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Pesome. B oTBeT Ha aHTUTEHBI, €XKETHEBHO MOMAaAalOIIMe C TOKOM BO3[IyXa B PECIIMPATOPHBIN TPaKT ye-
JIOBEKA, B CJIMBUCTOI 000I0UKE IbIXaTeJIbHBIX ITyTel (hOPMUPYETCS KIETOUYHBIX UMMYHHBIN OTBET. AJIepru-
yecKoe BOCIajieHUe AbIXaTeJbHbIX IMyTeil XapaKTepu3yeTcsl 203MHOMUI-0MOCPEAOBaAHHBIM UMMYHHBIM OT-
BETOM, OQHAKO, B CJIyYasiX TSKeJIOi aCTMBbI, B PECIIMPAaTOPHOM TPAKTe TaKKe IMPUCYTCTBYIOT HEUTPODUIILI.
J1st uccnenoBaHusi MEXaHU3MOB, PETYJIUPYIOLIMX PA3BUTHE BOCIIAJIEHUS 110 TOMY WJIM MTHOMY ITyTH, IIIUPOKO
MCTIONB3YIOT MOJEIU C UCTIOJIb30BaHMEM Mbilleii. JlaHHbIE O TIPOCTPAHCTBEHHOM PACHOJOXEHUM HEUTPO-
GbunoB 1 203MHOGUIOB B PECITMPATOPHOM TPaKTe HEOOXOIMMBbI KaK ISl TOHUMaHUSI MEXaHU3MOB Pa3BUTUST
aJIeprMYecKoii peakiiuy B AbIXaTeJAbHbIX MYTSIX, TaK U AJIs OLIEHKU MOTEeHIIMaja JeKapCTBEHHBIX Mperapa-
TOB, OTHAKO HEAOCTaTOYHO M3y4yeHbl. B maHHO# paboTe Obl1a pa3paboTaHa U oxapakKTepu3oBaHa MOJE/b,
TMO3BOJISIIONIAsT HAOII0AaTh aKTUBAIIMIO aJlJIePTUYCCKOTO BOCTIAJICHUSI B IbIXaTeILHBIX MYTSIX B OTBET Ha BBE-
IeHne 3KCTpakTa Ipuda Aspergillus fumigatus Ha paHHell cTagui. ATeKBaTHOCTh MOJIEIH OBIJIa ITOATBEPK-
JIeHa MyTeM OLEHKU JI0JU 203MHO(MUIOB B KPOBU U B OPOHXOATbBEOJSIPHBIX CMbIBaX. C MCIMOIb30BaHUEM
MUMMYHOTUCTOXUMHUYECKOTO OKpaIlIMBaHUSI TOTAIBHOIO IIperapara TJIaBHOTO OpOHXa MBIIIM U Ja3epHOM
CKaHUPYIOILIel KOH(POKATbHO MUKPOCKOITMU ObLIO OXapaKTEpU30BaHO MPOCTPAHCTBEHHOE PACOJIOXKEHUE
HEeHATpOGUJIOB U 203UHO(MUIIOB: HA OOpallleHHO’ B MPOCBET AbIXaTEJbHOTO MyTU CTOPOHE SMUTEINATBHOTO
Oapbepa, B CTCHKE ITITaBHOTO OpOHXa WM B TIOJICIM3UCTOM CJIO€ B HEMOCPEICTBEHHOI OJIM30CTH OT INIaTKOM
MYCKYJIaTypbl. AKTUBALIMIO aJlJIepruyeckKoro MMMYHHOTO OTBETa OIpEAesisiv M0 JOCTOBEPHOMY YBEIUYe-
HUIO 203MHOMDUIOB B MepudepruIeCcKoil KPOBU MBILIEH MO CpaBHEHUIO C MHTAKTHBIMU MbIllIaMu. B aToT mne-
puoa BpeMEHU KOJUYECTBO 203MHOMIIIOB B OPOHX0ATbBEOJSIPHOM CMBIBE OBIIO TaAKXKE TOCTOBEPHO BHIIIIE,
4YyeM y MHTAKTHBIX MbllIei. Kak B OpOHX0aIbBEOJISIPHBIX CMbIBaX, TaK U B CJIM3MCTON IVIaBHOTO OpoHXa B
HUCCeIyeMblil MHTepBaJl BpeMEeHU 203UHO(MWJIBI ObLIY NTpeobiaaarolleil KIeTOUYHOM Nonyasyeii o cpaBHe-
HUIO ¢ HelTpodmiaMu. AHaJIU3 IPOCTPAHCTBEHHOI'O PAaCHOI0KEHUSI KISTOK B CJIU3UCTOM IITaBHOTO OpoHXa
BBISIBUJIU TIPEUMYILIECTBEHHOE PACHOJOXEHUE 2303UHO(MUIOB B MOACIN3UCTOM CJI0€, MEHBIIIE B CTEHKE TJIaB-
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HOTro OpOHXa M €Ille MeHbIIIe — Ha 00paIlleHHOU B IIPOCBET CTOPOHE SMUTENMS. B TO Ke BpeMst HeUTpOpIbI
ObUIM B OCHOBHOM OOHAapy»XEHbI B IIPOCBETE JbIXaTeJbHOIO IIyTHU 1 B IIOACIAU3UCTOM CJIO€, HO HE B CTEHKE
JIbIXaTeJIbHOTO myTU. [loyyeHHbIe pe3yJIbTaThl CBUAETEILCTBYIOT O TOM, YTO B OTBET Ha IIOC/IEAYIOLIE UH-
raJiIyu ajijliepreHa MAUTPUPOBATh Yepe3 CTEHKY JIBIXaTeJIbHOTO IMMYTU B MPOCBET OYIYT C OOJIBIIEI BEPOST-
HOCTBIO 303MHOMUIBI, YeM HelTpoduibl. TakuMm o0pa3om, 203MHO(PUIBI MOTYT OBITh OTBETCTBEHHHBI 3a T10-
BpEXXICHNE SMUTEINS B IIPOLIECCE pa3BUTUS aJlJIEPTUYCCKOTO BOCIIAJICHUS ObIXaTeIbHBIX myTeil. [1pu aTom
pAacCIIOIOKEHHbIE B HEIIOCPEACTBEHHOM OJIM30CTU OT KJIETOK IVIAAKON MYCKYJIAaTypbl HEUTPOMUIbI HAPSILY C
5031MHO(MUIAMHU MOTYT OBbITh BOBJIEYEHBI B MHAYKLIMIO OpOHXOCIIa3Ma.

