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Cyclophosphamide inhibits the progression of Meniere's disease
by reducing the generation of circulating immune complex
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Abstract. Endolymphatic hydrops is a characteristic patho-
logical manifestation of Meniere's disease (MD) that has
been previously associated with autoimmunity. Interest in
the circulating immune complex (CIC) has increased due
to its reported role in the occurrence of MD. The present
study aimed to investigate the potential value of serum CIC
concentration in the diagnosis of MD and the therapeutic
potential of cyclophosphamide (CTX) for the treatment of
MD. In the present study, guinea pigs were immunized with
isologous crude inner ear antigens to establish an autoim-
mune MD model. Pure tone audiometry, Vestibular-evoked
myogenic potential test, electrocochleography test and
auditory brainstem response was applied in this study for
assessing the severity of MD in guinea pigs. ELISA was
applied to measure CIC, tumor necrosis factor o (TNF-a) and
heat shock protein 70 (HSP70) expression levels in the serum
samples of different groups of patients. Western blotting was
applied to detect the protein expression of HSP70 in inner ear
tissues in guinea pigs. Hematoxylin and eosin staining was
applied to visualize the spiral ganglions in spiral ganglions
models. CIC expression in the inner ear was detected by
immunohistochemistry. In vivo experiments were performed
to confirm the therapeutic effects of CTX in MD. Serum
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concentrations of CIC, TNF-a and HSP70 were found to be
significantly higher in patients with MD, which were also
associated with increases in hearing classification and the
severity of endolymphatic hydrops. Using a guinea pig MD
model, ELISA results revealed significantly increased serum
CIC, TNF-a and HSP70 concentrations compared with those
in the control group. ABR results showed that the thresholds
in the CTX group were notably decreased compared with that
in the dexamethasone group, whereas CIC concentrations in
the serum were reduced following dexamethasone and CTX
treatments compared with those after saline treatment. In
the inner ear tissues, the CIC concentration in CTX group
was lower than that in the dexamethasone group. Similarly,
reductions in HSP70 and TNF-a concentrations was also
observed in a similar manner. Immunohistochemistry
staining found notably lower CIC deposition in the inner ear
tissues following CTX treatment than that in dexamethasone
group. Taken together, higher CIC expression can be used as
a biomarker for MD diagnosis. The efficacy of CTX in MD
was found to be higher compared with that in dexametha-
sone, which may be associated with the effective inhibition
of CIC, HSP70 and TNF-a generation.

Introduction

Meniere's disease (MD) is a complex inner ear disease that
clinically manifests as recurrent rotatory vertigo, sensori-
neural hearing loss, tinnitus and sensation of ear fullness (1).
Previous epidemiological studies found that there were
17-513 patients with MD per 100,000 individuals in Asia,
where prevalence is markedly higher compared with that
for systemic lupus erythematosus and multiple lupus erythe-
matosus (2,3). Endolymphatic hydrops is a characteristic
pathological manifestation of MD (4). Although a previous
study has found that the etiology of endolymphatic hydrops
may be associated with autoimmunity, allergy, inheritance
and infection, there is no definitive cause to this condition (5).
Since the etiology and pathogenesis of MD remain unclear, no
specific diagnostic guidelines are available that can be used in
clinical settings (6,7). In addition, empirical symptomatic or
surgical treatments and drug therapy for treating the mecha-
nism of action of MD are also unavailable (6,7). Therefore,
it is important and of scientific significance to investigate the
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pathogenesis, potential auxiliary diagnostic marker(s) and
therapeutic agents for MD.

Immunological factors are important in the development
of MD in some patients (8). A previous study demonstrated
that the endolymphatic sac is important in immune responses,
where they can mediate the development of endolymphatic
hydrops (9). MD may be an immune-mediated disease or even
an autoimmune disease (10). In a previous study investigating
the immunological mechanism of MD, Harada et al (11) used
stria vascularis tissues from rabbits as antigens to immunize
guinea pigs to construct an endolymphatic hydrops model.
Immunoglobulin G antibody and complement components
were detected in the endolymph fluid of the experimental
guinea pigs, leading to the hypothesis that circulating immune
complex (CIC) deposited in the stria vascularis of the inner
ear damages the secretion and absorptive function of the
endolymph fluid, resulting in endolymphatic hydrops (11).
Numerous studies have also demonstrated that the CIC level
was significantly higher in most patients with MD (12-14).
Therefore, the role of the immune complex during the onset
of MD has become an interesting topic of research. However,
there remains to be a lack of investigations into the associa-
tion between CIC levels in patients with MD and the severity,
clinical stages and prognosis assessment of endolymphatic
hydrops.

MD remains to be a disease that is difficult to diagnose,
particularly in the early stages due to the absence of signifi-
cant symptoms. Therefore, for complex inner ear diseases,
such as MD, the therapeutic goals should not be limited to
only controlling the symptoms. Instead, it is important to also
develop tools for the effective diagnosis and treatment of inner
ear diseases. Of note, there is a trend to specifically select a
treatment to block the generation of endolymphatic hydrops
by analyzing the causes of endolymphatic hydrops (15).
Immunotherapy have been widely used for the treatment of
tumors (16,17) and have been documented to be beneficial
in controlling the symptoms in patients with MD (18,19).
However, to the best of our knowledge, no previous study exist
that clearly addressed the mechanism of action and efficacy
of immunosuppressants in MD. Cyclophosphamide (CTX)
is a nitrogen mustard derivative that is hydrolyzed by phos-
phoamidase or phosphatase activities in the liver or tumors
to become the phosphoramide nitrogen mustard (20). CTX is
toxic to rapidly proliferating cells and mediate their effects
primarily by weakening DNA synthesis, rendering it to be a
commonly used immunosuppressant (21). In addition, CTX
has been widely used for numerous different diseases, such
as acute leukemia, lymphoma, solid tumors and several
autoimmune diseases, including severe rheumatoid arthritis,
systemic lupus erythematosus, nephrotic syndrome in
children and multiple granuloma (22,23). However, studies
investigating the efficacy of CTX for the treatment of MD
remain insufficient.

