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Pathogenic Fungus Microsporum canis Activates the NLRP3
Inflammasome
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Microsporum canis is a pathogenic fungus with worldwide distribution that causes tinea capitis in animals and humans. M. ca-
nis also causes invasive infection in immunocompromised patients. To defy pathogenic fungal infection, the host innate immune
system is the first line of defense. As an important arm of innate immunity, the inflammasomes are intracellular multiprotein
complexes that control the activation of caspase-1, which cleaves proinflammatory cytokine pro-interleukin-1f3 (IL-1(3) into its
mature form. To determine whether the inflammasome is involved in the host defense against M. canis infection, we challenged
human monocytic THP-1 cells and mouse dendritic cells with a clinical strain of M. canis isolated from patients with tinea capi-
tis. We found that M. canis infection triggered rapid secretion of IL-1{3 from both THP-1 cells and mouse dendritic cells. More-
over, by using gene-specific shRNA and competitive inhibitors, we determined that M. canis-induced IL-1( secretion was depen-

dent on NLRP3. The pathways proposed for NLRP3 inflammasome activation, namely, cathepsin B activity, K* efflux, and
reactive oxygen species production, were all required for the inflammasome activation triggered by M. canis. Meanwhile, Syk,
Dectin-1, and Card9 were found to be involved in M. canis-induced IL-1(3 secretion via regulation of pro-IL-1f transcription.
More importantly, our data revealed that M. canis-induced production of IL-1(3 was dependent on the NLRP3 inflammasome in
vivo. Together, this study unveils that the NLRP3 inflammasome exerts a critical role in host innate immune responses against
M. canis infection, and our data suggest that diseases that result from M. canis infection might be controlled by regulating the

activation of inflammasomes.

he innate immune system is the first line of host defense

against invading microbes. To counter microbial infection,
the innate immune system employs a group of evolutionarily con-
served pattern recognition receptors (PRRs) to recognize molec-
ular patterns expressed by invading pathogens. The PRRs identi-
fied so far include membrane-bound Toll-like receptors (TLRs)
and C-type lectin receptors (CLRs), as well as intracellular Nod-
like receptors (NLRs), RNA-sensing RIG-I-like receptors (RLRs),
and DNA sensors, such as the proteins DNA-dependent activator
of IRFs (DAI) and absent in melanoma 2 (AIM2) (1, 2). Some of
these PRRs, including a number of NLRs and DNA sensors, can
assemble into a complex called the inflammasome (3). An inflam-
masome contains PRRs such as NLRP3 (NOD-like receptor fam-
ily, pyrin domain-containing 3), NLRC4, or AIM2, adaptor pro-
tein ASC (apoptosis-associated speck-like protein containing a
CARD), and pro-caspase-1 (4). The assembly of the inflam-
masome results in caspase-1 activation and interleukin-1f (IL-
1B) secretion, and the latter is an important cytokine required for
host elimination of invading pathogens and for shaping adaptive
immune responses (5-7).

Microsporum canis is a pathogenic fungus distributed world-
wide and has led to outbreaks of dermatophytosis in many areas
during the recent decades (8, 9). Infection of this fungus causes
microsporosis, which is a type of tinea capitis characterized by
severe itching of the scalp, red scaly papules around hair shafts,
and hairs breaking off (10, 11). M. canis-caused tinea capitis is
highly contagious and is readily transmitted between animals and
humans via direct physical contact or through indirect contact
with fungus-contaminated materials (12, 13). This disease mainly
affects children, the elderly, and immunocompromised individu-
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als, such as patients receiving immunosuppressive therapy or
AIDS patients (14—18). The disorders caused by M. canis infection
are not well controlled to date, and M. canis is still one of the most
common dermatophytes to cause human tinea capitis in Europe
(19, 20) as well as in South America (21, 22). Moreover, it is also
the principal pathogen that causes tinea capitis in most areas of
China according to recent reports (23, 24). Because of the growing
popularity of keeping pets in Chinese cities, the incidence of dis-
ease caused by M. canis infection is rising quickly (24, 25).
However, the host immune responses to M. canis infection
have not been well studied. Recent reports showed that a number
of PRRs are involved in the host immune responses against fungal
infections (26-30). The role of inflammasomes in host immune
responses toward Candida albicans, Aspergillus fumigatus, and
Cryptococcus neoformans has also been described (31-34). All
these fungi activate the NLRP3 inflammasome (31-34), and
NLRP10 is also important for antifungal immunity against Can-
dida albicans (35). Until now, whether dermatophytes such as M.
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canis activate the NLRP3 inflammasome has not been studied. A
recent report showed that M. canis induces production of proin-
flammatory cytokines, including IL-13, from feline polymorpho-
nuclear neutrophils, indicating a possible role for the inflam-
masome in the host immune response to M. canis infection (36).

In the present study, we found that M. canis induced secretion
of IL-1P in vitro and in vivo, which was dependent on the NLRP3
inflammasome. M. canis-induced production of IL-1B required
ROS production, Cathepsin B release and K* efflux. Syk, Dec-
tin-1, and Card9 were all involved in M. canis-induced IL-13 pro-
duction by regulating the transcription of pro-IL-1f3.

