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Abstract

Malassezia species are associated with several common dermatologic conditions in-
cluding pityriasis versicolor, seborrhoeic dermatitis, folliculitis, and atopic dermatitis
and dandruff. However, its causal role remains to be established. We intended to
explore the role of inflammasome activation in human keratinocytes in response to
three different Malassezia species. We compared the different activation patterns of
inflammasomes and the expression of pro-inflammatory cytokines and antimicrobial
peptides by three different Malassezia species—M. restricta, M. globosa and M. sympo-
dialis—in human keratinocytes. We found that different Malassezia species, especially
M. restricta and M. globosa could induce nucleotide-binding oligomerisation domain,
leucine-rich repeat and pyrin-domain-containing protein (NLRP)3-apoptosis-associ-
ated speck-like protein containing CARD (ASC) inflammasome activation and subse-
quent interleukin (IL)-1p secretion in human keratinocytes. Malassezia species variably
induced thymic stromal lymphopoietin, p-defensin 2, and LL-37. IL-8 mRNA and [L-22
protein significantly increased in the M. sympodialis-treated group, and Chemokine
C-C motif ligand (CCL)17 and CCL22 mRNA were increased in response to M. glo-
bosa- and M. restricta- treated keratinocytes, respectively. Our data show that various
species of Malassezia promote variable inflammatory responses in keratinocytes by
activating NLRP3 inflammasomes, pro-inflammatory cytokines and chemokines, and

antimicrobial peptides.

KEYWORDS
inflammasome, keratinocytes, Malassezia

suggested as causative organisms that aggravate head and neck der-

Malassezia is a family of lipophilic yeasts and comprises several dif-
ferent species including Malassezia restricta (M. restricta), Malassezia
globosa (M. globosa) and Malassezia sympodialis (M. sympodialis).>?
Theses fungi are components of normal flora that may possibly
be found on healthy human skin.>* However, these organisms are
also associated with several common dermatologic diseases such
as seborrhoeic dermatitis, folliculitis, pityriasis vesicolor and atopic
dermatitis (AD).}® In particular, the Malassezia species have been

matitis in AD.%%"8 It is not well known how Malassezia, which usually
coexist as a normal flora, exacerbates skin problems.

Malassezia is recognised by the pattern recognition receptors on
the host dendritic cells or macrophages through interaction with spe-
cific fungal cell wall components.” Inflammasomes are representative
pattern recognition receptors and comprise Nod-like receptor (NLR)
as a sensor protein, apoptosis-associated speck-like protein contain-
ing C-terminal caspase recruitment domain (CARD) (ASC) as an adap-
tor protein, and caspase-1 as an effector protease protein and are
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involved in the innate immune response for several pathogens.®3

The NLR family includes nucleotide-binding oligomerisation domain,
leucine-rich repeat and pyrin-domain-containing protein (NLRP)1 and
NLRP3, NLR family CARD domain-containing protein 4, and the cyto-
solic receptor absent in melanoma (AIM)2, which are key components
of inflammasomes and recognise exogenous and endogenous danger
signals.* An influx of damage-associated molecular patterns (DAMPs)
and pathogen-associated molecular patterns (PAMPs) leads to assem-
bly of inflammasomes and activation of caspase—l.m“’nls'19 Then,
the caspase-1 cleaves and activates the proforms of inflammatory
cytokines including pro-interleukin (IL)-1 and pro-1.-18.20-22 Release
of these cytokines induces an inflammatory response which subse-
quently leads to pathogen removal and pyroptosis.*®

At first, it was thought that the activity of inflammasome ex-
isted only in immune cells, but keratinocytes were also reported to
have stress-induced inflammasome activity. Recent studies showed
Dermatophagoides pteronyssinus or ultraviolet B can induce activa-
tion of inflammasomes and result in the secretion of IL-1p and IL-18
in human keratinocytes.®?32* NLRP3 inflammasome activation was
also seen in the epidermis and dermis of patients with Malassezia
folliculitis.?®

We intended to explore the role of inflammasome activation in
human keratinocytes in response to three different Malassezia spe-
cies. The expression of pro-inflammatory cytokines and chemok-
ines, and antimicrobial peptides (AMPs) by the Malassezia species in

human keratinocytes was also examined.

