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Abstract

Increased morbidity and mortality after polytrauma due to multiple organ failure (MOF) is a major
concern for clinicians. Systemic inflammatory response syndrome (SIRS) and sepsis are the major
underlying causes. Damage-associated molecular proteins (DAMPS) released after polytrauma
induce an inflammatory immune response to repair the tissue, however, persistent inflammation
finally results in immunosuppression and MOF. During immunosuppression, additional exposure
of the traumatized tissue to pattern-associated molecular patterns (PAMPS) further adds to the
continuum of inflammatory cascade causing sepsis. These two hits worsen the condition of the
patient and increase morbidity and mortality. Thus, it is critical to stratify the patient based

on trauma severity and inflammatory biomarkers levels and design treatment accordingly for

a better clinical outcome. Although some of the molecular mechanisms involved in SIRS and
MOF after polytrauma have been reported, there is limited information on the critical factors
related to the study of DAMPs and PAMPs, including the timing of sampling (time elapsed

after trauma), source of sampling (blood, urine, saliva), proteomics and metabolomics, multiplex
plasma assay, comparative interpretation of the results from various sources and diagnostic value,
and interpretation on the translational and clinical significance. Additionally, there is limited
literature on DAMPs like heat shock proteins, mitochondrial DNA, neutrophil extracellular traps,
and their role in SIRS and MOF. Further, it is also important to distinguish between the biomarkers
of SIRS and sepsis in a time-bound window to have a better clinical outcome. This critical review
focuses on these aspects to provide comprehensive information and thought-provoking discussion
to design future investigation and clinical trials.
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1. Introduction

Trauma accounts for 10% of deaths and 16% of disabilities in the world [1]. In addition

to the initial injury, trauma is further complicated by trauma-induced inflammation that
can progress to systemic immune response syndrome (SIRS), sepsis, and multi-organ
failure. As a result, trauma-induced inflammation has become one of the leading causes

of death in patients between the age of 1 and 46 years. Prior to 1980s, sepsis and SIRS
were believed to be solely caused by products of microbial pathogens called PAMPs
(pathogen-associated molecular patterns) [2—4]. Since then, research has shown that SIRS
can occur in the presence of infection or sterile tissue injury. Accordingly, the former is
now recognized with sepsis as non-sterile trauma-induced inflammation and the latter is
recognized as sterile trauma-induced inflammation. Trauma induces the release of sterile
molecules called damage-associated molecular patterns (DAMPS). Examples of DAMPs
include mitochondrial DNA (mtDNA), histones, high mobility group box protein -1
(HMGB-1), S100 proteins, and heat shock proteins which are released from immune cells
and induce an inflammatory response. DAMPs further activate the immune response by
triggering the classical pathway, upregulating the production of C3a and C3b, resulting

in a release of inflammatory cytokines that upregulate sterile inflammation and the
formation of the membrane attack complex (MAC). The release of inflammatory cytokines
increases the permeability of endothelium which further increases the ability of DAMPs
and other inflammatory mediators to access the intracellular space. The disease process

of trauma-induced inflammation is further complicated by a compensatory release of anti-
inflammatory molecules, therefore, increasing patient susceptibility to infection and sepsis
[1, 5-9]. The role of various DAMPs, PAMPs, and PRRs and their signaling pathways have
been depicted in Figure 1.

Morbidity and mortality of trauma-induced inflammation have remained high despite
medical advancements [3, 4]. This may be due to a clinical difficulty differentiating between
SIRS and sepsis. These two conditions can present similarly as they both result from

robust activation of the immune system. Unfortunately, their treatments greatly differ and
require early intervention to maximize survival. This clinical issue warrants more research
into these conditions, specifically into the presence and role of their inflammatory and anti-
inflammatory markers as they may be the key to early clinical differentiation, development
of novel treatments, and reducing morbidity and mortality. This review critically reviewed
the mediators of sterile inflammation and biomarkers that may prove to have therapeutic
benefits.

2. Maediators of Inflammation after Trauma

A systemic immune response induced after a traumatic injury comprises both innate and
adaptive immune arms of the body involving the recruitment of immune cells and production
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of cytokines like interleukin (IL)-6, IL-1, IL-8, and tumor necrosis factor (TNF)-a.. Trauma
is also associated with secretion of “self” damage-associated molecular proteins (DAMPS),
exposure of the traumatized part of the body to “non-self” pattern associated molecular
patterns (PAMPs), activation of various surface inflammatory receptors, and deregulated
function of various cells in the body [10, 11]. DAMPs like high mobility group-box

protein (HMGB)-1 produced after cell death and S100 proteins secreted from infiltrating
neutrophils and macrophages activate the downstream signaling involving receptors for
advanced glycation end products (RAGE) and pattern recognition receptors (PRRs) like
toll-like receptors (TLRs) including TLR-2, TLR-3, TLR-4, and TLR-9 inducing a systemic
inflammatory response by increased secretion of inflammatory cytokines [8, 12, 13] (Figure
1). This systemic inflammatory response mediated by DAMPs after trauma is termed sterile
systemic inflammatory response syndrome (SIRS). Along with HMGB-1 and S100 proteins,
mitochondrial (mt)DNA and cellular DNA, heme released from RBC lysis, matricryptins,
cold-inducible RNA-binding protein, and heat-shock proteins are other DAMPs released
after traumatic injury, and levels of DAMPs are directly associated with the level of trauma
and inversely related to the clinical outcome [8, 11, 14].

While the exposure of the tissue to PAMPs like lipopolysaccharides (LPS) of gram-
negative bacteria, lipoteichoic acids (LTA) of gram-positive bacteria, lipoproteins generated
from bacterial cell wall proteins, peptidoglycan, lipoarabinomannan of mycobacteria,
double-stranded RNA (dsRNA) produced by viruses, and p-glucans and mannans from
fungal cell walls cause sepsis post-trauma [10, 11, 15-17]. SIRS is accompanied by
increased oxidative stress, increased secretion of pro-inflammatory cytokines, immune

cell infiltration, and complement activation which ultimately result in multiple organ

failure (MOF) or multiorgan dysfunction syndrome (MODS), a major cause of mortality
[18]. Early inflammatory response mediated by DAMPs leading to SIRS cause organ
dysfunction while in later stages synergistic action of DAMPs with PAMPs, infections,
embolism, transfusion, surgical complications, and complications associated with prolonged
ventilation led to compensatory anti-inflammatory response syndrome (CARS) and MODS.
Persistent inflammation immunosuppression catabolism syndrome (PICS) may be another
complication due to prolonged stay in intensive care units after severe trauma [3, 13, 19-21].
In the initial phase, acute inflammation is a host-defense mechanism for tissue repair, but
persistent inflammation may lead to organ damage and failure. This section focuses on the
role of DAMPs, PAMPs, and PRRs in SIRS after trauma.

3. DAMPs, SIRS, and Trauma
3.1 HMGB-1

In addition to the DAMPSs, also called alarmins, released from cell death or necrosis after
trauma, DAMPs like HMGB-1, ATP, histones, and mitochondrial DNA may also be released
from adipose tissue, especially in the presence of increased levels of pro-inflammatory
cytokines [10]. This suggests that obesity may also affect the clinical outcome by altering
the secretion of DAMPs and pro-inflammatory cytokines after trauma and higher expression
is associated with a poor prognosis. HMGB-1 secreted from adipose tissue, through its
downstream signaling, mediates increased secretion of inflammatory cytokines causing
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increased immune cell recruitment and ultimately organ damage even at a distant site. The
release of DAMPs at an early stage of trauma mediates SIRS and causes multiorgan failure.
HMGB-1 exert its inflammatory effects not only by stimulating downstream signaling
involving RAGE, TLRs, and triggering receptor expressed on myeloid cells (TREMs)

but also synergistically with increased expression of reactive oxygen species, acting as

a chemotactic agent to recruit immune cells, and as a cofactor for LPS and nuclear

DNA increasing the secretion of inflammatory cytokines [13, 22] (Figure 1). DAMPs
released after trauma are also involved in the induction of protein expression of adhesion
markers on endothelial cells facilitating leukocyte migration and promoting extravasation of
immune cells into the injured tissue [11]. Additionally, epithelial cells, fibroblasts, T-cells,
B-cells, monocytes/macrophages, dendritic cells, mast cells, natural Killer (NK) cells, and
eosinophils are also involved in sensing the DAMPs and inducing sterile inflammation [23].
Since these cells are involved in tissue injury of various organs, the interaction between
DAMPs and these cells may have an implication for polytrauma and SIRS.

