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Abstract

strategies required to fight the virus infection.

Knowing the “point of view” of the immune system is essential to understand the characteristic of a pandemic,
such as that generated by the Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV)-2, responsible for the
Coronavirus Disease (COVID)-19. In this review, we will discuss the general host/pathogen interactions dictating
protective immune response or immunopathology, addressing the role of immunity or immunopathology in
influencing the clinical infection outcome, and debate the potential immunoprophylactic and immunotherapy
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Background

Coronaviruses (CoVs) are single-stranded RNA viruses
that can cause mild to severe respiratory disease [1]. The
coronavirus disease (COVID)-19 due to the Severe
Acute Respiratory Syndrome (SARS)-CoV-2 is the third
viral severe respiratory disease appearing in these last 20
years, after the two outbreaks by the CoVs belonging to
the same betacoronavirus genus, the SARS-CoV which
first appeared in November 2002 in Guangdong prov-
ince (Guangzhou) in China and the Middle East respira-
tory syndrome (MERS)-CoV, first detected in Jordan and
Saudi Arabia in 2012 [2]. Conversely, despite less fatal,
SARS-CoV-2 produced a pandemic with a fraction of
patients developing severe disease [3, 4]. At the end of
December 2019, the Chinese World Health Organization
(WHO) office was informed of pneumonia cases with
unknown etiology, occurred in the city of Wuhan, in the
Chinese province of Hubei. At the beginning of January
the reported cases raised to 44, with a quarter (11) dis-
playing severe symptoms. Wuhan was immediately
placed under a lockdown regime due to the rapidly
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growing severity of the infectious health risk. The viral
genome was promptly sequenced by Chinese scientists,
leading to the identification of a coronavirus similar to
the previous SARS-CoV. At the time of writing this re-
view (latest WHO data. Source: Health Emergency
Dashboard, October 26, 10.15am), 42,745,212 are the
confirmed cases worldwide since the start of the pan-
demic, of which 1,150,961 deaths (about 2.7% of infected
individuals), particularly among the elderly with various
associated pathologies. If we compare these numbers
with those of seasonal flu, we find that the latter affects
between 5 and 15% of the adult population every year
(i.e. from 350 million to 1 billion people), an incidence
that rises 20-30% in children, and can evolve into com-
plications that cause death in about 10% of cases, espe-
cially among the population groups at risk (children
under 5, the elderly and people with chronic diseases).
However, in industrialized countries, the flu causes less
than 1% of deaths among all the infected individuals,
particularly among the elderly with various associated
pathologies. This drastic decrease of deaths is particu-
larly due to a more efficient health system in industrial-
ized countries, as well as to the seasonal availability of a
vaccine that is protective in more than 40% of
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individuals. Hence, the fundamental importance of
obtaining an anti-SARS-CoV-2 vaccine as soon as
possible.

Immunological diagnostic tests

What measures should be implemented until a vaccine
or effective therapies against SARS-CoV-2 will be avail-
able? Strict measures to limit damages during the epi-
demics are in place [5]. These include identification of
SARS-CoV-2 RNA in nasal or pharyngeal swabs, and
serological tests to identify specific circulating antibodies
(both in symptomatic and asymptomatic individuals).
Great attention has been dedicated to the serological
tests to detect anti-SARS-CoV-2 antibodies. The cur-
rently available kits measure a cocktail of antibodies
against several viral Spyke (S) determinants, produced in
COVID-19 patients after several days from the infection,
and do not selectively discriminate the neutralizing anti-
bodies that are capable to inhibit the infection of human
cells, by blocking the interaction between the viral S pro-
tein and the human angiotensin-converting enzyme 2 re-
ceptor (hACE2). The hACE2, a carboxypeptidase that
strongly degrades angiotensin II, has been identified as a
functional receptor for both SARS-CoV [6] and SARS-
CoV-2 [7-9]. Therefore, the positive serology for anti-
bodies tested with the available kits only indicates that a
given individual has been exposed to the virus, if the
antibodies are of the IgG class, conversely he may even
be carrier of the virus, if they were of the IgM class. The
serologic tests can be considered an anamnestic marker,
and they are of great importance from an epidemio-
logical perspective, as they allow mapping of the infec-
tion history of individuals.

