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Interleukin-4 and interferon gamma in bronchial remodeling
in asthma patients with cold airway hyperresponsiveness
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ABSTRACT

Interleukin-4 (IL-4) and interferon gamma (IFNy) are key participants in the polarization of the immune response
toward Th1 or Th2 types in bronchial asthma. However, their role in bronchial remodeling in patients with asthma
and cold airway hyperresponsiveness (CAHR) remains unclear.

Aim. To study the involvement of IL-4 and IFNy in the disorganization of bronchial epithelium and the regulation
of airway remodeling in asthma with CAHR.

Materials and methods. A total of 47 patients with mild persistent asthma were examined. Induced sputum
collection, blood sampling for biochemical studies, spirometry, and the isocapnic hyperventilation test with cold
(-20 °C) air (IHCA) were performed. The sputum was analyzed for cellular composition (in %), and the cytokine
profile (IL-4 and IFNy in pg / ml) was evaluated in peripheral blood.

Results. The patients were divided into groups with CAHR (group 1, 17 patients) and without cold-induced
bronchoconstriction (group 2, 30 patients). Forced expiratory volume in 1 sec. (FEV ) and maximal mid-expiratory
flow (MMEEF) in group 1 were lower compared to group 2: 84.0[83.0; 93.0]% and 99.0 [85.0; 105.0]% (p = 0.012);
55.0[51.0;67.0]% and 76.0[59.0;88.0]% (p = 0.021), respectively. The blood content of IL-4 and IFNy in group
1 was 11.48[10.82;22.48] pg / ml and 26.98[17.24; 73.5] pg / ml, while in group 2, it was 1.88 [0.66; 5.96]
(» = 0.003) and 7.24[1.5; 26.98] pg / ml (p = 0.047), respectively. In group 1, an association was found between
blood IL-4 and IFNy levels (Rs = 0.65; p = 0.016), between FEV, and the number of epithelial cells in sputum
(Rs = —0.74; p = 0.0003), and between IL-4 and airway response (AFEV /Vital Capacity) after the IHCA
(Rs =-0.70; p = 0.007).

Conclusion. The escalation of the proinflammatory and pro-oxidant function of IFNy indicates a shift from Th2
immune response activation, regulated by IL-4, toward a Th1 response, which stimulates bronchial remodeling in
patients with asthma and CAHR.
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WHTepnenknH-4 n niteppepoH-ramma B pemogenupoBaHnn 6poHxoB
y 60nbHbIX 6pOHXMaNbHON aCcTMOI C XO/I0A40BOI rMNeppeakTUBHOCTbIO

AblXaTeNbHbIX NyTen

Muporos A.B., NMpuxoabko A.l'., Muporosa H.A., Faccan [.A., Haymos J.E., lepenbman 10.M.

Jlanvresocmounviii HayuHwlil yewmp Quzuonocuu u namonoeuu ovixarus (JJHI] @I1/])

Poccus, 675000, e. bnazosewenck, yr. Karununa, 22

PE3IOME

Untepneiikun-4 (IL-4) u uarepdepon-ramma (IFNy) — otH1 n3 OCHOBHBIX YYaCTHHKOB MOJISPU3ALMH UMMYHHOTO
orsera o Th1 wim Th2 Tuny npu 6porxuansHoii actme (BA). HensBecTHa ux poJib B peMo/IeMpOBaHUN OPOHXOB
y 6oibHBIX BA ¢ X01710/10BO#i THIIEppeaKTUBHOCTBIO AbIXaTesbHbIX myTei (XIIT).

Hens. N3yuyenue myreii yuactust IL-4 u IFNy B nesopranuzanun OpOHXHAIBHOTO SITUTENNS U PETryJISIIUE PEMOJIe-
JIMpOBaHUsl AbIXxaTenabHbIX myTel npu bA ¢ XTII.

