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Abstract

In recovered COVID-19 patients, the state of mucosal immunity remains understudied. Cytological, functional, and metabolic
characteristics of neutrophils and the interleukin status will help to correctly assess the need for immunorehabilitation
measures. The study objective is to assess the state of mucosal immunity after COVID-19. A comprehensive study of mucosal
immunity included the assessment of nasal mucosal neutrophils with the monitoring of destructive and apoptotic changes as
well as examination of the functional and metabolic activity of neutrophils entering the nasal secretions. Phagocytic activity
was assessed using microbial suspension of Staphylococcus aureus, as well as intracellular oxygen-dependent biocidity,
the functions of capturing, absorbing, and killing pathogens. Study of the secretory component included assessment of
interleukin levels (TNF-a, IL-10, IFN-y) and the content of sCD95 (sAPO-1/FAS), membrane marker of apoptosis, in the
nasal secretions. Cell wall neutrophils in recovered COVID-19 patients show enhanced destructive and apoptotic processes
within the cells. Functional disorders due to inhibited phagocytosis of autoflora are recorded. Functionally defective cells
are brought into the nasal secretions; they demonstrate severely inhibited oxygen-dependent biocidity, rapid depletion
of reserves, incomplete phagocytosis, and limited ability to capture pathogens, which can contribute to the growth of
various pathogenic viruses and bacteria. In the nasal secretions, the concentration of sCD95 (sAPO-1/FAS), the membrane
marker of apoptosis, is increased. Elevated level of pro- and anti-inflammatory cytokines (TNF-a, IL-10) downregulates
IFN-y, thus directly contributing to the formation of functionally defective neutrophils. Compensatory increase in the IL-10
anti-inflammatory cytokine under the influence of SARS-CoV-2 virus proteins downregulates IFN-y and is a cofactor of
depression of intracellular biocidity of neutrophils. An increased level of the TNF-a pro-inflammatory cytokine increases
apoptotic and destructive changes in neutrophils entering the nasal secretion. Virus-induced, functional, and metabolic
impairment of neutrophils of the mucosal immunity system develop in recovered COVID-19 patients, thus providing a
scientific rationale for immunomodulatory therapy.

Keywords Mucosal immunity - COVID-19 - Neutrophils - Cytokines - SARS-CoV-2

Potential dysfunctions of systemic immunity are currently
a proven consequence of COVID-19 [1, 2]. It has been
shown that the concentration of immune competent cells
in persons with the history of this infection does not return
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to preinfection levels even a few weeks after recovery [2,
3]. Virus-induced immune response dysregulation leads to
significant phenotypic changes in peripheral blood lympho-
cytes, which persist as long as 4-11 weeks after the dis-
ease [2—4]. After COVID-19, patients for a long time have
an increased percentage of pro-inflammatory monocytes
(CD14+, CD16 +) secreting a number of cytokines, includ-
ing MCP1, IP-10, and MIP1«, which contribute to the devel-
opment of a “cytokine storm” [4, 5]. Cytotoxic lymphocytes
(NK cells, CD8 + T-cells) show overexpression of activation
markers [4, 6].

The consequences of the “cytokine storm,” which devel-
ops in some patients and leads to thrombosis, vascular
inflammation, and other issues with vital organs, have also
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been the focus of vast research [7]. In patients with severe
and moderately severe COVID-19, progressively high con-
centrations of IL-2, IL-7, IL-10, G-CSF, MCP1, and TNF-a
can persist for a long time at the level of systemic and local
immunity, thus causing long-term immune dysfunctions [8].
The study of the effects of SARS-CoV-2 on the cytokine
profile shows that multiple structural and non-structural
viral proteins counteract the interferon response for a long
time [9]. This antagonism occurs at various stages of inter-
feron signaling, e.g., by preventing the recognition of viral
RNA by the pattern-recognizing receptor, inhibition of
interferon signaling through STAT1, and the degradation of
host mRNA [9, 10]. The negative effect of the viral proteins
on the interferon response contributes to increased release
of apoptosis products, which can later also cause aberrant
inflammatory responses [9].