The S glycoprotein of SARS-CoV-2 shares 80%
amino acid sequence identity with the SARS-CoV S,
and includes two functional subunits: S1 (divided into
A, B, C and D domains) that is responsible for bind-
ing to host cell receptors, and S2 that promotes fu-
sion of the viral and cellular membranes [10]. The
identification of neutralizing antibodies recognizing
the S domain B (S®), the receptor binding domain
(RBD) engaging hACE2, is a matter of intense investi-
gation. Recently, it has been identified a human
monoclonal antibody (hmAb), among multiple hmAbs
targeting SARS-CoV-2S produced by memory B cells
of a SARS survivor infected in 2003, that strongly
neutralizes both SARS-CoV-2 and SARS-CoV by en-
gaging the S RBD [11]. This result paves the way for
using this hmAb, not only for SARS-CoV-2 prophy-
laxis or treatment (passive immunization), but also
for the identification of serum neutralizing antibodies
in functional assays, in which the capacity of neutral-
izing antibodies (possibly present in convalescent indi-
viduals) to inhibit the binding function of the mAb to
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S RBD is tested. In summary, these promising data
suggest that we might be soon able to test the pres-
ence of serum neutralizing antibodies and evaluate
their long-lasting protective potential.

Immunity and immunopathology

Immunity

In order to understand the mechanisms by which the
immune system, upon the SARS-CoV-2 recognition, can
mount efficient immune responses, it is important to
know SARS-CoV-2 tropism and dynamics. The S glyco-
protein of SARS-CoV-2 binds hACE2 with significantly
higher affinity than SARS-CoV S, and in concert with
the host transmembrane serine protease 2 (TMPRSS2)
and other host proteases [10, 12], mediates cellular
entry. Recently, human, non-human primate, and mouse
single-cell RNA-sequencing datasets showed that ACE2
and TMPRSS2 are particularly expressed in lung type II
pneumocytes, ileal absorptive enterocytes, nasal goblet
secretory cells, and corneal cells [13, 14], supporting the
clinical pictures that are more commonly correlated with
COVID-19 infection. Importantly, ACE2 gene was pro-
posed as an interferon-stimulating gene (ISG), suggest-
ing that the resulting production of type I IFNs
upregulates ACE2 expression [13]. Tissue-resident mac-
rophages, dendritic cells (DCs), and neutrophils express-
ing a wide range of pattern-recognition receptors
(PRRs), upon the engagement with various damage-
associated molecular patterns (DAMPs) and pathogen-
associated molecular patterns (PAMPs) (i.e., the single-
stranded SARS-CoV-2 RNA binding the endosomal
TLRs 7 or 8) [15] induce the activation of distinct signal-
ing pathways promoting production of type I and Type
III IFNs [16], as well as of IL-1p and IL-6 promoting re-
cruitment of neutrophils and CD8" T cells, or protective
antibody production [17] (Fig. 1). Activated DCs nor-
mally patrolling tissues acquire high capacity to phago-
cytose dying or apoptotic cells (e.g., infected by SARS-
CoV-2), upregulate chemokine receptors that guide their
migration into draining lymph nodes, and prime virus-
specific naive B or T cells to proliferate and differentiate
into plasma cells producing anti-viral antibodies and
various effector T cell populations, respectively. Effector
CD4" and CD8" T cells can then retro-migrate into in-
flamed tissue to fight the virus through the production
of antiviral cytokines suppressing viral replication (e.g.,
by IFN-y production), and the antigen-specific killing of
infected cells (by CD8" T cells) [18] (Fig. 1). Tissues like
respiratory tract or gut contain a large amount of sec-
ondary mucosal-associated lymphoid tissues (MALTS)
that can contribute to the generation of tissue-resident
memory T cells (TRMs) [19-23]. In this context, various
natural killer (NK) cell and innate lymphoid cell (ILC)
populations expressing a wide repertoire of activating
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Fig. 1 Efficient anti-viral immunity phase as feature of mild infection. Mild infection is characterized by efficient anti-viral immunity phase aimed
to eliminate viruses from the host and resolve the infection. A cytokine storm, prevalently formed by anti-viral cytokines (e.g., type-l [IFN-a] and
type-Ill [IFN-A]) and pro-inflammatory cytokines (IL-6, TNF-q, IL-1-3, etc), is produced by innate immune cells, such as macrophages and DCs.
Various innate immune cells (ILCs, NK cells, NKT cells) also intervene to limit viral spread. Consequently, the adaptive responses are mounted to
both directly kil virus-infected cells by antigen-specific effector CD8" T cells and to neutralize the virions by antibody producing antigen-specific
B cells. IFN-y production by T cells, as well as by ILCs, NK and NKT cells contribute to viral clearance. Finally, memory T and B cells are generated
to guarantee the host protection against secondary infections. An immunoregulatory mechanism mediated by immune checkpoint blockade
(e.g., by PD-1, CTLA-4) and Tregs results crucial for the resolution of immunopathology

