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ARTICLE INFO ABSTRACT

Keywords: Innate immunity reactions are core to any immunological process, including systemic inflam-
Macrophage mation and such extremes as acute respiratory distress syndrome (ARDS) and cytokine storm.
ARDS Macrophages, the key cells of innate immunity, show high phenotypic plasticity: depending on
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Polarization microenvironmental cues, they can polarize into M1 (classically activated, pro-inflammatory) or
Lung M2 (alternatively activated, anti-inflammatory). The anti-inflammatory M2 macrophage
Immune system polarization-based cell therapies constitute a novel prospective modality. Systemic administration
Inflammation of ‘educated’ macrophages is intended at their homing in lungs in order to mitigate the pro-
LPS inflammatory cytokine production and reduce the risks of ‘cytokine storm’ and related severe

complications. Acute respiratory distress syndrome (ARDS) is the main mortality factor in
pneumonia including SARS-CoV-associated cases. This study aimed to evaluate the influence of
infusions of RAW 264.7 murine macrophage cell line polarized towards M2 phenotype on the
development of LPS-induced ARDS in mouse model. The results indicate that the M2-polarized
RAW 264.7 macrophage infusions in the studied model of ARDS promote relocation of lym-
phocytes from their depots in immune organs to the lungs. In addition, the treatment facilitates
expression of M2-polarization markers Argl, Vegfa and Tgfb and decreases of M1-polarization
marker Cd38 in lung tissues, which can indicate the anti-inflammatory response activation.
However, treatment of ARDS with M2-polarized macrophages didn’t change the neutrophil
numbers in the lungs. Moreover, the level of the Argl protein in lungs decreased throughtout the
treatment with M2 macrophages, which is probably because of the pro-inflammatory microen-
vironment influence on the polarization of macrophages towards M1. Thus, the chemical polar-
ization of macrophages is unstable and depends on the microenvironment. This adverse effect can
be reduced through the use of primary autologous macrophages or some alternative methods of
M2 polarization, notably siRNA-mediated.
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1. Introduction

Acute respiratory distress syndrome (ARDS) is the main mortality factor in pneumonia including SARS-CoV-associated cases [1-4].
In intensive care units, ARDS is 30-50 % lethal even with advanced protocols applied to such patients [4].

Innate immunity reactions are core to any immunological process, including systemic inflammation and such extremes as acute
respiratory distress syndrome (ARDS) and cytokine storm [5]. Macrophages, the key cells of innate immunity, show high phenotypic
plasticity: depending on microenvironmental cues, they can polarize into M1 (classically activated, pro-inflammatory) or M2 (alter-
natively activated, anti-inflammatory). The microbial component lipopolysaccharide (LPS) can drive macrophage polarization to the
M1 phenotype while IL-4 can induce macrophage polarization to M2 [6]. M1 macrophages are capable of pro-inflammatory responses
and produce pro-inflammatory related factors such as IL-6, IL-12 and TNF. In contrast, M2 macrophages are capable of
anti-inflammatory responses, repair damaged tissues and produce arginase (Arg-1) and TGF-f [7,8]. In tissues affected by infection,
firstly the polarization of macrophages to pro-inflammatory M1 phenotype takes place in order to provide defense from pathogens. On
the next step they are polarized to form an anti-inflammatory response to the M2 phenotype and provide the repair to damaged tissues.
The regulation of macrophages polarization to provide their particular immune function was recently successfully stimulated. A key
aspect of macrophage polarization is the alteration of cell surface marker expression. M1 macrophages overexpress CD38, CD80, CD86,
and CD16/32, and M2 macrophages — CD163 and CD206. Changes in the balance of M1/M2 macrophages in various pathological
conditions, such as tumors and inflammation, play a key role in the outcome of the disease [9,10].

The violation of the endothelial and epithelial barriers in traumas, burns, pneumonias and sepsis [11,12] leads to increased
permeability of the air-blood barrier, increased migratory capacity of pulmonary neutrophils/macrophages and increased production
of pro-inflammatory cytokines in the lungs [13,14]. Patients with SARS-CoV-2-associated ARDS develop the monocyte/macrophage
hyperactivation and ‘cytokine storm’ [15] with intermediate/non-classical blood monocytes producing high amounts of IL-6 and
TNF-a, which indicates the predominance of pro-inflammatory (M1) macrophage polarization. High rates of interferon production and
bone-marrow macrophage infiltration have been correlated with severity of ARDS in SARS- [16,17] and MERS- [18] CoV-associated
cases.

No pathogenetic treatment for ARDS is available as yet. The symptomatic options include mechanical ventilation, neuromuscular
blockers, systemic corticosteroids and inhaled vasodilators [19]. Candidate biology-based strategies include the M1-to-M2 macro-
phage reprograming already being considered for a broad spectrum of autoimmune, proliferative and inflammatory disorders [20-24],
qualified as promising in several preclinical models of ARDS [25-30].

The anti-inflammatory M2 macrophage polarization-based cell therapies constitute a novel prospective modality [31]. Systemic
administration of ‘educated’ macrophages is intended at their homing in lungs in order to mitigate the pro-inflammatory cytokine
production and reduce the risks of ‘cytokine storm’ and related severe complications.

