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Immune response

The viral infection by SARS-CoV-2 has irrevocably altered the life of the majority of human beings, challenging
national health systems worldwide, and pushing researchers to rapidly find adequate preventive and treatment
strategies. No therapies have been shown effective with the exception of dexamethasone, a glucocorticoid that
was recently proved to be the first life-saving drug in this disease. Remarkably, around 20 % of infected people
develop a severe form of COVID-19, giving rise to respiratory and multi-organ failures requiring subintensive
and intensive care interventions. This phenomenon is due to an excessive immune response that damages pul-

monary alveoli, leading to a cytokine and chemokine storm with systemic effects. Indeed glucocorticoids’ role in
regulating this immune response is controversial, and they have been used in clinical practice in a variety of
countries, even without a previous clear consensus on their evidence-based benefit.

1. Introduction

The ongoing pandemic of Coronavirus Disease 2019 (COVID-19),
caused by the novel Severe Acute Respiratory Syndrome-Coronavirus
(CoV)-2 (SARS-CoV-2), was declared a Public Health Emergency of
International concern on January 30, 2020 by the World Health
Organization (WHO'™). One month before, pneumonia of unknown
origin was detected in Wuhan, China, and was first reported to the
WHO Country Office in China. This viral infectious disease is char-
acterized by a high mortality, principally caused by a respiratory failure
due to a severe cytokine and chemokine storm, an exaggerated immune
response of the host aimed at preventing the invasion of the pathogen.
Such a strong reaction is considered responsible for the pathogenesis of
the host tissue damage (i.e., of pulmonary alveoli and of pro-in-
flammatory systemic effects), leading to the principal severe clinical
manifestations of COVID-19 (i.e., respiratory and multi-organ failure

(MOF)).

Indeed, around 20 % of infected patients develop an Acute
Respiratory Distress Syndrome (ARDS) [1,2] (Fig. 1), which is thought
to be linked to the massive release of pro-inflammatory cytokines (i.e.,
interleukin (IL)-1f [IL-1B], IL-2, IL-6, IL-7, IL-8, tumor necrosis factor-a
[TNF-a]) and chemokines (C-X-C motif ligand 10 [CXCL10] and CC
motif ligand 2 [CCL2]), further giving rise to MOF [3,4]. Risk factors for
the development of ARDS in COVID-19 were: older age, neutrophilia,
organ dysfunction and coagulation dysfunction [5]. The entire phe-
nomenon is named Cytokine Release Syndrome (CRS), or Systemic In-
flammatory Response Syndrome (SIRS), or Secondary haemophagocytic
lymphohistiocytosis (SHLH). The management of this cytokine and
chemokine storm during COVID-19 represents a crucial and con-
troversial point [6], considering that the use of immune suppressive
drugs such as glucocorticoids (GCs) can either inhibit the tissue damage
and at the same time curb the cell-mediated immunity (i.e., reducing

Abbreviations: ARDS, Adult Respiratory Distress Syndrome; CAP, Community Acquired Pneumonia; CCL2, CC motif ligand 2; COVID-19, Coronavirus Disease 2019;
CRS, Cytokine Release Syndrome; CXCL10, C-X-C motif ligand 10; DX, dexamethasone; GC, glucocorticoid; GCR, glucocorticoid receptor; GM-CSF, Granulocyte
Monocyte-Colony Stimulating Factor; ICU, Intensive Care Unit; IL, interleukin; IV, intravenous; MERS-CoV, Middle East Respiratory Syndrome Coronavirus; MP,
methylprednisolone; MOF, multi-organ failure; O,, oxygen; RCT, Randomized Controlled Trial; SARS-CoV-2, Severe Acute Respiratory Syndrome-Coronavirus-2;
SHLH, Secondary haemophagocytic lymphohistiocytosis; SIRS, Systemic Inflammatory Response Syndrome; TNF-a, tumor necrosis factor-a; ULN, upper limit of

normal; WHO, World Health Organization
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Fig. 1. Physiology and pathophysiology of pulmonary alveoli during SARS-CoV-2 infection.

