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Cytokine profiling and transcriptomics in mononuclear cells
define immune variants in Meniere Disease
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Meniere Disease (MD) is a chronic inner ear disorder characterized by vertigo attacks, sensorineural hearing loss, tinnitus, and aural
fullness. Extensive evidence supporting the inflammatory etiology of MD has been found, therefore, by using transcriptome
analysis, we aim to describe the inflammatory variants of MD. We performed Bulk RNAseq on 45 patients with definite MD and 15
healthy controls. MD patients were classified according to their basal levels of IL-1( into 2 groups: high and low. Differentially
expression analysis was performed using the ExpHunter Suite, and cell type proportion was evaluated using the estimation
algorithms xCell, ABIS, and CIBERSORTx. MD patients showed 15 differentially expressed genes (DEG) compared to controls. The top
DEGs include IGHGT (p=1.64 x 10"°) and IGLV3-21 (p =6.28 x 10 3), supporting a role in the adaptative immune response.
Cytokine profiling defines a subgroup of patients with high levels of IL-18 with up-regulation of IL6 (p = 7.65 x 10 8) and INHBA
(p=3.39 x 10 ) genes. Transcriptomic data from peripheral blood mononuclear cells support a proinflammatory subgroup of MD
patients with high levels of /L6 and an increase in naive B-cells, and memory CD8" T cells.

Genes & Immunity (2024) 25:124-131; https://doi.org/10.1038/541435-024-00260-z

INTRODUCTION

Meniere Disease (MD, MIM 156,000) is a rare chronic inner ear
syndrome, characterized by sensorineural hearing loss (SNHL),
vertigo attacks, aural fullness, and tinnitus [1]. The condition is
multifactorial, including genetic and epigenetic factors [2-4]. MD
is a highly heterogeneous disease, hence various classifications of
this syndrome have been reported according to clinical history
[5-7], radiological findings [8], and molecular subtypes [9].

There is extensive evidence supporting the autoimmune/
autoinflammatory etiology of MD [10], namely the high pre-
valence of diseases in this spectrum [11-13], the existence of
variants in immune-related genes associated with disease
progression in MD [3], and increased cytokine levels in MD
patients [9, 14-17].

Previous expression studies in MD have involved targeted gene
expression [18, 19] or small case series [9, 20, 21]. Shew et al. [19]
identified a downregulated miRNA in MD patients’ serum and
perilymph linked to inflammatory and autoimmune pathways,
using a miRNA array for the study of 5 MD patients and 5 controls.
Chen et al. [20] performed RNA sequencing on the intact
vestibular system of 5 delayed endolymphatic hydrops/ delayed

MD patients, and Sun et al. [21] studied the transcriptome of
peripheral blood mononuclear cells (PBMC) from three unilateral
MD type 1 patients. Despite the low sample size, both found the
involvement of immune factors in the disease pathogenesis. Frejo
et al. [9] identified two different subgroups of MD patients
according to cytokine levels in PBMC supernatant, namely IL-1(.
Moreover, these patients showed a differential gene expression
profile in genes related to immune diseases and inflammation.

The gene expression profile of PBMC could indicate the
molecular features of the immune cells in the affected systems
in MD. We hypothesize that MD patients with high levels of IL-13
may have an autoinflammatory background. Thus, we aim to
describe autoimmune/autoinflammatory variants of MD through
PBMC transcriptome analysis.

MATERIALS AND METHODS

Patient recruitment

We included a total of 45 patients with definite MD and 15 healthy controls
that were recruited between February 2018 and June 2021, from Spanish
referral centers for MD. Patients were diagnosed according to the
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diagnostic criteria of the Barany Society for MD [1]. Patients with another
associated otological disease or any other cause that could mimic MD and
patients under immunosuppressor or antihistaminic treatment were
excluded from this study. Individuals were considered healthy controls if
they presented no history of hearing loss nor vestibular symptoms and
were not under corticosteroid medication. The experimental protocols of
this study were approved by the Institutional Review Board in all
participating hospitals and every patient signed a written informed
consent. The study was carried out according to the principles of the
Declaration of Helsinki revised in 2013 for investigation with humans.

