the cytokines into biologically

active forms of pro-IL-1ß and pro-IL-18. In the present study, we

observed a greater prevalence of activated, ASC-specking Dex-DC

compared to iDC following Dectin-1 stimulation with Curdlan.

Furthermore, the use of the specific NLRP3-inhibitor Oridonin

leads to a downregulation of IL-1ß and IL-18 in DexDC and

decreased counts of ASC specking DexDC. It has been established

that NLRP3 plays a pivotal role in C. albicans-induced

inflammation. This assertion is supported by the findings of Vonk

et al., who demonstrated that IL-1ß deficient mice exhibited an

elevated mortality rate due to an inadequate TH1 response

following C. albicans infection (31). Additionally, it is postulated

that the activation of the NLRP3 inflammasome is pivotal in

differentiating between the colonization and invasion of Candida

species (32). Our findings indicate that Dex-DC responds to

Curdlan stimulation with augmented inflammasome activation,

underscoring the heightened risk of systemic fungal infections

associated with the administration of immunosuppressive

corticosteroids. Our findings indicate that the administration of

Oridonin, a NLRP3 inhibitor, or R406, a Syk inhibitor, results in the

attenuation of inflammasome activation. Cheng et al. observed in

their experiments that the Dectin-1/Syk-pathway is apparently only

in part responsible for the IL-1ß response in fungal infections (33).

A priming step for inflammasome activation is typically required. In

the present experiments, an IL-1ß and IL-18 response was observed

in Dex-DC directly after Curdlan stimulation, without the

application of other prior agents. Consequently, these findings

underscore the notion that NLRP3 induction can occur in the

absence of a priming step, thereby emphasizing the direct

inflammasome activation via Dectin-1-signaling. Given that Dex-

DC has been observed to exaggerate IL-1ß and IL-18 levels in

comparison to iDC, it can be deduced that potential IL-1ß

associated effector functions of non-pyroptotic cells may be

impaired in Dex-DC.

A physiological response to fungal infections of host cells and

the fungus itself is the creation of ROS, leading to oxidative stress

(34) and promoting the fungal growth. The present study’s findings

align with these established mechanisms, as elevated ROS levels

were detected in Zymosan A-stimulated iDC. Furthermore,

augmented ROS-levels were identified in Dex-DC. In both

Zymosan A-stimulated iDC and Dex-DC, the production of ROS

could be abrogated by treatment with an anti-Dectin-1 antibody,

thereby emphasizing the pivotal role of b-glucan-associated initial

ROS production. It is acknowledged that ROS function as signals

for NLRP3 inflammasome activation, though the precise

mechanisms underlying this process remain to be fully elucidated.

One potential mechanism involves the direct binding of mtDNA,

released due to excessive generation of mtROS, to NLRP3, resulting

in its subsequent activation (35). In order to assess whether the use

of antioxidants in Dectin-1-activated dendritic cells (DC) leads to

relevantly lower reactive oxygen species (ROS) levels, we tested the

SOD-mimetic MnTBAP. This treatment has been shown to
Frontiers in Immunology 08
effectively reduce ROS levels in iDC; however, it does not

approximate the reduced ROS levels observed in Dex-DC.

Nevertheless, we can only indirectly conclude from our data that

lower absolute ROS levels due to the use of MnTBAP result in lower

amounts of mtROS. During systemic infections, excessive ROS

production can lead to multi-organ system failures due to cellular

dysfunctions (36). To overcome the complications of sepsis in

steroid-treated patients with heightened vulnerability, the use of

NLRP3-inhibitors as a therapeutic option might be considered.

Furthermore, the use of antioxidants to protect the mitochondria

could potentially reduce mitochondrial dysfunction and the release

of mtDNA, which in turn could diminish NLRP3-activation

and pyroptosis.

Up to date, the clinical application of NLRP3 inhibitors in

patients treated with corticosteroids remains largely investigational,

with several promising directions. So far no NLRP3 inhibitor is

currently approved for human use, but a number of orally available

inhibitors are entering and advancing in clinical trials, including

compounds such as MCC950 (CRID3), dapansutrile, and NT-0796

(37). Early clinical trials suggest NLRP3 inhibitors are generally well-

tolerated, with most adverse effects being mild (gastrointestinal

symptoms, headaches), but long-term safety data are still pending

(38). The use of NLRP3 Inhibition in fungal Infections might be

benefical since targeting the NLRP3 inflammasome may dampen

pathological inflammation seen during corticosteroid therapy,

potentially reducing tissue damage and controlling excessive

cytokine release. Though, a crucial venture might an increased risk

of opportunistic or invasive fungal infections, especially in

immunocompromised patients, since the NLRP3 inflammasome

plays a key role in immune defense against pathogens (38, 39).