There are some approaches for modelling human ARDS in laboratory animals, including intranasal administration of Staphylo-
coccal enterotoxin-B (SEB) and intratracheal administration of lipopolysaccharide (LPS, endotoxin) [32,33]. LPS, endotoxin — the
highly immunogenic cell-wall component of Gram-negative bacteria [34-37]. The intervention has a major impact on pulmonary
microcirculation, causing neutrophil infiltration of respiratory units and intra-alveolar edema entailing ‘cytokine storm’ and reactive
oxygen species outburst, critically affecting the airway and gas exchange functionalities and highly lethal [37-41]. The local in-
flammatory reaction is triggered by LPS binding to TLR-4 at the pulmonary epithelium surface, which stimulates the NF-xB-dependent
production of pro-inflammatory cyto-/chemokines including TNF-a, IL-1, IL-6 and notably MCP-1, a crucial attractant of mononuclear
leukocytes to interalveola [42]. Thus, the intratracheal LPS administration provides a feasible model of human ARDS to be used for the
validation of potential influence of M2-polarized macrophages on the pulmonary inflammation deployment.

This study aimed to evaluate the influence of systemic infusions of anti-inflammatory polarized macrophages on the development
of LPS-induced ARDS in mouse model. The most suitable source of mouse macrophages for ARDS treatment can be their bone marrow
precursors or blood monocytes. Due to the difficulty of obtaining and the small volume of blood from mice, we chose the mouse
macrophage cell line RAW 264.7 as a cell therapeutic agent, which was established from a tumor in a male mouse induced with the
Abelson murine leukemia virus. This approach was also used in a number of other works [43,44]. In current work RAW 264.7 murine
macrophage cell line was polarized towards M2 phenotype for activation of its anti-inflammatory phenotype and we studied the
effectiveness of this treatment in LPS-induced mouse model of ARDS.

2. Materials and methods
2.1. Animals

The study was carried out on 20 adult male C57Bl/6 mice 18-20 g body weight. The animals were obtained from Stolbovaya
breeding facilities (Moscow region, Russia). The animals were randomly distributed into four groups: control group (n = 5), non-
treated ARDS (n = 5), RAW 264.7 macrophage-treated ARDS (non-polarized, ARDS + M, n = 5), M2-polarized macrophage-treated
ARDS (ARDS + M2, n = 5). The animals were kept in an acclimatized room with conventional environmental conditions. All animals
were kept in polypropylene cages (5 mice per cage) in temperature (20 + 2 °C) and humidity (40-60 %) controlled rooms under
reversed light/dark cycles (12/12 h). Mice were fed with commercial pellets (PK-120-1; Laboratorsnab LLC, Russia) and water ad
libitum. All manipulations with animals were carried out according to ARRIVE guidelines and the EU Directive 2010/63/EU on the
protection of animals used for scientific purposes. All efforts were made to minimize the suffering and distress of animals. Permission
was obtained from the Bioethical Committee at Avtsyn Research Institute of Human Morphology (Protocol No. 21, March 29, 2019).
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2.2. Cell cultures

RAW 264.7 cells were cultured in complete medium (RPMI supplemented with 10 % heat-inactivated fetal bovine serum (FBS), 2
mM L-glutamine, 25 U/mL penicillin, 25 pg/ml streptomycin (all by PanEco, Russia) in 6-well cell-culture plates (Costar, USA) at a
density of 0.5 x 10° cells per well).

2.3. Invitro polarization of RAW 264.7 macrophage

RAW 264.7 cells were grown to monolayers in 175 ¢cM> Corning flasks (Corning Inc., USA) with RPMI 1640 full growth medium
(PanEco) containing FBS (HyClone, USA), penicillin/streptomycin (PanEco) and 1-glutamine (PanEco). During polarization, the cells
were incubated in full growth medium supplemented with IL-4 (50 ng/ml) for 24 h, detached, washed in PBS, centrifuged at 300 g for
5 min and counted [45].

2.4. ARDS modeling

ARDS was modeled in C57Bl/6 mice (n = 15) by intratracheal administration of 125 pL LPS E.coli 0111:B4 (Sigma, USA) at a 15
mg/kg [46-48]. Animals of the treatment group (ARDS + M2, n = 5) received 5 x 100 of M2-polarized RAW 264.7 cells [49-51] in
PBS, 300 pL intravenously, immediately post-LPS. Animals of the comparison group received identical injections of non-polarized
RAW 264.7 cells (ARDS + M, n = 5). Animals of the non-treated group (ARDS, n = 5) received sham injections of 300 pL saline
immediately post-LPS. Animals of the control group (Control, n = 5) received saline only — 125 pL intratracheally and 300 pL
intravenously (sham-operated). The animals were withdrawn from the experiment by diethyl ether overdose administered 24 h
post-intervention and right lungs, thymuses, spleens and livers were collected. Fresh tissue fragments of the lung were placed in
RNAprotect Tissue Reagent (Qiagen, Germany) to preserve mRNA or snap-frozen in liquid N3 to preserve proteins for molecular study;
the rest specimens were fixed and processed for histology.

2.5. Labeling of macrophages with PKH26

RAW 264.7 cells were detached, washed in PBS, centrifuged at 300 g for 5 min, counted and stained with PKH26 dye (Sigma,
PKH26GL-1 KT) according to manufacturer’s protocol. After inactivation of reaction by adding 2 ml of FBS cells were centrifuged and
injected intravenously in 300 pL of saline in amount of 5 x 10°.4 and 24 h after the injection of PKH26-labeled RAW 264.7, the lung,
liver, spleen and kidney were taken, snap-frozen in liquid N2, cryosections were prepared, cell nuclei were stained with DAPI (Thermo
Fisher Scientific, P36941). The presence of PKH26-labeled RAW 264.7 was assessed under a Leica DM 4000 B microscope with
sotfware LAS AF v.3.1.0 build 8587 (Leica Microsystems, Germany).

