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ABSTRACT

Immune profiling of peripheral blood NKG2D+
cytotoxic lymphoid cells reveals systemic immune
shifts in active alopecia areata

Alopecia areata (AA) is a chronic autoimmune disease characterized by recurrent hair loss due to
the breakdown of immune privilege in hair follicles. This breakdown leads to the expression of
Natural Killer Group 2 member D (NKG2D) ligands (e.g.ULBP3), which cause immune-mediated
follicular attack. Among immune cells, NKG2D+ CD8+ T cells play a key pathogenic role in AA,
as demonstrated in mouse models. While these cells are also implicated in human AA, differences
in NKG2D expression make the role of these cells remain elusive.

Recent studies suggest that AA involves systemic immune dysregulation beyond skin, with
inflammatory signals in affected skin correlating with those in blood. Some studies have reported
increased expression of NKG2D in lymphoid cell subsets, including CD4+ and CD8+ T cells as
well as CD56+ NK cells, in the blood of AA patients compared to healthy controls. Environmental
triggers such as vaccinations, viral infections, and allergies have been associated with disease
aggravation, suggesting a shift in systemic immune alteration rather than direct effect on skin.

From this background, it was hypothesized that NKG2D+ cells in human blood would show
immune shifts between different AA disease states, requiring a high-resolution evaluation of these
cells. Also, since NKG2D has different features in human compared to animals, evaluation on
NKG2D+ cells was required.

To investigate changes in NKG2D+ cells and their correlation with disease severity and activity
in AA, peripheral blood mononuclear cells (PBMCs) were collected from patients and analyzed
for NKG2D+ lymphoid subsets, including CD4, CDS§, NK (CD3—, CD56+), and CD3+CD56+
cells. The proportions of each subset, as well as NKG2D+ cells, showed no significant differences
between AA patients and healthy controls, and no correlation with disease severity or activity was
observed.

Given the interpersonal variation in immune cell composition, a paired analysis was conducted
using samples from individual patients in active and stable disease states. NKG2D+ cells were
sorted and analyzed using single-cell RNA sequencing (scRNA-seq) to enable a higher-resolution
characterization of immune changes. Among the four major lymphoid subsets (CD8+ T cells, NK
cells, mucosal-associated invariant T (MAIT) cells, and y§ T cells), an increased proportion of
NKG2D+ NK cells and a decreased proportion of NKG2D+ CD8+ T cells were identified in the
active disease state. Notably, cytotoxic CD8+ T cell subsets (GZMK+ and GZMB+) were enriched
during active disease. Unsupervised differential abundance analysis using MILO further confirmed
the increase of GZMK+ T cells. These changes were validated by flow cytometry, which revealed
a specific increase in GZMK+ Temra cells.



Transcriptomic analysis indicated enhanced activation and cytotoxicity of T cells in the active
phase. Upstream regulator analysis using Ingenuity Pathway Analysis (IPA) identified cytokines
as potential drivers of these changes. However, subsequent evaluation of cytokine levels by ELISA
and bulk RNA sequencing of blood monocytes did not reveal significant differences between
disease states.

In conclusion, while the overall proportions of NKG2D+ lymphoid cells did not differ
significantly between AA patients and healthy controls, a more detailed analysis revealed shifts
toward cytotoxic T cell and NK cell expansion in active AA. Although cytokines were identified
as potential upstream drivers of the immune shift, no significant differences were observed in
serum cytokine levels or in the activity of cytokine-producing innate immune cells. These findings
suggest the possibility of a tissue-originated signal; however, further investigation is required to
elucidate the underlying source of immune modulation.

Keywords : Alopecia areata, NKG2D, Cytotoxic T cells
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Immune profiling of peripheral blood NKG2D+
cytotoxic lymphoid cells reveals systemic immune
shifts in active alopecia areata

1. INTRODUCTION

Alopecia areata(AA) is an autoimmune disorder, leading to hair loss with collapse of immune
privilege of hair follicles and autoimmune attack. ' Due to the chronic immunologic process of
disease, immunomodulating features using corticosteroids or immunosuppressants have been used
as traditional treatment methodologies. New therapeutic strategies, such as JAK inhibitors, have
overcome therapeutic challenges in a considerable portion of patients with alopecia areata, but
there remain patients who do not respond to these novel therapeutics and inflammatory process
driving alopecia areata remains unclear. > * From past experiments, hair follicles were identified as
immune-privileged organs. * > Restricted immune cell recruitment/trafficking, reduced antigen
presentation and active immunosuppression with immune modulatory signals are known as the
principal immune privilege mechanisms. ® However, AA involves the breakdown of immune-
privilege, leading to inflammation around hair follicles leading to hair loss. ¢ Two core theories
explain the onset of breakdown in immune privilege; (1) Local disturbance in hair follicles as
initiators of immune privilege collapse and (2) The hair follicle as an innocent bystander in a
dysregulated immune system. CD8 T cells which lead to the collapse in immune privilege are
regarded as the pathogenic cells in AA.”

The pathogenic CD8 T cells express NKG2D receptors, which are activating receptors that
belong to the NKG2 family. The role of NKG2D in AA was first identified in a previous genome
wide association(GWAS) study, which established the genetic basis of AA in 2010. ® This study
revealed regions associated to AA, which were genes related to antigen presentation, function of
regulatory T cells, chemokine and chemokine receptors, oxidative stress and NKG2D activating
ligands. #!° Moreover, within the study, AA hair follicles, in contrast to normal hair follicles,
expressed higher level of NKG2D ligands (ULBP3) leading to infiltration of NKG2D+CDS8 T
cells. ® Later, in an animal study, NKG2D+ cytotoxic T cells was identified as the main
contributors of disease. Infiltration of NKG2D+ CD8 T cells were found to be indispensable and
sufficient for the induction of disease in spontancously disease developing C3H/HeJ mouse
models. ! When NKG2D was depleted, induction of AA was unattainable. Tissue infiltrated
CD8+NKG2D+ T cells express genes related to an inflammatory cascade, causing increase of
interferon (IFN) response genes, cytotoxic T cell (CTL)-specific transcripts and transcripts for IL-
12 and IL-15 in the skin of AA. 12



NKG2D, encoded by KLRK1, is an activating cell surface receptor that is usually expressed on
immune cells with cytotoxicity. > NKG2D is expressed on NK cells, NKT cells, y8 T cells, CD8 T
cells and a subset of CD4 T cells. The NKG2D is documented as a co-stimulatory molecule for T
cells, and upon engagement of NKG2D ligands(NKG2DL), stimulated human CTL cells produce
cytokines such as IFN-y, TNF and IL-2 in response to TCR stimulation and show increased
cytolytic response. !> 4 Unlike restricted expression of NKG2D on ‘activation of CD8 T cells’ in
mouse, human CTLs broadly express NKG2D, even in a naive status. !* Therefore, despite
NKG2D+ cytotoxic T cells infiltrate around hair follicles of AA patients, the fact that NKG2D is
expressed on most CTLs raises the question of whether NKG2D is a bystander receptor or the
morbific receptor. '% 7 So far, evidences supporting direct pathogenic role of NKG2D-expressing
cells in human alopecia areata is relatively insufficient compared with CH3/HEJ mouse models. '8

Recent studies on the epidemiologic characteristics have found that alopecia areata is a systemic
disorder with diverse comorbidities. !> 2° Many studies identified systemic inflammation with
increased inflammatory blood parameters and proteins related to the pathogenic cascade. 2!
Moreover, studies have shown that the inflammatory status of the scalp and the blood correlates,
suggesting that markers from the serum can reflect the inflammatory condition of hair follicles.

Also, studies have shown that AA can be aggravated with change in systemic conditions
including viral infection, vaccination and allergic influence; especially during the COVID-19 era.
20,2527 Although the systemic inflammatory characteristic of disease is recently emphasized, blood
studies for specific immune cells is less established. Earlier studies on the blood immune cells
have focused on NKG2D+ cells and shown increases in NKG2D+ CD4+ cells, CD8+ cells and
NK cells in alopecia areata patients compared to healthy control. 2% In addition, NKG2D was
significantly upregulated on blood CD56+NK cells and CD8+ T cells in AA. 7 However, these
results were not evaluated with the correlation of clinical parameters of AA patients.

From this background, I hypothesized that NKG2D+ cells in blood of AA would change
between the clinical status of AA. This study aims to observe the phenotypes of NKG2D+ cells in
AA and to elucidate the change in NKG2D+ cells within the changing status of AA.



2. MATERIALS AND METHODS

2.1. Study subjects

2.1.1. Clinical information

Clinical information from patients who have donated blood were achieved including sex, age,
onset age of AA, severity of alopecia score (SALT) score, activity of disease and history of disease
was gathered in the study.

2.1.2. Disease activity of alopecia areata

The disease activity of alopecia arcata was evaluated through patient history, medication response,
hair pull test and dermoscopic evaluation. Patients exhibiting clinical markers of disease progression
(dermoscopic signs of broken hair, black dots, exclamation hair) and positive hair pull test were
classified as ‘highly active’. Those with an active status with mixed regrowing pattern as ‘borderline
activity’ and no signs of clinical activity with regrowing hair status as having ‘stable disease’.

