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ABSTRACT

COVID-19, the syndrome caused by the infection

with SARS-CoV-2 coronavirus, is characterized, in its
severe form, by interstitial diffuse pneumonitis and

acute respiratory distress syndrome (ARDS). ARDS and
systemic manifestations of COVID-19 are mainly due

to an exaggerated immune response triggered by the
viral infection. Cytokine release syndrome (CRS), an
inflammatory syndrome characterized by elevated levels
of circulating cytokines, and endothelial dysfunction are
systemic manifestations of COVID-19. CRS is also an
adverse event of immunotherapy (IMTX), the treatment of
diseases using drugs, cells, and antibodies to stimulate or
suppress the immune system. Graft-versus-host disease
complications after an allogeneic stem cell transplant,
toxicity after the infusion of chimeric antigen receptor-T
cell therapy and monoclonal antibodies can all lead to
CRS. It is hypothesized that anti-inflammatory drugs used
for treatment of CRS in IMTX may be useful in reducing
the mortality in COVID-19, whereas IMTX itself may help
in ameliorating effects of SARS-CoV-2 infection. In this
paper, we focused on the potential shared mechanisms
and differences between COVID-19 and IMTX-related
toxicities. We performed a systematic review of the
clinical trials testing anti-inflammatory therapies and of
the data published from prospective trials. Preliminary
evidence suggests there might be a benefit in targeting
the cytokines involved in the pathogenesis of COVID-19,
especially by inhibiting the interleukin-6 pathway. Many
other approaches based on novel drugs and cell therapies
are currently under investigation and may lead to a
reduction in hospitalization and mortality due to COVID-19.

INTRODUCTION

COVID-19 is a recent global public health
catastrophe with substantial mortality and
morbidity across the globe, caused by a
novel beta coronavirus popularly known as
SARS-CoV-2. SARS-CoV-2 has infected over
144 million people and caused approximately
3 million deaths globally, as of April 22, 2021."
The most prominent clinical manifestation
of SARS-CoV-2 infection is acute respiratory
distress syndrome (ARDS), which is also the
primary cause of admission to intensive care
units (ICUs). The viral replication and the
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inflammatory events occurring within the
lung are also thought to be critical for initi-
ating many other extrapulmonary manifesta-
tions of COVID-19. SARS-CoV-2 RNA has been
isolated from many organs and virtually all
body fluids.” COVID-19 is often characterized
by extrapulmonary involvement and signs of
systemic inflammation, potentially leading
to multiorgan failure and death.”* Interest-
ingly, even after SARS-CoV-2 is controlled or
cleared, patients remain in the hospital with
inflammatory cytokines elevated and with
elevated inflammatory cytokines and ongoing
pulmonary damage.*

Immunotherapy (IMTX), defined here
as any treatment using drugs, immune cells
or antibodies to stimulate or suppress the
immune system, is an emerging field in cancer
therapy and infectious diseases.”® IMTX has
produced impressive response rates in select
patients with relapsed and refractory cancers;
however, the toxicity profile of some of these
approaches, such as chimeric antigen recep-
tor-T cells (CAR-T cells), still represents a
major limitation in their widespread use.” A
potentially fatal complication after IMTX is a
condition referred to as ‘cytokine storm’ or
‘cytokine release syndrome’ (CRS), charac-
terized by fever, hypotension, and respiratory
failure in the presence of elevated cytokine
and inflammatory markers.® Many drugs
have been successful in the treatment of CRS
after IMTX, and many serologic markers are
currently available to confirm the diagnosis
and to monitor the therapeutic response.
Systemic manifestations of COVID-19 and
toxicity following IMTX may share similar
pathophysiologic mechanisms. Therefore,
the management of IMTX-related toxicities
could be used as a paradigm for treating
COVID-19 complications, and IMTX may
have a potential role in the treatment of
SARS-CoV-2 infection. In this review, we will
compare these two clinical scenarios and
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potential opportunities to leverage IMTX in treating
patients with COVID-19.