2.6. Histopathology

The lungs were fixed in Carnoy’s fluid; the thymuses, the spleens and the livers were fixed in Bouin’s fluid. The specimens were
alcohol-dehydrated, paraffin-embedded, sectioned, mounted, stained routinely with H&E (BioVitrum, Russia) and microscopically
examined. Neutrophils infiltrating interalveolar septa were counted in a standard visual area of 25,000 pm? [52,53]. To assess for
fibrin, lungs were stained with MSB (Martius-Scarlett-Blue) according to the instructions (Biochemmack, Russia).

2.7. Immunohistochemistry

Immunohistochemical detection of M2 macrophages marker — CD206 was carried out by sandwich method. Lungs sections were
deparaffinized, demasked in citrate buffer pH 6.0 with 0.5 % Tween-20 at 100 °C and blocked in phosphate-buffered saline with 0.1 %
bovine serum albumin at room temperature before exposure to antibodies (primary: Rabbit Polyclonal Anti-CD206 Antibody,
ab64693, Abcam, UK; secondary HRP Donkey-anti-Rabbit antibodies 1:500; 416035, Novex Life Technologies). After PBS cleansing,
DAB work solution was amplified until color changing visualized.

2.8. Reverse transcription—polymerase chain reaction assay (RT-PCR)

Total RNA was isolated with QIAZOL reagent and RNeasy Plus Mini Kit (Qiagen) in accordance with the manufacturer’s protocols;
cDNA was synthesized with MMLV-RT kit (Evrogen, Russia). PCRs were set in triplicates with qPCRmix-HS SYBR master mixes
(Evrogen, Russia) and target-specific primers designed using Primer-BLAST tool (NCBI, USA) and custom-ordered from Evrogen. Gene
expression was quantified by threshold cycle (Ct) approach [42] against Gapdh as housekeeping reference target. The genes of interest
were Argl, 1110 and Tgfb in cultured cells and Tnfa, Nos2, Cd38, Argl, Vegfa and Tgfb in lung tissues.

2.9. Enzyme-linked immunosorbent assay (ELISA)

The blood serum was collected from jugular veins [54]. Levels of LPS and IL-1p were measured using commercial kits (Cloud-Clone,
USA) in accordance with the manufacturer’s protocols.
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2.10. Western blot assay

RAW 264.7 cells were lysed in RIPA buffer, mixed with 2x loading buffer (Bio-Rad, USA) and incubated at 95 °C for 1 min prior to
loading. Snap-frozen tissue samples were homogenized in Protein Solubilization Buffer (Bio-Rad) using MicroRotofor Lysis Kits with
the addition of Complete Protease Inhibitor Cocktail (Roche, Switzerland). Homogenized samples were centrifuged at 14,000 g for 30
min; the supernatant was collected, mixed with 2x loading buffer and incubated at 95 °C for 1 min prior to loading. The proteins were
separated by 10%-12.5 % SDS-PAGE and transferred to PVDF membranes by semi-wet method using a Trans-Blot® Turbo™ RTA Mini
LF PVDF Transfer Kit (Bio-Rad). The membranes were blocked with 5 % milk in Tris-buffered saline containing 0.1 % Tween for 1 h at
room temperature, then incubated with primary antibodies (Arginase: sc-18351, Santa-Cruz; GAPDH: Cat.#5G4, Hytest; CD206:
ab64693, Abcam; TGFbeta: ab66043 Abcam) overnight at 4 °C with gentle shaking. Next day, the membranes were incubated with
HRP-conjugated secondary antibodies (Bio-Rad) for 1 h at room temperature. The bands were stained using Novex ECL Kit (Invi-
trogen™ Thermo Fisher Scientific, USA) and visualized in ChemiDoc MP visualization system with Image Lab Software (Bio-Rad),
GAPDH used as a reference protein to measure optical density of the bands of interest. Normalization was carried out as follows: bands
corresponding to individual lanes with applied samples were automatically detected in Image Lab Software, then the value of adjusted
volume (the background-adjusted volume) was calculated. The corresponding value for the GAPDH band was taken as 100 %, while
the signal from the protein of interest from the same sample was calculated as a fraction of it.

2.11. Statistics

Statistical analysis involved data normality tests using Kolmogorov-Smirnov method in Statistica 8.0 (StatSoft, USA) and
nonparametric multiple comparison procedures using Kruskal-Wallis test. At p < 0.05, the differences were treated as statistically
significant and Dunn’s post-hoc test was applied to specify the significance for each pair. For graphical representation, the data were
converted to boxplots comprising the median, IQR and upper/lower extreme values.

3. Results
3.1. M2 polarization of RAW264.7 cultures

M2 polarization of RAW 264.7 cells was induced by addition of purified recombinant IL-4 to the growth medium. The effect was
tested by Argl expression analysis at mRNA and protein levels, using RT-PCR and Western blot, respectively. After 24 h exposure to IL-
4, the cultures expressed Argl at significantly higher levels compared with non-treated controls (Fig. 1A and B). Also we analyzed

expression level of another two anti-inflammatory markers: TGF-p and IL-10 (Fig. 1B) and found that Tgf-p expression was significantly
up-regulated after IL-4 exposure while in case of II-10 the significant difference was not achieved. Both IL-4-treated and non-treated
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Fig. 1. Expression of Argl, II-10 and Tgf-p in RAW 264.7 cells after M1 and M2 polarization induced by LPS and IL-4, respectively. Representative
western blots with arginase 1 signal quantitation (A). Relative transcription levels of Argl, II-10 and Tgf-b measured by RT-PCR (B). C, non-induced
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cells were subsequently administered to C57Bl/6 mice with induced ARDS. Another negative control, LPS-treated cultures, had Argl
expression levels similar to non-treated cultures, indicating specificity of the IL-4-mediated induction.