2 | MATERIALS AND METHODS

2.1 | Malassezia species culture condition

Three strains of Malassezia species (M. restricta, M. globosa and
M. . sympodialis) were provided by Konkuk University Medical

Center and grown for 3-5 days at 34°C under 5% CO, conditions

TABLE 1 Listof primers and PCR conditions
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in modified Leeming and Notman agar composed of (per litre) 5 g
glucose (Sigma-Aldrich, St. Louis, MO, USA), 10 g poly peptone
(BD Bioscience, NJ, USA), 8 g bile salts (Oxoid, Hampshire, UK),
0.1 g yeast extract (Sigma-Aldrich), 0.5 g glycerol monostearate
(Chemcurz, TX, USA), 12 g agar (Sigma-Aldrich), 2 g glycerol 50%
(Sigma-Aldrich), 5 ml Tween 60 (Sigma-Aldrich), 5 g whole-fat cow

milk and 170 ug/ml chloramphenicol.?

2.2 | HaCat cell culture and treatment

The human keratinocyte cell line (HaCat cells) was obtained from
the American Type Culture Collection (ATCC, Manassas, VA, USA)
and cultured in Dulbecco's minimal essential medium (DMEM;
Gibco, Gaithersburg, MD, USA) supplemented with 10% fetal bo-
vine serum and 1% penicillin at 37°Cin a 5% CO, incubator. HaCat
keratinocytes (1 x 10° cells/well) were seeded into 6-well plates
and cultured until they reached 80% confluency. Then, HaCat cells
were exposed to M. globosa or M. restricta or M. sympodialis at a
yeast cell/keratinocyte ratio of 20-30:1 for 48 h.2% After coculti-
vation with HaCat keratinocytes, inflammasome-related molecule,
pro-inflammatory cytokine and AMPs production were measured.
Keratinocytes treated with polycytidylic acid (poly I:C) (Sigma-
Aldrich) were used as a positive control as activator of NLRP3
inflammasome.

2.3 | Real-time PCR

Total RNA was isolated from the HaCat cells after 48 h using Trizol rea-
gent (Invitrogen, Carlsbad, CA, US), and cDNA was synthesised using a
cDNA synthesis kit (Takara, Shiga, Japan) according to the manufactur-
er's instructions. The cDNA was used for real-time PCR (RT-PCR) car-
ried out with SYBR Green (Takara, Shiga, Japan). The primer sequences
are listed in Table 1. The RT-PCR experiment was repeated three times.

Species Primer name Forward Reverse

Human Caspase-1 CACACAAGAAGGGAGGAGAG TGTACCTTCACCCATGGAAC
TGF-p1 GCAGAAGGATCACCACAACC TGTCTGCACTGCGGAGGTAT
IL-1p GCCAATCTTCATTGCTCAAGT ACTTCATCTGTTTAGGGCCA
IL-6 TGTGTGAAAGCAGCAAAGAG GCATCCATCTTTTTCAGCCA
IL-8 CTGTCTGGACCCCAAGGAAA GAATCCATCCCCCTGTTTTCA
IL-10 AGCCATGAGTGAGTTTGACA CCACCCTGATGTCTCAGTTT
IL-18 AGCTGAAGATGATGAAAACCTG ATAGAGGCCGATTTCCTTGG
CXCL10 TGTCCACGTGTTGAGATCAT ATGGCCTTCGATTCTGGATT
CCL17 TTCAAAACCAGGGTGTCTCC GGAATGGCTCCCTTGAAGTA
CCL20 ACTTTGACTGCTGTCTTGGA TAGCATTGATGTCACAGCCT
CCL22 AACTAATGTCCCTCCCCTCT GGCCCATTTCTAGTGACCTT
CCL27 CCCTACAGCAGCATTCCTAC GGATGACCTTCCTCAGTAGC
GAPDH GAAGGTGAAGGTCGGAGTCAA GCTCCTGGAAGATGGTGATG
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FIGURE 1 The effects of Malassezia on mRNA expression of caspase-1, IL-1/3 and IL-18 and after exposure to Malassezia. (*p < .05
compared with the control; **p < .01 compared with the control;***p < .001 compared with the control)

