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A B S T R A C T   

Background: Meniere Disease (MD) is an inner ear syndrome, characterized by episodes of vertigo, tinnitus and 
fluctuating sensorineural hearing loss. The pathological mechanism leading to sporadic MD is still poorly un-
derstood, however an allergic inflammatory response seems to be involved in some patients with MD. 
Objective: Decipher an immune signature associated with the syndrome. 
Methods: We performed mass cytometry immune profiling on peripheral blood from MD patients and controls. 
We analyzed differences in state and differences in abundance of the different cellular subsets. IgE levels were 
quantified through ELISA on supernatant of cultured whole blood. 
Results: We have identified two clusters of individuals according to the single cell cytokine profile. These clusters 
presented differences in IgE levels, immune cell population abundance, including a reduction of CD56dim NK- 
cells, and changes in cytokine expression with a different response to bacterial and fungal antigens. 
Conclusion: Our results support a systemic inflammatory response in some MD patients that show a type 2 
response with allergic phenotype, which could benefit from personalized IL-4 blockers.   

1. Introduction 

Meniere Disease (MD, MIM 156000) is a rare and chronic inner ear 
syndrome, defined by sensorineural hearing loss (SNHL) associated with 
episodes of vertigo, tinnitus, and aural fullness [1]. MD is a heteroge-
neous disease with a well-established genetic contribution [2]. Various 
classifications of MD have been described, according to the associated 
comorbidities identified by cluster analysis [3,4], radiological findings 
in the angle of the vestibular aqueduct of the temporal bone [5] or 
cytokine profile in peripheral blood [6]. Histopathological studies on 
human temporal bones [7] and magnetic resonance studies [8] have 

confirmed an accumulation of endolymph in the cochlear duct, termed 
endolymphatic hydrops (EH). However, the pathological mechanism 
leading to the formation of EH in sporadic (non-familial) MD is poorly 
understood. In this context, there is enough evidence to support that 
genetic factors and autoimmunity/inflammation could be involved in 
the etiology of MD [9]. 

MD has been associated with various autoimmune or auto-
inflammatory diseases, namely rheumatoid arthritis, thyroid diseases, 
systemic lupus erythematosus, psoriasis, and vitiligo [10–13]. Also, 
allelic variants in immune-related genes, such as MICA, TLR10, NFKB1 
have been associated with SNHL progression in MD [14–16]. Moreover, 
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mutations in various immune-related genes have been detected in a case 
of MD with comorbid suspected autoinflammatory thyroid disease [17]. 
Furthermore, the allelic variant rs4947296, a quantitative trait locus 
that regulates the expression of various genes in the TWEAK/Fn14 
pathway is associated with bilateral MD and it is present in up to 18% of 
patients with comorbid autoimmune diseases [18]. 

On the other hand, there are several reports of an over-expression of 
cytokines and IgE in MD patients [6,19–24]. Ma et al observed that high 
levels of IgE could be used as a predictor of acute low-tone SNHL 
recurrence and MD transformation, since patients with acute low-tone 
SNHL developed MD during follow-up [20]. Zhang et al have also 
found that MD patients had higher levels of IgE, IL-4, IL-5 IL-10 and IL- 
13 in serum samples [23]. Besides, they described the presence of IgE in 
the ampulla, macula, semicircular canal, and endolymphatic sac by 
immunohistochemistry and dense deposits of IgE in the utricle of MD 
patients. Frejo et al have reported a subset of MD patients with increased 
proinflammatory cytokine production [6]. Moreover, antigenic stimu-
lation with allergenic mold extracts provoked an increased production 
of pro-inflammatory cytokines in MD patients. Still, it is not known if 
these triggers are specific for MD. 

Since a subset of patients that present an elevated pro-inflammatory 
cytokine basal profile with an altered response after antigenic stimula-
tion, we proposed to investigate the role of antigenic stimulation and the 
mechanism of proinflammatory response in MD. 

2. Methods 

2.1. Subject recruitment 

This work was carried out according to the principles of the Decla-
ration of Helsinki [25] revised in 2013 for investigation with humans 
and following the ethical standards recognized by the Spanish biomed-
ical research law. The Human Ethics Review Board in all participating 
medical centers approved the experimental protocols of this study 
(PI17/1644; PI20-1126) and all donors signed a written informed 
consent. 