3.2. Histopathology of the lungs

Histological study of lung tissues in sham-controls (no LPS and no cells administered) revealed unobstructed bronchi and clear,
aerated alveoli occasionally containing eosinophilic masses, with thin septa (Fig. 2A and B). Twenty-four hours after LPS injection
there was thickening of alveolar septae with accumulation of neutrophils, macrophages and lymphocytes in the lungs (Fig. 2F). In the
lumen of part of the alveoli, focal accumulations of neutrophils, intraalveolar edema represented by eosinophilic masses with
erythrocytes, and proteinaceous alveolar fluid and debris were noted (Fig. 2C, E). Among the cells of the inflammatory infiltrate, MSB
staining revealed microthrombi and fibrin deposits (Fig. 2D). There was focal bronchopneumonia with granular eosinophilic masses in
secondary and tertiary bronchi, containing disintegrating aggregated neutrophils, solitary macrophages and detached epithelial cells
in the lungs (Fig. 2F).

Mice receiving LPS combined to RAW 264.7 cell infusions developed similar characteristic signs of ARDS with bronchitis and
interstitial pneumonia, complemented by the appearance of broad, muff-shaped lymphocyte accumulations in perivascular spaces of
pulmonary veins absent in the non-treated ARDS and control groups (Fig. 3A-D).

The migration of the introduced RAW 264.7 into the lungs, liver, kidney, and spleen was assessed by labeling the cells with the PKH
vital dye. As shown in Fig. 4 both 4 h and 24 h after intravenous administration, macrophages were found in the lungs (Fig. 4A and B)
and liver (Fig. 4C and D). In the spleen, macrophages were detected only 4 h after administration (Fig. 4E and F), and in the kidney,
they were practically not detected at both studied periods (Fig. 4H and G).

Fig. 2. Histological images of lungs in sham-controls (A, B) and non-treated ARDS (C-F). Staining — H&E (A-C, E-F), MSB (D). A, B - normal lungs
structure, the alveoli are airy (*), the interalveolar septa are thin, contain single neutrophils. C - focal intraalveolar edema (***), represented by
eosinophilic masses, among which erythrocytes are detected. D - fibrin deposits (circle) in the lumen of the blood vessel and interalveolar septa E —
proteinaceous alveolar fluid and debris in the lumen of the alveoli (") F - focal bronchopneumonia (circle), accumulations of neutrophils in the
lumen of the bronchi (insert).
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When staining the lungs with antibodies to CD206, the marker M2 of macrophages, they were detected in all the studied groups
(Fig. 5A-F). In sham-operated mice, single CD206+ macrophages were found in the intraalveolar septa (Fig. 5A). Whereas, in ARDS,
their number increased in the foci of inflammation, they were found in thickened interalveolar septa (Fig. 5B). When non-polarized
RAW 264.7 macrophages was administered, the number of CD206+ cells was comparable to the control group (Fig. 5A and C).
During therapy with polarized M2 RAW 264.7, the number of CD206+ macrophages at a qualitative level was higher than during
therapy with non-polarized cells (Fig. 5D, E, F).

The degree of interstitial inflammation was quantitatively assessed by neutrophil counts within interalveolar septa. Compared to
the control group, a statistically significant increase in the number of neutrophils in the interalveolar septa was found only in ARDS +
M mice. However, as can be seen in Fig. 6, the number of neutrophils was higher in all experimental groups compared to the control.
Thus, the morphological assessment revealed no significant differences in the severity of inflammatory changes with regard to the
treatment.

3.3. Serum IL-1p and LPS

Animals with M2 macrophage-treated ARDS had lower serum levels of IL-1p (Fig. 7A) indicating a decrease in systemic inflam-
matory reaction compared to non-treated ARDS. Serum levels of LPS in the three groups were similar (Fig. 7B).

3.4. Cytokine expression in the lungs

Molecular study of the pulmonary inflammatory reaction involved RT-PCR for macrophage polarization markers Nos2, Tnf-a, Cd38,
Argl, Vegfa and Tgf-p; the data are plotted in Fig. 8. While M1 markers Nos2, Tnf-a and Cd38 were expressed similarly in all groups M2
markers Argl, Vegfa and Tgf-p were expressed at higher levels in animals with macrophage-treated ARDS than in the non-treated ARDS
and control groups, with the most pronounced effect observed for M2-polarized cell treatment. Worth noting that mRNA of M1
macrophages marker Cd38 decreased in both macrophage-treated ARDS groups regardless of their polarization.

3.5. Argl, CD206 and TGF-§3 expression in the lungs

Next, we analyzed the production of typical M2 markers in lung tissue after treatment of the ARDS model by Western blotting. We
observed overall down-regulation of Argl in all ARDS groups but the significant difference was achieved in case of ARDS + M (Fig. 9).

