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Abstract

Candida auris is an emerging multidrug-resistant fungal pathogen that preferentially colo-

nizes and persists in skin tissue, yet the host immune factors that regulate the skin coloniza-

tion of C. auris in vivo are unknown. In this study, we employed unbiased single-cell

transcriptomics of murine skin infected with C. auris to understand the cell type-specific

immune response to C. auris. C. auris skin infection results in the accumulation of immune

cells such as neutrophils, inflammatory monocytes, macrophages, dendritic cells, T cells,

and NK cells at the site of infection. We identified fibroblasts as a major non-immune cell

accumulated in the C. auris infected skin tissue. The comprehensive single-cell profiling

revealed the transcriptomic signatures in cytokines, chemokines, host receptors (TLRs, C-

type lectin receptors, NOD receptors), antimicrobial peptides, and immune signaling path-

ways in individual immune and non-immune cells during C. auris skin infection. Our analysis

revealed that C. auris infection upregulates the expression of the IL-1RN gene (encoding IL-

1R antagonist protein) in different cell types. We found IL-1Ra produced by macrophages

during C. auris skin infection decreases the killing activity of neutrophils. Furthermore, C.

auris uses a unique cell wall mannan outer layer to evade IL-1R-signaling mediated host

defense. Collectively, our single-cell RNA seq profiling identified the transcriptomic signa-

tures in immune and non-immune cells during C. auris skin infection. Our results demon-

strate the IL-1Ra and IL-1R-mediated immune evasion mechanisms employed by C. auris

to persist in the skin. These results enhance our understanding of host defense and immune
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evasion mechanisms during C. auris skin infection and identify potential targets for novel

antifungal therapeutics.

Author summary

C. auris, an emerging fungal pathogen, preferentially colonizes human skin and causes

outbreaks of systemic infections. However, the factors that regulate the pathogenesis of C.

auris are still unclear. Using unbiased scRNA-seq profiling of murine skin infected with

C. auris, we identified the host immune factors that are potentially involved in the regula-

tion of C. auris in skin. Furthermore, our in vivo scRNA-seq reveals that C. auris infection

upregulates IL-1Ra in the myeloid cells and limits the neutrophil antifungal activity. In

addition, our results suggest that C. aurismannan layer can evade IL-1R signaling medi-

ated skin defense. Collectively, our findings identified the immune and non-immune cells

involved in the regulation of C. auris in the skin that could open the door to gain insights

into the pathogenesis of this emerging fungal pathogen.

Introduction

C. auris was recently categorized as an urgent threat by the US Centers for Disease Control

and Prevention (CDC) and classified in the critical priority fungal pathogens group by the

World Health Organization (WHO) [1–3]. Unlike other Candida species, such as Candida
albicans, which colonizes the gastrointestinal tract, C. auris preferentially colonizes the human

skin, leading to nosocomial transmission and outbreaks of systemic fungal infections [4–6].

Furthermore, unlike skin-tropic fungal pathogens such asMalassezia [7], C. auris not only col-

onizes the epidermis of the skin but also enters the deeper dermis, a phenomenon that was not

observed previously [4]. C. auris can persist in skin tissues for several months and evade rou-

tine clinical surveillance [4,8].

Given that the majority of C. auris isolates exhibit resistance to several FDA-approved anti-

fungal drugs, a deeper understanding of C. auris-host interactions is critical to understanding

the pathogenesis and developing potential new host-directed therapeutic approaches to pre-

vent and treat this newly emerging skin tropic fungal pathogen. Recent evidence from our lab-

oratory indicates that C. auris skin infection leads to fungal dissemination, suggesting skin

infection is a source of invasive fungal infection [9]. Because skin infection is a prerequisite for

C. auris transmission and subsequent invasive disease, understanding the immune factors

involved in skin defense against C. auris is important to understand the pathogenesis of this

skin tropic fungal pathogen. Though antifungal host defense mechanisms against oral, gut,

vaginal, and systemic infections of C. albicans are well known [10,11], to date, almost nothing

is known regarding the skin immune responses against C. auris.
The fungal cell wall components represent the predominant pathogen-associated molecular

patterns (PAMPs) directly interacting with the host to orchestrate the antifungal immune

response [12]. Recent evidence indicates that the cell wall of C. auris is structurally and biologi-

cally unique compared to other Candida species, including C. albicans [13]. The outer cell wall

mannan layer in C. auris is highly enriched in β-1,2-linkages and contains two unique

Mα1-phosphate side chains not found in other Candida species [13]. C. auris differentially

stimulates cytokine production in peripheral blood mononuclear cells and has a more potent

binding to IgG than C. albicans [14,15]. Given that C. auris possesses a unique outer cell wall
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layer and preferentially colonizes and persists in skin tissue long-term, understanding the skin

immune responses during the dynamic pathogen infection in vivo is very important but has

not been explored so far. Furthermore, classical population-based gene expression studies

using in-vitro differentiated immune cells and mouse models of systemic infection do not

completely represent the host defense mechanisms against skin infection in vivo. In addition,

understanding the skin immune responses against C. auris is critical, as the murine skin model

is widely used to study disease pathogenesis and C. auris-host interactions [4,16–20]. A closer

look into cell type-specific host responses requires single-cell resolution to encompass all cell

types, including immune and non-immune cells involved in host defense against C. auris skin

infection in vivo.

To comprehensively define the transcriptome profiling of mouse skin infected with C. auris
in vivo at single-cell resolution, we employed unbiased single-cell RNA sequencing (scRNA-

Seq) profiling in skin tissues collected from uninfected and C. auris-infected mice. Our

scRNA-Seq analysis identified immune cells such as neutrophils, inflammatory monocytes,

macrophages, dendritic cells, T cells, NK cells, and non-immune cells such as fibroblasts accu-

mulated at the site of infection. The scRNA-Seq revealed how skin reprograms genes and sig-

naling pathways in immune and non-immune cell types following C. auris infection. The

comprehensive transcriptomic profiling identified the transcriptional changes in genes that

encode cytokines, chemokines, host receptors (TLRs, C-type lectin receptors, NOD receptors),

antimicrobial peptides, and signaling pathways upregulated in individual myeloid cells, T cells,

NK cells, fibroblast, and other non-immune cells. We identified the upregulation of the IL-

1RN gene (encoding IL-1R antagonist protein) in different cell types during C. auris skin

infection. Subsequently, using mouse models of C. auris skin infection and immune cell deple-

tion studies, we elucidated the role of IL-1Ra in C. auris skin infection. We observed that the

IL-1Ra level was significantly increased in the C. auris-infected skin tissue compared with C.

albicans. C. auris infection induces IL-1Ra in macrophages and decreases the killing activity of

neutrophils. Furthermore, C. auris evades IL-1R-mediated host defense through a unique

outer mannan layer to persist the skin tissue.

Collectively, this study, for the first time, identified the previously unknown immune and

non-immune cell type-specific skin responses and molecular events of skin-C. auris interac-

tions in vivo at single-cell resolution. Furthermore, we demonstrated the IL-1Ra and IL-1R-

mediated immune evasion mechanisms employed by C. auris to persist in the skin. This

knowledge will be instrumental in understanding the host-pathogen interactions of C. auris.
and will form a strong platform for developing novel host and pathogen-directed antifungal

therapeutic approaches that potentially target IL-1Ra and fungal mannan, respectively.

Results

Unbiased scRNA seq profiling identified phagocytic cells, dendritic cells, T

cells, NK cells, and fibroblast accumulated at the site of C. auris skin

infection in vivo
To identify the immune and non-immune cells involved in host defense against C. auris skin

infection, we performed unbiased scRNA seq profiling from skin tissues collected from unin-

fected and C. auris-infected mice. A group of mice was infected intradermally with 1–2 × 106

CFU of C. auris, and another group injected with 100 μl PBS was used as an uninfected control

group (Fig 1A). To capture the transcriptome profile of both innate and adaptive immune

responses during C. auris skin infection in vivo, we have chosen 12 days after infection for our

analysis. After 12 days post-infection (DPI), skin tissues from uninfected and infected groups

(3 mice per group) were collected, minced, and digested to make single-cell suspensions as
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Fig 1. Unbiased scRNA seq profiling identified phagocytic cells, dendritic cells, T cells, NK cells, and fibroblast accumulated at the site of C. auris skin

infection in vivo. A) Schematic representation of the study groups, infection course, sample processing, and single-cell preparation for scRNA sequencing.

This illustration was created using Biorender. B) Uniform Manifold Approximation and Projection (UMAP) of identified cell types in the murine skin after

clustering. Each cluster was assigned as an individual cell type. After identification, 35 cell types were assigned as individual clusters. C) The dot plot represents

the canonical gene marker signatures to classify cell types based on specific identities. A range of 2–7 marker gene expressions were assigned to identify a cell

type in the cluster. D) The UMAP of uninfected and C. auris infected murine skin tissue with resident and recruited cell population depicting the cell type

heterogenicity between the two groups. E) The composition of the individual cell types in the uninfected and C. auris infected murine skin. Cell type

proportions were normalized from the total cells detected in each sample.

https://doi.org/10.1371/journal.ppat.1012699.g001
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described. The single-cell suspension from infected and uninfected groups was subjected to

single-cell partitioning, and RNA was sequenced using the droplet-based 10X Genomics Chro-

mium platform (Fig 1A). After quality filtering by removing noise and batch effects, our data

comprised 70,350 cells (S1 Table). The ambient RNA from the data was eliminated, and the

expression level of individual genes was quantified based on the number of UMIs (unique

molecular indices) detected in each cell (S2 Table). The alignment of the sequencing reads to

the mouse reference genome resulted in the overall coverage of 32,285 genes.