Currently, specific clinical data on infection rates in patients on

NLRP3 inhibitors are lacking, underscoring the need for ongoing

surveillance and caution in future trials where fungal infection is a

risk. Patients with excessive inflammation with a need of

corticosteroid therapy (such as those with severe hematologic or

autoimmune disease, acute lung injury, septic patients or some

chronic inflammatory syndromes) or those at high risk of steroid-

induced tissue damage but lower risk for severe infection (e.g.,

selected oncology or transplant populations, not acutely

neutropenic) could benefit from NLRP3-targeted dampening of the

innate immune response. This is exemplary shown for Patients with

overactive or mutation-driven NLRP3 inflammasome activation (e.g.,

CAPS-Cryopyrin-Associated Periodic Syndromes), as demonstrated

by functional variant screening with MCC950 (40). Clinical trial

designs should provide essential insights on both the efficacy and

infection risk profile - especially in settings where the delicate balance

between immune suppression and protection is critical.

This study has some limitations such as in vitro models.The

absence of in vitro analysis restricts the mechanistic insights that

might be gained regarding direct pathogen-host interactions or

drug responses under defined conditions and must be performed in

future work. Furthermore, monocyte-derived DC from healthy

donors instead of primary subjects (e.g., samples or cells directly

derived from patients) were used as experimental model. Research
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employing primary tissues or patient-derived cells can offer

translational relevance. However, in our setting, with acute fungal

infections, it is almost impossible to obtain primary samples. The

patients require emergency care, which means that the time window

for scientific research is very narrow.

Taken together, these findings demonstrate an enhanced

induction of IL-1ß and IL-18 in Dex-DC compared to iDC upon

stimulation with b-glucans. In regard to the inhibitor experiments, the

classical and alternative pathways of NLRP3 inflammasome activation

are considered as potential sources for the amplified IL-1ß and IL-18

generation. Furthermore, an intensified fungal-associated

inflammation was observed subsequent to steroid treatment,

including dexamethasone. These effects can lead to higher mortality

in patients suffering from local and systemic fungal infections with the

need of steroid-treatment. Consequently, the use of NLRP3-inhibitors

has the potential to ameliorate the clinical course in such patients and

prevent fatal outcomes from uncontrolled sepsis.
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SUPPLEMENTARY FIGURE 1

Supernatants of iDC and Dex-DC with and without Dectin-activation via

Curdlan-stimulation were analyzed for IL-10 secretion as described. Scatter
bar plots show mean ± SEM with each dot representing the median of

duplicates of three experiments. Mann-Whitney-U-test was applied for
statistical analysis. *P < 0.05

SUPPLEMENTARY FIGURE 2

Representative example of gating for ASC-Specks in human monocyte-

dervied DCs.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1656288/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1656288/full#supplementary-material
https://doi.org/10.3389/fimmu.2025.1656288
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Koerber et al. 10.3389/fimmu.2025.1656288
References
1. Akbal A, Dernst A, Lovotti M, Mangan MSJ, McManus RM, Latz E. How location
and cellular signaling combine to activate the NLRP3 inflammasome. Cell Mol
Immunol. (2022) 19:1201–14. doi: 10.1038/s41423-022-00922-w

2. Matasic R, Dietz AB, Vuk-Pavlovic S. Dexamethasone inhibits dendritic cell
maturation by redicrecting differentiation of a subset of cells. J Leukocyte Biol. (1999)
66:909–14. doi: 10.1002/jlb.66.6.909

3. Brown GD, Herre J, Williams DL, Willment JA, Marshall ASJ, Gordon S. Dectin-1
mediates the biological effects of beta-glucans. J Exp Med. (2003) 197:1119–24.
doi: 10.1084/jem.20021890

4. Brown GD, Taylor PR, Reid DM, Willment JA, Williams DL, Martinez-Pomares
L, et al. Dectin-1 is a major beta-glucan receptor on macrophages. J Exp Med. (2002)
196:407–12. doi: 10.1084/jem.20020470

5. Cheng S-C, van de Veerdonk FL, Lenardon M, Stoffels M, Plantinga T, Smeekens
S, et al. The dectin-1/inflammasome pathway is responsible for the induction of
protective T-helper 17 responses that discriminate between yeasts and hyphae of
Candida albicans. J leukocyte Biol. (2011) 90:357–66. doi: 10.1189/jlb.1210702