receptors (Rs) and inflammatory cytokines, may play a key
role in sustaining tissue inflammation and killing virus-
infected cells (upregulating various NKR ligands) in situ
[24, 25] (Fig. 1). In addition, MALT-associated invariant
NKT cells, y8T cells, or B cell follicles [26-28] need to be
taken in consideration in SARS-CoV-2 infection. Whether
these immune responses result protective or harmful in
COVID-19 infection, it likely depends on whether they are
generated in individuals with the genetic and immuno-
logical features, more or less reactive to respond promptly
or late (Fig. 1). In general, the majority of patients infected
with SARS-CoVs develop a multistep cascade leading to ef-
ficient immune responses, and ultimately to the recovery.
Recent studies showed a high level of SARS-CoV-2-specific
CD4" and CD8" T cell activation and expansion in the
majority of patients (~70-100%) recovering from
COVID-19 infection or patients with active infection,
consistent with an effective adaptive immune response
against several viral epitopes from various proteins
(S, M, N, nsps, ORFs...). Interestingly, SARS-CoV-2-

reactive CD4" T cells were detected in PBMCs col-
lected several years before the pandemic, in a high per-
centage of unexposed individuals, suggesting cross-
reactive T cell recognition between circulating ‘common
cold’ coronaviruses and SARS-CoV-2. Further studied are
demanded to ascertain if these responses are effectively
protective, correlate with positive outcomes, and provide
long-term memory.

Several molecular, cellular, experimental and clinical
immunology studies indicate that the majority of effector
B or T lymphocytes disappear after pathogen eradica-
tion, through the serial intervention of multiple immu-
noregulatory mechanisms, including those mediated by
immune checkpoints (e.g., PD-1 or CTLA-4 interacting
with their correspondent ligands [PD-L1 or B7.1 / B7.2]
[29], or by Tregs [30, 31], in order to avoid useless dam-
ages to the host tissues and organs (Fig. 1). The stop sig-
nals provided by immune checkpoints also contribute to
develop immunological memory by the conversion of a
minority of effector cells into memory B or T cells,
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through the adaption of several molecular and epigenetic
mechanisms [32-37]. Memory lymphocytes remain qui-
escent in lymphatic tissues or peripheral tissues, but,
once they meet again the primary pathogen, they are
promptly activated (avoiding the priming period that
characterizes a primary infection), neutralize the patho-
gen, without any disease, and can maintain a lasting and
protective immunological memory for several vyears
(long-term memory): this is the principle of vaccinations.
The problem is if the immunological memory lasts a few
months. Short-term immunological memory occurs
when the virus evades the immune responses (e.g., viral
persistence), and/or when concurrent causes such as the
immune senescence [38] and various co-morbidities
(metabolic syndrome, severe generalized immunodefi-
ciencies, tumors, cirrhosis, abuse of alcohol, tobacco or
other substances) raise. This leads to recurrent suscepti-
bility to the viral pathogen.

Whether SARS-CoV-2 recalls a long-term immuno-
logical memory, similarly to the SARS-CoV (which was
however significantly more lethal than SARS-CoV-2), or
short term immunological memory, such as other mem-
bers of the CoVs family, the HCoV-OC43 and HCoV-
HKU1 (the second most important causes of common
cold), which in winter seasons affects individuals regard-
less exposures in previous years [3], is a current matter
of investigation. The months ahead will be crucial to de-
termine the immunological memory of SARS-CoV-2 by
monitoring subjects recovered from a primary COVID-
19 [11]. Short-term memory could also convert into
long-term memory by the exposure to repeated viral
“boosts”, but this remains a pure hypothesis at the
moment.

Another important aspect related to the immune re-
sponse against SARS-CoV-2 is that the CoVs (including
SARS-CoV and MERS-CoV) are unique RNA viruses
with a genomic proofreading mechanism, that limits the
accumulation of mutations [39-41]. This would make
these viruses refractory to easy immunosurveillance es-
cape. However, the evidence that the different CoVs fre-
quently recombine their RNA among themselves,
suggests that they can undergo a certain degree of vari-
ability and capacity of viral escape by this recombination
mechanism, in the unluckily scenario that more types of
CoVs infect the same cell [40].

