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A B S T R A C T   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes a potentially life-threatening disease, 
defined as Coronavirus Disease 19 (COVID-19). The most common signs and symptoms of this pathological 
condition include cough, fever, shortness of breath, and sudden onset of anosmia, ageusia, or dysgeusia. The 
course of COVID-19 is mild or moderate in more than 80% of cases, but it is severe or critical in about 14% and 
5% of infected subjects respectively, with a significant risk of mortality. SARS-CoV-2 related infection is char-
acterized by some pathogenetic events, resembling those detectable in other pathological conditions, such as 
sepsis and severe acute pancreatitis. All these syndromes are characterized by some similar features, including 
the coexistence of an exuberant inflammatory- as well as an anti-inflammatory-response with immune depres-
sion. Based on current knowledge concerning the onset and the development of acute pancreatitis and sepsis, we 
have considered these syndromes as a very interesting paradigm for improving our understanding of pathoge-
netic events detectable in patients with COVID-19. 

The aim of our review is: 
1)to examine the pathogenetic mechanisms acting during the emergence of inflammatory and anti- 

inflammatory processes in human pathology; 
2)to examine inflammatory and anti-inflammatory events in sepsis, acute pancreatitis, and SARS-CoV-2 

infection and clinical manifestations detectable in patients suffering from these syndromes also according to 
the age and gender of these individuals; as well as to analyze the possible common and different features among 
these pathological conditions; 

3)to obtain insights into our knowledge concerning COVID-19 pathogenesis. This approach may improve the 
management of patients suffering from this disease and it may suggest more effective diagnostic approaches and 
schedules of therapy, depending on the different phases and/or on the severity of SARS-CoV-2 infection.   

Abbreviations: ALI, Acute Lung Injury; BALF, Bronchoalveolar Lavage Fluid; ARDS, Acute Respiratory Distress Syndrome; CARS, compensatory anti-inflammatory 
response syndrome; CCL5, Chemokine (C-C motif) ligand 5; cMonocytes, classical Monocytes; CRP, C-reactive Protein; ESR, erythrocyte sedimentation rate; IL-1β, 
Interleukin 1β; IL-6, Interleukin 6; IL-8, Interleukin 8; IL-10, Interleukin 10; IL-17, Interleukin 17; IL-1R, IL-1 Receptor; IL-1RA, Interleukin-1 Receptor Antagonist; 
intMonocytes, Intermediate Monocytes; LDH, Lactate Dehydrogenase; MCP-1, Monocyte Chemoattractant Protein-1; MOF, Multiple organ failure; ncMonocytes, non- 
classical Monocytes; Rantes, regulated on activation, normal T cell expressed and secreted; SIRS, Systemic Inflammatory Response Syndrome; TGF-β, transforming 
growth factor β; TLRs, Toll-Like Receptors; TNFα, Tumor Necrosis Factor α. 

* Corresponding author. 
E-mail address: galclaudio@libero.it (C.G. Gallo).  

Contents lists available at ScienceDirect 

Cytokine 

journal homepage: www.elsevier.com/locate/cytokine 

https://doi.org/10.1016/j.cyto.2021.155628 
Received 8 January 2021; Received in revised form 2 June 2021; Accepted 29 June 2021   

mailto:galclaudio@libero.it
www.sciencedirect.com/science/journal/10434666
https://www.elsevier.com/locate/cytokine
https://doi.org/10.1016/j.cyto.2021.155628
https://doi.org/10.1016/j.cyto.2021.155628
https://doi.org/10.1016/j.cyto.2021.155628
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cyto.2021.155628&domain=pdf


Cytokine 148 (2021) 155628

2

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
causes a potentially life-threatening disease, defined as Coronavirus 
Disease 19 (COVID-19). This pathological condition is generally char-
acterized by the presence of several signs and symptoms. The most 
common ones include cough, sore throat, fever, shortness of breath, 
sudden onset of anosmia, ageusia or dysgeusia, nausea or vomiting, and 
diarrhea. The course of COVID-19 is generally mild or moderate in more 
than 80% of cases, but it is severe or critical in about 14% and 5% of 
infected subjects respectively, with a significant risk of mortality [1]. 
The available studies are suggesting that COVID-19 infection induces a 
host’s defensive reaction, which is characterized by the coexistence of an 
excessive inflammatory response as well as by the development of 
immunodepression, with the release of a large spectrum of cytokines, 
interleukins, and mediators with pro-inflammatory and anti- 
inflammatory activity. According to these investigations, in their early 
reports, most of the authors have suggested that the pathogenetic 
mechanisms, as well as the symptoms and the signs detectable in pa-
tients with severe forms of SARS-CoV-2 infection, resemble those 
occurring in patients with sepsis and serious acute pancreatitis [2]. All 
these pathological conditions are characterized by a large spectrum of 
clinical expressions ranging from mild to more severe manifestations 
such as lung injury, multi-organ failure, and unfavorable prognosis. 
Based on the current evidence and knowledge concerning the onset and 
development of acute pancreatitis and sepsis, we have considered these 
syndromes as a very interesting paradigm for improving our under-
standing of pathogenetic events detectable in patients with COVID-19. 
The aim of our paper is: 

1)to consider briefly the pathogenetic mechanisms acting during the 
emergence of inflammatory and anti-inflammatory processes in human 
pathology; 

2)to examine inflammatory and anti-inflammatory events in sepsis, 
acute pancreatitis, and SARS-CoV-2 infections and clinical manifesta-
tions detectable in patients suffering from these syndromes also ac-
cording to the age and gender of these individuals; as well as to analyze 
the possible common and different features among these pathological 
conditions, 

3)to obtain insights into our knowledge of COVID-19 pathogenesis; 
this approach may improve the management of patients with this syn-
drome and it may suggest more effective diagnostic approaches and 
schedules of therapy, according to the different phases and/or severity 
grade of this infectious disease. 

2. Pathogenesis and chronobiology of inflammatory and anti- 
inflammatory events in host’s defensive response against 
invading pathogens 

An effective immune response against invading pathogens in humans 
depends on a tightly regulated and proper balance among inflammatory 
and anti-inflammatory events involving both innate and adaptive arm of 
the immune system [3] and it is mediated by the coordinated action of a 
wide spectrum of immune cells and mediators, like chemokines, cyto-
kines, pro-oxidant and anti-oxidant species and several costimulatory 
molecules [4]. The goal of the inflammatory response is to fight the 
pathogen and restore homeostasis. An appropriate activity of all these 
components, in turn, leads to the resolution of the infectious disease and 
the recovery of the ill subject. After the host’s infection, invading 
pathogens induce the expression of warning signals in human tissues. In 
particular, injured or dying cells release endogenous danger molecules, 
known as Damage-Associated Molecular Patterns (DAMPs) such as heat- 
shock proteins, hyaluronan fragments, glycosaminoglycan (GAG)- 
bearing matrix proteoglycans [5]. Furthermore, invading pathogens 
themselves generate products, such as glycoconjugates (e.g., bacterial 
lipo-oligosaccharides) or glycan-based polymers (e.g., bacterial pepti-
doglycans), including bacterial DNA or viral RNA (deoxy ribose-based 

polymers). These molecules are defined as “Pathogen Associated Mo-
lecular Patterns” (PAMPs) [6]. Some cells of the innate immune system, 
such as monocytes/macrophages come into contact with DAMPs and 
PAMPs, recognizing them through the pattern recognition receptors 
(PRRS) [7]. These events trigger some downstream inflammatory 
pathways to counteract invading pathogens and restore tissue homeo-
stasis. A complex of intracellular multiprotein signaling platforms is 
activated. These structures are defined as “Inflammosomes” and repre-
sent key components of the innate immune response [8]. NLRP3 is the 
most studied among these complexes and exerts important functions in 
the generation of inflammation and the stimulation of effective and 
protective response of the host against pathogens [9]. After its induc-
tion, NLRP3 inflammasome activates caspase-1. This enzyme cleaves the 
proinflammatory cytokines IL-1/IL-18 and generates the mature forms 
of these mediators. Interleukin 1, produced by the stimulated macro-
phages, consists of two forms: IL-1α and IL-1β. Both molecules share the 
same receptor and, consequently, have the same biological effects. They 
possess a lot of common biological actions; therefore, they promote the 
development of inflammation with a synergistic action by binding to 
specific receptors and activate the gene expression of other inflamma-
tory cytokines (IL-6, IL-8) [10]. IL-1 in association with TNF-α represent 
the starters in the chronobiology of inflammation (Fig. 1). In particular, 
IL-1/IL-18 activate numerous intracellular pro-inflammatory signaling 
pathways. Nuclear Factor kB (NF-kB) translocates into the nucleus and 
regulates the expression of target genes, including those encoding pro- 
inflammatory cytokines [11,12]. Following these events, monocytes 
and macrophages release a large spectrum of mediators and orchestrate 
the early steps of the host’s response against invading pathogens. A 
further host’s defensive process occurs, during the activation of the 
innate immune response. It is represented by pyroptosis, a highly in-
flammatory form of programmed cell death [13]. Overall, these cells, 
molecules, and chemical species constitute the innate arm of the im-
mune response. The local inflammatory response triggered by the 
infection can extend throughout the body. It is mediated by the cells of 
the immune system and soluble mediators, released into the circulation 
[14]. In the early phases of this process, IL-1, in particular, IL-1β, and 
TNF-α are mainly produced by macrophages, within 30–90 min of 
interaction with the pathogens [15] and induce the release of other 
cytokines, eicosanoid, reactive oxygen species (ROS) and adhesion 
molecules. IL-6 and IL-8 serum levels peak after IL-1β and TNF-α (Fig. 2) 
[16]. Furthermore, IL-6 acts as a pyrogen [10] and induces the synthesis 
of the acute phase proteins. Pro-inflammatory cytokines, within 6 h, 
induce the production of C-reactive protein (CRP) by the liver. CRP, in 
turn, promotes bacterial opsonization and activates complement. 
However, CRP is a non-specific biomarker of acute conditions and it 
does not allow the distinction between infectious and non-infectious 
diseases. On the other hand, procalcitonin begins to increase already 
2–4 h after the start of the immune cascade and peaks after 6–24 h [17]. 
Procalcitonin increases and reaches very high values in the course of 
bacterial infections. It allows distinguishing between infectious and non- 
infectious inflammatory diseases and between bacterial and viral pa-
thologies [17,18]. Only a few cytokines are constitutively expressed 
under non-pathological conditions. On the other hand, most of these 
mediators are produced and secreted after the activation of several intra- 
cell cascades paths. The expression of genes codifying the cytokines is 
strongly modulated at transcription and translation levels by several 
regulatory molecules. The transcription factor NF-kB, for example, 
promotes the expression of IL-1 and IL-6 [19]. IL-8 works by attracting 
neutrophils to the inflammation site [20]. It has been found in the 
bronchoalveolar lavage fluid (BALF) of patients with respiratory acute 
distress syndrome (ARDS) and it is involved in multiple organ 
dysfunction syndromes (MOF) [21]. In the chronobiology of the 
inflammation, IL-10 serum levels progressively and significantly in-
crease during this defensive process. This mediator has the role of 
blocking the inflammation by modulating the synthesis and release of 
the other interleukins and cytokines (IL-6) [10]. IL-1Ra prevents the 
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effects of IL-1 by competitively binding to the IL-1R receptor [22]. All 
these cytokines in cooperation with the reactive oxygen species and the 
antigen presenting cells also regulate the funcion of immune response, 
by stimulating the components of its adaptive arm, such as different 
subsets of B and T lymphocytes. The tightly regulated and well- 
coordinated activities of immune cells and mediators lead to the effec-
tive control of the infection and restore the host’s tissue homeostasis. 

