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Abstract. Lung development is a multi-stage process that results in the formation of a morphologically and functionally
complex structure. Knowledge of the features of respiratory diverticulum derivatives is of particular importance in
connection with quite common respiratory diseases that may be associated with a violation of the process of their
intrauterine development. Congenital malformations of the lungs (CLM) occur with a frequency of 0.87-1.02 per
10,000 newborns. The level of disruption of the tracheobronchial tree and the timing (gestational age) of embryological
damage correlate with the type of lesion and are manifested by a violation of bronchial branching and alveolar formation.
The success of prenatal screening has provided evidence that the prevalence of CLM is higher than previously
thought. The problem of premature birth, which results in 5-10% of all pregnancies, deserves close attention, since
respiratory disorders are very common in premature babies. In this situation, it is very important to assess the degree
of differentiation of all components of the lungs and, first of all, the respiratory tract, which is formed in the second half
of pregnancy. Currently, there are studies explaining some of the molecular and cellular mechanisms underlying such
critical processes as bronchial branching morphogenesis, vascular development, and differentiation of multipotent
progenitor cell populations. The data obtained show that lung development is controlled by a cascade of signaling
pathways that are regulated by sequential gene expression. Nevertheless, there are many gaps that need to be filled
in order to understand respiratory disorders, birth defects in newborns, and how disruption of morphogenetic programs
in the early stages of lung development can lead to changes that persist throughout life.

Keywords: lung development, congenital malformations of the lungs, premature babies, respiratory disorders, stages of development
of the respiratory system, respiratory diverticulum, respiratory buds, dichotomous branches, critical periods
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Pestome. Pa3sutie nerkux npeactaenset cobon MHOrOCTyneHYaThlil NpoLece, B pesynsraTte KoToporo hopMupyeTcs
CNOXHas ¢ MOpPgonornyeckon n YyHKLMOHANBHO TOYeK 3peHnst CTpYKTypa. 3HaHue 0coBEeHHOCTEN NPOU3BOAHbIX
pecnupaTopHOro ANBEPTUKYNa nMeeT 0cob0e 3HaueHne B CBA3N C 4OBOMBHO YaCcTo BCTpeYatLwmmmucs 3abonesaHnsmu
OpraHoB AblXaHus, KOTOpble MOTYT BbITb CBA3AHbI C HAPYLLIEHWeM NpoLEecca UX BHYTPUYTPOBHOTO pasBuTHS. YpoBEHb
HapyLeHus TpaxeobpoHXManbHOro AepeBa 1 CPOKM (reCTauMOoHHbIA BO3pacT) aMBPMONIOrMYeCKOro NoBpexXaeHNs
KOPPENUpYIoT C TUMOM NOPaXeHWUs U NPOSIBNSIOTCS HapyLWEeHWeM BETBNEHNS BPOHXOB 1 06pa3oBaHNs anbBeor.
Ycnexu B npoBeAeHN AOPOA0OBOr0 CKPUHWHIA NO3BONUIM NONYYNTb A0Ka3aTeNbCTBA TOF0, YTO PACNpPOCTPAHEHHOCTb
BPOXAEHHbIX MOPOKOB pa3suTus nerkux (BIMPJ1) Bbiwe, yem cuntanocs paHee. MpuctanbHOr0 BHUMaHWS 3aciyxuBaeTt
1 npobnema npexaeBpeMeHHbIX POLOB, NOCKOMbKY Y HEAOHOLLEHHbIX AeTel O4eHb pacnpoCTpaHeHbl pecnupaTop-
Hble pacCTpoiCcTBa. B aToM cuTyaLuum BaxXHO OLeHUBaTL CTENeHb AnddepeHLNPOBKM BCEX KOMNOHEHTOB NErkux, u
B NepByio 0Yepesb PECNNPATOPHOrO 0TAeNa, hOPMUPYIOLLErOCs BO BTOPOM NofoBrHe 6epeMeHHoCTW. B HacToswwee
BpeMsi UMetTCs UccnefoBaHuns, 06 bACHAKLLNE HEKOTOPbIE MONMEKYNIAPHbIE U KNETOYHbIE MEXaHU3MbI, Nexalyue B
OCHOBE TaKWX KPUTUYECKMX NPOLLECCOB, kak MOpdoreHe3 BETBNEHMS BPOHXOB, pa3BUTME COCYOOB U ANthdEpPEHLMpOBKa
MYNbTUNOTEHTHBIX MONYNSALWA KNETOK-NpeaLecTBeHHUL,. MonyYeHHble JaHHbIe NOKa3blBaOT, YTO Pa3BUTHE NETKUX
KOHTPONIMPYETCS KackaZoM CUrHamnbHbIX NyTel, KOTOpble perynupytTcs nocnesoBaTeNibHON aKCnpeccuei reHoB.
Tem He MeHee ocTaeTcst MHOro NpobenoB, 3anosiHeHne KOTOpbIX He0BX0ANMO ANS NOHUMAHWS AbIXaTenbHbIX pac-
CTPOWUCTB, BPOXKAEHHbBIX LEMEKTOB Y HOBOPOKAEHHbIX LETEN U TOFO, KaK HapyLLeHne MoOpMOreHeTUYeCKNX NporpaMm
Ha paHHUX CTagusx pa3BUTMS NErKUX MOXKET NPUBECTU K U3MEHEHUSM, COXPAHAIOLMMCS HA NPOTSKEHUN BCEN XU3HU.