Pathways of inflammation in COVID-19 infection and
immunotherapy: parallels and differences

SARS-CoV-2 triggers severe inflammation initiated in the lung
SARS-CoV-2 recognizes the protein ACE2 expressed on
the surface of the epithelial cells of the respiratory tract.
The viral protein that mediates the adhesion and the
recognition of ACE2 is the spike protein.” After initial
replication of the virus in the upper respiratory tract, viral
replication can spread to the lower respiratory tract and
cause pneumonia and ARDS. The majority of patients
hospitalized for COVID-19 infections present with
signs of pulmonary disease, including pneumonia and
ARDS." Early signs and symptoms of lung involvement
in SARS-CoV-2 infection are fever, tachypnea, low oxygen
saturation, shortness of breath, and dry cough."' Other
symptoms include dysphagia and coryza.'® A substantial
proportion of patients, ranging from 20% to 33%, require
admission to an ICU."”” ARDS is the most frequent cause
of admission to ICU and the major cause of mortality."*
Diffuse alveolar damage is the most common histologic
finding; the blood-air interface is damaged, resulting in
inflammation and thickening of the mucosa during the
acute phases of infection. Furthermore, microvascular
thrombosis and pleural effusion, two common post-
mortem findings, contribute to the COVID-19 acute respi-
ratory syndrome."” Similar pathology is seen in patients
receiving monoclonal antibodies (mAbs) targeting the
tumor microenvironment by engaging the receptors PD-1
and CTLA4, the so called ‘checkpointinhibitors’ (CPIs) 16
to revert T cell anergy induced by cancer cells. A rare
but significant side effect of CPI, especially nivolumab,
is severe inflammatory interstitial pneumonitis showing
clinical and radiologic features resembling lung involve-
ment in COVID-19."” The exact mechanism of CPI-
related pneumonitis is unclear, but it has been suggested
that pulmonary dendritic cells and macrophages are
immunologically regulated by PD-1 positive T cells.'® The
similarity between CPl-related pneumonitis and pulmo-
nary manifestations of COVID-19 could be explained by a
common pathway involving PD-1 and the toll-like recep-
tors (TLRs): in fact, the stimulation of TLRs on CD8+ T
lymphocytes decreases the expression of PD-1," and the
SARS-CoV-2 spike protein has been demonstrated to bind
to TLR and stimulate the production of inflammatory
cytokines.*

The role of endothelial dysfunction in COVID-19 and toxicities
after immunotherapy

From the initial stages, COVID-19 is accompanied by a
coagulopathy characterized by elevated levels of D-dimer
and fibrinogen, with minimal changes in prothrombin
time, activated partial thromboplastin time, and platelet
counts.” ** D-dimer levels at admission and their increase
throughout the hospitalization were both correlated with
higher mortality." ** ** Thrombosis is recognized as a

major cause of morbidity and mortality among patients
with COVID-19 as it occurs at all levels of the circulatory
system® **° and in intravenous catheters and extracorpo-
real circuits.”” The complement cascade is also activated
and contributes to microvascular damage and throm-
bosis.”® * The rates of thromboembolic complications
in critically ill patients with COVID-19 were shown to
be higher than in other patients hospitalized in ICU for
other causes,” despite the use of prophylactic anticoag-
ulation. SARS-CoV-2 infection outside of the respiratory
system seems to follow the abundance of ACE2 beyond
the respiratory tract; tropism to renal, myocardial, and
gastrointestinal tissues have been described,” likely
because endothelial cells in artery and veins throughout
the body express ACE2 on their surface.” The invasion of
lung endothelial cells by SARS-CoV-2 represents a crucial
point in the worsening of pneumonitis and the transmis-
sion to other organs. The resulting endothelialitis can
trigger excessive thrombin production in multiple organs
and inhibit fibrinolysis; the complement pathway is also
activated, leading to the deposition of microthrombi and
microvascular dysfunction.” As a result, the histopatho-
logic findings of this process are neutrophil extracellular
traps, fibrin deposits and/or microthrombi.”* Inflamma-
tion itself can be responsible for the procoagulative status
in COVID-19 as many proinflammatory cytokines are able
to activate the coagulation system. In vivo, high levels of
tumor necrosis factor (TNF-a), interleukin (IL)-6 and
IL-1 were detected in patients with acute inflammatory
conditions™ together with a hypercoagulable status,
sometimes evolving into diffuse intravascular coagula-
tion.™® Data from a preliminary study demonstrate that
SARS-CoV-2 may directly promote platelet adhesion and
aggregation.”” Therefore, a parallel can be drawn between
endothelial involvement in COVID-19 and post-CAR-T
toxicity. Hay et al reported increased levels of circulating
endothelial-derived factors, such as von Willebrand and
angiopoietin-2, as a sign of endothelial activation, and
they also found a correlation with subsequent develop-
ment of CRS.*

