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Severe concomitant trauma has been a major demographic and medical problem for many years, being the cause of high mortality of the
able-bodied population. The simultaneous formation of an array of destroyed tissues triggers a systemic inflammatory reaction, which, against the
background of traumatic and hemorrhagic shock, leads to an imbalance in immune reactivity and predisposes to the development of septic
complications. The review presents the basic concepts of post-traumatic reactions and violations of the balance of cellular and humoral immune
mechanisms leading to the development of complications.
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ATP - adenosine triphosphate NP - neutrophil
DNA - deoxyribonucleic acid PSA - polysaccharide A
IL - interleukin SIRS - systemic inflammatory response syndrome
HIV/AIDS - Human Immunodeficiency Virus/ Acquired TBI - traumatic brain injury
immunodeficiency syndrome TNF-a - tumor necrosis factor «
miRNA - microribonucleic acid T-reg - regulatory T-lymphocytes

mtDNA — mitochondrial DNA

Severe injury is one of the leading causes of death worldwide. According to the World Health Organization,
injuries account for 10% of deaths and 16% of disability worldwide—significantly more than malaria, tuberculosis,
and HIV/AIDS combined [1]. The proportion of deaths caused by injuries continues to rise, and according to
relatively recent projections, by 2020 road traffic accidents alone should have become the fifth leading cause of
death and disability [2].

This review presents the basic concepts of the post-traumatic reaction and describes some of the innate
immune events that occur in the early stages after a severe concomitant injury (polytrauma), as well as disorders
of immune defense mechanisms leading to the development of septic complications.

The systemic response to severe trauma involves interactions between the immune, endocrine, nervous, and
coagulation-lysis systems, exacerbating the initial injury caused by hypoperfusion (shock) and reperfusion. The
endothelium, activated by exposure to inflammatory cytokines, becomes more porous, allowing mediators of
tissue injury to gain access to the extracellular space. Violation of macro- (such as skin) and micro-barriers (such
as cell membranes) causes immediate activation of innate immunity. The subsequent complex response aimed at
limiting further damage and stimulating healing is also the main provoking factor in the development of
complications and death after injury [3-6].

In the early stages after injury, the cause of victims’ death is severe damage to several vital organs, hypoxia and
hypovolemia as a result of massive blood loss, and head trauma with damage to brain structures. At the same time,
uncontrolled bleeding is the main cause of death. The first hour after a serious injury with massive bleeding is, of
course, the most crucial period in the provision of life-saving care [7, 8]. Hemorrhagic shock leads to tissue
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hypoperfusion and physiological changes that eventually lead to organ dysfunction and death. Therefore, measures
to combat damage should be primarily aimed at stopping massive bleeding [9]. Despite differences in massive
hemorrhage protocols, most of them recommend the use of erythrocyte concentrate, fresh frozen plasma in a 1:1
ratio, then platelets and cryoprecipitate [10]. But, it is known that as a result of storage, normal, smooth, easily
deformable and curving disc-shaped erythrocytes, which easily pass through microvessels, change to
spheroechinocytes - spherical cells with protrusions that are rigid and more likely to adhere to the capillary
endothelium [11, 12]. Microparticles released during storage — fragments of the cell membrane and hemoglobin of
submicron size — are the damage components that stimulate inflammation, absorb nitric oxide which regulates
many processes in the body, including relaxation of vascular smooth muscles. As a result, there is no vasodilation
and no increase in blood flow [13]. It should be noted that in recent years there has been a renewed interest in
replenishing acute blood loss with whole blood. It has been shown that the transfusion of whole blood, rather than
its components, facilitated better survival in adult patients with injuries compared with patients in whom blood loss
was replenished with blood components [14].

