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The coronavirus disease-19 (COVID-19) is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The
long incubation period of this new virus, which is mostly asymptomatic yet contagious, is a key reason for its rapid spread across
the world. Currently, there is no worldwide-approved treatment for COVID-19. Therefore, the clinical and scientific communi-
ties have joint efforts to reduce the severe impact of the outbreak. Research on previous emerging infectious diseases have cre-
ated valuable knowledge that is being exploited for drug repurposing and accelerated vaccine development. Nevertheless, it is
important to generate knowledge on SARS-CoV-2 mechanisms of infection and its impact on host immunity, to guide the design
of COVID-19 specific therapeutics and vaccines suitable for mass immunization. Nanoscale delivery systems are expected to
play a paramount role in the success of these prophylactic and therapeutic approaches. This Review provides an overview of
SARS-CoV-2 pathogenesis and examines immune-mediated approaches currently explored for COVID-19 treatments, with an

emphasis on nanotechnological tools.

by severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2), was first reported in Wuhan, China in
December 2019. Since then, it has spread globally, already infect-
ing millions of people worldwide. As of 30 June 2020, 213 countries
have reported COVID-19 cases, with a total number that reached
above 10.3 million, the most being in the USA (2.6 million), Brazil
(1.4 million), Russia (640 thousand), India (548 thousand) and UK
(314 thousand). USA has the highest number of deaths (126 thou-
sand) followed by Brazil (58 thousand), UK (44 thousand) and Italy
(35 thousand). The worldwide case fatality rate across all communi-
ties is 4.9%.

Coronaviruses (CoVs) are enveloped viruses entrapping
non-segmented, positive-sense and single-stranded ribonucleic
acid (ssRNA). Their genome size ranges from 26 to 32 kb, being
the largest known RNA virus. SARS-CoV-2 3’ terminus encodes
structural proteins, including spike (S) glycoproteins"?, membrane
(M) glycoproteins’, as well as envelope (E)* and nucleocapsid (N)
proteins> (Fig. 1). In addition to the genes encoding structural
proteins, there are specific genomic regions encoding for viral pro-
teins required for replication®, in addition to other non-structural
proteins, such as the papain-like protease (PLpro)” and coronavirus
main protease (3CLpro)®.

According to the Center for Disease Control and Prevention
(CDCQC), the incubation period following infection is 2-14 days,
with an estimated median of 5.1 days*'’. However, cases with lon-
ger incubation of 24 days have been reported''. The long incubation
period is the primary reason for the massive infection, as it is mostly
asymptomatic yet contagious'’. Although the estimated patients’ age
average is ~70, all age groups are susceptible to this virus. However,
the elder population (>60) and people with comorbidities are more
likely to develop severe symptoms upon infection'”.

Much like previous CoVs, severe acute respiratory syn-
drome (SARS) and Middle East respiratory ryndrome (MERS),
SARS-CoV-2 is predominantly infecting the lower airways, ranging
from mild respiratory illness to severe acute respiratory syndrome
and septic shock in advanced stages®. The most commonly reported
symptoms are fever, dry cough, dyspnea, fatigue and myalgia,
which are early characteristics of the most frequent manifestation of
SARS-CoV-2 infection, pneumonia'*~'*. Physicians and pathologists
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are also reporting devastating damage to the cardiovascular system,
gut, kidneys and brain'®". Of importance is the recently observed
tendency of COVID-19 patients” blood to clot, which leads to ves-
sel constriction and ultimately can result in pulmonary embolism
or large-vessel ischemic stroke, in addition to ischemia in fingers
and toes'®'.

On 7 May, remdesivir was approved for COVID-19 in Japan®.
In the rest of the world, there are no specific treatments or vac-
cines available for COVID-19. To the best of our knowledge, the
only available options are the condition marketing authoriza-
tion to remdesivir recommended by the European Medicines
Agency (EMA) on 25 June, as well as the emergency use authori-
zations (EUA) provided by the US Food and Drug Administration
(FDA) on 1 May for remdesivir”’, on 30 March for the decades-old
malaria drugs hydroxychloroquine sulfate and chloroquine phos-
phate’’, and on 24 March for the infusion of plasma of COVID-19
convalescent patients”. The latter was supported by data obtained
on only 5 critically ill COVID-19 patients®, which had high
levels of neutralizing antibodies, raising the realistic hope of
producing virus-specific enriched immunoglobulins, similarly to
the ones used for tetanus, hepatitis A/B, cytomegalovirus, vari-
cella and measles. On 2 June, a clinical trial designed to evaluate
the safety and tolerability of the antibody LY-CoV555 was posted.
This IgG1 antibody is the first potential preventive and therapeutic
medicine developed to specifically target the spike protein on the
SARS-CoV-2*.

The rapid spread of SARS-CoV-2 requires accelerated devel-
opment timelines for COVID-19 vaccines and therapeutic candi-
dates to enter expeditiously into phase 1 clinical trials. Hence, the
type and extent of preclinical and preliminary clinical data needed
to inform these clinical development programs must be weighed
against the overall risk-benefit assessment of this unmet medical
need. In fact, so far, most published clinical trials on prophylactic
and therapeutic strategies against COVID-19 have countless weak-
nesses, such as not being randomized nor controlled, studying small
populations, and/or lacking a placebo group, making it difficult to
draw conclusive outcomes.

As of 30 June, 2,351 clinical trials are listed in ClinicalTrials.
gov, using COVID-19, 2019-nCOV, SARS-CoV-2 or 2019 novel
coronavirus as search terms (Fig. 2). Most of trial locations are
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Fig. 1| Schematic representation of SARS-CoV-2 structure. This is an
enveloped, positive-sense RNA virus with four main structural proteins,
including spike (S) and membrane (M) glycoproteins, as well as envelope
(E) and nucleocapsid (N) proteins.

reported in Europe (709), North America (441), Asia (200) and the
Middle East (94).

The strong commitment of the scientific community in address-
ing COVID-19 disease and global social and economic impact led
already to the publication of 27,255 manuscripts (as of 30 June,
using keywords COVID-19 or SARS-CoV-2) and submission of
5,891 preprints (4,701 medRxiv, 1,190 bioRxiv). Thus, the large
amount of information generated and reported in the last months
raises the need for a consensus analysis.

