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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 y-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.

BnAuB AMXaAbHUX HEPOEHAOKPUHOLUTIB Ha rOMeocTas3 AereHb

C. C. Monko, B. M. €sTywueHko, B. K. Cupuos

[vxanbHi HerpoeHpokpuHounTy (OH) — yHikanbHa kniTHHA nonynsuis, WO BUSIBMEHA Ha BCiX PIBHAX B eNiTENii AyxarnbHuX LWs-
xis (OLL), rictodpisionoria sikoi goTenep HegoCTaTHLO BUBYEHA. 3 OrMsAy Ha ii BaXMBY posib SIK OAHOTO 3 OCHOBHWX PErynsTopiB
npoLieciB AUXaHHS Ta rOMEOCTa3y OpraHiamy, ii BUBYEHHS € OAHWM 3 aKTyarbHVX 3aBAaHb MEAULIMHU.

BignosigHo go MixHapoaHOi HOMeHKNaTypy 3 LUTONOrii Ta ricTonorii nioauHn, ska popobneHa degepaTtMBHUM MiKHApPOSHUM
komiTeTom 3 aHatomiuHoi TepmiHonorii (FICAT) asropamu Wolters Kluwer i Lippincott Williams & Wilkins (2008), wi knituHm Haaw-
BaKOTbCS AMXarnbHAMM HENPOEHOOKPUHHUMM KNiTUHAMU (y Tpaxei) abo AnxanbHUMKU eHAOKPUHHUMM KNiTHamMu (y BpoHxiansHOMY
nepesi). OgHak Ui KNiTUHM ONMCaHi B CyyacHil MiKHapOAHIN HayKoBil NiTepaTypi Sk NereHesi HeMPOEHAOKPUHHI KNITUHM.

MeTa poboTu — aHania gaHux Cy4acHoi HaykoBOI NiTepaTypy Npo BNIVB AUXamnbHUX EHOOKPUHOLMTIB HA rOMeOCTa3 fereHb y
HOPMi Ta NaTonorii.

[H Ta ixHi knacTepy — HelipoeniTenianbHi Tina, AiloTb sk hakTopu perynsuii pocTy i 403piBaHHS NereHb B eMopioreHesi 3 JonoMoroo
CekpeLlii CEPOTOHiHY | raCTPUH-PUMI3MHT FOPMOHA. Y NOCTHaTanbHOMY OHTOreHesi NpoayKTK cekpedlii [IH — aminv Ta HeviponenTuam
XapaKTepu3yrThCs y4acTio B PIBHOMAaHITHUX isionorivHX i naTonoriYHnx npotiecax y nerexsix. [iH y HopMi 3AiACHIO0TL Herpory-
MOparnbHWIA KOHTPOIb TOHYCY FNaaKX MIOLWMTIB CyaUH | NOBITPOHOCHMX LUNSAXIB, AitoTb Sk NepudepryHi XeMOpeLEenTopy, a Takox
6epyTb yyacTb y perynauii knitTuHHoI nponicbepallii, AndepeHLitoBaHHi, perynsuii npogykuii cnuay auxansHum eniteniem. Mpu
nowkogxeHHi JLL 3natHi 4o TpaHcandepeHLitoBaHHS 3a JONOMOro curHanbHoro wnsxy Notch i nonoBHoTE nonynsii iHLLMX
KNITUHHUX TUNIB AnxanbHoro enitenito. [IH 3aiNCHIONTL HEnpoiMyHOMOAYMOBANbHUIA BB LUMSIXOM CEKpeLlii HeiponenTuais i
HeyipoTpaHCMITepiB, ki nocuniooTb 3ananeHy peakuito [LU Ha anepren. Micns aii aneprey [H akTuByoTh ypomxkeHi NimdoigHi
KNiTUHY 2 TUNY 3a JOMOMOTOK HeliponenTuaa, acoLinoBaHOro 3 reHoM kanbumtoHiHy CGRP, siki npogyKytoTb LUUTOKIHK 2 Tuny
IN-5i171-13, y Takmi cnocib cnpuumHsum possuTok aneprivyHoi peakuii ALLU. BogHouac E BUAINstoTb HEMPOTPaAHCMITEp — Y-aMiHO-
macnsHy kuenoty FAMK, sika Baaemogie 3 I/1-13 gns aktveaii cekpevii cnmay kenuxonogioHumm knituHamu. BpomkeHi nimdpoiaHi
KNiTUHY 2 TUNY NPOBOKYKOTL €03MHOMDINBHE 3ananeHHs Ta rinepyytnmeictb ALU. HepasHi gocnimkeHHs nokasanw, Wo BpOmKeHi
NiMOIZHI KNITUHK 2 TUMY TaKOX CTUMYITIOOTL PO3BUTOK Th2-iMyHHOI Bignogiai. Omxe, CGRP i TAMK € knto4oBuMm npogykTamm
cekpedii H, wo ctumyniotoTb Th2-iMyHHY BiANOBIab Y NereHsx.
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BucHoBku. [IH pa3om i3 KniTmHamm iMyHHOT CUCTEMM YTBOPIOKOTb HEMPOIMYHOMOTYHMIA MOAYNb ANs peLenLii Ta pearyBaHHs
Ha nogpasHukv foskinns. faxi npo ponb [AH y po3suTky anepriyHoro 3ananerHs ALy dpaxosin nitepatypi gotenep Heop-
HO3HaYHi, LU0 3yMOBIIHOE HEOOXIAHICTb AanbLIOro BUBYEHHS Mpobnemu.