Systemic inflammation and CRS in COVID-19 and
immunotherapy

The propagation of the infection and the hyperinflam-
matory response observed in many individuals affected by
COVID-19 depend on the interplay between SARS-CoV-2
and cytokine production. During the first phases of infec-
tion, SARS-CoV-2 may antagonize the host’s interferon
(IFN) response™ and induce downregulation of the
expression of major histocompatibility complex class I
molecules on the surface of many cells.* This promotes
the escape of the virus from immune recognition and
delays its clearance. Lymphopenia is a common finding in
COVID-19 and may also contribute to uncontrolled viral
replication.” The accumulation of infected cells across
different tissues and the hyperstimulation of components
of the innate immune system may trigger inappropriate
production of cytokines, leading to CRS and causing
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further activation of the coagulation and complement
cascades. CRS may, in some cases of COVID-19, evolve
into hemophagocytic lymphohistiocytosis (HLH), a
severe multisystemic inflammatory syndrome character-
ized by a specific hyperactivation of macrophages, high
levels of circulating cytokines, hyperbilirubinemia, and
hemolysis, which is associated with high mortality.'” *'

CRS is a frequent complication of many immuno-
therapy approaches. Hematopoietic stem-cell transplan-
tation (HSCT) from familiar haploidentical donors can
be complicated by CRS, and CRS may occur in up to 90%
of patients receiving stem cells from peripheral blood.*
The transplantrelated inflammatory syndrome, graft-
versus-host disease (GVHD), occurs when donor-derived
T cells (the graft) recognize the recipient (the host) as
foreign.*> GVHD presents clinically as acute and chronic
(cGVHD) with an estimated incidence of 30%-50% and
40%, respectively.* ** Both forms can be localized or can
involve multiple systems and lead to CRS. HLH can be a
rare and fatal complication of HSCT, potentially related to
GVHD, triggered by other mechanisms such as persistent
Epstein-Barr virus reactivation.*

CAR-T cells, engineered to recognize tumor antigens
through a fusion protein comprised of an antibody-like
moiety and T cell-signaling domains,*® are frequently
associated with CRS. In most clinical trials of CAR-T cell
therapy for acute B-cell leukemia, the most common
severe toxicity was CRS with an overall incidence of 70%
and high-grade CRS reported in 15% of patients.*” In non-
Hodgkin’s lymphomas, CRS seemed to occur at a more
variable rate (24%-95%)." Fever is the most common
initial manifestation of CRS; others may include hypoten-
sion, cardiac involvement, dyspnea, hypoxia, and other
organ dysfunction.® Although post-CAR-T cell toxicities
can resolve spontaneously, most require treatment with
anti-inflammatory drugs, and severe cases require inten-
sive care.

Similarly to CAR-T cells, mAbs* and bispecific anti-
bodies, such as blinatumomab, can cause CRS.*»

Circulating cytokines as markers of disease severity and
response to therapies: similarities and differences between
COVID-19 and immunotherapy

Recent meta-analyses identified pathways of inflamma-
tory cytokines and chemokines, including IL-6, IL-1b,
and TNF-o, that were significantly elevated in patients
with severe COVID-19 and led to CRS.”' IL-6 plays an
important role in autoimmune diseases and is recognized
as a crucial proinflammatory cytokine.’® IL-6 exerts its
effects on cells expressing the functional IL-6 receptor
(IL-6R), such as T cells, B cells, monocytes, endothelial
cells, and hepatocytes.” IL-6 is essential for recovery from
multiple viral infections, but overproduction of IL-6 may
be detrimental to viral clearance and survival. The main
source of IL-6 during COVID-19 remains elusive; on
binding to IL-6R on the surface of target cells, the trans-
duction of the intracellular signal leads to the phosphory-
lation of the JAK/STAT3 axis.”* A number of publications

reported an association between increased IL-6 in periph-
eral blood and a severe response to SARS-CoV-2, defined
as ARDS, CRS, and extrapulmonary damage.” Post-
CAR-T CRS shows remarkably high serum concentrations
of many inflammatory cytokines, especially IL-6. In CAR-
T-related CRS, the release of IL-1 seems to precede that of
IL-6; therefore, targeting IL-1 might mitigate or prevent
CRS.” IL-6 production was also exhibited after treatment
of B cell malignanices with mAbs (rituximab)""4 and the
bispecific antibody blinatumomab.*”