Karouesvle croea: Helimpoguavl, 303uHoghunst, ariepeuteckoe 80cnaieHue 0bixamenbHoixX nymet, causucmas 060104Ka
dvixamenvHbix nymeti, Aspergillus fumigatus, modeav Ha mvluax
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Abstract. Daily inhaled antigens induce cellular immune response in the airways. In case of allergens, allergic
airway inflammation is usually represented by eosinophils, however, neutrophil infiltration is also observed
during severe asthma. Animal models contribute to investigation of the mechanisms that involve the switching
to eosinophil- or neutrophil-mediated inflammation. Data about the spatial location of eosinophils and
neutrophils in the airways are necessary for both the understanding of allergic airway inflammation mechanisms
and the drag potential estimation, however, not completely investigated. In the present study, we characterized
the model of Aspergillus fumigatus extract-induced allergic airway inflammation that allowed investigating the
early stage of inflammation development. The model adequacy was confirmed according to the blood and
bronchoalveolar lavage eosinophilia. Using immunohistochemical staining of conducting airway as a whole-
mount and confocal laser scanning microscopy, we estimated neutrophil and eosinophil spatial location: in
the luminal side of the epithelium, in the airway wall or in the submucosal compartment close to the smooth
muscle layer. An allergic airway response activation was detected upon significant elevation of blood eosinophil
percentage compared to intact mice. Simultaneously, the number of eosinophils in the bronchoalveolar lavage
was also significantly increased compared to the intact mice. At this time point, eosinophils predominated
both in bronchoalveolar lavages and in conducting airway mucosa compared to neutrophils. Spatial location
of conducting airway mucosal cell analysis demonstrated that eosinophils mostly located in the submucosal
compartment, in a lesser extent in the airway wall, and a few eosinophils were detected in the luminal side of
the epithelium. Neutrophils mainly infiltrated the luminal side of the epithelium, and a few neutrophils were
detected in the submucosal compartment, while no neutrophils were detected in the airway wall. The data
suggests that in response to the further allergen challenge, evidently eosinophils but not neutrophils will migrate
through the airway wall to the airway lumen. Thus, eosinophils can be expected to damage airway epithelium
in allergic airway inflammation development. Simultaneously, neutrophils located in close proximity to the
smooth muscle layer together with eosinophils can contribute to bronchoconstriction induction.

