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Вплив дихальних нейроендокриноцитів на гомеостаз легень

С. С. Попко, В. М. Євтушенко, В. К. Сирцов

Дихальні нейроендокриноцити (ДН) – унікальна клітинна популяція, що виявлена на всіх рівнях в епітелії дихальних шля-
хів (ДШ), гістофізіологія якої дотепер недостатньо вивчена. З огляду на її важливу роль як одного з основних регуляторів 
процесів дихання та гомеостазу організму, її вивчення є одним з актуальних завдань медицини.
Відповідно до Міжнародної номенклатури з цитології та гістології людини, яка розроблена Федеративним міжнародним 
комітетом з анатомічної термінології (FICAT) авторами Wolters Kluwer і Lippincott Williams & Wilkins (2008), ці клітини нази-
ваються дихальними нейроендокринними клітинами (у трахеї) або дихальними ендокринними клітинами (у бронхіальному 
дереві). Однак ці клітини описані в сучасній міжнародній науковій літературі як легеневі нейроендокринні клітини.
Мета роботи – аналіз даних сучасної наукової літератури про вплив дихальних ендокриноцитів на гомеостаз легень у 
нормі та патології.
ДН та їхні кластери – нейроепітеліальні тіла, діють як фактори регуляції росту й дозрівання легень в ембріогенезі з допомогою 
секреції серотоніну і гастрин-рилізинг гормона. У постнатальному онтогенезі продукти секреції ДН – аміни та нейропептиди 
характеризуються участю в різноманітних фізіологічних і патологічних процесах у легенях. ДН у нормі здійснюють нейрогу-
моральний контроль тонусу гладких міоцитів судин і повітроносних шляхів, діють як периферичні хеморецептори, а також 
беруть участь у регуляції клітинної проліферації, диференціюванні, регуляції продукції слизу дихальним епітелієм. При 
пошкодженні ДШ здатні до трансдиференціювання за допомогою сигнального шляху Notch і поповнюють популяції інших 
клітинних типів дихального епітелію. ДН здійснюють нейроімуномодулювальний вплив шляхом секреції нейропептидів і 
нейротрансмітерів, які посилюють запальну реакцію ДШ на алерген. Після дії алергену ДН активують уроджені лімфоїдні 
клітини 2 типу за допомогою нейропептида, асоційованого з геном кальцитоніну CGRP, які продукують цитокіни 2 типу 
ІЛ-5 і ІЛ-13, у такий спосіб спричинячи розвиток алергічної реакції ДШ. Водночас ДЕ виділяють нейротрансмітер – γ-аміно-
масляну кислоту ГАМК, яка взаємодіє з ІЛ-13 для активації секреції слизу келихоподібними клітинами. Вроджені лімфоїдні 
клітини 2 типу провокують еозинофільне запалення та гіперчутливість ДШ. Недавні дослідження показали, що вроджені 
лімфоїдні клітини 2 типу також стимулюють розвиток Th2-імунної відповіді. Отже, CGRP і ГАМК є ключовими продуктами 
секреції ДН, що стимулюють Th2-імунну відповідь у легенях.
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Pulmonary neuroendocrine cells (PNECs) – a unique cell population identified at all levels in the epithelium of the respiratory 
tract, histophysiology of which is still poorly understood. Given its important role as one of the main regulators of the respiration 
processes and homeostasis, its studying is one of the urgent tasks of medicine.
According to the International Terms for Human Cytology and Histology published by the Federative International Committee on 
Anatomical Terminology (FICAT) under the writing of Wolters Kluwer and Lippincott Williams & Wilkins (2008), these cells are 
called respiratory neuroendocrine cells (in the trachea) or respiratory endocrine cells (in the bronchial tree). However, these cells 
have documented in modern international scientific literature as pulmonary neuroendocrine cells.
The aim of this work is to analyze the modern scientific literature data on the effect of PNECs on the lung homeostasis in normal 
and pathological conditions.
PNECs and their clusters – neuroepithelial bodies act as factors that regulate lung growth and maturation in embryogenesis 
via secretion of serotonin and gastrin-releasing hormone. In postnatal ontogenesis, PNEC secretion products – amines and 
neuropeptides, are characterized by participation in various physiological and pathological processes in the lung. PNECs normally 
maintain neurohumoral control over vascular and airway smooth muscle tone, act as peripheral chemoreceptors, and also are 
responsible for regulation of cell proliferation, differentiation, and mucus production from the respiratory epithelium. In case of 
respiratory tract damage, PNECs are capable of transdifferentiation by activating the Notch signaling pathway and renewal of 
other cellular types of respiratory epithelium. PNECs have a neuroimmunomodulating effect by means of neuropeptides and 
neurotransmitters secretion, which maintain and enhance the airways inflammatory response to an allergen. After the allergen 
exposition, PNECs activate type 2 innate lymphoid cells (ILC2) which being modulated by the neuropeptide CGRP produce type 
2 cytokines IL-5 and IL-13, thereby contributing to an allergic response in the airways. At the same time, secreted by the PNECs 
neurotransmitter γ-aminobutyric acid (GABA) interacts with IL-13 to activate goblet cell mucus secretion. ILC2 induce eosinophilic 
inflammation and airways hypersensitivity. Recent studies have shown that ILC2 cells also stimulate Th2-associated immune 
response. Thus, CGRP and GABA are the key products of PNEC, which stimulate the Th2-associated immune response in the lung.
Conclusions. Pulmonary neuroendocrine cells together with immune cells form a neuroimmunological module for the reception 
and response to environmental chemoattractants. The data on the role of pulmonary neuroendocrine cells in the airways 
allergic inflammation are still controversial in the literature, which necessitates further study of this issue.
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Висновки. ДН разом із клітинами імунної системи утворюють нейроімунологічний модуль для рецепції та реагування 
на подразники довкілля. Дані про роль ДН у розвитку алергічного запалення ДШ у фаховій літературі дотепер неод-
нозначні, що зумовлює необхідність дальшого вивчення проблеми.