However, an excessive and dysregulated activation of the immune sys-
tem may generate severe organ damage and cause a life-threatening 
condition, such as sepsis. 

3. Changing definitions of sepsis over time 

The failure in the control of the pathogens by the immune system 
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Fig. 1. Sepsis is a complex and heterogeneous process and it is characterized by the concurrent presence of two types of associated events. An excessive 
inflammatory response (Hyperinflammation) and an anti-inflammatory response (Immunosuppression). HYPERINFLAMMATION. After the infection of the host’s 
tissues by invading pathogens, a prompt immune response occurs (1). Some cells (monocytes/macrophages) of the innate immune system recognize a large spectrum 
of warning molecules, through the pattern recognition receptors (PRRS), such as PAMPS and DAMPs(2). After this event, a large series of intracellular pro- 
inflammatory signaling pathways are activated (3). NF-kB translocates into the nucleus (4) and regulates the expression of target genes, including those encoding 
pro-inflammatory cytokines such as TNFα-, IL-6, IL-12, IL-8 (5), and IFNs (6). The release of these soluble pro-inflammatory mediators causes an excessive 
inflammation known as a “cytokine storm” (7,8, 9). The activation of NLRP3 inflammasome promotes the generation of IL-1 and IL-18 (10) which contribute to 
amplify the inflammation, leading to the cytokine storm and stimulating the pyroptosis (12), a highly inflammatory form of programmed cell death. The activation of 
the complement system (13) contributes to the inflammatory reaction and triggers the coagulation cascade (14). The induction of the coagulation pathway can cause 
(15) disseminated intravascular coagulation (DIC), immunothrombosis, and hemorrhage (16). Neutrophils promote the coagulation cascade (17) and induce 
immunothrombosis (18) through the release of NETs. Cytokine storm, (19) NETosis, activation of the complement system, and the coagulation cascade can contribute 
to the development of the microcirculatory disorder (20), with vasodilatation, capillary leakage, thrombosis / microthrombosis, DIC and can culminate in ARDS and 
multi-organ dysfunction syndrome (MODS), two life-threatening pathological conditions. IMMUNOSUPPRESSION. During the development of sepsis, monocytes/ 
macrophages undergo several epigenetic and functional changes and acquire immunosuppressive properties (a). These modifications are associated with an endo-
toxin refractory status, defined as Endotoxin Tolerance (b). Circulating monocytes (c) produce lower levels of TNF-⍺, IL-6 and express decreased amounts of HLA-DR 
(d). An expansion in the number of Immunosuppressive Myeloid-derived suppressor cells (MDSC) occurs(c). This type of Macrophages produce less TNF-⍺ and IL-6 
(e). Furthermore, an increase in the release of anti-inflammatory cytokines (IL-10, TGF-β, IL-1RA) occurs (f). T lymphocytes exhibit immunosuppressive charac-
teristics, with impaired production of pro-inflammatory cytokines such as IFN-γ and TNF-α (g) and undergo exhaustion. Their phenotype is now characterized by the 
increased expression of specific markers, including PD1, TIM-3 (h). Furthermore, a change in NF-kB composition occurs. In particular, its pro-inflammatory het-
erodimer (including the components p65 and p50) is replaced by an anti-inflammatory homodimer (including two molecules of p50) (i). This condition of 
immunosuppression is associated with an increased risk of nosocomial infections (l) and subsequent multi-organ failure (MOF) (m). These events are triggered in 
cooperation by both innate and adaptative arms of the immune system to eliminate pathogens and restore the homeostasis of the host’s damaged tissues. The 
dysregulation of all these immune mechanisms causes uncontrolled inflammation and represents the main feature for the development of sepsis. Genes encoding pro- 
inflammatory cytokines such as (TNF-⍺, IL-6, IL-8) and interferons (IFNs) are activated. Furthermore, the recognition of a strict relationship between coagulation and 
innate immunity, the term “immunothrombosis” has been introduced in clinical practice. Its activation in sepsis can result in microvascular thrombosis, DIC, and 
hemorrhage. Micro- and macrocirculatory disorders are characterized by vasodilatation, capillary leakage, and coagulopathy. Furthermore, vascular inflammation 
and pro-coagulation processes are increased by the release of extracellular traps by neutrophils (NETs), consisting of DNA, histones, and serine proteases. All these 
pathobiological events can result in multi-organ dysfunction syndrome (MODS), a very severe life-threatening condition. 
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may lead to their uncontrolled systemic dissemination through the 
bloodstream and may cause a severe pleiomorphic syndrome, which is 
known as sepsis [23]. The definition of sepsis has undergone several 
changes over the years as a result of the difficulties in characterizing this 
pathological condition, depending on the evolving concepts and on the 
knowledge of its pathogenetic mechanisms. In 1991, a consensus con-
ference concluded that sepsis results from the host mounting a systemic 
inflammatory response to infection [24]. Sepsis complicated by organ 
dysfunction was termed as “severe sepsis”, with progression to “septic 
shock”, when hypotension occurred despite adequate fluid resuscitation. 
In 2001 a task force has expanded the list of diagnostic criteria for this 
syndrome. However, no alternative definitions to characterize this 
syndrome have been introduced [25]. In 2016 an International Task 
Force has considered the more recent progress in understanding the 
pathobiology of sepsis as well as in the availability of large electronic 
health record databases and patient cohorts [26]. Therefore, the existing 
definitions of this syndrome have been reconsidered and revised. In 
particular, the previously described syndromes, indicated as “systemic 
inflammatory response syndrome (SIRS)” and “compensatory anti- 
inflammatory response syndrome (CARS)”, have been replaced by 
different terms, This process of editing has resulted in the most recent 
document, entitled: “Third International Consensus Definitions for 
Sepsis and Septic Shock (Sepsis-3). According to this paper, sepsis is now 
defined as life-threatening organ dysfunction, which is caused by a 
dysregulated host response to infection [26,27]. The presence of the 
organ dysfunction is a key element for the recognition of this syndrome 
and this pathological condition may be assessed by the use of the “sepsis- 
related organ failure assessment (SOFA) score” [28]. This score is based 
on six different components, one each for the respiratory, cardiovascu-
lar, hepatic, coagulation, renal and neurological systems [29]. In 
particular, sepsis is currently defined by an increase of SOFA score ≥ 2 
points due to an infection. Septic shock is determined by persisting 
hypotension requiring vasopressors to maintain a mean arterial pressure 
of 65 mm Hg or greater and a serum lactate level greater than 2 mmol/L 
in the absence of hypovolemia [26]. An early diagnosis and a rapid 
initiation of treatment represent crucial factors to reduce mortality from 
sepsis. It is expected that the value of epidemiologic studies and clinical 
trials will be improved by using the Sepsis-3 definitions [26]. Sepsis is 
now defined as a life-threatening organ dysfunction caused by a dysre-
gulated host response to infection [26,27]. The most common cause of 
sepsis is represented by bacterial infections, whereas a lower number of 
cases is due to viruses, parasites, and fungi [30]. 

4. Pathogenesis and chronobiology of the inflammatory and 
anti-inflammatory processes in sepsis 

Sepsis is a complex and heterogeneous process, it is characterized by 
the concurrent presence of two types of associated events [11]: 

a)an excessive inflammatory response (Hyperinflammation) against 
invading pathogens, mainly in the early phase of this process, it is not 
protective, as it may induce severe tissue or organ damage in the host 
and it may lead to a life-threatening condition (Fig. 1); 

b)an anti-inflammatory response (Immunosuppression), that may 
promote suppression of immune response and cause subsequent multi-
ple infections, mainly in the more advanced phases of this process 
[31,32] (Fig. 1). 

Pro and anti-inflammatory cytokines are produced and released 
simultaneously since the onset of sepsis [33], as evidenced by tran-
scriptome studies [34,35]. The extent of the events, during the pro- 
inflammatory and/or the anti-inflammatory processes, is responsible 
for the fatal outcomes in this syndrome. An excessive inflammatory 
response may cause lethal effects, as well as an immunosuppressive 
response, which can lead to multiple infections, multi-organ failure, and 
death, mainly in the later stages of sepsis (Fig. 1). 