Therefore, the present study aimed to explore the diagnostic
value of serum CIC in MD patients, in addition to investigating
the therapeutic potential of CTX for the treatment of MD.
Data on patients with MD in a clinical setting was collected
in the present study, following which CIC expression levels
in different clinical stages of MD were statistically analyzed.
Additionally, the potential value of using CIC for the diagnosis

and treatment of patients with MD was also investigated.
In another branch of the present study, an autoimmune MD
guinea pig model was constructed to compare the association
between CIC change prior to and following CTX treatment and
the degree of endolymphatic hydrops and clinical symptom
improvement to investigate the therapeutic potential in MD.

Materials and methods

Clinical sample collection. A total of 48 unilateral patients with
MD (20 males and 28 females; mean age, 43.79+1.35 years)
who were diagnosed between July 2017 and May 2019 were
collected and screened based on the Diagnosis and Treatment
Guidelines of Meniere's Disease (2017) (24) from The
Affiliated Hospital of Inner Mongolia Medical University
(Hohhot, China). Patients with nephritis, systemic lupus erythe-
matosus, allergic diseases and other immune system diseases
and those who received hormone or immunosuppressive
therapy within the last 3 months were excluded. In addition,
another 48 age-matched healthy adult individuals (18 males
and 30 females; mean age, 45.27+1.22 years), who came in
for physical examination at The Affiliated Hospital of Inner
Mongolia Medical University, were recruited as the control
group. All individuals were fasted for 6 h before the collection
of 10 ml peripheral venous blood, which was subsequently
stored at -20°C for subsequent experiments. The present study
was reviewed and approved by the Ethics Committee of The
Affiliated Hospital of Inner Mongolia Medical University and
written informed consent was provided from the patients and
the healthy controls.

Clinical diagnostic criteria. The following clinical diagnostic
criteria for MD was used: i) In total, > two vertigo onsets, each
lasting between 20 min and 12 h; ii) in total, = one audiological
examination confirming low to medium sensorineural hearing
loss of the affected ear during the course of the disease; and
iii) the affected ear had fluctuating hearing loss, tinnitus and/or
sensation of ear fullness. The following exclusion criteria were
used: i) Vertigo induced by other diseases, including vestibular
migraine, sudden deafness, benign paroxysmal positional
vertigo, labyrinthitis, vestibular neuronitis, paroxysmal vestib-
ulopathy, drug toxic vertigo, posterior circulation ischemia
and intracranial space-occupying lesion; and ii) secondary
endolymphatic hydrops.

Pure tone audiometry and disease classification method. A
pure tone audiometer (GSI 61™; Grason-Stadler, Inc.) was
used for pure tone audiometry. The average air conduction
thresholds at 0.5, 1, 2 and 4 kHz were obtained from the result
of the auditory threshold. In addition, disease was classified
based on the following classes from the result of pure tone
audiometry (25): i) Class 1, pure tone average (PTA) <25 deci-
bels hearing level (dBHL); ii) Class 2, PTA=26-40 dBHL;
iii) Class 3,PTA=41-70 dBHL; and iv) Class 4, PTA >70 dBHL.

Magnetic resonance imaging (MRI). The mix of normal saline
and gadopentetate dimeglunmine (0.5 ml/person) injection
(Consun Pharmaceutical Group, Ltd.) was used as the contrast
medium for MRI and injected following an 8-fold dilution at
ratio of seven saline: One gadopentetate dimeglunmine. An
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Allegra 3.0T MRI Scanner (Siemens AG) was used for scan-
ning, whilst an 8-channel head coil was used for collection.
The fast spin echo (T2 weighted image turbo spin echo)
was first used to obtain a conventional coronal T2-weighted
image scan through the inner hear duct plane to exclude any
lesions in the intracerebral and cerebellopontine angle areas.
A three-dimensional (3D)-FLAIR sequence was then used
to produce a high-resolution labyrinth scan and localization
throughout the inner ear.

Multiplanar image reconstruction (Picture archiving and
communication systems, PACS/RIS 3.1; Neusoft Medical
Systems Co., Ltd.) was performed to obtain horizontal images
for analysis. Following injection of the contrast reagent, the
peri-lymphatic fluid was shown as the high-intensity zone
whereas the membranous labyrinth was presented as the
low-intensity zone on the 3D-FLAIR MRI original thin-layer
image.

Subsequently, 3D reconstruction (Picture archiving and
communication systems, PACS/RIS 3.1; Neusoft Medical
Systems Co., Ltd.) was performed on the image at the
post-processing stage to measure the area of endolymph space
in the vestibulum and the total area of ipsilateral vestibulum
auris. The following calculation was used to determine
the ratio (R): R=low-intensity zone/(low-intensity zone +
high-intensity zone) x100%. Using the following diagnostic
criteria proposed by Nakashima et al (26), endolymphatic
hydrops was diagnosed in cases of moderate hydrops and
severe hydrops: i) Mild hydrops, R value <33.3%; ii) moderate
hydrops, R value >33.3 and <50.0%; and iii) severe hydrops,
R value >50.0%.