Marepuanasl u Metoabl. O0cieoBaHbl 47 MAIMEHTOB C JIETKOW nepcuctupytomeii BA. [IpoBoamics coop uHIy-
IIUPOBAHHON MOKPOTHI, 3200p KPOBH ISl GHOXUMHYECKHX HCCIETOBAHUH, BBIIOIHINCH CIIMPOMETPUS X OPOHXO-
MIPOBOKAIIMOHHAS MPo0a N30KAMHUYEeCKOW rurepBeHTIIIHN XonoaHbM (—20 °C) Bo3myxom (UI'XB). B mokpore
HCCIIeIOBAITH KJICTOUYHBIH cocTaB (B %), B mepudepudeckoil KpoBH — MUTOKUHOBBIH npoduis (IL-4, IFNy, B ir/mir).

Pesyabrarel. IlauuenTsl pasneneHbl Ha TPYMNIbl C XOJOJOBOM TI'MIIEPPEAKTUBHOCTBIO JABIXaTEJBbHBIX IyTeH
(1-s1 rpymnna, 17 4enoBeK) U ¢ OTCYTCTBHEM XOJOAOBOW OpOHXOKOHCTpUKLUH (2-s rpymnma, 30 genosek). O0beM
bopcuposannoro Beinoxa 3a 1 ¢ (OPB,) u cpennss oobemuas ckopocth Beioxa (COC,, ) Ha yposHe 25-75%
sku3HeHHOH eMkoctu Jerkux (PKEJI) B 1-it rpynme Oblin HIDKE 1O CpaBHEHUIO co 2-i rpynmoit: 84,0 [83,0;93,0] u
99,0 [85,0;105,01% (p =0,012); 55,0 [51,0;67,0] u 76,0 [59,0;88,0]% (p = 0,021) coorBercTBeHHO. COmEpxKaHHe
B kpoBH IL-4 u IFNy B 1-it rpynmne cocrasmsuio 11,48 [10,82;22,48] u 26,98 [17,24;73,5] nr/mi, Bo 2-ii rpymie
1,88 [0,66;5,96] (p = 0,003) u 7,24 [1,5;26,98] nr/ma (p = 0,047) coorBeTcTBeHHO. B 1-ii rpynme HalizeHa cBs3b
Mexay conepxanneM B kposu IL-4 u IFNy (Rs = 0,65; p = 0,016), mesxxny ODB, 1 KOIMYECTBOM SMUTENHOLUTOB B
Moxkpote (Rs =—0,74; p = 0,0003), a Taxkxe mexay IL-4 u peakuueit npixarensusix myteit (AODB /KEJI) B oteT
Ha mpody UI'XB (Rs =-0,70; p = 0,007).

3akT04enne. DcKaalys NPOBOCHAINTEIBHON M TPoOKcHAaHTHON GyHKunu [FNy cBHIeTensCTBYeT 0 cMeneHNH
GayaHca akTuBanuu Th2 IMMYHHOTO OTBeTa, peryiupyemoro curnaiamu [L-4, B cropory Th1 ummyHHOTO OTBeTa,
CTHMYJIUPYIOIIETo peMoJieTpoBanue OpoHxoB y 6osbHbIX BA ¢ XT'ATI.

KioueBble ciioBa: OpoHXHambHAs acTMa, XOJOAOBas THIIEPPEAKTUBHOCTH IbIXaTesbHBIX myTeil, 1L-4, IFNy,
OpOHXHMANBHBIA ITUTENNH, PEMOJCTNPOBAHNE JbIXaTeNbHbIX ITyTeH

Kondaukt nHTEpEeCcOB. ABTOpHI 3asBJISIFOT 00 OTCYTCTBUHM KOH(IUKTa HHTEPECOB, CBSI3AHHBIX C MyOJUKaIMCH
HACTOSIICH CTAThH.

Hcrounnk ¢punancupoBaHus. ABTOPHI 3asBISIIOT 00 OTCYTCTBUM (PMHAHCHPOBAHMS P IPOBEICHUH HCCIIE0-
BaHMSI.