In a cohort of 69 patients hospitalized with SARS-CoV-2
infection, serum IL-6 concentrations did show a correla-
tion with the severity of the pulmonary disease whereas
other cytokines such as IL-2 and 114 did not.”® A large
meta-analysis of 25 COVID-19 studies reports an esti-
mated mean for IL-6 concentrations of 36.7 pg/mL which
is nearly a 100-fold difference when compared with four
studies on CAR-T cell-induced CRS showing a mean IL-6
of 3110.5 pg/mL.>" A major limitation of the study may be
due to the heterogeneity in the assays used for measuring
IL-6 and of the timepoints at which the samples were
collected, even though biological differences between
COVID-19 and post-CAR-T toxicities are present. First, in
patients with COVID-19, IL-6 production is related either
directly or indirectly to the viral infection, even if no
direct correlation with the viral load has been confirmed,
whereas there is no underlying viral replication in patients
experiencing CRS after CAR-T cells. Furthermore,
IL-6 peaks are transient in CAR-T patients, especially if
controlled by therapy, whereas IL-6 levels remain high for
a long time in patients with COVID-19.* Thus, IL-6 may
represent both a biomarker and a potential therapeutic
target for patients hospitalized with COVID-19, which is
an attractive concept in the absence of alternative direct-
acting antiviral strategies. Proposed clinical cut-off values
for IL-6 in this setting have started to emerge, although
the sample size of the already published studies is still
relatively small.”

Other markers including TNF-o,, and IFN-y, and
the soluble IL-2 receptor were comparatively lower
in COVID-19 than in CAR-T toxicity.”' Despite their
relatively lower serum levels, a recent study showed
a potential benefit in early blockage of TNF-o/IFN-y
axis in COVID-19.” In another study, combined TNF-o.
and IL-6 levels at the moment of hospitalization for
COVID-19 were proposed as an early predictive marker
of mortality.4 Ferritin, a marker of macrophage acti-
vation, increases substantially in patients with severe
CAR-T-related CRS and was also found to be elevated in
COVID-19.”!

In summary, despite the differences in the pathophys-
iology and in the mean serum levels of some cytokines,
COVID-19 shares the elevation of IL-6 with CRS due to
CAR-T infusions and, in general, shows an inflamma-
tory profile more similar to IMTX-related CRS than to
systemic inflammation of other causes.
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Immune-related effects of COVID-19 and immunotherapy on
the central nervous system and other organs

Similar to other infections with respiratory coronavi-
ruses, COVID-19 has shown multiple neurological mani-
festations.”® In an analysis of 214 patients with severe
COVID-19, the incidence of neurologic symptoms was
approximately 30%. Various non-specific mild neuro-
logical symptoms were reported in up to 40% of hospital-
ized patients with COVID-19.*® While direct invasion of
the central nervous system (CNS) and microthrombosis
play a role in the neurologic complications, immune
dysfunction and increased cytokine production can also
contribute to CNS damage.%_68 The suggested mech-
anisms related to CNS damage in COVID-19 have also
been recognized as a typical immune-mediated complica-
tion of CAR-T cells and is referred to as immune effector
cell-associated neurotoxicity syndrome (ICANS), which
occurs in up to 65% of patients.* " In ICANS, cytokines
cause an alteration of the blood-brain barrier.”" Most
cases of neurotoxicity and CRS are reversible with targeted
treatment and supportive care. Rituximab, an anti-CD20
antibody used in the treatment of B cell lymphomas, can
cause posterior reversible encephalopathy, a rare clin-
ical condition manifesting with headache, altered level
of consciousness, convulsions, visual loss, and reversible
cerebral edema visible on brain MRI.*

Finally, similar to many other viruses, systemic manifes-
tations of COVID-19 due to involvement of the gastroin-
testinal system, liver, kidneys, heart, endocrine system, and
the skin are reported relatively frequently.” 275 COVID-19
can also cause a systemic inflammatory syndrome similar
to some autoimmune diseases.”’ Although a limited
proportion of all patients with COVID-19 worldwide are
under the age of 15 years, several reports from European
and US groups have reported cases of children with a
severe inflammatory syndrome similar to Kawasaki disease
or toxic shock syndrome.™

What we have learned from immunotherapy that can be used
for treating COVID-19

A detailed description of the methods that we used for
performing this search is outlined in online supple-
mental 1. Table 1 shows a list of the treatments and targets
currently under investigation for COVID-19.