SARS-CoV-2 is primarily spread through airborne trans-
mission. Severe cases progress to acute respiratory distress
syndrome, on average 8-9 days from illness onset [11].
The system of local immunity of the mucous membranes
of the upper and lower respiratory tract is the main gate for
SARS-CoV-2 introduction and replication and it is in the
first turn exposed to massive cytopathic effects. Replication
of the SARS-CoV-2 virus in the epithelial cells of the res-
piratory tract [3, 6, 8, 11] can cause severe destruction and
virus-induced apoptosis, which is an inflammatory form of
programmed cell death usually observed in cytopathic viral
infections [12]. Using various pattern recognition receptors
(PRRs) on epithelial and alveolar macrophage cells, the
released pathogen-associated molecular patterns (PAMPs)
trigger a massive local inflammatory process and stimu-
late increased secretion of pro-inflammatory cytokines and
chemokines IL-6, IFN-y, MCP1, and IL-10 [7, 8]. Extensive
cytopathic effects, cytokine imbalance, and inflammatory
cell infiltration at the level of local mucosal immunity can
lead to acute damage to cellular structures due to excessive
secretion of proteases and reactive oxygen intermediates in
addition to direct damage caused by the virus. Also, some
aspects of SARS-CoV-2 effect on the mucosal immunity
parameters may be associated with COVID-19 treatment,
e.g., the use of antibacterial and immunosuppressive drugs.
The state of mucosal immunity after COVID-19 is of par-
ticular importance due to the fact that the antigen load dur-
ing the activation of viral and bacterial pathogens and the
vast majority of immune responses occur in barrier tissues
[9, 12], and in particular, in the system of mucosa-associated
lymphoid tissue (MALT). It has been proved that there is
a single basis for the functioning of upper and lower res-
piratory tracts and the mucosal immunity system in general.
The study of cyto-immunological and inflammatory shifts at
the local level—in nasal secretions and induced sputum—
can be considered promising both in theory and practice.
Cytological characteristics and the interleukin status will
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make it possible to correctly estimate the need for immu-
norehabilitation measures after COVID-19. Despite the fact
that literature contains enough information on changes in
the systemic immune status of patients recovered from the
novel coronavirus infection COVID-19, the state of mucosal
immunity remains understudied.

1 Materials and Methods
1.1 Patients

Nasal swabs were collected from 37 COVID-19 convales-
cent healthcare professionals (HPs)—43.5 (32-55 years
old; 17 male and 20 female). SARS-CoV-2 infection was
confirmed by positive qPCR analysis as well as presence
of virus specific IgM and IgG. Also, nasal swabs were col-
lected from 30 controls—43 (31-55 years old; 14 male and
16 female) which had no history of COVID-19 and lack of
serum anti-SARS-CoV-2 antibodies.

Inclusion Criteria Each participant completed the question-
naire on clinical signs and clinical test results to establish the
COVID-19 convalescence status. The levels of IgG and IgM
to the SARS-CoV-2 virus were analyzed in all participants
Inclusion criteria were (1) history of COVID-19 symptoms
(fever, dry cough with scanty sputum, muscle pain, fatigue,
shortness of breath, chest congestion); (2) positive PCR
results and/or positive specific serum IgG and IgM; and (3)
absence of chronic or acute diseases at the time of exami-
nation. Out of 37 HPs, 15 (40.5%) were diagnosed with a
mild and 22 (59.5%) with a moderate form of COVID-19.
The work was approved by the local ethics committee of the
Federal state-financed scientific institution.

1.2 COVID-19 ELISA

The “SARS-CoV-2 IgG-IFA-BEST” and “SARS-CoV-2
IgM-IFA-BEST” kits (Russia, “Vector-Best,” Novocibirsk)
were used to determine SARS-CoV-2-specific antibody
titers as per manufacturer’s instructions. Briefly, control or
COVID-19 convalescent serum was diluted 1:100 with PBS
and incubated for 60 min at 37 °C in a 96-well plate with
pre-adsorbed SARS-CoV-2 antigens. Following washes (3X;
0.5% Tween20 in PBS, PBS-T), wells were incubated with
anti-human-IgG-HRP conjugated antibodies (1:10,000 in
PBS-T, Amerixan Qualex Technologies, USA) for 30 min at
37 °C. Post-incubation and washes (3 X ; PBS-T), wells were
incubated with 3,3',5,5' tetramethylbenzidine (Chema Medica,
Moscow, Russia). The reaction was stopped by adding an equal
amount of 10% phosphoric acid (TatKhimProduct, Kazan,
Russia). Data were measured using a Tecan 200 microplate
reader (Tecan, Switzerland) at OD450 with reference OD650.
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0OD450 values higher than 0.5 were considered positive results,
according to the manufacturer’s protocol.