Keywords: neutrophils, eosinophils, allergic airway inflammation, airway mucosa, Aspergillus fumigatus, mouse model, confocal
microscopy
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The former is mainly, but not always, associated with
airway eosinophilia and responsiveness to steroid-
treatment [4]. Th2-low or severe asthma is mostly
characterized with neutrophil infiltration and resistance
for steroid therapy; however, some research indicates
neutrophilic asthma as a subtype of Th2-low asthma
endotype [1, 2]. Interestingly, in eosinophilic asthma,

Introduction

Asthma is a complex disease that comprises of
different mechanisms that result in the common

symptoms such as dyspnea, cough, and respiratory
stress [8]. Traditionally, two forms of asthma have been
assumed: “T helper 2 (Th2)-high” and “Th2-low” [4].

patients have about 2-3 % of eosinophils in the sputum,
while no less than 40-60 % of sputum neutrophils
contribute for neutrophilic asthma diagnosis [1].
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To investigate the mechanisms of asthma, animal
models, particularly, mouse models are required.
Mouse models almost simulate the Th2-high asthma
characteristics; however, eosinophil and neutrophil
recruitment is dependent on the mouse strain [5,
10]. Recent studies demonstrated that in response to
single provocation with Alfernaria alternata extract,
C57BL/6 mice exhibited eosinophil-mediated im-
mune response, while in BALB/c mice the response
was characterized by neutrophil infiltration [13].
Besides genetic factors, the environmental factors
play important role in the type of immune response
formation, and multiple allergen supplementation
contributes to eosinophil-mediated response [5]. The
effect of eosinophils and neutrophils on the further
disease development is not identical, thus neutrophils
can induce acute airway inflammation, while
eosinophils are associated with chronic long-lasting
disease [5, 7, 10]. In this view, the spatial distribution
of neutrophils and eosinophils in asthma is important,
but not completely investigated aspect.

In the present study, using immunohistochemistry
of whole-mount conducting airways of BALB/c mice
with Aspergillus fumigatus extract-induced allergic
airway inflammation and confocal laser scanning
microscopy we detected neutrophils and eosinophils
in conducting airway mucosa. We characterized the
precise position of the cells: in the luminal side of
the airway epithelium, in the airway wall, and in the
submucosal compartment. The observations helped
to expect potential role of eosinophils and neutrophils
in asthma manifestation.

Materials and methods

In this study, we used BALB/c mice (Pushchino,
Russian Federation) 18-20 g, 10-12 weeks. Mice were
housed in the animal facility of IBCH RAS. Animal
experiments were performed under the protocol
308/2020 approved by the Institutional Animal Care
and Use Committee IBCH RAS. The animals were
given standard food and tap water ad libitum and
housed under regular 12 h dark:light cycles at 22 °C.

Mice were treated with 4 pg / mouse / application
of A. fumigatus extract (Greer, USA) oropharyngeally
with the 72 h intervals between the applications.
Before each application, the peripheral blood was
collected from the tail vein. For the cell analysis,
blood was collected to the test-tubes with heparin,
washed twice with hemolysis buffer and transferred to
DPBS via centrifugation for 5 min at 380 g. 72 h after
the 5™ extract application, mice were euthanized and
bronchoalveolar lavages (BALs) were obtained using
DPBS and a cannula (Abbocath, EU). The samples
were centrifuged for 5 min at 500 g. Blood and BAL
cells were sediment to the glass slides using centrifuge
Cytospin 2 (Shandon, UK), and stained using
DiffQuick (Abris, Russia). Differential cell count was
performed using stereomicroscope Zeiss Primo Star
(Carl Zeiss, Germany) and objective 40x.

After BAL obtaining, lungs were inflated-fixed with
2% paraformaldehyde and stored at +4 °C overnight.

The main axial airways of the left and right lower lobes
were cut out using a stereomicroscope (Carl Zeiss)
and micro-scissors (BBraun, Germany).

For immunohistochemistry, specimens were
washed with DPBS at 150 rpm using orbital shaker
(ApexLab, Russia), permeabilized with 0.3% Triton
X-100. Non-specific antibody binding was blocked
with 4% normal donkey serum in 0.5% BSA-DPBS.
Specimens were stained with rat anti-mouse Ly6G-
AlexaFluor488, and rat anti-mouse SiglecF-APC
antibodies (all BioLegend, USA, in dilution 1:50) at
+4 °C overnight. Specimens were washed with 0.3%
Triton X-100 for 5 x 1 h, and stained with Phalloidin-
Atto425 (Sigma Aldrich, USA, in dilution 1:50).
Specimens were placed on slide glasses, and covered
with Prolong Gold mounting medium (ThermoFisher,
USA), and stored at -20 °C until use.