Pulmonary neuroendocrine cells (PNECs) are a small 
unique cell population of the epithelium of the trachea and 
bronchi, histophysiology of which is still poorly understood. 
They are derivatives of endoderm, first appear during em-
bryonic lung development and make up only 1 % of epithelial 
cells of the respiratory tract [1].

According to the International Terms for Human Cytolo-
gy and Histology published by the Federative International 
Committee on Anatomical Terminology (FICAT) under 
the writing of Wolters Kluwer and Lippincott Williams & 
Wilkins (2008), these cells are called respiratory neuroen-
docrine cells (in the trachea) or respiratory endocrine cells 
(in the bronchial tree). However, these cells are documented 
under different names in modern international scientific 
literature, and among a wide range of researchers, are 
better known as pulmonary neuroendocrine cells located 
near airway branch points of the trachea and the bronchial 
tree [1–3,7–9].

Despite the fact that PNECs have the same functions 
as afferent neurons with which they are associated by sy-
naptic contacts, they are still considered as neuroepithelial 
cells [2]. PNECs are the part of the bronchial epithelium, 
communicating with other epithelial cells by specific inter-
cellular contacts, such as ciliated airway epithelial cells and 
bronchiolar exocrinocytes. All of these cells have a common 

endodermal source of development. During embryonic 
development, undergoing certain epithelial-mesenchymal 
transitions, PNECs migrate and form clusters of 20–40 cells 
appear towards places of the airway bifurcations [3]. These 
clusters are called neuroepithelial bodies – specialized 
clusters of cells, which, as is known today, are characterized 
by the ability to secrete amines and neuropeptides involved 
in various physiological and pathological processes in 
the airways [4].

Aim
The aim of this work is to analyze the modern scientific liter-
ature data on the effect of PNECs on the lung homeostasis 
in normal and pathological conditions.

To date, it has been found that PNECs and neuroepi-
thelial bodies are present in the lung in a large number 
during the prenatal and early postnatal period performing 
the functions of the lung maturation promoters and lung 
functional state regulators according to oxygen level in 
inhaled air (chemoreceptor function), that is similar to 
the carotid sinus [2–4]. Other studies have indicated that 
in adult airways, PNECs and neuroepithelial bodies are in 
a smaller number [5,6]. Therefore, the questions arise as 
to their role in the postnatal life and a functional difference 
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Влияние дыхательных нейроэндокриноцитов на гомеостаз легких

C. С. Попко, В. М. Евтушенко, В. К. Сырцов

Дыхательные нейроэндокриноциты (ДН) – уникальная клеточная популяция, выявленная на всех уровнях в эпителии дыха-
тельных путей (ДП), гистофизиология которой до сих пор плохо изучена. Учитывая ее важную роль как одного из основных 
регуляторов процессов дыхания и гомеостаза организма, ее изучение является одной из актуальных задач медицины.
Согласно Международной номенклатуре по цитологии и гистологии человека, разработанной Федеративным международ-
ным комитетом по анатомической терминологии (FICAT) авторами Wolters Kluwer и Lippincott Williams & Wilkins (2008), эти 
клетки называются дыхательными нейроэндокринными клетками (в трахее) или дыхательными эндокринными клетками 
(в бронхиальном дереве). Однако эти клетки описаны в современной международной научной литературе как легочные 
нейроэндокринные клетки.
Цель работы – анализ данных современной научной литературы о влиянии дыхательных эндокриноцитов на гомеостаз 
легких в норме и патологии.
ДН и их кластеры – нейроэпителиальные тела, действуют как факторы регуляции роста и созревания легких в эмбриогенезе 
с помощью выделяемых ими серотонина и гастрин-рилизинг гормона. В постнатальном онтогенезе продукты секреции 
ДН – амины и нейропептиды характеризуются участием в разнообразных физиологических и патологических процессах в 
легких. ДН в норме осуществляют нейрогуморальный контроль тонуса гладких миоцитов сосудов и воздухоносных путей, 
действуют как периферические хеморецепторы, а также принимают участие в клеточной пролиферации, дифференци-
ровке, регуляции продукции слизи респираторным эпителием. При повреждении ДП способны к трансдифференцировке 
с помощью сигнального пути Notch и пополняют популяции других клеточных типов дыхательного эпителия. ДН оказывают 
нейроиммуномодулирующее действие путем секреции нейропептидов и нейротрансмиттеров, которые поддерживают и 
усиливают воспалительную реакцию ДП на аллерген. При воздействии аллергена ДН активируют врожденные лимфо-
идные клетки 2 типа с помощью нейропептида, связанного с геном кальцитонина CGRP, которые продуцируют цитокины 
2 типа ИЛ-5 и ИЛ-13, тем самым способствуя развитию аллергической воспалительной реакции ДП. Одновременно вы-
деляемый ДН нейротрансмиттер – γ-аминомасляная кислота ГАМК – взаимодействует с ИЛ-13 для активации секреции 
слизи бокаловидными клетками. Врожденные лимфоидные клетки 2 типа провоцируют эозинофильное воспаление и 
гиперчувствительность ДП. Недавние исследования показали, что врожденные лимфоидные клетки 2 типа также стиму-
лируют развитие Th2-иммунного ответа. Таким образом, CGRP и ГАМК являются ключевыми продуктами секреции ДН, 
стимулирующими Th2-иммунный ответ в легких.
Выводы. ДН вместе с клетками иммунной системы образуют нейроиммунологический модуль для рецепции и ре-
агирования на раздражители окружающей среды. Данные о роли ДН в развитии аллергического воспаления ДП в 
литературе пока неоднозначны, что обусловливает необходимость дальнейшего изучения данной проблемы.
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between single PNEC and neuroepithelial body. Further 
studies are also needed on the role of airway stem cells 
and PNECs in tissue repair responses, carcinogenesis, 
induction of inflammatory processes in adults, since these 
issues are yet to be fully understood.