Vestibular-evoked myogenic potential (VEMP) test. A
CHARTR Diagnostics System (model MCU-90; ICS Medical
Corporation) was used for the VEMP (ICS Chartr EP 200;
Natus Medical, Inc.) test (27). The recording electrode was
first placed onto the skin surface at the midpoint of the
sternocleidomastoid muscle, whilst the reference electrode
was placed onto the upper part of sternum. The center of the
forehead was grounded. The parameters used for the test were
the following: i) Band-pass filtering, 50-3,000 Hz; ii) scanning
time, 100 msec; iii) stacking fold, 150; iv) stimulation rate,
5.1/sec; v) short pure tone frequency, 500 Hz; vi) envelope,
2 msec rise/decline; vii) plateau stage, 0 msec; and viii) alter
polarity, stimulation intensity, 95 decibels (dB) normal hearing
level (dBnHL). During the examination, each individual was
asked to raise the head by 30° to tense up the sternocleido-
mastoid muscle at certain times but kept the head and neck
still to record the VEMP latency, amplitude under bilateral
short sound stimulation condition and to calculate the VEMP
bilateral amplitude ratio and symmetry. A bilateral amplitude
ratio >1.61 was considered to be abnormal.

Electrocochleography (EcochG) test. A CHARTR Diagnostics
System (model MCU-90; ICS Medical Corporation) was also
used for the EcochG test. A Life-Tech ear electrode model
8501 (Life-Tech) was used as a silver bead electrode, whilst
the ICS Medical insert earphones 300 ohms (ICS Medical
Corporation) was applied as an insert earphone. This test was
conducted in a sound-proof chamber. The silver bead elec-
trode was placed underneath the posterior lower quadrant of
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the eardrum, whilst the reference electrode was placed at the
ipsilateral earlobe. The contralateral earlobe was grounded.
Test parameters were recorded as follows: i) Short sound
stimulation, cycle 100 usec; scanning time, 10 msec; band-pass
filtering, 5-3,000 Hz; sparse wave/dense wave alter polarity,
gain 50-100 k; stimulation rate, 11.1/sec; stacking fold, 1,000;
and stimulation intensity, 90 dBnHL; ii) Short tone burst,
envelope 2 msec rise/decline; plateau stage, 10 msec; scanning
time, 20 msec; band-pass filtering, 5-3,000 Hz; alter polarity,
gain 50-100 k; stimulation rate, 11.1/sec, stacking fold, 1,000;
and stimulation intensity, 90 dBnHL. The amplitude of
summating potentia (SP) and Action potential and Compound
action potential (AP) were measured with the initial baseline
set as the standard, in xV. SP/AP =0.4 was considered to be
abnormal.

Auditorybrainstemresponse(ABR).Using the Smart EPMO010000
device (Intelligent Hearing Systems), click short sound stimula-
tion was used to record the response threshold, wave I, III, V
latency and interpeak latency in guinea pigs. The test is carried
out in the room with sound insulation and electric shielding. The
recording electrode was then placed subcutaneously on the top of
the skull before the reference electrode was placed in the poste-
rior region of the ipsilateral ear in guinea pigs. The tip of the nose
is grounded. Earphone and hollow silicone tube were inserted
and connected to the external auditory canal of guinea pigs.
The mean and 2X standard deviation were used as the criterion
for abnormity. Wave I, =1.82 msec; wave III, =4.14 msec; and
wave V, =6.02 msec were considered as prolonged latency. The
distortion product otoacoustic emission (OAE3.75, Intelligent
Hearing Systems; https://www.medicalexpo.com.cn/prod/
intelligent-hearing-systems/product-79938-500100.html) was
applied to record the response amplitude and signal-to-noise
ratio.

ELISA. ELISA was used for detecting the concentrations of
CIC (cat. no. JL11776; Shanghai Jianglai industrial, Ltd.),
tumor necrosis factor-a (TNF-a; cat. no. FT-P32761R;
Shanghai Fantai Biotechnology Co., Ltd.) and heat shock
protein 70 (HSP70; cat. no. FT-P32201R; Shanghai Fantai
Biotechnology Co., Ltd.; https://www.hbzhan.com/st628355/
product_20565139.html) in the serum samples of patients
with MD and those from healthy individuals according to
the manufacturer's protocols. The concentration of isologous
crude inner ear antigens (ICIEAg) was measured from ~2 ml
serum of guinea pigs before euthanasia (the guinea pigs
were euthanized immediately after blood collection) using
a specially made ELISA kit (provided by Shanghai Fantai
Biotechnology Co., Ltd.) which was constructed by Shanghai
Fantai Biotechnology Co., Ltd. After the blood samples were
collected, they were kept at room temperature for 15 min and
then stored at 4°C until further use. The samples were then
centrifuged at 1,200 x g for 30 min at 4°C before the super-
natant was transferred into a new microcentrifuge tube and
stored at -20°C for subsequent use.

The standard was diluted serially five times, according to
the manufacturer's protocols. Standard, blank and test sample
wells were then constructed, using 50 u1 of the serially-diluted
standard, no sample or enzyme-labeled reagent and 4 yul stan-
dard diluent and 10 gl test sample, respectively.
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After loading the samples, the plate was sealed then incu-
bated at 37°C for 30 min. The coated plate was then rinsed
after the liquid was discarded and then spin-dried following
which, 50 ul enzyme-labeled reagent was added into the stan-
dard and test sample wells and incubated at 37°C for 30 min.
Subsequently, the plate was spin-dried for a second time,
before 50 ul developer A and B were added into each well and
the plate was incubated at 37°C for 15 min after mixing.