However, stopping the bleeding and restoring blood pressure is no guarantee that the danger has passed.
The cause of death in two-thirds of patients who die after a serious injury is not bleeding, but the consequences of
a systemic inflammatory response caused by trauma, which includes an acute, non-specific immune response,
subsequently associated, paradoxically, with a decrease in resistance to infection, leading to sepsis and further
activation of the destructive inflammatory response [3]. Infection, ischemia/reperfusion, or surgery can further
enhance the pro-inflammatory immune response, which is defined as systemic inflammatory response syndrome
(SIRS). With an imbalance in the mechanisms that regulate inflammation activity, tissues in organs not affected
by the initial injury can be damaged and destroyed, followed by the development of multiple organ dysfunction
and septic complications, which correlate with high mortality in later periods after injury [15-17].

SIRS begins within 13 minutes after a major injury and is an inflammatory response to blood loss and tissue
damage rather than infection. The systemic response results from the release of endogenous factors called
damage-associated molecular patterns (DAMPs) [18, 19]. They are secreted by activated immune cells such as
neutrophils and tissue macrophages [20-23]. When local barriers are destroyed, endogenous DAMP molecules are
perceived by the complement and coagulation systems and induce the activation of immune cells, which leads to
an instant cellular immune response. Ideally, a balanced pro-inflammatory and anti-inflammatory response leads
to a rapid clearance of cellular "garbage" and the induction of effective tissue repair and regeneration [24].
However, this balance is often impaired, which leads to the development of early (aseptic) or late (septic) multiple
organ dysfunction.

Peptides and mitochondrial DNA (mtDNA), which are released when cells and tissues are damaged or dead,
elicit a particularly strong immune response. To date, most research on mitochondria has focused on their role as
cellular organelles responsible for energy production, protein synthesis, catabolism, and cell death [25, 26].
However, recent studies have shown that mitochondrial components from cells damaged as a result of trauma are
a key factor for the development of SIRS under aseptic conditions [27, 28].

Examples of well-known immune response stimulators include DNA, high mobility group box1 proteins, and
heat shock proteins [29]. Of greatest interest was mtDNA, a molecule capable of stimulating an immune response
through interaction with the toll-like receptor TLR9 and inflammasomes [27, 29]. In recent years, a lot of scientific
literature has appeared showing that mtDNA is not just released during critical illness, but is an independent
predictor of death in critically ill patients, and contributes to the inflammatory response observed in sepsis [30].
Therefore, it is highly likely that the determination of mtDNA concentration may be used as a predictor of the
severity of the disease or the development of septic complications and mortality in severely affected patients. A
group of authors [32] found out that a significant increase in the level of mtDNA in the blood plasma in patients with
severe polytrauma occurred during the first 24 hours. Moreover, statistically significant differences in the plasma
levels of mtDNA both in patients with bronchopulmonary infectious complications developed later and in those who
did not have such complications were detected already in the first 12 hours. This allowed the authors to recommend
the measurement of mtDNA on the first day after injury to predict the development of infectious complications.

Changes in the immune response after multiple trauma, post-traumatic sepsis and surgery are recognized as
physiological responses of the body to the restoration of homeostasis. The severity of these immunological
changes correlates with the degree of tissue damage, as well as with the severity of bleeding and ischemia [8, 32].
The main regulatory and integral components of this immune response are cytokines. It appears that their balance
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or imbalance partially controls the clinical course in patients with severe trauma. An overproduction of either pro-
inflammatory or anti-inflammatory cytokines can lead to organ dysfunction. Major pro-inflammatory cytokines
involved in the response to trauma and surgery include tumor necrosis factor-alpha (TNF-a), interleukin-1p (IL-B),
IL-6, and IL-8 [33]. These cytokines, predominantly produced by monocytes and macrophages, mediate a variety of
often overlapping effects, and their action may be additive. TNF-a and IL-1f are early regulators of the immune
response and both induce the release of secondary cytokines such as IL-6 and IL-8.