(A) Anatomy and physiology of healthy pulmonary alveoli, representing small air spaces in the lungs where carbon dioxide leaves and oxygen enters the blood.
During inhalation air enters the lungs, travels through bronchi, bronchioles and then flows into approximately 300,000,000 alveoli. During exhalation, the carbon-
dioxide-laden air is forced out of the alveoli through the same passageways. (B) Pathophysiology of pulmonary alveoli during SARS-CoV-2 infection. Infection of the
novel Coronavirus, named SARS-CoV-2 creates an epithelial damage, followed by an immune response that is generated by a cytokine and chemokine release. This
could lead to immune cell activation that might give rise to either resolution and severe COVID-19 with the consequent development of ARDS and of multi-organ
failure. (C) Severe COVID-19: immune biological aspects. A sustained cytokine storm generates an inflammation that causes damage to the alveolar epithelium,
giving rise to ARDS, shock, kidney injury, other organ failure and secondary infection.

Legend: ARDS: Adult Respiratory Distress Syndrome; CCL: C-C motif chemokine ligand; CXCL: C-X-C motif chemokine ligand; CO,:carbon dioxide; COVID-19:
CoronaVirus Disease-19; GC: glucocorticoid; GM-CSF: granulocyte-monocyte colony stimulating factor; IL: interleukin; TNF: tumor necrosis factor.

antigen presentation, lymphocyte proliferation, etc.) (Fig. 1) [7].

Aims of this narrative review are: to provide a brief synthesis of the
rationale for GC use in the management of patients with COVID-19,
their principal pharmacological characteristics, their role and the on-
going clinical trials in this setting.

2. Glucocorticoids and COVID-19

Faced with the complex scenario of severely ill patients with
COVID-19, a variety of protocols employing complementary treatments
(i.e., anti-viral, anti-malarial and anti-rheumatic agents, serine protease
inhibitors, IL blockers and low-molecular-weight heparin (LMWH) [8])
have been developed in various countries, some of them using GCs for
the treatment of hospitalized patients with phase IIb-III COVID-19
[9,10] (Fig. 2). The crucial point here is that GCs might be helpful in
preventing the alveolar/pulmonary damage induced by the cytokine
and chemokine storm. Although GCs are used in this situation as im-
mune suppressants (i.e., leading to an inhibition of cytokine produc-
tion), they potentially cause delay in the clearance of the virus and
impair lymphocyte proliferation, etc. [10,11] (Fig. 1). Nevertheless, in
the past, GCs have been used in the management of ARDS caused by
Middle East Respiratory Syndrome (MERS)-CoV[12] and SARS-CoV
[13], both characterized by a histological pulmonary inflammation and
by a diffuse alveolar damage [14] (Fig. 1). However, there was no
consensus in the literature that the treatment with GCs could be ben-
eficial in the management of COVID-19, considering the potential delay
in the clearance of the virus, but also the increase of the risk of sec-
ondary infections and adverse effects (i.e., hyperglycemia, psychosis,
and avascular necrosis), and considering that the effects on patients’
outcome were not that clear [8,12,13,15]. Recently, results from a

randomized trial were publicly announced, revealing that low dose
dexamethasone (DX) helped save the lives of seriously ill patients with
COVID-19™1, cutting the risk of death by a third for patients on ven-
tilators and by a fifth for those on oxygen (O,) therapy.

3. Glucocorticoids: principal mechanisms of action

The mechanisms of action of GCs are characterized as: 1) genomic
and 2) non-genomic, as summarized in Fig. 3. The genomic mechanism
of action is mediated by the GC receptor (GCR) that generates the
majority of anti-inflammatory and immunosuppressive effects. GCR is
localized within the cytoplasm, and the complex generated after its
binding with the GC translocates into the nucleus, where it inhibits the
transcription of the genes involved in the activation of leukocytes and
in the regulation of the function of epithelial, stromal and endothelial
cells [16,17]. This generates a reduction of pro-inflammatory cytokines,
chemokines, and molecules of cellular adhesion and of other enzymes
that are involved in the inflammatory response. Specifically, the effects
are: a reduction of the recruitment of white blood cells (including
monocytes-macrophages but excluding neutrophils) into affected areas,
further inhibiting the release of chemotactic signals and the expression
of cytokines regulating the function of macrophages, endothelial cells,
lymphocyte activities (i.e.: IL-1, IL-2, IL-3, IL-6, TNF-a and granulocyte
monocyte-colony stimulating factor (GM-CSF)) and fibroblast pro-
liferation. Further, release of histamine from basophils is impaired.