CooTBeTcTBME MPUHIMIAM ITUKH. Bce manueHTs! moanucamn HHGOPMHPOBAHHOE COTJIacHEe HAa y4acTHE B HC-
cinenoBannu. MccaenoBanue og00peHO JIOKaJIbHBIM KOMUTETOM 1o OnoMeauackoit atuke JHL] ®OI1/] (mpoto-
kot Ne 148 ot 24.05.2023).

Jast uurupoBanms: [Tuporos A.b., Ilpuxoasko A.I'., ITuporosa H.A., I'accan J[.A., Haymos [I.E., Ilepeinn-
maH }0.M. Unreprneiikun-4 n unTepdepoH-raMma B peMOICIMPOBAHNN OPOHXOB y OOJBHBIX OPOHXHANBHOM acT-
MO C XOJIOZI0BOM TMITEPPEaKTUBHOCTBIO JIBIXaTENbHBIX MyTeH. Broiemens cubupckou meduyunot. 2025;24(1):60—
68. https://doi.org/10.20538/1682-0363-2025-1-60-68.

INTRODUCTION

Airway remodeling in patients with bronchial
asthma (BA) appears as a change in the structural
and functional organization of the parenchymal and
stromal elements of the bronchi, induced by damage

and impaired restoration of the epithelial barrier.
Under the influence of various triggers, such as
allergens, viruses, alarmins, and low temperatures,
signaling pathways of inflammation are initiated in the
disrupted epithelium, involving immunocompetent
cells. Epithelial — mesenchymal units of the bronchi
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are activated and proinflammatory cytokines are
secreted, leading to persistent chronic inflammation,
airway hyperresponsiveness, and obstruction [1-4].

The sources of inflammatory mediators in the
bronchi of patients with BA are granulocytes,
lymphocytes, macrophages, mast cells, interstitial
cells, and smooth muscle cells. However, primary
producers of cytokines and growth factors are
damaged parenchymal cells. Activated epithelium
generates alarmins, such as TSLP, IL-25, and 1L-33,
which stimulate the polarization of naive T-helper
cells into Th2, the expression of IL-4, IL-5, and IL-
13, and eosinophilic inflammation. IL-5 and GM-CSF
together with eotaxins, CCL5/RANTES and MCP,
regulate the production, maturation, recruitment,
and activation of eosinophils. IL-9 and IL-13
induce the metaplasia of ciliated epithelial cells into
secretory mucocytes. CCL17/TARC and CXCLS8/
IL-8 recruit Th17 cells and neutrophils, respectively.
Proinflammatory  cytokines and chemokines,
such as IL-1B, IL-2, IL-6, IL-12, IL-18, IL-36,
TNFa, CXCLS, CCL20, CCL22, CCL5/RANTES,
CXCL10, interferons I (IFNa/p), IIT (IFNA1, 2, and
3), and IFNy, are secreted [1, 3, 5, 6].

The expression of CXCL2, CXCLS, IL-12,
CCL20, IFNy, IL-6, IL-18, IL-36, and TNFa is
associated with activation of epithelium by viruses
and other infectious agents, leading to the mobilization
of neutrophils, neutrophil-macrophage infiltration of
the bronchi, and neutrophil response to IL-12 and
IFNy signals in the form of proinflammatory cytokine
release [6]. This Thl variant of the immune response
is characteristic of cold airway hyperresponsiveness
(CAHR), which is associated with a mixed pattern
of bronchial inflammation, neutrophil destruction,
and cytolysis, accompanied by the escalation of
proinflammatory cytokine synthesis and structural
signs of epithelial dysfunction [7]. Clinically, this
manifests as uncontrolled asthma with increased
symptoms during the cold season, requiring higher
doses of medication and/or the inclusion of systemic
glucocorticoids in therapy [7].