2.2. Peripheral blood samples
2.2.1. Sample collection

Blood samples were collected from patients diagnosed with chronic alopecia areata,
characterized by consistent relapse. Healthy control patients donated blood with arbitrary consent.
Patient’s blood was not collected if the patient had symptoms of viral infection, history of cancer
or other autoimmune disorders. The samples were obtained after receiving informed consent from
all participants, in accordance with a protocol approved by the Yonsei University College of
Medicine Institutional Review Board (IRB No. 4-2020-1372). All procedures involving human
subjects were conducted in adherence to the ethical principles outlined in the Declaration of
Helsinki.

2.2.2. Collection timepoints

Blood samples were primarily collected when patients were in the ‘active status’ of alopecia
areata, defined by the presence of ongoing hair loss. If the patient responded successfully to
treatment and transitioned to a ‘stable status,” defined by the cessation of new hair loss and signs
of hair regrowth, an additional blood sample was retrieved for comparative analysis. Patients who
were at the ‘stable status’ at the primary collection and aggravated within a timepoint were also
included in the study.



2.2.3. Sample Processing

Upon collection, blood samples were processed immediately to ensure cell viability and
minimize degradation. Peripheral blood mononuclear cells (PBMCs) and plasma were separated
using density gradient centrifugation with Ficoll-Paque PLUS (Cytiva, #17144002, Piscataway,
NIJ, USA) from heparinized peripheral blood. The samples were centrifuged at 400 x g for 30
minutes at room temperature without braking to separate the PBMC layer. The mononuclear cells
were then carefully aspirated, washed twice in phosphate-buffered saline (PBS), and resuspended
in a freezing medium consisting of 90% fetal bovine serum (FBS) and 10% dimethyl sulfoxide
(DMSO) before being stored in liquid nitrogen or — 70°C deep freezer for future analysis. Blood
plasma was obtained and stocked separately from PBMCs.

2.3. Flow cytometry analysis of PBMCs.
2.3.1. Panel design

A flow cytometry panel was designed to evaluate NKG2D expression and immune cell
phenotypes, and cytotoxicity of cells. The panel included the following antibodies and

fluorochromes.
Panel for NKG2D expressing lymphoid cells, comparison with healthy control samples
Fluorescence Antibody Manufacturer Catalog # Clone #

1 FITC CFSE Invitrogen
2 BV510 Zombie Aqua Biolegend 423102
3 BV650 CD3 Biolegend 317324 OKT3
4 BV785 CDh4 Biolegend 300554 RPA-T4
5 BVv421 CDS8a Biolegend 301036 RPA-TS
6 APC CD14 Biolegend 301808 MS5E2
7 BV605 CD16 Biolegend 302040 3G8
8 | Alexa Fluor 700 CD56 BD Pharmingen 557919 B159
9 PE CD314(NKG2D) Biolegend 320806 IDI1
10 | Alexa Fluor 647 CLA Biolegend 321309 HECA-452




Panel for Paired samples

Fluorescence Antibody Manufacturer Catalog # Clone #
1| APC-Cy7 Zombie NIR Biolegend 423106
2 BUV395 CD45 BD Horizon™ 563792 H130
3 BV650 CD3 Biolegend 317324 OKT3
4 BV786 CD4 Biolegend 300554 RPA-T4
5 BB700 CDS8 BD Horizon™ 566452 PRA-TS
6 RB780 CD56 BD Horizon™ 568763 B159
7 FITC TCR gd BD Pharmingen™ 559878 B1
8 APC TCR Va7.2 Biolegend 351708 3C10
9 PE NKG2D Biolegend 320806 1D11

Panel for Cytotoxicity(ICS)

Fluorescence Antibody Manufacturer Catalog # Clone #
1| APC-Cy7 Zombie NIR Biolegend 423106
2 BV605 CD45RO BD Horizon™ 562791 UCHL1
3 BV650 CD3 Biolegend 317324 OKT3
4 BB700 CDS8 BD Horizon™ 566452 PRA-TS8
5 RB780 CD56 BD Horizon™ 568763 B159
6 BUV395 CCR7 BD Horizon™ 568681 3D12
7 PE NKG2D Biolegend 320806 ID11
8 BV711 HLA-DR Biolegend 307644 L243
9 AF647 Granzyme K BD Pharmingen™ 566655 G3H69
10 AF488 Granzyme B Invitrogen MAS5-23639 351927




2.3.2. Staining protocol

2.3.2.1. Sample preparation

Cryopreserved PBMCs were thawed in 37°C water bath. A total of 1 ml pre-warmed RPMI
containing 10% FBS and 1% Antibiotic-Antimycotic was added. The PBMCs were then
transferred to a 15 ml conical tube. Cells were centrifuged at 350 g for 5 min at 4 °C.

2.3.2.2 Surface marker staining

The thawed PBMCs were resuspended and adjusted to a concentration of 1-2 x 10¢ cells/200 pl
in cold PBS with 1% FBS, then transferred to a V-bottom 96-well plate. To distinguish live and
dead cells, the cells were stained with Zombie NIR (Biolegend, San Diego, CA, USA, #423106)
for 15 min at room temperature, protected from light. An antibody cocktail was prepared in cold
PBS with 1% FBS and Brilliant Stain Buffer Plus (BD Biosciences, San Jose, CA, USA,
#566385). The PBMCs were incubated with the antibody cocktail on ice for 25 min, protected
from light. After incubation, PBMCs were washed twice with cold PBS containing 1% FBS.

2.3.2.3 Intracellular staining

To detect intracellular cytokines, thawed PBMCs were stimulated with 50 ng/mL Phorbol 12-
myristate 13-acetate (PMA) and 1 pg/mL Ionomycin, followed by treatment with GolgiPlug (BD
Biosciences, San Jose, CA, USA, #555029) and GolgiStop (BD Biosciences, San Jose, CA, USA,
#554724) in RPMI containing 10% FBS and 1% AA. The PBMCs were then seeded into a 24-well
non-treated plate and incubated for 5 hours at 37°C in a CO: incubator. After surface staining, the
PBMCs were fixed and permeabilized using Fixation and Permeabilization Solution (BD
Biosciences, San Jose, CA, USA, #554722) and washed with 1X Perm/Wash Buffer (BD
Biosciences, San Jose, CA, USA, #554723) diluted in distilled water. The permeabilized PBMCs
were then stained for intracellular stains on ice for 25 min, protected from light. After incubation,
PBMCs were washed twice with 1X Perm/Wash Buffer.

2.3.3. Acquisition of Stained Cells and Analysis

Stained cells were acquired using an LSR II (BD Biosciences, San Jose, CA, USA), Symphony
AS5(BD Biosciences, San Jose, CA, USA) and Symphony A5 SE (BD Biosciences, San Jose, CA,
USA) flow cytometer. Data acquisition was performed using BD FACSDiva software, ensuring
proper instrument calibration and compensation settings. All flow cytometry data were analyzed
using FlowJo software (Treestar, Ashland, OR, USA). Doublet discrimination, viability gating, and
sequential gating strategies were applied to identify immune cell populations and assess NKG2D
expression patterns.



2.3.4. Statistical Analysis

Statistical comparisons of cell proportions between different disease activity states were
performed using paired t-tests or Wilcoxon signed-rank tests, depending on data normality. A p-
value of <0.05 was considered statistically significant. Data visualization was conducted using
GraphPad Prism 10 or R software.

2.4. scRNA sequencing, Multiplex scRNA sequencing.
2.4.1. Composition of scRNA-seq and Multiplex scRNA-seq data

A total of 10 samples, consisting of five patient pairs classified as 'active' and 'stable' (N=5), were
included in the scRNA sequencing analysis. Single-cell suspension was prepared by thawing frozen
PBMCs. Among total of 10 paired samples, 6 underwent standard scRNA-seq, while 4 were
processed using multiplexed scRNA-seq. Each single cell suspension was stained with NKG2D and
DAPIL

2.4.2. Standard scRNA-seq

A total of six patient samples underwent standard scRNA-seq in two different batches. Each
single-cell suspension was thawed and stained with NKG2D and DAPI, and live NKG2D+ cells
were sorted using a sorter (BD FACS Aria III (BD Biosciences, San Jose, CA, USA)). Sorted live
cells were processed using the 10x Genomics Chromium system, and cDNA libraries were generated
with the Chromium Next GEM Single Cell 5p RNA library v1.1 (10x Genomics, Pleasanton, CA)
according to the manufacturer's protocol. Barcoded libraries were sequenced with the Hi-Seq X Ten
platform (Illumina), and raw data were processed using the standard Cell Ranger pipeline v6.1.2
(10x Genomics). Analysis of raw gene expression matrices was performed by Seurat software v4.1.0
following a standard workflow. %

