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Abstract

Objective and design The existing biological models of diffuse alveolar damage (DAD) in mice have many shortcomings.
To offset these shortcomings, we have proposed a simple, nonsurgical, and reproducible method of unilateral total damage
of the left lung in ICR mice. This model is based on the intrabronchial administration of a mixture of bacterial lipopolysac-
charide (LPS) from the cell wall of S. enterica and a-galactosylceramide (inducing substances) to the left lung.

Methods Using computer tomography of the lungs with endobronchial administration of contrast material, we have been able
to perform an operative intravital verification of the targeted delivery of the inducer. The model presented is characterized
by more serious and homogeneous damage of the affected lung compared to the existing models of focal pneumonia; at the
same time, our model is characterized by longer animal survival since the right lung remains intact.

Results The model is also characterized by diffuse alveolar damage of the left lung, animal survival of 100%, abrupt increases
in plasma levels of TNFa, INFg, and IL-6, and significant myocardial overload in the right heart. It can be used to assess the
efficacy of innovative drugs for the treatment of DAD and ARDS as the clinical manifestations that are developed in patients
infected with SARS-CoV-2. Morphological patterns of lungs in the noninfectious (“sterile”’) model of DAD induced by LPS
simultaneously with a-galactosylceramide (presented here) and in the infectious model of DAD induced by SARS-CoV-2
have been compared.

Conclusion The DAD model we have proposed can be widely used for studying the efficacy of candidate molecules for the
treatment of infectious respiratory diseases, such as viral pneumonias of different etiology, including SARS-CoV-2.
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Introduction

Currently, the treatment of severe COVID-19, which is
accompanied by the development of acute respiratory dis-
tress syndrome (ARDS), continues to be a challenge. A
comprehensive research of possible clinical pharmacologi-
cal approaches requires the use of animal models of ARDS
for evaluating the efficacy of the proposed solutions. The
pathomorphological basis of ARDS is a diffuse alveolar
damage (DAD) of the lungs, leading to severe respiratory
failure due to diffuse damage to the alveolar capillary mem-
branes. DAD is characterized by excessive production of
pro-inflammatory cytokines and chemokines, massive infil-
tration of neutrophils to the lungs, endothelial dysfunction,
microthromboses, interstitial and alveolar edema, death of
alveolar epithelial cells, and activation of macrophages [1].
DAD is a relatively nonspecific reaction and may be associ-
ated not only with severe COVID-19 but with other viral and
bacterial pneumonias, sepsis, severe injury, or aspiration of
gastric contents [2—4]. Moreover, DAD may cause bilateral
noncardiac respiratory failure [5].

Currently, all existing biological models of DAD-ARDS
are seriously limited, since they do not account for some
concurrent factors, such as age, chronic medical condi-
tions, and environmental effects [6, 7]. Nevertheless, ani-
mal models have substantially contributed to understanding
some mechanisms responsible for the development of lung
damage in ARDS [8-10]. Also, despite the fact that this
syndrome had been described back in 1967 [11], assess-
ment of the impacts of focal inflammatory heterogeneity in
acute lung damage using animal biological models remains
difficult [10, 12].

There exist different animal models that can be used for
studying the mechanisms of acute lung damage [13]. Most
of them are based on administration to animals of differ-
ent agents or interventions capable of inducing DAD (LPS,
lipid embolism, acid aspiration, ischemia-reperfusion of
lung and distal vessels). One of the most common models
of DAD consists of the induction of damage by intratra-
cheal administration of a-galactosylceramide 24 h before
the injection of lipopolysaccharide [14, 15]. This model is
characterized by high lethality and by the requirement for
dual intubation of the trachea under general anesthesia. Also,
intratracheal administration of LPS causes focal damage in
the lungs [13, 14, 16, 17]. Another promising approach is a
mouse model that involves the delivery of a damaging agent
(0.1 N HCI1 mixed with a radioactive label) into one lobe of
the right lung, which substantially increases the survival of
experimental mice as compared to the bilateral instillation
of 0.1 N HCI [18]. However, hydrochloric acid as an inducer
of inflammation has a narrow specificity and cannot be used
for modeling the damage caused by microbiological agents.
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To be applicable for long-term follow-up studies, the
DAD model should possess a relatively low invasiveness.
At the same time, one should be confident that the entire
volume of the lung has been exposed during the experiment
and the therapeutic agent reaches the damaged areas [19,
20]. Heart and lungs are combined pathophysiologically in
a single cardiopulmonary continuum, and the pathophysi-
ological process in the lungs can have some impact on the
cardiovascular system. We believe that another obvious dis-
advantage of DAD models described in the literature is the
lack of data regarding changes to the functional morphology
of the myocardium, of the right heart in particular.

To overcome these issues and take into consideration
the urgent need for the development of animal DAD mod-
els to evaluate the effectiveness of potential therapies not
only during the acute phase of SARS-CoV-2 infection but
also during the recovery of the respiratory apparatus after
COVID- 19, we used an optimized, low-invasive, unilateral
mouse model of DAD with an intratracheal injection of
a-galactosylceramide (GC) simultaneously with lipopoly-
saccharide. The aim of this study was to characterize immu-
nological and morphological features of the optimized low
invasive mouse model of acute unilateral diffuse lung dam-
age, and to compare morphological features of the proposed
LPS and GS-induced model of DAD with those of the infec-
tious model of DAD induced by SARS-CoV-2.