Given that the central cytokine responsible for the
differentiation, growth, and effector functions of Thl
cells, polarizing the immune response toward the
Th1 type, is IFNy [8-10] and IL-4 is one of the main
activators of the Th2 immune response and allergic
inflammation in the bronchi [5, 11], a study was
planned to investigate the involvement of 1L-4 and
IFNy in the disorganization of bronchial epithelium

and the regulation of airway remodeling in patients
with BA and CAHR.

MATERIALS AND METHODS

The study included 47 patients who sought
outpatient care at the clinic ofthe Far Eastern Scientific
Center of Physiology and Pathology of Respiration
(FSCPPR) with a diagnosis of mild persistent BA
[12] and who had not previously received inhaled
glucocorticoid therapy on a regular basis.

This clinical study was conducted with the
approval of the local Bioethics Committee of
FSCPPR (Protocol No. 148 of 24.05.2023). All
patients were familiarized with the clinical study
protocol, the procedure for functional testing was
explained, and they signed an informed consent to
participate in the study.

The study design included a period to assess the
patient’s clinical condition and asthma severity,
and a visit for induced sputum collection (day 1),
blood sampling for biochemical studies and the
isocapnic hyperventilation test with cold air (day 2).
Patients were then divided into groups based on the
presence or absence of CAHR (group 1 and group 2,
respectively).

Inclusion criteria for the study were: forced
expiratory volume in one second (FEV,) > 75% of
the predicted value according to spirometry; absence
of a documented cold allergic reaction as confirmed
by an allergist (Douglas method).

Patients with obstructive ventilatory disorders
(FEV, < 75% of the predicted value), concomitant
respiratory diseases (acute bacterial or viral infections
at the time of testing, COPD, etc.), clinically
significant comorbidities in other organs and systems,
pregnant women, as well as those taking medications
that could affect the interpretation of study results
were excluded from the study.

Instrumental testing was performed by qualified
medical staff in the Laboratory of Functional
Research of the Respiratory System at FSCPPR.

Induced sputum collection was performed using
a standard method under the control of FEV, which
was evaluated by spirometry at the beginning of
the collection and after each inhalation of 3, 4, and
5% sodium chloride (NaCl) solution. Before each
sputum collection procedure, the patient rinsed their
mouth with distilled water. The sputum samples were
analyzed no later than two hours after the collection.
Sputum smears were dried (5-10 minutes at 37 °C)
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in a TM-2 thermostat, fixed in formaldehyde vapors
(40% solution, 10 minutes), and stained with aqueous
Romanowsky — Giemsa stain (4—5%, pH 6.8). A light
optical immersion microscope was used to analyze
the cellular composition by counting at least 400 cells
in the fields of view (central and peripheral regions);
the number of cellular elements was expressed
as a percentage of the total content. In order to
differentiate goblet epithelial cells, a cytochemical
reaction was performed by staining formalin-fixed
preparations with Alcian blue, which selectively
binds mucins (acidic glycosaminoglycans) present in
the cytoplasm of goblet cells [13].

Blood samples were collected from the median
cubital vein in the morning hours (9:00 AM) into a
vacutainer (5 ml) and stored frozen at —80 °C until
the biological sample analysis was performed. The
cytokine profile (IL-4, IFNy, in pg / ml) was studied
using a flow cytometer (BD FACSCanto II, BD,
USA) with LEGENDplex HU Essential Immune
Response Panel kits (BioLegend, USA), following
the manufacturer’s protocols precisely.

All tests involving spirometry were performed
using the Easy on-PC device (NDD Medizintechnik
AG, Switzerland). The following lung function
parameters were measured: vital capacity (VC),
forced expiratory volume in one second (FEV,,
in liters), mean mid-expiratory flow at 25-75% of
forced VC (MMEF, % of predicted), and maximal
expiratory flow rates at 50% (MEF,, % of predicted)
and 75% (MEF,,, % of predicted) of forced VC.
Predicted values according to ECSC standards were
used for individuals of European descent older than
18 years.