MATERIALS AND METHODS

Mice and reagents. C57BL/6 wild-type (WT) mice were obtained from
Shanghai Laboratory Animal Center (SLAC). Asc-deficient mice were
provided by Vishva M. Dixit of Genentech, and Nlrp3-deficient mice were
provided by Warren Strober from NIH. All animals were maintained at
the specific-pathogen-free facility of SLAC. Animal care, use, and experi-
mental procedures complied with national guidelines and were approved
by the Animal Care and Use Committee at Institut Pasteur of Shanghai.
Lipopolysaccharide (LPS; L3012), phorbol myristate acetate (PMA;
P8139), AC-YVAD-CHO (A3707), CA-074 Me (C5857), diphenylene io-
donium (DPI; D2926), N-acetyl-L-cysteine (NAC; A7250), and butylated
hydroxyanisole (BHA; B1253) were purchased from Sigma-Aldrich. KCl
(PB0440) was obtained from Bio Basic Inc.

Cell culture. THP-1 cells were maintained in RPMI 1640 medium
containing 10% fetal bovine serum (FBS), 100 IU/ml penicillin, 1 mg/ml
streptomycin, and 50 pM B-mercaptoethanol. THP-1-derived macro-
phages were generated by treating THP-1 cells with PMA at a concentra-
tion of 100 ng/ml for 3 h. The cells were then rested for 48 h before use.
Mouse bone marrow-derived dendritic cells (BMDCs) were allowed to
differentiate in this RPMI 1640 medium mixture with recombinant gran-
ulocyte-macrophage colony-stimulating factor (20 ng/ml; Peprotech).
The cells were cultured in a humidified incubator with 5% CO, at 37°C.
On day 3, the cell culture medium was replenished, and then the cells were
maintained in the incubator for another 3 days. We harvested the cells on
day 6. The purity of CD11C" cells was higher than 80% when tested by
flow cytometry (data not shown). These cells were used for fungal chal-
lenge experiments.

M. canis culture and preparation. The M. canis strain used in this
study was a clinical strain isolated from patients with tinea capitis at The
First Hospital of Xinjiang Medical University. The fungus was inoculated
on potato dextrose agar medium (PDA; BD Biosciences) and cultivated
for 7 days at 27°C. The culture was triturated and washed with sterile
phosphate-buffered saline (PBS) 3 times and counted with a hemocytom-
eter prior to infection of cells for experiments.

Real-time PCR. Total RNA was extracted from the THP-1 cells by
using TRIzol reagent (Invitrogen). Reverse transcription of mRNA and
synthesis of cDNA was performed using TagMan reverse transcription
reagents (Applied Biosystems). Real-time PCR was performed using the
SYBR green quantitative PCR (qPCR) master mix (Toyobo) and the
7900HT Fast real-time PCR system (Applied Biosystems). Relative quan-
tification of genes was achieved via normalization against 3-actin. The
primers used were the following: for $-actin, 5'-AGTGTGACGTGGACA
TCCGCAAAG-3' (forward), 5'-ATCCACATCTGCTGGAAGGTGGAC-3’
(reverse); for pro-IL-1B, 5'-CACGATGCACCTGTACGATCA-3" (for-
ward), 5'-GTTGCTCCATATCCTGTCCCT-3' (reverse); for NLRP3, 5'-
AAGGGCCATGGACTATTTCC-3' (forward), 5'-GACTCCACCCGAT
GACAGTT-3' (reverse); for caspase-8, 5'-AACTGTGTTTCCTACCGAA
ACCC-3' (forward), 5'-AGGACATCGCTCTCTCAGGC-3" (reverse);
for AIM2, 5'-TGGCAAAACGTCTTCAGGAGG-3’ (forward), 5'-GATG
CAGCAGGACTCATTTCA-3' (reverse); for NLRP1, 5'-ATTCCAGTTT
GTGCGAATCCA-3" (forward), 5'-GTTCCTTGGGGAGTATTTCCA
G-3" (reverse); for Syk, 5'-CGTATGAGCCAGAACTTGCACC-3'
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(forward), 5'-CTTTCGGTCCAGGTAAACCTCC-3' (reverse); for Dec-
tin-1, 5'-ACAATGCTGGCAACTGGGCTCT-3’ (forward), 5'-AGAGCC
ATGGTACCTCAGTCTG-3' (reverse); for Card9, 5'-TCCGACCTGGAA
GATGGCTCAC-3" (forward), 5'-CAGAGCTGCAAAGGGCTGTTTC-3'
(reverse).

Quantification of cytokines by ELISA. Supernatants of THP-1 cells
were harvested, and IL-1 as well as IL-8 secretion were analyzed in an
enzyme-linked immunosorbent assay (ELISA; BD Biosciences). From
mouse BMDCs, the supernatants were harvested for IL-13 and IL-6
ELISA (eBioscience). All the procedures were performed according to the
manufacturers’ instructions.

Generation of THP-1 cells expressing shRNA. shRNA vectors against
human NLRP3, caspase-1, ASC, and their scramble vectors were gifts
from Jurg Tschopp (37). Caspase-8, AIM2, NLRP1, Syk, Dectin-1, and
Card9 shRNA vectors were constructed by cloning shRNA targeting re-
spective genes into the PLKO.1 vector. Lentiviruses expressing hairpins
against these genes were produced by transfecting shRNA vectors and the
second-generation packaging plasmids pMD2-VSVG and pCMV-R8.91
(38) into 293T cells. The virus particles were harvested 24 h later and used
for infection of THP-1 cells. At 48 h after initiation of infection, 5 p.g/ml of
puromycin was added to the culture medium to select positive clones. The
silencing efficiency was analyzed by real-time PCR, and the most effi-
ciently silenced cell clones were used for further studies. Targeting se-
quences selected were the following: caspase-8, GATGCGGAAGCTCTT
CAGTTTCA; AIM2, GCCTGAACAGAAACAGATG; NLRP1, GAGGGA
AGAATCTGAGGAA; Syk, CCTCATCAGGGAATATGTG; Dectin-1, GG
ATAGCTGTTGTTTCAGA; Card9, GGTCATCCGCAAACGGAAA.

