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INTRODUCTION elevated levels of cytokines and chemokines. Interestingly,

Migraine (MI) is a disabling, complex neurological disor-
der that affects around 20% of the world population, with
a higher incidence in women and significant familial
aggregation [1]. Epidemiological evidence has estimated
that MI heritability is around 42% worldwide, and it is
considered a multifactorial trait resulting from interac-
tions between multiple genetic variants and environmen-
tal factors [2].

Around 25% of the individuals with MI also show epi-
sodic vestibular symptoms, and this syndrome has been
defined as vestibular migraine (VM), according to the
diagnostic criteria jointly formulated by the International
Headache Society and the Barany Society [3]. In addition,
both MI and VM show a familial aggregation [4]. The
concurrence of episodic vertigo and MI is also observed
in Meniere’s disease (MD) [5], a chronic inflammatory
disorder of the inner ear defined by episodes of vertigo
associated with fluctuating sensorineural hearing loss,
tinnitus and aural fullness [6]. All these overlapping con-
ditions are defined according to the symptoms reported
by patients; of note, there is a gap in knowledge in the
immune response in these disorders, and the immune
profile has seldom been investigated, and no molecular
markers for MI, VM or MD have been consistently found.

The immune response and cytokine dysregulation play
significant roles in VM, MD, MI and their interplay. Stud-
ies show that pro-inflammatory cytokines like interleukin
(IL)-1p, IL-6, Tumor Necrosis Factor (TNF)-a and IL-8 are
elevated in patients with MI, while anti-inflammatory
cytokines may be decreased [7, 8]. However, the overall
picture from serum or plasma studies during MI attacks
has not provided a consistent pattern regarding inflamma-
tory cytokines [9, 10]. Several studies have indicated that
MD patients exhibit high basal levels of IL-1p, leading to

transcriptomics and single-cell immune profiling in
peripheral blood mononuclear cells (PBMCs) have defined
two different endophenotypes in MD based on their cyto-
kine profiles; one linked to cytokines suggesting a Type
2 immune response associated with high levels of IL-4 and
IgE [11, 12] and the other with high levels of IL-1p sup-
porting autoinflammation [13].

Flook et al. described that how gene expression in
PBMCs showed significant differences in MD and VM
patients, and logistic regression identified that IL-1p,
CCL3, CCL22 and CXCL1 levels could differentiate
them [14]. In addition, differences in the levels of specific
cytokines like CCL18, CCL3 and CXCL4 have been noted
between patients with MD or MI and controls, suggesting
distinct immune responses in MI, VM and MD [15].

The intricate relationship between these conditions
underscores the importance of understanding the
immune response and cytokine profiles to improve diag-
nostic accuracy and develop targeted treatment strategies
for patients affected by VM, MD or both. Thus, this study
aims to define a molecular signature in mononuclear
cells in patients with MI, VM and MD by single-cell tran-
scriptomics and to determine if patients with VM have a
specific immune profile or share the MI or the MD
signature.

METHODOLOGY
Patient cohort and sample collection

The Granada Clinical Research Ethics Review Board
approved the protocol for this study (PI17/1644;
PI20-1126), and the informed consent was obtained in all
participants.
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The clinical features of patients with MI, VM and MD
are shown in Supplementary eTable 1. Blood samples
were obtained from 24 Spanish participants with no diag-
nosed allergies or autoimmune diseases (8 patients with
MD, 5 with VM, 5 with MI and 6 healthy controls). In
addition, four single-cell PBMC-filtered matrix files were
retrieved from the 10x Genomics public repository and
used as a second set of controls [16-19].