HMGB-1 induces its biological effect through several molecules, including RAGE, TLRs,
TREM-1, and S100 proteins playing a role in various inflammatory diseases [12, 24], and
the role of RAGE in the induction of sterile inflammation has been reported in polytrauma
patients during the later phase [25]. A study [25] reported a decreased expression of RAGE
on monocytes and the number of RAGE-positive monocytes after the trauma but increased
soluble RAGE (SRAGE). Although there were no significant changes in the expression of
HMGB-1 after the trauma, the expression of SLI00A8 and S100A12 peaked by day 4. The
study concluded that IL-6, SRAGE, and methylglyoxal were present early after trauma,
and leukocytes, S100A8, S100A12, and AGE-modified proteins peaked at later time points
providing evidence for a secondary release of RAGE ligands. These findings supported

the role of RAGE in the pathogenesis during early as well as late-stage after polytrauma
and targeting the HMGB1-RAGE axis will have therapeutic efficacy in polytrauma (Figure
1). This notion is supported by fewer detrimental pro-inflammatory macrophages while
increased anti-inflammatory immune cells after injury by inhibiting the HMGB1-RAGE
axis [26]. But it should be noted that the timing of intervention is important and must be
considered while treating polytrauma patients.

The release of HMGB-1 from the tissue under stress may also be controlled by other factors.
Nrf2 is one such factor and an increased HMGB-1 expression during the first 6 hours
followed by a decline associated with lower levels of Nrf2 in early hours and then increased
levels at later time points suggest that HMGB-1 and Nrf2 play a concerted role in inducing
inflammation in polytrauma patients and that HMGB-1 secretion is regulated by Nrf2 via
modulation of ROS levels [27, 28]. These findings suggest that along with HMGB-1, Nrf2
may also be a potential therapeutic target to attenuate chronic inflammation and MODS in
polytrauma patients. The notion of targeting HMGB-1 and Nrf2 in polytrauma patients is
supported by the results from other studies documenting the regulation of various processes
after cell injuries like ferroptosis and apoptosis via an interaction between HMGB-1 and
Nrf2 [29, 30].
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3.2 S100 Proteins

S100 proteins are other DAMPs whose secretion is increased after trauma. S100B levels are
biomarkers for brain injury. Seidenfaden et al. [31] reported that S100B concentrations may
peak much earlier in traumatic brain injury patients and estimating S100B lesions may help
decide the need for other imaging investigations. Moreover, it has also been reported that
S100B expression levels are useful as biomarkers not only in traumatic brain injury but also
in other types of polytrauma and may be an important predicting factor for survival after
polytrauma [32]. Pfortmueller et al. [32] reported an association of higher concentrations

of S100B with higher mortality after polytrauma with and without head trauma as there
were no significant differences between the two groups. The negative correlation of S100B
with survival supported the significance of S100B as a biomarker for survival in polytrauma
in addition to head injuries. Similar findings of the prognostic importance of S100B in
polytrauma patients were reported by Dang et al. [33]. The study reported a positive
association of circulating S100B concentrations with injury severity with higher levels of
S100B in severe trauma patients compared to moderate trauma group and higher levels in
fatal cases compared to survivors.

The regulation of innate immune response through S100 proteins is also mediated

by regulating macrophage inflammation. S100 proteins regulate cell migration and
differentiation and since macrophages infiltrate at the site of injury after trauma, persistently
increased S100 proteins might be detrimental due to the presence of inflammatory
macrophages [34-36]. Another study [37] also supported the fact that S100B levels are not
only a biomarker of brain injury but also for fractures and thoracic injuries. Increased levels
of S100B are associated with fractures and thoracic injuries after polytrauma. It was also
documented that head injury contributes minimally to increased levels of S100B; S100B
levels are associated with trauma severity; and normal S100B levels are a good predictor

of a positive outcome. To note, the conclusion of [37] regarding the minimal role of brain
injury in S100B levels might be because S100B levels are a good prognostic marker for
mild traumatic brain injury [38, 39] but S100B levels increase with time. This may be due
to the contribution from infiltrating immune cells mainly neutrophils and the activation of
inflammatory pathways mediated by DAMPs in the early stage followed by the role of
DAMPs and PAMPs in the late stage. These findings warrant further investigation on this
aspect to identify better novel markers for severe brain injury.

3.3 Nuclear and Mitochondrial DNA

Recognition of nuclear DNA by circulatory monocytes triggers an inflammatory immune
response and stimulates the production of inflammatory cytokines including IL-6 and 1L-8
[40, 41]. Additionally, mitochondrial damage and release of mitochondrial (mt)DNA, N-
formyl peptides (NFPs), mitochondrial transcription factor (TFAM), cardiolipin, and ATP
also induce SIRS after injury (Figure 1). The release of these mitochondrial components
(mtDAMPs) induces inflammatory response through endosomal localized TLR9, cytosolic
cyclic GMP-AMP synthase (cGAS)-STING or NLRP3 inflammasome activating nuclear
factor-kappa beta (NF-xB), caspase-1, and stimulator of interferon genes (STING) and
increasing the secretion of IL-6, TNF-a, IL-1pB, 1L-18, and interferon (IFN)-1. The release
of proinflammatory cytokines IL-6, IL-8, and IL-1p from monocytes is also mediated by
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the release of mtDAMPs (Figure 1). The inflammatory response mediated by excessive
mtDAMPs leads to MODS and poor clinical outcomes [42-44]. Since mtDAMPs play a
critical role in SIRS, mtDAMPs may be used as biomarkers to evaluate the trauma severity
and decide on treatment strategies. This notion is also supported by the fact that systemic
administration of mtDNA induces a strong inflammatory response [45]. In addition to
mtDNA from mitochondria, other mtDAMPs like mitochondrial formyl peptides (mtFP),
heme signaling, inflammatory purinergic signaling by ATP, cardiolipin, cytochrome C, and
transcription factor A of mitochondria (TFAM) also play a critical role in trauma and
post-injury [46, 47]. Another study by Aswani et al. reported that the release of mtDNA
after trauma is sufficient for inducing an immune response and the concentration of mtDNA
after injury depends on the severity of trauma and the time of sampling after trauma.
Further, in-vivo results showed that nucleic acid scavenging polymer, hexadimethrine
bromide (HDMBY), reduces the severity of organ injury by scavenging circulating mtDNA
and nuclear DNA [48]. Thus, HDMBr could have therapeutic potential in trauma-induced
MODS in human patients to improve clinical outcomes.

3.4 Heat Shock Proteins

3.5 NETs

Levels of heat-shock proteins (HSPs) are increased in the circulation/ extracellular
compartment after trauma, and thus may serve as a biomarker during the early stage for
trauma severity. Increased levels of HSP72 have been reported in severe trauma patients.
HSPs are involved in the immune response by promoting antigen presentation, dendritic

cell maturation, and upregulation of major histocompatibility complex (MHC) class Il
molecules, CD80, and CD86 [8]. The role of HSPs in inducing inflammation in severe
trauma patients is also suggested by significantly increased serum concentrations of HSP27
and HSP70 in severely injured polytrauma patients and their association with poor prognosis
[49, 50]. The study also concluded that thoracic trauma in polytrauma patients further
increases HSP27 and HSP70 levels concomitantly. After severe trauma, inflammatory
cytokines IL-6, TNF-a, and IL-1p are involved in the inflammatory response needed for
repair but a hyperinflammatory state causes MODS, immunosuppression, and release of
HSPs. HSPs acting as DAMPs further deteriorate the immune function. HSPA1A is released
in large quantities after severe polytrauma, and the levels increase more in MODS, thus may
serve as a diagnostic and prognostic biomarker [51]. HSPs play a role in immunosuppression
in the later stage but their levels increased early in trauma as early as 30 minutes after
polytrauma and significantly increased HSP72 levels were found in patients with polytrauma
[52]. Though higher HSP72 levels were associated with patient survival after severe trauma
but not with incidence or severity of the post-injury inflammatory response or organ
dysfunction [52]. Regarding the mechanism of action of HSPs, Liu et al. [53] reported

that HSPs signal through NF-xB and mediate oxidative stress-induced inflammation. These
results suggest that HSPs play a critical role in post-trauma inflammation (Figure 1) and
HSP70, HSP-27, SHP-72, and HSPA1A may be used as biomarkers in severely injured
polytrauma patients.

