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Abstract

Background and Aims Several studies showed muscularis macrophages (MM@) are associated with GI motility disorders.
The purpose of this study was to preliminary explore the association between MM and achalasia.

Methods Tissue samples of the lower esophageal sphincter (LES) high-pressure zone were obtained from 27 achalasia
patients and 10 controls. Immunohistochemistry for MM, interstitial cells of Cajal (ICC), neuronal nitric oxide synthase
(nNOS), and glial cells were conducted. Histological characteristics were compared between groups, and correlation analysis
was performed.

Results Fewer ICC was found in achalasia compared with controls (P =0.018), and the level of M1 macrophages was higher
than that in controls no matter in terms of the number or the proportion of M1(P=0.026 for M1 and 0.037 for M1/MMg¢).
Statistical differences were found between two groups in terms of proportion of M2 and ratio of M1 to M2 (P =0.048 for
M2/ MM¢g and <0.001 for M1/M2). For the correlation analysis, significant correlations were detected between levels of
nNOS, ICC, and glial cells in patients with achalasia (P =0.026 for nNOS and ICC, 0.001 for nNOS and glial cells, 0.019
for ICC and glial cells). There were significant correlations between M2/MMg and levels of ICC (P=0.019), glial cells
(P=0.004), and nNOS (P =0.135).

Conclusion Patients with achalasia had a higher level of M1/M2 ratio in LES and significant correlations were found between
M2/MMg and numbers of ICC and glial cells, which suggested that MM were probably associated with occurrence and
development of achalasia.
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Introduction

Achalasia is an esophageal motility disorder character-
ized by absence of peristalsis and impaired relaxation of
the lower esophageal sphincter (LES) leading to symptoms
including dysphagia, chest pain, reflux, and weight loss [1].
This motility disorder is associated with functional loss or
> Bixing Ye reduction of myenteric plexus neurons, interstitial cells of

nydybx @163.com Cajal (ICC), neuronal nitric oxide synthase (nNOS) mainly
in the distal esophagus and LES [2-7]. Except for secondary
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specific autoantibodies associated with neuronal damage
can be found in their sera [10, 11]. Moreover, infiltration in
LES muscle by inflammatory cells including eosinophils,
mast cells, and T cells was associated with loss of neuronal
degeneration.

Macrophages are essential for innate immunity and play
a critical role in inflammation and host defense [12]. Mac-
rophages exhibit remarkable plasticity and can differenti-
ate into classically activated macrophages (M1) or alterna-
tively activated macrophages (M2), the type of activation
depending on different microenvironments [13]. The M1
phenotype is pro-inflammatory and expresses high levels of
proinflammatory cytokines including interleukin-6 (IL-6),
tumor necrosis factor-alpha (TNF-a), and inducible nitric
oxide synthase (iNOS). In contrast, the M2 phenotype is
anti-inflammatory, with high expression of galactose-type
and the mannose receptor [14]. Macrophages in gastroin-
testinal (GI) can be divided into mucosal macrophages and
muscularis macrophages (MMg¢) according to their resident
location [14]. Several studies showed MM¢ are associated
with GI motility disorders such as postoperative ileus,
intestinal ischemia—reperfusion (I/R) damage and gastropa-
resis [15—-18]. Activation status of MM can influence the
function of smooth muscle, ICC (GI pacemaker cells), and
neurons [15]. However, there is no study investigating the
relationship between MM and esophageal motility diseases
such as achalasia. Therefore, the purpose of this study was
to preliminary explore the association between MM¢ and
achalasia and to investigate the correlation of M1 and M2
phenotype with ICC, nitrergic nerves, glial cells, as well as
clinical characteristics.

Method
Patient Selection

The study included 27 patients diagnosed with achalasia
undergoing peroral endoscopic myotomy (POEM) at our
center from July 2020 to May 2021. Patients were excluded
from this study based on the following criteria: (1) presence
of esophagus disease that might interfere with the result of
our study, such as Barrett’s esophageal lesions, esophageal
stricture, esophageal varices, active esophagitis; (2) patients
with serious underlying diseases such as liver cirrhosis,
hematological disease, or coagulopathy; (3) pregnant and
breastfeeding female patients; (4) patients with surgical con-
traindications for POEM.