Fig. 3. Representative histological images of right lung parenchyma in sham-controls (A), non-treated ARDS (B) and RAW 264.7 macrophage-
treated ARDS (non-polarized, ARDS + M, C; M2-polarized, ARDS + M2, D). Staining — H&E. A. Normal microanatomy: bronchi unobstructed;
alveoli clear, occasionally with eosinophilic masses, with thin septa. B. Characteristic signs of pulmonary inflammation with infiltrated septa; the
insert shows neutrophil aggregations. C. Characteristic signs of pulmonary inflammation with infiltrated septa; the insert shows mixed infiltrate
containing neutrophils, lymphocytes and macrophages. D. Characteristic signs of pulmonary inflammation, septa infiltrated with neutrophils,
lymphocytes and macrophages; the insert shows muff-shaped lymphoid accumulations around pulmonary veins, with solitary neutrophils and
macrophages.
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-

Fig. 4. Distribution of PKH-labeled RAW264.7 in lungs (A, B), liver (C, D), kidney (E, F), and spleen (G, H) at 4 h (A, G, E, G) and 24 h (B, D, F, H)
after intravenous administration to mice. Magnification - x200.

Also we found a significant decrease of CD206 expression in M2-polarized cell treated ARDS compared to control group. Interestingly,
the level of TGF-p was down-regulated in ARDS + M and ARDS + M2 animals but the difference was not significant.

3.6. Histopathology of thymus, spleen and liver

Non-autologous cell transplantations may entail significant immunological burden and thereby affect the thymus and the spleen, as
well as the liver. We carried out histopathological assessment for possible changes in these organs with regard to the treatment, for all
groups of the study.

Histopathological study of the thymus in the control and non-treated ARDS groups revealed typical zonality with distinct cortico-
medullary boundaries (Fig. 10A and B), the cortex densely populated with lymphocytes. In animals with non-polarized macrophage-
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Fig. 5. CD206-+ M2 macrophages in the lungs of control mice (A), ARDS (B) and RAW 264.7 macrophage-treated ARDS (non-polarized, ARDS + M,
C; M2-polarized, ARDS + M2, D-F). Staining - ICH with antibodies to CD206. Magnification - x400.

treated ARDS, the thymus had characteristic ‘starry sky’ appearance indicating death of thymocytes, with prominent macrophages
scavenging the debris (Fig. 10C); the picture was complemented by neutrophil-infiltrated cyst-like cavities in the medulla charac-
teristic of ongoing accidental involution [43]. Animals with M2-polarized macrophage-treated ARDS had advanced thymic involution
with massive death of thymocytes, formation of apoptotic bodies in the cortex and neutrophil-/macrophage-infiltrated cavities in the
medulla (Fig. 10D).

Compared to the normal splenic architecture observed in the control group (Fig. 11A), animals with non-treated ARDS presented
with enlarged germinal centers of splenic follicles and decreased counts of cellular elements in the red pulp most probably reflecting
the intensified migration of immune cells to the inflamed areas in the lungs (Fig. 11B). Animals with ARDS receiving non-polarized
RAW 264.7 cells had splenic morphology similar to animals with non-treated ARDS (Fig. 11C). Animals with ARDS receiving M2-
polarized RAW 264.7 cells presented with signs of white pulp depletion and decreased counts of splenic follicles (Fig. 11D) indica-
tive of higher lymphocyte expenditure; the red pulp contained observable accumulations of neutrophils, lymphocytes and histiocytes
(Fig. 11D).

Compared to the normal liver architecture observed in the control group (Fig. 12A), the liver in non-treated ARDS presented with
medium-droplet hepatocyte dystrophy, affecting about 30 % of the cells predominantly at the periphery of the lobules (Fig. 12B). In
non-polarized macrophage-treated ARDS, the dystrophy was less pronounced (Fig. 12C); M2-polarized macrophage injections pro-
moted higher counts of non-epithelial cellular elements in the lobules, while mitigating hepatocyte dystrophy (Fig. 12D).

4. Discussion

In our work, we have chosen the chemical method of macrophage polarization as a proven and reliable approach, which has also
been used in a huge number of in vitro studies [55-58]. Upon IL-4 exposure, RAW 264.7 macrophages acquired M2-like phenotypes, as
indicated by elevated expression/production levels of arginase 1 — the M2 marker enzyme responsible for arginine conversion into
ornithine and urea [59-61,]. In murine macrophages, Argl expression can be induced by PGE,, Th2 cytokines and cAMP [61]; the
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Fig. 7. Serum levels of LPS (A) and IL-1f (B) in sham-controls (Control, n = 5), non-treated ARDS (ARDS, n = 5) and RAW 264.7 macrophage-
treated ARDS (non-polarized, ARDS + M, n = 5; M2-polarized, ARDS + M2, n = 5). Kruskal-Wallis test, Dunn’s method.

induction mediated by STAT-6 and CEBP/b binding to IL-4 response element in Argl promoter has been demonstrated in RAW 264.7
cell line [62,63]. The anti-inflammatory ‘healing’ effects of M2-polarized macrophages involve the arginase pathway as the means for
both detoxication of arginine as the NOS substrate and production of anti-inflammatory ornithine derivatives [59]. The
anti-inflammatory properties of arginase-expressing macrophages have been demonstrated in murine schistosomiasis model; the
mechanisms involve IL-12/IL-23 synthesis suppression and maintenance of favorable Treg/Th17 balance [64,65].