Western blot analysis. THP-1 cells or BMDCs were pelleted by cen-
trifugation at 3,000 X g for 3 min. The cell pellets were incubated in lysis
buffer containing 50 mM Tris (pH 7.5), 1% NP-40, 150 mM NaCl, and
protease inhibitor cocktail. After centrifugation at 12,000 X g for 10 min
at 4°C, the supernatants were harvested and mixed with SDS loading
buffer for the detection of pro-IL-1B3, NLRP3, ASC, pro-caspase-1, and
B-actin via immunoblotting. For assay of mature caspase-1 and IL-13
assay, the cell culture supernatants were harvested and concentrated via
the protein precipitation approach, with the harvested protein pellets
mixed with SDS loading buffer for the detection of caspase-1 p10 and
IL-1B p17. The protein loading buffer mixture was then heated at 100°C
for 10 min and separated via SDS-PAGE. The proteins were transferred
onto nitrocellulose membranes and blocked with 5% fat-free milk in 1X
Tris-buffered saline containing 0.05% Tween 20 and then probed with the
following primary antibodies: rabbit anti-human or mouse mature IL-13
and pro-IL-1 (sc-7884; Santa Cruz Biotechnology), mouse anti-human
or mouse NLRP3 (ALX-804-881; Enzo Life Sciences), rabbit anti-human
or mouse ASC (sc-22514-R; Santa Cruz Biotechnology), rabbit anti-hu-
man caspase-1 (sc-515; Santa Cruz Biotechnology), rabbit anti-mouse
caspase-1 (sc-514; Santa Cruz Biotechnology), mouse anti-human 3-ac-
tin (KM9001; Tianjin Sungene Biotech). After incubation with appropri-
ate horseradish peroxidase-conjugated secondary antibodies, the immu-
noreactive bands were visualized using enhanced chemiluminescence
reagent (Amersham).

ASC pyroptosome detection. The procedure for ASC pyroptosome
detection was carried out according to methods described in our previous
work (39). Briefly, THP-1 cells were seeded in 6-well plates (1 X 10° cells
per well) and treated with PBS, LPS (100 ng/ml), or M. canis (multiplicity
of infection [MOI], 1) for 6 h. The cells were centrifuged at 3,000 X g for
3 min at 4°C. The cell pellets were resuspended in 0.2 ml of lysis buffer
containing 50 mM Tris (pH 7.5), 150 mM NaCl, 1% NP-40, and a pro-
tease inhibitor mixture and lysed by passage through a 21-gauge needle 10
times. The cell lysates were then centrifuged at 12,000 X g for 10 min at
4°C. The resultant insoluble cell debris was washed 3 times with PBS and
resuspended in 500 wl of PBS. This insoluble cell debris was then cross-
linked with freshly prepared disuccinimidyl suberate (DSS; 4 mM; Sigma-
Aldrich) for 30 min at 37°C and pelleted by centrifugation at 6,000 X g for
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FIG 1 M. canis-triggered IL-1@ production and inflammasome activation in human monocytes, macrophages, and mouse dendritic cells. (A) THP-1 cells (1 X
10°) were infected with M. canis at different doses (MOls), and 24 h later the supernatants were harvested for IL-18 measurement by ELISA. PBS- or PDA-treated
cells served as negative controls. (B) THP-1 cells (1 X 10°) were treated with M. canis (MOI, 1), and supernatants were collected at different time points to detect
IL-1B by ELISA. (C and D) THP-1 cells (1 X 10°) were incubated with PBS, M. canis (MOI, 1), or LPS (100 ng/ml) for 6 h, the cell pellets were collected for ASC
pyroptosome detection, and the culture supernatants were harvested for caspase-1 assay via Western blotting. (E) THP-1-derived macrophages (1 X 10°) were
treated with PBS, LPS (100 ng/ml), or M. canis (MOI, 1) for 6 h, and culture supernatants were collected for IL-1 detection via ELISA. (F) Mouse BMDCs (1 X
10°) were stimulated with PBS, LPS (1,000 ng/ml), or M. canis (MOI, 1) for 6 h, and the culture supernatant was collected for IL-1@ detection via ELISA. (G)
Mouse BMDCs (1 X 10°) were infected with M. canis (MOI, 1) or treated with PBS or LPS (1,000 ng/ml) for 6 h, and the culture supernatants were harvested for
IL-1B immunoblotting. The cell pellets were used to detect ASC pyroptosome, and cell lysates were analyzed for detection of the expression of inflammasome
components. Data in panels A, B, E, and F are means =* standard deviations from one out of three independent experiments. Data in panels C, D, and G are from
one out of two independent experiments.