Subsequently, 50 ul stop buffer was added into each
well, the blank well was zeroed and the absorbance [optical
density (OD)] of each well was measured at 450 nm using a
Varioskan LUX reader (Thermo Fisher Scientific, Inc.). The
concentration of each sample was determined using a calibra-
tion curve, which was plotted based on the concentration and
OD value of the standard samples.

Construction and processing of the autoimmune MD guinea
pig model. The construction of the model refers to the previous
research (28). The animal experiments were performed at
the Specific Pathogen Free Animal Laboratory at the Inner
Mongolia Medical University (Hohhot, China). A total of
45 male guinea pigs (purchased from GemPharmatech, Co.,
Ltd.; age, 5 months; weight, 600-900 g) were housed with four
animals per cage at 20-25°C with 60% humidity in a quiet
and well-ventilated environment with 12-h light/dark cycle.,
where food (containing vitamin C) and water were supplied
freely. Animal health and behavior were monitored every day
and body weights were assessed weekly over the course of the
study.

ICIEAgs were obtained as follows: In total, five guinea
pigs were decapitated under anesthesia (pentobarbital sodium
40 mg/kg was injected intraperitoneally) to obtain the inner
ear tissues and to separate and place the membranous labyrinth
in PBS for grinding, pulverizing and mixing. This solution was
centrifuged using 15-cm centrifuge tubes at 200 x g at 4°C for
10 min. The supernatant was collected to obtain the protein
content following quantification using the bicinchoninic acid
Protein Assay kit (Beyotime Institute of Biotechnology).

ICIEAg (0.4 mg) and Freund's adjuvant (0.2 ml) were
injected in each animal for immunization, following which
ICIEAg (0.2 mg) and Freund's adjuvant (0.2 ml) were injected
10 days later for two supplementary immunizations (fortified
immunity), at an interval of 10 days. The guinea pigs were
also tested under different Hz 1 day before immunization.
At total of 10 days after the last immunization, ICIEAg
(0.05 mg) and Freund's adjuvant (0.025 ml) were used for
local lymph sac immunization (local lymph sac immuniza-
tion). The concentration of ICIEAg in immunity (ICIEAg
immunization 10 days), fortified immunity (ICIEAg and
Freund's adjuvant immunization 10 days after the immunity
stage) and lymphatic sac immunity (ICIEAg and Freund's
adjuvant immunization 10 days after the fortified immunity
stage) groups was measured using ELISA. The hearing
threshold of pre-immunization (before the ICIEAg immu-
nization) and post-immunization (2 weeks after local lymph
sac immunization) group at 4, 8 and 16 kHz was measured
via ABR. In total each animal (30 animals) were immunized
four times with three injections per immunization. In total,
10 guinea pigs were immunized with PBS as the control

group.

A total of 30 guinea pigs were used for the further study
and were randomly divided into the following three groups
(10 guinea pigs per group): i) Group A, normal saline (NaCl)
group; ii) group B, dexamethasone group (intraperitoneal injec-
tion of dexamethasone, 2 mg/d/kg); and iii) group C, CTX group
(intraperitoneal injection of CTX, 2.5 mg/d/kg). Guinea pigs
were housed in individual cages, with ad libitum access to food
and water and administered. After 2 weeks of raising, guinea
pigs was treated with dexamethasone or CTX in different
groups. Guinea pigs were anesthetized using an intraperitoneal
injection of 40 mg/kg sodium pentobarbital. Under anesthesia,
all guinea pigs were decapitated. ICIEAg concentration in the
serum was also measured 2 weeks after being treated with
dexamethasone or CTX in the three groups before euthanasia.
Death was confirmed by the stopping of the heart and breathing
rate, as well as the disappearance of the foot withdrawal reflex.

The present study was approved by the Animal Ethics
Committee of Affiliated Hospital of Inner Mongolia Medical
University (approval no. IMMU2018028; Hohhot, China). All
related experiments were conducted in accordance with the
‘Code for the Care and Use of Animals for Scientific Purposes’
statement and under the principles of 3R (replacing, refining,
and reducing) (29).

Total inner ear protein extraction and western blotting.
Following intraperitoneal injection for anesthesia, the guinea
pigs were decapitated to rapidly obtain the inner ear tissues
and to remove the entire membranous labyrinth tissue under
sterile conditions at 4°C. The tissue was placed into PBS
containing 40 g/l phenylmethylsulfonyl fluoride, 10 mmol/l
p-mercaptoethanol and 1% SDS, mixed at 4°C, frozen and
thawed for four cycles (-20 to 4°C) before being centrifuged
at 12,000 x g at4°C for 20 min. The concentration of the protein
in the supernatant was then determined using bicinchoninic
acid Protein Assay kit and separated using 10% SDS-PAGE
(40 ug protein per lane). The proteins were then transferred
onto a PVDF membrane before being blocked for 1 h with
5% skimmed milk at 25°C. After washing, the membrane
was incubated at 4°C overnight with the following prediluted
primary antibodies: Anti-HSP70 (1:1,000; cat. no. ab2787;
Abcam) and anti-f-actin (1:2,000; cat. no. ab8226; Abcam).
The membrane was then incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody (1:1,000;
cat. no. A0208; Beyotime Institute of Biotechnology) without
agitation for 60 min at 20-25°C. Signals were visualized
using ECL reagents (EMD Millipore) and detected using an
Amersham™ Imager 680 (Cytiva).