Our morphometric data reveal no alleviation of the inflammatory reaction in response to the treatment, notably the lack of
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Fig. 8. Relative mRNA expression levels of Tnf-a (A), Nos2 (B), Cd38 (C), Argl (D), Tgf-p (E) and Vegfua (F) in the lungs in sham-controls (Control, n
= 5), non-treated ARDS (ARDS, n = 5) and RAW 264.7 macrophage-treated ARDS (non-polarized, ARDS + M, n = 5; M2-polarized, ARDS + M2, n
= 5). Kruskal-Wallis test, Dunn’s method.

significant differences in septal neutrophil counts as compared with the non-treated control group. The lack of morphologically evident
response can be attributed to the temporary nature of the chemically induced macrophage polarization. Upon their arrival in the lungs,
the RAW 264.7-M2 cells become exposed to the LPS-conditioned milieus of distinctly pro-inflammatory character, facilitating a reverse
shift towards M1. However, we didn’t reveal an increase of expression level of M1 marker - Cd38, that can be activated by LPS [10]. In
both groups of ARDS treatment we found a decrease of Cd38 expression. This could be the result of inhibition of LPS-induced po-
larization of M1 macrophages [66]. Moreover, CD38 expresses on the surface of various immune cells, not only in macrophages, but in
regulatory T cells (Tregs), regulatory B cells (Bregs), myeloid-derived suppressor cells (MDSCs) and CD16 CD56" natural killer (NK)
cells [67,68]. The increase of CD38 is observed in many inflammatory and cancer diseases [69-72] and targeted CD38 therapy would
be a promising treatment for a variety of diseases [68]. In addition, according to the IHC study, more CD206+ macrophages were
detected in the lungs during treatment with M2-type polarized RAW 264.7 than without treatment and during therapy with
non-polarized RAW 264.7. CD206, also known as mannose receptor C type 1 (MRC1), is a cell-surface protein abundantly presents on
selected populations of dendritic cells and macrophages [73]. CD206 is normally expressed on the M2 but not M1 macrophage subtype
and therefore serves as a useful marker to identify the M2 phenotype.

The validation of anti-inflammatory effects of polarized macrophages carried out by us in this study was confined to a single time-
point of 24 h post-intervention, which is perhaps suboptimal for the morphologically evident response in the lungs. Still, we observed
significant molecular-level effects of the treatment in terms of transcriptomic changes, including increased expression of Argl, Vegfa
and Tgf-p. Increased expression of the arginase-encoding gene Argl is indicative of M2 macrophage polarization [74]. Argl expression
by alveolar macrophages can support the airway remodeling through increased production of r-ornithine as a biochemical precursor
for L-proline (used in collagen synthesis) and polyamines putrescine, spermidine and spermine [75]. Argl expression by endothelial
cells promotes an increase in capillary permeability through decreased production of NO [76]; accordingly, the increased expression of
Argl in lung tissues of the M2 macrophage-treated mice with induced ARDS could favor neutrophil infiltration of the septa and
promote the lymphocyte aggregation in perivascular spaces of pulmonary veins. On the other hand, introduction of in vitro/ex vivo
polarized macrophages expressing M2 signatures could promote a similar M2 polarization in both alveolar and recruited macrophages
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Fig. 9. Western blot analysis of protein expression in lung tissue in sham-controls (Control, n = 3), non-treated ARDS (ARDS, n = 4) and RAW 264.7
macrophage-treated ARDS (non-polarized, ARDS + M, n = 3; M2-polarized, ARDS + M2, n = 3). Representative western blotting membranes
stained with antibodies to Arginase 1, CD206, TGF-§ and GAPDH. Relative expression levels of Argl, CD206 and TGF-f, normalized by GAPDH level.
* - p < 0.05. Full-length, non-adjusted and uncroppted membranes are available in Supplementary Material.

Fig. 10. Representative histological images of the thymus in in sham-controls (A), non-treated ARDS (B) and RAW 264.7 macrophage-treated ARDS
(non-polarized, ARDS + M, C; M2-polarized, ARDS + M2, D). Staining — H&E. Magnification — x 200, inserts x 400, x 640. A, B. Normal
microanatomy: cortex densely populated with thymocytes, clear cortico-medullary boundaries. C. ‘Starry sky’ patterns with prominent macrophages
scavenging non-viable thymocytes in the cortex and neutrophil-infiltrated cyst-like cavities in the medulla. D. Advanced accidental thymic invo-
lution: massive lymphocyte death, neutrophil-/macrophage-infiltrated cyst-like cavities in the medulla.

at the pulmonary inflammation foci. The level of the Arg1 protein in lungs decreased throughtout the treatment with M2 macrophages,
which is probably because of the pro-inflammatory microenvironment influence on the polarization of macrophages towards M1. This
results suggest the primitiveness of M1/M2 paradigm. Modern data demonstrate that even in the lack of polarizing stimuli, the
macrophage phenotype is heterogeneous and exists in a continuum [77]. Moreover, the continuum of macrophages’ plasticity provides
itself as in physiological and pathological conditions. These states, for which there is a lack of clear manifesting signs of the M1 or M2
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Fig. 11. Representative histological images of the spleen in in sham-controls (A), non-treated ARDS (B) and RAW 264.7 macrophage-treated ARDS
(non-polarized, ARDS + M, C; M2-polarized, ARDS + M2, D). Staining — H&E. Magnification — x 100, inserts x 640. A. Normal splenic
microanatomy: white pulp composed of lymphoid follicles with non-enlarged central areas. B, C. Enlarged germinal centers of splenic follicles, red
pulp depleted of cellular elements. D. White pulp depletion, red pulp myelosis with focal accumulations of lymphocytes and neutrophils (in
rectangles) or their fragments (in ovals).

