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’

“All we have to decide is what to do with the time that is given us.’
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INTRODUCTION

In 2020 the entire world learned the meaning of ‘a large-scale infection’ and its horrible
consequences. History is surrounded by epidemic and pandemic infections which have reduced
repeatedly population and, even though infectious diseases constituted the most serious health
issue in the world until the beginning of the 20th century, when chronic degenerative diseases

began to dominate this scenario in developed countries, they are still a drama nowadays.

Infection is the term that describes the entrance and development of an infectious agent in a
human or animal body and infectious disease is defined as an illness caused by a specific
infectious agent or its toxic product that results from transmission of that agent or its products
from an infected person, animal, or reservoir to a susceptible host, either directly or indirectly
(Barreto et al., 20006).

Mammalian immune system is generally able to recognize infective agents through complex
mechanisms mediated by both innate and adaptive immunity. Summarily, the innate immunity
recognizes molecular patterns associated with entire classes of pathogens (PAMPs) and
molecular patterns associated with cell damage and distress (DAMPs) through an assortment
of cellular pattern recognition receptors (PRRs). Instead, system of adaptive immunity
develops target-specific recognition and attack molecules aimed at specific and unique
molecular signals of individual pathogens.

Taking together these two types of immunity the host organism can trigger a panoply of effector
mechanisms aiming to delay, damage, expel, contain, or destroy infective agents. However,

outside the academic definitions’ reality is complex, and sepsis sets within this framework.

Sepsis was not clinically defined until the early ‘90s when a group of opinion leaders released
the first consensus definition of sepsis (Bone et al., 1992). Herein, systemic inflammatory
response syndrome (SIRS) has been defined and infection-associated SIRS was named sepsis.
Within sepsis definition the increasing severities, including organ disfunction, were designated

severe sepsis and septic shock when refractory hypotension also occurs.



Since SIRS diagnosis was based on non-specific criteria (such as body temperature, heart rate,
respiratory rate and white blood cell count) distinguishing between non-infections SIRS and
sepsis was not immediate. Therefore, approximately ten years later, in 2001, a second important
conference occurred aiming at revisiting the definition of sepsis based on newly discovered
biomarkers (Levy et al., 2018). However, after a considerable debate, the participants
determined that the use of biomarkers for sepsis diagnosis was still premature and, therefore,
only the expansion of the list of signs and symptoms of sepsis was introduced. Eventually, in
2016, the last revision was released according to the third international consensus definition
for sepsis and septic shock (Sepsis-3) (Singer et al., 2016). For two years, from 2014 to 2015,
a task force of 19 expert members was convened by Society of Critical Care Medicine and the
European Society of Intensive Care Medicine to elucidate Sepsis based on the overview, which
includes change in organ function, morphology, cell biology, biochemistry, immunology and
circulation. The task force agreed to defined sepsis as life-threatening organ dysfunction caused

by a dysregulated host response to infection, and the term ‘severe sepsis’ has been removed.

Epidemiology and Etiology

Sepsis is the most common cause of hospital deaths in United States and costs more than 24
billion dollars annually (Paoli et al., 2018), even if the majority of cases of sepsis and related
deaths are estimated to occur in low and middle-income countries (Figure 1). However,
accurate quantification of global sepsis incidence and mortality remains an impressive
challenge nowadays. Recently, Rudd and colleagues developed a multinational individual-
level data to produce global sepsis estimation. The authors highlighted an important change in
sepsis incidence from early ‘90s to 2017: globally, there were an estimated 60.2 million cases
of sepsis in 1990 compared to 48.9 million cases in 2017, resulting in a 18.8% decrease in
cases. Regarding sepsis-related mortality, in 2017 there were an estimated 11 million deaths
worldwide, which represented 19.7% of death that year. Among them, 1.8 million (16.4%)
were attributable to lower respiratory infections, which has remained the leading cause of
sepsis-related death from 1990. In fact, lower respiratory infections, diarrhoeal diseases and
neonatal disorders has remained respectively the first, second and third cause of sepsis-related
death during time. Instead, other well-known infective diseases as HIV, malaria and
tuberculosis, which were a great burden in the past, have become more manageable, giving

way to chronic diseases, such as cirrhosis and chronic obstructive pulmonary disease (CODP).
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Figure 1. Global epidemiology. Sepsis incidence per 100 000 population for both sexes and percentage of all
deaths related to sepsis in 2017. Modified from (Rudd et al., 2020).

As mentioned above, low/middle-income countries theoretically count the larger number of
sepsis-related deaths; however, this is only an estimation since there is not a ‘gold standard’
diagnostic test for sepsis and definitions vary widely across areas. Indeed, according to Sepsis-
3 guidelines is reported the clinical prompt ‘Quick Sequential (Sepsis-related) Organ Failure
Assessment (QSOFA) score’ which has been only retrospectively evaluated in multiple datasets
from low/middle-income countries, but not prospectively yet (referred to 2018). In addition,
some clinical scoring of both qSOFA score and other Sepsis-3 criteria may be impractical to
use at the bedside in low-resource settings. Furthermore, several sepsis variables in low-
resource settings, such as differences in populations at risk, infecting pathogens, and clinical
circumstances, suggest that sepsis care in high-resource settings may not be effective in low-
resource settings (Rudd et al., 2018). Lastly, the available data in literature suggest that an

estimate 90% of worldwide deaths from chest infections occur in low-resource settings and



about 70% of the 9 million deaths due to chest infections in neonates are associated with sepsis,

remarkably most of these cases happening in Asia and Africa (Cecconi et al., 2018).

Regarding Italy, a recent published study has analyzed all the conditions mentioned in the death
certificates to estimate the nationwide burden of sepsis-related mortality in this country
(Grande et al., 2019). The retrospective study collected data from 2003 to 2015 by the Italian
National Cause of Death Register, managed by the Italian National Institute of Statistics
(ISTAT). This analysis revealed that the number of death certificates reporting sepsis increased
from 18.939 in 2003 to 49.010 in 2015 (from 3 to 8% of total deaths). Moreover, another
multicenter study which analyzed patients enrolled in intensive care unit (ICU) from 2008 and
2017 demonstrated that the 47%, among the ‘healthcare associated infection’, has led to sepsis
(Agodi et al., 2018). As expected, the case fatality rate increased with the severity of sepsis,
however the increase of sepsis-related death reported above (time 2003 — 2015) could be also
related to the aging of the population, strictly connected with multi-chronicity, repeated

hospitalization, malnutrition and age-related immune-senescence (Grande et al., 2019).

If the epidemiology is profoundly complicated and potentially underestimated, the etiology is
a bit better known although sepsis can originate from virtually any infecting organism. In fact,
clinical manifestations are very wide and varies substantially among geographical areas.
Simplifying this concept, sepsis can originate and be defined as community-acquired sepsis or
hospital-acquired sepsis. A recent review specified that about 80% of hospital-treated sepsis
cases arise in the community and the most common site of infection leading to sepsis is the
lung (64 %), followed by the abdomen (20 %), bloodstream (15 %), and renal and genitourinary
tracts (14 %) (Cecconi et al., 2018).

Giving concrete importance to all these data, which highlighted how much sepsis is associated
with unacceptably high mortality, the World Health Assembly and World Health Organization
(WHO) made sepsis a global health priority in 2017 (Reinhart et al., 2017).

Diagnosis, Prognosis and Therapy
As written above, in 2016 ‘Sepsis’ definitions has been changed because several limitations
were present in the previous criteria, including the poor specificity attributable to SIRS

definition.



One of the most important milestones was that sepsis condition was no longer considered to be
only an inflammatory syndrome, although in practice pro and anti-inflammatory pathways are
involved in the dysregulated response. Thus, the new diagnostic criteria are more focused on
revealing organ dysfunction than on identifying signs of inflammation and, as an indirect
consequence, also the classification has been changed: the previous categories of sepsis, severe
sepsis, and septic shock have now converted to infection, sepsis, and septic shock (Cecconi et
al., 2018).

Importantly, for diagnosis have been introduced feasible tools aimed to stratify the risk and to
determine the SOFA score (Table 1). Thus, sepsis is now defined and diagnosed as the
presence of an infection combined with an acute change in SOFA score of 2 points or more.
The Sepsis-3 definitions also introduced a new diagnostic tool aimed to the early identification
of patients with infections who are likely to have either a prolonged stay in ICU or who are at
a high risk of death: the quik-SOFA (qSOFA). However, this gSOFA score was found to be
marginally superior to the original SIRS criteria in predicting this high-risk category of
patients. In fact, this system should not be used to rule out patients as being at high risk, as it
is likely to be more specific, but not more sensitive, than the old SIRS criteria (Seymour et al.,
2016). Notwithstanding, qSOFA is very fast and easily measurable at the patient’s bedside.
Briefly, patients are considered with high risk if they meet at least two of the criteria, as follows:
alteration in mental status, systolic blood pressure less than 100 mmHg, or a respiratory rate of
more than 22 breaths per minute.

A separate consideration regards septic shock which is described, by Sepsis-3 definitions, as a
clinically defined subset of sepsis cases, wherein, despite adequate fluid resuscitation, patients
have hypotension requiring vasopressors to maintain a mean arterial blood pressure above 65
mmHg and have elevated serum lactate concentrations(>2 mmol/L) (Seymour et al., 2016).
However, some criticisms have been made regarding septic shock recognition. In fact, septic
shock is associated with presence of hypotension, but this valuation is insufficient, since in
most of patients the onset of hypotension is preceded by tissue hypoperfusion (Lee et al., 2016).
Hypotension often does not appear, or appears late, whereas tissue perfusion may be severely

compromised (Lokhandwala et al., 2015).



SOFA score SOFA score SOFA score SOFA score SOFA score

0 1 2 3 4
Respiratory system
Pa0,/FiO; (kPa) >53.3 >53.3 <40 <26.7 <13.3
Coagulation system > 150 <150 <100 <50 <20
Platelets (x 103/uL) -
Hepatic system:
Bilirubin (umol/L) <20 20-32 33 -101 102 - 204 > 204

Dopamine 5.1 Dopamine >
- 15 pg/kg per 15 pg/kg per

Dopamine <5 min, or min, or
. MAP > 70 MAP < 70 Hglkg per epinephrine epinephrine
Cardiovascular system H H min, or or or
mmrig mmHig dobutamine norepinephrin norepinephrin
administered e<0.1pg/kg e > 0.1 ug/kg
per min per min
administered administered
Central nervous system
Glasgow Coma Scale 15 13-14 10-12 6-9 <6
Renal system
Creatinine (umol/L) <110 111-170 171 -299 300 — 440 > 440
Urine output (mL/day) - - - <500 <200

Table 1. Description of sequential organ failure assessment (SOFA) scoring system. SOFA system includes
respiratory, coagulation, hepatic, cardiovascular central nervous and renal systems. Table modified from
(Seymour et al., 2016).

Another important aspect, least mentioned, is the prognosis of septic surviving patients. Data
from a recent meta-analysis revealed that one in five sepsis survivors are re-hospitalized within
30 days from discharge from hospital even though this re-hospitalized risk is comparable with
non-sepsis acute medical patients (Shankar-Hari et al., 2020). However, another important
study demonstrated that the dysregulated host immune response activated during sepsis may
persist up to 1 year. Additionally, individuals with persistent biomarkers of inflammation and
immunosuppression, which represent two-thirds of patients who survived a hospitalization for
sepsis, had a higher risk of readmission and death due to cardiovascular disease and cancer

compared with those with normal circulating biomarkers (Yende et al., 2019).

Mortality is strictly related to therapy and its effectiveness. An important study, published in
2017, demonstrated the association between time to treatment and outcome among patients
with sepsis or septic shock treated in the emergency department. Authors ruled that a longer
time to completion of a 3-hour regarding the administration of broad-spectrum antibiotics are
associated with higher risk-adjusted in-hospital mortality for patients with sepsis (Seymour et

al., 2017).
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In support, Rhee and colleagues’ findings revealed that an inadequate therapy was associated
with a 20% to 40% higher odds of death depending on whether all cultures or only blood
cultures were analyzed (Rhee et al., 2020).

Currently, patients with suspected sepsis are treated with broad spectrum antibiotics and
crystalloid within 3 hours to the ICU admission. For the first hours patients are defined as
“patients with suspected sepsis” because current clinical standard of practice for bacterial
identification is age-old technology, which often take 48h plus delays. Even though the delay
in first antibiotic administration is associated with increase in the risk of mortality, as
mentioned above, it is essential consider that the use of broad-spectrum antibiotics could cause
several collateral damages. Indeed, antibiotic administration may cause bacteria in the bowel
and other sites to become resistant. Additionally, long courses of antibiotics often have no
benefit and can predispose to overgrowth of resistant flora over normal resident commensal
flora (Perner et al., 2016). In conjunction with antibiotic administration, it is foreseen the
administration of crystalloids or resuscitation fluids. However, there is evidence that fluid
resuscitation used, and the cumulative dose administered over the course of the ICU admission
may independently affect patient outcomes. Thus, resuscitation fluids should be used with the
same caution and care as any other potentially toxic intravenous drug (Boyd et al., 2011).

As a “next-step” of septic shock management is the administration of vasopressors which
should occur within the first 6 hours. Norepinephrine is the current recommended first line
vasopressor in septic shock, to which vasopressin may be added (Dellinger et al., 2013).
However, also vasopressor administration should be managed with caution since it can produce
inappropriate effects including organ dysfunction, specifically cardiac-related. Lastly, sepsis
and septic shock can lead to anemia due to hemorrhages, sepsis-induced coagulopathy and/or
impaired erythropoiesis for which blood transfusion remains the most effective treatment

(Perner et al., 2016).

Physiopathology

Sepsis is a highly complex and lethal syndrome with interconnected pathways and sepsis-
related death cannot be considered only infection-dependent. The immune response against
infection induces severe tissue, organ and microcirculatory dysfunctions thus leading to a
profound global damage, collectively known as multi-organ failure (MOF) or multi-organ
distress syndrome (MODS). Each organ injury contributes substantially to the patient’s risk of

death with a complex crosstalk among the whole system.
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Precisely, because sepsis is not organ/tissue specific, different targets can be involved and
disruption and failure usually occur both at cellular and macroscopical levels. Dysregulation
and homeostasis disruption can occur in one or more organs thus, to make the description
easier, the macro-system involved will be listed even though it is important to take in

consideration all the interconnections among them.

Vascular dysfunction — at microvascular and capillary levels the permeability is increased,
implicating leak with a reduction of effective vascular volume and the impairment of systemic
perfusion. This condition is exacerbate by the failure of the vascular smooth muscle to contract
with neurohormonal stimuli, resulting in systemic arterial and venous vasodilatation and a
global hypoperfusion and hypotension (Burgdorff et al., 2018).

Although the mechanisms are not well understood, inflammation-induced endothelial
dysfunction seems to be associated with an overexpression of an inducible nitric oxide synthase
(iINOS). The subsequent excessive production of nitric oxide (NO) directly induces vascular
smooth muscle cells relaxation and hyperpolarization, preventing their response to
vasoconstrictors and thus perpetuating hypotension. Moreover, NO exacerbates mitochondrial
dysfunction diminishing global cellular oxygen consumption (Bloch et al., 2016; Caraballo and

Jaimes, 2019).

