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Preface

Sepsis is as a complex body response to infectious agents (bacteria, virus, fungi, multicellu-
lar parasites, etc.). The human species, as all mammals, has three defense mechanisms
against pathogens: anatomical barriers, nonspecific immunity, and specific immunity. The
anatomical barriers are the skin; the mucous surface, such as conjunctiva and the oral cavity
with the protection of lysozyme; the mucous layer of the respiratory tract, secreted by muci-
parous cells, and removed by eyelashes; and the acidic environment in the stomach, vagina,
and on the skin. The first step of the organism reaction is tissue response to the damage
caused by foreign viable agents that have passed the anatomical barriers, the body’s first
defense, or by pathological action of endogenous agents, present as commensals in various
organs. This response is called inflammation and its purpose is to bring in the damaged site
cells and serum molecules. The inflammation develops through the following phases: incre-
ment of hematic perfusion in the site, increase of capillary permeability, and cellular migra-
tion from blood vessels to tissues. The inflammation is a local reaction and the results are
positive, mostly because its action is confined in a site. The next phase of inflammation, after
increase of perfusion, is the nonspecific cellular response. The macrophages and neutrophils
are the main cells that perform the action of phagocytosis of pathogens. Viral infections
cause, by various cellular types, the secretion of an antiviral substance called interferon that
prevents viral multiplication in the cells. Many pathogens induce the multifactorial tissue
response of acute inflammation; in fact, if surface protection mechanisms and nonspecific
cellular mechanisms fail to prevent invasion of pathogenic microorganisms, specific defined
immune responses go into action. Many pathogens can activate specific immune responses.
The activation of the immune system leads the recognition of particular characteristics of
specific pathogens that are specific surface macromolecules, called antigens. Therefore the
antigens produce responses, antibodies, intended to destroy them and the pathogen. This
last phase of the organism’s response takes place in the systemic dimension. The systemic
involvement of specific immune responses can evolve in the onset of systemic inflammatory
response and sepsis, which is conditioned in its severity by the response of the organism,
amplified by the cascade of inflammation mediators. In this way, severe sepsis and septic
shock can develop.

The introductory chapter “Surgical Infections” summarizes the pathogenesis, defense mech-
anisms, and clinical problems of autonomous infectious pathologies of single organs treated
with surgical procedures, wound infections, and surgical site infections. The chapter “Im-
munodepression in Sepsis” focuses on the down-regulation of the innate and adaptive im-
mune capabilities caused by anti-inflammatory substances. It emphasizes the control of the
immune system and the perspectives of therapeutic strategies. The chapter “Microbiota-Ori-
ented Diagnostics and Therapy in Sepsis: Utopia or Necessity” regards the disruption of mi-
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crobiota as an indicator of the role they play in sepsis. The changes of the gut microbiota and
the characteristics of interactions in the septic microbiome can allow advances in diagnosis
and therapy of sepsis. The chapter “Cytokine Gene Polymorphism and Sepsis” discusses the
importance of cytokines for host immune response. The study suggests that variations in the
promoter and structural regions of cytokine genes are involved in the inflammatory re-
sponses and in inter-individual differences in sepsis severity. The chapter “Hemostatic As-
pects of Sepsis” analyzes the changes of the hemostatic system under septic conditions, such
as coagulopathy with disseminated intravascular coagulation and increase of developing or-
gan dysfunction, morbidity, and mortality. The final chapter, “The Invariant Peptide Clus-
ters of Serum Amyloid A Are Humoral Checkpoints for Vital Innate Functions as Probed by
Monoclonal Antibodies, Including in Sepsis: Induction by Febrile Temperatures and Path of
Discoveries,” subdivides the argument in sections and subsections and clarifies the complex
topic of the role of serum amyloid A in the acute phase of sepsis.

Prof. Vincenzo Neri

University of Foggia, Italy



Chapter 1

Introductory Chapter: Surgical Infections

Vincenzo Neri
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.92259

1. Introduction

Surgical infections are infectious diseases that can be treated with surgical procedures or occur
in the surgical site. Synthetically, these are a localized, closed infectious disease. In the first
group, the autonomous infectious pathologies of single organs or closed sites, as abscesses,
appendicitis, cholecystitis, colonic diverticulitis, etc., are included. However, in the other
group, there are the surgical site infections, surgical wound infections, etc. It is important to
remind that the post-surgical infections can develop as local disease or as general disease with
startup of systemic inflammatory response syndrome (SIRS) and then sepsis, severe sepsis,
and septic shock. The surgical site and wound infections can come from the external environ-
ment or from an endogenous contamination. The infections from external environment, hospi-
tal ward, operating room, and surgical equipment, are controlled and resolved by sterilization
procedures. Very crucial is the role of perioperative nurses, which should control and save the
sterile techniques, detect the occurred breaks, and communicate actively to all team members.
Less easily the contaminations from endogenous infective agents, pathologic aerobes and
anaerobes, that are present, as commensals, in the digestive, biliary and urinary tract, airways,
etc., can be controlled. In the perspective of infective risk, surgical procedures have been
subdivided into four types. This classification enables proper risk stratification of occurrence
of infective complications [1]. Obviously, this risk is not only connected with the environmen-
tal or endogenous sources of contamination involved during surgical procedures, but is con-
ditioned by the general conditions of patients, characteristics of occurred intraoperative
contamination, etc. [2]. The surgical procedures are classified as following: class I clean inter-
vention—during these procedures, there is no opening of the lumen of intestinal, urinary,
respiratory, genital tract; also there is no treatment for inflamed tissues or septic outbreaks.
Among these interventions, there are abdominal parietal hernias, thyroid and breast surgery,
exploratory abdominal surgery, etc. Class II clean-contaminated intervention—in this class,
interventions during which the opening of digestive, urinary, and respiratory tract is sched-
uled, with checked normal situation and without uncommon contamination are collected. We

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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can list in this the following: group biliary tract, urinary tract, gynecological surgery, appendec-
tomy, etc. Class III contaminated intervention—this section encompasses the procedures with
prolonged opening of digestive, biliary, and urinary tract, especially with major leak of intestinal
or biliary content. Also there is the presence and treatment of inflamed sites. Usually large bowel
surgery should be inserted in this class. Class IV dirty-infected intervention—this includes all
surgical procedures for acute peritonitis, with septic collections, pus, and fecal contamination:
ultimately all the pathologies with severe septic contamination to be treated by surgery [3].

2. Pathogenesis

In the clinical scenario of the surgical infections, some factors are in evidence: infectious agents,
the patient’s immune defenses, and finally, but most important, the physiopathological char-
acteristics of the site of infections, for example, the type of site perfusion. The infections agents
are bacteria, virus, fungi, etc. Their involvement can develop as contamination from outside
the body or with the assumption of active pathogenetic function of endogenous infective
agents and development of disease. The list of possible infectious agents is very long and
varied. Aerobic bacteria are steadily on the skin. Staphylococcus aureus is always present in
wounds infections. Streptococcus penetrates usually in the skin’s lesions, fractures, and interests
connective tissue [4], following which the bacteria invasion of the connective tissue develops a
complex vascular, lymphatic, and local tissue reaction which is defined as inflammation. This
is a basic reaction to injury is caused by a foreign and deleterious agent and is intended to
locate and destroy it. When inflammation is caused by viable agent (bacteria, virus, etc.), it
may be considered as the physical basis of infectious process. The morphological picture of
inflammation can suggest that inflammation is a relatively static phenomenon. The viable
agents in contact with the tissue will cause an inflammatory reaction of various degree of
severity, from hyperemia to serious suppurative process. The first step of inflammation process
is the alteration of local fluid exchange by an increase of capillary permeability. There is an
immunological action of inflammation process, with the purpose to limit the bacteria, firstly by
the initial increase of capillary permeability: with the increased passage of plasma protein,
there is the accumulation of fibrinogen in the site of lesion, the formation of fibrous network,
and occlusion of draining lymphatics by trombi. In this way, the site of inflammation is
confined and limited. The celerity and effectiveness of the process of boundary are very
important in the control of diffusion of the pathological microorganisms [5]. The staphylococ-
cus is a very damaging agent but in turn causes rapid local fixation and poor dissemination.
On the contrary the hemolytic Streptococcus, with a local bland action, is consequently more
invasive. The role of inflammation in immunity is a control in bacterial invasiveness. Anaero-
bic microorganisms are more frequently identified in surgical infections. The important path-
ologic anaerobes with clinical role are Clostridium, Bacteroides, Fusobacterium, Peptostreptococcus.
All these bacteria are commensals and therefore the origin of anaerobic infections is endoge-
nous; especially in the colon, the anaerobic flora is largely prevalent. We have to add, for its
great diffusion, also the Escherichia coli, which is anaerobic/aerobic. In fact, Escherichia coli, an
enteric microorganism, and other enterococci are often detected together with anaerobes in the
surgical infections. The most frequent anaerobic surgical infections are the complications of
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abdominal surgery, as wound infections after large bowel and gynecological surgery, and
intra-abdominal septic collections especially caused by anastomotic leakage. The characteris-
tics of anaerobic infections are the presence of putrid exudate, feculent odor, and gas produc-
tion [6]. In the immunosuppressed patients, the role of opportunistic bacteria Pseudomonas
and Serratia is preeminent, which are external surface contaminants, but usually nonpatho-
genic. A particular problem is the possible peripheral dissemination of bacteria in case of
contaminated wounds. Streptococcus bacteria release around the infected site speedily. On the
contrary, Escherichia coli and Staphylococcus are more slower. In this septic scenario, the surgical
action of the debridement in the infected wounds is in evidence. With debridement, all
devitalized tissues from the site are removed. This action is important because the phagocytic
activity of neutrophils in the site of inflammation is more efficacious in reducing the bacteria
dissemination if the devitalized tissues have been removed [7]. Also fungi, yeasts, and para-
sites (Echinococcus, Amoeba) can cause infestations; sometime, these develop in the septic
collections, abscesses, which require the surgical procedures. The tuberculous infections, usu-
ally treated with pharmacological therapy, may be treated by surgery in cases of drug-resistant
forms, sequelae of pulmonary tuberculosis, pulmonary aspergilloma, nonfunctioning tubercu-
lous kidney, etc.

3. Host’s defense mechanisms

The autonomous infectious diseases of single organs and the surgical site infections, surgical
wound infections, in each class of risk, are affected in their clinical evolution by some
predisposing conditions. Defective or missing control of external contaminations and imper-
fect check of intraoperative contaminations have been previously considered. In this scenario,
the state and the condition of host’s defense mechanisms are certainly crucial. The control of
environmental source of contamination can be obtained by strict observance of sterilization
procedures of ward, operating room, surgical equipment and devices, etc. To avoid or mini-
mize the risk of intraoperative contaminations, it is decisive to follow the specified well-known
procedures for each surgical intervention. More complex is the evaluation of host’s defense
mechanisms. The first obstacle to infections is the integrity of anatomical barriers: the skin and
mucous membranes. Beside anatomical barriers, the immunity system is at the heart of defense
mechanisms. Usually, the immunity in the scientific treaties is subdivided into nonspecific and
specific immunity. The nonspecific immunity is based on the phagocytic activity of reticuloen-
dothelial system which encompasses distributed phagocytes in the various organs: circulating
monocytes and macrophages, polymorphonuclear granulocytes, neutrophils, connective tissue
and mucosa mast cells, Kupffer cells in the liver, etc. The phagocytes incorporate pathogenic
microorganisms, foreign materials, and cellular debris and destroy them. The macrophages
also transport the antigen to the lymph nodes where this stimulates the lymphocytes. The
antibodies, secreted by B lymphocytes and bound to particles, favor the recognition of the
latter by phagocytes. These accessory cells play a predominant role in killing parasites and in
controlling inflammatory processes. The mast cells and basophils contain various molecules
which are mediators of inflammation. Consequently, they are very important in the correla-
tions between immune responses and inflammatory reactions [8]. The specific immunity
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synthetically develops through some phases: the exposition to an antigen (foreign body with
antigenic capacity, such as bacteria, viruses, etc.) and afterward recognition and processing of
antigen by macrophages, entered into action of T and B lymphocytes, and subsequently,
synthesis of specific antibody. The impairment, also in a specific phase, of this multifactorial
process causes the global alteration of the immunity functions, the immunodeficiency, which
can concur in increased severity of surgical infections. The lymphocytes play a central role in
the control of immune response. They specifically recognize antigens distinguishing them
from the body’s own components. There are two lines of lymphocytes: B cells that produce
antibodies and T cells that have various functions—assist B cells in the production of anti-
bodies, recognize and destroy infected virus cells, activate phagocytes for the destruction of
pathogens, and check the level and quality of the immune response [9]. Synthetically the
inflammation is the response of a tissue to a damage and is meant to bring serum molecules
and immune system cells to the damaged site. The flogosis encompasses local increase in blood
perfusion and vasodilation, increased capillary permeability, and cells migration from blood
vessels to tissues. In this process, some phases develop, as vasodilation, tissue oozing, exuda-
tion, marginalization, diapedesis, and chemotaxis; the latter can be defined as movement of
cells in response to chemoattractive molecules. These acute phase proteins are various: PCR,
interferons, interleukin, etc. Then, phagocytosis follows: the cells incorporate particles and
microorganisms. The phases of phagocytosis are the following: adhesion to phagocytes of
particles through nonspecific receptors or through opsonization by antibodies and/or comple-
ment and adhesion by receptors for Fc, C3b, and C3bi; then, phagosome formation, fusion of
lysosome (damage and digestion), and release of microbial products [10].

4. Systemic inflammatory response syndrome: clinical evolution of sepsis

Sepsis is a clinical syndrome initiated by immune system and coagulation, caused by the
presence of bacterial or viral infection. Severe sepsis can be defined as organ dysfunction or
tissue hypoperfusion due to sepsis, requiring intensive therapy. Septic shock is a severe condi-
tion characterized by hemodynamic instability, hypotension, and despite the adequate infu-
sion of fluids, as evolution of organs dysfunction and sepsis. Most frequent causes of severe
sepsis are pulmonary infections, intestinal perforations, and urinary and skin infections. Severe
sepsis requires the diagnostic quick recognition and starting treatment in the early stages. It
can be briefly stated that sepsis and its worsening evolutions are the result of systemic inflam-
matory response, resulting from an infection (systemic inflammatory response syndrome,
SIRS). The diagnosis of sepsis requires at least two of the following signs: body temperature
more than 38°C or less than 36°C, heart rate more than 90 bm, breath frequency more than
20 bm, and white blood cells more than 12,000 or less than 4000. Keep in mind that SIRS can be
triggered not only by infection but also by numerous other factors as trauma, burns, pancrea-
titis, etc. However, not all infections cause sepsis, which is conditioned by the body’s inflam-
matory response. In fact there is different degree of inflammatory response to infection and
therefore it is necessary to distinguish the infection accompanied by physiological response of
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the organism, such as fever for small localized infections, from infections accompanied by an
abnormal and exaggerated, therefore negative, inflammatory systemic response (SIRS), with
start of organ dysfunction [11]. The sequential-sepsis-related organ failure assessment (SOFA)
score allows to quantitatively evaluate organ damage. The assessment of the progressive
alterations of the clinical function indexes of six organ system allows to evaluate, in the
evolution of the sepsis, four severity classes. The score SOFA is based on the assessment of
the function of each organ system by means of the appropriate measuring medium: Respira-
tory, PaO,/FiO,, mmHg-coagulation, platelets, x10,000/mm —liver, bilirubin, mg/dL— cardio-
vascular, mean arterial pressure (MAP) + amine support—central nervous system, Glasgow
Coma Scale—renal, creatinine, mg/dL + urine output, mL/d. A score from 0 (normal condition) to
4 for increasing severity is assigned to each of the indices that report the functional condition of
the six organ system. The baseline score is 0; the score 2 indicates already organ dysfunction,
with 10% mortality; higher scores indicate serious functional impairment. In clinical practice, the
quickSOFA has been proposed; it allows to more easily identify the patients at risk of developing
septic status. The quickSOFA regards only three parameters of immediate clinical finding:
Tachypnea—breath frequency more than 22 bm arterial pressure—less than 100 mmHg Glasgow
Coma Scale—less than 15 (it ranges from 3 to 15; higher score indicates better neuro condition)
[12]. It is necessary to briefly clarify the mechanism and timing of systemic inflammatory
syndrome which from a simple localized infection can lead to the septic state. In this process,
bacteria and endotoxins play the role of the triggers of the onset of systemic inflammation and
sepsis, which is conditioned by the response of organism, as the trigger causes for the evolution
and severity of subsequent events [13]. The cascade of inflammation mediators is activated and
the inflammatory response is amplified. The systemic inflammation evolves in three steps. The
first step is the trigger of inflammation, characterized by the intracellular activation of trypsino-
gen to trypsin, by zymogen-lysosomal granule. In the second step, the systemic inflammatory
response develops; some phenomena follow: activated digestive enzymes in the blood circula-
tion are present, chemokines in the secretory vesicles released by damaged or infected cells
chemoattract inflammatory cells, and neutrophils-macrophages release cytokines. Therefore they
develop: local inflammatory response with increased vascular permeability, hemorrhage, necro-
sis and systemic inflammatory response with the development of SIRS, MODS, toxic phase.
Finally in the third step, there is the systemic infections response with the compensatory anti-
inflammatory response syndrome (CARS), which is a complex and not a well-defined plan of
immunologic responses to severe sepsis [13]. High mortality of septic shock is linked to multi-
organ dysfunction, lung, kidney, liver, digestive system, heart, brain, and vascular system. The
beginning of multi-organ dysfunction is very variable and unpredictable. In fact, it can be
precipitated or slow and sneaky. The number of organs involved in the dysfunctional process
and the time of the dysfunction condition the prognosis that progressively worsens with the
increase of involved organs: if the involved organs are two, the mortality reaches 32%; it rises to
67% for three organs and finally to 90% in case of four or more organs. The mortality index rises
significantly due to prolongation of dysfunction over 24-48 h. The evolution of systemic inflam-
matory syndrome, which underlies the multiple organ dysfunction syndrome (MODS) is
favored by impaired general conditions of patients: old age, immune impairment, and active
comorbidities as cardiovascular, renal, hepatic, metabolic pathologies [11].
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Immunoparalysis in Septic Shock Patients
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Abstract

In the recent years, it has become clear that septic shock is characterized by the simulta-
neous production of inflammatory and anti-inflammatory mediators; the primary role
of the latter is to counterbalance the former, thus limiting the severity of their systemic
effects. However, in a number of patients, the anti-inflammatory substances can cause a
downregulation in both the innate and adaptive immune capabilities, leading a second
phase characterized to secondary infections caused by opportunist germs and the reacti-
vation of latent viruses, muscle wasting; altogether, these abnormalities set the stage for
a chronic critical condition. This condition, whose identification is relatively recent, is
called immunoparalysis. Unfortunately, the current approach to septic shock is focused
much more on the inflammatory phase than in the ensuing immunoparalysis, whose
diagnosis can be challenging. In this chapter, the role played by both classes of mediators,
the monitoring of the immune system, and the possible current and not yet available
therapeutic strategies of immunoparalysis are reviewed and discussed.