Isocapnic hyperventilation cold air test (IHCA)
was conducted in a mode of submaximal
hyperventilation (60% of the predicted maximum
ventilation) with an air mixture containing 5%
CO: for three minutes with individual selection
of breathing depth and frequency during the load.
Before and after IHCA (at 1 and 5 minutes), FEV,
was recorded (in liters). The maximum changes in
this parameter after IHCA relative to baseline were
analyzed. The difference between the obtained
values was expressed as a percentage of the baseline
(AFEV , %). A decrease in FEV, by 10% or more
indicated the presence of CAHR in the patient [14].

Statistical analysis of the obtained results
included testing for normality of distribution using
the Kolmogorov — Smirnov and Pearson — von

Mises criteria. Variables with normal (Gaussian)
distribution were compared using the Student’s
t-test (when homogeneity of group variances was
confirmed by the Fisher’s test). Variables with non-
Gaussian distribution were compared by the Mann —
Whitney test. Quantitative variables were presented
as M + m (M — arithmetic mean, m — standard error of
the mean) or as Me [Q; O.] (median and interquartile
range). The nonparametric Spearman’s rank
correlation coefficient (Rs) was used to determine
the degree of correlation between two variables. The
differences were statistically significant at p < 0.05.

RESULTS

Of the 47 patients included in the study,
17 were included in group 1 with cold airway
hyperresponsiveness, while 30 were in group
2 without a cold trigger response. The patients in
both groups were comparable in terms of gender and
key physiological parameters: age 37.1 + 3.5 and
43.2 £ 2.9 years (p = 0.188), respectively; height
1743 + 2.6 and 170.1 = 1.5 cm (p = 0.151); body
mass index 26.0 = 1.5 and 27.6 £ 1.2 kg / m?
(p = 0.419), respectively. Smokers comprised 35%
of group 1 and 23% of group 2 (%> = 0.29, p > 0.05).

The groups differed significantly in several flow
parameters recorded during the initial evaluation
(Table 1). Median FEV and MMEF values in patients
with CAHR were significantly lower, indicating
bronchial obstruction. These patients also had lower
MEF, (60 [56;87]%) and MEF., (46 [42;54]%)
compared to group 2 patients (76 [66;94]%,
p=0.021, and 61 [49;83]%, p = 0.012, respectively),
suggesting the persistence of chronic inflammation in
the small airways.

Table 1

Initial lung ventilation parameters and bronchial response
to IHCA, Me [Q;; O.]

FEV, % FEV/ MMEF %
Group predi(I:ted vC ‘% predicted AFEV, %
Group 1 84.0 [83.0; [ 73.0[70.0; 55.0 -16.0 [-19.0;
93.0] 76.8] [51.0; 67.0] —-12.0]
Group 2 99.0 [85.0; | 78.1 [72.8; 76.0 -2.2[-3.5;
105.0] 82.4] [59.0; 88.0] 0.2]
p between
group 1 and 0.012 0.165 0.021 0.0001
group 2

When assessing the cytokine content in the blood
serum of patients in group 1, higher median values of
IL-4 and IFNy were registered compared to group 2
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(Table 2). In the group of patients with CAHR, there
was a positive correlation between IL-4 and IFNy in
the blood (Rs = 0.65; p = 0.016). Additionally, IL-4
was inversely correlated with the airway response
to the bronchoprovocation test (AFEV /VC) (Rs =
—0.70; p = 0.007).

In the sputum of group 1 patients, a greater number
of neutrophils and desquamated epithelial cells was
observed (Table 3), and the levels of neutrophils,
eosinophils and macrophages directly influenced the
severity of the bronchoconstrictor response (AFEV)
during the IHCA test (Rs = —0.50; p = 0.029; Rs =
—0.51; p=10.027; Rs = 0.56; p = 0.013, respectively).
It is important to note that in this group there was
an inverse correlation between the baseline FEV,
value, reflecting bronchial patency, and the number
of epithelial cells found in sputum (Rs = —0.74; p
= 0.00003). Figures 1 and 2 illustrate the various
degrees of destructive changes in epithelial cells.