All the 27 patients were received comprehensive preop-
erative clinical evaluation including Eckardt Score for symp-
toms of achalasia, high-resolution esophageal manometry
(HREM), barium esophagogram and esophagogastroduo-
denoscopy (EGD). The Chicago Classification Criteria of

esophageal motility disorders v3.0 was utilized for diagnosis
and classification of achalasia [19].Clinical information was
obtained by face-to-face inquiry, including age, gender, body
mass index (BMI), history of tobacco and alcohol intake,
history of prior treatments, disease duration.

The study was approved by the Medical Ethics Com-
mittee of the First Affiliated Hospital of Nanjing Medical
University (2020-SR-380). Written informed consent was
obtained from all the participants in our study.

Tissue Samples

As reported in previous studies [20, 21], tissue samples of
muscle were obtained from the LES high-pressure zone after
myotomy during the POEM procedure. The 2-3 pieces of
tissue were collected from each patient, and each of the tis-
sue samples was generally 0.3 cm X 0.3 cm X 0.3 cm in size.
Esophageal biopsy was performed at the same site from 10
patients who underwent surgery for esophageal or stomach
neoplasms without invasion of the cardia at our center. The
exclusive criteria were consistent with the above and none
of the 10 patients had esophageal motility disorder including
achalasia or autoimmune disease which might interfere with
the result of our study. This method for obtaining control
specimens was in accordance with previous studies [10, 20,
22, 23]. All the esophageal biopsies were conducted by the
same endoscopist and surgeon to ensure the sampling sites
were consistent and to avoid sampling error. The biopsy
specimens were immediately immersed in 10% formalin and
then embedded in paraffin.

Immunohistochemistry and Quantification

Consistent with previous studies of gastrointestinal motility
[20, 24], antibodies to nNOS were used to examine nitrergic
nerves and to S-100p to assess glial cells. The immunohisto-
chemical staining for c-kit was performed to assess the ICC
networks [7]. The CD68 was used as a general marker for
macrophages, and for the identification of macrophages phe-
notype, antibodies to inducible nitric oxide synthase (iNOS)
were used to identify M1 macrophages and to CD206 to M2
macrophages [25].

The tissue samples were embedded in paraffin, sliced
into 4-pm sections, and mounted on slides. Following depar-
affinization, rehydration, antigen retrieval and blocking of
endogenous peroxidase, immunohistochemical staining
was conducted using anti-CD68 antibody (ab955, Abcam,
1:3000 dilution), anti-iNOS antibody (abs131793, absin,
Shanghai China, 1:200 dilution), anti-CD206 (ab64693,
Abcam, 1:10,000 dilution), anti-c-kit antibody (ab32363,
Abcam, 1:400 dilution), anti-nNOS antibody (ab5586,
Abcam, 1:100 dilution), and anti S-100p antibody (ab52642,
Abcam, 1:400 dilution). The immunohistochemical staining

@ Springer



1262

Digestive Diseases and Sciences (2023) 68:1260-1268

intensities of the interested proteins were quantified as inte-
grated optical densities (IODs) utilizing Image-Pro Plus 6.0
software (Media Cybernetics, MD, USA). The researcher
who conducted the quantification did not know which study
group the sample was in to avoid bias.

Follow-Up and Outcome Measures

Patients were regularly followed-up at 1, 3, 6, and 12 months
by clinical interview. The Eckardt Score was performed for
clinical assessment. HRM and barium esophagram were per-
formed 3 months after POEM, and EGD 12 months after
POEM. Eckardt Score > 3 after the operation was defined
as clinical failure [26]. The last follow-up was in February
2022.

Statistical Analysis

Mean + standard deviation (SD) or range was used to rep-
resent continuous variables, and the number of cases (ratio
%) was utilized to express categorical variables. Differ-
ences between groups were compared using a two-sample
independent ¢ test for continuous variables and chi-square
test for categorical variables. Correlation between variables
was evaluated using Spearman’s correlation or Pearson cor-
relation analysis. SPSS 22.0 and GraphPad Prism 9 were
used for data processing and statistical analysis. The P
value < 0.05 was considered to be statistically significant.

