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Abstract

There is an annual increase of influenza-related SARI cases in winter months. Despite the high re-
levance of this problem, influenza pathogenesis and the role of surfactant system and its SP-A
(surfactant protein A) enzyme in antiviral defense remain poorly understood. SP-A activates ma-
crophage M1 polarization and triggers an antiviral response due to the activation of T-cells and
dendritic cells. Therefore, surfactant system is an important element of infection protection and a
promising therapeutic target.
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1. Introduction

Respiratory tract is constantly exposed to various infectious agents. Influenza A virus infection is one of the
most common lung infections worldwide that affects the upper and lower respiratory tract [1]. There are 3 types
of seasonal influenza viruses—A, B and C. Type A influenza viruses are further classified into subtypes accord-
ing to the combinations of various virus surface proteins. Among many subtypes of influenza A viruses, in-
fluenza A (H1IN1) and A (H3N2) subtypes are currently circulating among humans [2]. Only three HA subtypes
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of influenza A viruses (HIN1, H2N2, and H3N2) have caused pandemics in humans in the past century. Thus,
these may be the only subtypes that can establish lineages in humans [3].

Yearly influenza epidemics can seriously affect all populations, but the highest risk of complications occur
among children younger than age 2 years old, adults aged 65 years or older, pregnant women, and people of any
age with certain medical conditions, such as chronic heart, lung, kidney, liver, blood or metabolic diseases (such
as diabetes), or weakened immune systems [2].

In human airways influenza replicates in type | [4] and, to a greater extent, type Il pneumocytes [5] since
these epithelial cells have both SAa2,3-gal and SA«2,6-gal receptors on the surface [6]. The immune response
to influenza A virus is mediated by virus-specific T-lymphocytes and antibodies. Cytotoxic T-lymphocytes are
involved in virus elimination through direct cytolysis of infected cells [7]. Influenza A virus infection is asso-
ciated with neutrophil and monocyte genetic damages impairing their chemotactic, oxidative and bacterial func-
tions [8].

Synthesis of surfactant lining the alveolar septum and consisting mainly (90%) of lipids and sulfated glyco-
saminoglycans as well as of apoproteins (surfactant proteins, SP) (10%) is one of the main functions of type Il
pneumocytes. There are four main types of surfactant proteins: SP-A, -B, -C, -D. SP-A and SP-D belong to a
family of collectins which can bind to microbial cell wall and thereby facilitate opsonization and phagocytosis
[9]. Anti-infectious action of surfactant proteins is also associated with their ability to attach infectious agents to
membrane surface of macrophages and neutrophils. For instance, free collagen tails of SP-A T-terminal domain
interact with macrophage and neutrophil receptors and induce pahgocytosis in the presence of Ca** [10]. More-
over, pulmonary surfactant is an important link between cell and antibody immune response and surfactant pro-
teins are the first line of defense [11] [12]. SP-A (surfactant protein A) is the most important protein with di-
verse protective effects, which can be divided into several groups:

1) activation of infectious agent fixation on macrophage membrane and phagocytosis [13];

2) immunomodulatory induction of both pro- and anti-inflammatory activity [14];

3) inhibition of differentiation of dendritic cells, which are an important link between non-specific and spe-
cific immune protection [15];

4) macrophage polarization toward M1 phenotype expressing NO-synthase protein, which metabolizes argi-
nine into nitric oxide (NO) and citrulline [16].

However, the role of SP-A in influenza pathology is not adequately addressed in modern literature. We there-
fore aimed at examining the morphofunctional characteristics of surfactant system and its role in antiviral re-
sponse. Studies in that field can form the basis of the development of new drugs for influenza including respira-
tory drugs which affect surfactant system and therefore have an immunomodulatory effect.

2. Materials and Methods

The study was carried out on 2-month-old white outbred male mice (n = 90; 20 - 25 g) from animal nursery of
Center of Virology and Biotechnology VECTOR. Seventy mice were intranasally infected with 1 MLDs, of
A/Tomsk/13/2010 (H1NZ1) virus, isolated from human lung during seasonal influenza epidemics of 2010 and
adapted to mice by six passages. Control group included 20 intact animals.

The animals were kept under standard vivarium conditions with free access to water and food. Biological ma-
terial for the study was collected in accordance with Helsinki Declaration (1964) and this study was approved by
Animal Ethics Committee at the Research Institute of Experimental and Clinical Medicine and carried out in
accordance with institutional guidelines.

Lung specimens for histological and immunohistochemical (IHC) study were collected on days 1, 3, 6, 10, 14,
21, and 30 after infection. Animals were sacrificed by cervical dislocation under ether narcosis.