1. Cellular composition of nasal swab

To prepare smears of prints from the mucous mem-
brane of the nasal cavity, the material was taken with
a cotton swab from the walls of the nasal cavity with
rotational movements without pressure, applied to a
glass slide free of ethanol, the smears were dried in air,
fixed, and stained with eosin methylene blue according
to May-Grunwald (3 min), counterstained with hema-
toxylin—eosin. Microscopic at least 500 cells. The per-
centage of neutrophils, eosinophils, lymphocytes, and
epithelial cells was assessed.

2. The functional and metabolic activity of neutrophils of
nasal swab

The functional and metabolic activity of neutrophils
was assessed as described by Malanicheva et al. with
modifications [13].

3. In the population of neutrophils, the different degree of
damage was identified where neutrophils O was cells
without signs of damage; neutrophils 1 were cells with
minimum damage; neutrophils 2 was cells with pronounced
signs of cytoplasm destruction; neutrophils 3 was cells with
signs of pronounced cytoplasm destruction; and neutrophils
4 was cells with signs of nuclear destruction.

The cell damage index was calculated as

CDI = neutrophils 1 + neutrophils 2 + neutrophils 3 + neutrophils 4/100

The average damage index was calculated as

ADI = neutrophils 1 X 1 + neutrophils 2 x 2

+ neutrophils 3 X 3 + neutrophils 4 x 4

The cell cytolysis index was calculated as
CCI =4/(neutrophils 1

+ neutrophils 2 + neutrophils 3 + neutrophils 4)

b. In a smear imprint from the nasal mucosa, the phago-
cytic activity of cell wall neutrophils was assessed in
relation to autoflora.

Phagocytic activity to autoflora was determined by cal-
culation of:

PNR: the percentage of neutrophil phagocytosis.

PIR: the percentage of killed neutrophils containing intact
microorganisms in their cytoplasm.

To identify apoptosis of neutrophils (NA), we used light
microscopy of imprint smears stained with Giemsa stain.
This method is mainly helpful for identifying apoptosis
based on reduced size, condensed cytoplasm, and con-
densed unstructured chromatin, often shown as several
rounded bodies [12].

Neutrophils evacuated into secret
Obtaining a suspension of neutrophils evacuated into a
secret

The lavage fluid containing neutrophils evacuated into
the nasal secretion was obtained by rinsing the nasal cav-
ity through a transnasal catheter with sterile saline in a
volume of 5 ml. The washing liquid was placed in a test
tube and centrifuged at 1000 g for 10 min. The supernatant
was removed, the cell sediment was resuspended in 1 ml of
physiological solution (pH 7.2-7.4), washed 2 times with
physiological solution, and brought to a concentration of
neutrophils in the suspension of 1.0x 10° per ml.

b. Determination of the viability of neutrophils evacuated
into the nasal secretion

0.2 ml of a suspension of a cell suspension in physiologi-
cal solution (concentration of neutrophils 1 X 10° cells/ml)
was mixed with 0.02 ml of a 1% solution of trypan blue;
the cells were resuspended and placed in a Goryaev cham-
ber, where they were examined under a light microscope.
Trypanonegative live (clear) and trypanopositive nonviable
(purple) NGs were evaluated. The count was made per 100
neutrophils. The result is 98% of viable cells. Subsequently,
the cell suspension was used to assess the functional activity
of neutrophils.

iii. Determination of the phagocytic activity of neutro-
phils evacuated into the nasal secretion

In the wells of a flat-bottomed 96-well plate, 200 pl
of leukocyte suspension (concentration of neutrophils
1x10° cells/ml) was added, mixed with 50 pl of bacterial
suspension of Staphylococcus aureus (laboratory strain
“Sakharov”) in a dilution of 2 X 10° microbial bodies in
1 ml of physiological solution. All ingredients were mixed
by gentle rocking of the plate and incubated at 37 °C for
30 min. A leukocyte suspension was applied to a glass slide,
defatted with ethanol; the smears were dried in air, fixed,
and stained with eosin with methylene blue according to
May-Grunwald (3 min) and counterstained with hematoxy-
lin—eosin. Microscopic at least 200 cells.