This study included a total of 26 patients with definite MD, and 13 
healthy controls, which were recruited from the Otoneurology Clinics of 
four academic hospitals in Spain. Individuals over the age of 18 years old 
who fulfilled the clinical diagnosis of definite MD, according to the 
diagnostic criteria of the Barany Society [1], that had signed an 
informed consent were included in the study. Individuals that were 
under immunosuppressor, or antihistaminic treatment were excluded 
from the study. Clinical information from each patient was gathered 
during recruitment, which can be found summarized in Supplementary 
Table 1. 

2.2. Blood sampling and stimulation 

Peripheral blood was collected into EDTA-coated vacutainers (BD 
Biosciences, #367525) between 8:00 and 13:00. Blood samples were 
sent to GENYO and processed within 24 h of sample collection. 

Whole blood was cultured under three conditions: unstimulated1 

(UNS), stimulated with lipopolysaccharide (LPS) (InvivoGen, #tlrl- 
peklps), and stimulated with allergenic extract from Aspergillus niger 
(ASP2) (DST, #42020860). So, blood was mixed 1:1 with RPMI 1640 
(Thermo Fisher Scientific, #61870–044) supplemented with 1% MEM 
(Thermo Fisher Scientific, #11140–035) and 1% Sodium Pyruvate 
(Biowest, #L0642–500). If stimulation was taking place either 50 ng/mL 
LPS, or 10 μg/mL ASP was added, and cells were incubated for 6 h at 
37 ◦C, 7% CO2 in sterile 5 mL polystyrene round-bottom tubes (Corning, 
#352054). Each sample was cultured in duplicate. To one tube, a 

protein transport inhibitor cocktail of Brefaldin A (eBioscience, #00- 
4506-51) and Monensin (eBioscience #00-4505-51) was added prior to 
incubation, and in the other tube no protein transport inhibitor was 
added. 

After incubation, the blood cells in the tube with protein transport 
inhibitor were incubated for 5 min at room temperature in 6.25 μM 
Cisplatin (Sigma Aldrich, #479306), for live/dead staining. Before 
storing the samples at − 80 ◦C, samples were incubated for 10 min at RT 
with Proteomic Stabilizer (Smarttube, #PROT1-1 L). 

The tube with blood cells without protein transport inhibitor was 
centrifuged for 10 min at 1500 rpm, supernatant was collected and 
stored at − 80 ◦C. 

2.3. Mass cytometry immunophenotyping 

For immunophenotyping, a panel of 29 metal-conjugated mono-
clonal antibodies was optimized and employed. All antibodies were 
validated, pre-titered and aliquoted into per-test amounts and stored at 
− 80 ◦C. Antibodies were either purchased from Standard BioTools Inc. 
in pre-conjugated format or unlabelled antibodies were purchased in a 
carrier-protein-free format and conjugated with the indicated metal 
isotope using Maxpar X8 Antibody Labeling Kits (Standard BioTools 
Inc.), following the manufacturer’s protocol. Antibodies against the 
following cytokines were used: IL-1β, IL-4, IL-6, IL-8, IL-10, TNFα, MCP- 
1/CCL2, and MIP-1β/CCL3. The complete list of antibodies and corre-
sponding metal tags can be found in Supplementary Table 2. 

Cells were stained and acquired by CyTOF as previously described 
[26]. Briefly, whole blood samples were thawed on a roller at 4 ◦C for 45 
min and red blood cells are lysed with thaw-lyse buffer (Smarttube, 
#THAWLYSE1). Cell concentration was determined, and 1.5× 106 cells 
were barcoded using Cell-ID 20-plex Pd Barcoding Kit (Standard Bio-
Tools Inc., #FLU201060-K). Differentially Pd-tagged samples were 
combined and incubated with extracellular targeted antibodies (Sup-
plementary Table 2) for 30 min at 4 ◦C. This was followed with cell 
permeabilization with Perm-S buffer (Standard BioTools Inc., 
#FLU201066) and staining with intracellular antibodies (Supplemen-
tary Table 2) for 30 min at 4 ◦C. Cells were then washed and stained with 
a DNA intercalator, 0.25 μM 191Ir/193Ir (Standard BioTools Inc., 
#201192B) for 1 h at room temperature. After this, cells were left in 2% 
formaldehyde (Thermo Fisher Scientific, #28906) overnight at 4 ◦C. 
Cells in the fixative solution were washed with cell staining buffer 
(Standard BioTools Inc., #FLU201068) and MiliQ water, cells were 
diluted to 5× 105 cells/mL in MiliQ water containing 1:10 diluted EQ 
beads (Standard BioTools Inc.) and filtered through a 100 μm mesh 
(Miltenyi Biotec, #130–110-917). Cells were acquired at a 250 events/s 
using a CyTOF 2 Helios upgraded mass cytometer (Standard BioTools 
Inc.). Machine tuning was performed during start-up and after 5 h. 
Samples were stained and run in 40 batches. Each batch consisted of the 
sample conditions per patient: unstimulated, stimulated with LPS, or 
ASP and a batch control consisting of an unstimulated blood sample 
from a healthy donor, that underwent the same viability staining, fixa-
tion and storing as the study samples, and was thawed and stained in 
parallel with the samples in study. 