After unsupervised graph-based clustering and reference-based annotation from the dataset

GSE181720, 30 clusters were identified in our scRNA seq dataset, and cell-type identity was

assigned to all the cell populations in the clusters (Fig 1B). To identify each cell lineage from 35

distinct cell types in our scRNA seq dataset, cell-type specific identity was assigned based on

the canonical marker expression described elsewhere [21–23] (Fig 1C). After cell-type annota-

tion, we identified 16 cell types as immune cells and the rest 19 as non-immune cells. The

UMAP of C. auris infected samples indicated the recruitment of major immune cell types and

resident cell populations (Fig 1D). Our analysis identified the percentage of immune and non-

immune cells accumulated at the site of infection; (neutrophils– 99.9%, basophils– 80.5%,

inflammatory monocytes– 93%, macrophages– 99.6%, dendritic cell 1–83.3%, dendritic cell

2–90.9%, helper T cell– 96.4%, cytotoxic T cells—81%, Tregs—84.9%, NK cells– 90.9%, B-cells

—64.7%, proliferating T cells– 66.5%, resident macrophages– 58.9%, dermal dendritic cells–

51.8%, and γδ T cells—47.8%). Surprisingly, we identified fibroblast 3 cell types (87.9%) as

major non-immune cells that showed increased accumulation in the skin tissue of infected

groups (Fig 1D and 1E) (S1 Table). The recruitment of neutrophils, inflammatory monocytes,

macrophages, dendritic cells, and T cell subsets following C. auris skin infection was validated

by flow cytometry (S1 Fig). The proportion of cell types between the C. auris infected and

uninfected groups varies drastically (Fig 1E) and displays cellular heterogeneity of the resident

and recruited cell population. Collectively, our scRNA seq identified the accumulation of vari-

ous innate and adaptive immune cells at the site of infection. In addition to phagocytic cells,

DCs, and T cells, which are known to play a critical role in antifungal defense, our analysis

identified an accumulation of NK cells and fibroblast during C. auris skin infection.

scRNA seq revealed the host immune transcriptomic signatures in

individual myeloid cells during C. auris skin infection

To identify the host immune genes regulated in individual myeloid cells identified during C.

auris skin infection in vivo, we performed pseudo-bulk analysis by normalizing UMI counts

for the target genes and identifying differentially expressed genes (DEGs) between the infected

and uninfected groups. For the downstream analysis, we filtered DEGs with FDR< 5%, and

the log2 fold change� 2 was considered upregulated, and� -2 was considered downregulated.

In neutrophils, 1107 genes (1105 upregulated and 2 downregulated), inflammatory monocytes,

299 genes (217 upregulated and 82 downregulated), macrophages, 1340 genes (1322 upregu-

lated and 18 downregulated), resident macrophages, 357 genes (143 upregulated and 214

downregulated), dendritic cell 1, 454 genes (260 upregulated and 194 downregulated), den-

dritic cell 2, 265 genes (244 upregulated and 21 downregulated) and dermal dendritic cells 262

(91 upregulated and 171 downregulates) were differentially expressed in the C. auris infected

groups. The top 10 upregulated and downregulated genes in the myeloid subsets were

highlighted in the volcano plot (Fig 2A). Among the top 10 DEGs in myeloid cells, chemokine

genes such as Ccl4 and Cxcl3 in neutrophils, Cxcl9 and Ccl5 in inflammatory monocytes, and

Cxcr2 in dermal dendritic cells were significantly upregulated in the C. auris infected group

(Fig 2A). In macrophages, resident macrophages, and dermal dendritic cells, Nos2 and Arg1
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involved in nitric oxide metabolism were upregulated genes after infection. Arg1 was also sig-

nificantly upregulated in dermal dendritic cell 1 (Fig 2A). In addition, Inhba, slpi, and

aw112020 genes known to shift the nitric oxide metabolism were upregulated in macrophages

Fig 2. scRNA seq revealed the host immune transcriptomic signatures in individual myeloid cells during C. auris skin infection. A) Volcano plots

indicating significant differentially expressed genes (DEGs) in the infected and uninfected neutrophils, monocytes, macrophages, resident macrophages,

dendritic cell 1, dendritic cell 2 and dermal dendritic cells highlighting the top 10 upregulated and downregulated genes; The Dot plot represents the expression

of selected B) chemokines and its receptors, C) cytokines and its receptors, D) fungal recognizing receptors and antimicrobial peptides (AMPs) in the myeloid

subsets (Y-axis). The dot size represents the percentage of cells with expressions, and the color indicates the scaled average expression calculated from the 3

uninfected and 3 infected samples. E) The bubble plot represents the KEGG pathway of the enriched upregulated genes of the myeloid subsets (X-axis). DEGs

from pseudo-bulk analysis with threshold Log 2-fold change ± 2 and FDR> 5% were considered as significant DEGs, and Log 2-fold change� 2 and

FDR> 5% as upregulated genes.

https://doi.org/10.1371/journal.ppat.1012699.g002
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(Fig 2A). Furthermore, the gene encoding for serum amyloid A3 protein (Saa3) was signifi-

cantly upregulated in all the phagocytic cells (S2A Fig) (S10 Table). We examined the genes

that were upregulated in all phagocytic cells. Spp1, Egln3, Slpi, Upp1, Inhba, F10, Acod1,

AA467197, Ppp1r3b, Nos2, Slc2a1, Tarm1, Cd300lf, and Ly6a were significantly upregulated in

all the phagocytic cells during C. auris infection (S2A Fig) (S10 Table). We identified

AA467197, Plac8, Arg1, Ccl17, Slpi, and AW112010 were significantly upregulated in dendritic

cell 1, dendritic cell 2, and dermal dendritic cells (S2B Fig) (S10 Table).

Next, we compared the expression of chemokines, cytokines, pattern-recognizing receptors

(PRRs), and antimicrobial peptides (AMPs) among different myeloid subsets [11, 24]. The

gene list from the mouse genome database was used to explore the expression of the host

immune genes [25]. Among the chemokines and chemokine receptors, Ccr1, Ccrl2, Cxcl2,

Cxcl3, and Cxcr2 were highly expressed in neutrophils. Ccr1, Ccr2, Ccr5, and Cxcr4 were highly

expressed in inflammatory monocytes, whereas Ccr1, Ccrl2, Ccr5, Ccl5, Ccl9, Cmklr1, Cxcl16
and Cxcr4 were highly expressed in the inflammatory macrophage and Ccl2, Ccl6, Ccl7, Ccl8,

Ccl9, Ccl12, and Ccl24 were highly expressed in the resident macrophages. Dendritic cell 1

showed increased expression of Ccr5, Ccr9, and Ccl16, whereas Ccl5, ccl17, Ccl22, Ccr7, and

Cxcl16 were highly expressed in dendritic cell 2. Ccl6, Ccl9, Ccr2, and Ccr5 were highly

expressed in the dermal dendritic cells (Fig 2B). Among the cytokines and cytokine receptors,

Il1a, Il1b, Il1r2, and Il1rn were highly expressed in neutrophils. Il1a, Il1b, and Il1rn were highly

expressed in macrophages, whereas Il1b and Il1rn were highly expressed in monocytes and

dendritic cells 1. We identified increased expression of Il10 in the resident macrophages, Tnf
and Csf1 were increased in neutrophils, and Tgfbi expression was upregulated in monocytes

and macrophages (Fig 2C).

Next, we compared the expression of TLRs, C-type lectin receptors, NOD-like receptors

(NLRs), and complement receptor 3 among myeloid subsets. Neutrophils showed an increased

Tlr2, Tlr4, Tlr6, and Tlr13 expressions. Tlr2, Tlr4, Tlr7, Tlr13, and the adaptor molecules such

asMyD88 and Traf6 were highly expressed in the inflammatory monocytes. Tlr2 was highly

expressed in macrophages, whereas Tlr2 and Tlr7 were highly expressed in resident macro-

phages. Tlr7 and Tlr2 were highly expressed in dendritic cell 1 and dermal dendritic cells,

respectively. Among the C-type lectin receptors, Clec4d (Dectin-2), Clec4n (Dectin-3), and

Clec4e (Mincle) were highly expressed in neutrophils, monocytes, and macrophages. The Syk,

an adopter protein involved in Dectin-1 signaling, is highly expressed in all myeloid cells.

Card9, the other downstream signaling protein of Dectin-1, is selectively expressed in all the

myeloid subsets except neutrophils. The Clec4a1, Clec4a2, and Clec4a3 were highly expressed

in monocytes, macrophages, resident macrophages, and dermal dendritic cells, whereas the

Clec4b1 was only expressed in the dermal dendritic cells. The mannose-binding receptor Mrc1
(Mannose receptor) was highly expressed in resident macrophages and dermal dendritic cells.

The cd209a (DC-SIGN1), cd209d (SIGN-R3), cd209f (SIGN-R8), and cd209g encoding

DC-SIGN were highly expressed in resident macrophages. The Lgals3 (Galectin-3) was highly

expressed in monocytes and macrophages, followed by dermal dendritic cells and dendritic

cell 1. We identified increased expression of intracellular PRR, Nod1, and Nod2 in the neutro-

phils and monocytes. The Itgam (complement receptor 3) was highly expressed in neutrophils,

monocytes, macrophages, resident macrophages, and dermal dendritic cells. We identified

increased expression of Nlrp3 in neutrophils. Among the AMPs, the Lcn2, S100a8, and S100a9
were highly expressed in neutrophils, and the Ang was selectively expressed in the resident

macrophages (Fig 2D).