6. Ferwerda G, Meyer-Wentrup F, Kullberg B-J, Netea MG, Adema GJ. Dectin-1
synergizes with TLR2 and TLR4 for cytokine production in human primary monocytes
and macrophages. Cell Microbiol. (2008) 10:2058–66. doi: 10.1111/j.1462-
5822.2008.01188.x

7. Denning TL, Takaishi H, Crowe SE, Boldogh I, Jevnikar A, Ernst PB. Oxidative
stress induces the expression of Fas and Fas ligand and apoptosis in murine intestinal
epithelial cells. Free Radical Biol Med. (2002) 33:1641–50. doi: 10.1016/S0891-5849(02)
01141-3

8. Gaidt MM, Ebert TS, Chauhan D, Schmidt T, Schmid-Burgk JL, Rapino F, et al.
Human monocytes engage an alternative inflammasome pathway. Immunity. (2016)
44:833–46. doi: 10.1016/j.immuni.2016.01.012

9. Ganesan S, Rathinam VAK, Bossaller L, Army K, Kaiser WJ, Mocarski ES, et al.
Caspase-8 modulates dectin-1 and complement receptor 3-driven IL-1\textgreekb
production in response to \textgreekb-glucans and the fungal pathogen, Candida
albicans. J Immunol (Baltimore Md : 1950). (2014) 193:2519–30. doi: 10.4049/
jimmunol.1400276

10. Gow NAR, van de Veerdonk FL, Brown AJP, Netea MG. Candida albicans
morphogenesis and host defence: discriminating invasion from colonization. Nat Rev
Microbiol. (2011) 10:112–22. doi: 10.1038/nrmicro2711

11. Grebe A, Hoss F, Latz E. NLRP3 inflammasome and the IL-1 pathway in
atherosclerosis. Circ Res. (2018) 122(12):1722–40. doi: 10.1161/CIRCRESAHA.118.
311362

12. Nagar A, Bharadwaj R, Shaikh MOF, Roy A. What are NLRP3-ASC specks? an
experimental progress of 22 years of inflammasome research. Front Immunol. (2023)
14:1188864. doi: 10.3389/fimmu.2023.1188864

13. Gringhuis SI, Kaptein TM, Wevers BA, Theelen B, van der Vlist M, Boekhout T,
et al. Dectin-1 is an extracellular pathogen sensor for the induction and processing of
IL-1\textgreekb via a noncanonical caspase-8 inflammasome. Nat Immunol. (2012)
13:246–54. doi: 10.1038/ni.2222

14. Grünebach F, Weck MM, Reichert J, Brossart P. Molecular and functional
characterization of human Dectin-1. Exp Hematol. (2002) 30:1309–15. doi: 10.1016/
S0301-472X(02)00928-1

15. Kotthoff P, Heine A, Held SAE, Brossart P. Dexamethasone induced inhibition
of Dectin-1 activation of antigen presenting cells is mediated via STAT-3 and NF-
\textgreekkB signaling pathways. Sci Rep. (2017) 7:4522. doi: 10.1038/s41598-017-
04558-z

16. Gantner BN, Simmons RM, Canavera SJ, Akira S, Underhill DM. Collaborative
induction of inflammatory responses by dectin-1 and toll-like receptor 2. J Exp Med.
(2003) 197:1107–17. doi: 10.1084/jem.20021787

17. Li V, Binder MD, Kilpatrick TJ. The tolerogenic influence of dexamethasone on
dendritic cells is accompanied by the induction of efferocytosis, promoted by MERTK.
Int J Mol Sci. (2023) 24:15903. doi: 10.3390/ijms242115903

18. Kumar A, Wang J, Esterly A, Radcliffe C, Zhou H, Wyk BV, et al. Dectin-1
stimulation promotes a distinct inflammatory signature in the setting of HIV-infection
and aging. Aging (Albany NY). (2023) 15:7866–908. doi: 10.18632/aging.204927

19. Han D, Williams E, Cadenas E. Mitochondrial respiratory chain-dependent
generation of superoxide anion and its release into the intermembrane space. Biochem
J. (2001) 353:411–6. doi: 10.1042/bj3530411

20. Heine A, Held SAE, Daecke SN, Wallner S, Yajnanarayana SP, Kurts C, et al. The
JAK-inhibitor ruxolitinib impairs dendritic cell function. Vitro vivo. Blood. (2013)
122:1192–202. doi: 10.1182/blood-2013-03-484642
Frontiers in Immunology 10
21. Hoetzenecker W, Echtenacher B, Guenova E, Hoetzenecker K, Woelbing F,
Brück J, et al. ROS-induced ATF3 causes susceptibility to secondary infections during
sepsis-associated immunosuppression. Nat Med. (2011) 18:128–34. doi: 10.1038/
nm.2557