2.4. Analysis of mass cytometry data 

The .fcs files obtained from mass cytometry analysis were normal-
ized using the processing function within the CyTOF acquisition soft-
ware (version 6.7.1016) based on the run EQ four element beads. 

Signal cleaning, outlier detection, file debarcoding, file aggregation, 
and normalization using a reference sample were carried out following 
the default parameters in the methods previously described [27]. Only 
files with over 65% recovery after debarcoding were used for analysis 
and visualization of the generated data. This was carried out with the 
CyTOF workflow [28] and TreekoR [29] R packages, which perform 
dimensionality reduction and unsupervised clustering, manual 

1 UNS - unstimulated / basal level  
2 ASP - Aspergillus niger allergenic extract 
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annotation, and differential testing. 
The CyTOF workflow transforms the markers intensities using an 

arcsinh (inverse hyperbolic sine) with cofactor 5, making the distribu-
tions more symmetric. For visualization purposes only, the data is 
further transformed in a 0 to 1 scale, using the 1% low percentile and the 
99% high percentile as boundaries. Cell clustering, using the surface 
markers, was performed with FlowSOM [30] and ConsensusClusterPlus 
[31], which are fast methods that allow high and low frequency popu-
lation identification. This was followed by a manual merging of 20 
metaclusters, based on the heatmap of marker characteristics across 
metaclusters with dendrograms and dimensionality reduction plots 
(tSNE and UMAP). 

Prior to the differential analysis, unknown/unassigned cells to cell 
populations were filtered out, using the filterSCE function from the 
catalyst package [32]. 

In the CyTOF workflow, the differential analyses use the diffcyt 
package [33]. Various differential analyses were performed in the 
different categories: (a) controls against MD, (b) individuals with low 
cytokines (LC) against individuals with high cytokines (HC), (c) unsti-
mulated against stimulated with LPS, and (d) unstimulated against 
stimulated with Aspergillus niger. 

With CyTOF workflow, differential abundance3 (DA) testing was 
performed using a generalized linear mixed model (GLMM). With 
GLMM, the response variable was the cell counts per cell type and 
sample. The fixed effect was defined by the condition variable (disease 
group, treatment, or cluster). The random effect was defined by the 
sample ID, to model the overdispersion in proportions. A second model 
was used from untreated against treated comparisons, which included a 
random effect defined by the patient ID to account for experiment 
pairing. 

With CyTOF workflow, for differential state4 (DS), the median 
expression of the 9 cytokines was calculated in each cell population and 
sample, which were used as a response variable in the linear mixed 
model (LMM). For absent cell populations in a sample, NAs were 
introduced. A filter to remove clusters with very low counts was applied. 
Markers with expression below 2 in at least one third of the samples 
were discarded from analysis. 

In the analysis performed with CyTOF workflow, the p-values were 
corrected with a Benjamini-Hochberg adjustment using a false discovery 
rate (FDR) cutoff of 0.05. For DA, correction was performed for cell 
population and for DS it was corrected for state marker per cell 
population. 