10 min. This cross-linked cell debris was resuspended in 30 wl SDSloading ~ CO, at 37°C for 4 h. The reaction was stopped by combining the reaction

buffer for Western blot detection of ASC oligomerization. mixture with 25 pl 10% SDS solution. Afterwards, the absorbance at 490
In vitro M. canis challenge. To test if M. canis stimulated expression  nm was recorded to evaluate the macrophage viability.
of IL-1(3, normal THP-1 cells were treated with M. canis at various MOIs In vivo peritonitis induction with M. canis. Mice were injected in-

and the supernatants were harvested for IL-1{ assay. In other cases, nor-  traperitoneally (i.p.) with 2 X 10”7 M. canis in 200 pl PBS; control mice
mal THP-1 cell, Scramble, or NLRP3/ASC/caspase-1-silenced THP-1 cells  received the same volume of PBS. Mice were sacrificed 8 days after injec-
or BMDCs (1 X 10°) were treated with M. canis (MO, 1). The superna-  tion. Peritoneal lavage fluid (PLF) was harvested by rinsing the peritoneal
tants were harvested 6 h later for determination of IL-18 and IL-8 con-  cavity with 200 ul PBS containing 10% FBS. The harvested PLF was used
centration by ELISA (BD Biosciences). For the Western blotassay, 1 X 10°  for IL-1 B detection by ELISA.
THP-1 cells or BMDCs were treated with M. canis (MO, 1), the culture Statistical analysis. Data were analyzed for statistical significance by a
supernatants, cell extracts, and cell pellets were collected to detect two-tailed Students’ ¢ test. A P value of =0.05 was considered statistically
caspase-1 activity, expression of inflammasome components, or ASC py-  significant.
roptosome formation, respectively.
PAS staining. THP-1-derived macrophages were first plated on cov- RESULTS
erslips and challenged with M. canis for 6 h. The macrophages on the . . . L.
coverslips were then fixed with 95% ethanol for 10 min and treated with M. canis induces IL-1p secretion and inflammasome activation
periodic acid-Schiff (PAS) solution for 20 min at room temperature. After in human monocytes, macrophages, and mouse dendritic cells.
rinsing with PBS 3 times, the coverslips were incubated with Schiff solu- M. canis is a fungus that causes tinea capitis in humans. To test
tion for 60 min at room temperature. The coverslips were then rinsed 10~ whether M. canis induces IL-1B secretion in human innate im-
times with PBS for 15 min and mounted with UltraCruz mounting me- mune cells) we treated the human monocyﬁc cell line THP-1 with
dium (sc-24941; Santa Cruz Biotechnology) for observation under con- 4 clinical strain of M. canis at different multiplicities of infection.
focal microscopy (Zeiss). . . LPS was used as a positive control to stimulate the secretion of
o nclzlil‘lg(\inalll)g;tg a;z?;. T[};ei (c:lé _\zziirl;lilt‘fgyélltf}tﬁ; Zl\fﬂ-_;ﬂ_;ll;ji?lsl_e:aiows;gz: IL-1B. THP-1 cells were incubated with PBS, PDA, LPS (100 ng/
) ml), or M. canis for 6 h. The cell culture supernatants were har-

thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] (Promega) .
in an assay according to the manufacturer’s instructions. Briefly, the MTS vested for IL-1B measurement via ELISA. We observed a strong

solution was first allowed to melt at room temperature before use. Twenty induction of IL-1B by M. canis in a .dose—dependent manner; in
microliters of MTS solution was mixed with 100 ] of culture medium in ~ contrast, PBS- or PDA-treated cells did not secret detectable IL-13
wells of a 96-well plate. The plate was maintained in an incubator with 5%  (Fig. 1A). To determine the kinetics of IL-18 induction by M.
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canis, THP-1 cells were incubated with M. canis (MOI, 1), and the
supernatants were harvested at different time points. The results
showed that M. canis induced a gradually increased level of IL-1f3
during the time course and peaked at 24 to 48 h after M. canis
challenge (Fig. 1B).

The induction of IL-1f indicated that the inflammasome
might be activated upon M. canis challenge in THP-1 cells. There-
fore, we checked the formation of ASC pyroptosome and the ac-
tivation of caspase-1 in the infected cells, as these are the well-
accepted criteria to monitor inflammasome activation (40).
Indeed, we observed ASC oligomerization (Fig. 1C) and the appear-
ance of the active form of caspase-1 (Fig. 1D) in M. canis-treated
THP-1 cell pellets and culture supernatants, respectively. Taken to-
gether, these data indicated that M. canis induced IL-1f production,
ASC pyroptosome formation, and caspase-1 activation in THP-1
cells. Moreover, we also observed a strong induction of IL-13 by M.
canis in THP-1-derived macrophages (Fig. 1E).

To verify whether M. canis was able to induce inflammasome
activation in mouse cells, we treated mouse BMDCs with PBS, LPS
(1 pg/ml), or M. canis (MO, 1) for 6 h, and the culture superna-
tants were harvested to detect IL-1B. As shown in Fig. 1F, M. canis
treatment induced robust secretion of IL-1f in BMDCs. Further-
more, we also observed the formation of ASC pyroptosome and
caspase-1 activation in M. canis-challenged BMDC pellets and
culture supernatants, respectively (Fig. 1G). Interestingly, M. ca-
nis-induced IL-1B production and inflammasome activation were
even stronger than those from LPS stimulation. Together, these
data indicated that M. canis induced inflammasome activation in
human monocytes, macrophages, and mouse dendritic cells.

M. canis-induced IL-1 secretion is dependent on caspase-1
activity. Because caspase-1 is required for the production of ma-
ture IL-1P in myeloid cells, we then examined whether the M.
canis-induced IL-13 production observed in the experiments de-
scribed above was caspase-1 dependent. We first applied a specific
inhibitor of caspase-1, AC-YVAD, to block caspase-1 activity in
challenge experiments. The cells were pretreated with AC-YVAD
at various concentrations for 0.5 hour, and then the cells were
further treated with M. canis for 6 h. The results showed that M.
canis-induced IL-1B production was remarkably inhibited in a
dose-dependent manner after pretreatment with AC-YVAD (Fig.
2A), without affecting the production of IL-8, which was inflam-
masome independent (Fig. 2B). This indicated that caspase-1 activity
is required for M. canis-induced IL-1B production. To confirm this
finding, we employed shRNA-mediated knockdown of caspase-1 in
THP-1 cells. The silencing of caspase-1 strongly decreased IL-1(3 pro-
duction induced by M. canis in THP-1 cells (Fig. 2C), without affect-
ing the production of IL-8 (Fig. 2D). As a specificity control, involve-
ment of caspase-8 was examined, as this caspase has been reported to
be important against various fungi challenges (41). However, in our
experiments, caspase-8 silencing did not affect IL-1§3 production in-
duced by M. canis (Fig. 2C). Caspase-8 silencing efficiency is shown in
Fig. 2]. Therefore, M. canis-mediated IL-1f secretion in human
monocytes was caspase-1 dependent.