Cardiac dysfunction — after fluids resuscitation or vasopressors administration, venous return
increases and patients initiate a phase characterized by high cardiac output and low systemic
vascular resistance. Additionally, this phenomenon is often accompanied by a depressed
myocardial function also due by the action of cytokines, such as interleukin-1p (IL-1f) and
interleukin-6 (IL-6), able to decrease cardiomyocyte contractility. Furthermore, sepsis is
associated with incidental clinical cardiac events like acute heart failure, life-threatening
arrhythmias, myocardial infarction, and non-ischemic myocardial injury (Caraballo and

Jaimes, 2019).

Lungs — sepsis is the most common cause of acute respiratory distress syndrome (ARDS),
which is an acute inflammatory lung injury, associated with increased pulmonary vascular
permeability, increased lung weight, and loss of aerated lung tissue (Bellani et al., 2016).
Increased vascular permeability leads to leaking of liquids and proteins across the lung
endothelium, generating edema in the lung interstitium. Subsequently, the edematous fluid

move into the alveoli, often facilitated by injury to the naturally tight barrier properties of the
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alveolar epithelium. Exudate edematous fluid containing proteins, neutrophils and red blood
cells (resulting in their accumulation into the alveolar space) is the hallmark of ARDS. This
process is also permitted by damage and alterations of endothelial cells that can be caused by
pathogens and their toxins, and in particular by the host-response against these pathogens. Pro-
inflammatory signaling molecules, such as tumor necrosis factor (TNF), interleukin (IL)-1p,
angiopoietin 2 (Ang2) or vascular endothelial growth factor (VEGF), generated by alveolar
macrophages, circulating leukocytes and platelets foster and exacerbate ARDS-related damage
(Matthay et al., 2019).

The 40% of septic patients develop ARDS and among them roughly 40% die of ARDS-related
complication. In addition, it has long been found that patients with sepsis-related ARDS have
higher 60-day mortality rate than those which develop ARDS due to any other reason (Sheu et
al., 2010).

Kidneys — sepsis is the most common contributing factor for acute kidney injury (AKI) in
critical patients. An increase of serum creatinine is a hallmark of AKI, although serum
creatinine is also limited for diagnosis by the absence of baseline value in many patients. The
incidence of AKI in septic patients is around 50% and it is associated with worse prognosis
and delay in recognizing renal injury leads to increased risk of poor outcomes. Patients with
sepsis-associated AKI have roughly 60% higher risk of in-hospital mortality compared to septic
patients without AKI and, moreover, sepsis-associated AKI increase of one-third the risk of
mortality rate compared to patients with non-sepsis associated AKI (Caraballo and Jaimes,
2019). It has been observed that early antibiotic administration improves the outcome in sepsis
and its delay results as independent predictor factor for the development of sepsis-associated
AKI. Sepsis-mediated kidney hypoperfusion can cause ischemic injury and can contribute to
AKI development; additionally, acute tubular necrosis has been described in around 20% of
patients with sepsis-associated AKI.

However, glomerular perfusion pressure and relative intrarenal shunting appear to be the
primary aberration occurring early during sepsis simultaneously with altered vascular
permeability, excess of fluid extravasation, and renal tissue edema. Furthermore, cellular
debris, including leukocytes, platelets, and coagulation activation, further contribute to

endothelial disruption and occlusion (Poston and Koyner, 2019).

Liver — almost half of septic patients develop concomitant hepatic dysfunction, which has been

associated with 28-day mortality (Caraballo and Jaimes, 2019). Although liver is not the first
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organ correlated to sepsis-associated MOF leading to patients’ death, it significantly
participates and orchestrates a large part of responses against sepsis thanks also to its unique
anatomical location. Specifically, the majority of mechanisms related to immune surveillance
or bacterial clearance by the liver take place within the hepatic sinusoid compartment. Hepatic
sinusoid structures are lined by endothelial cells (named liver sinusoidal endothelial cells —
LSEC) and Kupffer cells. Multifunctional hepatic stellate cells and various immune active cells
are localized within the space of Disse between the sinusoid and the adjacent hepatocytes. Flow
within the sinusoids can be compromised by physical or chemical agents, pressure blockage in
their lumina as well as obstructive processes within the space of Disse (Brunt et al., 2014).

It is important to highlight that the liver-induced immunogenic response represents a double-
edged sword contributing to both clearance of microbial products and organ damage due to an
overwhelming systemic inflammatory response, In fact, it is possible recognize different types
of response and if they are not well balanced and meticulously controlled the impact of this
non-homeostatic status will mirror the overall systemic condition. The pro-inflammatory
response, featuring inflammatory cytokines as IL-6 and IL-1 cytokines from Kupffer cells,
monocytes and other macrophages, triggers the production and release of acute-phase proteins
by hepatocytes. On the other hand, hepatic response against sepsis involves also the activation
of anti-inflammatory pathways and the over production of cytokines such as IL-10 and TGFp,
with the suppression of CD4" and CD8" T-cell responses by secreting iNOS and by inducing
regulatory T cells (Strnad et al., 2017). One consequence of the sepsis-related unbalanced
homeostasis is the hypoxic hepatitis, which occurs with an incidence around 10%, and it is
associated with an in-hospital mortality of ~50% (Fuhrmann et al., 2009; Kramer et al., 2007).
It is triggered by inadequate oxygen concentration that leads to reduced O: delivery to or
consumption by the liver. This damage is manifested by increasing of serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) levels which can be measured a
few hours after the initiation of hepatic damage and are usually accompanied by elevated lactate
dehydrogenase (LDH) activity. Lastly, after initial hypoxic liver damage, one-third of patients
develop cholestatic hepatic dysfunction, which is a common complication in patients with
sepsis and results either from impaired bile formation at the hepatocellular level, or from
defective bile flow at the level of small or large bile ducts without, necessarily, a biliary

obstruction (Bhogal and Sanyal, 2013).

Central Nervous System — sepsis-associated encephalopathy is frequently encountered in

critical patients in intensive care units, and in up to 70% of patients with severe systemic
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infection. However, mortality in patients with sepsis-associated encephalopathy occurs almost
always due to MOF rather than neurological complications (Gofton and Young, 2012). Sepsis-
associated encephalopathy is likely to be largely due to inflammatory mediators as cytokines;
in severe cases brain dysfunction and even structural lesions can be diverse, including ischemic
lesions, encephalopathy due to failure of other organs and/or hematological disorders (such as
disseminated intravascular coagulation — DIC). In fact, the marked inflammatory response,
characteristic of sepsis condition, contributes to microcirculatory failure and disruption of the
blood-brain barrier, allowing inflammatory mediators and neurotoxins diffusion into the brain
tissue. Importantly, the increased NO diffuses through the intact blood-brain barrier, causing
oxidative stress and, as a consequence, neuronal dysfunction and cell apoptosis (Sweis et al.,

2016).

Coagulation system — coagulopathy is a common and important complication in patients with
sepsis and contributes to the development of organ dysfunction. Among patients with sepsis
and septic shock, more than half develop thrombocytopenia and the same amount is diagnosed
for disseminated intravascular coagulation (DIC) (Caraballo and Jaimes, 2019). It is well
known that activated endothelium becomes prothrombotic in sepsis conditions, leading to the
formation of microvascular thrombosis. Furthermore, other cells (i.e. monocytes/macrophages,
neutrophils and lymphocytes) and mediators (coagulation factors) participate in this critical
complication. Tissue factor (TF) expressed on macrophages and monocytes play a central role
in clot formation, additionally TF together with activated neutrophils and DAMPs released by
surrounding cells exert a potent prothrombotic effect.

Also, vascular endothelial cells release NO, which normally has antithrombotic effects in
physiological condition, whereas they promote prothrombotic effects under septic conditions
by expressing TF and releasing von Willebrand factor, thus generating a vicious circle.
Derangement of the coagulation/fibrinolytic/endothelium system is a hallmark of DIC (Iba et

al., 2020).

Metabolism — sepsis pathogenesis is strongly influenced by profound changes in metabolic
homeostasis. Importantly, one recurrent feature in sepsis is a clear problem of mitochondrial
respiration; this feature was demonstrated also in patients by Brealey and colleagues, who
observed that skeletal muscle biopsies showed a significant decrease of ATP/ADP ratio in non-
survivor compared to survivor septic patients (Brealey et al., 2002). In addition, proteomic and

metabolic screen on plasma of sepsis patients identified glucose metabolism and fatty acid
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beta-oxidation pathways as being significantly different between sepsis survivors and non-
survivors. Moreover, the metabolomes and proteomes of surviving patients with mild sepsis
did not differ from survivors with severe sepsis or septic shock (Langley et al., 2013). At
clinical level, hyperglycemia is very often observed and only occasionally hypoglycemia
occurs in septic patients (Van Wyngene et al., 2018). A clear increase in lactate is usually
directly related to poor outcome, besides signs of poor fatty acid oxidation and amino acid
catabolism. The increased concentration of circulant lactate in sepsis is likely the result of
increased glycolysis activity. In fact, in sepsis conditions, glycolysis appears to be perfectly
ongoing and pyruvate is abundantly generated in the cytoplasm of cells. However, pyruvate
transformation into acetyl-CoA and CO», after its crossing into mitochondria, is heavily
compromised in sepsis and Krebs cycle cannot be triggered. Furthermore, mitochondria display
physical damage: dysfunction of mitochondria in sepsis has been described as being a direct
result of NO, CO, and reactive oxygen species (ROS), whereby mitochondrial DNA is
damaged as well as proteins of the electron transport chain. In addition to being damaged and
less active as a consequence, the electron transport chain is less abundant in cells in some of
its complexes: specifically complex I, II and IV (Hiittemann et al., 2012). Taking these
considerations together, it is possible to state that sepsis leads to cytopathic hypoxia. In fact,
oxygen levels in tissues during sepsis are rather normal but there is a reduced capacity of the
tissues to utilize O from the blood. During this condition cells perform a hypoxic response
characterized by transcriptional increase and activation of hypoxia-inducible factor o (HIF1-
o), which is responsible to induce transcription of other genes coding for proteins that are
involved in glycolysis and most importantly lactate dehydrogenase (LDH). LDH is the enzyme
that converts pyruvate into lactate; as mentioned above high plasma levels of lactate is a typical
biomarker of bad prognosis in sepsis, correlating with disease severity, morbidity, and
mortality (Nichol et al., 2010; Rishu et al., 2013; Van Wyngene et al., 2018).

Lastly, depending on cell type and state, mitochondria are the major source of ROS and among
them superoxide radicals (O>") and hydrogen peroxide (H20O>) are important. ROS are acting
either via intracellular signaling cascades, or via induction of oxidative stress, damaging
intracellular structures. Rather than low ATP levels (due to mitochondrial dysfunction), ROS

significantly contribute to cellular, tissue and ultimately organ damage (Kozlov et al., 2017).
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Figure 2. Confusing? This is MOF. Multi-organ failure (MOF) or multi-organ distress syndrome (MODS) is the
development of potentially reversible physiologic derangement involving two or more organ systems not involved
in the disorder and arising in the wake of a potentially life-threatening physiologic insult. MOF is characterized
by disruption at molecular > cellular > tissue and vascular levels until organ(s) involvement. Moreover, it is the
crosstalk among immune system cells and tissue resident cells, with the contribution of both innate and adaptive
immunity. At molecular and cellular levels there are evidence of a reduced Oz consumption, although there is not
a hypoxia general condition: Krebs cycle and electron transport chain are substantially impaired and reactive
oxygen species (ROS) are the first consequence; the cellular-hypoxia state stimulate the stabilization of hypoxia-
inducible factor (HIF) which in turn induce lactate dehydrogenases (LDH) upregulation. With Krebs cycle
impairment, glycolysis is highly active, and the over production of pyruvate is readily metabolized in lactate by
LDH enzyme. Lactate is then secreted in the bloodstream leading to systemic hyperlactatemia. At vascular level,
serious disruptive mechanisms occur; starting from vascular muscle cells which, due to cell membrane
repolarization, no longer respond to neuromuscular stimuli and lose their contractile ability causing general
vasoplegia. Furthermore, vascular endothelial cells have an important role in MOF due to overproduction of nitric
oxide (NO), able to cross cell membrane and diffuse in all surrounding tissues/organs, including brain. Remaining
at vascular levels, circulant immune cells and platelets, together with an impaired coagulation system, trigger
uncontrolled mechanisms leading to clot formation and thrombotic events generating the disseminated
intravascular coagulation (DIC) phenomena. DIC is tangibly dangerous in organs as liver, kidney and brain; in
the latter, DIC and NO diffusion cooperate developing sepsis-induce encephalopathy (SIE). The overproduction
of NO is directly depending by endothelial nitric oxide synthases (eNOS) and inducible nitric oxide synthases
(INOS) overexpression: eNOS and iNOS are expressed by several cells of all organs, particularly when they are
damaged. Liver damaged is superficially identifiable by increasing in the blood concentration of aspartate
aminotransferase (AST) and alanine aminotransferase (ALT); as well as acute kidney injury (AKI) is identified
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through creatinine (Cre) increase. Other important causes of MOF are acute respiratory distress syndrome
(ARDS), in which pulmonary function are largely compromised, and acute cardiac events such as acute heart
failure and non-ischemic myocardial injury. All these confused but strictly linked events are orchestrated by
molecules (i.e. NO, ROS) and importantly by a cytokines storm, which includes a plethora of cytokine mediators
expressed and secreted in an uncontrolled way (i.e. interleukin — IL — 13, 2, 4, 6, 8, 9, 10, 13, 17 and 18, vascular
endothelial growth factor — VEGF —, interferon — INF — y, tumor necrosis factor — TNF — o and transforming
growth factor — TGF — )

Animal models

To date an animal model of sepsis is unfortunately essential to mimic the pathophysiology in
humans and better understand and clarify the pathophysiological mechanisms of sepsis. The
idea that a perfect murine model of sepsis exists is untenable, owing to the complex and het-
erogenous nature of the condition, but a variety of good options for modeling exist depending
on the focus of the research. Among them: I) Lipopolysaccharide Injection, 1) Bacteria and
Fibrin Clot Implantation, 1II) Colon Ascendens Stent Peritonitis, IV) Cecal Ligation and
Puncture and the more recent, V) Cecal Slurry Injection (Lewis et al., 2016). For many years
the most used model was Cecal Ligation and Puncture (CLP) model, while the first three listed
were used only occasionally. CLP involves the ligation of the distal caecum to the ileocecal
valve followed by the perforation of the caecum by needle to allow fecal contents leakage into
peritoneum. Theoretically the severity of the disease can be controlled by the needle puncture
size, by the number of punctures and the length of ligated cecum. However, there are
contradictory data on this, and the size/number of punctures may not dictate the severity of the
disease (Kingsley and Bhat, 2016). Additionally, CLP is affected by many variables. In fact,
the severity of CLP-induced sepsis is highly dependent on the degree of infection, which can
be influenced by volume, rapidity and duration of cecal content released into the abdomen, and
by bacterial flora present in the cecum. For these reasons with the same procedure, it is
impossible to compare animals with different body size, under different diet regimens and
different gastrointestinal conditions. Moreover, the fact that it is a surgical invasive procedure
turns out to be difficult work on animals with particular pathophysiological conditions, such as
deficient wound-healing capability or higher sensitivity to surgery (Kingsley and Bhat, 2016).
Recently the Cecal Slurry Injection (CSI) model has taken wide use, partially replacing CLP
model. CSI model of sepsis is based upon intraperitoneal injection of cecal contents from a
donor rodent that has been standardized in quantity and suspended in fluid. This technique
seems more consistent than CLP because of the ability to standardize the bacterial inoculum,
which is not possible in CLP. Moreover, mice subjected to CSI do not undergo to the surgical

tissue trauma and ischemic tissue generated by standard CLP method (Lewis et al., 2016).