Materials and methods

Animals and the scheme of DAD modeling
in mice induced by LPS simultaneously with GC
(noninfectious model)

Mice with an average weight (+ SEM) of 40.1 (+1.85) g
were used. All animals were housed under standard condi-
tions in the Animal Breeding Facility of BIBCh, RAS (the
Unique Research Unit Bio-Model of the IBCh, RAS; the
Bioresource Collection—Collection of SPF-Laboratory
Rodents for Fundamental, Biomedical and Pharmacological
Studies), which has an international accreditation AAAL-
ACi. All experiments and manipulations were approved by
the institutional animal care and use committee (IACUC No.
746/20 from 20/04/20). All procedures with animals were
performed according to primary standards of AAALACI: the
Guide for the Care and Use of Laboratory Animals (Guide),
NRC, 2011 and the European Convention for the Protection
of Vertebrate Animals Used for Experimental and Other Sci-
entific Purposes, Council of Europe (ETS 123).

DAD was induced by a single instillation into the left
lung of the inducing mixture consisting of 100 ul (1 mg/
ml) LPS from Salmonella enterica (MilliporeSigma, USA)
and 100 pl (50 pg/ml) a-galactosylceramide (Avanti Polar
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Lipids, USA). The trachea was intubated with an intravenous
catheter 20G that was put forward into the left mainstem
bronchus, with the animal lying in the lateral position. As
premedication during the intubation of the trachea, a short-
acting hypnotic agent Propofol was used (Hana Pharma-
ceutical, Co. Ltd., Republic of Korea). The hypnotic agent
was administered as an intravenous bolus into the lateral
tail vein at a dose of 20 mg/kg. The animals were randomly
assigned to two treatment groups with ten animals in each
group (n=20): Group 1—control, intact animals; Group 2—
induction of DAD in animals which simultaneously received
200 pl of physiological saline. The animals were followed
up for 3, 5,7, 14, 30, 45, and 60 d.

Control of targeted delivery of the compounds,
and evaluation of the extent of lung damage

CT scanner MRS*CT/PET (MR Solution, UK) were used to
control the degree of filling of the lungs, produce the images
and evaluate the extent of lung damage. Scan parameters:
energy 40 kVp, exposure 100 ms, current 1 mA, stepping
angle 1°. During the imaging, the animals were anesthe-
tized with a 3% mixture of isoflurane and air, and maintained
in a specialized bed at a temperature of +37 °C. The CT
images obtained were processed using the VivoQuant soft-
ware (Invicro, UK). At a preliminary stage, uniformity of the
inducer along the bronchial tree was assessed using contrast
bronchography and an iodinated contrast agent Omnipak
(GE Healthcare AS, Norway).

The lung volume and the average density of left (experi-
mental) and right (control) lung tissues were measured after
segmentation of these lobes either in the automatic mode
(using — 300 to — 800 Hounsfield units as the cutoff density)
or manually. The volume was expressed in mm3 and the
density in Hounsfield units (HU + SEM).

The assay of chemokines and cytokines

Blood from individual animals was collected at 3, 10 and
24 h after DAD induction into EDTA tubes to obtain plasma.
Bio-Plex Pro Mouse Cytokine Panel 33-Plex (BIO-RAD,
USA) was used to measure the levels of chemokines and
cytokines in plasma. Plasma samples diluted at 1:3 (50 ul)
were incubated with magnetic beads, washed up, and then
incubated with detecting antibodies and SA-PE. The data
were obtained using Luminex 200 analyzer and analyzed
using the XxPONENT software.

Infection of mice with SARS-CoV-2
To obtain the infectious model of DAD induced by SARS-

CoV-2, we infected the humanized mice C57BL/6J-TgTn
(CAG-humanACE2-IRES-Luciferase-WPRE-polyA) by

intranasal injection of SARS-CoV-2 at 105 PFU and 106
PFU in 40 pl of saline. Transgenic mice were obtained from
the animal breeding facility of BIBCh, RAS (the Unique
Research Unit Bio-Model of the BIBCh, RAS; the Biore-
source Collection—Collection of SPF-Laboratory Rodents
for Fundamental, Biomedical, and Pharmacological Stud-
ies). The experiments were conducted under the conditions
of a specialized BSL-3 laboratory (Sergiev Posad). In the
mice that died during the follow-up period, the levels of
SARS-CoV-2 accumulation in the lungs were assessed based
on the formation of negative colonies (PFU) in the cultured
Vero C1008 cells [21]. After a two-week inactivation period
in 10% formalin solution, the lungs were subjected to histo-
logical examination.