To explore the enrichments of DEGs in the myeloid cells, KEGG pathway analysis was per-

formed for significantly upregulated genes (5% FDR, Log2Fc� 2) in neutrophil, monocytes,

macrophages, resident macrophages, dendritic cell 1, dendritic cell 2 and dermal dendritic
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cells 2 to identify the upregulated pathways (Fig 2E). Among myeloid subsets, we identified

several pathways involved in pathogen recognition and immune signaling that were highly

enriched in neutrophils. The major innate pathways enriched in the neutrophils during C.

auris skin infection: 1) phagocytosis (phagosome, endocytosis, efferocytosis, ubiquitin-medi-

ated proteolysis, Fc gamma R-mediated phagocytosis, and neutrophil extracellular trap forma-

tion), 2) PRRs (Toll-like receptor signaling pathway, C-type lectin receptor signaling pathway,

and NOD-like receptor signaling pathway), 3) inflammasome activation (HIF-1 signaling

pathway, TNF signaling pathway, and NF-kappa B signaling pathway), 4) cytokine and chemo-

kine signaling (chemokine signaling, cytokine-cytokine receptor pathway, and JAK-STAT sig-

naling pathway), 5) T-helper cell (Th) differentiation (Th1 and Th2 cell differentiation, Th17

cell differentiation and IL17 signaling pathway). In addition, we identified the enriched upre-

gulated genes in these KEGG pathways (S3 Table). Collectively, our single-cell transcriptomics

identified the AMPs, cytokines, chemokines, and fungal recognition receptors upregulated in

myeloid subsets during C. auris skin infection. We identified the genes involved in nitric oxide

metabolism and acute phase proteins, which were highly upregulated in different myeloid

cells. Furthermore, our analysis revealed the enrichment of several pathways involved in fungal

recognition, phagocytosis, cytokine and chemokine signaling, and T-cell differentiation in

individual myeloid cells during C. auris skin infection in vivo.

C. auris skin infection induces IL-17 and IFNγ signaling pathways in

lymphoid cells

To identify the host immune genes and transcription factors (TFs) regulated in T cell subsets

and NK cells during C. auris skin infection, we sub-clustered the lymphoid cells at 0.2 resolu-

tion to identify the subsets of CD4+ Th cells, CD8+, γδ T cells, Tregs, and NK cells (Fig 3A).

Sub-clustering the lymphoid population identified 203 genes in CD4+ Th cells (118 upregu-

lated and 85 downregulated), 41 genes in Tregs (34 upregulated and 7 downregulated), 18

genes in CD8+ cells (14 upregulated and 4 downregulated), 92 genes in γδ T cells (73 upregu-

lated and 19 downregulated) and 16 genes in NK cells (9 upregulated and 7 downregulated)

were differentially expressed, and the heatmap shows the significantly upregulated genes (log2

fold change� + 2, FDR < 5% or 1%) in CD4+ Th cells, γδ T cells, Tregs, CD8+ cells, and NK

cells (Figs 3D, S3B and S3C). We examined the genes upregulated in lymphoid subsets (S3A

Fig). The Nfkbia was upregulated in CD4+ Th cells and CD8+ cells. Epsti1 and Enox2 were sig-

nificantly upregulated in CD4+ Th cells and NK cells (S3A Fig) (S10 Table).

Next, we compared the expression of chemokines, cytokines, and TFs among lymphoid

subsets. Cxcr6 was highly expressed in CD4+ Th cells and γδ T cells. We identified increased

expression of Xcl1, Ccl3, Ccl4, Ccl5, Ccr5, and Cxcr4 in NK cells, and Ccr2, Ccr3, and Ccr4 in

the Tregs. TFs such as Stat4, Stat5a, Stat5b, Stat6, Rora, Rorc, and Ahr were highly expressed

in the CD4+ Th cells. Tregs showed increased expression of Stat1, Gata3, Stat5a, Stat5b, Batf,
Foxp3, Ikzf2, Irf4 and Ahr. We identified the increased Tbx21, Stat4, Stat6, and Stat3 expres-

sion in NK cells. Gzma, Gzmb, and prf1 in NK cells and Gzmb were highly expressed in the

Tregs (Fig 3B). Il16, Csf1, Il1b, Il17a, Tnf, and Csf2 were highly expressed in the CD4+ Th cells.

Tregs showed a higher expression of Il10. Il17a and Il17f were selectively expressed in γδ T

cells. We identified increased expression of tgfb1 and ifng in the NK cells (Fig 3C).

The upregulated pathways enriched in CD4+ Th cells, CD8+ cells, γδ T cells, Tregs, and

NK cells were identified from KEGG pathway analysis of the upregulated genes with

Log2Fc� 1 and 5% FDR threshold (Fig 3E). We identified pathways involved in Th17 cell dif-

ferentiation, cytokine-cytokine receptor interaction, Th1, and Th2 cell differentiation, and

HIF-1 signaling pathway were highly enriched in CD4+ Th cells during C. auris skin infection
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Fig 3. Single-cell profiling of lymphoid subsets. A) Uniform Manifold Approximation and Projection (UMAP) represents the sub-clustering analysis of

lymphoid subsets at 0.2 resolution. The CD4+ Th cells, Tregs, CD8+ cells, γδ T cells, and NK cells were identified in the subpopulation. The Dot plot represents

the expression of selected B) chemokines and their receptors, transcription factors (TFs), and cytolytic enzymes, and C) cytokines and their receptors in the

lymphoid subsets (Y-axis). The dot size represents the percentage of cells with expressions, and the color indicates the scaled average expression calculated from

the 3 uninfected and 3 infected samples. D) The heatmap represents the expression of the significantly upregulated genes in CD4+ Th cells, γδ T cells, and

Tregs in uninfected and infected groups. The normalized gene counts were plotted in the heatmap, and the scale indicates red for high, blue for low, and white

for moderate expression in the samples. Each column represents a different sample. E) The bubble plot represents the KEGG pathway enrichment analysis of
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(Fig 3E). Other pathways involved in TNF, JAK-STAT, NF-kappa B and HIF-1 signaling were

enriched in CD4+ Th cells, Tregs and γδ T cells (Fig 3E). In addition, we examined the upregu-

lated DEGs enriched in these KEGG pathways (S4 Table). Next, we used violin plots to identify

the cell type level expression of Il17a, Il17f, and Ifng in CD4+ Th cells, CD8+ cells, γδ T cells,

Tregs, and NK cells (Fig 3F). Our analysis revealed that Il17a and Il17f were mainly expressed

in CD4+ Th cells and γδ T cells during C. auris skin infection. Our analysis identified that NK

cells showed an increased expression of Ifng, followed by CD4+ Th cells, CD8+ cells, and γδ T

cells (Fig 3F). IL-17 signaling pathway, which is known to play a critical role in antifungal

defense, is upregulated in CD4+ Th cells and γδ T cells. Taken together, our scRNA analysis

identified the expression of cytokines, chemokines, and TFs upregulated in T cells and NK

cells.

scRNA seq revealed the transcriptomic signatures in fibroblast and other

non-immune cells during C. auris skin infection

Our unbiased scRNA profiling identified fibroblast as a major non-immune cell accumulated

at the site of skin infection. To understand the transcriptomic signatures of fibroblast during

C. auris skin infection, the gene expression profiling of fibroblast sub-clusters, fibroblast 1,

fibroblast 2, fibroblast 3, and fibroblast 4, were explored. The DEGs from the pseudo-bulk

analysis with a threshold of FDR< 5% and the log2 fold change� 2 were used for further

analysis. Log2 fold change of� -2 were considered downregulated for the volcano plots.

Among the DEGs in fibroblast subsets, 370 genes in fibroblast 1 (150 upregulated and 220

downregulated), 68 genes in fibroblast 2 (12 upregulated and 56 downregulated), 389 genes in

fibroblast 3 (294 upregulated and 95 downregulated) and 9 genes in fibroblast 4 (1 upregulated

and 8 downregulated) were regulated upon C. auris infection. The top 10 upregulated and

downregulated genes in fibroblast subsets were denoted in the volcano plots (Fig 4A). The

antimicrobial peptide S100a9 is the top upregulated genes in fibroblast 1, fibroblast 2 and

fibroblast 4. The S100a8, which forms a complex with S100a9 as calprotectin, is among the top

10 upregulated genes in fibroblast 2. The serum amyloid protein Saa3 is the highest upregu-

lated gene in fibroblast 3, and the Saa1 and Saa3 were highly upregulated in fibroblast 1

(Fig 4A). Further, the antimicrobial peptides NOS2 and Lcn2 are highly upregulated in fibro-

blast 1 and fibroblast 3 (Fig 4A) (S5A Fig).

We classified the fibroblast subsets based on their lineage-specific marker expression.