Table 2
IL-4 and IFNy content in the blood serum of asthma patients,
Me[Q;; O,], pg/ ml
Group 1L-4 IFNy IL-4/IFNy

11.48 [10.82; 26.98 )

Group 1 22.48] [17.24:73.51] 0.43[0.31;0.70]
1.88 [0.66; 7.24 .

Group 2 5.96] [1.54:26.98] 0.16[0.22;0.40]
pbetweengroup | 5 0.047 0.049

1 and group 2 ’ ’ ’

Fig. 1. In the center of the preparation, goblet cells show

varying degrees of cytoplasmic and nuclear destruction.

Toward the peripheral areas, there are fully destroyed epithelial

cells with disintegration of the nucleus and cytoplasm,

containing mucins. Here and in Fig.2, induced sputum smear

from a patient with BA and CAHR. Stained with Alcian blue.
Magnification x 1,250.

Table 3
Cellular composition of induced sputum in asthma patients,
Me[Q; 0.], %
Grou Neutro- Macro- Eosino- Epithelial
P phils phages phils cells
Group 1 22.5[19.5; | 54.7[45.6; | 19.8[12.6; | 1.6[1.2;
P 26.3] 66.8] 21.2] 2.7]
169 [15.4; | 60.4[56.9; | 17.0[3.0; | 0.2[0.1;
Group 2 20.0] 67.6] 21.3] 1.0]
p between
group 1 and 0.049 0.119 0.112 0.0013
group 2

Fig. 2. Goblet cells containing large amounts of mucoproteins
are located within an abundance of mucus exhibiting signs of
biocrystallization

DISCUSSION

Airway remodeling in BA, affecting all parts
of the walls of small bronchi, involves changes
in the connective tissue due to fragmentation
and homogenization of its fibrous framework
by metalloproteinases, hyperproduction and
accumulation of proteoglycans, increased fibroblastic
synthesis, decreased extracellular matrix protein
degradation, fibrillogenesis, and the development
of subepithelial fibrosis and diffuse sclerosis. This
process affects smooth muscle cells, transforming
them from a contractile to a secretory and proliferative
phenotype due to hypertrophy and hyperplasia
occurring against the background of myofibroblast
differentiation and enhanced angiogenesis mediated
by wvascular endothelial growth factor (VEGF)
release. Additionally, epithelial lining disruptions
occur in the form of desquamation and destruction of
cells, exposing the hyalinized basement membrane,
destroyingciliated epithelium, goblet cell hyperplasia,
and metaplasia [2, 4].
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IL-4 and IFNy, whose main functions include
mutual inhibition, belong to a wide range of cytokines
involved in the disruption of the structural integrity of
the epithelial barrier and causing the development of
epithelial dysfunction of the bronchi [3]. In this study,
we observed an increase in IL-4 and IFNy levels in
patients with CAHR compared to those who did
not respond to cold air provocation (Table 2). [FNy
activity is linked to the weakening of the atopic
phenotype of BA [6, 9] due to significant antagonistic
role of the IFNyY/STATI] signaling pathway
(T-bet pathway) against GATA-3 expression,
which suppresses Thl development and activates
Th2 proliferation [8-10]. IL-4 induces GATA-
3 expression via the STAT6-dependent pathway,
which suppresses Thl-specific transcription factors
and stimulates Th2 cytokine synthesis, resulting in
Th2-associated eosinophilic inflammation, epithelial
destruction, secretory hyperplasia, and ciliary
dysfunction, accompanying hyperresponsiveness and
airway remodeling in BA [2,11,15].