Measurement of respiration

Respiratory parameters were assessed using an 8-channel
base module PowerLab 8/35 (PL3508) ADInstruments Pty
Ltd. (Australia) equipped with spirometer unit (FE141) and
Respiratory Flow Head (MLTI1L) on study days 7, 14, 30
and 45. An animal was immobilized in a fixer house and
allowed to stand for at least 2 min, so that it could calm
down and take a convenient posture. A breathing mask fixed
on the entry of respiratory flow head was tightly pressed to
the animal's nose. After a clearly distinguishable signal, a
recording function in LabChart7 software was turned on.
Parameters studied: frequency of respiratory movements
(respiratory rate), breaths per minute; peak expiratory flow
(PEF), ml/sec; respiratory volume (tidal volume), ml. Min-
ute respiratory volume was calculated independently (fre-
quency of respiratory movements X respiratory volume).

Histological examination

The heart and lungs, filled with 10% solution of neutral for-
malin, were subjected to further dissection after a satisfac-
tory fixation: a tissue fragment was taken from each lobe
of the lung (1—from the left lobe, 4—from right lobes); a
sagittal section of the heart permitted visualization of all
the heart chambers. Tissue samples were washed in run-
ning water, dehydrated in ethanol solutions of increasing
concentrations, and embedded in paraffin. Paraffin sections
of 4-5 um width stained with hematoxylin and eosin were
examined according to the Mallory method using standard
light microscopy on an AxioScope.Al microscope (Carl
Zeiss, Germany). The microphotographs of histological
preparations were obtained using a high-resolution camera
Axiocam 305 color (Carl Zeiss, Germany) and ZEN 2.6 lite
software (Carl Zeiss, Germany). When studying functional
morphology of the lungs in the short-term (day 3), medium-
term (days 5-7), and long-term (days 14-60), particular
attention was given to evaluation of the time course of the
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following pathomorphological parameters: the presence and
prevalence of peribronchial and perivascular inflammatory
cell infiltration, the presence of immunocompetent cells in
the interalveolar septa and in the lumen of pulmonary acini,
the presence of sites of collapsed lung tissue, transudate
in the lumen of alveoli, foci of necrosis, and perivascular,
peribronchial, and interstitial fibrosis in the outcome of the
inflammatory process. In the heart, a particular attention was
given to the state of myocardium of the right ventricle and
right atrium, dilation of the right ventricle and right atrium
as potential markers of pulmonary hypertension in the set-
ting of total and subtotal atelectasis of the left lobe of the
lungs. On the microphotographs of histological preparations
from the control age-matched animals and from mice with
DAD, diameters of cardiomyocytes of the right and left ven-
tricle were measured to obtain the quantitative assessment
of changing workloads on the heart.

For comparative evaluation of the severity of pathohis-
tological findings in noninfectious and infectious models,
all characteristics were evaluated by one morphologist
semi-quantitatively on a three-point scale ranging from the
absence of a sign to its maximum severity.

Fig.1 Characterization of the
DAD model in ICR mice. A
macroscopic samples of the
mouse lungs: (i) intact lungs as
part of the complex of organs;
(ii) total damage of the left lung
after intrabronchial administra-
tion of LPS + GC mixture; (iii)
CT control of targeted delivery
of the inducer using the contrast
agent Omnipak; (iv) 3D-recon-
struction of the damaged left
lung of the mouse. B morpho-
logical pattern and CT images
of mouse lungs (both intact and
after DAD induction) on days 7,
14, 30, and 60

. Unexposed

Results

Structural features of the model of acute total lung
damage

We have developed a simple and low-invasive method of
damaging one lung in mice. Intubation of the left mainstem
bronchus in mice was performed using an intravenous cath-
eter as described above. The mandatory condition of suc-
cessful intubation for DAD modeling is placing an animal
in the lateral position. On day 3 after intubation, the animals
were euthanized and the cardiopulmonary complex was dis-
sected and examined.

As compared to lungs of intact mice (Fig. 1A (1)), left
lungs of experimental mice were totally damaged (Fig. 1A
(ii)), with air volume lacking due to atelectasis development.
To control the targeted delivery of the inducer into the lung,
an approach with contrast agent Omnipak was applied. Fif-
teen minutes after the injection of the inducer mixed with
contrast agent, mice were subjected to the antemortem CT.
CT images showed that induction of DAD is entirely uni-
lateral, with no involvement of the right lobes of the lung
in the inflammatory process (Fig. 1A(iii)). Figure 1A (iv)
shows the 3D-reconstruction of CT images using VivoQuant
software.

Acute lung injury

T
0
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Morphological findings in the lungs of ICR mice
with DAD induced by LPS simultaneously with GC
(noninfectious model)

Morphological changes in the lung tissue of experimental
mice with DAD were assessed on days 3, 5, 7, 14, 30, and
60. Figure 1B shows the histological pattern and CT image
of the intact lung. On day 3, the left lobes of lungs from
DAD mice showed total collapse of the lung tissue with a
pattern of diffuse alveolar damage of the elements of the
blood—air barrier: the walls and the lumen of alveoli were
consistently infiltrated with numerous segmented neutro-
phils and few macrophages. The presence of transudate was
observed along the entire lumen of alveoli, sometimes with
small air bubbles. A moderate focal perivascular and peri-
bronchial infiltration, mostly with segmented neutrophils
and sparse lymphocytes and mononuclear cells, was also
observed. The lumen of most bronchi (large in particular)
was completely obturated with desquamated cells of res-
piratory epithelium, numerous segmented leukocytes, and
single mononuclear cells. A marked congestion and stasis
of red blood cells in the microcirculatory vessels in the set-
ting of general diffuse congestion in the left lobe vessels has
been reported. The described ventilation—perfusion disorders
(total atelectasis of the left lobe combined with slowing of
blood flow and congestion of microcirculatory vessels) may
be regarded as the first phase of ARDS associated with coro-
navirus infection [15, 22-24].