In addition to mediating inflammatory immune response through its downstream signaling,
DAMPs may also mediate inflammatory response by inducing neutrophil extracellular traps
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(NETS), released from neutrophils during inflammation. NETs, comprised of extracellular
DNA with histones, myeloperoxidase, and elastase, basically capture and eliminate
pathogens. However, excessive formation of NETs may mediate exaggerated inflammatory
immune responses perpetuating the release of inflammatory cytokines. This may contribute
to a cascade of DAMPs-NETs-cytokines mediated persistent inflammation, sepsis, MODS,
and death in polytrauma patients [54, 55] and thus DAMPs-induced NETS activation (Figure
1) should be an interesting area of research to improve clinical outcomes in polytrauma
patients. This notion is further supported by the findings of NETs as one potential source

of circulating cell-free DNA (cfDNA) which contributes to post-trauma inflammation and
coagulation regulation [56]. It is important to note that cfFDNA has a different source of
secretion. Chornenki et al. [56] reported that the source and mechanism of release of
circulating cell-free DNA (cfDNA) are different for trauma and sepsis patients and cfDNA
is mainly released from activated neutrophils via NETosis in sepsis while from injured

and necrotic tissue in trauma. Further, Stortz et al. [57] reported that it is cell-free (cf)
nuclear DNA (ncDNA) but not mtDNA concentrations significantly correlate with the early
inflammatory response after severe trauma. Additionally, the study also reported that IL-6
and leukocyte transcriptomics are better predictors for the clinical outcome, not cfDNA and
mtDNA are not associated with adverse prognosis. Based on these contradictory findings

it is important to further investigate the role of mtDNA in the prognosis and stratification

in severe polytrauma patients. Overall, DAMPs released after trauma not only induce an
innate immune and inflammatory response, as discussed in [11], but are also involved in
inducing immunosuppression and rendering patients prone to infection with the involvement
of HSP70, nuclear DNA, and HLA-DR [58], endotoxin tolerance, and epigenetic alterations
increasing susceptibility to secondary infections [8].

In the early stage of trauma, DAMPs mediate SIRS-mediated multiorgan dysfunctional
syndrome (MODS) and altered coagulation while in later phases DAMPs are involved in
nosocomial infection and sepsis [8, 13]. Thus, targeting DAMPs using specific antibodies
and small molecules may have therapeutic efficacy, and amelioration of sepsis and MODS
in animal models support the notion of targeting DAMPs [59]. The positive results in
animal models indicate that targeting DAMPs in the early phase of injury may prevent
persistent inflammatory responses and organ failure. In the context of trauma, HMGB-1 is
the most studied DAMP and there is a need to investigate the role of other DAMPs in the
pathophysiology as well as their role as a biomarker in trauma patients. It should also be
noted that the plasma profile of different DAMPs may differ in different types of trauma
like burns and hemorrhagic shock [60, 61], thermal injury [62, 63], road traffic accidents/
major trauma [20, 21], and explosion/blast injury [64]. The differential expression of various
DAMPs in different types of injuries and their changing levels with time is an important
topic to be critically examined.

4. Trauma, PAMPs, and Inflammation

Along with DAMPs, PAMPs also contribute to inducing inflammatory response by increased
secretion of pro-inflammatory cytokines and may also do the same synergistically with
DAMPs, as discussed above, in the later stage in mediating sepsis. However, the question

is whether in between DAMPs and PAMPs, which one induces a stronger inflammatory
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response or is there any differential response in terms of the effect on ongoing various
pathologies and strength? Eppensteiner et al. [65] reported that DAMPs, compared to
PAMPs, induce weaker immune responses, less TLR signal desensitization, and less innate
immune cell death but stronger systemic coagulopathic effects. Though DAMPs and PAMPs
have differential effects on pathogenesis, both contribute to systemic immune response,
MODS, and late mortality in patients with a critical illness. The study also proposed that

it is not the expression levels/volume of DAMPs, but the activity levels that may be more
important to target to achieve a better therapeutic outcome. Since DAMPs and PAMPs

are secreted after polytrauma, these findings may have implications while evaluating the
biomarkers in the intensive care unit for diagnostic decision-making early after an injury.

PAMPs like bacterial endotoxins, in addition to TLRs, can also activate stress response
gene heme oxygenase-1 (HO-1) and nrf2 which can further increase the amount of another
DAMP ATP perpetuating PAMP-DAMP-inflammatory cascade and may lead to chronic
inflammation and organ damage after trauma [14]. Heme binds to TLRs and increases the
secretion of IL-1p and HO-1 through activation of NF-xB. In the presence of bacteria, heme
will increase ATP production causing increased conversion of pro-1L-1p to active IL-1p.
This cascade results in persistent inflammation and may cause MODS. LPS is the main
endotoxin released from bacteria and induces SIRS involving induction of inflammatory
response, oxidative stress, and protein synthesis causing MODS [66]. Among the signaling
pathways, LPS signals through TLRs and induce inflammation involving MyD88, TIRAP,
TRIF, IRAK1, IRAK4, TRAF6, NF-xB, MAPKSs (p38, JNK, and ERK1/2), and IRF3 and
increase secretion of inflammatory cytokines, chemokines, and interferons [67, 68]. Since
inflammatory mediators involved in LPS signaling are also secreted after trauma and are
involved in DAMPs signaling, in the late stages of severe trauma, the synergistic action of
DAMPs and PAMPs mediate more detrimental effects and thus therapeutic strategies should
be designed targeting both DAMPs and PAMPs.

5. Trauma, Pattern Recognition Receptors (PRRs), and Inflammation

Pattern recognition receptors comprise TLRs, nucleotide-binding and oligomerization
domain (NOD)- like receptors (NLRs), C- type lectin receptors (CLRS), a retinoic acid-
inducible gene I (RIG- I)-like receptors (RLRs), RAGE, and various intracellular DNA
sensors. Recognition of LPS by TLRs activates downstream signaling and induces secretion
of pro-inflammatory cytokines mediating inflammatory response [69, 70]. As discussed
above, TLR-2, -3, -4, and -x9 are activated by HMGB-1 and LPS and induce an
inflammatory response. It should be noted that HMGB-1 does not directly activate TLRs,
but HMGB-1 is internalized into macrophages through class A scavenger receptors. Among
M1 and M2 macrophages, pro-inflammatory M1 macrophages secrete cytokines in response
to HMGBL1 but not the anti-inflammatory M2 phenotype [71]. The study suggested that
class A scavenger receptors act as co-receptors of HMGB1 for TLR activation. These results
suggest that the effect of HMGB-1-mediated TLR activation can be attenuated by targeting
the class A scavenger receptor. This is important because no study has investigated the
effects of targeting co-receptor to mitigate the effects of TLRs activation. However, TLRs
activation through LPS does not involve this mechanism.
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6. Biomarkers

Inflammation plays a critical role post-trauma in both clearing the wound of debris and
wound healing. Thus, inflammatory mediators may play an important role in early diagnosis
and plasma levels of cytokines like IL-1, IL-2, IL-6, IL-12, IL-8, IL-4, IL-10, IL-17,

IL-13, TNF-a, IFN-y, and TGF-B, complement C3a and C5a, leukotrienes, prostaglandins,
thromboxane, and immune cells might be diagnostic as well as prognostic [72] for SIRS.
Additionally, the levels of DAMPs, PAMPs, and PRRs may also be diagnostic as they play a
critical role in the pathogenesis of MODS in polytrauma as discussed above. However, these
mediators are also elevated during sepsis [73], and thus lessen the diagnostic and prognostic
value of these mediators for SIRS and differentiation between SIRS and sepsis. Thus, it is
important to distinguish between SIRS and sepsis and stratify the injury or sepsis based on
the biomarkers specific to organs in the body [73] and the timing of sample collection after
trauma as discussed below, and this might be helpful because sepsis occurs late after trauma
during immunosuppression.