Immunopathology

Whether SARS-CoVs display their pathogenicity
through direct cytolytic or indirect non-cytolytic mech-
anisms, or both, is not completely clarified. The previ-
ous SARS-CoV infection in humans caused an atypical
pneumonia with a 10% fatality rate, and (in analogy with
CoVs of other animals) could induce viral persistence,
T cell lymphopenia, and severe disease for several
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months. This spectrum resembles at least in part the
clinical and viral aspects observed in the severe form
of COVID-19. The evidence that SARS-CoV-2 can
cause different clinical outcomes from asymptomatic
to severe symptomatic infection range, leads to
hypothesize that it is a poor cytopathic virus, and cell
damage is not due to a direct viral effect, but rather
by the immune responses elicited to eliminate the
virus-infected cells by various effector mechanisms,
including killing by CD8" T cells and NK cells, PRR-
dependent activation of pro-inflammatory cells (e.g.,
macrophages, neutrophils...), antiviral and inflamma-
tory cytokines produced by NK cells, NKT cells, ILCs,
CD4* and CD8" T cells, TRM cells [42]. Therefore, viral
clearance depends on appropriate level of immunopathol-
ogy that helps production of neutralizing high affinity
antibodies by plasma cells [11, 17], and causes recovery in
the majority of infected individuals. More in-depth studies
on innate and adaptive immunity, during the various
phases of the infection, are needed to understand how
some patients display an asymptomatic COVID-19, while
others a mild or severe symptomatic disease, which can
evolve towards the recovery in the majority of them, or
the death in a certain fraction. It will be important to
understand the checkpoints affected by the virus to over-
come the immune system and establish a more or less se-
vere disease that, in the more severe forms, can persist up
to more than 2 months.

The diversified clinical outcome of infections is
caused by a multifactorial process, to which can con-
tribute and intersect genetic, immune, virus-
dependent factors. The most important host genetic
factor is represented by the polymorphism of MHC
alleles, whose principal function is the presentation of
the immunogenic peptides to TCRs on T cells. This
MHC capacity likely provides the most reasonable ex-
planation of the relative risk of disease (including
autoimmune diseases and infections) in individuals
with particular MHC haplotypes [43, 44]. Therefore,
it will be critical to study if particular class I and
class II alleles are associated with the development of
protective immune responses to SARS-CoV-2 or with
disease progression (asymptomatic or symptomatic).
However, the MHC allele association will represent
only a piece of the mosaic that constitutes the multi-
factorialilty underlying the infection outcome. In
addition, genome wide association studies are re-
quired to define non-MHC genes associated with
COVID-19, including polymorphisms of innate sensor
receptors such as NOD-like, or interleukin receptors, des-
pite it is very difficult to define their pathogenic pathways.

SARS-CoV-2 may directly antagonize (by their own viral
proteins) the first cellular antiviral defense mediated by
the transcriptional induction of Type I and III IEN and
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the subsequent ISGs, as well as demonstrated for SARS-
CoV [45]. This hypothesis is consistent with the recent re-
port indicating that the initial host response to SARS-
CoV-2 fails to produce efficient type I and type III re-
sponses, but induces high levels of a wide array of chemo-
kines recruiting effector cells, including neutrophils as
well as adaptive immune cells [46] (Fig. 2). This imbalance
would result in the incapacity to promptly stop viral repli-
cation, on one hand, and in the maintenance of the in-
flammatory cascade that is correlated with different levels
of disease severity, on other hand. Cytokines, such as IL-
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1P and IL-6 that are largely secreted by macrophages, as
well as a plethora of other inflammatory cytokines includ-
ing IL-2, IL-8, IL-17, G-CSF, GM-CSF, IP10, MCP1, and
TNF are directly correlated with the COVID-19 severity
[47] (Fig. 2). This cytokine storm may cause various organ
failures including principally the lung and then hearth,
liver and kidney, to which contribute the triggering of the
coagulatory cascade, generating clots and thrombosis in
multiple tissues and organs. The pulmonary impairment is
due to the extensive pneumonia, characterized by diffuse
alveolar damage with wide infiltration of neutrophils,
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Fig. 2 Inefficient anti-viral immunity as feature of severe infection. Severe infection is characterized by inefficient anti-viral immunity and