By day 5 of the follow-up, the fraction of mononuclear
cells was substantially increased in the perivascular and peri-
bronchial infiltrate, as well as in the walls and lumen of the
pulmonary acini. The alveolar lumen was still filled with
transudate, the bronchi were totally obturated, and the left
lobe was completely cut off from gas exchange.

By day 7, the overall pattern of focal perivascular and
peribronchial infiltrate and that of diffuse infiltration of the
walls and lumen of the alveoli were characterized by the
predominance of mononuclear cells (Fig. 1B). The left lobe

LPS+a-GalCer o

Left lung (exposed)

Fig.2 Fragments of left (left column) and right (right column) lobes
of the lung of male ICR mice in the DAD model on day 60 of the fol-
low-up: moderate perivascular and peribronchial fibrotic changes (A),

of the lung was still not involved in gas exchange (Fig. 1B);
diffuse congestion of vessels was reported.

By day 14, some bronchi in the left lobe of DAD mice
were partially or completely patent; hypoventilation sites
of pulmonary acini in different lobe segments appeared
(Fig. 1B). Omnipresent focal peribronchial and progressive
perivascular mononuclear infiltration were observed, as well
as infiltration of the widened walls and the narrowed lumen
of alveoli with mononuclear cells (Fig. 1B).

By day 30, the extent of involvement of the left lobe in
overall gas exchange progressively increased, however, the
diffuse mononuclear infiltration of the walls and lumen of
alveoli, and focal perivascular and peribronchial mononu-
clear infiltration was still present (Fig. 1B). It is also note-
worthy that by day 30, the left lobe of the lungs has not
restored air volume in any of the animals: overall volume of
pulmonary tissue was reduced, interalveolar septa widened,
and perivascular and peribronchial spaces were slightly wid-
ened due to fibrotic changes (Fig. 1B). In most samples, sites
of rupture of interalveolar septa were observed by day 30.

By day 45 of the follow-up, a further increase in the gas
exchange in the left lobe of the lung was observed; how-
ever, its original size was not reached—the left lung vol-
ume remaining reduced by at least 50-60% from baseline.
Mononuclear infiltration of various severities was present
in the walls and lumen of alveoli of the majority of the lobe;
however, portions of pulmonary tissue free from mononu-
clear infiltration also appeared. A marked peribronchial and
perivascular mononuclear infiltration was observed.

The same pattern was observed on day 60 of the follow-up
(from the day of administration of LPS + GC mixture); even
after such a long period of time, mononuclear cells were pre-
sent in abundance in perivascular and peribronchial spaces,
as well as in most parts of the walls and lumen of pulmonary
acini (Fig. 1B). No relevant morphological changes in the
right lobes of the lungs were observed from day 3 to day 60
of the follow-up. The pulmonary tissue was almost intact,
with obvious signs of compensatory ventilation.
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and widening of the alveolar walls in the left lobe (C) as compared to
intact lobes of the right lung (B, D). Mallory staining. Magnification:
100x (A, B) and 200x (C, D)
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When studying functional morphology of the lungs in
the long-term follow-up periods on histological prepara-
tions stained according to the Mallory method, a moderate
perivascular and peribronchial fibrosis was observed, and
there was a widening of interalveolar septa due to fibrotic
changes in pulmonary acini. On days 30 and 45, fibrotic
changes were subtle, and collagen fibers were thin and
immature. The final pattern of fibrotic changes became evi-
dent by day 60 of the follow-up, by which time the definitive
maturation of collagen fibers in perivascular and peribron-
chial spaces was observed (Fig. 2A) and fibrotic changes
appeared in markedly widened walls of pulmonary acini
(Fig. 2C).

In some animals (not more than 10% of the total number),
small foci of necrosis were found, with subsequent mono-
nuclear infiltration on day 7 of the follow-up (Fig. 3A) and
signs of organization by day 14 (Fig. 3B). By day 7, dilation
of cavities and thinning of the myocardial wall of the right
ventricle and right atrium were observed in some animals
(not more than 30% of the total number). The changes in the
myocardium described above indirectly indicate a volume
overload of the right heart and pulmonary hypertension.
These findings were supported by quantitative parameters of
functional morphology of the myocardium directly associ-
ated with the load on the heart muscle, such as the diameter
of cardiomyocytes of the left and, particularly, of the right
ventricles. Indeed, diameters of cardiomyocytes of right
and left ventricles of intact 6-month male ICR mice were
11.2+1.2 and 13.1 + 1.4 ym, respectively. On day 7 after
the unilateral intrabronchial administration of the GC +LPS
mixture, there were no significant changes in the diameters
of cardiomyocytes of the right and left ventricles (11.8+0.9
and 14.6+ 1.1 pm, respectively). On day 30, a hypertrophy
of cardiomyocytes of both the right (14.1 + 0.8 pm) and left
(15.2+0.7 um) ventricles was observed, and already by the
end of the second month after induction of acute diffuse lung
damage, in the setting of fibrotic changes of the pulmonary