Along with the existing pro- and anti-inflammatory biomarkers, other biomarkers such as
MMPs and selectins (to differentiate between SIRS and sepsis), IL-1a, IP-10, STNF-R2, and
sFas (indicating the progression of sepsis to shock), markers specific for signaling pathways
and specific to an organ injury might help in discriminating between SIRS and sepsis [73-
75]. The role of biomarkers asides from inflammatory biomarkers to improve prognosis by
modifying the treatment based on biomarkers levels has been discussed in the literature
[76]. Schrijver et al. [77] conducted a study to determine the value of myeloperoxidase

as a biomarker for mortality in SIRS and sepsis patients. In a population of patients with
trauma-induced inflammation, the study found that MPO levels in patients with sepsis were
significantly higher compared to those without sepsis. Results showed an average MPO
level of 60 ng/mL in sepsis patients and 43 ng/mL in SIRS patients. A similar study by
Sung Cha et al. [78] evaluated the usefulness of the myeloperoxidase index for a differential
diagnosis of SIRS. The median myeloperoxidase index was found to be higher in sepsis
versus non-infectious SIRS. Findings also showed an increased 6 neutrophil index, as

well as elevated levels of white blood cells and C-reactive protein. However, in analysis,
they found that the myeloperoxidase index was not statistically useful as a diagnostic
parameter. A blinded, prospective cohort study by Crousor et al. [79] examined whether
analyzing cell volume criteria in addition to the white blood cell count was beneficial in
differentiating between patients with SIRS, sepsis, and septic shock. The results established
monocyte distribution width (MDW) as a parameter to identify sepsis from other types of
trauma-induced inflammation. Additionally, findings showed a positive correlation between
MDW and infection severity.

A prospective observational study [80] of ICU patients of the University Hospitals of Lille,
France, and Geneva, Switzerland, evaluated the proteoglycan, endocan, as a diagnostic and
prognostic biomarker for sepsis. Circulating levels of endocan were found to be significantly
elevated in sepsis (1.9 ng/mL), severe sepsis (1.97 ng/mL), and septic shock (6.11 ng/mL)
compared to systemic inflammatory response syndrome (0.72 ng/mL). The role of endocans
as a biomarker for sepsis is further supported by the findings of Mihajlovic et al. [81]
concluding that endothelial biomarkers have a good diagnostic and prognostic potential for
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sepsis and may predict the severity and fatality of sepsis. Further, an ANOVA analysis by
Punyadeera et al. [75] showed that the levels of MMP-1, -2,-7, -13, and E selectin were
significantly higher in SIRS cases compared to septic cases. The study also found higher
serum levels of IL-1a, IP-10, and STNF-R2 in septic patients compared to SIRS patients and
elevated values of IP-10, sFas, and STNF-R2 in patients in septic shock.

Based on these studies, it is obvious that there is a need to have more specific biomarkers
to differentiate between SIRS and sepsis and newer biomarkers may play a role (Table

1). Further, there is also a need for future research considering the factors affecting

SIRS and sepsis, the effect of mediators secreted as a response to acute inflammation-anti-
inflammatory mediators on the levels of inflammatory mediators, and standard definitions
for the level of biomarkers and staging criteria for interpretation of the data, their prognostic
and diagnostic values, their sensitivity and specificity and thus, large scale well planned
clinical trials are warranted [82, 83]. In addition to the markers related to inflammation and
involved in DAMPs and PAMPs signaling, epigenetic biomarkers mainly microRNA are an
upcoming area of research and should be considered [84-87]. Although discussing the role
of miRNAs is out of the scope of this review, it is important to mention the role of miRNAs
because the expression of various pro- and anti-inflammatory mediators is regulated by
miRNAs, and changing miRNAs after trauma may affect the expression levels of various
biomarkers.

The studies highlighted in this section identify potential biomarkers that may be applied

to improve patient outcomes in the future. However, there still appears to be limited

research into biomarkers that identify different types of trauma-induced inflammation.
Further research is needed to identify these markers and evaluate their diagnostic value.
Considering the timing of sample collection, the type of sample, type of trauma, relating

and interpreting the levels of biomarkers in the context of organ injury, and combining
biochemical biomarkers with metabolomics and proteomics, as discussed in the next section,
might have more diagnostic and prognostic value.

7. Type of Sample

To assess the severity, and stratification of the polytrauma patient, and for prognostic
evaluation, blood plasma levels of various biomarkers, as discussed above, are commonly
used. Serum levels of S100B are a good biomarker and prognostic indicator for traumatic
brain injury [88]. However, studies reported that other body fluids can also be used

for evaluating the biomarkers and they also have prognostic and monitoring values. For
example, salivary S100B has been reported as a biomarker for repeated head injuries causing
concussions in water polo athletes and S100B levels are prognostic of repeated head impacts
causing axonal injury even in asymptomatic athletes [89]. However, Hasselblatt et al. [90]
reported that increased serum levels in sprinters might originate from extracranial sources
and are not associated with brain injury. These two studies examined S100B levels from two
different sources and have different conclusions. Moreover, a recent metabolomic study on
716 patients with traumatic brain injury concluded that a simple blood sample is indicative
of brain injury severity [61]. Though this study evaluated the changes at metabolomics
levels and not the levels of DAMPs and PAMPs, whether a combination of biochemical and
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metabolomics will have more predictive and prognostic value remain a topic to elaborate on
and investigate.

Urine analysis is a commonly used investigation for assessing renal function during illness
and kidney injury during trauma, however, Xie et al. [91] reported that both urine and

blood have diagnostic and prognostic significance in sepsis-associated acute kidney injury.
The study reported elevated levels of urine and serum neutrophil gelatinase-related lipid
carrier protein (NGAL), urinary 1L-18, Kim-1, Netrin-1, sSCD163, and serum estradiol and
serum soluble thrombolytic regulatory protein in sepsis-associated acute kidney injury and
concluded urinary Kim-1 > urinary NGAL > blood NGAL > urinary IL-18 as a sequence
for diagnosis. These results suggest that a combination panel of both urinary and blood
biomarkers is more beneficial and has differential but higher prognostic value. These

results became more important in the light of a report from a study on dogs reporting that
moderate sensitivities and specificities may reduce the predictive value of individual urinary
biomarkers [92]. Further, the findings of elevated plasma mtDNA concentrations in non-
infectious SIRS but not correlate with biomarkers of systemic inflammation or renal injury.
Moreover, the elevation of mtDNA plasma levels in critical illnesses, including sepsis,
trauma, and cardiac arrest but no correlation with inflammation, immune dysfunction,

and organ damage biomarkers suggests that plasma mtDNA does not play a role in these
pathologies. However, mtDNA has a prognostic value for kidney injury. These findings are
indicative of prognostic value for plasma and urinary mtDNA but the cause-effect relation of
mtDNA in severe injury and Kidney injury remains topic of discussion and investigation [58,
93, 94].

8. Timing of Assessment and Clinical Significance

8.1

Importance of Timing

As discussed above, DAMPs and PAMPs play a crucial role in the pathogenesis of SIRS and
sepsis through PRRs in the short and long term, thus the timing of assessing a trauma patient
for these as biomarkers and analysis and interpretation of the levels of various markers
including HMGB-1, S100 proteins, TLRs, RAGE, sSRAGE, HSPs, HLA-DRs, and cytokines
is of utmost importance. This notion is supported by the finding of changing cell surface
receptors on CD4+ (increased expression of PD-1), CD4+ and CD8+ T-cells (decreased
expression of B- and T-lymphocyte attenuator), and of TLRs on CD14+ monocytes after

6 months and decreased secretion of IL-6 and TNF-a [95]. The importance of timing to
collect the samples for assessment and as a biomarker is also supported by the results of
changes in serum S100B concentration during the first day of injury. The study reported
that S100B, a biomarker of brain injury, peaks at 27.2 hours and then declines [96]. The
authors concluded that even a small difference in injury to sample collection time may lead
to marked changes in S100B concentration and thus the timing of sample collection must

be considered while interpreting results. The importance of early sampling for biomarkers
was also reported by changing expression levels of S100B after traumatic brain injury and
the suggestion of collecting samples early after trauma [31]. These findings suggest the
importance of a time-based strategy for the stratification of polytrauma patients.
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The importance of assessing polytrauma patients and interpreting the levels of the
biomarkers with time has been conceptualized since the levels of cytokines, chemokines,
DAPs, PAMPs, PRRs, histones, nuclear DNA, mtDNA may change with time, and thus,
while treating polytrauma patients, treatment strategies should incorporate time of sample
collection to assess biomarker and scoring using other criteria for a better clinical outcome
[97]. The importance of including time, a crucial factor in polytrauma patients, while
designing treatment is further supported by the findings of higher MODS and SIRS scores
with increased mortality and an increase in these scores with time in non-survivors while a
decrease in subjects with positive outcome [98]. Further, different peaks of different types
of mtDAMPSs suggest the importance of timing while collecting samples and interpreting
data [48]. Moreover, the assessment of various mediators like cytokines (TNFa, IL-6,
IL-10), HMGB-1, and adhesion molecule (ICAM-1) with time should be time bound and
accordingly the severity and outcome be decided. This is because the peak of each cytokine
may differ with time and its association as increased IL-6 at the time of admission is
associated with injury severity score, IL-10 with SIRS with hypoperfusion, and HMGB-1
with shock. At 72 hours, increased IL-6 and IL-10 levels are associated with MODS and
death while low TNFa/IL-10 and IL-6/IL-10 ratios at 24 and 72 hours are associated with
MODS and death [99]. These findings suggest that each biomarker should be assessed
independently as well as in correlation with others at different time points. This will help in
stratifying the patients as per severity, deciding treatment strategies in a time-bound manner,
and increasing clinical outcomes.