Secretion of IL-13 induced by M. canis is dependent on the
NLRP3 inflammasome in THP-1 cells. The NLRP3 inflam-
masome is the most studied inflammasome that is involved in host
immune responses against various fungal infections. To test
whether M. canis-induced IL-1B production and caspase-1 acti-
vation are dependent on NLRP3, we treated NLRP3- or ASC-
silenced THP-1 cells with M. canis. The results showed that both
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NLRP3 and ASC silencing strongly decreased IL-1p production
from THP-1 cells challenged with M. canis (Fig. 2E). These obser-
vations were further confirmed via immunoblotting for ASC oli-
gomerization and caspase-1 activation. From these experiments,
we noted that IL-1(3 release, caspase-1 activation, and ASC pyrop-
tosome formation were all decreased in NLRP3- and ASC-si-
lenced THP-1 cells (Fig. 2F and G). These results also showed the
successful knockdown of caspase-1, ASC, and NLRP3 in THP-1
cells (Fig. 2G). As caspase-1 is downstream of ASC during inflam-
masome activation, ASC pyroptosome formation was not affected
by caspase-1 silencing (Fig. 2G). Together, these data clearly dem-
onstrated that M. canis-induced IL-1f production was dependent
on caspase-1 and NLRP3 inflammasome activities.

As specificity controls, other inflammasomes were also checked
for their possible contribution to IL-1P release and caspase-1 acti-
vation induced by M. canis. To this end, we treated NLRP1- or
AIM2-silenced THP-1 cells with M. canis and determined IL-13
release. The silencing efficiencies of both knockdown cell lines
were well controlled (Fig. 2]). As shown in Fig. 2H, silencing of
NLRP1 did not affect the production of IL-1@ induced by M. canis
challenge. In contrast, we observed that M. canis-induced IL-1f3
production was significantly decreased by AIM2 silencing (Fig. 2H).
To confirm the effect of AIM2 silencing on IL-1 secretion, we de-
tected other parameters for inflammasome activation. We found that
AIM2 silencing did not inhibit caspase-1 cleavage or ASC pyropto-
some formation, but it resulted in decreased expression of pro-IL-13
upon M. canis infection (Fig. 2I). These data suggested a role for
AIM2 in regulation of pro-IL-1B expression in M. canis-infected
THP-1 cells without affecting inflammasome assembly.

M. canis-induced IL-1f3 secretion is dependent on the
NLRP3 inflammasome in mouse BMDCs and in vivo. In order to
demonstrate whether M. canis-induced IL-1@ production and
caspase-1 activation in mouse BMDCs are also dependent on the
NLRP3 inflammasome, we treated WT, Nirp3-deficient, and Asc-
deficient BMDCs with M. canis and determined IL-13 release. We
found that IL-1pB release was completely abolished in NLRP3- or
Asc-deficient cells (Fig. 3A), while the release of IL-6 was not af-
fected (Fig. 3B). These results were consistent with those from
immunoblotting, wherein the released levels of IL-13, the activa-
tion of caspase-1, and the formation of ASC pyroptosome were all
completely diminished in NLRP3- or Asc-deficient cells (Fig. 3C).
Therefore, similar with results in human monocytes, M. canis-
induced IL-1P release and caspase-1 activation were also depen-
dent on the NLRP3 inflammasome in BMDCs.

To examine whether M. canis induces an inflammatory re-
sponse in vivo, we injected WT mice with 2 X 10” M. canis in 200
wl PBS. Eight days later, the mice were sacrificed and PLF were
harvested. We observed an increase in IL-13 production in PLF
(Fig. 3D). To evaluate whether the inflammasome was involved in
the IL-1B increase during M. canis challenge, we injected WT,
Nirp3-deficient, and Asc-deficient mice with the fungus i.p. Our
results showed that IL-1B secretion was significantly lower in
Nirp3-deficient and Asc-deficient mice (Fig. 3D). Therefore, M.
canis induced in vivo production of IL-1, and this was dependent
on the NLRP3 inflammasome.