Table 1 Mean spirometry values

Testing day Respiratory rate,  Respiratory vol-
breaths per minute ume, ml

Peak expira-
tory flow, ml/
sec

Mean+SD Mean+SD Mean+SD
Intact animals
Day 7 195+9.1 0.608 +0.020 7.32+0.17
Day 14 203+7.0 0.605+0.016 7.20+0.28
Day 30 201+10.1 0.629+0.013 7.22+0.32
Day 45 197+7.8 0.603+0.020 7.40+0.44
Animals with DAD
Day 7 347 +15.3% 0.260+0.006* 3.45+0.20%*
Day 14 328 +12.9% 0.347+0.019% 4.47+0.35%
Day 30 270+26.9% 0.449 +0.023* 6.27+0.07
Day 45 218 +12.7 0.572+0.039 6.96+0.13

*—p<0.05 as compared to group 1 without modeling, Mann—Whit-
ney paired comparison test

parenchyma, the diameter of cardiomyocytes of the right
and left ventricles reached 16.8 +1.1 and 17.6 + 1.2 um,
respectively.

Study of functional changes in the respiratory
system

Mean values of respiratory parameters are shown in Table 1.
During the assessment of respiratory movements frequency
(per minute), the following significant differences were
found. On observation days 7, 14 and 30, frequency of res-
piratory movements in animals from model DAD group sig-
nificantly differed from that in control animals indicating the
successful modeling of diffuse alveolar damage values in the
lungs. On study day 45, there were no significant differences
in respiratory rate between animals from model DAD group
and those from control group.

LPS+a-GalCer A

Right

Fig.3 Fragments of myocardium of the right ventricle of male ICR
mice in the DAD model on days 7 (A) and 14 (B) of the follow-up:
small foci of necrosis of cardiomyocytes at stages of mononuclear
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infiltration (on the left) and organization (on the right) as indirect
signs of volume overload of the right heart, and pulmonary hyperten-
sion. Staining with hematoxylin and eosin. Magnification: 200x
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Similar results have been obtained in the analysis of res-
piratory volume (Table 1). In the analysis of peak expiratory
flow, the following differences have been reported. On study
days 7 and 14, the animals from model DAD group signifi-
cantly differed from those from control group, indicating the
successful modeling of diffuse alveolar damage in the lungs.
On study days 30 and 45, there were no significant differ-
ences in peak expiratory flow between the animals from
model DAD group and those from control group.

The functional tests have shown that in acute and sub-
acute periods of DAD, a rise in respiratory rate, and a
decrease in respiratory volume and peak expiratory flow take
place. These data concord well with clinical manifestations
of ARDS in humans, including those with coronavirus inec-
tion [41, 42].

\ Days afterDaD 1

Model verification by imaging

A dynamic assessment of the volume of pulmonary lobes
and its average density in Hounsfield units was performed
using a CT scanner MRS*CT/PET. The results are shown
in Fig. 4.

One day after induction of DAD, both the volume and
density of the two lungs remained at baseline levels. On
day 7 of the study, a twofold decrease in the volume of the
left lung (from 417 +37 to 273 +41 mm?®) was reported,
and its density in Hounsfield units significantly increased
(from —466 +97 to —104 +79 HU). The parameters of the
right lung corresponded to the control. By day 14, the vol-
ume of the right lung increased to 1002 + 102 mm?, with
no change in density. At the same time, the volume of the
left lung remained unchanged (264 +41 mm?) and its den-
sity decreased to —189 +22 HU. Further observations have
shown that by days 30-60, both lungs tended to recover;

Volume, mm3 Density, HU

1 7143060 17143060

Fig.4 Dynamic characterization of changes in the volume and density of the lungs in mice with DAD (*P <0.05)
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Fig.5 Level of plasma cytokines in mice with DAD 3 h after syn-
drome induction, in comparison with unexposed animals. Bars rep-
resent averages with standard deviations. Granulocyte colony-stim-
ulating factor (G-CSF), liposaccharide-induced CXC chemokine
(LIX/CXCLS), vascular endothelial growth factor (VEGF), granulo-
cyte—macrophage colony-stimulating factor (GM-CSF), keratinocyte
chemoattractant (KC), leukemia inhibitory factor (LIF), macrophage

colony-stimulating factor (M-CSF), monokine induced by gamma
(MIG/CXCL9), tumor necrosis factor (TNF), interferon gamma
(IFNg), RANTES (CCLYS), interferon g-induced protein 10 kDa (IP-
10/CXCL10), monocyte chemoattractant protein 1 (MCP-1/CCL2),
and macrophage inflammatory proteins (MIP)—MIP-1a, MIP-1b, and
MIP2
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however, the left lobe still remained reduced compared to
baseline.