Nuclei isolation from frozen PBMCs

The isolation procedure was optimized from nuclei
isolation from PBMCs (CG000365) for Chromium Next
GEM Single-Cell Multiome ATAC + Gene Expression
(CG000338; 10x Genomics, Pleasanton, CA, USA)
[20, 21]. Briefly, PBMCs were thawed and diluted in
RPMI + 10% fetal bovine serum, and cells were counted.
To eliminate granulocytes with extracellular DNA, we
sorted cells stained in CD66 (FACSAria III Cell Sorter,
BD, Bioscience, Frankling Lakes, NJ, USA). We continued
to isolate the nuclei from a million cells per sample.
Briefly, we centrifuged cells (300 rcf for 5 min at 4°C). The
supernatant was removed, replaced with 1 mL refrigerated
lysis buffer and incubated for 3 min before resuspension.
The nuclei were centrifuged again (500 rcf for 5 min at
4°C). The pellet was resuspended in 1 mL diluted nuclei
buffer and passed through a 40-pm cell strainer. All steps
were performed se on ice. Nuclei were stained and
counted. Nuclei were collected into 10% bovine serum
albumin. Next, 1 U/mL RNase inhibitor (Sigma-Aldrich,
03335402001) was added to all final solutions.

Multiome library preparation and
sequencing

Single-cell multiome libraries for healthy controls and
patients with MI, VM and MD were prepared using
“Chromium Next GEM Single-Cell Multiome ATAC
+ Gene Expression” (CG000338; 10x Genomics). Nuclei
were transposed in a bulk solution before being into a
tube with Gel Beads-in-Emulsion (GEMs) into a tube.
Barcoding was performed during reverse transcription on
the transposed DNA (ATAC) and the cDNA (RNA). Both
RNA and ATAC libraries were generated from amplified
cDNA and transposed DNA, respectively.

Pair-end sequencing for the 24 samples was per-
formed by using a Hiseq X Illumina sequencing platform
(San Diego, CA, USA). The cellranger-arc mkfastq func-
tion from Cell Ranger ARC V.2.0.0 was used to demulti-
plex Illumina’s base calling files (BCL) into a FASTQ
format for downstream analysis.

Single-cell RNA sequencing analysis

FASTAQ files were analysed using Cell Ranger ARC
v.2.0.2 and aligned with GRCh38 for the human genome
reference, as per 10x Genomics guidelines [22], to gener-
ate a filtered matrix file for downstream analysis. Sam-
ples with lower unique molecular identifiers quantity
than recommended by the HTML summary were left out
of the downstream analysis [23].

The filtered matrix output files were loaded in R and
analysed using the default pipeline of the package Seu-
rat v.4.1.4 for downstream analysis and visualization
[24, 25]. The pipeline was run twice per sample, first
with internal controls and then with the external data
set to control batch effects. A filter was applied to all
samples only to keep cells with >200 features and <10%
MT genes [26], and for clustering, Uniform Manifold
Approximation and Projection (UMAP) generation was
chosen [27], UMAP clusters were manually and auto-
matically annotated, using a combination of Azimuth
cell markers and FindAllMarkers function, and Celldex
(MonacolmmuneData) and SingleR packages, respec-
tively [25, 28, 29].

Differential expressed genes (DEGs) were retrieved
using the Seurat FindMarkers function along with
limma v3.56.2 between condition and controls, and a fil-
ter of +1.5 log2FC and <0.05 adjusted p-value was
applied.

Determining clusters and reclassification

Hierarchical clustering was performed using R’s hclust
function on the DEG analysis lists per cell type, including
six MD, five MI and four VM samples. Four samples were
excluded as they did not pass the quality controls. For
cluster analysis, the Euclidean method was used with
both “average” and “centroid” distances [24].

Gene set enrichment analysis and immune
response enrichment analysis

Gene set enrichment analysis (GSEA) was performed
using single-cell transcriptomic data and the DEG
lists obtained from each cluster. For this, Cluster-
Profiler v.4.8.3 package in R was used along with
the genome-wide annotation for Human species “org.
Hs.eg.db” v3.17.0 (http://org.hs.eg/) [30]. In addition,
we also performed immune response enrichment
analysis (IREA) by using the DEG data sets
according to the IREA tool from the Immune
Dictionary [31].
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Single-cell ATAC sequencing analysis

FASTAQ files were analysed using Cell Ranger ARC
v.2.0.2 and aligned with GRCh38 for the human genome
reference, as per 10x Genomics guidelines [22], to gener-
ate a peak coordinates, peak fragments cell metadata files
for downstream analysis.