Fibroblasts 1 and 3 highly expressed most adipocyte lineage markers, and fibroblast 4 substan-

tially expressed papillary lineage markers (Fig 4B). Next, we compared the expression of che-

mokines, cytokines, fungal-recognizing receptors, and AMP among four fibroblast subsets

(Fig 4C and 4D). Il33, Csf1, and Tgfb2 were highly expressed in fibroblast 3 and fibroblast 1,

whereas Il17d was selectively expressed in fibroblast 2 and fibroblast 4. Among the cytokine

receptors, Il1r1, Il1rl2, Il6st, Il11ra1, Il17ra, Tgfbr2, and Tgfbr3 were highly expressed in fibro-

blast 3 and fibroblast 1, whereas Il11ra1 and Tgfbr3 were highly expressed in fibroblast 2

(Fig 4C). Among the chemokines, Ccl2, Ccl7, Ccl11, Cxcl1, and Cxcl12 were highly expressed

in fibroblast 1 and fibroblast 3. Cxcl5, Cxcl9, Cxcl10, and Cxcl14 were highly expressed in fibro-

blast 3. Among the fungal recognizing receptors, Clec3b,Mrc2, Lgals1, Lgals9, Lman1, and

Clec11a were highly in fibroblast 3 and fibroblast 1 (Fig 4D). We identified increased

significantly upregulated genes in the lymphoid subsets (X-axis). F) Violin plots depict the scaled count of Il17a, Il17f, and Ifng in CD4+ Th cells, Tregs, CD8

+ cells, γδ T cells, and NK cells in both uninfected and infected samples. The scaled count were normalized using SCTransform method. DEGs from pseudo-

bulk analysis with threshold Log 2-fold change� 1 and FDR> 5% were considered as significant upregulated genes for KEGG pathways. Upregulated genes

with Log 2-fold change� 2 and FDR> 1% for CD4+ Th cells and FDR> 5% for Tregs, and γδ T cells were represented for the heatmap.

https://doi.org/10.1371/journal.ppat.1012699.g003
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expressions of Clec11a,Mrc2, Lgals1, and Lman1 in fibroblast 2 and selective expression of

Nod2 in fibroblast 3. Among the AMPs, fibroblast 3 showed increased expression of Lcn2,

Nos2, and Amd, whereas Amd and Ang were highly expressed in fibroblast 1 (Fig 4D).

To identify the upregulated pathways in fibroblast subsets during C. auris skin infection,

KEGG pathway enrichment was performed for upregulated genes with Log2Fc� 2 and 5%

Fig 4. scRNA seq revealed the transcriptomic signatures in fibroblast and other non-immune cells during C. auris skin infection. A) The Volcano plots

indicate significant differentially expressed genes (DEGs) in the infected and uninfected fibroblast subsets, highlighting the top 10 upregulated and

downregulated genes. The Dot plot represents the expression of selected B) fibroblast lineage markers, C) cytokines and their receptors, and D) chemokines

and their receptors, fungal recognizing receptors, and antimicrobial peptides (AMPs) in the fibroblast subsets (Y-axis). The dot size represents the percentage

of cells with expressions, and the color indicates the scaled average expression calculated from the 3 uninfected and 3 infected samples. E) The bubble plot

represents the KEGG pathway enrichment of the upregulated genes of fibroblast subsets (X-axis).; Violin plots depict the scaled count of F) IL17ra and G)

Cxcl1, Cxcl2, Cxcl5, Cxcl12, Lcn2, and IL33 in fibroblast subsets and other non-immune cells in both uninfected and infected samples. The scaled count were

normalized using SCTransform method; DEGs from pseudo-bulk analysis with threshold Log 2-fold change ± 2 and FDR> 5% were considered as significant

DEGs and Log 2-fold change� 2 and FDR> 5% as upregulated genes.

https://doi.org/10.1371/journal.ppat.1012699.g004

PLOS PATHOGENS Cell type specific host response to Candida auris skin infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012699 November 13, 2024 11 / 29

https://doi.org/10.1371/journal.ppat.1012699.g004
https://doi.org/10.1371/journal.ppat.1012699


FDR in fibroblast 1, fibroblast 2, fibroblast 3, and fibroblast 4 (Fig 4E). We identified pathways

involved in HIF-1 signaling, PI3K-Akt signaling, cytokine-chemokine receptor interaction,

and complement coagulation cascade pathways that were highly enriched in fibroblast 3 and

fibroblast 1. ECM-receptor interaction pathway was enriched in fibroblast 3. The IL-17 signal-

ing pathway was enriched in all three fibroblast subtypes except fibroblast 4 (Fig 4E). Next, we

analyzed other non-immune cells, such as BEC, outer bulge cells, and pericytes, that showed

DEGs during C. auris skin infection (S4 Fig). We examined the upregulated DEGs enriched in

these KEGG pathways (S5 Table). KEGG pathways, such as Th17 cell differentiation and cyto-

kine-cytokine receptor interactions, were highly enriched in BEC, pericytes, and outer bulge

cells (S5B–S5D Fig). To understand if fibroblast and other non-immune skin cells play a role

in the recruitment of immune cells during C. auris infection, we analyzed the expression of

genes such as IL-17ra and chemokines involved in recruiting immune cells such as neutro-

phils. Among non-immune cells, fibroblast subsets and LEC showed increased expression of

the IL-17ra gene (Fig 4E). The chemoattractants such as Cxcl1, Cxcl2, Cxcl5, Cxcl12, Lcn2, and

Il33 involved in the recruitment of neutrophils were highly expressed in different non-immune

cells, but fibroblast subsets showed relatively higher expression (Fig 4G). Taken together, our

unbiased scRNA seq revealed the increased expression of cytokines, chemokines, PRRs, and

AMPs in fibroblasts and other non-immune cells that could either directly (or) indirectly con-

tribute to the host defense against C. auris skin infection.

C. auris induces IL-1Ra in macrophages to decrease the neutrophil function

in the skin

Our scRNA seq identified that C. auris skin infection upregulated the expression of the Il1rn
gene in different cell types, especially in myeloid and lymphoid cells (Fig 5A). The Il1rn gene

encodes four isoforms of IL-1R antagonist (IL-1Ra), which regulates the inflammatory signal-

ing of the IL-1 pathway by competing with IL-1α and IL-1β in IL-1R activation [26,27]. We

analyzed the expression of Il1rn in the cell types identified in our analysis. In our dataset, the

Il1rn was expressed only in hematopoietic cells in the C. auris infected samples (Fig 5A) (S6A

Fig). However, in the non-hematopoietic cells, such as fibroblasts and keratinocytes, that are

known to express intracellular isoforms of IL-1Ra [28,29], the C. auris infection did not con-

siderably altered Il1rn expression (S6A Fig).

Our analysis revealed that Il1rn expression was highly expressed in neutrophils, followed by

macrophages (Fig 5B). Given that C. auris persists in the skin long-term, the role of IL-1Ra in

host defense against C. auris skin infection is unknown. Therefore, we investigated if the

increased Il1rn identified in our scRNA analysis plays a role in host defense against C. auris.
To confirm our scRNA data, we infected mice intradermally with C. auris and examined the

IL-1Ra level by ELISA. In addition, mice intradermally infected with C. albicans was used to

compare IL-1Ra levels with C. auris-infected groups. We identified that the skin tissue of C.

auris-infected mice had significantly higher IL-1Ra levels compared with the uninfected and

C. albicans-infected groups (Fig 5C). We found that all four C. auris clades (AR0381, AR0383,

AR0285, and AR0387) induced comparable levels of IL-1Ra in skin tissues (Figs S6B and 6C).

On the other hand, no significant difference was observed in the IL-1Ra level in the serum of

uninfected, C. auris, and C. albicans-infected groups (Fig 5D). Furthermore, the increased

level of IL-1Ra in the skin tissue of C. auris-infected mice corresponds to the increased fungal

burden observed in C. auris-infected skin tissue compared with C. albicans infection groups

(Fig 5E).

IL-1Ra binds with IL-1R [27,30], and IL-1R signaling is critical for neutrophil function

[26,31,32]. We investigated if the presence of IL-1Ra modulates the neutrophil killing of C.
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Fig 5. C. auris induces IL-1Ra in macrophages to decrease the neutrophil function in the skin. (A) Heatmap represents the expression of

Il1rn in the cell types (y-axis) between the infected and uninfected groups. The normalized gene counts were plotted in the heatmap, and

the scale indicates red for high, blue for low, and white for moderate expression in the samples. Each column represents a different sample.

(B) The violin plot depicts the scaled count of Il1rn in myeloid subsets from both uninfected and infected samples. The scaled count were

normalized using SCTransform method. IL-1Ra levels in the (C) skin and (D) serum of mice after 3 DPI of C. auris AR0387 or C. albicans
SC5314 (n = 8–10 mice/group). Uninfected mice received 100 μL of 1X PBS on the day of infection. (E) Fungal burden in the skin tissue of

indicated mice on 3 DPI of C. auris AR0387 or C. albicans SC5314 (n = 8–10 mice/group). Uninfected mice received 100 μL of 1X PBS on

the day of infection. (F) The bar graph represents the neutrophil-killing activity of C. auris AR0387 in the presence and absence of

recombinant IL-1Ra. (G) Skin fungal burden of the mice groups injected with neutralizing anti-mouse IL-1Ra monoclonal antibody or

100 μl of 1X PBS after 3 DPI of C. auris AR0387 in the murine skin. (n = 3–5 mice/group) (H-K) Quantification of IL-1Ra level and fungal
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auris. The neutrophils isolated from the mouse peritoneum were assessed for C. auris-killing

activity in the presence and absence of recombinant IL-1Ra. We identified that the neutrophils

exhibited significantly decreased killing activity against C. auris in the presence of recombinant

IL-1Ra (Fig 5F). Next, we examined the in vivo role of the secreted IL-1Ra in C. aurismurine

skin infection using neutralizing antibody. We found that C. auris-infected mice treated with

the IL-1Ra neutralizing antibody exhibited significantly reduced fungal burdens in the skin tis-

sue compared to untreated groups (Fig 5G). These findings indicate that the secreted IL-1Ra

during C. auris skin infection decreases neutrophil function and potentially favors fungal

growth in the skin tissue in vivo.