Keywords: septic shock, compensatory anti-inflammatory reaction syndrome,
immunoparalysis, immunomonitoring

1. Introduction

The classical clinical manifestations of septic shock (SS) include fever, tachycardia, arterial
hypotension, and abnormalities of the white blood cell count (WBC) associated with a wide
range of organ dysfunction carrying a substantial risk of death [1]; the current approach,
issued under the auspices of the Surviving Sepsis Campaign on the basis of clinical trials ful-
filling the evidence-based medicine (EBM) criteria, includes the rapid administration of wide-
spectrum antibiotics, the maintenance of a proper perfusion pressure via the administration
of fluids and/or to vasopressors, the drainage of septic foci, etc. [2]. Overall, it appears that

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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both the description and the therapies apply to acutely ill patients suffering from an infection-
induced overwhelming reaction determined by a huge number of pro-inflammatory media-
tors produced and released by the innate immunity system. However, more than 20 years
ago, Bone [3] hypothesized that this early hyperinflammatory phase could be accompanied
by a compensatory anti-inflammatory response (CARS) aiming to limit the tissue damage.
In the last decade, the concept of CARS has changed from a time-limited and somehow ben-
eficial mechanism to a harmful reaction, potentially leading to a condition of marked reduc-
tion of the immune capabilities known as immunoparalysis [4-6]. Clinically, this condition
is marked by recurrent and/or unresolving infections caused by germs with relatively low
virulence; the reactivation of silent virus such as cyfomegalovirus (CMV), Epstein-Barr virus
(EBV), and herpesvirus (HV); a persisting low-grade inflammation; nutrition-resistant hyper-
catabolism; and muscle wasting [7, 8] (Table 1). The immunoparalysis characterizes also the
clinical course of the chronic critically ill patients, namely, subjects who survived the initial
insult (i.e., septic shock due to pneumonia, peritonitis, etc.) but fails to recover enough to be
weaned from the mechanical ventilation and discharged from the intensive care unit (ICU)
[9]. Moreover it should be noted that factors other than pathophysiological mechanisms can
reduce the immune response, including the administration of steroids and norepinephrine
[1, 10]. The aims of this chapter are (1) to review the main mechanism determining a SS, (2)
to describe the transition from an easily recognizable hyperinflammatory condition to a less
straightforward diagnosable one featured by a downregulation of the immune capabilities,
(3) to provide some monitoring tools of the immune function, and, finally, (4) to identify some
possible therapeutic approaches.

Variable Uncontrolled inflammatory response Immunoparalysis

Clinical phenotype Fever, arterial hypotension, elevated cardiac ~ Altered mental status, normo-/hypothermia,
output, rapidly evolving MODS, community slow-evolving MODS, health care- or hospital-
or surgical infections acquired infections

Patients population  Young, middle-aged Elderly, fragile

Comorbidities Often absent Often present
Low Charlson’s index High Charlson’s index

Germs characteristics ~ Virulent, toxin releasing Low virulence, opportunistic

Latent virus reactivation
Laboratory findings 11 or | neutrophil count, | lymphocyte
1 blood lactate levels
Nutritional status Normal Sarcopenia/cachexia

Muscle wasting

Clinical course Resolution of sepsis Protracted ICU LOS
Immunorestoration Chronic critical disease
Early deaths Late deaths

LOS, length of stay.

Table 1. Different clinical presentations of sepsis-induced immunological alterations.
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2. Pathophysiology of septic shock: a classical overview

2.1. The inflammatory response

Since the late 1970s, it has become clear that the clinical and biochemical manifestations of
sepsis and its related complications are not caused directly by invading germ(s) but rather
by the host’s response to the infection. The innate immune response largely accounts for the
above described signs and symptoms. The presence of microorganism-derived substances
collectively known as pathogen-associated molecular pattern (PAMP) which include endo-
toxin, capsular antigens, elements derived from the cell wall, flagellins, and other substances
derived from the bacterial lysis determines the rapid activation of genes encoding for an
extremely elevated (and still partially unknown) mediators able to trigger a strong inflam-
matory reaction, including the tumor necrosis factor-o (TNF), a number of interleukins (IL),
the platelet-activating factor (PAF), etc. (Table 2). It is worthwhile to recall that (a) the list
of mediators is incomplete because new elements are added on a weekly or at maximum
monthly basis, (b) the rise of blood levels of inflammatory mediators is a matter of minutes
since it represents the first line of defense to contrast the deleterious effects of PAMP and
DAMPS, and (c) for this reason, the innate response is highly similar among all species of
mammalians [6].

Independently from their biochemical structure, the term inflammasome lumps together all
these heterogeneous mediators that are characterized by (a) the presence of many positive
and negative feedback loops, determining an array that can be better conceived as a network

Cytokine  Source Effects Interactions Antagonists
TNF Innate and adaptive Activation of immune cells Activation of Soluble TNF
immune system . . downstream receptors
Fever cachexia, apoptosis . a ) diat
inflammatory mediators .. g
IL-1 “ Fever, pro-coagulation “ IL-1 receptor
Hematopoiesis antagonists
IL-6 “ Activation of T and B Inhibits the release of IL-6 receptor
lymphocytes TNF and IL-1 antagonists
Fever Promotes anti-
inflammatory response
IL-12 Monocyte, macrophages, Activation of adaptive Promotes IFN-y Unknown
neutrophils, dendritic response production
cells
IFN-y NKT cells Antiviral action Released in response to  Unknown
CD 8T cell Potentially reverse TNF, IL-12, and IL-18

immunoparalysis

TNF, tumor necrosis factor; IL, interleukin; IFN, interferon.

Table 2. Some relevant pro-inflammatory mediators.
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and not a cascade, thus making understandable the therapeutic failure demonstrated in many
trials in which septic patients were treated with substances aimed to the block a single media-
tor via monoclonal or chimeric specific antibodies (Ab) such as anti-TNFaAb or with the
administration of circulating antagonists (ra) (i.e., soluble IL1-ra and TNF TNFa-ra) directed
to block the receptors present on the cell surface; (b) the pleiotropic and paracrine effects,
accounting for the multiple effects exerted in different organs; (c) the interference with the
mitochondria causing a disturbance of the O, uptake and consumption by the tissues; and
(d) the interaction with other biological systems including the complement system and the
coagulative cascade. Notably, the very same mediators are produced in noninfectious con-
ditions, including trauma, low-flow states, surgery, burns, etc.; in these circumstances the
trigger is represented by an intracellular substance derived from the injured tissues (DAMP,
damage-associated molecular patterns). The endothelium is massively involved in this reac-
tion causing a microvascular plugging and the abnormal production of nitric oxide (NO)
which exert a profound vasodilation [11, 12].

From an evolutionary perspective, it is likely that these mediators have been developed and
maintained, aiming to contain the initial inoculum and to destroy the responsible organisms.
This explains why in most cases an infection does not cause a SS: actually, the latter occurs only
when the pro-inflammatory mediators exert their effects at a systemic level, thus determining
the clinical phenotype of SS and the almost unavoidable presence of the simultaneous dys-
function of different organs and systems even not directly involved by the infection (MODS).

2.2. The compensatory reaction

The secretion of inflammasome is accompanied by the production of other substances aimed
to limit their action at a local level and, at the same time, to prevent their systemic spread
(Table 3). As stated above for the inflammatory mediators, their list is incomplete for the very
same reasons. Actually, it was hypothesized that during the initial phase (almost), only pro-
inflammatory mediators were produced and that these conditions subsided due to the action
of the CARS-associated mediators. Despite its popularity, it became clear that this scheme
represents an oversimplification as (a) both classes of substances are produced since the ini-
tial phase of sepsis albeit in different rates; (b) the action of anti-inflammatory mediators
is responsible for the late-onset immunoparalysis; and finally (c) a low-level production of
pro-inflammatory substances can be maintained even during the advanced stages of sepsis
leading to malnutrition, protein waste, and reduced adaptive immunity. Overall, the sepsis-
associated immunoparalysis resembles the normal aging process of the immune system
(immunosenescence) that is characterized by the overall downregulation of both the innate
and adaptive immunity functions. This appears particularly relevant as the ever-increasing
age of septic patients exposes them to both conditions.

Put shortly, it appears that the mediators implicated in the CARS can represent a double-
edged sword, as they both can exert (a) a beneficial role when they determine the restoration
of the immune condition existing prior to the sepsis (immune restoration) and (b) can trigger
a life-threatening condition when their excess production and/or duration of action causes the
shutdown of the immune response [13, 14].



Immunoparalysis in Septic Shock Patients
http://dx.doi.org/10.5772/intechopen.88866

Cytokine  Source Effects

Interactions

IL-10 Innate and adaptive Immunosuppression

immune system Inhibition of antigen presentation and

phagocytosis
TGE-p Macrophages Immunosuppression
Smooth muscle cells
IL-4 Mast cells Promotes T, 2 T-cell differentiation
T,2 T cells
Basophils
Eosinophils

Suppression of the production of
inflammatory mediators

Induces the production of IL-10

TGF, transforming growth factor.

Table 3. Some relevant anti-inflammatory mediators.

Figure 1.Possible clinical trajectories of patients with sepsis shock. Line 1, intense hyperinflammatory reaction
followed by CARS and the return to the baseline immune state. Line 2, weak hyperinflammatory reaction followed by
immunoparalysis and immune restoration. Line 3, immunoparalysis not preceded by a hyperinflammatory reaction.

In conclusion, (at least) three clinical trajectories can be hypothesized (Figure 1): the first
includes patients with an intense hyperinflammatory reaction that subsides once the CARS is
well established and the immune function is restored; in the second the initial phase is shorter
and weaker, and the CARS determines a short-lived immunoparalysis preceding the return



12

Infectious Process and Sepsis

toward the baseline immune function; and in the third one, the CARS prevails and causes the
loss of the immune capabilities.

3. The determinants of immunoparalysis

Only recently it became clear that the CARS does not represent only a physiologic counterbal-
ance to the inflammatory response to PAMP and DAMP but that it can determine a critical
condition in and by itself [13, 15].

Actually, different experimental and clinical studies indicate that the advanced stage of sep-
sis and SS is characterized by a reduction of both the innate and adaptive immune responses
(Table 4). Extensive evidence supports this model, even if large inter-patient differences exist.
First, monocytes present a reduced expression of membrane HLA-DR in association to either a
decreased secretion of inflammatory mediators when stimulated or a diminished antigen pre-
sentation. Second, different membrane-bound receptors able to potentiate the immune response,
including IL-2a, IL-7R o, CD86, etc., are reduced. Third, the production of immunosuppressant
substances, such and programmed death 1 (PD1) and its ligand (PD-L1), is increased in antigen-
presenting cells, thus inhibiting the activation of T lymphocytes. Fourth, there is an increased
appearance of immunosuppressive T-cell subpopulations, such as myeloid-derived suppressor
cell and CD4" and CD25" T-regulatory cells (T, ), which suppress adaptive immunity. These
appear to be particularly relevant, as Treg (a) actively produce anti-inflammatory cytokines
including TGF-p and IL-10, (b) downregulate the secretion of pro-inflammatory mediators, (c)

Factors involved Marker

Monocyte deactivation | mHLA-DR expression
| TNF-a production
Tissue macrophage dysfunction Presently none
Negative regulatory mediators 1 PD-(L)1 expression
1 CTL-4, BTLA expression
1 LAG-3 and TIM-3 expression

Receptors downregulation | IL-7 receptor
Apoptosis 1 FAS

| lymphocytes
Suppression of immune cells 1 CD-4, CD-25

1 myeloid-derived suppressor cells

Anti-inflammatory cytokines 1 IL-10, IL-13, IL-4, IL1 receptor antagonists, TGF-f
1 IL-10/TNF-a

mHLA-DR, human leukocyte antigen on the monocyte surface; PD-(L1), programmed death ligand; CTLA-4, cytotoxic
lymphocyte antigen 4; BTLA, B and T lymphocyte attenuator; LAG-3, lymphocyte activation gene 3; TIM-3, T lymphocyte
immunoglobulin protein 3; sFAS, soluble FAS ligand; TGE-f, transforming growth factor-p.

Table 4. Factors of immunosuppression.
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Mechanisms Effect

Endotoxin tolerance 1 Anti-inflammatory mediators, | pro-inflammatory mediators
| Antigen presentation

Apoptosis | Immune cell number

Immune cell number anergy

Energy failure Immune cell anergy
Apoptosis
Epigenetic regulation | Pro-inflammatory mediators

Table 5. Mechanisms of immunoparalysis.

neutralize cytotoxic T cells, and (d) deactivate the monocytes. Fourth, immune cells present
an increased apoptosis, and their loss is not replaced enough by the production of new ones.
Finally, the phagocytosis of apoptotic cells by fixed and circulating macrophages leads to a
switch of the latter to the M2 phenotype, whose feature is an increased production of the anti-
inflammatory substances IL-10 and IL-1ra. Put briefly, all these mechanisms exert their action
via relatively few common pathways, which include the increased apoptosis determining the
reduction of immune cells, the loss of antigen presentation, the blunted response to PAMP,
and the reduction of energy production caused by the impairment of the glucose metabolism
(Table 5) [16, 17]. All these reactions are driven by epigenetic changes causing in different time
frames the activation or deactivation of genes involved in the immune response, and the result-
ing phenotype is an intense inflammatory response or, conversely, an immunoparalysis.

4. The diagnosis of immunoparalysis

The recognition of sepsis-induced immunoparalysis is not straightforward because the clini-
cal manifestations associated with the switch from the hyperinflammatory state to CARS and
the full-blown depression of the immune capabilities are not so protean as the symptoms of
SS [18]. Moreover, the SSC guidelines focus almost exclusively on the former and pay much
less attention, if any, to the latter. From a practical and clinical point view, some issues appear
particularly relevant.

4.1. Timing of onset

The transition from the hyperinflammatory phase to immunoparalysis can be challenging to
identify and to monitor at the bedside and represents a kind of no man’s land in the clinical
course of patients which survived from the initial phase of SS.

The onset is highly variable. Actually, although the secretion of immunomodulatory sub-
stances can occur relatively early, their clinical consequences present wide variations. Some
authors [19] observed a substantial difference of mHLA-DR starting from 3 to 7 days in a small
group of surgical septic patients, and other authors demonstrated that significant decrease of
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the CD14/HLA-DR and of heat-shock proteins (HSP) 70 and 90 was present already within
24 hours from the onset of sepsis [5]; in both studies, these alterations were more marked in
patients who developed SS later on. More recently, Morris et al. [20] in association with raised
percentage of regulatory T cells (T, ) were predictive for infections occurring between 3 and
9 days after ICU admission, and a similar timing has been demonstrated also in another study
in which the mortally rate of secondary infection was ~14% [17]. On the basis of these find-
ings, it is reasonable to hypothesize that (a) a combination of cellular and soluble factors able
to blunt the immune response is present since the very initial phase of sepsis; (b) their effects
on the clinical course, namely, the appearance of secondary infections and/or viral reactiva-
tion, can occur within the initial 10 days from the admission; and (c) these are associated with
a substantial mortality of patients surviving the initial insult.

4.2. Monitoring of the immune function

In ICU patients, every organ system is monitored to allow a change in the treatment tailored
on the variation observed. An ideal monitoring system should be accurate, cheap, and not
labor-intensive, and the information gathered should be readily if not continuously avail-
able. Since it has become clear that the immune system in sepsis undergoes modifications
not reflected by the commonly measured biological variables such as the arterial pressure,
the heart rate, the urinary output, etc., different investigations aimed to identify one or
more markers of changes of its functions whose follow-up could be valuable to modify the
therapy according to its changes: as an example, the occurrence of immunoparalysis contra-
indicates the administration of steroids whose use is recommended by the SSC guidelines.

Several monitoring systems exploring both legs of the immune response have been developed
so far, based on the repeated assessments of the cells involved, their response to different

Function Cell Marker Outcome Lab technique Runaround (h)
Innate Neutrophils 1 Immature forms Death FC. Hematology 15
immunity Secondary analyzer
infections
Monocytes | HLA-DR Death FC, IHC, PCR 1.5
Secondary
infections
Adaptive All lymphocytes Lymphopenia Death FC. Hematology 0.5
immunity Secondary analyzer
infections
White blood cells NTL Death FC. Hematology 0.5
Secondary analyzer
infections
Both Lymphocytes Viral reactivation Death PCR 12

FC, flow cytometry; IHC, immunohistochemistry; PCR, polymerase chain reaction; NTL, neutrophil/lymphocyte ratio.

Table 6. Some currently available indicators of immune function.
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challenges, and the measurement of the blood concentrations of soluble mediators involved
in the different clinical frames [14, 15, 21, 22]. It could be useful to describe separately those
currently available and those which will be used likely in the next future. Most of the former
(Table 6) can be obtained cheaply and on a daily basis; among all, the neutrophil-to-lymphocyte
ratio has been indicated as the less costly and more rapidly available monitoring tool [23, 24].
Other advanced, expensive, and not yet widely available monitoring tools take advantage of
more sophisticated lab techniques (Table 7) requiring lab expertise and financial resources put-
ting them at risk of not being used outside the research center. Another dynamic approach,
which shares the very same limitations of the previously described advanced techniques, con-
sists in challenging the immune cells with substances able to trigger their activation, including
LPS, other PAMP, and phytohemoagglutinin; actually, a number of investigators demonstrated
that a blunted response to the stimulation is associated with an increased rate of severe infec-
tious complications in different patient populations [25-27].

Independently from the systems used, it should be clear that the monitoring of the immune
response in septic as well in other clinical conditions (a) is based on the time variations of
a panel of indicators and not on a single one and (b) due to their direct and indirect costs,

Function Cell Marker Outcome Lab technique Runaround (h)
Innate Monocytes | sCD127 Death, FC, PCR, IHC, 5
immunity secondary ELISA
infections
Endotoxin Not clear Cell culture, 72
tolerance ELISA, FC, IHC
1 PD-L1 Secondary FC, IHC 15
infections
IL10/TNF ratio Death ELISA 5
Dendritic cells | Count Death, FC 1.5
secondary
infections
Adaptive All lymphocytes 1 CTLA 4, BTLA Not clear FC, IHC 1.5
. it
tmunty 1PD Death FC, IHC 15
CD 127 Death, FC, THC 1.5
secondary
infections
T cells Proliferation Death, Cell culture + FC 72
secondary
infections
MODS
ng 1 ng Death FC 1.5
Both Transcriptomic CD 74, CX3CR1 Not clear PCR, microarray 72

FC, flow cytometry; IHC, immunohistochemistry; PCR, polymerase chain reaction; ELISA, enzyme-linked immunosorbent

assay.

Table 7. Some promising, yet not currently available, markers of immunoparalysis.
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Figure 2. The multiple hits phenomenon ultimately leading to the exhaustion of the immune response.

it should be limited to the subjects at risk; as an example, it is worthwhile to monitor the
immune function in patients undergoing multiple abdominal surgical procedures for suture
dehiscence but not in another one safely recovering after peritonitis.

4.3. The identification of patients at risk of immunoparalysis

Even with the exclusion of clinical conditions and/or treatments known to cause an immu-
noparalysis (i.e., solid and hematologic cancers, autoimmune disorders), etc., this circum-
stance can occur in virtually all ICU patients; however, different studies identified some
predisposing factors that should be considered particularly relevant, including septic
shock, advanced age, health care-associated infections, elevated Charlson’s score indicat-
ing a substantial underlying fragility, comorbidities, prolonged hospital and ICU length
of stay, and multiple surgical procedures [17, 28, 29]. The latter, which are associated with
the repeated activation of the inflammatory and anti-inflammatory responses, according
to the multiple hits model, ultimately lead to the exhaustion of the immune response [30]
(Figure 2).