2.4.3. Multiplex hashtag oligo scRNA-seq

Among total of 10 paired samples, four of them were processed using multiplexed scRNA-seq.
Each single cell suspension was thawed and primarily stained with hashtag oligo (HTOs) for each
sample. Then each sample was stained with NKG2D (Biolegend, San Diego, CA, USA #320806)
and Live/Dead (FVS700 (BD Biosciences, San Jose, CA, USA, #564997)). After staining, the
samples were pooled with the same same number of cells for each sample (10 x10° cells). After
pooling, live, NKG2D+ cells were sorted using a cell sorter (BD Symphony S6). Sorted live cells
were processed using the 10x Genomics Chromium system, and cDNA libraries were generated with
the Chromium Next GEM Single Cell 5' Reagent Kits v2 (Dual Index) (10x Genomics, Pleasanton,
CA) according to the manufacturer's protocol. Barcoded libraries were sequenced with the Novaseq
6000 platform, and raw data were processed using the standard Cell Ranger pipeline v7.1.0 (10x
Genomics). Analysis of raw gene expression matrices was performed by Seurat software v4.1.0
following a standard workflow. %



2.4.4. TCR V(D)J sequencing and analysis

Full-length TCR V(D)J segments were achieved from cDNA using a Chromium Single-Cell
V(D)J Enrichment kit according to the manufacturer’s protocol (10x Genomics). Sequencing
libraries were prepared in a 3-nM concentration and then sequenced on a Hi-Seq X Ten (1llumina)
or Novaseq 6000 platform with 150-bp paired-end reads. Demultiplexing, gene quantification and
TCR clonotype assignment were performed using CellRanger v.2.1.1 (10x Genomics). Analysis was
performed using scRepertoire package v.1.12.0.3°

2.4.5. Packages and software

In the analysis, I included cells, which met filtration criteria, (1) the number of genes higher than
> 250, (2) UMI counts >=500, (3) <10% of mitochondrial gene expression, and performed
normalization, integration, and scaling using Seurat package v4.1.0.2° Using Doubletfinder, I have
removed suggestive doublet cells. ** Cells were clustered by principal component analysis(PCA)
followed by Seurat FindCluster function with resolution of 1.0.% Cellular annotation was performed
by unbiased approaches based on the profiling of differentially expressed genes (DEGs) for each
cluster using Seurat FindMarkers function, which presented several cell type-specific genes to define
cell identity. Subset analysis for the CD8 T cell cluster was performed according to the standard
pipeline applied to the whole cells.

2.5. Evaluation of cell proportion in scRNA-seq data

Cell proportion analysis was performed to assess differences in cellular composition between the
‘active’ and ‘stable’ groups in the scRNA-seq dataset. The analysis was conducted for two datasets;
(1) Total dataset including all NKG2D+ cells (2) Subset analysis of NKG2D+ CDS8 T cells, which
are known as main pathogenic cells. Cell population was calculated as percentage of cells within the
total number of captured cells. Proportional plot was drawn based on the cell proportion of all
samples. For statistical analysis, considering the paired samples from the same individual, a paired
t-test was used to assess whether differences in cell proportions between the ‘active’ and ‘stable’
states were statistically significant. This approach ensured that inter-individual variability was
controlled, allowing for a more accurate evaluation of differential cell representation across
conditions.

2.6. Differential abundance analysis

Unsupervised differential abundance analysis was done using MILO v1.10.0, which is a method
that enables the detection of differentially abundant cell populations while accounting for the
complex structure of single-cell data. >! MILO object was constructed based on PCA. Neighborhood
graphs were constructed from the integrated dataset, and neighborhoods were assigned weights
based on their local cell densities (prop = 0.2). A generalized linear model was applied to test for



differential abundance between the 'active' and 'stable’ groups. neighborhoods displaying significant
differential abundance are colored by their log-Fold Change. This approach allowed for a robust
identification of shifts in cell population, minimizing biases associated with predefined cluster
annotations.

2.7. Pathway analysis with Metascape functional tool

Pathway enrichment analysis was performed to identify biological processes and signaling
pathways associated with differentially expressed genes (DEGs) in T cells. The analysis was
conducted using the web-based Metascape functional annotation tool, which integrates multiple
pathway databases, including KEGG, GO Biological Processes, Reactome, and others, to provide
comprehensive functional insights. > DEGs were defined by using FindMarkers function comparing
T cells” ‘active’ and ‘stable’ status with criteria using log2 fold-change (Log2FC)= 0.5 and an
adjusted p-value < 0.05.

2.8. Ingenuity pathway analysis (IPA)

Ingenuity pathway analysis (IPA) was used to identify upstream regulators and signaling
pathways responsible for the observed changes in T cells. This analysis aimed to predict the key
molecular drivers influencing differential gene expression between the ‘active’ and ‘stable’ states of
CDS8 T cells. Obtained differentially expressed genes (DEGs) by comparing ‘active’ and ‘stable’
status of CD8 T cells (adjusted p-value < 0.05, Log2FC > 0.5) were used for input data for [PA. |
analyzed the ‘upstream regulators’ contributing to the observed gene expression patterns. Categories
with a Z-score > 2.0, indicating significant pathway activation, were included in the result. **

2.9. Enzyme-Linked Immunosorbent Assay

Blood plasma samples were used to quantify Interleukin-15 (IL-15) levels and assess differences
between the ‘active’ and ‘stable’ states. IL-15 concentrations were measured using the Human IL-
15 ELISA Kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol. The assay
was performed by adding plasma samples to ELISA plates pre-coated with IL-15 capture antibodies,
followed by incubation with detection reagents. Absorbance was measured at 450 nm VersaMAX
microplate reader (Molecular Devices). The concentration of IL-15 in each sample was determined
by interpolating absorbance values against a standard curve generated from known IL-15
concentrations.



2.10. Bulk RNA sequencing on monocytes

To evaluate the transcriptomic changes in monocytes, HLA-DR+, CD14+ cells were sorted from
PBMC. Blood was thawed and incubated at room temperature overnight. When incubated, HLA-
DR (PerCP-Cyanin5.5, Invitrogen, # 45-9956-42), CD14 (APC, Biolegend, #301808) was used to
stain monocytes. These cells were sorted using a FACS Aria III sorter (BD Biosciences, San Jose,
CA, USA). RNA was extracted according to manufacturer instructions. A total of 6 samples (3
paired) passed the quality control and analyzed. DESeq2 was used for analysis. I filtered out low
counts of genes below 100 and sum value below 500. A total for 8,598 genes were used for further
analysis.

2.11. Statistical analysis

Data were analyzed with Student’s t-tests, unless otherwise stated, using Prism 10 software
(GraphPad Software Inc., San Diego, CA, USA). Analysis of variance (ANOVA) with Bonferroni
correction was used for multiple comparisons. All P-values < 0.05 were considered statistically
significant.
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3. RESULTS
3.1. NKG2D+ cell percentage between AA patients and healthy control

To evaluate the baseline level of NKG2D+ cells and compare with healthy controls, I analyzed
the proportions of lymphoid subtypes, the overall percentage of NKG2D+ expression, and the
proportion of NKG2D-expressing subsets among total lymphoid cells in fourty-seven AA patients.
No differences were identified in percentage of CD4, CD8, NK (CD3-, CD56+), CD3+CD56 + cells
among total lymphoid cells (Figure 1A). The proportion of NKG2D expressing cells were assessed,
revealing a higher percentage in NK (CD3-, CD56+) cells and a lower percentage in CD3+CD56+
cells in AA (Figure 1B). The expression was not different in CD8 T cells nor CD4 T cells. Also, the
overall proportion of NKG2D+ cells among total lymphoid cells did not reveal any differences
(Figure 1C).
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Figure 1. Analysis of NKG2D+ cells among lymphoid cells in human PBMCs.

Proportions of lymphoid subtypes, the overall percentage of NKG2D+ expression, and the
proportion of NKG2D-expressing subsets among total lymphoid cells were analyzed. (n=47 AA
patients, n=18 healthy control) (A) Lymphoid cell type percentage among total lymphoid cells do
not show differences between AA and healthy control. (B) NKG2D expression percentage is
increased in AA NK cells and decreased in CD3+CD56+ cells. (C) NKG2D+ lymphoid cell subtypes
among total lymphoid cells do not show statistical significance.
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Table 1. Clinical and demographic information of alopecia areata patients included in the flow
cytometry analysis with comparisons to healthy controls.