8.1 Translational and Clinical Significance

DAMPs are secreted after trauma and levels of DAMPs may have clinical significance

to predict the outcome and decide the future course of action and treatment strategies.
Matsumoto et al. [100] reported that compared to control, patients with sepsis had
significantly increased levels of soluble (s) RAGE and were significantly associated with
Acute Physiology and Chronic Health Evaluation 11 (APACHE 1), Sequential Organ Failure
Assessment (SOFA), and International Society of Thrombosis and Haemostasis (ISTH)
overt disseminated intravascular coagulation (DIC) scores. The study also reported that
increased levels of SRAGE were also correlated with the upregulated IL-6, soluble vascular
adhesion molecule (VCAM) 1, and plasminogen activator inhibitor (PAI) 1 level and a
reduction in platelet count. The study concluded that increasing levels of SRAGE positively
correlate with progression of DIC and severity of sepsis, signifying severity of inflammation,
endothelial cell injury, and alteration in the coagulation cascade. These findings suggest the
importance of SRAGE as a biomarker in sepsis and may also have implications in trauma
patients in both early and late stages as DAMPs are secreted in the early stage and have
synergistic action with PAMPs in mediating MODS and sepsis, as discussed above, in the
late stage after trauma.

Since SIRS is an early pathological process and sepsis is a late pathological outcome after
a polytrauma affecting the clinical outcome, it is very important to distinguish between
sepsis and SIRS. No single biomarker can distinguish between these two, however, a
panel of biomarkers may be used to distinguish between these two pathologies. Cahil et
al. [101] performed multiplex plasma immune mediator signature and reported that the
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cytokines levels entirely differ between SIRS and sepsis and infection significantly increases
the level of IL-6, IL-1a, and TREM-1 while injury suppresses the levels of MDC (C-C
motif chemokine 22), TREM-1, IP-10 (C-X-C motif chemokine ligand 10 also known

as Interferon gamma-induced protein 10), MCP-3 (monocyte chemoattractant protein 3),
FLT3L (Fms Related Receptor Tyrosine Kinase 3 Ligand), Tweak (tumor necrosis factor-
like weak inducer of apoptosis), GRO-a (interleukin-8-related chemotactic cytokine), and
ENA-78 (C-X-C motif chemokine 5). APACHE II, SOFA, and ISTH-DIC scores are various
strategies to evaluate a patient in emergency settings after a polytrauma, but the question

is whether one scoring criteria is enough or whether we should evaluate the patient with

a combination of different criteria. Liu et al. in a meta-analysis reported no significant
differences in the accuracy of diagnosis of sepsis between positive quick SOFA scores and
SIRS criteria and concluded that a combination of gSOFA and SIRS scoring will have better
prognostic value in predicting mortality compared to anyone alone [102].

9. Conclusion

Stratification of patients after polytrauma is important to enhance prognosis and clinical
outcome and biomarkers play a critical role during the assessment. Based on the studies
discussed above, a time-bound assessment and interpretation of the biological samples

are important. Additionally, the clinicians in an emergency should also focus on the type

of sample and analysis because along with the biochemical analysis, other investigations
including metabolomics, proteomics, and microarray may have an additive value in planning
treatment strategies for a better outcome. Moreover, the diagnosis of organ injury depending
on time may also be sample specific. These aspects are critical but have not been

fully investigated and warrant well-planned large-scale studies. Finally, it is important to
distinguish SIRS from sepsis because many biomarkers are the same and the time factor
plays a critical role in the switch from SIRS to sepsis.

Funding
This work was supported by the research grants R01 HL144125 and RO1HL 147662 to DKA from the National
Heart, Lung, and Blood Institute, National Institutes of Health, USA. The contents of this chapter are solely the
responsibility of the authors and do not necessarily represent the official views of the National Institutes of Health.
References

1. Lord JM, Midwinter MJ, Chen YF, et al. The systemic immune response to trauma: an overview of
pathophysiology and treatment. Lancet 384 (2014): 1455-1465. [PubMed: 25390327]

2. Berwick D, Downey A, Cornett E. USNAS Committee on Military Trauma Care’s Learning Health
System and Its Translation to the Ci. National Academies of Sciences, Engineering, and Medicine.
Washington, DC: National Academies Press; (2016).

3. Gentile LF, Cuenca AG, Efron PA, et al. Persistent inflammation and immunosuppression: a
common syndrome and new horizon for surgical intensive care. The journal of trauma and acute
care surgery 72 (2012): 1491. [PubMed: 22695412]

4. Gentile LF, Moldawer LL. DAMPs, PAMPs, and the origins of SIRS in bacterial sepsis. Shock 39
(2013): 113-114. [PubMed: 23247128]

5. Ptaschinski C, Lukacs NW. Acute and chronic inflammation induces disease pathogenesis.
Molecular Pathology: Elsevier (2018): 25-43.

Arch Clin Biomed Res. Author manuscript; available in PMC 2022 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rai et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Page 14

. Alawieh A, Langley EF, Weber S, et al. Identifying the role of complement in triggering

neuroinflammation after traumatic brain injury. Journal of Neuroscience 38 (2018): 2519-2532.
[PubMed: 29437855]

. Binkowska AM, Michalak G, Stotwinski R. Current views on the mechanisms of immune responses

to trauma and infection. Central European Journal of Immunology 40 (2015): 206-216. [PubMed:
26557036]

. Vourc’h M, Roquilly A, Asehnoune K. Trauma-Induced Damage-Associated Molecular Patterns-

Mediated Remote Organ Injury and Immunosuppression in the Acutely Il Patient. Front Immunol 9
(2018): 1330. [PubMed: 29963048]

. Hirsiger S, Simmen H-P, Werner CM, et al. Danger signals activating the immune response after

trauma. Mediators of inflammation (2012).

Wrba L, Halbgebauer R, Roos J, et al. Adipose tissue: a neglected organ in the response to severe
trauma? Cell Mol Life Sci 79 (2022): 207. [PubMed: 35338424]

Huber-Lang M, Lambris JD, Ward PA. Innate immune responses to trauma. Nature immunology 19
(2018): 327-341. [PubMed: 29507356]

Rai V, Agrawal DK. The role of damage- and pathogen-associated molecular patterns in
inflammation-mediated vulnerability of atherosclerotic plagues. Can J Physiol Pharmacol 95
(2017): 1245-1253. [PubMed: 28746820]

Sauaia A, Moore FA, Moore EE. Postinjury inflammation and organ dysfunction. Critical care
clinics 33 (2017): 167-191. [PubMed: 27894496]

Wegiel B, Hauser CJ, Otterbein LE. Heme as a danger molecule in pathogen recognition. Free
Radical Biology and Medicine 89 (2015): 651-661. [PubMed: 26456060]

Li D, Wu M. Pattern recognition receptors in health and diseases. Signal Transduct Target Ther 6
(2021): 291. [PubMed: 34344870]

Minasyan H Sepsis: mechanisms of bacterial injury to the patient. Scand J Trauma Resusc Emerg
Med 27 (2019): 19. [PubMed: 30764843]

Kawakita M, Oyama T, Shirai I, et al. Cell wall N-glycan of Candida albicans ameliorates

early hyper- and late hypo-immunoreactivity in sepsis. Commun Biol 4 (2021): 342. [PubMed:
33727664]

