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Abstract

Sepsis is a dysregulated host response to infection related to dev-
astating outcomes. Despite advances, sepsis care remains a crucial
challenge for the scientific community. Activated apoptotic pathways
have been suggested to participate in the immunosuppressive pro-
cesses in the course of sepsis, affecting multiple immune cell types.
The apoptotic response during the septic process is primarily char-
acterized by a dramatic upregulation of caspases, which are cysteine
proteases, linked to cell death. The apoptotic cascades are regulated
by a number of antiapoptotic proteins, such as survivin. Moreover,
a variable interplay between inflammatory mediators, such as cy-
tokines or heat shock proteins, and apoptotic coordinators, such as
caspases, or antiapoptotic molecules, such as survivin, could prob-
ably be expected in sepsis. These complex interactions could also
account for the pathophysiologic processes occurring in sepsis, such
as oxidative stress, immunoparalysis, and autophagy. Although these
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responses are important for host defense against invading bacteria,
their uncontrolled and excessive activation ultimately contributes to
multiple organ injury during the septic process.
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1. Introduction

Severe sepsis and septic shock are the leading causes of death in adult and pediatric
intensive care units (ICU) worldwide. Despite effortsinunderstanding the septic pathophysiology
and implementing effective treatment, its annual incidence has been projected to increase
by 1,5% per year [1]. Sepsis is a life-threatening multiple organ dysfunction process caused
by a dysregulated, generalized inflammatory, and procoagulant host response to infectious
stimulants, possibly followed by immune suppression. This heterogenous pathophysiological
interplay vary in degree among patients, depending on many factors, such as the pathogen’s
load or virulence, host’s co-morbidities or genetic factors. As a common and life-threatening
infectious syndrome, sepsis contributes significantly to morbidity and mortality in clinical
settings through a wide array of manifestations including septic shock, adult respiratory distress
syndrome (ARDS), multiple organ dysfunction syndrome (MODS) and systemic inflammatory
response syndrome (SIRS) [2].

Sepsis may be elicited through either pathogen-associated molecular patterns (PAMPs)
or danger-associated (in the absence of infection) molecular patterns (DAMPs), acting as
a systemic pro-inflammatory response syndrome (SIRS) at least in the early stages of the
disease [3]. Upon this triggering the progression of sepsis is very complex, since a wide
variety of responses are elicited, including activation of the inner and adaptive immunity,
acute inflammatory response, and bioenergetics failure. Recent studies in sepsis focus less on
the pathogenicity of the invading pathogen, but more on the host’s immune response upon
microbial or endogenous cellular products of tissue injury, acting as “alarmins” and leading to
the recruitment of pro-inflammatory intermediates, according to the “danger hypothesis” [4].

Current research has shown that mortality is associated either with periods of an overexuberant
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immune response mediated by an excessive proinflammatory “cytokine storm”, or with the
contrasting theory of a continuous immunosuppressive state, in which patients succumb to
secondary infections within a few weeks or months due to post-sepsis “immune paralysis” [5].
Genome-wide transcription profiling has indicated that patients may cycle through each phase
multiple times over the course of sepsis [6], while both pro- and anti-inflammatory cytokine
genes seem to be upregulated simultaneously [7]. Recent findings also suggest that patients who
survive the early stages of sepsis enter into complex clinical paths, through the development of
a persistent inflammation/immunosuppression and catabolism syndrome (PICS), driven either
by alarmins of injured organs, opportunistic infections or mechanical injuries secondary to

therapeutic decisions [4].

Activated apoptotic pathways have been suggested to participate in the immuno-
suppressive processes early in the course of sepsis, affecting multiple cell types of the innate
and adaptive immunity, in an effort to dampen the initial hyper-inflammatory response. The
inability of the host to restore immune homeostasis at this stage might lead to an uncontrolled
hypo-inflammatory phase, possibly due to a dysfunctional adaptive immune response [8].
Alongside this theory, multiple studies have shown that the activation of a variety of pro-
inflammatory cytokines could act synergistically and ultimately induce cell death [9,10]. A
cytokine secretion defect in septic patients late in the course of sepsis indicates an apoptotic
tendency affecting proper functioning of both the innate and adaptive immune system. The
degree of lymphocyte apoptosis has been correlated with the severity of the septic process,
predicting mortality, whereas apoptotic pathways upregulation seems to further expand
immunoparalysis, through complex interactions with other cells of the adaptive immunity.
Therefore, the outcome of critically ill septic patients might be determined by the delicate
balance between pro- and anti-apoptotic mechanisms.