M. canis-induced inflammasome activation requires cathep-
sin B release, K* efflux, and ROS production. Detailed mecha-
nisms leading to NLRP3 inflammasome activation are not yet fully
understood. It is known that the NLRP3 inflammasome is acti-
vated upon challenge from a number of structurally different
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FIG 2 The secretion of IL-1f induced by M. canis infection is dependent on caspase-1 and NLRP3 inflammasome activation in THP-1 cells. (A and B) THP-1
cells (1 X 10) were pretreated with the caspase-1 inhibitor AC-YVAD-CHO and then challenged with M. canis (MOI, 1) for 6 h. The supernatants were harvested
for IL-1B and IL-8 ELISA. (C and D) Caspase-1 or caspase-8 knockdown cells or and Scramble THP-1 cells (1 X 10°) were infected with M. canis (MO, 1) for
6 h, and the culture supernatants were collected for IL-1f and IL-8 ELISA. (E, H, and I) NLRP3- (E), ASC- (E), NLRP1- (H), or AIM2-silenced (H) or Scramble
THP-1 cells (1 X 10°) were infected with M. canis (MO, 1) for 6 h, and the culture supernatants were collected for IL-18 ELISA. (F, G, and I) Scramble, NLRP3-,
ASC-, caspase-1- (F and G), or NLRP1- or AIM2-silenced (I) THP-1 cells (1 X 10°) were treated with M. canis (MOI, 1) for 6 h, the culture supernatants were
harvested for caspase-1 assay, and the cell pellets were used for ASC pyroptosome detection via Western blotting. (J) The silencing efficiencies of caspase-8,
NLRP1, and AIM2 were well controlled. *, P < 0.05; **, P < 0.01. Data in panels A to E and H are means * standard deviations from one out of three independent
experiments. Data in panels F, G, and I are from one out of two independent experiments. Data in panel ] are means * standard deviations from one out of two

independent experiments.

pathogen-associated molecular patterns (PAMPs) and danger-as-
sociated molecular patterns (DAMPs). These stimuli lead to ca-
thepsin B release, K™ efflux, and ROS production, which are all
required for NLRP3 inflammasome activation (2). To test
whether these factors are also involved in M. canis-induced
NLRP3 inflammasome activation, we pretreated THP-1 cells with
an inhibitor of cathepsin B release (CA-074 Me). We found that
the cathepsin B inhibitor blocked M. canis-induced IL-1B in a
dose-dependent manner (Fig. 4A) without affecting the produc-
tion of IL-8 (Fig. 4B). We also found that the addition of K* in cell
culture medium inhibited M. canis-induced IL-1p production
(Fig. 4C) without affecting the production of IL-8 either (Fig. 4D).
To determine the role of ROS in M. canis-induced NLRP3 inflam-
masome activation, we pretreated THP-1 cells with DPI, a ROS
inhibitor that block ROS activity, as shown in previous reports
(42, 43) and our own experiments (44) without causing cell death.
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We then stimulated these cells with M. canis. We found that DPI
impaired M. canis-induced IL-1p production in a dose-depen-
dent manner (Fig. 4E). However, the addition of DPI also inhib-
ited the production of IL-8 (Fig. 4F). Further experiments showed
that DPI inhibited the synthesis of both NLRP3 and pro-IL-1f3
(Fig. 4G and H). Application of two other ROS inhibitors, NAC
and BHA, also impaired M. canis-induced IL-1f production in a
dose-dependent manner (Fig. 41 and K). Similar to DPI, the addi-
tion of NAC also inhibited the production of IL-8 (Fig. 4]). How-
ever, the addition of BHA did not affect the production of IL-8
(Fig. 4L). The differences behind the effects of these different ROS
inhibitors await further analysis. These results suggested that ca-
thepsin B release, K efflux, and ROS production were all in-
volved in M. canis-induced IL-1f3 secretion via NLRP3.

Syk, Dectin-1, and Card9 are involved in M. canis-induced
IL-1p secretion. According to recent reports, the C-type lectin
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FIG 3 M. canis-induced secretion of IL-1f is dependent on NLRP3 inflammasome activation in mouse BMDCs and in vivo. (A to C) BMDCs from WT,
Nirp3-deficient, or Asc-deficient mice were stimulated with PBS, LPS (1,000 ng/ml), or M. canis (MO]I, 1) for 6 h, and the culture supernatants were collected to
detect IL-1B by ELISA (A and B) and Western blotting (C). The cell pellets were used to detect ASC pyroptosome, and cell lysates were used to detect the
expression of inflammasome components (C). (D) WT, Nlrp3-deficient, or Asc-deficient mice were injected intraperitoneally with 2 X 107 M. canis in 200 .1 PBS;
control mice received PBS. Mice were sacrificed 8 days after injection. PLF were harvested by rinsing the peritoneal cavity with 200 wl PBS containing 10% FBS.
The harvested PLF were used for IL-1f detection by ELISA. *, P < 0.05; **, P < 0.01. Data in panels A and B are means * standard deviations from one out of
three independent experiments. Data in panels C and D are from one out of two independent experiments.

receptor Dectin-1 is involved in C. albicans-induced inflam- M. canis-induced inflammasome activation, we used a sShRNA-
masome activation (41). The tyrosine kinase Syk is also important  mediated knockdown approach to downregulate these mole-
for fungus-induced IL-1f3 secretion and caspase-1 activation (33).  cules in THP-1 cells. When treated with M. canis, Dectin-1
The signaling molecule Card9 is involved in the regulation of knockdown THP-1 cells secreted significantly decreased IL-1
pro-IL-1B (41). To test whether these molecules are involvedin  than Scramble THP-1 cells (Fig. 5A). Similar results were ob-
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FIG 5 Syk, Dectin-1, and Card9 are involved in the secretion of IL-1B induced by M. canis infection in THP-1-derived macrophages. Syk-, Dectin-1-, or
Card9-silenced and Scramble THP-1-derived macrophages (1 X 10°) were infected with M. canis (MO, 1) for 6 h, the culture supernatants were collected for
IL-1B ELISA (A), and the macrophages were harvested for pro-IL-1 assay via qPCR (B). (C) The knockdown efficiencies of Syk, Dectin-1, and Card9 were well
controlled. *, P < 0.05; **, P < 0.01. Data in panels A, B, and C are means * standard deviations from one out of three independent experiments.

tained for Syk and Card9 knockdown THP-1 cells (Fig. 5A). Further
experiments showed that M. canis-induced pro-IL-13 production
was also downregulated in Dectin-1, Syk, and Card9 knockdown
THP-1 cells (Fig. 5B). Figure 5C shows the knockdown efficiencies of
these genes in THP-1 cells. Thus, these data indicated that Dectin-1,
Syk, and Card9 were all involved in M. canis-induced IL-1p release
via regulation of pro-IL-1{ expression.