22. Kelley N, Jeltema D, Duan Y, He Y. The NLRP3 inflammasome: an overview of
mechanisms of activation and regulation. Int J Mol Sci. (2019) 20:3328. doi: 10.3390/
ijms20133328

23. Kock G, Bringmann A, Held SAE, Daecke S, Heine A, Brossart P. Regulation of
dectin-1–mediated dendritic cell activation by peroxisome proliferator–activated
receptor-gamma ligand troglitazone. Blood. (2011) 117:3569–74. doi: 10.1182/blood-
2010-08-302224

24. Kotthoff P, Heine A, Held SAE, Brossart P. Dexamethasone induced inhibition
of Dectin-1 activation of antigen presenting cells is mediated via STAT-3 and NF-kB
signaling pathways. Sci Rep. (2017) 7:4522. doi: 10.1038/s41598-017-04558-z

25. Maelfait J, Vercammen E, Janssens S, Schotte P, Haegman M, Magez S, et al.
Stimulation of Toll-like receptor 3 and 4 induces interleukin-1beta maturation by
caspase-8. J Exp Med. (2008) 205:1967–73. doi: 10.1084/jem.20071632

26. Miramón P, Dunker C, Windecker H, Bohovych IM, Brown AJP, Kurzai O, et al.
Cellular responses of Candida albicans to phagocytosis and the extracellular activities of
neutrophils are critical to counteract carbohydrate starvation, oxidative and nitrosative
stress. PLoS One. (2012) 7:e52850. doi: 10.1371/journal.pone.0052850

27. Nakahira K, Haspel JA, Rathinam VAK, Lee S-J, Dolinay T, Lam HC, et al.
Autophagy proteins regulate innate immune responses by inhibiting the release of
mitochondrial DNA mediated by the NALP3 inflammasome. Nat Immunol. (2011)
12:222–30. doi: 10.1038/ni.1980

28. Netea MG, Joosten LAB, van der Meer JWM, Kullberg B-J, van de Veerdonk FL.
Immune defence against Candida fungal infections. Nat Rev Immunol. (2015) 15:630–
42. doi: 10.1038/nri3897

29. Netea MG, Stuyt RJL, Kim S-H, van der Meer JWM, Kullberg BJ, Dinarello CA.
The role of endogenous interleukin (IL)-18, IL-12, IL-1b, and tumor necrosis factor-a
in the production of interferon-g Induced by candida albicans in human whole-blood
cultures. J Infect Dis. (2002) 185:963–70. doi: 10.1086/339410

30. Shimada K, Crother TR, Karlin J, Dagvadorj J, Chiba N, Chen S, et al. Oxidized
mitochondrial DNA activates the NLRP3 inflammasome during apoptosis. Immunity.
(2012) 36:401–14. doi: 10.1016/j.immuni.2012.01.009

31. Silveira FP, Husain S. Fungal infections in solid organ transplantation. Med
mycology. (2007) 45:305–20. doi: 10.1080/13693780701200372

32. Stutz A, Horvath GL, Monks BG, Latz E. ASC speck formation as a readout for
inflammasome activation. Methods Mol Biol. (2013) 1040:91–101. doi: 10.1007/978-1-
62703-523-1_8

33. Svajger U, Rozman P. Tolerogenic dendritic cells: molecular and cellular
mechanisms in transplantation. J leukocyte Biol. (2014) 95:53–69. doi: 10.1189/
jlb.0613336

34. Swanson KV, Deng M, Ting JP-Y. The NLRP3 inflammasome: molecular
activation and regulation to therapeutics. Nat Rev Immunol. (2019) 19:477–89.
doi: 10.1038/s41577-019-0165-0

35. Unger WWJ, Laban S, Kleijwegt FS, van der Slik AR, Roep BO. Induction of Treg
by monocyte-derived DC modulated by vitamin D3 or dexamethasone: differential role
for PD-L1. Eur J Immunol. (2009) 39:3147–59. doi: 10.1002/eji.200839103

36. Vonk AG, Netea MG, van Krieken JH, Iwakura Y, van der Meer JWM, Kullberg
BJ. Endogenous interleukin (IL)-1 alpha and IL-1 beta are crucial for host defense
against disseminated candidiasis. J Infect Dis. (2006) 193:1419–26. doi: 10.1086/503363

37. Tengesdal IW, Banks M, Dinarello CA, Marchetti C. Screening NLRP3 drug
candidates in clinical development: lessons from existing and emerging technologies.
Front Immunol. (2024) 15:1422249. doi: 10.3389/fimmu.2024.1422249