18



Biomarkers

Over the last decade, there has been great interest in finding out biomarkers for several
applications, including diagnosis of infection, prognostication, and therapeutic guidance, in
patients with sepsis. Many potential sepsis biomarkers have been proposed, procalcitonin
(PCT) and C-reactive protein (CRP) being the most frequently studied. In 2017, Kim et al.
demonstrated a possible prognostic utility of procalcitonin (PCT), presepsin (sCD14-subtypes),
soluble suppression of tumorigenicity 2 (sST2), and Gal-3 in sepsis (Kim et al., 2017a).
However, authors suggested that a multi-marker approach could be beneficial for an optimized
management of patients with sepsis. The idea of a multi-marker approach has been recently
reclaimed by Mearelli et al. in a multicenter prospective study comprising a large cohort of
patients. They developed and validated a high-performing, reproducible, and cost-effective
algorithm to assist physicians of the emergency department in distinguishing sepsis/septic
shock from noninfectious systemic inflammatory response syndrome (SIRS) (Mearelli et al.,
2018). Nowadays, it is becoming evident that the use of biomarkers in clinical procedures can
be helpful and essential for a correct diagnosis, to discriminate noninfectious SIRS, sepsis, and
septic shock patients, and to estimate the prognosis. An interesting potential biomarker
disposable for sepsis status is high mobility group box 1 (HMGB1), a nuclear protein emerged
as a key inflammatory mediator that is released during infection and cellular insult by activated
immune cells and necrotic tissue and functioning as a DAMP. Clinical and preclinical studies
have implicated HMGB1 as a mediator of sepsis pathogenesis and mortality (Diener et al.,
2013).

Interestingly, in a recent publication it has been demonstrated that the administration of anti-
HMGBI polyclonal antibody to a murine model of severe sepsis alters the pattern of cytokine
signaling to a more favorable profile, improves survival, and protects against the development
of post-septic immunosuppression (Stevens et al., 2017).

Another protein strictly related to HMGBI is osteopontin (OPN). Today it is well know that
HMGBI is an important OPN’s downstream mediator and their crosstalk orchestrates several
responses, at least in the liver (Borthwick and Mann, 2016). OPN and inflammation/infection
relationship has long been known and OPN is still studied in several pathologies. Already in
the late 90s it was established that OPN gene expression in human pulmonary macrophages
increases after infection with virulent Mycobacterium bovis (Nau et al., 1997), progressively

other authors studied and investigated the role of OPN in SIRS/sepsis condition. Serum OPN
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concentrations were found higher in patients with sepsis compared to patients with SIRS
(Vaschetto et al., 2008). In 2015 it was observed that the use of anti-OPN polyclonal antibody
to a CLP-murine model of sepsis can have beneficial aspects, protecting against acute lung
injury (Hirano et al., 2015). Eventually, OPN expression was found increased in

cardiomyocytes of pediatric subjects with sepsis or pneumonia (Irion et al., 2018).

Among possible biomarkers growth arrest specific 6 (Gas6) need to be cited and it is also one
object of interest of this thesis. Gas6 is a protein normally secreted in the bloodstream and in
physiological conditions its plasma concentration in adult human is averagely 18 ng/mL
(Balogh et al., 2005). Circulant Gas6 is known for long time, but the biological role of Gas6 is
not completely understood yet. However, Gas6 expression and its concentration in the
bloodstream and in different compartments were found to change in several pathological
conditions, both chronic and acute such as hepatic fibrosis, cirrhosis and hepatocellular
carcinoma, chronic kidney diseases, systemic lupus erythematosus as well as acute dyspnea
(Salmi et al., 2019). Several studies were performed investigating Gas6 levels also in SIRS and
sepsis: Borgel et al. and Gibot et al. were among the first studies to depict the correlation
between Gas6 and sepsis condition in 2006 and 2007 respectively (Borgel et al., 2006; Gibot
et al., 2007), and few years later Ekman et al. confirmed that Gas6 levels are increased during
sepsis, finding a correlation between Gas6 and the degree of organ damage (Ekman et al.,
2010a). More recently, plasma levels of Gasb6 in septic patients were found higher in sepsis-
induced ALI and the authors suggested the direct involvement of endothelial compartment

(Yehet al., 2017).

Gas6 and TAM receptors

Gas6, together with Protein S (Prosl), is the most studied TAM’s ligand. They are members of
the vitamin K-dependent protein family, containing one Gla domain in which the glutamate
residues are post-translationally modified to form gamma-carboxyglutamate through a vitamin
K-dependent carboxylation and this latter is required to confer to these proteins their activities.
Additionally, a peculiar domain that lends uniqueness to these proteins, compared to other
vitamin K-dependent ones, is the sex-hormone-binding globulin (SHBG)-like domain.
Although it shares only 30% sequence identity with SHBG and its lacking in enzymatic activity
(Saposnik et al., 2003). Importantly, despite Gas6 and Pros1 sharing structural homology, their

functions to date-known are dissimilar: Gas6 is limited to binding TAM receptors, while Pros1
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circulates in the bloodstream in two forms, one linked to C4b-binding protein and implicated
in coagulation processes (60%) and the other free circulating, potentially able to bind TAM
receptors (40%) (Dahlbéck, 2007).

Gas6 interacts with TAM through its SHBG-like domain, positioned at the C-terminus of its
sequence, activating downstream signaling pathways (stated below). Furthermore, Gas6 ‘Gla
domain’ is able to bind phosphatidylserine (PtdSer) exposed by dying cells and through the
SHBG-like domain binds the Ig-like domain of TAM receptors, thus Gas6 is able to work as a
bridge between apoptotic cells and the TAM expressing effector cells (Salmi et al., 2019)
(Figure 3).

TAM receptors belong to tyrosine kinase receptor family and include Tyro 3 (T), Axl (A) and
Mer (M). They share structural similarity, notably two Ig-like domains, two fibronectin type
IIT domains, a hydrophobic transmembrane domain, and a tyrosine kinase domain.

TAM were discovered and cloned by several groups in the 90s (Rothlin et al., 2015). In the
first years from their discovery, their role in the maintenance of homeostatic balance through
the regulation of the phagocytosis of apoptotic bodies (efferocytosis) has been demonstrated
(Scott et al., 2001). Gradually, their role in the innate inflammatory response and in the
regulation of cell proliferation and apoptosis was elucidated, leading to growing interest. In
fact, a deficiency in TAM expression is related to autoimmune diseases (Rothlin et al., 2015)
and, oppositely, their overexpression or aberrant activation is associated with the development
and progression of cancer (Wu et al., 2018). In this context, the complex network of TAM
functions has been clarified in recent years, as it seems more linked to the environmental
context, or “milieu,” rather than to the expressing cell/tissue, such as neurodegenerative
diseases (Pierce and Keating, 2014), autoimmune diseases, and cancer (Wium et al., 2018).
TAM activation, which occurs through tyrosine cross-phosphorylation, is normally mediated
by the binding with their ligands, Gas6 and Prosl as written above. Precisely, Gas6 is able to
bind and activate all TAM receptors, while Prosl can only bind Mer and Tyro3, without
interacting with Axl. In 2014, Lew et al. published a detailed paper showing that Gas6 is
capable of binding and activating all TAM, but the most powerful effect was observed
following AxI activation. Moreover, authors showed that the PtdSer-binding Gla domain
present on Gas6, PtdSer itself, and Ca*™ are all essential to achieve a full receptor activation,
but none of them is involved in receptor binding (Lew et al., 2014). Interestingly, Gas6-TAM
receptor binding is not able to determine the receptor activation per se; so all the conditions

described above need to be fulfilled in order to trigger the numerous signal transduction
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pathways, such as phosphoinositide 3-kinase (PI3K)/Akt, mitogen-activated protein kinase
(MAP kinase), nuclear factor-light-chain-enhancer of activated B cells (NF-xB), signal
transducer and activator of transcription protein (STAT), phospholipase C (PLC), growth factor
receptor-bound protein 2 (Grb2), Ras, extracellular-signal-regulated kinase (ERK), MLKL
phosphorylation and others (Alciato et al., 2010; Lemke, 2013; Najafov et al., 2019).
Eventually, Rothlin et al. demonstrated that TAM signaling triggers the expression of the
suppressor of cytokine signaling proteins, SOCS1 and SOCS3. In fact, in dendritic cells from
mice knockout for all three TAM receptors (TAM triple knockout; TAM TKO), the induction
of SOCS1 was substantially impaired (Akalu et al., 2017; Rothlin et al., 2007). All these
mentioned tangled pathways have crucial role in both physiological and pathological
conditions and recently therapies targeting Gas6 and TAM receptors have been hypothesized

(Wu et al., 2017, 2018) (Figure 3).

Despite their structural homology, following activation TAM receptor signaling is shut down
in different ways: the signal desensitization that occurs through the shedding of the ectodomain
by proteolytic cleavage was reported for Mer and Axl, but not for Tyro3 (Miller et al., 2017,
Thorp et al., 2011) (Figure 3). Between the TAM-common-fibronectin type III domains and
the transmembrane domain, the proline residue Pro485 present in the Mer sequence makes it
susceptible to cleavage by the metalloproteinase ADAM17, a disintegrin and metalloproteinase
domain 17, also known as tumor necrosis factor-alpha converting enzyme (TACE). Although
the examination of the cleavage site sequence of several substrates shed by ADAM17 indicates
that the distance between ADAMI17 and its target is more important than the specific sequence
in ectodomain shedding, the site-directed mutagenesis of the Pro485 cleavage site results in
Mer resistance to proteolysis (Thorp et al., 2011).

Importantly, the PPRs activation by lipopolysaccharide (LPS) or polycytidylic acid (Poly:C)
in macrophages results in the induction of cleavage of Mer extracellular domain. Furthermore,
LPS-induced Mer/Axl shedding is dependent on ADAM17, as it is abrogated in ADAM17 gene
knockdown macrophages. Sather et al. have shown that the shedding of the Mer ectodomain
results in the inactivation of the receptor and in additional neutralization of TAM ligands,
which are sequestered by the released soluble form of the receptor ectodomain (Sather et al.,
2007). In 2010, Ekman et al. demonstrated that Gas6 is trapped by soluble Axl (sAxl) due to
the higher affinity of Gas6 for Axl in comparison to Mer (Ekman et al., 2010b). Indeed, Gas6
binds Axl with a dissociation constant in the subnanomolar range, whereas its affinity for Mer

is at least 10-fold lower (Nagata et al., 1996). Conversely, a previous study published by Sather
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et al. demonstrated that both sAxl and sMer are able to inhibit the Gas6 activity and that the
inactive sMer/Gas6-complex leads to a defective macrophage-mediated engulfment of

apoptotic cells (Sather et al., 2007).
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Figure 3. Gas6/TAM structures, posttranslational regulation and downstream pathways. Schematic
representation of TAM receptors and their ligands (Gas6 and Prosl) with downstream pathways. All TAM
receptors share structural domains, i.e., the tyrosine kinase (TK) domain, the transmembrane domain, two
fibronectin type III domains (FN III), and two Ig-like domains (Ig) from the C-terminal to the N-terminal (right).
The TAM ligands Gas6 and Prosl share a sex hormone-binding globulin (SHBG) domain and a gamma-
carboxyglutamic acid-rich (Gla) domain (right). The Gla domain binds phosphatidylserine (PtdSer) exposed in
the outer side of the apoptotic cell plasma-membrane, while the SHBG domain interacts with TAM receptor Ig-
like domains on the surface of TAM-expressing cells, thus acting as “bridge” proteins (right). The binding itself
does not result in receptor activation that occurs through receptor transphosphorylation and in a Ca*-dependent
fashion (center). For Mer and Axl, the signal transduction is shut down by proteolytic cleavage of the receptor
ectodomain (shedding), which is mediated by the transmembrane disintegrin and metalloproteinase (ADAM) 17.
Shedding can be induced by inflammatory stimuli (e.g., lipopolysaccharide) leading to the extracellular domain
release of the receptor and generating a soluble AxI (sAxl) and soluble Mer (sMer) forms able to interact with and
sequester the ligands Gas6 and Pros1 (left).
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Gas6 binds to TAM and thereby exerts its biological effects, including the promotion of survival and proliferation;
several pathways are involved and in the schematic representation are divided by the endpoint. Furthermore, the
Grb2 > Ras > MEK1 > ERK1/2 pathway is shown in blue and red when is activated by Mer and Axl, respectively.
Molecular mediator list: Grb2 = growth factor receptor-bound protein 2, Ras = Ras superfamily, MEK 1 = mitogen-
activated protein kinase kinase, ERK1/2 = extracellular signal-regulated kinases, PI3K = phosphoinositide 3-
kinases, Akt = protein kinase B, Bcl-2 = B-cell lymphoma 2, BAD = Bcl-2-associated death, NF-kB = nuclear
factor-light-chain-enhancer of activated B cells, SOCS = suppressor of cytokine signaling, JAK = Janus kinase,
STAT = signal transducer and activator of transcription.

In the end, despite their deep resemblance, TAM receptors are expressed by different cell types
and tissues (Table 2): Tyro3 is generally localized in the nervous system, whereas Mer and
Axl have been found in different tissues and they are frequently co-expressed by the same cells
(Rothlin et al., 2015). This co-expression can be either equivalent in some cells, such as Kupffer
cells in the liver and red pulp macrophages in the spleen, or unbalanced in others, such as for
CD68" tingible macrophages, which are primarily Mer", and CD11c¢* white pulp dendritic cells
(DCs), which are mostly Ax1" (Zagorska et al., 2014). Regarding Gas6, its expression has been
described in CD11b"F4/80" bone marrow macrophages (Zahuczky et al., 2011), in microglia
(Butovsky et al., 2014), in apoptotic thymocytes (Wallet et al., 2008), in Sertoli cells (Lu et al.,
1999), in peritoneal macrophages (Deng et al., 2012) and in CD11c¢" DCs (Loges et al., 2010).
Moreover, Gas6 is particularly expressed by endothelial cells, platelets, and leukocytes (Avanzi

et al., 1997; Manfioletti et al., 1993).
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Tyro3

AxI

Mer

Brain

Heart

Breast

Lung

Liver

Spleen

Kidney

Testis

Peritoneum

Blood/
BM-derived

Table 2. Expression of TAM receptors in different organs/tissues. Italic shows TAM expression located in
human cells; all the others were found in murine cells. BM derived = bone marrow derived, HSC = hepatic stellate
cells, LSEC = liver sinusoidal endothelial cells, Mon-der macrophages = monocyte-derived macrophages, DCs =
dendritic cells; NK = natural killer, NKT = natural killer T. Table modified from Salmi et al. (Salmi et al., 2019)
List of references: ! (Ji et al., 2014), ) (Wan et al., 2013), B3 (Sandahl et al., 2010), ®! (Fujimori et al., 2015), [*]
(Kazeros et al., 2008), (! (Mukherjee et al., 2016), [l (Subramanian et al., 2014), ®! (Shao et al., 2009), ! (Zhong
et al., 2018), 1% (Wang et al., 2005), ['! (Deng et al., 2012), [ (Gould et al., 2005), [!*] (Malawista et al., 2016),
(141 (Paolino et al., 2014), 151 (Seitz et al., 2007), 11 (Wallet et al., 2008), 17 (Behrens et al., 2003), [18! (Peeters et

al., 2019).
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AIM

Our group published in 2019 a review focusing on TAM-Gas6 axis and sepsis (Salmi et al.,
2019). In this review we highlighted, speculated and hypothesize the use of Gas6 as a
biomarker in the complex pathophysiology of sepsis, since several data seem to suggest a role
of Gas6 as a useful biomarker for discriminating between noninfectious SIRS, sepsis, and
septic shock. This data could suggest that Gas6 is physiologically released in response to insult.
Furthermore, Gas6 came out as an early predictor of organ damage. Our hypothesis was that
the organism triggers a Gas6-mediated response against sepsis-related insult and consequently
Gas6 administration could be envisaged as a therapeutic reinforcement to the current treatment
in sepsis (Figure 4). To test this hypothesis we pursued the following aims:

e Aim 1: to investigate Gas6 diagnostic and prognostic potential. We analyzed Gas6
plasma levels in different SIRS and septic patient’s cohorts and we tried to investigate
its potential from both diagnostic and prognostic point of view along with other
potentially useful biomarkers.