Status Age  Sex Activity SALT score Type of AA
Active 27 M Mild 30 Patchy AA
Active 28 M Mild 20 Patchy AA
Active 18 M Mild 10 Patchy AA
Active 25 M Mild 20 Patchy AA
Active 25 M Mild 40 Patchy AA
Active 23 M Mild 80 Alopecia Totalis
Active 23 F Mild 75 Alopecia Totalis
Active 58  F Mild 25 Patchy AA
Active 62 M Mild 100 Alopecia Universalis
Active 53 F Severe 87.5 Alopecia Totalis
Active 44 F Mild 100 Alopecia Universalis
Active 30 F Severe 30 Patchy AA
Stable 52 F Stable 3 Patchy AA
Active 45 F Mild 3 Ophiasis
Active 30 F Severe 100 Acuteall)oilfilésiz Total
Stable 47 M Stable 25 Patchy AA
Active 43 M Severe 80 Patchy AA
Active 47 M Mild 25 Patchy AA
Active 44 F Severe 100 Alopecia Universalis
Active 44 F Severe 90 Alopecia Universalis
Active 42 M Mild 6 Patchy AA
Stable 28 F Stable 4 Patchy AA
Active 44 F Mild 8 Patchy AA
Active 29 M Mild 97.5 Alopecia Universalis
Active 43 M Severe 6 Patchy AA
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Active 25 F Severe 100 Alopecia Universalis
Acive 29 F  Severe 98 A e
Active 24 M Severe 8 Patchy AA
Active 44 F Mild 15 Patchy AA
Active 47 F Mild 30 Patchy AA
Active 47 M Mild 10 Patchy AA
Active 19 M Mild 100 Alopecia Universalis
Active 22 F Mild 25 Patchy AA
Active 45 F Severe 19 Patchy AA
Active 29 F Severe 30 Patchy AA
Stable 50 F Stable 3 Patchy AA
Active 46 F Mild 10 Patchy AA
Active 38 F Severe 75 Patchy AA
Active 36 M Severe 90 Alopecia Totalis
Active 22 F Mild 25 Patchy AA
Active 43 M Severe 90 Alopecia Totalis
Active 39 M Mild 90 Alopecia Universalis
Active 25 M Mild 100 Alopecia Universalis
Active 45 F Severe 50 Patchy AA
Active 61 F Mild 15 Patchy AA
Active 39 F Mild 30 Ophiasis
Active 39 F Mild 30 Patchy AA

AA, alopecia areata; SALT, severity of alopecia tool
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3.2. Correlation between NKG2D+ cells and clinical characteristics of

alopecia areata

To identify the relationship of NKG2D+ cells within alopecia areata patients, I have evaluated the
severity and activity of alopecia areata in patients and compared it with the NKG2D+ cell percentage
among lymphoid cells. Since NKG2D+ CD8 T cells are suggested to be pathogenic and NKG2D
expression is increased in NK cells, evaluation focused on the change within CD8 T cells and NK
cells. The percentage of NKG2D+ CD8 T cells (p = 0.82, R = -0.033) nor NKG2D+ NK cells (p =
0.86, R =-0.026) correlated with SALT score (Figure 2A). Additional assessment of activity and
the cell proportion showed a mild increase in NKG2D+ NK cells with a slight decrease in NKG2D+
CDS8 T cells at a high activity status, however, did not show statistical meaningful changes (Figure
2B). This may have been due to individual immunologic characteristics.
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Figure 2. Correlation of NKG2D+ lymphoid cell proportion with severity and activity of
alopecia areata. (A) Evaluation of severity of alopecia areata using SALT score and correlation
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NKG2D+ lymphoid cell proportion. (B) Activity of disease assessment and correlation with
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3.3. Overall composition change of NKG2D+ cells in scRNA-seq data set

Since NKG2D+ lymphoid cells do not show difference between AA patients and healthy control,
and does not correlate with severity nor activity, I have tried to evaluate the NKG2D+ cells at a
higher resolution in blood. To explore NKG2D+ cells in a deeper scope of view, I isolated NKG2D-
positive cells and performed scRNA-seq analysis on the sorted population. Since there is an inherent
variability in immune cell composition across individuals, I focused on a paired samples from each
patient, comparing their active and stable disease states. Only patients with a SALT score above 50
during the active phase were included, and blood was re-collected during the stable phase, at least
one month after discontinuing all medications. The study included 5 patients, with 10 paired samples
(active and stable). In the active status, patients showed an average SALT score of 70 (standard
deviation (SD):14.1) in the active status. In the stable status, all patients had been in a resolution
status with minimal, regrowing alopecic lesions. (Table 2).

Within the scRNA-seq data set, a total of 77,942 cells were included (Figure 3A). A UMAP plot
identified four major NKG2D+ cell subsets including T cells, NK cells, ydTcells and Mucosal-
associated invariant (MAIT) cells (Figure 3B, C). Cells sorted using the NKG2D antibody exhibited
high gene-level expression of KLRKI! (NKG2D) (Figure 3D). Among these sorted cells, KLRK-
expressing cells accounted for 72.2% of T cells, 80.7% of NK cells, 51.9% of MAIT cells, and 75.1%
of yd T cells, suggesting mild discrepancy between protein expression and transcriptomic levels
(Figure 3E).

In the comparison between active and stable status of each sample, T cell proportion showed a
statistically significant decrease in the active state (p = 0.014), with 50.3% (SD: 8.8%) in the active
status compared to 59.6% (SD: 9.9%) in the stable status (Figure 3F, G, H) among sorted NKG2D+
cells. Conversely, NK cells were significantly increased in the active state (p = 0.021), with 35.1%
(SD 14.9) in the active state versus 26.6% (SD: 12.5) in the stable state. MAIT cells and ydT cells
did not show statistical difference.
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Table 2. Clinical information and activity status of patient samples included in the scRNA-seq

analysis
Patient Disease  Activity of Age Sex SALT Type of AA

status disease score

Patient1 Active Severe 43 Male 80 Alopecia totalis
Stable Stable 43 Male 0

Patient2 Active Severe 30 Female 50 Patchy AA
Stable Stable 30 Female 20

Patient3 Active Severe 44 Female 90 Acute Diffuse and

Total alopecia

Stable Stable 44 Female 0

Patient4 Active Severe 26 Female 60 Patchy AA
Stable Stable 28 Female 4

Patient5 Active Severe 24 Male 70 Patchy AA
Stable Stable 26 Male 0

AA, alopecia areata; SALT, severity of alopecia tool
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Figure 3. Analysis of NKG2D+ sorted blood cells using scRNA-seq in four major cell types.
(A) Unsupervised UMAPPIot including 77,942 cells. (B) Four major cell types (T cells, NK cells,
vOT and MAIT cells) were included in the NKG2D sorted cells (C) DotPlot showing representative
genes for each cell clusters. (D) KLRK (= NKG2D) expression in four cell types. (E) Percentage of
KLRK1 expressing cells. (F) Proportional plot showing difference of cell proportion between the
active and stable status. T cells are decreased in active status, while NK cells are increased. (G) Pie
plot of cell types showing difference between active and stable status (H) Paired t-test analysis of 5
paired samples of T and NK cells among NKG2D+ cells show statistically meaningful differences.
Significance is shown in comparison observed by using paired t test. (*p< 0.05)
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3.4. Flow Cytometry Evaluation of NKG2D+ cells

To validate the cell composition observed in our single-cell RNA sequencing (scRNA-seq) dataset,
I performed flow cytometry analysis on NKG2D+ cells from patients with active and stable disease
status. A total of 7 patient samples were included as pairs (Table 3). Flow cytometry evaluation on
the general proportion of lymphoid cells did not show changes in CD8, NK, MAIT cells and y6T
cells (Figure 4A). To confirm the trend seen in the scRNA-seq data, I evaluated NKG2D+ cell
proportion among total NKG2D+ cells. Decreased proportion of NKG2D+ CD8 T cells and an
increased proportion of NKG2D+ NK cells were identified in the active disease state compatible
with scRNA-seq results (Figure 4B). As identified in the scRNA-seq dataset, MAIT cells and ydT
cells did not show difference between status. These results suggest that the expansion of NK cells
and the reduction of CD8 T cells are characteristic features of NKG2D+ cell dynamics in the active
phase of AA, as suggested in the scRNA-seq dataset.
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Figure 4. Flow cytometry analysis evaluation confirms cell composition change cell
proportions of NKG2D+ cells. (n=7 samples in pair) (A) Proportion of each cell type among
general lymphoid cells. NK cell, ydT and MAIT cells are increased in proportion among lymphoid
cells while CDB8 is slightly decreased in the active status. No statistical differences were identified.
(B) NKG2D+ CD8 T cells show a decreased proportion among total NKG2D+ cells in the active
state of AA. NKG2D+ NK cells show an increased proportion among total NKG2D+ cells in the
active state of AA. The NKG2D+ ydT, MAIT cells do not show difference between active and stable
status of AA. Significance is shown in comparison observed by using paired t test. (*p< 0.05)
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Table 3. Patient information included in the flow cytometry analysis of paired samples

Patient Disease Activity of Age Sex SALT score
status disease
Patientl Active Severe 19 Female 85
Stable Stable 20 Female 10
Patient2 Active Mild 43 Female 30
Stable Stable 43 Female 5
Patient3 Active Severe 22 Male 100
Stable Mild 22 Male 5
Patient4 Active Severe 23 Male 100
Stable Stable 23 Male 4
Patient5 Active Severe 45 Male 20
Stable Stable 45 Male 0
Patient6 Active Mild 40 Female 80
Stable Stable 42 Female 0
Patient? Active Mild 24 Female 30
Stable Stable 24 Female 0

SALT, severity of alopecia tool
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3.5. Composition of detailed NKG2D + cell changes

