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Yeast and filamentous Candida auris stimulate distinct immune
responses in the skin
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ABSTRACT Candida auris, an emerging multidrug-resistant fungal pathogen, predom-
inately colonizes the human skin long term leading to subsequent life-threatening
invasive infections. Fungal morphology is believed to play a critical role in modulating
mucocutaneous antifungal immunity. In this study, we used an intradermal mouse
model of C. auris infection to examine fungal colonization and the associated innate
and adaptive immune response to yeast and filamentous C. auris strains. Our results
indicate that mice infected with a filamentous C. auris had significantly decreased
fungal load compared to mice infected with the yeast form. Mice infected with
yeast and filamentous forms of C. auris stimulated distinct innate immune responses.
Phagocytic cells (CD11b*Ly6G" neutrophils, CD11b*Ly6C" inflammatory monocytes, and
CD11b*MHCII*CD64" macrophages) were differentially recruited to mouse skin tissue
infected with yeast and filamentous C. auris. The percentage and absolute number
of interleukin 17 (IL-17) producing innate lymphoid cells, TCRy&*, and CD4" T cells in
the skin tissue of mice infected with filamentous C. auris were significantly increased
compared to the wild-type of yeast strain. Furthermore, complementation of filamentous
mutant strain of C. auris (Aelm1 + ELMT) strain exhibited wild-type yeast morphology in
vivo and induced comparable level of skin immune responses similar to mice infected
with yeast strain. Collectively, our findings indicate that yeast and filamentous C. auris
induce distinct local immune responses in the skin. The decreased fungal load observed
in mouse skin infected with filamentous C. auris is associated with a potent IL-17 immune
response induced by this morphotype.

IMPORTANCE Candida auris is a globally emerging fungal pathogen that transmits
among individuals in hospitals and nursing home residents. Unlike other Candida
species, C. auris predominantly colonizes and persists in skin tissue resulting in outbreaks
of systemic infections. Understanding the factors that regulate C. auris skin colonization
and host immune response is critical to develop novel preventive and therapeutic
approaches against this emerging pathogen. We identified that yeast and filamentous
forms of C. auris induce distinct skin immune responses in the skin. These findings may
help explain the differential colonization and persistence of C. auris morphotypes in skin Editor Aaron P Mitchell, University of Georgia,
tissue. Understanding the skin immune responses induced by yeast and filamentous C. Athens, Georgia, USA
auris is important to develop novel vaccine strategies to combat this emerging fungal N e T e |
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the mammalian gastrointestinal tract, C. auris has a unique ability to colonize and persist
in human skin long term resulting in nosocomial transmission (3-6). Individuals who
have been colonized with C. auris can develop a high fungal burden on their skin,
which has been positively correlated with environmental contamination, transmission,
and outbreaks of systemic infections (7). Emerging evidence suggests that C. auris
persists in murine skin for several months (3). Furthermore, recent findings from our
laboratory suggest that skin immune responses to C. auris are different from C. albicans
(4). However, the factors that regulate C. auris skin colonization and the local immune
response are poorly understood.

Clinical isolates of C. auris can exhibit different morphotypes such as filamentous,
pseudohyphal, and yeast forms (8-14). Previous findings in other Candida species
suggest that fungal morphology plays a critical role in regulating the colonization,
virulence, and immune response in different host niches including the skin (15). For
example, C. albicans predominately exists as a yeast form on the stratum corneum of the
skin, while pathogenic pseudohyphal and filamentous forms of C. albicans exist in the
dermis. Furthermore, C. albicans yeast but not filament-locked mutant strain induces a
potent Th17 immune response in the mouse skin (15). Given that C. auris preferentially
colonizes the human and murine skin (3, 4, 6, 16), the role of yeast and filament forms
in the colonization potential and skin immune responses is still not known. In this study,
we examined the colonization and skin immune responses of yeast and filamentous
forms of C. auris. We generated a filamentous mutant strain in C. auris by deleting
ELM1 in wild-type (WT) South Asian AR0387 strain as described elsewhere (8). ELM1 is a
regulator of C. auris morphology, where disruption of this gene results in filamentation
(8). A markerless CRISPR-Cas9-mediated genome editing system was used to delete and
complement the ELM1 gene in C. auris as previously described (17). We confirmed the
gene deletion by PCR and sequencing (Fig. S1; Table S1). As expected, we identified
that WT C. auris AR0387 strain exists as a typical round-shaped yeast form, whereas
deletion of ELM1 gene (Aelm1) resulted in an elongated, filamentous morphology which
is consistent with previous findings (Fig. 1A) (8). Furthermore, complement strain (Aelm1
+ ELMT1) retained the wild-type morphology as described elsewhere (8).

