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ABSTRACT 

 

Single-cell transcriptomic analysis of neuro-immune interaction in 

Candida albicans-induced itch mouse model 

 

 

“Itch-scratch cycle” is a debilitating feature that underlies a range of inflammatory 

dermatoses. Recently, skin has been recognized as a complex barrier organ capable of 

synchronizing neuronal and immune cells’ activation in response to microbiota. Candida 

albicans is a commensal fungus asymptomatically colonizing human barrier tissues 

including skin. It has been known that any skin barrier dysfunction leads to increased 

fungal load and subsequent activation of TH17 cells. However, the precise mechanisms 

of pruritis in C. albicans skin infection are yet to be discovered. Therefore, in this study 

we aimed to establish a murine model of C. albicans skin infection and assess itch 

behavioral phenotype. Type 2 immune response is a well-known mechanism in mediating 

itch sensation. To explore the precise mechanisms of pruritis and involvement of Type 2 

immune response in C. albicans-induced itch mouse model, we performed single cell 

RNA sequence analysis of mouse skin and dorsal root ganglion (DRG) cell-cell 

interaction. Thus, this research aims to be one of the initial studies contributing to 

exploration of mechanisms underlying C.albicans-induced itch sensation via single cell 

transcriptomic approach. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key words : Candida albicans, pruritis, neuro-immune interaction, dorsal root ganglion, Type 2 

immunity
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1. Introduction 

 
The term “itch” (pruritis) was first introduced in XVII century to describe an unpleasant 

sensation that evokes the desire to scratch1,2. Being acute, itch plays a protective role for a 

human body by inducing scratch to get rid of any external factors that may cause harm to 

it. However, chronic itch due to its pathological origin may become a heavy burden for 

patients suffering from such inflammatory skin diseases as atopic dermatitis and 

psoriasis1,2,3. It is well known that immune cells are involved in mediation of itch sensation, 

in particular, T helper 2 (TH2) cells that mainly release IL-4, IL-13, IL-31 cytokines – 

crucial mediators of chronic itch in atopic dermatitis which in turn activate their receptors 

located on the surface of sensory nerves innervating skin2,3,4. Thus, the interaction between 

the immune system and the nervous system has become a basis for the development of 

neuroimmunology, an interdisciplinary field that focuses on studying integration between 

immunologic pathways and itch-specific circuits in the nervous system1-4. 

Peripheral sensation such as itch, pain, temperature, and touch are transmitted via the 

cutaneous sensory nerves toward the dorsal root ganglion (DRG) located near the spinal 

cord. The DRG is a bundle of sensory neuron bodies that possess long sensory nerve fibers 

extending to the skin, and are thought to play a critical role in the perception of sensation 

and the regulation of skin immunity1,2,3.  

Recently, the research interest has shifted toward the interaction between the immune 

system and the peripheral nervous system (neuro-immune interaction).1,2,3 In particular, a 

range of studies is being conducted on neuro-immune interactions in such inflammatory 

skin diseases as atopic dermatitis2,4,5 and psoriasis2,6,7 that manifest by chronic itch and pain 

sensation. However, the scope of research has been expanding by involving another 

important component to this interaction – infectious agents that play a crucial role in the 

development of diseases in a human body8-12. Despite the complex and multidisciplinary 

nature of research related to the immune system, the nervous system and pathogens, its 

importance makes scientists all over the world change the trajectory of their studies to this 

direction. 

According to studies on inflammatory dermatoses such as atopic dermatitis, psoriasis, 

and cutaneous T-cell lymphoma manifested by chronic itch, various cytokine receptors are 

expressed on the terminals of peripheral sensory nerves, whose activation promotes 

signaling cascades similar to these of immune cells in chronic itch and pain conditions13,14,15. 
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However, there are still no reports on sub-molecular mechanisms that can explain accurate 

mechanisms of itch sensation in each disease. 

Candida albicans is an opportunistic fungus that asymptomatically colonizes many areas 

of the human body including skin. Any alterations in the host immune system leads to the 

rapid growth of C.albicans causing the development of infection16. According to the 

research results of Daniel Kaplan et al., C.albicans can directly interact with nerve cells 

inducing the release of CGRP that in turn triggers the production of IL-23 cytokine by 

CD301b+ dendritic cells (DC), amplifying the IL-17-related immune response. However, 

the main focus of this study is the regulation of the nervous system’s immune response but 

not the changes in the peripheral nervous system caused by C.albicans-induced immune 

response12. 

Therefore, in this study I plan to explore the transcriptomic and phenotypic changes in 

sensory nerve cell bodies caused by the immune response to Candida infection that occur 

in the skin to understand the mechanisms of chronic itch and neuro-immune interaction. 



３ 

 

2. MATERIALS AND METHODS 

 

2.1.  Application of C.albicans to the mouse back skin and oral 

cavity 

Specific pathogen-free, C57BL/6J female mice (6-8-week-old) were purchased from 

Jackson Laboratory (CA, USA). Mice (n=5/group) were housed in a controlled 

environment at room T (24 ± 2°C), humidity (55 ± 15%) and a 12-12-h light–dark cycle. 