Fig. 12. Representative histological images of the liver in in sham-controls (A), non-treated ARDS (B) and RAW 264.7 macrophage-treated ARDS
(non-polarized, ARDS + M, C; M2-polarized, ARDS + M2, D). Staining — H&E. Magnification — x 640. A. Normal microanatomy: hepatocytes
without dystrophic changes, containing glycogen inclusions. B. Medium-droplet hepatocyte dystrophy (circles). C. Small-/medium-droplet hepa-
tocyte dystrophy (circles). D. Increased counts of non-epithelial cellular elements in the lobules, notably neutrophils (square).
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phenotype correspond in literature to the so-called hybrid phenotypes [78]. Now it is postulated that the M1/M2 paradigm reflects the
in vitro extremization of the in vivo conditions. Despite the criticism, many authors who publish works relating to macrophages still
reference the M1/M2 paradigm, even in recently published works [79-83].

In addition, the level of CD206, estimated by the WB method, decreased with both M and M2 RAW 264.7 therapy, however, in the
IHC study, on the contrary, the expression of CD206+ cells during M2 macrophage therapy was higher than in the comparison groups.
This may be due to the uneven distribution of CD206+ macrophages in the lungs in ARDS: for example, they were found in areas of
thickening of the intraalveolar septa and in areas of lymphocytic muffs surrounding the veins. Whereas the material for WB is taken
“blindly” and it is impossible to predict the zone of the lungs with pathological changes characteristic of ARDS on macropreparations.

VEGF, the key pro-angiogenic molecule, has been featured as a favorable prognostic factor in ARDS [84,85]. Increased expression
of VEGF by alveolar macrophages invigorates their phagocytic activity towards apoptotic cells [86]. Also, VEGF-A has been shown to
enhance the air-blood barrier permeability and thereby increase the risks of pulmonary edema [87]. The increase in transcription
levels of Vegfa in response to the treatment with M2-polarized macrophages, revealed by us in this study, may indicate the efferocytosis
activation; on the other hand, it may be correlated with increased permeability of the blood-brain barrier and the appearance of
perivascular lymphoid sleeves revealed histologically.

The transforming growth factor beta (TGF-p) is known to support the post-ARDS collagen production and lung architecture re-
establishment [88] through promotion of the fibroblast-to-myofibroblast transition and extracellular matrix remodeling [89,90].
Other studies find no correlation between pulmonary levels of TGF-p and proliferation of fibroblastic lineages in ARDS and hence
dismiss it as a favorable marker, especially with consideration to its high expression in the lungs of patients dying of COVID-19 [89];
apparently, during the acute phase the role of TGF-p is different from its ‘peaceful’ contribution to the post-acute healing.

M2-polarized macrophages are known to produce TGF-p [91]; moreover, increased production of this factor by mesenchymal stem
cells has been shown to support the M2 macrophage polarization [92]. The elevated expression of Tgf-f in the lungs revealed in our
experiments may determine the subsequent onset of fibrosis while indirectly indicating M2 polarization of alveolar macrophages.
However, despite the increased transcription rates of Argl, Vegfa and Tgf-p in the affected lungs after treatment, no corresponding
changes at the protein level were encountered during Western blot analysis.

The M2-polarized macrophage administration significantly reduced serum levels of IL-1f compared to control animals with non-
treated ARDS, indicating alleviation of the inflammatory reaction at systemic level. The LPS exposure is known to promote a TLR-4-
dependent activation of NF-kB pathway, resulting in boosted serum levels of pro-inflammatory IL-1f, TNF-a and IL-6, which stimulate
the synthesis of acute inflammation proteins, notably CRP, by the liver [93]. High serum IL-1p is considered an adverse prognostic
marker in severe SARS-CoV-2-associated ARDS [94].

The histological assessment of the immunity organs revealed distinctive signs of increased antigenic load on the thymus and the
spleen in response to the treatment. Compared with other groups of the study, thymuses of mice receiving infusions of the M2-
polarized RAW264.7 cells revealed significant cortical atrophy and transition of thymic bodies into cyst-like cavities subject to
neutrophil infiltration. The reduced counts of lymphoid nodules in splenic white pulp indicated massive loss of lymphocytes through
apoptosis and/or migration to the liver and the lungs. The latter assumption is supported by the appearance of sleeve-like immune cell
aggregations in perivascular spaces of pulmonary veins and the increased counts of non-epithelial cellular elements within the liver
sinusoids.

Thus, the results indicate that the M2-polarized RAW264.7 macrophage infusions in the studied model of ARDS promote relocation
of lymphocytes from their depots in immune organs to the lungs, where they tend to aggregate in perivascular spaces of pulmonary
veins. In addition, the treatment facilitates expression of M2-polarization markers Argl, Vegfa and Tgf-p in lung tissues, which can
indicate the anti-inflammatory response activation. However, when administered as early as 24 h after the induction of ARDS with LPS,
the treatment fails to prevent the development of acute inflammatory reaction as measured by neutrophil counts. The histological
assessment of the thymus reveals the signs of accidental involution with massive death of cortical thymocytes in response to the
treatment. In the spleen, the histological assessment reveals white pulp depletion and red pulp myelosis, indicative of the strong
antigenic load conferred by the allogeneic cell infusion. This adverse effect can be reduced through the use of primary autologous
macrophages or some alternative methods of M2 polarization, notably siRNA-mediated.

