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Abstract

The novel coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is sorely testing health care systems and economies around the world and is rightly considered as the major
health emergency in a century. Despite the course of the disease appearing to be mild in many cases, a significant propor-
tion of symptomatic patients develop pneumonia requiring hospitalisation or progress to manifest respiratory complications
leading to intensive care treatment. Potential interventions for SARS-CoV2-associated pneumonia are being tested, some
of which holding promise, but as of today none of these has yet demonstrated outstanding efficacy in treating COVID-19.
In this article, we discuss fresh perspectives and insights into the potential role of immune dysregulation in COVID-19 as
well as similarities with systemic inflammatory response in sepsis and the rationale for exploring novel treatment options

affecting host immune response.
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Introduction

The world population has experienced the third outbreak
of a coronavirus infection with zoonotic origin after Severe
Acute Respiratory Syndrome (SARS) and Middle East
Respiratory Syndrome (MERS) [1, 2]. The causative agent,
a positive-sense single-stranded RNA virus, was identi-
fied in Wuhan, China, at the end of 2019 and named as
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SARS-CoV-2 [3]. The understanding of the transmission as
well as of the clinical, biochemical and radiographic features
of disease caused by this viral infection (COVID-19) has
progressed almost as rapidly as the spread of the virus [4].
The clinical picture typically includes fever, cough, anos-
mia, dysgeusia, fatigue, myalgia, gastrointestinal symptoms
such as loss of appetite, nausea, diarrhoea and involvement
of the lower respiratory tract with dyspnoea in moderate-
to-severe cases [5]. Biochemical findings of lymphopenia
are common and the majority of fatalities appear to be seen
within the elderly population and patients with coexisting
health conditions, including obesity, with either an aged or
dysfunctional immune system [6]. Men with COVID-19 and
underlying illness tend to be more at risk for worse disease
outcomes than women [7]. Nevertheless, pneumonia requir-
ing hospitalisation and respiratory complications can be not
infrequently seen in young adults and healthy individuals.
The high fatality rate among patients developing respiratory
failure as well as the insufficiency of intensive care facilities
and personal protective equipment for healthcare profession-
als have represented the most important challenges for most
national health services in the fight against COVID-19 since
the emerging of the outbreak.

General immunopathogenic mechanisms of COVID-19
have been characterized or derived from lessons learnt from
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SARS and MERS epidemics [8, 9] and significant efforts are
in progress to develop either effective vaccines or antibody-
based drugs which represent the most promising therapies
[10]. However, until the former preventive or specific meas-
ures are made available, there is a desperate need for effec-
tive treatment options able to improve the disease outcome
in most severe cases. To date, no therapeutic agents have
been licensed to treat COVID-19 and the current manage-
ment around the world has involved supportive care, and
notably in moderate to critical cases, off-label and com-
passionate use of antivirals, antimalarial or anti-cytokine
therapies approved for other indications [11]. Overall an
increasing research effort is needed to increase awareness
and understanding of immune responses in COVID-19
with particular regard to the mechanisms of virus immune
evasion and uncontrolled systemic inflammatory response
leading to acute respiratory distress syndrome (ARDS) and
multiple organ failure.

The immune-mediated inflammatory
hypothesis of COVID-19 and implications
for treatment

The interaction between coronaviruses and the host immune
system is central with a view to explaining the onset and the
persistence of immune-mediated lung inflammatory injury
[12]. Upon virus recognition, the responses associated with
coronaviruses are initiated by the innate immune system
and continued with the triggering of a prolonged adaptive
immune response. It is worth noting that “inflammatory
receptors”, including Toll-like receptors (TLRs), can rec-
ognize pathogen components as inflammatory ligands and
are expressed not only in leukocytes but also in vascular
endothelial cells, myocardiocytes and alveolar epithelial
type 2 cells (AT2), the latter also showing high expres-
sion of angiotensin-converting enzyme 2 (ACE2) recep-
tor which has been identified as the functional receptor for
SARS-CoV-2 and SARS coronavirus previously [13, 14].
Cells expressing inflammatory receptors are able to trigger
intracellular signaling systems to produce mediators such as
inflammatory cytokines and chemokines and are also defined
as “alert cells”. The aberrant activation of alert cells after
stimulation of TLRs or other inflammatory receptors might
offer a better explanation for the mechanisms underlying
the magnitude and amplification of a systemic inflamma-
tory response and induction of vascular endothelial injury
as in the case of systemic inflammatory response syndrome
(SIRS)-induced vasculitis [15]. Moreover, TLRs are known
to play an important role in the innate immune response,
particularly in the initial interaction between pathogens and
macrophages, and among these TLR7 and TRLS8 are spe-
cifically implicated in viral-derived single-stranded RNA
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(ssRNA) recognition [16, 17]. The role of TLRs in trigger-
ing a hyper-inflammatory response in COVID-19, therefore,
merits further attention as well as would do the potential
impact of single nucleotide polymorphisms (SNPs) in the
genes coding for TLRs on altered susceptibility and the
impaired ability of certain individuals to respond properly
to SARS-CoV-2 infection [18].