Patients with IL-1( levels superior to 4 pg/mL in PBMC supernatant were
considered MD patients with high levels of cytokines (MDH), and patients
with IL-1P levels inferior to 4 pg/mL in PBMC supernatant were considered
MD patients with low levels of cytokines (MDL), according to in house
measures in a set of 90 healthy individuals [22]. Therefore, of the 45
patients recruited for the study, 9 patients were MDH, and 36 patients were
MDL. Sample group sizes were based on the recommendations in the work
of Schurch et al. [23].

Clinical data

A descriptive analysis was conducted using R studio for all clinical data.
Patients were classified according to cytokine levels and clinical variables
were compared between both groups and controls by applying Fisher's
Exact Test for qualitative variables and Student’s t-test for the quantitative
variables. The level of significance considered was p < 0.05.

RNA extraction

Peripheral blood samples were obtained and peripheral blood mono-
nuclear cells (PBMCs) were isolated as previously described elsewhere [24].
RNA was extracted from approximately 8 million PBMCs per sample using
High Pure RNA Isolation Kit (Hoffmann-La Roche, Switzerland,
#11828665001) or NZY Total RNA Isolation kit (NZYtech, Portugal,
#MB13402), following the manufacturer’s instructions. RNA concentration
and quality were verified by Nanodrop (Thermo Fisher Scientific,
Massachusetts, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies,
California, USA). The minimum quality parameters considered were a
concentration superior to 20 ng/uL, a 260/280 and 260/230 ratio superior
to 1.8, RIN superior to 6.8, and no degradation or contamination.

Bulk RNA sequencing (RNAseq)

The total RNA from 60 samples were sequenced to a minimum of 40
million 150 bp paired-end reads (12 Gb) per sample. Library preparation
was performed using the NEBNext® UltraTM Directional RNA Library Prep
Kit (New England BioLabs, Massachusetts, USA). RNA-seq was performed
on a Novaseq 6000 (lllumina, California, USA) at the Novogene Cambridge
Science Park (UK) installations.

The data files from the Novaseq 6000 sequencing platform are
transformed to sequence reads by CASAVA base recognition (Base Calling).
RSEM [25] software package was used for estimating gene and isoform
expression levels. The FASTQ files (one per sample) were pre-processed
with BBTools [26] to remove adapters as described in the sequencing
library documentation, to trim low-quality regions (discarding reads of
quality lower than 26) and selecting reads with a minimum length of 135
nucleotides. Reads were aligned to the GRCh38 reference human genome
assembly using STAR [27] (version 2.5).

Differential expression analysis and functional analysis
Differential expression analysis was performed using the ExpHunter Suite
Bioconductor package [28], which used DESeq2 and edgeR packages.
Genes are labeled as prevalent or possible differentially expressed genes
(DEG), based on package results: if a gene is detected as differentially
expressed by the two packages it is considered a prevalent DEG. On the
other hand, if a gene is detected as differentially expressed by only one, it
is considered a possible DEG. A gene is considered differentially expressed
if it presents an adjusted p < 0.05 and absolute logFC >1. The comparisons
for this study were: MD patients versus controls, MDL patients versus
controls, MDH patients versus controls, and MDL versus MDH patients.
ExpHunter Suite performs score integration to obtain combined logFC
and adjusted p value/FDR values for each gene across all packages. The
functional analysis module of ExpHunter Suite was used to search for
enrichment of sets of functionally related genes, which integrates Gene
Ontology and KEGG using clusterProfiler [29]. Differential transcript usage
(DTU) was analyzed with satuRn [30] package and post-processing of
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results was performed with stageR [31] package. Transcription factors (TFs)
linked with gene enrichment were analysed with GeneCodis 4 [32].

xCell [33], ABIS [34] and CIBERSORTx [35] are computational methods used
to estimate the individual cell type abundance from bulk RNA sequencing
data from PBMC. Evaluation of cell type proportion was performed with the
estimation algorithms xCell, ABIS, and CIBERSORTx. For CIBERSORTxX analysis,
we used the LM22 signature matrix with TPM gene expression matrix. Cell
proportions were compared between groups performing a Mann-Whitney U
test. The level of significance considered was p < 0.05. Differences in cell
proportion were considered true if found by at least 2 methods.