NLRP3 displays an important role in the development of this syn-
drome [36]. Several studies have shown that NLRP3 null animals are 
protected against organ damage during the emergence of septic shock 
[37,38]. After activation of the inflammasome complexes, the process of 
inflammation starts. However, excessive stimulation of the immune 
system is associated with the production of high cytokine levels and 
mediators. This event may drive an excessive inflammation, known as 
“cytokine storm”. A self-amplifying cytokine cascade develops and it 
represents a crucial pathogenetic mechanism by which infections can 
cause sepsis [39]. Several immune system cells and their related mole-
cules, mediators of inflammation, and factors of coagulation are 
involved in the pathogenesis of sepsis [40]. In particular, the release of 
cytokines, such as TNF-α, IL-6, IL-12, IL-8, interferons (IFNs), mediators 
of inflammation such as prostaglandins and reactive oxygen species as 
well as the activation of additional important systems, including coag-
ulation and complement pathways characterize the development of 
sepsis [41]. The complement system is involved in the host’s innate 
defense responses. It stimulates the inflammatory reaction mainly 
through the activation of cells such as leukocytes and endothelial cells 
[42] and contributes to the development of the cytokine storm [43,44]. 
The induction of the coagulation cascade is also part of the host’s de-
fense systems against pathogens [45]. This occurrence arises during the 
development of sepsis and may be associated with the appearance of 
disseminated intravascular coagulation (DIC), microvascular throm-
bosis, and hemorrhage [46]. Neutrophils trigger the coagulation cascade 
and induce immunothrombosis through the release of NETs (complexes 
of DNA, histones, and serine proteases) and contribute to amplification 
of the inflammatory process [47–49]. Therefore, during sepsis, cytokine 
storm, NETosis, the activation of the complement system and coagula-
tion cascade can contribute to the development of a microcirculatory 
disorder, with vasodilatation, capillary leakage, thrombosis/micro-
thrombosis, DIC and can lead to the highly lethal multi-organ dysfunc-
tion syndrome (MODS) [50,51]. Overall, inflammation, as well as 
coagulation and complement pathways, are tightly inter-connected 
processes and their interactions should be considered within a broader 
perspective [52,53]. During the development of sepsis, a hyper-
inflammatory status coexists with an immune suppressive response. 
Monocytes/macrophages undergo genetic and epigenetic changes and 
exhibit functional modifications [54] and acquire immunosuppressive 
properties and characteristics. These modifications are associated with 
an endotoxin refractory state, defined Endotoxin Tolerance (ET) [55]. 
Various studies have shown the possibility of inducing ET following pre- 
exposure to sub-lethal doses of lipopolysaccharide (LPS). Overall, ET is 
associated with the presence of reprogrammed monocytes/macrophages 
with modifications in their activities and in their abilities to secrete pro- 

Fig. 2. Chronobiology of the inflammatory and anti-inflammatory process 
in sepsis (Boontham et al., 2003). IL-1 and TNF-α represent the chronobiology 
of inflammation. IL-6 and IL-8 serum levels peak after IL-1β and TNF-α. IL-10 
serum levels increase significantly and progressively during sepsis. This inter-
leukin has the role of blocking inflammation by modulating inflamma-
tory cytokines. 
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inflammatory and anti-inflammatory mediators. These cells modulate 
both the innate and adaptative arms of immune systems and change 
their functions. In particular, during the immunosuppressive response in 
sepsis the monocyte/macrophages exhibit the following activities: 

1)up-regulate the release of inhibitory molecules, including gluco-
corticoids, prostaglandins, IL-10, and transforming growth factor-beta 
[56,57]; 

2)down-regulate the Toll-like receptor signaling cascades [58,59] 
and the expression of the Class II histocompatibility antigens (HLA-DR) 
[60]; 

3)turn the composition of the pro-inflammatory molecule NFkB (the 
heterodimer p65: p50 is changed into the anti-inflammatory homodimer 
p50:p50) [61,62]. It has been shown that p50: p50 homodimers 
decrease the transcriptional activity of pro-inflammatory genes and 
stimulate the transcription of IL-10, whereas the expression of the het-
erodimer p65: p50 in response to LPS in peripheral blood mononuclear 
cells (PBMCs) of subjects with sepsis is decreased [63,64]. However, the 
macrophage maintains unchanged phagocytic activity [65,66]. A hall-
mark of endotoxin tolerance in vitro is the inability of monocytes/ 
macrophages obtained from individuals with sepsis to produce pro- 
inflammatory cytokines TNF-α after their exposure to endotoxin in 
vivo [67]. Higher plasma levels of inflammatory cytokines (TNF-alpha, 
IL-6, IL-8), IL-10, and the IL-10/TNF-alpha ratio and decreased expres-
sion of HLA-DR on membrane surfaces of monocytes correlate with more 
elevated mortality in sepsis [68–71]. As a consequence of all these 
events, heterogeneous populations of inducible immature myeloid- 
derived suppressor cells (MDSC) expand. These cells display a reduced 
antigen presentation capacity, and they are characterized by an anti- 
inflammatory phenotype, exerting a prominent role in the develop-
ment of acquired immunodeficiency associated with sepsis [72,73]. 
MDSCs modulate, attenuate or inhibit the excessive inflammatory re-
sponses and contribute to preventing the harmful effects of uncontrolled 
activation of immune responses [74]. An increase in MDSC was also 
found in sepsis contributing to immunosuppressive status and this event 
is associated with clinical worsening [75,76] as well as with an 
increased risk of nosocomial infections and subsequent multi-organ 
failure (MOF), a common cause of mortality in most patients with 
sepsis [77–80]. Furthermore, T lymphocytes detectable in patients with 
sepsis exhibit an exhausted phenotype, exerting immunosuppressive 
functions. In particular, these immune cells display an impaired pro-
duction of pro-inflammatory cytokines, such as IFN-γ and TNF-α as well 
as with an increased expression of PD-1 and TIM-3 [81–84]. A proper 
understanding and knowledge of chronobiology and patterns of com-
ponents involved in inflammatory and anti-inflammatory events in the 
host’s defensive response, such as cytokine profile, NETosis, comple-
ment, and coagulation pathways involved in the sepsis are needed with 
the purpose to improve our knowledge of pathogenetic mechanisms 
causing the development of sepsis and it can help to optimize thera-
peutic strategy. In synthesis, when a bacterial infection occurs the innate 
immune response develops, and it is followed by the activation of 
adaptive immunity. During these events, both pro- and anti- 
inflammatory cytokines are produced, inducing a coexistent hyper-
inflammatory status to counteract the invading pathogens and an 
immunosuppressive response to reduce hyperinflammation and its 
potentially harmful effects [85]. The main pro-inflammatory biomarkers 
are represented by TNF-α, IL-1β, IL-6, IL-8. These interleukins are not 
specifically produced during sepsis, but they are well-known prognostic 
factors in patients with sepsis. The main mediators with immunosup-
pressive activities include IL-10, IL1ra, TGF-β [15]. IL-10 acts by 
decreasing hyper inflammation [86–89]. The cytokine profile in the 
septic individuals could provide useful information about the most 
prevalent response (hyperinflammatory or immunosuppressive re-
sponses) and the patients’ prognosis, contributing to improving their 
management (Fig. 2). 

5. Severe acute pancreatitis 

Severe acute pancreatitis is a very serious pathological condition 
associated with a systemic immune response, including both inflam-
matory and anti-inflammatory components. These events are simulta-
neous and are dominated by the production and release of pro- 
inflammatory and anti-inflammatory cytokines and chemokines 
[90–92]. Although in recent years there has been an improvement in the 
knowledge and the therapeutic strategy of this disease, its specific 
pathogenesis is still unclear and the mortality rate remains high. Severe 
acute pancreatitis is burdened by severe complications, as its develop-
ment may be associated with the onset of life-threatening conditions 
[93,94]. This disease begins with the local damage, involving the 
pancreatic acini and ducts, due to the abnormal and early activation of 
pancreatic proteases [95]. This local damage causes the development of 
a defensive event in the injured organ. In particular, pancreatic tissue is 
infiltrated by different types of cells, belonging to the innate arm of the 
immune system. Macrophages and neutrophils are the most important 
components involved in the triggering of inflammation. Severe acute 
pancreatitis is characterized by the coexistence of an inflammatory re-
action (sterile inflammation), predominant in the earliest phase of the 
syndrome, and an anti-inflammatory response, prevalent in a more 
advanced period of the disease. Once these responses are triggered, self- 
amplification and self-amplifying mechanisms arise and are associated 
with clinical manifestations detectable in patients with this pathological 
condition. Both these phases may evolve into highly lethal clinical 
manifestation. The inflammatory state is associated with the develop-
ment of ALI/ARDS (Acute Lung Injury/Acute Respiratory Distress Syn-
drome), MOF (Multiple Organ Failure) and causes the patient’s death. 
ALI/ARDS are the leading causes of early mortality in patients with 
severe acute pancreatitis. On the other hand, the state of immunosup-
pression may promote the secondary infection of necrotic pancreatic 
tissue and induce the onset of septic shock. The cells, interleukins, cy-
tokines, and other mediators as well as pathogenetic mechanisms 
involved in the onset of severe acute pancreatitis and the development of 
pro-inflammatory and anti-inflammatory responses have been already 
described in the previous section and will be not discussed further [96]. 

6. SARS-CoV-2 and COVID 19 

At the end of 2019, a novel coronavirus with the capability to infect 
humans has emerged in Wuhan, Hubei Province in China, causing a 
pneumonia epidemic outbreak. This pathogen has been defined as SARS- 
CoV-2 (Severe Acute Respiratory Syndrome Corona Virus 2) [97]. It has 
rapidly spread across the world and the clinical syndrome associated 
with this infection has been named ‘coronavirus disease 2019′ (or 
‘COVID-19′) and declared as a “public health emergency of international 
concern” by The International Health Regulations Emergency Commit-
tee of the World Health Organization [98]. The SARS-CoV-2 infection 
causes a multiorgan involvement with pulmonary symptoms, ranging 
from dyspnoea, chest discomfort, and dry cough to acute respiratory 
failure and severe respiratory distress syndrome as well as extrap-
ulmonary ones, such as neurological-, cardiac-, renal-, gastrointestinal-, 
ocular-, vascular- and olfactory- clinical manifestations. Furthermore, 
patients with COVID-19 often display a systemic sign of disease, repre-
sented by fever. The multiorgan involvement has been associated with 
the abundance of the ACE2 receptors on the cell membranes in the 
distinct human tissues [99,100]. Most patients with COVID-19 exhibit a 
proper innate and adaptive anti-viral response and successfully control 
the pathogen. Unfortunately, in some patients, immune system is unable 
to exert a protective function and a process of persistent inflammation 
develops, potentially leading to severe SARS-CoV-2 infection with an 
increased risk of death. Proper knowledge of COVID-19 immunopatho-
genesis is needed to improve the management and outcome of these 
patients. 
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7. COVID-19 immunopathogenesis 

In the last months, a large series of studies are investigating the 
immunopathogenesis of COVID-19, concerning both the innate and 
adaptive arms of the immune system [101]. In patients with SARS-CoV-2 
infection, the activation of the inflammation process develops, involving 
dendritic cells, monocytes, and macrophages [102]. Some differences 
are detectable in the immune system function, depending on sex and 
age, affecting the outcomes of COVID-19. The prevalence of COVID-19 is 
superimposable in both sexes. However, male sex, is a risk factor for 
severe disease and death, regardless of age [103,104]. Age is also an 
independent risk factor for severe COVID-19. Human monocytes 
represent a heterogeneous population of cells belonging to the innate 
immune system arm. To date, at least three monocyte subpopulations 
have been identified, based on the expression of the CD14 and CD16 
receptors on the cell membrane [105]:  

i) CD14++ CD16- - cMonocytes (classic monocytes) (in normal 
condition they represent the prevailing subpopulation: 80%);  

ii) CD14+ CD16+ - IntMonocytes (intermediate monocytes)  
iii) CD14+ CD16++ - ncMonocytes (non-classic monocytes). 