Personalized medicine approaches require a better understanding of the primary
immune endotype, based on whether the patient is experiencing a hyperinflammatory or an
immunosuppressive course of the disease, which would be instrumental in guiding therapeutic
decisions [11]. Also, the efficacy of immunoadjuvant therapies or cell-survival studies currently
under investigation might provide promising novel therapeutic opportunities [12,13]. Multiple
studies on polymorphisms and genetic markers are also currently in progress, in an effort
to provide more insight in the complex pathways of sepsis and eventually create important
predictive and prognostic algorithms in the future [14]. Considering the complex immune
response of each host, the development of predictive tools based on proteomics, metabolomics,
genomics, cellular assays and bioinformatics could give critical answers on septic riddles and
move our medical practices onwards [15].
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2. Apoptotic and Antiapoptotic Pathways in Sepsis

Cell death has traditionally been linked to apoptosis, pyroptosis or necrosis processes,
depending on the mechanistic pathways activated following an insult [16]. It affects multiple
cell types during the septic process, and it can be triggered in a cell through either extrinsic
or intrinsic stimuli. The apoptotic process has major consequences for the outcome, since
apoptotic cells present anti-inflammatory properties and induce immunological tolerance.
Besides, old studies have already demonstrated that the phagocytosis of apoptotic cells leads
to active inhibition of pro-inflammatory cytokine production by macrophages, and to the
resolution of inflammation through the release of anti-inflammatory mediators. These findings
have led to the current understanding of apoptotic cells as being generally anti-inflammatory
(inflammosuppressive) and also immunosuppressive [17].

2.1. Apoptosis

In early-onset sepsis, innate immune cells, such as dendritic cells, and cells from the
adaptive immune system, especially lymphocytes, splenocytes, and intestinal epithelial cells
are depleted through apoptotic processes, mainly driven by certain protein molecules called
caspases (8). Caspases are cysteine proteases that cleave their substrates on the C-terminal side
of aspartate, leading to DNA fragmentation, membrane blebbing, phosphatidylserine exposure
at the cell surface, and apoptotic vesicles formation [18]. Caspases may hold key roles in
sepsis in terms of apoptosis, pyroptosis, necroptosis and inflammation [19-21]. However,
besides their crucial biological functions linked to cell death, caspases also have central roles
during the regulation of non-cell death cascades, such as dendrite trimming, cell differentiation,
migration, or milder inflammation states [21]. In this context, caspases could act both as
“inflammatory” or “apoptotic” critical coordinators in the integration of various signaling
cascades during normal development and homeostasis restoration, or during serious diseases
and critical illness. Their complex functions highlight the tight intertwinement between the
inflammatory and cell death processes, as well as their important role in regulating autophagy.
Autophagy, which is a catabolic process that involves lysosomal degradation and recycling
of cytoplasmic constituents, has emerged as a novel mediator of cell death and has also been
linked to caspases in a cross-talk with apoptotic cascades [22].

Caspases activation follows two distinct pathways. The extrinsic apoptotic pathway
(mitochondria-independent) is activated through the binding of a ligand to a death receptor at
the cell surface, for instance, the TRAIL-bound TNF receptor, which leads to the activation of
caspase-8, the major mediator of this apoptotic cascade [19,23]. The intrinsic (mitochondrial)
pathway is activated through various endogenous cellular stress signals or irradiation, leading
to loss of the mitochondrial outer membrane integrity and to the release of apoptotic factors

sequestered by the mitochondria, such as cytochrome c, resulting in the activation of the
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initiator caspase, caspase-9 [24]. Both intrinsic (mitochondria-mediated) and extrinsic (death-
receptor-mediated) apoptotic processes are activated during sepsis. Mitochondrial oxidative
stress plays an important role in both pathways but especially in the intrinsic one. The final step
in this process is the formation of the “apoptosome”, which reacts with caspases initiating the
apoptotic pathway, viadeoxyribonucleic acid (DNA) fragmentation and chromatic condensation
[25]. Caspases-3 and -7 are the terminal effector executioner proteases in both pathways of
apoptosis, leading to disruption of the nuclear envelope and breakdown of genomic DNA, via
cleavage of structural proteins. On the other side of the coin, low level of caspase-3 activity
has been advocated to be necessary for critical developmental processes in several cell types
[26].