TreekoR was used to perform DA analysis with some modifications. 
FlowSOM clustering performed for the CyTOF workflow was used for 
TreekoR analysis. A hierarchical tree was constructed from the scaled 
median marker expression for each cluster, using the HOPACH method. 
The default value of 5 maximum children per parent node was used. For 
each patient, two proportions were calculated: %total and %parent. % 
Total refers to the proportions of cells from a cluster in each node of the 
tree relative to the total number of cells in the sample: (number of cells 
in a cluster) ÷ (number of cells in the sample). %Parent refers to the 
proportion of cells in each node of the tree relative to the cluster in the 
direct parent node of the tree (number of cells in a cluster) ÷ (number of 
cells in a cluster + number of cells in sibling clusters). To test if there was 
a significant difference between both groups, the count model EdgeR, 
adapted for differential abundance was used for each node in the hier-
archical tree on the clusters, using %total and %parent. The cell pro-
portions per sample were used for graphical representation of the 
differences of %total between groups. 

Analyses were performed under R version 4.1.2. 

2.5. Patient clustering 

Mclust [34], a Gaussian Mixture modelling was used to obtain 
model-based clusters of cytokine expression. This package provides 
mclustBIC and Mclust functions to create clusters and find the one with 
the best BIC score. The decision regarding the number of clusters was 
based on the Bayesian Information criteria. The best model found was an 
EVE model (ellipsoidal, equal volume and orientation), the means and 
variance of the clusters can be seen in Supplementary Table 3. 

2.6. Sandwich-ELISA 

Frozen supernatant samples were thawed immediately prior to 
analysis. IgE was measured using the commercially available IgE Human 
Uncoated ELISA Kit with Plates (ThermoFisher, # 88–50,610-22), 
following the kit-specific protocols provided by the manufacturer. The 
absorbance was measured at 450 nm with a 570 nm correction, using the 
infinite m200 Nanoquant (Tecan). 

2.7. Statistical analysis and visualizations 

Clinical data were analyzed by R, using the stats package [35]. We 
applied a Fisher exact test or t-test for quantitative variables and Wil-
coxon test for qualitative variables. Two-way repeated measure ANOVA 
tests were performed on Sandwich-ELISA data, followed by paired t-tests 
using RStudio. Mann-Whitney U tests were performed on granulocyte to 
lymphocyte ratio data using the stats package [35]. P-values below 0.05 
were considered significant. 

The following R packages were used for the visualizations of mass 
cytometry results: cytofWorkflow [28], tidyr [36], ggprism [37], 
ggplot2 [38], ggpubr [39] and plotrix [40]. 

3. Results 

3.1. There is a difference in abundance of granulocytes between 
unstimulated Meniere Disease patients and controls 

Mass cytometry was performed on whole blood from 26 MD patients 
and 13 controls (Supplementary Table 4). After quality control, we 
analyzed 24 MD and 11 healthy control unstimulated samples, which 
allowed us to identify 13 cell populations by manual gating of unsu-
pervised clustering identified according to the marker expression 
(Fig. 1A-D). 

The CyTOF workflow allows testing for differences in the abundance 
of the defined cell populations - differential abundance (DA) – and on 
the differences on the marker expression within each cluster – differ-
ential state (DS). With CyTOF workflow, no differences were observed in 
either DA or DS, when comparing unstimulated samples of MD against 
controls. 

TreekoR package evaluates not only the total DA of a given cluster or 
cell population, but also the difference in proportion to the previous 
node [29]. TreekoR analysis showed differences in the %parent between 
3 nodes/parents, which corresponded to CD4+ T-cells (adjusted p-value 
= 0.001) and granulocytes (adjusted p-value = 0.009). Additionally, it 
revealed differences in the %total in 13 nodes, of which the most sig-
nificant per cell population can be observed on Fig. 1E (Supplementary 
Table 4). 

Granulocytes, in the %total, showed 5 clusters with increased 
abundance and 5 clusters with decreased abundance, and in the %parent 
showed 4 clusters with decreased abundance in MD patients, compared 
to controls. In CD4+ T-cells, we found a cluster with increased abun-
dance in the %total, and 5 clusters with increased abundance and 3 with 
decreased abundance in the %parent. 

For unstimulated samples, we observed that some cytokine values 
showed a frequency distribution that could represent two groups 
(Fig. 2). 