Potential repurposed treatments

The similarities found between SARS-CoV-2 and SARS-CoV,
MERS-CoV, or human immunodeficiency viruses (HIV) can
enhance the development of potential therapeutic approaches and
advance the understanding of the virus mechanism of action®?.
Currently, major efforts are being invested around the world
by commercial vaccine manufacturers, pharmaceutical compa-
nies, biotech entities and laboratories at academic institutions to
accelerate the discovery and development of prophylactic and
therapeutic solutions against SARS-CoV-2 infection using tech-
nologies and platforms mostly based on therapeutic modali-
ties developed against these previous infectious diseases. These
include repurposing of antivirals (for example, viral polymerase
and protease inhibitors**), anti-inflammatory drugs**’, mono-
clonal antibodies (mAb)?, antibiotics and immune modulators
(for example, anti-interleukin-6 (IL-6) agents™*, PEGylated
interferon (IFN)-alpha and beta (PEG-IEN-a/f)**), activators
of toll-like receptors (TLR)*” and vaccines (for example, based on
whole virus®*, messenger RNA (mRNA)*, DNA**!, recombinant
proteins* and peptides”, including when packaged in diverse
delivery systems, as well as viral-vectored vaccines*"** and virus-like
particles (VLP)*).

Hydroxychloroquine sulfate and chloroquine phosphate are
anti-malaria drugs shown to change the acidic conditions of organ-
elles in mammalian cell culture studies”, as well as to inhibit the
terminal glycosylation of ACE2 in vitro against SARS-CoV*, indi-
cating its possible role in preventing the fusion of the virus with
the cell membrane and thus blocking SARS-CoV-2 infection.
Hydroxychloroquine sulfate was shown to affect immune cell activa-
tion and phenotype against lupus erythematosus®, which indicates
its possible impact on the modulation of host immune response
during SARS-CoV-2 infection®*>. Hydroxychloroquine sulfate is

also being tested in combination with an array of drugs, amongst
them the antibiotic azithromycin, to treat COVID-19 patients™.

Viruses commonly use specific enzymes that act in mechanisms
distinct from human cell biology, hence they may be used as spe-
cific targets for the treatment of viral infections. In vitro studies
have reported that umifenovir inhibits SARS entry into target cells
by disturbing the angiotensin-converting enzyme 2 (ACE2)/S pro-
tein interaction, further inhibiting fusion of viral envelope™, also
being effective in vivo against HIN1*° and influenza A viruses™.
Umifenovir is now being considered as a COVID-19 treatment in
combination with protease inhibitors'**".

Lopinavir and ritonavir (LPV/RTV) are protease inhibitors
used for the treatment of HIV infections by inhibiting the HIV
protease activity, which is essential for virus maturation. Both are
effective against MERS-CoV in mice™. Cobicistat is a cytochrome
P450 (CYP) 3A inhibitor used as a pharmacokinetic enhancer in
combination with ritonavir for HIV treatment**. Other protease
inhibitors are under investigation, such as ASC09 and darunavir®.
Ribavirin is a broad-spectrum antiviral drug currently used as
a standard of care against hepatitis C virus, in combination with
PEG-IFN-a®. It is a ribonucleic analogue that prevents viral RNA
replication®’.

One of the most investigated drugs at the moment is remdesi-
vir, an adenosine nucleotide analogue that interferes with the viral
RNA-polymerase activity, recently approved for COVID-19 treat-
ment in Japan. Remdesivir was shown to be effective against the
SARS-CoV virus in vitro and is under evaluation in clinical tri-
als®”. Preliminary data on a randomized, placebo-controlled trial of
remdesivir enrolling 1063 patients have been released on 22 May,
showing that the drug was overall safe and effective for COVID-19
patients, leading to a shorter time to recovery than that obtained in
the placebo group®. Similarly, favipiravir is a guanine analogue that
also acts as an RNA polymerase inhibitor, currently used for influ-
enza treatment, and 38 clinical trials were recently initiated to assess
its effect against COVID-19°%. Other antivirals currently being
considered in COVID-19 clinical trials include the neuraminidase
inhibitor oseltamivir and the viral endonuclease inhibitor baloxavir
marboxil, both used against influenza infection®. In addition, azvu-
dine is a reverse transcriptase inhibitor developed for HIV treat-
ment that may also interfere with the viral replication®.

Additional clinical trials are exploring the use of anti-
inflammatory agents to prevent COVID-19 patients from develop-
ing severe lung inflammation. Those include corticosteroids and
non-steroid immune suppressive agents, such as indomethacin
and barcitinib®, in addition to mAb targeting inflammatory cyto-
kines, such as IL-6 and complement protein 5 (C5). On 16 June,
the RECOVERY study announced the first findings of this random-
ized and controlled clinical trial, which show that the drug dexa-
methasone reduced the death of COVID-19 ventilated patients
by one-third, supporting its potential use as standard of care in
these patients®.

Interestingly, angiotensin-receptor blockers (ARB) and
angiotensin-converting enzyme (ACE) inhibitors were shown to
increase the expression of ACE2, thus potentially enhancing cell
infection by SARS-CoV-2. However, a large population-based study,
carried out on 6272 COVID-19 patients, did not find a correlation
between the use of ACE inhibitors or ARB and SARS-CoV-2 infec-
tion”". Therefore, besides the limited data available, currently, there
is no clear evidence that supports the discontinuation of these drugs,
considering the potential risk that this action could bring to patients
with a history of hypertension, heart failure, post-myocardial infarc-
tion state and chronic kidney disease.

SARS-CoV-2 mechanisms of infection and immunity
Cell infection by pathogenic agents may trigger host humoral
and cellular immunities essential to eliminate the viral infection.
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Fig. 2 | Summary of COVID-19 trials first posted on ClinicalTrials.gov per month (30 June 2020). The search terms COVID-19, 2019-nCOV, SARS-CoV-2 or
2019 novel coronavirus resulted in 2,351 trials, including 185 with hydroxycholoroquine/chloroquine, 25 with remdesivir, 375 with other repurposed drugs,
48 with vaccines, 217 with immune-modulatory approaches, 118 with convalescent plasma, 202 with diagnostic tests and 41 with dietary supplements.

However, an uncontrolled or insufficient immune response may
lead to immunopathology and cause severe damage to patients’'.
A deeper understanding of the immune response induced by
SARS-CoV-2 infection may lead to new immunotherapies while
reducing the potential risk of inflammation.