RESULTS

MD patients have DEGs enriched in immune response

For the RNAseq data, we first checked the quality of reads after
trimming (Supplementary Fig. 1). We observed that after removal
of adapters and contaminants, we retained most of the readings
to proceed with their alignment. We also confirmed if the
alignment using STAR was correctly performed. In Supplementary
Fig. 2, we can observe that for each sample a large number of
reads was aligned against genes (blue boxes). With these
considerations, we performed the differential expression analysis
of the samples.

We evaluated the transcriptomic differences between MD
patients and healthy controls. When we first run ExpHunter Suite
with all samples for the MD patients against controls comparison,
we observed in the data quality analysis that patient samples
MDO01, MD02, MD03 and MD04 were more related to the control
samples in the principal component analysis (PCA), and control
samples C11, C09 and C10 were more related to the patient
samples, indicating possible errors in the sequencing process
(Supplementary Fig. 3). After different tests in which we compared
the distribution of samples in the PCA we discarded MD01, MDO02,
MDO04, C11, C09, C10 from our analysis. We decided to keep MDO03
as it was more related to other patient samples in the PCA
(Supplementary Fig. 4). Once we removed these samples from our
analysis, we observed in Supplementary Fig. 4 a certain mixing
between controls and MD patient samples.

Finally, our study included 42 MD patients and 12 controls with
a mean age of 58.09 + 13.01 and 46.33 + 14.81 years, and a female
percentage of 57.14% and 33.33%, respectively. No clinical
differences were found between MDH and MDL patients (Table 1).

We identified 15 DEG (Table 2) between MD and controls, of
which 4 were upregulated and 11 were downregulated, namely
IGHGT  (logFC=-2.08, padjust = 163 x 10°%, KRT72
(logFC =-1.76, p.adjust =3.99 x 107, and IGLV3-21
(logFC=-1.65, p.adjust = 6.28 x 1073) were the genes with
highest differential expression (Fig. 1A).

The biologic processes associated with the identified DEG were
evaluated through KEGG and gene ontology (GO). KEGG analysis
identified pathways related to cell survival and growth (Supplemen-
tary Table 1). Whereas GO analysis identified pathways related to
immunological processes and cytoskeleton organization (Fig. 1B).

The study of differential transcript usage (DTU) allows the
identification of differences at the transcript-level, such as
alternative splicing [30]. We performed DTU analysis with satuRn
package to identify alterations in transcript expression between
patients and controls. After post-processing of results with stageR
package, which performs powerful gene-level tests while main-
taining biological interpretation at transcript-level resolution, we
observed no differences in transcript usage between patients and
controls (Supplementary Table 2). No transcription factors were
significantly associated with the DEG identified comparing MD to
controls.

MDH and MDL patients have different transcriptome profiles

Previous studies have shown that MD patients can be subgrouped
according to their IL-1f3 levels [9] and that these patients show a
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Table 1. Clinical and demographic features of Meniere Disease
patients.
MDH (N =8) MDL (N =34) P

Sex (% woman) (N) 50% (4) 59% (20) 0.7061
Age (mean = SD) 58.5+6.6 58.0+14.2 0.8832
Age of onset 445+ 13.2 45.02+13.2 0.9208
(mean + SD)
Years of evolution 14.0+10.3 129+7.8 0.7852
(mean + SD)
Laterality (% unilateral) 75% (6) 74% (25) 1.0000
(N)
Affected ear (% right) 25 (2) 29 (10) 0.8822
(N)
Family history of ear 38% (3) 59% (20) 0.4330
affections (% yes) (N)
Family history of MD 25% (2) 15% (5) 0.6012
(% yes) (N)
Headache (% yes) (N) 38% (3) 50% (17) 0.6997
Migraine (% yes) (N) 38% (3) 29% (10) 0.6861
History of Autoimmune 38% (3) 29% (10) 0.6861
disease (% yes) (N)
Number of crises in last ~ 2.0+3.3 1.8+£27 0.8554
6 months (mean + SD)
Hearing stage (%) (N) 0.2398

