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SUMMARY

Commensal fungi of the mammalian skin, such as
those of the genus Malassezia, are associated with
atopic dermatitis and other common inflammatory
skin disorders. Understanding of the causative rela-
tionship between fungal commensalism and disease
manifestation remains incomplete. By developing a
murine epicutaneous infection model, we found
Malassezia spp. selectively induce IL-17 and related
cytokines. This response is key in preventing fungal
overgrowth on the skin, as disruption of the IL-23-IL-
17 axis compromises Malassezia-specific cutaneous
immunity. Under conditions of impaired skin integrity,
mimicking a hallmark of atopic dermatitis, the pres-
ence of Malassezia dramatically aggravates cuta-
neous inflammation, which again was IL-23 and
IL-17 dependent. Consistently, we found a CCR6+

Th17 subset of memory T cells to beMalassezia spe-
cific in both healthy individuals and atopic dermatitis
patients, whereby the latter showed enhanced fre-
quency of these cells. Thus, the Malassezia-induced
type 17 response is pivotal in orchestrating antifungal
immunity and in activelypromoting skin inflammation.

INTRODUCTION

Microbes coexist with mammalian organisms and create com-

plex ecosystems on body surfaces, which contribute to health

and disease. The constant exposure of the host to microbes

shapes the immune reactivity of the host locally and at distant

sites and even influences seemingly unrelated processes

ranging from digestion to behavior (Belkaid and Tamoutounour,

2016). Perturbations that disrupt the equilibrium of the microbial

ecosystem may lead to the overgrowth of species with patho-
Cell Hos
genic potential and in turn to the development of disease (Wil-

liams and Gallo, 2015). Fungi are increasingly being recognized

as common members of the microbiota on nearly all surfaces,

including the skin (Findley et al., 2013), and recent examples re-

vealed that—similar to their bacterial counterparts—commensal

fungi might have an important role in host physiology and immu-

nity (Iliev and Leonardi, 2017).

Among the fungal communities on the mammalian skin,

Malassezia species are by far the most abundant members,

with >90% of all commensal fungi belonging to this genus (Find-

ley et al., 2013; Gemmer et al., 2002). 17 species of Malassezia

are currently known, 10 of which have been identified on human

skin sites (Cabañes, 2014). M. sympodialis is among the most

frequently identified and in turn best studied species, while

M. furfur on the other hand is found enriched on diseased skin

in humans (Prohic et al., 2016). M. pachydermatis is the most

frequent species found in dogs and other homoeothermic ani-

mals (Cabañes, 2014).Malassezia spp. are well adapted to thrive

in the temperate and sebaceous microenvironment of the skin.

They are lipophilic, explaining their predilection for seborrheic

skin sites such as the scalp and the trunk. They lack a fatty

acid synthase and thus rely on exogenous fatty acid sources

for their nutritive requirements (Wu et al., 2015).

Because of the constant presence of Malassezia on the host,

the immune system is continuously exposed to the fungus,

which is reflected by Malassezia-responsive T cells and anti-

bodies in the blood of healthy individuals (Ashbee and Bond,

2010). Despite its high abundance on the mammalian skin,

the mechanisms of immune surveillance of Malassezia remain

unknown.

Besides their commensal lifestyle, Malassezia spp. have also

been associated with several common skin disorders including

pityriasis versicolor, seborrheic dermatitis, and more severe

inflammatory skin pathologies such as atopic dermatitis (AD) in

humans (Sugita et al., 2010) and dermatitis and otitis externa in

dogs (Bond et al., 2010). The role of Malassezia in skin disease

pathogenesis is not well understood. A causative link between

Malassezia and disease development has been made only for
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dandruff and pityriasis versicolor, while its role in AD remains

correlative and not well defined (Casagrande et al., 2006;

Johansson et al., 2002, 2004). It is generally believed thatMalas-

sezia actively promotes disease symptoms in predisposed

atopic individuals, albeit firm evidence for this causal link is

missing and the mechanistic basis has not been established.

Alternatively, Malassezia may also exert a protective role in AD

(Li et al., 2018).

AD is one of themost common allergies, affecting up to 30%of

children and 10% of adults in developed countries (Weidinger

and Novak, 2016). The incidence of AD has dramatically

increased over the last three decades presumably in conse-

quence of stringent hygiene and reduced exposure to microbes

in early life (Flohr and Yeo, 2011). AD is characterized clinically by

periodic flares of dry, red, itchy skin lesions that can severely

affect the quality of life of those affected. A hallmark of AD is

skin barrier defects (Cabanillas and Novak, 2016) that increase

the likelihood of environmental factors and irritants to penetrate

the skin and promote inflammation. Malassezia itself may

contribute to barrier disruption through the production of free

fatty acids that can damage the integrity of the skin and thereby

contribute to irritation and inflammation (Saunders et al., 2012).

The immune response to Malassezia may also enhance inflam-

mation in the atopic skin (Glatz et al., 2015).

The interaction of Malassezia with the mammalian immune

system, both during homeostasis and disease, is not well under-

stood. The mechanisms of fungal recognition and the immune

pathways that maintain commensalism and/or promote pathol-

ogy remain to be defined. Most of what we know today about

the host-fungal interplay is based on experiments with isolated

host cells in vitro (Sparber and LeibundGut-Landmann, 2017).

A suitable experimental model to study the interaction between

Malassezia spp. and the host in vivo in the complex environment

of the mammalian skin has not been available so far. To fill this

gap, we developed an experimental model of Malassezia skin

colonization in mice. This allowed us to identify cellular and mo-

lecular players of the host response to Malassezia that maintain

homeostasis during commensalism and at the same time pro-

mote pathology under inflamed conditions.

RESULTS

Malassezia spp. Colonization of the Mouse Skin
To study the interaction ofMalassezia spp. with the mammalian

skin in vivo, we established an infection model in C57BL/6

mice. The yeast was not detectable in our colony of specific

pathogen-free (SPF) mice under steady-state conditions.

Epicutaneous application of Malassezia ssp. onto the dorsal

ear skin resulted in robust colonization of the skin on day 2

post infection (p.i.), while no fungal counts were detected

in mock-infected control mice. The colonization efficiency

was comparable between M. sympodialis, M. furfur, and

M. pachydermatis (Figure 1A), with yeast cells localizing exclu-

sively to the keratinized layer of the epidermis (Figure 1B). Dis-

rupting the barrier integrity of the skin by mild tape stripping

prior to infection (Holzmann et al., 2004) did not alter the capac-

ity of Malassezia spp. to colonize the stratum corneum (Figures

1C–1E). The fungal load remained high for up to a week and

declined thereafter with some variations between the different
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species (Figure S1). The skin of Malassezia-free mice can

thus readily be colonized by various species of Malassezia.

Malassezia spp. Trigger Infiltration of Myeloid Cells into
the Colonized Skin
Given the robust colonization of the mouse skin with Malassezia

spp., we were interested in understanding the immune response

to the yeast. M. pachydermatis colonization of the epidermis in

the mouse skin was accompanied by infiltration of leukocytes,

in particular CD11b+ myeloid cells, to the site of infection (Fig-

ure 2A). Detailed characterization of these infiltrates by flow cy-

tometry revealed low numbers of cells in theMalassezia-negative

skin but a sharp increase in CD11b+Ly6G+ neutrophils, CD11b+

Ly6G-Ly6Chi monocytes, and CD11b+Ly6G-Ly6ClowSiglec-F+

eosinophils upon encounter of M. pachydermatis, both in per-

centages and absolute numbers (Figures 2B and 2C). Consistent

with the massive infiltration of neutrophils and monocytes, we

detected a strong rise in the local expression of neutrophil-

and monocyte-recruiting chemokines and growth factors in the

Malassezia-exposed skin (Figure 2D). The remaining population

of Ly6G-Ly6ClowSiglec-F- myeloid cells consisted mostly of

CD11c+MHC-II+ mononuclear phagocytes (MNPs) including

dendritic cells and macrophages. In contrast to the infiltrating

neutrophils and monocytes, this population did not change or

even declined upon Malassezia exposure (Figure 2C).

The recruitment of myeloid cell infiltrates to the epithelium in

response to Malassezia was independent of the barrier integrity

of the ear skin and occurred similarly under conditions with or

without tape stripping (Figures 2C and S2A). Moreover, the

response was not restricted to M. pachydermatis; it was also

observed in response to M. sympodialis and M. furfur (Fig-

ure S2B). Of note, barrier disruption on its own stimulated only

a very limited myeloid response in the skin compared to

completely untreated conditions (Figures 2C and S2). Together,

these results indicate thatMalassezia triggers a robust response

in the host upon contact with the mammalian skin.

Exposure of the Skin to Malassezia spp. Results in a
Selective Activation of the IL-17 Pathway
Next, we explored the cytokine response to the fungus in the

Malassezia-exposed skin. In particular, we were interested in

interleukin (IL)-17 and related cytokines given their important

function in barrier tissue immunity in response to other fungi.

IL-17A and IL-17F, two closely related members of the IL-17

cytokine family, are essential for immunosurveillance of Candida

albicans at mucosal surfaces as evidenced by studies of primary

immunodeficiency patients suffering from chronic mucocuta-

neous candidiasis (Li et al., 2017) and by experimental infections

in mice (Conti et al., 2009; Gladiator et al., 2013).