2.2. Pyroptosis

A caspase-dependent programmed neutrophil death (pyroptosis) associated with
inflammation in sepsis is initiated by inflammasomes in innate immunity. In general, pyroptosis
protects the host against invading microorganisms, but also causes severe sepsis or septic
shock when overactivated. Pyroptosis seems to be mechanistically distinct from other types of
cell death. In general, apoptosis seems to be driven through the activation of caspases-8 or -9,
without the initiation of inflammation, whereas pyroptosis is mainly driven through caspase-1
and/or -11, with the activation of IL-1B and IL-18 [16,27]. In an inflammasome-related process,
caspase-1 activation is identified as the primary step for pyroptosis, facilitating the activation
of inflammatory pathways. Caspase-1 is activated by ligands of typical inflammasomes, while
other inflammatory caspases, such as caspase-11, directly recognize LPS [28]. Published
studies, have also revealed the importance of caspase-1 as a potential marker for predicting the
development of sepsis, whereas caspase-1 mRNA levels have been associated with the severity
of sepsis caused by cytomegalovirus (CMV) [29]. An association of caspases concentrations
with sepsis severity, degree of apoptosis, and mortality in septic patients has already been
reported [30], whereas apoptotic deficiency seems to play an important role in the survival of
lymphocytes, leading to autoimmunity.

2.3. Inhibitors of apoptosis proteins

Inhibitors of apoptosis proteins (IAPs), including Survivin protein, seem to restrain the
downstream components of caspase-activation pathways and play important roles in regulating
the progress of apoptosis, but their role in sepsis has not been elucidated so far. Recent studies
reveal that survivin partially interacts with multiple inflammatory mediators (such as nuclear
factor-kappa-B, NF-«xB), regulating LPS induced cytotoxicity and might be closely linked
to worse prognosis [31]. Inclusion in the IAP family is based on the presence of at least one
baculovirus inhibitor of apoptosis repeat domain (BIR) in gene encodement, a globular fold that
has originally been found in insect viruses. Humans have eight IAPs, of which survivin is the
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smallest protein, expressed during development and not expressed in most differentiated adult
tissues. Survivin is an evolutionarily conserved eukaryotic protein (BIRCS) that is expressed
in actively proliferating cells, playing a crucial role in cell division by inhibiting apoptosis
and regulating the process of mitosis in embryonic and cancer cells [32]. Survivin wild type
(WT) seems to be essential for the maintenance of mitochondrial integrity and function [33],
by inhibiting caspases-3 and -7 [34]. Initially, survivin was thought to bind to and inhibit
caspase activity directly, but current knowledge confirms that only the canonical member of
this family, XIAP, can efficiently and directly inhibit caspases. XIAP then interacts with other
[APs, including survivin, in a way that improves stability and augments the inhibitory effect
of XIAP. Upstream factors such as Smac/Diablo, which is released from the mitochondria
upon apoptotic stimulation, can inhibit IAPs by binding to the BIR domain. Survivin may also
prevent the release of apoptotic protease-activating factor 1 (APAF1) from the mitochondria,
or sequester the main IAP inhibitor (Smac/Diablo) away from other IAPs [35]. Survivin’s
upregulation in malignancies has extensively been reported [36], while accumulated evidence
shows that it exerts cell-protection in non-malignant conditions as well [37]. Survivin is also
considered to be a regulator in the injury of several organs including the lung, the kidney or
the liver [31]. Given that survivin is essential for mitosis, in maintaining homeostasis of the
immune system, and able to inhibit apoptosis [35], piled evidence favors the involvement of
survivin dysregulation in the development of inflammatory disorders [38].