1 20% (1) 17% (5)

2 40% (2) 31% (9)

3 0% (0) 38% (11)

4 40% (2) 14% (4)
AAO-HNS Functional 0.0968
Scale (%) (N)

67% (2) 30% (9)

2 0% (0) 22% (6)

3 0% (0) 22% (6)

4 0% (0) 19% (5)

5 0% (0) 7% (2)

6 33% (1) 0% (0)
Tumarkin crisis (% yes) 25% (2) 12% (4) 0.0562
(N)
Clinical MD group (%) 0.6635
(N)
Metachronic/ Classic 43% (3) 39% (13)
(type 1)
Synchronic/ Delayed 0% (0) 0% (0)
(type 2)
Familiar History (type 3) 0% (0) 15% (5)
Migraine (type 4) 14% (1) 21% (7)
Autoimmunity (type 5) 43% (3) 24% (8)

MDH Meniere Disease patients with high levels of cytokines, MDL Meniere
Disease patients with low levels of cytokines, SD standard deviation.

different epigenetic signature [4], therefore we wanted to evaluate
if these patients also presented transcriptomic differences. We
observed that MDL patients had 13 DEG when compared to
healthy controls (Table 2, Fig. 1C), and MDH patients had 17 DEG
when compared to healthy controls (Table 2, Fig. 1D), of which
only PRSS23 gene was shared between comparisons (Fig. 1D).
Moreover, we compared MDL to MDH patients, revealing 2 DEG, of
which IL-6 was the most downregulated gene in MDL
(logFC = -2.48, p.adjust = 7.65 x 10°%) (Table 2, Fig. 1E).

SPRINGER NATURE

When performing enrichment analysis, KEGG only retrieved
significant pathways when comparing MDL to controls—the
Neuroactive ligand-receptor interaction (p.adjust = 0.044).

Nevertheless, GO analysis associated various biological pro-
cesses, molecular functions, and cellular components to the three
analyses (Fig. 1B). Interestingly, the top terms associated with each
comparison did not overlap. MDH are associated with signal
transduction, MDL associated with immunoglobulin complexes,
and comparing MDH to MDL hormonal secretion and B-cell
activation seem to differentiate these patients.

No DTUs and no transcription factors were significantly
associated with the DEG identified comparing MDH or MDL to
controls, nor MDH to MDL.

Differences in immune cell composition were found between
MD and controls

We sought to evaluate if there were enriched gene signatures
associated with an immune cell population in our RNAseq data.
Thus, we used three deconvolution methods: CIBERSORTx, xCell
and ABIS. We considered a population enriched if identified as
such by at least 2 of the programs. CIBERSORTx found a positive
enrichment of naive B-cells (Fig. 2A), activated and resting
memory CD4*1 T-cells (Fig. 2B, C) (p <0.05). In agreement, xCell
found a positive enrichment of naive B-cells (Fig. 2D) central
memory CD4" T-cells (Fig. 2E), and effector memory CD8" T-cells
(Fig. 2F) (p < 0.05). Lastly, ABIS revealed an increase in naive B-cells
(Fig. 2G), and memory CD8" T-cells (Fig. 2H) (p < 0.05). Overall, we
observed an increase in naive B-cells in MDH patients when
compared to MDL patients and controls, and a decrease in
memory CD4" T-cells and an increase in memory CD8" T-cells in
MD patients compared to controls.

DISCUSSION

In this work, we used bulk RNA sequencing of peripheral blood
mononuclear cells from MD patients and controls to define the
molecular signature of autoimmune/autoinflammatory variants
of MD.

In the PCA of our data we observed low variability between
samples. This could be due to low biological variability between
MD patients and controls, batch effect, or sample heterogeneity,
as PBMC are composed of various cell types.

Our results demonstrate that MD patients have a different
transcriptomic profile than healthy controls. Moreover, we
observed MD patients classified according to cytokine levels, as
previously described [9] also show differing profiles between them
and compared to controls, despite no clinical or demographic
differences being observed. Blood samples were obtained out of
the vertigo episode to generate a baseline transcriptomic profile.

