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ABSTRACT

The COVID-19 pandemic caused by the SARS-CoV-2 virus has become a global challenge.
Community-acquired pneumonia associated with COVID-19 is still one of the most challenging
medical problems. It is especially important to study the pathogenesis of Community-Acquired
Pneumonia (CAP) and its relationship with various inflammatory processes that occur in the set-
ting of coronavirus infection. The aim of this study was to analyze the pathogenesis of CAP that
develops against the background of COVID-19, to study the mechanisms of immune response,
inflammatory processes and their impact on the patient's body, and to identify possible approaches
to the diagnosis and treatment of this disease. The following materials and research methods were
used in the study: a review of scientific sources on the pathogenesis of CAP in COVID-19, the
peculiarities of the immune response, cytokine storm and endothelial dysfunction in this pathol-
ogy. The authors of the analyzed studies, in turn, used an analysis of inflammatory markers (C-
reactive protein, D-dimer, cytokines). They report that patients with CAP developing against
COVID-19 have activation of the neutrophil chain and a significant increase in the level of pro-
inflammatory cytokines such as IL-6, IL-1B, TNF-a. These processes lead to the development of
a severe inflammatory reaction in the lungs and diffuse alveolar damage, which in turn leads to
the development of acute respiratory failure. It has been noted that excessive D-dimer release is
a key indicator of the development of these complications. Prediction of severe forms of the dis-
ease based on the level of cytokines and other inflammatory markers can be an important tool for
early detection of the risk of complications in patients. Thus, it was found that in order to improve
the prognosis of patients, it is necessary to use methods of monitoring the level of inflammatory
markers and individualise therapeutic strategies to correct immune system disorders.
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sponse, thromboembolism.

Introduction

The COVID-19 (COronaVlrus Disease 2019)
pandemic has become a global challenge for
healthcare systems and has led to an increase in
the incidence of respiratory diseases. One of the
most common and severe complications of
COVID-19 is pneumonia, which can have a dif-
ferent course depending on the conditions of in-
fection, physiological characteristics of the patient
and the strain of the virus. Community-Acquired
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Pneumonia (CAP) associated with coronavirus in-
fection is of particular interest because it occurs in
patients outside of healthcare facilities and has
different features compared to hospital-acquired
pneumonia [1; 2].

Recent studies related to COVID-19 have fo-
cused on various aspects of respiratory complica-
tions, with pneumonia occupying a special place
among them. Understanding the activation of the
immuno-inflammatory response in patients with
COVID-19-associated CAP may provide new in-
formation for predicting the severity of the disease
and developing more effective treatment approa-
ches [3-5].

The pandemic has drawn researchers' attention
to the differences between hospital-acquired and
CAP. CAP associated with coronavirus infection
is distinguished by its specificity, as it occurs in
patients who were not in medical facilities before
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the onset of symptoms. This requires special at-
tention to diagnostic and prognostic markers, such
as neurohumoral indicators, which can help identify
the course of the disease in the early stages [6; 7].

Studies on CAP in the context of COVID-19
emphasize the importance of assessing the im-
mune-inflammatory response, which may be one
of the key factors in the development of compli-
cations. In particular, it is important to assess the
level of endothelial function markers, such as en-
dothelin-1, which may indicate the degree of dam-
age to the vascular system during COVID-19.
This is especially relevant for patients with CAP
[8; 9].

However, despite a significant number of stu-
dies on COVID-19 and its impact on the body, the
immune-inflammatory response in patients with
CAP remains insufficiently studied. Most studies
focus on hospital-acquired pneumonia or general
changes associated with COVID-19, without ta-
king into account the specifics of CAP. Therefore,
the study of the immunoinflammatory response in
patients with CAP associated with COVID-19
may provide new data on the diagnosis and treat-
ment of this disease [10; 11].

Analysis of the immunoinflammatory response
in patients with community-acquired pneumonia
associated with COVID-19 will allow us to better
understand the mechanisms behind severe pneu-
monia.

The aim of this systematic review is to analyze
and summarize the available data on the immune-
inflammatory response in patients with CAP asso-
ciated with COVID-19 and to identify the main
mechanisms that explain these changes.