Hematoxylin and eosin (H&E) staining. Following cardiac
puncture and blood withdrawal from the guinea pigs under
anesthesia, they were decapitated under anesthesia to rapidly
harvest their inner ear tissues and for fixation in 4% para-
formaldehyde for 24 h at 25°C. EDTA-Na, (10 mM) was
used for decalcification for 10-15 days at 25°C. Tissues were
paraffin-embedded at 56°C and sliced at the central axis
(10-mm thickness), followed by deparaffinization at 60°C for
10 min, a 15 min immersion in xylene and rehydrated in a
descending ethanol gradient. hematoxylin (5 min) and eosin
(1 min) staining at 25°C and observed using an Olympus light
microscope at x400 magnification (Olympus Corporation).
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Table I. Clinical characteristics of the patients with MD and healthy controls.
Characteristics Control (n=48) MD (n=48) P-value
Mean age + SD (years) 45.27+1.215 43.79+1.347 >0.05
Sex, male, n (%) 18 (37.5) 20 (41.7) >0.05
Mean weight = SD (kg) 67.04+1.006 69.1+1.082 >0.05
Pure tone audiometry, n (%)

Phase | 5(10.4)

Phase 11 16 (33.3)

Phase II1 20 (41.7)

Phase IV 7 (14.6)
Endolymphatic hydrops, n (%)

Light 10 (20.8)

Medium 27 (56.3)

Severe 11 (22.9)
VEMP, n (%)

Normal 20 (41.7)

Abnormal 18 (37.5)

Negative 10 (20.8)
ECochG, n (%)

Normal 19 (39.6)

Abnormal 29 (60.4)

VEMP, vestibular evoked myogenic potential; ECochG, electrocochleography; MD, Meniere's disease.

Immunohistochemistry detection of CIC expression in the
inner ear. The inner ear tissues were removed under anesthesia
and the cochleae was separated. A hole was created at the
cochlear tip to open the oval and round windows. At 4°C, the
cochlea was perfused with PBS containing 4% paraformalde-
hyde via the cochlear tip. The cochleae were then fixed in the
same solution for 24 h at 25°C and rinsed with PBS before
being placed into formic acid. In sodium formate solution,
1 week of decalcification was performed at room tempera-
ture, with the decalcifying solution replaced every day. After
rinsing using PBS, the cochleae were removed and placed into
a 30% sucrose solution overnight at 4°C. After sedimenta-
tion, optimal cutting compound embedding (cat. no. 4583;
Sakura Finetek Europe B.V.) was performed. The cryostat
slicer moved in 10 ym sections, in a parallel direction to the
modiolus for continuous slicing at -20°C. After drying, CIC
immunohistochemistry was performed.

The tissue sections were deparaffinized by a 15 min
immersion in xylene. The sections were then rehydrated via
sequential incubation in 100, 90 and 70% ethanol. Samples
were rinsed with PBS followed by distilled water and incu-
bated for 30 min in 3% H,0, at 25°C. Antigen retrieval
(cat. no. PO085; Beyotime Institute of Biotechnology) was
performed via microwave irradiation at 95°C for 10 min. The
sections were first permeabilized using 0.3% Triton X-100
at 25°C for 5 min and then blocked with 10% rabbit serum
(Beijing Solarbio Science & Technology Co., Ltd.) at 37°C
for 20 min. Afterwards, sections were incubated with anti-C3
(1:1,000; cat. no. ab200999; Abcam) at 4°C overnight (an
important component of CIC) (30,31). The slides were washed
four times in TBS/saponin and incubated with horseradish

peroxidase-conjugatedrabbit SignalStain® Boost IHC Detection
Reagent (1:2,000, cat. no. 8114S; Cell Signaling Technology,
Inc.) for 30 min at 25°C for 1 h. The slides were incubated with
a 0.5 mg/ml HRP substrate solution (DAB + H,O, prepared
in distilled water) to expose the resulting peroxidase activity.
Slides were washed four times in PBS and counterstained for
1 min with hematoxylin at 25°C. The slides were sealed and
observed under optical light microscopy at x40 magnification.

Statistical analysis. SPSS v19.0 (IBM Corp.) and
GraphPad Prism v7 statistical software packages (Graphpad
Software, Inc.) were used for statistical analyses. The measure-
ment data are presented as the mean + SD. Student's t-test was
used for between-group comparisons, whilst one-way ANOVA
with Tukey's post hoc test was used for pairwise comparisons
among multiple groups. Pearson's test was conducted to
analyze the correlation between plasma and inner ear CIC
concentration. The enumeration data were analyzed using
¥’ test and linear correlation analysis. P<0.05 was considered
to indicate a statistically significant difference.

Results

Clinical information. There were a total of 48 patients with
MD and 48 healthy control volunteers who were included in the
present study. There were 18 males in the control group (37.5%)
and 20 males in the MD group (41.7%). The mean weight of
the patients was 67.04+1.01 and 69.1+1.08 kg in control and
MD groups, respectively. There was no significant difference
in the age, sex distribution and weight distribution between the
two groups (Table I). In addition, the clinical characteristics
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Figure 1. Expression of the immune parameters in the serum of patients with MD. ELISA was applied to detect the concentration of (A) CIC, (B) TNF-a
and (C) HSP70 was upregulated in the serum of patients with MD compared with that in the control group. (D) CIC, (E) TNF-a and (F) HSP70 levels in the
serum of patients with MD were increased in a manner that was dependent on the phases of pure tone audiometry tested by ELISA. The concentration of
(G) CIC, (H) TNF-a and (I) HSP70 in the serum of patients with MD was increased in a manner that was dependent on the severity of endolymphatic hydrops
via ELISA. "P<0.05, “P<0.01 and ""P<0.001. CIC, circulating immune complex; TNF, tumor necrosis factor, HSP70, heat shock protein 70; MD, Meniere's

disease.

and stage of the patients with MD were analyzed (Table I). Pure
tone audiometry was investigated in the patients with MD and
the results found that 10.4 (n=5), 33.3 (n=16), 41.7 (n=20) and
14.6% (n=7) of patients had stage I, II, III and IV, respectively
(Table I). MRI was subsequently used to assess the degree
of endolymphatic hydrops in the patients with MD and the
results revealed that 20.8 (n=10), 56.3 (n=27) and 22.9% (n=11)
of patients had mild, moderate and severe endolymphatic
hydrops, respectively (Table I). The VEMP test showed that
normal, abnormal and negative VEMP was observed in
41.7 (n=20), 37.5 (n=18) and 20.8% (n=10) of patients, respec-
tively (Table I). Finally, the results of the ECochG test revealed
that 39.6 (n=19) and 60.4% (n=29) of patients had normal and
abnormal results, respectively (Table I).

Concentration of immune parameters in the serum from
patients with MD. To investigate the association between MD
and the immune response, the concentration of CIC, TNF-a
and HSP70 in the serum of patients with MD was investigated.
The results showed that the concentration of CIC, TNF-a and
HSP70 was significantly increased in the serum of patients
with MD compared with that in the control group, suggesting

that the occurrence and development of MD was associated
with the immune response (Fig. 1A-C). Subsequently, the
association between the concentration of CIC, TNF-a and
HSP70 and the clinical characteristics of patients with MD,
was also analyzed. The results indicated that the phase of pure
tone audiometry was positively associated with the concen-
tration of CIC, TNF-a and HSP70 in the serum of patients
with MD (Fig. 1D-F). In addition, the concentrations of CIC,
TNF-a and HSP70 in the serum of patients with MD were also
positively associated with the the severity of endolymphatic
hydrops (Fig. 1G-I). Taken together, CIC in the serum of
patients with MD were significantly increased compared with
that in the control group, demonstrating that immune factors
can potentially be important for the development of MD.
Further analysis of the results indicated that immune indices
CIC, TNF-a and HSP70 are positively associated with the
clinical stages and severity of MD, suggesting that they can be
applied as potential diagnostic markers of MD.

CIC expression in the autoimmune MD guinea pig model. To
further identify the potential value of CIC for the diagnosis
and treatment of MD, a guinea pig MD model was established
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was significantly increased in guinea pigs with MD compared with that in the control group via ELISA. “P<0.01 and **P<0.001. GP, guinea pigs; dBSPL,
Decibel Sound Pressure Level; CIC, circulating immune complex; TNF, tumor necrosis factor; HSP70, heat shock protein 70; MD, Meniere's disease.

using autoimmunity via injection with ICIEAg isolated from
other guinea pigs. To determine if the model had been success-
fully established, the concentration of ICIEAg in guinea pigs
during the early immunization stage, after systemic booster
immunization and local lymph sac immunization was
detected. The results of ELISA showed that after each stage
of immunization, ICIEAg concentration in guinea pigs was
significantly increased compared with that at the previous
stage (Fig. 2A), suggesting effective immunization. In total, 1
day before immunization and 2 weeks after the final ICIEAg
+ freund's adjuvant, the ABR threshold at 4, 8 and 16 kHz was
measured, where the results revealed that at all three frequen-
cies, the threshold post-immunization was significantly
higher compared with that before immunization (Fig. 2B-D).
H&E staining results indicated that at 2 weeks post-immu-
nization, spiral ganglions were notably fewer in number in
guinea pigs with endolymphatic hydrops clearly observed
compared with that in the pre-immunization group (Fig. 2E),
suggesting successful construction of the MD guinea pig
model. Subsequently, CIC expression level in the control and
MD guinea pigs (2 weeks after the final immunization) were
determined and it was found that CIC expression was signifi-
cantly increased in the serum of MD guinea pigs compared
with that in the control group (Fig. 2F), which further impli-
cate the potentially important roles of CIC during the course
of MD. In addition, TNF-a and HSP70 concentrations in the
MD guinea pigs were significantly higher compared with
that in the control group (guinea pigs immunized with PBS;
Fig. 2G and H).

CTX suppresses MD progression by reducing CIC
generation. To investigate the effects of CTX treatment on

MD, MD guinea pigs were randomly divided into the NaCl,
dexamethasone and CTX groups, with 10 guinea pigs in
each group, with treatment beginning 2 weeks after the final
immunization. At 1 (Fig. 3A-C) and 2 weeks (Fig. 3D-F)
post-treatment, changes in the ABR threshold were detected
at 4, 8 and 16 kHz in each group. The results revealed that
the threshold was the highest in the NaCl group, followed
by the dexamethasone and CTX groups, with the differences
among the three groups significant (Fig. 1A-F), suggesting
that CTX is more effective compared with that in dexa-
methasone. ICIEAg concentration in the serum was next
measured 2 weeks after treatment in the three groups and
it was found that the concentration of ICIEAg in the dexa-
methasone group was significantly lower compared with that
in the NaCl group, whilst the ICIEAg concentration in the
CTX group was significantly decreased compared with that
in the dexamethasone group (Fig. 3G). Subsequently, CIC
expression was detected in the serum samples of each group
after 2 weeks treatment, where the highest CIC expression
was found in the NaCl group, followed by the dexamethasone
and CTX groups (Fig. 3H), suggesting that CTX exerted its
roles by reducing CIC generation. Subsequently, ELISA was
used to detect the CIC deposition in the inner ear tissue of
each group after 2 weeks treatment and the results revealed
that CIC expression showed the same trend as that exhibited
by CIC levels in the serum (Fig. 3I), suggesting that CTX
also reduced CIC deposition in the inner ear tissues. Finally,
Pearson's correlation analysis was used to analyze the corre-
lation between CIC expression in the serum and inner ear
tissues of each group, where the results indicated that CIC
expression in the serum was positively correlated with that
in the inner ear tissue in all three treatment groups tested
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Figure 3. CTX suppresses MD progression by reducing CIC generation. A total of 1-week post-treatment, the ABR threshold at (A) 4, (B) 8 and (C) 16 kHz was
the highest in the NaCl group, followed by the dexamethasone group and then the CTX group. After 2 weeks of treatment, the CTX group exhibited the lowest
ABR threshold at (D) 4, (E) 8 and (F) 16 kHz and guinea pigs in the NaCl group had the highest ABR threshold. (G) ICIEAg expression in the dexamethasone
group was significantly lower compared with that in the NaCl group, whilst ICIEAg expression in the CTX group was significantly decreased compared with
that in the dexamethasone group tested by ELISA. The CIC concentration in the (H) serum or (I) inner ear tissues was highest in the NaCl group, followed
by the dexamethasone group and then the CTX group detected by ELISA. (J-L) Pearson's correlation analysis showed the CIC concentration in the serum
was positively correlated with that in the inner ear tissue in the (J) NaCl, (K) CTX and (L) Dexamethasone groups. "‘P<0.05, “P<0.01 and ““P<0.001. CTX,
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(Fig. 3J-L). This suggest that CIC deposition in the inner useful as an index for evaluating the degree of MD. CTX was
ear tissue could be found by detecting CIC expression in  also found to suppress MD progression more effectively than
the circulation, rendering CIC expression to be potentially = dexamethasone by reducing CIC generation.
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Figure 4. Effects of CTX on HSP70 and TNF-a concentration levels. (A) ELISA revealed that HSP70 concentration in the circulation of the dexamethasone
group was significantly lower compared with that in the NaCl group, whilst HSP70 concentration in the CTX group was significantly reduced compared with
that in the dexamethasone group. (B) Western blotting showed that HSP70 protein expression in the inner ear of the dexamethasone group was significantly
lower compared with that in the NaCl group, whilst HSP70 concentration in the CTX group was significantly reduced compared with that in the dexamethasone
group. ELISA showed that the TNF-a concentration in the (C) serum or (D) the inner ear tissues was also decreased in the NaCl, dexamethasone compared with
that in the NaCl group, whilst TNF-a concentration was lower in the CTX group compared with that in the dexamethasone group. (E) Immunohistochemical
staining showed that the highest CIC deposition was in the NaCl group, followed by the dexamethasone group and then the CTX group. Magnification, x400.
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“P<0.01 and ""P<0.001. CIC, circulating immune complex; TNF, tumor necrosis factor; HSP70, heat shock protein 70; CTX, cyclophosphamide.

Effects of CTX on HSP70 and TNF-a concentration.
Considering that CTX may reduce the generation of CIC, it
was hypothesized whether the same role could be found with
the immune indices HSP70 and TNF-a. The results of the
ELISA showed that HSP70 concentration in the circulation of
the dexamethasone group was significantly lower compared
with that in the NaCl group, whereas HSP70 concentration in
the CTX group was significantly reduced compared with that
in the dexamethasone group (Fig. 4A). After harvesting the
inner ear tissue from each group, western blot analysis was
used to detect the protein expression level of HSP70 in the
inner ear tissue of each group and the results revealed the same
trend of HSP70 expression in the inner ear tissue, with HSP60
expression being the lowest in the CTX group (Fig. 4B). ELISA
was then used to measure TNF-a concentration in the inner
ear tissue and serum samples of each group and the results
revealed that the lowest TNF-a concentrations were found in
the CTX group (Fig. 4C and D). This suggest that in addition to
the reduction of CIC generation, CTX also suppressed HSP70
and TNF-a expression. Finally, inner ear tissues were collected
from each group for immunohistochemical staining and the
results found the most CIC deposition in the NaCl group,
followed by the dexamethasone and CTX groups (Fig. 4E). As
shown by the aforementioned results, CTX exerted specific
effects on MD in manners that were more effective compared
with those exerted by dexamethasone, possibly by inhibiting
the autoimmune response.

Discussion

The typical histopathological manifestation of MD is endolym-
phatic hydrops, which may involve the cochlea, vestibulum and
semicircular canal to damage the cochlear and vestibular func-
tions (32). However, the association between the symptoms and
corresponding pathological manifestations induced by these
symptoms remain unclear. Histopathological changes in patients
with MD cannot be assessed directly during the course of the
disease in a clinical setting. Therefore, the present study aimed
to provide specific clinical data to further elucidate the factors
underlying the occurrence and development of MD by detecting
CIC concentration in the circulation. The present study enrolled
48 patients with MD and 48 control volunteers, who were not
significantly different in terms of their age, sex or weight.
Previous studies (27,33) showed that VEMP was weakened
or could not be induced in 35-54% patients with MD. In the
present study, VEMP was weakened or could not be induced
in 58.3% of patients, which was consistent with these previous
studies aforementioned. It has been reported that ECochG
changes are one of the most typical audiological manifesta-
tions of endolymphatic hydrops (1). ECochG manifestation in
patients with MD is represented by higher SP/AP ratios, which
are associated with higher SP or lower AP (34). This is induced
by excessive lymph fluids, resulting in the displacement of the
basilar membrane (35). However, this examination lacks sensi-
tivity (35). The positive rate of abnormal ECochG was only
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found to be 60.4% in the present study. Nevertheless, similar
to the results in the present study, Helling et al (36) performed
ECochG in 334 patients with MD and found abnormal results
in ~56.3% of patients. This was probably due to the higher SP
or lower AP caused by multiple factors, reducing the specificity
of ECochG. High resolution MRI provides new opportunities
for the diagnosis of MD and enables a clear display of the
endolymphatic hydrops (37). In the present study, MRI was
used to analyze endolymphatic hydrops in 48 patients, where
more moderate hydrops (56.3%) were found, with less mild
and severe hydrops (20.8 and 22.9%, respectively).