A well-studied effect of Th2 cytokines, induced
by IL-4, on the bronchial epithelium in BA is
mucus hypersecretion [3, 15]. Increased expression
and secretion of mucins MUCSAC, produced by
goblet cells, and MUCS5B, synthesized by glandular
epithelium, intensifies as the disease progresses. This
is accompanied by impaired tissue fluid circulation in
the bronchi, dehydration of the mucin gel, increased
viscosity due to elevated chondroitin sulfate levels,
and decreased hyaluronic acid and heparin content
in mucins, resulting in firmer adhesion of the gel to
the epithelial surface. It has been shown that cold
air induces MUCSAC hypersecretion by bronchial
epithelium through TRPMS ion channels [16].

In our previous studies, we demonstrated
that BA patients with CAHR have an elevated
baseline concentration of glycoproteins and
glycosaminoglycans (GAGs) in the bronchial
lining. After the IHCA test, simultaneously with
the increase in the number of goblet cells and the
generation of mucopolysaccharides, disorganization
and desquamation of the epithelium, destruction
and cytolysis of mucocytes intensify. [17]. During
prolonged exposure to cold air in vitro, pronounced
destructive changes were observed in ciliated
epithelial cells, with positive staining for mucins
and an abundance of mucus secretions containing
high amounts of GAGs and microorganisms on the
surface of the epithelial layer [17, 18].

It is suggested that mucous ciliated cells represent
a molecular phenotype unique to the respiratory
tracts of BA patients, wherein ciliated epithelial cells
can express MUCSAC and other goblet cell-specific
genes. These metaplastic cells, whose formation is
induced by IL-4/IL-13 signaling, express IL-4/IL-13-
induced genes and are considered transitional from
the ciliated epithelium phenotype to the secretory cell
phenotype [2]. In BA, IL-4/IL-13 signaling is linked
to the stimulation of the Notch signaling pathway
and high levels of Notch signaling, which lead to the
activation of differentiation and an increase in the
number of goblet cells that produce mucus [15].

Among our patients with CAHR, varying degrees
of destructive changes were observed in epithelial
cells synthesizing and secreting glycoproteins: from
mild, with partial (no more than 1/2) cytoplasmic
destruction and preservation of normal nuclear
structure, to complete destruction with disintegration
of the cytoplasm and nucleus (Fig. 1). In cases
where fully destroyed cells containing mucins were
found in the induced sputum smears (Fig. 1), it was
difficult or impossible to differentiate them as goblet
cells or ciliated epithelial cells that had undergone
secretory metaplasia. The presence of goblet cell
clusters containing large amounts of mucoproteins
in abundant, viscous mucus (Fig. 2) in patients from
group 1 indicated the development of pronounced
mucociliary dysfunction, which exacerbated airway
remodeling and obstruction and was associated with
increased IL-4 levels in the cytokine profiles of these
patients.

Epithelial desquamation in BA patients with
CAHR was more intense compared to patients
without cold-induced bronchoconstriction: a greater
number of desquamated epithelial cells were found
in the induced sputum of group 1 patients (Table 3),
indicating increased damage to intercellular junctions
and heightened epithelial barrier permeability in
the bronchi in CAHR. Intercellular junctions in
the bronchial epithelium include tight junctions
(TJs), located at the apical surface, which contain
proteins, such as claudins, occludins, and junctional
adhesion molecules (JAMs), forming a multi-protein
complex known as the zonula occludens (ZO);
adherens junctions (AJs), which contain cadherins
and catenins; desmosomes, connecting intermediate
filaments of adjacent cells; and hemidesmosomes,
anchoring basal cells and other epithelial cells to the
basement membrane [6, 15].
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The loss of several proteins from intercellular
TJs and Als is considered a key feature of airway
hyperreactivity and remodeling in BA [2, 6].
Deficiency of E-cadherin, as the main membrane
protein of Als, is associated with desquamation of
ciliated cells, exposure of the basement membrane,
induction ofproliferation of club cells, and suppression
of their differentiation, leading to impaired epithelial
repair and the development of proinflammatory and
non-regenerative reactions in the airways [2].