Seurat v.5.1.0 and Signac v1.12.0 were used for down-
stream analysis [32, 33]. Quality control was based on
library features with the following settings: (a) peaks and
fragments files were loaded in R and were analysed using
quantitative and qualitative analyses. (b) Both, MI
+ VMc and MDMc ATAC analyses were done following
the “Merging Objects and” and “Visualization of Geno-
mic Regions” pipeline and to identify the cell populations
the Reference Mapping and RNA Imputation from “scA-
TAC-seq data integration” pipeline was followed, both
from the Signac package v1.12.0 [33].

The integrated pre-processed and cell-labelled MI
+ VM and MD scRNAseq data sets were used as a refer-
ence. The quantitative analysis in differential accessibility
(DA) used the FindMarkers function to identify differen-
tially accessible peaks between conditions and controls.

The qualitative analysis was performed using differ-
entially expressed reference genes for each cell type-
specific polarisation state caused by cytokines according
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to IREA. Chromatin accessibility graphs were plotted for
each cluster and both sets of controls.

RESULTS

The number of cells found in MI, VM, MD and HC did
not differ amongst B cells, CD*", NK cells and mono-
cytes. The only exeption was CD®*" cells that showed a
borderline significance after Bonferroni correction
(Supplementary eTable 2).

MI and VM cannot be differentiated
according to their single-cell immune
profile

The cellular distribution of CD**, CD®*, B cells, NK cells
and monocytes did not differ between MI (Figure 1a) and
VM (Figure 1b) patients, according to their scRNAseq
data obtained. When we compared the number of shared
and non-shared DEGs for each cell type, we observed
that the monocyte population has the highest number of
DEGs compared to the other cell populations, with
99 and 61 being unique to MI (beige) and VM (brown),
respectively, and 36 shared between them (Figure 1c);

. Differentially expressed genes in Ml (beige) and VM (brown)
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(a) Integrated UMAP in the MI cluster with colour coded cell identification of five subpopulations (CD*" T cells, CD** T

cells, B cells, NX cells, monocytes). (b) Integrated UMAP in VM with colour coded cell identification of five subpopulations. (c) Venn
diagrams differentially expressed genes between MI (beige) and VM (brown) clusters per cell subpopulation. (d) Boxplots of differentially
expressed genes using log2FC between both clusters. CD*" T cells population of cells shows slight significantly differences in the gene
expression profile for each cluster. MI, migraine; UMAP, Uniform Manifold Approximation and Projection; VM, vestibular migraine.
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however, differences were observed only in the cD®+
population when the transcriptomes of each cell popula-
tion found in MI and VM were compared (Figure 1d).
The dendrogram obtained by using scRNAseq data
showed no significant differences between VM and MI
PBMCs, and for this reason, we merged their scRNAseq
data sets for further analyses (see dendrograms in e-
Figure 1 and eFigure 2) We termed MI + VMc the newly
merged data set, including MI and VM samples. After
performing quality control (QC) and filtering, 17 218 cells
remained in the MI cluster (MI + VMc), 11 129 cells in
the HC and 8347 cells in the EC group.

The main upregulated DEGs observed between MI
+ VMc and controls in monocytes were NKAIN2, ABCC4,
ID2, FCGR3A and SLC24A3; conversely, the downregu-
lated genes found were S100A9, SI00A8, TTC7A, PRAM1,
IRF1, NEATI and FOSB (Supplementary eTable 3).

Two clusters of MD patients are defined
according to their single-cell immune
profile

When the immune profiles were hierarchically clustered
using the “average” method (Supplementary eFigure 3), a
large cluster of five patients and a small cluster of two
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patients were observed in MD according to scRNAseq
data sets. A “centroid” clustering method was used
(Supplementary eFigure 4) which confirmed that the
patient clustering was correct.

The distribution of CD*", CD®*", B cells, NK cells and
monocytes between both MD clusters did not differ. Only
21 DCs were found in the MD inactive cluster, therefore
no DGE analysis could be performed, and they were
excluded from further analysis (Figure 2a,b).

The large cluster was termed “Inactive” (grey) as it
shows only nine DEG compared to both sets of controls.
Meanwhile, the second cluster had a significant number
of DEG in monocytes, and we named it “Meniere’s dis-
ease monocyte-driven cluster” (MDMc, blue; Figure 2c).

After QC and filtering, when we compared MDMc-
HC, 1340 cell remained in the MDMc and 8965 cells in
HCs. On the other hand, when we compared MDMc-EC,
MDMc had 948 cells and EC had 8171 cells.