5. The treatment of immunoparalysis

In the last decade, a number of drugs have been developed to restore a normal immune
function in patients with solid or hematologic tumors on the basis of many investigations
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demonstrating the tumor cells are able to suppress in many different ways the host’s immune
response against themselves. Independently from the substance use and the molecular target,
these innovative treatments have been demonstrated to be effective but somehow difficult to
handle, as they are associated with a number of side effects ranging from mild to life-threat-
ening [31]. As several similarities exist between tumor- and sepsis-induced blunting of the
immune response [32], it is likely that in the next future the immune-boosting treatments will
be developed to treat the latter, aiming to develop a precision medicine also in ICU patients
[33] (Table 8).

Presently, according to the SSC guidelines [2], the immune-targeted approaches are limited to
the administration of steroids in not fluid and catecholamine-responding SS, whereas the use
of intravenous immunoglobulins (Ivlg) is discouraged. Actually, this latter position is ques-
tionable as a number of trials performed in several thousands of patients demonstrated that
(a) the administration of IvIg is associated with the reduction of mortality in different subsets
of SS patients; (b) among the different preparations available, the only ones containing supra-
normal concentrations of IgM and IgA appears more effective, and (c) the improvement of
survival is time-dependent, as a ~6% increase of mortality has been observed for every day of
delay in the administration [34].

Besides steroids and IvIg, other treatments aimed to modulate the immune response include
blood purification (BPT) techniques and a number of substances able to boost it.

Cells/factors involved Alterations Possible therapies
Myeloid cells 1 Immature neutrophils GM-CSF
1 Tolerant dendritic cells Toll-like receptor antagonists
1 Myeloid-derived suppressor cells FTL3L
| Monocyte HLA-DR expression TNF
Lymphocytes | Cytokine production Anti-PD1 ab
Altered metabolism Anti-PDL 1 ab
| Proliferation Anti CTLA4, TIM3, LAG3 ab

1 Immune checkpoint inhibitors

Malfunction of NKT cells

1 Treg and ng cells
1 CD 155 expression
1 Systemic cytokine release 11L-10 GM-CSF
1 PGE 2 TLR agonists
1 TGFp FT3L
TNF

GMC-SF, granulocyte-macrophage colony-stimulating factor; FTL3L, FMS-related tyrosine kinase 3 ligand; PD,
programmed death; PDL1, programmed cell deathligand 1; CTL4, cytotoxic T-cell protein 4; TIM3, T-cellimmunoglobulin

mucin receptor 3; T, B, regulatory T and B cells; TGFp, transforming growth factor-p; PGE, prostaglandin E2.

Table 8. Inmunosuppressive pathways shared by cancer and sepsis.
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5.1. Blood purification techniques

Since the 1980s, a number of extracorporeal techniques have been developed aiming to
remove the “toxic” mediators responsible for the clinical manifestations of SS.

Independently from their principle of functioning (see later), the BPT consists in an extracor-
poreal circuit where the patient’s blood flows till enters in the depurative device; once the
latter is passed, the blood returns to the patient. According to the principle used, the BPT can
be subdivided into (a) blood processing or (b) plasma processing techniques. In the former,
the whole blood is depurated via a number techniques, which differ in terms of type and
surface of the membranes used, their permeability to the high molecular weight of the septic
mediators, etc., whereas in the latter the plasma is separated from the blood, processed in a
cartridge, and reinfused downstream. The mediators can be eliminated through the mem-
branes or adsorbed over it. In both cases, the neutralizing capabilities are time-limited. A
detailed description of the BPT is beyond the aim of this chapter, but some considerations
are necessary. First, there are no studies clearly demonstrating the superiority of one of them,
even if some meta-analysis indicates that the those using the adsorption are more effective; (b)
they can remove also antibiotics, nutrients, vitamins, hormones, etc.; (c) they require antico-
agulation; and, most importantly; and (d) they are not selective and thus remove pro- as well
as anti-inflammatory mediators [35].

5.2. Immune-boosting agents

Different substances have been used or likely will be used in the next future (Table 9) to
enhance the depressed immune function in septic and non-septic critically ill patients, includ-
ing [36, 37]:

e Interferon-y (IFN-y) is a cytokine produced by helper T cell and an activator of monocytes.
Different case series and case report performed in a limited number of patients demon-
strated that its administration was associated with an increased HLA-DR expression; how-
ever, presently there are no RCT fulfilling the EBM criteria demonstrating a beneficial effect
on the outcome of patients with SS.

* Granulocyte-macrophage colony-stimulating factor (GMC-SF) stimulates the production
of neutrophils from the bone marrow. Even if prophylactic use in neutropenic patients
did not demonstrate any beneficial effect, a number of investigations demonstrated that
its administration was associated with an improved outcome especially in patients with a
decreased HLA-DR expression.

¢ Interleukin-7 (IL-7) is a cytokine released by bone marrow and thymus cells that prompts
the growth and the differentiation of T cells. This substance is considered an immune-
boosting agent in patients with cancer and multifocal leukoencephalopathy and in septic
patients suffering from immunoparalysis.

¢ Programmed death inhibitors (PD1i) are proteins whose effect is to block the programmed
death of immune cells, which appears to be a critical factor for the progression of cancer.
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Treatment

Effect

Pro

Against

Available Ivig

Blood purification

techniques

Not yet
available

Interferon-y

GMC-SF

IL-7

Immune
checkpoint
inhibitors

Antibacterial action

| TNF and other pro-
inflammatory mediators

Removal of mediators

Enhanced production
of pro-inflammatory
mediators

Enhanced production of
immune cells

Enhanced production
of pro-inflammatory
mediators

Reduced apoptosis

Many small RCT
demonstrated their
efficacy

Many small RCT
demonstrated their
efficacy

Some small RCT
and case reports
demonstrated its
efficacy

”

No EBM-validated
Heterogeneity of patients
treated

High costs

Not selective
Heterogeneity of techniques

(i.e., HVHV vs. plasma
adsorption)

Heterogeneity of patients
treated

Need of anticoagulation

Not selective

Possible septic shock-like

Systemic inflammatory
reactions

Possible septic shock-like

Systemic inflammatory
reactions

Possible septic shock-like

Systemic inflammatory
reactions

Potentially severe and life-
threatening side effects

High costs
No RCT available

Table 9. Possible immunomodulating treatments in septic shock.

This approach is new as it is aims to increase the immune response to the cancer cells
without interfering with their metabolism. Due to their mechanism of action, their admin-
istration could determine a potentially life-threatening inflammatory reaction caused by
the sudden release of mediators determining a “cytokine storm”; although their use is not
codified yet in critically ill septic patients, in a recent RCT, the restoration of the immune
response in the absence of a hyperinflammatory reaction was demonstrated in some SS
patients given a novel PD1i at different doses [38].

6. Conclusions

Independently from its source, septic shock can be considered a double-step process: the
initial phase is characterized by an intense inflammatory response that is counterbalanced

19
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by the production of several anti-inflammatory substances aiming to restore the immunity
pre-sepsis steady state. However, in many cases this compensatory mechanism prevails and
not only extinguishes the initial response but determines a condition of immunoparalysis
that dominates the clinical course and influences the outcome. Unfortunately, the current
approach is mainly directed against the initial inflammatory phase although some techniques
of monitoring of the immune function are currently developed and others are being studied.
The same concepts apply to treatments directed to potentiate the immune capabilities, but in
this case the goal appears to be still far.
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Abstract

When diagnosing sepsis, it is common to look for pathogens, microbe’s DNA, lipopolysac-
charide (LPS), or host biomarkers while missing out on microbiota. The next-generation
sequencing of 165 rRNA gene allowed characterizing the gut microbiota taxonomy and
clarifying the gut microbial population being more complex than was previously thought.
We suppose that significant disruption of the microbiota is an indicator of the major role
it plays in sepsis. Serious metabolic disorders of the gut microbiota may contribute to an
unfavorable outcome in septic patients. With the changes not only in the composition but
also in the metabolic activity of the gut microbiota taken into account, the characteristics
of the mechanisms of interactions in the “septic” microbiome will allow the advances in
the optimization of the diagnostics and therapy of sepsis to be made.

Keywords: sepsis, gut microbiome, critical states, aromatic microbial metabolites,
metabolome, organ dysfunction

1. Introduction

In recent years, the microbiome has been considered as an important player in the pathophys-
iology of various types of diseases, including trauma and sepsis [1, 2]. Over 70% of species of
microorganisms are nonculturable and cannot be isolated as a pure culture for identification.
Omics technologies (genomics, transcriptomics, metagenomic sequencing, proteomics, and
metabolomics) have fully changed our concepts about the composition and function of the
“invisible organ” [3]. Widespread distribution of microbiomic studies became possible about
10 years ago with the emergence of high-performance new-generation sequencing (NGS),
allowing transcribing in mass the collective genome of microbiomes—metagenome. The 165
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rRNA gene encodes highly specific RNA of bacterial ribosomes and is present in genomes of
all known microorganisms. Its structure is quite conservative, but variable-specific regions
allow identifying microorganisms of different species and strains. The study pattern is quite
simple but rather laborious: at the first stage, DNA is isolated from a sample, and then a
so-called genome library containing copies of gene 165 rRNA belonging to different bacteria
is obtained. The library is “read” using high-performance sequenators providing reception
of several thousand nucleotide sequences of gene 165 rRNA for each sample. The next stage
deals with analysis of a huge body of received data using bioinformatic techniques. Results
are represented in a way most suitable in each particular case. The introduction of latest tech-
nologies, for example, nanopore sequencing, allows fast identification of bacteria in samples
and finding markers of resistance to antimicrobial drugs within 5-10 minutes with the por-
table real-time device for DNA and RNA sequencing “MinlON” that weighs less than 100
grams. This method is currently undergoing clinical testing [4]. However, in a typical micro-
biome experiment, several aspects of microbial communities still remain inaccessible. These
include low-abundance but potentially crucial taxa whose genetic material is not sampled by
sequencing techniques due to being present below the level of detection [5]. The real value of
all this novel knowledge to understand the pathogenesis of sepsis has yet to be established. In
this chapter, we are discussing the important role of bacterial metabolites in comparison with
taxonomic structure of the septic gut microbiota.

2. The gap between healthy and septic gut microbiomes

Sepsis is a multifaceted host response to an infecting pathogen that may be significantly
amplified by endogenous factors [6]. The broader perspective also emphasizes the significant
biological and clinical heterogeneity in affected individuals such as their age, underlying
comorbidities, concurrent injuries (including surgery) and medications, and source of infec-
tion adding to further complexity [7]. The success of antibiotic treatment depends on rapid
and accurate identification of relevant pathogens and is complicated by the increasing rate
of antimicrobial resistance conditioned by the dynamic changes in the bacterial population
in which aerobic and facultative anaerobic bacteria predominant at the onset of sepsis are
replaced by anaerobic species as the oxygen levels deplete. Broad-spectrum therapy is admin-
istered in the absence of bacterial identification, but this may not accurately reflect causative
pathogens [8].

For a better understanding of how to treat, we probably should change the paradigm from
“anthropocentrism” to “microbiocentrism,” as we think.

The presence of over hundreds of species in the gut of a healthy adult host is a way to survive
in an ever-changing world and the ability to receive energy from different sources of food. In
critical condition, the advantage is obtained by those species that are capable of surviving
in more extreme conditions with less oxygen and a lack of nutrients and trace elements. For
example, Enterococcus is one of the few microorganisms capable of surviving and thriving in
the presence of bile acids, an increased concentration (6.5%) of NaCl, hydrogen peroxide, and
changes in the pH level [9]. The most frequent cause of abdominal sepsis is a leakage of fecal
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material from the intestinal lumen into the peritoneal cavity [10]. The leakage introduces gut
bacteria, including Enterobacteriaceae, Enterococcus spp., Streptococcus spp., and Staphylococcus
spp., into the sterile peritoneal environment. Another prospective study of 32 patients admit-
ted to the ICU after the trauma and acute care surgery service similarly found a replacement
of intestinal Faecalibacterium and Ruminococcus with the more pathogenic Enterococcus [11].
The site of infection is not usually in the gut, but the metabolic influence of the pathogens on
the gut microbiota and host tends to be persistently overlooked. For example, microbes that
flourished in the guts of elite athletes boosted the time that lab mice ran on a treadmill. These
particular microbes seem to take lactate, pumped out by muscles during exercise, and turn it
into a compound that may contribute to endurance [12].

In our preliminary study, we used gas chromatography-mass spectrometry (GC-MS) analysis
of blood serum and feces simultaneously and at the same time analyzed the taxonomic com-
position of the gut microbiota using 165 rRNA gene-based metagenomic analysis in groups
of patients with sepsis, n =9, and healthy, n = 5. The sepsis was diagnosed according to the
Sepsis 3 definition [7].

The taxonomic composition of the gut microbiota in a group at the phylum level as deter-
mined by the metagenomic analysis of feces is shown in Figure 1. The major four phyla of
the human gut microbiota, Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria, were the
predominant phyla in most patients. The composition of the gut microbiota was not stable
in any of the patients, and dynamic changes were observed in all nine patients. At the same
time, the absolute percentage of Proteobacteria in septic patients was several times higher than
in healthy volunteers. This was confirmed at the family level. The Enterobacteriaceae family,
which is a part of the Proteobacteria, was shown to represent the leading species among the
top 10 in sepsis. However, clear understanding cannot be reached using only taxonomy since
it allows to observe only a handful of processes taking place in the development of any infec-
tion (Figure 1).

Aswehave shown earlier, high levels of some aromatic microbial metabolites (AMMs) in serum
are related to the severity and mortality of critically ill patients [13]. The sum of the level of
eight most relevant metabolites, benzoic (BA), phenylpropionic (PhPA), phenyllactic (PhLA),
p-hydroxyphenylbenzoic (p-HBA), p-hydroxyphenylacetic (p-HPhAA), p-hydroxyphenyl-
propionic (p-HPhPA), homovanillic (HVA), and p-hydroxyphenyllactic acids (p-HPhLA), in
serum samples from septic patients was higher than in healthy people 3.7 (1.2-8.0) yM and 1.3
(1.0-1.6) pM, respectively (p < 0.05). In the septic group, the maximum values of the sum of
these metabolites were more than 10 pM which is higher than in patients with lethal outcome.
The differences in the AMM quality profiles of simultaneously serum and fecal samples (SFS)
of patients with sepsis and healthy are presented in Figure 2. The results showed that the feces
of healthy people abound with such metabolites, p-PhAA, p-HPhPA, and p-HPhLA, support-
ing data obtained by Jenner et al. [14]. At the same time, we observed prevalence of BA, PhLA,
and p-PhAA in sepsis with a higher level of BA in the gut of non-survivors. Differences in the
proportion of AMM in the blood compared to the intestine can be explained by the fact that
most hydrophilic (p-HPhAA, p-HPhLA, and PhLA) metabolites are excreted by the kidneys,
while lipophilic metabolites (BA, PhAA, and PhPA) are absorbed by cells of tissue barriers
(intestinal wall, lymphoid tissue, liver, vascular endothelium, etc.).
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Figure 1. Taxonomic composition of the gut microbiota by metagenomic analysis. Comparison the taxonomic
composition of the gut microbiota: (a) at the major phylum and (b) by top 10 families.
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Figure 2. Metabolic profile of aromatic metabolites in: (A) the gut and (B) the blood serum. The data are presented by
median of the proportion of each acid among all AMMs.

In particular, serum samples of healthy people are characterized by a predominance of BA
and PhPA, while hydrophilic AMMs are detected in sepsis with the appearance of high levels
of HVA in the serum of non-survivors. BA is a product of the synthesis of bacteria, plants,
and fungi, but a significant content is formed as a result of biodegradation of phenylalanine.
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Experimental study of the proximal part of the gastrointestinal tract showed that BA had a
bacteriostatic and bactericidal dose-dependent effect on coliform and lactic acid bacteria [15].

On the one hand, it is important to emphasize that the dysfunction of the microbiota is mani-
fested by excessive production of certain microbial metabolites as a reflection of the high micro-
bial load with pathological colonization by bacteria involved in the development of sepsis. On
the other hand, microbiota function, which is very important for host homeostasis, such as
microbial biodegradation of an excess of endogenous biologically active compounds, due to a
decrease in biodiversity in the intestine, primarily a deficiency of indigenous anaerobes, is dis-
turbed [16]. The altered profile of aromatic metabolites in the blood may be an integral indicator
reflecting these dramatic disturbances and possibly other functions of the “invisible organ.”

3. The gut microbial metabolites in the pathogenesis of sepsis

It was shown that in vitro some sepsis-associated AMM in clinically significant concentra-
tions can inhibit the phagocytic activity of neutrophils [17]; cause mitochondrial dysfunction
[18]; influence on platelet aggregation [19]; reduce tyrosine hydroxylase activity, thus limit-
ing the synthesis of catecholamines; and participate in the pathogenesis of septic shock [20].
Numerous data obtained in vitro allow us to hypothesize that AMM acts as signaling mol-
ecules (Figure 3).

It is impossible to exclude the presence of common signaling pathways, cell receptors,
transmembrane transporters, and other mechanisms of humans and bacteria, as well as the
direct participation of microbial metabolites in the pathogenesis of sepsis. Thus, today, we
should not confine ourselves to studying eukaryotic cells while searching for new molecu-
lar mechanisms of sepsis-associated organ failure and septic shock [20]. We should consider
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Figure 3. Schematic representation of levels of some biochemical parameters, metabolites, and hormones in blood serum
in comparison.
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and simulate experimental changes in the internal environment of a person that occur with a
radical “restructuring” of the microbiome in seriously ill patients. This approach opens new
prospects for an objective monitoring of diseases, carrying out an assessment of the integral
metabolic profile on common metabolites (particularly aromatic) within a given time, and
will provide new targets for therapeutic effects in the future.

4. Microbiome-oriented therapy: how to keep balance?

In sepsis, disturbances of physiological parameters caused directly by patient’s conditions
and multiple treatment-induced factors might have powerful impact on the gut microbiome.
Finding a therapy aimed at restoring the balance between “beneficial” and “harmful” micro-
organisms is highly relevant. At present, there are several possible approaches (Table 1):

¢ Increase the “beneficial” microorganisms using pro-, pre-, and/or metabiotics.
* Use a combination of probiotics and prebiotics known as symbiotics.
* Improve the composition by transplantation of fecal microbiota transplantation (FMT).

* Suppress “harmful” microorganisms, and create favorable conditions for recovery of one’s
own “beneficial” microorganisms using selective antibacterial drugs (similar selective
digestive decontamination).

The undoubtful effectiveness of probiotics for correction of functional disorders of the gas-
trointestinal tract has been widely accepted. A randomized placebo-controlled study on 4556
healthy newborns in India proved that oral probiotics Lactobacillus plantarum combined with
fructo-oligosaccharides during the first postnatal week helped reduce sepsis incidence during
the first 60 days of life [21]. A randomized, double-blind, placebo-controlled, experimental
study of changes in the microbiome and intestinal barrier in early sepsis showed that probi-
otic intervention successfully modulates the microbiome and is therefore a promising tool for
early intervention in sepsis [22]. At the same time, there are no recommendations for the use of
probiotics in ICU yet. Present studies differ due to the diseases in patients, the microorganism
strains used, and the prescribed dosage of probiotics. There is no consensus concerning the
beginning and duration of treatment. As for today, the largest study of efficacy of probiotics
and symbiotics in ICU patients was carried out by Manzanares et al. The sample of over 2700
patients demonstrated that the use of probiotics for microbiota recovery reduced incidence of
infectious complications (specifically, ventilation-associated pneumonias); it was possible to
reduce the use of antibiotics without increasing mortality or length of stay in ICU [23].