BAusiHWe AbIXaTeAbHbIX HEUPO3HAOKPUHOLMTOB Ha FOMEOoCTa3 Aerkux KnioueBble croBa:

HEeNPO3HAOKPUHHbIE
C. C. Monko, B. M. EBTywweHko, B. K. CbipuoB KNETKM,

o AbIXaT€AbHblE MYTH,
ﬂblxaTeﬂbeIevHeMpOC-)H,ElOKpI/IHOLlVITbI (OH) - yHYKanbHas KIeTouHas NoNyNALWS, BbISBNIEHHAs Ha BCEX YPOBHSAX B SMUTENMU AbIXA-  apnepriveckoe
TenbHbIx yTeit (AI), rcTochmamnonorsi KOTOpoi A0 CIX NOp MNOXO U3yyeHa. YuuTbIBasi €e BaxHYHO Porb Kak OAHOTO U3 OCHOBHBIX  gocnaneHie,
perynsTopoB NPOLECCOB AbIXaHUs 1 FOMeocTasa opraHnama, ee U3yveHne SBNAEeTCs OAHOM U3 akTyanbHbIX 3a4a4 MeULMHBI. BPOXAEHHbIE
CornacHo MexayHapoaHoil HOMEHKITaTYpe M0 LTOMONAM U TUCTONONM YerioBeka, paspaboTaHHoil defepaTuBHLIM MEXayHapoa-  AMMGOMAHbIE

KAETKM, NEMTHA,
CBSI3aHHbIM C reHOM

HbIM KOMUTETOM N0 aHaToMuyeckoin TepmuHonorim (FICAT) asTopamu Wolters Kluwer u Lippincott Williams & Wilkins (2008), atu
KIETKW Ha3bIBAOTCS AbIXaTeNbHbIMW HEPOSHAOKPUHHBIMU KIeTKamm (B Tpaxee) Unu AbixaTenbHbIMU SHAOKPUHHBIMU KIeTkamu

(B GpoHxuarnbHoM fepese). OnHaKo 3TW KNETKM OMncaHbl B COBPEMEHHOM MEXYHapOHON Hay4HOM NNTEpaType Kak feroyHble  KaAbLMTOHWHE,
HEMPO3HAOKPUHHBIE KNETKN. Y-aMUHoMacAAHas
. " KucAOTa.
Lenb paboThbl — aHanma AaHHbIX COBPEMEHHOM Hay4HOM NIMTEPATYPbI O BINAHIM [bIXaTellbHbIX 9HLOKPUHOLMTOB Ha roMeocTas
TIETKNX B HOPME W Natosoruu. )
3anopoxckuu

[H v nx knacTepbl — HelipoanuTenuanbHble Tena, AeCTBYIOT kak (hakTopbl perynsLym pocTa 1 Co3peBaHus nerkux B aMbpuoreHese
C MOMOLLBIO BbIAENseMbIX MU CEPOTOHWHA W FraCTPUH-PUNN3NHT TOPMOHA. B NOCTHaTanbHOM OHTOreHe3e NPOoaYKThI CekpeLmmn
[OH — amunHbI 1 HeliponenTuabl XapaKTEpPU3YKTCS y4acTMeM B pasHo0OpasHbix (13MNONOrMyeckmx 1 Natonornyeckux npoLeccax B
nerkux. [1H B HOpMe OCyLLECTBASIOT HENPOryMOparbHbIi KOHTPOMb TOHYCA raaKMX MUOLMTOB COCYA0B 1 BO3LYXOHOCHbIX MyTEN,
[eNCTBYIOT Kak nepudepuyeckme XeMopeLEenTopsl, a Takke NPUHAMAIOT y4acTe B KNETOYHON nponudepanm, auddepeHum-
POBKeE, perynsuuy NpoayKLUMUM CIvan pecnpatopHbiM anutenuem. Mpu nospexaeHun [ cnocobHbl k TpaHcantdhepeHLmpoBke
C NOMOLLbH0 curHanbHoro nyTv Notch 1 NONonHST NONyNALMM APYrX KNETOYHbIX TUMOB AblxaTenbHoro anuTtenus. [IH okasbizatoT
HeNpOVMMYHOMOAYNMpYIOLLEe AeiCTBUE MYTEM CEKPELMI HENPONenTIAOB 1 HENPOTPAHCMUTTEPOB, KOTOPbIE NOAAEPKMBAIOT U
ycunueatoT BocnanutenbsHyto peakuyto [N Ha annepren. Mpu Bo3gencTeum annepreHa [JH aktusupytoT BpoXaeHHbIe nmdo-
UaHbIE KNEeTKM 2 TUNa ¢ NOMOLLbIO HeMponenTiaa, CBA3aHHOTO C reHoM KanbLmuToHuHa CGRP, koTopble NpoayLmMpyoT LMTOKMHBI
2 tna WJ1-5 n UN-13, Tem cambim cnocobCTBYS pasBUTMIO annepryeckoi BocnanutensHon peakumm [N, OaHOBpeMeHHO Bbl-
fensiemblit [IH HerpoTpaHcmMmuTTEp — y-amuHomacnsHas kucnota FAMK — B3anmogencTsyet ¢ UIT-13 gns aktueaumm cekpeLmm
cnu3n 6okarnoBuaHbLIMK KneTkamn. BpoxaeHHble numdonaHble KNneTku 2 Tuna NpoBOLMPYIOT 303MHOMIBHOE BOCNaneHue u
runepuyBcTBuTENLHOCTL [N, HeaasHMe uccnenosaHus nokasanu, YTo BpOXAEHHbIE MMMAOUAHbIE KIETKM 2 TUMa Takke CTUMY-
nupytoT passutue Th2-ummyHHoro oteeTta. Takum obpasom, CGRP u FTAMK siBnsitoTcs KnioueBbIMI NpogyKTammu cexkpeummn OH,
CTUMYNMPYOLLMMN Th2-IMMYHHBIA OTBET B NETKKX.

MEAULIMHCKHI XYPHaA.
2020. T. 22, Ne 4(121).
C. 568-574

BbiBogbl. [1H BMeCTe ¢ kneTkamu UMMYHHOW CUCTEMbI 0Bpa3yoT HEMPOUMMYHOMOMMYECKMA MOZYNb ANs peLenuun u pe-
arypoBaHusl Ha pasapaxuTeny oKpyxatowe cpedpbl. daHHble o ponv [IH B passutum annepruyeckoro Bocnanexus Al B
nuTepaType noka HeogHO3HaYHbI, YTO 0DYCNOBNMBAET HEOOXOANMOCTb AarnbHENLLErO N3y4YeHns JaHHON Npobnemsbl.

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
(inthe 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
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endodermal source of development. During embryonic
development, undergoing certain epithelial-mesenchymal
transitions, PNECs migrate and form clusters of 2040 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

ISSN 2306-4145  http://zmj.zsmu.edu.ua 569



0630pbI

ISSN 2306-4145  http://zmj.zsmu.edu.ua

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,
chronic 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].
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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.
Itis 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 y-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, etal. (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. Itis 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-
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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]).

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. Vazquez, 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 Th, into Th, inducing a
Th, immune response [32]. Thus, CGRP and GABAare 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-
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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 theirinvolvement 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 Mucbac, 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
inimmune 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. Abetter 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.
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