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Biofilm from a clinical strain of Cryptococcus neoformans

activates the NLRP3 inflammasome
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Dear Editor,

Many opportunistic fungi are devastating pathogens
that cause lethal infection. Cryptococcus neoformans
(C. neoformans) is such a fungus that mainly infects im-
munocompromised hosts such as AIDS patients as well
as organ transplant recipients, and causes cryptococco-
sis including life-threatening meningoencephalitis [1].
Cryptococcal meningitis affects about a million AIDS
patients and causes 625 000 deaths in the world yearly [2].
The disease also occurs in apparently immunocompetent
individuals [3]. However, host immune responses to C.
neoformans are not well studied.

IL-1p is a central orchestrator in the host defense
against various classes of pathogens including fungi.
The secretion of IL-1p requires pro-IL-1 synthesis and
cleavage by active caspase-1 in most types of cells. The
activation of caspase-1 is largely mediated by a cellular
complex called inflammasome, which contains cytoplas-
mic PRRs such as NLRP3, NLRC4 or AIM2, adaptor
protein ASC in most cases and pro-caspase-1 [4]. As IL-
1B production via the NLRP3 inflammasome has been
proved to be essential in host defense against pathogenic
Candida albicans and Aspergillus fumigatus infections,
and IL-1pB production was detected from C. neoformans-
infected mice [5-7], we hypothesized that C. neoformans
can also activate the NLRP3 inflammasome and the lat-
ter is important for the control of C. neoformans infec-
tion. Indeed, in the present study, we found that biofilm
from a clinical strain of C. neoformans induced robust
IL-1B production from both human monocytes and mu-
rine dendritic cells in a NLRP3-dependent manner, and
the NLRP3 inflammasome was essential for protection
against C. neoformans infection.

In the current study, we applied a clinical strain of
C. neoformans (HS1101) for experiments (Supplemen-
tary information, Data S1 and Figure S1). To determine
whether C. neoformans was able to induce IL-1f secre-
tion from human cells, we incubated the planktonic yeast
cells with human monocytic THP-1 cells at various MOI
(multiplicity of infection) for 12 h; or at MOI = 1 for dif-

ferent time durations. However, no IL-1p secretion was
detected (Figure 1A-1B).

As the biofilm form of fungi is usually associated with
virulence [8], we therefore tested whether the biofilm
form of C. neoformans was able to activate monocytes
for IL-1P secretion. Surprisingly, THP-1 cell incuba-
tion with the biofilm form of C. neoformans resulted
in a clear induction of IL-1p (Figure 1C). No matter
through which protocol the C. neoformans biofilm was
induced, formation of biofilm was necessary and suf-
ficient to induce IL-1p secretion from THP-1 cells (Fig-
ure 1C and Supplementary information, Figure S2A).
Moreover, the induction of IL-1p secretion by biofilm
of C. neoformans from THP-1 cells was time- and dose-
dependent (Figure 1D-1E). Notably, induction of the
IL-1B mRNA transcription by C. neoformans was also
biofilm-dependent, which indicated that the biofilm of C.
neoformans activated both NF-kB signaling and inflam-
masomes, the latter being important for maturation of IL-
1B (Supplementary information, Figure S2B). Indeed,
in LPS-primed THP-1 monocytes, biofilm of C. neofor-
mans induced higher levels of IL-1p in comparison with
that in cells infected with C. neoformans biofilm alone
(Figure 1F). Moreover, through established methods to
monitor inflammasome activation [9], we observed clear
ASC pyroptosome formation and caspase-1 activation in
THP-1 cells upon incubation with the biofilm form of C.
neoformans, but not the yeast form of the same fungus
(Figure 1G and Supplementary information, Figure S2C).
Furthermore, we also found that the biofilm but not the
yeast form of C. neoformans induced IL-1B production
from mouse bone marrow-derived dendritic cells (BM-
DCs) (Figure 1H). Interestingly, production of TNF-a
was also biofilm-dependent in these cells (Supplementary
information, Figure S2D). Taken together, the biofilm but
not the planktonic yeast form of C. neoformans induced
IL-1B production, ASC pyroptosome formation and cas-
pase-1 activation in myeloid cells from both humans and
mice.