After evaluating the general composition of the main cell subtypes of NKG2D-positive cells, 1
annotated each cell clusters in higher resolution. A total of 10 cell types were annotated (Figure 5A).
T cells subclustered into 5 cell types including central memory T cells (Tem), effector memory T
cells (Tem), activated T cells, GATA3+ CD8 T cells and cytotoxic T lymphocytes (CTL) (Figure
5B). NK cells were subclustered into 3 cell types including CD56bright, CD56 dim and Adaptive
NK(NKG2C+) cells (Figure 5B). MAIT cells and ydT cells could not be subclustered due to low
proportion in cell number. Evaluation of the cell clusters in high resolution suggested that all cell
types of NK cells were increased in the active status (Figure 5C). On the other hand, though the
overall number of T cells were decreased in previous analysis, specific clusters with ‘higher
cytotoxicity’ and differentiated cytotoxic T lymphocytes were increased in the active status, with
decreased proportion in Naive and Tem cells (Figure 5C,D). This suggests that cytotoxic T
lymphocytes are expanded or differentiated from other cell types. Though the NK cells are increased,
I further focused on the CD8 T cells since the tissue infiltration of alopecia areata is predominantly
CDS8 T cells, and NK cells are inhibited by MHC molecules which hair follicles express at an
inflammatory status. Given the established role of CD8 in AA pathogenesis, understanding the
functional and proportional changes in cytotoxic CD8 T cells provides deeper insights into disease
activity and potential therapeutic targets.
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Figure 5. Analysis of NKG2D+ cells subsets in scRNA-seq by annotating different types of T
cells and NK cells. (A) Annotation in higher resolution to evaluate specific cell subsets. T cells were

subclustered into five clusters, NK cells into three clusters. (B) DotPlot of representative genes of

all cell types. (C) Proportional plot showing difference of cell proportion between the active and
stable status. Cytotoxic T lymphocytes are increased among the decreased portion of T cells. (D)
Cytotoxicity gene module scoring analysis shows that cytotoxic T lymphocytes have higher
cytotoxicity compared to naive, central memory T cells.
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3.6. Subset analysis of NKG2D+CDS8 T cells

To focus and identify the specific changes in CD8 T cells, I subsetted CD8 T cells for further
analysis. Among cells which were annotated as CD8 T cells, only the cells which were positive of
T cell receptors (TCR) were included for further analysis (n= 38,262 cells) (Figure 6A). Subsetted
T cells were annotated into 7 types of T cells using cell specific markers. (Figure 6B, C). T cells
were clustered based on the cytotoxicity and differentiation. (Figure 6D). Proportional cell changes
showed increase in cytotoxic and activated T lymphocytes including GZMB+, GZMK+, HLA-DR+
CDS8 T cells (Figure 6E).
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Figure 6. Subset analysis of NKG2D+ T cells. (A) Unsupervised UMAPPIot including 38,262
NKG2D+ T cells. (B) T cell subtypes differentiated by markers using unsupervised clustering. Total
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Proportional plot showing difference of cell proportion between the active and stable status show
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3.7. Differential abundance analysis of NKG2D+ CD8 T cells

To assess the changes in the abundance of NKG2D+ CD8 T cell populations in an unbiased
manner, | performed a differential abundance analysis using the MILO package. (Figure 7A). This
approach allows for neighborhood-based differential testing, enabling the detection of changes in
cellular composition across conditions. Seurat-derived cluster annotations were incorporated into
the MILO dataset metadata to aid in interpretation.

The results revealed a significant increase in the proportion of GZMB+, GZMK+, HLA-DR+
CD8 T cells in the active status of AA compared to the stable condition (Figure 7A, B). These
findings suggest an enrichment of cytotoxic CD8 T cells expressing granzyme and activation
markers, which may contribute to disease pathogenesis through heightened effector activity.
Conversely, central memory T cells and naive CD8 T cells showed a decrease in the active status
indicating a shift away from precursor and memory subsets. (Figure 7B). Median log-fold change
(logFC) values further confirmed these trends (Figure 7C). The greatest increase was observed in
GZMK+ CD8 T cells, while the decreases were noted in naive and central memory T cell clusters.
These changes collectively indicate a transition towards a more differentiated and activated CD8 T
cell profile in active AA.
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Figure 7. Differential abundance analysis of NKG2D+ T cells using MILO. (A) UMAP plot
generated by the MILO package using K-Nearest Neighbors (KNN) analysis. (B) Visualization of
Log-FC from differential neighborhood abundance testing. Neighborhoods with significant
differential abundance are colored by log-FC (Red: negative log-FC, decreased proportion in AA;
Blue: positive log-FC, increased proportion in AA). GZMK", GZMB*, and HLA-DR" CD8 T cells
are enriched in the active phase of AA. (C) Beeswarm plot showing the distribution of differential
abundance fold changes across different cell types. GZMK + CDS8 T cells show the highest median
log-FC value suggesting abundance in the active status of AA. Naive/Tcm are decreased in
proportion suggesting an immunologic shift.
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3.8. Flow Cytometry analysis of CD8 T cells

To confirm changes in the proportions of CD8+ T cell subtypes, I evaluated GZMB, GZMK, and
HLA-DR expression using flow cytometry across 7 paired samples (Table 3). Among the CD8+ T
cells, GZMK+ CDS8+ T cells were increased in the active disease status, while GZMB+, HLA-DR+
CDS8 T cells did not show statistical difference (Figure 8A). Next, I analyzed CD8 T cell composition
and GZMK expression using CCR7 and CD45RO markers to classify CD8 T cell subsets. In the
stable state, naive CD8+ T cells (CCR7+, CD45RO-) were increased, followed by central memory
T cells (Tem; CCR7+, CD45RO+). In contrast, effector memory T cells (Tem; CCR7-, CD45RO+)
and Temra cells (Temra; CCR7-, CD45R0O-) were more prevalent in the active state (Figure 8B),
although these differences were not statistically significant. Additionally, GZMK expression in all
each 4 types of CD8+ T cell subsets did not show significant differences between active and stable
statuses (Figure 8C). By combining the results of changes in CD8 T cell composition and GZMK
expression, I identified that GZMK+ CD8+ Temra cells were increased in the active disease state
(Figure 8D). Although not statistically significant, increase in GZMK+ Tem cells(p=0.056) was also
observed in the active state (Figure 8D). These findings suggest that GZMK expression can be used
as a marker of active disease status in AA, aligning with observations from the sScRNA-seq dataset.
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Figure 8. Flow cytometry analysis on CD8 T cells. (A) Evaluation of GZMB, GZMK, HLA-DR
expression in CD8 T cells. Selected markers were identified from the scRNA-seq dataset. (B)
Composition of CD8" T cell subsets based on CCR7 and CD45RO expression (naive CD8+ T cells
(CCR7+, CD45RO-), central memory T cells (Tcm; CCR7+, CD45RO+), effector memory T cells
(Tem; CCR7-, CD45RO+) and Temra cells (Temra; CCR7-, CD45RO0O-)). (C) GZMK expression
among each CD8 T cell types do not show differences between active and stable status. (D) GZMK+
cell proportion among CD8 T cells show increase of GZMK+ Temra cells in the active status of AA.
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3.9. Pathway analysis of differential expressed gene in total T cells reveal

upregulated cytotoxicity and activation of T cells

To investigate the molecular factors underlying immunologic shifts in NKG2D+ CD8 T cells, I
first identified differentially expressed genes (DEGs) between the ‘active’ and ‘stable’ disease states.
Differential expression analysis was performed, using FindMarkers function and genes were
considered significantly upregulated if they met the criteria of adjusted p-value < 0.05 and log2 fold
change (Log2FC) > 0.5. A total of 290 upregulated genes in the active status of AA (Figure 9A). To
further explore the biological significance of these upregulated genes, I conducted a pathway
enrichment analysis using the Metascape. The analysis revealed enriched pathways associated with
T cell activation and immune regulation. Notably, pathways such as ‘T cell activation’, ‘Regulation
of leukocyte cytotoxicity’, and ‘Adaptive immune response’ were significantly upregulated in the
active disease state (Figure 9B). These findings suggest that CD8 T cells in the active phase of AA
exhibit enhanced activation and increased cytotoxicity potential.

*) : GIMAP?
GIMAP4
.. SELPLG

150 .. SLCOA3RI

'S100A11

P value (-Log10)
8

0 % o

p Log2FC —
Downregulated in active status Upregulated in active status

T cell DEG
(B) Log2FC 0.5, adjusted p-value < 0.05

T cell activation

Regulation of leukocyte mediated cytotoxicity

==
Adaptive immune response _
Cellular defense response _
Natural Killer cell mediated cytotoxicity _
Positive regulation of immune response -
Regulation of cell activation -
[oaor 00
o

Inflammatory response

-5 -10 =15 -20
Log P value

Figure 9. Transcriptome changes and pathway analysis of T Cells. (A)VolcanoPlot of
differentially expressed genes in total T cells. In the active status, T cells show up-regulated genes
including cytotoxicity related genes and activation signals. (B) Pathway analysis using Metascape
reveals a shift in the T cell transcriptome towards an activated and cytotoxic phenotype.
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3.10. Upstream analysis to identify the change in T cells

To identify the causable factor that has affected the immunologic shift among NKG2D+ CD8 T
cells showing increased proportion of cytotoxicity, I evaluated the upstream signals that can cause
transcriptomic changes in T cells. Evaluation of upstream signals which lead to the modification of
T cell transcriptome was done using ingenuity pathway analysis (IPA). Results revealed that
cytokine signals including IL-15, IFN-a, and IL-12 can be the causes for the immunologic shift in T
cells (Figure 10). Among these, IL-15 showed the highest Z-score, suggesting it may be the most
influential factor promoting the activation and cytotoxic programming of CD8" T cells in the active
state of AA.