When analyzing cytokine expression in the Malassezia-

exposed skin, we observed a pronounced and rapid induction

of IL-17A and IL-22 transcripts in response to M. pachydermatis

(Figure 3A), while transcripts encoding interferon (IFN)-g and the

type-2-associated cytokines IL-5, IL-13, and thymic stromal lym-

phopoietin (TSLP) remained unchanged or were even down-

regulated in the M. pachydermatis-colonized skin (Figure S3A).

Consistent with our previous results, the local and selective in-

duction of type 17 cytokines was independent of skin barrier

integrity, and it was conserved across all three Malassezia



Figure 1. Experimental Colonization ofMicewithMalassezia spp.M. pachydermatis,M. sympodialis orM. furfur in Olive Oil or Olive Oil Alone

(Vehicle) Applied to the Dorsal Ear Skin of WT Mice
The skin was left untreated (A and B) or mildly tape-stripped (C–E) prior to infection. Fungal burden on day 2 p.i. (A and C). Histology of ear sections on day 2 p.i.

stained with periodic acid-Schiff (PAS) (B and D) or calcofluor white (CFW) (E). D.L., detection limit; dotted line, basal membrane; arrows, accumulations of yeast

cells; V, vehicle).

In (A) and (C), each symbol represents one animal. Graphs show pooled data from two independent experiments. The geomean and 95%confidence intervals are

shown. Statistics were calculated using unpaired Student’s t test. ***p<0.001, ****p<0.0001.

See also Figure S1.
species tested (FigureS3B). In linewith thepolarizationof theMa-

lassezia-induced cytokine response toward a type 17 profile, the

expression of the key IL-17A- and IL-22-instructing factors IL-23,

IL-1b, and IL-6 and the IL-17 target molecule b-defensin-3 were

up-regulated in the Malassezia-exposed compared to the unin-

fected skin (Figures 3B and 3C).

To identify the cells involved in the local type-17 immune

response, we applied a flow cytometry approach. Intracellular

staining of IL-17A in lymphocytes that were freshly isolated

from the skin of day-2-infected wild-type (WT) mice revealed

dermal gd T cells and ab T cells as rapid producers of this

cytokine (Figures 3D, 3E, S3C, and S3D). T cell receptor (TCR)-

negative innate lymphocytes (ILCs) also expressed the cytokine,

especially at a slightly later time point after infection, as revealed

when analyzing Il17aCreR26ReYFP reporter mice (Figures S3E and

S3F). These data were further confirmed by Il17a expres-

sion analysis of sorted skin cell populations (Figures 3F and

S4A). The response of gd T cells, ab T cells, and ILCs to

M. pachydermatis skin exposure manifested also by expansion

of the populations within the first 5 days p.i. (Figure S3F). In

contrast, dendritic epidermal T cells (DETCs) neither expanded

nor contributed considerably to IL-17A production in response
to M. pachydermatis (Figures 3D–3F, S3E, and S3F). The tripar-

tite cellular source of IL-17A in theMalassezia-exposed skin was

reminiscent of the situation in the oral mucosa during experi-

mental oropharyngeal candidiasis (Sparber et al., 2018).

Next, we set out to identify the cell type(s) producing the IL-17-

instructing cytokine IL-23 in the infected skin. For this, we fluo-

rescence-activated cell sorting (FACS)-sorted various myeloid

skin cell subsets on day 2 p.i., including Ly6G+ neutrophils,

Ly6Chi monocytes, EpCam� MNPs, and EpCam+ MNPs, the

latter representing epidermal Langerhans cells (Figure S4). Of

those, neutrophils and Langerhans cells were found to express

the highest levels of Il23a transcripts (Figure 3G).

Finally,weasked thequestion ofwhether complementary to the

local cytokine response, which we observed as early as 2 days

after infection, Malassezia spp. would also activate the adaptive

immune system in our experimental setting. Indeed, we found a

strong induction of Malassezia-specific CD4+ T cells in the

skin-draining lymph nodes that were polarized toward IL-17A-

secreting Th17 effector cells (Figures 3H and 3I), while no concur-

rent induction of Th1 or Th2 cells was detected (Figure S5A). The

selective Th17 response to the fungus was observed irrespec-

tively of whether the skin was barrier disrupted or not prior to
Cell Host & Microbe 25, 389–403, March 13, 2019 391



Figure 2. Malassezia Triggers a Rapid Infiltration of Myeloid Cells into the Infected Tissue

WT mice infected with M. pachydermatis (M.p.) or vehicle treated (V) after mild tape stripping of the dorsal ear skin and analyzed on day 2 p.i.

(A) Ear sections stained with DAPI and anti-CD11b. Dotted line, basal membrane; arrow, micro abscesses.

(B and C) FACS gating strategy for neutrophils (P2), inflammatory monocytes (P3), eosinophils (P4), and mononuclear phagocytes (MNPs, comprising DC and

macrophages) (P5) in the ear skin (B) and summary graphs with the percentage and absolute number of cells per ½ ear (C). Numbers in (B) indicate the%of cells in

each gate.

(D) Chemokine expression in the ear skin.

In (C) and (D), each symbol represents one animal. Graphs show pooled data from three (C) or two (D) independent experiments. The mean of each group is

indicated. Statistics were calculated using unpaired Student’s t test. **p<0.01, ***p<0.001, ****p<0.0001.

See also Figure S2.
infection (Figures 3H, 3I, S5B, andS5C).M. sympodialisdisplayed

a similar capacity asM. pachydermatis to instruct IL-17A produc-

tion by CD4+ T cells, whileM. furfurwas an even stronger inducer

of Th17 immunity, both in the barrier-disrupted as well as in the

unperturbedskin (FiguresS5DandS5E). In summary,we revealed

a very robust and selective activation of the IL-17 pathway by

Malassezia spp., both via innate and adaptive immunity.

The IL-17 Pathway Is Critical for Preventing
Uncontrolled Fungal Growth
Given the strong and selective induction of type 17 immunity in

response toMalassezia skin exposure, we aimed at determining
392 Cell Host & Microbe 25, 389–403, March 13, 2019
the role of this pathway in fungal control. For this, we assessed

Rag1-deficient animals and animals with a selective defect in

the T cell compartment, and we used M. pachydermatis as

a representative fungal species. Rag1- and TCRbd-deficient

mice displayed very high skin colonization levels on day 12 p.i.,

a time point when WT mice had almost completely cleared

the fungus from the skin (Figures 4A and S1). Compared with

WT control animals, TCRd-deficient mice lacking gd but not

ab T cells also had a significantly higher fungal burden, indi-

cating a crucial contribution of gd T cells to fungal control (Fig-

ure 4B). Consistently, mice lacking a functional IL-17 pathway

owing to a genetic defect in the IL-17A- and IL-17F- or in



Figure 3. Malassezia Exposure of the Skin Results in a Selective Activation of the IL-17 Pathway

WT mice infected with M. pachydermatis (M.p.) or vehicle treated (V) after mild tape stripping of the dorsal ear skin.

(A–C) Expression of type 17 cytokine transcripts (A), type-17-polarizing cytokine transcripts (B), and antimicrobial peptide transcripts (C) in the ear skin on

day 2 p.i.

(D and E) FACS gating strategy for ab T cells, innate lymphoid cells (ILCs), dermal gd T cells, and epidermal gd T cells (DETCs) in the ear skin (D) and

summary graph with absolute numbers of IL-17A+ subsets per ear on day 2 p.i. (E). Plots in (D) represent concatenated samples from two ears each; numbers

indicate the % of cells in each gate.

(F and G) Il17a (F) and Il23a transcripts (G) in the indicated cell populations sorted from the ear skin on day 2 p.i.

(H and I) IL-17A production by CD90+CD4+ T cells in the auricular lymph nodes on day 12 p.i.

Numbers in (H) indicate the % of cells in each quadrant.

In (A–C), (E–G), and (I), each symbol represents one animal. Graphs show pooled data from two to three independent experiments. The mean of each group is

shown. Statistics were calculated using Student’s t test or one-way ANOVA as appropriate. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

See also Figures S3, S4, and S5A–S5E.
IL-23-encoding genes, respectively, were unable to clear the

fungus (Figure 4C). In contrast, IL-22, which is functionally

related to IL-17A and IL-17F and which was also strongly

induced in the M. pachydermatis-exposed skin (Figure 3A),
was not required for the control of fungal colonization (Figure 4D).

The defect in fungal control in the absence of a functional IL-17

pathwaywas underlined by the reduced expression of antimicro-

bial peptides, many of which were bearing antifungal activity
Cell Host & Microbe 25, 389–403, March 13, 2019 393



Figure 4. The IL-17 Pathway Is Critical for Preventing Uncontrolled Fungal Growth

(A–E) WT, Rag1�/� and Tcrbd�/� mice (A), WT, Rag1�/� and Tcrd�/� mice (B), WT, Il23a�/� and Il17af�/� mice (C), WT, Il22�/� and Il17af�/� mice (D) or WT and

Il17af�/�mice (E) mildly tape stripped on the dorsal ear skin and infected withM. pachydermatis or vehicle treated (V). Fungal burden in the ear skin on day 12 p.i.