2.4 | Western blot analysis

Protein lysates from HaCat cells were harvested and lysed using Radio-
Immune Precipitation Assay (RIPA) cell lysis buffer (Pierce, Rockford,
IL, USA). The concentration of protein was measured using Bradford
reagent (Bio-Rad) with bovine serum albumin as a standard. Cell lysates
containing equal amounts of total protein were separated by electro-
phoresis on 10% SDS-polyacrylamide gels and then transferred to
poly-1,1-difluoroethene membranes. The membranes were blocked
with 5% bovine serum albumin in Tris Buffered Saline with Tween 20
(TBS-T) and subsequently incubated with primary antibodies against
IL-4 (Invitrogen, Carlsbad, CA, US), IL-13 (Abcam, CB, UK), IL-17 (Abcam,
CB, UK), IL-22 (Abcam, CB, UK), IL-1 (Cell signalling, Beverly, MA, USA),
ASC (Genetex, Irvine, CO, USA), NLRP3 (Novus Biologicals, Centennial,
CO, USA), nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) (Genetex, Irvine, CO, USA), thymic stromal lymphopoi-
etin (TSLP) (Invitrogen, Carlsbad, CA, US), p-defensin2 (Santa Cruz, CA,
USA), LL-37 (Santa Cruz, CA, USA) and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (Santa Cruz, CA, USA). The blotted membrane

was visualised with an Al600 Bio-lmage analysis system (GE Healthcare

Life Science, NJ, USA). The experiment was repeated three times.
2.5 | Statistical analysis
All statistical data analyses were carried out using Graphpad Prism 5

software. One-way ANOVA was used to evaluate significant differ-

ences with a p-value of <.05 considered to be statistically significant.

3 | RESULTS

3.1 | IL-1p mRNA levels are increased in Malassezia-
stimulated human keratinocytes

A significant increase in the mRNA expression of IL-1/8 was observed
in all three Malassezia (especially M. restricta) treated human ke-
ratinocytes, especially in the M. sympodialis-treated group (Figure 1).
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Meanwhile, the changes of mRNA levels of caspase-1 and IL-18 were

not statistically significant.

3.2 | Inflammasomes are activated in Malassezia-
stimulated human keratinocytes

Theincrease in phospho- IL-1f and IL-1p protein levels was not statistically
significant, but was detected in all three kinds of Malassezia (especially
M. restricta) treated human keratinocytes. Whether to identify the mech-
anism of the increased IL-1p level, the activation of NLRP3 inflammasome
components was examined (Figure 2). The protein levels of NLRP3 and
ASC showed atendency to increase after exposure to Malassezia, although
there was a little difference in activation patterns in NLRP3 inflamma-
some complex between different species of Malassezia-treated groups.
NLRP3 increased statistically significantly in the M. globosa-treated group
and ASC increased statistically in the M. restricta- and M. globosa-treated
groups. Simultaneously, the intermediate form of caspase-1 (35kda) was
detected in all three kinds of Malassezia-treatment groups, but the differ-
ences were not significant compared with control (Figure 2). Expression of
mature caspase-1 was not detected in any groups.

On the while, NF-kB was examined that could be associated with
an increase of IL-1p without passing through the inflammasome. The
protein levels of NF-KB did not significantly increase after exposure
to the Malassezia species (Figure 2), suggesting that the increased in
IL-1B by M. restricta and globosa is mainly due to activation of NLRP3

inflammasomes, not of NF-kB.
3.3 | AMPsand TSLP are increased in Malassezia-
stimulated human keratinocytes

B-defensin 2 tended to increase on exposure to Malassezia al-

though these changes were not significant. The protein levels of
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FIGURE 2 Changes in inflammasome-related molecules after exposure to Malassezia.
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TSLP inducing T helper (Th) 2 cell differentiation and AD showed
a tendency to increase after exposure to Malassezia in the M. re-
stricta-treated group and the M. sympodialis-treated group, but not
significant. LL-37, which is a cathelicidin-related AMPs, increased on
exposure to three Malassezia species, but these changes were not
significant (Figure 3).

3.4 | ChangesinTh2, Th17 and Th22 cytokines in
Malassezia-stimulated human keratinocytes

To check changes in Thl cell-, Th2 cell- and Th17 cell-related
immune-mediated cytokines, the protein levels of IL-4, IL-13,
IL-17 and IL-22 were detected after exposure to Malassezia. |L-4
increased slightly in the Malassezia-treated group, but there was
no statistical significance. IL-13 did not increase in the Malassezia-
treated group and instead decreased in the M. restricta-treated
group compared with the control group. IL-17 also showed no sig-
nificant change after exposure to Malassezia. On the other hand,
IL-22 showed a tendency to increase in the Malassezia-treated
group and increased statistically significantly in the M. sympodia-

lis-treated group (Figure 4).