In another study, the use of symbiotics as an adjuvant therapy in surgical patients reduced
incidence of such postoperative complications as wound infection [24]. One of the reasons
for doubts concerning expediency of applying probiotics in ICU is intestinal barrier failure
in critically ill patients. The translocation of bacteria to systemic blood flow and lymph is
known to promote a complex chain of events leading to multiple organ failure [34]. On this
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Study Population Type of intervention Results
Probiotics/symbiotics
© Panigrahi 4556 healthy newborns Lactobacillus plantarum Reduction in the
etal. [21] incidence of sepsis
during the first 60 days
of life
© Stadlbauer 15 patients with early sepsis The multispecies Probiotic intervention
etal. [22] probioticin a dose of  successfully modulates
10° daily the microbiome
© Manzanares Meta-analysis of 30 trials that Different types of Probiotics were
et al. [23] enrolled 2972 critically ill patients probiotic therapy associated with a
significant reduction
in infections (risk ratio
0.80, 95% confidence
interval (CI) 0.68, 0.95,
P =0.009; heterogeneity
12=36%, P=0.09)
© Kasatpibal Meta-analysis of 31 articles that Different types of Symbiotic therapy
et al. [24] enrolled 2952 surgical patients probiotic, prebiotic was the best regimen
and symbiotic in reducing surgical
therapy site infection (SSI)
(RR =0.28; 95% CI,
0.12-0.64)
© Besselink 298 patients with predicted severe 4 species of lactic Probiotic prophylaxis
et al. [25] acute pancreatitis bacterial (L. is associated with
acidophilus, L. casei, an increased risk of
L. salivarius, L. lactis), mortality and higher
and 2 species of bifid rate of infectious
bacteria (B. bifidum, complications
B. lactis) in a dose of
10" daily
FMT
© Han et al. [26] Review of management of FMT The potential effective
Clostridium difficile infection (CDI) therapy but not enough
with a focus on FMT data in the ICU patients
© Moayyedi Meta-analysis of 5 trials that FMT (including FMT was statistically
etal. [27] enrolled 284 patients with CDI autologous FMT) significantly more
effective (RR, 0.41; 95%
CI, 0.22-0.74; NNT,
3;95% CI, 2-7) than
vancomycin or placebo
© McClave et al. Review of clinical use of fecal FMT An attractive option to
[28] microbial transplantation in mitigate multiple organ
critical illness dysfunction in the ICU
© FDA [29] Two immunocompromised FMT The development of

a severe infection and
one death from fecal
transplants containing
drug-resistant bacteria

patients
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Study Population Type of intervention Results
SDD
© Price et al. Meta-analysis of 29 articles that SDD Favorable effect on
[30] enrolled patients in general mortality, with a direct
intensive care units evidence odds ratio of
0.73 (95% confidence
interval 0.64 to 0.84)
© Buelow et al. 10 ICU patients SDD The limited risks for
[31] antibiotic resistance
SDD related
© Webster et al. Meta-analysis of 37 trials SDD SDD reduces ventilator-
[32] (involving more than 7000 associated pneumonia
patients) (odds ratio (OR) = 0.28;

95% confidence interval
(CI) = 0.20-0.38) and
mortality (OR =0.73;

CI=0.64-0.84)
Antimicrobial therapy under the control of the metabolic activity of the gut microbiota
© Beloborodova 56 patients with pneumonia or Enteral correction of ~ The downward trend of
and Sarshor abdominal infection the metabolic activity mortality by 11%

[33] of the gut microbiota

Table 1. Generalized data on the possible current use of microbiome therapy.

basis, the use of live bioculture drugs (probiotics) in critically ill patients looks far from harm-
less and even dangerous. Possible, a NGS-based approach for the detection of bacteremia in
patients with sepsis, which has shown promising results, will be a key step in the clinical
use of NGS in this indication [35]. In randomized double-blind placebo-controlled indepen-
dent study on severe acute pancreatitis patients (n = 298)—Probiotics in Pancreatitis Trial
(PROPATRIA)—1 group (n = 153), for prophylaxis of suppurative complications received
a biomedicine containing 4 species of lactic bacterial (L. acidophilus, L. casei, L. salivarius, L.
lactis) and 2 species of bifid bacteria (B. bifidum, B. lactis) in a dose of 10'° daily, while the
control group (n = 145) received placebo. The results disappointed the researches: in the
group of patients who received probiotics, more severe course of the disease was recorded,
necrotizing pancreatitis developed more frequently, secondary bacteremia and other infec-
tious complications occurred, multiple organ failure developed reliably more frequently, and
mortality was higher (p = 0.01). The authors of the study were unable to provide convincing
explanations but expressed their doubts concerning reasonability for use of probiotics in
critically ill patients [25].

In our opinion, the use of live microbial cultures of lactic acid bacteria might have aggravated
metabolic disturbances and led to adverse consequences in initially severe patients, in par-
ticular, because of excessive production of PhLA and p-HPhLA which are typical metabolites
of bifido- and lactic bacteria [36, 37]. A group of authors who used probiotics with positive
effect in short bowel syndrome patients have reached similar conclusions, namely, the impor-
tance of metabolic status evaluation. The colleagues associated high mortality in PROPATRIA
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study with lethal combination of proteolytic enzymes of pancreas and high level of lactic acid
caused by bacterial fermentation of carbohydrates as a key factor related to intake of probi-
otics. Nevertheless, authors suggest that a probiotic therapy may not be counterindicated
for the prevention of secondary infections associated with acute pancreatitis, provided that
future clinical studies start probiotic therapy early as possible and prevent bacterial over-
growth not only of patient’s own intestinal flora but also the dose of probiotic bacteria [38].

An alternative to probiotics, “smart” direction, is infusion of liquid filtrate of feces from
healthy fecal microbiota transplantation. The potential advantage of this method is enlarge-
ment of microbial biodiversity and the presence of biologically active substances and metabo-
lites, which might assist a longer effect of microbiota recovery [39]. This procedure has been
successfully used for treating the severe infection caused by Clostridium difficile in more than
1000 patients [26]. The recent meta-analysis (n = 284) has shown that FMT is significantly
more effective in the treatment of such patients compared to the control group in spite of
heterogeneity of groups due to the study sites (Europe vs. North America) and method of
administration [27]. However, the current experience of FMT application in ICU is limited just
to a few patients described only in sporadic publications [28]. The limited quantity of data,
absence of objective criteria for efficacy evaluation, and insufficient knowledge of microbiota
composition dynamics and its metabolic activity preclude wide application of this method
in such vulnerable group of patients. The FDA does not currently approve of any use of
fecal transplants. Two patients contracted severe infections, and one of them died, from fecal
transplants that contained drug-resistant bacteria [29]. Putting it in another way, given the
knowledge and risks, the use of FMT in critically ill patients can be compared to the first blood
transfusion before the opening of the ABO system [19].

We assume that the main efforts in fighting infection should be directed to decrease microbial
metabolic activity. Considering that the intestine is the main reservoir of bacteria and there-
fore the main source of bacterial metabolites, it seems appropriate to correct the activity of
intestinal microbiota in patient with infection. Enteral correction of the metabolic activity of
intestinal microbiota contributes to the improvement of the patients’ state [33].

Selective digestive decontamination (SDD) is often considered a prophylactic mode of anti-
biotic therapy allowing targeted prevention of bowel colonization by “pathogenic” micro-
organisms. The effect is achieved thanks to the selective impact on potentially pathogenic
aerobic and facultative aerobic bacteria by means of enteral administration of antibacterial
drugs that do not suppress anaerobic microorganisms, thus creating conditions for recovery
of microbiota balance and assisting its functioning even in the unfavorable environment in
ICU. Currently, numerous clinical studies and meta-analyses have shown that SDD helps
prevent hospital infection in ICU and reduce mortality [30]. Wide implementation of SDD
was restricted, inter alia, because of fears of increasing resistance of nosocomial microorgan-
isms to antibiotics [31]; however, convincing data have been obtained confirming the absence
of resistant bacterial growth at the background of selective decolonization. A number of major
investigations are currently underway, and their authors are expected to give shortly new
clinical recommendations concerning the use of this method in ICU [32]. The pronounced
clinical effect may be associated with a change in the profile of microbial metabolites, which
requires additional research.
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Figure 4. Factors affecting the metabolism of microbiota in ICU [41].

As shown above, the “harmful/beneficial” gut bacteria disbalance is frequently associated
with nosocomial pathogens and adverse outcome. The influence of negative factors related to
changed internal environment of the macroorganism, and rather aggressive therapy leads to a
drastic change in the species diversity of microbiota [40] and, as a consequence, a disturbance
of functional activity of microbial community and a development of the maximal disorders
that may cause irreversible breakdowns of homeostasis and host body death. A “vicious
circle” is created: disturbance of gut microbiome function in critically ill patients leads to
overproduction of certain microbial metabolites, which, in turn, have pathological impact on
macroorganism’s organs and systems (Figure 4).

Two potential points of effect in sepsis treatment can be identified as:

1. Host state: prognosing negative dynamics of homeostasis indices as critical condition pro-
gresses and maximally sparing regimens of antimicrobial therapy taking into account the
important role of microbiome.

2. Treatment strategies: suppression of overgrowth and targeted correction of bacterial
metabolism [41].

5. Conclusion

So, are the microbiota-oriented diagnostics and therapy in sepsis a utopia or necessity? In real
clinical practice, it is not yet possible to provide real-time monitoring of the microbiome, due to
such diagnostics being time-consuming, expensive, complex, and insufficiently studied. Previous
works have noted that the gut is a “motor of multiple organ failure and sepsis” [42], and its



Microbiota-Oriented Diagnostics and Therapy in Sepsis: Utopia or Necessity?
http://dx.doi.org/10.5772/intechopen.89187

underestimation earned it a name of “forgotten organ.” In the past decades, the number of studies
of microbiota in various diseases, including sepsis, has increased drastically and is likely to keep
rising. Now it is clear that the “forgotten organ” is a reservoir of pathogens and possibly of genes
associated with antibiotic resistance, as well as a marker of disease severity and outcome. Therapy
aimed at restoring microbiota equilibrium rather than blindly prescribing broad-spectrum anti-
biotics may be the best choice. Understanding the metabolic language of microorganisms will
serve as a catalyst for the development of new strategies, which will be especially important in
the era of antibiotic resistance. New, culturally independent technologies allowing a fast accurate
and comprehensive assessment of microbiome will be adapted in the coming years for practical
use and wide application. Characterization of changes in ICU patient’s microbiome will enable
advancement in the development of diagnostic and therapeutic interventions based on changes
not only in the microbiota’s composition but also in its metabolic profile as well.

6. Methods

We used gas chromatography-mass spectrometry (GC-MS) method to quantify metabolites
in human serum from septic patients and healthy volunteers. For taxonomic identification
of samples, Ion 165 Metagenomics Kits, Ion Reporter metagenomic workflow solution, and
Ion Torrent sequencing systems were used. Clinical and laboratory data and APACHE II
and SOFA scores in patients were matched. Data were compared by Mann-Whitney U test;
p-values less than 0.05 were considered significant.
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Abstract

Trauma is a significant problem across the globe with mortality more than 50%. Despite
the advancement of pre-hospital care to trauma patients, early resuscitation in the emer-
gency department, surgical interventions and intensive care monitoring mortality rate has
not improved yet. The higher rate of mortality in trauma patients is usually associated
with development of complications such as sepsis, septic shock, and MOF which may
occur due to hysterical immune inflammatory responses. Trauma patients who developed
these complications in the ICU have comparatively higher chances of mortality. Cytokines
are very important for host immune response against infections and play vital roles in the
regulation of innate and adaptive immunity. The slanted expression of cytokines due to
trauma may be involved in development of sepsis and related complications. The recently
published work from various studies suggested that slanted expression of cytokines
correlates with the variations in the promoter and structural regions of cytokine genes,
which may be responsible for inter-individual differences in susceptibility to sepsis.
Therefore, understanding the variations in cytokine genes and associated outcomes due
to trauma would possibly contribute to the event of latest genetically changed diagnostic
and therapeutic interventions that will improve the outcome in post-traumatic sepsis
patients.

Keywords: trauma, cytokine, multiple organ failure, septic shock and inflammation

1. Introduction

Trauma remains a significant public health issue and is the fourth leading cause of death in
persons younger than 40 years [1, 2]. Worldwide, about 16,000 people die every day as a result
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of an injury (5.8 million deaths per year), and the projections for 2020 show that 8.4 million
deaths per year are expected [3]. Consequently, injury will be the second most common cause
of disability adjusted years of life lost within the next 13 years (second only to cardiovascular
disease). Undoubtedly, the major burden of injury is increasingly occurring in the developing
world as it industrializes, adopts motorized transportation, and remains the major center for
armed conflict [4, 5]. Despite advancement in primary care to trauma patients, early resuscita-
tion in the emergency department, surgical interventions, and intensive care monitoring,
mortality rate has not improved yet. The higher rate of mortality to trauma patients is usually
associated with development of various complications such as sepsis, septic shock, and the
development of the multiple organ dysfunction syndrome (MODS) [6, 7]. The outcome of
trauma patients is not determined only by trauma but also by the impacts of immune-
inflammatory insult. The inflammatory response is crucial for the host defense against infec-
tions, but hysterical immune inflammatory responses are generated due to imbalance in the
production of inflammatory and anti-inflammatory cytokines which may lead to various
complications and consequently unfavorable outcomes [8, 9]. According to the biphasic model
of trauma etiology, dysregulations in the production of both inflammatory and anti-
inflammatory cytokines primarily lead to the sepsis-associated mortalities and outcomes [10,
11]. Posttraumatic sepsis which may cause hysterical immune inflammatory responses is one
of the leading sources of MODS in the ICU. Although there have been many advances in the
development of broad and narrow spectrum of antibiotics and thoughtful care, sepsis remains
a serious and deadly problem with high mortality rates across the globe. Therefore, prognostic
biomarkers to identify high-risk trauma patients in the early stages are immediately needed for
early detection and preventive care of sepsis. The management of severely injured and multi-
ple trauma patients who developed sepsis, septic shock, and MODS due to inflammatory
insults is challenging for the physician in the ICU. Trauma leads to imbalance in production
of pro-inflammatory and anti-inflammatory cytokines which may subsequently lead to the
SIRS, sepsis, septic shock, and MODS which are shown in Figure 1.

1.1. SIRS

Systemic inflammatory response syndrome (SIRS) is a term that was developed in an attempt
to describe the clinical manifestations that result from the systemic response to injury. The
criteria of SIRS are considered as having at least two of the following four clinical parameters
abnormal:

1. Temperature <36°C or >38° C

2. Heart rate > 90 beats/min

3. Respiratory rate > 20 breaths/min or Paco, <32 mm Hg

4. WBC count >12,000 cells/uL or < 4000 cells/uL, or > 10% immature forms

1.2. Sepsis

Sepsis is a common, deadly, and often underappreciated disease process in emergency depart-
ments. In the intensive care unit, if patients have SIRS along with documented cultures reports
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Figure 1. This figure shows that trauma leads to the imbalanced cytokine production which may subsequently lead to the
sepsis, severe sepsis, septic shock, MODS, and at last death. This figure also shows the criteria which are used to define
the SIRS sepsis, severe sepsis, septic shock, and MODS.

positive is called sepsis. Sepsis results in physiologic alterations that occur at the capillary
endothelial level.

1.3. Severe sepsis

Sepsis accompanied by signs of failure of at least one organ. Cardiovascular failure is typically
manifested with hypotension, respiratory failure by hypoxemia, renal failure by oliguria, and
hematologic failure by coagulopathy.

1.4. Septic shock

Severe sepsis with organ hypoperfusion and hypotension that are poorly responsive to initial
fluid resuscitation.

2. Multiple organ failure (MOF)

Multiple organ failure is a clinical syndrome in which the functionality of several organs fails
subsequently or simultaneously (i.e., liver, lungs, kidneys, heart). Multiple organ failure after
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trauma has a multifactorial etiology, which can be divided in endogenous and exogenous
factors [12]. The endogenous factors, such as genetic predisposition, form the basis of the
patient’s susceptibility for the development of organ failure. Recent studies have shown that
genetic variations (e.g., TNF-a polymorphisms) are strongly associated with the development
of organ failure [13]. The exogenous factors, such as injury itself (the “first hit” or “trauma
load”) and the resuscitation or surgical intervention (the “second hit” or “intervention load”),
play a crucial role in the development of organ failure. Organ damage and subsequent organ
failure are the result of dysfunctional immune system [11, 14].

3. Role of cytokines in development of sepsis-related complications

Cytokines are low molecular weight polypeptides, and pharmacologically active molecules
possess autocrine, paracrine, and juxtracrine effects [15]. These molecules are classified into
several classes (i.e., interleukins, interferons, colony-stimulating factors, tumor necrosis factors,
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Figure 2. The outcome of trauma patients depends on induced inflammatory response due to trauma such as migration

of leukocytes, cellular activation, and effecter functions, which may subsequently depend on genetic background of
individuals.
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transforming growth factors, and chemokines), which are relevant to mediate the humoral and
cellular immunity to protect the host against pathogens [16]. Cytokines are produced by a
wide variety of lymphoid and nonlymphoid cells in the body, playing an important role in
many physiological responses against infections and injury. In addition, cytokines exert impor-
tant pleiotropic actions as cardinal effectors of injury [17]. They play vital roles in the regula-
tion of host immune response, and distorted expression of cytokines is proven to be involved
in development of complications such as sepsis, septic shock, and MODS. Many studies
suggested that the genetic background of individuals determines the impacts of immune
inflammatory response after trauma which may lead to differential cellular activations of
immune cells, leukocyte migrations, and effector functions (Figure 2). Previous research sug-
gests that the variations in the genes encoding cytokines are also involved in the inflammatory
responses and also responsible for inter-individual differences in susceptibility to sepsis and in
its severity [13, 18, 19]. Therefore, understanding the variations in cytokine genes and associ-
ated differences in response to trauma might contribute to the development of new genetically
modified diagnostic and therapeutic interventions that may improve outcome in posttraumatic
sepsis patients.