2.4. Survivin splice variants

In addition to the survivin-WT transcript, several transcript variants, generated by
alternative splicing of the human survivin gene (BIRCS), have been identified: survivin-AEx3
(a splice variant lacking exon 3), -2B (one variant retaining a part of intron 2 as a cryptic exon),
and -3B (a novel exon 3B derived from a portion of intron 3) are currently well studied [39],
whereas other isoforms are not yet satisfactorily characterized [40]. Multiple studies have
already investigated the expression and function of survivin in different autoimmune diseases,
and also elevated protein expression levels of survivin splice variants have been identified in
rheumatoid arthritis tissues, confirmed by specific antibodies against survivin’s different splice
variants [41,42]. Several different types of cancers have been shown to express the survivin-
WT, -AEx3, -2B, -3B splice variants, with no expression in the adjoining normal tissues [43].
Also, serum levels of survivin-WT in active rheumatoid arthritis patients and healthy controls
were similar in CD4+ and CD19+ cells, while survivin-2B and -AEx3 were significantly higher
in CD19+ B cells [44]. The expression levels and subcellular localization patterns of each
isoform are associated with different functional properties, mainly studied in cancer patients.
Survivin-WT, -AEx3 and -3B splice variants seem to have antiapoptotic properties, whereas
other studies in autoimmune diseases question the antiapoptotic potential of survivin-3B, and
more importantly of survivin-2B and -2a variants. Also, survivin-2B presents its proapoptotic
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functions by dimerizing with the wild-type, thus reducing its antiapoptotic effects [23,45].

Multiple studies of mRNA expression have demonstrated the intense modulation of
gene expression during sepsis, particularly emphasizing on the upregulation of pro-apoptotic
genes and on the downregulation of anti-apoptotic transcriptive activity [8]. The importance
of apoptotic/antiapoptotic balance is revealed by complex regulatory cascades involving
multiple factors, such as the CD40 ligand or members of the Bcl-2 family, which suppress
apoptosis, whereas Fas ligand, tumor necrosis factor-o (TNFa) and cytokines shift the balance
toward pro-apoptotic signaling [46]. This delicate balance might be significantly impaired in
sepsis and may represent a new target for future scientific exploration [47]. A recent study in
a septic group of patients showed for the first time that the upregulation of apoptotic caspases,
including active and cleaved forms, is followed by an anti-apoptotic hyperexpression, indicated
by increased survivin serum levels, along with increased intracellular survivin transcript
variants concentrations in early-onset sepsis [48]. The same study also showed that survivin
is correlated with IL-8 and caspase-9, achieving the best sepsis discrimination and outcome
predictive ability. Among critically-ill non-survivors, increased survivin serum protein levels
were recorded, along with survivin wild-type, -2B and AEx3 splice variants gene expression
upregulation [48].

3. The “Cytokine Storm” and the Pro-homeostatic Nature of Apoptosis

The underlying pathobiology of sepsis is a variable cytokine release by activated
leukocytes and the development of systemic inflammation. Multiple studies indicate that there
1s an extensive cross-talk between apoptosis and cytokine production during various infectious
processes [49-51]. It is increasingly becoming clear that sepsis is a dynamic disorder, resulting
from imbalances in the immune response and inflammatory network, which is characterized
as a “cytokine storm”, through pyroptosis-mediated rupture of plasma membrane, resulting in
excessive release of inflammatory mediators. A published study has focused on the important
role of neutrophil pyroptosis as an inflammatory signal amplifier in the recruitment of immune
cells, through the release of IL-1p and IL-18, which have been shown to be the most important
cytokines during pyroptosis. On the other hand, some subsets of neutrophils in septic patients
secrete large amounts of IL-10, which lead to the suppression of T lymphocyte proliferation and
to immunosuppression [27]. An immunoinflammatory response, when moderately regulated,
can provide an effective defense against the invading pathogen. A severe immunoinflammatory
dysfunction, expressed by excessive pyroptotic activation or immunosuppression, commonly
leads to multi-organ failure and poor outcome. Moreover, accumulating evidence suggests that
the inflammasome, an intracellular multiprotein complex, is involved in the pathogenesis of
sepsis, and triggers pyroptosis in a caspase-1-dependent manner [28]. This process is triggered
by reactive oxygen and nitrogen-oxygen species, leading to mitochondrial dysfunction,

tissue injury, organ failure and death. The initial hyperinflammatory phase may be followed
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by later stages of immunosuppression and apoptosis in the course of the septic process. The
pro-homeostatic nature of apoptotic cell interaction with the immune system has recently
been described and is illustrated in known apoptotic cell signaling events in macrophages
and dendritic cells, mainly related to toll-like receptors (TLRs) or nuclear factor kB (NF-
«kB). Therefore, apoptotic cells seem to have a beneficial effect on cytokine storms, ultimately
leading to both anti- and pro-inflammatory cytokine signaling suppression [52].