Next, we determined to examine the source of IL-1Ra during C. auris skin infection. Since

neutrophils followed by macrophages highly expressed Il1rn, we examined if IL-1Ra produced

by neutrophils and macrophages play a role in host defense against C. auris skin infection. We

depleted neutrophils using an anti-Ly6G antibody, and as expected, the percentage and abso-

lute number of CD11b+ Ly6G+ neutrophils were significantly decreased in the skin tissue of

mice that received anti-Ly6G antibody compared to mice injected with isotype antibody

(Fig 5H and 5I). However, surprisingly, we observed no significant difference in IL-1Ra levels

in the skin tissue of mice that received anti-Ly6G antibody and isotype antibody (Fig 5J). On

the other hand, fungal load was significantly increased in the skin tissue of mice that received

anti-Ly6G antibody compared with mice that received isotype antibody (Fig 5K). These find-

ings suggest neutrophils play a critical role in host defense against C. auris skin infection in
vivo. Furthermore, depleting neutrophils alone did not considerably affect IL-1Ra levels in the

skin tissue of mice infected with C. auris. Next, we depleted macrophages using clodronate

liposomes to identify if macrophages are the source of IL-1Ra during C. auris skin infection.

The percentage and absolute number of CD11b+ MHCII+ F4/80+ macrophages were signifi-

cantly decreased in the skin tissue of mice that received clodronate liposomes compared to

control groups (Fig 5L) (S6D Fig). Interestingly, we identified that IL-1Ra was significantly

decreased in the skin tissue of mice after they received clodronate liposome compared with

control groups (Fig 5M). Furthermore, the fungal load was significantly decreased in the skin

tissue of mice that received clodronate liposome compared with control groups (Fig 5N). A

difference of 1.6-fold in CFU/g of tissue was observed between the control and C.L. group. A

similar trend was observed at a late time point, which was 12 DPI (Fig 5O and 5P). These find-

ings suggest that macrophages are the major source of IL-1Ra during the early and late time

points of C. auris skin infection. Next, we cultured the macrophages in vitro, stimulated with

C. auris, and measured the IL-1Ra level in the culture supernatants after 16 hours. The IL-1Ra

level in the culture supernatant of macrophages infected with C. auris was significantly higher

than the uninfected macrophages. These results suggest that C. auris infection induces IL-1Ra

production in the macrophage ex vivo (S6E Fig). To examine if the IL-1Ra produced by the

macrophages can affect the neutrophil activity ex vivo, we collected the culture supernatant

from the macrophages stimulated or unstimulated with C. auris, and this macrophage

burden in mice injected with anti-Ly6G antibody and Rat IgG2a isotype control (Isotype) for neutrophil depletion after 2 DPI of C. auris
AR0387 (n = 6–8 mice/group). H) Representative flow plots and I) percentage and absolute number of CD11b+ Ly6G+ neutrophils in the

infected skin tissue of mice injected with anti-Ly6G antibody or Rat IgG2a isotype control (Isotype) antibody. (J) IL-1Ra level and (K) CFU

were determined from the homogenate of infected skin tissue. (L-O) Measurement of IL-1Ra production and fungal burden in clodrosome

(C.L) and 1X PBS (Ctrl) injected mice groups for macrophage depletion after 2 DPI of C. auris AR0387 (n = 9–10 mice/group). (L)

Representative flow plots of F4/80+ MHCII+ macrophage in the infected skin tissue of mice injected with clodrosome (C.L) or 1X PBS

(Ctrl) injected mice groups. (M) IL-1Ra level and (N) CFU determined from the homogenate of infected skin tissue from 2 DPI of C. auris
0387 (n = 12 mice/group).(O) IL-1Ra level and (P) CFU determined from the homogenate of infected skin tissue from 12 DPI of C. auris
0387 (n = 8–10 mice/group). Error bars represent mean ± SEM. * p< 0.05, ** p<0.01, *** p<0.001, **** p<0.0001, NS, non-significant.

Statistical significances were calculated using Mann–Whitney U. Abbreviations–DPI, days post-infection; C.L, clodrosome.

https://doi.org/10.1371/journal.ppat.1012699.g005
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conditioned media (MF CM) was used to access the neutrophil killing activity of C. auris. The

survival of C. auris in the neutrophil incubated with MF CM from infected macrophages was

significantly increased compared to MF CM from uninfected macrophages (S6F Fig). This

finding suggests that the macrophage-produced IL-1Ra limits the neutrophil-killing activity of

C. auris. Collectively, our results indicate that the IL-1Ra produced by macrophages during C.

auris skin infection decreases the neutrophil function, which is important for antifungal host

defense against this emerging skin tropic fungal pathogen (S7 Fig).

C. auris uses a unique cell wall mannan layer to evade IL-1R signaling

mediated host defense

IL-1R signaling is critical for neutrophil recruitment and function and plays an important role

in the host defense against C. albicans in oral mucosa and systemic infection [31, 32]. How-

ever, the role of IL-1R signaling in host defense against C. auris skin infection is unknown.

Therefore, we used mice lacking the IL-1 receptor (IL-1R) to investigate the IL-1R signaling in

skin defense against C. auris. Surprisingly, we found that the percentage and absolute numbers

of neutrophils in the Il1r1-/- mice infected with C. auris were not significantly affected and

showed similar levels to wild-type (WT) infected groups after 3 DPI and 12 DPI (Fig 6A–6C).

We also observed no significant difference in the percentage and absolute numbers of macro-

phages in the Il1r1-/- mice after 3 DPI and 12 DPI (Fig 6D and 6E). Unlike C. albicans [31,32],

these findings indicate that neutrophil recruitment was not affected in Il1r1-/- mice infected

with wild-type C. auris strain 0387. Since fungal PAMPs modulate the host response [12], and

C. auris possesses a unique outer mannan layer compared to C. albicans [13], we hypothesized

that the C. auris outer cell wall mannan layer controls IL-1R signaling. We used the CRISPR-

Cas9 system to generate a C. aurismutant strain (pmr1Δ) that lacks an outer mannan layer as

described previously [33]. The growth kinetics was unaltered in C. auris pmr1Δ [34]. WT and

Il1r1-/- mice were infected with pmr1Δ strain to examine the neutrophil and macrophage

recruitment. Interestingly, we found that neutrophil recruitment was significantly decreased

in the Il1r1-/- mice infected with the pmr1Δ strain compared to wild-type (WT) mice after 3

DPI and 12 DPI (Fig 6F to 6H). No significant differences were observed in the recruitment of

macrophages in the Il1r1-/- mice infected with the pmr1Δ strain (Fig 6I and 6J). These findings

indicate that the unique mannan outer layer of C. auris controls IL-1R signaling-dependent

neutrophil recruitment.

Next, we investigated if C. aurismannan outer layer controls IL-1R signaling-dependent

neutrophil function. Neutrophils isolated from WT and Il1r1-/- mice were infected with C.

auris 0387 and 0387 pmr1Δ to determine fungal survival (Fig 6K). We identified no difference

in fungal survival in neutrophils from WT and Il1r1-/- mice infected with the C. auris 0387

strain. However, we observed significantly higher fungal survival of the 0387 pmr1Δ strain in

the Il1r1-/- neutrophils compared to the WT neutrophils (Fig 6K). These findings demonstrate

that C. auris, through the outer mannan layer, evades IL-1R signaling mediated neutrophil kill-

ing. Since macrophages but not neutrophils are known to produce IL-1Ra during C. albicans
systemic infection [35], we investigated whether the outer mannan layer controls macrophage

IL-Ra production. BMDMs (bone marrow-derived macrophages) were infected with wild-type

C. auris 0387 or 0387 pmr1Δ strain to examine IL-1Ra levels. We found a significant increase

in the IL-Ra level in supernatants of macrophages infected with live wild-type C. auris 0387

strain compared to 0387 pmr1Δ strain, which lacks an outer mannan layer (Fig 6L). These

findings suggest that outer mannan regulates IL-1Ra production. Taken together, our results

revealed that through the unique mannan outer layer, C. auris evades IL-1R-signaling medi-

ated neutrophil recruitment and killing to persist in the skin (S7 Fig).
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Fig 6. C. auris uses a unique cell wall mannan layer to evade IL-1R signaling mediated host defense. (A) The representative flow plots represents the

percentage of CD11b+ Ly6G+ neutrophils and CD64+ MHCII+ macrophage in the WT and Il1r1−/− mice skin tissue infected with C. auris 0387. The bar graph

represents the percentage and absolute number of CD11b+ Ly6G+ neutrophils after (B) 3 DPI and (C) 12 DPI and the CD64+ MHCII+ macrophage after (D) 3

DPI and (E) 12 DPI in the WT and Il1r1−/− mice skin tissue infected with C. auris 0387 (n = 4–8 mice/group). (F) The representative flow plots represents the

percentage of CD11b+ Ly6G+ neutrophils and CD64+ MHCII+ macrophage in the WT and Il1r1−/− mice skin tissue infected with 0387 pmr1Δ. The bar graph

represents the percentage and absolute number of CD11b+ Ly6G+ neutrophils after (G) 3 DPI and (H) 12 DPI and the CD64+ MHCII+ macrophage after (I) 3

DPI and (J) 12 DPI in the WT and Il1r1−/− mice skin tissue infected with 0387 pmr1Δ (n = 5–10 mice/group). For C. auris 0387 pmr1Δ infection 5 × 106 CFU

per mice were used. (K) The bar graph represents the fungal survival of C. auris 0387 and 0387 pmr1Δ primed with neutrophils isolated from bone marrow of

WT and Il1r1−/−mice. (n = 6) (L) Measurement of IL-1Ra levels from the culture supernatant of BMDM uninfected or infected with live C. auris 0387 or 0387

pmr1Δ for 16 h. (n = 12). Error bars represent mean ± SEM. * p< 0.05, ** p<0.01, *** p<0.001, **** p<0.0001, NS, non-significant. Abbreviations—DPI,

days post-infection; WT, wild type; BMDM, bone marrow-derived macrophages. Statistical significances were calculated using Mann–Whitney U.