A higher percentage of ncMonocytes is generally detectable in 
healthy male than in female individuals. This difference is associated 
with more elevated levels of cytokines and inflammatory chemokines 
such as IL-8 and CCL5 (Rantes) in the male sex in comparison with the 
female gender [106]. The CCL5 chemokine (Rantes) has several effects 
on innate and adaptive immunity. It promotes phagocytosis by macro-
phages in the inflamed lung, contributes to the migration of dendritic 
cells from the lung to the draining lymph nodes, recruits the effector T 
lymphocytes, promoting the adaptive immune response in the lung 
[107]. IL-8 is a chemokine capable to recruit neutrophils at the infection 
site and the presence of elevated levels of neutrophils is associated with 
a more severe prognosis for COVID-19. The role of monocytes, 
monocyte-derived cells, and DCs in COVID-19 pathogenesis is emerging 
from a large series of studies [108,109]. 

In patients with non-infectious inflammatory pathological conditions 
or with infectious diseases associated or not with SARS-CoV-2, Nc- 
Monocytes contribute to endothelial inflammation and can promote 
micro thrombosis and thromboembolism [110,111]. Table 1 shows the 
main differences between male and female gender in the pattern of the 
immune response in COVID-19 patients. The following elements are 
considered: IntMonocytes, ncMonocytes, inflammatory cytokines, and 
cell-mediated immunity. Male subjects have a strong inflammatory 
response, with increased production of inflammatory cytokines of the 
innate immune system. In female subjects, there is a robust cell- 
mediated response, with a prevalence of CD8+ T-lymphocytes 
(Table 1). Consistent with the effects of these peculiar immune re-
sponses, male subjects with poorer cell-mediated responses have a worse 
prognosis. On the other hand, the prognosis is worse in female subjects 
with a higher level of cytokines, produced and released by the cells 
belonging to the innate arm of the immune system. Furthermore, the 
impairment of the cell-mediated response correlates with age in male 
subjects but not in female subjects. 

The transition from the classic to the intermediate and non-classic 
phenotype is associated with the progressive loss of the CD14 receptor 
and the gain of the CD16 receptor. In vitro studies have shown that non- 
classical monocytes can induce a stronger inflammatory response 
following the binding to Toll-like Receptor (TLR) by the pathogen in 
comparison with the other subclasses of monocytes [112]. Senescence, 
NF-kB, and IL-1β promote the phenotypic switch towards non-classic 
monocytes. The rise in the proportion of ncMonocytes is associated 
with the increase in the production of TNF-α, IL-1β, and IL-8 [112–119]. 
In subjects with severe COVID-19 the number of circulating intermedi-
ate monocytes CD14+ CD16+ and the synthesis of the tissue factor 
CD142 increase. On the other hand, non-classical CD14- CD16++ and 
HLA-DR expression on the cell surface monocytes decrease. DCs levels 
are reduced in both blood and lung. In the alveoli, the recruitment of 
monocytes occurs, and this event is associated with an increase in 
Monocyte-Derived Macrophages with pro-inflammatory phenotype 
[108,120,121]. A recent study has shown that an excessive switch to-
wards the ncMonocyte phenotype is observed in patients with type 2 
diabetes, suffering from COVID-19. Diabetes is one of the major risk 
factors for the development of severe COVID-19 disease [122,123]. A 
new investigation has examined the different characteristics of the im-
mune response to SARS CoV-2 in both sexes, during the early stages of 
the disease [124]. High levels of GM-CSF are produced by CD14+ CD16+

HLA-DHRlow inflammatory monocytes that express high levels of IL-6 
and can infiltrate the lungs by amplifying inflammation and potenti-
ating alveolar damage. Dendritic cells (DCs) are crucial in orchestrating 
both innate and adaptive immune responses during viral infection 
[106]. DCs are classified into conventional DCs (cDCs) and type I 
interferon- (IFN-) producing plasmacytoid DCs (pDCs) [125]. SARS- 
CoV-2 Infection causes a decrease in the numbers of circulating cDCs, 
of their progenitors and pDCs as well as induces a reduced expression of 
HLA-DR [126]. Furthermore, severe forms of COVID-19 are character-
ized by the expansion of the MDSCs suppressing T cell proliferation and 
IFN-γ production [127,128]. This event is associated with a decrease in 
the number of T lymphocytes (CD4+ and CD8+) and NK cells as well as 
with their dysfunction [129]. All these alterations correlate with the 
mortality of patients suffering from COVID-19 [130]. In these subjects, 
circulating CD4+ and CD8+ T lymphocytes and NK cells exhibit the 
upregulation of markers of exhaustion (PD-1, TIM-3, LAG-3). These 
immune cells (monocytes, T cells, and NK cells) do not express signifi-
cant amounts of pro-inflammatory cytokines [130–132]. On the other 
hand, activated CD4+ CTLs accumulate in the lungs [133] and correlate 
with disease severity and progression. CD4+ CTLs exhibit a high 
expression of transcripts encoding chemokines that are involved in the 
recruitment of myeloid cells and dendritic cells to the sites of viral 
infection. It determines a greater expression of HLA-DR on lung 
epithelial and endothelial cells and increases apoptosis of epithelial cells 
[134]. Furthermore, several ILs support inflammation and cause 
changes in the pattern of lymphocyte populations. In particular, IL-6 has 
an inhibitory effect on early steps, during the process of lymphopoiesis 
and promotes the depletion of some lymphocyte subclasses, decreasing 
their effector and cytotoxic activities, via a self-maintaining process 
[108,135]. In particular, IL-6 induces the differentiation of some sub-
populations of naive lymphocytes T, stimulating the generation of Th17 
cell subsets with the capability to secrete further mediators, such as IL- 
17, IL-21, IL-22 [136]. IL-6, in association with IL-8, promotes the 
recruitment of neutrophils and monocytes into the lung. These media-
tors support inflammation and also cause lymphocyte depletion and 
reduce the expression of HLA-DR [137]. An increase in the Neutrophil/ 
Lymphocyte ratio (NLR) has been also reported in these patients [138]. 
It has been reported that this parameter correlates with the severity of 
their pneumonia and systemic disease [139,140]. On the other hand, the 
number, as well as the normal phenotype of T lymphocytes, is restored 
in the peripheral blood of patients recovering from COVID-19 [141]. 
Complement and coagulation systems, as well as platelets, form a closely 
interconnected network and the activation of the components belonging 

Table 1 
Differences in the pattern of the immune response in COVID-19 subjects, 
according to gender. IntMonocytes: intermediate monocytes; Red: Non- 
classical monocytes and inflammatory cytokines responses are associated with 
a pathological effect. Green: cell-mediated immunity is protective.   

Men Women 

IntMonocytes +/- ++/- 
ncMonocytes þþþ +/- 
Inflammatory Cytokines þþþ +/- 
Cell-mediated immunity +/- þþþ
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to one of these cascades is associated with the stimulation of other ele-
ments involved in this complex axis [142]. In particular, some elements 
of the complement pathway, such as C3a and C5a, may stimulate the 
coagulation process [143]. Thrombin can activate complement C3 and 
C5, independently of each other [144], as well as von Willebrand Factor 
(vWF) exerts a complex role in the process of coagulation and regulates 
the function of the complement system [145]. Whereas small vWF 
multimers increase the activity of the complement inhibitor factor I and 
the inactivation of C3b, large vWF ones stimulate the C3b to activate 
some components of the complement system [146,147]. Some activated 
factors of the coagulation cascade (FIXa, FXa, FXIa as well as plasmin) 
can cleave C3 and C5, originating C3a and C5a, respectively [148]. C5a 
exerts a prothrombotic effect by upregulating TF [149] and plasminogen 
activator inhibitor-1 (PAI-1) expression by endothelial cells, neutro-
phils, and monocytes [150,151] as well as plasminogen activator 
inhibitor-1 (PAI-1) [148]. Platelets also are involved in the complement 
activation [152]. The disruption of endothelial cells and platelets by the 
membrane attack complex (MAC) provides a nidus for prothrombinase 
assembly [153]. C3 and C5 are potent chemoattractant for neutrophils 
and monocytes that are recruited at the pulmonary level. Activated 
neutrophils generate NETs that activate the alternative complement 
pathway triggering a feedback loop and inducing a state of hypercoag-
ulability. The MAC also induces endotheliitis and tissue damage. 
Endothelial damage leads to the generation of vWF and the release of 
PAI-1, exacerbating thrombosis. The interactions between complement 
activation, hypercoagulability, endotheliopathy, and thrombotic 
microangiopathy cause tissue damage like ARDS [154]. In vitro and in 
vivo investigations have also shown that SARS CoV-2 causes a robust 
activation of the complement pathway and activation and this event 
plays a critical role in the pathogenesis and the severity of COVID-19 
[142]. The SARS-CoV-2 infection produces a strong impact on the 
functions of the complement system and platelet/neutrophil extracel-
lular traps (NETs)/coagulation axis, causing dysregulation in their bio-
logical activities with severe pathological effects [142,155]. In 
particular, the stimulation of complement cascade contributes to the 
genesis of coagulopathy and endotheliopathy, as detectable in patients 
with severe forms of COVID-19 [154,156]. The role of the complement 
system activation in the pathogenesis of respiratory dysfunction has 
been demonstrated in mouse models of SARS CoV-1 [157] and MERS 
infections [158]. Furthermore, the activation and the deposition [156] 
of the complement components in several organs, such as lungs, heart, 
kidneys, brain, and skin have also been reported in SARS CoV-2 infection 
[159]. The interaction of the complement system and neutrophils play 
an important role in the pathogenesis of immunothrombosis in patients 
with severe COVID-19, as the neutrophils of these subjects express high 
amounts of Tissue Factor (TF) and release elevated levels of this 
component and neutrophil extracellular traps (NETs) [160]. Collec-
tively, these data may suggest the use of strategies aimed at blocking or 
attenuating the activation of complement and/or coagulation pathways 
in COVID-19 patients, by acting on the components of these systems 
[156,161–164]. 

8. Weaker and delayed IFN response occurs in severe COVID-19 
patients 

A large series of studies have suggested that type I-III IFNs may have 
an effective and crucial role in counteracting SARS-CoV-2-associated 
infection. In particular: 1) defects in the function of Type I interferon 
pathway and autoantibodies against type I IFNs promote the develop-
ment of severe forms of COVID-19 [165,166]; 2) the results of some 
trials suggest that the use of recombinant Type I or Type III interferons in 
the treatment of patients with COVID-19 at an early stage of infection 
has beneficial effects on the clinical outcome of subjects suffering from 
this syndrome [167,168]. 