Next, we tested whether C. neoformans biofilm-
induced IL-1p secretion from THP-1 cells requires ac-
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Figure 1 Cryptococcus neoformans biofilm but not the yeast form activates NLRP3 inflammasome, and the latter is essen-
tial for protecting mice from C. neoformans challenge in vivo. (A-B) THP-1 cell-derived macrophages were infected with the
yeast form of C. neoformans at the indicated MOI or for the indicated time, with LPS for 6 h and ATP pulse for 45 min as con-
trol. The supernatants were harvested for IL-13 ELISA. (C) THP-1 cells were challenged with C. neoformans biofilm or yeast
at MOI = 1, with LPS for 6 h and ATP pulse for 45 min as control. Twelve hours later, the supernatants were harvested for IL-
1B ELISA. (D-E) THP-1 cells were treated with C. neoformans biofilm at MOI = 1 for the indicated time or at the indicated MOI
for 12 h; IL-1B in supernatants was detected via ELISA. (F) THP-1 cells were primed with LPS (10 ng/ml) for 4 h and then



tivation of caspase-1 given that caspase-1 activation is
needed for the maturation of IL-1f in monocytes and
macrophages. To this end, a caspase-1-specific inhibitor
AC-YVAD was applied in the C. neoformans biofilm
stimulation experiments. We found that AC-YVAD
abolished IL-1p secretion in a dose-dependent manner
(Figure 11I) without affecting inflammasome-independent
IL-8 production (Supplementary information, Figure
S3A), indicating that caspase-1 activity was necessary
for C. neoformans biofilm-induced IL-1f release. This
was further confirmed via shRNA-mediated silencing
of caspase-1 in THP-1 cells, wherein silencing of cas-
pase-1 also completely abolished C. neoformans biofilm-
induced IL-1p secretion (Figure 1J). Of interest was that
caspase-8, which was involved in the responses to vari-
ous fungal challenges [10], seemed to be not required for
C. neoformans biofilm-induced IL-1P secretion, indicat-
ing that specific signaling pathway accounted for the IL-
1B induction by different fungi. In addition, knockdown
of caspase-8 showed elevated secretion of IL-1 upon C.
neoformans biofilm challenge, which demonstrated for a
regulatory role of caspase-8 in inflammasome activation
under certain circumstances as revealed from a recent
study [11]. As caspase-1 activation is largely dependent
on assembly of inflammasomes, we sought to determine
which inflammasome was specifically involved in the
response to C. neoformans biofilm stimulation. As shown
in Figure 1K, silencing of AIM2 did not change the in-
duction of IL-1B by C. neoformans biofilm. However,
in sharp contrast, silencing of ASC or NLRP3 resulted
in the complete loss of IL-1p secretion (Figure 1K). In
addition, ASC pyroptosome formation and caspase-1 ac-
tivation induced by the C. neoformans biofilm was also
NLRP3 inflammasome-dependent (Figure 1L and 1M).
Of note was that silencing of caspase-1 did not affect the
formation of ASC pyroptosome, implying that the latter
is a pre-step for caspase-1 activation instead of coinci-
dence, which was also indicated by similar experiments
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performed in caspase-1-deficient mouse macrophages in
our recent study [9]. The efficiency of shRNA-mediated
gene silencing was well controlled, and IL-8 secre-
tion was largely unaffected by these silencing (Figure
IM and Supplementary information, Figure S3B-S3D).
Moreover, inflammasome activation induced by C. neo-
formans biofilm in mouse BMDCs was also NLRP3-
dependent, as BMDCs from Nlrp3- or Asc-deficient
mice were completely defective for IL-1f secretion and
ASC pyroptosome formation upon such infection, while
TNF-a secretion was not affected (Figure 1N-10 and
Supplementary information, Figure S3E). Thus, induc-
tion of IL-1B by C. neoformans biofilm in either THP-
1 cells or BMDCs was dependent on the activity of both
caspase-1 and the NLRP3 inflammasome.