Cellular immunotherapy for COVID-19

Cellular immunotherapy may be used in treating
COVID-19 by either targeting virus-infected cells or
modulating the inflammatory pathways leading to CRS.
However, no studies have reported treatment with SARS-
CoV-2-specific T cells to date. T cell clones specifically
recognizing SARS-CoV-2 were identified from conva-
lescent patients and their use was proposed for the
prevention or early treatment of SARS-CoV-2 infection
in immunocompromised patients with blood disorders
or after bone marrow transplantation.”” Banks of allo-
geneic, third-party ‘off-the-shelf” T cell products could
be considered for timely administration of CAR-T cells,

but much remains unknown about safety and efficacy of
this approach at this time, with primary concens for trig-
gering or worsening CRS or ICANS. An alternative tech-
nique to redirect the immune system toward antigens
of interest involves the use of T cells carrying an engi-
neered tumor-recognizing T cell receptor (TCR). TCR-
engineered T cells have shown efficacy in solid tumors
as melanoma, esophageal cancer, synovial sarcoma, and
Wilms tumor,™ with encouraging results in acute myeloid
leukemia.” In the majority of clinical trials, the infusion
of ex vivo expanded TCR-modified cells was well toler-
ated.* However, there are some data to suggest TCR-
engineered cells may cause adverse on-target, off-tumor
effects, as well as off-target effects. In the field of antiviral
therapy, TCR-engineered T cells can be used to target
viral antigens, such as for cytomegalovirus, and offer an
exciting approach to improve the treatment or preven-
tion of viral infections in high-risk settings such as T cell-
depleted HSCT and delayed immune reconstitution.*® So
far, TCR-engineered T cells against SARS-CoV-2 antigens
have not been investigated and may share some of the
limitations as CAR-T cells.

Natural killer (NK) cells, an important component of
the innate immune system, play a pivotal role in immune
surveillance® and can also be used as adoptive IMTX.
Haploidentical and third party-expanded NK cells have
been used for relapsed and refractory myeloid leukemia,
either as postHSCT infusion or as isolated therapy,
showing good response rates and very low rates of toxic
effects.”” As an alternative to CAR-T cells, NK cells engi-
neered to express a CAR (CAR-NK) are candidate effec-
tors for cancer treatment. NK cells can be generated off
the shelf from an allogeneic source, such as cord blood,
to be safely administered without the need for full human
leukocyte antigen matching and eliminating the need
to produce a unique CAR product for each patient.®
An in vitro study indicates ‘off-the-shelf” generated anti-
SARS-CoV-2 CAR-NK cells exhibit a high efficacy at
targeting and killing cells infected with SARS-CoV-2.%
One phase II/III trial testing the in vivo potential of
these cells is open and recruiting in China. Other trials
are studying the effects of cryopreserved, allogeneic, off-
the-shelf, non-transgenic NK cells as a means of restoring
the depressed NK activity observed during COVID-19.
Treatment with NK cells derived from human placental
CD34+ cellsand culture-expanded (CYNK-001) are also
being investigated in a clinical trial (ClinicalTrials.gov
Identifier: NCT04365101).

Mesenchymal stromal cells (MSCs) are a heteroge-
neous population of stromal cells found throughout
the body that migrate to specific tissues in the context
of remodeling and regeneration. They reportedly play
an immunomodulatory role in tumor microenviron-
ment, also contributing to local tumor aggressiveness
in some hematological malignancies.* ' Due to their
anti-inflammatory effects and their interaction with
macrophages, many trials use MSC to treat aggressive
GVHD,” but in some cases MSCs were also enginereed
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to hyperexpress cytokines as IFN-y and inoculated within
tumor tissue.” The administration of systemic third-
party MSC in patients with steroid refractory acute and
chronic GVHD showed response rates up to 70%.” Cell
therapy with MSCs is an appealing approach to target
many inflammatory patterns altogether. Results from two
small trials in patients with COVID-19 showed clinical
and radiological improvement after MSC infusion with
no toxic effects.” *° Another trial showed that exosomes
isolated from MSC and infused intravenously can help in
mitigating severe manifestations of COVID-19.” Forty-
nine clinical trials are testing the infusion of MSC derived
from autologous or allogeneic adipose tissue, dental pulp,
bone marrow, or from cord blood Wharton’s jelly for the
treatment of COVID-19.