Studies evaluating T-cell response against severe acute
respiratory syndrome coronavirus (SARS-CoV) in humans
have observed that CD8 + T-cell responses were greater
in magnitude than the CD4 + T-cell [19]. Previous studies
in SARS also focused on the role of the adaptive immune
response of T-cells in viral clearance which is just as impor-
tant as the innate immune response. T-cells undoubtedly
have a central pathogenetic role in coronavirus infections
and dysregulation of their response is crucial in determin-
ing the risk of overwhelming and uncontrolled inflammation
resulting from the release of large amounts of pro-inflam-
matory cytokines which has been referred to as a ‘cytokine
storm’ [20]. On the other hand, inefficient immune acti-
vation and a poor virus-specific T-cell response underlay
severe disease in SARS-CoV in animal models [21]. T cells
can, therefore, play a pathological role but also in the first
instance a protective function in coronavirus infections.

The pathogenesis of COVID-19-associated pneumonia is
not yet fully understood but studies in hospitalised patients,
with a focus on severe cases, have revealed high serum levels
of pro-inflammatory cytokines including interleukin-(IL)-6
and chemokines secreted by immune effector cells [5]. These
findings are similar to those seen in other coronavirus infec-
tions where elevated levels of these cytokines are detected
in the serum of severe cases compared to those with mild to
moderate disease [22]. The common pathological event aris-
ing from a cytokine storm is a violent inflammatory response
ultimately leading to ARDS and often fatal multiple organ
failure. This is confirmed by lung pathological features of
COVID-19 which greatly resemble those seen in other coro-
navirus infections and often show bilateral diffuse alveolar
damage [23]. While pathological characteristics unfold at a
rapid pace, early observations also seem to draw the atten-
tion to features of coagulopathy and thromboembolism with
the presence of antiphospholipid antibodies (aPL) in criti-
cally ill patients [24], thus meaning vascular endothelial dys-
function with a pathogenetic and clinical picture recalling
catastrophic antiphospholipid syndrome (APS) might play a
significant role in severe cases [25]. It is clear that these clin-
ical and pathological findings are sometimes difficult to dis-
tinguish from other major causes of multiple organ thrombo-
ses including disseminated intravascular coagulation (DIC)
and thrombotic microangiopathies (TMA). Moreover, many
infections may be accompanied by increases in aPL and
clinical manifestations of the APS [26]. Regardless, these
observations have suggested that anticoagulant treatment,
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mainly with low molecular weight heparin (LMWH), might
be associated with a better prognosis in severe COVID-19
patients although its efficacy remains to be validated [27].

Another key element in the inflammatory hypothesis of
COVID-19 is the accumulating evidence for a central role of
overwhelming macrophage activation and a cytokine profile
resembling secondary haemophagocytic lymphohistiocyto-
sis (sSHLH) seems to be associated with COVID-19 disease
severity [28]. For this reason, treatment of cytokine storm
using approved therapies with proven safety profiles has a
strong theoretical rationale to address the immediate need to
reduce mortality [28]. A multicentre, randomised controlled
trial of Tocilizumab, an anti—IL-6 receptor monoclonal anti-
body licensed for rheumatoid arthritis and chimeric antigen
receptor (CAR) T cell-induced cytokine release syndrome
(CRS), in patients with COVID-19 associated pneumonia
and elevated IL-6 is currently on-going in China and pre-
liminary data have been encouraging [29]. Tocilizumab is
also being used outside mainland China and a clinical trial
of 330 patients has been authorized by the Italian Medi-
cines Agency (AIFA) [30]. Baricitinib, a Janus kinase (JAK)
inhibitor, seems to affect both inflammation and cellular
viral entry in COVID-19 and trials are being developed in a
patient population with COVID-19 acute respiratory disease.
A similar argument is being considered for use of Ruxoli-
tinib, another selective JAK inhibitor [31].