4. Role of cytokine gene polymorphism in sepsis

Cytokine gene polymorphism, therefore, is advocated as the underlying reason to distinguish
individual specific immune responses. The cytokine gene polymorphism studies may be
considered as powerful biomarkers for the identification of trauma patients who have higher
risk to develop sepsis complications in the ICU [20, 21]. Therefore, understanding the associa-
tions between genetic polymorphisms and sepsis or MODS may lead to the better understand-
ing of sepsis. Nowadays the significance of genetic variations [particularly single-nucleotide
polymorphisms (SNPs)] as key determinants of inter-individual variations in both inflamma-
tory responses and clinical outcome in trauma patients is advocated [13, 22]. Single-nucleotide
polymorphisms are the key factors to regulate the expressional variation of human genes and
found to be associated with the disease susceptibility and progression. To understand the
importance of cytokine gene polymorphism (CGP) while predicting the occurrence of sepsis,
the SNPs in the promoter, coding, and noncoding regions of 13 cytokine genes with 22 loci are
commonly used. Single-nucleotide polymorphisms of 13 cytokine genes including interleukin
IL-1-a (T/C-889), IL-1-p (-511 C/T, T/C + 3962), IL-1 RA (T/C mspal 1100), IL-4 RA (G/A +1902),
IL-4(T/G-1098, T/C-590, T/C-33), IL-6 (G/C-174, G/A nt560), IL-10 (G/C-1082, C/T-819, C/A-
592), IL-12 (C/A-1188), YIEN (+874 A/T), TGF-1(C/T codon 10, G/C codon 25), TNF « (G/A -
308, G/A-238), and IL-2(T/G-330 G/T + 166), to investigate the susceptibility towards sepsis in
trauma patients, are commonly used. All the cytokine genes and their polymorphic loci which
are commonly used to investigate the genetic basis of susceptibility towards disease are shown
in Table 1. Various studies also showed the associations of these SNPs in the development of
sepsis and outcomes. The polymorphic loci in the promoter region of TNF-a-308 and TNF-a-
238 have been reported by various studies and showed susceptibility and resistance between
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populations [23, 24]. These two polymorphisms are well recognized and associated with
susceptibility for tuberculosis, heart disease, and Graves’ disease [25-27]. The interleukin 6 is
an important cytokine and plays a very important role in the activation of T17 cells. The
polymorphisms in the promoter region of IL-6 (—174 G/C) and structural region (+560) are
well characterized in various diseases. However, the polymorphism in the promoter regions
(—174G/C) showed significant association with celiac disease, bowel syndrome, cancer, and
autoimmunity [28-31]. Interestingly, the polymorphism in the promoter region of IL-6
(—174 G/C) influenced the immunopathogenesis of sepsis and associated with outcomes in
European population of trauma [32, 33]. We have also reported the association of IL-6 (—174 G/
C) polymorphism and susceptibility of sepsis in the Indian trauma patients [34]. IL-10 is an
important anti-inflammatory cytokine and plays a very crucial role in the inflammation,
autoimmunity, and tolerance. Many studies suggested that elevated level of IL-10 activates
the transcription factor Fox P3 which may subsequently lead to the production T regulatory
cells. Polymorphism in the promoter regions of IL-10 gene —1082(G/A), —819(C/T), and — 592
(C/A) is well established and showed significant association with various infectious diseases,
autoimmunity, cancer D, and diabetic retinopathy [35-37]. These IL-10 promoters, —1082(G/
A), —819(C/T), and — 592(C/A) polymorphisms, are associated with resistance to sepsis in the
Caucasian population [38, 39]. Interleukin (IL-1) gene complex consists of IL-1a, IL-1f, IL-1R,
and IL-RA genes with five potent polymorphic loci in the structural and promoter regions [40].
These polymorphic loci are associated with susceptibility for sepsis in trauma patients of the
Chinese population [41, 42] and also associated with other diseases, such as cancer and
autoimmunity [43, 44]. In our study, we have reported the changes in alleles and genotype
frequency at the promoter region of IL-1f3 (=511) gene. We have also reported the significant
association of this polymorphism with susceptibility for sepsis in Indian trauma patients. The
recently published work by Gupta et al., 2016, showed that polymorphisms in the structural
and promoter regions of TNF-a, IL-(3, IL-6, and IL-10 are significantly associated with suscep-
tibility to sepsis and outcomes in trauma patients [34] (Figure 3).
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Table 1. Twenty-two single-nucleotide polymorphism in 13 cytokine genes including structural and coding regions.
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which are significantly involved in susceptibility for sepsis, septic shock, and death.
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5. Conclusion

The purpose of this chapter is to bring together currently available information of cytokine
gene polymorphisms in pro-inflammatory and anti-inflammatory cytokine genes in the devel-
opment of various complications such as sepsis, septic shock, and MODS in trauma patients.
Specific emphasis is placed on the polymorphism of those cytokines which potentially contrib-
uted to the development of these complications and correlates with unfavorable outcomes.
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Abstract

The hemostatic system is composed of primary hemostasis and coagulation on the one
hand, and natural regulatory anticoagulant protein mechanisms and fibrinolysis, on the
other hand. Under physiological conditions, these processes are balanced. Under sep-
tic conditions, coagulopathy may followed by disseminated intravascular coagulation
(DIC). Tissue factor (TF) pathway is regarded to be the core way for activation of the
coagulation cascade in sepsis. TF is triggered by pro-inflammatory mediators, encom-
passing cytokines, C-reactive protein, and advanced glycation end products in periph-
eral blood cells and on microparticle molecules. Once a septic patient develops DIC, a
significant increase in the susceptibility of developing organ dysfunction, morbidity, and
mortality may occur. This work was basic elucidation of the idea that coagulation and
its inhibitors are of major importance in coagulation-inflammation noise, similarly as in
cure from sepsis.

Keywords: coagulopathy, diagnostic criteria, inflammation, DIC, infection, sepsis

1. Introduction

Sepsis is a confounding clinical condition that emerges when a patient responds unfavorably
to a disease and creates organ dysfunction as an outcome. It can influences all the intents and
purposes of organ framework; however, organ involvement and the level of dysfunction will
change remarkably between patients. It will end in death in extreme cases. Sepsis is these days
formally distinct as a dysregulated host reflection to disease, triggering perilous organ pathol-
ogy [1]. This new definition, working with clinical measures, will ideally give a lot of grounded,
increasingly predictable base to better illuminate occurrence, results, and survey. The impact
of sepsis is implausibly florid, and therefore the infectious track will vary significantly among
patients. So far, sepsis has not been resolved and determined crucially in several cases.
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Determination often depends upon the practician pattern as authoritative microbiological proof
of Associate in Nursing encouraging contamination is frequently missing. Besides, endeavors
to find an association in nursing enchantment remedy and sepsis have been in vain [2].

Management is primarily supported with resuscitation, organ backup and wipe out the depen-
dent contagion with antibiotics + supply control [2]. On an increasingly affirmative note, our
comprehension of sepsis has significantly amplified, and superior diagnostics are being cre-
ated to help recognizable proof and focus on the potion and timing of restorative medications.
In developing nations, sepsis has a consolidated recurrence of 2.5 million patients for each
year and demise extent of roughly 650,000 patients consistently [3]. This would mean, usually
19 million instances of sepsis a year, internationally, with roughly 5 million deaths [3]. This
estimation is probably going to be uncontrollably inaccurate, as there is a general absence of
intensive medical specialty data on low- and middle-income countries. The absence of good
essential consideration, sufficient infection control, convenient anti-microbial treatment, poor
staffing levels, and satisfactory basic care arrangement represents a totally distinctive circum-
stance in these nations. The World Health Organization gives extra insight regarding this
problem. As indicated by WHO data, three irresistible infections were among the 10 most
important reasons for death worldwide in 2015: lower respiratory disorder, diarrheal disease,
and tuberculosis with a consolidated mortality of 7.3 million individuals [4].

Most of those fatalities happen in developing countries. Similarly, most die from sepsis as
infection, while not organ dysfunction cannot be touch-and-go. The death rate of sepsis is
declining within the developing countries, to some extent due to the very fact that of previous
acknowledgment and clinical administration nevertheless additionally on the grounds that
expanded acknowledgment has considerably expanded the denominator [5]. Sepsis might not
usually be recorded because the reason for death may be attributed of various comorbidities,
as an example, cancer or cardiovascular issues. Death in a septic patient may be connected to
a secondary or an unrelated sequel [6].

2. Sepsis and coagulation

Sepsis is associated with intense and conceivably dangerous sequel of infection. Sepsis hap-
pens when host defense mediators are discharged into the circulation to battle the infection
evoking fundamental inflammatory responses all through the body [1]. About two-hundredth
of patients with infection die within the emergency clinic, and extreme sepsis prompts a death
rate of around four-hundredth [3, 4].

Sepsis is reliably connected with coagulation variations [5]. These variations emerge from
activation of coagulation that must be distinguished by profoundly delicate examines for
hemostatic factor assays to some degree progressively extreme coagulation activation that
might be recognizable by an inconspicuous fall in thrombocyte count check and subclinical
prolongation of worldwide hemostatic factors characteristics to squeaky disseminated intra-
vascular coagulation (DIC), demonstrated by plentiful microvascular occlusion in very little
and medium-size veins and synchronous diffused bleeding from totally different sites [5-7].
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Septic patients and intensive cases of DIC might evidence thromboembolic involvements or
clinically less clear microvascular clot development, which will boost multiple organ fail-
ure [6, 8]. In several cases, intensive hemorrhage may well be the predominant presentation
[9]; also, a lot of the time, sepsis and a DIC cause synchronous thrombosis and bleeding.
Hemorrhage is owed to consumption and consequent depletion of coagulation factors and
platelets, brought by progressing activation of the hemostatic system [10]. Furthermore, this
conjunction might present because the Waterhouse-Friderichsen syndrome, unremarkably
highlighted throughout fulminant meningococcal septicemia, and despite numerous differ-
ent microorganisms may cause this clinical circumstance [11].

3. Recurrence of clinically relevant coagulopathy in sepsis

Clinically vital hemostatic changes might happen in up to 70% of septic patients. Furthermore,
concerning 35% of patients with sepsis can fulfill the standard criteria for DIC [12, 13]. Most
septic patients can create thrombocytopenia (platelet count less than 150 x 10°/1) [14, 15].
Usually, blood thrombocyte count reduces within the initial 4 days following admission to
the emergency clinic [16]. The seriousness of sepsis relates uniquely to the decline in platelet
count [17]. Basic causes of thrombocytopenia in sepsis are diminished platelet production,
upgraded consumption, or sequestration in the spleen. Diminished generation of megakaryo-
cytes in the bone marrow may appear to be indiscernible with the elevated levels of platelet
production-stimulating pro-inflammatory mediators, for instance, tumor necrosis factor
(TNF)-a and interleukin (IL)-6, and raised values of thrombopoietin in patients with sepsis,
which presumptively ought to trigger megakaryopoiesis [18]. However, in a very sizable pro-
portion of septic patients, hemophagocytosis happens, involving dynamic phagocytosis of
thrombocyte progenitors and other diverse hematopoietic cells by mononuclear cells, clearly
fetching by raising the concentration of macrophage stimulating factor (M-CSF) in sepsis [19].
Thrombocyte utilization is outwardly likewise critical in sepsis, due to thrombocyte activa-
tion optional to ongoing advancement of thrombin.

Platelet activation, excessive utilization, and devastation occur at the endothelial surface
because of the rule of endothelial cell-platelet interplay in sepsis, even though the degree
may differ between completely different vascular beds of assorted organs [20]. Elongation
time of hemostatic analyses, like prothrombin clotting time (PT) or the kaolin-cephalin
clotting time (KCCT), is noticeable in 15-30% of septic patients [21]. Hemostatic changes
involve high fibrin split products items (in quite 95% of patients) [22, 23] and scanty values
of natural regulatory anticoagulant proteins, for instance, anti-thrombin and protein C (90%
of septic patients) [23, 24].

4. Tracks prompting coagulation adjustments in sepsis

In the recent three decades, the tracks engaged in hemostatic disorder of sepsis are explained
for a significant part [7]. Unmistakably different components in the coagulation system act
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at the same time toward a prohemostatic state. Obviously the most significant variables
that intercede with this derangement of the coagulation system during sepsis are cytokines.
Abundant proof shows a broad crosstalk among inflammation and coagulation, where
alongside inflammation-induced prompted coagulation activation, and coagulation likewise
especially impacted inflammatory activity. Notably, comprehensive hemostatic activation
and inflammation in sepsis may show with organ-specific observations that are applicable
for the particular organ failure ensuing from serious sepsis [25]. The most vital instigator of
thrombin generation in sepsis is the transmembrane tissue factor. Investigations of endo-
toxemia or cytokinemia have exhibited a focal job of the TF/FVIla combination within the
inception of thrombin generation [26]. Repeal of the TF/factor VII (a) pathway by appointed
mediations at TF or FVIla activity realized a total repeal of thrombin generation in experi-
mental scopes [27, 28]. To boot, in serious gram-negative sepsis, ex vivo transmembrane
tissue factor expression on monocytes of patients was exhibited [29]. This supported the
appraisal of movement of TF from mononuclear cells to activated thrombocytes in associate
degree ex vivo insertion setup, it completely was anticipated that this “bloodborne” TF shifts
between cells via microparticles [30].

Thrombocytes have a focal activity within the progression of hemostatic variations in sepsis.
Thrombocytes could activate straightforwardly by pro-inflammatory cytokine mediators,
such as platelet-activating factor [31]. The produced thrombin can then potentiate platelets.
Activation of blood platelets might likewise elicit fibrin makeup by elective mechanism. The
manifestation of P-selectin on the thrombocyte surface membrane does not simply inter-
vene in the adherence of thrombocytes to leukocytes and endothelial cells; it additionally
promotes the aspect of TF on monocytes [32]. In typical conditions, activation of coagula-
tion is controlled by three significant physiological, medicinal, anticoagulant pathways: the
antithrombin, the activated protein C, and the tissue factor pathway inhibitor (TFPI). In
sepsis, each of the three pathways is considerably affected [33]. Owing to a combination of
reduced synthesis, continuous utilization, and proteolytic degradation (e.g., by neutrophil
elastase), the levels of each of the three coagulation inhibitors are low. Additionally, note-
worthy downregulation of thrombomodulin and endothelial protein C receptor (EPCR) in
inflammatory conditions will create an impair diversion of protein C (autoprothrombin IIA)
and activated protein C. Eventually, at the time of the massive activation of hemostasis in
sepsis, endogenous fibrinolysis is commonly crushed. Afterward, during the acute release
of plasminogen activators (tissue-plasminogen activator (t-PA)) and urokinase-plasminogen
activator (u-PA) from capacity destinations in vascular endothelial cell structure through-
out inflammatory conditions, the augmentation in plasminogen activation and subsequent
placement subject production is worked by a upheld increase in plasminogen activator
inhibitor-1 (PAI-1) [34]. Apparently, researchers have indicated that a purposeful transfor-
mation within the PAI-1 sequence, the 4G/5G polymorphism, not simply influenced the level
of PAI-1; but, this was in addition connected to the clinical consequences of gram-negative
bacterial sepsis. Patients with the 4G/4G genotype had basically higher PAI-1 levels associ-
ated with nursing and distended mortality [35]. Completely different studies indicated that
the PAI-1 polymorphism distended the risk of making septic shock from meningococcal
contamination [36].
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5. Endothelial activation and its impact on coagulation throughout
inflammation

Vascular endothelial lining assume a central role altogether element that result in inflam-
mation-induced activation of coagulation. Throughout severe infection, the endothelium is
vitalized by pathogens or indirectly through inflammatory mediators and therefore the major
restrictive antithrombotic properties become inactivated [25, 37]. Pro-inflammatory cytokines
containing interleukin-1 (IL-1), tumor necrosis factor-o« (TNF-a), and IL-6 trigger TF inside
endothelial cells, which might be shed to some extent as soluble TF [38]. Shedding of soluble
TF could clarify why it has been onerous to distinguish endothelial TF by assay in animal
studies [39]. It remains questionable whether or not endothelial cells contribute to TF pro-
duction in sepsis. Taking out the TF gene selectively in endothelial cells did not constrict
the level of activated coagulation estimated as a thrombin-ATIII complex when mice were
tested with lipopolysaccharide (LPS) [40]. The equivalent pro-inflammatory cytokines seem
to downregulate the anticoagulant receptors thrombomodulin (TM) and EPCR, furthermore
cellular glycosaminoglycans [41].

Endothelial cells are likewise able to release adhesion particles and growth factors that will
not simply advance the inflammatory response nonetheless to boot increment the coagula-
tion response. Combining between platelets and endothelial cells, likewise as platelets and
neutrophils, is considerably connected to the beginning of inflammation. In endothelial cells,
the Weibel-Palade body secretes von Willebrand factor (VWF) and P-selectin, that backup
thrombocyte rolling. Inflamed endothelium bolsters blood leukocyte rolling, and activated
platelets in reality with leukocytes. Furthermore, endothelial cells discharge various media-
tors of the inflammatory response [42]. Such a mediator incorporates CD40 ligand, lipoxygen-
ases, prostaglandins, etc. Of potential pro-coagulant significance are microparticles that are
discharged on activation and apoptosis of cells and that arise from virtually any blood cell
[43]. Microparticles have indicated procoagulant activity via activation of TF or totally differ-
ent chemicals in varied disease states, together with meningococcal sepsis [13]. Microparticles
have been shown to have a few other biological properties that improve the cardiovascular
system. In sepsis, microparticles manage unique inflammatory responses in an organ-specific
manner and may assume a job in the appropriation of proteins like APC [44].

6. Inflammation and hemostatic disorders in sepsis

Like essentially all fundamental inflammation impacts of infection, the disturbance of the
hemostatic protocol in sepsis is coordinated by many cytokines. Most star pro-inflammatory
cytokines are shown to start out the hemostatic activation in vitro. In sepsis, elevated rates
of cytokines are often found within the circulation of septic patients and analyses illness or
checking endotoxemia may lead to a transient increment in plasma cytokines levels [26].
Tumor necrosis factor (TNF) is the main acolyte that gets discovered, pursued by a rise in
serum levels of some interleukins (IL), of which IL-6 and IL-1 are conspicuous. Meanwhile,
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anti-inflammatory plasma cytokines (like IL-10) may have a brake job in the invigoration of
coagulation. As TNF is the essential cytokine to become perceptible in the blood circulation
onto bacteremia and this cytokine has powerful procoagulant impacts, it was first thought
that hemostatic activation in sepsis was intervened by TNF. However, in a very few pre-
liminary trials numerous procedures to inhibit TNF action, it was demonstrated that endo-
toxin exhortation of TNF cytokine may be altogether repealed, though activation of blood
coagulation was not influenced, nonetheless that the impacts on blood coagulation inhibitors
and fibrinolysis perceived to be controlled by TNF cytokine [26]. Strangely, it was exhib-
ited in consequent investigations that techniques that block IL-6 cause a total inhibition of
endotoxin-induced activation of coagulation [45]. Additionally, surveys in malignant patients
treated with recombinant IL-6 indicated that following the infusion of this cytokine, notice-
able thrombin generation happened [46]. Subsequently, these outcomes propose that IL-6 as
opposed to TNF cytokine is critical as an inducer for cytokine-triggered blood hemostatic
activation. Although IL-1 is associated in nursing intense agonist of TF expression in vitro, its
role has not been utterly explained in vivo. An IL-1 receptor adversary principally hindered
the procoagulant response in trial sepsis ideals and paused thrombin generation in patients
[47]. Moreover, the greater part of the modifications in hemostasis happen well prior to IL-1
getting detected in the blood circulation, leaving a potential function of IL-1 in the coagu-
lopathy of sepsis an agitated issue. Blood coagulation factors and anticoagulant regulatory
proteins do not just assume a role in hemostatic activation; they additionally communicate
with specific cell receptors prompting the activation of signaling pathways. Particularly,
protease interplays that regulate inflammatory operations may well be significant in sepsis.
The vital pathway whereby coagulation compartments manage inflammation is by official to
protease-activated receptors (PARs). PARs are transmembrane G-protein-coupled receptors;
moreover, four distinct sets (PAR 1-4) have been perceived [48]. A typical aspect of PARs is
that they fill in as their own ligand. Proteolytic spilt by an activated blood coagulation fac-
tor prompts exposure to a neo-amino terminus that is able to activate a same receptor (and
likely boarded receptors), prompting transmembrane signaling. PAR-1, PAR-3, and PAR-4
are receptors that are activated by thrombin, whereas PAR-2 is activated by the TF/FVIla
complex, factor Xa, and trypsin enzyme. PAR-1 is in addition a receptor for the TF/FVIla
complex in conjunction with factor Xa. It has become obvious that there is a major crosstalk
between blood coagulation inhibitors and inflammatory arbiters additionally. Antithrombin
III can render as an organizer of inflammation, for example, by direct link to inflammatory
cells, during this approach diminishing cytokine and chemokine receptor manifestation [49].
Likewise, there is plenty of proof that the protein C (PC) order critically regulates inflam-
matory action [50]. APC has been manifested to constrict endotoxin-induced production of
TNF-a, IL-16, IL-6, and IL-8 cytokines by monocytes/macrophages [51]. APC additionally pre-
vents cytokine discharge and blood leukocyte activation in experimental bacteremia in vivo
[52]. The hindrance of the PC shunt by a monoclonal antibody exasperates the inflammatory
response, as appeared by promoting levels of pro-inflammatory cytokines and dilated blood
leukocyte activation and tissue injury [53]. Mice with a various PC inadequacy due to focused
disturbance of the PC gene have not just a vigorous hemostatic response to experimental
endotoxemia but conjointly display high contrasts in inflammatory responses (e.g., excess
value of plasma pro-inflammatory cytokines) (Table 1) [54].
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Pro-inflammatory

Interleukin 1p

Interleukin 6

Interleukin 8

Tumor necrosis factor (TNF-a)
Transforming growth factor (TGF-p)
Anti-inflammatory

Interleukin 1 receptor antagonist
IL-4

IL-6

IL-10

IL-11

IL-13

Soluble TNF receptors

Table 1. Some pro-inflammatory and anti-inflammatory cytokines.