Among the most important functions of PNECs that 
are known today, the following can be distinguished. 
PNEC secretion products act as factors regulating the lung 
growth and maturation in embryogenesis (serotonin, 
gastrin-releasing hormone) [4,5]. Both single PNEC and 
neuroepithelial bodies contain dense core vesicles filled 
with bioactive neuropeptides or amines. Neuroepithelial 
bodies are richly innervated by both afferent and efferent 
nerve endings; serve as intrapulmonary chemoreceptors 
that are sensitive to hypoxia and environmental factors 
affecting the respiratory tract [6,7]. These negative factors 
include a chronic inflammatory process, hypoxia, hyperoxia, 
tobacco smoking, and nitrosamine. The latter ultimately 
cause a hyperproliferation and neoplastic transformation 
of PNECs [8]. PNECs control the tone of the bronchi and 
vascular smooth muscle cells, thus regulating the volume 
of inhaled air and the lung blood supply. In addition, PNECs 
directly mediate immune response, simulating its activity, 
and are also potential stem cells in the airways [9].

The data of scientific studies have confirmed that after 
damage to the epithelium of the respiratory tract, PNECs 
can function as progenitor cells for the renewal of other 
cellular phenotypes of the respiratory tract, such as bron-
chiolar exocrinocytes and ciliated airway epithelial cells 
[10]. These data are coincided with the results presented in 
the works of other scientists regarding the role of PNECs in 
the regeneration of the airway epithelium [3–5,11].

But only a small subset of PNECs belongs to potential 
stem cells – 2–4 cells per one neuroepithelial body. These 
cells are highly differentiated and function to maintain 
homeostasis similar to other PNECs. After damage to 
the respiratory epithelium, they take on the properties of 
undifferentiated stem cells. A part of them proliferate directly 
to own neuroepithelial body, renewing their population. 
Other cells are “scattered” in the surrounding epithelium. 
The latter are capable of transdifferentiation by activating 
the Notch signaling pathway and renewal of other cellular 
types of respiratory epithelium in case of respiratory tract 
damage [11]. The lung tissue demonstrates remarkable 
capability to renovate after various kinds of injuries. In this 
regard, the ability of lung cells to epigenetic modification 
and transdifferentiation is an important mechanism for re-
producing the required number of cells for the regeneration 
of both epithelial and mesenchymal derivatives.

Until now, the possibilities and limitations of these 
mechanisms of cell differentiation and proliferation have not 
been fully studied, both in normal and in any lung damaging 
factor influence. Both during the lung embryogenesis and 
for reparative regeneration, the same signaling cascade 
pathways, such as the Wnt-signaling pathway and Notch, 
are involved.

Indeed, in the study of Y. Ouadah, (2019), Notch-active 
PNECs demonstrated the suppression of neuroendocrine 
phenotype and simultaneous activation of specific markers 
of other cell types, such as bronchiolar exocrinocytes, cili-
ated airway epithelial cells, type 2 alveolar cells, and even 
pulmonary stromal cells [12]. Thus, a subpopulation of 

PNECs isolated from their neuroepithelial body, expresses 
the Notch2 receptor and demonstrates active Notch-sig-
naling initiates deprogramming of the neuroendocrine 
line and reprogramming to various other cellular types of 
respiratory epithelium.

At the same time, the gene transcription factor GFi1 
plays an essential role in the transdifferentiation of PNECs 
into other cellular phenotypes. In its absence or mutation, 
the proliferation of PNECs is impaired, which leads to the de-
velopment of a tumor blasttransformation reaction [13].

Recent studies of L. Meder et al. (2016), D. Lafkas 
et al. (2015) have proved the hypothesis that activation 
of the Notch pathway is a key factor in the induction of 
transdifferentiation of PNECs into other cellular pheno-
types following lung damage. In this case, PNECs lose 
the expression of neuroendocrine differentiation markers. 
In addition, the studied mechanism of the PNEC trans-
differentiation consists in the epigenetic modification of 
the cells. In other words, there is a change in gene ex-
pression and cell phenotype caused by mechanisms that 
do not affect the DNA sequence of the genes. Along with 
this, polycomb repressive complex 2 (PRC2), a complex of 
proteins with histone methyl transferase activity, plays an 
important role. These proteins are necessary for long-term 
“rest” of chromatin and responsible for the differentiation 
of stem cells being the basis of cell memory after diffe-
rentiation [13,14].

Notch-signaling is one of the mostly used intercel-
lular communication pathways [15]. Key components of 
the Notch signaling pathway are studied by scientists as 
drug targets for therapeutic modalities. The Notch receptor 
family includes a group of transmembrane proteins, extra-
cellular and intracellular domains of which are involved in 
ligand binding and signaling to the cell nucleus controlling 
the expression of Notch target genes.

An increase in the number of PNECs was recorded in 
a wide range of chronic lung diseases, including bronchial 
asthma, bronchopulmonary dysplasia, cystic fibrosis, 
chro nic obstructive pulmonary disease, congenital dia-
phragmatic hernia, infant death syndrome and pulmonary 
hypertension [16]. They also are target cells for tumor 
blasttransformation reactions for small-cell lung cancer 
which is common nowadays [17].

PNECs express gene of the Robo receptor (Round-
about receptor) [16]. Signal transmission through this 
transmembrane protein plays a crucial role in neurogenesis, 
angiogenesis, tumorogenesis, and even organogenesis of 
a large number of internal organs, including the airways. 
When the Robo receptor is inactivated in experimental mice, 
disorganization of PNECs occurs, as well as an impossibility 
to form the neuroepithelial bodies, and most importantly, 
an increase in the secretion of neuropeptides after air – 
lung interaction. In turn, excess neuropeptides lead to 
an increase in immune infiltration in the lung, irreversible 
disorganization processes and a change in the alveolar 
structure – lung remodeling.

PNECs are airway sensors which activate immune 
responses mediated by their neuropeptides action [18]. 
PNECs have a neuroimmunomodulating effect owing to 
secretion of neuropeptides and neurotransmitters, which 
support and enhance the inflammatory response in the re-
spiratory tract triggered by allergen challenge [19].

Обзоры
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Innate immunity, which is a non-specific mechanism of 
protection against numerous pathogenic factors, provides 
immediate recognition and response to pathogens. Rela-
tively little was known about the role of innate immunity in 
the pathology of allergic airway inflammation until the recent 
discovery of innate lymphoid cells (ILCs) that produce 
a large amount of type 2 cytokines after stimulation by 
cytokines of the respiratory epithelial cells (IL-25, IL-33, 
TSLP – thymic stromal lymphopoietin) [20,21].