Antibody-based immunotherapy to target the virus—cell
interaction
Neutralizing antibodies can block the transmission of
the SARS-CoV-2 and its spread throughout the body.
Targeting the SARS-CoV-2 spike protein seems to be
the most efficient strategy in preventing virus—cell
interactions. Several vaccines encoding the stabilized
SARS-CoV-2 spike protein recently showed promising
efficacy in terms of inducing a protein-specific antibody
response with an acceptable rate of adverse events.” "
Nonetheless, strategies to rapidly block the infection
are still needed for patients who are currently affected
by COVID-19 and for the patients who will not respond
to the vaccine in the future. Plasma pooled from volun-
teers who recovered from the SARS-CoV-2 infection was
reported to be effective in some studies,'” including
in a recent randomized trial showing efficacy if given
within the first 72 hours from the onset of symptoms.'"*
However, contrasting evidence has emerged from other
publications, including a prospective trial on more than
300 patients, that failed to demonstrate superiority of
convalescent plasma over placebo.'” The major limita-
tions of this approach are the availability of donors, safety
concerns for allergic reactions, and the use of blood-
derived products. Another limitation is that by the time
the patients are sick, neutralizing antibodies are already
present,'”® and the value of adoptively transferred immu-
noglobulins becomes more limited; conversely, non-
neutralizing antibodies produced by B cells may enhance
SARS-CoV-2 infection through antibody-dependent
enhancement, further exacerbating organ damage.'"’
Approaches using polyclonal intravenous immunoglobu-
lins (IVIGs) collected from the general population, which
are beneficial in some autoimmune Conditions,108 did not
show clear evidence of benefit for ameliorating ARDS or
mitigating CRS in patients with COVID-19."” Data from
several clinical trials will clarify soon whether IVIG can
be considered for hospitalized patients. IVIG might be
contemplated for the treatment of the rare Guillain-Barre
syndrome during the course of COVID-19.'"

The synthesis of anti-SARS-CoV-2 mAbs on a large scale
would be more cost-effective and sustainable compared

with donor-derived antibodies. Identifying the right
viral epitope to target is the first step for a successful
strategy. Chi et al isolated, from convalescent patients
with COVID-19, three mAbs displaying neutralization
against SARS-CoV-2.''" Several other synthetic mAbs
are already being tested in clinical trials all around the
world. One being investigated in two trials is the combi-
nation of two mAbs, REGN10987 and REGN10933, called
‘REGN-COV2’, which showed efficacy and good toxicity
profile in non-human primates and hamsters.'’* The
trial has stopped the enrollment of patients hospitalized
with severe COVID-19 for lack of efficacy, but the Food
and Drug Administration (FDA) has approved the use
of REGN-COV2 cocktail for adult patients with recently
diagnosed mild to moderate COVID-19 at high risk of
progression.

Targeting the cytokine-mediated immune dysfunction in
COVID-19: corticosteroids, mAbs, and selective inhibitors
borrowed from immunotherapy

Corticosteroids such as dexamethasone are potent anti-
inflammatory drugs that are broadly used in the treatment
of immune-mediated diseases, including autoimmune
diseases, GVHD, CAR-T toxicity, toxic effects of mAbs
and sepsis."” ''* Since the early days of the SARS-CoV-2
pandemic, many groups have published reports and results
of prospective trials using dexamethasone in patients with
COVID-19. Many of these trials showed an advantage of
using corticosteroids; among them, the RECOVERY trial, a
controlled open-label trial comparing oral and intravenous
dexamethasone (at a dose of 6 mg once daily) for up to 10
days versus usual care alone. The RECOVERY trial showed
a lower 28-day mortality among patients of the dexametha-
sone group who were receiving either invasive mechanical
ventilation or oxygen at randomization, but not among
those receiving no respiratory support.''” A meta-analysis
of seven randomized trials on 1703 critically ill patients
with COVID-19 confirmed the role of dexamethasone in
reducing the mortality at day 28."° At the time of writing,
dexamethasone is the only drug that has shown a reduction
in mortality due to COVID-19. There are still unanswered
questions as to why the dosage and timing of administra-
tion are crucial to the outcome, especially in severe cases.
In fact, administering glucocorticoids too early may favor
the viral replication, but prolonged administration might
delay viral clearance. For this reason, the current recom-
mendation for dexamethasone in COVID-19 is restricted to
patients experiencing initial ARDS and signs of CRS. Since
dexamethasone has been shown to be effective in reducing
I1-6,* an early measure of serum IL-6 on patients’ admis-
sion to the hospital might be used in identifying patients at
higher risk of CRS and given dexamethasone immediately.
Currently, 21 clinical trials are geared towards addressing
those questions.