3) Furthermore, some SARS CoV-2 proteins can antagonize the host’s 
antiviral response to interferons, delaying its onset and reducing its 

extent and duration [169–171]. 
According to the current knowledge, a crucial event in the host’s 

protective response against SARS CoV-2 infection depends on a tightly 
regulated and well-coordinated early activation of the innate arm of the 
immune system. In particular, a key step in this defensive process is 
represented by the production and secretion of type I-III IFNs. Some 
studies have investigated the chronobiology, concerning the release of 
these molecules as well as the magnitude and the time course of this 
event. It has been reported that a decreased and delayed IFN-I response 
causes the infiltration of the lungs by pathogenic inflammatory 
monocyte-macrophages (IMMs). These cells secrete elevated lung 
cytokine/chemokine amounts, causing damage in the endothelial wall 
of the vessels and the impairment of specific T-cell responses against the 
virus [172]. Recent research has confirmed the beneficial effects of 
timely production or administration of IFN in comparison with delete-
rious ones observed with its late synthesis or use. The study has been 
performed in 446 patients and it has shown a favorable clinical outcome 
and a decreased hospital mortality in individuals with COVID-19, who 
have been treated early with IFN-⍺ (IFN-2ab). On the other hand, an 
increase in mortality and a slower recovery has been observed in the 
individuals undergoing a delayed administration of this drug [173]. 

SARS CoV-2 infection causes a disease with a clinical course distinct 
from that elicited by other pathogens, such as influenza virus: (1) a 
longer incubation period, (2) a slower onset of symptoms, (3) a longer 
persistence of the virus in the respiratory tract, (4) a longer duration of 
disease, (5) a longer window of positivity, (6) a more prolonged hyper- 
inflammatory response, (7) a higher incidence of cases with more severe 
clinical forms and more elevated rates of mortality [174–179]. 

Several reasons may contribute to explain these discrepancies. The 
defensive response induced by the IFN system in patients with COVID-19 
differs from one detectable in individuals with flu. In particular, SARS- 
CoV-2 infection induces a weaker and delayed IFN type I-III response 
in comparison with that elicited by the influenza virus (about 1–3 days 
in influenza; 7–10 days in COVID-19). Furthermore, SARS CoV-2 stim-
ulates the release of a cytokine pattern by immune cells, including TNF- 
⍺, IL-6, IL-8, IL-10. The spectrum of these mediators is similar to that 
elicited by the influenza virus, but the induced inflammatory response in 
individuals with COVID-19 is more prolonged and is associated with 
longer hospitalization, higher incidence of critical disease, and mortality 
in comparison with that detectable in subjects with flu (Fig. 3) [175]. 

Pneumonia associated with Influenza A virus has a shorter incuba-
tion period, a more rapid onset, a shorter course, a lower risk of devel-
oping severe forms of the disease, and lower mortality [175,176]. 
Further components of the immune system are involved in the devel-
opment of an effective antiviral response. Recent studies have suggested 
that “bystander activated T cells” may display a crucial defensive role in 
this context. In particular, these subpopulations are induced in a 
cytokine-dependent- and in a TCR-independent way and produce IFN-α 
[180]. Type I interferons, interleukin-18, and interleukin-15 are medi-
ators capable of rapidly inducing a «bystander activity». Even if these T 
cells are activated independently of their cognate antigen and exhibit no 
specific immune response, they can strongly affect the course of the 
SARS-CoV-2 infection. While antigen-specific T populations, belonging 
to the adaptive arm of the immune response, take several days to 
develop and exert their function, bystander activation of memory T cells 
can occur rapidly in response to cytokines of innate immune response (e. 
g., IFNs type I, IL-18, and IL-15), establishing the first line of defense. 
Therefore, it has been suggested that “bystander activated T lympho-
cytes” may promote an early protective role against several viruses with 
beneficial effects for the host [181–185]. However, long-lasting induc-
tion of ’’bystander T cells” may mediate the tissue injury in patients 
suffering from distinct infections, by exerting cytotoxic functions [180]. 
The activity of these T lymphocytes has been detected and studied e in 
subjects with acute and chronic HBV or HCV infections [186]. It has 
been reported that HBV-unrelated CD8+ T cells infiltrating the liver may 
contribute to hepatic injury [187]. As IFNs I is the main inducer of 
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“activation of bystander T lymphocytes”, a proper and coordinated ki-
netic of production and release of these molecules, according to the 
stage of infection and to the microenvironmental context, display a 
crucial role in the pathogenesis of COVID-19. A recent study has 
investigated the function of this type of T cells in 207 patients with 
SARS-CoV2 infection of different severity. These individuals have been 
followed for 12 weeks by the onset of symptoms. The research has 
suggested that individuals with asymptomatic or mild forms of COVID- 
19, develop an early and robust immune response mediated by 
bystander-activated CD8 T cells, whereas their delayed activation and 
persistent alteration of these lymphocytes is associated with severe 
forms of COVID-19. Furthermore, Grant has reported that SARS-CoV-2 
induces an alveolitis with a slow and spatially limited development. In 
particular, alveolar macrophages, which have engulfed the virions of 
SARS-CoV-2, and T-lymphocytes generate a self-maintaining loop, 
causing the persistence of alveoplar inflammation [188]. 

Fig. 4 depicts the profiles of viral load, cytokine pattern, IFN type I-III 
response, and disease severity in patients with Influenza A virus infec-
tion in comparison with individuals with COVID-19. Patients with SARS- 
CoV-2 infection, who remain asymptomatic or mildly symptomatic and 
who experiment no progression towards a life-threatening disease 
generally mount an early and robust activation of bystander CD8+ T 
cells. On the other hand, a dysregulated function of this type of T lym-
phocytes is associated with a higher risk of developing severe forms of 
COVID-19. Therefore, protective immune response in subjects with a 
self-limiting SARS-CoV-2 infection is probably characterized by early 
and well-coordinated activation of the IFN-I-III system and bystander 
CD8+ T cells. 

Fig. 3. The defensive response induced by the IFN system in patients with COVID-19 differs from one detectable in individuals with flu. SARS-CoV-2 
infection induces a weaker and delayed IFN type I-III response in comparison with that elicited by the influenza virus (about 1–3 days in influenza; 7–10 days in 
COVID-19). Furthermore, SARS CoV-2 stimulates the release of a cytokine pattern by immune cells, including TNF-⍺, IL-6, IL-8, IL-10. The spectrum of these me-
diators is similar to that elicited by the influenza virus, but the induced inflammatory response in individuals with COVID-19 is more prolonged and is associated with 
longer hospitalization, higher incidence of critical disease, and mortality in comparison with that detectable in subjects with flu. 
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Fig. 4. Time profiles describing viral load, 
cytokine pattern, IFN type I-III response, and 
disease severity in patients with serious pneu-
monia associated with Influenza A virus infec-
tion (IAV) in comparison with individuals with 
COVID-19. Yellow line: magnitude of IFN I-III 
response; Purple line: viral load; Red line: magni-
tude of cytokines response; red box: severity of the 
disease. In IAV pneumonia, the IFN I-III mediated 
response is more prompt and more robust, precedes 
the pro-inflammatory one, the course of the disease 
is shorter, and the disease is less severe. In COVID- 
19 individuals with pneumonia, the IFN type I-III 
mediated response is weaker and delayed as well as 
it follows the pro-inflammatory one, the course is 

longer, and the disease is more severe.   
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9. Similarities and differences between severe COVID-19 and 
sepsis 

There are both similarities and differences between severe COVID-19 
and sepsis. Many patients with COVID-19 present the involvement of 
multiple organs and systems: lungs, liver, immune system, kidneys, 
brain, digestive system, heart, vessels. Furthermore, they may suffer 
from thromboembolism [189,190] and develop some clinical manifes-
tations, resembling septic shock: severe metabolic acidosis, cold ex-
tremities, and weak peripheral pulses as well as evident hypotension. 
Therefore, according to Li’s observations and hypotheses [191] and 
based on the pathogenesis of a known and already widely studied 
pathological condition, such as sepsis, it is possible to draw useful les-
sons for a better understanding of disease mechanisms and clinical 
manifestations in patients with COVID-19. IL-6, IL-8, IFN-α, and TNF-α 
are important mediators involved in the immunopathogenesis of a wide 
spectrum of inflammatory diseases, including sepsis and SARS-CoV-2 
associated infection. In particular, IL-6 significantly contributes to 
increasing vascular permeability and impairing the functions of multiple 
organs [192]. This mediator constitutes a useful biomarker as a prog-
nostic factor in sepsis and serious COVID-19 and its levels are enhanced 
in both syndromes but by a different order of magnitude. After the 
outbreak of the SARS-CoV-2 pandemic, some studies have suggested the 
concept that subjects with severe forms of this infection present an in-
flammatory process with clinical and laboratory features similar to those 
detectable in CRS, sepsis, or acute pancreatitis and known as “cytokine 
storm”. The acceptance of this assumption has led to the use of powerful 
treatment, to counteract the process of cytokine release. However, this 
therapeutic approach may not reflect the actual profile in the serum 
levels of these mediators, even in patients with life-threatening condi-
tions of COVID-19 and may have the theoretical risk of impairing the 
viral control by host’s immune response and of promoting the devel-
opment of secondary infections. Available studies have shown increased 
levels of pro-inflammatory cytokines (IL-1, TNF-α, IL-6, IL-8) in patients 
with SARS-CoV-2, but the amounts of these mediators are usually lower 
than those found in sepsis, CRS, ARDS non-COVID-19, severe acute 
pancreatitis. In a meta-analysis, Leisman and colleagues have compared 
the levels of some pro-inflammatory cytokines and other biomarkers in 
patients with serious SARS-CoV-2-related infections with those reported 
in studies, enrolling individuals with sepsis, ARDS unrelated to COVID- 
19 and CRS [193]. In another meta-analysis, Hegyi and colleagues have 
compared inflammatory cytokine levels and disease severity in COVID- 
19 and acute pancreatitis [194]. Serum median levels of IL-6 in patients 
with these syndromes are about 10 until 100 times higher than ones in 
patients with severe COVID-19 (Table 2). 