3 DA - Differential abundance  
4 DS – Differential state 
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Fig. 1. – Phenotypic differences between non-stimulated Meniere disease (MD) patients compared to controls. (A) tSNE plots of the arcsinh-transformed 
expression of the type (extracellular) markers in a subset of 1000 cells per sample (24 MD and 11 Controls). (B) tSNE of a subset of 1000 cells per sample (24 
MD and 11 Controls) colored according to the manually annotated cell clusters. (C) tSNE of a subset of 5000 cells per group, colors vary according to cell abundance 
density. (D) Median scaled expression of the type markers across the thirteen annotated whole blood cell clusters. (E) Boxplot of the relative frequency of cells (cell 
proportion) in the identified clusters and corresponding manually annotated clusters. P-value represents differences in the %total of cells between controls and MD 
patients found by TreekoR analysis. CMo – classical monocytes, IMo – intermediate monocytes, NCMo – non-classical monocytes, pDC – plasmacytoid dendritic cells, 
cDC – classical dendritic cells. 
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Mclust package was used to obtain model-based clusters of cytokine 
expression (Fig. 2, Supplementary Fig. 1) [34]. Thus, we obtained a 
cluster of 25 individuals (10 controls and 15 MD) – cluster Low, and a 
cluster of 10 individuals (1 control and 9 MD) – cluster High. Statistical 
analysis of the clinical and demographic variables revealed no differ-
ences between the clusters (Supplementary Table 5). None of the pa-
tients had any known respiratory or skin allergies (Supplementary 
Table 1). 

3.2. Clustering individuals according to their unstimulated levels of 
cytokines revealed differences in expression of various cytokines and cell 
population abundance 

We compared cluster High to cluster Low, to identify what immune 
populations provoked the differential immune response between these 
individuals. When comparing these clusters with CyTOF workflow, we 
found significant differences in abundance of several cell populations, 
being CD56dim NK-cells the immune population where the differences 
were most significant (adjusted p-value = 0.0015) (Fig. 3D). It was 
observable that all differential abundant cell population were higher in 

individuals with lower levels of cytokines, except for granulocytes 
(Fig. 3D), which translates into higher granulocyte/lymphocyte ratios in 
cluster High individuals (Supplementary Table 6). These results are 
further supported by the analysis carried out with TreekoR, where we 
found differences in the %parent between 10 nodes/parents, these 
matched mostly to CD56dim NK-cells (adjusted p-value >0.04). Also, it 
revealed differences in the %total of 42 nodes, that corresponded mostly 
to granulocytes (Supplementary Table 7, Supplementary Fig. 2). 

When testing for DS by CyTOF workflow, we found that there were 
differences in 3 cell populations, most noticeably in intermediate 
monocytes (Imo), which present significant differences in the produc-
tion of various cytokines (adjusted p-value <0.032) (Fig. 3E). 

The MD patients included in cluster Low5 (MDL) and MD patients in 
cluster High6 (MDH) were compared to the controls present in cluster 
Low. Differences were only found by TreekoR in 11 parent/nodes 
associated with granulocytes and one parent/node associated with CD4+

Fig. 2. Frequency histogram and density plot of the cytokine median expression of unstimulated whole blood by the individual, colored by Meniere Disease (MD) or 
control group. 

5 MDL - Meniere Disease patients included in cluster Low  
6 MDH - Meniere Disease patients included in cluster High 
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T-cells (Supplementary Table 9) when comparing MDL to the controls. 
Contrastingly, when comparing MDH to controls, we found differences 
in NK-cells by CyTOF workflow and TreekoR (Supplementary Table 8). 
TreekoR found additional differences in granulocytes, classical mono-
cytes (CMo), B-cells, basophils, and T-cells (Supplementary Table 8). 
Furthermore, differences were found in the expression of IL-1α by 
granulocytes (adjusted p-value = 0.035). 

3.3. Differences in the response to Aspergillus niger was found between 
cluster High and cluster Low 

To investigate the role of antigenic stimulation in the proin-
flammatory response in MD, we cultured unstimulated peripheral blood 
and stimulated peripheral blood with Aspergillus niger allergenic extract 
(ASP) and with Lipopolysaccharide (LPS). 

Regarding DS analysis, no differences were found after ASP nor LPS 
stimulation. 

The response to LPS and ASP stimulation was also compared between 
individuals in clusters High and Low. DS analysis found significant dif-
ferences in the expression of IL-1α from granulocytes and CMo, and IL-4, 
IL-6 and MCP1 by CMo (Supplementary Fig. 3) after ASP stimulation. 
Similarly, after LPS stimulation, we observed differences in the expres-
sion of IL-4 and MCP1 by CMo and IL-1α by granulocytes (Supplemen-
tary Fig. 4). 