For MD inactive compared to HC, there were 8166
cells in MD Inactive and 11 308 cells in HC. Meanwhile
there were 8353 cells in MD Inactive and 9940
cells in EC.

Statistical difference between the Inactive MD and
the MDMc was found in the CD** cells when the scRNA-
seq transcriptome was compared (Figure 2d). There were
135 upregulated and 149 downregulated genes in the

. )| Differentially expressed genes in MD Inactive cluster (grey) and MDMc (blue)

CD4+ Cells CD8+ Cells NK Cells Monocytes

© Monooytes . )| MD Inactive cluster (grey) and MDMc (blue) single-cell transcriptome comparison
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(a) Integrated UMAP in the MD monocyte-driven cluster with colour coded cell identification of five subpopulations (CD**

T cells, CD*" T cells, B cells, NK cells, monocytes). (b) Integrated UMAP in the MD inactive cluster with colour coded cell identification of
five subpopulations. (c) Venn diagrams showing differentially expressed genes between inactive (grey) and MDMCc (blue) clusters per cell
subpopulation. (d) Boxplots of differentially expressed genes using log2FC between both clusters. CD** T cells show a significantly different
gene expression profile for each cluster. MD, Meniere’s disease; MDMc, Meniere’s disease monocyte-driven cluster; UMAP, Uniform

Manifold Approximation and Projection.
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MDMec. In this cluster, the main upregulated genes in
monocytes were SDC2, RAPGEF1, TPRG1, ABCCI,
IL1R1, ILIR2, ILIRN, CXCLS8, IL3RA and CSF2R con-
versely; monocytes showed downregulation of
THEMI121L, FOXP1, CD74, CD36, HLA-DRA, IL15 and
CSF3R (Supplementary eTable 4).

Monocyte-driven MD and MI clusters show
differential immune cellular responses

When shared and non-shared genes between MI + VMc
and MDMc were compared, we observed the lowest num-
ber of mutual genes is found in the CD*" population with
no DEGs and the highest number of joint genes in the
monocytes with 103 DEGs (Figure 3a).

Differentially expressed genes in MI+VMc (red) and MDMc (blue)
B Cells CD4+ Cells

MI+VMc (red) and MDMc (blue) single-cell transcriptome comparison

CD8+ Cells

Box plots comparing the single-cell transcriptomes of
each cell population between MI + VM and MD showed
that CD*" cells had a distinctive gene expression profile
(Figure 3b).

The main DEGs in CD*' cells found in the MI
+ VMc were SPON1, NELL2, TPT1, SI00A4, S100A9 and
BCL2; conversely, NPR2, KCNK9, CDKN1A, NDRG2 and
FGD4 were the main DEGs in CD*" cells found in
MDMCc (Supplementary eTables 5 and 6).

MI and monocyte-driven clusters exhibit
different active biochemical pathways

When we compared the shared and non-shared genes of
the MDMc and the MI + VMc, there was a higher
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5.0 p=0-11 5.0 p =1-2e-06 5.0 p =0-087 5.0 p =043 5.0 p =0-041
Ll
L]
2-5 = 2-51 25
° .
P
o
[T
[e2]
o
f
il
800 001 00
s
x
i
(0]
f
Q
0}
25 | 2.5 25
B Cells CD4+ Cells CD8+ Cells NK Cells Monocytes
-5-0 -5-0 -5-0 -5-0 -5.0

FIGURE 3 (a) Venn diagrams of differentially expressed genes between MI + VMc (red) and MDMc (blue) per cell subpopulation.
(b) Boxplots of differentially expressed genes using log2FC MI + VMc and MDMc. CD*' T cells show a significantly differences and
monocyte show slight significant differences in the gene expression profile for each cluster. MDMc, Meniere’s disease monocyte-driven

cluster; MI + VMc, migraine + vestibular migraine cluster.
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Differentially expressed genes (0)-(c) Possible active biochemical pathwas in MI+VMc

between MDMc and MI+VMc and MDMc
Pathways adjusted p-value
Monocyte-Driven Cluster
MDMc MI+VMc Response to biotic stimulus 7-26E-05
Response to external biotic stimulus 7-71E-05
Response to other organism 7-71E-05
Cytokine production 1-30E-04
Regulation of cytokine production 1-30E-04
Cellular response to inorganic substance 1.97E-04
Cellular response to metal ion 1.97E-04
Cellular response to calcium ion 1.97E-04
Glycosyltransferase activity 1.25E-03
Cellular response to salt 2-10E-03