Ingenuity pathway analysis of
upregulated genes in Active T cells
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PTEN 2.01
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Figure 10. Upstream ingenuity pathway analysis shows causable factors that cause
transcriptomic changes in NKG2D+ T cells. Cytokine Signals including IL-15, IFN-alpha, and
IL-12 can be the causes for the immunologic shift in T cells. IL-15 had the highest Z-score,
indicating its strong association with enhanced cytotoxic and activation-related gene expression in
the active phase of AA.
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3.11. Interleukin 15 down signaling is increased in the active status of T

cells

To assess IL-15 signaling in NKG2D+ CDS8 T cells, I performed Gene Set Enrichment Analysis
(GSEA) using differentially expressed genes (DEGs). GSEA identifies whether a predefined gene
set is significantly enriched in a specific condition. To evaluate IL-15 signals, I analyzed IL-15
signaling from the REACTOME database, including key signaling components such as /L/5RA,
JAK1, and JAK3. The results showed a normalized enrichment score (NES) of 2.5 with an adjusted
p-value of 0.005, indicating that IL-15 downstream signaling is significantly increased in active T
cells (Figure 11).
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0.4- NES = 2.50

0.2-

enrichment score

[T LI
SO L
-02-

Figure 11. Gene Set Enrichment Analysis (GSEA) analysis of differentially expressed gene in
T cells. GSEA using REACTOME pathway genes revealed enhanced IL-15 downstream signaling
in the transcriptome of NKG2D* CD8* T cells during the active disease state. NES; normalized
enrichment score.
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3.12. Interleukin 15 level does not show differences between the active
and stable status of AA

Since IL-15 has been identified as a key factor influencing T cell transcriptomic changes, I
evaluated its levels in blood plasma. Firstly, I compared IL-15 between AA patients and healthy
control. IL-15 concentrations were increased in AA patients (Table 4, Figure 12A). When comparing
the ‘active’ and ‘stable’ states in paired samples, IL-15 concentrations were measured via ELISA in
16 patient samples, with four samples falling out of the detection range. In the remaining 12 samples,
IL-15 levels were 293.2 pg/mL (SD: 427.7) in the active state and 303.5 pg/mL (SD: 311.0) in the
stable state (Table 4). Level of IL-15 varied considerably between individuals, and no statistically
significant difference was observed between disease states (Figure 12B). These findings suggest that
cytokine levels can depend on interpersonal variation. Also, IL-15 alone may not serve as a reliable
marker for disease activity in AA.
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Figure 12. Serologic evaluation of cytokine level changes using ELISA. (A)Plasma IL-15
concentrations were increased in AA patients compared to healthy control. (B) Paired samples did
not show significant difference between active and stable states, with levels being more dependent
on individual patient variability.
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Table 4. Patient information included in the paired evaluation on IL-15 with ELISA.

Patient Group Activity of Age Sex SALT score
disease
Patient1 Active Severe 23 Male 100
Stable Stable 23 Male 4
Patient2 Active Severe 45 Male 20
Stable Stable 45 Male 0
Patient3 Active Severe 19 Female 85
Stable Stable 20 Female 10
Patient4 Active Mild 24 Female 30
Stable Stable 24 Female 0
Patient5 Active Severe 50 Female 38
Stable Stable 51 Female 0
Patient6 Active Severe 61 Female 100
Stable Stable 61 Female 0
Patient7 Active Mild 43 Female 30
Stable Stable 43 Female 5
Patient8 Active Severe 44 Female 100
Stable Mild 44 Female 30
Patient9 Active Severe 43 Male 80
Stable Stable 43 Male 0
Patient10 Active Severe 44 Female 90
Stable Stable 44 Female 0
Patient11 Active Severe 26 Female 60
Stable Stable 28 Female 4
Patient12 Active Severe 24 Male 70
Stable Stable 26 Male 0

SALT, severity of alopecia tool
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3.13. Bulk RNA sequencing of Innate Immune Cells Does Not Reveal

Changes in cytokine Expression

To identify further evaluation of innate immune cells which are potential producers of cytokines
and since IL-15 exists in both soluble and membrane-bound forms, I evaluated its expression at the
transcriptomic level. HLA-DR+ CD14+ monocytes were sorted from three paired patient samples,
and bulk RNA sequencing was performed to investigate gene expression changes (Table 5, Figure
13A). Differentially expressed genes were achieved comparing the active and stable status (Figure
13B). IL15 showed a mild increase in the active state (log2FC = 0.06); however, the adjusted p-
value (p = 0.096) was not statistically significant. Pathway analysis was done using DEGs with
significance threshold of p < 0.05 and 1og2FC > 0.5, and I identified 205 differentially expressed
genes (DEGs) (Figure 13C). No signatures related to cytokine production was identified. These
findings suggest that monocytes do not exhibit significant changes in cytokine expression including
IL-15 at the transcriptomic level.
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Figure 13. Transcriptomic evaluation of monocytes using bulk RNA sequencing to assess
cytokine expression changes. (A) Principal component analysis (PCA) of three paired samples
(active vs. stable). (B) Volcano plot of differentially expressed genes between active and stable states.
IL15 is not identified as a significantly differentially expressed gene. (C) Pathway analysis of
monocyte DEGs using Metascape reveal no pathways related to cytokine production.
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Table 5. Patient information included in the bulk RNA seq analysis of monocyte sorted cells.

Patient Group Activity of Age Sex SALT score
disease

Patientl Active Mild 24 Female 30
Stable Stable 24 Female 0

Patient2 Active Severe 50 Female 38
Stable Stable 51 Female 0

Patient3 Active Severe 61 Female 100
Stable Stable 61 Female 0
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4. DISCUSSION

This study aimed to identify the immunologic changes in the blood of alopecia areata patients to
uncover the systemic changes between the status of disease. Since recent studies has shown the
increased risk of alopecia areata due to systemic factors (e.g. COVID vaccination and seasonal
allergies) and the correlation in inflammatory signals between blood and skin, alopecia areata can
be suggested as a more than a skin specific disease. 3% ¥

Though previous studies focused on identifying the NKG2D+ cells in AA patient blood, most
studies focused on the comparison between AA patients and healthy control, which cannot associate
with clinical characteristics of AA.'7-2® Our study focused on identifying the correlation between
NKG2D cells and the clinical characteristics including activity and severity. Also, since NKG2D,
which is expressed in ~100% of human cytotoxic cells in contrast to murine, demand for uncovering
further markers more than NKG2D was required. Therefore, this study focused on NKG2D+ cells
at the systemic levels using scRNA-seq analysis.

In our basic analysis, we found that the frequency of NKG2D-expressing lymphoid cells was not
significantly different between AA patients and healthy controls. However, NKG2D levels in NK
cells (CD3-, CD56+) and CD3+CD56+ cells were increased in AA patients, similar to previous
findings. ?® Differences in CD4 and CDS8 T cells compared to prior studies may be due to variations
in statistical methods, as previous studies relied on fold-change values, whereas our approach
focused on population proportions. When stratifying AA patients by disease severity and activity,
no correlation was observed between severity and NKG2D+ cell proportions. However, disease
activity was inversely correlated with NKG2D+ CD8 T cell proportions, whereas NKG2D+ NK
cells increased in active disease, though these associations were not statistically significant.

The change in blood immune status seemed to correlate with activity rather than severity. This is
similar to some previous studies which tried to identify markers with correlation to disease activity.
36 However, most studies focused on the comparison between AA patients and healthy controls for
the discovery of potential biomarkers. 2> 2* Though severity is not a contrary factor to activity,
evaluating immune status with disease activity seems to be more plausible since hair loss is caused
‘after’ the attack of hair follicles leading to a hair cycle change into acute telogen or catagen. 3’ Also,
use of hair pull test or trichoscopy findings rather than SALT score to evaluate activity supports the
gap between activity and severity. 33

To further elucidate disease activity related immune changes and minimize inter-individual
variability, a ‘paired’ set of analysis on individual patients was done, comparing the active and stable
status. Therefore, I sorted NKG2D+ cells from ‘active’ and ‘stable’ status of AA and analyzed with
scRNA-seq to enable an unbiased evaluation of cellular composition and transcriptional changes.

The scRNA-seq dataset generated from sorted NKG2D+ cells included CD8 T cells, NK cells,
mucosal-associated invariant T (MAIT) cells, and yd T cells, all of which are known for their
cytotoxic properties. This is compatible with facts that the 4 types of cells express NKG2D in most
of the cells in human. > Among the cell subtypes, disease activity and NKG2D+ CD8 T cells show
an inverse correlation. NKG2D+ NK cells on the other hand are increased in the active status. This
may have been due to the result that NK cells express more NKG2D in the active status, possibly
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caused by an IL-15 increase, resulting in increased number of selections during the NKG2D-positive
cell sorting process. Consequently, the proportion of CD8 T cells, which are the primary proportion
of NKG2D+ sorted cells may have been affected due to the increased selection of NKG2D+ NK
cells, leading to a decrease in proportion.