The ability of mAbs to block cytokines, TNF-ot and ILs is
of particular interest when treating chronic inflammatory
conditions such as autoimmune diseases, transplant rejec-
tion,and GVHD.""IL-6 and its receptor, IL-6R, are druggable
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Pathways of immune dysfunction in COVID-19 and immunotherapy-related adverse events. ARDS, acute respiratory

distress syndrome; CAR-T, chimeric antigen receptor-T cell; GVHD, graft-versus-host disease; IFN, interferon; IL, interleukin;
mAbs, monoclonal antibodies; MSC, mesenchymal stromal cell; NK, natural killer; TCR, T cell receptor; TNF-o,, tumor necrosis

factor-a.. Created with BioRender.com.

targets of interest in CRS of any origin. The anti-IL-6R mAb,
tocilizumab, was developed two decades ago for the treat-
ment of severe autoimmune diseases.'® CAR-T and mAbs
can cause CRS by inducing a massive release of IL-6, and
tocilizumab is now the standard of care in the management
of severe CRS after CD19-specific CAR-T cells.'”” In COVID-
19, real-world experience with tocilizumab has shown that
a substantial proportion of patients with severe pneumonia
and fever improved clinically and radiologically. Increased
laboratory parameters such as C reactive protein in patients
with COVID-19 appear to decrease significantly with tocili-
zumab, and lymphocyte levels also return to normal. 2122
Worldwide, as of March 22, 2021, 38 clinical trials evalu-
ating the effectiveness and safety of tocilizumab for treating
patients with COVID-19 pneumonia are open, and 8 studies
have been completed. In October 2020, the results of three
prospective trials were published. A randomized North
American study failed to demonstrate any superiority of
tocilizumab over placebo in terms of required intubation,
clinical respiratory improvement, and survival.'* Another
multicenter trial from Italy showed similar results.'?* Inter-
estingly, a French group reported a reduction in the proba-
bility of non-invasive ventilation, mechanical ventilation, or
death by day 14, but no difference on day 28 rnortallity.125
A large multicenter non-randomized cohort study showed

higher overall survival with tocilizumab given in the first 2
days of ICU admission,'* but recent results from a phase
3 randomized controlled trial did not show superiority of
tocilizumab over a placebo glroup.127 Another anti IL-6 anti-
body that has been proposed is sarilumab; despite some
positive preliminary evidence, a phase 3 trial has failed
to demonstrate a benefit of the drug over a placebo in a
large cohort of hospitalized patients requiring oxygen.128
Based on all the published data, the National Institutes of
Health COVID-19 Treatment Guideline Panel currently
recommends the early use of tocilizumab in combination
with corticosteroids for certain hospitalized patients who
exhibit rapid respiratory decompensation, unless contrain-
dications such as use of immunosuppressive drugs, severe
neutropenia, and active bacterial or fungal infection are
present.

Another interesting target to block the inflammatory
signals might be the downstream pathway of IL-6R as the JAK
kinases are phosphorylated after IL-6 binds to its receptor,
and they are responsible for translating the signal.129 Ruxoli-
tinib, a JAK inhibitor, is used in chronic myeloid neoplasmsl‘%
and in the treatment of steroid-refractory ¢GVHD.”!' In a
retrospective study and case series, ruxolitinib was shown
to reduce the progression of ARDS and need of respiratory
assistance in COVID-19."* Sixteen trials using ruxolitinib are
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currently ongoing, with one phase 3 randomized clinical trial
completed. Baricitinib, another JAK inhibitor, is currently
investigated in nine trials. The results of a large prospective
trial on 1000 patients were recently published, and when
compared with remdesivir alone," the association of baric-
itinib+remdesivir showed efficacy in reducing recovery time
and accelerating improvement in clinical status among
patients with COVID-19, most notably among those receiving
high-flow oxygen or non-invasive ventilation.'**