To assess the phagocytic activity of neutrophils evacuated
into the secret, we calculated.

Phagocytic index (PIA) represented the percentage of
“active” neutrophils that contained microorganisms in
cytoplasm.

Phagocytic number (PN) represented the average number
of bacteria found in single neutrophils.

Percentage of digestion (%D) was calculated as ratio
of the number of killed bacteria to the total number of
phagocytized bacteria.
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Digestion index (DI) was calculated as an average number
of killed bacteria per single neutrophils.

Determination of intracellular oxygen-dependent metab-
olism of neutrophils evacuated into the nasal secretion
using opsonized zymosan

An integral indicator of the biocidal capacity of neutro-
phils, which makes it possible to assess the activity of the
oxygen-dependent NADPH oxidase system of a cell, is the
nitroblue tetrazolium reduction test (NBT test). Under the
influence of the superoxide anion formed in the NADPH
oxidase reaction, the soluble dye nitroblue tetrazolium is
reduced to insoluble diformazan. The NBT test is carried
out in two versions—spontaneous and induced, which
makes it possible not only to determine the reactivity of non-
stimulated neutrophils, but also to assess their functional
reserve, readiness to complete phagocytosis. Opsonized
zymosan-Zimosan A is from Saccharomyces cerevisiae,
Sigma-Aldrich, Merck (Millipore, Sigma-Aldrich, Supelco)
Z 4250-1G-pack/1 g; Dia-M.

e. Obtaining opsonized zymosan

Zymosan (20 mg) was thoroughly mixed with pool donor
serum AB (IV) Rh (-) at a concentration of 20 mg zymosan
per 1 ml of serum. Incubated at 37 °C for 30 min with con-
tinuous stirring, after incubation, centrifuged at 250 g for
10 min, the supernatant was removed. The settled zymosan
was resuspended in 10 ml of buffered saline (PH 7.2-7.4),
washed three times at 250 g for 10 min and diluted to a
concentration of 20 mg/ml. It was poured into aliquots of
0.5-1.0 ml and stored at— 70 °C, thawed once immediately
before use.

f. Conducting the NBT test using neutrophils evacuated
into the nasal secretion

In the wells of a flat-bottomed 96-well plate, 100 pl
of leukocyte suspension (concentration of neutrophils in
the suspension 1.0 X 106 in ml) was added (BioChemica,
Applichem-A1243,0001, Diaem). In the stimulated version
(NST stim.), we add 20 pl of opsonized zymosan (concen-
tration 20 mg/ml) and 20 pl of 0.1% nitro blue tetrazolium
solution (BioChemica, Applichem-A1243,0001, Diaem).

All ingredients were mixed by gentle rocking of the plate
and incubated at 37 °C for 30 min. After incubation, the
plate was stirred in a circular motion, smears were pre-
pared from the leucoconcentrate, dried, fixed with metha-
nol, and stained with a 0.5% solution of neutral red. At
least 200 neutrophils were counted, and percentage of cells
with diformazan-positive granules stained in blue-black
color in the spontaneous (NBT sp.%) and stimulated (NBT
stim.%) versions of the NBT test were recorded.

4. The study of the content of cytokines and the marker of
apoptosis in the nasal secretion
5. Obtaining nasal secretions

To obtain nasal secretions, cotton swabs with a well-
defined weight (1 mg) moistened with sterile saline were
used. The swabs were placed under the middle turbinate
of each half of the nose and held for 30 s, then placed in
an Eppendorf tube with saline in a volume of 0.75 ml.
Centrifuged 1000 g for 10 min, the supernatant was taken,
poured into aliquots of 0.2 ml, stored until the study at
t-70° for no more than 1 month.

b. Cytokine ELISA

The content of interleukins was determined in the nasal
secretion—tumor necrosis factor (TNF-a), interleukin 10
(IL-10), and gamma-interferon (IFN-y) were determined
by using “gamma-interferon-IFA-BEST,” “interleukin-
10-IFA-BEST,” and “tumor necrosis factor a-IFA-BEST”
ELISA kits (“Vector-Best,” Novosibirsk, Russia). Con-
centration of sCD95 (sAPO-1/FAS) membrane marker
of apoptosis in the nasal secretions was measured using
enzyme immunoassay (ELISA) commercial kits “Human
sAPO-1/FAS ELISA” (Bender MedSystems GmbH,
Austria).