Measuring the levels of cytokines and chemokines

We then measured cytokine profiles in mice with induced
DAD (Fig. 5). Our data suggest that during the first 3 h
almost all cytokines and chemokines were dramatically
elevated in the plasma of mice with induced DAD. Lev-
els of the Eotaxin, granulocyte colony-stimulating factor
(G-CSF), IL-1a, IL-1b, IL-2, IL-3, IL-5, IL-7, IL-9, IL-
12p40, IL-15, liposaccharide-induced CXC chemokine
(LIX/CXCLS), and vascular endothelial growth factor
(VEGF) were increased up to 10 times, whereas levels of
the granulocyte—macrophage colony-stimulating factor
(GMCSF), IL-4, IL-12p70, IL-13, IL-17, keratinocyte che-
moattractant (KC), leukemia inhibitory factor (LIF), mac-
rophage colony-stimulating factor (M-CSF), and monokine
induced by gamma (MIG/CXCL9) were upregulated by up
to two orders of magnitude in comparison with unexposed
animals. Levels of the classical pro-inflammatory cytokines
released during ARDS, namely tumor necrosis factor (TNF),
interferon IFNg, and IL-6, were increased by approximately
two orders of magnitude. Importantly, serum levels of
chemokines RANTES (CCLY5), interferon ¥-induced protein
10 kDa (IP-10/CXCL10), monocyte chemoattractant protein
1 (MCP-1/CCL2), and macrophage inflammatory proteins
(MIP)—MIP-1a, MIP-1b, and MIP2 were dramatically

SARS-CoV-2

Fig.6 Fragments of the lungs of male hACE2 mice obtained at
autopsy on days 3—4 after intranasal injection of SARS-CoV-2 at a
dose of 105-106 PFU: A—hyaline-like membranes; B—disorders of
microcirculation such as congestion, stasis, blood sludge and micro-
thromboses; C—tissue detritus in the lumen of pulmonary acini;
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upregulated in mice with DAD, and concentration of the
last four chemokines increased from 1 000 to 10 000 times.

Morphological findings in the lungs of male hACE2
mice infected with SARS-CoV-2 (infectious model)

The infection of male hACE2 mice was instigated by intra-
nasal administration of the virus SARS-CoV-2. In the groups
of animals that received the virus in high infective doses
(n=14), two animals died on day 3 and 12 animals died on
day 4. In the lungs of mice that died from a high dose of the
virus, the key morphological findings were the formation
of hyalin-like membranes (Fig. 6A) and acute disorder of
microcirculation (Fig. 6B) in the form of congestion, sta-
sis, blood sludge, and microthromboses, as well as severe
congestion of large vessels (so called “shock lung”). The
findings described were observed in all animals. More rarely
(in 40- 60% cases), tissue detritus (Fig. 6C) and transudate
(Fig. 6D) were present in the lumen of acini. In single ani-
mals, there were sparse mononuclear cells in the lumen and
wall of alveoli (Fig. 6E) and single segmented neutrophils
in the interalveolar septa (Fig. 6F).

Comparison of the morphological features
in infectious and noninfectious mouse models

A comparison of the morphological characteristics of lung
lesions in an infectious and noninfectious mouse model is
shown in Table 2. The table shows only the early (before day
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D—transudate in the lumen of acini; E—sparse mononuclear cells in
the wall and lumen of alveoli; f—sparse segmented neutrophils in the
alveolar wall. Staining with hematoxylin and eosin. Magnification:
200x (A, B, C, E), 100x (D), and 400x (F)
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Table 2 Frequencies of morphological findings in the lungs of mice in noninfectious and infectious models
Morphological findings in the lungs of male mice Unilateral intrabronchial administration of ~ Infection of male hACE2

the GC +LPS mixture, male ICR mice mice with SARS-CoV-2

Peribronchial mononuclear/neutrophil infiltration
Perivascular mononuclear/neutrophil infiltration
Hyalin-like membranes

Microcirculatory disorders—congestion, stasis, aggregation of red
blood cells, and microthromboses

Transudate in the lumen of pulmonary acini
Infiltration of alveolar walls with mononuclear cells / neutrophils
Infiltration of the alveolar lumen with mononuclear cells/neutrophils

+++ -
+++ -
- ++
+ +++
++ ++
+++ +
+++ +

«

Sign severity is assessed using semiquantitative scores where
and “+4 + +” a severe sign

7) findings in the lungs because the long-term effects of lung
tissue damage are presently unknown due to the early death
of animals in the infective model.

Discussion

With the development of the COVID-19 pandemic, the prob-
lem of developing new therapies for ARDS, which is a com-
mon cause of death in patients with the most severe course
of the disease, becomes increasingly urgent [25]. Among
patients who received invasive or noninvasive ventilation
on the day of ICU admission, the 90-day mortality rate in
patients with mild, moderate, and severe ARDS was 30, 34,
and 50%, respectively [26].

Development and testing of new therapeutic agents for
ARDS begins with verified preclinical data obtained in
biological models that reproduce the key aspects of this
condition in humans [27-29]. DAD, which is a hallmark
of ARDS, is characterized by the appearance of inflamma-
tory infiltration in perivascular and peribronchial areas, with
infiltration of the walls and lumen of alveoli, and the filling
of pulmonary acini with transudate in the form of unevenly
distributed foci [30-32]. The most common model of DAD
is intratracheal administration of a-galactosylceramide
before the injection of lipopolysaccharide [14, 15]. A seri-
ous drawback of this approach is a high animal lethality as
the intratracheal administration is associated with damage to
both lungs. Another substantial drawback is a requirement
of dual intubation of the trachea under general anesthesia,
which may make it more difficult to interpret the results
obtained in this model due to increased risk of postopera-
tive complications.