3.4. Cluster High individuals show increased levels of IgE in unstimulated 
conditions 

The differences in the immune response between cluster High and 
cluster Low, suggest a possible allergic response, therefore we quantified 
IgE levels in these individuals. When comparing MD to controls, we 
observed a significant interaction between group and stimulation on IgE 
levels (p = 1.5× 10− 2) (Fig. 4A). unstimulated condition, cluster High 
showed significantly increased levels of IgE when compared to cluster 

Fig. 3. Phenotypic differences between non-stimulated individuals in cluster High compared to individuals in cluster Low. (A) Boxplot of the relative 
frequency of cells (cell proportion) in the identified manually annotated cluster. P-value represents differences in abundance between Cluster Low and Cluster High, 
identified by CyTOF workflow. (B) Heatmap of the z-normalized expression of state (cytokine) markers in different manually annotated cell populations, the top 50 
differences are represented. CMo – classical monocytes, IMo – intermediate monocytes, NCMo – non-classical monocytes, pDC – plasmacytoid dendritic cells, cDC – 
classical dendritic cells. 

Fig. 4. IgE levels in supernatant without stimulation and after antigenic stimulation with Aspergillus niger allergenic extract. A two-way repeated measures 
ANOVA was performed to account for differences between groups and within stimulated samples. Paired t-test were performed to identify differences between groups 
and after stimulation. (A) IgE levels in MD (N = 27) and Controls (N = 12) without stimulation, and in MD (N = 26) and Controls (N = 14) after Aspergillus niger 
allergenic extract stimulation. (B) IgE levels in cluster High (N = 10) and cluster Low (N = 22) without stimulation, and in cluster High (N = 10) and cluster Low (N 
= 24) after ASP stimulation. (C) IgE levels in MDH (N = 9) and MDL (N = 14) without stimulation, and in MDH (N = 9) and MDL (N = 14) after Aspergillus niger 
allergenic extract stimulation. Use color. 
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Low (p = 0.007) (Fig. 4B), and the same was observed between MDH and 
MDL (p = 0.023) (Fig. 4C). After ASP stimulation, we found differences 
between cluster High and cluster Low (p = 0.012) (Fig. 4B). 

4. Discussion 

In this study, we used mass cytometry on peripheral blood from MD 
patients and controls to search for an immune signature related to the 
syndrome. 

Our results illustrate that there are two clusters (endophenotypes) of 
patients with MD according to the cellular abundance and cytokine 
profile. A cluster with low levels of cytokines, composed of controls and 
MD patients, with a similar pattern of cell abundance and cytokine 
expression and a second cluster composed mostly of MD patients with 
high levels of cytokines that show a particular single cell profile. 

Individuals in Cluster High show an increased abundance of gran-
ulocytes and lower abundance of B-cells, NK-cells, CD4+ T-cells, baso-
phils, and dendritic cells (DC) when compared to cluster Low. Regarding 
DS, we observed that individuals from cluster High show increased 
levels of cytokine expression mainly in granulocytes and monocytes, 
with the most pronounced differences being found in IL-4 and MCP1 
expression in monocytes. MDH patients showed increased abundance of 
granulocytes and double negative (DN) T-cells and a lower abundance of 
all other cell types, except classical DC (cDC) and non-classical mono-
cytes (NCMo), for which no differences were found, when comparing to 
cluster Low.. MDL patients when compared to controls revealed solely 
differences in some granulocyte clusters and one CD4+ T-cell cluster by 
TreekoR. So, we confirmed that there is a cluster of patients MDL with a 
similar immune profile to controls and a cluster of patients MDH that 
show higher levels of cytokines, accompanied by increased granulocyte 
population. This finding confirms previous studies showing two sub-
groups of patients according to IL-1β and TNFα levels in cultured PBMC 
supernatant [6]. 