Based on available data, some researchers have questioned the ex-
istence of a “cytokine storm” in individuals with severe cases of SARS- 
CoV-2 infection and they have suggested that these subjects 

experience a “quasi cytokine storm” [193]. This assumption seems to be 
confirmed even in patients with ARDS associated with COVID-19, who 
require mechanical ventilation. Although serum levels of IL-6 and other 
mediators are significantly elevated in these individuals, they are rela-
tively low compared to ones detectable in subjects with septic shock, 
acute pancreatitis, or CAR-T syndrome [195,196]. However, in in-
dividuals with SARS-CoV-2 infection, IL-6 values tend to increase over 
time, depending on disease severity and deterioration of lung function 
[197], but they never reach ones detectable in the above-mentioned 
pathological conditions. In these subjects, moderately elevated IL-6 
levels are a prognostic factor associated with respiratory failure and 
the need for mechanical ventilation (cutoff: ≥80 pg/ml). The 92% of 
patients with IL-6 values ≥ 80 pg/ml require mechanical ventilation 
within a median time of 1.5 days (range 0–4 days) [198]. IL-6 concen-
tration ≥ 100 pg/mL has exclusively observed in critically ill patients 
and extremely high IL-6 level was closely correlated with viral load and 
mortality [199]. However, the serum levels and the kinetics of IL-6 
clearly distinguish the response of subjects with SARS CoV 2 infection 
from septic patients [195]. A crucial element in the pathobiology of 
patients with COVID-19 is represented by the virus-mediated endothe-
liitis. SARS-CoV-2 can directly infect Endothelial Cells (ECs), by binding 
to the ACE2 receptor (an enzyme counteracting angiotensin vasopres-
sors) [200] and may cause widespread endotheliitis and EC dysfunction. 
The presence of these signs has been demonstrated in several organs of 
patients who died from the virus [201]. 

However, further Authors have suggested an important role of an 
excessive cytokine response as a possible cause of organ damage not 
only in patients with sepsis but also in individuals with SARS-CoV-2 
infection. Therefore, it has been speculated that the suppression of the 
inflammatory response by targeting IL-6, TNF-alpha, IL-1, could have a 
beneficial effect on the treatment of individuals with COVID-19. 

Fig. 5 summarizes the events and pathogenetic mechanisms during 
the development of sepsis and COVID-19. 

10. Possible treatments for COVID-19. 

According to available data, several immunomodulatory treatments 
have been tested or about to be tested for the treatment of COVID-19 and 
they are listed in this paragraph.  

1) Complement system 

The complement-mediated inflammatory response can cause dam-
age of different severity in the host’s organs and tissues. These harmful 
effects are characterized by the development of endothelial damage 
[202], thrombosis, and microthrombosis [203–205], potentially leading 
to the onset of sepsis [42,206–208], ARDS [157,209], and multiorgan 
failure [210]. These pathogenetic mechanisms and clinical 

Table 2 
Immune-inflammatory profile in patients with COVID-19, Sepsis, ARDS unrelated-COVID, Cytokine Release Syndrome and Severe Acute Pancreatitis. 
Immune-inflammatory profiles and the mean serum concentration of some inflammatory cytokines in patients with COVID-19, Sepsis, ARDS unrelated sepsis, Cytokine 
release Syndrome, and Severe Acute Pancreatitis, according to Daniel Leisman’s meta-analysis. Mean serum IL-6 concentration is about 27, 43, 86, and 10 times higher 
in patients with sepsis, ARDS unrelated to COVID-19 respectively in patients with Cytokine Release Syndrome and with Severe Acute Pancreatitis in comparison with 
individuals with COVID-19.   

COVID-19 SEPSIS ARDS unrelated COVID-19 Cytokine Release Syndrome Severe Acute Pancreatitis 

Interleukin-6 (pg/ml) 36.7 983.6 1,558.2 3,110.5 391.21 
Interleukin-8 (pg/ml) 22 228 196 575 16.45 
TNF-α 5 34.6 32 52.2 _ 
IFN-α 10.8 _ _ 3,722.1 _ 
s-IL2R 506 _ _ 12,396 _ 
CRP ↑ ↑  ↑↑↑  
D-Dimer ↑↑↑ ↑    
Ferritin ↑↑   ↑↑↑  
Lactate dehydrogenase ↑↑ _ _ ↑↑↑ _ 
Pro-calcitonin ↑ ↑↑↑ _ _ _  
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manifestations are detectable also in subjects with COVID-19 
[159,211,212]. These pathological conditions are the main cause of 
death in patients with COVID-19 [213]. Several studies have shown the 
widespread activation of the complement system in severe COVID-19 
patients, with increased serum levels of its components and extensive 
deposition in autopsy samples [155,156,214,215]. Taking advantage of 
these results, several trials evaluating the efficacy of complement in-
hibitors as a therapeutic strategy in adults with severe COVID-19 have 
been performed, although only a small number of patients have been 
enrolled in these studies. These drugs act at different levels of the 
complement cascade and include: a) AMY-101, a synthetic peptide that 
inhibits C3; b) eculizumab and ravulizumab, monoclonal antibodies 
against C5; c) Vilobelimab (IFX-1), a monoclonal antibody specifically 
targeting C5a; d) Narsoplimab, a human monoclonal antibody against 
MASP-2, acting at the level of the Lectin pathway. Clinical trials are 
currently in progress examining complement inhibitors [154]. The 
major concern in the use of these drugs is the risk of secondary in-
fections. Eculizumab is an inhibitor of the complement system c5 frac-
tion. This drug has been shown to be effective in the treatment of 4 
patients suffering from ARDS associated with COVID-19 [216]. Vilobe-
limab (IFX-1) is a chimeric monoclonal IgG4 antibody that specifically 
binds with high affinity to the soluble form of human C5a. This drug 
blocks the biological activity of C5a, whereas the formation of the 
membrane attack complex (C5b-9) remains intact. Therefore, this drug 
prevents the inhibition of this important defense mechanism. Further 
drugs are under consideration. They include i) C3 inhibitors: AMY-101 
(NCT04395456), APL-9 (NCT04402060); ii) C5 inhibitors: Rav-
ulizumab (NCT04369469 and NCT04390464), and Zilucoplan 
(NCT04382755); iii) C5a receptor inhibitor: avdoralimab 
(NCT04371367); iv) C1 esterase inhibitors: Conestat Alfa 
(NCT04414631), ruconest (NCT04530136) [217].  

2) Monoclonal antibodies against cytokines 

An excessive immune response with the overproduction of pro- 
inflammatory cytokines and chemokines, such as IL-1, IL-6, and TNF- 
α, has been described in severely ill patients with SARS-CoV-2 infection. 
Several studies have suggested the concept that in these subjects an 
inflammatory process, with features similar to those detectable in CRS, 
sepsis, or acute pancreatitis and known as cytokine storm, may occur 
[218]. This event has been proposed as a crucial pathogenetic mecha-
nism, during the development of severe forms of COVID-19. The 
acceptance of this assumption has lead to the use of powerful therapies, 
based on counteracting the process of cytokine release. However, 
although the amounts of IL-1, IL-6, and TNF-α are usually lower than 
those detectable in sepsis, CRS, ARDS non-COVID-19, and severe acute 
pancreatitis [193]. Based on the concept that the inhibition in the ac-
tivity of these ILs may represent a promising strategy for the treatment of 
patients with SARS-CoV-2, some Authors have promoted the search of 
drugs, to target these pro-inflammatory cytokines and of modulating 
their activities [219–221]. Some observational or randomized studies 
have been already performed or are in progress. After SARS CoV-2 
infection, IL-1 is activated and induces the secretion of other pro- 
inflammatory cytokines (TNF-α, IL-16), with possible deleterious ef-
fects on the host’s tissues and organs [222]. The IL-1α release represents 
an early event in the activation of the inflammatory pathway, whether 
mechanisms for proper control of this cascade are overcome, a self- 
maintaining and a self-amplification loop may arise. Therefore, this 
process becomes dysregulated and may persist in an uncontrolled way, 
increasing the severity of the disease. Therefore, inhibition of IL-1 could 
become a promising strategy. Treatment with anakinra did not make 
better clinical outcomes in patients with mild to moderate COVID-19 
(CORIMUNO), but it improved overall survival and invasive 
ventilation-free survival and was well tolerated in patients with ARDS 
associated with COVID-19 infection [223,224]. The main challenge is to 
identify patients who might have benefits from this treatment, either 
through correct timing of administration or through the correct 
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Fig. 5. The picture summarizes peculiar (A and C) as well as common (B) events and pathogenetic mechanisms involved in the development of sepsis and COVID-19.  
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identification of molecules involved in the inflammatory responses of 
each individual [225]. Besides anakinra, available strategies to inhibit 
IL-1 include the monoclonal antibody canakinumab and the soluble IL-1 
trap rilonacept. The DAMPs released by the damaged epithelium in the 
lung activate the NLRP3 inflammasome, This event turns the inactive IL- 
1 into active IL-1, leading to the production of an array of chemokines 
and cytokines [226–229]. The upregulation of pro-inflammatory cyto-
kines/chemokines in severe COVID-19 forms promotes lung infiltration 
by macrophages/neutrophils. This occurrence is associated with the 
development of a hypercoagulation state, with organ damage, and with 
the possible development of fibrosis [230]. The use of Anakinra (IL-1R 
blocker) has been shown to decrease mortality and the need for invasive 
mechanical ventilation as well as to improve the oxygenation status in 
patients with severe forms of COVID-19 in small clinical studies 
[231,232]. Furthermore, it has been suggested that IL-6 also displays a 
critical role in the immune-pathogenesis of subjects with severe forms of 
COVID-19 [233]. The correlation between increased pro-inflammatory 
cytokines, disease severity, and fatal outcome in hospitalized COVID- 
19 patients has been suggested in some studies [234]. The actual exis-
tence of cytokine storm in patients with COVID-19 has been reconsid-
ered and debunked by some studies [193] and the indiscriminate 
suppression of inflammation in COVID-19 patients admitted to ICU has 
been questioned, due to the risk of increasing secondary infections 
[235,236] Tocilizumab is a monoclonal antibody against the receptor 
for the IL-6 and its use has been approved for the treatment of patients 
with cytokine release syndrome, following the chimeric antigen 
receptor-T (CAR-T) therapy. After the outbreak of the SARS-CoV-2 
pandemic, the administration of this drug has been begun soon in pa-
tients with severe forms of COVID-19 in a compassionate manner [237]. 
Preliminary observational studies had suggested possible benefits of 
tocilizumab in improving the outcome and mortality rate in patients 
with COVID-19, but some further randomized clinical trials 
[236,238,239], have not confirmed these promising results [240–242]. 
Further randomized clinical trials will have to clarify several crucial 
points for the proper use of these drugs: their efficacy, their profile of 
safety, the appropriate time for their administration as well as the 
identification of predictive biomarkers. TNF-α levels are increased in 
COVID-19, and levels in the early phase of infection predict the severity 
and mortality rate of the disease [243]. Anti-TNF therapy reduces the 
formation of NETs in vitro as well as in murine models and patients with 
immune-mediated diseases [244,245]. Furthermore, some observa-
tional clinical studies support the use of antibodies anti-TNF-α for the 
treatment of COVID-19 [246]. A number of clinical trials on the use of 
anti-TNF alpha (infliximab and adalimumab) in covid-19 are ongoing: 
CATALYST (infliximab): ISRCTN40580903), ACTIV-1 (renedesivir +
infliximab): NCT04593940; Tufts (infliximab): NCT04425538; Xu 
(adalimumab): ChiCTR2000030089; AVID-CC (adalimumab): 
ISRCTN33260034.  