The functioning of the immune system is built on the principle of feedback which is necessary to restore
homeostasis. SIRS is associated with a compensatory anti-inflammatory response characterized by increased
levels of anti-inflammatory cytokines (eg, IL-10) and transforming growth factor beta (TGF-f) and cytokine
antagonists (eg, IL-1-Ra) [34]. Other important anti-inflammatory mediators are soluble TNF receptors and an IL-
1 receptor antagonist, which interfere with the effects of TNF-a and IL-1p [35]. Depending on the balance of pro-
and anti-inflammatory factors, the response may return to baseline or progress to persistent hyperactive
inflammation, immunosuppression, and catabolism syndrome with an increased risk of multiple organ
dysfunction and sepsis [36]. The risk of developing an enhanced and unstabilizable inflammatory response
increases with age — with a comparable severity of injury [37]. Older adults have a significantly worse prognosis
after injury, regardless of the nature or severity of the trauma, even after adjusting for comorbidities [38].

The most severe dysfunction of several parts of the immune system in patients with multiple injuries
manifests itself in the first two days after injury. However, even on day 5, the immune system is still not fully
functional and cytokine imbalance persists. Due to discovered correlation between IL-6 and IL-8 levels and the
development of post-traumatic infectious complications, their monitoring can help identify patients susceptible to
infection in the first two days of hospitalization. The authors believe that the most useful prognostic parameters
are the level of IL-6 on the first day after injury and the level of C-reactive protein on the second day [33].

Paradoxically, the excessive non-specific immune response in SIRS is accompanied by suppression of the
body's ability to create defenses against invading pathogens. The result is an increased susceptibility to infection,
with invading microbes further stimulating immune cells with their pathogen-associated molecular patterns
(PAMPs), such as lipopolysaccharide, for example. A vicious circle ensues as SIRS leads to inflammation and
immunoparalysis, which in turn result in sepsis with further increased inflammation and risk of multiple organ
dysfunction. The inflammatory response also includes rapid activation of the complement system, but initial
activation is followed by consumption and subsequent imbalance of components of the complement cascade [39],
which is one of many factors that reduce the body's ability to defend itself against microorganisms.

One cannot ignore the important role of platelet factors in the activation of the immune response. Platelets under
the influence of injury release pro-inflammatory mediators that stimulate the immune system, thereby contributing to
SIRS. Activation of the immune system increases platelet activity, creating a self-sustaining cycle [40]. Platelets form
leukocyte-platelet aggregates, which are powerful activators of immune cells and cause damage to endothelial cells
[41]. Platelets [42] and neutrophils (NP) [43] are also major sources of microvesicles and exosomes that express surface
markers and may contain various molecules (including cytokines, miRNAs, metabolites, and lipids) [44] that enhance
SIRS. Humoral elements of the pathways of the coagulation-lytic and complementary systems act together to initiate
an inflammatory response, while C3a, C5a complement components and fibrin are known to be chemoattractants of
neutrophilic cells [24]. Activated NPs release proteases (including elastase) and reactive oxygen species, which is
accompanied by damage to healthy tissues. This process exacerbates inflammation and leads to the development of
localized organ damage, similar to that in acute respiratory distress syndrome [45]. It was shown that neutrophils
release their DNA as part of the extracellular network to trap and destroy pathogens [46]. However, this anti-infective
function of the neutrophil networks is to some extent canceled out by the histones present in these networks, which act
as shock absorbers initiating further inflammation. It is important to note that although neutrophils are initially
activated as a result of SIRS, their bactericidal function is markedly impaired at a later time [47, 48].

Over the past decade, it has been shown that the kinetics and amplitude of acute inflammatory reactions are
also regulated by non-protein effectors, including lipid mediators such as protectins, maresins, resolvins, and
miRNAs [49].

It should be noted that the combination of multiple injuries of the anatomical regions of the body with
traumatic brain injury (TBI) significantly affects the development of infectious complications in the victims and
the outcome. Damage to the membranes and structures of the brain is accompanied by the death of meningeal
cells, damage to neurons, and activation of glial cells, such as microglia and astrocytes, which, by releasing
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cytokines (for example, IL-1B and IL-6), recruit neutrophils and blood monocytes - macrophages to the damaged
area, resulting in an inflammatory reaction in the brain [50, 51]. Moreover, extensive and stable secretion of
cytokines can last up to several years.