7. Role of neutrophil in coagulation in sepsis

In sepsis, the early cytokine storm shows up at intervals of 30-90 minutes during lipopolysac-
charide (LPS) layer exposure. The following stage comprises the activation of neutrophils and
nitrous oxide, further cytokine discharge, and the formation of kinins, complement protein
products, lipid mediators [55, 56], and the tissue response to disease is started by expression of
cellular adhesion particles. Neutrophils are basic cell arbiters not just discharging proteolytic
catalysts, but additionally producing responsive oxygen species, including myeloperoxidase
(MPO), neutrophil elastase, and cathepsin G. Neutrophils discharge also neutrophil extra-
cellular traps that instantiate extracellular chromatin threads with strong cytotoxic effects,
containing both histones and granular proteins, which have bactericidal properties [57]. Also,
neutrophil extracellular traps have prothrombotic properties, including activation of plate-
lets, energizing of thrombin generation, and downregulation of anticoagulant pathways by
the upgrade of APC resistance [58].

8. Diagnostic challenges of coagulopathy in sepsis

There are some totally different reasons for coagulation changes in septic patients. The
reduced thrombocyte count is perpetually present in patients with serious sepsis; however,
thrombocytopenia could likewise occur as a result of alternative conditions, for instance,
immune thrombocytopenia (ITP), heparin-induced thrombocytopenia (HIT), thrombotic
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microangiopathies, or drug-evoked bone marrow distress [59]. It is critical to satisfactory
pinpoint these different reasons for thrombocytopenia, as they may require specific admin-
istration projections [20]. Laboratory researches can be valuable in distinctive coagulopathy
in sepsis from completely different alternative hemostatic conditions, such as vitamin K (vit
K) bleeding or hepatic impairment. As these troubles might be observed simultaneously with
sepsis-associated coagulopathy, dispersing is not in every case simple [60, 61].

As indicated by the contemporary pondering sepsis-associated coagulopathy, the evaluation
of soluble fibrin in plasma has the mark of being significant [62]. Commonly, the affectabil-
ity of measuring soluble fibrin for sepsis-associated coagulopathy is more optimal than the
specificity. Some clinical assays have noted that at specific concentrations of soluble fibrin,
sepsis-associated coagulopathy is highly tolerable [22]. Fibrin split products (FSPs) could be
examined by specific Enzyme-Linked Immunosorbent Assay (ELISA) or by latex agglutina-
tion, enabling speed and bedside placement in very critical cases. None of the most accessible
experiences for FDPs recognizes fragmentation products of cross-linked fibrin or fibrinogen
degradation, which may contribute to faultily unusual results [53]. The specificity of elevated
plasma levels of fibrin split products (FSPs) is subsequently unobtrusive, and a progression
of other clinical circumstances, for example, trauma or injury, recent surgery, inflammation,
or venous thromboembolism, may cause raised FDPs. More sophisticated tests specifically
focus on the measurement of neo-antigens on fragmented cross-linked fibrin. Commonly,
these measures respond with an epitope attached to plasmin-degraded cross-linked y-chain,
bringing about fragment D-dimer. These tests preferably identify the fragmentation of fibrin
from fibrinogen (factor I) or fibrinogen degradation products (FDPs) [63]. Continuous coagu-
lation activation brings exhaustion of coagulation factors in septic patients. Additionally,
diminished synthesis, for example, brought by deranged hepatic function or vitamin K defi-
ciency, and lack of coagulation factors, because of massive hemorrhage, might be significant.
Estimation of plasma fibrinogen levels has been generally advanced as an accommodating
tool for pinpointing coagulation anomalies in sepsis; yet in reality, this is not very support-
ive much of the time [10, 64]. Fibrinogen acts as an acute phase reactant, and regardless of
impressive turnover, plasma concentrations can be well within normal values.

Thrombelastography is progressively utilized in critically sick patients with a hypercoagulable
state, incorporating those with DIC [65, 66]. Procoagulant just as anticoagulant states in DIC
as shown with thrombelastography was illustrated to have a better correlation with clinically
significant organ dysfunction and survival despite the fact that its preference over usual coagu-
lation tests has not yet been affirmed [67-72]. The precise utilization of thrombelastography for
the conclusion of DIC has not been thoroughly assessed, despite the fact that supporters accept
that the examiner might find it useful for evaluating the condition of coagulation in patients
with critical sickness [73, 74]. In light of review investigations of databases from fundamentally
sick patients, composite scores for the conclusion of sepsis-associated coagulopathy have been
conceived by the International Society on Thrombosis and Hemostasis (ISTH) [75]. The system
is in view of promptly accessible laboratory tests, that is, thrombocyte function, PT, D-dimer,
and plasma fibrinogen levels. An analysis of DIC is perfect with a score of five or more excess
points. PT manifested in seconds in the scoring order may be substituted by the INR, mak-
ing symmetry among focuses and standardization simpler [76]. Approval investigations have
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demonstrated a high analytic precision of the scoring system [77, 78]. As a decision made a deci-
sion by this composite score is firmly connected with survival rates in climatically sick patients
[79]. Joining predictive intensive care estimation systems, for example, Acute Physiology and
chronic Health Evaluation (APACHE-II), with the DIC score is seemingly an intense technique
to anticipate the prognosis in septic patients. Comparable composite scores are structured and
examined in Japan [80]. The most applicable paradoxes between the ISTH and Japanese scores
are a higher sensitivity and a higher extent of patients with hemato-oncological diseases that
are determined to possess DIC by the Japanese systems [81, 82].

9. Conclusion

This work was basic elucidation of the idea that coagulation and its inhibitors are of major
importance in coagulation-inflammation noise, similarly as in survival from sepsis. Further
studies are warranted to explore the groundwork for the outcome of diagnostic rule victim-
ization, many markers of inflammation and infection, and DIC score as parameters in assess-
ing the severity of sepsis-associated coagulopathy in a clinical setting.
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Probed by Monoclonal Antibodies, Including in Sepsis:
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Abstract

Serum amyloid A (SAA) is the most prominent acute-phase protein in vertebrates and its
role in innate immunity has been reviewed. SAA functions are located on special regions
of SAA, which are highly conserved in all vertebrates. 1. The discovery of the acute-phase
nature of SAA before its existence was known by experimental murine AA amyloidosis
induced by septic conditions. 2. Identification of the amyloid substance and its precursor.
3. SAA changes its conformation and antigenic presentation when it is separated from
HDL during the acute phase. Febrile temperatures activate SAA through the separation
from HDL. There is a temperature-specific gradual separation of SAA isotypes or groups
of isotypes from HDL. 4. Generic monoclonal AA antibodies mc4 and mc29 assist in elu-
cidating selected SAAs’ vital functions (as in defense, platelet functions, female propaga-
tion and others). 5. In a murine sepsis model, the monoclonals mc4 and mc29 can cause
early death while the intact SAA can prevent this. Through this, a checkpoint (“stop and
go”) for survival was discovered. Generic monoclonals can also identify the life-saving
structures of SAA’s vital functions and those of other acute-phase proteins. This principle
is essential for the production of novel drugs against sepsis and other innate-related dis-
eases. 6. Some remarks follow.

Keywords: amyloidosis, serum amyloid A (SAA), febrile temperatures, inflammations,
sepsis, invariant checkpoints, generic monoclonal antibodies, innate immunity,
therapeutic options
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1. The acute-phase nature of an enigmatic amyloid precursor in early
experiments

1.1. Microscopic morphologic evidence

The task of my earliest work in pathology was to find out whether there was a soluble serum
precursor for amyloidosis (This spacious scientific field has been reviewed pain part recently)
[1, 2]. In experimental murine amyloidosis induced by septic conditions [3], morphologically
significant signs are visible in Figure 1 showing large amounts of hepatic amyloid (white
areas), now recognized as amyloid A (AA). This amyloid was first deposited at the sites where
the blood stream entered from the triangle of Glisson into the liver capillaries. The entire
branches of blood vessels entering the liver parenchyma (left large vessel) are decorated with
amyloid and, on the other hand, the branches that allow the blood to leave the liver are devoid
of amyloid (right large vessel). This implies that the amyloidogenic protein is being deposited
immediately when it reaches the liver upon assumed changing conditions (still unknown)
by which amyloid is deposited from a soluble precursor. With time, the deposits grow by

Figure 1. Photomicrograph of murine AA amyloidosis. Tissue section showing hepatic capillary amyloid deposits (white
areas) induced by septic multi-microbial exposure after 25 days. The amyloid is deposited under pressure visible as
the rough liver surface (at the top), which is usually sleek. Formalin-fixation, 4-6 pm paraffin section, HE-staining,
magnification 24.1x [4].
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apposition toward the central liver vein (darker areas) until most of the liver is transformed
into amyloid in a fatal amyloidosis. This behavior requires a consistent, steady and very fast
transformation of an assumed precursor to amyloid by entering the liver capillaries. The amy-
loid is deposited under pressure and visible as the rough liver surface (at the top), which is
usually sleek.

1.2. Relative parabiotic barrier

When the assumed precursor is present in blood, as suggested by morphologic evidence, it
should cross the anastomosis between artificial Siamese twins (parabiosis) with one partner
induced to develop amyloidosis through septic conditions. However, this transmission does not
always occur. The septic partner developed amyloid in 92.5% of pairs and the untreated partner
in only 13.4%, and the latter was statistically not different to that seen in control pairs without
any treatment [4]. The failure of crossing the anastomosis was excluded by *'Cr-tagged erythro-
cytes [5]. Since the anastomosis was fully permeable, this type of parabiotic barrier was not an
absolute one but a relative one caused by a short half-life of the agent that was removed from the
bloodstream before it could cross the permeable anastomosis. The results of quantitation of the
blood flow by 3'Cr erythrocytes, including a mathematical model of the exchange rate, shows
that half of the blood was exchanged between the partners in 22.3 min. Therefore, a short half-
life far below 22.3 min indicates a protein with a rapid clearance in minutes or even seconds, a
property that is addressed today as an acute-phase nature, but still enigmatic precursor [5].

1.3. The clearance of SAA reported by other groups

The half-life of SAA1 and SAA2 in plasma of normal mice was reported for SAA-HDL as a
T1/2 of 75-80 min and both isotypes were similar. However, when trace amounts of SAA were
given, they were rapidly cleared [6]. Another report measured the clearance of the complex
SAA-HDL for SAA1 T1/2 of 75 min and SAA2 T1/2 of 30 min, respectively. The clearance
was delayed when both isotypes were bound to high-density lipoprotein (HDL) [7]. Both
reports did not measure SAA under acute-phase conditions (APC). However, the report of
Hoffman and Benditt [6] found a rapid clearance with trace amounts of SAA devoid of HDL
and confirmed our data that are performed under a septic acute-phase condition that was to
be observed when SAA was separated from HDL (see below).

2. Identification of the amyloid substance and isolation of its serum
precursor

Amyloids of different clinical settings (also in animals, see Figure 1) represent characteristic
fibrils under electron microscopy [8]. Therefore, for chemical identification of the amyloid,
these fibrils had to be extracted in pure form followed by chromatographic isolation of the
major amyloid protein for its chemical analysis by amino acid sequence analysis. The method
of isolation of the pure amyloid fibrils was pioneered by Pras et al. [9]. The first amino acid
sequence of an amyloid protein was published by Glenner et al. [10], which was derived from
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a monoclonal immunoglobulin k-light chain and was named ALx. The first sequence identify-
ing the chemical nature of inflammation-induced amyloid in monkey and human amyloid
was published by Benditt et al. [11], which was named amyloid A (AA). The first anti-AA
antibodies were prepared in rabbits where a serum protein in patients suffering from inflam-
mations was detected immunochemically. This protein had an « -electrophoretic mobility
and was in serum approximately 180 KDa by calibrated gel filtration [12] and thus ready to
monitor the isolation of the soluble with anti-AA reactive precursor. This isolation of serum
protein began in summer 1972 and was monitored with another rabbit anti-AA antibody.
Its chromatographic separation from serum yielded a native 200 + 20 kDa AA reactive pro-
tein, which was further chromatographically isolated in 5 M guanidine-HCl. The AA reactive
protein had an a,-electrophoretic mobility and a molecular size of 12.5 kDa. Since this new
protein had the same N-terminal amino acid sequence as AA, it was named serum amyloid A
(SAA) [13]. Since SAA was larger than AA, a limited proteolytic cleavage had to be presumed
in order for the former to generate AA. During the isolation of SAA and its purification to one
size by gel filtration, by isoelectric focusing, however, eight SAA bands of different isoelectric
point named A-H were identified with anti-AA antibodies (with AAE as the major SAA spe-
cies for the planned radioimmunoassay), thus indicating the first signs of a polymorphism of
SAA [13]. In addition, in plasma, SAA is bound to HDL [14].

3. SAA-HDL and febrile temperatures

3.1. Temperature-induced structural changes of SAA in serum

When examining a patient’s acute-phase serum (APS) with elevated SAA in immunodiffu-
sion (ID) at different temperatures and different times using a polyclonal AA antiserum in
comparison with isolated control AA, this resulted in the three different precipitation patterns
presented in Figure 2. In (a), one recognizes a line of identity of AA with all four patients’
sera as if the SAA (probably SAA1 and SAA2) reaction were done with pure SAA. At 4°C
in (b), however, there is no reaction with SAA-HDL in serum. This is due to the hiding of
the AA-reactive parts of SAA through HDL. However, when the temperature was switched
to room temperature after the reaction in (b) at 4°C the SAA containing serum resulted in a
strong line after releasing the SAA from HDL in (c) as seen in (a). However, different from
the pattern in (a), the precipitation line of AA-anti-AA is somewhat independent of the SAA-
anti-AA line, thus indicating that the homologous AA-anti-AA line seems to be more stable
than the SAA-anti-AA line. These results show that SAA-HDL is stable in full APS at 4°C
where the AA-reactive sites are covered by HDL. When at room temperature (in ID buffer),
where SAA is released from HDL and is now accessible to antibodies for precipitation, it is
reactive. Therefore, the separation of SAA from HDL is temperature dependent [15]. These
results became only fully explainable through Section 3.2, where the separation of SAA from
HDL became clear [14].

In addition, we prepared recombinant SAA2 and, when added to normal human serum, it
was possible to repeat exactly that behavior reported in Figure 2. This shows that SAA alone
can reproduce this phenomenon [16].
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(a) (b) ()

Figure 2. Inmunochemical comparison of SAA-HDL, SAA and AA. Immunodiffusion (ID) at different temperatures [14,
15]. The ID was performed in 1.5% Seakem agarose in 0.03 M barbital buffer, pH 8.6 with the same reagents in each of
the three plates a 6 wells ((a)-(c)). Top and bottom well contained AA (0.1 mg/ml), the middle well contained polyclonal
rabbit anti-AA antibodies undiluted and the 4 side wells contained elevated SAA-HDL containing APS from 4 patients
at 1/10 diluted. Plate (a) after diffusion over night at room temperature, plate (b) at 4°C over night and plate (c) first at
4°C over night as plate B at 4°C followed by room temperature for 6 h similar to plate (a).

3.2. The molecular size of the SAA and SAA-HDL at different febrile temperatures

Temperature-dependent molecular weight determination of AA-antigenic proteins of acute-
phase serum (APS) has been performed using an ACA-34 gel filtration column in PBS with the
enzyme inhibitor phenylmethylsulfonylfloride (PMSF) under various temperatures as shown
in Figure 3. The size grading was done by the serum proteins IgM, IgG, albumin and, in addi-
tion, cytochrome C and the salt marker N-e-DNP-lysine. The proteins were identified by way of
the size position in the column by immunodiffusion as SAA-HDL at a size of ca. 180-200 kDa
or SAA at 12.5 kDa. The different temperatures were kept with a temperature-controlled glass
jacket, that is at 37°C in column run A, at 38°C in B, at 40°C in C and at 42°C in D. E was run
as D, but without enzyme protection by PMSF, thus showing some degradation of SAA [18].

At a normal body temperature of 37°C, AA-containing proteins are at a single position as that
of the SAA-HDL stable complex in A (fractions 34-37). However, already at 38°C, the stable
complex SAA-HDL begins to dissociate as shown in Figure 3, run B. AA antigenic proteins
appear at three positions, that is first of all at the void volume at fractions 19-20 (which has not
been further analyzed, but could be related to aggregated SAA and/or its derivatives), secondly
at the position of the stable SAA-HDL complex at fractions 34-36 and thirdly at the position of
the HDL-free SAA at 53-56, as determined by the antigenic differentiation as seen in Figure 2.
This size differentiation may also indicate functional heterogeneity, as the different affinities
of SAA to HDL. This dissociation begins at 38°C and progresses with diminution of the SAA-
HDL complex until run C. SAA-HDL disappeared at a “threshold of life” in run D at 42°C and
above where the SAA species was maximized and the broadest was seen at fraction 53-56. This
shows a temperature-induced gradual dissociation of SAA from HDL at the different febrile
temperatures, which was shown here in vitro. This may also occur under systemic and local,
acute-phase conditions, with the release of different SAA isotypes at different temperatures, for
functions to be discovered. Finally, the SAA monomers released at different temperatures differ

73



74

Infectious Process and Sepsis

Albumin
M &

AT 280 nim
1
p—

N-£-DNP-Lysine

Cyt.C
o '|" ...q\
1{.' \“-t—na‘// "'e"""
. - 50 &0 Te

ABSORBAN
{

A - e Y - - -
B @+----—=—+4%=—==—-= - -t @B - —— - - -
C e e ey e il i, - + @@+ x

b ==========- . L L - - ==

N — R R

FRACTION NUMBER

Figure 3. Size separation of SAA-HDL at febrile temperatures. SAA-HDL in a patient’s acute-phase serum with a
common cold was separated in A at 37°C, B at 38°C, C at 40°C and D at 42°C by gel filtration. All individual fractions
(20-70) were examined and semi-quantified by ID using polyclonal rabbit anti-AA antibodies [15, 17].

in size. SAA in B is somewhat smaller than SAA in C. In addition, both appear at 42°C in D
together as a broad combination of the two SAAs in B and D. In conclusion, SAA separated from
HDL at 38°C in B has a lower affinity to HDL and is smaller, and SAA with a higher affinity for
HDL is larger. Different isotypes and sizes of SAA are known [1, 2, 13]. The acute-phase SAAs,
aSAA1 and aSAA2, are each 12.5 kDa with 104 amino acids and the constitutive SAA (cSAA),
which is 14 kDa and has 112 amino acids. Since SAA1 has the lowest affinity for HDL and is
the most amyloidogenic SAA, it could have separated from HDL in run at 38°C in B already,
while SAA4, which is somewhat larger than the aSAAs, could be a component in the C. These
indications can be solidified using isoelectric focusing or SAA-isotype-specific antibodies [1, 2].