4. The Anti-apoptotic Effects of the Heat Shock Protein Family

The heat shock response is a highly conserved cellular mechanism that protects against
injury and environmental stresses. Heat shock proteins (HSPs) are molecular chaperokines
that exhibit sophisticated protection mechanisms, acting as alarmins and cellular housekeepers
during homeostasis. Intracellular HSPs govern protein assembly, folding, or transport and
act as anti-apoptotic regulators of cell signaling pathways leading to cell death. Thereby, the
expression of HSPs seems to promote cell survival upon exposure to different stressors. The
most characteristic model for this response is in sepsis or inflammation-induced conditions,
resulting from complex interactions between host and infectious agents. Many studies have
reported the extracellular release of HSPs (eHSPs) in severe sepsis and the simultaneous
reduction of intracellular HSPs (iHSPs). However, in patients with traumatic inflammation
(systemic inflammatory response syndrome - SIRS), iHSPs were found increased compared to
healthy controls, indicating a protective function of iHSPs during the acute phase of stress. On
the other hand, the downregulation of iHSPs in severe sepsis seems to be a result of adaptation
(ormaladaptation) to the severity of illness [53]. Through complicated cascades these molecules
can initiate both innate and adaptive immune responses and aid in immune surveillance via
cytokine and chemokine production, although HSPs’ upregulation has also been linked to
worse outcomes and mortality.

The main HSP representatives in sepsis are Heat Shock Proteins-70 and -90 (HSP70 and
90), which have been identified on the surface of human macrophages, acting as ubiquitous
chaperones with anti-apoptotic and immunomodulatory functions. Recent studies have already
identified that HSPs seem to be key determinants of cell survival and can modulate apoptosis by
directly interacting with components of the apoptotic machinery [54]. The most widely studied
chaperone, the intracellular HSP90 (iHSP90), has been shown to stimulate apoptotic cascades
through caspase-3 activation in septic models [55]. Acting as a TLR agonist, extracellular
HSP70 seems to have immunomodulatory effects, since it is responsible for early immune
hyperactivation and subsequent immunosuppression in the course of severe sepsis, through
TLR agonists tolerance induction [56]. Intracellular HSP70, on the other hand, exerts anti-
apoptotic effects, protecting the structural integrity of cells and prolonging leukocyte survival
[57]. Current research has showed that extracellular HSP90 and, to a lesser extent, HSP72 are

markedly elevated in children with severe sepsis compared to non-infectious SIRS or controls,
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and independently related to severity of illness scores and risk of mortality. This process probably
concerns the patients that might enter a state of profound immunosuppression or persistent
activation of innate immunity, with intractable outcomes and high risk of mortality [58]. The
immunomodulatory in-vitro effects of the heat shock response on apoptotic regulation have
been recently demonstrated. HSP90 inhibition significantly reduced CD4 protein expression
on T lymphocytes at the cell surface and intracellular level and downregulated key activating
receptors on CD3(+) and CD8(+) T cell subsets and NK cells, disrupting their cellular activation,
proliferation, and IFN-y production [59].