Anakinra is an antagonist of the IL-IR approved for
the treatment of severe rheumatoid arthritis."” Clinical
trials showed efficacy of anakinra in treating neurotoxicity
(ICANS) after CAR-T cell infusion.”® Huet et al reported
lower rates of ICU admissions, respiratory support, and
death in 52 consecutive patients who received anakinra
when compared with a historical cohort.'” Currently,
14 clinical trials are evaluating the efficacy of anakinra
in reducing the number of patients requiring mechan-
ical ventilation. One of them is comparing anakinra with
emapalumab, an anti-IFN-ymAb that demonstrated efficacy
in pediatric HLH."’

Alternative targets: other cytokines, coagulation, and
complement

Inﬂiximab,138 an ant-TNF-o0 mAb used in auotimmune
diseases, has shown effectiveness in treating patients
with COVID-19. Surprisingly, only three clinical trials are
targeting TNF-o.in the COVID-19 setting. Few trials are also
testing a mAb against IL-8; other authors have suggested a
role for the IL-33-ST2 axis in the chain of events leading
to severe COVID-19,139 but there are no clinical trials
currently targeting these molecules. There are also no
trials combining anti-IL-6 and anti-TNF-o, despite both
cytokines being independently associated with mortality.
These two cytokines have different pathways, and the
anti-inflammatory effect might be more potent if they are
targeted in combination. Other trials are testing the benefit
of direct administration of cytokines such as IL-7 with the
aim of modulating the inflammation and increasing CD4+
and CD8+ counts, based on encouraging results from a
Belgian pilot trial.'*’

Four trials are investigating the role of defibrotide, the
only approved drug for the treatment of sinusoidal obstruc-
tion syndrome/veno-occlusive disease, which is a syndrome
characterized by endothelial dysfunction occurring after
HSCT.""! However, there are no preliminary data available
about the utility of this approach. Targeting the complement
with eculizumab, an anti-C5 mAb used in the treatment of
hemolytic uremic syndrome and paroxysmal nocturnal
hemoglobinuria,'** " and with the anti-C3 AMY-101"** may
be an effective alternative strategy, as suggested by prelimi-
nary results.

A summary of all the above-described mechanisms is
outlined in figure 1.

FINAL CONSIDERATIONS

COVID-19 is an inflammatory disease caused by a viral
infection. The ultimate strategy to stop the SARS-CoV-2

pandemic is a vaccine campaign covering the majority of
the population worldwide. A variety of vaccines have been
recently approved in different countries and are increasing
in availability to high-risk and low-risk individuals. Until
then, social distancing measures will remain the most effi-
cient way to limit the spread of the disease and protect the
most sensitive individuals. Immunotherapeutic approaches
to modulate the immune system may help to treat patients
with COVID-19 by mitigating viral replication and stem-
ming the cascade of inflammatory events induced by
SARS-CoV-2.

To date, a few immunomodulating therapies have been
successful in the treatment of COVID-19. Corticosteroids
have demonstrated efficacy in reducing the mortality in
patients with COVID-19 with ARDS, and the FDA approved
the use of the REGN-COV2 mAb cocktail for patients with
recent infection, mild symptoms, and high risk of progres-
sion. Baricitinib, an anti-JAK agent, is now recommended in
association with remdesivir for hospitalized patients. Tocili-
zumab in combination with dexamethasone has recently
received recommendation for some group of patients with
rapidly evolving respiratory disease. Other anti-IL-6 agents,
such as sarilumab, have shown promising preliminary
results, as well as ruxolitinib and other anti-inflammatory
mAbs such as anakinra. Cell therapy and other inhibitors,
such as defibrotide and eculizumab, have potential for
benefit and are being tested in many ongoing clinical trials.
Stratification of patients based on values of the cytokines
that appear more involved in the underlying COVID-19
inflammatory process might expand our knowledge on the
before-mentioned drugs in specific subgroups. The rapid
development of several anti-SARS-CoV-2 vaccines, and the
volume of clinical trials testing anti-inflammatory drugs for
COVID-19 based on what we have learned from immuno-
therapy, highlight the capability of modern medicine to
produce high-quality evidence and offer effective strategies
in the middle of a pandemic.
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