e Aim 2: to determine the biological role of the Gas6/TAM axis in a mouse model of
sepsis following broad-spectrum antibiotic administration. We investigated whether the
administration of full-length murine Gas6 protein combined with standard antibiotic

therapy would ameliorate the widespread organ damage observed in septic mice.
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Figure 4. Gas6 potential role in septic status. Modified from Salmi et al. (Salmi et al., 2019). The high levels
of Gas6 released in the bloodstream during sepsis seem to be aimed at counterbalancing sepsis dysfunctions;
however, because inflammatory stimuli downregulate TAM receptors, the Gas6 over release is ineffective.
Current therapy for sepsis is aimed at decreasing inflammatory stimuli. Gas6 administration after current therapy
could operate on activated TAM receptors and protect the organs from sepsis-induced damage. The combination
of a correct early diagnosis and the additional protective effects mediated by Gas6 could ameliorate the
outcome/overall survival of patients.
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MATERIAL and METHODS

Patients

Need-Speed Trial

Need-Speed Trial is an observational multicentre study, in which consecutive patients older
than 18 years has been admitted to the emergency departments (ED) of five centres (Novara,
Rome, Trieste, Turin and Brescia) between March 2013 and March 2015. Patients were
enrolled within 24 h from admission if they met two or more criteria of systemic inflammatory
response syndrome (SIRS) (Levy et al., 2018). Exclusion criteria were age < 18 years,
pregnancy proven or suspected, witnessed aspiration, blood collection for biomarkers done 24
hours after ED admission, and refusal to give informed consent. The study was approved by
the local ethical committee of each centre involved and was conducted in conformity to the
principles of the Declaration of Helsinki. Patients were included prospectively. Mortality was
evaluated at 7 and 30 days from enrolment through telephone follow-up calls at 30 days,

indicating whether the patient was alive or dead and the possible death date.

Raise Aim Study

This single-centre, prospective, observational, pilot study was performed in the ED of the
“Maggiore della Carita” University Hospital in Novara (Italy) from October 2016 to March
2018. Patients presenting to the ED with suspected sepsis according to the Sepsis-3 criteria
(suspected infection and quick SOFA > 2) were consecutively enrolled (T0). Exclusion criteria
were pregnancy, age < 18 years and lack of a signed informed consent. The study was
conducted according to the guidelines of the local ethical committee in conformity to the
principles of the Declaration of Helsinki and was prospectively registered at the Australian
New Zealand Trials Registry (ACTRN12617000429358). Patients were then clinically re-
evaluated after 24 and 48 h and at 7 days or at discharge. A telephone follow-up was performed
at 30 days in order to assess mortality. At 24 hours a second blood draw was performed for
biomarkers studies (T1). At the end of the study period, two expert emergency physicians
evaluated the clinical record of each patient in order to assess the final diagnosis according to
the Sepsis-3 criteria. Therefore, patients were firstly divided in two groups depending on
whether the suspected sepsis detected at ED admission was later confirmed (“sepsis”) or ruled
out (“non-sepsis”). Then, septic patients were further divided in two groups ( “sepsis” and

“septic shock™) in order to perform additional analyses.
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Blood processing

Blood was collected through 5 mL vacuum tubes, with and without anticoagulant (EDTA), and
maintained at 4°C until the processing. Blood samples were centrifuge at 3000 rpm for 10
minutes at room temperature (RT) plasma and serum were aliquoted separately and stored -

80°C.

Biomarkers analysis - Need Speed Trial

Blood samples for biomarkers analysis were obtained within 24 hours from ED admission and
centrifuged in the local laboratory facility of each Unit. The plasma aliquots were then stored
at -80°C in the different units and sent to the main Unit of Investigation (Laboratory of
Emergency Medicine, Department of Translational Medicine, Universita del Piemonte
Orientale, Novara, Italy) for biomarkers plasmatic levels determination.

Gas6 was measured with a sandwich ELISA developed and validated in our laboratory (Alciato
et al., 2008). Briefly, a 96-well plate was coated overnight with anti-Gas6 capture antibody
(goat polyclonal affinity purified IgG, catalog number AF885, R&D Systems, MN, USA).
Plasma samples were diluted 1:100, then human Gas6 was detected by a secondary biotinylated
antibody (goat polyclonal IgG antigen affinity purified, human Gas6 biotinylated antibody,
catalog number BAF885, R&D Systems), streptavidin—peroxidase conjugate (Sigma-Aldrich,
MO, USA) and TMB (3,3',5,5'-tetramethylbenzidine). The reaction was blocked with sulfuric
acid 2 N and absorbance determined by spectrophotometer (VICTOR Multilabel Plate Reader,
PerkinElmer®) at 450 nm.

Biomarkers analysis - Raised Aim Study

Blood samples for biomarkers analysis were obtained within 24 hours from ED admission,
aliquoted and stored at -80°C. Gas6 was measured with a sandwich ELISA developed and
validated in our laboratory (Alciato et al., 2008) as described above. Osteopontin (OPN) plasma
levels were quantified using a commercially available ELISA kit (enzyme-linked
immunosorbent assay; R&D system codes DY1433 and DYO007) according to the
manufacturer’s protocol. The optimal sample dilution was set at 1:1000. Lastly, HMGBI
plasma levels were quantified using a commercially available ELISA kit (IBL

INTERNATIONAL, TECAN, system code ST51011) according to the manufacturer’s
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protocol. Finally, absorbances were determined by spectrophotometer (VICTOR Multilabel
Plate Reader, PerkinElmer®) at 450 nm.

Statistical analysis

Statistical analysis was performed with the MedCalc® software v12.5.0 (MedCalc software,
Ostend, Belgium). The normality of data distribution was assessed through the Kolmogorov-
Smirnov normality test. Data are expressed as median [interquartile range] for continuous
variables and as absolute numbers (percentages) for categorical variables. Comparison between
groups was performed through the Mann-Whitney U test for continuous variables and through
the Chi-square test for categorical variables.

A multiple regression analysis was performed to identify independent predictors of OPN

concentration. Statistical significance was set at two-tailed p < 0.05.

In-vivo Studies

Bacteria Mix Preparation

One male C57B1/6 male mouse was sacrificed. Cecum intestine portion was removed to collect
fecal material and stored in 1.5 mL tube. Fecal material (FM) was resuspended in sterile
phosphate buffered saline (PBS) at the concentration of 100 mg/mL. Then, FM was squeezed
with sterile loop to release bacteria and centrifuged at 500 rpm for 1 minute room temperature
(RT). Supernatant was collected and cultured in Luria broth (LB) medium for approximately 6
hours in orbiting incubator at 37°C and 200 rpm. Bacteria quantification was performed by
measuring the absorbance of bacterial growth with a spectrophotometer (Eppendorf) at 595 nm
(ODsos 1 = 10° bacteria) and aliquots of 10° bacteria/500 uL LB containing 20% glycerol
(Sigma-Aldrich, St. Louis, Missouri, US, code G9012) were stored in -80°C.

Mouse Model of Bacteria-Induced Sepsis

All animal studies were approved by the Animal Care and Use Committee of the Universita
del Piemonte Orientale (Novara, Italy), number 702/2020-PR. Male C57BI1/6 mice (N. 29) were
used with weight ranging from 30 to 36 grams and age from 13 to 26 weeks. Weight and age
were used to match the different treatment groups. The eight treatment groups are shown in
Table 11 of Results section. Bacteria aliquots of cecal slurry stored at -80°C (as described
above) were thawed at RT, cultured in LB medium for 30 min at 37°C and 200 rpm, washed

once and resuspended in PBS. Sepsis was induced by intraperitoneal injection of 10® bacteria,
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while mice injected with sterile PBS served as control group. After ~16 hours, 200 mg/kg
ampicillin (Sigma Aldrich, St. Louis, Missouri, US, code 171257) were administered by tail
vein (TV) injection as previously reported by Majhi et al. [23], while the control group received
the same volume of PBS. Seven hours after ampicillin injection, 5 pg of recombinant murine
Gas6 (full-length protein; R&D systems, Minneapolis, Minnesota, US) and the same amount
of PBS in control groups were TV injected in each mouse. Figure 5 shows a schematic
representation of the treatment timeline. Mice were daily monitored and fed with wet food to
maintain hydration, and cages were warmed using heating pads to avoid hypothermia.
Approximately 40 hours after sepsis induction, mice were deeply anesthetized (isoflurane 1.5-
2% 02), blood samples collected by intracardiac puncture and organs harvested for subsequent
analysis. Due to difficulties in evaluating clinical parameter in mice, such as blood pressure,
pale skin etc., a vitality score was set up and mice were evaluated in a double-blinded fashion.
Each mouse was monitored and evaluated according to the following scoring system: 0 = dead
mouse; 1 = living mouse, motionless with closed eyes, white ears and tachypneic; 2 = living
mouse, slow movements, opened eyes, pink ears and normopneic; and 3 = living mouse, normal

movements and normal behaviours.

% Bacteria Ampicillin rmGas6 Sacrificed and
¥ Intraperitoneally injection TV injection TV injection organs collection
% ~ 16 hours % 8 hours % ~ 16 hours
/
/ > o
= PFA-fixed Ampicillin rmGas6 ROS and in-vitro
bacteria assays

Figure 5. Timeline of treatments of in-vivo and in-vitro studies.

Blood and Organ Storage

Blood was collected using a 25G needle and 1mL syringe and maintained in sterile 1.5 mL
tube with 3.4% sodium citrate anticoagulant (1/10 of total volume), in ice until the processing.
Blood samples were centrifuge at 3000 rpm for 10 minutes at RT. Finally, plasma and buffy
coat were aliquoted separately and stored -80°C.

Liver, spleen, kidneys and lungs were harvested from each mouse. All the organs underwent
morphological analysis followed by anatomical sectioning and preservation for subsequent

RNA analysis (-80°C) histochemical and morphological analysis (formalin-fixed paraffin-

31



embedded) and immunofluorescence (directly frozen in in Killik inclusion medium; Bio-

Optica, Milano, Italy, code 05-9801).

Biochemical Analysis

Alanine transaminase (ALT) and lactate dehydrogenase (LDH) levels in plasma samples were
determined using commercially available kits (ALT-GPT LR, code E380340130, and LDH LR
code E4000230; Gesan, Campobello di Mazara, Italy).

RNA Extraction and Gene Expression Analysis

Organ samples (50 - 80 mg) were homogenized, and total RNA was extracted from each sample
using TRIzol™ (Thermo Scientific, code 15596026), according to the manufacturer’s
instruction. RNA (1 - 3 ng) was retrotranscribed into cDNA with Applied Biosystems™ High-
Capacity cDNA Reverse Transcription Kit (Thermo Scientific, code 4368814). Gene
expression analysis was performed using primers for Sybr Green assay or TagMan Probes
(Table 3) and relative expression of candidate genes are relative to B-actin, which was use as

housekeeping gene.

Gene Alias Forward Primer Reverse Primer
ACTB B-actin 5-TGCCTGACGGCCAGGTCAT-3 5-ATCTCCTTCTGCATCCTGTCGG-3
IL1B Interleukin-1p 5-GCTGTCCTGATGAGAGCATCC-3' 5-CATGAGTCACAGAGGATGGGCTC-3
IL6 Interleukin-6 5-GCTGGTGACAACCACGGCCTTC-3' 5-TTCTGCAAGTGCATCATCGTTGTTC-3
IL10 Interleukin-10 5-AGCCTTATCGGAAATGATCCAGT-3' 5-GGCCTTGTAGACACCTTGGT-3'
TGFB1 TGF-B 5-CTCCCGTGGCTTCTAGTGC-3 5-GCCTTAGTTTGGACAGGATCTG-3’
NOS2 iNOS 5-CCCCGCTACTACTCCATCAG-3' 5'-CCACTGACACTTCGCACAAA-3'
MERTK Mer 5-CTCTGGAGTGGAGGCACTG-3’ 5-ATCTTCCAGTCTGGGGTGGT-3
AXL Axl 5-GAACTTGCCAGGCTCCTACTCT-3’ 5-GGAGTTGACACAGGTCTGCTCA-3'
Gene Alias TagMan™ probe GeneBank®
ACTB B-actin MmO00607939_s1 AK07935.1
TNF TNF-a MmO00443258_m1 AK153319.1

Table 3. Primers sequences and TagMan probes.

Histochemistry

Formalin-fixed paraffin-embedded organs were processed for morphological (haematoxylin

and eosin — H&E - staining and Periodic acid-Schiff — PAS — staining) and
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immunohistochemical (myeloperoxidase - MPO) staining. For MPO staining, organs sections
were incubated with anti-myeloperoxidase rabbit polyclonal antibody (Cell Marque™,
Rocklin, California, US) diluted 1:200. Histological images were acquired using a Pannoramic
MIDI I BDHISTECHTM, Budapest, Hungary). Images were analyzed using QuPath software
(open source digital pathology, University of Edinburgh, UK). With this method, we also

evaluated the ischemic areas in the kidney section of each mouse.

Immunofluorescence

Six to 7 um thick Killik-embedded mouse organs sections were fixed in 4% PFA for 5 min at
RT and rinsed in PBS for 10 min. Samples were incubated for 30 minutes in PBS containing
0.1% Triton X-100 and 5% goat serum and finally incubated for 2 hours at RT with 1:200
dilutions of the following antibodies: Tyr691 phospho-Axl (pAxl) (rabbit polyclonal;
Invitrogen, Carlsbad, California, US, PA5-39729, previously validated (Tutusaus et al.,
2020a)) and Tyr681, Tyr749 phosphor-MerTK (pMer) (rabbit polyclonal; Abcam, Cambridge,
UK, ab192649, previously validated (Kim et al., 2017b)). Hematopoietic cells were detected
using a rat anti-mouse CD45 (clone IBL-5/25; Immunotools, Friesoythe, Germany) diluted
1:200, for 2 hours at RT. After washing in PBS containing 0.1% Tween-20, Alexa Fluor®488-
or 546-conjugated goat anti-rabbit, anti-rat IgGs (1:500, Molecular Probes) were added for 1
hour. Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI; Sigma Aldrich) or TO-
PRO-3 (ThermoFisher Scientific). Images were acquired using fluorescence (Leica DM 2500)
or confocal (Leica TCS SP2) microscope and analysed with ImageJ software (NIH and LOCI,
University of Wisconsin, US).