Next, using an intradermal murine model of skin infection, we examined the mor-
phology of the WT, Aelm1 mutant, and complement Aelm1 + ELM1 strains in vivo. Our
results indicate that mouse skin infected with the WT strain features the yeast form,
whereas mice infected with Aelm1 exhibited pseudohyphae/filamentous fungal forms at
3 days and 14 days post-infection (Fig. 1B). Histologically, all skin samples contain a
dermal abscess comprising a well-demarcated and partially circumscribed mass of
necrotic cellular debris and inflammatory cells admixed with varying numbers of fungal
yeast. The dermal inflammation does not extend past the abscess. The intralesional WT
yeast is 7-10 um in greatest dimension, ovoid, rarely cluster and occasionally can be seen
budding. Aelm1 intralesional fungi have hyphal and pseudohyphal morphology. The
hyphal forms are approximately 2 um wide and approximately 50-100 um long with
mostly parallel walls. The pseudohyphal forms are similar in size to hyphae but appear as
rounded walls reminiscent of chains of connected yeast. The mice infected with WT yeast
are abundant in the dermal abscess at 3 days and 14 days post-infection. However,
AelmT-infected mouse skin tissue had filamentous/hyphae/pseudohyphae present in
moderate numbers in the abscess at 3 days post-infection and had decreased numbers
in the 14 days post-infection skin sections. Aelm1 + ELM1 yeast have similar morphology
to WT yeast; they are 7-10 um, are ovoid, and rarely cluster. Next, we examined the skin
colonization of mice infected with the WT, Aelm1, and Aelm1 + ELM1 strains. Groups of
mice were infected intradermally with 1-2 x 10° colony forming units (CFU) of either
strain, and the fungal load was determined from skin tissue collected after 3 days and 14
days post-infection (Fig. 1C). Mice infected with the AelmT mutant strain had significantly
lower fungal load in the skin tissue in comparison to mice infected with the WT strain
(Fig. 1C). The average fungal load of WT C. auris-infected skin tissue after 3 days was 7.42
+ 0.69 logqg CFU/g of tissue, whereas that of AelmT-infected skin was 6.41 £ 0.56 logqg
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FIG 1 Fungal colonization and innate immune responses in mouse skin tissue infected with yeast and filamentous C. auris. (A) Morphology of wild-type C. auris
0387, Aelm1 mutant, and Aelm1 + ELM1 complementstrain obtained via differential interference contrast microscopy after growth in vitro. (B) Representative
periodic acid-Schiff-stained skin tissues from 3 days and 14 days post-infected mice with wild-type C. auris 0387, AeIm1 mutant, and Aelm1 + ELM1 complement
strain (20x and 100x resolution). (C) Fungal load in the skin of mice intradermally infected with wild-type C. auris 0387, AeIm1 mutant, and Aelm1 + ELM1
complement strain following 3 days and 14 days post-infection. Representative flow cytometry plots, percentage, and absolute numbers of (D) CD11b’Ly6G"
neutrophils, (E) CD11b*Ly6C™ monocytes, and (F) CD11b"MHCII*CD64" macrophage from mouse skin tissue infected with wild-type C. auris 0387, Aelm1 mutant,
and Aelm1 + ELM1 complement strain. Mice (n = 8-10) were used for each group, and data were represented as the mean + standard error of the mean for each
group. Statistical significance was calculated using the Mann-Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were considered as significant.