The best known cellular infection mechanism of SARS-CoV-2
is mediated by the cell surface receptor ACE2 (Fig. 3), similarly to
SARS-CoV®72, Several studies have shown that the SARS-CoV-2 was
able to infect cells that were genetically modified to express solely the
ACE2 receptor’®”. As this ACE2 receptor is predominantly found in
the human epithelia of lung and small intestine, the SARS-CoV-2 is
more likely to infect the respiratory and gastrointestinal tracts’’*.
The preprint posted by Hikmet et al. indicates that the expression of
ACE2 was also found in glandular cells of the seminal vesicle, renal
proximal tubules, cardiomyocytes, testicular Sertoli cells, Leydig cells
and gallbladder epithelium”™. Moreover, it has been suggested that
the brain may also be infected by this virus, as COVID-19 patients
present neurological signs, such as the hyposmia at early stages of
infection, but also nausea, vomiting, headache and cerebral damage'*
at severe situations. SARS-CoV was indeed found in the brain of ani-
mals and patients’. It has been suggested that SARS-CoV-2 enters
into the brain through the cerebral circulation, due to the presence
of the ACE2 receptor on the endothelium, or from the cribriform
plate close to the olfactory bulb, which can justify at least in part the
altered sense of smell. In fact, glial cells and neurons are known to
express ACE2”, being, therefore, potential targets for SARS-CoV-2.

L-SIGN (CD209L) is a less explored potential SARS-CoV-2
receptor. It is a type II transmembrane glycoprotein of the C-type
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lectin family, mainly expressed in human lung alveolar epithe-
lial type II cells and endothelial cells. This receptor was shown
to mediate SARS-CoV entry into host cells, but at a lesser extent
than the ACE2 receptor’®”. Therefore, CD209L is likely to mediate
SARS-CoV-2 entry as well.

The surface-exposed S glycoprotein is the first viral compo-
nent that interacts with host cells, being encoded by the S gene, the
most variable region of the SARS-CoV genome™. The S protein is
a major component accounting for viral binding, fusion and fur-
ther entry into target cells. It comprises two main functional units.
The SARS-CoV-2 S1 subunit contains the receptor-binding domain
(RBD), which affinity for binding to host receptor varies among dif-
ferent CoVss, therefore affecting the infection and thereby dictating
disease severity®®. The SARS-CoV-2 S2 subunit is involved in the
virus fusion with the host-cell membrane®.

The binding and/or entering mechanisms suggested for
SARS-CoV-2 include several steps similar to those identified for
SARS-CoV and MERS-CoV infection due to the RBD genomic
similarity®. The virus entry is a complex process that starts with
the recognition of the RBD 394 glutamine residue by the lysine 31
residue on the human ACE2, further adopting specific conforma-
tions that will allow a fast dissociation of the S1 and S2 subunits®*!
(Fig. 3). This proteolytic priming of the S protein by host proteases
is also crucial to release the fusion peptide, enabling the viral and
host cell membrane fusion, and subsequent release of SARS-CoV-2
RNA into the cytoplasm?®®#>%,

It has been shown that the inhibition or depletion of host prote-
ases blocked the entry of the virus in vitro, while protease treatment
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Fig. 3 | SARS-CoV-2 entry and mechanism of infection. a-d, SARS-CoV-2 is internalized by the cell via (i) membrane fusion or (ii) endocytosis. The
SARS-CoV-2 spike binds to the angiotensin-converting enzyme 2 (ACE2) via its receptor-binding domain (RBD) and further releases its RNA (b), which
will be translated into viral proteins (c,d). e-h, These proteins will form a replication complex to create additional RNA (e) that will further assemble with
the viral proteins into a new virus (f), which will be released (g,h). The transmembrane protease serine 2 (TMPRSS2) is a protease shown to affect virus
entry, even though its knockout does not inhibit cell infection by SARS-CoV-2. TMPRSS2, transmembrane protease serine 2; ACE2, angiotensin-converting

enzyme 2.

of target-cell-associated virus led to the opposite effect®*-*. The
transmembrane protease serine 2 (TMPRSS2) expressed in human
lung cells is one of these proteases. The knockout of TMPRSS2
decreased the viral entry in cell cultures®, but it was not enough
to prevent the SARS-CoV-2 infection. An additional study showed
that the complete inhibition of viral entry was achieved when the
camostat mesylate, a clinically approved serine protease inhibitor,
was combined with cathepsin B/L inhibitors. Previous research on
SARS-CoV infection exploited other proteases, such as cathepsin L
and B, for cell entry*. This study showed that the inhibition of the
pH-sensitive endosomal protease cathepsin L activated SARS-CoV
membrane fusion in vitro, indicating that the proteolysis of this
cathepsin within the endosomes may be required for viral fusion
and entry. Therefore, combinations of host cell protease inhibitors
constitute potential therapeutics against COVID-19, becoming an
active area of research.

Upon virus entry into host cells, genome RNA serves as mRNA
for the first open reading frame (ORF1), being thus translated into
viral replicase polyproteins that are later cleaved into small prod-
ucts by viral proteinases. These assemble on double-membrane
vesicles that become sites for RNA viral synthesis, which has two
stages. The first one constitutes the genome replication, while the
second one includes the subgenomic RNA transcription and further
translation into structural and accessory proteins from additional
ORF’#%, These structural proteins are crucial for RNA synthesis by
RNA-dependent RNA polymerases (RARP) in order to replicate the
genomic RNA that will be subsequently released upon fusion with
plasma membrane®. The double-membranes enable the viral eva-
sion of host immune responses by lacking the pattern recognition

receptors (PRR), the activation of which is crucial for triggering
host innate immunity against these viral invading pathogens®.

The first line of defence mounted by the host at the entry site,
encompassing the induced expression of type I IFN (IFN-I) and
other pro-inflammatory cytokines, was reported to be suppressed
by SARS-CoV and MERS-CoV*, being related to disease severity.

The modulation of host IFN-I response involves the interference
with the ubiquitination and degradation of RNA sensor molecules
and the nuclear translocation of the IFN regulatory factor 3 (IRF3),
as well as with the reduction of the signal transducer and activator
of transcription 1 (SATA1) phosphorylation®". It has been already
reported that high levels of the cytokine IL-6 were correlated with
SARS-CoV-2 viral load in the blood of critically ill COVID-19
patients®.

In addition, the inhibition of cellular components of host immu-
nity has also been reported for SARS-CoV-2 and MERS-CoV infec-
tions. The latter led to the downregulation of gene expression related
to antigen presentation”, while increased levels of exhausted CD8*
T cells and loss of CD4" T cell function were found in the peripheral
blood of patients infected with SARS-CoV-2*.