Materials and Methods

To study the pathogenesis of CAP in patients
infected with SARS-CoV-2, a systematic review
of the literature was conducted, including sources
published in leading scientific databases, inclu-
ding PubMed, Scopus, GoogleScholar and Web of
Science, which provide access to peer-reviewed
articles and other scientific publications. The fol-
lowing key terms were used to search for articles:
"neurohormonal changes in COVID-19 pneumo-
nia", "sympathetic nervous system and COVID-
19", "inflammatory markers in pneumonia", "re-
nin-angiotensin system in COVID-19", "neuro-
hormonal imbalance and pneumonia”, "COVID-
19 and cytokine storm™. Synonyms and alternative
terms were also used to expand the search query,
including “inflammatory response”, "adrenal hor-
mones", "'stress hormones and pneumonia”, "neu-
rotransmitter changes in pneumonia”.

Research was focused on pathophysiological
changes in the respiratory and cardiovascular sys-
tems. Levels of inflammatory markers, such as D-
dimer, C-Reactive Protein (CRP) and cytokines,
as well as the mechanisms of thromboembolic
complications and pathological changes in lung
tissue were studied.

Results

The immunoinflammatory response is a multi-
level and complex biological process that inte-
grates the mechanisms of innate and adaptive im-
munity to maintain the body's homeostasis in re-
sponse to exogenous and endogenous threats.
When these mechanisms are disrupted, various pa-
thological conditions and diseases occur [11; 12].

This process is initiated by the recognition of
Pathogen-Associated Molecular Patterns (PAMPS)
or endogenous damage-associated signaling mol-
ecules (Damage-Associated Molecular Patterns,
DAMPs). By means of specialized Pattern Recog-
nition Receptors (PRRs), including Toll-Like Re-
ceptors (TLRs), NOD-Like Receptors (NLRs) and
RIG-I-Like Receptors (RLRs). The activation of
these receptors initiates signaling cascades, in par-
ticular NF-xB- and MAPK-dependent pathways,
leading to transcriptional regulation of proinflam-
matory mediators such as TNF-a, IL-1p, IL-6, and
other effector molecules of the inflammatory re-
sponse [13-15].

Acute inflammation is accompanied by com-
plex changes in the microcirculatory system, in-
cluding increased vascular permeability, endothe-
lial activation and expression of adhesive mole-
cules, which in turn promotes leukocyte migration
to the site of injury. The main effector cells of the
acute inflammatory response are neutrophils,
monocytes and macrophages, which phagocytose
pathogens and secrete cytokines and chemokines
(in particular IL-8, MCP-1) that regulate chemo-
taxis and activation of immune cells. Dendritic
cells process and present antigens on Major His-
tocompatibility Complex (MHC) molecules,
which is a very important component for the acti-
vation of adaptive immunity [16-18].

T-cell activation is mediated by signals from
antigen-presenting cells (APCs) and the cytokine
microenvironment. Th1l and Th17 cells contribute
to a prolonged pro-inflammatory response through
the production of IFN-y, 1L-17 and GM-CSF,
which stimulate the activity of macrophages and
granulocytes. CD8+ T cells exert a cytotoxic ef-
fect on infected or altered cells, thereby inducing
apoptosis through the perforin-granzyme mecha-
nism or the Fas/FasL-mediated pathway. B lym-
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phocytes, under the influence of Th2 cell cyto-
kines (IL-4, IL-5, IL-13), synthesize antibodies in-
volved in the neutralization of pathogens, opsoni-
zation and activation of complement [19; 20].

Inflammatory mediators, which include the
following substances: proinflammatory cytokines
(TNF-a, IL-1pB, IL-6), chemokines (CXCLS8,
CCL2) and lipid derivatives (prostaglandins, leu-
kotrienes), play a key role in modulating the im-
mune response. Prostanoids, synthesized from ar-
achidonic acid under the influence of CycloOXy-
genases (COX-1, COX-2), regulate vascular
changes, pain and fever, while leukotrienes are in-
volved in stimulating leukocyte adhesion and mi-
grations [21; 22].

Inflammation resolution involves the activa-
tion of mechanisms that limit the intensity and du-
ration of the immune response, preventing the de-
velopment of chronic inflammation and patholog-
ical tissue destruction. Anti-inflammatory cyto-
kines such as 1L-10 and TGF- promote apoptosis
of proinflammatory effector cells, macrophage
polarization into the M2 phenotype and restora-
tion of tissue architecture. The dysfunction of res-
olution mechanisms leads to chronic inflamma-
tion, which is associated with pathologies such as
rheumatoid arthritis, inflammatory bowel disease,
atherosclerosis, and neurodegenerative processes
[23; 24].