https://doi.org/10.1371/journal.ppat.1012699.g006
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Discussion

The single-cell transcriptomics platform is invaluable for capturing specific biological mecha-

nisms and cellular heterogeneity among different cell populations in a tissue microenviron-

ment. Given that C. auris possesses a unique cell wall, adhesin proteins, and colonizing factors

to thrive in the skin [13, 17, 36], understanding the cell-type specific skin immune response to

C. auris is critical to understanding the pathogenesis. In this study, comprehensive profiling of

C. aurismurine skin infection generated a single-cell transcriptome atlas encompassing all

major immune cells and non-immune cells in the skin. Our scRNA dataset comprises ~70,300

cells regulated during fungal infection of the skin tissue, revealing cell type-specific immune

response during C. auris infection in the skin. C. auris can persist in the dermis for several

months [4]. Therefore, we used the intradermal mouse model of infection that could poten-

tially identify the host immune factors that regulate C. auris burden in skin tissue [20]. Our

scRNA seq identified the accumulation of various innate and adaptive immune cells at the site

of infection. In addition to phagocytic cells, DCs, and T cells, we identified that Th1 cells, NK

cells, and non-immune cells such as fibroblast 3 cell type were highly accumulated in the skin

tissue of C. auris infected mice. Recent studies suggest that IL-17-producing T cells are critical

for skin defense against C. auris [4]. In this study, we observed that the depletion of neutrophils

but not macrophages significantly increased the C. auris burden in skin tissue. These findings

suggest neutrophils play a critical role in skin defense against C. auris in vivo. Future studies to

understand the role of DCs, Th1 cells, NK cells, and fibroblasts in C. auris pathogenesis are

important to understand the contribution of specific immune cells in skin defense against this

emerging fungal pathogen.

Next, we examined the transcriptomic signature in individual cell types altered during C.

auris skin infection in vivo. In myeloid cells, the cytokines and chemokines mediating the

recruitment of phagocytic cells at the infection site and activation of antigen-presenting cells

were highly upregulated during C. auris skin infection. The PRRs in the myeloid cells facilitate

fungal recognition in the host [24, 37]. We observed the key PRRs, including TLRs, C-type lec-

tin receptors, galectin receptors, and NLRs, were upregulated in myeloid cells, revealing the

participation of selective immune receptors in host defense against C. auris during skin infec-

tion. Host AMPs such as Lcn2, S100a8, and S100a9, known to have direct antifungal activity,

were highly upregulated in neutrophils. In addition, we identified the genes involved in nitric

oxide metabolism and acute phase proteins were highly upregulated in different myeloid cells

during C. auris skin infection. Our analysis of lymphoid cells revealed the expression of cyto-

kines, chemokines, and TFs in CD4+ T cells, CD8+ T cells, and γδT cells during C. auris infec-

tion. In addition to the IL-17 pathway, which plays a critical role in antifungal host defense,

including C. auris [4,38], our findings suggest that C. auris infection highly upregulates the

expression of Ifng in Th1 cells and NK cells. Previous findings indicate that IL-17 (Th17) but

not IL-12 (Th1) is critical for host defense against Candida albicans in the skin tissue [39]. In

addition to IL-17, our scRNA seq data highlights the potential involvement of IFNγ in C. auris
infection. This could be partly due to the route of infection, as epicutaneous and intradermal

infection elicits different immune responses [40,41], and future studies are required to under-

stand the functional importance of IFNγ (Th1) in C. auris skin infection. Non-immune cells,

mainly fibroblast 1 and 3, showed increased expression of cytokines and chemokines. During

Staphylococcus aureus skin infection, the dermal fibroblasts differentiate into adipocytes and

produce AMP, mainly CAMP, for host defense [42]. Although CAMP was not highly

expressed in fibroblasts during C. auris skin infection, our analysis identified the increased

expression of other AMPs such as Lcn2, Adm, and Ang in fibroblast 1 and 3 cell types. The che-

moattractants such as Cxcl1, Cxcl2, Cxcl5, Cxcl12, Lcn2, and Il33 involved in recruiting
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immune cells such as neutrophils were highly expressed in various non-immune cells. These

findings suggest that non-immune cells exhibit an active role in skin defense against C. auris
through AMPs and by secreting soluble factors that assist in recruiting neutrophils to the site

of infection. Collectively, our scRNA seq revealed the transcriptome changes in different

immune and non-immune cell types during C. auris infection in mice skin tissue in vivo and

identified the previously unknown immune and non-immune cell type-specific host responses

against C. auris skin infection.

In the recent studies on the host transcriptome of C. auris in human peripheral blood

mononuclear cells (PBMCs) and mouse BMDMs, the NOD-like receptor signaling pathway

was only enriched in the C. auris infection but not in C. albicans infection [13,14]. Similarly, in

our scRNA seq dataset, the NOD-like receptor signaling pathway was significantly enriched in

the myeloid subsets. Furthermore, the transcriptome of human PBMCs exposed in vitro with a

purified manna layer of C. auris induces higher Il1rn expression compared to the C. albicans
[13]. The Il1rn gene encoding IL-1Ra, which is significantly upregulated in different cell types

identified in our scRNA seq data, was investigated for its role in host defense against C. auris
skin infection. We identified that the depletion of macrophages, but not neutrophils, signifi-

cantly decreased IL-1Ra concentrations in the skin tissue of mice infected with C. auris, sug-

gesting the macrophage as the major source of IL-1Ra during C. auris skin infection.

Furthermore, the neutrophil-killing activity of C. auris was significantly decreased in the pres-

ence of recombinant IL-1Ra, and mice treated with neutralizing antibodies significantly

decreased the fungal load in vivo. A recent study on C. albicans using a systemic mouse model

of infection revealed the role of secreted IL-1Ra by splenic macrophages limits the neutrophil

activity in kidneys by affecting its reactive oxygen species (ROS) and myeloperoxidase (MPO)

activity, contributing to the immune evasion of fungi [35]. We observed that the culture super-

natant collected after C. auris stimulation of macrophage in vitro induced robust IL-1Ra pro-

duction and limited the neutrophil-killing activity of C. auris. Our results, along with others

[35], suggest that C. albicans and C. auris infection induces IL-1Ra in macrophages and

decreases the killing activity of neutrophils to different host niches, including the kidney and

skin, respectively. A recent study demonstrated that C. auris was less potent in activating IL-1β
than C. albicans, evading macrophages through metabolic adaptation [43]. Furthermore, com-

pared to C. albicans, we identified that C. auris infection induces significantly increased levels

of IL-1Ra in the skin tissue. Although the intradermal infection of mice leads to the dissemina-

tion of fungi to kidneys and spleen [9], the systemic IL-1Ra level in serum in the mice infected

with C. auris was unaltered. Previous findings suggest that IL-1Ra also favors the polarization

of macrophages towards immunosuppressive M2 phenotype [44]. Macrophages play a protec-

tive role when a host encounters Candida pathogens. Our findings indicate the IL-1Ra-medi-

ated immune evasion mechanisms employed by C. auris to modulate macrophages and persist

in the skin. Furthermore, IL-1R signaling is critical for neutrophil recruitment and function

and is important in the host defense against C. albicans [31,32]. Surprisingly, our findings

revealed that C. auris, through the unique mannan outer layer, evades IL-1R-mediated neutro-

phil recruitment and function in the skin. Collectively, our results demonstrate the IL-1Ra and

IL-1R-mediated immune evasion mechanisms employed by C. auris to persist in the skin.

However, IL-1Ra induction may differ between the murine and human in the skin, and intra-

species variation in the IL-1 regulation of innate immune response may exist [45]. Future stud-

ies using an ex vivo human skin infection model of C. aurismight help to understand the IL-

1Ra-mediated immune evasion. They may potentially correlate the findings from our mice

studies to humans.

The overall conclusion is that in addition to known Th17-mediated antifungal defense

mechanisms, our single-cell transcriptomics analysis identified Th1 cells, NK cells, and non-
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immune cells, such as fibroblast role in skin defense against C. auris. Our findings demonstrate

that C. auris induces IL-1Ra in macrophages to decrease neutrophil function and evades IL-

1R-mediated immune defense against C. auris. Taken together, our data from the comprehen-

sive single-cell profiling of skin tissue revealed the previously unknown mechanisms by which

C. aurismodulates myeloid cells to persist in the skin. Furthermore, our unbiased transcrip-

tomics identified the potential contribution of the IFNγ pathway in lymphoid cells and the

involvement of non-immune cells in skin defense against C. auris. Findings from this study

will form a strong platform for developing novel host and pathogen-directed antifungal thera-

peutics that potentially target IL-1Ra and fungal mannan biosynthesis, respectively. Further-

more, the host receptors and immune pathways identified in this study in individual skin cell

types during C. auris infection in vivo will open the door for future studies to understand the

pathogenesis of C. auris in the skin and develop novel therapeutics to prevent and treat this

emerging skin tropic fungal pathogen.

Experimental model and subject details

Mice. The C57BL/6J and Il1r1−/− C57BL/6J strains of mice were bred and housed in path-

ogen-free conditions at the centrally managed animal facilities at Purdue University. C57BL/6

and Il1r1−/− C57BL/6J strains were obtained from the Jackson Laboratory. Both old male and

female mice of 6–8 weeks of age were used in the experiments.