Therefore, the induction of a balanced host immune response
against pathogens in general, and SARS-CoV-2 in particular, is
crucial to control and eliminate infection, employing adaptive
and innate immune responses, as well as events mediated by the
complement system (Supplementary Table 1). On the one hand, an
uncontrolled immunity may result in pulmonary tissue damage,
functional impairment and reduced lung capacity’’. On the other
hand, immune insufficiency or misdirection may increase viral rep-
lication and cause tissue damage™.
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COVID-19 vaccine—a real unmet need

Considering the infection rate of SARS-CoV-2, the prolonged
incubation time and the associated high fatality rates, especially
in those vulnerable high-risk populations, currently the only
possible option to control COVID-19 pandemic is by quaran-
tine, physical distancing and face masks. These measures have
been adopted worldwide, but it is becoming an immense eco-
nomic burden. Historically, vaccines were shown to be effective
tools to abolish pandemics, and protect the population, especially
high-risk groups, against a variety of viral infections”. Individuals
that recover from SARS-CoV-2 infection may develop a protec-
tive immunity, considering the immune response triggered by
other CoVs and recent findings reported in a small study per-
formed in rhesus macaques, posted as a preprint to bioRxiv*. Even
though it is currently unknown if humans previously exposed to
the virus are protected against SARS-CoV-2, and there is no suf-
ficient information on the impact of this infection on host immu-
nity, the kinetics of the immune response detected in a patient with
mild-to-moderate COVID-19 was recently reported”. The blood of
this patient contained increased levels of activated CD4* and CD8*
T cells, follicular T-helper cells, antibody-secreting cells and IgM/
IgG SARS CoV-2-binding antibodies. However, it is not known if
those titres are high enough and will remain for a period required
to confer protection against re-infection. The antibody response
against SARS-CoV was detected at 10-20 days®™ and lasts for
2-3 years®.

Importantly, the clinical condition of five patients infected with
SARS-CoV-2 already presenting acute respiratory distress syndrome
(ARDS), the most severe acute lung injury, was improved following
the administration of plasma containing neutralizing antibodies
collected from patients that recovered from this disease™. Caution
should be taken while drawing conclusions from a clinical study
covering such a small number of individuals, however, these obser-
vations support the enthusiasm associated with the development of
COVID-19 vaccines.

Elucidation of SARS-CoV-2 potential epitopes

Comparison of a consensus SARS-CoV-2 protein sequence to
sequences of SARS-CoV, bat-SARS-like CoV, and MERS-CoV
revealed a high degree of similarity between SARS-CoV and
bat-SARS-like CoV. This is in contrast to the low similarity to
MERS-CoV (Supplementary Table 2)*%¢*'%,

Taken together, the limited information regarding SARS-CoV-2
and the similarity between the two viruses (SARS-CoV and SARS-
CoV-2),led to the rational development of vaccines for SARS-CoV-2
based on the already available knowledge on the Betacoronavirus
comparisons.

Among the SARS-CoV-2 proteins, multiple studies suggest
that the S and N structural proteins are the most promising tar-
gets for vaccine design">?**>*>1%!, Since S protein mediates the virus
entry into host cells, it is the main target of neutralizing antibod-
ies upon infection”. The N protein is a highly immunogenic and
abundantly expressed protein during infection of SARS-CoV'2 In
addition, T cell responses against the S, M and N proteins of the
SARS-CoV-2 have been reported to be among the most dominant
and long-lasting'®.

Diverse SARS-CoV epitope sequences have been defined and
compared to the SARS-CoV-2 sequence, most of them being
derived from S and N proteins. In addition to the characterization of
SARS-CoV-2 genome sequences, vaccine design requires the evalu-
ation of their inherent antigenicity to identify T cell and B cell epit-
ope candidates (Fig. 4). To this end, it is fundamental to understand
if these sequences bind to major histocompatibility complex (MHC)
class I or class II molecules, and further confirm their recognition
and subsequent anti-SARS-CoV-2 immune response induction fol-
lowing the activation of human T cell and B cells.
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Across the world, many research groups addressed several B and
T cell epitopes, mainly using bioinformatic tools (Virus Pathogen
Database and Analysis Resource (ViPR) or The Immune Epitope
Database (IEDB)). Although this is a topic under active investiga-
tion, the first genome sequences became available on 11 January
2020*' and those constitute a valuable source to support the
development of COVID-19 vaccine candidates.

The large amount of information generated and reported in the
last months suggests the need for a consensus analysis. We sum-
marized the most described B and T cell epitopes that may have
the potential to elicit a cross-reactive and effective response against
SARS-CoV-2 (Supplementary Table 3).

SARS-CoV-2 vaccine development

The urgent development of a COVID-19 vaccine has prompted
industries and researchers worldwide to leverage vaccine plat-
forms developed in the past against other viral infections, such
as SARS-CoV and MERS-CoV. Different approaches have been
devised to boost and/or reprogramme host immunity against viral
diseases, in order to mostly induce Thl-type immune responses
and improve the production of binding and also neutralizing anti-
bodies against targeted proteins. The data generated following the
clinical development of these platforms is crucial to identify the best
COVID-19 vaccine candidates by providing evidence for safety col-
lected during previous biodistribution and toxicity studies.

Most of vaccine candidates'”” developed to control SARS-CoV and
MERS-CoV infections are based on the whole virus (live-attenuated
or inactivated), as well as subunits or full-length viral proteins, DNA
and RNA, frequently encompassing the use of non-replicating or
replicating viral vectors, VLP or synthetic delivery systems (Fig. 5).
The classical inactivated or live-attenuated based vaccines raise
safety concerns due to a possible induction of the disease, besides
triggering a strong protective immune response, including that
observed against SARS-CoV infection'”’. The efficacy of viral vec-
tors may be compromised by a potentially existing pre-immunity,
as the one triggered against the adenovirus. Accordingly, vaccine
candidates, for example, based on chimpanzee adenovirus with low
seroprevalence in human population'”* have been explored against
MERS, even if their safety profile remains to be fully addressed
in humans.

The use of peptides, proteins, mRNA- or DNA-based antigens,
as well as oligonucleotide-based adjuvants for vaccination is limited
by their inherent instability when systemically administered.
Advanced formulation methods allied to a rational design of nano-
carrier systems have been developed for the systemic delivery of
these different bioactive compounds, thus overcoming their rapid
degradation by nucleases, fast clearance, limited cellular uptake and
off-target effects'*>'.