Mice were acclimatized for 2 weeks prior to the conduction of the experiment. The hair 

removal on the mouse upper back part was performed under isoflurane 2% anesthesia using 

an electric shaver and depilatory protocol. Prior to C.albicans application, a Tegaderm film 

was used for tape-stripping of the shaved mouse back skin (5-7 times) to disrupt the skin 

barrier17. As for the next step, 50 μL from 105 CFU/mL of C.albicans SC5314 strain was 

applied to the mouse back skin which was further covered with a Tegaderm film. Candida 

albicans was cultured everyday according to the C.albicans culture protocol18. A Tegaderm 

film was removed the following day prior to the behavioral experiment. These procedures 

were repeated every day with the behavioral checkpoints on day 0, 3, 5, 7, 10 unless 

otherwise specified. For oral cavity application, we performed mice anesthesia 

intraperitoneally with ketamine and xylazine (10 μg/g) with additional injection of 1/2 

doses if required. A cotton swab saturated with C.albicans 103 to 1010 in 50 μL was 

subsequently placed to the oral cavity sublingually for 75 min on a daily basis19. All 

experiments were performed following the protocols approved by the Animal Resеarch 

Ethics Board of Yonsei University (Seoul, Korea). 

 

2.2.  Mouse behavioral experiment 

To assess itch behavior in mice an infrared Behavior Observation Box (iBOB) equipped 

with an infrared camera and infrared light source was set up8. Before conducting bеhavioral 

experiment, we placed mice for acclimatization to the iBOB for 20-30 minutes. The back 

model, which is considered to be the standard model for itch assessment in the mouse by 

allowing to measure scratching in rеsponsе to itch-evoking stimuli applied to the mouse 

back was used20. A bout of scratch in this experiment was defined as a series of scratches 

by hind paw toward the Candida albicans-treated mouse back ending with hind paw placed 

back to the floor. The bouts of scratch were counted for 30 minutes. To confirm the optimal 
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concentration of C.albicans for application to the mouse back with subsequent itch 

behavior assessment, the oral model of candidiasis was used to differentiate between itch 

and pain behavior, where a wipe of face by forelimb was equivalent to pain sensation20. All 

videos were assessed blindly by several observers. 

 

2.3. DRG isolation from mouse spinal cord 

DRG dissection and isolation was performed and modified according to the previously 

reported Protocol.21 On the day of DRG isolation mice were sacrificed using CO2 gas 

chamber according to the protocol approved by the Animal Rеsеarch Ethics Board of 

Yonsеi Univеrsity (Sеoul, Korеa). DRGs were collected from healthy and Candida albicans 

infected mice (n=6/group) from the cervical, thoracic and lumbar segments of spinal cord. 

After being isolated, DRGs were placed into NBM (500 mL NBM (Invitrogen 21103-049), 

B27 serum-free supplement (10 mL) (50x, Invitrogen 17504-044), L-Glutamine (5 mL) 

(Invitrogen 25030-164), 5 mL Pen/Strep (Cеllgro 15140-163) with subsequent NBM 

removal and DRG digestion in 2 mL of pre-warmed Collagеnase/Dispasе solution (C/D) 

(Dispasе II (Roche 04942078001), HEPES-buffered saline (Sigma 51558-50ML), 

Collagenase A (Rochе 10103578001)) for 20 min at 37 °C (repeated twice). As for the next 

step, DMEM and 10% FBS (RT) were added to the DRGs in 2 mL C/D solution with further 

resuspension of the cells in 1 mL of DMЕM + 10% FBS (RT). The acquired cells were 

triturated with 18, 21 and 26 gauge needles and a 1 mL syringe with further removal of 

undissociated material. The cell suspension was gently layered on top of the BSA with 

further centrifugation at 1100 rpm for 10 min. Resuspended in 20 mL NBM + P/S pellet 

passed through a 70 μm strainer and was centrifuged for 5 min at 1000 rpm. The cells were 

further resuspended in NBM and seeded. Passing quality control: 75-90% of cells were 

viable (Trypan Blue negative) and no cell debris was visible. 

 

2.4. Skin digestion for single cell and flow cytometry 

On the day of flow cytometry analysis, mice were sacrificed using CO2 gas chamber 

according to the protocol approved by the Animal Rеsеarch Ethics Board of Yonsеi 

University (Seoul, Korea). Fresh skin samples dissected from mouse back were chopped 

into smaller pieces with further incubation in Collagenase A (1 mg/mL) + 40 μg/mL DNasе 

(Roche, Mannheim, Germany) and 5mM Ca++ (Sigma, St. Louis, MO, USA) in a Hanks' 

Balanced Salt Solution (HBSS) medium with 5% (v/v) FBS 1%, 1M HEPES, 1% L-
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glutaminе, 1% P/C (penicillin/strеptomycin), and 1000X bеta-mеrcaptoethanol (Gibco) 

incubated with shaking at 37°C during 30 minutes. After been incubated, in order to 

suspension containing only single cells, we used a 70 μm cell strainer. The obtained single 

cell suspension of skin samples was incubated with phorbol 12-myristatе 13-acеtate (PMA, 

Sigma, 50 ng/mL), ionomycin (Sigma, 1 μg/mL), and golgistop (BD, 2ul/mL) for 6 hours 

for further flow cytometry analysis. 