3.3. Gradual dissociation of SAA-HDL during a continuous temperature gradient

While these experiments above were done stepwise, one by one, a more precise dissociation
of the SAA-HDL separation was performed by electrophoresis in 1.5% agarose across a con-
tinuous temperature gradient in a single flat gel, as shown in Figure 4. The two sides between
the agarose gel were kept at a constant temperature of 15°C in T1 and of 65°C in T2 [17].

The results in Figure 4 show two horizontal bands of samples of one patient in the form of
dots across the temperature gradient. The SAA-HDL band of a -electrophoretic mobility is
marginally stained due to the concealing of the AA-antigenic determinants of SAA within
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Figure 4. Electrophoresis of SAA-HDL across a continuous temperature gradient in agarose [18]. An APS was applied
(see horizontal arrow) in 13 identical samples containing SAA-HDL across a temperature gradient. The small cross-
hatched bar on the cm ruler denotes 37°C at the left margin and 42°C at the right one. Electrophoresis was done in 1.5%
agarose (Seakem ME) in 25 mm barbital buffer, pH 8.6 followed by a standard Western blot developed with a mixture
of the monoclonal anti-AA antibodies [19] mc1 + mc4 + mc29 at 1+ 1 + 1, 1/100 (see Table 1). One recognizes SAA-HDL
at the left-side site marking the a,-electrophoretic mobility (upper band). This band fades beginning from 38°C to 42°C,
while the SAA freed from HDL (as in Figure 3) starts to appear at 38°C at the o, -electrophoretic mobility with the
very strong exposure of formerly concealed antigenic AA determinants detected after the strongest exposure appears at
febrile temperatures between 38°C and 42°C (see cross-hatched bar). See vertical arrow at 42°C- 43°C.

the SAA-HDL complex at low temperatures. The hiding of the antigenic determinants dis-
appeared gradually from 38°C (the 5th sample) until it is completely above 42°C with the
appearance of large amounts of SAA (intensive staining of the band with a -mobility). By
gradually increasing the temperature, the SAA release increases gradually while the SAA-
HDL fades away up to the extreme exposure at 42°C and beyond, in agreement with the
stepwise separation of SAA from HDL shown in Figure 3. Also important during this grad-
ual temperature-induced separation from HDL seems to be that the morphology of the dots
is different. They changed by their shape in the longitudinal direction, which is consistent
with the fact that SAA is not uniform and consists of a group of homologous, but chemically
different, SAAs demonstrating different isoelectric points (13 reviewed by [1, 2]). Another
observation concerns the AA-antigenic species below 37°C in the first four samples. These
slow, arc-like uniform samples could represent an SAA species, which is always active as a
monomer regardless of temperature. This species seems to be less acidic. It could be a type of
SAA species for the general protection under normal condition. In sample 5, this “arc SAA”
is overlaid by a more acidic SAA released from the acute-phase proteins (APPs) SAA1 or
SA A2, thus changing the spots to a more longitudinal pattern. With increasing temperature,
the SAA spots become thicker and increase more in the longitudinal direction. This “arc
SAA” needs to be analyzed since it does not seem to be part of the intact SAA-HDL complex
(we did not check for SAA4). Finally, far above a temperature of 42°C, the SAA species seems
to be stable. Parallel to the gradual release of SAA, at the same time, the SAA-HDL complex
while losing SAA is gaining more negative charges with increased temperatures. Moreover,
the trailing of SAA in samples 5-8 possibly indicates the gradual separation of differently
charged SAA species.
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3.4. Activation of the SAA by separation from HDL under febrile temperatures and
consequences

Taken together [15, 17, 18, 21], it is clear that the mechanism of separation of SAA from HDL
in vitro is also strictly regulated in vivo by body temperatures above 37°C. Therefore, this is a
key mechanism that can be induced and activated basically by two different manifestations.
The most common is the orthologic APR activation [33] of SAA. This occurs with a maximal
SAA concentration of up to 1000 times within a day as a systemic “biochemical thunderstorm”
with a myriad of activating and inhibiting events simultaneously, which are not understood
in detail today [1, 2]. During these events, the cause of the APR will be eradicated and the APR
becomes curative. With this beneficial outcome, the normal immune homeostasis returns in a
foreseeable future. However, when the APR cannot overcome its initial cause, it will become
a pathologic APR [33] with a “persistent biochemical thunderstorm” and lacking a self-driven
cure. The consequences can be summarized in an exhaustion of the resources of the organ-
ism and decline of the metabolic activity through a multitude of clinically challenging condi-
tions exemplified by severe viral and bacterial chronic inflammations, systemic inflammatory
response syndrome (SIRS) or uncontrolled chronic infections, sepsis and septic shock [1, 2].
Moreover, when the infection remains limited, a local APR will take care of it.

The functions of the four human isotypes, SAA1, SAA2, (SAA3 in humans is only transcribed in
some cells) and SA A4 have not been fully analyzed. They have arisen through gene duplications,
thus indicating important individual functions either alone or in combination. As described
before, the human acute-phase A-SAA has two very similar isotypes, A-SAA1 and A-SAA2, in
the APR mostly synthesized in the liver and expressed in most body cells (see below) and the
constitutive C-SAA4 and some allotypes in SAA1 and SAA2. For a review of the SAA heteroge-
neity and its known functions, see the reviews [1, 2].

Another discovery was the discontinuous separation of SAA from HDL described above at
different temperatures, meaning that not all SAA molecules are being separated from HDL at
a single temperature except for the temperature of 42°C (Figures 3 and 4). In fact, these figures
show that the separation of SAA is spreading out over the whole febrile temperature range
starting from 38°C to 42°C and above. In addition, based on these observations in Figure 4, it is
possible that SAA isotypes and allotypes are separated from HDL at different febrile tempera-
tures and thereafter fulfill their different functions locally or systematically as individual SAA
species as is also to be derived from Figure 3. Another indication for the differential release
of the SAA species can be detected in Figure 4 in the different shapes of the protein blots of
the SAAs devoid of HDL, thus indicating possible SAAs with distinct isoelectric points (IP).
In Figure 4, there are free dots before 37°C named (for convenience) “arc SAA,” the least
acidic SAA. The SAA species released from HDL after 37°C (“38 SAA”) are probably the more
acidic ones. In this sense, the dot changes also occur later on 39°C-, 40°C-released SAA, etc.
Analyzing the spots for the identity of the various SAA species could show whether these
indications did discover a mechanism by which the different SAA species can be released
from HDL and thereby are being activated at specific temperatures alone or with other SAAs
for special purposes, which need to be analyzed. These points may also be of therapeutical
interest. This proposed temperature selection of SAA isotypes could specify the needed APR
function for a specific purpose. The increase of the organism’s temperature is being induced
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by the organism as a response to various stimuli, exemplified by bacterial invasion. It could
represent some sort of a “gear shift” for providing a graded response in order to release spe-
cial SAAs to provide adequate amounts, which are necessary “tools” for survival. This could
occur in concert with other agents including other APPs and cytokines of the APR network.
The possible therapeutical manipulation of the body’s temperature (“the gear shift”) in vivo
needs the precise analysis of this phenomenon in vivo first.

4. Application of antibodies

4.1. Polyclonal and monoclonal antibodies prepared against AA and SAA

In a collaborative study, each of the eight species-specific polyclonal AA antibodies against
eight species (including humans) was immunohistochemically tested against the AA amy-
loids of eleven different species, including those of humans. The results showed a strong
reactivity only with the homologous species and with only some cross-reaction with a related
species. The reactivity was in general species specific, but a universal generic AA antibody
could not be obtained in these eight polyclonal antibodies [37].

The next step was to produce murine monoclonal antibodies against AA and SAA [20]. Their
value and merit have been documented by the inventors Kéhler and Milstein [38]. Monoclonal
antibodies are represented by one amino acid sequence and have the value of a chemical
reagent. We selected 20 stable clones (see Table 1), which were epitope mapped [31] and
immunohistochemically tested on AA amyloids in 10 different mammals, many humans and
9 different birds. Some cross-reactivity with some monoclonals was detected. Most of the 19
AA amyloids tested could be identified with the two monoclonals mc4 and mc29, showing
that most of these AA amyloids have some peptides in common and these antibodies recog-
nize the same or very similar epitopes of AA in different species. In addition, antibodies of
all clones were tested for binding with 15 synthetic SAA peptides in only 4 clones the epitope
could be identified. These included the known clones mc4 and mc29 (see above), and the two
new ones, mcl and mc20 (see Table 1). In APS, two different charge variants of SAA have
been detected with these monoclonals [22].

The cause of the failing reactivity of most of the synthetic peptides with most of the monoclo-
nals may be due to the presence of more discontinuous epitopes. This could also be deduced
from the fact that SAA shows multiple short peptides that alternate between the invariable
(red) and the variable (white) peptides, as shown in Figure 5 (see also below).

Moreover, since mc21 was negative with the linear peptides, but reacted very strongly with AA
amyloid in tissues, it was epitope mapped differently. It was mapped with endoproteinase Asp-
N-generated peptides from a pure and partially amino acid-sequenced human AA (KIR) protein
of 8.4 kDa. Of the 11 distinct peptides separated by RP-HPLC, mc21 reacted only with a single
peptide, which was aa 3342 of SAA [32]. This peptide is almost identical with the largest invariant
peptide of SAA (see Figure 5). Two other monoclonals mc9 and mc13 did not show any reaction
with these 11 distinct HPLC peaks [32] although they were reactive with AA in tissue sections.
Here again, in linear SAA peptides, the discontinuous epitopes of SAA may not be preserved.
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For Clone no Internal lab Isotype  Quality References (selected)
notes K-Nr. Epitope and SAA  Usage Usage EM
peptides IHC
mc 1 17 IgG2ax 5-16 +++ ++ [17,20-28]
7-15
mc 2 + [22]
mc 3 33 +
mc 4 34 IgG1lx 19-31 ++H+ ++ [17, 20-25, 29, 30]
mc 8 38, 57 I1gG3« 25-76 ++ 0 [20, 22, 25]
mc9 39, 41, 53 IgG1lx +++ 0 [20, 22, 25, 31]
mc 12 40, 42 IgG2bx  25-76 ++ 0 [20, 22, 25, 31]
mc 13 43, 54 IgG1lx +++ ++ [20, 22, 24, 25]
mc 15 45 +
mc 17 47 +
mc 20 50, 28 IgG2ax  60-75 ++ ++ [17,20-22, 25, 31]
60 25-76
mc 21 65 IgG1lx 33-42 +++ [32]
mc 22 70 IgG2b« + 0 [25]
mc 23 63 IgG1x +
mc 25 55,124, 125, 126 ++
mc 27 77,127 IgM x ++
mc 28 58,128 +H+ +
mc 29 129 IgG1xk 28-40 ++ ++ [17, 21, 24-31, 33-36]
25-76
mc 30 130 IgG1x -
mc 31 131 IgG1xk + 0 [25]

Explanations: IHC, immunohistochemistry; EM, immunoelectron histochemistry."Available from Dako, Denmark.

Table 1. Monoclonal AA and SAA antibodies [20].

Therefore, another strategy for the epitope mapping has been worked out that is the cooperative
precipitation with either the antigens AA or SAA in 1.5% agarose gel. Applied were various
combinations of two different monoclonals on one antigen, respectively. A precipitation showed
that the two given monoclonals react with two epitopes. This approach resulted in precipitations
and the epitope could be estimated roughly in some of the antibodies (unpublished). This has
been expected since all the AA/SAA antibodies were selected by reactivity with amyloid in tis-
sues. Finally, precipitation with SAA but not with AA pointed to a monoclonal against the SL
peptide (see Figure 5, aa 77-104). Similarly, SAA isotype-specific monoclonals could have been
selected by a similar approach.
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Figure 5. Structure of SAA and epitope-mapped AA monoclonal antibodies. The structure of SAA 1-104 and its
fragments AA 1-76 and SL-77-104 with invariant (in red) and variant (white in between the red) peptides and epitope
mapped of five monoclonal AA/SAA antibodies. There are three species-independent (mc4, mc21 and mc29), and two
variant as well as species-specific (mc1 and mc20) monoclonal antibodies against AA and SAA. The positions of epitopes
on the a-helical coils 1-4 and the contribution of the invariable (red) and variable peptides are also visible.

4.2. Identification of functional SAA epitopes by the monoclonals: finding their use
and detecting their function

4.2.1. Diagnostic application

Monoclonals (see Table 1) are being applied for classification of AA amyloid in tissue sections
when a recent amyloidosis was diagnosed in a patient or in an animal. Every amyloid has to
be classified for therapeutic and prognostic purposes. This is exemplified in exploiting the
generic monoclonals mc4 and mc29 (in Refs. [23, 24]) by either the immunohistochemical
classification (IHC) on paraffin section of animal AA amyloidosis [23, 24] or by the immu-
noelectron microscopic classification (EM) of human AA amyloid on ultrathin sections [25].

4.2.2. The structure of SAA

The SAA1 and SAA2 proteins are presented in Figure 5 as a continuous string with 1-104
amino acids. SAA consists of two parts, the N-terminal AA 1-76 polypeptide, which causes
AA amyloidosis in humans [11] and animals under unfavorable inflammatory conditions
[23, 24], and the C-terminal SL 77-104 polypeptide, whose function is stabilizing the two
double coils [39, 40]. Figure 5 was constructed using data from the USCS Genome Browser
(GRCH38hg38) Assembly, as reported by 2.

The structure of SAA consists of four a-helical coils, 1-4, with 1-27, 32-47, 50-69 and 73-88
aa in length, respectively, followed by a tail after the 4th coil. These four coils are arranged
in two antiparallel double coils, whereby 1 joins 3 and 2 joins 4 [39]. Each a-helix and its
tail contain alternating blocks of twenty invariable peptides (Figure 5, in red, numbered
1-20). The variable peptides that can be species specific are the white, unstained sites in
between the invariable peptides. Variables are also the peptides joining the coils, which
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represent the turns. In addition, the tail is winding around these double coils for stabiliza-
tion [39, 40]. This conformation of SAA with the short-distance, alternating peptides in red
and white would need more exact three-dimensional analyses for identifying the proposed
discontinuities of peptides based on the partial un-reactivity of the monoclonals with linear
peptides (see above).

4.2.3. The invariant peptide clusters of SAA and the binding sites of the SAA monoclonal
antibodies

The monoclonal antibodies can be divided into three categories by the kind of epitope onto
which they bind. In (a), they bind to species-specific epitopes and could perhaps also be
detected with polyclonal antibodies [37]; in (b), they bind to AA amyloid in tissue section, but
not to synthetic linear peptides, and are probably reacting with discontinuous epitopes of the
SAA, and in (c), they bind to species independent, i.e., the invariant peptides and epitopes of
AA and SAA, which are almost identical throughout the vertebrates (reviewed in [1, 2]). These
special antibodies can also be called “generic” AA/SAA antibodies. Generic SAA antibodies
are mc4, mc21 and mc29 (the latter contains also an additional specificity; see later). The two
monoclonals that functionally bind to variable epitopes are mcl and mc20 and belong to a
category in (a). All monoclonals and their known binding synthetic peptides are listed in
Table 1, together with their binding to patients” and animals” AA amyloid in formalin-fixed
paraffin tissue sections [20, 23, 24] and ultrathin sections for EM [25].

The binding sites of the monoclonals to SAA are shown in Figure 5. The invariant parts of
SAA contain ancient peptide clusters preserved during their evolution from the lampreys
(over 500 Mio years without hardly any changes, Wikipedia) to the mammals, including
humans. Again, we as humans have the invariable peptides of SAA in common with all verte-
brates and the lamprey. Therefore, these special peptides have to be of utmost importance for
mechanisms related to the proteostasis of many systems. They become extremely activated
when in imbalance, exemplified by injuries and inflammation or bacterial infection, and in the
event that their activation cannot be resolved. This can result in a sepsis. Thus, one can assume
with some likelihood that a single amino acid exchange in these 19 invariant areas must not
have been accepted throughout evolution. Indications are in the literature that natural SAA
behaves differently as compared to recombinant SAA or SAA with a single amino acid change
or exchange [1, 2]. The importance of the proteins of the SAA family for survival can therefore
hardly be overestimated and the phrase that SAA is “the hub in the interaction network” [40]
can express this eminent role of the SAA.

4.2.4. Properties of the individual monoclonals against AA presented here
4.24.1. mcl

This monoclonal antibody mc1 (see Table 1 and Figure 5) is of interest since it binds to the
most N-terminally positioned human-specific epitope on SAA (aa 5-16), but only when it
is devoid of HDL. Thus, SAA can be distinguished from SAA-HDL through the failure of
mcl to bind to the complex of SAA-HDL, since HLD conceals the mc1 epitope of SAA [15].
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Recombinant SAA shows the same binding to HDL and the same temperature release of
SAA from HDL in vitro [21]. When separated from HDL under febrile temperatures, it can
rebind again to HDL at body (or lower) temperatures. The binding is therefore reversible
except when the temperature is above 41°C for some time, when it probably aggregates
irreversibly [34]. The temperature-dependent mechanism has been proposed for activating
the SAAs (see Figures 2-4). When fever is systemic, the free SAA load is part of the systemic
APR. When local febrile temperatures are induced by local injuries or infection, a local
APR is induced with local SAA. This can also apply for local tumors (see below). How this
acts is not fully known. Where is the mc1 epitope located, considering that three invariant
peptides are located within the 5-16 peptide stretch? Since the specificity is human specific,
these peptides should be among the 2-3 variant areas; those are probably the white areas of
the 5-16 peptide stretch; see Figure 5. In addition, this mc1 epitope (aa 5-16) has an overlap
of 7 [5-11] of the 11 aa residues with the presumptive lipid-binding site (aa 1-11) (estab-
lished by Turnell et al. [41]). Finally, mc1 binds very reliably to human (and some primate)
AA in fixed paraffin sections and in ultrathin sections for EM [25], and not to SAA-HDL in
serum at lower body temperatures (see above). Therefore, this murine monoclonal anti-AA
mcl has become a standard for examining human AA and SAA (available from Dako).