FIGURE 4 (a)Venn diagram total differentially expressed genes between MI + VMc and MDMc. (b) Unique enriched pathways for
monocyte-driven cluster by adjusted p-value, show a cellular response to inorganic substances such as metal ions. (c) Unique pathways for

MI + VM cluster by adjusted p-value show a response to external biotic factors. MDMc, Meniere’s disease monocyte-driven cluster; MI

+ VMc, migraine + vestibular migraine cluster.

proportion of non-shared DEG in the MDMc than there
was in the MI + VMc cluster (Figure 4a). When the MD
inactive cluster was compared with MI + VMc, it showed
very few shared differentially expressed genes in all cell
types (Supplementary eFigure 5A,B).

The top three enriched pathways according to the
GSEA in both the MI + VMc and MDMc were immune
system process (G0:0002376), immune response
(GO:0006955) and regulation of cellular response to
growth factor stimulus (GO:00900287) (Supplementary
eTables 7 and 8). When filtered for unique enriched path-
ways in the MI + VMc, we found that they are driven by
a cellular response to inorganic substance (G0:0071241,
adjusted p-value = 1.97E"*) and cellular response to
metal (GO:0071248, adjusted p-value = 1.97E"%*) or
Ca*"  (G0:0071277, adjusted p-value = 1.97E~%%)
(Figure 4b); on the other hand, the MDMc unique
enriched pathways are driven by a response to a biotic
stimulus  (GO:0009607, adjusted p-value = 7.26E %),
response to other organisms (G0:0051707, adjusted p-
value = 7.71E"°%) and cytokine production (GO:0001816,
adjusted p-value = 1.30E~%*) (Figure 4c).

MI and monocyte-driven clusters have
different upstream cytokine pathways

IREA predicted potential cytokines that can trigger polari-
sation states in both the MI + VMc and MDMc. The NK
cell population of the MI + VMc appears to be affected
the most, with polarised state NK-e being activated. The
cytokines that have the highest enrichment score (ES) are
IL-15 (ES = 0.344, adjusted p-value = 2.90E~%°), IL-12
(ES =0.281, adjusted p-value =4.46E %) and IL-2
(ES = 0.250, adjusted p-value = 3.27E~**) (Supplementary
eFigure 6 and eTable 9). Conversely, in the MDMc all

polarised states appear to be active on the monocytes, with
the main growth factors being stem cell factor (SCF)
(ES = 0.392, adjusted p-value = 3.17E°%), vascular endo-
thelial growth factor (VEGF) (ES = 0.354, adjusted p-
value = 3.17E"°%) and hepatocyte growth factor
(ES = 0.332, adjusted p-value = 5.32E~°%) (Supplementary
eFigure 7 and eTable 10).

Single-cell ATAC sequencing confirms
gene expression changes in single-cell RNA
sequencing data

In Figure 5a,b, it can be observed that the GZMB coding
sequence (cds) accessibility levels were lower on the NK
cells on the MI + VMc compared to the HC in chromo-
some 14 around 24 634 000 and 24 635 000 base pairs. A
similar trend can be observed for other DGEs in the MI
-+ VMCc that are biomarkers for the NK-e polarised state
(eFigures 8-33).

On the other hand, DA shows that the regions on chro-
mosome 14 between 24 633 830 and 24 634 948 base
pairs are downregulated (log2FC = —0.923, adjusted
p-value = 1.28E %), partly validating what is seen in the
chromatin accessibility graphs (Supplementary eTable 11).
It also shows two other exons that are 4000 and 5000 bp
aways from GZMB that are slightly upregulated
(log2FC = 0.220, adjusted p-value = 1.00) and downregu-
lated (log2FC = —0.438, adjusted p-value =7.86E Y,
respectively. Similar results are observed when MI + VMc
is compared to EC (Supplementary eTable 12).