38. Cabral JE, Wu A, Zhou H, Pham MA, Lin S, McNulty R. Targeting the NLRP3
inflammasome for inflammatory disease therapy. Trends Pharmacol Sci. (2025) 46:503–
19. doi: 10.1016/j.tips.2025.04.007

39. Kaur B, Biby S, Namme JN, More S, Xu Y, Zhang S. Chapter Four - Biological
and therapeutic significance of targeting NLRP3 inflammasome in the brain and the
current efforts to develop brain-penetrant inhibitors. In: Tsukamoto T, editor.
Advances in Pharmacology. Targeting Enzymes in the Brain. Richmond, VA, United
States: Academic Press (2025). p. 103–57. doi: 10.1016/bs.apha.2024.10.004

40. Feng S, Wierzbowski MC, Hrovat-Schaale K, Dumortier A, Zhang Y, Zyulina M,
et al. Mechanisms of NLRP3 activation and inhibition elucidated by functional analysis
of disease-associated variants. Nat Immunol. (2025) 26:511–23. doi: 10.1038/s41590-
025-02088-9
frontiersin.org

https://doi.org/10.1038/s41423-022-00922-w
https://doi.org/10.1002/jlb.66.6.909
https://doi.org/10.1084/jem.20021890
https://doi.org/10.1084/jem.20020470
https://doi.org/10.1189/jlb.1210702
https://doi.org/10.1111/j.1462-5822.2008.01188.x
https://doi.org/10.1111/j.1462-5822.2008.01188.x
https://doi.org/10.1016/S0891-5849(02)01141-3
https://doi.org/10.1016/S0891-5849(02)01141-3
https://doi.org/10.1016/j.immuni.2016.01.012
https://doi.org/10.4049/jimmunol.1400276
https://doi.org/10.4049/jimmunol.1400276
https://doi.org/10.1038/nrmicro2711
https://doi.org/10.1161/CIRCRESAHA.118.311362
https://doi.org/10.1161/CIRCRESAHA.118.311362
https://doi.org/10.3389/fimmu.2023.1188864
https://doi.org/10.1038/ni.2222
https://doi.org/10.1016/S0301-472X(02)00928-1
https://doi.org/10.1016/S0301-472X(02)00928-1
https://doi.org/10.1038/s41598-017-04558-z
https://doi.org/10.1038/s41598-017-04558-z
https://doi.org/10.1084/jem.20021787
https://doi.org/10.3390/ijms242115903
https://doi.org/10.18632/aging.204927
https://doi.org/10.1042/bj3530411
https://doi.org/10.1182/blood-2013-03-484642
https://doi.org/10.1038/nm.2557
https://doi.org/10.1038/nm.2557
https://doi.org/10.3390/ijms20133328
https://doi.org/10.3390/ijms20133328
https://doi.org/10.1182/blood-2010-08-302224
https://doi.org/10.1182/blood-2010-08-302224
https://doi.org/10.1038/s41598-017-04558-z
https://doi.org/10.1084/jem.20071632
https://doi.org/10.1371/journal.pone.0052850
https://doi.org/10.1038/ni.1980
https://doi.org/10.1038/nri3897
https://doi.org/10.1086/339410
https://doi.org/10.1016/j.immuni.2012.01.009
https://doi.org/10.1080/13693780701200372
https://doi.org/10.1007/978-1-62703-523-1_8
https://doi.org/10.1007/978-1-62703-523-1_8
https://doi.org/10.1189/jlb.0613336
https://doi.org/10.1189/jlb.0613336
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1002/eji.200839103
https://doi.org/10.1086/503363
https://doi.org/10.3389/fimmu.2024.1422249
https://doi.org/10.1016/j.tips.2025.04.007
https://doi.org/10.1016/bs.apha.2024.10.004
https://doi.org/10.1038/s41590-025-02088-9
https://doi.org/10.1038/s41590-025-02088-9
https://doi.org/10.3389/fimmu.2025.1656288
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Dexamethasone induced Dectin-1 activation enhances NLRP3 inflammasome activation
	Introduction
	Methods
	Ethics statement
	Media and reagents
	Generation of iDCs and Dex-DCs
	Immunostaining for flow cytometry
	Determination of cytokine production
	Detection of superoxide-anion generation
	Statistical analysis

	Results
	Stimulation of DCs with the dectin-1 ligand curdlan leads to inflammasome activation and is enhanced in tolerogenic DCs.
	Inflammasome activation in dectin-1 stimulated Dex-DC with curdlan can be abrogated by NLRP3-inhibition.
	Inflammasome activation in tolerogenic Dex-DC is ROS-dependent as a potential mechanism of NLRP3-activation.

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