CFU/g of tissue (Fig. 1C). The Aelm1 + ELM1 strain had an average of 6.89 + 0.64 logg
CFU/qg of tissue following 3 days post-infection (Fig. 1C). After 14 days post-infection, WT
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C. auris-infected skin tissue had an average of 6.14 + 0.53 logg CFU/g of tissue, while
AelmT-infected mice skin tissue had an average fungal load of 5.34 + 0.48 log1g CFU/g of
tissue (Fig. 1C). Mice infected with AeIm7 + ELMT strain had an average of 6.21 + 0.55
log1g CFU/g of tissue 14 days post-infection (Fig. 1C). We also utilized gPCR to determine
fungal DNA copies from mice skin tissue infected with WT (or) Aelm1 strains to verify CFU
data, as previously described (18). A strong correlation (r* = 0.7793) between cycle
threshold (Ct) and respective CFU values was observed, regardless of morphology (Fig.
S2). This correlation between CFU and fungal DNA copies confirms the fungal burden in
mice infected with yeast and filamentous morphotypes. Collectively, our findings show
that mice infected with filamentous C. auris had significantly decreased fungal load
compared to mice infected with yeast form.

Next, we compared the skin immune responses of mice infected with WT, Aelm1, and
Aelm1 + ELM1 strains of C. auris. Innate immune cells such as neutrophils, monocytes,
and macrophages are crucial in host defense against Candida infection (19-22). We
examined three major phagocytic cells using flow cytometry as described previously
(4), (Fig. S3A); CD11b*Ly6G" neutrophils, CD11b*Ly6C" inflammatory monocytes, and
CD11b*™MHCII*CD64* macrophages in the skin of mice infected with WT, Aelm1, and
Aelm1 + ELM1 C. auris strains. We found that the percentage but not the absolute
number of CD11b*Ly6G" neutrophils was significantly increased in the mouse skin tissue
infected with the Aelm1 strain compared to WT C. auris-infected groups (Fig. 1D). On
the other hand, the percentage and absolute number of CD11b*Ly6C" monocytes and
CD11b*MHCII*CD64" macrophages were significantly decreased in the skin tissue of mice
infected with the Aelm1 strain (Fig. 1E and F). The percentage and absolute number of
neutrophils, monocytes, and macrophages in mice skin infected with Aelm17 + ELM1 were
comparable to WT, as no significance was observed between these strains (Fig. 1D and
E). These results suggest that the myeloid phagocyte response is different in mouse skin
infected with yeast and filamentous C. auris.

IL-17 producing innate lymphoid cells (ILCs) and T cells plays a crucial role in barrier
defense against fungal infection (3, 21). Thus, we examined IL-17A and IL-17F producing
ILCs, TCRyd*, TCRB*, CD4*, and CD8" T cells as described previously (4) (Fig. S3B and
C). We found that mice infected with the Aelm1 strain induced more potent IL-17-medi-
ated host responses compared to mice infected with the WT C. auris strain (Fig. 2).
The percentage of IL-17A and IL-17F producing ILCs, TCRyS*, TCRB*, and CD4* T cells
were significantly increased in the skin tissue of mice infected with Aelm1 compared
to WT C. auris (Fig. 2A through D). Moreover, the absolute numbers of IL-17A*ILCs,
IL-17A"TCRyS" IL-17A'TCRB*, IL-17A*CD4", IL-17F TCRyS", and IL-17F*'CD4" T cells were
significantly increased in the skin tissue of Aelm7-infected mice compared to WT groups
(Fig. 2A through D). No significant differences in the percentage and absolute number
of IL-17A and IL-17F producing CD8" T cells were observed between Aelm1 and WT
C. auris-infected mouse skin tissue (Fig. 2E). IL-17 responses in mice skin infected with
Aelm1 + ELM1 were comparable to WT, as no significance was observed between these
strains (Fig. 2D and E). Taken together, these findings suggest that mice infected with
Aelm1 strain induce potent IL-17 responses compared to mice infected with WT C. auris
strain.