increased immunopathology addressed to provide inflammation (by IL-6, TNF-a, IL-1-3, etc) rather than protection (by IFN-q, IFN-A, IFN-y). Effector
T cells and likely ILCs and NK cells, which are stimulated by the persisting virus, undergo consecutive steps of exhaustion (partially and then fully
exhaustion) and, together with the parallel expansion of Tregs and suppressive cytokines (e.g., IL-10, TGF-), establish a state of prolonged
inflammation. In addition, the hypothesis that BIA is sustained by the expansion of autoreactive CD8" T cells specific to apoptotic epitopes (AEs),
which are induced by the cross-presentation of activated apoptotic T cells by DCs, is also considered. Under these conditions, the inefficient anti-
viral immunity response does not result in the development of immunological memory. This immune dysregulation leads to severe clinical
sequelae (often requiring intensive care units) that undergo restoration in the majority of patients, and death in some of them. The therapeutic
approaches will be addressed, firstly, to limit or clear the viral load by various, non-mutually exclusive antiviral strategies (antiviral drugs,
plasmatherapy, mAbs neutralizing the virus) in both scenarios displayed in Figs. 1 and 2, to which can be associated various immunotherapy-
based biologicals (e.g., anti-IL-6R, anti-IL-1, anti-TNF mAbs), as well as anticoagulants, in an attempt to put out the cytokine storm in the severe
form of infection
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macrophages, NK cells, activated T cells. The massive
compartmentalization of innate and adaptive immune
cells in the inflamed tissues may explain the severe periph-
eral lymphopenia with decreased numbers of CD4" T
cells, CD8" T cells, NK cells, and B cells that is correlated
with high levels of viral load in severe COVID-19 [47,
48]). NK cells showed lower percentages of CD107a, IFN-
Y, IL-2, TNF-a and granzyme B than those in healthy do-
nors in COVID-19 patients [49, 50]. Lung-infiltrating T
cells are in particular constituted by terminally effector T
cells upregulating different levels of molecules and genes
associated with both T cell activation and exhaustion (PD-
1, TIM-3, etc) [51] (Fig. 2).

The tissue T cells (likely including the virus-specific)
can acquire various functional phenotypes (type-1, type-
2, type-17), according to the organ in which they emerge
(lung or gut, in particular), and will result protective or
detrimental according to disease stage. They may ex-
press a partial exhausted phenotype that spontaneously
restores into a functional phenotype efficiently limiting
or clearing virus replication (recovery) in the mild infec-
tion, whereas they progress towards a fully exhausted/
dysfunctional phenotype that is generally associated with
immunopathology but not with protection, in the severe
infection [52, 53]. These two divergent immunological
outcomes are epigenetically dictated according to the
duration of viral infection and the stimulation strength
of virus-specific T cells [54, 55]. Moreover, NK cells
were phenotypically exhausted in COVID-19 patients,
due to the increased expression of NKG2A [56], an in-
hibitory receptor able to induce NK cell exhaustion in
chronic viral infections [57]. Contextually, further stud-
ies are required for ascertaining if the T cell responses
against several viral epitopes found in the majority of pa-
tients with active infection, result dysfunctional (because
exhausted), where they may contribute to maintain the
immuno-inflammation, as is the case in chronic (e.g.,
HBYV, HCV) infections [42]. Consistent with this hypoth-
esis, it has been recently proposed that symptomatic
COVID-19 behaves more as a subacute rather than an
acute disease and may be related with the inability to
promptly clear the virus and establish a transient viral
persistence [51]. This hypothesis is based on the evi-
dence that SARS-CoV-2 can show a longer median incu-
bation time, a longer disease progression and
lymphopenia compared with patients with acute infec-
tion, such as influenza [58], and that symptomatic forms
of various human SARS-CoV infections can induce viral
persistence and T cell lymphopenia.