For the first time, these cells were discovered by scien-
tists in 2010. A classification of ILCs was proposed in 2013. 
It is based on the phenotypic and functional characteristics 
of ILCs. So, ILCs were divided into three groups: group 1 
(IFN-g-producing cells), group 2 (IL-5- and IL-13-producing) 
and group 3 (IL-17- and/or IL-22-producing). ILC2s depend 
on the transcription factors GATA3 and RORa, necessary for 
their maturation and functioning. Recent studies have shown 
that ILC2s in mice are the main source of IL-5 and IL-13 in 
airways, so ILC2s can play a major role in the induction of 
allergic airway inflammation.

ILC2-derived cytokine IL-5 activates esinophils. It 
serves to increase their number and secretion of leukotriene 
C4 and platelet-activating factor [22]. The latter, in its turn, 
increases secretion of mucin by goblet cells and stimulates 
contraction of the bronchial smooth muscle component 
[23,24]. ILC2-derived IL-13 stimulates goblet cell hyperpla-
sia and mucin secretion.

An important fact is that PNECs are localized in close 
proximity to ILC2s at the sites of bifurcation of the trachea 
and bronchi of different diameter. PNECs interact with 
ILC2s through calcitonin gene-related peptide (CGRP) and 
elicit downstream immune responses. Furthermore, PNECs 
act through neurotransmitter γ-aminobutyric acid (GABA) 
resulting in goblet cell hyperplasia. ILC2s have been found 
to be direct target cells for the implementation of signals 
from PNECs (Fig. 1).

This fact is proved by the results of studies of J. Barri-
os, et al. (2017, 2019), showing that ILC2s express CGRP 
co-receptors Calcrl and Ramp1 and GABA receptor Gabrr1 
[25,26]. These findings are coincided with the results pre-
sented in the works of other scientists regarding the role of 
ILC2s in the regulation of the local airway immune respons-
es to allergens [20,21].

In vivo model of the PNECs study has shown that 
CGRP increases IL-5 production by ILC2s in culture 
conditions in response to IL-25 and / or IL-33 [27]. IL-33 
is a new member of the IL-1 cytokine superfamily, which 
is expressed by epithelial cells and endotheliocytes after 
pro-inflammatory stimulation. IL-33 can function both as a 
traditional cytokine and as a nuclear factor regulating gene 
transcription. It is believed that it acts as an “alarm” signal in 
case of cell damage in order to inform the immune system. 
IL-33 mediates its biological effects through interaction with 
ST2 receptors (IL-1RL1) and auxiliary protein of the IL-1 
receptor (IL-1RAcP). The latter is expressed by ILC2s 
and Th2. IL-33 activates the production of Th2 cytokines 
by these cells and may contribute to the pathogenesis of 
Th2-related diseases such as bronchial asthma, atopic 
dermatitis and anaphylaxis. However, IL-33 demonstrated 
various protective effects in cardiovascular diseases such 
as atherosclerosis, obesity, type 2 diabetes mellitus, and 
heart remodeling. Thus, the effects of IL-33 are either pro-in-

flammatory or anti-inflammatory, depending on the disease 
and the model [28].

An interesting fact is that CGRP has not stimulated 
secretion of IL-5 from ILC2s providing that IL-33 was ab-
sent. In addition, it has been shown that CGRP activates 
only cytokine secretion, but not ILC2s proliferation [29]. Th2 
adaptive immunity cells did not respond to CGRP and GABA 
signals from PNECs at all. GABA also had no significant 
effect on ILC2s. Based on these data, we can assume a 
completely different way of the Th2 adaptive immune re-
sponse activation in airway allergic process development.

Once again, the indisputable participation of PNECs in 
the initiation of the Th2 immune response during ovalbumin 
(OVA) allergization proves the study result showing that 
the introduction of a CGRP and GABA mixture into the re-
spiratory tract of Ascl1 – mutant mice (lacking PNECs) re-
constructs the immune response in experimentally induced 
allergic inflammation [19,30].

Recently, the study results of Y. Vázquez, et al. (2019) 
have shown that the neuroimmunological modules of 
PNEC-ILC2 function towards airway bifurcation, enhancing 
the reactions of allergic inflammation [31]. In turn, ILC2s 
provoke eosinophilic inflammation, accompanied by hyper-
sensitivity of the respiratory tract. Moreover, recent studies 
in mice have shown that ILC2s also stimulate acquired 
immunity towards differentiation of Th0 into Th2 inducing a 
Th2 immune response [32]. Thus, CGRP and GABA are key 
biologically active PNEC products that stimulate the Th2 
immune response in the airways.

Ascl1- mutant mice were studied by P. Sui et al. (2018) 
in the early stages of lung development [19]. They blocked 
Ascl1, a transcription factor that plays a key role in the dif-

allergens epithelial
cell

pulmonary neuro-
endocrine cell

goblet
cell

neuron ILC2 eosinophil

IL-5IL-13

CGRPGABA

Fig. 1. Schematic presentation of the involvement of pulmonary neuroendocrine cells in the initiation 
of airways allergic inflammation (from the work of G. J. Roel et al., 2018 [9]).
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ferentiation of neurons and neuroendocrine cells. Subse-
quently, CGRP+- and Synapthysin+- cells were not found 
in the lung of such mice. Interestingly, Ascl1- mutant mice 
were viable at birth, which is counter to the role of PNECs 
in transition from intra-uterine environment to air breathing. 
Moreover, mutant lungs showed normal morphogenesis 
without defects of the bronchiolar exocrinocytes (Clara 
cells), ciliated airway epithelial cells as well as type 1 and 
2 alveolocytes. This fact indicates that although PNECs 
are the first differentiated cellular phenotype in the fetal 
lung maturation, they do not significantly affect the other 
cell types development.