(A–D). Defb3 mRNA expression in the ear skin on day 2 p.i. (E).

(F–J) WT, Clec7a�/�, Clec4n�/� and Clec4e�/�, mice (F, G) or Card9�/�,Myd88�/�, and Card9+/� littermate control mice (H–J) mildly tape stripped on the dorsal

ear skin and infectedwithM. pachydermatis or vehicle treated. IL-17A-production byCD90+CD4+ T cells in the auricular lymph nodes on day 12 p.i. (F and H). Skin

fungal burden on day 12 p.i. (G and J). Il17a mRNA expression in the ear skin on day 2 p.i. (I).

Each symbol represents one animal. In (E), (F), (H), and (I), the mean of each group is indicated. Graphs in (A–D), (G), and (J) show the geomean and 95%

confidence interval. D.L., detection limit. All graphs show pooled data from two to three independent experiments. Statistics were calculated using one-way

ANOVA. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
(Swidergall and Ernst, 2014), in the Malassezia-exposed skin of

IL-17AF-deficient animals (Figure 4E). Together, these results

demonstrate a critical role of the IL-23-IL-17 axis in cutaneous

immunity against Malassezia.

The Role of C-type Lectin Receptor Signaling in the Host
Response to Malassezia in the Mammalian Skin
C-type lectin receptor (CLR) family members are specialized in

sensing fungalmicrobes and linking fungal recognition to the initi-
394 Cell Host & Microbe 25, 389–403, March 13, 2019
ation of T cell responses, in particular those of the Th17 type (Lei-

bundGut-Landmann et al., 2007). Mincle and Dectin-2 as well as

the downstream signaling kinase Syk have previously been impli-

cated in Malassezia-induced immune activation (Ishikawa et al.,

2013; Kistowska et al., 2014; Yamasaki et al., 2009). However,

mice lackingMincle (Clec4e�/�), Dectin-2 (Clec4n�/�), or the pro-
totypic CLRDectin-1 (Clec7a�/�) micemounted a normal or even

enhanced Th17 response toM. pachydermatis skin colonization

if compared to theirWTcounterparts (Figure 4F). Likewise, fungal



Figure 5. Epicutaneous Application of Malassezia spp. Promotes Inflammation in the Barrier-Disrupted Skin

WT mice mildly tape stripped on the dorsal ear skin and/or infected with M. pachydermatis, M. sympodialis, or M. furfur or vehicle treated (V).

(A) Macroscopic images of the dorsal ear on day 6 p.i.

(B) Increase in ear thickness over time. Graphs shows mean +/– SEM of two independent experiments with at least 3 mice per group each.

(C) Histology of ear sections stained with H&E on day 5 p.i. Arrows, leukocyte infiltrates; dotted line: basal membrane.

(D) Ear sections stained with DAPI or anti-Ki67 antibody as indicated on day 6 p.i. Bottom panels: increased magnification of anti-Ki67-stained sections. Arrows:

Ki67+ keratinocytes; dotted line: basal membrane.

Statistics were calculated using one-way ANOVA. Stars indicate the comparison of tape-stripped versus non-tape stripped groups; hashes indicate the com-

parison between vehicle-treated and Malassezia spp.-infected groups. */#p<0.05, **/##p<0.01, ****/####p<0.0001.
control was not impaired in any of the three receptor-deficient

mouse lines (Figure 4G), indicating that none of the three CLRs

on its own was essential for driving type 17 immunity and fungal

control of Malassezia in the skin. Redundancy may however

mask a partial contribution of individual receptors. Indeed, a

broader abrogation of CLR signaling by genetic deletion of the

common adaptor Card9 resulted in a severely impaired Th17

response to Malassezia (Figure 4H). In addition, the TLR-IL-1R

signaling pathway also contributed critically to the induction of

the antifungal Th17 response (Figure 4H). Interestingly and in

contrast to the adaptive response, early IL-17 expression on

day 2 p.i. was independent of Card9 and MyD88 in theMalasse-

zia-exposed skin (Figure 4I) andconsequently, fungal control was

not compromised in the absence of Card9 or MyD88 (Figure 4J).

Together, these results indicate a critical role of both theCLR and

MyD88 pathway in the regulation of adaptive immunity to

Malassezia.
Epicutaneous Application of Malassezia spp. Promotes
Inflammation in the Barrier-Disrupted Skin
After having established the host protective principles that regu-

lateMalassezia colonization in the skin, we aspired to explore the

potential of the fungus to promote inflammation in our experi-

mental system under AD-like conditions, which we mimicked

by tape stripping of the skin prior to epicutaneous application

of the fungus. While barrier disruption on its own induced

only a mild inflammatory response, the addition of Malassezia

strongly enhanced inflammation both macroscopically and

microscopically (Figures 5A–5C). The ear skin of the barrier-

disrupted mice was massively thickened upon exposure of any

of the three tested Malassezia species if compared to the unin-

fected tape-stripped skin (Figures 5B and 5C) and was charac-

terized by edema, inflammatory infiltrates throughout the ear

tissue, and strong epithelial hyperplasia (Figures 5C and 5D).

The increase in epithelial cell proliferation was confirmed by
Cell Host & Microbe 25, 389–403, March 13, 2019 395



Ki67 staining of keratinocytes in the stratumbasale of the ear skin

of M. pachydermatis-infected and tape-stripped animals (Fig-

ure 5D). The overall response peaked between day 4 and day

7 p.i. and thereby followed the kinetics of the fungal load in the

skin, which had its maximum on days 2 to 4 p.i. and declined

thereafter (Figure S1). This temporal discordance supported

the idea that the inflammatory phenotype was secondary to

the presence of the fungus and the antifungal response in the

skin. Together, these results provide evidence that Malassezia

spp. actively drive skin inflammation in the barrier-disrupted

skin, promoting pathological features that resemble lesions in

human AD.

Malassezia-Induced Skin Inflammation Is Driven by the
Type 17 Pathway
Given the prominent induction of IL-17 and related cytokines by

Malassezia spp., we hypothesized that the antifungal response

might actively contribute to the inflammatory phenotype in the

barrier-disrupted skin of colonized animals. Indeed, IL-17AF-

deficiency curtailed the increase in skin thickening upon the

application of M. pachydermatis to the barrier-disrupted skin

(Figure 6A). The phenotype was even more strongly impaired in

Il23a�/� compared to Il17af�/� mice (Figure 6A), suggesting

that other IL-23-dependent factors may partially compensate

for the lack of IL-17 in Il17af�/� mice. IL-22 was linked to AD

before (Cavani et al., 2012; Gittler et al., 2012), and in our sys-

tem, IL-22 was strongly induced in the Malassezia-exposed

skin, irrespective of the presence or absence of IL-17A and IL-

17F (Figure 6B). However, IL-22-deficient mice did not display

a phenotype in our experimental system (Figure 6C). We there-

fore concluded that, in contrast to IL-17AF, IL-22 was not

responsible for driving inflammation in the Malassezia-exposed,

barrier-disrupted skin, although redundancy between IL-17AF

and IL-22 cannot be excluded. In line with a lymphocytic source

of IL-17 cytokines in the Malassezia-exposed skin, the lack of

T cells, and in particular gd T cells, also abolished Malassezia-

induced skin inflammation (Figures 6D and 6E). In summary,

our results indicate that the IL-23-IL-17 axis and gd T cells play

a central role in stimulating an aggravated inflammatory

response and enhanced skin thickening in response to

Malassezia.

Finally, we aimed at evaluating the impact of pre-existing

T cell memory to Malassezia, as it exists in humans and dogs

that are naturally colonized with the yeast, on promoting skin

inflammation in our model. To generate a population of Malas-

sezia-specific memory T cells, we applied M. pachydermatis

onto the dorsal ear skin as described before. 5 weeks later, a

time point at which the fungus was no longer detectable, we

re-challenged the animals with the fungus via the same route.

The presence of Malassezia-specific memory Th17 cells in the

primed mice was evidenced by the rapid production of

IL-17A by CD90+CD4+ T cells following challenge infection,

while during a primary infection, the response was not apparent

earlier than 6 days p.i. (Figure 6F). Again, no IL-13 or IFN-g

production could be evidenced under these experimental

conditions (Figure S5F). Importantly, the presence of Malasse-

zia-specific memory T cells accelerated the kinetics of the in-

flammatory reaction to the fungus in the barrier-disrupted

mouse skin (Figure 6G). Together, these data indicate that Ma-
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lassezia-specific Th17 cells can promote the pathological skin

inflammation under AD-like conditions.

Human Malassezia-Specific Memory T Cells from
Healthy and Atopic Individuals Display a Th17
Phenotype
To corroborate the findings obtained in mice on the relevance

of the IL-17 pathway in Malassezia immunity and Malassezia-

driven skin inflammation, we turned to analyze the T cell

response to the commensal yeast in humans. As a conse-

quence of the continuous exposure of the barrier tissues to

commensal microbes, the circulating pool of lymphocytes in

humans comprises memory T helper cell populations with

specificities toward these organisms (Acosta-Rodriguez et al.,

2007). We initially analyzed the memory T cell compartment

in healthy non-atopic individuals by sorting CD4+CCR6+ and

CD4+CCR6� memory T cells (containing Th17 and an untypical

subset of Th1 cells termed Th1*, or Th1 and Th2 subsets,

respectively [Sallusto, 2016]), CFSE-labeling and re-stimulating

them with autologous monocytes that were pulsed with various

species of Malassezia. Analysis of cell division by means of

carboxyfluorescein succinimidyl ester (CFSE) dilution revealed

proliferation of both CCR6+ and CCR6� memory T cells in

response to Malassezia spp., whereby the CCR6+ subset re-

sponded somewhat stronger under all conditions tested (Fig-

ures 7A and 7B). We then analyzed the cytokine production

by Malassezia-responsive T cells by Luminex. The CCR6+

subset produced high amounts of IL-17A and IL-22 when

stimulated with any of the three Malassezia species tested (Fig-

ure 7C). In addition, we detected IFN-g and IL-5 secretion by

the CCR6� subset (Figure 7C). Re-stimulation of T cells with

monocytes that were not pulsed with Ag or pulsed with heat-

killed C. albicans served as negative and reference control,

respectively (Figures S6A and S6B). A similar result was also

obtained when analyzing cytokine production by intracellular

cytokine staining and flow cytometry (Figure S7).

Next, we compared the T cell polarization profile of memory

T cells from healthy individuals with that of AD patients. The

frequency and cytokine response of Malassezia-responsive

memory CD4+ T cells were increased in AD patients compared

to non-atopic donors (Figure 7D). Consistent with the literature

(Johansson et al., 2009; Valli et al., 2010), we found production

of type 2 cytokines, which were derived predominantly from

CCR6� memory T cells (Figure 7E). Strikingly, the Malassezia-

specific production of IL-17 and IL-22 was also increased in

the memory T cell compartment from AD patients compared to

healthy controls (Figure 7E). As expected, the IL-17 and IL-22

response was most pronounced in the CCR6+ subset. The

increase in cytokine concentration appeared to be the result of

an increase in the expansion of the overall Malassezia-specific

T cell compartment (Figure 7D) as cytokine production on a

per-cell basis was not altered in ADpatients compared to healthy

donors when cytokine-production was quantified by flow cytom-

etry (Figure S7). Together, these data revealed a so far unrecog-

nized contribution of IL-17 and related cytokines to the overall

T cell response to Malassezia spp. in humans, both in healthy

subjects and in AD patients, and thereby underpin the relevance

of our findings from our experimental model of Malassezia

colonization.



Figure 6. The IL-23-IL-17 Immune Axis Plays a Critical Role in Promoting Excessive Skin Inflammation

(A–E)WT, Il23a�/�, and Il17af�/�mice (A, B), WT, Il17af�/�, and Il22�/�mice (C), WT,Rag1�/�, and Tcrbd�/�mice (D), orWT,Rag1�/�, and Tcrd�/�mice (E) mildly

tape stripped and infected withM. pachydermatis or vehicle treated (V). Increase in ear thickness over time (A, C, D, and E) and Il17a and Il22mRNA expression in

the skin on day 2 p.i. (B).

(F and G)WTmice were primed withM. pachydermatis (2�) or left uninfected (1�) 6 weeks prior to (re-)infection. The ear skin was pretreated by tape stripping in all

conditions. IL-17A production by CD90+CD4+ T cells in the auricular lymph nodes 4 and 6 days after (re-)infection (F) and increase in ear thickness on days 2, 4,

and 6 after (re-)infection (G).

In (B) and (F), each symbol represents one animal. Graphs show pooled data from two independent experiments; the mean of each group is indicated. Graphs in

(A), (C–E), and (G) show the mean +/– SEM of each group with data pooled from 2 to 3 independent experiments with 4–5 mice per group. Statistics were

calculated using one-way ANOVA. In (A) and (C–E), stars indicate the comparison of vehicle-treated andM. pachydermatis-infected groups; hashes indicate the

comparison between infected knockout (KO) and infected WT groups. In (G), stars indicate the comparison of vehicle-treated and M. pachydermatis-infected

groups; hashes indicate the comparison between 1� and 2� infected groups. */#p<0.05, **/##p<0.01, ***/###p<0.001, ****/####p<0.0001.

See also Figure S5F.
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Figure 7. Human Malassezia-Specific Memory T Cells Display a Strong Th17 Signature

(A–C) CCR6+ and CCR6� human memory CD4+ T cells sorted from the peripheral blood of non-atopic individuals and co-cultured for 5 days with autologous

monocytes that were pulsed with heat-killed Malassezia spp. Unpulsed monocytes and monocytes pulsed with heat-killed C. albicans served as controls.

(legend continued on next page)
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DISCUSSION

Malassezia is by far the most abundant fungal commensal on the

mammalian skin. Besides its commensal lifestyle, Malassezia

can also mediate common skin diseases (Velegraki et al.,

2015) and, beyond that, may be implicated in extracutaneous

pathologies (Sokol et al., 2017). Despite its prevalence and clin-

ical relevance, the yeast obtained little attention in the past, and it

remains largely unknown how it contributes to immune homeo-

stasis and disease. Malassezia continuously interacts with the

host, but the complex interplay with the skin immune system is

not well understood (Sparber and LeibundGut-Landmann,

2017). Our experimental model allowed us to study these as-

pects in vivo in the complex environment of the mammalian

skin. We thereby revealed a distinct polarization of theMalasse-

zia-specific immune response toward a type 17 profile, which

was central for preventing uncontrolled fungal growth in the

skin. Moreover, the IL-23-IL-17 axis promoted the inflammatory

response in the barrier-disrupted skin, which mimics AD-like

conditions. Consistent with the key role of the IL-17 pathway in

the interaction of the skin immune system with Malassezia, we

also identified a strong Th17 signature in human Malassezia-

specific T cells.

Type 17 immunity is well known for its host-protective effects

against fungal infections in barrier tissues, in particular those

caused by C. albicans. This is evidenced most strikingly by

inborn errors in genes involved in IL-17 signaling or IL-17 induc-

tion that lead to increased susceptibility to chronic mucocuta-

neous candidiasis. The IL-17 pathway is also associated with

immunity against other fungal diseases, at least in preclinical set-

tings including dermatophytosis (Burstein et al., 2018), pulmo-

nary infections with dimorphic fungi (W€uthrich et al., 2011), and

ocular mold infections (Taylor et al., 2014). Our findings highlight

the relevance of type 17 immunity to the abundant mammalian

skin commensal yeast Malassezia. Upon primary exposure of

the murine skin to Malassezia, we observed a rapid induction

of IL-17 expression. Reminiscent of what is known from other

experimental models of fungal infection in mice (Conti et al.,

2014; Gladiator et al., 2013; Hernández-Santos et al., 2018; Ka-

gami et al., 2010; Kashem et al., 2015; Sparber et al., 2018), the

initial peak of IL-17 expression by innate immune cells, in partic-

ular gd T cells, appears long before the adaptive immune system

is fully activated. The swift activation of the innate immune

system in our experimental model results in fungal elimination

within �2 weeks p.i. Despite this important difference to the sit-

uation in naturally colonized hosts, the model allows delineating

the key pathways that regulate the crosstalk betweenMalassezia

spp. and the host.

Whether the IL-17 pathway also regulates fungal homeostasis

in the human skin remains to be determined. The hypothesis is
Representative FACS plots (A) and summary graph (B) show the percentages o

T cells (lower row, white bars). (C) Type 17 (IL-17A and IL-22), type 1 (IFN-g), and

T cells (gray bars). The mean + SEM of each group is indicated.

(D and E) Comparison of proliferation (D) and cytokine production (E) by Malass

(black bars) with those from non-atopic individuals (from A–C, gray bars). Each

experiments with 5 donors per group. The mean + SEM of each group is indicated

as appropriate. *p<0.05, **p<0.01.

See also Figures S6 and S7.
supported by a prominent population of Th17 cells within the

Malassezia-specific memory T cell pool. So far,Malassezia over-

growth has not been reported in individuals bearing genetic

defects in the IL-17 pathway. However, these individuals are

very rare, and changes in Malassezia colonization density on

the human skin may not become readily apparent if fungal

loads are not determined in a quantitative manner. Moreover,

increased fungal loads may not be directly associated with the

emergence of disease symptoms. Changes inMalassezia coloni-

zation levels were correlatedwith themanifestation of AD in dogs

(Cafarchia et al., 2005), but such a link remains uncertain in

human AD (Chng et al., 2016; Darabi et al., 2009; Sandström

Falk et al., 2005).

Our study revealed a dual role of IL-17 in the host response to

Malassezia. Beyond its antifungal effect, IL-17 promotes inflam-

matory pathology in the Malassezia-colonized barrier-disrupted

skin, and Malassezia-specific Th17 cells constitute a prominent

subset among the overall Malassezia-specific T cell population

in human AD patients. Previous studies analyzing the polariza-

tion of Malassezia-specific T cells in atopic individuals focused

on type 2 immunity (Glatz et al., 2015), as allergic diseases

have generally been regarded as Th2 driven. Consistent with Ba-

laji et al. (2011), our results from humans and mice suggest the

contribution of type 17 immunity to AD.

The potential of IL-17 in driving pathology in the skin is best un-

derstood in psoriasis, and targeting IL-17 in psoriatic patients

has produced spectacular outcomes (Hawkes et al., 2017).

The relevance of type 17 immunity in the pathogenesis of allergic

diseases has been recognized more recently and appears to be

of particular importance in some subtypes of AD (Cosmi et al.,

2016; Esaki et al., 2016; Koga et al., 2008; Leonardi et al.,

2015). The contribution ofMalassezia-induced IL-17 to the mani-

festation of inflammatory skin pathology that we observed in our

experimental model is reminiscent of the recently reported role of

IL-17 in driving skin inflammation in response to Staphylococcus

aureus (Liu et al., 2017; Nakagawa et al., 2017). S. aureus is the

most well-known bacterial microbe associated with AD, and the

prevalence rate of S. aureus colonization correlates with disease

severity (Geoghegan et al., 2018).S. aureus toxins can trigger the

production of IL-17 cytokines in experimentally infected mice,

which in turn promotes cutaneous inflammation (Liu et al.,

2017; Nakagawa et al., 2017). In contrast to the situation re-

ported here with Malassezia, IL-17A and IL-17F were however

not implicated in bacterial control (Nakagawa et al., 2017).

Mechanistically, S. aureus-induced IL-17 production in the

murine skin was shown to be initiated by keratinocyte-derived

IL-1 and IL-36. Whether similar mechanisms regulate the IL-17

response to Malassezia remains to be determined. Factors

beyond IL-17 cytokines also contribute to Malassezia-driven

inflammation as indicated by our observation that the skin
f proliferating (CFSElow) CD4+CCR6– (upper row, gray bars) and CD4+CCR6+

type 2 cytokines (IL-4 and IL-5) by CD4+CCR6� (white bars) and CD4+CCR6+

ezia spp.-responsive CCR6+ and CCR6� memory T cells from atopic patients

symbol represents one donor. Graphs show pooled data from 3 independent

. Statistics were calculated using one-way ANOVA or unpaired Student’s t test,
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phenotype was more severely curtailed in Il23a�/� animals than

in Il17af�/� animals.

In humans, T cell dysregulation and a prevalent type 2 profile

dominate the allergic response, and as such,Malassezia-specific

Th2 cells are abundant in atopic individuals (Glatz et al., 2015).

What initiates the transition from a Th17 response in healthy indi-

viduals to amixed Th17-Th2 response in ADpatients remains un-

known. Malassezia-specific Th2 cells may emerge as a result of

T cell plasticity, or theymay be generated de novo in diseased in-

dividuals. Alternatively, the large pool of Th2 cells in AD patients

may arise from selective expansion of Malassezia-specific Th2

cells that exist in small numbers in non-atopic individuals. The

detailed analysis of the T cell repertoire in healthy individuals

and in AD patients during flares and remission phasesmight pro-

vide valuable insights (Becattini et al., 2015).

Malassezia research was hampered in the past by the lack

of adequate experimental systems. The establishment of an

animal model represents a major advancement in the field. It

opens the door for future explorations of fundamental princi-

ples of fungal-host interactions that contribute to homeostasis

in the mammalian skin and of the mechanistic processes

that control the balance between protective immunity and

allergic inflammation, both in the intact skin and under condi-

tions of barrier deficiency or Th2 polarization (Moosbrugger-

Martinz et al., 2017), both of which represent key hallmarks

of AD. Recent reports on the assembly and annotation of

several Malassezia genomes (Gioti et al., 2013; Wu et al.,

2015; Zhu et al., 2017) and the development of insertional

and targeted mutagenesis in Malassezia (Ianiri et al., 2016,

2017) make the identification of fungal determinants that

govern the interaction of the fungus with the host tangible.

Our experimental model will facilitate the functional validation

of such factors under diverse host conditions and thereby

further promotes a comprehensive understanding of the Ma-

lassezia-host interplay.
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APC Anti-mCD11c (N418) Biolegend Cat# 117309, RRID: AB_313778
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PE Anti-hCCR6 (11A9) BD Bioscience Cat# 561019, RRID: AB_10565962
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BV785 Anti-hCD25 (BC96) Biolegend Cat# 302637, RRID: AB_11219197
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Biological Samples

Human peripheral blood samples
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University Hospital Zurich
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Human peripheral blood samples
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Department of Dermatology,
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Human Serum (5%) Swiss Red Cross N/A
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DNAse I Sigma-Aldrich Cat# DN25-100MG

Collagenase I Life Technologies Cat# 17100017

Liberase TM Roche Cat# 05401119001

TRI Reagent Sigma-Aldrich Cat# T9424-100ML

SYBR Green Roche Cat# 04913914001

Revert Aid Transcriptase Thermo Fisher Cat# EP0451

SuperScript II Reverse Transcriptase Kit Thermo Fisher Cat# 18064014

LIVE/DEAD Near IR Dead cell Stain Kit Thermo Fisher Cat# L10119

LIVE/DEAD Aqua Dead Cell Stain Kit Thermo Fisher Cat# L34957

BD Cytofix/Cytoperm reagent BD Bioscience Cat# 554714

Paraformaldehyde Sigma-Aldrich Cat# P6148-500G

Ficoll-Plaque PLUS GE Healthcare Cat# 17144002

L-Glutamine Thermo Fisher Cat# X0550-100

Penicillin/Streptomycin Amimed/Bioconcept Cat# 4-01F00-H

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich Cat# P8139

Ionomycin Sigma-Aldrich Cat# I0634-1MG

O.C.T. compound Tissue-TEK Cat# 4583

Methanol Merck Cat# 1.06009.2500

Nonidet P40 Axonlab Cat# A1694,0250

Malt extract Sigma-Aldrich Cat# 70167-500G

Glycerol (99%) Honeywell Cat# 10314830

Ox-bile Sigma-Aldrich Cat# 70168-100G

Tween-40 Sigma-Aldrich Cat# P1504-100ML

Peptone Oxoid Cat# LP0037

Oleic Acid Sigma-Aldrich Cat#75090-5ML

Native Olive Oil Commerc. available N/A

Agar Sigma-Aldrich Cat# A1296-1KG

Ketasol Graeub AG Lot# 6680416

Rompun (2%) Bayer Lot# KP0BFHR

Calcofluor White Sigma-Aldrich Cat# 18909-100ML-F

Deposited Data

Raw and analyzed data This paper Zenodo: https://doi.org/10.5281/

zenodo.2577503

Experimental Models: Cell Lines

MutuDC1940 cells Hans Acha-Orbea, University of

Lausanne (Fuertes Marraco et al., 2012)

N/A

Experimental Models: Organisms/Strains

Mouse: WT: C57BL/6JRj Janvier Elevage C57BL/6JRj

Mouse: Rag1-/-: B6.129S7-Rag1tm1Mom/J Swiss Immunological Mouse Repository

(SwImMR) hosted by the University of

Zurich, (Mombaerts et al., 1992b)

MGI: 1857241
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: TCRd-/-: B6;129P2- TCRdtm1Mom Burkhard Becher, University of Zurich,

(Itohara et al., 1993)

MGI: 1857257

Mouse: TCRbd-/-: B6;129P2-TCRbtm1Mom x

TCRdtm1Mom

Swiss Immunological Mouse Repository

(SwImMR) hosted by the University of Zurich,

(Itohara et al., 1993; Mombaerts et al., 1992a)

MGI: 1857256, MGI: 1857257

Mouse: Il23a-/-: B6.129-IL23tm1Gdy Burkhard Becher, University of Zurich,

(Becker et al., 2006)

MGI: 3625894

Mouse: Il17af-/-: C57BL/6.Il17a/Il17ftm1.1Impr Hannover Medical School (Haas et al., 2012) MGI: 5438791, MGI: 5438793

Mouse: Il22-/-: C57BL/6.Il22tm1Jcrd Burkard Becher, University of Zurich,

(Kreymborg et al., 2007)

MGI: 4453827

Mouse: Clec4e-/-: C57BL/6.Clec4etm1.1Cfg David Sancho (CNIC), (Wells et al., 2008) MGI: 5052164

Mouse: Clec4n-/-: C57BL/6.Clec4ntm1Yiw Benjamin Marsland, University of Lausanne,

(Saijo et al., 2010)

MGI: 4459637

Mouse: Clec7a-/-: C57BL/6.Clec7atmGdb Benjamin Marsland, University of Lausanne,

(Taylor et al., 2007)

MGI: 3695710

Mouse: Myd88-/-: C57BL/6.Myd88tm1Ak Swiss Immunological Mouse Repository

(SwImMR) hosted by the University of

Zurich, (Adachi et al., 1998)

MGI: 2385681

Mouse: Card9-/-: C57BL/6-Card9em1ThBu Thorsten Buch University of Zurich

(unpublished data)

N/A

M. pachydermatis: strain ATCC 14522 ATCC (Guillot and Guého, 1995) ATCC 14522, CBS 1879

M. sympodialis: strain ATCC 42132 Joseph Heitman, Duke University

(Gueho et al., 1987)

ATCC 42132, M1154/77

M. furfur: strain JPLK23 Joseph Heitman, Duke University

(Guillot and Guého, 1995)

JPLK23

M. sympodialis: clinical isolate this report N/A

M. slooffiae: clinical isolate this report N/A

C. albicans: strain SC5314 (Odds et al., 2004) SC5314

Oligonucleotides

See Table S1 N/A

Software and Algorithms

GraphPad Prism V6 GraphPad www.graphpad.com

NDP.view2. Hamamatsu U12388-01, www.hamamatsu.com

FlowJo V10 FlowJo LLC www.flowjo.com

Other

Gallios Flow Cytometer Beckman Coulter www.beckmancoulter.com

FACS Aria III BD Bioscience www.bdbiosciences.com

FlexMAP 3D Luminex www.luminexcorp.com

NanoZoomer 2.0-HT Hamamatsu www.hamamatsu.com

Transpore Hypoallergic Tape 3M Cat# 1527-1

Oditest 0-5mm measurement device KROEPLIN Cat# S0247

BD Calibrite Beads BD Bioscience Cat# 349502
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Salomé

LeibundGut-Landmann (salome.leibundgut-landmann@uzh.ch). Il17af-/- (Hannover Medical School), Il22-/ (Ludwig Cancer Research

Brussels), Clec4n-/- (The Tokyo University of Science) and Clec4e-/- (The University of Melbourne) mice as well as the DC1940 cell line

(University of Lausanne) were obtained via an MTA between the University of Zurich and the respective entities.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethic Statement
All mouse experiments in this study were conducted in strict accordance with the guidelines of the Swiss Animals Protection Law and

were performed under the protocols approved by the Veterinary office of the Canton Zurich, Switzerland (license number 183/2015).

All efforts were made to minimize suffering and ensure the highest ethical and humane standards according to the 3R principles

(Russel and Burch, 1959). Samples from humans comprised blood samples and skin swabs. Those samples were collected from

volunteers after informed consent. Sampling of humanswas approved by the ethics committee of the Canton Zurich (ID 2016-00301).

Animals
WT C57BL/6j mice were purchased by Janvier Elevage. Rag1-/- (Mombaerts et al., 1992b), TCRd-/- (Itohara et al., 1993), TCRbd-/-

(Itohara et al., 1993; Mombaerts et al., 1992a), Il23a-/- (Becker et al., 2006), Il17af-/- (Haas et al., 2012), Il22-/- (Kreymborg et al.,

2007), Clec4e-/- ((Wells et al., 2008), kindly obtained from David Sancho), Card9-/- (Ferreira and Buch, unpublished data) and

Myd88-/- (Adachi et al., 1998) mice were maintained and bred at the Institute of Laboratory Animals Science (LASC - University of

Zurich, Zurich, Switzerland). Clec4n-/- (Saijo et al., 2010) and Clec7a-/- (Taylor et al., 2007) were kindly obtained from Benjamin Mars-

land (University of Lausanne, Switzerland). All mice were on the C57BL/6 background. The animals were kept in specific pathogen-

free conditions and used at 6-12 weeks of age in sex- and age-matched groups. Female as well as male mice were used for exper-

iments. Vehicle-treated and infected animals were kept separately to avoid cross-contamination. No Malassezia was detected by

culture or PCR in our colony of mice under SPF conditions prior to infection.

Fungal Strains
TheM. pachydermatis strain ATCC 14522 (= CBS 1879, (Guillot and Guého, 1995)) was purchased from ATCC.M. sympodialis strain

ATCC 42132 (Gueho et al., 1987) and M. furfur strain JPLK23 (=CBS 14141, (Guillot and Guého, 1995)) were obtained from Joseph

Heitman (DukeUniversity, Durham).M. sympodialis andM. slooffiae clinical isolates for re-stimulation of human T cells were collected

from AD patients at the Department of Dermatology, University Hospital Zurich, Switzerland and identified by ITS sequencing (Ciardo

et al., 2006).

Experimental Model
For infection experiments with mice,Malassezia spp. were grown for 3-4 days at 30�C, 180 rpm in liquid modified Dixon medium (for

500 ml liquid medium: 18 g Malt Extract (Sigma Aldrich), 10 g desiccated Ox-bile (Sigma Aldrich), 5 ml Tween-40 (Sigma Aldrich), 3 g

Peptone (Oxoid), 1 ml Glycerol (Honeywell), 1 ml Oleic Acid (Sigma Aldrich)). Cells were washed in PBS and suspended in olive oil

(native olive oil extra, SPAR) at a density of 20 ODA600/ml. 100 ml suspension (corresponding to 2 ODA600) of yeast cells was applied

topically onto the dorsal ear skin while mice were anaesthetized. In some experiments, the dorsal ear skin was disrupted bymild tape

stripping (TransporeTM Hypoallergenic, 3M; 5 rounds per ear). Ear thickness wasmonitored prior and after infection using the Oditest

S0247 0-5 mm measurement device (KROEPLIN). For determination of fungal loads in the skin, tissue was transferred in aqua dest.

supplemented with 0.05 % Nonidet P40 (AxonLab), homogenized and plated on modified Dixon agar and incubated at 30�C for

3-4 days.

Atopic Patients and Healthy Controls
Blood from adult healthy (non-atopic) donors (3F, 2M; age 27y - 54y) and adult atopic individuals (4F, 2M; age 23y - 50y) was obtained

at the Department of Dermatology of the University Hospital of Zurich. The female-male distribution was random as gender does not

play a role in AD. All samples were anonymized. Healthy (non-atopic) status of individuals was defined as personal and family history

without atopic diseases, such as allergic rhinitis, asthma or AD; and a negative skin prick test with 20 seasonal and perennial inhalant

allergens. Atopy in individuals was defined as a positive personal history of atopic diseases and a skin prick test positive for at least

one of the tested inhalant allergens.

METHOD DETAILS

Isolation of Skin and Lymph Node Cells
For digestion of total ear skin, ears were removed, cut into small pieces and transferred into Hank’s medium (Ca2+- and Mg2+-free,

Life Technology), supplemented with Liberase TM (0.15mg/ml, Roche) and DNase I (0.12mg/ml, Sigmar-Aldrich) and incubated for 1

hour at 37 �C. The cell suspension was filtered through a 40 mm cell strainer (Falcon) and rinsed with PBS supplemented with 5 mM

ETDA (Life Technologies) and 1%FCS. Auricular lymph nodesweremanually shredded using fine scissors and digestedwith DNAse I

(2.4mg/ml Sigma-Aldrich) and Collagenase I (2.4mg/ml, Roche) in PBS for 20 min at 37�C. The cell suspension was filtered through a

40 mm cell strainer (Falcon) and rinsed with PBS supplemented with 5 mM ETDA (Life Technologies) and 1 % FCS.

Ex Vivo Murine T Cell Stimulation, Surface and Intracellular Staining
For in vitro stimulation of T cells, 1x106 auricular lymph node cells were co-cultured for 6 hours with 1 x 105 MutuDC1940 cells

(Fuertes Marraco et al., 2012), pulsed with 2.5x105/ml heat-killed Malassezia spp. Unpulsed MutuDC1940 cells served as negative
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control. Brefeldin A (10 mg/ml, Sigma-Aldrich) was added for the last 5 hours. After stimulation cells were surface stained, fixed and

permeabilizedwith Cytofix/Cytoperm (BDBiosciences) and then stained for cytokine expression using the antibodies listed in the Key

Resources Table.

Flow Cytometry and Cell Sorting
Single cell suspensions of skin and lymph nodes were stained in PBS supplemented with 1% FSC, 5mM EDTA and 0.02% NaN3.

LIVE/DEAD Near IR stain (Life Technologies) was used for exclusion of dead cells. The antibodies for surface and intracellular

cytokine staining are listed in the Key Resources Table. For intracellular cytokine staining, cells were fixed and permeabilized using

BD Cytofix/Cytoperm reagent (BD Bioscience) and subsequently incubated in Perm/Wash buffer (BD Bioscience). All extracellular

and intracellular staining steps were carried out on ice. Cells were acquired on a FACS Gallios (Beckman Coulter) and the data

were analyzed with FlowJo software (FlowJo LLC). The gating of the flow cytometric data was performed according to the guidelines

for the use of flow cytometry and cell sorting in immunological studies (Cossarizza et al., 2017), including pre-gating on viable and

single cells for analysis. Absolute cell numbers of myeloid and lymphoid cell populations were calculated based on a defined number

of counting beads (BD Bioscience, Calibrite Beads), which were added to the samples before flow cytometric acquisition.

For sorting, single cell suspensions of ear skin were stained in PBS supplemented with 1% FSC and 5mM EDTA with antibodies

listed in the Key Resources Table. Using a FACS Aria III, 50 target cells per cell population were sorted in individual wells of a 96-well

plate (Eppendorf) containing RLT Plus RNeasy� lysis buffer (Qiagen). Lysates were snap-frozen and stored at -80�C until further

processing.