In addition, the pathological immunoinflam-
matory response can mediate the mechanisms of
neoplastic cell transformation, promoting the de-
velopment of tumors by chronic stimulation of
proliferative signaling pathways, inhibition of
apoptosis and creation of an immunosuppressive
microenvironment. For example, chronic inflam-
mation caused by persistent viral infections or au-
toimmune disorders is an important factor in car-
cinogenesis, in particular in cases of hepatocellu-
lar carcinoma, colorectal cancer, and gastrointes-
tinal tumors [25; 26].

Thus, the immunoinflammatory response is
a fundamental component of the body's defense
mechanisms, but its dysregulation can be a trigger
for a wide range of pathological conditions.
A deep understanding of the mechanisms of in-
flammation regulation is essential for the develop-
ment of innovative therapeutic strategies aimed at
modulating immune responses in inflammatory,
autoimmune and oncological diseases. In the fu-
ture, the study of immune-inflammatory mecha-
nisms may contribute to the development of new
biological therapies, including cytokine receptor
inhibitors, specific antagonists of inflammatory

mediators, and cellular immunotherapeutic ap-
proaches that can selectively regulate pathologi-
cally activated immune mechanisms [27; 28].

CAP associated with COVID-19 coronavirus
infection is a serious pathological condition ac-
companied by profound immunoinflammatory
disorders. SARS-CoV-2 causes a significant acti-
vation of innate and acquired immunity, which
leads to an uncontrolled inflammatory process, an
imbalance between proinflammatory and anti-in-
flammatory mechanisms, and secondary immuno-
suppression. These mechanisms result in compli-
cations such as Acute Respiratory Distress Syn-
drome (ARDS), thromboembolic events, and sec-
ondary bacterial infections [29; 30].

In COVID-19, the activation of the neutrophil
chain is one of the key aspects of CAP pathogen-
esis. Neutrophils, which are effector cells of the
early immune response, play a critical role in the
body's response to pathogens. They are the first
cells to migrate to the site of infection and provide
the primary line of defense by phagocytozing viral
particles and neutralizing pathogens through vari-
ous mechanisms. However, in COVID-19, exces-
sive activation of neutrophils can lead to increased
inflammation and the development of serious
complications, including severe pneumonia, which
is accompanied by the development of ARDS [31;
32].

The initial stage of neutrophil activation is con-
tact with viral particles that enter the body. Once
the SARS-CoV-2 virus enters the epithelial cells
of the respiratory tract, it initiates their interaction
with Toll-like receptors (TLRSs), which trigger
a cascade of signals that lead to the activation of
pro-inflammatory molecules. This, in turn, pro-
motes the release of chemokines, in particular in-
terleukin-8 (IL-8), which play a crucial role in the
chemotaxis of neutrophils, facilitating their mobi-
lization to the site of infection. The production of
cytokines and chemokines increases vascular per-
meability, which allows neutrophils to migrate to
the site of infection, where they perform their pri-
mary function of phagocytosis and neutralization
of pathogenic agents. However, in COVID-19,
there is an excessive release of these molecules,
which is accompanied not only by local inflamma-
tion but also by systemic effects, including activa-
tion of thrombosis and endothelial dysfunction
[33; 34].

Excessive activation of neutrophils can cause
serious pathological consequences. They activate
mechanisms that promote the production of Reac-
tive Oxygen Species (ROS), serine proteases and
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various pro-inflammatory molecules, such as tu-
mour necrosis factor alpha (TNF-a), interleukin-
1B (IL-1B) and interleukin-6 (IL-6), which in turn
intensifies the inflammatory process and tissue
damage. These reactions result in tissue damage,
particularly in the lungs, where interstitial edema,
fibrosis, and decreased gas exchange develop.
One of the most destructive processes is the for-
mation of neutrophil extracellular traps (NETS),
which are a network of DNA that appears during
neutrophil activation. These traps are capable of
trapping viral particles, but also increase inflam-
mation and tissue homeostasis, contributing to the
development of chronic inflammation in the lungs
[35; 36].

At the same time, other immune cells, in par-
ticular T-lymphocytes, dysfunction occurs, lead-
ing to an imbalance in the immune response. Ex-
cessively activated neutrophils can not only neu-
tralize pathogens but also damage healthy tissues,
which is the main cause of prolonged inflamma-
tion in the airways and the development of pulmo-
nary fibrosis. Chronic infectious burden and in-
flammation can lead to prolonged changes in lung
tissue, impairing the functionality of the respira-
tory system and significantly increasing the risk of
developing secondary bacterial infections, which
often complicate the course of COVID-19 [37;
38].