In-vitro Studies

Cell Culture Models of Sepsis

Monocytic Raw264.7 (ATCC®, Manassas, Virginia, US - TIB-71™) cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Fisher Scientific, Waltham,
Massachusetts, US) in the presence of 10% fetal bovine serum (FBS), 2 mM glutamine (Sigma
Aldrich) and antibiotic solution (Sigma Aldrich). Immature dendritic JAWSII cells (ATCC®
CRL-11904™) were maintained in Iscove’s Modified Dulbecco’s Medium (IMDM) (Thermo
Fisher Scientific) in the presence of 20% FBS 4 mM glutamine, | mM sodium pyruvate and
antibiotic solution (Sigma Aldrich). Pancreatic islet endothelial MS1 cells (MILE SVEN 1)
(ATCC® CRL-2279™) were cultured in DMEM with 5% FBS and antibiotic solution.
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Evaluation of Mitochondrial Activity

For cell treatment, bacteria were fixed with 3 volumes of PFA 4% in PBS for 3 hours at 37°C,
washed twice, and resuspended in PBS to remove the excess of PFA before use. Raw264.7
cells (30-10%), JAWSII cells (30-10%) and MS1 cells (20-10%), cultured in antibiotic-free
medium, were incubated for ~12 hours in the presence or absence of 10”7 PFA-fixed bacteria
followed by 8 hours treatment with ampicillin (0.1 mg/mL) (Sigma Aldrich, St. Louis,
Missouri, US, code 171257) and subsequent ~12 hours incubation with Gas6 (100 ng/mL) (full-
length protein; R&D systems, Minneapolis, Minnesota, US). The timeline of the various
treatments is shown in Figure 5.

Mitochondrial activity was assessed by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 di-phenyl
tetrazolium bromide; Sigma-Aldrich) assay. Cells were incubated for 90 min in the presence
of 0.5 mg/mL MTT followed by formazan solubilization in dimethyl sulfoxide (DMSO)
(CARLO ERBA Reagents©, Cornaredo, Milano, Italy, code 445103). Since MTT assay does
not discriminate proliferative effects, the quantification of mitochondrial activity was
normalized to crystal violet (CV) (Sigma Aldrich, St. Louis, Missouri, US, code C0775)
staining, performed in parallel. Briefly, after treatments, cells were fixed in a 10%
glutaraldehyde (Sigma Aldrich, St. Louis, Missouri, US, code G6257) solution for 5 min at RT,
washed twice in water and stained 15-20 min at RT with a CV solution (0.1% crystal violet +
20% methanol in water). Cells were washed extensively following staining, and CV was
solubilized in 10% acetic acid in water. Both MTT and CV signals were measured at OD570nm
using a Victor X microplate reader (PerkinElmer, Waltham, Massachusetts, US).

Mitochondrial activity was calculated as MTT OD570nm/CV OD570nm ratio.

Quantification of Oxidative Stress and Lipid Staining

Raw264.7 (90-10%), JAWSII (90-10%) and MS1 cells (70-10%), plated on 15 mm round cover
glasses, were incubated for ~12 hours in the presence or absence of 5:10” PFA-fixed bacteria
following 8 hours treatment with ampicillin (0.1 mg/mL) (Sigma Aldrich) and subsequent ~12
hours incubation with Gas6 (100 ng/mL) (R&D systems). Relative changes in intracellular
reactive oxygen species (ROS) were measured using the oxidation-sensitive fluorogenic dye
CellROX® Green Reagent (Thermo Fisher Scientific), and nuclei were stained with Hoechst
(Thermo Fisher Scientific), according to the manufacturer’s instructions. In parallel to

oxidative stress analysis, lipids were stained with BODIPY™ 493/503 (Thermo Fisher
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Scientific) according to manufacturer’s instructions. Dye-loaded cells were rinsed twice in
Hank’s balanced salt solution (HBSS) and mounted on glass slide using Mowiol (Sigma
Aldrich). Images were acquired using a fluorescence microscope (Leica DM 2500 — Leica,
Wetzlar, Germany) and analysed (integrated density) with ImageJ software (NIH and LOCI,
University of Wisconsin, US). To minimize photoactivation artifacts, cells fields were imaged

under identical fluorescent conditions, using identical software settings.

Statistical Analysis

Data are expressed as mean = SD or median [IQR] as appropriate. Normality of data
distribution was evaluated by Kolmogorov-Smirnov test. One-way ANOVA, two-way
ANOVA and multiple t-test for independent samples were performed to analysed parametric
data, while Kruskal-Wallis test was performed for non-parametric data, as appropriate. Gene
expression analysis for cytokines (IL1B, IL6, IL10, TGFB1, TNF) was generated as follows:
the mean differences of each gene were calculated by multiple t-test of relative expression
(between P group and treatment conditions). The comparison among groups was then
performed by ANOVA Tukey’s multiple test. Statistical significance was set at a p-value <
0.05.

Statistical analysis was performed with Prism GraphPad software 6 (San Diego, California,

US). Graphs were created using Prism GraphPad software 6.
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RESULTS

Patients

Gasb6 in SIRS Patients

Firstly, we analyzed a considerably numerous population with SIRS diagnosis. A total of 890
patients were enrolled through multi-center trial (Need Speed Trial) which included Brescia,
Novara, Rome, Trieste and Turin. In this draft are included only general demographic variables
and plasmatic Gas6 levels (Table 4): patients median age was 80 years [72 — 87] with a male
prevalence of 54% (N. 477) and median BMI of 24.2 kg/m? [21.7 — 27.3]. Globally, circulating
Gas6 levels were 31.1 ng/mL [23.2 — 43.5].

Variable Patients (N. 890)

Age, years 80 [72 - 87]
Gender, M/F 477 (54) / 413 (46)

BMI, Kg/m?2 24.2[21.7 - 27.3]
Gas6, ng/mL 31.1[23.2-43.5]

Table 4. Demographic characteristic and Gas6 plasma levels. Continuous variables are represented by median
and [interquartile range], while categoric variables are represented by number and (percentage). BMI = body mass
index, Gas6 = growth arrest specific 6.

As reported more than ten years ago by Jiang and colleagues, plasma Gas6 levels in healthy
subjects is ranging from 13 to 28 pg/L, with median of 16 pg/L (Jiang et al., 2009). In SIRS
patients of our study was almost double, 31.1 ng/mL [23.2 —43.5]. Thus, we investigated more
deeply Gas6 circulating levels in survivors and non-survivors SIRS patients, analyzing
mortality at 7 and 30 days (Table 5).

At 7 days from the admission in Emergency Department 9.7% (N. 87) of patients died and
none of analyzed variable shown a significant difference between survivor and non-survivor,
except age. Non-survivor patients showed a median age of 85 years [78 — 90] vs survivor
patients whom were 80 years old [71 — 86], p < 0.0001. Instead, Gas6 circulating levels were
similar: 31.0 ng/mL [23.2 — 43.2] in survivor, compared to 32.2 [23.1 — 47.1] ng/mL in non-
survivor patients, p = 0.336. Similar results were observed for 30 days mortality, where 177

(19.8%) patients died: median age was significantly different, and surprisingly survivor were
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averagely older than non-survivor subjects, with 89 years [71 — 86] vs 85 years [79 — 90]
respectively (p < 0.0001). Gas6 plasma levels were nearly the same in the two groups, 31.3
ng/mL [23.3 — 43.4] and 30.5 [22.6 — 44.2] for survivor and non-survivor respectively, p =
0.821.

Variable Alive at 7 days (N. 803) Dead at 7 days (N. 87) p-Value
Age, years 80 [71 - 86] 85 [78 — 90] <0.0001
Gender, M/F 436 (54) / 367 (46) 41 (47) /46 (53) 0.246
BMI, Kg/m? 24.2[21.7 - 27.3] 23.9[21.3 -27.3] 0.623
Gas6, ng/mL 31.0[23.2 -43.2] 32.2[23.1 -47.1] 0.336
Variable Alive at 30 days (N. 713) Dead at 30 days (N. 177) p-Value
Age, years 89 [71 - 86] 85 [78 — 90] <0.0001
Gender, M/F 393 (55) / 320 (45) 84 (47) /93 (53) 0.081
BMI, Kg/m2 24.3[21.9-27.4] 24.0[20.9 - 26.4] 0.246
Gas6, ng/mL 31.3[23.3-434] 30.5[22.6 —44.2] 0.821

Table 5. Demographic characteristic and Gas6é plasma levels between survivor and non-survivor patients.
Mortality was analyzed at 7 days and 30 days after ED admission. Continuous variables are represented by median
and [interquartile range], while categoric variables are represented by number and (percentage). BMI = body mass
index, Gas6 = growth arrest specific 6.

Biomarkers in Septic Patients

OPN

SIRS is a non-specific condition related to infection and/or inflammation, and moreover it is
an old definition which was replaced by Sepsis-3 criteria from 2016. However, the instant and
specific sepsis diagnosis is still difficult to achieve, and new biomarkers could help to
overcome this issue. Thus, a cohort of 101 patients with suspicious sepsis through Sepsis-3
criteria were enrolled in ED of “Maggiore della Carita” hospital (Novara). Among 101 patients,
92 (91%) were confirmed as septic patients, whereas 9 (9%) subjects were declared non-septic
patients (Table 6). The overall cohort was characterized by a median age of 80 years [73 — 88],
with a male prevalence (57 male subjects, 56%) and a median BMI of 24.8 kg/m?[22.0 — 27.5].
Circulating Osteopontin (OPN) was measured in this cohort as possible biomarker and the
median plasma OPN was 204.6 ng/mL [112.5 — 376.8].

Then non-septic and septic patients were analyzed: no significant differences were found in

demographic parameters (age, gender and BMI) between subjects with or without sepsis.
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Instead, OPN was significantly higher in septic patients (225.2 ng/mL [138.2 — 387.8])
compared to patients without sepsis (91.3 ng/mL [63.9 — 105.4]), p < 0.001 (Table 6).

Variable Patients (N. 101) Non-sepsis (N. 9) Sepsis (N. 92) p-Value
Age, years 80 [73 - 88] 84 [64 — 90] 80 [73 - 88] 0.934
Gender, MIF 57 (56) / 44 (44) 7(78)/12(22) 50 (54)/ 42 (46) 0.317
BMI, Kg/m? 24.8[22.0 - 27.5] 28.9[24.6 - 31.2] 24.2[22.0 -27.1] 0.071
OPN, ng/mL 204.6 [112.5 - 376.8] 91.3 [63.9 — 105.4] 225.2[138.2 - 387.8] <0.001

Table 6. Demographic characteristic and OPN plasma levels. Variables are shown for the whole cohort and
compared by patients without sepsis (non-sepsis) and patients with sepsis. Continuous variables are represented
by median and [interquartile range], while categoric variables are represented by number and (percentage). BMI
= body mass index, OPN = osteopontin.

Successively, a logistic regression analysis including clinical variables together with OPN
showed that OPN was an independent predictor of sepsis (OR = 1.020, 95% CI 1.002 to 1.039
with p = 0.031). Furthermore, the diagnostic performance of OPN was also evaluated through
a ROC curve analysis: area under the curve (AUC) was 0.878 (95% CI 0.798 to 0.935) and a
cut-off of 112.8 ng/mL showed an 80.4% sensitivity and an 88.9% specificity in detecting
septic patients (Youden’s index J = 0.693) (data not shown, published by Castello et al.
(Castello et al., 2019)).

Since OPN determination have showed a significant diagnostic power, we investigated the
OPN prognostic role in septic subgroup. Considering mortality at 30 days neither demographic
characteristic, nor OPN levels were significantly different between alive (N. 58, 63.0%) and

dead patients (N. 34, 36.0%) (Table 7).

Variable Alive at 30 days (N. 58) Dead at 30 days (N. 34) p-Value
Age, years 80 [71 — 86] 84 [75 — 89) 0.175
Gender, M/F 33 (57)/ 25 (43) 17 (50) / 17 (50) 0.671
BMI, Kg/m? 25.0[22.2 - 27.3] 24.1[21.3 -26.1] 0.283
OPN, ng/mL 216.8 [144.0 — 356.6] 231.3[123.4 — 526.4] 0.482

Table 7. Demographic characteristic and OPN plasma levels between survivor and non-survivor patients.
Mortality was analyzed at 30 days after ED admission. Continuous variables are represented by median and
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[interquartile range], while categoric variables are represented by number and (percentage). BMI = body mass
index, OPN = osteopontin.

HMGBI and Gas6

An extended cohort, of same study described above, which included N. 117 patients
demonstrated the similar trend of non-septic (10, 8.5%) and septic (107, 91.5%) patients (Table
8). In this analysis, time 1 (T1), performed 24 hours after enrollment time (TO0), was also
introduced. In this cohort BMI, in contrast to age and gender, was significantly higher in non-
septic patients (29.2 kg/m? [25.7 — 31.3] compared to subjects with a confirmed sepsis
diagnosis (24.2 kg/m? [22.0 — 26.6]), p = 0.030.

Both Gas6 and HMGBI1 biomarkers were significantly higher in septic patients compared to
subjects without sepsis and this trend was maintained not only at TO but also after 24 hours
(T1). The median value of plasma Gas6 at TO was 53.7 ng/mL [24.7 — 83.6] in non-septic
patients and 77.8 ng/mL [63.3 — 108.3] in septic patients (p = 0.009), therefore about double
compared to SIRS patients (31.1 ng/mL [23.2 — 43.5]) (Table 4). At T1 Gas6 levels were 78.7
ng/mL [57.0 — 98.9] and 56.4 ng/mL [35.0 — 64.7] for patients with and without sepsis
respectively, p = 0.005. Circulating levels of inflammatory molecule HMGB1 were also
measured in this cohort: at TO the median HMGB1 value was 1.9 ng/mL [1.3 — 3.8] in non-
septic patients and 4.1 ng/mL [1.7 — 7.5] in septic subjects (p = 0.021), whereas 24 hours later
median levels were 1.4 ng/mL [1.1 — 2.1] and 2.5 ng/mL [1.8 — 4.5] respectively, p = 0.015
(Table 8).

Variable Patients (N. 117) Non-sepsis (N. 10) Sepsis (N. 107) p-Value
Age, years 80 [73 - 88] 83 [65 —90] 80 [73 - 88] 0.903
Gender, M/F 63 (54) / 54 (46) 7 (70) /3 (30) 56 (52) / 51 (48) 0.460
BMI, Kg/m? 24.4[22.0 - 27.4] 29.2[25.7 - 31.3] 24.2 [22.0 - 26.6] 0.030
Gas6 T0, ng/mL 77.0 [57.9 — 106.5] 53.7 [24.7 — 83.6] 77.8[63.3 -108.3] 0.009
Gas6 T1, ng/mL 75.3[54.8 - 97.9] 56.4 [35.0 — 64.7] 78.7 [57.0 — 98.9] 0.005
HMGB1 TO, ng/mL 3.9[1.6-7.1] 1.9[1.3-3.8] 4.1[1.7 - 7.5] 0.021
HMGB1 T1, ng/mL 24[1.5-4.0] 1.4[1.1-21] 25[1.8-4.5] 0.015

Table 8. Demographic characteristic, Gas6 and HMGBI1 plasma levels. Variables are shown for the whole
cohort and compared by patients without sepsis (non-sepsis) and patients with sepsis. Gas6 and HMGBI1 plasma
concentrations were measured at ED admittance (T0O) and 24 hour later (T1). Continuous variables are represented
by median and [interquartile range], while categoric variables are represented by number and (percentage). BMI
= body mass index, Gas6 = growth arrest specific 6, HMGB1 = high mobility group box 1.
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Deepening, we then analyzed patients based on specific diagnosis: patients without sepsis (N.
10) as previously divided, patients with sepsis diagnosis (N. 77) and patients who developed
septic shock (N. 30). Thus, 39% of septic patients worsened in septic shock condition (Table
9). Both HMGBI1 and Gas6 plasma levels showed an increase based on the disease severity. In
fact, median plasma levels of HMGBI1 in septic shock patients were significantly higher
compared to circulating levels in septic patients, 6.39 ng/mL [3.30 — 9.65] and 3.61 ng/mL
[1.48 — 6.61] respectively (p = 0.003) (Figure 6a). The same trend was shown by Gas6: sepsis
75.58 ng/mL [55.13 — 98.97] vs septic shock 96.95 ng/mL [72.04 — 123.80], p = 0.021 (Figure
6b). Septic shock patients had significantly higher circulating Gas6 and HMGBI levels
compared to patients without sepsis (no sepsis) (p = 0.0016 and p = 0.0019, respectively).
However, neither Gas6 nor HMGB1 were significantly different between septic patients and
no sepsis patients (Figure 1a and b). We lastly performed ROC curve analysis to determine
predictive value of diagnosis obtaining weak values for both biomarkers: HMGB1 AUC =
0.715 and Gas6 AUC = 0.746 (Figure 1c and d).