1.3 Statistical Analysis

Statistical analysis was done using the Statistica 10 soft-
ware package (StatSoft, USA). Statistically significant
differences between comparison groups were accepted
as p <0.05, assessed by the Kruskal-Wallis test with

Table 1 Characteristics of
imprint smears in recovered
COVID-19 patients and in the

comparison group

Group Neutrophils % Lymphocytes % Eosinophils %  Epithelial cells %
M+m M+m M+m M+m

Total (n=37) 58.5+4.6 3.5+0.5% 1.5+0.1% 36.5+3.1

Type 1 — “neutrophilic” (n=19) 79.4+6.9* 4.5+0.6*% 1.8+0.2% 142+1.8%

Type 2 — “epithelial” (n=18) 37.3+4.6*% 2.3+0.3* 1.2+0.1* 59.2+7.5%

Comparison group (n=30) 54.6+6.9 8.8+2.7 43+0.3 32.3+4.1

“The difference with the control is significant, p <0.05
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Table 4 Cytokine profile in patients after COVID-19 and in the comparison group

Groups TNF-a, pg/ml IFN-y, pg/ml IL-10, pg/ml sCD95 (sAPO-1/FAS), pg/ml
M+m M+m M+m M+m
Recovered COVID-19 patients 6.44 +0.4* 1.16+0.22* 10.82+1.06* 79.7+6.2%
(n=37)
Comparison group (n=30) 1.65+0.2 3.52+0.18 2.75+0.31 19.7+1.22

“The difference with the control is significant, p <0.05

Benjamini—-Hochberg adjustment for multiple compari-
sons. Correlations were analyzed using the R psych package
(based on Spearman’s rank correlation coefficient, p-values
were adjusted with the Benjamini—Hochberg method).