Overall, since the emerging of the outbreak, a number of
clinical trials investigating safety and efficacy of up to six-
teen different molecules have been authorised in an attempt
to improve disease outcome particularly in hospitalized
patients [32]. Notably, on the basis of such an increasing
evidence for a central role of the uncontrolled inflamma-
tory response in the disease pathogenesis, many of these
studies pertain to anti-cytokine treatment strategies. How-
ever, the individual contribution of various cytokines to the
pathogenesis of lung damage and systemic complications in
COVID-19, including the potential role of secreted proteins
involved in extracellular matrix remodelling and fibrogen-
esis, is not yet entirely understood. For instance, IL-17 lev-
els seem to correlate with increased lung injury scores and
greater protein-rich inflammatory lung infiltration and this
might be relevant to the case of considering a further treat-
ment option in COVID-19, given the availability of approved
biological treatment formulations targeting this cytokine in
other indications [33].

Dysregulation of immune response
in COVID-19 and sepsis

Despite the ultimate outcome of an uncontrolled inflamma-
tory response leading to respiratory and systemic complica-
tions appears to be well characterized, the pathogenesis of

COVID-19 still holds some darker sides in the stages pre-
ceding the onset of the cytokine storm, in an early phase of
the infection. The higher mortality rate in the elderly popu-
lation, in contrast to the reduced number of severe cases
among young adults and the rarity of symptomatic cases in
children when the innate immune system is highly effective,
clearly indicates that pathogenic features are augmented in
the setting of a sub-optimally efficient immune response,
which is predictable in a more vulnerable and aged patient
group [34, 35].

Similarly to immune-mediated respiratory complica-
tions in COVID-19, immune dysregulation associated with
hyper-inflammation is a common finding in intensive care
patients with sepsis [36]. By definition, sepsis is the result of
a dysregulated immune response to an infection with harm-
ful host response and impaired immune homeostasis. This is
reflected in a clinical phenotype characterized by features of
uncontrolled systemic inflammation which finds its biochem-
ical counterpart in a storm of pro-inflammatory cytokines,
such as interleukin (IL-6), IL-1 and tumour necrosis fac-
tor alpha (TNF-a). On the other side of the coin, there has
been increasing interest in the role of immunosuppressive
mechanisms in causing or exacerbating sepsis, especially
T-cell exhaustion, following the varying time of exposure
to antigenic stimulation of the invading pathogen. Lympho-
cyte exhaustion is a well-characterised phenomenon in the
context of sepsis and the latter is also often accompanied by
acute respiratory failure secondary to ARDS, similarly to
complications of COVID-19 associated pneumonia. ARDS
shows similar characteristics in both clinical settings as well
as sharing the same risk factors such as older age, obesity
and cardiovascular disease. Moreover, the clinical course of
sepsis-associated ARDS appears to be substantially equiva-
lent to COVID-associated ARDS showing a protracted
recovery of pulmonary gas exchange, a prolonged intensive
care unit (ICU) stay and elevated mortality [37, 38].

The paradigm of cytokine storm as a lonely protagonist
of the pathogenesis in sepsis was revised by the descrip-
tion of an opposing response trying to counterbalance the
destructive effects of the cytokine storm and this was defined
as compensatory anti-inflammatory response syndrome
(CARS) [39]. The goal of this opposing response would
be to compensate the overwhelming inflammatory storm
and restore homeostasis by means of the release of certain
anti-inflammatory cytokines including IL-10. This concept
seems to be now widely accepted and its immunological
mechanisms have been further characterised over the years
but interestingly no clear evidence to support a two-phase
model in sepsis pathophysiology was actually found [40].
However, despite some disagreement on simultaneousness
of pro- and anti-inflammatory responses, CARS has been
credited with an essential role in counter-balancing the det-
rimental effects of acute hyper-inflammatory over-response.
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The elderly population is at a disproportionately increased
risk of sepsis and the same has been observed in COVID-
19 systemic complications [41]. This is likely due to dys-
function in both arms of immune defence but particularly in
adaptive immunity and namely in T-cells capacity to exert
an effective response. This phenomenon is also known as
“immunosenescense’ and is likely to explain the increased
risk and higher mortality within the elderly population [42,
43].