Results

Demographic and Clinical Characteristics of all
Subjects

The demographic characteristics of 27 patients with acha-

lasia and 10 controls in this study are presented in Table 1.
The mean age of patients with achalasia was younger

Table 1 Baseline characteristics of all subjects

Variables Achalasia Controls P value
Total number 27 10 -

Age, mean + SD, years 42.89+13.63 58.10+9.433 0.003*
Male (%) 9 (33.3) 6 (60) 0.276
BMI, mean +SD 22.04+3.76 24.65+4.04 0.074
History of alcohol intake (%) 3 (11.1) 1(10) 1
History of tobacco smoking 3 (11.1) 4 (40) 0.069

(%)

Values are n (%), unless otherwise noted
BMI Body Mass Index, SD standard deviation
*P<0.05
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compared to the control group (42.89 years vs 52.10 years,
P=0.003). There was no significant difference between two
groups in terms of gender (P=0.276), BMI (P=0.074), his-
tory of alcohol (P=1) or tobacco intake (P=0.069). None
of the participants had a definite history of herpes simplex
virus (HSV), varicella zoster virus (VZV), measles and
human papilloma virus (HPV) infection, and autoimmune
disease.

As shown in Table 2, the median disease duration of
patients with achalasia was 4 years (range 0.5-20 years), and
the median preoperative Eckardt score was 7 (range 6-9).
There were two patients with a history of prior treatments,
including one patient with prior balloon dilation and esoph-
ageal stent, and the other with prior POEM. All patients
with achalasia were received HREM, including 4 with type
I and 20 with type II. The remaining 3 patients were unspeci-
fied subtypes due to the failure of catheter sensors to pass
through EGJ (esophagogastric junction) because of strong
tortuous angulation of the esophagus. The POEM was per-
formed successfully in all 27 patients. The Eckardt score at 6
months after POEM was all less than 3 and was significantly
decreased compared with pre-operation (P <0.001).

Histological Evaluation of Tissue Samples

The results of immunoreactivity and quantification for ICC,
glial cells, and nNOS was shown in Fig. 1. Interestingly, the
staining for c-kit showed significantly fewer ICC in patients
with achalasia compared with controls (P=0.018). However,
no significant difference was found in glial cells and nNOS
between two groups (P=0.138 and 0.661, respectively).
Figure 2A showed no considerable difference between two

Table 2 Clinical characteristics of 27 patients with achalasia

Characteristic Value
History of prior treatments 2(7.4)
Disease duration, median (range), years 4 (0.5-20)
Preoperative Eckardt score, median (range) 7(6-9)

Preoperative IRP, median (range), mmHg 27.6 (15.9-56.6)

Chicago subtype (%)

I 4(14.8)

1T 20 (74.1)

Unspecified 3(11.1)
Procedure time, mean +SD, min 52.78+17.66
Myotomy length, mean+SD, cm 10.07+0.81
Eckardt score at 6 months after POEM, median 1(0-2)

(range)

Values are n (%), unless otherwise noted. Unspecified, diagnosed by
clinical symptoms, esophagogastroduodenoscopy and barium esopha-
gram due to failure in high-resolution manometry classification

IRP integrated relaxation pressure, EGJ esophagogastric junction, SD
standard deviation
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groups in neither total macrophages nor M2 macrophages
(P=0.621 and 0.539, respectively). In contrast, the level of
M1 in patients with achalasia was found higher than that in
controls no matter in terms of the absolute number or the
proportion of M1 in the total macrophages (P =0.026 for
M1 and P=0.037 for M1/MMg; Fig. 2A, B). In addition,
statistical differences were also found between two groups in
terms of proportion of M2 in the total macrophages and ratio
of M1 to M2 (P=0.048 for M2/MMg¢ and P <0.001 for M1/
M2; Fig. 2C, D). The histological differences between differ-
ent types of achalasia were also analyzed, but no statistical
difference was found in terms of the levels of nNOS, ICC,
glial cells, M1/ MM, M2/MMg¢, and M1/M2.

Correlation Analysis of Histological and Clinical
Characteristics in Achalasia

For the correlation analysis of histological characteristics,
significant correlations were detected between levels of
nNOS, ICC, and glial cells (P=0.026 for nNOS and ICC,
P=0.001 for nNOS and glial cells, P=0.019 for ICC and
glial cells, Fig. 3A—C). Moreover, as shown in Fig. 3G-1,
the results indicated that there were significant correla-
tions between M1/MMg and levels of ICC (P=0.016) and
glial cells (P=0.020), but no clear relationship was found
between M1/MMg and nNOS (P=0.315) in patients with
achalasia. Similar results were also found between M2/MM¢q
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and levels of ICC (P =0.019), glial cells (P=0.004), and
nNOS (P=0.135) (Fig. 3J-L). However, no significant cor-
relations were found between M1/M2 and other histologi-
cal characteristics (Fig. 3D-F). To further explore the role
of macrophages in achalasia, correlation analysis between
clinical characteristics and M1/M2, M1/MMg, and M2/
MMg¢g was conducted. However, none of them had a sig-
nificant association with clinical characteristics including
gender, age, BMI, disease duration, Chicago subtype, pre-
operative Eckardt score, IRP and decrease of Eckardt score
after POEM.