Other authors suggest that the differentiation and func-
tioning of PNECs and the neuroendocrine system of the re-
spiratory tract as early as the stage of prenatal ontogenesis 
indicates their involvement in the processes of histogenesis 
and organogenesis of the respiratory system [2–4]. This 
issue is currently debatable and should be studied further.

A completely different situation arises with respect 
to OVA-induced pneumonia [19]. In the control group, 
sensitization and subsequent allergization of OVA caused 
persistent goblet cell hyperplasia. At the same time, there 
was a significant decrease in the expression of Muc5ac, a 
goblet cell marker in Ascl1- mutant mice. Changes in other 
cell populations (Clara cells, ciliated airway epithelial cells) 
were not observed. Thus, PNECs stimulate hyperplasia of 
the goblet cells and abnormal patterns of mucin secretion 
[30,31].

PNECs enhanced the development of eosinophilic 
infiltration and Th2 immune response in the airways of mice 
exposed to OVA, since Ascl1- mutant mice lacking PNECs 
had significantly less eosinophils, ILC2s, Th2 lymphocytes, 
as well as less expression of IL-5 and IL-13 after allergiza-
tion induced by OVA [33].

OVA-induced allergy resulted in an increased expres-
sion of various neuropeptides from PNECs such as Calca 
(encoding CGRP), chromogranin A (ChgA), neuropeptide Y 
(Npy) and the GABA neurotransmitter [19]. The role of GABA 
in the airways, as IL-13, is to enhance goblet cell hyperplasia 
and mucus overproduction [25,26]. In mice with reduced 
PNECs combined with OVA-induced allergy, the GABA 
level was significantly lower than that in the control group. 
There is no doubt that bronchial asthma patients have an 
increased number of PNECs in the airways [33].

However, studies have shown [34] that mast cell tryp-
tase stimulates the release of CGRP from afferent nerves 
in inflammation. CGRP receptors are expressed in multiple 
cell types of the immune system, including macrophages 
(TLR4). Activation of CGRP receptors in macrophages 
caused an increase in the cellular level of cAMP and 
activation of protein kinase A, followed by an increased 
secretion of IL-10. Thus, scientists have found that CGRP 
promotes the development of a regulatory phenotype in 
activated macrophages that has an anti-inflammatory effect 
in immune responses. CGRP is a mediator in neuroimmune 
interaction in the development of inflammation [35].

Therefore, the role of PNECs in the amplifying an 
allergic inflammatory response in the airways is currently de-
batable. On the one hand, PNEC-derived secretion of neuro-
peptides such as CGRP and GABA stimulates the ILC2s to 
produce type 2 cytokines IL-5 and IL-13 [20–22,31–34]. On 
the other hand, scientists postulated that CGRP activates 

TLR4 in M2 macrophages, providing an anti-inflammatory 
effect [35]. Though concerning the latter claim, scientific 
data and research results published in the modern scien-
tific literature cover studies on other systems and organs, 
rather than lungs [35,36]. Probably, the effect of CGRP and 
its implementation differ in organs and tissues, based on 
scientific papers available [29,36].

Thus, PNECs transmit signals directly to ILC2s, and 
together they form a neuroimmunological module for re-
ception and response to environmental stimuli that enter 
the airway [36]. A specific localization of these modules, 
namely, in places of airway bifurcations, is of great moment, 
which was established as early as in the embryonic period. 
Branch points of the airways are the prime sites to sample 
various chemoattractants. It is worth noting that PNECs 
are essential for protection against pathogens and lung 
damage [37].

Conclusions
1. PNEC together with the cells of the immune sys-

tem form a neuroimmunological module for responding 
to chemoattractants. The data on the role of pulmonary 
neuroendocrine cells in the airways allergic inflammation 
are still controversial in the literature, which necessitates 
further study of this issue.

2. The extreme importance of studying the histophysi-
ology of PNECs in health and pathology is clear since it will 
help to understand how their functions or the functions of 
neuropeptides and neurotransmitters secreted from them 
can be blocked for the effective and safe treatment of allergic 
airway diseases, including bronchial asthma.

3. A better understanding of the specific PNEC respons-
es to various effects on lung functions in normal conditions 
and in the pathogenesis of pulmonary diseases is a deter-
mining factor in the development of targeted therapeutic 
agents for pulmonary neuroendocrine system disorders.

Conflicts of interest: authors have no conflict of interest to declare. 
Конфлікт інтересів: відсутній.

Надійшла до редакції / Received: 06.12.2019 
Після доопрацювання / Revised: 14.02.2020 
Прийнято до друку / Accepted: 31.03.2020

Information about authors:
Popko S. S., MD, PhD, Assistant of the Department of Histology, 
Cytology and Embryology, Zaporizhzhia State Medical University, 
Ukraine.
ORCID ID: 0000-0002-5533-4556
Yevtushenko V. M., MD, PhD, DSc, Professor of the Department 
of Histology, Cytology and Embryology, Zaporizhzhia State Medical 
University, Ukraine.
Syrtsov V. K., MD, PhD, DSc, Professor, Head of the Department 
of Histology, Cytology and Embryology, Zaporizhzhia State Medical 
University, Ukraine.

Відомості про авторів:
Попко С. С., канд. мед. наук, доцент каф. гістології, цитології 
та ембріології, Запорізький державний медичний університет, 
Україна.
Євтушенко В. М., д-р мед. наук, професор каф. гістології, 
цитології та ембріології, Запорізький державний медичний 
університет, Україна.

Обзоры

http://orcid.org/0000-0002-5533-4556


573Zaporozhye medical journal. Volume 22. No. 4, July – August 2020 ISSN 2306-4145    http://zmj.zsmu.edu.ua

Сирцов В. К., д-р. мед. наук, професор, зав. каф. гістології, 
цитології та ембріології, Запорізький державний медичний 
університет, Україна.

Сведения об авторах:
Попко С. С., канд. мед. наук, доцент каф. гистологии, цитологии 
и эмбриологии, Запорожский государственный медицинский 
университет, Украина.
Евтушенко В. М., д-р мед. наук, профессор каф. гистологии, 
цитологии и эмбриологии, Запорожский государственный 
медицинский университет, Украина.
Сырцов В. К., д-р мед. наук, профессор, зав. каф. гистологии, 
цитологии, эмбриологии, Запорожский государственный 
медицинский университет, Украина.