The non-genomic mechanism is more rapid and is mediated by the
interactions with the cytoplasmic GCR or with the membrane GCR [18].
Within a few seconds or minutes after GC binding to GCR, a cascade of
effects is activated, including the inhibition of phospholipase A2. This
phenomenon is mediated by an increased synthesis of lipocortin-1,
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Fig. 2. Severity and phases of COVID-19.

HOSPITAL (A) COVID-19 severity: frequency of degrees of

T clinical manifestations in a Chinese cohort
(> 44.000 patients) (ref: Wu Z. et al., 2020). (B)
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generating an impaired release of arachidonic acid followed by a de-
creased production of prostaglandins, leukotrienes and platelet acti-
vating factor [16,18].

In addition to the immunosuppressive effects on the proliferation of
B and T lymphocytes, as well as the inhibition of monocyte function,
high concentrations of GCs reduce complement levels [18,19]. Overall,
GC anti-inflammatory and immunosuppressive activity influence the
concentration, distribution and function of peripheral leukocytes, with
an impairment of the activity of B and T lymphocytes and an increase in
the number and activity of neutrophils, whereas in macrophages a re-
duction of the arachidonic acid metabolites like prostaglandins, leu-
kotrienes and platelet activating factor is observed.

4. Glucocorticoids: treatment of COVID-19

Table 1 summarizes the protocols of GC employed in the treatment
of COVID-19 patients.

Overall, it was not clear whether patients diagnosed with COVID-19
could take advantage or might be harmed by the use of GCs [15]. At the
beginnning, WHO did not recommend GCs in this setting'!, considering

G
\C
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|INFLAMMATION

)

|SYNTHESIS OF PROTEINS
| SYNTHESIS OF CYTOKINES

Fig. 3. Mechanisms of action of synthetic glucocorticoids (GC).
(A) Genomic mechanism. (B) Non-genomic mechanism.

the available evidence in the literature, arising from non-randomized
studies conducted on patients with MERS that revealed a prolonged
viral clearance, without influencing or positively impacting the clinical
outcome [12]. Nevertheless, WHO considered it a priority to wait for
results from randomized controlled trials (RCT) on the use of GCs, since
these drugs might represent complementary treatments potentially
useful to save human lives during the COVID-19 pandemic in the fu-
ture'. The recently announced results from the RCT on DX will
probably change the future scenarios™’.

In some patients affected by SARS-CoV-2-linked pneumonia, the
development of an ARDS, potentially responsive to GCs, has been ob-
served. Indeed, a study published in the Journal of American Medical
Association has shown favorable data on the use of methylprednisolone
(MP), revealing that it might be beneficial in terms of mortality
(=mortality reduction: 62 %) [5].

In China MP was employed in hospitalized patients with severe and
critically ill stage III, with persistent fever (temperature > 39 °C), with
peculiar radiological manifestations in Computerized Tomography
scans and with IL-6 levels > 5 ULN (Table 1).

In Italy, the use of GCs was not clearly recommended by the official
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Legend: GC: glucocorticoid; GCR: glucocorticoid receptor; mRNA: messanger RNA; TF: transcription factor.
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guidelines of the principal scientific societies that are involved in the
management of COVID-19 patients (i.e., infectious disease!®!, anesthe-
siology'?, pneumology'®, and internal medicine™). Nevertheless, the
use of DX is suggested for the supportive treatment of patients with
confirmed ARDS by an online vademecum published by the SIMIT
(Italian Society of Tropical and Infectious Diseases'!) in the region of
Lombardy (the most affected region by COVID-19 in Italy) [20], and
also by the recommendations of the Italian National Institute for the
Infectious Diseases “L. Spallanzani”, that, as alternative treatment, also
suggests the use of MP [21]. Further GCs are used in some Intensive
Care Units (ICU), on the basis of the positive results from RCT on pa-
tients with severe Community-Acquired Pneumonia (CAP) [22]. In-
deed, a number of RCT demonstrated that a prolonged treatment with a
moderate dose of GCs, by downregulating the systemic and lung in-
flammation, is essential for increasing the speed of the resolution of the
disease and for restoring tissue homeostasis [23,24].