Variable No sepsis (N. 10) Sepsis (N. 77) Septic shock (N. 30)
HMGB1 ng/mL 1.93[1.14 - 3.81] 3.61[1.48-6.61] 6.39 [3.30 — 9.65]
Gas6 ng/mL 53.68 [24.75 — 83.57] 75.58 [55.13 — 98.97] 96.95 [72.04 — 123.80]

Table 9. Biomarkers plasma levels divided by diagnosis. HMGB1 and Gas6 values are shown as median levels
(ng/mL) and [range interquartile].
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Figure 6. Biomarkers plasma levels divided by diagnosis and ROC curves. Plasma HMGBI (a) and Gas6 (b)
levels in patients without sepsis (no sepsis), with sepsis and with septic shock. Diagnostic performance of HMGBI1
(c) and Gas6 (d) in discriminating non-septic from septic patients. Receiving Operating Characteristic (ROC)
curve analysis with area under the curve (AUC) was performed and reported in the figures.

Analyzing mortality at 7 and 30 days, neither demographic variables nor Gas6 plasma levels
demonstrated significant correlation with mortality. At 7 days the 24% (N. 28) of patients died,
while mortality after one month (30 days) reached 35% (N. 41). Dissimilarly from Gas6 and
OPN plasma levels, HMGBI1 was significantly higher in non-survivors compared to survivor
subjects both at TO (6.6 ng/mL [2.9 —9.3] vs 3.8 ng/mL [1.6 — 6.8]) and T1 (3.6 ng/mL [2.5 —
7.0] vs 2.4 ng/mL [1.7 — 3.9], p = 0.017) in the evaluated mortality in the first week (Table
10). The same trend was observed in the analysis of mortality at 30 days: dead subjects showed
median plasma HMGBI1 levels of 6.1 ng/mL [1.9 — 8.8] compared to alive subjects who had
HMGBI levels of 3.7 ng/mL [1.6 — 5.6], p = 0.041. Values of HMGB1 measured at T1 were
3.2 ng/mL [2.3 — 5.3] in dead subjects and 2.3 ng/mL [1.6 — 3.9] in alive patients, p = 0.039
(Table 10).
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Variable Alive at 7 days (N. 89) Dead at 7 days (N. 28) p-Value
Age, years 80 [71 - 87] 82 [75 - 88] 0.277
Gender, MF 43 (54) / 37 (46) 13 (48) / 14 (52) 0.779
BMI, Kg/m? 24.4[22.2 - 27.2] 23.9[21.1 -25.8] 0.197
Gas6 TO0, ng/mL 76.7 [57.6 — 99.7] 87.0[65.3 — 120.5] 0.163
Gas6 T1, ng/mL 75.0 [52.4 — 95.6] 87.0[65.7 — 114.5] 0.129
HMGB1 TO, ng/mL 3.8[1.6-6.8] 6.6[2.9-9.3] 0.035
HMGB1 T1, ng/mL 24[1.7-3.9] 3.6[25-7.0] 0.017

Variable Alive at 30 days (N. 76) Dead at 30 days (N. 41) p-Value
Age, years 80 [71 - 86] 82 [75 - 89] 0.200
Gender, MF 36 (54) / 31 (46) 20 (50) / 20 (50) 0.779
BMI, Kg/m? 24.8 [22.3 - 27.3] 23.9[21.1 -25.9] 0.101
Gas6 TO0, ng/mL 77.1[55.2 — 99.6] 76.7 [65.4 — 119.4] 0.189
Gas6 T1, ng/mL 75.3[52.1 - 95.7] 84.7 [63.5 - 98.6] 0.216
HMGB1 TO, ng/mL 3.7 [1.6 -5.6] 6.1[1.9-8.8] 0.041
HMGB1 T1, ng/mL 2.3[1.6-3.9] 3.2[2.3-5.3] 0.039

Table 10. Demographic characteristic, Gas6é and HMGB1 plasma levels between survivor and non-survivor
patients. Mortality was analyzed at 7 days and 30 days after ED admission. Gas6 and HMGBI1 plasma
concentrations were measured at ED admittance (T0) and 24 hour later (T1). Continuous variables are represented
by median and [interquartile range], while categoric variables are represented by number and (percentage). BMI
= body mass index, Gas6 = growth arrest specific 6, HMGB1 = high mobility group box 1.

In-vivo Experiments

Groups of Mice Divided for Treatments and Timeline Treatments

Animals were divided in eight groups of treatments: group P (N. 3 mice), A (N. 3), G (N. 3)
and AG (N. 3) were control groups, whereas group B (N. 4), BA (N. 4), BG (N. 4) and BAG
(N. 5) were septic mice treated differently with antibiotic standard therapy and/or growth
arrest-specific 6 (Gas6). All mice were matched by their weight. 10% bacteria were
intraperitoneally injected (control groups were treated with PBS); ampicillin was tail-vein
injected as broad-spectrum antibiotic (200 mg/kg) and 5 pg of recombinant murine (rm) Gas6

was tail-vein injected (Table 11).
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Group Mice (N.) wngi‘;d}:??g) Treatment(s) Fecal bacteria Ampicillin rmGas6
P 3 33 PBS - - -
A 3 33.5 ampicillin - 8 hours -
G 3 33 Gas6 - - ~ 16 hours
AG 3 33 ampicillin, Gas6 - 8 hours ~ 16 hours
B 4 34 bacteria ~ 16 hours - -
BA 4 33 bacteria, ampicillin ~ 16 hours 8 hours -
BG 4 33.5 bacteria, Gas6 ~ 16 hours - ~ 16 hours
BAG 5 335 bacteria, ampicillin, Gas6 ~ 16 hours 8 hours ~ 16 hours

Table 11. Mice and treatment(s). Table represents group of treatments, mice number for each group and their
median weight. Treatments and their schedule are reported for each group: 10® fecal bacteria were
intraperitoneally injected, 200 mg/kg of ampicillin and 5 pg of recombinant murine (rm) Gas6 were tail vein
injected.

Mice Vitality Evaluation

Since it is difficult to evaluate clinical parameter in mice, such as blood pressure, pale skin etc.
a vitality score was set up. To avoid bias in monitoring the clinical parameters in septic mice,
we devised a mouse vitality score (see Material and Methods, section Mouse Model of
Bacteria-Induced Sepsis ) that was used in a double-blind fashion. While healthy mice, such as
mice injected with PBS (group P), and groups A, G and AG obtained a score of 3 (data not
shown), mice injected with bacteria to induce sepsis (group B, N. 4) had a score of 0—1 with
one mouse dead before 24 hours. Septic mice treated with broad spectrum antibiotic (group
BA, N. 4), the current standard therapy for septic patients, obtained a score of 1-2, similar to
that of septic mice treated with Gas6 (group BG, N. 4). Interestingly, 4 out of 5 septic mice
receiving both antibiotic and Gas6 (group BAG, N. 5) obtained a mean score of 2.8 (+0.4),
almost identical to that of healthy mice (3, dotted line) (Figure 7).

Mice vitality

Score
N
h
o
o
o

B BA BG BAG
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Figure 7. Mice vitality. Mice were classified according to the following vitality scheme. 0 = live mouse,
motionless with closed eyes, white ears and tachypneic, 2 = live mouse, slow movements opened eyes, pink ears
and normopneic; 3 = live mouse, normal movements/normal behaviors. The dotted line corresponds to the score
(3) of control mice (P). Bars represent mean with standard deviation.

Mice Organs Evaluation

Lung

As septic patients frequently develop acute respiratory distress syndrome (ARDS) (Sevransky
et al., 2009) and acute kidney injury (AKI) (Peerapornratana et al., 2019), we next evaluated
lung (Figure 8 and 9) and kidney (Figure 10, 11 and 12) tissues by histological analysis of
septic, treated septic and controls mice. Pulmonary histology was characterized by an increased
number of nuclei in the alveolar space in septic mice, as highlighted by hematoxylin staining.
However, we have noticed a decreased nuclei number in BA, BG and BAG mice compared to
mice in B group. In particular, the alveolar space of BA mice and especially of BAG mice
appeared morphologically similar to control P mice; this aspect was more remarkable at higher
magnification (Figure 8). Moreover, we calculated number of nuclei for total pulmonary areas
and we normalized values to the average of P mice. We found that BA and BAG mice showed
a significant decreased of total cell number (% nuclei/um?) compared to not further treated
septic mice (B): BA mice 115.0% (£ 3.74) and BAG mice 112.9% (= 10.3) vs. B mice 140.7%
(= 4.3), p =0.020 and p = 0.009 respectively (Figure 9). On the other hand, healthy treated
mice (A, G and AG) did not show morphological and histological differences compared to P

mice (Figure 8) and nuclei count was just the same as P mice (dotted line) (Figure 9).
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Figure 8. Lung histology and morphology. Hematoxylin and eosin (H&E) staining of representative lung section
of septic mice (B), septic treated mice (BA, BG and BAG), healthy control mice (P) and healthy treated mice (A,
G and AG). Upper panels shown whole lungs with red line = 2mm; lower panels shown magnification areas with
black line = 100 um for septic mice and = 200 pm for healthy mice.
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Figure 9. Pulmonary nuclei count. Histograms show the percentage (average + SD) of infiltrating cells in the
lungs of all septic (a) and healthy (b) mice. Values are calculated as a number of nuclei per area (um?2) normalized
to P (control groups) average (%). Columns and bars represent means and standard deviation, respectively. * p <
0.05, ** p <0.01.
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Kidney

As mentioned above, renal injury is a common complication of sepsis status and therefore we
also analyzed mice kidney morphology. In Figure 10 are shown representative sections of
whole kidneys and their magnifications. Septic kidneys from B mice showed an extended
ischemic area with tubule edema. These ischemic areas with pale staining and unstructured
glomeruli were also visible in the kidneys from BA mice, while septic mice additionally treated
with Gas6 (BG) and the ones who received antibiotic plus Gas6 (BAG) showed a better

histological outcome, similar to that observed in the kidneys of control mice (P) (Figure 12).

Septic mice

Magnification (_100 ym)

Figure 10. Kidney histology and morphology of septic mice. Hematoxylin and eosin (H&E) staining of
representative renal section of septic mice (B), septic treated mice (BA, BG and BAG). Red line = 2mm;
magnification areas with yellow line = 100 um. The dotted lines show ischemic areas found in kidney sections
from B and BA mice.

The histogram of Figure 11 shows the percentage of ischemic kidney area if present:
specifically, 3 mice out of 4 in group B, one mouse out of 4 in group BA and one mouse out of
5 in group BAG developed renal ischemia (no ischemic area was detected in septic mice treated
with Gas6). Ischemic area was measured, reported to total area and finally calculated as
percentage: as shown by the histogram, ischemic areas of BA and BAG mice were lower than

1% of total kidney.
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Figure 11. Renal ischemic areas in septic mice. The histogram represents the ischemic area (um?)/whole area
(um?) as percentage (%). Columns and bars represent means and standard deviation, respectively.

We also evaluated renal features of healthy treated mice and we did not observe any
morphological differences among healthy mice treated with ampicillin (A), Gas6 (G) or both
(AG) compared to healthy control mice (P) (Figure 12).

Healthy mice

A

Magnification
(_200 pm)

Figure 12. Kidney histology and morphology of healthy mice. Hematoxylin and eosin (H&E) staining of
representative kidney section of healthy control mice (P), healthy treated mice (A, G and AG). Red line = 2mm;
magnification areas with black line = 200 um.

Infection, and not only silent-chronic infection but also the acute-severe one, can induce
molecular pathway initiating and driving fibrosis. This could be a physiological process which
can provide defense against infection. Therefore, we also performed kidney PAS staining for
septic, septic-treated mice and healthy control mice (P) (Figure 13). Septic (B) and ampicillin-
treated septic (BA) mice showed strong staining in their kidney sections, whereas PAS intensity
decreases in BG mice and it became pale in BAG mice, resembling the healthy control (P)
mice. Destructured glomeruli were present not only in untreated septic mice, but also in BA

mice as indicate by black asterisk in Figure 13. In addition, general morphology degeneration
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in septic mice and tubule cell swelling, with collapse structure, in ampicillin treated mice was
observed (highlighted by black triangle, BA section). Furthermore, in BG and especially in
BAG mice were clearly evident tubule and glomerular basement membranes and proximal
convoluted tubule brush borders outlined by PAS staining (black arrows), which were nearly

to totally absent in B and BA mice (yellow arrows).

Figure 13. Periodic acid-Schiff (PAS) staining in renal tissue. Histology sections magnification (-)= 100 pm.
Asterisk(s) highlights glomeruli, arrow(s) membranes and borders and triangle tubule edema.
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Liver Morphology and Function

Although liver, conversely to lung and kidney, is not the first common organ compromised by
sepsis-induced MOF, it is far from a bystander in sepsis given that it is a regulator of the
inflammatory process and a target of host response.

Therefore, in general histology investigation we also analyzed liver through H&E staining and
hepatic function by measuring plasma alanine aminotransferase (ALT) levels (Figure 14).
Regarding histology features, we did not find any marked difference among analyzed livers. In
fact, septic livers were resembling healthy livers with only one exception: one septic mouse
(from group B) which developed septic shock and died within 24 hours (mouse who obtained
score equal to 0 in vitality score, Figure 7); this mouse developed moderate hepatic ischemia
visible in the central panels of Figure 14. From a functional point of view, we measured plasma
ALT level in each mouse observing exactly the same values among healthy mice, both
untreated (P) and treated healthy mice (A, G, AG) (Figure 14, histogram). On the contrary,
ALT plasma concentrations in septic mice (B, BA, BG, BAG) were rather higher than healthy
mice, specifically plasma ALT mean of B mice was 167.0 U/L (+ 288.9), including the outlier
mouse which exhibits 600.3 U/L. Another mouse with high ALT levels was a septic mouse
treated with Gas6 (BG), 319.2 U/L and averagely BG mice shown ALT levels equal to 117.7
U/L (£ 139.4). Then, BA and BAG mice displayed plasma ALT concentration equal to 50.5
U/L (% 20.5) and 60.3 U/L (£ 49.0), respectively. Despite being higher ALT levels in septic
than in healthy mice, the differences were not significant (p = 0.617) (Figure 14, histogram).