3.5 | Changesin Thi, Th17, and Th22 cytokine and
chemokine mRNA after Malassezia exposure in human
keratinocytes

The increase in IL-6 mRNA in the M. globosa-treated group and IL-8
mRNA in the M sympodialis-treated group was statistically signifi-
cant. For immunosuppressive cytokines, IL.-10 mRNA did not show
much change in all Malassezia-treated groups, but transforming
growth factor (TGF-$1) mRNA increased significantly in M sympodi-
alis-treated group.
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FIGURE 3 The effects of Malassezia on AMPs and TSLP were detected by (A) Western blot analysis, and the relative fold change graphs
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FIGURE 4 Changesin T helper (Th) cell-related cytokine levels after exposure to Malassezia were detected by (A) Western blot analysis,
and the relative fold change graphs are shown in (B). (*p < .05 compared with the control.)

85U80|7 SUOWLWIOD @A FeaI 8|qed!|dde ayy Aq pausenob afe ssjone YO ‘8sN JO Se|ni 10y AriqiT8ulUO A8]IM UO (SUORIPUCO-PUe-SWLR/W0o" A3 | 1M AfeIq 1 Ul |UO//SANY) SUORIPUOD PUe SWe 1 8ys 88S *[£202/20/50] Uo AriqiTauliuo A[im ‘loodenrT JO Aisenun Aq #TZET AW/ TTTT OT/I0p/W0D A8 1M Aeiq 1 euluo//Sdny Wouy papeoumod ‘€ ‘T20Z ‘Z0S06ET



PARK ET AL. e 297
CIEEE Wiy
IL6 IL8 IL10 TGF-1
4 54 25 34 -
[} a " [}
[} (-]
& o gm- *xk g,z'o g’
527 a £ &
£ S < < 2+ *
S " G 3 " G 15 o
2 2 2 3 3
o (=]
.- = 24 = -
g g™ 21
E 11 E 1+ E 0.5 ‘—5
& & & &
0- 0- 0.0 0-
> © P P @ d © &P P S E & PP S L & P ¥
RN e & & & N & P & &
s Qo\\\qf‘ & &Q& & Q"\*qﬁ'\ o &Qot’ & & F F & & Q&,;\ & &Qob
A 2 2
" CXCL10 cCcL17 CcCL20 CCL22 ccL27
a W® 15 8 15
§ 8 . g g g
< 4 o u o
$ 101 s £ 5° - £
0 < S 40 axx e 810 o
3 53 S ] G
o 3 k-] ]
z g 2 s 4 3
g L3
i $ gs T4 £ £
K] 1 k-l 5 21 s
£ « & & 3
0° 0 0 0- 0
o ¢ > @ > 9 2 3 @ N > © P P N2
RN Y A & ¥ F O &L P S @ PP IR
F & & & & & N f A & S © & &g RN g
¢ @ & ¢ ¢ @ & < F & & < @0\0& & o oF &
E) % ) 2

FIGURE 5 The mRNA expression changes of Th1, Th17, Th22 and immunoregulatory cytokine and chemokine levels after exposure to
Malassezia. (*p < .05 compared with the control; **p < .01 compared with the control; ***p <.001 compared with the control)

Chemokine C-C motif ligand (CCL 17) showed a significant increase
in mMRNA expression after exposure to M. globosa. CCL 20 mRNA was
increased by all Malassezia-stimulated groups and CCL22 mRNA was
increased by M. restricta. These findings suggest that Malassezia may
be involved in the recruitment of Th22 cells and induction of chronic
inflammation (Figure 5). Meanwhile, the mRNA level of chemokine
C-X-C motif ligand (CXCL)10, and CCL 27 did not increase significantly

in the Malassezia-stimulated groups.

4 | DISCUSSION

We investigated the interaction between different Malassezia spe-
cies and human keratinocytes through NLRP3 inflammasome, AMPs
and cytokines. Overall, different Malassezia species variably stimu-
lated NLRP3-ASC-caspasel- IL-1p axis. M. globosa and M. restricta,
known as the most virulent species significantly upregulated NLRP3
and ASC expression and tended to increase in caspasel and IL-1p
in HaCat cells. Meanwhile, the activation of NLRP3 inflammasome
component was not significantly increased by M. sympodialis. This
may result from the differences between species in the structures
of the Malassezia cell wall component.?”? IL-18 secretion can be
induced not only by canonical NLRP3 inflammasome activation
pathway, but also by NF-kB pathway independent of inflamma-
some activation.?’ Since the levels of NF-kB were not significantly
changed in response to Malassezia species, Malassezia-induced IL-1p
production in this study appears to result from the activation of ca-
nonical NLRP3 inflammasome pathway.