Lung specimens were fixed in 10% water solution of neutral formalin and dehydrated in HISTOMIX paraffin
(BioVitrum). Sections (3 - 4 p) for histological (hematoxylin-eosin staining) IHC studies were sliced on HM
355S Automatic Microtome (Thermo Scientific) and treated with primary specific antibodies: CD68 (Diagnostic
BioSystems), CD-1a (Diagnostic BioSystems), Arginase (ThermoScientific), Surfactant Apoprotein A (BioCa-
reMedical), TNF-a (Diagnostic BioSystems), iNOS (Spring). Conventionally pre-dewaxed samples from naive
mice were used as controls.

In order to perform the immunohistochemical investigation, 3 um lung sections were dewaxed, dehydrated,
epitope-retrieved in citrate buffer solution in 700 W microwave oven during 20 - 35 minutes. Endogenous pe-
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roxidase was being blocked for 10 minutes after double wash in phosphate buffer solution (PBS). The time of
exposition to primary antibodies at 37°C was 30 - 45 minutes. Sections were incubated with HRP-conjugate and
DAB substrate and then stained with Mayer’s hematoxylin. Sections were dehydrated using ethanols with
growing concentrations and xylol mounted with synthetic mounting media “Bio Mount” (BioVitrum, Russia)
and placed under cover glasses.

Histological analysis of samples was performed using Axiolmager Al microscope with an AxioCam MRc
photocamera (Carl Zeiss). Morphometry study was carried out in a 100 point closed test system with an area of
3.52 x 10* p? (to determine numerical densities (Nai) and volume densities (\Vv)) and using AxioVision 4.12
software [17]. The means were calculated using Statistica 6 software. The significance of differences in com-
pared means was evaluated by Student’s t test. The differences were considered significant at p < 0.05. Pierson
analysis of correlations was carried out.

3. Results

Like all known influenza A viruses, Influenza A (H1N1) is pneumotropic and efficiently replicates in respiratory
system causing disease with severe lung damage in mammals and particularly in humans [18] [19]. IHC analysis
of mice samples demonstrated the presence of virus in alveolar epithelium and lung macrophages 1 day after in-
fection (Figure 1). Positive reaction in cell cytoplasm is an indication of virus in lung tissues in the early stages
of disease (Figure 2).

Influenza A virus induces several types of immune response in lungs. As the first line of defense against mul-
tiple infectious agents, alveolar macrophages play a key role in innate response. Macrophages can polarize to
M1 with proinflammatory response activation and/or to M2 with the secretion of anti-inflammatory cytokines
(arginase, in particular) [20]. Surfactant protein SP-A is one of the factors that controls the M1 polarization.
SP-A increases macrophage recruitment, phagocytic and secretory activity, including the production of NO-
synthases [21] [22] (Figure 3).

The total number of pulmonary macrophages peaked on 3™ day after infection (with 5.2-times higher peak
than in control group) (Table 1).

Activation peak on the 30" day probably correlates with an increased number of macrophages expressing the
antigen of influenza A virus (Figure 1). The number of alternatively activated macrophages (M2) expressing ar-
ginase peaked (at least 30% higher than in subsequent periods) on the 1% and 3" days after infection and again
grew by 40% to the 30" day (Table 1). The number of M2 macrophages in infected mice was much higher than
in intact animals throughout the experiment (Table 1).

The number of pneumocytes expressing SP-A was the highest on days 3 and 6 after infection (Figure 4).
However, the number of SP-A + pneumocytes remained high throughout the experiment and exceeded the con-
trol values by 4.8 times on average (Table 1).
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Figure 1. Numerical densities of pulmonary macrophages and pneumocytes
expressing influenza A virus antigen in mice lungs infected with A/Tomsk/

13/2010 (H1N1) virus.
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Figure 2. Influenza A virus antigen expression by macrophages of
mice lung infected with A/Tomsk/13/2010 (H1NZ1) virus. Third day
after infection. Immunohistochemical analysis. Magnification x400.

Figure 3. Lung fragment of intact mice (infect) and mice infected with A/Tomsk/13/2010 (H1N1) virus. iINOS expression by
mouse macrophages (shown by arrows). Third day after infection. Immunohistochemical analysis. Magnification x200.

Figure 4. Lung fragment of intact mice (right) and mice infected with A/Tomsk/13/2010 (H1N1) virus (left). SP-A expres-
sion by pneumocytes of mice (shown by arrows). First day after infection. Immunohistochemical analysis. Magnification
x400.



A.V.Kovner etal.

Table 1. Numerical densities of mouse pulmonary macrophages and pneumocytes after infection with A/Tomsk/13/2010
(HINZ) virus (M £ m).