Another key pathogenetic mechanism is the
"cytokine storm™, which significantly affects the
severity of CAP caused by SARS-CoV-2. This
phenomenon, which involves uncontrolled and
excessive release of proinflammatory cytokines, is
one of the main factors that determine the progres-
sion of the disease and complications associated
with COVID-19 pneumonia. Cytokines, which
normally control the immune response and con-
tribute to the effective fight against viral infec-
tions, cause tissue and organ destruction in
COVID-19, which worsens the clinical condition
of patients [39; 40].

The activation of the "cytokine storm" in
COVID-19-induced CAP begins with the penetra-
tion of viral particles into the body, where they in-
teract with Toll receptors, which initiates a cas-
cade of immune responses. As a result, macro-
phages and dendritic cells are activated, which are
the main participants in anti-viral immunity, lea-
ding to the release of significant amounts of pro-
inflammatory cytokines, among which IL-6, TNF-
a, IL-1p, and interferons play a special role. Under
normal conditions, these molecules contribute to
the effective destruction of viral particles, but in

the context of COVID-19, their excessive release
is out of control, leading to inflammatory lung
damage and the development of pneumonia [41;
42].

The excessive release of cytokines, in particu-
lar IL-6, contributes to the development of inter-
stitial inflammation in the lungs, which is the main
feature of COVID-19-induced CAP. Cytokines
activate fibroblasts and other cells, which causes
lung swelling and fibrosis, disrupting their ability
to exchange gas normally. In addition, the activa-
tion of pro-inflammatory molecules increases vas-
cular permeability, which leads to interstitial
edema, reduces the efficiency of blood oxygena-
tion and creates conditions for the development of
ARDS, which is a serious complication that can
threaten the lives of patients [43; 44].

In addition, as a result of immune system
hyperactivation, patients with CAP caused by
COVID-19 have activation of the hemostatic sys-
tem. Cytokines, in particular IL-6 and TNF-a, can
initiate thrombosis, which leads to increased le-
vels of D-dimers and the development of throm-
boembolic complications such as venous throm-
boembolism, deep vein and pulmonary throm-
bosis [45; 46].

An important factor that determines the seve-
rity and progression of the disease is the imba-
lance in the immune response in community-ac-
quired pneumonia caused by COVID-19. The
SARS-CoV-2 virus, when it enters the body, initi-
ates a complex immune response, including the
activation of innate and adaptive immunity. Ho-
wever, it should be noted that in the context of
COVID-19, there is a significant imbalance be-
tween different parts of the immune system, which
in turn leads to an excessive inflammatory re-
sponse, disruption of normal tissue function and
the development of serious complications [47, 48].

One of the aspects that exacerbates the imba-
lance of the immune response in COVID-19 is the
disruption of the interaction between the immune
system and the vascular endothelium. The SARS-
CoV-2 virus interacts with Angiotensin-Con-
verting Enzyme 2 (ACE2), which is expressed not
only in lung epithelial cells but also in vascular
endothelial cells. This leads to impaired endothe-
lial function, activation of inflammatory proces-
ses, and increased vascular permeability, which
contributes to the development of edema, throm-
bosis, and tissue damage [49; 50].

Hypoxia and inflammation are two interrelated
processes that are important in the development of
CAP caused by COVID-19. In this case, there is
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not only a disruption of the normal functioning of
the respiratory system due to the inflammatory
process, but also the development of severe hy-
poxia, which occurs as a result of lung damage and
impaired gas exchange [51; 52].

Hypoxia in COVID-19 is a consequence of
progressive inflammation, which is accompanied
by a violation of the alveolar capillary barrier and
fibrin deposition in the interalveolar space. All of
this, in turn, impairs the normal process of blood
oxygenation, leading to a decrease in the level of
oxygen in the tissues and the development of hy-
poxia. Under conditions of hypoxia, a number of
adaptive mechanisms are activated, including in-
creased lung ventilation, activation of the sympa-
thetic nervous system, and changes in cell metab-
olism to provide the necessary oxygen level for vi-
tal organs [53; 54].

The inflammatory process is an integral part of
the body's response to infection, which in the case
of COVID-19 is amplified many times over due to
viral invasion of vascular endothelial cells and al-
veolar epithelial cells. This inflammatory process
is accompanied by the release of proinflammatory
cytokines, including interleukins (IL-6, IL-1pB), tu-
mour necrosis factors (TNF-a) and chemokines
that stimulate the recruitment and activation of
neutrophils and macrophages. Such a "cytokine
storm" contributes to the development of relative
hypoxia, which increases inflammation and re-
duces the body's ability to fight infection [55; 56].