A more appropriate approach to generating selective lung
damage has been proposed by Paris et al. [18]. The mainstem
bronchus was intubated with a thin catheter telescopically
guided through a wider catheter intubating the trachea. The
authors succeeded in delivering the damaging agent (0.1 N

means a missing sign, “+” a minimal or mild sign, “+ +” a moderate sign,

HCI mixed with a radioactive label) into one lobe of the right
lung, and thus were able to track the site and the extent of
original lung damage after several days. Because of this “tar-
geted” approach, it was possible to substantially increase the
survival of experimental mice as compared to bilateral instil-
lation of 0.1 N HCI [18]. However, hydrochloric acid as an
inducer of inflammation has a narrow specificity and may be
used for the modeling of severe forms of gastroesophageal
reflux (with involvement of bronchopulmonary apparatus)
but is not suitable for the modeling of microbiological dam-
age. The intratracheal administration of the damaging agents
may lead either to mild damage, with the formation of dispa-
rate foci of inflammation, or to very serious damage causing
animal death, which excludes the possibility of performing
long-term follow-ups [5, 13, 14, 17]. Intrabronchial (uni-
lateral) administration of inducers of inflammation avoids
such problems. Pair anatomy of the target organ provides
a brilliant opportunity to use the principle of unilaterality
in a model of acute lung damage, which enables using the
self-contralateral side of the animal as a control while also
making possible a long-term follow-up due to the resiliency
of the model.

Morphologically, it is known that lung damage is mani-
fested either as DAD or as bronchiolitis obliterans with
organizing pneumonia; a combination of these two types of
damage is also possible. Lung damage involves epithelium,
endothelium, and interstitial tissue of the alveoli. These
changes may be extensive (with involvement of both lungs)
or local [33, 34]. ARDS is defined as an acute condition
that is characterized by a bilateral infiltration of the lungs
and severe hypoxemia with no signs of cardiogenic pulmo-
nary edema [35]. Originally, the terms DAD and ARDS
were used interchangeably; however, considering the broad
interpretation of DAD in practical medicine, this term has
been abandoned in clinical practice and instead ARDS is
diagnosed based on the following criteria: development of
new respiratory symptoms within one week after exposure
to a causative factor; bilateral infiltrates found on imaging;
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respiratory failure that is not completely explained by other
conditions; hypoxemia with PaO2/Fi02 <300 mm Hg [36].
Thus, our model permits the formation of a unilateral DAD
that serves as a morphological substrate of ARDS.

As a biological platform for DAD modeling, we have
chosen the left lung. Because the anatomical structure of
the left lung involves no division into lobes, variability in
the targeted delivery of the inducer is minimized. The model
of DAD proposed by us and obtained as described above
is characterized by totality. The left lung in its entirety is
involved in the process of modeling. The use of antemortem
imaging verification of the targeted delivery of the inducer
enables exclusion of procedural nonspecificity from the early
stages of the experiment.

The parameters of central hemodynamics in the setting of
acute lung inflammation are known to undergo a number of
specific shifts with an increase of minute blood volume and
circulatory volume [37, 38]. Cardiac output often reaches
very high values; however, this increase is usually associ-
ated with acceleration of cardiac rhythm. In lobar pneumo-
nia, patients demonstrate blood flow acceleration in both
systemic and pulmonary circulation, which is likely due to
blood bypassing the affected areas of the lungs. During the
period of active inflammatory processes, the resistance of
systemic vessels in the lungs is decreased, which is consid-
ered to be as a result of adaptive reactions of the vascula-
ture to a significant increase in minute blood volume or the
exposure of vessel walls to toxic and infective factors. It is
evident that a total collapse of the lung tissue of the left lobe
in our model unavoidably results in an elevation of blood
pressure in the pulmonary circulation and increase of the
load, primarily on the myocardium of the right ventricle.

The use of computer tomography of the lungs for intra-
vital evaluation of the extent of damage is widely accepted
in the practice of management of patients with pneumonia
of any etiology. This method allows the detection of the
following radiologic features: focal, diffuse, or extensive
(lobar, subtotal, total) increases in the density of pulmo-
nary parenchyma with formation of radiologic patterns of
“ground-glass” opacities and alveolar consolidation over the
short term, and signs of development of secondary inter-
stitial fibrosis of the lung and areas of atelectasis over the
long term. In patients with viral pneumonia secondary to
COVID-19 infection, both the density of the lung lobes and
volume of damage correlate with disease severity and refine
the prognosis [39, 40]. The time course of radiologic fea-
tures observed in our model allows for intravital detection
of the development and resolution of the left-sided lobar
pneumonia with simultaneous vicarious hypertrophy in the
right lung.