We treated Malassezia species in co-culture methods in-
stead of using Malassezia extract or antigens in order to create an

environment similar to the physiological conditions of Malassezia in
vivo skin. Interestingly, we demonstrated that yeast-type Malassezia,
known for its low pathogenicity, variably activates NLRP3 inflam-
masomes in vitro skin keratinocytes. The responsiveness of inflam-
masome to invasive hyphae is assumed to be stronger than that by
colonising yeast.

The increase in immunosuppressive cytokines such as TGF- mRNA
after exposure to Malassezia species may be a mechanism by which
Malassezia generally do not induce an inflammatory response to the
skin.?® Recent data demonstrated that synthetic cationic AMPs inhibit
the NLRP3 inflammasomes and subsequent inflammatory responses
in the lung and liver.?? AMPs in the skin may play a role in protecting
the skin from inflammatory reactions induced by Malassezia-induced
inflammasome activation and maintaining skin homeostasis under
healthy state. The inhibitory effects of AMPs on NLRP3 inflam-
masomes may not be sufficient for AD lesional skin with low AMPs and
high Th2 cytokine environments. Previous studies have revealed that
human keratinocytes released p-defensin 2 by different Malassezia spe-
cies in a toll-like receptor 2-dependent manner,>32 but the increase
of p-defensin 2 and LL-37 in this study was not significant. The interac-
tion between AMPs and NLRP3 should be further studied.

Itis not much known how NLRP3 inflammasomes affect adaptive
immune systems. Secreted IL-1p, caspase-1, and IL-18 via canonical
NLRP3 inflammasome pathway directly and indirectly influence im-
mune cells such as T cells, eosinophils, mast cells, and macrophages
and could worsen local inflammation.®33* Activation of inflam-
masomes by fungal infection can affect the response of Th1 or Th17
cells by recruiting neutrophils and can act a host protective role.%>
Emerging evidences support that inflammasomes also promote Th2
responses®® and exacerbate the inflammation of asthma.®®
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M. globosa and M. restricta are the most commonly isolated
Malassezia species from trunk and scalp among Chinese and Korean
patients with seborrhoeic dermatitis.3” M. globosa and M. restricta
has been found to be involved in the pathogenesis of dandruff and
seborrhoeic dermatitis by secreting IL-8 in other studies.®”*8 M. re-
stricta extract is known to induce CXCL10 and the signal transducer
and activator of transcription 1 expression, thus enhancing Thl-type
inflammation.®? M. globosa and M. restricta have also been found to
exacerbate AD by inducing a Th2 cytokines and TSLP in some stud-
ies.% In this study, the CCL17 and CCL22 mRNA, which are Th22
chemokines, were significantly increased in M. globosa- and M. re-
stricta-treated keratinocytes, respectively. However, we did not
observe a significant increase in Th2 cytokines, TSLP or CXCL10 in
response to any Malassezia species in this study. This discrepancy
between studies may be related to the different Malassezia strains
or to other characteristics such as yeast adaptation and growth
conditions.3°

M. sympodialis is known as the main causative organism in head
and neck dermatitis in AD. Human keratinocytes exposed to M. sym-
podialis release IL-1p, IL-6, IL-8 and tumour necrosis factor-o,** how-
ever, whether the source of IL-1p is through activation of NLRP3
inflammasome in skin keratinocytes has not been studied. The level
of IL-1p mRNA was the greatest in M. sympodialis compared with
other species in this study, but protein levels of IL-18 and activation
of NLRP3 inflammasome and was not prominent. Post-transciptional
regulation of IL-18 seems to be finely controlled by more complex
factors. We found that IL.-8 mRNA and IL-22 protein were signifi-
cantly increased after M. sympodialis exposure. These Th1 and Th22
cytokines are known to cause chronic inflammation in various skin
diseases.

5 | CONCLUSION

This is the first study that revealed Malassezia yeasts stimu-
late NLRP3 inflammasome activation in human keratinocytes.
Differences in fungal cell wall components and metabolites between
species may cause differences in immune response. NLRP3 inflam-
masome could be a possible target for the treatment of Malassezia-
related skin diseases. Further studies are needed to identify on how
Malassezia-induced NLRP3 inflammasome activation affects innate
and adaptive inflammatory responses.
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