Three-dimensional images were obtained using
an inverted confocal laser scanning microscope
Zeiss LSM980 (Carl Zeiss). A 63x oil objective was
used to image the region of interest for the further
quantification. At least 4 z-stacks were acquired
from each specimen. 405, 488 and 633 nm lasers and
respective beam splitters were used. Fluorescence
was detected using Lambda mode with the following
spectral unmixing using the ZEN software (Carl Zeiss).

The image stacks were analyzed using Imaris
9.8 (Oxford Instruments, UK). The surfaces of
epithelium and smooth muscles were created based on
Phalloidin-Atto425 signal. Neutrophil and eosinophil
surfaces were created based on Ly6G-Alexa488 and
SiglecF-APC signals, respectively. The surfaces were
created via three-dimensional surface rendering using
volume and intensity mean thresholds. Cell surfaces
were quantified automatically using intensity max
in phalloidin channel and Z-position filters. Images
were shown as maximal intensity projections. The
final image processing was performed using Adobe
Photoshop CS version 5 (Adobe Systems, USA).

Statistical analysis was carried out using GraphPad
Prism software. The data were presented as medians
and interquartile ranges. The data were analyzed using
the Mann—Whitney U test. The difference in values at
p < 0.05 was considered significant.

Results and discussion

Neutrophils are known to be a dominant popula-
tion in the peripheral blood in steady state, however,
upon allergen application, eosinophil infiltration
was detected (Figure 1A, B). Thus, five A. fumigatus
extract applications resulted in significant elevation
of eosinophil percentage compared to that in intact
mice — before the 1% application (Figure 1A, B).
The percentage of periphery blood neutrophils
subsequently decreased (Figure 1A, B). Thus, the
time point at 72 h after the 5" application was selected
as the time of switching to eosinophil-mediated
response (Figure 1A, B, dotted line).

Mice were sacrificed at 72 h after the 5™ extract
application (Figure 1A, B, dotted line), and the
BAL cell number was detected. At this time point,
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eosinophil number increased significantly compared
to intact mice, while just a small number of neutrophils
was detected in BALs (Figure 1C).

To detect the presence of neutrophils and
eosinophils in conducting airway mucosa, analysis of
the high-resolutionimages ofthe airway whole-mounts
was made. The analysis demonstrated that at this time
point, both neutrophils (Ly6G™* cells with typical to
segmented granulocyte morphology) and eosinophils
(SiglecF™* cells with typical to segmented granulocyte
morphology) were detected in conducting airway
mucosa and submucosal compartment of mice with
induced allergic airway inflammation (Figure 2A).
Phalloidin staining allowed to visualized actin-rich
fibers of the epithelial barrier and smooth muscle layer,
and to detect airway wall — the compartment bordered
by the epithelium and smooth muscles (Figure 2A).

Epithelium, smooth muscles, and eosinophils
were built via surface rendering (Figure 2B, C). Using
thresholds on Z-position and intensity maximum
in Actin channel, the number of eosinophils in the
luminal side of the epithelium (Figure 2D, red), in the
airway wall (Figure 2D, yellow), and in the submucosal
compartment (Figure 2D, orange) were detected. Due
to irregular structure of the submucosal compartment,
only attached to the smooth muscle layer submucosal
cells were considered for quantitative analysis and the
cells that laid deep in the tissues were exclude from the
estimation (Figure 2D, magenta). The same principle
was used for the neutrophil position characterization
and estimation (data not shown).

Quantitative analysis demonstrated that both
eosinophil and neutrophil numbers were significantly
higher in the airways of mice with induced aller-
gic airway inflammation compared to intact mice

(Figure 2E). Eosinophils dominated in conducting
airway mucosa of mice with induced allergic airway
inflammation compared to neutrophils (Figure 2E).
Simultaneously, eosinophils mostly located in the
submucosal compartment, less in the airway wall and
only a few eosinophils were observed in the luminal
side of the epithelium (Figure 2F). Opposite to
eosinophils, neutrophils were mostly located in the
luminal side of the epithelium, little to no neutrophils
were detected in the airway wall, and a small number
was detected in the submucosa close to the smooth
muscle (Figure 2G). Some neutrophils were detected
deep in the submucosa, however, it was not possible to
conclude, whether these neutrophils were in the lung
vessels or in the tissue (data not shown).

Thus, five applications of A. fumigatus extract led
to the blood eosinophil percentage elevation and
eosinophil domination above neutrophils both in BAL
and in the conducting airway, including conducting
airway mucosa, and in the submucosal compartment.
In conducting airways, eosinophils mostly located
in the submucosal area close to the smooth muscles,
while neutrophils migrate to the airway lumen.