Therefore, a unilateral approach to DAD modeling has
been successfully realized in this study. Administration
of the mixture of inducers directly into the left bronchus
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resulted in a complete cutoff of the left lobe from gas
exchange, and the pathomorphological pattern observed
in the short-term and medium-term periods of follow-up
(diffuse alveolar damage of the elements of blood—air bar-
rier combined with signs of microcirculatory disorder) was
entirely consistent with the morphological pattern observed
in ARDS [15, 22-24].

In a period of long-term follow-up (30-60 d), fibrotic
changes were observed in the left lobe of the lung: a moder-
ate peribronchial and perivascular fibrosis, and widening of
interalveolar septa of the pulmonary acini. Early morpho-
logical findings in myocardium (small foci of necrosis of
cardiomyocytes of the right ventricle, dilation of cavities of
the right ventricle and right atrium) reflected total atelectasis
and cutoff of the left lobe of the lungs from gas exchange;
they also indirectly confirmed the development of pulmo-
nary hypertension with an increase of load on the myocar-
dium of the right heart. Subsequently, with the worsening of
fibrotic changes in pulmonary parenchyma of the left lobe by
the end of a two-month period, a hypertrophy of cardiomyo-
cytes of both right and left ventricles was observed.

According to the results of functional tests, it was found
that in the acute and subacute periods of DAP, there is an
increase in the respiratory rate, a decrease in the respira-
tory volume and the peak expiratory flow. These data are in
good agreement with the clinical manifestations of ARDS in
humans, including coronavirus infection [41, 42].

One of the earliest abnormalities observed in lung injury
during ARDS is the elevated levels of the inflammatory
cytokines, namely TNF-a, which promote nuclear factor-xB
(NF-xB) and histone deacetylase 3 (HDAC-3) nuclear trans-
location [43]. LPS stimulation initiates a cascade of multiple
intracellular signaling events, including NF-kB activation,
leading to the release of inflammatory cytokines IL-1f, IL-2,
and IL-6, and chemokines MIP-1a/f [44]. Importantly, a
recent study, which is in good agreement with our results,
indicates that levels of plasma cytokines in human sam-
ples with ARDS are similar to those in patients with severe
COVID-19 [45]. The development of infectious models in
humanized mice hACE2 using live viruses is strictly regu-
lated by biological safety regulations and should be per-
formed in facilities of ABSL-3 level or higher. The number
of laboratories and animal facilities where studies on such
models can be conducted is very limited. Our data indicate
that the current model may be readily applied for study-
ing therapeutic agents that prevent a cytokine storm during
ARDS and pathogenesis of the SARS-CoV-2 infection.

WHO has launched a global campaign to test therapeutic
agents and vaccines. To achieve this goal, it is important to
identify SARS-CoV-2 animal models that provide measur-
able indicators for testing medical countermeasures [41, 46].
It was shown that while the virus can infect and replicate
in numerous animals including ferrets, Syrian hamsters,
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and nonhuman primates, infections are largely self-limiting
and animals display only minor symptoms [27]. Although
such animal models may be very useful in the development
of vaccines or antivirals targeting the infection, they can
present several hurdles in the monitoring of the course of
infection which, in turn, may hinder large investigations
[47]. Having analyzed the morphological features of our
infectious and noninfectious DAD models provided in
Table 2, we conclude that each model has its own unique
characteristics.

Similarities and differences between morphological
aspects of noninfectious and infectious models of ARDS
are attributed to different etiologies of the inflammatory pro-
cess in the lungs, and none of the existing models is capa-
ble of fully reproducing changes observed in the setting of
COVID-19 development in humans. Therefore, it is worth
using both models for testing the drugs aimed at suppres-
sion of the inflammatory process in the lungs, because this
would return additional information. Serious limitations on
working with infective models also make it necessary to
use sterile systems, considering the differences that we have
found between the infective models.

An important aspect of ARDS is the cardiopulmonary
continuum. At present, we have no long-term data on the
morphological changes in the heart and lung of hACE mice
that have survived a COVID-19 infection. However, the
literature suggests that cardiomegaly with marked dilation
of the right ventricle cavity as an overt sign of right heart
overload was reported postmortem in patients who had died
from COVID-19 infection. Postmortem investigation of
myocardium samples has shown focal degenerative changes
of cardiomyocytes [42].

Conclusion

We have presented immunological and morphological fea-
tures of a new experimental noninfectious unilateral model
of diffuse alveolar damage of the lungs induced by LPS
simultaneously with GC. The model is characterized by
100% animal survival, abrupt increases in plasma levels of
cytokines and chemokines, and significant myocardial over-
load in the right heart with compensatory hypertrophy of
cardiomyocytes. The model is “sterile” because it does not
need viruses for modeling of severe lung damage and, hence,
does not require special conditions for working with viruses.
It allows the investigation of potential, innovative therapeu-
tic approaches in a predictable and reproducible model that
is close to ARDS with regards to morphological processes
occurring in the left lung.

The model is characterized by diffuse homogeneous
lesions of the left lung and intact right lung, which ensures
the survival of animals and allows us to evaluate not only

short-term effects but also long-term changes in the lung
tissue associated with organ recovery. The DAD model we
have proposed may be widely used for studying the effi-
cacy of candidate molecules for the treatment of infectious
respiratory diseases, such as viral pneumonias of different
etiology, including SARS-CoV-2.
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