In United States (US), the use of MP is considered for salvage
therapy for the critical care teams, as a part of the standard of care (i.e.,
for an asthma or chronic obstructive pulmonary disease exacerbation,
or shock with history of chronic steroid usel™).

In United Kingdom, GCs were not recommended and a RCT named
RECOVERY (EudraCT number: 2020—001113-210"), is testing a
variety of drugs, including single agent low dose DX, whose positive
results were recently announced™ (Table 1).

5. Ongoing clinical trials

To date > 1300 trials for COVID-19 have been recorded on
ClinicalTrials.gov and currently 35 studies explore the use of GCs alone
or in association with other drugs for the treatment of patients with
SARS-CoV-2 infection (cut-off date: May 10, 2020).

All these studies involving GCs are currently ongoing, with the ex-
ception of: 1) a Chinese trial that was permanently suspended because
the epidemic of COVID-19 in China (NCT04273321); 2) the
NCT04244591 study from Beijing, which started on January 2020 and
concluded the final data collection on April 13, 2020) and a 3) recently
completed US observational retrospective trial which intends to study
the role of early use of MP in the hospitalized patients with a diagnosis
of COVID-19 pneumonia (NCT04374071). However, due to the extreme
pace and complexity of this disease, no results are yet available from
these studies.

Table 2 summarizes the main clinical trials using GCs as single agent
therapy for the treatment of COVID-19 in at least one of their treatment
arms.

Considering the 27 studies listed in Table 2: 13 trials are currently
recruiting, 10 are not yet recruiting, 2 are completed, 1 is suspended,
and 1 is enrolling by invitation. Most of these studies are phase II
( = 10), followed by 7 phase III, 4 phase IV, 2 phase II/III, 2 observa-
tional and 1 phase I/II trials. No classification was provided for one
study (NCT04344730). Almost all of the trials cited in Table 2 are
randomized except for the 2 aforementioned observational studies
(NCT04278404, NCT04374071) and 2 non-randomized trials
(NCT04355247, NCT04323592); only 1 study is retrospective
(NCT04374071). Monotherapy with GC was tested as an experimental
arm in 23 trials while GCs were used as standard control arm in the
remaining 4 studies.

The most commonly used GCs are: intravenous (IV) MP, followed by
IV DX, IV hydrocortisone and prednisone administered per os.
Interestingly, inhaled steroids such as budesonide and ciclesonide are
also tested in 4 and 3 trials respectively.

Specifically, IV GCs are being tested mainly in moderate or severe
cases of COVID-19 (i.e. young and adult patients requiring non-invasive
ventilation, O,-dependent disease, subjects needing invasive intubation
with mechanical ventilation for moderate/severe ARDS or immediately
life-threatening patients admitted to ICU for acute hypoxemic re-
spiratory failure and at high risk for cytokine/chemokine storm
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complications), while inhaled steroids are tested in cases of mild dis-
ease, mainly for rehabilitation of hyposmia/anosmia that arose im-
mediately after the upper respiratory COVID-19 infection or in patients
with moderate symptoms, with the aim to reduce the need for O,
supplementation.

The remaining studies that have not been included in Table 2
evaluate GCs in association with other drugs as combinational therapies
for the treatment of patients with SARS-CoV-2 infection. NCT04371601
is an early phase I randomized trial which explores the addition of
umbilical cord mesenchymal stem cells to conventional treatments such
as anti-viral, GCs and O, therapy versus the above-mentioned symp-
tomatic therapies for patients with severe COVID-19 pneumonia. A
French multicenter, randomized phase III trial (NCT04347980) is
evaluating DX plus hydroxychloroquine in comparison to hydroxy-
chloroquine alone for the treatment of SARS induced by COVID-19.

Intriguingly, the COPERNICO study, a prospective, multicenter,
randomized, open-label, phase II trial (NCT04335305), is assessing the
efficacy of tocilizumab combined with pembrolizumab compared to
standard care with GC, tocilizumab, virally targeted agents, chlor-
oquine or hydroxychloroquine and supplemental O, in adult patients
with COVID-19 pneumonia and bad prognostic factors who are non-
responsive to frontline therapy within 48 h from treatment initiation.

The inhaled steroid budesonide in combination with the B2 agonist
formoterol is under investigation in 2 randomized phase III trials
(NCT04331470 and NCT04331054) with the aim to prevent an ex-
cessive local immune reaction in the respiratory system.