References
[1] Garg, A., Sui, P., Verheyden, J. M., Young, L. R., & Sun, X. (2019). 

Consider the lung as a sensory organ: A tip from pulmonary neuro-
endocrine cells. Current topics in developmental biology, 132, 67-89. 
https://doi.org/10.1016/bs.ctdb.2018.12.002

[2] Kuo, C. S., & Krasnow, M. A. (2015). Formation of a Neurosensory 
Organ by Epithelial Cell Slithering. Cell, 163(2), 394-405. https://doi.
org/10.1016/j.cell.2015.09.021

[3] Noguchi, M., Sumiyama, K., & Morimoto, M. (2015). Directed Migration 
of Pulmonary Neuroendocrine Cells toward Airway Branches Organizes 
the Stereotypic Location of Neuroepithelial Bodies. Cell Reports, 13(12), 
2679-2686. https://doi.org/10.1016/j.celrep.2015.11.058

[4] Hockman, D., Burns, A. J., Schlosser, G., Gates, K. P., Jevans, B., 
Mongera, A., Fisher, S., Unlu, G., Knapik, E. W., Kaufman, C. K., Mosi-
mann, C., Zon, L. I., Lancman, J. J., Dong, P., Lickert, H., Tucker, A. S., 
& Baker, C. V. (2017). Evolution of the hypoxia-sensitive cells involved 
in amniote respiratory reflexes. ELife, 6, Article e21231. https://doi.
org/10.7554/elife.21231

[5] Tata, P. R., & Rajagopal, J. (2017). Plasticity in the lung: making and 
breaking cell identity. Development, 144(5), 755-766. https://doi.
org/10.1242/dev.143784

[6] de Jong, P. R., Takahashi, N., Peiris, M., Bertin, S., Lee, J., 
Gareau, M. G., Paniagua, A., Harris, A. R., Herdman, D. S., Corr, M., 
Blackshaw, L. A., & Raz, E. (2015). TRPM8 on mucosal sensory nerves 
regulates colitogenic responses by innate immune cells via CGRP. 
Mucosal immunology, 8(3), 491-504. https://doi.org/10.1038/mi.2014.82

[7] Gu, X., Karp, P. H., Brody, S. L., Pierce, R. A., Welsh, M. J., Holtz-
man, M. J., & Ben-Shahar, Y. (2014). Chemosensory Functions for 
Pulmonary Neuroendocrine Cells. American Journal of Respiratory 
Cell and Molecular Biology, 50(3), 637-646. https://doi.org/10.1165/
rcmb.2013-0199oc

[8] Kobayashi, Y., & Tata, P. R. (2018). Pulmonary Neuroendocrine Cells: 
Sensors and Sentinels of the Lung. Developmental Cell, 45(4), 425-426. 
https://doi.org/10.1016/j.devcel.2018.05.009

[9] Klein Wolterink, R., Pirzgalska, R. M., & Veiga-Fernandes, H. (2018). 
Neuroendocrine Cells Take Your Breath Away. Immunity, 49(1), 9-11. 
https://doi.org/10.1016/j.immuni.2018.06.010

[10] van den Brink, S. C., Sage, F., Vértesy, Á., Spanjaard, B., Peter-
son-Maduro, J., Baron, C. S., Robin, C., & van Oudenaarden, A. (2017). 
Single-cell sequencing reveals dissociation-induced gene expression 
in tissue subpopulations. Nature Methods, 14(10), 935-936. https://doi.
org/10.1038/nmeth.4437

[11] Yao, E., Lin, C., Wu, Q., Zhang, K., Song, H., & Chuang, P. -T. (2017). 
Notch Signaling Controls Transdifferentiation of Pulmonary Neuroen-
docrine Cells in Response to Lung Injury. Stem Cells, 36(3), 377-391. 
https://doi.org/10.1002/stem.2744

[12] Ouadah, Y., Rojas, E. R., Riordan, D. P., Capostagno, S., Kuo, C. S., 
& Krasnow, M. A. (2019). Rare Pulmonary Neuroendocrine Cells Are 
Stem Cells Regulated by Rb, p53, and Notch. Cell, 179(2), 403-416.
e23. https://doi.org/10.1016/j.cell.2019.09.010

[13] Meder, L., König, K., Ozretić, L., Schultheis, A. M., Ueckeroth, F., 
Ade, C. P., Albus, K., Boehm, D., Rommerscheidt-Fuss, U., Florin, A., 
Buhl, T., Hartmann, W., Wolf, J., Merkelbach-Bruse, S., Eilers, M., 
Perner, S., Heukamp, L. C., & Buettner, R. (2015). NOTCH, ASCL1, p53 
and RB alterations define an alternative pathway driving neuroendocrine 
and small cell lung carcinomas. International Journal of Cancer, 138(4), 
927-938. https://doi.org/10.1002/ijc.29835

[14] Lafkas, D., Shelton, A., Chiu, C., de Leon Boenig, G., Chen, Y., Stawic-
ki, S. S., Siltanen, C., Reichelt, M., Zhou, M., Wu, X., Eastham-An-
derson, J., Moore, H., Roose-Girma, M., Chinn, Y., Hang, J. Q., 
Warming, S., Egen, J., Lee, W. P., Austin, C., … Siebel, C. W. (2015). 
Therapeutic antibodies reveal Notch control of transdifferentiation in 
the adult lung. Nature, 528(7580), 127-131. https://doi.org/10.1038/
nature15715

[15] Tumanskyi, V. O., & Kovalenko, I. S. (2019). Rakovye stvolovye i 
mezenkhimal’nye stvolovye kletki v protokovoi adenokartsinome 
podzheludochnoi zhelezy [Cancer stem cells and mesenchymal stem 
cells in pancreatic ductal adenocarcinoma]. Pathologia, 16(1), 131-
138. https://doi.org/10.14739/2310-1237.2019.1.166476 [in Russian].