A heat-sensitive component of M. canis is responsible for
IL-1( synthesis and caspase-1 activation. To demonstrate the
component from M. canis that accounts for IL-1p induction from
host cells, we first tested if the fungus was amplified during the
process of THP-1 cell stimulation. By measuring the M. canis-specific
18S rRNA level, we found that M. canis did not multiply within 6 h
(Fig. 6A). Moreover, we determined whether M. canis-induced IL-1(3
secretion was dependent on the germination or viability of the fungus
within this 6-h incubation. To do that, we fixed M. canis by treatment
with 4% paraformaldehyde (PFA) for 30 min at 25°C or inactivated
the fungus by heating at 90°C for 30 min.

After PFA fixation, M. canis induced lower levels of IL-1 and
IL-8 than did the live M. canis cells, but there was still clear secre-
tion of these cytokines (Fig. 6B and C). After heating at 90°C for 30
min, the fungus could not form colonies on PDA slants (data not
shown), indicating successful inactivation of the fungus. We then
compared the effects of this heat-killed M. canis and live fungus on
the ability to induce IL-1 secretion from THP-1 cells. The results
showed that after the heat treatment, the fungus induced a
strongly diminished level of IL-1p in comparison with live M.
canis (Fig. 6D). Moreover, lower production of IL-8 triggered by
the heat-inactivated M. canis was also noticed, indicating that the
heat-sensitive components from M. canis affected NF-«B activa-
tion (Fig. 6E). To determine the exact role of the heat-sensitive
components, we further detected IL-1 and caspase-1 activation
via immunoblotting. Consistent with the ELISA results, much
lower levels of mature IL-1B (p17) and activated caspase-1 (p10)
secretion in cell culture supernatants were observed (Fig. 6F). In
addition, a strongly decreased expression of pro-IL-1f in cell ly-
sates was evident (Fig. 6F). These data suggested that a heat-sen-
sitive component of M. canis contributed to IL-1f induction by
promoting the synthesis of pro-IL-1f3 as well as the activation of
caspase-1.

M. canis interacts with macrophages and does not trigger cell
death. To further evaluate the interplay between M. canis and host
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cells during the fungal challenge, we observed the fungus-mac-
rophage interaction via confocal microscopy. Our results showed
that most of the fungus hyphae were bigger than macrophages.
Figure 7A shows the general situation of the fungus-macrophage
interaction, with several macrophages surrounding one fungal hy-
pha. We randomly chose 5 view fields under microscopy and
counted the macrophages that interacted with a fungal hypha. We
found that about half of all the macrophages had interactions with
the fungal hypha (Fig. 7B).

To demonstrate the effects of fungus challenge on the host
cells, we detected mitochondrial dehydrogenase (MTS) activity
from host macrophages during M. canis challenge. The results
showed that M. canis challenge did not trigger a decrease of mito-
chondrial dehydrogenase within 6 h (Fig. 7C). As a control, LPS
plus ATP, previously shown to be a stimulant of programmed cell
death (45), induced a decrease of mitochondrial dehydrogenase
(Fig. 7C). These data indicated that M. canis had interactions with
host macrophages but did not induce cell death during the fungal
challenge process.

DISCUSSION

In the present study, we investigated the host immune responses
to the opportunistic pathogenic fungus M. canis, and we found
that M. canis infection triggered IL-1B production and caspase-1
activation from human THP-1 cells as well as mouse BMDCs.
Furthermore, our data showed that the NLRP3 inflammasome
was required for M. canis-induced IL-1 secretion, and the three
factors proposed to be important for NLRP3 inflammasome acti-
vation, namely, cathepsin B activity, ROS production, and K*
efflux, were all required for NLRP3 activation triggered by M.
canis. Moreover, our results indicated that a heat-sensitive com-
ponent was responsible for M. canis-induced IL-13 secretion.
The host innate immune system plays a critical role in combat-
ing infection from life-threatening fungal pathogens, such as C.
albicans, C. neoformans, and A. fumigatus. All these fungi were
recently reported to be sensed by the NLRP3 inflammasome and
to trigger the secretion of IL-1{ from both mouse and human cells
(31-34). These data and our findings in the present study indi-
cated that NLRP3 plays an important role in the host defense
against fungal infection. Previous studies showed that fungal cell
wall components, such as 3-glucans, chitin, and mannans, are the
major stimulants that trigger host innate immune responses (46,
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FIG 6 Heat-sensitive components from M. canis contribute to pro-IL-1f induction and caspase-1 activation. (A) THP-1-derived macrophages (1 X 10°) were
treated with M. canis, the macrophages and fungus were harvested at various time points, total RNA was extracted, and M. canis 18S rRNA was detected using
qPCR. THP-1 cells (1 X 10°) were challenged with M. canis or 4% PFA-treated M. canis cells (25°C, 30 min) for 6 h, and the culture supernatants were harvested
for IL-1B (B) and IL-8 (C) detection by ELISA. THP-1 cells (1 X 10°) were challenged with M. canis or heat-killed M. canis (90°C, 30 min) for 6 h, and the culture
supernatants were harvested for IL-18 (D) and IL-8 (E) detection by ELISA. (F) THP-1 cells (1 X 10°) were stimulated with M. canis or heat-killed M. canis, and
the cell lysates and supernatants were collected for pro-IL-1f and caspase-1 detection, respectively. *, P < 0.05; **, P < 0.01. Data in panel A are means * standard
deviations from one out of two independent experiments. Data in panels B, C, D, and E are mean * standard deviations from one out of three independent
experiments. Data in panel F are from one out of two independent experiments.