Fungal culture. Candida auris AR0387, AR0381, AR0383, and AR0385 strains used in the

study were procured from CDC AR Isolate Bank, USA, and C. albicans SC5314 strain was

gifted from Dr. Andrew Koh, University of Texas Southwestern Medical Center, USA. Stock

cultures of C. auris, C. albicans or C. auris 0387 pmr1Δ was stored at -80˚C and subcultured on

yeast peptone dextrose (YPD) agar plates at 37˚C for 24 hours. Colonies from the YPD plates

were cultured in YPD medium overnight at 37˚C, shaking at 250 rpm. The fungal cells were

harvested and washed twice with sterile 1x PBS before murine infection. For ex vitro killing

assays, C. auris was cultured in YPD at 30˚C for 24 hours. The fungal cells were washed with

sterile 1x PBS and enumerated in a hemocytometer. The C. auris were preincubated with 10%

mouse serum (Invitrogen, USA) at 37˚C for 30 min. All the antibodies, ELISA kit, recombi-

nant proteins, oligonucleotides, plasmids, and other reagents used in this study were provided

in the (S6–S9 Tables).

Method details

Ethics statement

All experiments conducted on animals were in accordance with the approved protocols. Ani-

mal studies and experimental protocols were approved by the Purdue University Institutional

Animal Care and Use Committee (IACUC Protocol no. 2110002211).

C. auris murine skin infection

For scRNA seq, C. auris AR0387 was used for murine infection. Yeast cells were washed and

resuspended in sterile 1x PBS before murine infection. The fungal cells were enumerated in a

hemocytometer and diluted to 1–2 x 107 yeast cells/ml. A six-to-eight-week-old C57BL/6J

strain of mice was anesthetized, and dorsal skin hair was shaved as previously described [20].

Mice were injected intradermally with either 1–2 x 106 yeast cells (C. auris infected group) or

sterile 1× PBS (Uninfected group) using a 27 G 1’ hypodermic needle on the shaved area.
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Preparation of single-cell suspension from murine skin tissue for scRNA-

seq

After 12 days post-infection (DPI), the mice were euthanized, and an approximately 80–120

mg weight of the dorsal skin tissue within 2 cm around the area of intradermal injection was

collected in a 1.5 ml tube with digestion media (RPMI-1640 with 0.25-mg/mL Liberase TL and

1-μg/mL DNase). The tissue was transferred to a 6-well tissue culture plate with 5ml of diges-

tion media and minced using ophthalmic scissors. The suspension is incubated for 1 hour 50

min at 37˚C with 5% CO2 to ensure digestion of skin tissue. Then 1 mL of 0.25% trypsin-

1-mM EDTA was added and incubated for another 10 min to separate the dermis from the

epidermal surface as described previously [46]. After 2 hours of digestion, 4 ml of 1x PBS with

5% FBS was added to the suspension and pumped 8 times with a 10-mL syringe to mechani-

cally dissociate the release of single cells from the tissues. Then the tissue clumps were removed

by filtering with a 70 μm cell strainer, centrifuged at 300 x g for 7 min, and resuspended in

RPMI-1640 with 10% FBS. Further, the fine tissue particles were removed by passing the sin-

gle-cell suspension in a 40 μm cell strainer and a 30 μm cell strainer. The viability of the cells,

presence of cell debris, and aggregating cells were assessed using trypan blue staining under a

microscope. Two technical replicates for each sample were processed. Samples with more than

85% cell viability and less debris and aggregates were enumerated using a hemocytometer and

adjusted to ~10,000,000/mL for further Single-cell partition and RNA library preparation.

Single-cell capturing, library construction, and 3’ RNA-sequencing

The Single-cell suspensions from the samples were diluted to 17,000 cells and loaded on a

microfluidics chip Chromium Single Cell Instrument (10x Genomics) to target 10,000 cells.

Single-cell GEMs (Gel Bead-In Emulsions) containing barcoded oligonucleotides and reverse

transcriptase reagents were generated with the Next Gem single-cell reagent kit (10X Geno-

mics). Following cell capture and cell lysis, cDNA was synthesized and amplified. At each step,

the quality of cDNA and library was examined by a Bioanalyzer [47, 48]. The final libraries

were sequenced on an Illumina NovaSeq 6000. 100-bp reads, including cell barcode and UMI

sequences, and 100-bp RNA reads were generated.

Bioinformatics analysis

The FASTQ files generated by Illumina sequencing were processed using the CellRanger

(v7.1.0) pipeline from 10X Genomics, and the reads were mapped to mouse reference genome

mm10-2020-A. A digital gene expression matrix was generated containing the raw UMI

counts for each cell for each sample. Downstream analysis was performed using various func-

tions in the Seurat package (v 4.0) [49–52]. Cells with fewer than 300 or more than 7500

unique feature counts or more than 20% mitochondrial reads were excluded. To address the

ambient RNA contamination SoupX version 1.5.2 [53] was utilized to identify and remove

ambient RNA background noise from the data. After excluding low-quality cells, the count

data was normalized using the SC Transform normalization workflow. Cell clusters were iden-

tified using ‘FindNeighbors’ and ‘FindClusters’ functions with the first 30 principal compo-

nents at 0.6 resolution. We visualized our results in a two-dimensional space using UMAP.

SingleR (v 2.0.0) package [54] was used for cell type annotation of the clusters using reference

dataset GSE181720 [23]. Differential gene expression between infected and uninfected cells

was performed using edgeR (v 3.38.4) [55]. Subclusters of lymphoid cell clusters identified

above were identified by using the ‘resolution’ parameter from 0.1 to 1.0 in ‘FindClusters’

function to generate the detailed substructures of the clusters. We used pseudo-bulk analysis
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to combine single-cell RNA sequencing data by cell type and condition status, uninfected and

infected. For each identified cell type within the seurat object, we extracted count matrices

from both infected and uninfected samples. This extraction involved summing the UMIs

(unique molecular identifiers) for each gene across all cells within a given cell type and condi-

tion, thereby creating pseudo-bulk samples representing each cell population’s collective gene

expression profile under different experimental conditions. The differential expression analy-

sis was performed using the edgeR package. We first normalized the data to account for differ-

ences in library sizes. Then we applied statistical models to identify genes that were

significantly differentially expressed based on FDR� 0.05 and Log2FC� 2 or� -2 between

infected and uninfected conditions for each cell type. To visualize the results of our differential

expression analysis, we generated volcano plots using the ggplot2 package in R. An ‘R’ package

clusterProfiler (clusterProfiler_4.6.2) [56] was used to identify up-regulated KEGG pathways

using differentially expressed genes between infected and uninfected cells when comparing

different clusters and/or cell types.

Depletion of neutrophils and macrophages in C57BL/6J mice

To deplete neutrophils in C57BL/6J mice, 200 μg of anti-mouse Ly-6G antibody (Biolegend,

USA) were injected intraperitoneally on day -1 and +1 following C. auris skin infection. The

control groups received isotype-matched control Rat IgG2a (Biolegend, USA) on the following

days [57]. To deplete macrophages, C57BL/6J mice were injected with 1 mg of Clodrosome

(Encapsula Nano Sciences) intraperitoneally on day -2 and +1 for 2 DPI, and alternative 3–4

days for 12 DPI following C. auris skin infection [58,59]. PBS was injected into the control

groups. Depletion of neutrophils and macrophages was assessed by flow cytometry. The skin

fungal burden of the neutrophil or macrophage-depleted mice was determined from the

infected skin tissue samples by homogenizing it in 1X PBS and plating in YPD supplemented

with antibiotics, as described previously [20].

Immune cell quantification by Flow Cytometry

Murine skin tissue from scRNA Seq validation and depletion experiments were subjected to

immune cell quantification using flow cytometry. Cells were isolated from murine skin as

described previously [20]. The single-cell suspension from the murine skin tissue was stained

with LIVE/DEAD Fixable Yellow (Invitrogen, Waltham, MA, USA), followed by surface and

intracellular markers for innate and adaptive panels as described previously [20]. For the

depletion experiments, the macrophage population was determined by F4/80 antibody. Then

the stained samples were acquired through Attune NxT Flow Cytometer (Invitrogen, Carlsbad,

CA, USA) and analyzed using FlowJo software (Eugene, OR, USA).

In vivo neutralization of IL-1Ra in the murine skin

To neutralize the IL-1Ra, 200 μg of neutralizing anti-mouse IL-1Ra monoclonal antibody were

intradermally injected in the mice on day 0 (6 h before infection), +1 and +2 following C. auris
skin infection [35,60]. 1X PBS was given to the control groups on the following days. On 3 DPI

the mice were euthanized, and skin fungal burden was determined by homogenizing the skin

tissue and plating it in YPD plates supplemented with antibiotics as described previously [20].

Blood sampling and serum separation

Peripheral blood was collected from uninfected and C. albicans and C. auris-infected mice on

day 2 through the retro-orbital venous plexus route. Mice were anesthetized under isoflurane,
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and blood was collected using a heparinized microhematocrit capillary tube (Fisher Scientific,

USA) in a microcentrifuge tube. Then, the blood was centrifuged at 500 × g for 10 min, and

the separated serum was subjected to IL-1Ra ELISA.

IL-1Ra quantification using enzyme-linked immunosorbent assays (ELISA)

IL-1Ra production in skin homogenate, culture supernatant, and serum was quantified using a

mouse IL-1Ra/IL-1F3 DuoSet kit (RnD Systems) by following the manufacturer’s standard

operating protocol. Skin tissue collected from mice was homogenized in PBS. The homoge-

nates were centrifuged at 2500 × g for 10 min at 4˚C, and the Halt protease inhibitor cocktail

(ThermoFisher Scientific) was added to the supernatant and stored at -80˚C. 20 μl of superna-

tant from skin homogenate, 50 μl of serum, 100 μl of BMDM culture supernatant were used

for IL-1Ra ELISA.