Among the DEG between MD and controls the top three genes
are related to the activation of the adaptative immune response
and phagocytosis involving the immunoglobulin proteins P01857
(Immunoglobulin  heavy constant gamma 1, IGHGT), P80748
(Immunoglobulin lambda variable 3-21, IGLV3-21) and Q14CN4
(Keratin 72, KRT72), probably related to non-specific changes in
epithelial expression, since the genes KRT72 and KRT73 are also
DEG when MDL are compared to controls.

MD patients show a significant decreased expression of AREG,
encoding Amphiregulin, a member of the epidermal growth factor
family which promotes the restoration of tissue integrity following
damage associated with acute or chronic inflammation [36].
Moreover, AREG-gene deficient mice have impaired resolution of a
variety of inflammatory challenges [36]. Thus, it is plausible that
considering the role that AREG in restoring tissue integrity
following infection or injury, the downregulation of this gene in
MD patients could indicate a persistent inflammatory status.

ANKRD55, FXYD7, and MMP28 were found downregulated in MDL
patients when compared to controls. Variants in ANKRD55 have

Genes & Immunity (2024) 25:124-131
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Differentially expressed genes in Meniere disease patients and controls. A Volcano plot of possible and prevalent differentially

expressed genes (DEG) in Meniere Disease patients and controls. In pink can be found DEG with log,FC > 1 and p <0.05; in green DEG with
p < 0.05; in yellow DEG with log,FC > 1; in gray non-significant DEG. B Volcano plot of possible and prevalent differentially expressed genes
(DEG) in MDL and controls. € Volcano plot of possible and prevalent differentially expressed genes (DEG) in MDH and controls. D Volcano plot
of possible and prevalent differentially expressed genes (DEG) in MDL and MDH. E Dot-plot representing the gene ratio and adjusted p value
associated to the retrieved gene ontology terms for the top 15 term for biological processes, and all terms for cellular components and
molecular functions, from comparing MD patients to controls, MDL patients to controls, MDH patients to controls, and MDH patients to MDL

patients, with GO functional analysis.

been previously described as a risk factor for various autoimmune
and inflammatory diseases, such as rheumatoid arthritis, type 1
diabetes, and inflammatory myopathies, which contrastingly to our
findings are associated with higher expression of ANKRD55 in CD4"
T lymphocytes [37]. MMP28, which is expressed by leukocytes, has
been described in mice to have a role towards M2 macrophage
polarization [38], and in promoting chronic inflammation and tissue
remodeling, in a mouse model of exposure to cigarette smoke [39].

MD patients present endolymphatic hydrops, which have been
described to be triggered by aberrant regulation of sodium by
Na,K-ATPase or epithelial sodium channels [40]. Elevated dietary
salt consumption increases specific inhibitors and ligands of the
Na/K-ATPase potentially changing the activity of the Na,K-ATPase
in cochlea. The downregulation of the FXYD7 gene, responsible for
encoding a NaK-ATPase, has been observed in MDL. This
downregulation suggests a potential association with Na,K-ATPase
dysfunction, thereby contributing to the development of endo-
lymphatic hydrops in individuals with Meniere's disease.

PRSS23, FCRL6, ADGRGI, KLRC4, and DTHD1 genes were found
upregulated in MDH patients compared to controls. These genes are
associated with various aspects of immune function [41], including
cytotoxicity [42], NK cell maturation [42, 43], and T cell activity [44].
Their dysregulation or altered expression in Meniere's disease
patients suggests potential links to higher cytotoxic activity and
immune processes involved in the development of the condition.

SPRINGER NATURE

MD patients with high levels of IL-13 (MDH) have a persistent
proinflammatory response and represent around 15-20% of cases
in MD [9]. Cochlear autoinflammation and activation of NLRP3
inflammasome in vestibular-resident macrophage-like cells seems
to be a common mechanism leading to chronic inflammation, in
both sensorineural hearing loss [45] and MD [46].