There is a growing body of evidence of cell-based therapy effectiveness for ARDS. A great number of research and clinical trials use
mesenchymal stem cells (MSCs) and MSCs-derived exosomes for ARDS treatment [95,96]. Nonetheless, low engraftment and poor
survival of transplanted MSCs are the reasons for clinical translation of such therapeutic approach. MSCs can be genetically modified to
overexpress beneficial genes or pre-treated with a series of preconditioning strategies, which can promote their therapeutic effects
[971. The boost of therapeutic effects may be due to the increase in the engraftment and survival of MSCs in the lung, a decrease in the
oxidative pathology, and improved effects of angiogenesis, anti-inflammation, and anti-apoptosis. However viral transfection is
correlated with the possibility of oncogenes and tumorigenesis triggering. Furthermore, the establishment of genetically modified
MSCs is time-consuming, and it might be difficult to provide genetically modified MSCs immediately following the start of ARDS.

A series of preconditioning strategies have been developed to enhance the therapeutic capacity of MSCs in animal ARDS models,
that include hypoxia conditions [98-100], pre-treatment with N-Acetylcysteine, a precursor of glutathione with anti-oxidative effect
[101], pre-activation with serum obtained from ARDS patients [102], pretreatment with low levels of TGF-$1 [103].

Another way for treatment of ARDS is the using of small interfering RNAs (siRNAs) wherein siRNA may be implemented to modify
the expression of pro-inflammatory cytokines and chemokines at the mRNA level [104]. This therapy could be effective because of
accessibility, relative immune privilege, and relatively low enzyme activity in the lung [105]. However, its translation into the clinic is
hampered by an inefficient delivery to the target cells owing to several unfavorable physicochemical properties of naked siRNA. So
siRNA reprogrammed macrophages could be perspective treatment strategy for ARDS therapy [106,107]. Relevant targets for

13



A.M. Kosyreva et al. Heliyon 9 (2023) 21880

inactivation may include microRNAs; for instance, miR-34a has been reported to facilitate M2 macrophage polarization and alleviate
the LPS-induced lung injury in a KIf4-dependent manner [108]. Incidentally, the ultrashort wave (USW) therapy is likely to induce M2
macrophage polarization and thereby alleviate the inflammatory reaction, as has been demonstrated in rat model of LPS-induced acute
lung injury [109].

While cell therapy has a number of benefits, it also comes with some risks. Although cell donors are extensively screened to rule out
systemic illnesses and undergo screening for a panel of infectious diseases (including human immunodeficiency virus (HIV-1, HIV-2),
hepatitis B, hepatitis C, human T-lymphotropic virus I/II, cytomegalovirus, and syphilis) [110], the use of cell therapy for various
diseases involves the cultivation of donor cells, which is associated with the possibility of infection of the therapeutic product. In
addition, the age of the donor may affect the effectiveness of therapy [111], and genetic heterogeneity, which may determine the
production of effector molecules by cells [112].

The use of autologous macrophages can help to avoid these problems, but they can only be obtained in intensive care during the
acute phase of the disease, which can affect the properties of macrophages and lead to ineffective therapy. In addition, blood-derived
monocytes can carry viral particles, including COVID-19, and play the role of a Trojan horse. The penetration of infected monocytes
through blood-tissue barriers, notably the ‘Trojan horse’ delivery of viral particles into the central nervous system, is common for HIV
[113-115], human herpes virus [116], human cytomegalovirus [117] and Japanese encephalitis virus [118] infections. It provides
stable viral pools, which are capable of sudden amplification upon optimal conditions for their reactivation [5].

Furthermore, in human population there are several types of ARDS course, such as hyperinflammatory phenotype with higher
mortality and less pronounced phenotype, some disadvantages in cell therapy in ARDS may be due to individual peculiarities of
patients. And the using of cell therapy for ARDS treatment in patient with hyperinflammatory immune response can be more effective
than in other types. Inclusion of all patients in a clinical trial to determine efficacy of MSCs may dilute any potential signal for efficacy,
reducing the effective power of a clinical study and degrading statistical power and effect size estimates of clinical studies in ARDS,
reducing the power of these studies to detect important differences [110,119].

Moreover, there are a number of difficulties in applying siRNA-based therapy in clinical practice. Firstly, the usage of siRNA is time
consuming, and associated with the complexity of siRNA delivery, which needs to use siRNA-conjugated antibodies or transfecting
agents that often have a toxic effect on cells. In addition, knockdown of one gene with siRNA may not always help to achieve the
desired polarization effect due to signaling bypass shunts.

At the moment, the concept of clinical application of ex vivo activated macrophages is just beginning to develop. Our study shows
the promise of this direction: potentially, macrophages derived from their own blood monocytes can be used to treat diseases of various
origins. The closest example to the concept of our work is cytokine-induced killer cells: T- and NK cells that are generated by ex vivo
incubation of peripheral blood mononuclear cell with IFN-y, anti-CD3 antibody, IL-1/IL-2 and then injected in organism at various
diseases [120]. Cytokine-induced killer cells are currently serving as a cellular therapeutic agent in several clinical trials. It is likely
that the development of macrophages ex vivo polarization with further reverse transplantation will bring us closer to their clinical use
in humans. Hence, due to some limitations of M2-macrophage polarization, further investigations of macrophage-based therapy are
necessary.
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