[16] Branchfield, K., Nantie, L., Verheyden, J. M., Sui, P., Wienhold, M. D., 
& Sun, X. (2016). Pulmonary neuroendocrine cells function as airway 
sensors to control lung immune response. Science, 351(6274), 707-
710. https://doi.org/10.1126/science.aad7969

[17] Baudarbekova, M. M. (2019). Immunohistochemical study of neoan-
giogenesis markers in squamous cell lung cancer. Pathologia, 16(2), 
164-169. https://doi.org/10.14739/2310-1237.2019.2.177090

[18] Veiga-Fernandes, H., & Artis, D. (2018). Neuronal-immune system 
cross-talk in homeostasis. Science, 359(6383), 1465-1466. https://doi.
org/10.1126/science.aap9598

[19] Sui, P., Wiesner, D. L., Xu, J., Zhang, Y., Lee, J., Van Dyken, S., 
Lashua, A., Yu, C., Klein, B. S., Locksley, R. M., Deutsch, G., & 
Sun, X. (2018). Pulmonary neuroendocrine cells amplify allergic 
asthma responses. Science, 360(6393), Article eaan8546. https://doi.
org/10.1126/science.aan8546

[20] Klose, C. S., & Artis, D. (2016). Innate lymphoid cells as regulators of 
immunity, inflammation and tissue homeostasis. Nature Immunology, 
17(7), 765-774. https://doi.org/10.1038/ni.3489

[21] Klose, C., Mahlakõiv, T., Moeller, J. B., Rankin, L. C., Flamar, A. L., 
Kabata, H., Monticelli, L. A., Moriyama, S., Putzel, G. G., Rakhilin, N., 
Shen, X., Kostenis, E., König, G. M., Senda, T., Carpenter, D., Far-
ber, D. L., & Artis, D. (2017). The neuropeptide neuromedin U stimulates 
innate lymphoid cells and type 2 inflammation. Nature, 549(7671), 
282-286. https://doi.org/10.1038/nature23676

[22] Wallrapp, A., Riesenfeld, S. J., Burkett, P. R., Abdulnour, R. E., 
Nyman, J., Dionne, D., Hofree, M., Cuoco, M. S., Rodman, C., Fa-
rouq, D., Haas, B. J., Tickle, T. L., Trombetta, J. J., Baral, P., Klose, C., 
Mahlakõiv, T., Artis, D., Rozenblatt-Rosen, O., Chiu, I. M., Levy, B. D., 
… Kuchroo, V. K. (2017). The neuropeptide NMU amplifies ILC2-driven 
allergic lung inflammation. Nature, 549(7672), 351-356. https://doi.
org/10.1038/nature24029

[23] Li, S., Koziol-White, C., Jude, J., Jiang, M., Zhao, H., Cao, G., Yoo, E., 
Jester, W., Morley, M. P., Zhou, S., Wang, Y., Lu, M. M., Panettieri, R. A., 
Jr, & Morrisey, E. E. (2016). Epithelium-generated neuropeptide Y 
induces smooth muscle contraction to promote airway hyperrespon-
siveness. The Journal of clinical investigation, 126(5), 1978-1982. 
https://doi.org/10.1172/JCI81389

[24] Löser, S., & Maizels, R. M. (2018). Immunology: The Neuronal Pathway 
to Mucosal Immunity. Current Biology, 28(1), R33-R36. https://doi.
org/10.1016/j.cub.2017.11.025

[25] Barrios, J., Patel, K. R., Aven, L., Achey, R., Minns, M. S., Lee, Y., 
Trinkaus-Randall, V. E., & Ai, X. (2017). Early life allergen-induced 
mucus overproduction requires augmented neural stimulation of 
pulmonary neuroendocrine cell secretion. The FASEB Journal, 31(9), 
4117-4128. https://doi.org/10.1096/fj.201700115r

[26] Barrios, J., Kho, A. T., Aven, L., Mitchel, J. A., Park, J. -A., Randell, S. H., 
Miller, L. A., Tantisira, K. G., & Ai, X. (2019). Pulmonary Neuroendocrine 
Cells Secrete γ-Aminobutyric Acid to Induce Goblet Cell Hyperplasia in 
Primate Models. American Journal of Respiratory Cell and Molecular 
Biology, 60(6), 687-694. https://doi.org/10.1165/rcmb.2018-0179oc

[27] Huang, Y., Guo, L., Qiu, J., Chen, X., Hu-Li, J., Siebenlist, U., William-
son, P. R., Urban, J. F., Jr, & Paul, W. E. (2015). IL-25-responsive, 
lineage-negative KLRG1(hi) cells are multipotential ‘inflammatory’ type 
2 innate lymphoid cells. Nature immunology, 16(2), 161-169. https://
doi.org/10.1038/ni.3078

[28] Molofsky, A. B., Savage, A. K., & Locksley, R. M. (2015). Interleukin-33 
in Tissue Homeostasis, Injury, and Inflammation. Immunity, 42(6), 1005-
1019. https://doi.org/10.1016/j.immuni.2015.06.006

[29] Mason, B. N., Kaiser, E. A., Kuburas, A., Loomis, M. M., Latham, J. A., 
Garcia-Martinez, L. F., & Russo, A. F. (2016). Induction of Migraine-Like 
Photophobic Behavior in Mice by Both Peripheral and Central CGRP 
Mechanisms. Journal of Neuroscience, 37(1), 204-216. https://doi.
org/10.1523/jneurosci.2967-16.2016

[30] Moro, K., Kabata, H., Tanabe, M., Koga, S., Takeno, N., Mochizuki, M., 
Fukunaga, K., Asano, K., Betsuyaku, T., & Koyasu, S. (2015). Interferon 
and IL-27 antagonize the function of group 2 innate lymphoid cells and 
type 2 innate immune responses. Nature Immunology, 17(1), 76-86. 
https://doi.org/10.1038/ni.3309

[31] Vázquez, Y., González, L., Noguera, L., González, P. A., Riedel, C. A., 
Bertrand, P., & Bueno, S. M. (2019). Cytokines in the Respiratory Airway 
as Biomarkers of Severity and Prognosis for Respiratory Syncytial Virus 
Infection: An Update. Frontiers in immunology, 10, Article 1154. https://
doi.org/10.3389/fimmu.2019.01154