We observed that MDMc genes found as biomarkers
for polarised states predicted by IREA follow a similar
trend as the MI + VMc genes when DA was performed
against both set of controls. (Supplementary eTables 13
and 14).
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(a) External controls chromatin accessibility graph for gene GZMB
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FIGURE 5 (a)Chromatin accessibility of the GZMB gene in healthy controls, separated by cell subpopulation. (b) Chromatin
accessibility of GZMB in MI + VMg, separated by cell subpopulation. MI + VMc, migraine + vestibular migraine cluster.

DISCUSSION signature for a subset of MD patients that show a differ-
ential gene expression in monocytes, the MDMc.
Our single-cell data in PBMCs support the same immune Although epidemiological research underlines an

profile in MI and VM, but also define an immune association between these disorders, transcriptomic data
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and IREA algorithms support divergent etiological trig-
gers [34, 35].

While the precise pathophysiology of both VM and
MD remains incompletely elucidated, MI has been linked
to MD [36]. Although MD pathophysiology is associated
with endolymphatic hydrops, cytokine and other
immune mediators in MI or MD emerge as credible trig-
gers for cochlear and vestibular damage in the inner ear
leading to vestibular symptoms in both VM and MD. In
addition, there is a strong link between neurotological
symptoms and MI, with auditory or vestibular dysfunc-
tion associated with MI being a common cause of sponta-
neous episodic vertigo [37]. Therefore, this study aimed
to identify specific molecular patterns in PBMCs in indi-
viduals with VM, MI and MD using single-cell transcrip-
tomics to improve diagnostic accuracy and find potential
therapeutic targets.

MI has an inflammatory response mediated by NK
cells. Using IREA, we hypothesise that IL-12, IL-15 and
IL-18 can polarise NK cells to NK-e.

A previous study, it was found that these cytokines
were produced by dendritic cells and affect NK cells,
boosting the immune response. In turn, NX cells produce
INF-y, which primes DCs [38]. In MI patients, our tran-
scriptomic data in NK cells support a polarisation to
NK-e that would trigger Type 1 innate immune cells
(ILC-1) by releasing IL-12, IL-15 and IL-18. Moreover,
IL-2 in conjunction to IL-15, has been found to induce
STATS, an important regulator of NK cells development,
maturation and cytotoxic function [38].

Furthermore, our results show an upregulation of
CXCL8 (also known as IL-8) in the monocytes of the MI
+ VMc, which is driven by the feedback of monocyte-
released IL-15 [39]. CXCL-8 was found upregulated in
the serum of patients that suffer from MIs compared to
controls; another study reported higher concentrations of
CXCL-8 in blood serum in MI samples collected after 2-
to 4-h post-attack onset [9, 40]. Moreover, CXCL-8
was also upregulated in patients who suffer from trigemi-
nal neuralgia, suggesting a potential role in its
development [41].

Our data indicate that IL-15 (as IREA predicts) is
polarising NK cells and monocytes in patients with MI,
and these cells are probably releasing IL-8 in the blood.

Our results also show an upregulation of IL-1p’s
receptor, ILIRN. One study found an upregulation of
IL1RN after cortical spreading depression in mice, which
could be an attempt to regulate the IL-1p inflammatory
response [42].

The anti-inflammatory factor CSF3 (G-CSF) was
downregulated in the MI 4+ VMc. In a study in rats, it
was found that G-CSF enhances IL-10 through the
mTOR/p70S6K pathway, thus reducing inflammatory
cytokines IL-1p and TNF-« [43].

Our scATACseq data show that ILIRN and CSF3R are
downregulated compared to controls.

One thing worth mentioning, is that the gene expres-
sion of the receptors for the inflammatory growth factor
CSF2 (GM-CSF), CSF2RA, CSF2RB and IL3RA are down-
regulated when the MI + VMc is compared to EC. GM-
CSF and IL-3 are known cytokines involved in activating
monocytes, and differentiation into other cell types such
as macrophages and dendritic cells [44]. GM-CSF was
found to be present in the development of inflammation
in autoimmune diseases such as rheumatoid arthritis and
multiple sclerosis [45]. IL-3 has not been found to play a
role in the aforementioned diseases, but it is present,
alongside GM-CSF, in allergic asthma [46].