Collectively, our findings reveal that yeast and filamentous C. auris strains induce
distinct immune responses in the skin. Previous findings used topical mouse model of
skin infection and C. auris 0387 yeast strain and identified that IL-17-mediated immune
response is critical for protection (3). However, in this study, our goal was to compare the
innate and adaptive immune responses between yeast and filamentous forms of C. auris
0387 strains using intradermal mouse model of infection. We used intradermal mouse
model as C. auris can penetrate deep into skin tissue and persist for several months (3).
Furthermore, skin immune responses are different between topical and intradermal
mouse models of bacterial infection (23). Collectively, our findings suggest that immune
responses induced by yeast and filamentous forms of C. auris are different. Our findings
along with others (15) suggest that yeast and filamentous forms of C. auris and C. albicans
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FIG 2 Filamentous C. auris induces potent IL-17 responses in the mouse skin. Representative flow cytometry plots, percentage, and absolute numbers of IL17A
and IL17F" producing (A) ILCs, (B) TCRy&" cells, (C) TCRB" cells, (D) CD4" T cells, and (E) CD8" T cells collected from mouse skin tissue infected intradermally with
wild-type C. auris 0387, Aelm1 mutant, and Aelm1 + ELM1 complement strain. Mice (n = 8-10) were used for each group, and data were represented as the mean
+ standard error of the mean for each group. Statistical significance was calculated using the Mann-Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <

0.0001 were considered as significant.

induce different immune responses in the skin. C. albicans yeast but not filament-locked
mutant strain induces a potent Th17 immune response in the mouse skin (15). Recent
findings from our lab along with others indicate that fungal colonization was signifi-
cantly higher in mice skin infected with yeast form of C. auris 0387 strain compared to
mice infected with wild-type C. albicans SC5314 which can exist as both yeast and hyphal
forms (3, 4). These findings suggest that yeast and filamentous morphologies of C.
albicans and C. auris may differentially regulate the fungal colonization, persistence, and
host immune response in the skin. Furthermore, we predict that distinct skin immune
responses observed between yeast and filamentous C. auris and C. albicans may in part
due to the differences in the cell wall composition (24, 25). Future studies using different
clades of C. auris clinical strains are required to understand how yeast and filament forms
of C. auris induce distinct skin immune responses which is critical to develop novel
therapeutic and vaccine strategies to control and treat this emerging fungal pathogen.

Strains and reagents

The Candida auris strain used in this study is the South Asian AR0387 isolate sourced
from the CDC AR Isolate Bank, USA. Reagents used to generate C. auris ELM1 deletion
strain include the following: pCE27 and pCE35 plasmids purchased from Addgene,
DreamTaq Green DNA Polymerase (5 U/uL) (Thermo Scientific, Cat. no. FEREP0712),
Phusion High Fidelity Polymerase (Thermo Scientific), 10 mM dNTPs (Thermo Scientific),
and restriction enzyme FastDigest Mssl (Thermo Scientific). Antibodies and staining
reagents used in this study forimmune cell isolation and analysis were used as previously
described (4).
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Generation of ELM1 mutant strain

C. auris ELM1 deletion mutant and complement strain was generated by CRISPR-medi-
ated genome editing via the LEUpOUT system as previously described (8, 17). Briefly,
transformants were selected using nourseothricin (NAT) resistance marker. All oligonu-
cleotides used in the study are provided in Table S1. The biotech software Benchling was
used to design the 20 bp gRNA for ELM1 (B9J08_002849) with the reference genome
C. auris B8441. The plasmid pCE27 was used to generate the gRNA cassette via ampli-
fication and PCR stitching of fragments A and B. A 60-bp forward primer featuring
20 bp overhangs on either side of the gRNA, having homology with the extant pCE27
sequence for stitching, is used to include the gRNA during the amplification of fragment
A. The transformant fragment C is produced following fragment B amplification from
pCE27 plasmid and subsequent stitching with fragment A. The pCE35 plasmids were
digested with restriction enzyme Mssl in order to produce the CRISPR-CAS9 cassette
under the following conditions: 10 minute digestion period at 37°C, then 60°C with
inactivated enzyme 10 minutes prior to transformation. The ELM1 exon was replaced
by donor DNA (dDNA) designed using upstream and downstream portions of the ELM1
gene at an intersection point possessing approximately 23 bp sequence homology. The
genomic DNA of C. auris AR0387 was used to amplify and join the dDNA fragments.
The complement strain was generated using the hygromycin B (HYG) marker approach
of the LEUpOUT system, as described in reference 17. A distinct gRNA cassette was
produced to target the donor DNA inserted in place of the deletion. The ELM1 gene to
be re-introduced in the mutant genome was amplified from WT C. auris genomic DNA.
Primers that flank this region were used to make approximately 80 bp upstream and
downstream flanking homology to the ELM1 region of interest.