Nanotechnology-based'"’-'"* approaches hold several advantages
that are expected to play a paramount role in the development of
an effective vaccine (Box 1).

The FDA- and EMA- approved nanosized delivery systems (for
example, liposomes, polymeric nanoparticles) for drug delivery in
humans nicely support the impact of these advanced carriers on
addressing especially life-threatening human diseases. The bio-
convergence merge of nanotechnology, bioengineering, and drug
delivery is opportune to address unmet needs, as each of these fields
has matured on their own to the point that can now be used to com-
plement others substantively and rationally, rather than modestly
and empirically. The expectation is that these nano-delivery plat-
forms along with the recently developed techniques to detect the
most appropriate targets will enable potent antigen-specific humoral
and cellular immune responses and will allow next-generation
vaccines to be devised against a range of viral diseases, including
SARS-CoV-2. The use of nano-delivery carriers to advance the
development of vaccines have been based on synthetic recombinant
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proteins or peptide sequences of structural (for example, S or
N SARS-CoV proteins'*) or non-structural viral targets previ-
ously identified as antigens, often combined with adjuvants, such
as TLR agonists (for example, CpG*, imiquimod'?, Poly (I:C)'',
Monophosphoryl Lipid A (MPLA)"7 or glucopyranosyl lipid adju-
vant (GLA)"¢, and other immune regulators, such as montanide'"
and inflammasome inducers (for example, Chitosan'*)) or retinoic
acid-inducible protein 1 (RIG-I) ligands'*'. In fact, our own previ-
ous findings demonstrated that the combined delivery of antigens
and TLR agonists were fundamental to achieve a strong humoral
and cell-mediated cytotoxic immune response for cancer preven-
tion and therapy*. We now re-orient our efforts to exploit our man-
nosylated polymeric nanoplatform to develop a COVID-19 vaccine.
Our nano-vaccine enable at once to programme the location, phar-
macokinetics and co-deliver immunomodulatory compounds, pro-
moting responses that cannot be attained upon the administration
of such compounds in solution.

The use of RNA for vaccine development constitutes a revolu-
tionizing technology that involves the use of an adequate delivery
system to improve the stability and thereby the translatability of
this oligonucleotide intracellularly***»'**. The non-replicating
mRNA vaccines encode the antigen of interest, while self-amplifying
RNA will lead to the translation of both the antigen and the viral
replication machinery that will allow the intracellular RNA ampli-
fication and protein expression. Vaccines based on mRNA, DNA,
VLP or other delivery systems became popular candidates espe-
cially in light of the recent approvals of 2 small interfering RNA
(siRNA) products of Alnylam (Onpattro (patisiran) and Givlaari
(givosiran)). No mRNA and DNA-based vaccines have reached the
market and therefore, their safety profile in large populations is cur-
rently unknown'?*'*, Nevertheless, the COVID-19 mRNA-loaded
cationic lipid nanoparticle (mRNA-1273) that encodes for a sta-
bilized SARS-CoV-2 S protein developed by ModernaTX, Inc'*.,
entered phase I clinical trials'” on 16 March, and phase II clinical
trials on 28 May.

While it is crucial to accelerate the development of these
immune-mediated approaches, it is important to bear in mind that
there are important open questions related to the SARS-CoV-2
infection development and impact on host immunity that must be
addressed. This advanced knowledge is fundamental, on the one
hand, to elucidate the different mechanisms of the host immune
response involved in the neutralization of the virus and/or the
eradication of infected cells. However, on the other hand, it will
also predict the outcome obtained when massively applied in the
targeted population. Accordingly, the gender and age effect on
the ability of the virus to modulate host immune response must
be fully addressed, as well as the impact of SARS-CoV-2 infection
on the immunity of patients with chronic diseases, namely diabe-
tes, hypertension, chronic obstructive pulmonary disease (COPD),
among others.

At early stages of SARS-CoV infection, macrophages display a
pro-inflammatory phenotype (M1) and the production of nitric
oxide, IL-6,1L-8,1L-1, ROS, MCP-1, CXCL-10 and TNF mediate host
fight against the virus, but also promotes lung injury'*. In the mean-
while, anti-inflammatory macrophages (M2) become activated and
these will regulate wound healing once the pathogenic agent is elim-
inated, restoring the lung tissue'*. It has been observed that patients
defeated by the SARS-CoV infection presented a faster increase in
anti-S neutralizing antibody titres than those that recovered from
this disease'””. Furthermore, studies on SARS-CoV-infected mice
and monkeys reported an association between the induction of a
SARS-CoV-specific immune memory and enhanced lung inflam-
mation’>"*. However, T cells have also been related to murine pro-
tection against this infection'*""*2. A recent study'*® showed that
the vaccination of SARS-CoV infected macaques with a modified
vaccinia Ankara (MVA) virus encoding full-length SARS-CoV S
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Fig. 4 | Potential targets for vaccine development to SARS-CoV-2.
Bioinformatics-assisted prediction of SARS-CoV-2 T cell and B cell epitope
candidates given the similarity of the SARS-CoV and SARS-CoV-2 genomic
structure. Potential antigen epitope sequences are represented for

N protein (PBD: 6VYO) and for S protein (PBD: 6VXX). Potential antigen
epitope sequences are not presented for membrane (M) and envelope (E)
proteins, as the crystallographic structures of these proteins are not yet
available at Protein Data Bank.

glycoprotein (ADS-MVA) was able to improve the production of
anti-SARS-CoV § protein neutralizing antibodies, but these animals
presented different degrees of alveolar damage. This S-IgG specific
immunity was related to a decrease in viral load, in parallel to an
improved infiltration of inflammatory monocytes/macrophages in
the lungs and abrogation of wound-healing macrophage response
at the early stages of infection'”. Moreover, the medRxiv preprint
posted by Wu et al. indicates that the anti-S specific antibody levels
were correlated to lymphopenia and disease severity in COVID-19
patients'*. Other studies have reported that the S-specific immunity
successfully assisted in viral clearance and protected experimental
animals against SARS-CoV infection'**'%.

Therefore, systematic studies must address the SARS-CoV-2
immune-mediated impact at different stages of the disease, corre-
lating those findings associated to cellular and humoral responses
with their impact on pulmonary immunopathology, but also tak-
ing into consideration the type of vaccine and the viral strain used
for infections.