Immune therapy in sepsis

The interest in immune therapies potential in sepsis has been
reinvigorated following the advances in cancer immune
therapy and awareness that prolonged immune-suppression
status in sepsis can leave patients vulnerable to secondary
infections and death [44].

Previously, the assumption that the cytokine storm was
a primary cause of death in sepsis had been important in
an attempt to target specific pro-inflammatory mediators
(TNF-a and IL-1p) with doubtful efficacy, possibly due to
non-patient specific approach [45]. Conversely, IL-6 block-
ade strategies seem to hold more promise with encourag-
ing results on acute lung injury and acute kidney injury in
rat models of sepsis and may constitute a novel therapeu-
tic strategy for various types of conditions where cytokine
storm is involved [46—48]. Recent findings also suggest the
potential benefit of anakinra and tocilizumab in patients with
sHLH/macrophage activation syndrome (MAS) associated
with rheumatic and non-rheumatic conditions [49, 50].

The overwhelming inflammatory response in sepsis is,
however, accompanied by an anti-inflammatory process
which correlates with poor outcomes [51]. It is, therefore,
clear that proper balance between the often competing pro-
and anti-inflammatory pathways determine the fate of the
individual as well as the severity of sepsis-induced immu-
nosuppression. As anticipated a biphasic trend with an initial
pro-inflammatory phase followed by an anti-inflammatory
phase has been generally dismissed in recent reports whereas
it has been suggested that the two phases are likely to coex-
ist [52, 53].

A range of biomarkers of sepsis-induced immune suppres-
sion has been identified given that the utility of cytokines is
limited to this aim [43]. To date, monocyte HLA-DR expres-
sion has revealed to be the best biomarker for the overall
immune function in sepsis and has been largely used in
clinical trials, particularly after the development of systems
able to minimise inter-laboratory variability and the intro-
duction of rapid, automated devices able to provide a point
of care testing [54]. Furthermore, pre-clinical and clinical
studies have shown that inhibitory immune checkpoint mol-
ecules, including programmed death-1 (PD-1), programmed
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death ligand-1 (PD-L1), cytotoxic T lymphocyte antigen-4
(CTLA4), T cell membrane protein-3 (TIM-3) and lym-
phocyte activation-gene-3 (LAG-3) are upregulated during
the course of sepsis and their expression or engagement on
various immune cells, and especially on T cell surface, has
shown to play a relevant role in reducing pathogen clear-
ance and immune system competence, contributing over-
all to exhaustion-induced immunosuppression [55]. On the
grounds of these findings, immune cell checkpoints have
become a potential target during sepsis in an attempt to
restore host immune response with the PD-1/PD-L1 axis
being by far the most studied immune checkpoint interac-
tion [56]. Checkpoint inhibitors (CPIs) can sustain lympho-
cyte activation and benefit host defence in select clinical
contexts. Monoclonal antibodies (mAb) blocking PD-1, its
ligand PD-L1 or CTLA-4 augment tumour-reactive cyto-
toxic T-cell function and are currently FDA-approved treat-
ments for several cancers [57]. Interestingly, PD-L1 block-
ade seemed to improve survival in experimental sepsis by
attenuating T-cell apoptosis as well as enhancing pathogen
clearance, and of considerable importance, decreasing sys-
temic inflammation [58]. A recent meta-analysis examining
the benefit of immune therapy in preclinical studies showed
CPIs improved host defence and survival during bacterial
sepsis providing one basis for phase 1 CPI sepsis trials [59].
Moreover, these medications have proven to be safe and
active in real-life practice even in challenging populations
who would have been ineligible for clinical trials, including
patients with dysregulated or compromised immune func-
tion, significant co-morbidities or in the elderly popula-
tion [60]. Careful consideration, however, will be certainly
needed in introducing these treatment strategies because of
the hypothetical risk of a detrimental effect of unleashing
the immune system functions in the setting of a systemic
inflammatory response [61].

Discussion

The pathogenesis of COVID-19 is still poorly under-
stood although it appears to share similar mechanisms to
SARS-CoV and MERS-CoV infections. However, its pan-
demic dimension has posed an unprecedented challenge
to health systems and this has generated tireless efforts
within the research community to get a better under-
standing of its molecular immune features [8]. The wide
geographical spread of the infection has also unveiled
populations at higher risks to develop serious respiratory
complications associated with poor outcomes and these
often overlap with subjects with a dysfunctional immune
system [62]. Most of the research to date has focused on
the adaptive as compared to humoral response and this
leaves a lot of unanswered questions on the features of
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the early phase of infection. For instance, very little is
known about mechanisms of immune evasion and weak-
nesses in host immune response which prevent effective
viral clearance as well as factors able to trigger an over-
whelming inflammatory comeback and cytokine storm in
a subset of patients. With this in mind, the role of TLRs
signaling in regulating SARS-CoV-2 pathogenesis should
be further investigated as this might offer better insight
into the early stages involved in the immune-mediated
hyper-inflammatory response. Nevertheless, the consid-
eration of the cytokine storm as the lone protagonist of
immune-mediated complications in COVID-19 might
be reductive and unable to fully explain how pathogenic
features are more likely to be enhanced in subjects with
a sub-optimally efficient immune response. Similarly to
sepsis, immune dysregulation associated with both hyper-
inflammation and immunosuppression might be a com-
mon finding in intensive care patients with COVID-19.
Recent advances in immunotherapy in cancer have
raised the possibility that host-directed therapy (HDT)
via immune checkpoint blockade might have therapeu-
tic implications for infectious diseases including sepsis
[56, 63]. In patients with chronic viral infections CD8
T-cell exhaustion, mediated by PD-1 expression on the
cell surface, is an important cause of impairment in anti-
viral effector functions and clearance of infected host
cells, thus prompting clinical evaluation of strategies
to enhance immune response [64, 65]. Therapies based
on immune checkpoints inhibition have not been tested
in infections as they have in cancer [66] and very little
is known about their potential in acute viral infections
such as coronavirus infections. However, it is clear that
successful pathogens evolve mechanisms to evade and
constrain protective host responses and this might be par-
ticularly true for COVID-19 in a subset of patients who
have a dysregulated immune function, though not to the
extent to prevent them from sparking off a cytokine storm
leading to immune-mediated inflammatory lung injury.
A better understanding and further characterization of
cell surface expression of checkpoint inhibitors and other
immunomodulatory markers on immune cells during the
course of COVID-19 is advisable to understand how dys-
regulation of immune cells may inform the clinical risk
in these patients. Increased knowledge about molecular
immune pathogenesis in COVID-19 is also desirable for
possible consideration of HDT with a view to restoring
effector T-cell responses, particularly in the early phase
of infection. However, the greatest potential is likely to
lie in a combination, multi-targeted therapy at different
stages of severity, ideally guided by point of care test-
ing, so as to allow a more accurate and patient-specific
approach to immunomodulation in COVID-19 patients.

Conclusions

The novel COVID-19 pandemic has posed unparalleled
challenges to health systems worldwide and called upon
the scientific community in an unprecedented research
effort and race to develop specific antiviral therapies and
effective vaccines. Containment and delay strategies are
essential at this stage to take the hit, keep closed ranks and
gain time. Nevertheless, until specific treatments are made
available, there is a desperate need for therapeutic options
able to improve the disease outcome in most severe cases.

Current management of COVID-19 is a largely sup-
portive and respiratory failure from ARDS associated with
multi-organ failure is the main cause of mortality in a sub-
set of patients. There is increasing evidence that individu-
als with poor outcomes have a cytokine storm, in many
ways similar to sepsis, hence targeting hyper-inflammation
has understandably taken the centre stage at this moment
in time. However, very little is known about the molecu-
lar pathogenetic mechanisms involving the innate immune
response in the stages preceding the onset of the cytokine
storm. Further research is also needed to understand the
underlying molecular pathways potentially hindering a
balanced and effective immune response against SARS-
CoV-2 in more severe cases and the potential for exploring
novel immunoadjuvant treatment strategies.
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