2 Results and Discussion

Table 1 shows the distribution of the main cell elements in
imprint smears from the nasal mucosa of persons recovered
from the novel coronavirus infection COVID-19 as com-
pared to the comparison group. An upward trend was regis-
tered for two cell populations, of neutrophils and epithelial
cells, but there were no statistically significant differences
with the control group. A statistically significant decrease
was observed for the populations of lymphocytes (3.5%;
p <0.05) and eosinophils (1.5%; p <0.05). The analysis of
imprint smears according to an individual profile revealed
2 different types of abnormalities: the prevalence of neutro-
phils population (neutrophilic) or the prevalence of epithe-
lial cells (epithelial). Neutrophil are an active component
in the system of humoral and cellular mucosal immunity,
which makes them a universal target and a unique indica-
tor of various homeostasis disorders. We also included data
on population as a whole for the group (the first message).
Cytomorphological assessment of neutrophils in recov-
ered COVID-19 patients showed a significant increase in
destructive and apoptotic processes in the cell. In the study
group, there was an increase in neutrophils with signs of
damage: n 1, by a factor of 1.9 (p <0.05); n 2, by a factor
of 2.5 (p<0.05); n 3, by a factor of 3.8 (p <0.05); and n 4,
by a factor of 2.4 (p <0.05) (Tables 2 and 3). The number
of cells without destructive processes decreased sharply
(14.1%; p<0.05), and there was an increase in the indices
characterizing destructive disorders in the cell, i.e., in CDI
(2.3 times; p<0.001), ADI (2.6 times; p <0.05), and CCI
(2 times; p <0.05). Pronounced cytodestructive processes
at the neutrophils level, as well as a low lymphocytes con-
tent, were associated with an imbalance of key cytokines
involved in the regulation of cellular and humoral adap-
tive immune responses at the level of the MALT system
(Table 4). In the neutrophils population, an increasing neu-
trophil apoptosis was revealed (Table 2) (11.1%; p <0.05),
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manifesting with cell shrinkage, rearrangement of membrane
structures, decreased volume, nuclear condensation, and
nuclear DNA strand breaks with nucleorrhexis. Phagocytic
potential of the nasal mucosa neutrophils as representatives
of mucosal immunity mainly depends on subpopulations
without or with minimal signs of destructive changes [12,
13]. In recovered COVID-19 patients, there were marked
changes in the features of autoflora phagocytosis: decreased
PNR (14.7%; p <0.05) and increased PIR (12.7; p <0.05).
PNR demonstrated correlations with n 2 (r= —0.47;
p<0.05),n3 (r=-0.49; p<0.05), and n 4 (r=—0.51;
p <0.05), whereas PIR demonstrated correlations with n 3
(r=0.53; p<0.05) and n 4 (r=0.57; p <0.05). Also, in post-
COVID-19 patients, a change in the phagocytic activity of
neutrophils migrating into the secretions is seen: the content
of “active” neutrophils decreases (PIA 22.7%; p <0.05), as
does the amount of captured pathogens (PN 2.71; p<0.05).
PIA showed correlations withn 2 (r=—0.49; p<0.05),n 3
(r=-0.53; p<0.05),n 4 (r= —0.44; p <0.05), whereas PN
—withn 2 (r=-0.47; p<0.05), n 3 (r= —0.49; p<0.05),
and n 4 (r=—0.61; p<0.05). At the level of neutrophils
migrating into the secretions, reduced pathogen killing is
revealed in the form of decreased % D (2.8%; p <0.05) and
DI (0.3; p<0.05). Correlations are also shown for these
indicators: for % D—with n 2 (r= —0.55; p<0.05), n 3
(r=-0.47;p<0.05),and n 4 (r= —0.63; p <0.05); for DI—
withn 2 (r=—-0.53; p<0.05), n 3 (r=-0.62; p<0.05), n
4 (r=-0.51; p<0.05). The outcomes of bacterial and viral
processes during pathogen activation are largely determined
by the state of oxygen-dependent microbicidal activity of
neutrophils migrating into the secretions and its functional
potential. In recovered COVID-19 patients, severe inhibition
of both spontaneous (6.91%; p <0.001) and induced (33.9%;
p <0.001) intracellular biocidicity of neutrophils entering
the nasal cavity was found. Negative correlations of NBT
sp. withn 2 (r=—0.52; p<0.05),n 3 (r=—0.61; p <0.05),
and n 4 (r=-0.56; p<0.05), and negative correlations
NBT stim. withn 2 (r=—0.52; p<0.05),n 3 (r= -0.61;
p<0.05), and n 4 (r= —0.56; p <0.05) were revealed. Thus,
our data strongly suggest that cytodestructive processes in
the population of mucosal immunity neutrophils in recov-
ered COVID-19 patients downregulate the cell phagocytic
activity. Functional disorders in the population of the cell
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wall neutrophils, manifesting as inhibition of autoflora
phagocytosis, can contribute to exacerbation of chronic
diseases. Functionally defective neutrophils are brought
into the nasal secretions, showing pronounced inhibition
of oxygen-dependent biocidity, rapid depletion of the cell
reserve capabilities, incomplete phagocytosis, and limited
ability to pathogen capture, which can contribute to the acti-
vation of various viral and bacterial agents after COVID-
19. In the nasal secretions of recovered COVID-19 patients,
an increased content of sCD95 (sAPO-1/FAS) membrane
marker of apoptosis was found as compared to the group
of healthy donors (79.7 pg/ml; p <0.05). Correlations of
the SAPO-1/FAS level with the level of TNF-a (r=0.47;
p<0.05), NA (r=0.47; p<0.05), and lymphocytes (r=0.47;
p <0.05) were found. Induction of apoptosis in recovered
COVID-19 patients at the level of mucosal immunity is due
to dysregulation mediated by TNF-a and Fas receptors [14].
Elevated sAPO-1/FAS in the nasal secretions of recovered
COVID-19 patients stimulates apoptosis of neutrophils and
lymphocytes cell populations, which, along with the sup-
pression of the functional characteristics of cells, leads to the
development of immunological insufficiency in the mucosal
immunity system, requiring immunomodulatory therapy.
COVID-19 pathogenesis results largely from the synthesis
dysregulation of a wide range of cytokines (‘“pro-inflamma-
tory,” immunoregulatory, and “anti-inflammatory”), which
reflects the pathological activation of innate and acquired
(type Thl- and Th17-) immunity [7-9]. The cytokines
include IL-1, IL-2, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12,
IL-17, IL-18, G-CSF, TNF-a, macrophage inflammatory
protein lao (MIP1ar), and chemokines (CCL1, CCL3, CCL5,
CXCLS8, CXCL9, CXCL10, etc.). It has been shown that in
COVID-19 infection, the concentrations of these cytokines
increase to various extents and in different combinations,
which is especially typical of severe and critical forms of
the disease [8, 9]. During the recovery period, both cytokine
profile changes and impairment of pleiotropic regulatory
mechanisms of cytokines, as well as impaired susceptibility
to signals through cellular receptors, can be expected [9].
Research into the cytokine profile of the nasal secretions
in recovered COVID-19 patients revealed a stark imbal-
ance between the key pro- and anti-inflammatory cytokines
(Table 4). The level of IL-10 was almost 3.9 times higher
than in healthy donors (10.82 pg/ml; p <0.05). For IL-10,
correlations were found with the level of IFN-y (r=—0.57,
p <0.0), spontaneous (r= —0.58; p <0.05), and induced neu-
trophils microbiocidicity (r= —0.61; p <0.05). IL-10 is one
of the most important anti-inflammatory cytokines [15] with
primarily anti-inflammatory and anti-cytokine effects. Type
2 T-helpers are the source of IL-10, which has its effects
through a receptor complex that is expressed on the surface
of many cells. It has been shown that the synthesis of the
IL-10 anti-inflammatory cytokine begins early in the course