The interaction between the brain and the nervous system is bidirectional: the injured brain exacerbates
both SIRS and immune deficiency via parasympathetic and sympathetic pathways, respectively [52]. In addition,
human models of traumatic brain injury (TBI) and experimental models have shown that the complement system
is an early mediator of post-traumatic neuroinflammation and secondary neuronal damage, which ultimately
leads to behavioral, emotional, and cognitive problems [53, 54]. The multifactorial development of edema, an
increase in intracranial pressure, and a decrease in cerebral perfusion pressure and blood flow form a vicious
circle that exacerbates hypoxic conditions disrupting the energy supply (ATP) in the brain. These intracerebral
changes often lead to additional damage to the white and gray matter [55]; and nervous regulation impairment is
accompanied by the development of dysfunction of many organs.

It should be noted that dysfunction of the intestinal barrier was recognized as one of the consequences of
TBI [56]. Severe TBI was shown to induce structural changes in the intestinal villi and epithelium with disruption
of the intestinal barrier, shift of the gut microbiome towards the pathobiome, and changes in the composition of
local immune cells [56-58]. In addition, TBI was proved to activate the gut-brain axis and increase gut
permeability [59]. The exact mechanism by which TBI alters intestinal permeability is still under investigation.
However, one of the noteworthy results of an experimental study is that after TBI, intracellular adhesion
molecules (ICAM-1) 1 accumulate in the intestine, the production of TNF-a, IL-6 and other cytokines is activated
[60], which leads to an acute inflammatory response.

Perhaps one of the most important functions of the gut microbiota is to provide constant stimulation of the
gut immune system, which contributes to the reduction of the inflammatory state in healthy individuals. The
well-known human commensal microorganism Bacteroides fragilis produces polysaccharide A (PSA). The impact
of PSA on the intestine leads to the production of regulatory T-lymphocytes (T-reg), an increase in the
production of anti-inflammatory IL-10 and a decrease in the excretion of pro-inflammatory factors such as TNF-
a, IL-17 and IL-23 [61].

The microbiome, which is described by a fairly stable phylogenetic composition and a relative abundance of
bacterial taxa, changes significantly in the first 72 hours after injury. This rapid change in the gut microbiota
represents a critical event that can affect outcomes after severe injury and induce an immunosuppressive state
[62, 63]. Dysbacteriosis creates a disequilibrium and induces a pro-inflammatory phenotype. The pathophysiology
underlying this immunomodulation remains complex and is the subject of ongoing research. It is likely that both
aspects of the innate and adaptive immune systems are involved [61]. The combination of polytrauma with TBI
significantly aggravates the course of the post-traumatic period, including due to endotoxicosis, which develops
as a result of impaired intestinal permeability and accompanying dysbacteriosis [64]. Given that gut microbes
protect against transiently invading pathogens by providing a tonic stimulation of the innate immune system
through toll-like receptor signaling [65, 66], and the fact that the composition of the microbiome in those who
died after severe concomitant injury differed significantly from that of the survivors [67], attempts to influence
the composition of the microflora, accelerate its recovery and thereby reduce mortality are legitimate. It was
shown that treatment with probiotics, prebiotics and synbiotics reduces systemic inflammation by maintaining
the intestinal microbiota, decreases the incidence of postoperative infectious complications and pneumonia
associated with mechanical ventilation. In critically ill patients in the intensive care unit, such treatment
significantly lowered the number of septic complications and contributed to the modulation of immunity [68].

In conclusion, we would like to note that the management of patients with severe injuries is one of the
biggest problems of modern medicine. The combination of blood-derived biochemical markers with other clinical,
physical and radiological diagnostic methods may serve to improve the prediction of early clinical trends after
severe concomitant injury. It is critical to reliably monitor the immune response in real time and space before any
therapeutic immunomodulation can be effectively performed. Because innate and adaptive immune responses
can differ significantly with age, comorbidities, and other pre-existing conditions, this should be taken into
account when evaluating detectable disorders. Furthermore, in the era of precision medicine, big data-based
judgment in complex trauma situations such as TBI and polytrauma can be feasible with the help of
bioinformatics tools such as topological data analysis. These strategies could improve the phenotyping of injury
patterns, accurate diagnosis, and treatment planning [69].
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