KnioueBble cno.a: pas3BuUTHE Nerkux, BpoXAeHHbIEe MNOPOKN pa3BUTUA NErknx, HeAOHOLWEHHbIe AEeTH, AblXaTeNlbHble paccrpoﬂcma,
cTaguu pas3sBuTuna [bIXaTeIbHON CUCTEMBI, pechpaToprm ONBEPTUKYN, NeroYyHble NOYKK, ANXOTOMUYECKME BETBIEHUA,
KpnuTn4eckmne nepunoabl
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INTRODUCTION

While developing, the human respiratory system goes
through several consecutive, interconnected stages. The di-
vision into these stages is arbitrary and may vary slightly
among different authors, since the processes of embryo-
genesis are continuous, and any periodization is somewhat
subjective [1]. For example, a number of researchers distin-
guish four stages: embryonic, pseudoglandular, canalicular,
and saccular, while other authors distinguish five stages,
additionally identifying the alveolar stage — the period from
32 to 36 weeks of intrauterine development to 8 years of
age, during which the formation of new alveoli continues.
In addition, the stages may overlap due to the length of the
respiratory tract, since the development of its proximal and
distal sections does not coincide in time [2, 3].

1. Embryonic stage (from the 4™ to the 6™ week of in-
trauterine life).

The development of the bronchial tree organs begins in
the 4th week of intrauterine life, when the embryo is approxi-
mately 4.5 mm long. At this time, a protrusion appears on the
ventral wall of the pharyngeal intestine. It is called the respira-
tory diverticulum. This rudiment has an irregular shape with a
narrowed upper pole (Fig. 1). It is separated from the anterior
intestine by two esophagotracheal ridges. Mesenchymal cells
are relatively compactly arranged around this primordium.
The esophagotracheal ridges converge, and the respiratory
diverticulum separates from the pharyngeal intestine (Fig. 2).

The diverticulum forms two protrusions in embryos
4-6 mm long (on the 28th day of intrauterine development) —
lung buds, which are epithelial primordia of the main bronchi,
followed by secondary buds — 3 on the right and 2 on the left.
These rudiments grow and branch dichotomously, forming
the epithelium of the bronchi, bronchioles, alveoli, and glands
located in the wall of some bronchi. A series of branches,
beginning in the embryonic period, continues throughout in-
trauterine life and after birth until the age of 8 [5]. Since the
wall of the pharyngeal intestine, from which the respiratory
diverticulum originates, is represented by the endoderm, the
epithelium of the respiratory tract organs is of endodermal
origin. The absence of external signs of division of the lung
primordium into lobes, while the bronchial tree has already
begun to develop, is regarded by some authors as evidence
that endodermal derivatives are ahead of mesenchymal ones
and play a leading role in the formation of the lungs.

However, the appearance of the respiratory diverticulum
and the early morphogenesis of respiratory tract branching
are associated with a local increase in the concentration of
retinoic acid, which is produced by adjacent mesenchymal
cells. High retinoic acid content, in turn, triggers the expres-
sion of the TBX4 transcription factor gene in the epithelial

cells lining the pharyngeal gut in the area where the respira-
tory diverticulum begins to grow. TBX4 induces the growth
of the diverticulum itself, its further branching and differen-
tiation [1, 6]. The main stimulator of epithelial tube growth
is fibroblast growth factor 10 (FGF-10), which is produced
by mesenchymal cells at the tip of the growing bud. It stimu-
lates proliferation of epithelial cells and sets a specific direc-
tion of growth, which proceeds in the direction correspon-
ding to the maximum concentration of FGF-10 [7].
Branching is initiated by the protein BMP-4, synthesized
by epithelial cells of the distal parts of the bronchial tree.
The secretion of this protein inhibits epithelial cell prolifera-
tion. In addition, epithelial cells of the respiratory tract produce
SHH protein, which affects the mesenchyme by suppressing
its ability to secrete FGF-10 and increasing its proliferative
activity [7]. Thus, the growth of epithelial tubes is inhibited at
the branching sites, and the differentiation of mesenchymal
derivatives in their walls begins. Increased proliferative acti-
vity of epithelial cells is observed in the bud area, while it is