5. Oxidative Stress and Apoptotic Signaling Cascades

Infection triggers the release of pro-inflammatory cytokines and production of reactive
oxygen species, increasing oxidative stress and mitochondrial damage. This ultimately leads
to the release of cytochrome c into the cytosol and to the initiation of autophagic activities in
various cell types during the hyperdynamic phase of sepsis. Loss of mitochondrial membrane
potential accompanied by the release of hydrogen peroxide and mitochondrial DNA release
into systemic circulation seem to be closely connected to apoptosis. In this regard, mitophagy
is thought to play an important role in eliminating defective mitochondria and, thus, protecting
the host against oxidative injury and inflammatory hyperresponsiveness. The association
between mitochondrial dysfunction and sepsis severity has been addressed in several studies.
Dysregulated reactions, taking place in mitochondria during sepsis, such as disruption of
intracellular redox homeostasis and loss of mitochondrial integrity, are closely interconnected
with uncontrolled cytokine release and apoptotic signaling cascades [7,60,61]. In this context,
a growing body of evidence suggests that the inability of cells to consume oxygen may play
a crucial role for sepsis pathogenesis. Oxidative stress is common in critical illness, as a
result of the generation of oxygen and nitrogen-derived free radicals and disruption of redox
signaling or antioxidant control systems, including the decline in key antioxidant compounds
[62]. According to the “redox hypothesis™ the oxidation of intra- or extracellular thiols, along
with radical-derived, non-radical reactive species, play an important role in the development
of oxidative stress, which is hazardous for living organisms. Critically ill patients suffer
from oxidative stress due to systemic activation of immune response, repression of innate
immunity, and hypoperfusion/reperfusion injury. The consequences of oxidative stress include
protein oxidation, lipid peroxidation and DNA damage, which may damage all major cellular
constituents and contribute to cellular and organ dysfunction in ICU patients [63]. Taken
together, reactive oxygen species, and the resulting redox change could be a part of signal
transduction pathway during apoptosis [64].

6. Immunoparalysis through Uncontrolled Apoptosis in Sepsis

Sepsis is a struggle between pathogen-associated molecules and the host innate and
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acquired immunity. Proper immunologic balance between pro- and anti-inflammatory pathways
is necessary for recovery. A state of acquired immunodeficiency, with persistence of marked
compensatory anti-inflammatory immune responses in sepsis, 1s referred to the process of
immunoparalysis (endotoxin tolerance phenomenon). This is an immune cell alteration induced
by uncontrolled apoptosis, which is indicated by depressed monocyte biomarker levels.
Immune cell apoptosis is being increasingly recognized as a key factor in the pathophysiology
of septic complications, acting either concomitantly with the initial inflammation or delayed
[5,22]. Apart from the usual scenario of an early hyper-inflammation followed by a transitory
immunosuppressive state until complete recovery, currently, another post-aggressive
immunodepression state (PAID) has been well characterized and is being thought to account
for increased mortality. This category includes those patients who survive the acute phase
of sepsis but display long-term impairments in immune function due to quantitative and
qualitative alterations of many immune cell populations, leading to increased susceptibility to
secondary infections, viral reactivations and decreased survival [65,66]. As the host recovers
from the 1nitial septic event, the immune system becomes hyporesponsive, resulting in a long-
lasting immunosuppressive state with increased mortality rates. This is probably the reason
why the acute cytokine storm is responsible for only about 30% of the sepsis-related mortality
[67]. Recruitment and migration of neutrophils to infectious foci is diminished and neutrophil
function is significantly affected during sepsis, representing a loss of a crucial arm of the innate
immune response to infection [68]. Among various alterations, lymphocyte loss is a major
cause for immunosuppression, and apoptosis has been proposed as the main mechanism for
lymphocyte death in sepsis. Particularly, apoptosis of lymphocytes that results in impaired
innate and adaptive immune response is associated with a higher risk of poor outcomes. In
addition, persistence of this severe lymphopenia over time has also been associated with an
increased risk of death [8,69]. Therefore, therapeutic interventions targeting the inhibition of
apoptotic molecules might be promising for an optimal outcome of septic patients. Although
circulating lymphocytes undergo significant apoptosis, no apparent apoptosis in the heart,
kidneys, lungs or other substantive organs occurs during the septic course [5]. Apart from sepsis,
PAID and severe apoptosis-induced lymphopenia may concern trauma, ischemia-reperfusion
syndrome, major surgery or acute brain injury. A rough quantification of immunoparalysis can
be made through the measurement of monocyte cell-surface HLA-DR expression. HLA-DR
has been shown to be negatively influenced by the presence of septic shock and to correlate
with sepsis mortality. In fact, a threshold of <30% HLA-DR+ monocytes has become an
accepted definition of immunoparalysis [70]. Additionally, decreased expression of HLA-DR
could reduce the ability of monocytes/macrophages to present antigens and prime B and T
cell responses. Similar decreasing trends in the expression of CD14/HDL-DR were associated
with repressed intracellular HSP70 and HSP90 levels in patients with sepsis compared to
SIRS and healthy controls. These early-onset changes in HSP70 and HSP90 monocyte and