of COVID-19 [16], and its high level along with IL-1RA (the
so-called prohibiting intermediaries) restricts the production
of pro-inflammatory cytokines, prevents the development of
a “cytokine storm,” and is associated with mild and moder-
ately severe forms of the infection. Lower level of IL-10 is
associated with a more severe course of COVID-19 [16]. It
seems that the increased concentration of IL-10 in the moder-
ately severe and mild forms in our study persisted during the
recovery period against the backdrop of the high concentra-
tion of TNF-a pro-inflammatory cytokine. Moreover, high
level of IL-10 is due to the high level of the T-reg subpopu-
lation, which is one of the main producers of IL-10 (adap-
tive suppressors) in moderately severe and mild cases [17].
However, the duality of pleiotropic cytokine influences leads
to the fact that the compensatory increase in IL-10, which
limits the “cytokine storm” in the acute period, when persist-
ing during the recovery period contributes to the formation
of a neutrophils pool of mucosal immunity with low func-
tional characteristics [18]. In recovered COVID-19 patients,
we noted an increased level of the TNF-a pro-inflammatory
cytokine (6.44 pg/ml; p <0.05). TNF-o is a multifunctional
cytokine with pronounced pleiotropy: it controls the immune
inflammation and cell apoptosis, and promotes the utiliza-
tion of destructive material [19]. There are numerous reports
in the literature demonstrating changes in TNF-a produc-
tion in viral infections [19]. TNF-a hyperproduction was
revealed during exacerbations of chronic infections induced
by the viruses of hepatitis B and C, HIV, herpes simplex,
Epstein-Barr, cytomegaly, influenza, polio, and tick-borne
encephalitis. In recovered COVID-19 patients, correlations
of the TNF-a level with IFN-y (r= —0.47; p <0.05), with
Na(r=-0.57;p<0.05),n3 (r=-0.67; p<0.05), and n 4
(r=—0.51; p<0.05) were found. One of the crucial biologi-
cal functions of TNF-a is its role in the regulation of apopto-
sis, including that of virus-damaged cells [19]. For instance,
it is known that increased production of TNF-a, which
induces programmed cell death in chronic viral hepatitis B
and C at an early stage of the infectious process, can mediate
increased apoptosis of hepatocytes, thus contributing to the
destruction of liver tissue. According to our data, chronically
elevated TNF-a in recovered COVID-19 patients downregu-
lates destructive and apoptotic neutrophils processes in the
mucosal immunity system. Our data are also consistent with
the results of studies of the important role of TNF-a in the
regulation of neutrophils functions at the level of local immu-
nity [20]. In recovered COVID-19 patients, we found a severe
decrease in the content of IFN-y (1.16 pg/ml, p <0.05). It
has been shown that the most important aspects of IFN-y
pleiotropic effects are a dramatic increase in the antimicro-
bial and anti-inflammatory activity of Ns due to increased
production of superoxide radicals by cells, an increase in
immune phagocytosis and antibody-mediated cytotoxic-
ity of phagocytes, which is due to increased expression of
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IgG-Fc receptors [21]. In recovered COVID-19 patients,
correlation between the level of IFN-y and almost all param-
eters of the functional activity of neutrophils entering the
nasal secretions was found, including pathogen capture, i.e.,
PIA (r=—-0.53; p<0.05), PNR (r= —0.57; p<0.05), PN
(r=—0.57; p<0.05), and pathogen killing — % D (r= —0.57;
p<0.05) and DI (r= —0.57; p<0.05), the level of intracel-
lular biocidity — spontaneous NBT (r= —0.57; p<0.05), and
stimulated NBT (r= —0.57; p <0.05). According to the lit-
erature, in COVID-19, a successful activation of the cascade
of interferon-producing reactions should lead to virus replica-
tion control and suppression of SARS-CoV-2 dissemination
[9, 10]. At the same time, it should be noted that, along with
the activation of immune cells, SARS-CoV-2 expresses pro-
teins that suppress the synthesis of interferons (IFN-a, IFN-f,
IFN-y), thereby weakening the antiviral immune response.
A pronounced decrease in IFN-y in recovered COVID-19
patients seems to be the result of two immunopathological
processes [21], i.e., pleiotropic effects of increased levels of
pro- and anti-inflammatory cytokines (TNF-o/IL-10), as well
as depletion of the mechanisms of IFN-y synthesis in the
acute period of disease, which have not been not restored
by the time of early COVID-19 recovery. A low level of
IFN-y during the recovery period is a cofactor of inhibition
of almost all functional capabilities of neutrophil, i.e., oxy-
gen-dependent microbicidal activity, functions of pathogen
uptake, capture, and killing.