Embryo of approximately 25 days’ gestation (a). Showing
the relation of the respiratory diverticulum to the
heart, stomach, and liver: 1 — heart; 2 — vitelline duct;
3 —allantois; 4 — cloacal membrane; 5 — respiratory
diverticulum; 6 — stomach; 7 — liver bud; 8 — duodenum;
9 — midgut; 10 — hindgut. Sagittal section through the
cephalic end of a 5-week embryo showing the openings of
the pharyngeal pouches and the laryngotracheal orifice (b):
1 — openings of pharyngeal pouches; 2 — attachment of
buccopharyngeal membrane; 3 —respiratory diverticulum;
4 — laryngotracheal orifice [4]

3apopbiw npumepHo 25 cytok pa3sutusa (a). MNokasaHo
pacnonoxeHue pPecnMpaTopHOro AWBEPTUKYNa OTHOCH-
TeNbHO cepAua, Xenyaka u neyenu: 1 — cepaue; 2 — xen-
TOYHbIN NPOTOK; 3 — annaHTouc; 4 — KnoakanbHas MeM-
OpaHa; 5 — pecnupaTopHbIi AUBEPTUKYN; 6 — XKenypok;
7 — neyeHOYHas NoYkKa; 8 — ABeHagLATUNEPCTHAA KULLKA;
9 — cpepHAs kuwka; 10 — 3aaHAA Kuwka. CaruTTanbHbIi
pa3pe3 yepe3 ronoBHOI KOHel 5-HefenbHOro 3apoAblia,
NoKa3bIBaKOLWMIt MECTO OTKPLITUS TMOTOYHbIX KAPMaHOB U
ropTaHHo-TpaxeanbHoe oTBepcTue (6): 1 — MecTo OTKpbI-
TUA TNOTOYHbIX KAPMaAHOB; 2 — MECTO NPUKPENJIeHMS Liey-
HO-FNIOTOYHON MeMbpaHbl; 3 — pecnmpaTopHbIi AMBEPTH-
Kyn; 4 — ropTaHHoO-TpaxeanbHoe oTBepcTue [4]

Puc. 1.
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Successive stages in the development of the tracheoesophageal septum during the fourth and fifth weeks. Lateral views of the
caudal part of the primordial pharynx showing the laryngotracheal diverticulum and partitioning of the foregut into the esophagus
and laryngotracheal tube (a-c). Transverse sections illustrating formation of the tracheoesophageal septum and showing how it
separates the foregut into the laryngotracheal tube and esophagus. The arrows indicate cellular changes resulting from growth
(d-f). a: 1 — endoderm; 2 — primordial pharynx; 3 — laryngotracheal opening; 4 — splanchnic mesoderm; 5 — level of section;
6 — laryngotracheal diverticulum; b: 1 — esophagus; 2 — respiratory bud; 3 — level section e; ¢: 1 — primordial laryngeal;
2 — laryngotracheal tube; 3 — level of section f; 4 — primary bronchial buds; d: 1 — pharynx; 2 — tracheoesophagea fold; 3 —
primary primordium of laryngotracheal tube; 4 — groove; e: 1 — folds fuse; 2 — tracheoesophageal septum; f: 1 — esophagus;
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Fig. 2.
2 — laryngotracheal tubex [3]
Puc. 2.

MNocnepoBatensHble cTaguu hopmmpoBaHus 33odharoTpaxeanbHoW neperopoaku Ha 4-5-i Hegene pa3BuTusi. Buabl c6oky kay-
JanbHOro oTAena 3ayartka noTku, NoKasbiBalowWwme ropTaHHO-TpaxeanbHbIA AUBEPTUKYN U MECTO pa3fenieHns nepegHei KWK
Ha NUILEBOA M ropTaHHO-TpaxeanbHy TPYOKy (a-e); nonepeyHble pa3pesbl, UNNIOCTpUPYOWMe hopMUpoBaHUue 33odaroTpaxe-
anbHoOI neperopoaku W nokasbiBalwwWMe Kak OHa paspdensieT nepeaHIoN KULWKY Ha rOpTaHHO-TpaxeanbHy TPYOKy M nmuiieBoA.
CTpenku noka3sbIBalOT U3MEHEHMS, NPOMCXOASALME BCeACTBUe pocTa (2—€). a: 1 — aHToAepMa; 2 — 3a4aTok rnoTku; 3 — oTBep-
CTMe ropTaHHO-TpaxeanbLHOro AUBepTUKyna; 4 — Me30AepMa BUCLiepanbHOro NUCTKa CNNaHXHOTOMA; 5 — ypoBeHb pa3pesa; 6 —
ropTaHHo-TpaxeanbHbI AUBEPTUKYN; 6: 1 — NuWeBOA; 2 — nerovHas noyka; 3 — ypoBeHb paspesa f; 8: 1 — 3a4aTok ropTaHu;
2 — ropTaHHo-TpaxeanbHas Tpyoka; 3 — ypoBeHb paspe3sa e; 4 — nepBUYHble GPOHXMaNbHbIE NOYKK; 2: 1 — rnoTka; 2 — 33oda-
rotpaxeanbHasi cknagka; 3 — nepBMYHbIN 3a4aToK FOpPTaHHO-TpaxeanbHoW TPYOku; 4 — xenobok; A: 1 — cknagku cpacTaTcs
(cnuBatoTcs); 2 — azodharoTpaxeanbHas neperopoaka; e: 1 — nuwesod; 2 — NPoCBeT ropTaHHO-TpaxeanbHOro AuBepTUKyna [3]

reduced in the branching area, which stabilizes the structure
at the branching point and in the proximal sections. Collagen
types I, lll, and 1V, fibronectin, and proteoglycans are deposi-
ted in the intercellular substance at these areas. This process
is facilitated by mesenchymal cells producing TGF-beta pro-
tein, which enhances the synthesis and deposition of these
substances at the bronchial branching points (Fig. 3).

Numerous experiments have shown that branching is
stimulated by the mesenchyme surrounding the rudiments
of future bronchi, while the mesenchyme surrounding the
rudiment of the future trachea suppresses branching [7].

The embryo, 10 mm in length, clearly shows the boun-
daries of the future lobes in the form of depressions or folds
on the surface of the lung primordia [8]. There are 3 lobes in
the right lung and 2 in the left (Fig. 4). The asymmetry be-
tween the left and right halves of the body is an integral part
of development according to a specific plan. It is associated
with the expression of the LEFTY1, LEFTY 2, and NODAL
genes [9]. These genes play a decisive role in the formation
of left-right asymmetry of organs, including the lungs.

By the end of this period, vessels are detected in the
lung mesenchyme and their interaction with the heart is es-
tablished [9].

The early embryonic period is critical for lung development
and dangerous in terms of congenital malformations. At this
stage, tracheoesophageal fistulas may form due to a disrup-
tion in separating the tracheal bud from the esophageal bud.
This defect occurs in 1 in 3,000—-4,500 live births, more often
in boys [3]. Less common is lung agenesis, associated with
impaired development of the lung bud. These defects may
be associated with mutations in genes that play an important
role in the morphogenesis of bronchial branching, including
transcription factors and signaling networks that direct both
epithelial and mesenchymal activity and their interaction.

By the end of the sixth week, the rudiments of the seg-
mental bronchi appear.

2. Pseudoglandular stage (from the 71" to the 16" week
of intrauterine life)

At this stage, the growth and branching of epithelial tubes,
called primary bronchi, continues. Their distal sections form
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Puc. 3.

Molecular aspects of outgrowth and branching of the respiratory tree: a — the tip of an elongating respiratory duct; fibroblast
growth factor-10 (FGF-10) secretion in the mesenchyme stimulates the growth of the tip of the epithelial duct toward it; b — the
prelude to branching; inhibition of FGF-10 signaling at the tip of the duct leads to stabilization of that area; ¢ — cleft formation;
extracellular matrix molecules are deposited in the newly forming cleft, and two new centers of outgrowth, stimulated by FGF-10
signaling, indicate the start of branching. Asterisk indicates dividing cells. BMP — bone morphogenetic protein; FGFR — fibroblast
growth factor receptor; Shh — sonic hedgehog; TGF — transforming growth factor [7]

MonekynsipHble acnekTbl pocTa U BeTBNEHNSI GPOHXMaNbLHOrO AepeBa: a — KOHUYMK PacTyllei pecnmpaTopHoii TpyOKH; cekpeuus
Me3eHXUMHbIMU kneTkamu aktopa pocta udpodnactoB-10 (FGF-10) ctumynumpyeT pocT KOHYMKA pecnupaTopHOI TpyOKu B Ha-
npaBneHun Me3eHXUMHbIX KNeTok; 6 — nepea BeTBNEHWEM; noaaBneHue BbipaboTku FGF-10 Ha kOHYMKe pacTylei GpoHxUanb-
HOW TPYyOKM BefeT Kk cTabunusauum pocTta B 310l o6nact; 8 — hopMmUpoBaHMe paclienuHbl y Mecta oudypkaumu; B obnactu
¢opmupyroLeiica paclienuHbl NpekpawaeTcs PocT TpYGKkM, HakannMBakTCA MONeKy bl B COCTaBe MEXKNETOYHOro BelecTsa 1
[Ba HOBbIX LIEHTpa pocTa, cTumynupyemble FGF-10, aaloT Hayano BeTBneHMto. 3Be3A04kaMu 0603HaYeHbl AeNsAIMecs KNeTKu.
BMP — kocTHbI MopdoreHeTuyeckuit 6enok; FGFR — peuenTop chaktopa pocta ¢ubpobnactos; Shh, sonic hedgehog — 6enok

«CBepx3ByKoBoii éxuk»; TGF — TpaHcchopmupytowmin paktop pocra [7]

terminal buds, and their cells actively proliferate [10]. In em-
bryos up to 12 weeks, the lung primordium is dominated by
mesenchyme, which fills wide spaces between the branches
of the bronchial tree (Fig. 6, a). The number of bronchial
branches increases rapidly, and they fill the mesenchymal
stroma of the lung, the relative volume of which gradually
decreases [8]. Dichotomous branching of the primary bron-
chi takes place. By the 13"-14" week of intrauterine deve-
lopment, 7 generations of bronchi appear, and by the 16th
week, about 20 generations. The right lung often has more
generations than the left one [11]. By the end of the third
month, the branches of the small bronchi are located close
to each other and, together with the adjacent mesenchyme,
are surrounded by fairly wide layers of loose connective tis-

sue [8]. Active dichotomous branching continues until the
seventh month of intrauterine life.

In addition to the formation of the airway anatomical
model, tissue differentiation begins in the walls. The primary
bronchi are lined with epithelium, which varies from single-
layered cubic epithelium in the distal sections to single-laye-
red prismatic and multi-layered epithelium in the proximal
sections [12]. In 13—-14-week-old embryos, ciliated, goblet,
and endocrine cells are found in the epithelium. Endocrine
cells are found mainly in the proximal sections and, at the
ultrastructural level, show a higher degree of differentiation
compared to neighboring epithelial cells. Groups of endo-
crine cells are found in some places [13]. Goblet cells are
found only in the proximal sections of the respiratory tract.
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Fig.4. Successive stages in the development of the bronchial buds, bronchi, and lungs — a: 1 — trachea; 2 — bronchial buds; b: 1 —
primordia of secondary bronchial buds; 2 — right main bronchus; 3 — left main bronchus; c: 1 — right upper (superior) lobe;
2 — right middle lobe; 3 — right lower (inferior) lobe; 4 — left upper (superior) lobe; 5 — left lower (inferior) lobe; d: 1 — right upper
(superior) lobe; 2 — right middle lobe; 3 — right lower (inferior) lobe; 4 — left upper (superior) lobe; 5 — left lower (inferior) lobe;
6 — right main bronchus; 7 — left main bronchus; 8 — mesenchyme [3]

Puc. 4. TMMocnegoBaTenbHble CTaAuu pa3BUTMA TpaxeonuiLeBOAHON Neperopoaku B TeueHue 4-i u 5-i Heenb — a: 1 — Tpaxes; 2 — GPOH-
XuanbHble NoYkK; 6: 1 — 3a4aTKU BTOPUUHbLIX OPOHXMANbHLIX NOYEK; 2 — NpaBblil FNaBHbIA OPOHX; 3 —NeBbIi MaBHbI GPOHX;
6: 1 — npaBas BepXHsA AONs; 2 — npaBas cpeaHas fons; 3 — npaBas HUXKHAA fons; 4 — neBas BepXHAsA AoNs; 5 — neBas HUKHANA
pons; e: 1 — npaBas BepxHAsA JoNns; 2 — npaBas CPeAHAN AoNs; 3 — npaBas HUXKHASA Aons; 4 — neBas BepxHAs gons; 5 — nesas
HUXKHAA QoNs; 6 — npaBbIi rMaBHbIA 6POHX; 7 — NeBbIN rMaBHbIW 6POHX; 8 — Me3eHxuMa [3]
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Fig. 5. Photomicrographs of sections of developing embryonic and fetal lungs: a — pseudoglandular stage, 8 weeks; note the “glandular”
appearance of the lung; b — canalicular stage, 16 weeks; the lumina of the bronchi and terminal bronchioles are enlarging; ¢ —
canalicular stage, 18 weeks; d — terminal sac stage, 24 weeks. Observe the thin-walled terminal sacs (primordial alveoli) that have
developed at the ends of the respiratory bronchioles. Also observe that the number of capillaries have increased and some of
them are closely associated with the developing alveoli. 1 — bronchus; 2 — primordia of bronchioles; 3 — cartilage primordium;
4 — respiratory bronchiole; 5 — bud for bronchiole; 6 — dtem bronchus; 7 — cuboidal epithelium; 8 — alveolar duct; 9 — terminal
sac; 10 — capillary; 11 — flattened epithelium of terminal sac [3]

Puc.5. MukpodoTorpacum cpe3oB pa3BmBaroLWMUXCcs IMOPUOHANbLHbIX U (heTanbHbIX NErkux: a — NnceBaoxXenesnucTas cragus, 8 Hegenb;
o0paTnTe BHUMaHME Ha «KenesnucToe» CTPOEHWE NEerkoro; 6 — npocBeTbl GPOHXOB M TePMUHANbHLIX GPOHXMON YBENUYEHbI;
8 — KaHanukynsipHasa ctapus, 18 Hepenb; @ — cakkynapHas ctagus, 24 Hegenu. O6paTuTe BHUMaHMe Ha TOHKOCTEHHbIE Tep-
MMHanbHble MELWOoYKM (3a4aTku anbBeon), KoTopble chopMUpOBanNUCh Ha KOHLAX pecnupaTopHbIX 6poHxuon. Takke 3ameTbTe,
4TO YBENIMUNIIOCH KONMYECTBO KanunmnspoB, N HEKOTOPbIe M3 HUX TECHO acCOLMMPOBaHbI C pa3BUBaOWMUMUCA anbBeonamun. 1 —
OpoHX; 2 — 3a4aTku 6poHxuon; 3 — 3ayaTok xpswa; 4 — pecnupatopHasa GpoHxuona; 5— noyka 6poHxMonbl; 6 — CTBONOBOI
OpoHX; 7 — Kybuyeckui anutenuit; 8 — anbLBeonApHbLINA Xo4; 9 — TepMUHaNbHBIN MewoYek; 10 — kanunnsp; 11 — ynnoweHHbI#
3NUTENNUA TEPMUHANBLHOTO MeLoyKa [3]
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Molecular studies show that lung development is con-
trolled by a cascade of signaling pathways that are regulated
by sequential gene expression. The differentiation of the fore-
gut endoderm into respiratory epithelial cells is associated
with the expression of several transcription factors, including
thyroid transcription factor (TTF-1), hepatocyte nuclear factor
(HNF-3beta), and a number of others.

Glands appear in the 10"-16" week. They are located
in the proximal sections of the respiratory tract as well. At
first, they have no lumen. Mucous cells appear, and later se-
rous cells emerge. The number of glands increases until the
16" week, then this process slows down and stops by the
24" week. Secretion begins at week 16 [14]. Also, at weeks
10-16, cartilage rudiments appear in the proximal sections,
and at weeks 12-16, smooth myocytes develop (Fig. 5, a, b).

Thus, during the pseudoglandular stage, the airways are
formed. At this stage, high levels of the Hoxb-5 protein, which
regulates the branching of the respiratory tube, are detected.

The transition from the glandular stage to the canalicu-
lar stage is associated with the active development of blood

b/6
Fig. 6.

vessels [15]. Microcirculation develops through angiogenesis
and vasculogenesis. During vasculogenesis, vessels are
formed from mesenchyme, and during angiogenesis, they are
generated from existing vessels. This process is regulated by
vascular endothelial growth factor (VEGF). By the 14" week,
the main pulmonary arteries are already formed [9].

The pseudoglandular stage is characterized by two fun-
damental processes: active proliferation of lung cell popu-
lations and differentiation of epithelial and mesenchymal
cells [11].

Teratogenic effects on the fetus between the 7" and
10" weeks of pregnancy can cause malformations of the
segmental and subsegmental bronchi, such as cystic or
simple hypoplasia, as well as the development of congenital
bronchiectasis [1].

3. Canalicular stage (weeks 17-26)

Ha aTton cragum npogomxaeTcs AuddepeHumpoBka
TkaHen B CAt this stage, tissue differentiation in the walls
of the airways continues. The number of endocrine cells in
the epithelium of the large and medium bronchi increases.

Stages in histogenesis of the lungs: a — pseudoglandular phase (up to 17 weeks); b — canalicular phase (17 to 26 weeks); ¢ —

eerminal sac phase (26 weeks to birth). 1 — mesenchyme; 2 — bronchus; 3 — columnar epithelium; 4— bronchiolar bud; 5 —
respiratory bronchiole; 6 — terminal bronchiole; 7 — ciliated cuboidal epithelium; 8 — capillary; 9 — alveolar sac; 10 — surfactant

deposition [7]
Puc. 6.

CTtagum B ructoreHese nerkoro: a — nceegoxenesucras ctagus (4o 17 Hepenb); 6 — kaHanukynspHas crtagus (17-26 Hegenb);

8 — caKkkynsipHas ctagus (oT 26 Hegenb Ao poxaeHus). 1 — Me3eHXUMa; 2 — GPOHX; 3 — BbICOKMIA NPU3MATUYECKUIA INUTENNI;
4 —bpoHxuanbHas noyka; 5 — pecnuparopHas 6oHxuona; 6 — TepMuHanbHas 6poHxuona; 7 — KyGu4eckuii peCHUTYaTbIN anuTe-
nuin; 8 — kanunnap; 9 — anbBeonsApHbIA Mewoyek; 10 — HakonneHwe cypdakranTa [7]
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At 21-22 weeks, open-type endocrine cells are more com-
monly found in the proximal sections of the respiratory tract,
while closed-type endocrine cells are more common in the
distal sections.

The fact that endocrine cells are more differentiated than
other cells may indicate their early specific activity in em-
bryogenesis [13]. Neuroepithelial cells appear. Until the 24
week, the cartilaginous framework of the large and medium
bronchi continues to develop [5, 14].

The main feature of this period, distinguishing it from
the previous one, is the formation of the anatomical model
of the respiratory tract and the beginning of cell differentia-
tion, intensive vascular development, and the appearance
of surfactant and fetal fluid. The respiratory tract is formed
as the terminal components of the bronchiolar system bud,
which developed in the previous stages (Fig. 6, b). By the
241 week, each terminal bronchiole gives rise to at least two
respiratory bronchioles (Fig. 5, ).

Surfactant appears from the 20" week onwards. At this
time, it is mainly produced by Clara cells, which are iden-
tified in the epithelium of the terminal bronchioles by the
presence of the secretory protein CCSP. The amount of sur-
factant at this time is small, and it is located mainly on the
inner surface of the terminal bronchioles and alveolar sacs.
The walls of primitive alveoli are initially represented by a
single layer of cubic epithelium, in which type | and Il alveo-
lar cells begin to differentiate. After the 20" week, lamellar
bodies begin to appear in type Il alveolar cells, indicating
their ability to produce surfactant. A double capillary net-
work forms around the primitive alveoli, which then merges
into a single capillary bed. A single basement membrane
between alveolar cells and endothelial cells begins to form
from the 21st week [9]. Despite the presence of alveoli and
surfactant, the lungs of a premature baby born before the
22nd week of pregnancy cannot provide adequate oxyge-
nation and ventilation due to insufficient gas exchange sur-
face area and a small amount of surfactant.

At 20-26 weeks, the fetus makes short spontaneous
breathing movements, and after 26 weeks, rhythmic brea-
thing movements.

The Wnt signaling pathway regulates differentiation
processes, preventing distal segments from forming pheno-
types characteristic of proximal segments [7]. In addition,
it regulates the process of vascular formation in the lungs.

Histogenetically, the lungs are considered viable after
the 25" week, but fetuses born at this stage survive only
with intensive care.

At this stage, polycystosis may develop as a result of im-
paired development of the small bronchi. In addition, due to
changes in the critical volume and pressure of amniotic fluid
in the trachea and lungs, lung hypoplasia may develop [1].

4. Saccular stage (from the 27" to the 40" week)

At this stage, the formation of the respiratory system
continues. This process primarily involves the differentiation
of epithelial cells in the alveolar wall — type | and Il alveolar
cells, with type Il alveolar cells predominating (accounting
for 62.2%) [11]. They appear first. Later, some of them flat-
ten, lose their secretory function, and differentiate into type
| alveolar cells. Some type | alveolar cells differentiate di-
rectly from precursor cells.

Surfactant, which was previously detected in the lumen
of the terminal bronchioles, appears on the inner surface
of the alveoli from the beginning of the saccular stage
(Fig. 6, c). After the 35" week, the composition of the surfac-
tant changes due to the appearance of phosphatidylglycerol
[9]. In addition, at the end of intrauterine development, type
Il alveolar cells and Clara cells begin to produce SP-A and
SP-D proteins, which are involved in the early anti-infective
defense of the respiratory tract. They protect against Gram-
positive and Gram-negative bacteria, including mycobacte-
ria and fungi, stimulate alveolar macrophages and leuko-
cytes, and SP-A is also an opsonin for herpes simplex virus,
influenza A, and respiratory syncytial virus. Therefore, it is
clear that the protective functions of the respiratory organs
are reduced in premature infants. However, the production
of these proteins, as well as the production of surfactant,
can be stimulated by administering glucocorticoids to preg-
nant women [9].

Lung development is facilitated by rhythmic respiratory
movements, which become regular from the 26th week [10].
Experiments on mice have shown that a decrease in the
frequency and intensity of respiratory movements reduces
proliferative activity and enhances apoptosis in lung pri-
mordium cells. Perhaps, that is why lung weight decreases
when this process is disrupted. There should be a sufficient
amount of fetal fluid in the lungs [9]. This fluid is secreted by
the alveolar cells of the respiratory organs and also appears
due to the aspiration of amniotic fluid. Oligohydramnios, es-
pecially in the early stages, can provoke lung hypoplasia.
However, overstretching of the lungs due to an excess of
fetal fluid can inhibit the differentiation of type Il alveolar
cells and, as a result, reduce the amount of surfactant [9].

Fetal fluid contains surface-active substances that ap-
pear due to the secretory activity of type Il alveolar cells.
Some of these substances enter the amniotic fluid and
stimulate the macrophages of the amniotic cavity. Activated
macrophages migrate through the chorion into the uterus,
where they produce interleukin-13. In response, the produc-
tion of prostaglandins increases, causing myometrial con-
tractions, which stimulate labor [4].

Normally, fetal lungs contain enough fluid to maintain
airway patency. After birth, this fluid is secreted from the
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Fig.7.  Lungtissueinanewborn. Note the thin squamous epithelial
cells [also known as alveolar epithelial cells, type 1] and
surrounding capillaries protruding into mature alveoli.
1 — blood capillary; 2 — thin squamous epithelium; 3 —
alveolar duct; 4 — lymph capillary; 5 — mature alveolus;
6 — respiratory bronchiole [4]

TkaHu nerkoro y HoBopoxzeHHoro. O6paTuTe BHUMaHue
Ha NNockue 3nuTeNManbHble KNEeTKN (Takke W3BECTHble
Kak anbBeonouuthbl | TMNa) 1 oKpyxarolwme Kanunnspsbl,
BAaloLWMecs B 3penble anbBeonbl. 1 — KPOBEHOCHbIE Ka-
NUANApbI; 2 — NNOCKWIA 3NUTenuin; 3 — anbBeoNspHbIN
xoa; 4 — numdpaTnyeckuii kKanunnsap; 5 — 3penas anbBeo-
na; 6 — pecnupartopHas 6poHxuona [4]

Puc. 7.

respiratory tract and absorbed into the blood and lymph
capillaries [3].

The increase in the number of alveoli is most active af-
ter the 36™ week of intrauterine development and in the first
months after birth [9]. Some authors distinguish the alveolar
period of lung development, which begins at 32-36 weeks of
intrauterine development and continues after birth until the
age of 8 [2, 3]. However, by the 35" week, the fetus already
has the number of alveoli surrounded by a network of capil-
laries necessary for full gas exchange (Fig. 7). Type | alveolar
cells become so thin that the capillaries bordering them pro-
trude into the alveolar lumen [2, 3]. Then the rate of this pro-
cess slows down, but the number of alveoli continues to grow,
increasing a 6-fold in total [4]. The main mechanism ensuring
the generation of new alveoli is the formation of secondary
connective tissue septa that separate existing alveoli (Fig. 5, d).

CONCLUSION

Knowing the patterns of human intrauterine develop-
ment is very important for doctors, since it is impossible to
understand the mechanisms of disease formation, and, first
and foremost, developmental defects, without this informa-
tion. Congenital lung malformations occur at a frequency of
0.87-1.02 per 10,000 newborns [19]. Possessing informa-
tion about forms of intrauterine pathology depending on the
terms of occurrence is the path to conscious management
of the processes of formation [1].

Lung development is a unique embryological process
that is directly related to fetal survival [12]. Lung formation
can be disrupted or interrupted by pregnancy abnormalities,
primarily premature births, which account for 5-10% of all
births [18]. This results in lung immaturity, and therefore
50% of children born at 30 weeks of pregnancy and almost
100% of those born before 28 weeks have respiratory dis-
tress syndrome and can only survive with intensive care
[10, 16, 17].

The fetal lungs develop abnormally under the influ-
ence of various teratogenic factors, as well as if they are
compressed, overstretched, or collapsed due to a lack of
fluid [9].

In most fetuses, the lungs mature by the 36th week, but
the human fetus has remarkable plasticity, and therefore
sometimes the lungs mature as early as the 30" week [10].
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AOMONHUTENBbHAA UHOOPMALIUA

Bknag aBTopoB. Bce aBTOpbl BHECIU CYLLECTBEHHbI
BKnag B pa3paboTky KOHLEeNuuM, NpoBeAeHWe 1ccnesosa-
HWS! 1 NOATFOTOBKY CTaTbM, NPOYNN M 0400pUIMN rHANBHYO
Bepcuio nepeg nybnukawuen.

KoHdnukT mHTepecoB. ABTOPbI LEKNApUpYOT OTCYT-
CTBME SBHbIX W MOTEHUManbHbIX KOH(IIMKTOB WHTEPECOB,
CBSA3aHHbIX C NybnukaLmen HacTosLLen cTaTby.

WUcTounnk cmHaHcupoBaHmMA. ABTOpbI 3asBRAOT 00
OTCYTCTBUM BHELUHEr0 (PUHAHCUMPOBAHUSA MPU NPOBeLEHUN
nceneaoBaHus.
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