Among the decreased proportion of NKG2D+ CD8 T cells, interestingly, cytotoxic and activated
CDS8 T cells (GZMK, GZMB, HLA-DR+) were found to be expanded in the active phase, as revealed
by the scRNA-seq dataset. This was confirmed in the unsupervised differential abundance analysis
using MILO.3! In the analysis, GZMK+ CDS8 T cells was the most increased cluster with the highest
median value. On the other hand, central memory T or naive T cells were decreased in proportion.
Regarding the proportional shift of T cells, it can be suggested that the naive, central memory T cells
were activated, leading to differentiation and expansion of cytotoxic T cells. The shift in immune
cell composition may have been due to the activation of T cells leading to increased cytotoxicity and
adaptive immune responses which are confirmed by the pathway analysis of differentially expressed
genes obtained from T cells.

Flow cytometry analysis aligns with the scRNA-seq dataset showing an increase in GZMK+ CD§
T cells, particularly the GZMK+CCR7-CD45RO- subset, during the active status of AA. This aligns
with previous findings showing that CD8+ effector T cells re-expressing CD45RA(Temra) are
clevated in intractable AA and infiltrate skin tissue. *° Additionally, earlier studies have
demonstrated that GZMK+ CD8 T cells are present in the skin of AA patients, supporting the
plausibility of their increase in human PBMCs during the active phase. *!:*? Also, given that GZMK
expression is primarily driven by cytokine signaling rather than TCR activation, this underscores
the role of cytokine-induced immune shifts in AA pathogenesis. ** Since the scRNA-seq dataset
could not differentiate Tem and Temra due to limitation in using CD45RA, CD45RO as markers,
further studies are required.

To identify the specific cause of the immunologic shift, I focused on identifying the factors that
led to the change in T cells. Since many factors can induce the activation and differentiation in T
cells, I only selected samples that was not affected by known factors such as viral infections nor
cancer. If a patient showed any symptoms suspecting viral signs, the sample was not included in the
study. All patients were not diagnosed as cancer and did not have any history of malignancy.
Upstream signaling analysis using the transcriptomic changes was done to assess the causable
factors. Ingenuity pathway analysis (IPA) implicated cytokines such as IL-15, IL-12, and IFN-a,
along with T cell receptor (TCR) activation as main factors. However, since specific TCRs nor
antigens have been identified in AA, I focused on cytokine-driven immune alterations.

Since IL-15 was the main upstream signal and confirmed that the downstream signals were
shifted in T cells by GSEA, cytokine-induced T cell activation was suspected. Recently the
concept of virtual memory T cells, which can be activated by cytokines emerged as an important
pathogenesis in AA animal models. * Though I could not prove the presence of virtual memory T
cells due to the poorly identified marker in human and the limitation that it could not be identified
as a specific cluster in the scRNA-seq dataset, the concept of ‘cytokine’ activation has similar
properties. Also, considering that NKG2D levels are increased with exposure to IL-15, the
cytokine was considered a promising cytokine. '3
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As in previous studies, AA patients showed higher IL-15 levels compared to healthy control. 4>
46 However, within the paired samples, cytokine levels did not show increase in the active status.
Within the experiment, cytokine levels of four patients were undetectable in both active and stable
states due to excessively high values. This suggests that inter-individual variability may outweigh
disease status as a determinant of IL-15 expression in blood, potentially limiting its sensitivity as
activity biomarker for AA. Regarding that IL-15 may be the cause of immunologic shifting but is
not identified in blood, the source of the possible cytokine needs further research (e.g. scalp).

Our results suggest that AA involves systemic immune alterations beyond the skin, with a shift
toward an effector phenotype in CDS8 T cells in the active status of AA. Increased cytotoxic T cell
(GZMK+) and a reduction in naive and central memory subsets highlight potential biomarkers for
disease activity and therapeutic targets. Also, increased NK cell proportion among NKG2D+ cells
were identified.

This study has several strengths, including being the first to analyze blood cells with a specific
focus on NKG2D. Additionally, the correlation with disease activity in paired samples reinforces
the immunologic role of NKG2D in AA. Our findings have clinical relevance for patients with AA,
a disease with an unpredictable course. The observed immunologic shift and increase in GZMK+ T
cells may serve as potential disease markers, guiding treatment decisions based on disease activity.
If blood analysis can identify active disease status, proactive treatment may facilitate earlier immune
stabilization, potentially preventing the development of new alopecic patches. Since hair regrowth
in alopecic patches requires a prolonged period, prevention is crucial. This approach may improve
patients’ quality of life and alleviate the frustration caused by unpredictable hair loss.

This study has several limitations. The analysis did not include all cell types of PBMC immune
subsets, and proportional changes could be influenced by NKG2D expression dynamics rather than
true population shifts. Additionally, possible factors driving these ‘immune shift’ remain unclear.
Future studies should aim to correlate scalp inflammation with systemic immune profiles, as direct
tissue analysis may provide more definitive insights into disease pathogenesis despite challenges in
obtaining patient samples.

5. CONCLUSION

Our findings highlight a systemic shift in immune composition during active AA, characterized
by an enrichment of highly cytotoxic T cells and NK cells. This shift suggests that AA is not merely
a localized skin disorder rather a disease involving system-wide alterations in immune regulation.
The expansion of GZMB+ and GZMK+ CD8 T cells in active disease underscores the role of
cytotoxic T cell responses in disease activity. While IL-15-driven immune alterations remain a
potential mechanistic link, its variability across individuals limits its use as a biomarker. Nonetheless,
our study suggests that cytotoxic T cell enrichment could serve as a more robust biomarker for
disease activity and potentially guide therapeutic interventions. Future studies integrating peripheral
and lesional immune profiles correlating with disease activity may further refine our understanding
of immune dysregulation in AA and uncover new targets for treatment.
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Table 6. Clinical information of patients included in the study.

Status Age Sex Activity SALT Type of AA Experiments
Patient 1 Active 27 M 1 30 Patchy AA Flow cytometry (vs HC)
Patient 2 Active 28 M 1 20 Patchy AA Flow cytometry (vs HC)
Patient 3 Active 18 M 1 10 Patchy AA Flow cytometry (vs HC)
Patient 4 Active 25 M 1 20 Patchy AA Flow cytometry (vs HC)
Patient 5 Active 25 M 1 40 Patchy AA Flow cytometry (vs HC)
Patient 6 Active 23 M 1 80 Alopecia Totalis  Flow cytometry (vs HC)
Patient 7 Active 23 F 1 75 Alopecia Totalis  Flow cytometry (vs HC)
Patient 8 Active 58 F 1 25 Patchy AA Flow cytometry (vs HC)
Patient 9 Active 62 M Mild 100 Alopecia Flow cytometry (vs HC),
ahen Universalis IL-15 ELISA (vs HC)
Patient 10 Active 53 F Sever 87.5 Alopecia Totalis  Flow cytometry (vs HC),
IL-15 ELISA (vs HC)
Active 44 F Mild 100 Alopecia Flow cytometry (vs HC),
Patient 11 Universalis IL-15 ELISA (vs HC),
IL-15 ELISA (Paired)
Stable 44 F Mild 30
Active 30 F Severe 50 Patchy AA Flow cytometry (vs HC),
Patient 12 IL-15 ELISA (vs HC),
atien IL-15 ELISA (Paired),
scRNA-seq
Stable 30 F Stable 20

. Stable 52 F Stable 3 Patchy AA Flow cytometry (vs HC),
Patient 13 IL-15 ELISA (vs HC)

. Active 45 F Mild 3 Ophiasis Flow cytometry (vs HC),
Patient 14 IL-15 ELISA (vs HC)
Patient 15 Active 30 F Severe 100 Acute Diffuse Flow cytometry (vs HC),

Total alopecia IL-15 ELISA (vs HC)
. Stable 47 Stable 25 Patchy AA Flow cytometry (vs HC),
Patient 16 IL-15 ELISA (vs HC)
Active 43 Severe 8 Patchy AA Flow cytometry (vs HC),
Patient 17 scRNA-seq, IL-15
ELISA (Paired)
Stable 43 M Stable 0
Patient 18 Active 47 M Mild 25 Patchy AA Flow cytometry (vs HC),
aten IL-15 ELISA (vs HC)
Patient 19 Active 44 F Severe 100 Alopecia Flow cytometry (vs HC),
Universalis IL-15 ELISA (vs HC)
Active 44 F Severe 90 Alopecia Flow cytometry (vs HC),
Patient 20 Universalis scRNA-seq, [L-15
ELISA (Paired)
Stable 44 F Stable 0
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. Active 42 M Mild 6 Patchy AA Flow cytometry (vs HC),
Patient 21 IL-15 ELISA (vs HC)
Active 28 F Stable 60 Patchy AA Flow cytometry (vs HC),
Patient 22 scRNA-seq, IL-15
ELISA (Paired)
Stable 26 F Stable 4