Etiopathogenesis of immune disorders at the level of
mucosal immunity in recovered COVID-19 patients can
be explained schematically as follows: impaired balance
of the cytokine profile, which started during the acute
stage, persists during the recovery period. Increased
content of pro- and anti-inflammatory cytokines (TNF-o/
IL-10) downregulates IFN-y, which directly contributes
to the development of functionally inferior neutrophils
of the mucosal immunity system in terms of oxygen-
dependent microbicidal activity, functions of pathogen
uptake, capture, and killing. Compensatory increase of the
anti-inflammatory cytokine IL-10 under the influence of
COVID-19 proteins downregulates the level of IFN-y and
is a cofactor of depression of intracellular biocidity and
mucosal immunity. Increased pro-inflammatory cytokine
TNF-a results in enhanced apoptotic and destructive
changes in neutrophil entering the nasal secretions,
thus contributing to the suppression of cell functional
and metabolic activity, as well as the development of
lymphopenia and eosinopenia at the level of the cellular
elements of the MALT system.

Therefore, virus-induced functional and metabolic dis-
orders at the level of Ns of the mucosal immunity system
develop after COVID-19, requiring lengthy rehabilitation
and immunomodulatory therapy.

@ Springer

3 Conclusions

1. Inrecovered COVID-19 patients, the cell-bound com-
ponent of mucosal immunity reveals lympho- and eosin-
openia. The neutrophils population shows cytodestruc-
tion, increased apoptosis, and decreased functional and
metabolic activity of the cell.

2. Impaired cytokine profile at the level of the MALT
system in recovered COVID-19 patients shows an
imbalance of pro-inflammatory cytokines (TNF-a/IFN-
v) and a pronounced increase in the level of IL-10, anti-
inflammatory cytokine.

3. Pleiotropic effects of cytokine imbalance on the
neutrophils systems of mucosal immunity are associated
with two types of changes, i.e., cytodestructive and
apoptotic changes causing the inhibition of functional
and metabolic activity of the cell, as well as direct effects
on oxygen-dependent microbicidal activity, functions of
pathogen uptake, capture, and killing.

4. Virus-induced functional and metabolic disorders at
the neutrophils level require lengthy rehabilitation and
provide a scientific rationale for immunomodulatory
therapy in recovered COVID-19 patients.
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