neutrophil expressions are associated either with increased cytokine levels, such as IL-6 and
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IL-10, or with decreased IL-17 and IFN-y levels in patients with sepsis [71]. Quantification of
the capacity of whole blood to produce the proinflammatory cytokine tumor necrosis factor
(TNF)-a, IL-1 and IL-6 after stimulation with lipopolysaccharide (LPS) has been used as a
second biomarker of monocyte function and of immunoparalysis in critical illness. This is
because stimulation of the Toll-like receptor (TLR)-4 complex on monocytes normally induce
rapid TNFa production to more than 200pg/mL [72]. Besides the reduced TNF production and
endotoxin tolerance, monocytes also exhibit an increased phagocytic ability with a conserved
capacity to kill internalized pathogens, but with impaired antigen-presentation and chemotaxis
capacities. They also tend to be reprogrammed towards the production of immunosuppressive
molecules, such as IL-10 [22].

Recent important findings also suggest that autophagy plays a protective role in early
stages of sepsis partially preserving mitochondrial integrity and halting apoptotic cascades,
while autophagy suppression at late septic stages might be ultimately leading to pyroptosis
and multi-organ failure [7]. Numerous promising targets, aiming at “reboosting” the immune
system during the immunoparalysis phase of sepsis, are currently under investigation. In recent
studies, Interferon-y and GM-CSF therapeutic protocols attenuated the reduction of the LPS-
induced TNF-a response and increased monocyte HLA-DR expression, confirming beneficial
immunostimulatory effects of these agents [66].

7. Hormonal, Metabolic and Immune System Interactions Through Apoptotic
Regulation

Sepsis is accompanied by major hormonal, metabolic and immune system alterations.
Crosstalk between the immune and neuroendocrine networks is essential to mount an adequate
response to sepsis. In this respect, upregulated inflammatory cytokines, especially IL-6, TNF-a,
and IL-1, not only act as potent pyrogens to induce fever, but also stimulate neurohumolar
organs signaling the invasion of pathogens [73]. Heat shock proteins seem to reflect hormonal
changes taking place during an inflammatory or septic process, presenting close correlations
with the activation of the hypothalamic-pituitary-adrenal axis and cortisol upregulation [53].
The acute neuroendocrine changes are probably directed toward restoring homeostasis and
limiting unnecessary energy consumption. Moreover, a controlled apoptotic response during
sepsis seems to promote homeostasis, since recent studies have announced that apoptotic
cell uptake increases glycolysis within phagocytes, contributing to lactate release and to the
reinstatement of an anti-inflammatory tissue environment [52]. Critical illness is characterized
by dysregulation of the hypothalamopituitary axis, and in particular by hypometabolism,
protein breakdown, hyperglycemia and altered serum lipid profile. Therefore, although the
initial neurohormonal changes aim at restoring homeostasis and limiting unnecessary energy
consumption, maladaptive alterations seem to prevail in the prolonged phase of critical illness,

which is characterized by a central suppression of the neuroendocrine axis [73,74].
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8. Conclusions

Sepsis is associated with activation of multiple proinflammatory mediators, through
the transcriptional activation of interleukins, HSPs, or oxidative stress factors, which are
closely interconnected with apoptotic effectors stimulation. Although these responses are
important for host defense against invading bacteria, their uncontrollable and excessive
reprogramming ultimately contributes to multiple organ injury. Combined apoptotic, anti-
apoptotic, inflammatory, and oxidative mediators, might prove to be critical biomarkers for
the prognostication of sepsis. Regarding the apoptotic/antiapoptotic dysregulation in severe
sepsis, caspases inhibition or reinforcement of survivin protein signals, might open-up new
therapeutic pathways in order to achieve better outcomes for septic patients. Likely, more
research in the future might lead to a more individualized approach to the treatment of severe
sepsis/septic shock, taking into account genetic signatures, along with all the damaged
metabolic and molecular pathways. This could be crucial towards the clinical efforts to restore
the imbalance of the apoptotic/anti-apoptotic response during the different hyperinflammatory
or hypoinflammatory stages in the course of sepsis.
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