. Active 44 F Mild 8 Patchy AA Flow cytometry (vs HC),
Patient 23 IL-15 ELISA (vs HC)
Patient 24 Active 29 M Mild 97.5 Alopecia Flow cytometry (vs HC),

Universalis IL-15 ELISA (vs HC)
Active 43 M Severe 20 Patchy AA Flow cytometry (vs HC),
Patient 25 Flow cytometry (Paired),
IL-15 ELISA (Paired)
Stable 43 M Stable 0
Patient 26 Active 25 F Severe 100 Alopecia Flow cytometry (vs HC),
ahen Universalis IL-15 ELISA (vs HC)
Patient 27 Active 29 F Severe 98 Acute Diffuse Flow cytometry (vs HC),
e Total alopecia IL-15 ELISA (vs HC)
Active 24 M Severe 70 Patchy AA Flow cytometry (vs HC),
Patient 28 scRNA-seq, IL-15
ELISA (Paired)
Stable 24 M Stable 0

. Active 44 F Mild 15 Patchy AA Flow cytometry (vs HC),
Patient 29 IL-15 ELISA (vs HC)

. Active 47 F Mild 30 Patchy AA Flow cytometry (vs HC),
Patient 30 IL-15 ELISA (vs HC)
Patient 31 Active 47 M Mild 10 Patchy AA Flow cytometry (vs HC),

atien IL-15 ELISA (vs HC)
Patient 32 Active 19 M Severe 100 Alopecia Flow cytometry (vs HC),
Universalis Flow cytometry (Paired)
Stable 19 M Mild 5

. Active 22 F Mild 25 Patchy AA Flow cytometry (vs HC),
Patient 33 IL-15 ELISA (vs HC)

. Active 45 F Severe 19 Patchy AA Flow cytometry (vs HC),
Patient 34 IL-15 ELISA (vs HC)

. Active 29 F Severe 30 Patchy AA Flow cytometry (vs HC),
Patient 35 IL-15 ELISA (vs HC)

. Stable 50 F Stable 3 Patchy AA Flow cytometry (vs HC),
Patient 36 IL-15 ELISA (vs HC)

. Active 46 F Mild 10 Patchy AA Flow cytometry (vs HC),
Patient 37 IL-15 ELISA (vs HC)

. Active 38 F Severe 75 Patchy AA Flow cytometry (vs HC),
Patient 38 IL-15 ELISA (vs HC)

Active 36 M Severe 90 Alopecia Totalis  Flow cytometry (vs HC),
Patient 39 IL-15 ELISA (vs HC),
IL-15 ELISA (Paired)
Stable 36 M Stable 0
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. Active 22 F Mild 25 Patchy AA Flow cytometry (vs HC),
Patient 40 IL-15 ELISA (vs HC)
Patient 41 Active 43 M Severe 90 Alopecia Totalis  Flow cytometry (vs HC),

e IL-15 ELISA (vs HC)
Patient 42 Active 39 M Mild 90 Alopecia Flow cytometry (vs HC),

Universalis IL-15 ELISA (vs HC)
Active 25 M Severe 100 Alopecia Flow cytometry (vs HC),
Patient 43 Universalis IL-15 ELISA (vs HC),
IL-15 ELISA (Paired)
Stable 25 M Mild 30

. Active 45 F Severe 50 Patchy AA Flow cytometry (vs HC),
Patient 44 IL-15 ELISA (vs HC)

. Active 61 F Mild 15 Patchy AA Flow cytometry (vs HC),
Patient 45 IL-15 ELISA (vs HC)

. Active 39 F Mild 30 Ophiasis Flow cytometry (vs HC),
Patient 46 IL-15 ELISA (vs HC)

. Active 39 F Mild 30 Patchy AA Flow cytometry (vs HC),
Patient 47 IL-15 ELISA (vs HC)

. Active 19 F Severe 85 Alopecia Totalis  Flow cytometry (Paired),
Patient 48 IL-15 ELISA (Paired)

Stable 20 F Stable 10
. Active 43 F Mild 30 Patchy AA Flow cytometry (Paired),
Patient 49 IL-15 ELISA (Paired)
Stable 43 F Stable 5
Patient 50 Active 23 M Severe 100 Alopecia Totalis  Flow cytometry (Paired),
atien IL-15 ELISA (Paired)
Stable 23 M Stable 4
Patient 51 Active 40 F Mild 80 Alopecia Totalis  Flow cytometry (Paired),
atien IL-15 ELISA (Paired)
Stable 42 F Stable 0
Active 24 F Mild 30 Patchy AA Flow cytometry (Paired),
. IL-15 ELISA (Paired),
Patient 52 Monocyte Bulk RNA seq
(Paired)
Stable 24 F Stable 0
Active 50 F Severe 38 Patchy AA IL-15 ELISA (Paired),
Patient 53 Monocyte Bulk RNA seq
(Paired)
Stable 51 F Stable 0
Patient46  Active 61 F Severe 100 Alopecia Totalis IL-15 ELISA (Paired),
Monocyte Bulk RNA seq
(Paired)
Stable 61 F Stable 0
HC, Healthy control.
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Abstract in Korean

247 49LR B9 g 1)
NKG2D F4 AESAWZ T Wedshn wsh 24

YP g (alopecia areata, AA)T HHTAQl Byfo] WARE g2 o]
T A Ap7bE e Aot W dhgo] B ¥ NKG2D git=Ee] wdo=
ojoj AW, HAMEES] FAHOZE olojxit), APEr o W<l =
CD8 T AM27F &eA 9on, o= F2 -2~ RElS F3f waxi. AdAqAE
NKG2D+ CD8+ T A|xe] ao] gl oL}, QA & F NKG2D ¢d
L] Apol7y EAlste] F7HAQL AT P g shrt

Zl% ATE2 dPGE7F s BdolA wgkd Wyl oyl HdalA <l

AAA Wste} AdE A3dS ‘é‘%éﬁ]iﬁlﬂ. A Aol A A ] HAsHA

tﬂﬁ]r—‘ sRlstalom, olggh Ay W7t F o wste} A3 st A3rh Bl
HAT & AFelA e 1A dixad vludls o YR x| %0“ Bl
NKG2D+ CD4+, CD8+, NK A ¥ H]&

dholel s 7Hel, el=r] S #7474 adlo] QFLme QA Pkl T v
4+ ggel wussnh

WelA 2 Aol del U NKG2D+ M%7t 982w 1 el we)
weled wsie R Aoe AAea, wrh AUd FEeld os AEE
FRaana) s ma 71E AT o wMelAze] aH SAstel
BEge gas A gonw olote HAQS WrenA STk WA,
NKGZD+ A¥e) wds dggre] 325 9 dyrele] pade sy 94
A4 o2 vasd Bxdel BelAEPBMO) Ul BAAEE EAa%

el mmglo,

CD4+, CD8+, NK (CD3- CD56+ ), CD3+ CD56+ AM¥ET O =
LFER A AAe gixzat 7 FYm)gk Apole glEA] 29ko ], NKG2D+
H]qu u]% T3k z1§],_4 %5:1,} ﬁ-ﬁcq L].e:]/Ho] %H 1:}.

HAAM S JIRIAME gsle], & AT = sUg 3hae] &Ad7]9 g7
AHlE v uEE paired 4 & 33t NKG2D+ %ﬂgﬂl Z24E& 2H
A A ZAALA] B2 (single-cell RNA sequencing, scRNA-seq)S 33t Ax} & oY
W NKG2D 2d A¥E CD8+ T Al¥, NK Al¥, dodaE2H T(MAIT) Al¥, x6 T
Aol v 7HA] Fo METoRE FAES 5. dggn A7 =
NKG2D+ A 5 NK AXe] H]&o] F7stal CD8+ T A|ES] Hl&o] FAste
AES BT CD8+ T A% HelMde SA-oz AESAS YeEE GZMK+ 2



0&
ZR e BA (differential abundance) A= el oy FAEZEANAE da3
AIE HAT
T Axze] A A WstsE 4= F4(pathway analysis)S &3l &<l
D M EFAFo]l T Ao E YEiRth T Alxe] WsE fFEshe 89l
23l Ingenuity Pathway Analysis (IPA)ES ©]-&3F AF¢
[L-15 ¢ &2 Alo]EFRle] 8 MR I 12
Ao] EFRQl A Tl gte] RNA ARG E Xlash 43, o
g 719k kA7) 2 fom g Apol= SRRIE A et
2 AFE Fd NKG2D+ #HxZF9o] HAAAQ] v &S dFgr dxpe} 71743
An g

d
o

GET 2, g AWl FFE W BYmske] FUAAA KA ol wolH
it e BAMEAAA A Ba A8 YY) we 54 WA
Wl go] Wakek: e AEA st 58, NKG2D+ CD&+ T A2 1ol
Hashs W, AEEAS AW CD8+ T AE/H S7bshe 540l F=gieh. o,
olelg MAMIE fEst 49 RUAR HAA Ao Esbele] 7] P 1
Fbe HA5A @Ak Mok, FF F7F 9TE Bl FOp) wshy was
FESE 14 79T Bast 9e Aew JzEn,

A5 o YR NKGD, AIZEA T AX
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