49



Septic mice

Magnification
(—200pm)

N. 1 B mouse

Magnification
(—200um)

Magnification
(—200pm)

Figure 14. Liver histology and alanine aminotransferase (ALT) levels. Hematoxylin and eosin (H&E) staining
of representative liver section of septic mice (B), septic treated mice (BA, BG and BAG), healthy control mice
(P), healthy treated mice (A, G and AG). Red line = 2mm; magnification areas with black line = 200 um. arrows
highlight ischemic area found in one septic mouse. The histogram shows alanine aminotransferase (ALT) levels
(U/L) for all mice group, columns and bars represent means and standard deviations, respectively.
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In-Vivo Systemic Homeostasis

Cytokines Gene Expression

As sepsis-induced disruption of tissue homeostasis leads to aberrant regulation of both anti-
and pro-inflammatory cytokines (CKs), we sought to determine the expression, by real time
gqPCR, of IL-1p, IL-6, IL-10, TGF-B1, and TNF-a, the main drivers of tissue inflammation.

In Figure 15 are reported CKs relative expression, investigated in mice from B, BA, BG and
BAG and divided by organ analyzed, specifically liver, kidney and lung. For the statistical
analysis we included all groups of septic mice, but we were mainly focused on the comparison
between standard therapy against sepsis (BA mice) and standard therapy plus Gas6 treated
mice (BAG). Despite being differences between BA and BAG treated mice for some CKs in
lung and kidney, they are not statistically significant. In fact, a common feature of lung and
kidney is the significant and strong upregulation of CKs, both pro and anti-inflammatory, in
septic (B) mice compared to septic treated mice (BA, BG and BAG). The only exception was
found in kidney for TGF-B1, which was found downregulated in B mice compared not only to
septic treated mice but also to healthy mice (dotted line). However, this result was not
statistically significant. By analyzing hepatic CKs expression, we observed a significant
downregulation of IL-1f, IL-10 and TGF-B1 in BAG mice compared to BA mice (p = 0.009,
p < 0.001, p = 0.006, respectively). Generally, no significant differences were observed

between BAG and BG mice.
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Figure 15. Relative cytokines expression (mRNA) in septic groups. mRNA (relative to B-actin) expression in
all septic and septic-treated mice of pro- and anti-inflammatory cytokines (CKs), specifically IL-1p, IL-6, IL-10,
TGF-B1, and TNF-a. CKs were investigated in liver, kidney and lung and shown in the left, central and right
column respectively. Column and bars represent means and standard deviations; the dotted line corresponds to
the mean value of healthy control (P) mice. * p <0.05, ** p <0.01, *** p <0.001.

We additionally investigated the same pattern of CKs in healthy and healthy-treated mice and
we found a slight significant effect of Gas6 in liver. In fact, Gas6 treated (G) mice shown higher

levels of IL-1P and IL-10 compared to the other healthy treated (A and AG) and untreated (P)



mice (p < 0.001 and p < 0.005, respectively). No other differences were observed in kidney
and lung (Figure 16).
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Figure 16. Relative cytokines expression (mRNA) in healthy groups. mRNA (relative to -actin) expression
in all healthy and healthy-treated mice of pro- and anti-inflammatory cytokines (CKs), specifically IL-1p, IL-6,
IL-10, TGF-B1, and TNF-a. CKs were investigated in liver, kidney and lung and shown in the left, central and
right column respectively. Column and bars represent means and standard deviations. ** p <0.01, *** p <0.001.
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However, the analysis of these individual data and divided by organ is poorly informative if
we consider a context of systemic homeostasis disruption, key feature of septic status.

To this end, CKs mRNA expression in kidneys, livers and lungs from B, BA, BG and BAG
mice was compared to that of healthy control animals. Figure 17 shows the difference
distribution between the control P group (dotted line) and the various treatment groups (i.e., B,
BA, BG and BAG) in terms of CK expression levels, which was calculated by pooling together
the results obtained from all organs analyzed (i.e., liver, kidney and lung). Thus, the graph
shows how far the distribution of every CKs is (in B, BA, BG and BAG mice) compared to the
mean distribution of healthy (P) mice, from a systemic point of view. This analysis was
performed to point out how much the CKs distribution of septic groups differ from the
physiological one of P group. Therefore, according to the treatment group: B = 4.3 + 3.2; BA
=24+1.6;BG=2.1+1.9; BAG= 1.8 +£0.8; mean difference + SE.

The distribution of systemic CKs was significantly different between B and BAG mice (p =
0.037). In particular, B mice showed high variability in the expression of all CKs analyzed,
which was associated with homeostasis disruption. In contrast, mice receiving antibiotic
therapy (BA) or Gas6 (BG) showed a reduction in CKs expression variability. Finally, BAG
mice displayed a statistically significant difference in CKs expression, with an overall
improvement of systemic homeostasis, as judged by a more homogeneous CKs distribution
similar to that of control mice (dotted line) (Figure 17).

Analyzing the distribution of systemic CKs in healthy mice we found that variation of the CKs
distribution was paltry and non-significant in healthy mice treated with ampicillin (A), Gas6
(G) or both (AG). Hence, this variation could also be likely attributable to biological variability
(Figure 17).
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Figure 17. Systemic cytokines (CKs) distribution. Difference distribution between the control group (P, dotted
line) and septic groups (i.e., B, BA, BG and BAG) of logarithmic cytokines mean (+ SE) from all organs analyzed
(i.e., liver, kidney and lung) (left panel). Same analysis of CKs distribution for healthy treated mice (A, G and
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AQG) is shown in right panel. The pro- and anti-inflammatory cytokines analyzed were IL1-fB (orange dots), IL-6
(grey dots), IL-10 (green dots), TGF-B1 (blue dots) and TNF-a (red dots). * p <0.05.

Lactate Dehydrogenase Levels

During sepsis and septic shock, organ damage and cell death increase the concentration of
lactate dehydrogenase (LDH) in the bloodstream. Of note, a study published in 2018 has shown
that LDH concentration is associated with 28-day mortality in patients with sepsis (Lu et al.,
2018).

Plasma LDH levels were measured in both septic and healthy mice and surprisingly we
recorded a considerable decrease in plasma LDH levels in septic mice treated with Gas6 alone
(BG), and especially when was used in combination with ampicillin (BAG), compared to
standard antibiotic therapy (BA). Consistent with an opposing role of Gas6 in sepsis-induced
MOF, we found BAG mice with LDH average levels of 1115 U/L (+ 1001) whereas BA mice
showed mean value six-time greater (6572 U/L £+ 605) (p <0.001). Moreover, BA mice did not
differ from B mice (6495 U/L + 837) in plasma LDH concentration and although BAG mice
had higher LDH levels compared to P mice (261 U/L + 51) this difference was not statistically
significant (p = 0.858). Among healthy treated mice no differences have been found (A = 287
+97, G=382+205, AG=302+71, p=0.674) (Figure 18).
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Figure 18. Plasma lactate dehydrogenases (LDH) levels. The histogram shows lactate dehydrogenase (LDH)
levels (U/L) for all mice group. Columns and bars represent means and standard deviations, respectively. *** p <
0.001.

Reactive Oxygen Species and Myeloperoxidase
Since we observed plasma LDH concentration significantly lower in BAG mice, we analyzed
another element which has a pivotal role in tissue metabolism, notably reactive oxygen species

(ROS) production. ROS are involved in tissue homeostasis disruption in sepsis (Mantzarlis et
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al.,2017). Moreover, overproduction of nitric oxide (NO) due to inducible NO synthase (iNOS)
activity has been associated with harmful effects, such as general vasodilatation and vasoplegia
(Prauchner, 2017). Thus, we next investigated iNOS expression in the kidneys, livers and lungs
of both septic and healthy mice groups. As expected, septic mice from B group showed a
significant upregulation of iNOS mRNA in all three organs compared to healthy untreated (P)
mice (dotted line) (Figure 19, septic panels). By contrast, generally we found lower iNOS
mRNA levels in septic mice treated with antibiotics and/or Gas6 compared to B mice.
Interestingly, average iNOS levels were significantly downregulated in lungs of BAG vs. BA
mice: 0.0012 (2°2) = 0.0005 vs. 0.008 (2-4¢%) + 0.0046, p = 0.014, respectively. Instead, among
healthy treated mice we found partly variability but not significant differences among groups

(Figure 19, healthy panels).
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Figure 19. Inducible nitric oxide synthase (iNOS) mRNA expression in the kidney, liver and lung. iNOS
mRNA (relative to B-actin) expression in both septic and healthy mice. Columns and bars represent means and
standard deviations, respectively. Dotted line corresponds to the mean value of healthy control (P) mice. * p <
0.05, ** p<0.01.

Then, since ROS formation and myeloperoxidase (MPO) expression are strictly related, we
decide to evaluate MPO expression in sections tissue of all groups.

We detected overexpression of MPO in splenic red pulp from septic untreated (B) mice, while
septic mice treated with antibiotic and/or Gas6 showed decreased MPO expression, with BAG
mice resembling control animals in terms of MPO staining. We also quantified the intensity of
DAB-MPO signal and the quantification of MPO, normalized by number of nuclei, was
assessed as previously described (Crowe and Yue, 2019) for all septic groups. Quantification

is shown in histogram and we found that the differences among septic groups were statistically
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significant (p < 0.001). By contrast, we did not find differences among healthy untreated (P)
and treated mice (A, G, AG) (Figure 20).
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Figure 20. Splenic myeloperoxidase (MPO) expression. Representative images and quantification (as MPO
intensity/number of nuclei, histograms) of myeloperoxidase staining (brown color) in spleen samples from all
mice groups. Columns and bars represent means and standard deviations, respectively. Dotted line corresponds to
the mean value of healthy control (P) mice.

In-Vitro Experiments
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Reactive Oxygen Species

Since we observed a significant decrease in systemic LDH levels and iNOS expression, we
decided to assess ROS formation in-vitro. For this purpose, we used Raw246.7, JAWSII and
MS1 murine cell lines as they recapitulate the most frequently targeted cell types during sepsis
(i.e., monocytes/macrophages, immature dendritic cells and endothelial cells, respectively).
For these in-vitro experiments, we employed the same timeline used for the in-vivo
experiments. Of note, these cells were exposed to PFA-inactivated bacteria to mimic sepsis
(Figure 5, Material and Methods section).

ROS production, measured as integrated density with ImageJ software, was significantly
upregulated in all three cell lines treated with fixed bacteria (B) but was not reduced by
ampicillin treatment (BA). By contrast, ROS levels were significantly reduced in all three cell
lines following treatment with Gas6 or Gas6 and ampicillin (BG and BAG), with both JAWSII
and MSI1 cells displaying ROS levels similar to those of control P cells (dotted line).
Furthermore, a statistically significant reduction was observed in all three BAG- vs. BA-treated
cell lines. Instead, in normal medium without infection-like stimuli, neither ampicillin (A) nor
Gas6 (G) and their combination (AG) showed to induce or reduce ROS production in all three
cell line used (Figure 21 and 22).
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Figure 21. Reactive oxygen species (ROS) production. ROS production, measured by integrated density, in
Raw246.7, JAWSII and MSI cell lines. Cells were cultured with infection-like stimuli (PFA-fixed bacteria) or
PBS (control cells) and treated with ampicillin, Gas6 and both. The histograms represent mean values + SD. The
dotted lines represent the mean values of control cells (P). * p <0.05, ** p <0.01, *** p <0.001.
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Figure 22. Representative fluorescent images of reactive oxygen species (ROS). ROS were investigated in
Raw?246.7, JAWSII and MS1 cell lines treated. Green color = ROS, blue color = nuclei.
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Lipid Staining

Since lipid metabolism has an important role in inflammation/infection and it is linked to ROS
formation, lipid production was investigated in the monocyte/macrophages cell line, Raw
246.7. Only as observational data, we noticed that Raw 246.7 cultured with PFA-fixed bacteria
(B) and cells to which Gas6 (BG) or ampicillin + Gas6 have been added (BAG), Gas6 displayed
evidence of lipid production with slight amount of lipid droplets (red spot). Instead, cells
cultured with PFA-bacteria with the administration of antibiotic (BA) and cells maintained in

normal media (P) showed a global lower level of lipids and absence of lipid droplets (Figure

23).

Raw 246.7

Figure 23. Lipid fluorescence staining on Raw264.7 cell line. Lipids were label with BODIPY™ 493/503 in
Raw?246.7 cell line treated. Cells were cultured with infection-like stimuli (PFA-fixed bacteria) or PBS (control
cells) and treated with ampicillin, Gas6 and both. Red color = lipids, blue color = nuclei.

Cell Vitality

Additionally, despite the nuclear Hoechst dye is not included among the viability assay, we
used Hoechst to discriminate healthy cells from necrotic and apoptotic cells as previously
described (Crowley et al., 2016). We used this technique to evaluate in the same samples and
at the same time ROS production and nuclear integrity, the latter evaluated using the Hoechst
staining, thus (broadly) reflecting the status of cells following treatment. Figure 24 shows the
presence of higher number of dead cells when cultured with inactivated bacteria, with or
without ampicillin (BA and B, respectively). Conversely, when ampicillin followed by Gas6

were added in the media of cells with PFA-fixed bacteria (BAG) the number of alive cells was
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significantly increased and similar to control P cells. Lastly, no significant changes were found

among cells that have not been cultured with PFA-fixed bacteria (light grey columns).
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Figure 24. Nuclear integrity measurement by Hoechst dye. Nuclear integrity, measured by integrated density,
in Raw246.7, JAWSII and MS1 cell lines. Cells were cultured with infection-like stimuli (PFA-fixed bacteria) or
PBS (control cells) and treated with ampicillin, Gas6 and both. The histograms represent mean values = SD. * p

<0.05, ** p <0.01.

Cell Metabolism

Finally, we assessed whether Gas6-treated cells displayed an increased metabolism during

infection. Focusing on standard therapy (BA treated cells) vs standard therapy with Gas6

addition (BAG-treated cells), we noticed a significant increase in mitochondrial activity of

BAG-treated cells compared to that of BA-treated cells in all three cell lines. This phenomenon

was not observed in the same cells cultured in media without infection-like stimuli (Figure

25).
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Figure 25. Mitochondrial activity in-vitro. Mitochondrial activity in Raw246.7, JAWSII and MS1 cells. The
histograms represent mean values + SD. The dotted lines, where present, represent the mean values of control (P)
cells.

Observational Data In-vivo

Axl and MerTK Receptors Expression

As circulating Gas6 has several target receptors scattered in different tissues and organs, we
focused our attention on the two most important receptors expressed outside the central nervous
system, namely Axl and MerTK. In particular, we asked whether general improved MOF
damage following Gas6 administration was associated to the expression of Axl, MerTK or
both. Thus, we decided to evaluate Axl and MerTK mRNA expression in lung, kidney and
liver. Differences between septic mice groups and healthy mice groups are not exhibited.

At the mRNA level, we found no significant changes in Axl expression in lung, kidney and
liver among all treatment groups (Figure 26). Although we did not observe significant
differences in MerTK expression between BA and BAG mice, MerTK was significantly
upregulated in BA kidney compared to B and BG mice, and in the liver from BG mice

compared to B mice (Figure 26).
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Figure 26. MerTK and Axl expression in mice. MerTK and Ax] mRNA expression levels in lung (upper panels),
kidney (middle panels) and liver (lower panel) of mice from all mice groups. The histograms represent mean
values £ SD. * p <0.05.