A further aspect to consider is the constitutive im-
munological homeostasis regulating the immune re-
sponses in frontline organs, such as the respiratory or
gut tracts that are continuously exposed to external anti-
gens [19-23]. The maintenance of the local mucosal
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immunoregulation is mandatory to guarantee the integ-
rity of mucosal tissues and to avoid disastrous chronic
inflammations, by limiting immune responses against
highly immunogenic microbiota, external pathogens, diet
products, or plants. Indeed, these districts are equipped
by a very large vascular bed (recruiting neutrophils and
memory T cells), and an equally large surface area of
MALT (containing B cells producing secretory IgA,
macrophages, various types of DCs, intraepithelial T
cells, TRMs...) [19, 20, 22, 23]. The mucosal immuno-
regulation is principally caused by the presence of vari-
ous types of local Treg subsets suppressing by various
mechanisms (CTLA-4—, TGEF-B-, IL-10-dependent...),
harmful type-1, type-2, type-17, type-22 immune re-
sponses that are generated according to innate immune
microenvironments of the different districts [32, 59]
(Fig. 2). It would be important to investigate the role of
Tregs in the various phases of COVID-19 infection.
Therefore, the mucosal immunoregulation may consist-
ently contribute to establish a status of prolonged mild-
level inflammation in severe COVID-19 infection, in
order to avoid excessive tissue damage, on one hand,
and the complete suppression of antiviral responses, on
the other hand. This scenario is close to the chronic
low-level inflammation status occurring in chronic infec-
tions, with the main difference that the former is self-
limited and runs out when infection finishes, while the
latter chronically persists in relation with the viral per-
sistence, for decades and often until death in a remark-
able number of patients [42]. This hypothesis is
consistent with the observation that the cytokine storm
occurring in severe COVID-19 infection is never config-
ured as the so-called “cytokine release syndrome” (CRS)
observed in patients with endotoxemia or treated with
chimeric antigen receptor-transduced T cells (CAR-T):
in these settings, CRS is hyper-acute, shows several fold
higher levels of cytokines, neurotoxicity, hypotension
and shock, and is significantly more deadly [51].

In this context, a critical phenomenon that may
strongly contribute to the intermediate form of CRS ob-
served in severe COVID-19 infection, is the so-called
“by-stander immune activation” (BIA), due to (non-
virus-specific) T cell responses that contribute to immu-
nopathology during viral infections or various inflamma-
tory diseases [60—63]. BIA can be sustained by several
mechanisms [60, 61, 63, 64], including cryptic self-
antigens unveiled during the apoptotic T cell turn-over
[65, 66] (Fig. 2). Indeed, activated T cells undergoing
apoptosis can activate DCs by the interaction between
CD40 ligand expressed by (activated) apoptotic T cells
and CD40 expressed by DCs [67-69]. The so-activated
DCs can then phagocytose apoptotic T cells, process
caspase-cleaved structural cellular proteins such as my-
osin, vimentin, and actin, and cross-present the resulting
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apoptosis-associated epitopes (AEs) to autoreactive
CD8" T cells [65]. In turn, the latter undergo apoptosis,
upon performing their effector functions, maintaining a
vicious circle responsible for the amplification of BIA in
various (viral or non-viral) forms of acute or chronic in-
flammatory diseases [65, 70—73]. Because of the enor-
mous accumulation of activated T cells undergoing
apoptosis in the various inflamed districts involved in
symptomatic COVID-19 infection, further investigations
need to determine if AE-specific T cells may sustain BIA
in this infection and correlate with the disease progres-
sion (Fig. 2). Among other things, this review can pave
the way for setting up novel therapeutic approaches ad-
dressed to switch off BIA.

Vaccines and immunotherapy

The international scientific community is strongly commit-
ted to the generation of SARS-CoV-2 vaccine, which can
elicit protective immune responses in healthy individuals
(active immunization / prophylaxis) (Table 1). Realistically,
vaccine against SARS-CoV-2 is probably still months away
to be available to everyone, despite the fact that for some of
them we will soon have the results of phase III and there-
fore their effectiveness in terms of protection.

If these vaccines, particularly those potentially capable
to elicit efficient virus-specific CD8" T cells, can also act
as therapeutic vaccines in patients with active infection,
is a challenging question, despite the experience with
therapeutic vaccines against chronic viral infections are
not encouraging. For instance, the soluble HBV protein-
based vaccines (the most efficient preventive vaccine:

Table 1 Vaccines development against SARS-CoV-2

Page 7 of 11

protection from the related infection and hepatocellular
carcinoma [HCC] development in more than 95% vacci-
nated healthy individuals) have been demonstrated to ef-
ficiently elicit HBV-specific CD8" T cells, but they do
not provide any effect as a therapeutic vaccine in pa-
tients with chronic HBV infection or HCC [74, 75]. Be-
cause of the various immunosuppressive activities
governing the severe viral inflammatory microenviron-
ments, vaccines are likely unable to overcome them, and
may need to be used in combination with treatment re-
agents blocking inhibitory molecules on T cells (e.g.,
anti-PD-L1, anti-CTLA-4, etc), as the tumor immuno-
therapy teach us [76-78].