RNA Isolation and Quantitative RT-PCR
Isolation of total RNA from ear skin was carried out according to standard protocols using TRI Reagent� (Sigma Aldrich). cDNA was

generated by RevertAid reverse transcriptase (Thermo Fisher). For RNA isolation from sorted cells, the Smart-Seq2 protocol was

applied as described (Picelli et al., 2014). Briefly, Agencourt RNAClean XP paramagnetic beads (Beckman Coulter) in combination

with a DynaMag-96 side skirted magnet (Thermo Fisher) were applied to purify whole-genome RNA. Subsequently cDNA was

generated using the SuperScript II Reverse Transcriptase Kit (Thermo Fisher), and further amplified with HiFi HotStart PCR Mix

(KAPA Biosystems). For DNA clean-up, Agencourt AMPure XP beads (Beckman Coulter) were used as above. Quantitative PCR

was performed using SYBR Green (Roche) and a QuantStudio 7 Flex (Life Technologies) instrument. The primers used for qPCR

are listed in Table S1. All qRT-PCR assays were performed in duplicate and the relative expression (rel. expr.) of each gene was

determined after normalization to b-actin transcript levels.

Histochemistry and Immunofluorescence
For histology, tissue was fixed in 4% PBS-buffered paraformaldehyde overnight and embedded in paraffin. Sagittal sections (9mm)

were stained with Periodic-acidic Schiff (PAS) reagent and counterstained with Haematoxilin or with Haematoxylin-Eosin (H&E) and

mounted with Pertex (Biosystem, Switzerland) according to standard protocols. For immunofluorescence staining, tissues were

embedded in Tissue-TEK O.C.T compound (VWR International GmbH, Switzerland), snap frozen in liquid nitrogen and stored at

-20�C. Sagittal cryo-sections (9 mm) were cut and mounted to super frost glass slides (Thermo Scientific). The specimen was

allowed to dry at room temperature and were fixed either with methanol at -20�C for 20 minutes or with acetone a room temperature

for 10 minutes. The following antibodies were used: anti-CD11b (M1/70, Biolegend) and anti-Ki67 (16A8, Biolegend). Alternatively,

the specimen was stained with Calcofluor white (CFW, Sigmar Aldrich) diluted in Tris-HCl (0.1 M pH 9, 10 mg/ml final concentration)

for 20 min on RT. The stained specimens were washed with aqua dest. and mounted with Mowiol and stored at 4�C. All images were

acquired with a digital slide scanner (NanoZoomer 2.0-HT, Hamamatsu) and analyzed with NDP.view2.

Human Cell Sorting
Blood from healthy donors and atopic individuals was obtained from the Allergy Unit of the Department of Dermatology of the

University Hospital of Zurich. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque Plus (GE Healthcare)

density gradient. Total CD4+ T cells and monocytes were isolated by positive selection using CD4 and CD14 magnetic microbeads

(Miltenyi Biotech), respectively. Memory CD4+CCR6+ and CD4+CCR6– T cell subsets were sorted after exclusion of naı̈ve T cells

(CD45RA+CCR7+) and of CD8+CD14+CD16+CD19+CD25+CD56+ cells. The monoclonal antibodies used for FACS are listed in the

Key Resources Table. Cells were sorted with FACSAria III (BD Biosciences).

Ex Vivo Human T Cell Stimulation, Surface and Intracellular Staining
For human T cell re-stimulation experiments, Malassezia spp. were grown in liquid modified Dixon medium as described above.

C. albicans strain SC5314 (Odds et al., 2004) was grown in YNB-S medium for 18 hours at 30�C, 180 rpm starting at a density of

OD600 = 0.1. The yeast cells were washed in PBS and heat-inactivated at 65�C for 30 minutes. The medium used for co-culture

was RPMI 1640 supplemented with 2 mM glutamine, 1% non-essential amino acids, 1% sodium pyruvate, 1% penicillin/strepto-

mycin (all from Life Technologies) and 5% of human serum (Swiss Red Cross). Sorted T cells were labeled with carboxyfluorescein

succinimidyl ester (CFSE) and cultured at a ratio of 2:1 with irradiated autologous monocytes pre-pulsed for 3-5 hours with heat

killed M. furfur, M. sympodialis or M. slooffiae that are frequently isolated from our cohort of AD patients. As control, some cultures

were stimulated with heat-killed C. albicans. The ratio used for the human T cell ex vivo stimulation assay was 3 yeast particles per
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monocyte. At day 5 culture supernatants were collected and cytokines (IFN-g, IL-4, IL-5, IL-10, IL-17A and IL-22) were measured by

cytometric bead arrays on FlexMAP 3D (Luminex). Tomeasure proliferation and cytokine production and the single cell level, cultured

cells were directly analyzed by FACS or stimulated with Phorbol 12-myristate 13-acetate (PMA) and Ionomycin (both from Sigma-

Aldrich) for 5 hours with addition of Brefeldin A (Sigma-Aldrich) for the last 2.5 hours of stimulation. After stimulation, cells were

surface stained, fixed and permeabilized with Cytofix/Cytoperm (BD Biosciences) and then stained for cytokine expression using

the antibodies listed in the Key Resources Table.

QUANTIFICATION AND STATISTICAL ANALYSIS

For quantification of skin cell populations by flow cytometry, cell numbers were transformed using the formula Y = y(log10) or

Y = y(log10 + 1) in case of lymphocyte enumeration. Bars of each data set indicate the arithmetic mean. For cfu data plotted on a

logarithmic scale, the geomean and 95% confidence intervals are shown. RT-qPCR data were log-transformed and the mean of

each group is indicated. In summary plots showing cfu data, quantification of flow cytometry data analysis and RT-qPCR data,

each symbol represents an individual mouse. Ear thickness is shown as mean +/- SEM. Data are pooled from at least 2 independent

experiments or are representative of at least 2 independent experiments with 3 to 5 animals per group. For human data, graphs show

pooled data from all samples included in this study and analyzed on separate days. The mean + SEM of each group is indicated. The

study design did not include randomization or blinding. Statistical significance was determined by unpaired Student’s-test with

Welch correction for multiple comparison, one-way or two-way ANOVA with Tukey’s multiple comparison test as appropriate using

GraphPad Prism software. Outlier calculation for mouse data was performed with the Grubbs’ method. Significance is indicated as

follows: */# p< 0.05; **/## p<0.01; ***/### p<0.001; ****/#### p<0.0001.

DATA AND SOFTWARE AVAILABILITY

All raw and analyzed data have been deposited in Zenodo under https://doi.org/10.5281/zenodo.2577503.
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SUPPLEMENTAL FIGURES AND TABLES 

Figure S1 (related to Figure 1): Kinetics of Malassezia colonization after experimental skin infection. 

Fungal burden in the ear skin of Malassezia spp.-infected and vehicle-treated WT mice on day 2, 4, 7 and 

12 post infection. The skin was tape-stripped prior to the infection. Each dot represents one animal. 

Graphs show pooled data from two independent experiments. The same vehicle-treated animals were 

used as control for M. sympodialis- and M. furfur-infected mice for each time point. The geomean and 

95% confidence interval of each group is indicated. D.L., detection limit. Statistics were calculated using 

unpaired Student’s T-Test.*p<0.05, **p<0.01, *** p<0.001, **** p<0.0001. 

 

Figure S2 (related to Figure 2): Early recruitment of inflammatory leukocytes upon Malassezia infection 

is independent of skin barrier disruption. Myeloid cell populations in the ear skin were quantified by flow 

cytometry on day 2 post infection. Total leukocytes, neutrophils, monocytes, eosinophils and dendritic 

cells/macrophages were defined as shown in Figure 2. Summary graphs show the percentage of cell 

subsets on overall leukocytes and absolute numbers of cells per ½ ear for all myeloid cell populations. (A) 

WT mice were infected with M. pachydermatis or vehicle-treated without tape-stripping prior to infection. 

(B) WT mice were infected with M. sympodialis or M. furfur, or vehicle-treated as indicated. The ear skin 

was or was not tape-stripped before infection, as indicated. Each symbol represents one animal. Graphs 

show pooled data from two independent experiments. The mean of each group is indicated. Statistics 

were calculated using one-way ANOVA or unpaired Student’s t-Test, as appropriate. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 

 

Figure S3 (related to Figure 3): Malassezia spp. exposure of the skin results in a selective activation of 

the IL-17 pathway. A. WT mice were infected with M. pachydermatis (M.p.) or vehicle-treated (V) after 

mild tape stripping of the dorsal ear skin. Expression of Ifng, Il5, Il13 and Tslp transcripts were analyzed in 



the ear skin by RT-qPCR on day 2 post infection. B. WT mice were infected with M. pachydermatis, M. 

sympodialis or M. furfur as indicated without tape stripping prior to infection. Expression of Il17a, Ifng 

and Tslp transcripts was assessed by RT-qPCR analysis of the ear skin on day 2 post infection. C-D. WT 

mice were infected with M. pachydermatis or vehicle-treated after mild tape stripping of the dorsal ear 

skin. CD45+ CD90+ CD11b- lymphoid cell populations in the ear skin of infected and vehicle-treated WT 

mice were quantified by flow cytometry on day 2 post infection.  TCRβ+ αβ T cells, TCRγδint dermal γδ T 

cells, TCRγδhi epidermal γδ T cells (DETCs) and TCR- innate lymphoid cells (ILCs) were defined as indicated. 