Axl and MerTK Receptors Activation

Both Axl and MerTK are tyrosine kinases whose activity depends not only on their expression
but also on their activation in response to tyrosine phosphorylation. Thus, we next investigated
the phosphorylation status of these two receptors in kidney and liver tissue sections by
immunofluorescence using specific anti-phospho Axl (pAxl) and anti-phospho Mer (pMer)
antibodies. In addition, these tissue sections were co-stained with an antibody directed against
CDA45, a marker of hematopoietic cells. We reasoned that co-localization of pMer and pAxl

with CD45 would have allowed us to determine whether these receptors exerted their protective
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role by immune hematopoietic cells or resident/parenchymal cells. For this purpose, tissue
section of B, BA, BG, BAG and P mice were analyzed.

In control kidney cells (P), we could only detect a slight positivity for pAxl, which never co-
localized with CDA45 staining (Figure 27a). Furthermore, we found undetectable pAxl and
pMer levels in both B and BA mice. In contrast, BG and BAG mice displayed phosphorylation
of both Axl and MerTK receptors in kidney parenchymal cells, but we observed pAx1-CD45
co-localization only in BG-derived tissue (Figure 27a).

Unlike the kidney, the liver displayed strong phosphorylation of Axl and MerTK in
parenchymal cells from the control group (P) and from BG and BAG mice, with BG mice
showing less activation compared to P and BAG mice (white A) (Figure 27b). In contrast to
the kidney, the liver of B and BA mice showed extensive pAxI-CD45 co-localization (white *)
(Figure 27b). Taken together, these observations suggest that Gas6 administration ameliorates
sepsis-driven organ damage and that this effect is likely mediated by parenchymal cells rather

than hematopoietic cells.
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Figure 27. Mer and Axl activation in mice. Immunofluorescence on kidney (a) and liver (b) sections showing
protein expression of CD45 (red) and 65hosphor-Axl (pAxl) or 65hosphor-MerTK (pMer) (green). The white
asterisks (*) indicate pMer/pAxl and CD45 co-staining, whereas the white deltas (A) indicates pAxl/pMer
localized in CD45-negative cells.
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DISCUSSION

In this thesis, we firstly investigated potential biomarkers in different patient’s cohorts,
including patients with systemic inflammatory response syndrome (SIRS) and septic patients
diagnosed with the current available criteria (Singer et al., 2016). Then, we investigated the
possible therapeutic efficacy of Gas6 administration following antibiotic therapy in a murine

model of sepsis.

Despite the large cohort of SIRS patients (N. 890), we did not find any Gas6 implication at
prognostic levels. In fact, when mortality rate has been analyzed at 7 and 30 days only age was
strongly associated with mortality at both time points. However, circulating Gas6 levels in
SIRS patients averagely reach ~31 ng/mL which is almost double to the median Gas6 levels in
healthy subjects, ~16 ng/mL (Jiang et al., 2009). This result is in line with another important
study showing more than 10 years ago that circulating Gas6 is increased in sepsis and related
syndromes. The authors also observed a correlation between Gas6 concentration, disease
severity and organ dysfunction (i.e. kidney failure). However, as our study shows, plasma Gas6
levels did not correlated with patient’s death (Ekman et al., 2010a). With our findings we
confirmed with a huge population, compared to 232 patients included in the previous study,
that Gas6 could be associated with disease severity, but not with prognosis and mortality.
Later, Gas6 plasma levels were also measured in septic patients, enrolled with Sepsis-3
definition, and HMGB1 and OPN were additionally analyzed in the same septic population.
Interestingly, OPN levels progressively increased throughout non-infectious conditions (no
sepsis), sepsis and septic shock. This is coherent with the results of a previous study which
included SIRS patients (Vaschetto et al., 2008). In addition, this result proves that a pro-
inflammatory status is present also in non-septic conditions and that OPN is involved in the
pathogenesis of these inflammatory processes, since higher levels correspond to clinical
syndromes with a more pronounced inflammatory dysregulation. OPN resulted to be an
independent diagnostic predictor of sepsis and showed a good diagnostic performance at the
ROC curve analysis, in which the highest sensitivity (88.9%) and specificity (80.4%) were seen
when the cut-off was set at 112.8 ng/mL. In particular, the AUC for OPN was very similar to
the one for plasmatic lactate levels, a parameter widely and routinely used in the diagnostic
workup and prognostic stratification of sepsis. All these results were only mentioned in this

thesis, but they are available and published in 2019 by our group (Castello et al., 2019).
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In a bit larger cohort of same septic patients, Gas6 and HMGBI1 plasma levels were found, like
OPN levels, progressively increased throughout no sepsis, sepsis and septic shock. However,
when the diagnostic performance was tested through ROC analysis neither Gas6 nor HMGBI1
demonstrated strong predictive capability, with an AUC of 0.746 and 0.715 respectively.
Nevertheless, contrary to OPN and Gas6, HMGBI1 plasma concentration was significantly
associated to 7 and 30 days mortality rate. This result is in line with the knowledge of HMGB1
related to sepsis. In fact, elevated plasma HMGB1 was found associated with morbidity and
mortality in septic shock patients and HMGB1 blood concentration was related to an exacerbate
pro-inflammatory cytokine profile (i.e. IL-1, IL-6 and TNFa) (Stevens et al., 2017). Despite
plasma Gas6 being significantly higher in septic shock patients compared to septic ones, it was
not a predictor of mortality in our study, demonstrating that not only in SIRS, but also in a
septic cohort of patients Gas6 is not correlated to mortality.

These data have several biases: regarding septic cohort, the number of individuals is pretty
small, in particular non-septic patients were only ten. Furthermore, long term follow up is
missing for both SIRS and septic cohorts. Most important, a single early OPN determination
cannot be used as a prognostic tool as well as single HMGB1 determination was not able to
discriminate non-septic individuals among the septic patients. However, these results highlight
the relevant aspect of a multi-marker approach, in which integrated biomarkers could be more
reliable and useful for both diagnosis and prognosis of a pathology where profound circulatory,
cellular, and metabolic abnormalities occur.

Eventually, Gas6 shows an increasing trend throughout pathology severity, but is not a death
hallmark. This result gave the green light to feasible speculations about the protective role of
Gas6 in septic condition which are mentioned in the review published by our group in 2019
(Salmi et al., 2019).

Therefore, we decided to investigate Gas6 role in this tangled disease in-vivo.

We decided to induce sepsis using the cecal slurry model instead of cecal ligation and puncture
(CLP) since the cecal slurry methodology overcomes CLP-related variability and avoids
performing a thoroughly invasive surgery, which can constitute major biases in sepsis models
(Ruiz et al., 2016). Thus, approximately 16 hours after sepsis induction, mice were treated with
standard broad-spectrum antibiotic or PBS (as control) and ~ 8 hours later Gas6 or PBS were

intravenously injected.

67



Our results indicate that intravenous Gas6 administration, alone or in association with
antibiotics, can ameliorate the general health status of septic mice. Indeed, Gas6-treated septic
mice showed improved vital signs (BG mice), and the combined treatment with antibiotics and
Gas6 (BAG mice) further improved their condition, making them almost indistinguishable
from their healthy counterparts (P, A, G and AG mice). With the exception of one mouse, BAG
mice were fairly active and characterized by normal respiratory rate and regular vascular blood
supply, as judged by the pink color of their ears. Conversely, septic mice treated with
antibiotics alone (BA mice) showed a more compromised health status, with signs of disease
severity such as tachypnea, closed eyes, white ears and reduced movements.

These clinical findings were confirmed at the histological level. In the first 36 h, we found a
substantial reduction of inflammatory activity in both the kidneys and lungs from BAG mice.
In our opinion, this is a very promising finding, since sepsis-related lung damage, leading to
ARDS, greatly increases the morbidity and mortality rate of septic patients (Hu et al., 2020).
In our study, both BA and BAG mice showed a significant decrease in the number of total cells
found in the alveolar space if compared to septic untreated mice, thus suggesting a reduction
of infiltrating cells. Conversely, Gas6 and/or ampicillin had not macroscopical effects in
physiological condition, thus suggesting that Gas6 injection did not hamper the therapeutic
efficacy of antibiotics, which is consistent with the fact that Gas6 administration improves
ARDS conditions in CLP-induced sepsis (Giangola et al., 2013).

With regard to the involvement of kidneys during sepsis, a recent study has shown that early
reversible AKI within 24 hours is associated with improved survival, whereas long-term
survival of patients with sepsis-associated AKI is strongly related to recovery status at hospital
discharge (Peerapornratana et al., 2020). Although we did not measure serum creatinine, which
is commonly used to monitor renal function, our histological examination showed that the renal
structure observed in BAG mice was comparable to control mice. Conversely, BA mice
displayed a de-structured kidney, with ischemic areas and tubular damage similar to those
observed in septic mice. Moreover, PAS-staining carried out on septic and P mice interestingly
showed a general morphology degeneration, tubule cell swelling, with collapsed structure, in
ampicillin-treated septic mice (BA). In B and BA mice the glomerular basal membranes and
proximal convoluted tubule brush borders were almost totally lost with a strong collagen
deposition highlighted by the high PAS intensity. Oppositely, BAG mice showed a PAS-
staining that was completely stackable to healthy P mice. Thus, our findings appear to indicate

a protective role of Gas6 also in sepsis-induced kidney injury.
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Even though we observed an alteration in ALT levels following Gas6 injection, particularly
evident in BG mice, such increase was not statistically significant and additional analyses are
needed to fully understand the meaning of this response.

Another important effect of Gas6 treatment is a tendency to rebalance the levels of pro- and
anti-inflammatory cytokine expression in the different organs, particularly evident in BAG vs.
septic mice. This finding is consistent with the role of the Gas6/TAM axis in the regulation of
the inflammatory response during sepsis (Salmi et al., 2019; Tutusaus et al., 2020b). In fact,
despite single representation of cytokines (CKs) mRNA expression did not clarify the role of
Gas6 administration, the CKs differences from a systemic point of view revealed an important
aspect of the overall response to Gas6. This aspect seems to be in harmony with the tendency
of plasma LDH levels found in septic mice. It was truly surprising to observe a drastic and
significant reduction in plasma LDH levels in BAG vs. BA mice, with the latter group showing
values comparable to those of septic mice. It is well known that the reduction of lactate and
LDH levels are associated with a better disease outcome. Indeed, lactate elevation has been
classically attributed to global hypoperfusion in the setting of hemorrhagic shock, but it is well
known that in sepsis additional mechanisms, such as accelerated glycolysis, may cause
hyperlactatemia (McCarter et al., 2002; Van Wyngene et al., 2018). Additionally, it has been
recently observed that high serum LDH levels are independently associated with 28-day
mortality in patients with sepsis (Lu et al., 2018). In this regard, accelerated glycolysis can be
strictly related to mitochondrial dysfunction and oxidative stress induction (Gwangwa et al.,
2018; Pool et al., 2018).

In line with this observation, we also noticed a significant decrease in ROS production in our
in-vitro experiments, accompanied by increased cell viability. Both ROS production and
altered microvascular mechanisms are partially linked to NO and iNOS production. Heemskerk
and colleagues reported that the use of selective iNOS inhibitors attenuates sepsis-induced
renal dysfunction and improves survival in animals (Heemskerk et al., 2009). More recently,
iNOS knockout mice showed improved survival rate against CLP-induced sepsis and were less
likely to develop ARDS (Takatani et al., 2018). In our study, BAG mice showed significant
iINOS downregulation and, especially in the lungs from BAG mice, iNOS levels were
significantly lower compared to mice receiving antibiotics. Likewise, MPO levels in the spleen
from BAG mice were comparable to those measured in healthy control mice, while BA mice
showed a remarkably higher MPO expression. It is noteworthy that the restoration of MPO
expression in the spleen of BAG mice is in line with of the findings by Schrijver et al., showing

that plasma MPO levels can be used as a marker to diagnose and predict mortality in septic
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patients (Schrijver et al., 2017). Furthermore, TheeB and colleagues observed that malaria-
infected MPO-deficient mice did not show increased parasite loads and, unexpectedly, were
able to clear the infection more rapidly than wild-type mice (TheeB et al., 2017). It is well
known that MPO is a “wake-up call” of inflammation or local tissue damage and, from a
systemic point of view, elevated MPO levels in circulation are associated with increased
oxidative stress (Ndrepepa, 2019). Furthermore, MPO levels can predict adverse clinical
outcomes in critical pathologies, especially in cardiovascular diseases (Kimak et al., 2018;
Ramachandra et al., 2020).

In our experiments, we observed a concomitant reduction of both MPO/iNOS levels in-vivo
and ROS formation in-vitro when Gas6 was added. To date, it is consolidated that among Gas6
biological effects, migration, cell growth, and cell survival can be listed (Lemke, 2013; Wu et
al., 2017). Thus, from our preliminary data, we propose that Gas6 may play a role in preventing
tissue damage exacerbation induced by MPO. However, further analyses are required to verify
this hypothesis.

Lastly, we focused our attention on the two Gas6 receptors Axl and MerTK, which are
ubiquitously expressed and play an important role in inflammatory responses. In particular, we
found MerTK mRNA expression to be modulated in the liver and kidney in response to the
various treatments. Whereas, no statistically significant variation was observed in Axl mRNA
expression. However, since the activity of these two tyrosine kinase receptors mainly depends
on tyrosine phosphorylation, we evaluated their phosphorylation status in our experimental
model. Intriguingly, in kidney tissues from B and BA mice, we detected pAxl expression in
CD45-positive cells, but such colocalization was never found in tissues from BG and BAG
mice as well as control mice, indicating that the Gas6/TAM axis on myeloid cells is not directly
involved in the response following Gas6 administration. This finding is in line with the
previously reported expression of Mer and Axl in mesangial and endothelial glomerular cells
(Li et al., 2017). In the liver, pMer did not colocalize with CD45-positive cells in any mouse
group, but it was detected around small-caliber vessels.This aspect is in agreement with
previous data by Mukherjee SK and colleagues, showing MerTK expression in liver sinusoidal
endothelial cells and hepatic stellate cells, but not hepatocytes (Mukherjee et al., 2016). Thus,
systemic administration of Gas6 is able to induce a response against sepsis not only from
myeloid cells, either resident or recruited from the bloodstream, as one would expect, but also
from parenchymal cells.

Many of these in-vivo and in-vitro results has been recently published by our group (Salmi et

al., 2021). However, this study has several limitations, since further analyses are clearly needed
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to better understand and characterize the role of Gas6 and its mechanisms in a complex disease,
such as sepsis and sepsis-induced organ damage. Moreover, to better understand the biological
role of iNOS in this setting, NO determination would be helpful to link in-vitro and in-vivo
iNOS expression results. Again, the number of mice should be increased to obtain more robust
data, evaluate long-term effects and investigate different Gas6 doses in order to understand the
minimal effective dose to achieve protection. Furthermore, a more deep investigation on
mitochondrial response is required. Notwithstanding, a single dose of Gas6 seems to have a
strong beneficial effect in restoring homeostasis and limiting organ damage in septic mice, by
reducing systemic LDH levels, decreasing ROS formation and intensifying mitochondrial
activity. The fact that Gas6 is an endogenous molecule normally circulating in the body under
physiological conditions makes this protein a particularly attractive therapeutic candidate for
clinical development. After all, it is the job that is never started as takes longest to finish

(Tolkien J.R.R., 1954).
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