3) ICI 

Checkpoints inhibitors (ICI) are drugs capable to block proteins 
defined as checkpoints, such as the PD-1 protein. These molecules are 
produced by some cells of the immune system and are involved in the 
regulation and control of the immune response. Lymphopenia, over-
expression of several pro-inflammatory cytokines, and dysregulation of 
a large spectrum of regulatory proteins detectable in patients with 
COVID-19 make the administration of ICI a plausible therapeutic strat-
egy [247]. In severe COVID-19, immunosuppression overlaps with 
hyper inflammation, and it is characterized by two important events: 
lymphopenia and overexpression of checkpoint molecules such as PD-1, 
TIM-3, LAG (signs of exhausted T populations) on membrane cell of 
these T lymphocytes. ICI can prevent the induction of apoptosis and 
depletion of T lymphocytes and subsequently stimulate the immunity of 
T lymphocytes against the SARS CoV-2 virus. Normal function and ac-
tivities of T cell populations are induced and maintained by the presence 

of IL-7, IL-15, and Thymosin [248]. Thymosin and anti-PD-1 antibodies 
have been administered in the NCT04268537 clinical study. Treatment 
by means of ICI of patients with SARS-CoV-2 infection leads to the 
reactivation of exhausted T lymphocytes and the improvement of im-
mune system activities. However, the most important concern of this 
therapeutic approach is represented by the possible increased release of 
mediators, exacerbating the inflammatory process and promoting the 
host’s tissue and organ damage. Nivolumab, an inhibitor of ICI, has been 
well-tolerated and it has not caused hypercytokinemia in patients with 
sepsis [82]. 

PD-1 and CTLA-4 promote the progression of the disease, by blocking 
the antiviral activity of T lymphocytes. CTLA-4, expressed by CD8+ T 
lymphocytes, can bind to its ligand (CD-86), which is expressed on the 
membrane of DCs or monocytes. This interaction suppresses the activity 
of the CD8+ T-cells and down-regulates the antiviral activity of these 
lymphocytes [249–252]. Therefore, PD-1 inhibition is capable to 
remove the state of energy in peripheral effector CD8+ T lymphocytes 
and it promotes their reactivation, while CTLA-4 inhibition leads to an 
increased in the number of CD4+ and CD8+ T cells [253].  

4) JAK inhibitors 

The activation of JAK-STAT (Janus kinase–signal transducer and 
activator of transcription) signaling pathways transmit information 
from the extracellular environment into intracellular compartments, 
including the nucleus. This event is mediated by chemical signals and is 
associated with a modification in the expression of several genes, 
encoding a large number of proteins. In particular, these molecules 
regulate a lot of crucial cell functions, such as their proliferation, dif-
ferentiation, apoptosis, and production of energy (Fig. 6). 

The functions of these cytokines have been identified in the last 
years, through the study of some inherited immunodeficiency syn-
dromes. These pathological conditions are caused by mutations that 
block either receptor-JAK interactions or the kinase activity of the JAKs 
(Fig. 7) [254]. 

JAKs specifically binds to the intracellular domains of the cytokine 
receptor and catalyzes ligand-induced phosphorylation, recruiting STAT 
molecules (STATs). Phosphorylated STATs undergo either homo- or 
heterodimerization and translocate into the nucleus, modulating the 
expression of target genes [255–257]. The use of Jak inhibitors for the 
treatment of COVID-19 patients presents three possible side effects: 1) 
cytopenia [258,259]; 2) increased risk of infectious complications, 
associated with immunosuppression [260,261]; 3) enhanced thrombo-
embolic risk [262–264]. 

Although the inhibitors of the JAKs pathway cause lymphopenia, 
anemia, and neutropenia in patients with rheumatoid arthritis, some 
studies have shown that the use of this class of drugs may induce some 
potentially beneficial effects in patients with SARS-CoV-2 infection. In 
particular, Baricitinib and Ruxolitinib, two of these Jaks inhibitors, in-
crease the levels of lymphocytes in individuals with severe forms of 
COVID-19 [265–267]. 

The use of baricitinib for a prolonged period causes a slight increase 
in the rate of herpes simplex virus and of varicella-zoster virus infections 
[261]. On the other hand, a shorter exposure to this drug, as indicated 
for the treatment of COVID-19 patients, should present a good safety 
profile and low numbers of side effects [261]. 

Data on the risk of thromboembolic events in patients in therapy 
with Jak inhibitors are inconclusive [263,268,269]. Jaks inhibitors 
could lower the thromboembolic risk in treated individuals, by 
decreasing the severity of inflammation as well as the rate of intubation 
and bed rest syndrome. It has been also shown that baricitinib acceler-
ates the reduction in D-dimer levels [270].  

5) Corticosteroids 

The anti-inflammatory and immunosuppressive properties of 
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corticosteroids have been widely exploited in rheumatic diseases [271]. 
Some studies have assessed the effectiveness and safety of corticoste-
roids use in patients with SARS-CoV-2 infection. However, to date, the 
available data are still considered inconclusive, although an increasing 
number of observational, as well as randomized controlled studies, have 
been performed or are in progress. A recent trial concerning the use of 
dexamethasone in subjects with COVID-19 has reported that this drug 
has reduced the mortality rates in intubated patients in comparison with 
standard treatments [272]. On the other hand, dexamethasone had no 
effect versus standard therapies in patients who required no respiratory 
support. Furthermore, a recent systematic review and meta-analysis 
have assessed the effectiveness and safety of corticosteroids in COVID- 
19. Forty-four studies have been considered, including 20.197 sub-
jects. Twenty-two studies have also quantified the effect of corticoste-
roid administration on mortality rates. This meta-analysis has shown 
beneficial effects with the administration of corticosteroids on short- 
term mortality and a decreased need for mechanical ventilation in 

subjects with SAR-CoV-2 infection, although it has been described a 
slightly higher risk of infections and more elevated use of antibiotics. 

11. Discussion 

SARS-CoV-2 infection represents a very serious health problem 
worldwide as it causes potentially life-threatening diseases. Although 
our knowledge concerning the pathogenesis, the symptoms, and the 
signs of COVID-19 has increased in the last months with the introduction 
in clinical practice of preventive strategies, such as vaccines, and of 
therapeutic options with the purpose to attenuate the severity of SARS- 
CoV-2 infection or to block its spreading across the globe, to date no 
undoubted approaches are available for obtaining the definitive eradi-
cation of this pathogen. It is likely that SARS-CoV-2 has now become 
endemic in the world population, such as HBV, HCV, and HIV and that in 
the next years, it will cause further outbreaks with possible subsequent 
waves, mainly in the cold season. This risk depends on the mechanisms 

Fig. 6. JAK-STAT signaling pathways. Receptors (binding the external chemical molecules), Janus kinases (JAKs), Signal Transducer, and Activator of Tran-
scription proteins (STATs) are indicated. JAKs specifically binds to the intracellular domains of the cytokine receptor and catalyzes ligand-induced phosphorylation, 
recruiting STAT molecules (STATs). Phosphorylated STATs undergo either homo- or heterodimerization, enter the nucleus, regulating the expression of target genes. 

Fig. 7. Immunomodulation: targeting cytokines, Jak, and complement cascade.  
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involved in the replication of this pathogen. In particular, SARS-CoV-2 is 
an RNA virus and it is now well-known that RNA viruses generally 
exhibit high mutation rates and error-prone genomic replication, as 
their RNA polymerase is lacking proofreading activity or systems for 
post replicative RNA repair [273]. As a consequence, the replication of 
RNA viruses is characterized by the incorporation of nucleotide random 
substitutions into the nascent genome. The poor fidelity of viral RNA 
polymerase in carrying out this event is associated with a high risk of 
generating different variants. SARS-CoV-2 as the other Coronaviruses 
has a peculiarity. The replicative machinery of this pathogen consists of 
2 crucial subunits: 1) nsp12, exerting the RNA-dependent RNA poly-
merase (RdRp) activity with poor efficiency, 2) nsp14 (a 3′-5′ exoribo-
nuclease), displaying a proofreading function with error-correcting 
capability during viral transcription [274,275]. To date, despite the 
introduction in clinical practice of several antivirals with potential ac-
tivity against this pathogen, none of the existing compounds has been 
definitively approved for the treatment of patients with COVID-19. 
These drugs are nucleoside analogs when incorporated into the 
nascent viral chains, cause the block of viral replication. It has been 
suggested that one of the critical reasons for the ineffectiveness of these 
antivirals may depend on the existence and of the activity of nsp14, it 
catalyzes the excision of nucleoside analogs from the nascent viral 
chains and restore viral replication [276,277]. Therefore, based on these 
observations, to date, one of the strategies for the treatment of patients 
with COVID-19 may be the modulation of the pathogenetic mechanisms, 
acting in this syndrome. Excessive inflammation in association with 
immune depression characterizes sepsis, severe forms of acute pancre-
atitis, and COVID-19. In particular, these three syndromes share com-
mon pathogenetic mechanisms, but they also present peculiar and 
distinct characteristics. This paper has aimed to examine the pathoge-
netic events and clinical manifestations detectable in patients who suffer 
from these syndromes, also according to the age and the gender of these 
individuals, as well as to analyze the possible common and different 
features among these pathological conditions. This approach may 
improve the management of patients with COVID-19, and it may suggest 
more effective diagnostic strategies and schedules of therapy, depending 
on the different phases and/or on the severity of SARS-CoV-2 infection. 
According to current evidence, the following points may contribute to 
explain the pathogenesis of the disease associated with this virus and 
some of its peculiar characteristics in comparison with sepsis and acute 
pancreatitis. This virus enters human cells by binding to the 
Angiotensin-Converting Enzyme 2 (ACE-2) complex, an integral mem-
brane glycoprotein with the catalytic site at the N end, facing the 
extracellular microenvironment and with a cytoplasmic C- terminus 
domain [278]. ACE-2 is a member of the Renin-Angiotensin-System 
(RAS), in association with angiotensinogen (ANG), angiotensin (Ang) 
I, Ang II, renin, Ang II type 1 receptor (AT1R), Ang II type 2 receptor 
(AT2R), and the Angiotensin-Converting Enzyme (ACE). This is a vital 
very complex network, regulating several pivotal functions in the 
human body [279]. Briefly, renin catalyzes the conversion of angio-
tensinogen to Ang I. Subsequently ACE cleaves Ang I and generates Ang 
II. This molecule exerts its function through two receptors (AT1R and 
AT2R). Both of them are G protein-coupled receptors, but the activation 
of AT1R mediates the most important biological actions, including the 
control of plasma sodium concentration, arterial blood pressure, extra-
cellular volume, cell proliferation, inflammation as well as the processes 
of coagulation, fibrogenesis, and of cellular oxidative stress [280]. 
Persistent or excessive activation of Ang II causes deleterious effects. 
Therefore, tightly regulated mechanisms modulate the synthesized 
amounts and functionality of this molecule. In particular, ACE 2 con-
verts Ang II into Ang 1–7. These metabolites downregulate NF-kB, 
decrease the generation of reactive oxygen species and fibroblast acti-
vation and collagen production. These events are associated with anti-
proliferative effects and counteract the profibrotic and proliferative 
activities of Ang II. Furthermore, ACE-2 antagonizes the release of 
several proinflammatory cytokines in vitro, including Tumor Necrosis 