MD patients showed differences in the abundance of granulocytes, 
CD4+ T-cells, CD8+ T-cells and CD56dim NK-cells, when comparing to 
controls. Neutrophil to lymphocyte ratio (NLR) is a parameter that al-
lows the evaluation the inflammatory state of an individual. Some 
studies on peripheral vestibular vertigo [41], namely vestibular neuritis 
[42], and MD [43] described a higher NLR in these patients than in 
controls. We attempted an approximation to this calculation through our 
findings, where we calculated the ratio between granulocytes (neutro-
phils and eosinophils) and lymphocytes, and in fact it was higher in MD 
than controls, despite not statistically significant, nevertheless we did 
observe that this value was higher in cluster High than in cluster Low. 
Moreover, it has been described an increased level of neutrophils and 
leukocytes in MD patients when compared to controls [43], in line with 
our findings of increased granulocytes in MD patients’ unstimulated 
samples. So, NLR could have potential clinical value when classifying 
MD patients. 

An early study described an increased activity of NK cells in MD [44]. 
Contrastingly, our results have found an increase in CD56dim NK-cells in 
controls when compared to MD patients. Likewise, we have observed 
that MDH patients have a reduced number of NK-cells when compared 
to controls, as do cluster High individuals compared to cluster Low. NK- 
cell reduction in peripheral blood has been also reported in autoimmune 
disorders such as systemic lupus erythematosus, rheumatoid arthritis 
and type 1 diabetes [45]. As no differences were found in the clinical 
history or demographics of individuals in cluster High and cluster Low, 
which could be due to sample size, it is not possible to speculate if these 
differences lead to a protective or pathogenic role in the disease, as NK 
cells are necessary to the balance of innate and adaptive response. 

A flow cytometry study with 46 quiescent MD patients and 46 con-
trols [46] found an increase in CD4+ cells and decrease in CD8+ cells in 
MD patients. For our study, solely patients in quiescent phase were 
recruited, therefore the differences in our findings may be due to a 
higher resolution level from our experiments, as differences were not 

found in all clusters of CD4+ and CD8+ cells. 
Our group has evaluated the levels of several cytokines in the su-

pernatant of cultured PBMCs from MD patients and controls [6,19,21]. 
We reported increased levels of IL-8, TNFα, IL-4, IL-1α, MCP-1, and 
MIP1β in MD patients and IL-10, IL-1β, IL-6 in MDH patients. A study 
using endolymphatic sac luminal fluid (ELF) and serum from MD pa-
tients and acoustic neuroma patients found significant differences in the 
expression of IL-6 and TNFα in ELF, but no differences were found in the 
serum [47]. Moreover, increased levels of TNFα, IL-1α, IL-8, CTACK, 
MIP1α, MIP1β, G-CSF, HGF, IL-4 and IL-10 have been found in the serum 
of MD patients when compared to controls [23,24,46]. In this study, we 
did not identify any differences in cytokine expression between MD 
patients and controls. However, when comparing cluster Low (14 MD 
and 11 controls) to cluster High (9 MD and 1 control) we observed 
differences in the levels of TNFα, IL-4, IL-6, IL-1α, MCP-1, and MIP1β in 
granulocytes and monocytes. A recent study by Zou et al [24] have 
described the possible role of NET formation in the MD pathological 
process, which could be related to our findings in granulocyte abun-
dance and cytokine expression. IL-4 has a pivotal role in type 2 immune 
response, such as allergic inflammation, which is majorly produced by 
polarized Th2 cells, along with IL-5, Il-6, IL-13 and IgE [46]. MCP1/ 
CCL2 is a regulator of migration and infiltration of monocytes, NK-cells 
and memory T-cells [48]. This chemokine has been described as a 
polarizing factor from Th0 to Th2 cell phenotype, as it can directly 
activate the IL-4 promotor, leading to IL-4 production [49]. Yet, it is 
important to mention that studies have shown that CCL2 can also pro-
mote Th1 response depending on factors such as CCL2 induction timing, 
tissue site and type of pathogen [50]. Furthermore, we also observed a 
difference in expression of TNFα and MIP-1β/CCL4, which have been 
linked to type 1 immune response [51]. Nevertheless, several studies 
have also reported the role of TNFα [52,53], IL-6 [54], IL-1α [55], and 
MIP1β [56] in allergic reactions. With this in mind, we decided to 
determine the levels of IgE in the supernatant of unstimulated cultured 
whole blood. As with the previously mentioned cytokines, we observed 
no differences when comparing MD to controls, but observed an increase 
in IgE levels in cluster High when compared to cluster Low. These results 
suggest that patients in cluster High may have a MD phenotype of 
autoinflammation and type 2 immunity, as it has been described that 
they can modulate each other [57] (Fig. 5). 