MP in association with immunosuppressive drugs such as tacrolimus
and thalidomide is being tested in a phase III (NCT04341038) and a
phase II (NCT04273581) trial, respectively, in patients at high risk for
cytokine storm development.

Finally, the REMAP-CAP (Randomized Embedded Multifactorial
Adaptive Platform Trial for CAP) is an adaptive research platform for
the evaluation of multiple treatment modalities in the event of a re-
spiratory pandemic resulting in critical illness, that has set-up a sub-
platform called “REMAP — COVID” (NCT02735707) for the evaluation
of specific treatments for COVID-19. In particular, the aim of this study
is to assess the effect of a range of interventions including hydro-
cortisone to improve the outcome of patients with SARS-CoV-2 infec-
tion admitted to ICU.

6. Conclusions

Synthetic GCs represent a well-known, cheap, widely available and
easily manageable class of drugs used in a variety of settings, particu-
larly for their immunosuppressive activities. In this review, we have
synthesized their principal mechanisms of action and their putative
roles in limiting an exaggerated immune response starting in the lung
alveoli of 20 % of patients that develop COVID-19.

Despite a previous lack of evidence of a clear benefit for patient
survival outcomes, GCs have been used in clinical practice for the
management of COVID-19 hospitalized patients, for their hypothetical
benefit on respiratory function and consequently their potential effect
on reducing the number of patients requiring invasive procedures (i.e.,
ventilation or intubation). Indeed, in such a health emergency situation,
clinicians have employed GCs as an “accepted” therapy, for their rea-
sonable expectation of success in the treatment of individual patients™’.
Thus, GCs have been administered according to physician’s judgment,
based on the patient’s best interest. To this end, the use of these im-
munosuppressive drugs has been considered reasonable despite the risk
of developing adverse events and that of delaying the clearance of the
virus, the resolution of the respiratory failure being the biggest issue in
the phases IIb and III of COVID-19 patients. This intervention was
reasonable when treating an individual patient, particularly when fa-
cing with the lack of effective drugs that had been proven to be effective
in this disease at the beginning of the Public Health Emergency. Thus
physicians were ethically allowed to use an unproven intervention if
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they judged it helpful for saving lives, re-establishing health and alle-
viating suffering (Declaration of Helsinki™). However, this approach
does not apply to the main purpose of research, which requires testing a
hypothesis, giving rise to new generalizable knowledge'™. A step for-
ward would be represented by the publication of the results of the
RECOVERY RCT™!, revealing a death risk reduction for patients on
ventilators and on O, therapy treated with low dose DX.

Further, considering that in most of the institutions, GCs have been
given in association with other complementary compounds, such as
anti-viral, anti-malarial and anti-rheumatic agents, serine protease in-
hibitors, IL blockers, and LMWH, it is difficult to evaluate whether the
benefits for patients are associated with single versus the combination
of all these drugs.

In a situation of Public Health Emergency with such a severe life-
threatening infection, it had been very hard to plan and wait for results
from RCT (i.e., will it be ethically correct to exclude patients from GC
treatment?), rendering it a priority to employ drugs that support the
vital functions of sick people rapidly. Other issues related to starting
clinical trials in this context we acknowledge: 1) the choice of the
treatment (old and manageable drugs with well known safety profiles
are preferably used with respect to new treatments; but will these old
drugs will be administered at the same doses? Or at different doses and
treatment schedules?); 2) the selection of patients (at which stage of the
disease? In seriously ill versus those with low/mild symptoms? Will
seriously ill patients be able to provide an informed consent? Will re-
latives be allowed to do that, also considering the rules of prevention of
the spread of this infection?); 3) clinical trial design: the ideal setting
would be double blinded RCT, but is there time to produce an adequate
placebo for the standard treatment arm? Will the design of the trial be
feasible once the number of cases will diminish during the course of the
epidemic™?

Moving to clinical practice, hopefully in the near future, when the
incidence and prevalence of the disease decreases, the diagnosis of
SARS-CoV-2 infection would be performed at earlier stages, the ex-
pertise in the management of the disease will be increased, observations
from retrospective analyses and results from clinical trials will be much
more numerous, researchers will have clearer ideas on which topics and
questions still need to be more clearly addressed.
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