Factor (TNF-α) and Interleukin-6 (IL-6) as well as reduce macrophage 
tissue recruitment. During the development of COVID-19, SARS-CoV-2 
downregulates ACE2, increases macrophage expression and pro- 
inflammatory responses [281–283]. Furthermore, it has been shown 
that ACE-2 exerts antithrombotic activity and its inactivation could 
promote the development of thrombosis as it is observed in an elevated 
number of patients with COVID-19 [284]. However, not only SARS-CoV- 
2 affects the activity and function of this enzyme and RAS. Influenza 
virus infection also is associated with the down-regulation of ACE-2. In 
particular, H1N1, H3N2, H5N1, and H7N9 types have been demon-
strated to affect its activity [285] and induce acute lung injury in a way 
similar to the damage observed in ARDS [286]. A recent study has re-
ported that, during a median of 8.7 years of follow-up, individuals 
treated with ACE inhibitors experienced a reduced risk of influenza virus 
infection in comparison with controls not receiving this therapy [287]. 
However, some reports investigating the type of injury detectable in 
lung samples from patients with SARS-CoV-2 and influenza viruses have 
shown very interesting features. In particular, fibrin microthrombi can 
be seen in the alveolar capillaries of all lungs from both COVID-19 and 
H1N1. Alveolar capillary microthrombi were 9 times more prevalent in 
patients with COVID-19 than in H1N1. 3D micro-CT of lung samples that 
confirmed histological results that both COVID-19 and H1N1 showed 
occlusions of precapillary and postcapillary vessels [288]. Teuwen and 
colleagues have proposed some mechanisms to explain the processes 
leading to thrombosis in subjects with SARS-CoV-2 infection [289]. 
Based on current evidence, several similar microscopic histological al-
terations with different degrees of severity have been described in the 
lung tissue of individuals with COVID-19 and the H1N1 influenza virus. 
The most common ones are represented by 1) microthrombi observed in 
pre-capillary venules, alveolar capillaries, and post capillaries, 2) pat-
terns of diffuse alveolar damage. However, some differences exist be-
tween these individuals. Patients with SARS-CoV-2 present a 
significantly higher prevalence of microthrombi in alveolar capillaries 
and more severe endothelial involvement, diffuse thrombosis, and 
microangiopathy (9 times more prevalent) than individuals with H1N1 
[289]. The reasons for these differences are not well-known, although 
some hypotheses may be considered. At a microscopic level, both these 
viruses down-regulates ACE-2 function, but with different mechanisms. 
In particular, it has been reported that neuraminidase protein of H1N1 
induces ACE-2 protein degradation by proteasome pathway, without 
directly affecting viral replication, whereas SARS-CoV2 may promote 
the down-regulation of this protein and stimulates the shedding of its 
ectodomain via a TNF-α converting enzyme (TACE)-dependent way, as 
shown for SARS-CoV. The cytoplasmic tail of ACE2 is need for its 
shedding. This process is associated with the release of TNF-α and with 
the activation of several intracellular signaling cascades, leading to the 
tissue SARS-CoV-2 related damage [290]. To date, no definitive data are 
available about the biological activities and overall effects caused by 
ACE-2 shedding in the virus-mediated damage of human organs. The 
mechanisms described above may contribute to explain not only the 
pathogenetic events developing in patients with SARS-CoV-2 and 
Influenza virus infections but also in individuals with sepsis and with 
acute pancreatitis. Sepsis is a potentially life-threatening syndrome with 
a high risk of death, but its course may be impaired by the emergence of 
an additional pathological condition, defined as septic shock. It further 
increases the mortality rate of the affected subjects. In the last years, 
some studies have suggested the activation of RAS and ACE-angiotensin 
receptor II- T1 axis in patients with sepsis. These events represent a 
physiologic response to the infections, and it is characterized by the 
production of ROS and by the induction of structural modifications in 
endothelial cells. However, uncontrolled hyperstimulation of this 
network may lead to dysfunction in the micro-vascular tissue environ-
ment and organ failure in individuals suffering from sepsis [291]. Ac-
cording to the results in experimental animal models, a systemic 
downregulation of both AT-1 and AT-2 receptors occurs, with secondary 
hypotension, although plasma Ang II and renin levels are increased in 
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these individuals. Furthermore, adrenal AT-2 receptors are down- 
regulated with alteration in catecholamine release by the adrenal me-
dulla and consequent hypotension [292]. However, in animal models, 
the infusion of Ang II has been reported to be effective as vasoactive 
drugs, such as norepinephrine, to restore arterial blood pressure, and 
cardiac output, whereas it induces a decrease in renal blood flow and 
cardiac output in healthy animals [293]. Some studies have shown that 
the use of Ang II in patients with vasoplegic shock and with severe acute 
kidney injury was associated with improved survival [294]. On the other 
hand, other investigations have suggested that individuals with ARDS 
present an increase of ACE levels in the broncho-alveolar lavage, and a 
reduction in the serum and elevated Ang I concentrations have been 
associated with higher mortality [295]. Although only a few studies are 
available and no definitive conclusion may be drawn, the stimulation of 
the Ang II/ACE pathways in experimental ARDS animal models is 
associated with an alteration of the ventilation to perfusion ratio and 
increases the severity of the inflammatory process. The use of drugs to 
counteract the ACE-Ang I axis has been reported to decrease lung injury 
and the extent of the inflammatory process in animal models, but no 
definitive conclusions and data concerning their effective usefulness are 
available in clinical practice [296,297]. The modulation of the ACE-2 
and Ang (1–7) axis, with the infusion of metabolites of Ang II, has 
been reported to prevent RAS-mediated lung injury and to provide a 
protective effect in animal models. Furthermore, the use in a pilot 
clinical trial of recombinant human angiotensin-converting enzyme 2 in 
patients with ARDS has been associated with beneficial effects in these 
individuals, including the decrease of Ang II and IL-6 concentrations and 
an increase of surfactant protein D levels [298]. Based on all these shreds 
of evidence, although no definitive results are available, it is possible to 
hypothesize that the modulation of RAS function may be a very useful 
strategy to counteract the harmful effects associated with the hyper-
activation of this system, during the development of sepsis. Current data 
from studies in animal models suggest that RAS may have a crucial role 
also in the development of acute pancreatitis [299]. In particular, 
increased activity of RAS and an imbalance in ACE and ACE2 is asso-
ciated with a large spectrum of events involved in the onset of this 
pathological, such as the generation of a hyperinflammatory response, 
the arising of oxidative stress, and the release of pancreatic enzymes, as 
well as with its severity [300,301]. The blockade of ACE–Ang 
II–angiotensin II type 1 receptor (AT1R) has been shown to prevent the 
development of pancreatitis in experimental studies [302]. A further 
investigation in an experimental mouse model of severe acute pancre-
atitis (SAP) has shown that ACE2 and its derivative products, such as 
angiotensin-(1–7) may mitigate the harmful effects of the hyper-
activation of ACE-angiotensin receptor II- T1 axis [303]. It has been 
suggested that high levels of Ang-(1–7) in pancreatic tissue display anti- 
inflammatory and antioxidative activities [304]. Taking advantage of all 
this evidence, a possible role for RAS modulation also in patients with 
severe SARS-CoV-2 infection has been proposed and some small trials 
concerning the use of Ang II for the treatment of these individuals have 
been carried. These studies have shown that this treatment was associ-
ated with the improvement in cardiovascular and respiratory status in 
these individuals [305,306]. Furthermore, the administration of ACE 
inhibitors and angiotensin receptor 1 blockers has been suggested to 
prevent or treat COVID-19 [307]. A further very interesting therapeutic 
option is represented by the use of soluble engineered variants of ACE2 
(sACE2), lacking the transmembrane domain. These forms could 
interact with SARS-CoV-2 particles, seizing them, preventing their 
binding to the ACE-2 receptors on the surface of cell membranes, and 
reducing their entry into the cells. As a consequence, the native ACE-2 
may exert its activity, catalyzing the production of Ang 1–7 and down- 
regulating the excessive inflammatory events associated with COVID- 
19 [308]. This promising strategy has been reported to be effective in 
“in vitro” cultured cells [309]. Further experimental evidence has shown 
that patients with SARS-CoV-2 infection and with vitamin D deficiency 
present a worst clinical outcome in comparison with subjects with 

normal levels of this fat-soluble compound [310]. A beneficial role of 
vitamin D as a treatment or as a preventive strategy to counteract SARS- 
CoV-2 infection has been first hypothesized [39,311] and then reported 
in clinical practice [312,313]. Interestingly, some studies have shown 
that an interplay may exist between ACE-2-axis and vitamin D and that 
this fat-soluble micronutrient may modulate this interaction, the func-
tion of RAS and exert a therapeutic effect [314,315]. In particular, 
vitamin D may counteract the unbalance induced by SARS-CoV-2 via the 
stimulation of ACE2/Ang-(1–7)/pathway activity and inhibition of renin 
and the ACE/Ang II/AT1R axis. The up-regulation of ACE2 expression 
induces a protective anti-inflammatory and anti-fibrogenic effect and 
may contribute to preventing acute lung injury [316]. Further trials and 
experimental studies are requested to confirm these preliminary prom-
ising data, that are emerging also in clinical practice. Furthermore, the 
improvement of the RAS pathophysiology, obtained from these in-
vestigations can be used for a better understanding of pathogenesis 
concerning other pathological processes, such as malignancies, in-
fections, and inflammatory diseases, with potentially useful diagnostic 
and therapeutic effects. 
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