Hypoxia is an important component for further
exacerbating inflammation, as it activates adap-
tive mechanisms, such as activation of hypoxia-
inducible factor 1 alpha (HIF-1a), which triggers
the transcription of genes that help the body sur-
vive in low oxygen conditions. However, it should
be noted that in the case of severe COVID-19,
these mechanisms can cause excessive inflamma-
tion, which leads to an uncontrolled body response
and damage to lung tissue. All of the above in-
creases the risk of developing pulmonary fibrosis,
which is a common cause of prolonged hypoxia in
patients after COVID-19 [57; 58].

Discussion

Our literature review indicates the importance
of understanding the mechanisms of the immune-
inflammatory response in COVID-19 to optimize
therapeutic approaches and predict the course of
the disease. A detailed study of the literature re-
vealed that the activation of the neutrophil chain
in COVID-19 is an important factor determining
the course of pneumonia and the development of
serious complications such as ARDS, thromboem-

bolism, and chronic pulmonary inflammation. Un-
derstanding the mechanisms of neutrophil activa-
tion is important for the development of therapeu-
tic strategies that can reduce the inflammatory re-
sponse and prevent tissue damage [59; 60].

The "cytokine storm" in COVID-19-induced
CAP also causes significant changes in the cardi-
ovascular system. The development of myocardial
dysfunction, arrhythmias, and cardiac performan-
ce disorders is observed as a result of the inflam-
matory process, including the activation of in-
flammatory molecules and reactive oxygen spe-
cies. Such changes in the circulatory system sig-
nificantly worsen the prognosis for patients and
contribute to the development of multiple organ
failure [61; 62].

The main goal of treatment of CAP caused by
COVID-19 is to control the "cytokine storm".
Treatment includes the use of anti-cytokine ther-
apy (e.g., tocilizumab) and corticosteroids, such as
dexamethasone. A balanced approach to the cor-
rection of the immune response is critical, as ex-
cessive suppression of the immune system can
lead to an increased risk of infectious complica-
tions [63; 64].

The negative consequences of an imbalance in
the immune response include not only overactiva-
tion of the innate immune system, but also under-
activation of adaptive immunity. Disruption of the
interaction between innate and adaptive immunity
cells, in particular T-lymphocytes, which are re-
sponsible for the effective fight against viral infec-
tions, is observed in patients with severe COVID-
19. A decrease in the function of T lymphocytes,
especially T helper cells, which contribute to the
activation of B lymphocytes and the production of
antibodies, can lead to an ineffective immune re-
sponse and a weakening of the body's ability to
fight the virus [65; 66]. Inflammation that devel-
ops and is maintained in hypoxia may be one of
the key factors in the development of respiratory
failure in patients with COVID-19, especially in
patients with severe CAP. Hypoxia and inflamma-
tion are not only the result of viral damage, but
also the main factors that determine the severity
and prognosis in patients with COVID-19. This
process is also closely related to hypercoagulabi-
lity. High levels of D-dimers and activated coagu-
lation contribute to the formation of microthrombi
in the lungs and other organs, which worsens the
clinical picture and increases the risk of serious
complications. Timely detection of hypoxia and
inflammation can help to correct treatment, which
includes the use of antiviral, anti-inflammatory
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and anticoagulant drugs. The administration of
these drugs will improve the outcomes of patients
with severe CAP caused by COVID-19 [67; 68].

Thus, understanding the processes of activa-
tion of the immune-inflammatory response that
occur in CAP in the context of SARS-CoV-2 in-
fection can significantly improve approaches to
treatment and prevention. Another important as-
pect is the modulation of the "cytokine storm", in
particular the inhibition of IL-6. Drugs such as to-
cilizumab have proven effective in patients with
high levels of this cytokine, which helps reduce
the severity of the disease and improve prognosis.
Special attention should be paid to studies that ex-
amine patterns of activation of the immune-in-
flammatory response in CAP against the back-
ground of COVID-19. The study of these mecha-
nisms may open up new therapeutic opportunities
to correct pathological changes in patients with
COVID-19, in particular those with comorbidities
that increase the risk of complications.

Conclusions

1. High levels of immune and inflammatory
markers serve as an indicator of disease severity.
In patients with CAP associated with COVID-19,
elevated levels of key inflammatory markers were
found.

2. Changes in immuno-inflammatory markers
are significant indicators of disease severity and
can be used for early diagnosis and monitoring of
complications.

3. The need for a comprehensive approach to
treatment. The results of many studies emphasize
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