Representative FACS plot with gating strategy (C) and summary graph with absolute numbers for each cell 

subset (D) are shown. (E-F) Il17aCreR26Reyfp reporter mice were infected with M. pachydermatis or vehicle-

treated after mild tape stripping of the dorsal ear skin. Expression of eYFP in lymphocyte subsets in the 

ear skin was analyzed by flow cytometry.  Of note, the analysis was carried out on day 5 post infection 

due to delayed Cre-mediated eYFP expression. Representative FACS plots with gating strategy (E) and 

summary graphs with absolute numbers of CD90+ and CD90+eYFP+ cells for each cell subset (F) are shown. 

Numbers in C and E indicate the % of cells in each gate.  In A, B, D and F, each symbol represents one 

animal. Graphs show pooled data from two to three independent experiments. The mean of each group 

is indicated. The same vehicle-treated controls were used in B for the experiments with M. sympodialis 

and M. furfur. Statistics were calculated using unpaired Student’s t-Test or one-way ANOVA as 

appropriate. *p<0.05, *p<0.01, ***p<0.001, ****p<0.0001. 

 

Figure S4 (related to Figure 3): Gating strategy of myeloid and lymphoid cell subsets in the Malassezia-

exposed skin. WT mice were infected with M. pachydermatis or vehicle-treated after mild tape stripping 

of the dorsal ear skin. (A) Myeloid and lymphoid cell populations were isolated by FACS-sorting as 

indicated on day 2 post infection. (B) Langerin expression was assessed in the indicated myeloid cell 



subsets on day 2 post infection. Numbers in the contour plots indicate the % of cells in each gate, numbers 

in the histogram plots indicated median fluorescence intensity (MFI) for Langerin.  

 

Figure S5 (related to Figure 3 and Figure 6): Induction of adaptive type-17 immunity in the draining LN 

upon Malassezia spp. infection is independent of skin barrier disruption. Auricular lymph node cells 

were analyzed on day 12 post infection for the production of Th17 (IL-17A), Th1 (INF-γ) and Th2 (IL-13) 

signature cytokines by intracellular staining and flow cytometry, after re-stimulated with dendritic cells 

that were pulsed with the corresponding heat-killed Malassezia spp. (A) WT mice were infected with M. 

pachydermatis (M.p.) or vehicle-treated (V) with tape stripping prior to infection. (B-C) WT mice were 

infected with M. pachydermatis or vehicle treated without tape stripping prior to infection. (D-E) WT mice 

were infected with M. sympodialis (M.s.) or M. furfur (M.f.), or vehicle-treated (V) as indicated. The ear 

skin was or was not tape-stripped before infection, as indicated. (F) WT mice were primed with M. 

pachydermatis (2°) or left uninfected (1°) 6 weeks prior to (re-)infection with the same strain of Malassezia 

or vehicle treatment as control. The ear skin was pretreated by tape stripping in all conditions. 4 and 6 

days later, the percentage of INF-γ and IL-13-producing CD90+CD4+ T cells in the auricular lymph nodes 

was assessed by ex vivo re-stimulation with dendritic cells that were pulsed with heat-killed M 

pachydermatis followed by intracellular staining and flow cytometry. Representative FACS plots (B, D) and 

summary graphs (A, C, E, F) indicating the percentage of cytokine-positive CD90+CD4+ T cells are shown. 

In A, C, E and F, each symbol represents one animal. Graphs show pooled data from two independent 

experiments. The mean +/- SEM of each group is indicated. Statistics were calculated using one-way 

ANOVA or unpaired Student’s t-Test, as appropriate. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

Figure S6 (related to Figure 7): Human memory T cells respond to C. albicans with type 17 cytokine 

secretion. (A-B) CCR6+ and CCR6- human memory CD4+ T cells were sorted from the peripheral blood of 



non-atopic individuals and cytokine production was analyzed by Luminex after 5 days of co-culture with 

unpulsed autologous monocytes (A) or monocytes that were pulsed with heat-killed C. albicans (B) prior 

to co-culture. Graphs show the production of the type-17 cytokines IL-17A and IL-22, the type-1 cytokine 

IFN-γ and the type-2 cytokines IL-4, IL-5 by CD4+CCR6- (white bars) and CD4+CCR6+ T cells (grey bars). Data 

are pooled from three independent experiments with 5 donors in total. The mean + SEM of each group is 

indicated. 

 

Figure S7 (related to Figure 7): Human Malassezia-specific memory T cells display a strong Th17 

signature. (A-B) CCR6+ and CCR6- human memory CD4+ T cells were sorted from the blood of atopic 

patients and non-atopic individuals and analyzed for type-17 (IL-17A, IL-22), type-1 (IFN-γ) and type-2 (IL-

4) cytokine production by intracellular staining and flow cytometry after 5 days of co-culture with 

autologous monocytes that were pulsed with heat-killed M. furfur, M. sympodialis, M. slooffiae or C. 

albicans. Representative FACS plots (A) and summary graphs (B) with the percentages of cytokine-positive 

CD4+CCR6+ and CD4+CCR6- T cells in non-atopic individuals (upper rows in A, grey bars in B) and atopic 

patients (lower rows in A, black bars in B). In B, each symbol represents one donor. Graphs show pooled 

data from three independent experiments. The mean + SEM of each group is indicated. Statistics were 

calculated using unpaired Student´s t-Test. *p<0.05, **p<0.01, ***p<0.001. 

 

Table S1 (related to the Key Resource Table): Oligonucleotides used in this study 
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SUPPLEMENTAL TABLE S1: Oligonucleotides used in this study 

Oligonucleotides SOURCE IDENTIFIER 
Actb: fwd 5´-CCCTGAAGTACCCCATTGAAC-3´, rev 5´-
CTTTTCACGGTTGGCCTTAG-3´ 

Microsynth N/A 

Il17a: fwd 5´- GCTCCAGAAGGCCCTCAGA-3´, rev 5´-
AGCTTTCCCTCCGCATTGA-3´ 

Microsynth (Overbergh et al., 
2003) 

Il6: fwd 5´-GAGGAT ACCACTCCCAACAGACC-3´, rev 5´-
AAGTGCATCATCGTTGTTCATACA-3´ 

Microsynth (Liao et al., 2009) 

Il23p19: fwd 5´- CCAGCAGCTCTCTCGGAATC-3´, Il23p19 
rev 5´-TCATATGTCCCGCTGGTGC-3´ 

Microsynth (Zelante et al., 2007) 

Tslp: fwd 5´-TCTGGAGATTGCATGAAGGA-3´, rev 5´-
AGAGAAGCCCTCAATGACCA-3´ 

Microsynth N/A 

Il22: fwd 5´-CATGCAGGAGGTGGTGCCTT-3´, Il22 rev 5´-
CAGACGCAAGCATTTCTCAG-3´ 

Microsynth (Chung et al., 2006) 

Infg: fwd 5´-GAACTGGCAAAAGGATGGTGA-3´, rev 5´-
TGTGGGTTGTTGACCTCAAAC-3´ 

Microsynth N/A 

Il5: fwd 5´-TCACCGAGCTCTGTTGACAA-3´, rev 5´-
CCACACTTCTCTTTTTGGCG-3´ 

Microsynth N/A 

Il13: fwd 5´-CCAGGTCCACACTCCATACC-3´, rev 5´-
TGCCAAGATCTGTGTCTCTCC-3´ 

Microsynth N/A 

Gcsf: fwd 5´-CTTAAGTCCCTGGAGCAAGTG-3´, rev 5´-
GTGGCCCAGCAACACCAG-3´ 

Microsynth N/A 

Cxcl1: fwd 5´-CCGCTCGCTTCTCTGTG-3´, rev 5´-
GCAGCTCATTGGCGATAG-3´ 

Microsynth N/A 

Cxcl2: fwd 5´-AGTGAACTGCGCTGTCAATGC-3´, rev 5´-
GCAAACTTTTTGACCGCCCT-3´ 

Microsynth N/A 

Ccl2: fwd 5´-GGGATCATCTTGCTGGTGAA-3´, Ccl2 rev 5´-
AGGTCCCTGTCATGCTTCTG-3´ 

Microsynth N/A 

Ccl5: fwd 5´-CCCACTTCTTCTCTGGGTTG-3´, rev 5´-
GTGCCCACGTCAAGGAGTAT-3´ 

Microsynth N/A 

Ccl11: fwd 5´-CTATGGCTTTCAGGGTGCAT-3´, Ccl11 rev 
5´-TCACTTCCTTCACCTCCCAG-3´ 

Microsynth N/A 

Defb3: fwd 5´-GTCTCCACC TGCAGCTTTTAG, Defb3 rev 
5´-ACTGCCAATCTGACGAGTGTT 

Microsynth N/A 

Il1b: Il1b rev 5´-AGGCCACAGGTATTTTGTCG-3´; Il17a 
fwd 5´- GCTCCAGAAGGCCCTCAGA-3´ 

Microsynth N/A 

Ccl24: fwd 5´-TCTTATGGCCCTTCTTGGTG-3´, rev 5´-
AATTCCAGAAAACCGAGTGG-3´ 

Microsynth N/A 
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