To study the role of antigenic stimulation in the proinflammatory 
response in MD, we stimulated peripheral blood from MD patients and 
controls with LPS or Aspergillus niger allergenic extract (m33). LPS has 
been used to study inflammation in MD, as it mimics many inflammatory 
effects of cytokines, such as TNFα, IL-1β and IL-6. When comparing MD 
patients to controls we identified no differences in cytokine expression 
to this stimulus, suggesting that they do not have a different response. 
Nevertheless, when comparing cluster Low to cluster High, we observed 
differences in the expression of various cytokines in monocytes. 

Aspergillus niger has been described to induce IgE-mediate hyper-
sensitivity in susceptible individuals [58] and is recognized by TLR2 and 
TLR4 [59]. Our data indicates that ASP did not produce a different 
response in MD and controls, as such we cannot assume that this allergen 
could trigger MD. However, we observed differences in the response to 
ASP between cluster high and cluster Low. Interestingly, we found sig-
nificant differences in the production of IL-4 and MCP1/CCL2 by clas-
sical monocytes, cytokines that have been linked to a type 2 immune 
response. Still, through the measurement of IgE in supernatant of whole 
blood stimulated with ASP, we found no differences between MD and 
controls, and as such could not determine a sensitization to this allergen 
and define it as a trigger of the disease. 

We found differences in cluster High and cluster Low in cytokines 
associated with type 2 immune response and in IgE levels, therefore it is 
possible that they represent an allergic and a nonallergic form of the 
disease. Several atopic diseases present allergic and nonallergic forms, 
such as dermatitis, asthma, and rhinitis, being the major difference be-
tween both types the presence of elevated total and specific IgE levels 
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[60]. 
A recent study described increased levels of IgE, IL-4, IL-5, IL-10, and 

IL-13 in serum samples from 103 MD patients compared to 72 controls 
[23]. They also reported 27.2% MD patients with high basal levels of IgE 
when compared to controls. However, no significant differences were 
found regarding sex, age, and other clinical features, when comparing 
MD patients with high levels of IgE to patients with low levels of IgE, in 
line with our findings [23]. Further corroborating our results, they also 
found increased levels of IL-4 in patients with high levels of IgE, but no 
differences in IL-10 between the two groups [23]. So it is possible that 
elevated IL-4 leads to IgE deposition in MD, causing proinflammatory 
cytokines induction, resulting in local inflammation [23]. Additionally, 
we identified no subjects with diagnosed autoimmune diseases in cluster 
High, suggesting that these patients do not have an autoimmune back-
ground, but rather an autoinflammatory or allergic background. Taking 
this into account, patients from cluster High could possibly benefit from 
treatment with IL-4 blockers, such as dupilumab, which has been 
described as effective treatment for diseases such as severe asthma, 
chronic rhinosinusitis, and allergic dermatitis [61]. 

The major limitations of our study are the sample size and the win-
dow of time in which samples were collected. Blood samples should be 
collected in a tighter timeframe and from a higher number of patients to 
validate our findings. 

In conclusion, patients with MD include at least two endopheno-
types, according to the distribution of the immune cell subpopulations 
and cytokine profile. We identified a subgroup of patients that seems to 
have a type 2 immune response involving IgE and IL4 leading to 
persistent inflammatory status. Thus, the levels of IgE and cytokines 
should be measured and tracked in patients with sporadic MD. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.clim.2023.109632. 
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Fig. 5. IL-4 and IgE mediated in-
flammatory response in individuals 
from cluster High. Schematic repre-
sentation of major findings in differ-
ential abundance analysis comparing 
cluster High to cluster Low: decreased 
abundance of NK-cells, B-cells, T-cells, 
monocytes and basophils, and 
increased abundance of granulocytes 
in cluster High. Schematic represen-
tation of possible mechanism in clus-
ter High: monocyte increased 
production of CCL2 and IL-4, lead to 
an increase of IgE, which induces a 
proinflammatory response with 
increased production of TNFα, IL-6 
and CCL4 from monocytes and IL-1α 
from monocytes and granulocytes.   
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