A feature of the NLRP3 inflammasome activation is
that multiple upstream stimuli lead to ROS production
and potassium (K") efflux, and these common down-
stream factors result in the activation of caspase-1. To
test the role for each of these factors in C. neoformans
biofilm-induced NLRP3 inflammasome activation, we
applied ROS scavenger DPI in THP-1 cell cultures incu-
bated with C. neoformans biofilm. It was found that DPI
inhibited IL-1B production in a dose-dependent manner
(Figure 1P). Of note was that DPI treatment affected
the production of IL-8 similarly, which was in line with
a recent study showing that ROS inhibitors, including
DPI, interfere with NF-kB signaling (Supplementary
information, Figure S4A) [12]. Moreover, as Cathepsin
B activity was also involved in the response of various
stimulus-induced inflammasome activation [13], we
tested the possibility that it might be also required for C.
neoformans biofilm-induced NLRP3 inflammasome acti-
vation. Indeed, Cathepsin B inhibitor CA-074 Me clearly
interfered with the production of IL-1p from THP-1 cells
upon C. neoformans biofilm infection in a dose-depen-
dent manner (Figure 1Q), while Cathepsin K inhibition
showed little effect (Supplementary information, Figure

co-cultured with C. neoformans biofilm or yeast for 6 h; IL-1p in supernatants was then detected via ELISA. (G) THP-1 cells
were challenged with C. neoformans biofilm, or yeast at MOI = 1. Twelve hours later, caspase-1 activation was detected with
immunoblotting. (H) BMDCs from WT mice were challenged with C. neoformans biofilm, yeast or medium control at MOI = 1
for 12 h and the supernatants were harvested for IL-13 ELISA. (I) THP-1 cells were pretreated with AC-YVAD and then chal-
lenged with C. neoformans biofilm for 12 h and the supernatants were harvested for IL-1p ELISA. (J-K) THP-1 cells with shR-
NA silencing of the indicated genes were treated with C. neoformans biofilm and IL-1p was detected via ELISA. (L-M) Mature
form of caspase-1 (p10) and mature IL-1B (p17) in culture supernatants (sup) and other indicated proteins in cell lysates (lys)
as well as ASC pyroptosome formation from the indicated cells stimulated with C. neoformans biofilm, were analysed via im-
munoblotting. (N-O) BMDCs from WT, NLRP3- or ASC-deficient mice were challenged with C. neoformans biofilm at MOI =
1 for 12 h, and then the supernatants were harvested for IL-18 ELISA and ASC pyroptosome formation was detected through
immunoblotting. (P-R) THP-1 cells were pretreated with DPI, CA-074 Me or KCI, then challenged with C. neoformans biofilm,
and the supernatants were harvested for IL-1p ELISA. (S-V) The indicated mice were challenged with i.p. injection (S-T) or i.n.
infection of C. neoformans (U-V) and monitored daily for survival. C. neoformans is abbreviated as C. n in the figures.
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S4B) [14]. All these above treatments did not reduce but
slightly elevated the production of IL-8 (Supplementary
information, Figure S4C-S4D). As expected, potassium
efflux inhibition also abolished C. neoformans biofilm
induced IL-1p secretion (Figure 1R). Although IL-8 level
was decreased when the cells were treated with higher
concentration of KCIl, the extent of decrease was much
less than that for IL-1B (Supplementary information, Fig-
ure S4E). The moderate effect of KCI on IL-8 secretion
could result from osmotic stress in THP-1 cells.

All these above in vitro experiments showed that C.
neoformans biofilm activated the NLRP3 inflammasome.
To test the importance of NLRP3 inflammasome in com-
bating C. neoformans infection in vivo, we infected mice
deficient for Nlrp3 or Asc through intraperitoneal (i.p.)
and intranasal (i.n.) routes. It was found that in the ab-
sence of either of these molecules, the death rate of mice
was significantly higher than in wild type (WT) control
(Figure 1S-1V). Moreover, upon C. neoformans infec-
tion, the death of Asc- and Nlrp3-deficient mice took
place much earlier. This indicated that in the early phase
of infection, activation of the NLRP3 inflammasome is
very important to confine the colonization and spreading
of C. neoformans. Although part of the WT mice eventu-
ally died from this infection, the event was much delayed
(Figure 1S-1V). These in vivo experiments thus estab-
lished an essential role for the NLRP3 inflammasome in
host defense against C. neoformans infection.

Our work thus discovered that the NLRP3 inflam-
masome was able to sense and respond to C. neoformans
biofilm; moreover, our work uncovered that inflam-
masome is an important arm for host defense against C.
neoformans infection, and suggests that manipulating
NLRP3 signaling may help to oppose C. neoformans in-
fection in patients.
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