Intradermal infection in mice

All animal studies were approved by the Institutional Animal Care and Use Committee
at Purdue University. Female and male C57BL/6J mice of 6-8 weeks of age were used.
Mice were anesthetized with isoflurane and shaved with an electronic trimmer. Hair
follicles in the trimmed area were removed using a topical chemical depilatory cream
and subsequently wiped and cleaned using sterile water. A dosage of 0.1 mL of 1-2 x 10’
CFU of live C. auris AR0387 or Aelm1 was used to infect each mouse intradermally using
27-G 1” hypodermic needle as described before (4).

Fungal burden determination in skin tissue

Mice were euthanized humanely, and infected skin tissues were excised following
3 days and 14 days post-infection. Tissue weights were recorded and mechanically
homogenized in sterile 1x phosphate-buffered saline (PBS). The homogenate was then
serially diluted and plated onto antibiotic containing (50 pg/mL kanamycin, 100 pg/mL
streptomycin, and 100 pg/mL ampicillin) YPD-agar plates and incubated at 37°C for
24 hours to determine the fungal burden in the skin (CFU/g of tissue). Additionally,
homogenates were plated onto CHROMagar to confirm C. auris colonies (4).

Histopathology and periodic acid-Schiff staining

Mouse skin was fixed in 4% paraformaldehyde and embedded in paraffin. Sections 4 pm
thick were stained with hematoxylin and eosin and periodic acid-Schiff (PAS) according
to standard methods. Microscopic examination was performed by a board-certified
veterinary pathologist, and the interpretation was based on standard histopathological
morphology.

Immune cell isolation and staining of murine skin tissue

Single-cell suspension was prepared from murine skin tissue, and immune cells were
stained as described previously (4). Briefly, whole dorsal skin tissue samples were excised
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and placed in 1.5 mL microcentrifuge tubes containing 1 mL cold sterile digestion media
(RPMI-1640 with 1 pg/mL DNase and 0.25 mg/mL Liberase TL). Each tissue sample was
then transferred into a 12-well plate and subsequently finely minced with ophthalmic
scissors. Samples were digested with trypsin and 1T mM EDTA, and filtered using 40 pm
cell strainers. Single-cell suspensions were washed with cell staining buffer (CSB) prior to
surface antibody staining. Live/Dead Fixable Yellow Dead stain was used to determine
live cell populations, while anti-mouse CD16/32 was used to block Fc receptors. Except
MHCII (1:2,000), indicated surface antibodies were used to stain markers at a ratio of
1:200. After fixing cells with fixation buffer, samples were stained with CD207 (1:200)
in 1x intracellular staining permeable wash buffer (ISPWB) for 1 hour. For intracellular
staining, cell suspensions were stimulated with cell activation cocktail without brefel-
din (1:500) and monensin (1:000) for 4.5 hours at 37°C (5% CO,). The cell activation
cocktail used is composed of phorbol 12-myristate 13-acetate (PMA) and ionomycin
lacking brefeldin A, with monensin-protein transport inhibitor to enhance intracellular
cytokine staining signals by blocking transport processes during cell activation. Surface
markers were stained with respective surface antibodies and treated with fixation buffer
overnight. ISPWB (1x) was used to wash and subsequently incubate cell suspensions in
indicated intracellular antibodies (1:50) the following day. After washing and resuspen-
sion in CSB, cells were acquired using Attune NxT Flow Cytometer (Invitrogen, Carlsbad,
CA, USA). FlowJo software (Eugene, OR, USA) was used for data analysis.

Statistics analysis

All data included in this study are shown as mean + standard error of the mean.
Statistical analysis of the data was done by the Mann-Whitney U test using GraphPad
Software. P values of <0.05 were considered significant.
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