4.2.4.2. mc20

In tissue sections, this monoclonal (see Table 1 and Figure 5) reliably binds to human AA
amyloid and is being used for diagnostic purposes. It binds to the synthetic peptide aa 60-75
of SAA, which is located at the longest variable peptide stretch of SAA and located at the
C-terminal half of the third a-helical coil, and, to a minor extent, at the small N-terminal part
of the fourth coil, which contains the first invariable peptide no. 12. We do not know whether
this mini peptide is part of the mc20 paratope.

4.2.4.3. mc4, me21 and mc29

These antibodies demonstrated immunohistochemical, species-independent binding to most
AA-type amyloids of the vertebrates (see above). They were therefore directed against the
invariant peptides of SAA, which are located on the first and second a-helical coils. Their
extent and their differences are depicted in Figure 5. The clone mc4 reacts largely with the
invariant peptide no. 4-6 on coil 1. This clone binds differently as compared to mc21 and mc29,
both of which bind to the 7th peptide of coil 2, the largest invariant peptide of SAA. While
mc21 seems to be only reacting with peptide no. 7, the monoclonal mc29 extends to the vari-
ant joining peptide area (aa 28-32) that is between coil 1 and coil 2. This may explain the
additional, partial binding of mc29 to the variable peptides. In addition, it binds to most of the
animal AA amyloids tested (see below).

4.2.4.4. mcl, mc4, mc13, mc29 and mc31

This series of monoclonal antibodies has been probed and exerted to establish a monoclonal
micro-ELISA for quantification of SAA [42].
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5. On SAAs’ functions and their identification by blocking the
invariant epitopes of SAA

5.1. The multifunctional SAA family

Various functions of SAA have been reported, including the systemic and local elevation of SAA
in inflammations in an APR due to the systemic and local cytokine increase. SAA is involved
in very many functions as being an opsonin of Gram-negative bacteria, a chemoattractant, an
inducer of chemokines and cytokines, a stimulator of angiogenesis, important in cholesterol
transport and a modulator in the migration of white blood cells. SAA acts concentration
dependently on polymorphonuclear cells and the degradation of SAA (by matrix degradation
enzymes?), which can release the AA 1-76 fragment and can thereby induce the fatal AA amy-
loidosis in humans and animals. Other fragments of SAA and other APPs may, in vivo, influ-
ence this still not understood complex network of the SAA family, which has been reviewed
in [1, 2, 43, 44]. Here, some of these vital functions of SAA have been identified by blocking
these functions by way of monoclonal AA/SAA antibodies. At the same time, the SAA binding
motives have been localized at the surface of SAA (see Figure 5). Alternatively, these ligands
for the SAA binding motives can, in part, be blocked with the respective synthetic peptides of
SAA [44, 45].

5.2. HDL binding site

The HDL binding site of SAA was identified as the peptide aa 5-17 with the monoclonal mc1
(see Section 4). The presumptive estimate by Turnell et al. [41] was aa 1-11.

5.3. Human neutrophils

Strong binding of isolated, acute-phase human SAA (and recombinant SAA2, not presented)
were shown with human neutrophils [33] assuming the existence of an SAA receptor, which
may have regulatory functions [1, 2]. The FMLP-induced oxidative burst of normal human
neutrophils could be reduced, concentration dependently, by SAA at concentrations of 0.1
pg/ml and 1.0 pg/ml. This inhibitory reduction of SAA could be blocked by the monoclonal
antibody mc29 (see Table 1 and Figure 5), which binds to the synthetic peptide aa 28-40 of
SAA, thus proving that this blocked area is responsible for this inhibitory effect of SAA [33].
This was the first time that a function of SAA was blocked by a monoclonal AA antibody.
Moreover, at the same time, the responsible peptide of SAA was identified, which was the
invariant peptide no. 7 of coil 2. The monoclonal antibody mc29 used probably also blocks
the laminin-like domain (aa 29-33) and may also be participating partially with the RGD-like
domain (aa 39—41). In addition, human neutrophils were exposed to full human APS at differ-
ent temperatures [34]. At 41°C, the inhibition of the oxidative burst was much stronger than
at 37°C, indicating the role of SAA freed from HDL and in its active state (see Section 3.4; see
Figures 3 and 4). However, when the acute-phase serum was preheated to 41°C for 15 min and
assayed at 37°C, the SAA-containing serum did not return to the 37°C value, but stayed with
the increased 41°C inhibiting effect at 37°C. This indicated an irreversible structural change
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of SAA (or its fragments) during high fever, which is blocking SAA’s return to the reversible
binding to HDL. (This febrile temperature that induced the aggregation of AA-antigenic pro-
teins has also been noticed in vitro and documented in Figure 3 at 38°C and 40°C). The possi-
bly unfavorable consequences of these aggregates in humans or animals are unknown today.

5.4. Anti-inflammatory potential of SAA on neutrophils

The anti-inflammatory potential of SAA on neutrophils [33] has been confirmed for SAA at
reported serum concentrations [46]. Oxidative burst, migration and the neutrophil myeloper-
oxidase release were also inhibited. SAA peptides (aa 1-14, 15-101 and 83-104) also contrib-
uted to this inhibitory effect. However, at higher concentrations of more than 50 pg/ml, SAA
was stimulating. In addition, O, release was inhibited up to 0.1 pg/ml, but the O, release was
increased above that. Thus, SAA plays a dual role, it downregulates inflammatory processes
in lower concentration, but, during the full APR, the action of SAA can be promoting.

5.5. SAA functions inhibited by synthetic peptides

SAA functions can be identified by SAA-generic antibodies [33, 34, 46] but they can also be
blocked by synthetic peptides of SAA [45]. This was shown through the use of a 14mer synthetic
peptide (aa 29-42) of SAA. This peptide inhibited the binding of T lymphocytes and mouse M4
melanoma cells to adhesive glycoproteins of the extra cellular matrix. This SAA 14mer peptide
contained the laminin-like (aa 29-33) and fibronectin-like (aa 13-15) domains of the extracellular
matrix. Finally, by extending these data of the 14mer SAA peptide, by comparing to the binding
of our generic antibodies mc21 and mc29, it is to be said that these antibodies bind to a similar
peptide of SAA, which is the largest invariable peptide (no. 7 of coil 2) as shown in Figure 5.

5.6. Phagocytosis

Phagocytosis was examined on fixed bacteria by normal and stimulated blood monocytes at
the SAA concentration that were inhibitory to human neutrophil activation [33]. There was no
difference in phagocytosis in the presence or in the absence of SAA [47].

5.7. Platelets and binding motives similar to SAA

Human platelet adhesion was shown to immobilize SAA and the mechanism of binding was
examined [35]. Among the many receptors on platelets, the receptors for laminin and fibronec-
tin were chosen to be examined because SAA has laminin-like and fibronectin-like motives in its
sequence. Immobilized SAA binds platelets as do fibronectin and, to a lesser degree, fibrinogen.
This binding of SAA to platelets was completely abolished by anti-SAA (mc29), which binds
to the laminin-like motive on SAA (aa 29-33) that is part of the mc29-binding peptide. Also,
a 29-42-containing peptide could inhibit the binding of platelets to SAA. In addition, an anti-
body against an integrin receptor also inhibited the binding as well the RGD-containing peptide
GRGDSP. Also, the anti-SAA (mc29) did not inhibit the RGD-dependent binding motive to a
significant extent, thus indicating that the overlap of two amino acids (aa 3940) of the peptide
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(see Figure 5) did not lead to an efficient paratope subsite of mc29 for the method applied.
Finally, all controls were in line with the conclusion that SAA was binding to platelets via the
laminin-like and fibronectin-like motives. Since the related binding motives are not chemically
identical with laminin or fibronectin, they could have a lower affinity, which may be exerted dif-
ferently at lower concentrations as compared with higher concentrations, i.e., during the APR.

Thus, SAA may play a role in inhibiting and modulating platelet adhesion at vascular injury
sites by sharing platelet receptors with other platelet-adhesive proteins. In addition, depend-
ing on the kind of disease, the window between bleeding and thrombosis may sometimes
be very narrow; how can it be widened? Finally, systemic and local thrombosis are not rare,
which are life-threatening sequels of many conditions. These are related to arteriosclerosis,
heart conditions, nutrition-related ailments, deranged lipid metabolism, smoking and other
drugs, cancer, injuries, bacterial infections and sepsis, mostly in a more advanced age as well
as in cases of vascular injury. The role of platelets is central in these and many other diseases,
and the concentration-dependent role of SAA and its antidotes (humanized monoclonals and
others) in vivo needs to be explored and then further developed.

5.8. Presence of SAA in human cancer and other cells

Intracellular SAA of colon tissue with cancer of progressing stages of anaplasia was exam-
ined on formalin-fixed paraffin sections from 26 patients with colon cancer (after SAA plasma
levels were shown by others to be elevated in carcinomas, assuming that the elevated SAA is
of hepatic origin) [26]. SAA was detected immunohistochemically by using the monoclonal
antibodies mc1 and mc29 (specificity, see Figure 5 and Table 1). On normal cells, no reaction
or only traces were detected. However, stronger reactions were found in carcinoma cells. The
staining intensity increased gradually from dysplasia to the stage of malignant neoplasia. The
metastases also showed the presence of SAA, but weaker. In addition, cells, other than colon
cells in these sections, also showed the presence of SAA as lymphoid cells of the intestinal wall,
inflammatory cells, ganglion cells and endothelial cells. The presence of SAA has been con-
firmed by in situ hybridization and reverse transcriptase polymerase chain reaction (RT-PCR).
The genes of SAA1 and SAA4 in the colon carcinomas were activated. Although the role of
SAA in colon carcinoma is unknown, the close association of the increasing grade of malig-
nancy with the increased SAA synthesis may indicate a role of SAA in tumorigenesis. SAA
can serve as an adhesive ligand for tumor-cell homing; it induces inflammation, which may be
neoplastic. It also induces migration and can be involved in metastasis, or it can be inhibitory
to attachment [26].

5.9. Protein SAA enhances plasminogen activation and may contribute to tumor
spread

The colon carcinoma cell line HT-29 showed plasminogen activity (PA) enhanced by SAA
measured with a chromogenic substrate. This activity could be inhibited using monoclonal
antibodies against SAA (mcl + mc29). The cell line also produced endogenous SAA1 by itself,
which could be augmented by exogenous SAA and also by cytokines IL-1b and IL-6. This activ-
ity was also inhibited in part by the monoclonal antibodies against SAA [36]. The concomitant
overexpression and co-localization of SAA and PA in colon cancer cells raises the possibility of
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a functional relationship between these two systems. The authors suggest that SAA produced
in the malignant tissue may contribute to increased matrix degeneration and tumor spread [36].

5.10. Gradual increase of SAA while progressing to malignancy in ovarian
epithelial tumors

Increased levels of SAA were reported in a wide range of malignancies, as well as another
unspecific tumor marker, with an increase in metastatic tumors and regression when therapy
is successful [26]. Here, the presence of SAA in serum (with CRP and CA-123) and expressed
locally in tissues was examined and compared with different stages of tumor growth.
Compared were normal ovarian tissues, benign, borderline, carcinoma and metastatic tis-
sues of patients using immunohistochemistry with monoclonal antibodies against AA (mcl
and mc29, see Table 1 and Figure 5) and in situ hybridization. In some patients (and in cell
line OVCR-3), RT-PCR was applied, and SAA1 and SAA4 were detected. The result shows a
continuous increase of SAA (CRP and CA-125) in serum during the gradual increase of the
malignant nature of the ovarian tissue proliferation. In addition, and most important, the
SAA expression in tissue increases, in the same manner, with a steep increase in the SAA-
synthesizing cells from the normal cells, without (or with only a trace of) SAA, over the bor-
derline tumors with weak expression to the maximal expression of the distinct carcinomas
and metastases. Therefore, it is likely that the serum level of SAA in these malignancies may,
in part, originate from the ovarian tumor itself.

The data show that the quantity of local intracellular expression of SAA correlates directly
with the grade of malignancy of the ovarian epithelial neoplasias and runs in parallel with
the serum value of SAA, CRP and CA-125. Therefore, SAA may have a role in ovarian tumor-
igenesis [27].

5.11. SAA in the female reproductive system

Ovarian reproduction includes a kind of inflammatory process [28]. Therefore, the cellular
expression and localization of SAA in all stages of follicular development was examined in
in vitro fertilization (IVF) patients applying nonradioactive in situ hybridization and immu-
nochemistry with the monoclonal anti-AA (mcl and mc29) antibodies. In parallel, SAA of
follicular fluids and SAA in serum were examined using micro-ELISA. Expression of SAA
mRNA was found in all follicular cells (granulosa, thecal and luteal) of all stages of develop-
ment, from primordial, primary and secondary follicles to corpora lutea and even in oocytes.

The concentration of SAA in serum and in the matched follicular fluid was very closely associated
(R*=0.80), although both values could vary considerably by a factor of ca. 30x for blood SAA and
by 100x for the follicular fluid. In addition, elevated follicular SAA values have a strong correla-
tion with the patients’ body mass index. Values over 30 are associated with a reduced pregnancy
rate. Taken together, SAA is locally produced by all follicular cells and is a constituent of the fol-
licular fluid. Therefore, it has a role in ovarian development and in the rate of pregnancy, which
is reduced when SAA values are too high in overweight female patients with a BMI of over 30.

Finally, since human ovarian epithelial tissues reproduce SAA during reproduction (see above),
the neoplastic degenerated cells in ovarian carcinoma continue their SAA synthesis [26].
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5.12. A role of SAA in the APR of murine septic inflammations
5.12.1. On the role of the APR and APPs in septic mice

In order to analyze the different steps necessary to overcome an infection by the hepatic APR, an
experimental mouse model was applied and shown as an “anti-sepsis circle” (see Figure 6) [32].
Using polymicrobial sepsis induced by cecal ligation and puncture (CLP), the various actions
begin with mice exposed to a bacterial overload that leads to the IL-6 induction, which is the
dominant interleukin and major inductor of the APR. IL-6-deficient mice can still mount an APR,
since IL-6 represents one member of a larger group of interleukins with redundant actions. The
action of IL-6 is to initiate the intracellular signaling via the hepatic IL-6 receptor gp130 and
further induction of STAT3, which is inevitable for developing the full hepatic APR in hepatic
cells, including the synthesis of the dominant APP SAA. However, when mice with a deletion of
gp130 or STAT3 are treated with CLP, the hepatic synthesis of SAA is not induced and these mice
cannot mount an APR anymore and are thus defenseless, and mortality is greatly increased. The
missing APR and the missing defense can be reversed by adding myeloid-derived suppressor
cells (MDSCs), which are induced by a hepatic APR including SAA. SAA induces and activates
the proliferation of bone marrow cells, which include MDSCs. These cells are accepted to be able
to also act against the microbial infection. MDSCs are anti-inflammatory in cancer, cancer spread
and metastases [27]. They home-in on different organs. In septic mice, they have been examined
from spleen and increase their numbers when pg130 and STAT deficiency are overcome by an
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Figure 6. Closing the sepsis loop to the “anti-sepsis circle” schematically.
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injection of SAA, cxcl (KC) or SAA/KC. MDSC can be regarded as a second anti-inflammatory
wave induced by SAA and the other components of the APPs when the first wave of anti-inflam-
matory phagocytes is beginning to wane while becoming exhausted [1, 2, 27].

When very important functions of SAA (which need to be more clarified) are being blocked
by the monoclonal antibodies mc4 and mc29 in CLP mice, the essential MDSCs cannot be
produced to the necessary amount and function to cope with the bacterial load so that the
mice become defenseless and display a significantly accelerated death rate. This unfavorable
situation can be reverted by the injection of SAA, thereby resulting in the former defense with
the proliferation of MDSCs, so that the mice survived like CLP-treated mice in this sepsis
model [29, 30, 48]. The APP KC has a similar, but not identical, effect. When KC was added
to SAA, the recovery from the CLP fate of mice with a murine SAA inactivated by antibodies
may even be slightly improved, thus indicating that SAA, although the major and dominant
APP, can be assisted by KC against the bacterial load.

This demonstrates a cooperative defense of SAA and KC [29]. Cooperation can also be
expected from other APPs and constituents in the APP network, including from the greater
SAA family. The AA antibodies mc4 and mc29 bind to invariant and therefore very important
peptides of SAA as described in detail in Section 4.2, in Table 1 and Figure 5. With these
antibodies, life-saving biological functions have been detected and their functions localized
to invariant peptides of SAA. This approach could be extended to analyze all the invariant
peptides of the SAA family. This can be regarded as a starting point for a possible therapy
of a long list of such maladies as severe chronic inflammations and severe chronic infections
including sepsis with (induced in vivo or recombinant) SAA isotypes (and their inhibitors as
humanized generic SAA antibodies), and with other APPs and constituents of the network of
the SAA family, which are able to fortify the “anti-sepsis circle” (Figure 6).

6. Some remarks

6.1. The septic loop became an “anti-sepsis circle” as a basis for further work

Some essential elements of the cooperative defense against the experimental multi-microbial
infections became apparent as shown in Figure 6. The pathway from infection procedures
passes, through IL-6, gp130 and STATS3, to the APR with the dominant SAA family and its net-
work. This loop has been closed to a circle through the action of at least the SAA1 that assisted
in inducing the growth of the MDSCs in the bone marrow. These cells are also shown to be
essential in fighting bacterial infection. However, when gp130 or SAA was not available in this
model and the “circle” was interrupted, with fatal consequences, the addition of the missing
agents restored the circle with its function [29]. It should be an important goal to examine the
SAA isotypes in different inflammatory states and diseases in relation to febrile temperatures
(Figures 3 and 4) and to analyze the functions of all 20 invariant peptides (Figure 5) and the
epitopes of the AA/SAA antibodies (Table 1) in order fortify it.

It is also important to define the febrile temperatures by which the individual SAAs separate
from HDL (proven in vitro, Figures 3 and 4) and get activated to execute their function. A
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novel idea could be: therapeutical hypothermia below 37°C could inactivate SAA through
binding to HDL, which can be called “hypothermic deactivation of SAA.” This option could
be considered (after complying with the strict rules for a novel therapy) in severe inflamma-
tory states exemplified by sepsis, septic shock, genetic hyperthermia syndromes and simi-
lar diseases summarized in SIRS (systemic inflammatory response syndrome). Inversely, a
temperature-dependent conformational change of SAA at above 38°C causing SAA release
from HDL can induce a “hyper-thermic activation of SAA,” which could be beneficial for
patients having clinical syndromes with body temperatures of 36°C and below.

6.2. Innate, humoral checkpoints for survival and application by industrial
organizations

The presented view summarizes peptides of SAA that are decisive for innate humoral func-
tions in different systems. This view can be applied to many possible possible inflammatory
and infectious diseases, including sepsis. These SAA peptides provide a functional innate
humoral “stop and go” mechanisms located on SAA (“SAA checkpoints”) related to survival.
Stop, with generic (humanized) AA/SAA monoclonal antibodies or equivalent agents, and go,
with the bio-identical SAA preparations, including SAA isotypes or related peptides with spe-
cial SAA functions (Figure 5), which need to be further explored to find out their additional
role in the SAA network. This examination can also be extended to other APPs.

6.3. European Patent EP No 2368564

Due to its novelty within the field of innate immunity and the possibly far-reaching impact in
medicine, in particular, in inflammatory diseases including sepsis, these discoveries by three
inventors were in agreement with the two other inventors patented by the author [49, 50].
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