It has been shown that IL-4 and IL-13 play a
central role in inhibiting the surface expression of
Z0-1, occludin, a-catenin, $-catenin, and E-cadherin
in bronchial epithelial cells, with decreased levels
of E-cadherin in sputum correlating with BA
severity [6]. Clinical findings regarding role of
IL-4 in disruption of the epithelial barrier in the
airways align with in vitro studies, which show that
the cytokine inhibits the expression of membrane
components of AlJs: when acting on the apical
and basolateral monolayers of cultured epithelial
cells, IL-4 increases paracellular permeability and
decreases transepithelial resistance [19].

Higher IL-4 concentrations detected in group
1 patients compared to group 2 suggest that 1L.-4
is a triggering factor for barrier dysfunction and
bronchial remodeling in patients with CAHR,
associated with Th2-type allergic inflammation.
In addition, the bronchial response to cold stimuli
is linked to Thl immune response, and the role
of IFNy in the development and exacerbation of
bronchial remodeling and its connection to the
neutrophil count, which was higher in the induced
sputum of CAHR patients, should not be overlooked
(Table 3).

IFNy marks the Thl immune response in non-
allergic BA phenotypes, which is associated
with chronic inflammation persistence, increased
neutrophil survival, and activation of the neutrophil
inflammatory component, while reducing atopic
activity, a factor that contributes to the development
of glucocorticoid resistance [20]. Neutrophil pool
mobilization in CAHR patients was associated
with induction of proinflammatory cytokines and
chemokines that recruit neutrophils to the bronchial
infiltrate. Neutrophil infiltration stimulated the
persistence of chronic inflammation, culminating
in diffuse interstitial sclerosis, leading to structural
modification of the bronchi and progression of airway
obstruction and remodeling.

IFNyinvolvementinbronchialepithelialdestruction
was also linked to the impact of proinflammatory
cytokines expressed under its influence, along with
oxidative damage caused by reactive oxygen species
(ROS) and other toxic metabolites. A critical factor
in free-radical epithelial damage is the activation of
the respiratory burst in macrophages, stimulated by
IFNy through the induction of cytosolic components
of NADPH oxidase [8, 10, 21, 22], associated with
IFNy-regulated phagocyte differentiation. When
IFNy interacts with its receptor on macrophages,
the T-bet signaling pathway is activated, which
induces STAT] target genes [22, 23] and polarizes
lung interstitial macrophages, which interact with
neutrophils in the Th1/Th17 cytokine cascade, into
the classic M1 inflammatory phenotype [23, 24].

A possible reason for the lower median
macrophage values in the sputum of CAHR patients
(Table 3) may have been cytolysis resulting from the
intensification of the respiratory burst induced by
IFNy. The escalation of proinflammatory and pro-
oxidant functions of IFNy in these patients indicates
a shift in the balance of Th2 cytokine activation,
regulated by IL-4, towards the Th1 immune response,
which, alongside Th2 immune responses, contributes
to airway remodeling in BA patients with CAHR.

CONCLUSION

Patients with BA and CAHR exhibit higher levels
of IL-4, associated with increased desquamation,
destruction, and marked secretory activity of bronchial
epithelial cells, and IFNy, linked to neutrophil
pool mobilization and an increase in neutrophil
counts in the inflammatory pattern of the bronchi.
Desquamation, destruction, goblet cell hyperplasia
and metaplasia, and mucus hypersecretion in the
bronchial epithelium, stimulated by IL-4 activation
and exacerbating mucociliary and barrier dysfunction,
contribute to more pronounced airway obstruction in
BA patients with CAHR.

The escalation of the proinflammatory and pro-
oxidant functions of IFNy in BA patients with
CAHR indicates a shift from IL-4-regulated Th2
cytokine activation, traditionally responsible for
structural reorganization of the bronchial walls in BA,
toward a Thl immune response, which stimulates
bronchial remodeling in CAHR.
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