Spatial aspects of cellular immune response in sites
of inflammation is important and intensively investiga-
ted area of immunology [6]. Eosinophil-intraepithelial
dendritic cell interactions were characterized in the
tracheal mucosa of mice with ovalbumin-induce al-
lergic airway inflammation [14]. Together with eosi-
nophils, neutrophils also play important role in the
local immune response to allergens. Thus, ovalbumin-
sensitized and challenged mice reacted with enhanced
neutrophil infiltration in response to A. fumigatus
conidia application [12]. Moreover, neutrophils mig-

A A. fumigatus extract application
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Figure 1. Blood and BAL cell redistribution in allergic airway inflammation

Note. A. The scheme of allergic airway inflammation induction via o.ph. applications of A. fumigatus extract (black arrows). Blood samples were
collected before (T0), 72 h after the first (T2), and 72 h after the fifth (T6) extract applications (red arrows). B. Percentage of blood eosinophils
(rose bars) and neutrophils (blue bars) at 72 h after the respective A. fumigatus extract application. C. Quantitative analysis of BAL eosinophils
(rose bar) and BAL neutrophil (blue bar) before the 1% and before the 6" A. fumigatus extract application. Data are shown as median and i.q.r.,

significant difference between indicated groups: * p <0.05, ** p < 0.01.

628



2023, T. 25, Ne 3
2023, Vol. 25, No 3

Heiimpoguabt u 203unoghunsvt 6 cauzucmoii
Mucosal neutrophils and eosinophils

Phalloidin

800 100+ 100+
§ 0.0571
= 2 | o
2 600{ o > 8 -
= 0 0
s = 601 =
o~ 4001 =3 2
g £ 404 =
[ ] n

- D
= 200 g 204 T Z
3

0- 0- .

N N
Al M AL & &'Z\’\ H
Eosinophils  Neutrophils Q XY o
v & &
> &
@
&
<

Figure 2. Eosinophil and neutrophil distribution in conducting airway mucosa

Note. A. Representative image of the region of conducting airway mucosa of mouse with induced allergic airway inflammation. Actin-rich epithelial
and smooth muscle fibers (cyan), neutrophils (green) and eosinophils (magenta) are represented as maximum intensity projections. Scale bar

20 um. B. Epithelium and smooth muscles, and eosinophils presented in A are shown via surface rendering. C. Side view of the image presented
in B demonstrating eosinophils in relation to the airway wall (epithelium and smooth muscles). D. The sample of analysis of the eosinophil
distribution: in the submucosal area that attached to smooth muscles (orange), in the airway wall (yellow), and in the luminal side of the epithelium
(red). E. Quantitative analysis of eosinophils and neutrophils in conducting airway mucosa of mice with A. fumigatus-induced allergic airway
inflammation (Af) and intact mice (IM). F, E. Percentage of eosinophils (F) and neutrophils (E) in the luminal side of epithelium (red bar), in the

airway wall (yellow bar), and in the submucosal compartment (orange bar).

rated to the luminal side of the airway epithelium and
internalized fungal conidia [12].

While A. fumigatus conidia applied to mice induce
strong neutrophil-mediated response, the regular
applications of small doses of A. fumigatus conidia
or extract result in the eosinophil recruitment to
the airways [11, 13, 14]. The data obtained in the
present study demonstrate that despite the adherence
of BALB/c mice to neutrophil-mediated response,
multiple airway challenge with relatively low doses of
the allergen — A. fumigatus extract, induced eosino-
phil recruitment.

Opposite to neutrophils that were mostly rep-
resented in the airway lumen, eosinophils infiltrated
airways and accumulated near by the smooth muscles,
from the side of submucosal compartment. From the
one side, in response to the further allergen challenges
eosinophils are more likely than neutrophils migrate
through the airway wall to the airway lumen. In this
case, upon migration, eosinophils can contact the
smooth muscles that can trigger bronchoconstriction

induction [5]. Migrating through the airway wall,
eosinophils can also induce the damage of the
airway epithelium that can activate the cascade of
inflammatory response. From the other side, ac-
cumulation of eosinophils in the submucosal com-
partment may indicate the inability of eosinophils
to migrate to the airway lumen due to the absence of
the necessary signals or triggers and such inability can
explain the protective effect of eosinophils in acute
lung injury [5, 7].

Conclusion

Thus, in the present study we traced the
redistribution of neutrophils and eosinophils in blood
and airways of mice upon allergic airway inflamma-
tion development. We identified microanatomical
location of the myeloid effector cells (neutrophils
and eosinophils) in conducting airway mucosa and
submucosal compartment. The data can explain
implication of neutrophils and eosinophils to distinct
asthma symptoms.
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