Depending on the vaccine and related nature of the antigen used
to trigger a specific immune response, it is important to demon-
strate the extension of the response triggered under COVID-19
disease upon immunization (Fig. 6). These required preclinical
studies are currently limited as it was previously shown that the
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Fig. 5 | Diverse systems used for vaccine delivery. Proteins, fragments of proteins and peptides, RNAi or DNA- and mRNA-coding antigens can be
stabilized while entrapped in different delivery systems, including lipid and polymeric nanoparticles, or conjugated to lipids or polymers. Viral-vectored
vaccines and virus-like particles also constitute an active area of research for vaccine development.

CoV S protein does not bind to mouse counterpart due to struc-
tural differences already identified between the human and mouse
ACE2"°. However, even if the information available on preclinical
studies performed to specifically address immune-mediated
response against COVID-19 is limited, including in non-human
primate models, several mouse models previously developed to
address the development of therapeutic and prophylactic solu-
tions against SARS-CoV infection can now be explored to
advance drug discovery and development against COVID-19.
Examples include the ACE2, TMPRSS2 and STAT1 knockout
mouse models. ACE2"*""** and TMPRSS2%"** have been identified
as being related to SARS-CoV-2 entry into cells, while STAT1"*%
favours progressive lung disease by increasing viral replication in
the lungs. These experimental mouse models are particularly suit-
able for the study of SARS-CoV-2 pathogenesis and development of
new therapeutic options. BALB/c and C57BL/6 mice may be used to
characterize the immune response against potential vaccine candi-
dates, even in the absence of disease'*'. Particularly relevant for char-
acterizing the human immune response triggered by SARS-CoV-2
infection and therefore to guide the design of effective and safe vac-
cines may be the transgenic human leucocyte antigen (HLA) class I
and class IT mouse models'** harbouring HLA genes covering high
percentages of human population. Additional tools to support pre-
clinical development include the transgenic mouse model bearing
human ACE2 for SARS-CoV-2 infection (SARS-CoV-2 hACE2),
including the recently developed by Bao et al.”' and Jiang et al.'*’,
as well as, by the Jackson Laboratories following a model previ-
ously established by the Pearlman research group'**'**. Moreover,
mice that support the development of immune cells following
the engraftment of human peripheral blood mononuclear cells
(PBMC)"*'*” or human hematopoietic stem cells (HSC)"** should
also be considered.
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Host immune-modulation beyond vaccines

The homology of MERS-CoV, SARS-CoV, and the newly emerging
SARS-CoV-2, as well as the similar clinical development of these
diseases that starts by a pulmonary inflammatory state followed by
fibrosis and subsequent compromise of lung function, are driving
the attention of the scientific and clinical communities to the use of
immune-modulators, which has already achieved remarkable suc-
cess'”. The immune-mediated targets vary between the different
types of viruses, as in some infections this pathogen has a major
role in host tissue/organ damage, while in others it is the systemic
and local immune activation mounted upon infection that impairs
host repair function due to hyperstimulation'*.

The scientific and clinical communities have been exploring
mostly two approaches to achieve balanced immunity to reduce viral
load, while preventing end-stage failure of the infected organ®. The
first one encompasses the administration of immune suppressors'*’
to reduce the hyperinflammation induced by the viral infection, that
in turn can provoke damage to the inflamed area”. Corticosteroids
are widely used to suppress lung inflammation and reduce the risk
for pulmonary damage in critically ill patients affected by respira-
tory viral infections, such as those induced by MERS-CoV*>"*! and
SARS-CoV'*?, However, the real risk-benefit underlying the use
of corticosteroids is yet unclear. In fact, corticosteroids also limit
immune responses and thereby might counteract viral clearance, as
it was observed in some individuals affected by MERS-CoV infec-
tion’"'*. Taking this into account, together with ARDS developed in
patients affected by SARS-CoV-2 infection, the recommendation of
corticosteroid treatment to these patients is still controversial, being
currently addressed in ongoing clinical trials (NCT04244591)">"",
Nevertheless, the RECOVERY trial results point toward the poten-
tial use of dexamethasone to reduce the death rate of patients that
require respiratory support®.

NATURE NANOTECHNOLOGY | VOL 15 | AUGUST 2020 | 630-645 | www.nature.com/naturenanotechnology


http://www.nature.com/naturenanotechnology

NATURENANOTECHNOLOGY

Box 1| Advantages and limitations of nanotechnology for
immune-based COVID-19 approaches

Advantages

o Protection of entrapped bioactive molecules from harsh
conditions, such as the gastrointestinal environment, inacti-
vation from blood components and recognition from reticu-
loendothelial system'"”.

o Potential for vaccine delivery through routes alternative to
parenteral administration'®.

o Increase the delivery of antigens to antigen presenting cells,
providing improved immune responses compared to those
obtained with the soluble counterparts'®.

o Biodegradability and biocompatibility can be controlled.

o Formulation processes improve bioactive agents’ stability.

o Availability of translational manufacturing procedures'.

Limitations

o Vaccine development process—requires validated methods
to clinically evaluate new vaccine strategies''’.

o Challenging translation to the clinic due to high cost
and complex procedures for chemistry, manufacturing and
controls (CMC)!!.

o Suitable sterilization methodologies for clinical use of paren-
teral administrations''>'".

o Risk of denaturation of the incorporated biomolecules by
the organic solvents, shear stress or temperature used during
particle formulation'''".

o Low entrapment efficiencies for some macromolecules.

o Required characterization of biodistribution profile to antici-
pate safety concerns of cationic nanoparticles, accumulation
in off-target sites and possible effects of burst release of the
components.

The second therapeutic approach is based on the use of immune
potentiators, such as cytokines, immune checkpoint inhibitors, sig-
nalling proteins, antimicrobial peptides and PRR ligands. The main
goal is to eradicate the virus following the stimulation of host innate
and adaptive immune responses against the virus.

Patients with severe COVID-19 develop viral sepsis follow-
ing the excessive inflammatory response syndrome, as well as
inflammation-lung injury, which often leads to septic shock and
ARDS, the leading cause of death of these individuals'*>. Viral
sepsis induces the dysfunction of several physiological responses,
including both innate and adaptive immune responses, that reduces
host ability to eradicate the viral infection'**. However, treatments
addressing this excessive inflammation against other microbial
infections did not improve patient prognosis'*’.