47). Although we have not identified which component activates
the inflammasome, our data suggested that the fungal component
from M. canis responsible for the production of IL-1p is thermo-
labile. Further studies are needed to identify the heat-sensitive
component that engages NLRP3-dependent IL-1[3 secretion upon
M. canis infection.

NLRP3 is activated by a large variety of stimulants, including
various PAMPs, DAMPs, and environmental irritants. The strik-
ing structural diversity of these stimuli argues against the idea that
direct binding between NLRP3 and its known activators occurs
(48). Certain upstream molecules may play the role of sensing
these stimuli directly, and NLRP3 may serve as an adaptor, prob-
ably similar to the recent findings that revealed that Naip is up-
stream of NLRC4 for inflammasome activation upon certain bac-
terial infections (49, 50). Moreover, it has been reported that
certain TLRs, such as TLR-2 and TLR-4, and C-type lectins, such
as Dectin-1 (51) and Dectin-2 and Mincle (52, 53) are involved in
recognition and clearance of fungal infections, as well as triggering
proinflammatory cytokine responses (47, 54, 55). Further studies
will be carried out to identify the direct upstream receptors that
recognize M. canis.

Until now, the exact mechanisms that lead to NLRP3 inflam-
masome activation have not been fully understood. Accumulating
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literature suggests that the direct factor that engages NLRP3 in-
flammasome activation might be a certain intracellular perturba-
tion, such as lysosome rupture, ROS production, or K* efflux
(56). Our data showed that cathepsin B, ROS production, and K™
efflux were all required for M. canis-triggered NLRP3 inflam-
masome activation, since the inhibition of these pathways resulted
in significantly decreased secretion of IL-1@. A recent report
showed that in mouse macrophages, ROS inhibitors such as DPI
and NAC abolished IL-1pB release through inhibition of the ex-
pression of NLRP3 and pro-IL-1f (57). Our results are consistent
with these findings and showed that DPI and NAC strikingly in-
hibited NLRP3 and pro-IL-1f in human cells. According to pre-
vious reports (42, 43) and our own experiments (44), DPI effi-
ciently inhibits ROS production without causing cell death;
whether these two events are connected is still not clear. However,
another ROS inhibitor, BHA, inhibited IL-1f secretion but not
IL-8 production, speaking to a possible specific inhibition of
caspase-1. For the time being, there are no better approaches other
than use of inhibitors to study involvement of ROS in activation of
the inflammasome. Future studies are still needed to clarify the
connection between ROS inhibition and transcriptional inhibi-
tion of inflammasome components or caspase-1 activation by
ROS inhibitors.
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FIG 7 M. canis interacts with host macrophages without inducing cell death. (A and B) THP-1-derived macrophages (1 X 10°) were treated with M. canis, and
the fungus-macrophage interaction was observed under confocal microscopy after PAS staining. (C) THP-1 cells (1 X 10°) were challenged with PBS, LPS (100
ng/ml), or M. canis for 6 h, and the cellular mitochondrial dehydrogenase (MTS) activity was tested to measure cell viability. The combination of LPS (100 ng/ml;
6h) and ATP (5 mM; 30 min) was used as a positive control for cell death. **, P < 0.01. Data in panel A are from one out of two independent experiments. Data
in panels B and C are means * standard deviations from one out of three independent experiments.

Besides IL-1B production and caspase-1 activation, ASC oli-
gomerization is another means to monitor inflammasome activa-
tion. Interestingly, it was observed that an increased level of ASC
oligomerization occurred in caspase-1-silenced cells (Fig. 2F).
This phenomenon may be explained by a number of possibilities.
First, previous studies showed that caspase-1 mediates the secre-
tion of a number of unconventional proteins (58). As inflam-
masome components, including ASC, can be secreted into the
culture supernatant (59), without caspase-1, the secretion of ASC
monomers and/or oligomers might be prevented, resulting in
more aggregates in the cell pellet. Second, a previous report
showed that in the absence of caspase-1, ASC was able to activate
caspase-8 upon Francisella infection and lead to apoptosis (60).
Thus, it is possible that the oligomerization of ASC in caspase-1
knockdown THP-1 cells activates caspase-8 for apoptosis, which
also involves strong ASC speck formation.

For mouse BMDC infection with M. canis, we applied LPS as a
positive control. As a very potent activator of NF-kB signaling,
LPS has a strong ability to prime the cells, which was indicated
by the clearly higher level of pro-IL-1f and IL-6 in LPS-treated
BMDCs than in M. canis-treated cells (Fig. 1G and 3B). Interest-
ingly, we found that LPS induced a lower level of IL-1$ than M.
canis did (Fig. 1F). Besides the priming, the production of IL-13
requires a second activating signal (signal 2) in mouse cells. Our
findings indicated that M. canis was able to give a stronger signal 2
than LPS in mouse BMDCs, but the detailed mechanism behind
this difference needs further investigation.

In summary, our data suggest that the NLRP3 inflammasome
functions as an important responder during M. canis infection.
These findings are helpful for understanding the role of the in-
flammasome in fighting fungal infection. Meanwhile, our discov-
ery suggests that M. canis infection might be controlled via regu-
lation of the activation of the NLRP3 inflammasome.
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