Hutchings L, Watkinson P, Young JD, et al. Defining multiple organ failure after major trauma: A
comparison of the Denver, Sequential Organ Failure Assessment, and Marshall scoring systems. J
Trauma Acute Care Surg 82 (2017): 534-541. [PubMed: 28030507]

Thompson KB, Krispinsky LT, Stark RJ. Late immune consequences of combat trauma: a

review of trauma-related immune dysfunction and potential therapies. Mil Med Res 6 (2019):

11. [PubMed: 31014397]

de Jager P, Smith O, Pool R, et al. Review of the pathophysiology and prognostic biomarkers

of immune dysregulation after severe injury. J Trauma Acute Care Surg 90 (2021): e21-e30.
[PubMed: 33075024]

Relja B, Land WG. Damage-associated molecular patterns in trauma. Eur J Trauma Emerg Surg 46
(2020): 751-775. [PubMed: 31612270]

Venereau E, Casalgrandi M, Schiraldi M, et al. Mutually exclusive redox forms of HMGB1
promote cell recruitment or proinflammatory cytokine release. J Exp Med 209 (2012): 1519-1528.
[PubMed: 22869893]

Gong T, Liu L, Jiang W, et al. DAMP-sensing receptors in sterile inflammation and inflammatory
diseases. Nat Rev Immunol 20 (2020): 95-112. [PubMed: 31558839]

Singh H, Rai V, Agrawal DK. LPS and oxLDL-induced S100A12 and RAGE expression in carotid
arteries of atherosclerotic Yucatan microswine. Mol Biol Rep (2022).

Uhle F, Lichtenstern C, et al. Role of the RAGE Axis during the Immune Response after Severe
Trauma: A Prospective Pilot Study. Mediators Inflamm 2015 (2015): 691491.

Fan H, Tang HB, Chen Z, et al. Inhibiting HMGB1-RAGE axis prevents pro-inflammatory
macrophages/microglia polarization and affords neuroprotection after spinal cord injury. J
Neuroinflammation 17 (2020): 295. [PubMed: 33036632]

Yu 'Y, Tang D, Kang R. Oxidative stress-mediated HMGBL1 biology. Frontiers in physiology 6
(2015): 93. [PubMed: 25904867]

Arch Clin Biomed Res. Author manuscript; available in PMC 2022 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rai et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 15

Polito F, Cicciu’ M, Aguennouz M, et al. Prognostic value of HMGB1 and oxidative stress
markers in multiple trauma patients: A single-centre prospective study. International journal of
immunopathology and pharmacology 29 (2016): 504-509. [PubMed: 27343243]

Wu'Y, Zhao Y, Yang HZ, et al. HMGB1 regulates ferroptosis through Nrf2 pathway in mesangial
cells in response to high glucose. Biosci Rep 41 (2021).

Chen R, Kang R, Tang D. The mechanism of HMGBL1 secretion and release. Exp Mol Med 54
(2022): 91-102. [PubMed: 35217834]

Seidenfaden SC, Kjerulff JL, Juul N, et al. Temporal Changes in Serum S100B Levels From
Prehospital to Early In-Hospital Sampling in Patients Suffering Traumatic Brain Injury. Front
Neurol 13 (2022): 800015. [PubMed: 35469266]

Pfortmueller CA, Drexel C, Krahenmann-Muller S, et al. S-100 B Concentrations Are a Predictor
of Decreased Survival in Patients with Major Trauma, Independently of Head Injury. PLoS One 11
(2016): e0152822. [PubMed: 27031106]

Dang X, Guan L, Hu W, et al. S100B ranks as a new marker of multiple traumas in patients and
may accelerate its development by regulating endothelial cell dysfunction. Int J Clin Exp Pathol 7
(2014): 3818-3826. [PubMed: 25120758]

Xia C, Braunstein Z, Toomey AC, et al. S100 Proteins as an Important Regulator of Macrophage
Inflammation. Front Immunol 8 (2017): 1908. [PubMed: 29379499]

Janakiram NB, Valerio MS, Goldman SM, et al. The Role of the Inflammatory Response in
Mediating Functional Recovery Following Composite Tissue Injuries. Int J Mol Sci 22 (2021).
Muire PJ, Mangum LH, Wenke JC. Time Course of Immune Response and Immunomodulation
During Normal and Delayed Healing of Musculoskeletal Wounds. Front Immunol 11 (2020):
1056. [PubMed: 32582170]

Muller M, Munster JM, Hautz WE, et al. Increased S-100 B levels are associated with fractures
and soft tissue injury in multiple trauma patients. Injury 51 (2020): 812—-818. [PubMed: 32192718]
Beyer H, Biberthaler P, Bogner-Flatz V. S100 biomarkers in patients with traumatic brain injury.
Biomarkers for Traumatic Brain Injury: Elsevier (2020): 155-167.

Nygren de boussard C, Fredman P, et al. S100 in mild traumatic brain injury. Brain injury 18
(2004): 671-683. [PubMed: 15204328]

Atamaniuk J, Kopecky C, Skoupy S, et al. Apoptotic cell-free DNA promotes inflammation in
haemodialysis patients. Nephrology Dialysis Transplantation 27 (2012): 902-905.

Kariko6 K, Ni H, Capodici J, et al. mRNA is an endogenous ligand for Toll-like receptor 3. Journal
of Biological Chemistry 279 (2004): 12542-12550. [PubMed: 14729660]

Kong C, Song W, Fu T. Systemic inflammatory response syndrome is triggered by mitochondrial
damage (Review). Mol Med Rep 25 (2022).

Riley JS, Tait SW. Mitochondrial DNA in inflammation and immunity. EMBO Rep 21 (2020):
€49799. [PubMed: 32202065]

Maekawa H, Inoue T, Ouchi H, et al. Mitochondrial Damage Causes Inflammation via cGAS-
STING Signaling in Acute Kidney Injury. Cell Rep 29 (2019): 1261-1273. [PubMed: 31665638]
Martin L, Thiemermann C. Mitochondrial DNA in Acute Kidney Injury: Chicken or Egg? Shock
49 (2018): 352-353. [PubMed: 28817466]

Hauser CJ, Otterbein LE. Danger signals from mitochondrial DAMPS in trauma and post-injury
sepsis. Eur J Trauma Emerg Surg 44 (2018): 317-324. [PubMed: 29797026]

Lubkin DT, Bishawi M, Barbas AS, et al. Extracellular Mitochondrial DNA and N-Formyl
Peptides in Trauma and Critical Illness: A Systematic Review. Crit Care Med 46 (2018): 2018-
2028. [PubMed: 30113320]

Aswani A, Manson J, Itagaki K, et al. Scavenging Circulating Mitochondrial DNA as a Potential
Therapeutic Option for Multiple Organ Dysfunction in Trauma Hemorrhage. Front Immunol 9
(2018): 891. [PubMed: 29867926]

Haider T, Simader E, Gluck O, et al. Systemic release of heat-shock protein 27 and 70 following
severe trauma. Sci Rep 9 (2019): 9595. [PubMed: 31270381]

Arch Clin Biomed Res. Author manuscript; available in PMC 2022 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rai et al.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 16

Zhao J, Wang T, Lv Q, et al. Expression of heat shock protein 70 and Annexin Al in serum of
patients with acutely severe traumatic brain injury. Exp Ther Med 19 (2020): 1896—902. [PubMed:
32104246]

Guisasola MC, Alonso B, Bravo B, et al. An overview of cytokines and heat shock response in
polytraumatized patients. Cell Stress Chaperones 23 (2018): 483-489. [PubMed: 29101529]

Pittet JF, Lee H, Morabito D, et al. Serum levels of Hsp 72 measured early after trauma correlate
with survival. J Trauma 52 (2002): 611-617; discussion 7. [PubMed: 11956372]

Liu Y, Yu M, Cui J, et al. Heat shock proteins took part in oxidative stress-mediated inflammatory
injury via NF-kappaB pathway in excess manganese-treated chicken livers. Ecotoxicol Environ Saf
226 (2021): 112833. [PubMed: 34600291]

Block H, Rossaint J, Zarbock A. The Fatal Circle of NETs and NET-Associated DAMPs
Contributing to Organ Dysfunction. Cells 11 (2022).