Discussion

Although it has been 340 years since achalasia was first
described in 1674 by Sir Thomas Willis [1], the etiology of
achalasia remains unclear. Many studies indicated that auto-
immune-mediated inflammation may be the main cause of
achalasia [1]. A matched case—control study which enrolled
6769 cases and 27,076 controls, found that the presence of
autoimmune conditions and viral infections was also associ-
ated with an increased risk of achalasia [27]. The prevalence
of autoimmune diseases in patients with achalasia is 7.42%
(502/6,769) versus 4.02% (1,088/27,076) in controls, and
the prevalence of viral infections is 1.58% (107/6,769) ver-
sus 0.82% (221/27,076). This result was in accordance with
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Fig.2 Immunohistochemistry A
and quantification of mac-
rophages in LES tissue samples
obtained from patients with
achalasia and controls. A The
CD68 was used as general
marker for macrophages, and
antibodies to iNOS were used to
identify M1 macrophages and
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other previous studies [8, 10, 28] and suggested that aber-
rant autoimmune and viral infections may contribute to the
occurrence of achalasia. In our study, we collected clinical
information from 27 patients with achalasia and 10 controls,
but none of them had a definite history of HSV, VZV, HPV,
and measles infection, or autoimmune diseases. This result
may be attributed to the small number of cases in our study,
and some of the patients with viral infections or autoimmune
diseases may be excluded due to the surgical contraindica-
tions and other exclusive criteria as mentioned above.

ICC are recognized as pacemaker cells and generate
spontaneous electrical slow waves regulating gastrointes-
tinal motility, and they are also associated with the transfer
of neurotransmitters [3]. The nNOS is a kind of inhibitory
neurotransmitter, which help produce NO in nervous tissue
to regulate muscle relaxation [29]. Previous studies showed
that the main pathological feature of achalasia is character-
ized by the decrease of esophageal myenteric plexus neu-
rons, ICC and nNOS in the LES [2-7]. This pathological
change leads to the aperistalsis and impaired relaxation of
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the LES. In this study, although a significant difference was
found only in ICC, LES of patients with achalasia displayed
fewer glial cells and nNOS than controls. For the correla-
tion analysis, significant correlations were detected between
levels of nNOS, ICC, and glial cells. A study conducted
by Ward et al. indicated that ICC may be the effectors that
transduce NO signals into hyperpolarizing responses, and
loss of ICC may impair relaxations and normal motility of
LES [30]. Another study also suggested that reduction of
nNOS release might underlie the profound ICC impairment,
which could impair the relaxation of LES in patients with
achalasia. However, no clear correlation between the reduc-
tion degree of ICC and that of nNOS was found in other
studies [3, 31]. Moreover, an animal study also found that
the reduction of ICC and nNOS can cause dysfunction of
the LES and esophageal peristalsis, but they might be inde-
pendent relevant causes [32]. Enteric glial cells are thought
to function as intermediaries in enteric neurotransmission,
thus reduction of them might weaken the neurenteric balance
[33]. Although published studies found that reduction of ICC
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Fig.3 Correlation analysis of histological characteristics in patients
with achalasia. Significant correlations were detected between levels
of nNOS, ICC, and glial cells (A—C). There was no significant cor-
relations between M1/M2 and levels of nNOS, ICC, and glial cells

and glial cells are present in gastrointestinal motor abnor-
malities such as slow transit constipation [34], colonic diver-
ticular disease [35] and achalasia [20], to our knowledge,
no study has reported a clear correlation between levels of
ICC and glial cells in these diseases. We speculated that
the causes of reduction of nNOS, ICC, and glial cells were
consistent, and the levels of them reflected the degree of the

(D-F). Significant correlations was found between M1/MMg and lev-
els of ICC and glial cells (G, H), but no clear relationship was found
between M1/MMg and nNOS (I). Similar results were also found
inM2/MMg (J-L)

damage, so there were correlations among them. Overall, it
is not very clear the role of and relationships between ICC,
nNOS, and glial cells in achalasia, further studies are still
needed to be conducted.