The immunosuppression, mainly lymphocytopenia, is rec-
ognized as a leading cause of increased morbidity and mortality
during sepsis'**, enhancing patient vulnerability to bacterial or viral
infections'”. One of the main hypotheses for this immunosup-
pression occurred during sepsis is the increased expression of the
immune regulatory checkpoints'®, such as programmed death-1
(PD-1) and programmed death ligand-1 (PD-L1), which have a
crucial role in T-cell depletion in septic patients'®. Preclinical and
clinical studies have shown that the inhibition of those immune
checkpoint molecules can reverse the sepsis-induced immuno-
suppression, overcoming lymphocytopenia and thereby improv-
ing host resistance to infection'®. These effects suggest that
PD-1/PDL-1 inhibition constitutes a potential treatment against
SARS-CoV-2- induced sepsis, and anti-PD-1 blocking antibodies
are currently being investigated, as single agents or in combination
with thymosin, that has also been shown to reduce the mortality
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in these patients (NCT04268537). In addition, anti-PD-L1-treated
DC induced T cell priming and proliferation'*’. Therefore, the
blockage of PD-1 associated with a vaccine may also be considered
in future endeavours.

Additional approaches focus on the reduction of cytokine secre-
tion. Cytokines are protein mediators that provide signals crucial for
key biological processes including immunity, cell proliferation and
inflammation, wound healing and repair, cell migration, fibrosis and
angiogenesis'. High levels of transforming growth factor beta-1
(TGF-p1)*** have been detected in SARS patients, being related
to the development of pulmonary fibrosis and to the reduction in
apoptosis of SARS-CoV-infected cells'*. Similar consequences of
high levels of TGF-p1 were found in SARS-CoV-2-infected patients.
This suggests that targeting pro-inflammatory cytokines that induce
pulmonary fibrosis may be useful. One such therapeutic option is
pirfenidone, for which different mechanisms have been suggested
for its activity. Specifically, it reduces the levels of fibrosis-associated
proteins and cytokines, as well as the extracellular matrix accumu-
lation in response to TGF-p1 and platelet-derived growth factor
(PDGF)'®. The effect of pirfenidone is currently being studied in
a clinical trial (NCT04282902) taking into account encouraging
results previously reported against idiopathic pulmonary fibrosis,
in addition to its pronounced anti-inflammatory and anti-oxidant
effects. Furthermore, the impact of the suppression of the TGF-p
pathway on overall T-cell function should also be considered in
these patients, as it may limit the regulatory T cell (Treg)-mediated
immunosuppression'®.

In contrast to what was observed regarding the overexpression of
TGF-P1 in SARS-CoV and MERS-CoV infected patients, the analy-
sis of the expression profiles of immune-related genes indicated the
downregulation of IFN-a/p genes™>*. The SARS-CoV virus does
not indeed trigger the activation of the IFN-o/p pathway”’, which
has a relevant role on reducing viral replication and dissemination
at an early stage'”, in addition to the overall stimulatory effect on
host immune system'®. Therefore, several ongoing clinical tri-
als are exploring the efficacy and safety of different IFN subtypes
for COVID-19 patients as therapeutic and prophylactic agents
(NCT04254874, NCT04293887, NCT04315948).

In addition to this passive administration of IFN, alternative
approaches for inducing the stimulation of TLR3 and TLR?7 are par-
ticularly promising. These are transmembrane upstream regulatory
factors that upon recognition of a specific pattern, such as a single
and double stranded RNA viruses, will induce the transcription of
pro-inflammatory cytokines, including IFN”', increasing host abil-
ity to eliminate the pathogen'®.

TLR bridge innate and adaptive immune responses as they do
not only activate the innate immune system but can also determine
the nature of the adaptive immune response by upregulating MHC
on DC, in addition to the secretion of costimulatory molecules and
proinflammatory cytokine release. This process leads to the differen-
tiation of CD4* T cells into Th1 cells, which in turn produce IFN-y,
and lead to class switch from IgM to IgG2 antibodies by B cells'”.
Therefore, an ongoing clinical trial in China (ChiCTR2000029776)
is evaluating the therapeutic effect of triggering TLR signalling
pathways in COVID-19 patients by an analogue of double-stranded
RNA [Poly(I:C)].

Anotherimmunological approach for treating COVID-19isbased
on the use of endogenous molecules of the innate immune system
such as defensins. Defensins are a family of endogenous antibiotic
peptides with a wide antimicrobial and antiviral spectrum activity,
being important for the function of the innate defence system'”’. It
was previously observed that the treatment of SARS-CoV-infected
mice with defensin caused alterations in the cytokine profile at
the lung parenchyma, but it did not seem to affect lung patho-
logy, inhibit proliferation or eradicate the SARS-CoV virus.
However, the intranasal administration of defensin significantly

NATURE NANOTECHNOLOGY | VOL 15 | AUGUST 2020 | 630-645 | www.nature.com/naturenanotechnology 637


http://www.nature.com/naturenanotechnology

REVIEW ARTICLE | FOCUS

Immunogenicity assay

3

K

(J (
Vaccine

candidates

Neutralized virus

Target cells
Cytopathic effect

NATURE NANOTECHNOLOGY

Antibody quantification — ELISA

o ) Y VY

96 well plate 3
1 2 3 4 5 6 7 8 9 10 11 12 :
r@OO00@OOOOOOOO !
0000000000000 !
cOO000O0O0OOOOOO !
PQOO0O0O00OO0OOOOOO Antibody !
HoleJelelolelel Jolelelole) !
FOOOOOOOOOOOOO !
ceJolololelololeolololelele) !
HOO@OOOOOOOOOO !

Potential mouse models

hACE2

Th1 and Th2-type
mouse strains

Transgenic HLA

PBMC-engrafted

Fig. 6 | Schematic representation of key methodologies to characterize the immune response and related anti-SARS-CoV-2 effect induced by vaccine
candidates. These assays include the evaluation of dendritic cell (DC) and T cell function upon immunization by flow cytometry and quantification of
levels of antigen-specific binding and neutralizing antibodies at different time-points. These studies are still limited by the mouse models of SARS disease
currently available, but different options are emerging as potentially useful for the study of SARS-CoV-2 infection mechanisms and COVID-19 vaccine
development. DC, dendritic cell; FACS, fluorescence-activated cell sortin; ELISA, enzyme-linked immunosorbent assay; |g, immunoglobulins (Ig); hACE2,
human angiotensin-converting enzyme 2; HLA, human leukocyte antigen; PBMC, peripheral blood mononuclear cell.
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protected mice against SARS-CoV infection
potentially beneficial for high-risk groups.