[32] Mitchel, J. A., Antoniak, S., Lee, J. -H., Kim, S. -H., McGill, M., Ka-
sahara, D. I., Randell, S. H., Israel, E., Shore, S. A., Mackman, N., 
& Park, J. -A. (2016). IL-13 Augments Compressive Stress–Induced 
Tissue Factor Expression in Human Airway Epithelial Cells. American 

Review

https://doi.org/10.1016/bs.ctdb.2018.12.002
https://doi.org/10.1016/j.cell.2015.09.021
https://doi.org/10.1016/j.cell.2015.09.021
https://doi.org/10.1016/j.celrep.2015.11.058
https://doi.org/10.7554/elife.21231
https://doi.org/10.7554/elife.21231
https://doi.org/10.1242/dev.143784
https://doi.org/10.1242/dev.143784
https://doi.org/10.1038/mi.2014.82
https://doi.org/10.1165/rcmb.2013-0199oc
https://doi.org/10.1165/rcmb.2013-0199oc
https://doi.org/10.1016/j.devcel.2018.05.009
https://doi.org/10.1016/j.immuni.2018.06.010
https://doi.org/10.1038/nmeth.4437
https://doi.org/10.1038/nmeth.4437
https://doi.org/10.1002/stem.2744
https://doi.org/10.1016/j.cell.2019.09.010
https://doi.org/10.1002/ijc.29835
https://doi.org/10.1038/nature15715
https://doi.org/10.1038/nature15715
https://doi.org/10.14739/2310-1237.2019.1.166476
https://doi.org/10.1126/science.aad7969
https://doi.org/10.14739/2310-1237.2019.2.177090
https://doi.org/10.1126/science.aap9598
https://doi.org/10.1126/science.aap9598
https://doi.org/10.1126/science.aan8546
https://doi.org/10.1126/science.aan8546
https://doi.org/10.1038/ni.3489
https://doi.org/10.1038/nature23676
https://doi.org/10.1038/nature24029
https://doi.org/10.1038/nature24029
https://doi.org/10.1172/JCI81389
https://doi.org/10.1096/fj.201700115r
https://doi.org/10.1165/rcmb.2018-0179oc
https://doi.org/10.1038/ni.3078
https://doi.org/10.1038/ni.3078
https://doi.org/10.1016/j.immuni.2015.06.006
https://doi.org/10.1038/ni.3309
https://doi.org/10.3389/fimmu.2019.01154
https://doi.org/10.3389/fimmu.2019.01154


Запорожский медицинский журнал. Том 22, № 4(121), июль – август 2020 г.ISSN 2306-4145    http://zmj.zsmu.edu.ua574

Journal of Respiratory Cell and Molecular Biology, 54(4), 524-531. 
https://doi.org/10.1165/rcmb.2015-0252oc

[33] Lambrecht, B. N., & Hammad, H. (2015). The immunology of asthma. 
Nature Immunology, 16(1), 45-56. https://doi.org/10.1038/ni.3049

[34] Schuster, N. M., & Rapoport, A. M. (2017). Calcitonin Gene-Related 
Peptide-Targeted Therapies for Migraine and Cluster Headache: 
A Review. Clinical neuropharmacology, 40(4), 169-174. https://doi.
org/10.1097/WNF.0000000000000227

[35] Liao, C. -F., Chen, C. -C., Lu, Y. -W., Yao, C. -H., Lin, J. -H., Way, T. -D., 
Yang, T. -Y., & Chen, Y. -S. (2019). Effects of endogenous inflammation 
signals elicited by nerve growth factor, interferon-γ, and interleukin-4 
on peripheral nerve regeneration. Journal of Biological Engineering, 
13, Article 86. https://doi.org/10.1186/s13036-019-0216-x

[36] Hrebniak, M. P., & Fedorchenko, R. A. (2019). Influence of industrial 
atmospheric pollution on the development of pathology of respiratory 
organs. Pathologia, 16(1), 81-86. https://doi.org/10.14739/2310-
1237.2019.1.166314

[37] Popko, S. S., Evtushenko, V. M., & Syrtsov, V. K. (2019). Neiroendokryn-
na systema lehen: suchasnyi stan ta perspektyvy podalshykh doslid-
zhen (ohliad literatury) [Lung neuroendocrine system: current state 
and prospects for further research (review of literature)]. Bukovynskyi 
medychnyi visnyk, 23(3), 131-137. https://doi.org/10.24061/2413-0737.
XXIII.3.91.2019.73 [in Ukrainian].

Обзоры

https://doi.org/10.1165/rcmb.2015-0252oc
https://doi.org/10.1038/ni.3049
https://doi.org/10.1097/WNF.0000000000000227
https://doi.org/10.1097/WNF.0000000000000227
https://doi.org/10.1186/s13036-019-0216-x
https://doi.org/10.14739/2310-1237.2019.1.166314
https://doi.org/10.14739/2310-1237.2019.1.166314
https://doi.org/10.24061/2413-0737.XXIII.3.91.2019.73
https://doi.org/10.24061/2413-0737.XXIII.3.91.2019.73

	20_517-19_Popko_Yevtushenko_et_all
	Article info
	UDC
	DOI
	Key words
	E-mail

	Abstract
	Abstract_UA
	Abstract_RU

	Background
	Aim
	Review
	Conclusions
	Conflicts of interest
	Information about authors
	Відомості про авторів
	Сведения об авторах

	References

	Figures
	Fig. 1. Schematic presentation of the involvement of pulmonary neuroendocrine cells in the initiation of airways allergic inflammation (from the work of G. J. Roel et al., 2018 [9]).

	_tytul_zmj_2020-04.pdf
	Запорожский медицинский журнал. Том 22, № 4 (121), июль – август 2020 г.
	Редакционная коллегия
	Адрес редакции и издателя

	Zaporozhye Medical Journal. Volume 22, No. 4, July – August 2020
	Editorial Board