MM were first described as a macrophage subtype resid-
ing in the myenteric plexus associated with both ICC and
enteric neurons in the early 90 s [36]. Although insight into
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the function of MM in gastrointestinal is still limited, sev-
eral studies indicated a key role in regulation of gastrointes-
tinal motility in both pathological and physiological condi-
tions. Previous reports showed that M1-like macrophages
could impair smooth muscle function and impair gut motil-
ity by producing pro-inflammatory cytokines such as IL-6
both in postoperative ileus and intestinal I/R injury [15].
This motility disorder was also associated with functional
changes of ICC networks which was most likely caused by
the inflammatory process [37, 38]. Moreover, inhibition of
TNF-o derived from M1 macrophage or suppressing M1
macrophage activation by blockade of IL-17A could allevi-
ate the injury of the ICC [39, 40]. Emerging evidence about
diabetic gastroparesis has revealed that heme oxygenase 1
(HO1) which is expressed by M2 macrophages, could protect
ICC and nNOS expression in enteric neurons from oxidative
damage associated with diabetes and prevent development of
delayed gastric emptying [14]. In contrast, activation of M1
macrophages which lack HO1 could cause significant dam-
age to ICC and enteric neurons and influence gastric motility
[14, 15]. Furthermore, reduction of CD206-positive cells
was found in full thickness biopsies of the gastric body from
patients with diabetic gastroparesis, which was associated
with loss of ICC [41]. In addition to regulation of inflam-
mation to influence the gastrointestinal motility, MM could
also regulate peristaltic activity of the colon in the steady
state through the secretion of bone morphogenetic protein 2
(BMP2), which activates BMP receptor (BMPR) expressed
by enteric neurons [42]. In a previous work, Luo et al. dem-
onstrated that MM could directly affect the function of
intestinal smooth muscle cells by expressing the transient
receptor potential vanilloid 4 (TRPV4) channel, without the
enteric nervous system involvement [43]. Nevertheless, no
evidence suggested these mechanisms are associated with
the etiology of achalasia.

In our study, we found patients with achalasia had a
higher level of M1/MMg and a lower level of M2/MMg
in their LES than controls. Moreover, significant positive
correlations were detected between M2/MM¢e and num-
bers of ICC and glial cells. These results indicated that M1
macrophages might underlie the reduction of ICCs and glial
cells due to their pro-inflammatory functions, and M2 mac-
rophages might play a protective role against injury. Since
the median disease duration of patients with achalasia in this
study was 4 years and no significant correlation was found
between disease duration and levels of M1/M2, M1/MMe,
and M2/MMg, we thought that the inflammatory injury to
ICC and glial cells might be persistent. However, positive
correlations were found between M1/MMg and numbers of
ICC and glial cells, which were contrary to our expectations.
These results were difficult to explain, we hypothesized that
M1 macrophages can impair ICC and glial cells through
secreting pro-inflammatory mediators, and measuring the
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number of M1 macrophages without detecting pro-inflam-
matory cytokines and chemokines they produced could not
fully reflect the intensity of inflammation in LES of acha-
lasia patients. In addition, other inflammatory cells such as
mast cells and eosinophils also affected the degree of injury
to cells related to GI motility, which were not included in
the study.

As we know, this is the first pilot study investigating the
relationship between macrophages and achalasia, but it had
several limitations. Firstly, the number of patients with acha-
lasia was limited due to the low incidence. This may reduce
the efficiency of detecting positive results during statisti-
cal analysis and hinder subgroup analysis among different
types of achalasia. Secondly, the controls are patients who
underwent surgery for esophageal or stomach neoplasms
instead of age-gender matched healthy people, and tissue
samples are obtained in different ways between the two
groups. Although this method has been widely used in previ-
ous studies [20, 21], it also had inherent biases. In addition,
tissue samples obtained from the procedure of POEM were
small compared to controls, and a multi-site biopsy of the
esophagus is needed, which could reflect the pathological
features of the whole esophagus. Finally, Western blot and
fluorescence-activated cell sorting (FACS) for quantification
were not performed. In our future study, we will expand
the sample size, take related inflammatory cytokines and
chemokines into analysis, and explore mechanisms underly-
ing the role of MMg in achalasia.

In summary, the main finding of this study showed
patients with achalasia had a higher level of M1/M2 ratio
in LES and significant correlations were found between
M2/MM¢ and numbers of ICC and glial cells, which sug-
gested that MM were probably associated with occurrence
and development of achalasia. Further research should be
undertaken to explore the mechanisms underlying the role of
MMg in achalasia and to illuminate the relationship between
MMg and nNOS, ICC and glial cells.
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