CIC is a substance formed by the combination of anti-
gens and corresponding antibodies that immune complexes
bind to during the complement pathway and other immu-
noreactive substances (38). They deposit onto the vascular
wall, resulting in tissue injury and vasculitis (39). If immune
complexes are detected in the circulating blood, they would
be known as CICs. If CIC deposits in the stria vascularis
and endolymphatic sac, endolymphatic hydrops may be
induced accordingly (18). Savastano et al (40) previously
analyzed the roles of non-specific serological immunity tests
in determining the immunopathology of patients with MD
and found that CIC was significantly increased in serum,
leading to the hypothesis that CIC determination can be
used as a prognosis index to monitor the clinical develop-
ment of MD. In the present study, ELISA was utilized to
detect CIC concentration in the patients with MD and in the
control group. The results revealed notably higher CIC levels
in patients with MD and that CIC was increased with the
progression of clinical stage and the severity of endolym-
phatic hydrops. This suggest that CIC could have a certain
diagnostic value for the occurrence and development of MD,
which can be used as a biomarker. In addition, TNF-a and
HSP70 concentrations showed the same trend in patients
with MD, indicating that immune factors are also important
during the course of MD.

Considering existing studies of collagen type II-induced
autoimmune ear disease, Matsuoka et al (41) found that the
guinea pig endolymphatic hydrops model could be induced
by directly injecting the collagen type II peptide monoclonal
antibody into the scala tympani, with a success rate of ~100%.
This method could be used for the study of autoimmune
MD (40). To further investigate the association between CIC
and MD, in vivo experiments were performed in the present
study by constructing an autoimmune MD guinea pig model.
After local immunization using ICIEAg in systemically
sensitized guinea pigs, guinea pigs developed significant
hearing loss. The results of immunohistochemistry revealed
markedly less spiral ganglion cells in the guinea pig model
group and endolymphatic hydrops in the inner ear, suggesting
that the autoimmune MD guinea pig model was successfully
constructed. Using ELISA, CIC concentration was signifi-
cantly increased in the MD guinea pig model compared with
that in the control group. In addition, immune parameters
TNF-a and HSP70 were also notably increased, further
demonstrating an association between immune factors and
MD onset.

There is currently no consensus and effective method for
the treatment of MD. A previous study has found that beta-
histine may promote blood flow into the cochlea (42) that

may be used to reduce the degree and frequency of vertigo
in patients with MD. However, evidence of its effectiveness
remains controversial. Bodmer et al (43) treated patients with
MD by drip transfusion of gentamicin into the tympanum
and found that long-term vertigo was controlled effectively.
However, aminoglycosides conferred vestibulotoxicity for the
treatment of MD and therefore are not commonly used in a
clinical setting (36). A previous study has found that injecting
steroid hormones into the tympanum was effective for MD
treatment (44). However, in another study it observed that the
injection of dexamethasone into the tympanum was only a
temporary alternative treatment option for MD, where endo-
lymphatic hydrops was temporarily reduced 1 month after
treatment but returned to the initial value 1 year later (45).
Recent studies have observed that immunosuppressants were
effective for MD (46,47). A study previously found that CTX
may notably improve hearing in patients with autoimmune
inner ear disease (48). Kilpatrick er al (49) observed that a
small dose of oral methotrexate was effective and safe for the
treatment of immune-mediated bilateral MD. However, there
are only a few studies investigating the efficacy of immuno-
suppressants for the treatment of immune-mediated MD. In
addition, no report exists on the mechanism of action of CTX
for immune-mediated MD. Therefore, further investigation is
required.

In the present study, MD guinea pigs were first randomly
divided into the NaCl, dexamethasone and CTX groups. At
7 and 14 days post-administration, the ABR threshold was
measured in each group. The frequency was statistically
significantly different between the dexamethasone and NaCl
groups. Local dexamethasone treatment was effective in the
treatment of autoimmune MD. However, CTX was more effec-
tive for the treatment of autoimmune MD compared with that
in dexamethasone, providing a theoretical basis for guiding
clinical medication for MD. Subsequently, the expression of
CIC and other immune parameters in the circulation and the
inner ear tissue was detected, where it was found that CTX
significantly reduced the expression of CIC, TNF-a and
HSP70 compared with that in the dexamethasone group. In
addition, immunohistochemistry results confirmed lower CIC
deposition in the inner ear tissue of the CTX group, suggesting
that CTX can inhibit MD development by reducing CIC
expression.

In conclusion, the present study provided novel strategies
for the treatment of early MD, which is difficult to diagnose
using clinical screening and data. In addition, the present
study also provides evidence for the potential value of serum
CIC concentration for the diagnosis, staging and prognosis
assessment of autoimmune MD. To address the amibiguity of
MD treatment, the present study investigated the mechanism
of action and efficacy of CTX for the treatment of autoimmune
MD using guinea pig models, to demonstrate the immu-
nological mechanism of MD and provide an experimental
foundation for the clinical promotion of drug therapy. These
data can provide a potential development strategy for the early
diagnosis and drug therapy of MD.
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