Denning NL, Aziz M, Gurien SD, et al. DAMPs and NETSs in Sepsis. Front Immunol 10 (2019):
2536. [PubMed: 31736963]

Jackson Chornenki NL, Coke R, Kwong AC, et al. Comparison of the source and prognostic utility
of cfDNA in trauma and sepsis. Intensive Care Med Exp 7 (2019): 29. [PubMed: 31119471]

Stortz JA, Hawkins RB, Holden DC, et al. Cell-free nuclear, but not mitochondrial, DNA
concentrations correlate with the early host inflammatory response after severe trauma. Sci Rep 9
(2019): 13648. [PubMed: 31541163]

Timmermans K, Kox M, Vaneker M, et al. Plasma levels of danger-associated molecular patterns
are associated with immune suppression in trauma patients. Intensive Care Med 42 (2016): 551-
561. [PubMed: 26912315]

Eppensteiner J, Davis RP, Barbas AS, et al. Immunothrombotic Activity of Damage-Associated
Molecular Patterns and Extracellular Vesicles in Secondary Organ Failure Induced by Trauma and
Sterile Insults. Front Immunol 9 (2018): 190. [PubMed: 29472928]

Pantalone D, Bergamini C, Martellucci J, et al. The Role of DAMPS in Burns and Hemorrhagic
Shock Immune Response: Pathophysiology and Clinical Issues. Review. Int J Mol Sci 22 (2021).

Rani M, Nicholson SE, Zhang Q, et al. Damage-associated molecular patterns (DAMPs) released
after burn are associated with inflammation and monocyte activation. Burns 43 (2017): 297-303.
[PubMed: 28341255]

Comish PB, Carlson D, Kang R, et al. Damage-Associated Molecular Patterns and the Systemic
Immune Consequences of Severe Thermal Injury. J Immunol 205 (2020): 1189-1197. [PubMed:
32839211]

Hazeldine J, Hampson P, Lord JM. The diagnostic and prognostic value of systems biology
research in major traumatic and thermal injury: a review. Burns Trauma 4 (2016): 33. [PubMed:
27672669]

Li N, Geng C, Hou S, et al. Damage-Associated Molecular Patterns and Their Signaling Pathways
in Primary Blast Lung Injury: New Research Progress and Future Directions. Int J Mol Sci 21
(2020).

Eppensteiner J, Kwun J, Scheuermann U, et al. Damage- and pathogen-associated molecular
patterns play differential roles in late mortality after critical illness. JCI Insight 4 (2019).

Gao H, Yang T, Chen X, et al. Changes of Lipopolysaccharide-Induced Acute Kidney and

Liver Injuries in Rats Based on Metabolomics Analysis. J Inflamm Res 14 (2021): 1807-1825.
[PubMed: 33986608]

Tong W, Chen X, Song X, et al. Resveratrol inhibits LPS-induced inflammation through
suppressing the signaling cascades of TLR4-NF-kappaB/MAPKS/IRF3. Exp Ther Med 19 (2020):
1824-1834. [PubMed: 32104238]

Qin X, Jiang X, Jiang X, et al. Micheliolide inhibits LPS-induced inflammatory response and
protects mice from LPS challenge. Sci Rep 6 (2016): 23240. [PubMed: 26984741]

Cao X Self-regulation and cross-regulation of pattern-recognition receptor signalling in health and
disease. Nat Rev Immunol 16 (2016): 35-50. [PubMed: 26711677]

Hung YL, Suzuki K. The pattern recognition receptors and lipopolysaccharides (LPS)-induced
systemic inflammation. Int J Res Stud Med Health Sci 2 (2017): 1-7.

Arch Clin Biomed Res. Author manuscript; available in PMC 2022 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rai et al.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Page 17

Komai K, Shichita T, Ito M, et al. Role of scavenger receptors as damage-associated molecular
pattern receptors in Toll-like receptor activation. Int Immunol 29 (2017): 59-70. [PubMed:
28338748]

Tranca SD, Petrisor CL, Hagau N. Biomarkers in polytrauma induced systemic inflammatory
response syndrome and sepsis - a narrative review. Rom J Anaesth Intensive Care 21 (2014):
118-122. [PubMed: 28913443]

Barichello T, Generoso JS, Singer M, et al. Biomarkers for sepsis: more than just fever and
leukocytosis-a narrative review. Crit Care 26 (2022): 14. [PubMed: 34991675]

Novotny AR. Biomarkers in SIRS and sepsis: Quo vadis? J Emerg Trauma Shock 3 (2010): 36-38.
[PubMed: 20165719]

Punyadeera C, Schneider EM, Schaffer D, et al. A biomarker panel to discriminate between
systemic inflammatory response syndrome and sepsis and sepsis severity. J Emerg Trauma Shock
3(2010): 26-35. [PubMed: 20165718]

Papurica M, Rogobete AF, Sandesc D, et al. Advances in Biomarkers in Critical Il Polytrauma
Patients. Clin Lab 62 (2016): 977-986. [PubMed: 27468558]

Schrijver IT, Kemperman H, Roest M, et al. Myeloperoxidase can differentiate between sepsis and
non-infectious SIRS and predicts mortality in intensive care patients with SIRS. Intensive Care
Med Exp 5 (2017): 43. [PubMed: 28916973]

Cha Y, Yoon JM, Jung WJ, et al. Evaluation of usefulness of myeloperoxidase index (MPXI)

for differential diagnosis of systemic inflammatory response syndrome (SIRS) in the emergency
department. Emerg Med J 32 (2015): 304-307. [PubMed: 24473410]

Crouser ED, Parrillo JE, Seymour C, et al. Improved Early Detection of Sepsis in the ED with a
Novel Monocyte Distribution Width Biomarker. Chest 152 (2017): 518-526. [PubMed: 28625579]
Scherpereel A, Depontieu F, Grigoriu B, et al. Endocan, a new endothelial marker in human sepsis.
Crit Care Med 34 (2006): 532-537. [PubMed: 16424738]

Mihajlovic D, Brkic S, Lendak D, et al. Endothelial biomarkers in the light of new sepsis
definition. Biomark Med 13 (2019): 341-351. [PubMed: 30920847]

Ventetuolo CE, Levy MM. Biomarkers: diagnosis and risk assessment in sepsis. Clin Chest Med 29
(2008): 591-603, vii. [PubMed: 18954695]

Herzum I, Renz H. Inflammatory markers in SIRS, sepsis and septic shock. Curr Med Chem 15
(2008): 581-587. [PubMed: 18336272]

Bedreag OH, Sandesc D, Chiriac SD, et al. The Use of Circulating miRNAs as Biomarkers for
Oxidative Stress in Critically Il Polytrauma Patients. Clin Lab 62 (2016): 263-274. [PubMed:
27156313]

Ivan MV, Rogobete AF, Bedreag OH, et al. New Molecular and Epigenetic Expressions as Novel
Biomarkers in Critically Il Polytrauma Patients with Acute Kidney Injury (AKI). Clin Lab 64
(2018): 663-668. [PubMed: 29739062]

Bratu LM, Rogobete AF, Papurica M, et al. Literature Research Regarding miRNAs’ Expression in
the Assessment and Evaluation of the Critically Il Polytrauma Patient with Traumatic Brain and
Spinal Cord Injury. Clin Lab 62 (2016): 2019-2024. [PubMed: 28164531]

Bedreag OH, Papurica M, Rogobete AF, et al. Using Circulating miRNAs as Biomarkers for the
Evaluation and Monitoring of the Mitochondrial Damage in the Critically 11l Polytrauma Patients.
Clin Lab 62 (2016): 1397-1403. [PubMed: 28164614]

Thelin EP, Nelson DW, Bellander BM. A review of the clinical utility of serum S100B protein
levels in the assessment of traumatic brain injury. Acta neurochirurgica 159 (2017): 209-225.
[PubMed: 27957604]

Monroe DC, Thomas EA, Cecchi NJ, et al. Salivary S100 calcium-binding protein beta (S100B)
and neurofilament light (NfL) after acute exposure to repeated head impacts in collegiate water
polo players. Scientific reports 12 (2022): 1-12. [PubMed: 34992227]

Hasselblatt M, Mooren F, Von Ahsen N, et al. Serum S100p increases in marathon runners
reflect extracranial release rather than glial damage. Neurology 62 (2004): 1634-1636. [PubMed:
15136701]

Xie'Y, Huang P, Zhang J, et al. Biomarkers for the diagnosis of sepsis-associated acute kidney
injury: systematic review and meta-analysis. Annals of Palliative Medicine (2021).