 

2.5. Single-cell RNA sequencing of mouse DRG and skin 

To conduct single cell RNA sequence analysis, isolated DRG and skin cells from healthy 

and Candida albicans infected mice were used (n=6/group). Preparation of Sеquencing 

libraries was performed based on the Drop-sеq methodology. Around 20,000 cells per each 

sample were well mixed with the reagents inducing rеtrotranscription and subsequently 

transferred into a Chip A Singlе Cеll, which contained the Single Cеll 3’ Gel Bеad 

suspension and Partitioning Oil which was further placed into a Chromium Single Cell 

Controller so that cells will be captured within nanoscale droplets that contain reverse 

transcription reagents and a gel bead. The formed gel bead-in-emulsions (GEMs) were 

placed to a thеrmocycler for retro-transcription (the procedure was performed according to 

the protocol of manufacturer). A single gel bead contained a specific 10X Genomics 

barcode, an Illumina R1 sequence, a Unique Molecular Identifier (UMI) and a poly-dT 

primer sequence. Thus, full-length cDNA was produced based on poly-adenylated mRNA 

in RT reaction with a unique barcode per cell and transcript, by what all cDNA can be 

tracked back from each single cell. As for the next step, cDNA was processed by 

fragmentation, end repair and A-tailing double-sided size selection using AMPure XP 

bеads. As for the last step, Illumina adaptors and a sample index were added through PCR 

using a total number of cycles adjusted to the cDNA concentration. The samples were 

indexed, and libraries were again subjected to double-sided size selection. For 

quantification of thе libraries the Qubit dsDNA HS Assay Kit (Life Technologies) was 

used. D1000 ScreеnTapеs (Agilent Technologies) was used for assessment of cDNA 

integrity. Pairеd-end (26+74bp) sequencing (100 cycles) was carried out using HiSеq 4000 

device (Illumina). 

 

2.6. Intravital multiphoton microscopy for assessment of mouse 

ear alterations 
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We performed anesthesia using kеtamine and xylazinе (10 μg/g) and 1/2 doses were 

additionally injected if needed. Mouse ears were subsequently depilated. In order to provide 

heat support, mice were placed on a heating plate (CU301, Live Cеll Instrument, Sеoul, 

Korea) for further ear imaging22. An FVMPE-RS (Evident; Olympus, Tokyo, Japan) was 

used for capturing images. Recording of images was performed at a magnification of 

20X/1.0PA with a water immersion objective. The fluorescence was excited using a Mai 

Tai high-dеnsity DееpSeе tunable laser (Spectra Physics, Santa Clara, Calif) at 690-1040 

nm excitation wavelength. To stimulate red fluorescent protein (RFP), the Mai Tai laser 

was used at 1040 nm. The processing of the raw imaging data was performed with ImageJ 

(National Institutеs of Health, Bеthesda, Md). To assess cell migration, automatic cell 

tracking was usеd, which was further supplemented by manual adjustments. To generate 

graphs from the data, a Prism 8 application package was used (GraphPad Softwarе, La Jolla, 

Calif). Movies were generated using ImageJ software sequences exported from cellSens 

(Evident). 

 

2.7. Measurement of C.albicans-specific IgE in sеra by еnzyme-

linkеd immunosorbent assay (ELISA) 

Concentration of C.albicans-specific IgE were measured using Mouse Anti Candida 

albicans IgE Antibody ELISA kit (MyBioSource, San Diego, CA, USA). Sеrum samples 

were processed according to the manufacturer protocol. Briefly, 100 μL of each Standard 

(0, 10, 25, 50, 100, 250 ng/mL) and Samples were added to the coated wells with 100 μL 

of PBS being used as a control in the blank well. Then 50 μL of Conjugate was added to 

each well excluding the blank control well. After mixing well, the plate was covered and 

incubated for 1 hour at 370C. After washing five times with Washing Solution and 

completely removing the liquid, 50 μL of substrate A and 50 μL of substrate B were added 

to each well with subsequent covering and incubation for 15-20 min at 370C. Lastly, 50 μL 

of Stop Solution was added to each well and mixed. The optical density was determined at 

450nm using a microplate reader (TECAN, Salzburg, Austria) instantly. 

 

2.8. Optical Imaging with Voltage-Sensitive Dyе (VSDi) for 

Tracking Neuronal Activity in DRGs 

VSDi experiment was conducted according to the previously published protocol23. 

Briefly, on day 10 of C.albicans epicutaneous treatment, mice were anesthetized 
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intraperitoneally with urethane (50 mg/kg). The isolation of DRGs was performed in an 

optical chamber filled with artificial cerebrospinal fluid (aCSF) equilibrated with a gas 

mixture (5% CO2in O2; pH 7.4). We performed optical imaging after quick isolation of 

DRGs in the recording chamber. Staining step was conducted during 1 hour with 

preparations being placed to aCSF with a voltage-sensitive dye (VSD) (Di-2-ANEPEQ, 50 

mg/mL in 0,9% NaCl, Molecular Probes, Eugene, OR, USA). After 1 hour we used fresh 

aCSF in order to replace staining dye with subsequent performance of optical imaging with 

a MiCAM02 hardware and data analysis with software package (BrainVision, Tokyo, 

Japan). MiCAM02 camera and a fixed-stage upright fluorescence microscope (BX51WI, 

Olympus, Tokyo, Japan) were used for optical imaging. A halogen lamp and a dichroic 

mirror were used to record the activation of DRGs. Stimulation of DRGs was performed 

with a concentric bipolar electrode with intensities of 1 and 3 mA. 

 

2.9. Statistical analysis 

GraphPad Prism 10.1.2 (GraphPad Software, Inc., San Diego, CA, USA) was used to 

perform statistical analysis. A Mann-Whitney test was used to determine the difference 

between the two groups. P-value of < 0.05 was defined as a statistical significance criteria. 

The downstream analysis of single cell RNA sequence DRG and skin data was conducted 

using Seurat package 5.1.0 in R 4.4.2. To filter out low quality cells, individual cells with 

number of genes fewer than 500, nUMI (unique molecule identifiers) fewer than 1000, 

log10GenesPerUMI lower than 0.8 and mitochondrial genes greater than 10% were 

removed from the dataset. As for the DRG datasets, non-neuronal cells were also excluded 

from the analysis. Neuronal and skin immune cell subtypes were clustered using PCA and 

UMAP analysis referring to the previously published studies on identification of marker 

genes for distinct DRG neuron and skin immune cell clusters. DEG (differential gene 

expression) - analysis was conducted using the FindMarker function in Seurat package. 
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3. RESULTS 

 

3.1.  Establishment of C.albicans-induced itch mouse model 

To assess how C.albicans induces itch, we employed and modified cutaneous 

C.albicans infection and S.aureus infection and behavioral murine models. First, we 

aimed to determine the optimal concentration of C.albicans for epicutaneous application 

that can trigger the most prominent itch behavior. For this, 50 μL of various 

concentrations of C.albicans ranging from 103 to 1010 CFU/ml were applied to the mouse 

back on daily basis with subsequent 24 hours-post exposure assessment of itch behavioral 

phenotype via video recording on day 0, 3 and 5. As shown in Figure 1A, the highest 

scratching pattern was observed on day 5 when 50 μL of 105 CFU/ml was applied. Next, 

we attempted to define the time point of the highest and most stable itching behavior 

under C.albicans epicutaneous application. Mice were treated with 50 μL of 105 CFU/ml 

for 12 consecutive days with 24 hours post-exposure itch behavioral analysis performed 

in dynamics on day 0, 3, 5, 7, 10, 12. As a result, compared to control group, C.albicans-

treated mice showed significantly increased scratching behavior started from day 3 with 

the most stable pattern being observed on day 10 (Figure 1B and 1C). Taken together the 

behavioral results, application of 50 μL of C.albicans 105 CFU/ml daily for 10 

consecutive days  was confirmed as an established C.albicans-induced itch mouse 

model (Figure 1C). Characteristic C.albicans-induced skin inflammatory changes with 

histologically confirmed epidermal hyperplasia and inflammatory cell infiltrate in dermal 

layer are shown in Figure 1D. 
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Figure 1. Establishment of C.albicans-induced itch mouse model. (A) Scratching 

behavior of WT mice treated by various concentrations of C.albicans starting from low 103 

to high 1010 CFU/ml (50 μL), n ≥ 8 mice per group. (B) Scratching behavior of C.albicans-

treated WT mice compared to control littermates examined in dynamics on day 0,3,5,7,10 

and 12, n = 5 mice per group. (C) Schematic presentation of established C.albicans-induced 

itch mouse model with scratching behavior pattern on day 0,3,5,7 and 10, n ≥ 8 mice / 

group. (D) Representative time-lapse images of C.albicans-induced skin lesions compared 

to control mouse skin and H&E stained photomicrograph of skin sections from C.albicans-

treated and control mice. Original magnification x20. Nonparametric Mann-Whitney U 

tests was performed to analyze statistical significance for (A) -(C). *p<0.05; **p< 0.01; 

***p <0.001; ****p < 0.0001; ns, not significant. 
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3.2.  Morphological and electrophysiological changes of sensory 

neurons in C.albicans-induced itch mouse model 

 

3.2.1. Skin Nerve Fiber Remodeling in C.albicans-induced itch mouse 

model 

To evaluate structural remodeling of sensory nerve fibers in skin affected by C.albicans, 

Nav1.8-Cre-tdT mouse back and ears were treated with 50 μL of C.albicans 105 CFU/ml 

daily for 10 consecutive days according to our established C.albicans-induced itch 

murine model (Figure 2A). On day 10, we performed two-photon microscopy of mouse 

ears and examined morphological changes of nerve fibers. Our data shows that exposure 

to C.albicans leads to increase of nerve fiber thickness with more than 2-fold changes in 

comparison with control group (Figure 2B-C). Moreover, we observed significant 

increase in nerve fiber density following C.albicans exposure compared with control 

mice (Figure 2D). 
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Figure 2. Skin Nerve Fiber Remodeling in C.albicans-induced itch mouse model. (A) 

Experiment design for conducting two-photon microscopy. (B) Two-photon microscopy 

image of control and C.albicans-treated Nav1.8-Cre-tdT mouse ears with subsequent 

analysis of (C) nerve fiber thickness and (D) nerve fiber density. Each symbol represents 

nerve fiber per area. Nonparametric Mann-Whitney U tests was performed to analyze 

statistical significance for (C) and (D). **p <0.01. Scale bars, 50 μm. 
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3.2.2. Electrophysiological changes of sensory neurons in C.albicans-

induced itch mouse model 

Additionally, we performed VSD imaging to assess neuronal activity of DRGs isolated 

from WT control and C.albicans-treated mice on day 10 (Figure 3A). For this, we recorded 

changes of DRG’s membrane potential in response to electrical stimulation and 

subsequently tracked DRG neuronal activity (Figure 3B). When stimulated by 1mA, both 

control and experimental DRGs showed similar neuronal activity as their peak amplitude 

responses were registered within the same range. However, under 3mA stimulation, higher 

neuronal activity was observed in C.albicans-treated group. Furthermore, we analyzed 

activated pixel changes of 1mA and 3mA stimulation images. As a result, both 1mA and 

3mA stimulation in C.albicans-treated group showed pronounced increase in neuronal 

activity compared to the control group. Thus, our data suggests that C.albicans-treated 

group DRG exhibits higher neuronal activity than DRG from control mice with difference 

increased in correlation with intensity. 
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Figure 3. Electrophysiological changes of sensory neurons in C.albicans-induced itch 

mouse model (A) Experiment design for conducting voltage-sensitive dye imaging (VSDi) 

analysis. (B) Images of optical signals at 1mA and 3mA stimulation of WT control and 

C.albicans-treated mouse DRGs. 
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3.3.  Single cell transcriptomic analysis of DRG and skin in 

C.albicans-induced itch mouse model 

 

3.3.1. Transcriptomic analysis of DRG tissue cells in C.albicans-induced 

itch mouse model 

To further explore the precise mechanisms of itch in C. albicans-induced itch mouse 

model, we conducted scRNA sequence analysis of DRG (C1-L2) and skin samples 

isolated from WT control and C.albicans-treated mice (n=6/group), following established 

protocol (Figure 4A). We obtained the transcriptomic profiles of ~36.940 DRG cells and 

~34.737 skin cells from C.albicans-treated group and ~35.834 DRG cells and ~42.745 

skin cells from their control littermates, which were further clustered and visualized by 

principal component analysis – PCA, and uniform manifold approximation and projection 

- UMAP analysis. For analysis of DRG datasets, we began with identification of neuronal 

and non-neuronal markers of DRG cells to filter out cell types other than neurons 

including immune cells (Ptprc, Cd74)24, vascular smooth muscle cells (VSMCs) (Tagln, 

Myh11)25,26, endothelial cells (tight junctions) (Pecam1, Cldn5)24,27, satellite glial cells 

(SGC) (Fabp7, Cdh19)24,28, fibroblasts (Col1a2, Dcn, Apod, Mgp)24 and Schwann cells 

(Mpz, Ncmap, Prx)29. We used specific neuron-related markers such as Pou4f130, Avil31, 

Rbfox1-332,33,34 to identify neuron cells for further clustering (Figure 4B, C, D). 
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Figure 4. Identification of non-neuronal and neuronal subclusters in mouse DRG 

tissue. (A) Experiment design for conducting scRNA sequence analysis of DRG. DRGs 

were dissected and dissociated into single cell suspension with further processing by 10x 

Genomics. (B) UMAP visualization of mouse DRG tissue showing non-neuronal and 

neuronal subclusters for further DRG neuronal cells analysis. Dots represents individual 

cells, colors represent DRG tissue cell clusters. (C) DotPlot and (D) UMAP plot of 

representative gene markers for distinguishing between non-neuronal and neuronal cell 

types. The dot size shows the percentage of cells expressing genes corresponding to 

individual cluster in (C) and individual cells in (D); the color shows the average 

expression of normalized transcript counts in DRG tissue cells. 
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3.3.2. Transcriptomic analysis of DRG neuronal cells in C.albicans-

induced itch mouse model 

After re-analyzing DRG neuronal cells, our dataset revealed 13 transcriptionally 

distinct neuronal clusters based on previously reported marker genes of sensory neurons 

(Figure 5A). In consistence with published studies31,35,36 we identified distinct subsets of  

low threshold mechanoreceptors - C-LTMR (Th), Aβ-LTMR (Ntrk3, Ntng1), and Aδ-

LTMR (Ntrk2, Cadps2) – that are responsible for detection of innocuous touch sensation, 

proprioceptors (Pvalb), distinct peptidergic subsets – PSPEP1 (Hcrtr1, Prokr2, Smr2), 

PSPEP2/3 (Oprk1), PSPEP4 (Sstr2), PSPEP5 (Gabrg3, Dcn), PSPEP6/7 (Trpm8), 

PSPEP8 (Rxfp1), and subtype of neurons traditionally annotated as non-peptidergic (NP) 

neurons – NP1 (Mrgprd), NP2 (Mrgpra3) and NP3 (Sst) (Figure 5A, B). In particular, 

NP1, NP2 and NP3 are associated with itch-transducing neurons4,35,37,38, with NP3 cluster 

being closely related to inflammatory itch sensation. Therefore, we focused on NP 

neuronal subtypes in our further analysis. 
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Figure 5. Identification of neuronal cell clusters in mouse DRG tissue. (A) UMAP 

visualization of 13 distinct DRG neuronal cell subtypes in mouse DRG tissue. Dots 

represents individual cells, colors represent DRG tissue cell clusters. (B) Violin plot of 

representative neuronal gene markers’ expression for classification of DRG neuronal cells.  
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3.3.3. Analysis of itch-specific receptors expression in NP clusters 

In consistence with previously published studies, NP1 cluster was defined with Mrgprd, 

NP2 – with Mrgpra3 and NP3 – with Sst marker genes4,35,37,38 (Figure 6A). When 

analyzing these subsets, we observed enrichment of cells across all NP clusters from 

C.albicans mice DRGs compared to that of the control group. Next, we examined major 

itch-related receptors in NP clusters. Atopic dermatitis (AD) is a classical inflammatory 

dermatosis accompanied by severe pruritis and prominent Type 2 immune response13,39,40. 

Therefore, we analyzed expression of Type 2 cytokine receptors – IL-4R (Il4ra) and IL-

13R (Il13ra1). Interestingly, both IL-4R and especially IL-13R along with histamine 

receptors (histamine H1 receptor (Hrh1) and histamine H2 receptor (Hrh2)) were 

upregulated in C.albicans group comparing to the control group. Specifically, we 

observed distinct expression pattern of these receptors depending on NP subset. Thus, IL-

13R was upregulated in NP2 cluster, while NP1 neurons were enriched in IL-4R. 

Moreover, NP2 subset of C.albicans group contained more H1 and H2 receptors than that 

of control mice (Figure 6B). Thus, our results show upregulation of Type 2 immune 

response-related receptors in sensory neurons highlighting possible involvement of this 

pathway in mediation of itch signal in response to C.albicans. 
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Figure 6. Analysis of itch-specific receptors expression in NP clusters. (A) UMAP 

visualization of NP1, NP2 and NP3 clusters with further counting of absolute number of 

cells in each cluster. All NP clusters showed increase in cell number in C.albicans-treated 

group compared to the control mice. Dots represents individual cells; colors represent 

distinct NP cell clusters. (B) Violin Plot of IL-4R (Il4ra) expression in NP1 cluster, IL-13R 

(Il13ra1), H1R (Hrh1) and H2R (Hrh2) expression in NP2 cluster. Dots represents 

individual cells. Nonparametric Wilcoxon rank sum test was performed in Seurat to analyze 

statistical significance for (B). ***p< 0.001; ****p <0.0001. 
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3.3.4. Transcriptomic analysis of skin tissue cells in C.albicans-induced itch 

mouse model 

To further understand the underlying mechanisms of itch induced by C.albicans, we 

conducted analysis on skin samples isolated from WT C.albicans-treated mice and their 

littermates (n=6) (Figure 7A) . Using previously published gene markers, we first identified 

7 distinct subsets of cells in skin including fibroblasts (Col1a2, Dcn, Lum)41,42,43, 

keratinocytes (Krt1, Krt5, Krt14, Krt15)44,45, immune cells (Ptprc, Cd74)24,46, endothelial 

cells (Ptprb, Cldn5, Podxl)47,48, melanocytes (Oca2, Sox10, Pax3)49,50,51, Schwann cells 

(Mpz, Ncmap, Prx)29, and adipocytes (Adig, Cidec)48 (Figure 7B, C). In order to focus more 

on immune cells to explore neuro-immune interaction in our model, we performed re-

clustering of CD45⁺ cells (Ptprc). 

  



２９ 

 

   

A 

B 

C 



３０ 

 

Figure 7. Identification of major cell clusters in mouse skin tissue. (A) Experiment 

design for conducting scRNA sequence analysis of skin. Skin samples were dissected from 

C.albicans and control groups (n=5/group) with further dissociation into single cell 

suspension and processing by 10x Genomics. (B) UMAP visualization of major skin cell 

clusters including fibroblasts, keratinocytes, immune cells (CD45⁺ cells), endothelial cells, 

melanocytes and Schwann cells. Dots represents individual cells; colors represent skin 

tissue cell clusters. (C) Dot Plot of representative gene markers for major skin cell subtypes 

clustering. The dot size shows the percentage of cells expressing genes corresponding to 

individual cluster; color shows the average expression of normalized transcript counts in 

skin tissue cells. 
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3.3.5. Analysis of skin CD45⁺ immune cells in C.albicans-induced itch mouse 

model 

After sub-clustering CD45⁺ cells, we identified 11 immune subtypes based on their 

classical gene markers (Figure 8A). These include macrophages (F13a1, Adgre1)52,53, 

dendritic cells (Itgax, Flt3)54, Langerhans cells (Cd207, H2-DMb2)55,56, T helper cells - TH1 

(Tbx21, Ifng)57 and TH2 (Gata3, Il4, Il5, Il13)57, regulatory T cells (Treg) (Foxp3))57, mast 

cells (Mcpt4, Tpsb2, Fcer1a)58 and neutrophils (S100a8, S100a9)59. Moreover, we 

observed non-conventional T cell population - γδ T cells (Trdc, Trgc1)60 that are abundant 

in peripheral tissues including skin. In particular, resting γδ T cells were found to be in non-

activated state as it they did not express cytokine molecules. On the opposite, γδ17 cells 

(Trdc, Rorc, Il17a)61,62 are actively expressing effector molecules such as IL-17A and IL22 

specifically in C.albicans-treated group as a classical response to fungal infection. 

Furthermore, we observed a distinct cluster that did not express canonical CD3 markers, 

but showed high expression of type 2 immune cells-related genes – Gata3, Il4, Il13 and Il5. 

Therefore, we identified this subset as ILC2 cells (Cd3e-, Gata3+)63 (Figure 8B, C). 

According to our dataset analysis, while TH1, γδ17 and Treg cells can be easily 

distinguished within the T helper cells cluster, TH2 master transcription factor Gata3 

expression is highly overlapped with that of Foxp3. 
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Figure 8. Identification of CD45⁺ cell clusters in mouse skin tissue. (A) UMAP 

visualization of 11 distinct CD45⁺ cell subtypes in mouse skin tissue. Dots represents 

individual cells, colors represent skin CD45⁺ immune cells clusters. (B) Dot plot and (C) 

UMAP plots of representative CD45⁺ immune cells gene markers’ expression for clustering 

in skin tissue. Dots indicates individual cells in (B) and (C) percentage of skin CD45⁺ 

immune cells expressing genes corresponding to individual cluster, and the color represents 

the average expression of normalized transcript counts in skin CD45⁺ immune cells. 
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3.3.6. Assessment of Type 2 immune cells involvement in mediating itch in 

C.albicans-induced itch mouse model 

Next, we focused on analysis of T cells and ILC2 subsets. It is widely known that 

C.albicans triggers γδ17 cells activation which, in turn, produce IL-17A and IL-22 

cytokines that play crucial role in combating fungal infection and mediating antimicrobial 

immunity61,62. Consistent with this concept, gene expression analysis of our immune cells’ 

dataset revealed pronounced increase in IL-17A and IL22 production in C.albicans group 

compared to the control mice along with upregulation of other type 17-related gene markers 

(Rorc, Il17f, Cxcr6) (Figure 9A). In addition, we examined TH1 (Stat4, Il12rb2, Il27ra, 

Tbx21, Ifng) (Figure 9B) but did not observe significant difference between two groups. 

On the contrary, type 2-related gene markers (Stat6, Il4, Il13, I17rb, Il4ra) (Figure 9C, D) 

surprisingly showed tendency to upregulation in type 2 immune cells. Thus, upregulation 

of Type 2 cytokines (Il4, Il13), transcriptional factor Stat6 and surface markers (Il17rb) 

were observed particularly in ILC2 subset. Moreover, TH2 cells demonstrated tendency to 

upregulation of transcriptional factor Stat6 and surface markers (Il17rb and Il4ra). Thus, 

our DRG and skin datasets suggest possible involvement of Type 2 immune response in 

mediating itch sensation in C.albicans-inudced itch mouse model. 

  



３６ 

 

 

A 

B 



３７ 

 

  

C 

D 



３８ 

 

Figure 9. Assessment of Type 2 immune cells involvement in mediating itch in 

C.albicans-induced itch mouse model. (A) Dot Plot of Type 17-related gene markers’ 

expression showing their upregulation in C.albicans-treated mice compared to the control 

group. (B) Dot Plot of TH1-related gene markers’ expression showing no difference 

between C.albicans-treated and control groups. (C) Dot Plots of Type 2 immune cell-

related gene markers in ILC2 and (D) TH2 clusters. Consistent increase in expression of 

genes was observed in ILC2 subset in C.albicans-treated group compared to control mice. 

Additionally, TH2 cells showed tendency to increased expression of their gene markers in 

C.albicans-treated mice. The dot size shows the percentage of (C) γδ17, (D) TH1, (E) ILC2 

and (F) TH2 immune cells that express corresponding genes, and the color represents the 

average expression of normalized transcript counts in of (C) γδ17, (D) TH1, (E) ILC2 and 

(F) TH2 immune cells. 
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3.4.  Measurement of C.albicans-specific IgE in sera by enzyme 

linked immunosorbent assay (ELISA) 

Based on our transcriptomic analysis results, in order to check the possible involvement 

of TH2 cells in C.albicans-induced itch signal transduction, we further performed ELISA 

to measure C.albicans-specific IgE in C.albicans-treated mice. For this, we checked IgE 

level in serum collected on day 10 following our established protocol. According to our 

data, IgE was increased in C.albicans group compared to the control mice (Figure 10). 

Thus, these results support our hypothesis that C.albicans can trigger itch via activation 

of Type 2 immune response. 
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Figure 10. Measurement of C.albicans-spеcific IgE serum level in mouse C.albicans-

induced itch model. C.albicans-specific IgE level in serum was elevated in C.albicans 

mice comparеd to the control group. Nonparametric Wilcoxon rank sum test was 

performed in Seurat to analyze statistical significance for (B). ***p <0.001. 
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4. DISCUSSION 

 

“Itch-scratch cycle” is a debilitating feature that underlies a range of inflammatory 

dermatoses. Recently, skin has been recognized as a complex barrier organ capable of 

synchronizing neuronal and immune cells’ activation in response to microbiota. C.albicans 

is a commensal fungus asymptomatically colonizing human barrier tissues including skin. 

It has been known that any skin barrier dysfunction leads to increased fungal load and 

subsequent activation of TH17 cells in response to skin infection. However, the precise 

mechanisms of pruritis induced by C. albicans are yet to be discovered. Therefore, here we 

established a murine model of C. albicans skin infection to assess mechanisms underlying 

itch sensation. First, we evaluated itching behavior under application of C.albicans in 

different concentrations and confirmed most prominent scratching pattern when applied in 

105 CFU/mL. Up to date, distinguishing itch-mediating and pain-mediating sensory 

neurons is a subject of debate, so we used oral model of C.albicans infection to confirm 

concentrations that triggers pain sensation. This resulted in increased wiping behavior 

when C.albicans was applied in concentration of 107 CFU/mL (Figure S1). Thus, our data 

showed dose-dependent behavior pattern when lower concentrations induced itch while 

higher doses mediated pain. To determine optimal time point for C.albicans epicutaneous 

application ,we conducted behavioral experiment in a time series manner and observed 

most stable pattern on day 10. Decrease in scratching behavior on day 12 can be possibly 

explained by hair follicle cycle that prevents efficient contact between C.albicans and 

epidermis. Taken together, we used concentration of 105 CFU/mL for daily epicutaneous 

application through 10 days as the most optimal scheme for establishment of C.albicans-

induced itch mouse model. 

We further assessed morphological and electrophysiological changes of sensory neurons 

triggered by C.albicans-induced itch. By conducting in vivo Imaging, we observed 

thickening and increased density of skin nerve fibers in C.albicans-treated mice along with 

enhanced neuronal responsiveness for stimulation assessed by VSDi. These observations 

suggest peripheral sensitization of cutaneous sensory neurons in response to repetitive 

C.albicans stimulation where neuronal cells become more reactive by changing membrane 

potential and lowering threshold for activation. Moreover, structural changes may reflect 

dynamic plasticity of sensory neurons where itch-specific neuronal subsets (NP) are 

upregulated as a form of functional adaptation to itch sensation. 
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We next conducted scRNA sequence analysis to explore neuro-immune crosstalk in 

C.albicans-induced itch mouse model in more depth. Consistent with previous studies, we 

were able to define 13 distinct clusters of neuronal cells. Usoskin et al. made the first 

attempt to analyze around 800 DRG neuronal cells and, in particular, using PCA analysis 

categorized C-type unmyelinated neuronal cells into non-peptidergic (NP) categories: NP1, 

NP2 and NP3, annotating them as itch-mediating neurons. Thus, NP1 subtype is presented 

by MrgprD+ polymodal sensory neurons that can transduce non-histaminergic itch 

sensation, including cholestatic itch; NP2 neurons are classified as MrgprA3+ neurons 

mediating itch induced by histamine and specifically by MrgprA3 agonists (chloroquine); 

and NP3 neuronal subset expressing Sst and IL31R that is engaged in transduction of 

inflammatory itch. In particular, LK Oetjen et al showed that Type 2 cytokines are able to 

sensitize neurons and amplify scratching behavior to other pruritogens applied in low doses. 

In this study, we found increased expression of Type 2 cytokine receptors in distinct NP 

subset with IL-4R being upregulated in NP1 and IL-13R upregulated in NP2 subsets. 

Moreover, we observed increased expression of histamine receptors in NP2 and NP3 

neuronal subtypes. We further assessed Type 2 immune cell-related gene expression in TH2 

and ILC2 subsets. Our results show the increased expression of IL-4 and IL-13 cytokines 

along with transcriptional factor STAT6 and surface receptor IL-25R and IL13R in ILC2 

subset from C.albicans-treated mice. Additionally, increased expression of STAT6, IL-4R, 

and IL-25R was confirmed in TH2 cells. Thus, we speculate that C.albicans induces itch 

via enhanced Type 2 immune response that involves ILC2/TH2 cells.  

Given that Type 2 immune response was upregulated in C.albicans-induced itch mouse 

model, we evaluated C.albicans-specific IgE level in C.albicans-treated mouse group and 

their control littermates. According to our results, increased C.albicans-specific IgE serum 

level was observed in C.albicans-treated group, suggesting possible activation of B cells 

with subsequent production of specific IgEs as a response to C.albicans-induced itch and 

activation of Type 2 immune response in this model. 
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5. CONCLUSION 

 

In summary, here we established C.albicans-induced itch mouse model in order to 

investigate driving mechanisms of itch sensation triggered by neuro-immune interaction 

under C.albicans application. C.albicans-induced itch leads to cutaneous sensory neurons 

remodeling and upregulation of Type 2 cytokine receptors in itch-specific NP neuronal 

subtypes. Moreover, upregulation of Type 2 related genes in ILC2/TH2 population with 

increase production of C.albicans-specific IgE reflects enhanced Type 2 immune response 

unveiling one of the itch-mediating mechanisms in C.albicans-induced itch mouse model. 
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Appendices 1. 

 

 

Figure S1. Assessment of mouse pain behavioral phenotype. Wiping behavior towards 

oral area of WT mice treated by various concentrations of C.albicans starting from low 103 

to high 1010 CFU/mL (50 μl) via placing cotton swab sublingually, n ≥ 8 mice per group. 

Nonparametric Mann-Whitney U tests was performed to analyze statistical significance for 

(A) -(C). ***p < 0.001; ****p < 0.0001; ns, not significant. 
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Abstract in Korean 

 

Candida albicans 유발 가려움증 마우스 모델에서 신경-면역 

상호작용 규명을 위한 단일세포 전사체 분석 

 

 

“가려움-긁음 사이클(Itch-scratch cycle)”은 다양한 염증성 피부질환에서 

관찰되는 대표적인 만성 증상 중 하나로 환자의 삶의 질을 저하시킬 수 있습니다. 

최근 피부는 미생물군에 반응하여 신경세포 및 면역세포의 활성을 동기화할 수 있는 

복합적인 장벽 기관으로 인식되고 있습니다. 

Candida albicans(칸디다 알비칸스)는 피부를 포함한 인체 장벽 조직에 무증상으로 

공생하는 진균이며, 피부 장벽 기능이 손상될 경우 진균 부하가 증가하고 이에 따라 

TH17 세포의 활성화가 유도되는 것으로 알려져 있습니다. 하지만 C. albicans 피부 

감염에 의해 유도되는 가려움증(pruritis)의 정확한 유발 기전은 아직 명확히 

밝혀지지 않았습니다. 

이에 본 연구에서는 C. albicans 피부 감염 마우스 모델을 수립하고, 감염에 따른 

가려움 행동 표현형을 분석하고자 하였습니다. 일반적으로 가려움 감각은 제2형 면역 

반응과 밀접한 관련이 있는 것으로 알려져 있으므로, 본 연구에서는 C. albicans에 

의해 유도된 가려움증에서의 제2형 면역 반응의 관여 여부와 작용 기전을 규명하고자 

하였습니다. 이를 위해 마우스 피부 및 후근신경절 (Dorsal Root Ganglion, DRG)에 

대해 단일세포 RNA 시퀀싱 분석을 수행하고 세포 간 상호작용을 분석하였습니다. 

이와 같이 본 연구는 단일세포 전사체 분석을 통해 C.albicans 에 의해 유도되는 

가려움 감각의 기전을 규명하고자 하는 초기 연구로서 기여하고자 합니다. 
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