Days after Total number of Number of alternatively activated ~ Number of classically activated Number of type
infection  macrophages (CD68+)  macrophages (M2) (arginase+) macrophages (M1) (iNOS+) 11 pneumocytes (SP-A+)

1 445 +0.98° 17.9+1.82% 21517 23.1+1.61°

3 52.8 + 1.36® 175+1.35% 26115 26.2 £1.39°

6 39.2+£1.20% 11.6 + 1.45® 182+ 14 21.3+0.93*

10 38.5+1.84° 7.8 +0.89% 21.2+0.9 22.6 +0.95°

14 38.3+1.01° 7.7 £0.60° 155+24 18.9 + 1.24®

21 38.1+1.52° 9.4 £ 1.56° 199+1 26.1+0.89®

30 39.9 + 1.08* 13.1+ 1.62* 24817 24.6 £1.33°

control 10.1 £ 0.96 1.3+0.34 36404 4.8 £0.65

3Significance of differences between experimental and control groups; ° Significance of differences between current and previous experimental pe-
riods.

The coefficient of correlation (r) between surfactant protein SP-A expression and the total number of CD68 +
macrophages was +0.927, and the coefficient of correlation between surfactant protein SP-A expression and
macrophage iINOS+ expression was +0.799.

Surfactant system affects immune cells during viral infection. Dendritic cells play an important role in main-
taining the proinflammatory response [23]. Their number started to grow since as early as 1% day of the experi-
ment, exceeding control value by 4.9 times on average (Table 2). Among other effects, surfactant system slows
down the differentiation of dendritic cells thereby increasing the production of proinflammatory cytokines [17].

There was a strong correlation between SP-A and CD1« + dendritic cells with r = +0.732. Growing number of
CD1a + cells, induced by proinflammatory cytokine expression, supported M1 macrophage population.

The role of surfactant system (SP-A) in T-cell-component of immune system was also studied. The number of
cytotoxic and cytolytic T cells was the same in control animals (Table 2), and there was an average 44% pre-
domination of cytotoxic lymphocytes over cytolytic lymphocytes in mice infected with influenza A (H1IN1)
throughout the experiment (Table 2).

There was a strong correlation between pneumocytes expressing SP-A and CD4+ and CD8+ T cells with r =
+0.797 and r = +0.793, respectively. Surfactant-protein-stimulated increase in lymphocytes of both types in re-
sponse to viral infection provided the elimination of virus through direct cytolysis of infected cells.

4. Discussion

Immunohistochemical analysis has shown that seasonal influenza viruses can replicate in lower airways like
H5N1 viruses and activate mononuclear phagocyte system including alveolar macrophages [24]. M1-activated
macrophages predominated throughout the study including the 14™ and the 30™ days after infection during con-
valescence period. That is primarily due to prolonged persistence of influenza in cells of infected mice lungs as
indirectly demonstrated by high numerical densities of macrophages and type Il pneumocytes expressing in-
fluenza A antigen throughout the study. However, the analysis of correlation between the number of M1 ma-
crophages and SP-A-immunopositive pneumocytes has shown that type Il pneumocytes and/or surfactant pro-
teins take part in macrophage M1 polarization. It was also found that they directly contributed to the functional
activation of hyperplasia of T-helper cells and CD1a dendritic cells. It can be assumed that seasonal influenza
infection in mammals supports the intensity of cell immunity in all periods of the study including convalescence
period. The immune response eliminates the pathogen, provides prolonged secretion of proinflammatory cyto-
kines (TNF-a), inducible NO-synthase and thereby leads to the secondary alteration of lung tissue. Thus, sur-
factant system in one of the elements is to activate cell immunity against influenza including M1 activation and
to support hyperergic reactions in lung tissue. This should be taken into account while choosing new methods
and drugs for ARI treatment and prevention. The drugs should have immunomodulatory effect and decrease the

proinflammatory activity of immune cells.
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Table 2. Numerical densities of mouse pulmonary immune cells after infection with A/Tomsk/13/2010 (H1N1) virus (M £

m).
Days after infection CD1a+ cells CD-4" T-lymphocytes CD-8" T-lymphocytes
1 3.4 £0.45° 14.6 £ 0.73° 10.6 £ 0.93
3 5+0.54% 15.5 + 0.69° 12.2 £1.63
6 6.8 £0.47% 20.9+1.33* 17.6 +2.08®
10 7.1+063° 14.4 + 0.89® 13.4 £ 0.59®
14 53 £0.51® 19.4 £0.77® 13.4 £1.02°
21 8.5 £ 0.65® 24.8 +0.99® 18.6 £ 1.23*
30 55£0.71® 19.5 £ 1.43* 17.2 £0.74°
control 1.2+0.31 33+£0.37 3.7£0.25

3Significance of differences between experimental and control groups; “Significance of differences between current and previous experimental pe-

riods.

5. Conclusion

Thus, surfactant system is involved in both types of immune response (cellular and antibody) and boosts body
resistance to seasonal influenza A (H1NZ1) virus. M1 activation of macrophages predominates. Stimulation of
this process can be another therapeutic target for the treatment of influenza caused by influenza A virus.
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