Arch Clin Biomed Res. Author manuscript; available in PMC 2022 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rai et al.

92.

93.

94.

95.

96.

97.

98.

99.

Page 18

Nivy R, Chaim N, Hanael E, et al. Prospective evaluation of 5 urinary biomarkers as predictors of
acute kidney injury in nonazotemic, hospitalized dogs. Journal of Veterinary Internal Medicine 35
(2021): 2812-2820. [PubMed: 34738653]

Jansen MPB, Pulskens WP, Butter LM, et al. Mitochondrial DNA is Released in Urine of SIRS
Patients With Acute Kidney Injury and Correlates With Severity of Renal Dysfunction. Shock 49
(2018): 301-310. [PubMed: 28837526]

Jansen MPB, Roelofs J, Leemans JC. Mitochondrial DNA: Innocent in Plasma, but Guilty in
Urine? Shock 51 (2019): 267. [PubMed: 30645207]

Ruhrmann S, Schneck E, Markmann M, et al. Trauma-induced long-term alterations of human T
cells and monocytes—results of an explorative, cross-sectional study. Shock 53 (2020): 35-42.
[PubMed: 30998650]

Ercole A, Thelin EP, Holst A, et al. Kinetic modelling of serum S100b after traumatic brain injury.
BMC Neurol 16 (2016): 93. [PubMed: 27315805]

Lamparello AJ, Namas RA, Constantine G, et al. A conceptual time window-based model for the
early stratification of trauma patients. J Intern Med 286 (2019): 2-15. [PubMed: 30623510]
Dharap SB, Ekhande SV. An observational study of incidence, risk factors & outcome of systemic
inflammatory response & organ dysfunction following major trauma. Indian J Med Res 146
(2017): 346-353. [PubMed: 29355141]

Sousa A, Raposo F, Fonseca S, et al. Measurement of cytokines and adhesion molecules in the first
72 hours after severe trauma: association with severity and outcome. Dis Markers 2015 (2015):
747036.

100. Matsumoto H, Matsumoto N, Ogura H, et al. The clinical significance of circulating soluble

RAGE in patients with severe sepsis. Journal of Trauma and Acute Care Surgery 78 (2015):
1086-1094. [PubMed: 26002402]

101. Cahill LA, Joughin BA, Kwon WY, et al. Multiplexed plasma immune mediator signatures

can differentiate sepsis from NonlInfective SIRS: American Surgical Association 2020 annual
meeting paper. Annals of surgery 272 (2020): 604-610. [PubMed: 32932316]

102. Liu YC, Luo YY, Zhang X, et al. Quick Sequential Organ Failure Assessment as a prognostic

factor for infected patients outside the intensive care unit: a systematic review and meta-analysis.
Intern Emerg Med 14 (2019): 603-615. [PubMed: 30725323]

Arch Clin Biomed Res. Author manuscript; available in PMC 2022 September 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rai et al.

Page 19

Polytrauma

¥ \\\‘
Acute inflammatory Bacterial endotoxin ¥ THeme release
response LPS (PAMPs)  TDAMPs (HMGB-1, $100 proteins) +
\ Activated TLR-4
Activated TLRs Activated TLR-2, TLR9
Tissue homeostasis / l ng:ipv';g“)?‘m TNF-«B
Angiogenesis T MyD88( Heme oxygenase 1
Inflammation resolution L:/TIRAKL IRAK4  RAGE Tlt 6
Wound healing o B
Fibrosis TMAPK TNFAB p7iR3 TLR4 ] MAPK LB ProL-1B
Scar formation TNF-kB ‘ J o )
TIFN type 1 Nosocomial infections
1116, TNF-, TIL-6, TNF-a,
IL-1B, IL-8 IL-1B, IL-8 Immunosuppression Sepsis
Persistent t Mortality and
| g "‘},_‘ e inﬂammation—»SIRS MoDS poor prognosis ‘)
0 Beels \ 3
Immune cells TIL-6, TNF-a,
- Immune cells e TIEN type 1 IL-1B, IL-8
Manogytes infiltyation ¥
Tcells
£ DAMPs mediated _\ < T 'L-IBJI;-\IB i
P . activation IRF3 -
Immune cells infiltration Caspase 1 =
Innate and adaptive Heat Shock Proteins Pro-IL-18 STING  Activated TLR-9
immune response € HSP-27, -70, -72, -90, -A1A NLRP3
inﬂammasome‘\‘\
Polytrauma mitochondrial DNA -

Figure 1:
Molecular pathogenesis of systemic inflammatory response syndrome (SIRS), sepsis, and

multiple organ dysfunction syndrome (MODS) after polytrauma. Abbreviations: Interleukins
(IL), tumor necrosis factor (TNF)-a,, damage-associated molecular proteins (DAMPS),
pathogen-associated molecular proteins (PAMPs), toll-like receptors (TLRs), receptor for
advanced glycation end products (RAGE), lipopolysaccharides (LPS), high mobility group
box protein (HMGB)-1, nuclear factor kappa beta (NF-xB), myeloid differentiation primary
response 88 (MyD88), mitogen-activated protein kinases (MAPKs-JNK, ERK, and p38),
interleukin-1 receptor-associated kinase (IRAK), interferon (IFN), heat shock proteins
(HSPs), neutrophil extracellular traps (NETs), NOD-, LRR- and pyrin domain-containing
protein 3 (NLRP3), IFN regulatory factor 3 (IRF3), and stimulator of interferon genes
(STING).
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Table 1:

Biomarker for the Differentiation of SIRS and Sepsis.
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Study

versus sepsis, and the various
stages of sepsis.

Biomarker (s) Type of Study Aim of the Study Results Citation
In a population of SIRS patients, MPO levels
Mveloperoxidase Observational, Determine the value of MPO as in patients with sepsis were significantly
Y (I\BIPO) Single Center a biomarker for mortality in SIRS | higher compared to those without Sepsis with | [77, 78]
Cohort Study and sepsis patients in the ICU an average MPO of 60 ng/mL versus 43
ng/mL.
Determine if volume increases Crousor et al. established monocyte
Monocyte Blinded, of circulating immune cells add distribution width (MDW) as a parameter to
Distribution Width prospective value to the white blood cell count differentiate between sepsis from systemic [79]
(MDW) Cohort Study for early septic detention in the inflammatory response syndrome (SIRS) and
ED infection.
Circulating levels of endocan were found
Prospective Evaluate serum levels of endocan to be significantly elevated in sepsis (1.9
Endocan Obserr\J/ationaI in septic patients and determine ng/mL) severe sepsis (1.97 ng/mL), and 80]
Stud its potential as a diagnostic or septic shock (6.11 ng/mL) compared to
Y prognostic marker of sepsis. systemic inflammatory response syndrome
(0.72 ng/mL).
Identify biomarkers for the
IL-1a, IP-10, and Observational differential diagnosis of SIRS Serum levels of IL-1a, IP-10, and STNF-R2
STNF-R2 Study versus sepsis, and the various were higher in sepsis, severe sepsis, and (9]
stages of sepsis. septic shock compared to SIRS
Identify biomarkers for the .
MMP-1, -2, -7 and Observational differential diagnosis of SIRS MMP-1, -2, -7 and -13 plasma concentrations
13 Study versus sepsis, and the various showed to be significantly higher in SIRS [75]
stages of sepsis. patients when compared to those with sepsis.
Identify biomarkers for the . .
- : e p Soluble E-selectin concentrations showed to
sE-selectin Observational differential diagnosis of SIRS be significantly higher in SIRS patients when [75]

compared to those with sepsis.

Arch Clin Biomed Res. Author manuscript; available in PMC 2022 September 21.



	Abstract
	Introduction
	Mediators of Inflammation after Trauma
	DAMPs, SIRS, and Trauma
	HMGB-1
	S100 Proteins
	Nuclear and Mitochondrial DNA
	Heat Shock Proteins
	NETs

	Trauma, PAMPs, and Inflammation
	Trauma, Pattern Recognition Receptors (PRRs), and Inflammation
	Biomarkers
	Type of Sample
	Timing of Assessment and Clinical Significance
	Importance of Timing
	Translational and Clinical Significance

	Conclusion
	References
	Figure 1:
	Table 1:

