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ARTICLE INFO ABSTRACT

Keywords: The outbreak of COVID-19 reminds us that the emerging and reemerging respiratory virus infections pose a
COVID-19 continuing threat to human life. Cytokine storm syndromes of viral origin seem to have a common pathogenesis
Influenza of the imbalanced immune response with the exaggerated inflammatory reaction combined with the reduction
LH;ZE;(SI::?;Y and functional exhaustion of T cells. Immunomodulatory therapy is gaining interest in COVID-19, but this
SARS strategy has received less attention in other respiratory viral infections than it deserved. In this review we suggest
-6 that based on the similarities of the immune dysfunction in the severe cases of different respiratory viral in-

fections, some lessons from the immunomodulatory therapy of COVID-19 (particularly regarding the choice of an
immunomodulatory drug, the selection of patients and optimal time window for this kind of therapy) could be
applied for some cases of severe influenza infection and probably for some future outbreaks of novel severe

respiratory viral infections.

1. Introduction

The emerging and reemerging respiratory virus infections pose a
continuing threat to human life. Acute respiratory viral diseases claim
over 4 million deaths and cause millions of hospitalizations worldwide
every year [1]. In the last century, swine and avian influenza infection,
severe acute respiratory syndrome (SARS) and the Middle East respira-
tory syndrome (MERS) were the most damaging respiratory infections
for human being all over the world [1]. However, even leaving aside
outbreaks of the novel respiratory viral infections, 294, 000 to 518, 000
deaths annually are associated with seasonal influenza [2] and a sig-
nificant number of deaths occur despite antivirals, especially in A
(HIN1)pdmO9 virus infection which continues to circulate as a seasonal
flu [3]. While it is logical to look for a potential treatment for the new
disease based on the previous experience with some other similar ill-
nesses, the opposite approach (i.e. to implement some lessons from the
new disease for the old one) might also give some interesting results. In
this article we use this approach to discuss the lessons from the emerging
immunomodulatory therapy of COVID-19 for the search of more

effective treatment for severe influenza infection. We also consider that
the same lessons might be useful for some future outbreaks of diseases
with novel respiratory viruses.

2. Cytokine storm and systemic inflammatory response
syndrome

Comparing the infections with the emerging and re-emerging respi-
ratory viruses, which achieved global impact in the 21th century (SARS,
MERS, influenza A HIN1 2009, influenza A H5N1 and COVID-19), a
significant prevalence of the common pattern of virus-induced hyper-
inflammation can be revealed [4]. Moreover, several studies have re-
ported the association of this virus-induced hyperinflammatory
syndrome with the disease severity for each of the mentioned infections
[5,6]. An in-depth study of this hyperinflammatory state might lead to
the more effective treatment of the diseases associated with it.

Proinflammatory cytokines play a major role in the up-regulation of
inflammatory reaction, both of infectious and non-infectious origin.
Inflammation is primarily a local process able to establish barriers

Abbreviations: ARDS, acute respiratory distress syndrome; COVID 19, coronavirus disease 2019; CRP, C-reactive protein; CSS, cytokine storm syndromes; HLH,
hemophagocytic lymphohistiocytosis; HRS, Hamman-Rich syndrome; MERS, Middle East respiratory syndrome; MODS, Multi-Organ Dysfunction Syndrome; PD-1,
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and mucin domain protein-3.
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restricting the systemic spread of causing pathogens, but also limiting
the systemic action of the bioregulators involved in focal events. It is
well accepted that the loss of local control of this process leads to the
excessive release of cytokines and other autacoids to systemic circula-
tion with potentially deleterious consequences including the Systemic
Inflammatory Response Syndrome (SIRS), circulatory shock, Multi-
Organ Dysfunction Syndrome (MODS), and death [7]. The main pro-
inflammatory cytokines are TNFa, IL-1, IL-6, IL-8 and macrophage in-
flammatory protein-la (MIP-1a) [7]. They are produced by several cell
types in response to activation of pattern recognition receptors or cell
death and released in a cascade: initial cytokines include TNFa and IL-
18; these stimulate further production of other cytokines. Regarding
their clinical significance in SIRS of various etiology, all major proin-
flammatory cytokines have consistently been shown to correlate with
the mortality following severe injury, with TNFa and IL-6 levels also
correlating with poor outcome from sepsis [7].

To describe this phenomenon, the term “cytokine storm” has been
widely used both in scientific literature and in mass media in last 10
years [8,9]. The recent increased interest in this area is related to the
new challenge for human beings — coronavirus disease 2019 (COVID-
19). As cytokine storm is considered as the result of the disrupted im-
mune response to the initial insult, the range of the clinical conditions,
associated with this phenomenon, is very wide. For this reason, the term
“cytokine storm syndromes” (CSS) has been proposed [10]. The most
studied infectious triggers of CSS are avian influenza, SARS-related
coronavirus (SARS-CoV), MERS-related coronavirus (MERS-CoV) and
Ebola virus [4]. However, sepsis of various etiology is also directly
associated with cytokine storm [11]. Non-infectious medical conditions,
which are able to induce systemic cytokine response, include severe
traumas and burns, acute pancreatitis, hemorrhage, ischemia-
reperfusion syndrome, macrophage activating syndrome, secondary
malignancy-related and primary hemophagocytic lymphohistiocytosis
(HLH), graft-versus-host disease, chimeric antigen receptor T cell ther-
apy etcetera [8,9,12]. For the clinical manifestations of dysregulated
immune response to infectious or noninfectious stimuli the term SIRS
was coined in 1991 [13]. The pathophysiology of SIRS was considered as
a 3-stage model [14]:

1) Initiation of the essential inflammatory process at the primary injury
site; pro-inflammatory cytokines are produced locally.

2) Release of small quantities of local cytokines into the systemic cir-
culation, which improves the local response by the recruitment of
macrophages and activate remote tissue-protective and repair-
promoting systems, including hypothalamic-pituitary-adrenal axis.
Via cytokine influences on liver and bone marrow change of plasma
protein composition and leukocytosis are established. The examples
of the plasma proteins whose levels reflect systemic effects of
inflammation are C-reactive protein and ferritin. This acute phase
response is typically well controlled by a decrease in the proin-
flammatory mediators and by the release of their endogenous an-
tagonists; the goal is to maintain homeostasis. Clinically, some
minimal malaise and low-grade fever may become manifest at this
stage.

If the homeostasis between pro-inflammatory and anti-inflammatory
reaction is lost or the immune response to the initial damaging factor
is highly stimulated, but ineffective, severe excessive systemic re-
action occur (i.e. systemic inflammatory response syndrome — SIRS)
with overwhelming production of cytokines (“cytokine storm”). If
SIRS continues, however, circulatory shock with MODS develops
which may eventually lead to death. In the early phase of MODS,
circulating cytokines cause universal endothelium injury. The
endothelial cells have many mechanisms to prevent aberrant coag-
ulation in the absence of systemic inflammation. However, proin-
flammatory cytokines, pathogen-associated molecular patterns such
as bacterial endotoxins, or neutrophil extracellular traps increase the
expression of tissue factor by the endothelial cell [15]. Tissue factor
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activates the coagulation system by amplifying many-fold the enzy-
matic capacity of factors VII and X, triggering thrombin generation
and clot formation. Upon activation, the endothelial cells can also
release pre-formed von Willebrand factor that in higher molecular
weight multimers provides a potent bridge for platelet aggregates
and thrombus assembly, favouring formation of an organized clot
[15]. In addition, there is a complex crosstalk between cytokines and
the complement system and excessive complement activation also
results in endothelial injury [16]. These mechanisms underlie
capillary leak syndrome and coagulopathy, which often accompany
cytokine storm [7,16]. Regarding clinical implications of widespread
endothelial dysfunction, it should be mentioned that the vascular
endothelium of the lung and kidneys are recognized as particularly
vulnerable sites to complement-mediated injury [16].

3. Cytokine storm in influenza infection and COVID-19

The pathogenesis of the influenza virus infection implies inflamma-
tory process in the respiratory system caused by direct viral infection of
the respiratory epithelium and both innate and adaptive immune re-
sponses, which primarily aim to handle the spreading virus, but in fact
sometimes contribute to the lung injury [17]. The mediators of inflam-
mation can spread systemically and cause a multiorgan failure, but these
consequences are generally downstream of the lung compromise and
severe respiratory distress [18]. Besides MODS and death as a conse-
quence of SIRS, the mechanisms of other non-pulmonary conditions
associated with influenza virus disease (in particular, cardiac sequalae
in the weeks following the infection) are also considered to be related to
the general inflammatory profile [17]. Influenza virus, especially avian
H5N1, is known for its systemic endothelial tropism and can cause
damage of microvasculature not only via systemic action of cytokines
but even directly [19].

Cytokine storm has been identified in association with seasonal
influenza, avian flu (H5N1) and pandemic influenza (HIN1 2009) [20].
However, severe cytokine storm is rarely observed in seasonal mild
influenza, indicating that high cytokine/chemokine levels correlate
strongly with disease severity [5].

Severe COVID-19 represents viral pneumonia from severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection leading to
acute respiratory distress syndrome (ARDS) [21]. ARDS is a form of
severe hypoxemic respiratory failure with a disorder of surfactant
function that is characterized by inflammatory injury to the alveolar
capillary barrier, with extravasation of protein-rich edema fluid into the
airspace [22]. ARDS is a systemic inflammatory condition, rather than a
local pulmonary process. The levels of inflammatory cytokines, such as
IL-1B, TNF-a, IL-6, and IL-8, are elevated both in bronchoalveolar lavage
fluid and circulating plasma in ARDS subjects [22]. The cytokine storm,
induced by COVID-19, is one of the major mechanisms contributing to
the development of ARDS in this case. The cytokine storm is an impor-
tant factor that causes COVID-19 exacerbation or even death, not only
because of pulmonary injury, but also owing to extrapulmonary
multiple-organ failure [23]. Interestingly, long before COVID-19
epidemic, since 1933 there were described several hundred of episodic
and familiar cases of so called Hamman-Rich syndrome (HRS), idio-
pathic acute interstitial pneumonia resulting in typical ARDS and acute
cor pulmonale which in sub-acute period causes idiopathic diffuse
pneumofibrosis [24]. Both manifestations and pathomorphology of
HRS, as well as its complications - all strikingly resemble that of COVID-
19. The last disease looks very much like acquired phenocopy of HRS,
although HRS apparently never was considered to be a contagious dis-
ease, rather listed among the genetically based ones. Excessive content
of few proinflammatory cytokines in HRS lungs has been revealed [25].
One may guess, either the sporadic cases of HRS were related to un-
recognized type of coronavirus having very small contagiousness; or,
which looks much more probable, both entities, having different (in-
fectious and non-infectious, presumably, genetic) etiologies, address
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similar or identical weak point of immune system, making its self-
destructiveness caused by cytokine storm the crucial links of patho-
genesis [26].

4. Comparing immunopathology in COVID-19 and severe
influenza infection

Hyperproduction of the inflammatory cytokines in severe influenza
infection and COVID-19 appears to represent one and the same typical
pathological process, as is clear from the comparison of immunopa-
thology in these two infectious diseases. The serum levels of C-reactive
protein (CRP) have been associated with the severity of symptoms and
poorer outcomes both in influenza infection and COVID-19 [27-30].
Notably, that regarding influenza the same association was revealed in
the infection caused by pandemic H1N1 virus, avian H7N9 virus and
seasonal human influenza viruses even though cytokine storm have been
rarely described in seasonal influenza. The elevation of the serum
ferritin levels also predicts poor outcome both in seasonal influenza and
COVID-19 [28,31,32]. Higher levels of many cytokines and chemokines
were found in both diseases. Although some differences have been
observed in cytokine profiles even between influenza A and B, and the
cytokine profiles in the peripheral blood are very dynamic in viral in-
fections, the key mediators of cytokine storm are common to both
influenza infection and COVID-19. These are IL-6, IL-1f, TNF-a, IL-10,
IP-10, and they were shown to correlate with the disease severity in
both entities [28,33-35]. In influenza infection and COVID-19 cytokine
storm is closely related to coagulopathy and disseminated intravascular
coagulation [36,37].

Both influenza virus and SARS-CoV induce NLRP3 inflammasome
activation [38], which is associated with pyroptosis - a highly inflam-
matory form of programmed cell death of immune cells. Inflammasome-
activating properties of SARS-CoV-2 is still a subject to be studied.

Some might find it paradoxical that a hyperinflammatory state can
goes hand in hand with immunosuppression. But some findings suggest
that this is right for the severe forms of both influenza infection and
COVID-19 (Table 1). Lymphocytopenia is characteristic of both influ-
enza infection and COVID-19 and associated with poorer outcome
[39,40]. The continuous expression of inhibitory markers such as pro-
grammed cell death protein-1 (PD-1) and T-cell immunoglobulin
domain and mucin domain protein-3 (TIM-3) by T-cells and NK cells as
well as their overall reduced polyfunctionality and cytotoxicity argue in
favor for their exhaustion during the infection course [41,42]. Kong
et al. assessed levels of soluble forms of checkpoint molecules in patients
with COVID-19 [43]. According to the current knowledge, soluble forms
may reflect the degree of membrane expression of the corresponding
checkpoint proteins [44]. Kong et al. found that levels of 13 out of 14
tested molecules were significantly higher in patients with severe
COVID-19 than in those with mild, moderate, or asymptomatic infection
[43]. Levels of 8 soluble checkpoint molecules including PD-1 and TIM-3
were negatively correlated with absolute counts of total, CD4, and CD8 T
cells but not neutrophil counts, and TIM-3 was identified to have good
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predictive value for COVID-19 progression. Ueland et al. confirmed the
association between levels of soluble TIM-3 and COVID-19 severity [44].
These findings are interesting because recent data shows that TIM-3 play
a dual role: it participates in the activation of infected macrophages and
negatively regulates Th1l immune response [45]. This is consistent with
the current understanding of cytokine storm in COVID-19 as primarily
the hyperactivation of the innate immune system [23]. At the same time
one study reported a protective role of Tim-3 in acute influenza infection
in mice [46] and another research group showed that patients who
survived after acute lung injury had higher level of T regs and higher
levels of Tim-3 on Tregs at the time of recruitment than those who died
[47]. There is also some data on PD-1/PD-L1 pathway in severe influ-
enza infection. Histological sections of tissue collected from the lower
airways of pediatric patients with severe HIN1 influenza A virus reveal
increased expression of PD-1 and PD-L1 [48], and in the other study PD-
L1 expression was identified on dendritic cells and T cells from the sera
of patients with HIN1 influenza infection [49]. PD-L1 expression on
CD8+ T cells correlated inversely with T cell proportions in these pa-
tients. It was shown in vitro cocultures of airway epithelial cells and T
cells and in vivo models of influenza virus infection, that blockade of
airway epithelial PDL-1 improves CD8 T cell function [50]. Rutigliano
et al. showed that debilitated CD8+ T cells functionality observed in
acute, high-pathological influenza A virus infection in mice (but not in
infection with low-pathological strains of the virus) was associated with
increased PD-1 expression on virus-specific CD8+ T cells [51]. Blockade
of PD-L1 in vivo led to reduced virus titers and increased CD8+ T cell
numbers but not their functionality in this study. At the same time PD-
1—/— mice took longer to recover from influenza infection than wild
type mice, as measured by weight loss [48]. These findings suggest dual
role of PD-1/PD-L1 pathway, which negatively regulates CD8+ T cells:
down-regulation of these cells may both cause impaired viral clearance
and speed recovery by limiting adverse immune-mediated effects.

When the immune response is analyzed and compared between mild
and severe cases, it can be noted that severe cases of influenza infection
and COVID-19 share a similar phenotype: reduced number of circulating
CD8+ and CD4+ T cells combined with increased amounts of a proin-
flammatory cytokines [28,52]. There are several possible explanations
for such combination:

1) Lower numbers of peripheral immune cells during the acute phase in
severe disease could be a consequence of aggressive trafficking into
the airways and not a truly deficient immune response [52]. The
diffuse infiltration of the lungs, along with focal infiltration of the
kidney, liver, intestine, adrenals, pancreas and pericardium by
lymphocytes, dominated by CD8+ T cells has been identified in au-
topsies from the deceased patients from COVID-19 [53]. These
findings favor the hypothesis of the aggressive T cell trafficking
responsible for their reduction in circulation — probably due to the
general autoimmune processes during COVID-19 [53].

2) Cytokine storm could promote apoptosis or necrosis of T cells, and
consequently reduce their number [54].

Table 1
Comparison of the immunopathology in COVID-19, SARS, MERS and influenza infection. + = has been reported; NS = not stated.
Influenza COVID- SARS MERS [Ref.]
infection 19
Hyperinflammation
Hypercytokinemia associated with poor prognosis + + + + [34,78,80,119,120]
Increased CRP levels associated with poor prognosis + + + + [27,29,30,41,121,122]
Hyperferritinemia associated with poor prognosis + + + NS [28,31,123]
Immunosuppression
Lymphopenia associated with the severe disease + + + NS' [40,41]
Reduction of NK cell counts in the blood and/or NK cell dysfunction associated with the severe + + + NS [41,124]
disease
Reduction of both CD4 and CD8 T cell counts in the blood associated with severe disease + + + NS [41,52]

! Lymphopenia is commonly observed in patients with MERS, however, its association with the disease severity has not been studied.
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3) The immunodeficiency linked to abnormal T cell number or function
could be the primum mobile of cytokine storms such as in hemopha-
gocytic lymphohistiocytosis [28]. A vicious circle could occur in this
case since the exposure to the high levels of proinflammatory cyto-
kines induces a cytolytic dysfunction of NK cells and T lymphocytes
and exaggerates activities of macrophages [55].

It is crucial to identify the right mechanism from those described
above because effectiveness of treatment for the severe cases of influ-
enza infection, COVID-19 or some other infectious diseases with the
described immune phenotype will depend on the pathogenesis under-
lying the state of dysregulated immunity.

5. Targeting the cytokine storm in COVID-19

Several immunomodulatory drugs which blunt cytokine storm have
been suggested as potential treatments for the selected cases of COVID-
19 [56]. However, it is important to remember that immunosuppressive
agents are double-edged swords in a viral infection. It is considered that
those drugs which reduce inflammation and modulate the innate im-
mune response without compromising the adaptive one could be more
effective for the management of patients with the cytokine storm [57].
The adaptive arm of the immune system is generally considered to play a
key role in the clearance of viruses and establishment of immunological
memory to protect the host from a recall infection. A decrease in pe-
ripheral blood T cells is associated with disease severity and negatively
correlated to the level of inflammation in COVID-19 [28]. According to
the recent meta-analysis, both CD4 + T and CD8 + T counts significantly
reduced in severe COVID-19 group compared with non-severe group
[58]. Although T cells in severe COVID-19 seem to be more activated, it
looks like their hyperactivation is secondary to the failure of the suc-
cessful elimination of the virus. The evidence for the exhaustion of the T
cells and NK cells are discussed above. Higher titers of IgG which have
been observed in critically ill patients might also be secondary due to the
same reason and by far it is unknown whether antibody responses
somehow contribute to pulmonary pathology [41]. At the same time the
host innate immune system appears to be the main driver of lung
inflammation. Because of that, the search of highly tailored anti-
inflammatory drugs for the selected cases of COVID-19 is urgently
needed. To date, randomized control studies of both non-specific anti-
inflammatory therapy (corticosteroids, chloroquine, hydroxy-
chloroquine, Janus kinase inhibitors, colchicine, cyclosporin A) and
specific anti-cytokine interventions (IL-6R antagonists (tozilizumab,
sarilumab), IL-1R antagonist anakinra, TNF inhibitor adalimumab,
complement inhibitor eculizumab, IFN-y antagonist emapalumab) for
the treatment of COVID-19 are ongoing [6,28,59]. Even when cytokine-
specific drugs are used, the double-edged sword of the immunosup-
pression in viral infections should be kept in mind. For example, in spite
of the documented efficacy of the IL-6 inhibitor tocilizumab in the
treatment of COVID-19, IL-6 inhibitors may cause even more profound
immunosuppression than steroids, increasing the risk of sepsis, bacterial
pneumonia, gastrointestinal perforation, and hepatotoxicity [60]. This
can be at least partly due to the pharmacokinetics of many monoclonal
antibody drugs which have been initially designed to treat patients with
chronic inflammatory conditions where optimal pharmacokinetics de-
mand prolonged half-lives. But in the settings of acute viral infection
long-lasting and indiscriminate suppression of inflammation raises
concerns about impaired clearance of SARS-CoV-2 and increased risk for
secondary infections. Probably, greater attention should be paid to the
drugs which have a short half-life such as anakinra [28]. Although the
matter of detrimental general immunosuppression is more pressing
when it comes to non-specific anti-inflammatory therapy, old good
glucocorticoids with their complex action on the balance between local
and systemic defensive reactions may be no less useful in treatment of
severe COVID-19 than new selective agents of immunobiotherapy. At
least in severe SIRS and in any kind of shock potent adrenocortical
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response is protective and establishes better survival chances because
hormones of eustress downregulate both inflammation and systemic
cytokine storm and stimulate the expression of surfactant in the lungs. It
was suggested that some histological lesions in postmortem biopsies in
COVID-19 positive patients might be the target for corticosteroid use in
severe patients [61]. Severe COVID-19, in addition, causes lymphoid
infiltration of adrenals, like in autoimmune adrenal failure [53]. The
recent data on effectiveness of corticosteroids in COVID-19 are reviewed
below.

6. The lessons from the immunomodulatory therapy of COVID-
19 for severe influenza

The increased interest in the management of the cytokine storm
caused by the COVID-19 outbreak led to the initiation of numerous
clinical trials which assess the effectiveness of different immunomodu-
latory drugs in this disease. The results of these clinical investigation as
well as the information from the published case series provide valuable
information on the application of these remedies with immunosup-
pressive effects in the settings of viral infection. Based on the similarities
between the immunopathology in COVID-19 and influenza infection,
one might suggest the implementation of some lessons learned from the
management of the cytokine storm in COVID-19 for the influenza
infection (Fig. 1). The immunomodulatory agents proposed for the
reduction of the exaggerated inflammatory response in influenza
infection include peroxisome proliferator-activated receptors (PPARs)
agonists, zirconia (ZrO2) nanoparticles, sphingosine-1-phosphate re-
ceptor 1 agonists, cyclooxygenase inhibitors, anti-TNF therapy, CC
chemokine receptor 5 (CCR5) inhibitor, suppressor of cytokine signaling
4 (SOCS4), tyrosine kinase inhibitor ponatinib, IP-10 antibody and IL-8
receptor (CXCR1/2) antagonist [62,63,64]. However, the majority of
these drugs is still at the stage of experimental studies. Only COX in-
hibitors from the list above have been used for severe human influenza
infection. In a phase III clinical trial of celecoxib in combination with
oseltamivir (NCT02108366), it was shown that this treatment reduced
mortality and serum levels of IL-6 and IL-10 without increased adverse
effects in hospitalized patients with seasonal influenza [65]. The expe-
rience of immunomodulatory therapy targeting cytokine storm in
human influenza infection is scarce (except for corticosteroids, which,
however, have been reported to worsen patient outcomes in the majority
of observational studies [3]), but the development of this area might be
promoted by the rapid progress in the management of the cytokine
storm in COVID-19.

6.1. Lesson 1: Who might benefit from the inmunomodulatory therapy in
severe respiratory viral infections including severe influenza infection?

Thorough selection of patients and an appropriate timing of the
therapy initiation and seems to be key issues in the effective use of anti-
inflammatory drugs in respiratory viral infections. It was stated that
given the great frequency of non-severe presentations, immunomodu-
latory treatments should be kept for the certain group of patients [28].
Although the ideal candidate for the immunomodulatory therapy in
COVID-19 remains unknown, it is reasonable to focus on the experience
of the studies, in which the its effectiveness have been shown. For
example, the COVID-19 Treatment Guidelines Panel recommend low-
dose dexamethasone for severely ill patients who are on supplemental
oxygen or ventilatory support based on a preliminary analysis of the
data from the Randomized Evaluation of COVID-19 Therapy (RECOV-
ERY) study, but it is also recommended that dexamethasone (or other
glucocorticoids) should not be used for either prevention or treatment of
mild to moderate COVID-19 cases (with patients not on oxygen therapy)
[66]. This is because in the mentioned study a benefit was not seen
among patients who did not require either oxygen or ventilatory support
- instead, there was a non-significant trend towards higher mortality in
this group [67]. This data is in line with the findings that patients with
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Fig. 1. The range of clinical conditions, associated with an excessive systemic action of the inflammatory autacoids termed “cytokine storm syndrome”, is very wide
and includes both infectious and non-infectious diseases. While distinct etiology implies the important differences in the treatment strategies of these medical
conditions, some lessons (both for diagnosis and therapy) have been recently learned from non-infectious cytokine storm syndromes for the similar hyper-
inflammatory phenotype in COVID-19. Therefore, we suggest that some lessons from COVID-19 could be implemented for other respiratory viral infections, including
widespread influenza infection and possible future outbreaks of novel respiratory viruses. These lessons concern taking into account the complex immunopathology
underlying cytokine storm syndrome in this context, prompt diagnosis of this phenotype and judicious application of anti-inflammatory therapy (particularly
regarding the selection of patients for this kind of therapy, optimal time window for this therapy and the choice of an immunomodulatory drug). CRP C-reactive
protein; CRS cytokine release syndrome; MAS macrophage activation syndrome; MERS Middle East respiratory syndrome; pHLH primary hemophagocytic lym-

phohistiocytosis; SARS severe acute respiratory syndrome.

COVID-19 mount a marked and appropriate cortisol stress response in
the acute settings [68], but 40% percent of survivors of SARS-CoV
outbreak in 2003 had evidence of central hypocortisolism [69].
Regarding IL-6-directed therapy, the inclusion criteria in some earlier
studies were severe and critical pneumonia and reflected mainly lung
involvement (i.e. hypoxemia while breathing room air, ARDS requiring
ventilatory support, tachypnea (respiratory rate > 30 breaths/min), or
Paoy/Fiog ratio (300) [70-72]. Later, given the similarities of COVID-19
to CRS, several biomarkers related to the hyperinflammatory state itself
have been proposed to aid in identifying appropriate candidates for
immunosuppressive therapy [71,72]. However, cytokines themselves
are not routine markers in clinical practice - in most medical centers, IL-
6 measurement, for example, is a “send-out” test that entails a delay in
obtaining the results [71]. Some more easily accessible potential bio-
markers of CRS are remarkably high levels of C reactive protein, D-dimer
and ferritin. Another valuable discriminator is the high H Score (a
diagnostic score for HLH), which computes a value based on the
following components: temperature, organomegaly, number of cytope-
nias, triglycerides, fibrinogen, ferritin, aspartate aminotransferase,
haemophagocytosis on bone marrow aspirate and known immunosup-
pression [73]. There is a somewhat surprisingly little amount of data
about immunomodulatory therapy in influenza infection [74]. One
could suggest the use of the mentioned above biomarkers to identify the

group of patients with severe influenza infection who may benefit from
the immunomodulatory therapy. It is worth noting that although IL-6
have been reported to be elevated above the normal range in COVID-
19 (especially in severe disease), in most cases, however, its plasma
level is lower than in previous cohorts of patients with ARDS and almost
1000-fold lower than in patients who developed CRS following treat-
ment with chimeric antigen receptor T cells [75]. Ferritin levels in
COVID-19 are also lower than in HLH and CRS [76,77]. These findings
mean that the cut-off for the mentioned markers regarding the benefit
from the immunomodulatory drugs in COVID-19 and probably also
other respiratory viral infection could differ from those in other cytokine
storm syndromes of non-infectious origin. Several authors have reported
the cut-offs of IL-6 and CRP for the poor prognosis in COVID-19. IL6
predicted mortality at the cut-off value of 163.4 pg/mL, with a sensi-
tivity of 91.7% and specificity of 57.6% in one study [78]. Grifoni et al.
showed that IL-6 > 25 pg/mL is a better prognosticator for the negative
outcome than D-dimer, lymphocyte count or age over 60 years [79].
Herold et al. reported the threshold levels for both biomarkers which
predict the need in mechanical ventilation (IL-6: >35 pg/mL at pre-
sentation and maximal value >80 pg/mL; CRP: >32.5 mg/L at presen-
tation and maximal value >97 mg/L) [80]. With a cut-off value of 41.4,
admission CRP exhibited sensitivity 90.5% and specificity 77.6% for the
adverse outcomes of COVID-19 in another study [81]. Wang et al.
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showed that CRP was significantly associated with aggravation of non-
severe COVID-19 patients, (sensitivity of 81.3% and specificity of 79.3%
with a threshold value of 26.9 mg/L at admission). Regarding influenza
infection, a study of 134 patients with avian-origin H7N9 influenza in
2013 showed that IL-6 plasma levels higher than 80 pg/mL were found
in all patients with a lethal outcome compared to only 8.3% of surviving
patients [82]. It was also reported that a cut-off value of 33 mg/L for CRP
at admission to emergency department achieved 100% sensitivity but a
specificity of only around 40% for ICU admission or mechanical venti-
lation in patients with pandemic HIN1 influenza infection [83]. By
comparison, a slightly higher CRP cut-off of 64 mg/L achieved lower but
acceptable sensitivities of 82% and 75% for ICU admission and me-
chanical ventilation with higher specificities of 68% and 65%, respec-
tively in this group of patients. According to another research group, the
cut-off value of CRP for ICU admission and mortality in seasonal influ-
enza was indicated as 76.5 mg/L (sensitivity 82.1% and 90.9% and
specificity 91.3% and 83.3% respectively) [84]. In summary, the listed
cut-offs are generally lower than the median CRP level in ARDS [85]. IL-
6 level and CRP level are considered as useful markers that predict poor
outcome in COVID-19 with high accuracy and can help physicians
correctly allocate patients who might benefit from early treatment
escalation (e.g. initiation of anti-inflammatory therapy) [80]. But could
these markers predict the benefit from this kind of therapy? This ques-
tion requires further research but some data have already been pub-
lished. In particular, glucocorticoid treatment of hospitalized patients
with COVID-19 who had CRP >20 mg/dL at admission was associated
with significantly reduced risk of mortality or mechanical ventilation
(odds ratio, 0.23; 95% CI, 0.08-0.70), while glucocorticoid treatment of
patients with CRP <10 mg/dL was associated with significantly
increased risk of mortality or mechanical ventilation (OR, 2.64; 95% CI,
1.39-5.03) [86]. Probably, similar cutoff for CRP at admission can be
chosen for the trial of corticosteroids in other respiratory viral infections
with presumptive cytokine storm syndrome.

6.2. Lesson 2: At what stage of the disease might patients with severe
respiratory viral infections benefit most from the anti-inflammatory
therapy?

It is generally accepted, that although pro-inflammatory mediators
can exacerbate infectious disease through tissue damage, they are vital
for resolution of infection. Therefore, the strategy of controlling the
inflammatory response should be considered at later time points in
infection when viral load is already limited but excessive host inflam-
matory response persists [74]. However, the experience with COVID-19
pandemic raised some questions regarding the best timing of initiation
of the immunomodulatory therapy. Although that is the patients with
severe COVID-19 who benefit most from IL6-directed agents, recent
findings indicated that the therapy should not be postponed and used
mainly for the treatment of those who require mechanical ventilation
[871]. It is important to remember that the cytokine storm may start from
the early course of disease to later stage and it may be rapidly pro-
gressive at any time [88]. It was suggested that probably the efforts
should be made to prevent this process at an early course of disease [88].
Along these lines, monitoring of the cytokine storm biomarkers seems to
be an essential part of the follow-up of the patients with COVID-19.
Regarding the appropriate timing for the anti-IL6 therapy, tocilizumab
use prior to ventilation in intensive care unit was considered optimal
since 50% patients who start receiving this therapy after placing on
mechanical ventilation remain ventilated and show serious superinfec-
tion [87]. The non-ventilated group generally had milder inflammation,
which can discourage the clinicians from the use of tocilizumab. How-
ever, in a recent study it was shown that patients with COVID-19 on non-
invasive ventilation treated with tocilizumab require invasive ventila-
tion significantly less frequently than controls [89]. In another study
early receipt of tocilizumab (within 12 days of symptom onset) in pa-
tients with severe COVID-19 was the only factor independently
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associated with in-hospital survival at 28 days [90]. These findings
further support the early anti-IL6 treatment in an appropriate group of
patients with COVID-19. If this is also true for the patients with influenza
infection who has the laboratory markers of the hyperinflammatory
state associated with the risk of the poor disease outcome - is the
question to be answered. At the same time there is a concern of potential
detrimental effects of systemic corticosteroid therapy in mild cases of
COVID-19 (in patients who did not require respiratory support) [67].
Furthermore, as we have mentioned, potential adrenal insufficiency is
suspected to occur later in the course of the disease and absent in the
early stages. However, according to the recent study, detrimental effects
of systemic corticosteroids is related to the early initiation of this kind of
therapy, but to the absence of severe inflammatory response (based on
the serum level of CRP) [86].

6.3. Lesson 3: Which immunomodulatory drugs could be effective for the
management of the cytokine storm in these patients?

The management of the infection-induced CSS is more complicated
than the treatment of the other ones which relate to inflammation not
caused by infection. General deep immunosuppression should be
certainly avoided, and the careful selection of the appropriate immu-
nomodulatory drug play an important role. As an example, certain
immunosuppressive medications can either directly (e.g, lymphocyte-
depleting antibodies) or indirectly (eg, antimetabolites) cause lympho-
penia, which is a reported risk factor for severe COVID-19 illness and for
pneumonia caused by influenza virus [91]. A caution should be taken
also when considering systemic glucocorticoids therapy. According to
the results of the mentioned above RECOVERY study, low-dose dexa-
methasone is beneficial for severely ill patients with COVID-19 who are
on supplemental oxygen or ventilatory support [67]. However, adverse
effects (including secondary infections) were not reported in this study.
In some other studies corticosteroid use is associated with increased
mortality in patients with SARS-CoV-2 pneumonia [92]. The efficacy of
corticosteroids was suggested in SARS, MERS and H1N1 influenza, but
later larger studies and systematic reviews showed either increase in
viral load, no efficacy or harmfulness [93]. Regardless, if HLH, which is
a specific type of CSS, develops, etoposide-based protocol including
dexamethasone (which is the standard of care for secondary HLH) has
been reported to be of value in severe influenza A/HIN1 [94]. In
addition, currently, low-dose corticosteroids (e.g. hydrocortisone 50 mg
g6h) is recommended for treatment of refractory septic shock in patients
with severe influenza [3].Despite the results of a recent meta-analysis of
observational studies of corticosteroids in influenza which found an
association with increased mortality, completed randomized trials on
this issue are absent and urgently needed, because there were important
concerns regarding the risk of bias in observational studies [95]. While
the use of corticosteroids in viral pneumonia is controversial as they are
known to cause prolonged viral shedding, prolonged shedding of
influenza virus was observed in high-dose but not in low dose cortico-
steroid therapy [96]. In accordance with these findings, it was low-dose
dexamethasone that reduced deaths in patients with COVID-19 in RE-
COVERY study [67]. It was also reported that low-dose corticosteroid
therapy does not delay viral clearance in patients with COVID-19 [97].
Therefore, the role of low dose adjuvant corticosteroids for patients with
severe influenza, which have already shown some promising results
among patients with Paoy/Fio, less than 300 mmHg, is of great interest
[3]. Comparing with synthetic disease modifying antirheumatic drugs,
biologic ones that target cytokines specifically block one element of the
immune system (which is related to the hyperinflammatory state) while
leaving remaining components unmanipulated [73] and therefore might
be a better choice in severe respiratory viral infections. IL-6 inhibitor
tocilizumab is approved by Food and Drug Admiistration (FDA) and
European Medicines Agency (EMA) for patients with chimeric antigen
receptor T cell treatment associated cytokine release syndrome. The
results of observational studies of this drug in the patients with severe
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COVID-19 are encouraging [70-72,87,98]. However, anti-IL6 therapy,
to our knowledge, has not be studied in influenza infection-induced
cytokine storm syndrome yet. One could suggest the efficacy of the
IL6 inhibitor in these settings based on the positive experience of its
application in COVID-19 and a small case series of 10 patients with ju-
venile idiopathic arthritis who experienced influenza, which showed
that tocilizumab reduced inflammation associated with influenza and
resulted in mild symptoms during the infection compared with the
control group of patients treated with conventional immunosuppressive
agents without biologics [99]. At the same time, it is important to
remember even with specific immunomodulatory therapy targeting the
innate immune response that it plays a key role in the early stages of
viral infection. Lack of IL-6 or IL-6R signals, for example, leads to an
impaired clearance of the influenza virus in vivo, emphysema-like
destruction of the lung and, ultimately, death of the laboratory ani-
mals [100]. Regarding COVID-19, despite promising results of obser-
vational studies, recently published results of three two randomized
control trials (RCT) as well as preliminary results of another two RCT are
conflicting and overall discouraging [101-104]. Differences in mortality
attributable to tocilizumab at day 28 or 30 were not observed across all
randomized trials. But 2 of the 5 trials reported evidence of efficacy,
particularly related to the risk of mechanical ventilation [102].
Another anti-cytokine agent which showed promising results in
COVID-19 pneumonia in case series, retrospective and prospective
studies is the IL-1 inhibitor anakinra [105-107]. The efficacy of inhi-
bition of IL-1 in patients who received anakinra was reflected by the
significant reduction in IL-6, CRP, LDH, and D-dimer levels in the ana-
kinra group compared with the controls. While the majority of studies
included patients with obvious hyperinflammatory state according to
the laboratory parameters, the authors of the recently published pro-
spective study emphasized, that the treatment effect of anakinra was
likewise noted in patients with and without demonstrable hyper-
inflammation (CRP > 150mg/L, or IL-6 > 60pg/mL, or ferritin
>1500pg/L) and was seen only in patients without advanced respiratory
failure (i.e. who did not require non-invasive ventilation) [107].
Optimal timing of the therapy and optimal cutoffs of the laboratory
markers which does not underrecognize early hyperinflammation are
very important, as discussed above, and merit further study. Although
there is also no data on the use of anakinra in influenza-induced cytokine
storm syndrome, high concentrations of IL-1f in the lung and sera are
associated with severe and fatal influenza A virus infections in humans
[108]. Probably, anakinra, a recombinant IL-1 receptor antagonist,
might help to neutralize the severe influenza-related hyperinflammatory
state. Some other biologic drugs have been considered for the treatment
of COVID-19 and are currently evaluated in the clinical trials. Several
trials has been launched to determine the therapeutic effect of eculizu-
mab, which is a complement inhibitor targeting C5 activation, in
pneumonia associated with COVID-19 [6]. The blockage of complement
components can prevent ARDS and reduce systemic inflammation [6]. It
was shown in 2013 that inhibition of C5 activation in a murine model of
influenza A infection results in a significant inhibition of neutrophil and
macrophage infiltration in the airways, neutrophil extracellular traps
formation, death of leukocytes, lung epithelial injury and overall lung
damage induced by the infection [109]. The same decrease in systemic
inflammatory response in the infected lungs have been observed in A
(H7N9)-infected monkeys that received anti-C5a treatment [3]. These
findings suggest that targeting C5 activation could be a promising
approach to reduce excessive inflammatory reactions associated with
severe forms of influenza A infection [109]. One more promising ther-
apy for the cytokine storm syndrome in respiratory viral infections is
therapeutic plasma exchange, which can remove harmful mediators
from the bloodstream. There are some available data to suggest that this
strategy can stabilize and promote recovery in patients with severe
COVID-19 [110]. Regarding influenza infection, there are only a couple
of clinical case reports of plasmapheresis in pediatric patients with se-
vere influenza. All the clinical case reports showed that plasmapheresis
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was effective, but because of the very small number of subjects, this
evidence is insufficient and a large-scale prospective randomized
controlled study is warranted [111]. Search for the COVID-19 drugs
continues. Previous experience with influenza infection could provide
some ideas for drug testing. One example is adamantane derivates. In
1976, amantadine was developed for the treatment of influenza HIN1;
however, this drug is not recommended for the treatment of influenza,
because it mutates and loses sensitivity to the drug [112]. A small
observational study of amantadine in COVID-19 gave some promising
results [112]. The potential utility of memantine and other adamantane
derivatives in COVID-19 has been recently discussed. Despite being
known as a medication used to treat moderate-to-severe Alzheimer’s
disease, memantine decrease not only neuroinflammation but also pul-
monary inflammation in rat models and has anti-inflammatory effects in
the human microvascular endothelium [113]. Furthermore, it has been
recently shown that memantine inhibits E protein of SARS-CoV2 — an ion
channel and therefore the essential component of the virus [114].
Tanner et al. showed in 2005 that a class of other adamantane derivates
named bananins, inhibited the replication of SARS-CoV in cell culture by
inhibiting the helicase ATPase activity [115]. However, it is increasingly
recognized that antiviral monotherapy for moderately to severely ill
patients admitted to hospital with COVID-19 is not enough and combi-
nation therapy with antivirals and immunomodulators for severe
COVID-19 should be a priority for ongoing and future clinical trials
[116].

7. Conclusion

CSS represent a heterogeneous group and the mechanisms behind its
certain subtypes (macrophage activating syndrome, HLH, cytokine
release syndrome) are still not fully understood [117]. CSS in severe
respiratory viral infections seems to have a common pathogenesis of the
imbalanced immune response with the exaggerated inflammatory re-
action combined with the reduction and functional exhaustion of the key
players of the adaptive immunity, namely T cells. Some of the recently
approved biologic anti-rheumatic drugs may prove to be strong allies in
the fight against COVID-19 as they can precisely target the key steps of
the dysregulated immune response [118]. This strategy could not be
applied to SARS with the outbreak in early 2000s, and we could have not
identify any observational studies done so far or case series that
described the use of biologic immunomodulatory drugs in severe cases
of other respiratory viral infections, particularly in severe influenza
infection and MERS. In this review we suggest that based on the simi-
larities of the immune dysfunction in the severe cases of different res-
piratory viral infections (mainly influenza infection and COVID-19),
some lessons from the immunomodulatory therapy of COVID-19
(particularly regarding the selection of patients for this kind of ther-
apy, optimal time window for this therapy and the choice of an immu-
nomodulatory drug) could be applied for some cases of severe influenza
infection and probably for some future outbreaks of novel severe res-
piratory viral infections.
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