Of note, two genes IL6 and INHBA genes were upregulated in
MDH patients when compared to MDL. IL-6 is a pleiotropic
cytokine, with many roles in inflammation and immune response
[47]. Activin A encoded by INHBA is described as a T,,2 cytokine, as
it is abundant in these cells, furthermore the neutralization of this
cytokine in vivo significantly decreased IgE production in mice
immunized with ovalbumin [48]. We have recently identified a
cluster of patients with high levels of pro-inflammatory cytokines
and IgE levels by mass cytometry [49]. Together, this might
suggest that that differences in expression in IL6 and INHBA in
MDH patients might be related to a type 2 immune response.

Our deconvolution analysis of RNAseq data revealed an increase
in naive B-cells among MDH patients. Earlier studies using mass
cytometry have identified elevated levels of IL-4 in MD patients
with high levels of pro-inflammatory cytokines [49]. Considering
that IL-4 has been demonstrated to inhibit the apoptosis of naive
B lymphocytes [50], this observation suggests a potential
inclination towards a type 2 immune response in MDH patients.
Unfortunately, we cannot confirm this hypothesis with this data,
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Fig. 2 Immune cell composition inferred from bulk RNAseq deconvolution using CIBERSORTx, xCell, and ABIS. A Box-plot of the
differences between controls, MD, MDH and MDL in naive B-cells inferred by the CIBERSORTx score. B Box-plot of the differences between
controls, MD, MDH and MDL in activated CD4* memory T-cells inferred by the CIBERSORTx score. C Box-plot of the differences between
controls, MD, MDH and MDL in resting CD4" memory T-cells inferred by the CIBERSORTx score. D Box-plot of the differences between
controls, MD, MDH and MDL in naive B-cells inferred by the xCell score. E Box-plot of the differences between controls, MD, MDH and MDL in
central memory CD4" T-cells inferred by the xCell score. F Box-plot of the differences between controls, MD, MDH and MDL in effector
memory CD8" T-cells inferred by the xCell score. G Box-plot of the differences between controls, MD, MDH and MDL in naive B-cells inferred
by the ABIS score. H Box-plot of the differences between controls, MD, MDH and MDL in memory CD8" T-cells inferred by the ABIS score. ns
p>0.05; * p<0.05; ** p<0.01; *** p<0.001 by pair-wise Mann-Whitney U test.

so further experiments are needed to confirm an increased activity effector memory and resident memory CD8" T-cells have been
of Ty2 cells in MDH patients. implicated in the pathogenesis of autoimmune diseases, such as
Deconvolution of RNAseq data identified an increase in CD8" multiple sclerosis and autoimmune diabetes, due to their ability to
and decrease in CD4" memory T-cells in MD patients. Memory damage host tissues [53].
T-cells are generated after resolution of a primary response, it has Previous studies suggested that patients with proinflammatory
been reported that the magnitude of the effector response from phenotype showed high levels of IL-13, TNFa and IL-6 [9]; in our
CD4" memory T-cells correlates with the size of the resulting current study despite finding differences in IL-1f at a protein level,
memory pool [51]. Notably, elevated numbers of memory CD4" we did not observe IL-1( statistically significant changes at a
T-cells observed in autoimmune conditions like psoriasis suggest a transcriptomic level, but did find differences in expression of IL6.
potential role in promoting autoimmunity [52]. Furthermore, The differences in the results, from those previously reported
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[9, 19-21], may be explained by differences in the technology,
sample size, tissue, and software used for the analyses, never-
theless, we have identified differences in immune response and
inflammation related genes at RNA level.

Our study has some limitations. First, the sample size is small
and some DEG could be missed, thus studies with a larger cohort
are necessary to validate our findings. Moreover, the RNAseq
technology is evolving to single cell and spatial transcriptomics
that will improve the resolution at single cell level and in tissue
sections. Future proteomic and transcriptomic studies at single
cell level will be needed to get a better understanding of the
inflammatory response in MD subgroups.

In conclusion, we found that MD patients present a different
transcriptomic profile from healthy controls. MDH patients have
higher expression of IL6 than MDL patients. Furthermore, various
cytotoxicity-related genes were found upregulated in MDH and
may play a role in the pro-inflammatory state of these patients.

DATA AVAILABILITY

The datasets generated and analyzed during the current study are available in the
Zenodo.org repository, under the https://doi.org/10.5281/zenodo.10492619.
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