Taken together, these findings support a systemic
ILC-1 response in MI patients, which is mediated by
IL-1pB, IL-15 and CXCL-8, downregulation of G-CSF, GM-
CSF and IL-3, and polarisation of NK cells to NK-e medi-
ated by IL-2, IL-12, IL-15 and IL-18.

Several mechanisms are involved in MD, including
IgE-mediated response [11, 12] and autoinflamma-
tion [47, 48].

For MD, two subtypes were confirmed by hierarchi-
cally clustering MD using an “average” and “centroid”
distance methods. The inactive cluster showed few DGEs
scattered around all cell types, and most of them are reg-
ulatory genes; meanwhile, the number of DGEs in the
MDMc were mainly found in the monocytes. A previous
study showed that patients had clustered into two sub-
types according to the levels of cytokines in PBMCs,
where MDL (Meniere’s disease low) has a low amount of
DGEs compared to controls, MDH (Meniere’s disease
high) has over 1000 DGEs compared to controls, and the
same trend can be observed in differentially methylated
CpGs using whole genome bisulphite sequencing [49].

On the monocytes of MDMc, we also observe an upre-
gulation of ILIRN and ILIR2, which are well-
documented [50] decoy receptors for IL-1p, reducing bio-
availability and lowering inflammation. These findings
confirm previous studies in MD reporting two subtypes
according to the immune profile, one being considered
autoinflammatory and mediated by overexpression of
IL-1p [13].

In the MDMc, we also observed a downregulation of
IL-15 and an upregulation of CXCL8 compared to the
controls. IL-15 is known to induce the production of
CXCL8 in monocytes [39]. Previous studies have found
that a high CXCL8, HGF and G-CSF are linked to the for-
mation of neutrophil extracellular traps that could have a
possible role in the pathology of MD [51].

In this study, we did not identify growth factors
expressed in PBMC, yet IREA predicts that SCF, VEGF
and HGF are present in blood serum and polarising
monocytes in the MDMc.
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Both SCF and VEGF also been associated with other
inflammatory diseases [52, 53].

VEGF was found to be regulated by TNF-a and IL-6
in patients with rheumatoid arthritis [54], and it was
found to be present in significantly higher serum levels
in MI patients compared to the controls [53].

In another study, SCF also known as mast cell growth
factor was found to be, alongside VEGF, to be regulated
by TNF-a, to be produced by keratinocytes, resulting in a
worsening of the inflammation in the skin in psoriasis
patients [55]. These findings support that patients in
MDMCc have an autoinflammatory phenotype.

Contrary to MI + VMc, our single-cell data in the
MDMc show that CSF2RA and IL3RA are upregulated.
This could indicate that the development of inflamma-
tion between MI and MD differs, with GM-CSF and IL-3
being present and monocytes being differentiated into
macrophages and DCs.

On the other hand, similar to the MI + VMc, MDMc
scRNAseq results show that G-CSF is downregulated,
contributing to the inflammation of the disease.

These findings support there is an autoinflammatory
phenotype in the MDMc, mediated by IL-1f that associ-
ates other growth factors, cytokines and chemokines.

Our GSEA results indicate that MI + VMc has active
pathways related to an immune response to inorganic
substances and metal ions, whereas the MDMc has active
pathways related to biotic factors. These results suggest
that MI + VMc and MDMc have different triggers for
developing an inflammatory response.

This study has some limitations. First, this experi-
mental procedure is based on isolated nuclei from
PBMCs, and granulocytes were not included. Second, the
sample size was limited to a few individuals in each
group, although the number of cells in each cluster
ranges from 948 to 17 318. Finally, the isolated nuclei for
scATACseq on each sample were not the same as those
isolated for scRNAseq, and combined analyses were not
possible at the single-cell level.

CONCLUSION

MI has a Type 1 immune lymphoid cell response, with
NK cells polarised to NK-e by cytokines IL-2, IL-12, IL-15
and IL-18. The VM transcriptome does not differ from MI
in PBMCs. Conversely, MD consists of two clusters: one
mediated by monocytes with an autoinflammatory
response with high levels of IL-1f and a second one that
is inactive.
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