In parallel, the availability of new immunotherapeutic
approaches will be essential for the cure of patients. An
intriguing approach could be based on the evidence that
soluble recombinant (r) fusion protein containing the
extracellular domain of hACE2 and the Fc region of the
human IgG1 have a high binding affinity for the S RBD
of both SARS-CoV and SARS-CoV-2 and neutralize
virus pseudotyped with SARS-CoV or SARS-CoV-2S
proteins in vitro [79]. This result proposed to plan clin-
ical trials testing the capacity of the (r)fusion hACE2
protein to neutralize SARS-CoV-2 and prevent severe
COVID-19 sequelae (see references in [80]).

A further immunotherapy approach that has been
using in various centers is the plasma transfer from
individuals recently recovered from COVID-19, into
patients with severe disease (plasmatherapy) [81]. The
rationale of this approach is based on the possibility
that this convalescent plasma may potentially contain

SINGLE CURRENT SCALE TRIALS
TECHNOLOGY COMPANY DOSE FEATURES STAGE
DNA Inovio Pharm NO Medium Electroporation of DNA Phase | (NCT04336410) started in
INO-4800 encoding S protein Unites States. 3000 doses already
available
RNA Moderna/NIAID (NIH) NO Small to Medium mRNA encoding S protein is Phase 11l (NCT04470427) started
encapsulated in ionizable
Pfizer/BioNTech SE NO Large lipid Phase 11l (NCT04368728) completed
Protein Subunit Novavax NO Large Nanoparticles exposing Phase IIl (NCT04368988) started in U.K.
recombinant S protein with
MatrixM™ adjuvant
Clover Phase I/1l (NCT04537208) started with
Biopharmaceuticals Inc/ NO Large Recombinant S protein over 400 participants enrolled
Sanofi/GSK trimer subunit
Replicative Viral Vector Institut Pasteur/Themis/ YES Large Measles Vector Phase | (NCT04497298) started in
Merck August 2020
Non Replicating CanSino YES Large Adenovirus type 5 vector Phase | (NCT04313127) completed,
Vector Biologicals expressing S protein Phase Il started with 500 participants
enrolled. Phase Il approved for limited
use in China
AstraZeneca/University of NO Large Chimpanzees adenovirus Phase Il (NCT04516746) started in
Oxford vector expressing S protein United States, Brazil and South Africa.

Production of 100million doses of
AZD1222 by the end of 2020.
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neutralizing antibodies, according to ancient technol-
ogy, called serotherapy. This consists in a transfer of
serum from animals immunized with a specific
pathogen into infected individuals in order to
neutralize the same pathogen or pathogen-deriving
toxins (passive immunization). However, the usage of
plasma from convalescent COVID-19 patients as a ther-
apy is empiric because it is strictly dependent on the pos-
sible presence of high levels of neutralizing antibodies that
might be present in convalescent blood donors.

The plasmatherapy could be bypassed by the recent
availability of monoclonal antibodies (mAbs) that po-
tently neutralize both SARS-CoV-2 and SARS-CoV by
engaging the S RBD [11], which can pave the way for
their use in treatment of infected patients, or in passive
prophylaxis of healthy individuals, who are frequently
exposed to the virus, like hospital staff.

A particular point is the use of the antimalarial drug
lysosomotropic agent chloroquine (CQ) in immunother-
apy. CQ and its derivatives have been proposed as an
antiviral agent in a wide range of infectious diseases,
despite it has been never selected as an effective treat-
ment in humans, due its failure in clinical trials [82]. To
date, no published data or randomized and controlled clin-
ical trials supported the use of CQ in COVID-19 [82-84].
However, a lysosomotropic effect of CQ is that it increases
the cross-presentation of soluble antigens to CD8" T cells

Table 2 mAbs currently under clinical trials
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by professional APCs, principally by enhancing membrane
permeabilization at the endosomal level [85]. This effect, to-
gether with the ability to inhibit the endosomal acidification
and thus the antigen degradation, allows an increased and
rapid export of nondegraded antigens from the endosomes
into cytosol, favoring thus the class I processing and pres-
entation pathway in vitro and in vivo [85, 86]. Taken to-
gether, these data emphasize the usage of CQ as an
adjuvant favoring the CD8" T cell responses by prophylac-
tic or therapeutic vaccines rather than a conventional anti-
viral compound.

During severe COVID-19 infection, the therapies gen-
erally used in autoimmune disorders result beneficial to
attenuate the clinical sequelae due to the cytokine storm
and the BIA (Table 2). For instance, the efficacy of
anti-IL-6R mAb observed in various studies to treat pa-
tients with severe COVID-19 infection [87], is encour-
aging the use of mAbs neutralizing other pro-
inflammatory cytokines, such as anti-IL-1 [88], anti-IL-17
[89], anti-TNF mAbs [90], or small-molecules inhibiting
downstream signalling for blocking cytokine storm-related
immunopathology [87]. Accordingly, the beneficial effect
of Tocilizumab (anti-IL-6R mAb) treatment in COVID-19
patients has been correlated with the restoration of both T
and NK cell number and function [50, 91].

However, these compounds should be used in associ-
ation with antiviral drugs or hmAbs neutralizing SARS-

N. OF TRIAL TITLE IDENTIFIER TRIALS
TREATMENT TARGET SPONSOR PARTECIPANT NUMBER STAGE
Ravulizumab complement Cambridge 1167 mulTi-Arm Therapeutic Study in Pre-ICu Patients NCT04390464 Phase IV
component 5 University Admitted With Covid-19 - Repurposed Drugs (TACTIC-R)
Baricitinib Hospitals NHS (TACTIC-R)
Foundation Trust
REGN10933 + JAK1and JAK2 Regeneron 2000 Study assessing the efficacy and safety of Anti-Spike NCT04452318 Phase Ill
REGN10987 Pharmaceuticals SARS CoV-2 Monoclonal antibodies for prevention of
SARS infection asymptomatic in healthy adults who are
houshold contacts to an individual with a positive SARS-
CoV-2 RT-PCR assay
Ravulizumab complement Alexion 270 Efficacy and Safety Study of IV Ravulizumab in Patients NCT04369469 Phase Ill
component 5 Pharmaceuticals With COVID-19 Severe Pneumonia
Lenzilumab granulocyte- Humanigen, Inc. 300 Phase 3 Study to Evaluate Efficacy and Safety of NCT04351152 Phase Ill
macrophage Lenzilumab in Patients With COVID-19
colony-
stimulating
factor
(GM-CSF)
Sarilumab interleukin-6 Assistance 239 Cohort Multiple Randomized Controlled Trials Open-label NCT04324073 Phase Il / llI
(IL-6) Publique - of Immune Modulatory Drugs and Other Treatments in
Hépitaux de Paris COVID-19 Patients - Sarilumab Trial - CORIMUNO-19 -
SARI (CORIMUNO-SARI)
Maria del Rosario 30 Efficacy of Subcutaneous Sarilumab in Hospitalised
Garcia de Vicufia Patients With Moderate-severe COVID-19 Infection NCT04357808 Phase ||
Pinedo (SARCOVID) (SARCOVID) ase
Emapalumab interferon y Swedish Orphan 54 Efficacy and Safety of Emapalumab and Anakinra in NCT04324021 Phase I1 /11l
Anakinra (IFNy) Biovitrum Reducing Hyperinflammation and Respiratory Distress in
(recombiannt Patients With COVID-19 Infection
form of IL-I ra)
IC14 CD14 Implicit Bioscience 300 IC14 (Anti-CD14) Treatment in Patients With SARS- NCTO04391309 Phase I
CoV-2 (COVID-19)
Garadacimab Factor Xlla CSL Behring 124 Treatment With CSL312 in Adults With Coronavirus NCT04409509 Phase Il

Disease 2019 (COVID-19)
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CoV-2, in order to avoid the chance to favor wide viral
spread if they are used alone (Fig. 1). In addition, the dif-
fuse hypercoagulability leading to multiorgan injury in
severe COVID-19 infection, likely due to the combin-
ation of the macrophage activation syndrome and direct
virus triggering of ACE-2 signaling at endothelial cell
level, require various and timely anticoagulant thera-
peutic approaches [92].

Overall, all the therapeutic strategies listed above re-
quire randomized clinical trials to support their poten-
tial, and can be beneficial if they are administrated alone
or in combination at the right time during the course of
the infection (Fig. 1).

Conclusions

Until the development of an effective vaccine, the results
from the clinical trials evaluating the therapeutic alterna-
tives described above are urgently needed. This will be
essential for the care of patients, who could increase in
number during in the possible following outbreaks, be-
fore we have a resolving vaccine.

The immune system taught us how to defend our-
selves from the viruses, and the vaccines taught the most
extraordinary lesson, since the days of Jerne’s smallpox
vaccine (1796). The 1984 Nobel Prize for Medicine Niels
Kaj Jerne “poetically” described the immune system as
the mirror image of the universe, and the vaccines ex-
ploit this amazing capability, in order to elicit the pro-
tective immune responses against every small fragment
of any pathogen outside of us (“non-self” antigens).
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