Isolation and culturing of murine primary neutrophils

Six to eight weeks old C57BL/6J or Il1r1-/- mice were used for neutrophil isolation. As

described previously, immune cells were isolated from mice’s peritoneal cavity [61]. Briefly,

7.5% of casein solution was injected intraperitoneally to stimulate immune cell infiltration.

After 1–4 days, mice were euthanized, and the peritoneal cavity was washed with 1xPBS with

0.5% BSA, and the leukocytes were harvested from peritoneal lavage. Then the neutrophil was

isolated from the buffy coat after centrifugation with Percoll at 1000 × g for 20 min as

described previously [61]. For bone marrow-derived neutrophil isolation, the bone marrow

cells were isolated from the femur by flushing the bone cavity with RPMI supplemented with

10% FBS and 2 mM EDTA. Then the RBC was lysed in 1.6% NaCl, and subjected to histopaque

density gradient centrifugation for neutrophil separation as described previously [61].

Construction of pmr1Δ deletion strain

The PMR1 deletion in C. auris AR0387 was performed by CRISPR-mediated gene editing in

C. auris, as described previously [33]. Briefly, the upstream and downstream regions of the

PMR1 gene were amplified and stretched with a 23 bp barcode, replacing the Open reading

frame (ORF) to construct the repair template. Then, the gRNA cassette, Cas9 cassette, and the

repair template were transformed into C. auris using lithium acetate, single-stranded carrier

DNA, and polyethylene glycol method of competence induction. Then the transformed colo-

nies were selected in the presence of NAT and screened for the PMR1 deletion by colony PCR.

The deletion of PMR1 was confirmed using Sanger sequencing (S7 Table).

Isolation and culturing of murine bone marrow-derived macrophage

(BMDM)

BMDM were isolated from 6–8 weeks old C57BL/6 mice asdescribed previously[62]. Briefly,

the bone marrow was harvested by flushing the bone cavity of the femur. Cells were cultured

in DMEM supplemented with 10% FBS, 1× GlutaMAX, 1× Penicillin/Streptomycin, and 50

ng/mL M-CSF to induce macrophage differentiation as described [63]. After 5–8 days, the

adherent cells were separated, washed, and confirmed for CD11b+ MHCII+ by flow cytometry.

5 × 104 cells/well of BMDM were cultured in a 96-well treated plate for 24 hours for efficient

attachment. Then the macrophages were either stimulated at 1:1 MOI with live C. aurisWT or

pmr1Δ for 16 hours for the IL-1Ra ELISA. For preparation of macrophage conditioned media

(MF CM), 2 × 105 cells/well of BMDM were cultured in 48-well plate for 16 hours. The C.

auris 0387 were stimulated with 1:1 MOI the C. aurisMF CM, and the control conditioned
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media (ctrl MF CM) were unstimulated. Then 100 μl of supernatant was used for IL-1Ra level

determination using ELISA.

Neutrophil killing assay

To determine the ex vivo neutrophil killing of C. auris in the presence of IL-1Ra, 5 × 104 neu-

trophils were seeded in a 96-well plate with RPMI 1640 media (ThermoFisher, USA) and pre-

treated with 100 ng/ml recombinant IL-1Ra for 30 min. Further, C. auris AR0387 was

incubated with 10% mouse serum for 30 min and transferred to the 96-well plate at MOI of 1:

0.25. The plates were incubated at 37˚C for 3 hours. Then, the cells were lysed by resuspending

in 0.02% triton X-100 for 5 min, and the lysate was serially diluted and plated in YPD agar

with antibiotics. The colonies were enumerated after incubating plates at 37˚C for 24 hours to

calculate the neutrophil-killing activity. For fungal survival assay, C. auris 0387 or 0387 pmr1Δ
were primed with 5 × 104 bone marrow neutrophils isolated from WT or Il1r1-/- mice at 1: 2

MOI and the percentage of fungal survival were determined by plated in YPD agar with antibi-

otics [64,65]. For fungal survival in macrophage conditioned media (MF CM), the neutrophil

and C. auris were primed at 1:0.25 MOI in presence of MF CM at various concentrations and

for 50% MF CM, the MF CM were diluted in DMEM supplemented with 10% FBS. The per-

centage of fungal survival were determined by plated in YPD agar with antibiotics.

Supporting information

S1 Fig. Flow cytometric quantification of major immune cells from the mice skin tissue of

the infected and uninfected groups after 12-days-post-infection. The representative flow

plot and the bar graph represent the percentage and absolute number of (A) neutrophils, (B)

Monocytes, (C) Macrophages, and (D) dendritic cells in the C. auris infected group compared

to the uninfected group. The bar graph represents the percentage and absolute number of (E)

γδ+ cells, γδ+ IFNγ+ cells, γδ+ IL17A+ cells, and γδ+ IL17F+ cells, (F) CD4+ cells, CD4+ IFNγ
+ cells, CD4+ IL17A+ cells, CD4+ and IL17F+ cells, (G) CD8+ cells, CD8+ IFNγ+ cells, CD8

+ IL17A+ cells, CD8+ and IL17F+ cells. Twelve mice were used from each group, and the

error bar represents the mean ± SEM. * p< 0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

(TIF)

S2 Fig. Venn diagram showing the number of upregulated genes shared within the (A) phago-

cytic cells and (B) antigen presenting cells upon C. auris infection.

(TIF)

S3 Fig. (A) Venn diagram showing the number of upregulated genes shared within lymphoid

subsets. The heatmap represents the expression of the significantly upregulated genes in (B)

CD8+ and (C) NK cells in uninfected and infected groups. Upregulated genes with Log 2-fold

change + 2 and FDR > 5% were represented. The normalized gene counts were plotted in the

heatmap, and the scale indicates red for high, blue for low, and white for moderate expression

in the samples. Each column represents a different sample.

(TIF)

S4 Fig. The heatmap represents the expression of the significantly upregulated genes in (A)

BEC (B) outer bulge cells and (C) pericytes cells in uninfected and infected groups. Upregu-

lated genes with Log 2-fold change� 2 and FDR> 5% were represented. The normalized

gene counts were plotted in the heatmap, and the scale indicates red for high, blue for low, and

white for moderate expression in the samples. Each column represents a different sample.

(TIF)
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S5 Fig. (A) Venn diagram showing the number of significantly upregulated genes shared

within the identified fibroblast subsets. The bubble plot represents the KEGG pathways of the

enriched upregulated genes of the (B) BEC, (C) pericytes and (D) outer bulge cells. The X-axis

denotes the percentage enrichment of the KEGG pathways.

(TIF)

S6 Fig. (A) The normalized read counts of Il1rn gene in the hematopoietic and non-hemato-

poietic cell types from the scRNA-seq dataset. Both uninfected and infected samples were plot-

ted and the mean were represented with the error bar. The IL-1Ra level in skin tissues of mice

groups received PBS, Candida auris South Asian clade AR0387, East Asian clade AR0381, Afri-

can clade AR0383, or South American clade AR0385 after day. (B) 3 p.i. and (C) 14 p.i. (n =
5–7 mice/group). (D) Percentage and absolute number of F4/80+ MHCII+ macrophage in the

infected skin tissue of mice injected with clodrosome (C.L) or 1X PBS (Ctrl) injected mice

groups. (E) Measurement IL-1Ra levels from the culture supernatant of BMDM alone or

BMDM stimulated with C. auris 0387 for 16 h. (n = 12). Error bars represent mean ± SEM. **
p<0.01. (F) The bar graph represents the fungal survival of C. auris 0387 primed with neutro-

phils in the presence of MF CM collected from BMDM alone (Ctrl MF CM) or BMDM stimu-

lated with C. auris 0387 (C. aurisMF CM) for 16 h (n = 16 to 19). 50% CM was diluted with

complete DMEM. Error bars represent mean ± SEM. * p<0.05, **** p<0.0001. Abbrevia-

tions—BMDM, bone marrow-derived macrophages; MF CM, macrophage conditioned

medium. Statistical significances were calculated using Mann–Whitney U.

(TIF)

S7 Fig. The summary of in vivo scRNA seq of murine skin infected with C. auris revealing

IL-1Ra mediated host evasion mechanism for fungal survival in the skin. This illustration

was created using Biorender.

(TIF)

S1 Table. The number of cells in each cell type identified in the infected and uninfected

groups. The mean cell numbers of the cell type in the uninfected and infected samples were

represented. The fold changes in the cell types recruited in the infected samples compared to

the uninfected control were represented.

(DOCX)

S2 Table. The total UMIs and annotated genes identified in the infected and uninfected

groups. The mean UMIs in uninfected and infected sample are represented in the table.

(DOCX)

S3 Table. The DEGs of myeloid subsets enriched in the KEGG pathways upon C. auris
murine skin infection.

(DOCX)

S4 Table. The DEGs of lymphoid subsets enriched in the KEGG pathways upon C. auris
murine skin infection.

(DOCX)

S5 Table. The DEGs of fibroblast subsets enriched in the KEGG pathways upon C. auris
murine skin infection.

(DOCX)

S6 Table. The list of antibodies, ELISA kit, and recombinant proteins used in the study.

(DOCX)
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S7 Table. The oligonucleotide sequences used to construct pmr1 deletion and the confir-

mation of the desired edit by Sanger sequencing.

(DOCX)

S8 Table. The fungal strains, plasmids and mouse strains used in the study.

(DOCX)

S9 Table. The list of reagents and software used in this study.

(DOCX)

S10 Table. Differentially expressed genes from pseudo-bulk analysis and the KEGG path-

ways of myeloid, lymphoid and fibroblast subsets.

(XLSX)
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