, being therefore

COVID-19 preclinical prophylactic immune-based
approaches

Since the end of 2019, multiple strategies are being adopted for
the SARS-CoV-2 vaccine development’'”. The majority of these
approaches target the surface-exposed S glycoprotein or the S pro-
tein (full-length or specific subunits) to induce a potent neutralizing
effect by eliciting specific T-cell responses and neutralizing anti-
bodies'”*'”*. As of 8 April 2020, there were 115 vaccine candidates,
of which 37 have not been confirmed as active against SARS-CoV-2
infection, and 73 out of the 78 reported as active, are in very early
stage phases with no preclinical studies yet”.

Supplementary Tables 4a,b summarize diverse vaccine can-
didates developed to overcome SARS-CoV-2 infection, of which
efficacy and safety are being evaluated at a preclinical stage. It is rea-
sonable to anticipate that even those candidates that will successfully
demonstrate a safety profile and considerable ability to modulate
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host immunity against this virus, it will still take about a year to start
phase I clinical trials.

COVID-19 preclinical therapeutic immune-based
approaches

Therapeutic options that could be used against SARS-CoV-2 include
virus-binding molecules, inhibitors that target specific enzymes
involved in viral replication and transcription, small-molecule
inhibitors targeting helicase, proteases or other proteins crucial
for the survival of the virus, host cell protease and endocytosis
inhibitors, siRNA, anti-sense RNA and ribozyme, neutralizing
antibodies, mAb against host receptor or S1 RBD, anti-viral pep-
tide targeting S2 and natural products'’*'"*'””. For now, remdesivir,
lopinavir/ritonavir alone or in combination with IFN-f, mAb or
convalescent plasma are among the most investigated therapeutic
options against the SARS-CoV-2"7*"7%, In addition, the character-
ization of the effects induced by mAb in COVID-19 patients may
also advance the development of vaccines, and increasingly spe-
cific diagnostics'”’. However, every single one of these tools needs
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to be evaluated regarding clinical efficacy and safety, before being
used to treat infected patients. Supplementary Tables 5a,d list the
advanced therapeutic approaches under preclinical development
for SARS-CoV-2.

COVID-19 prophylactic approaches in clinical development
Prevention of SARS-CoV-2 new infections may be the most effec-
tive approach, not only to prevent COVID-19 but also to block the
spreading of the virus worldwide. Since SARS-CoV-2 virus was only
recently identified, large efforts dedicated to vaccine development
are being pursued. As of 30 June, 48 clinical trials are already evalu-
ating the efficacy of COVID-19 vaccines (Supplementary Table 6a).
One approach, developed by ModernaTX, Inc. uses lipid nanopar-
ticles (LNP) encapsulating mRNA-1273 that encodes full-length,
SARS-CoV-2 S protein (NCT04283461). Cells expressing this viral
protein will be able to present T cell-recognized SARS-CoV-2 anti-
gen and induce an immune response against the virus. This may be
an effective and safe approach since it does not use viral particles,
but rather delivers mRNA that can be expressed by immune cells
and non-immune cells, leading to both MCH class I and MHC class
IT antigen presentation. Furthermore, encapsulating viral mRNA
in LNP will protect the mRNA from degradation and enhance
delivery efficiency'®. ModernaTX’s press release®' published on
18 May announced the interim data of this ongoing phase I trial
for mRNA-1273 vaccine, which indicate that the vaccine was
generally well-tolerated and safe, and led to the production of
neutralizing antibodies in eight initial patients enrolled in this
study, two weeks after receiving the second dose of this COVID-19
vaccine candidate.

Recombinant novel CoV vaccine using adenovirus type 5
vector, also called Ad5-nCoV (NCT04313127) was proposed
by Tianjin-based CanSino Biologics Inc. This product uses a
genetically-modified adenovirus type 5 that is replication-defective
and expresses the SARS-CoV-2 § protein. The ChAdOx1 nCoV-19
(NCT04324606) developed by the University of Oxford is also an
adenovirus-vectored vaccine in clinical development, which has
been explored as a vaccine against other infectious diseases, such as
influenza, tuberculosis, Chikungunya virus (CHIKV), Zika, menin-
gitis B and the plague.

There are other clinical trials exploring the use of genetically
modified, activated immune cells, which recognize SARS-CoV-2
antigens (Supplementary Table 6a). Shenzhen Geno-Immune
Medical Institute engineered minigenes (exon gene fragments)
based on multiple viral genes, which are introduced into arti-
ficial antigen presenting cells (aAPC) using a lentiviral vector
(NCT04299724). When injected into the patient, the aAPC will
activate T cells and generate an immune response against the virus.
In addition, LV-SMENP-DC, also from Shenzhen Geno-Immune
Medical Institute, is a modified DC that expresses viral antigens
(NCT04276896). These DC are used to activate cytotoxic T cells
(CTL) ex vivo. The modified DC and activated CTL will be both
injected into the patients. On 6 April 2020, INOVIO Pharmaceuticals
announced the initiation of phase 1 clinical trial of its INO-4800
DNA plasmid vaccine encoding S protein delivered by electro-
poration (NCT04336410), based on their technology previously
exploited for Lassa, Nipah, HIV, filovirus, human papillomavirus,
cancer indications, Zika and hepatitis B. An additional prophylac-
tic approach to prevent COVID-19 disease in adults exposed to the
virus, encompasses the inhalation of the PUL-042 solution, which is
a TLR 2/6/9 agonist'®. By binding to these TLR, PUL-042 can acti-
vate immune cells, such as natural killer (NK) cells, macrophages
and DC, and stimulate lung epithelial cells to produce diverse fac-
tors against photogenic infection'*.

Although promising, these clinical trials are now recruiting for
phase I or phase II, and efficacy and safety in human patients have
not yet been confirmed.
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COVID-19 therapeutic approaches in clinical development

Most of the clinical studies test current immunotherapies or
re-purposing of existing drugs for the treatment of COVID-19
patients (Supplementary Tables 6a-d). As of 30 June, there are 217
registered clinical trials using immune modulators against COVID-
19, while over 476 investigate the added-value of repurposing drugs.

The injection of immunoglobulins from convalescent patients
has been tested to induce a specific immune response against
SARS-COV-2 (NCT04264858). Other trials are trying to induce
a broad immune response through the non-specific activation
of the immune system. For instance, a combination of a standard
treatment with anti-PD-1 antibody is under clinical investigation
(NCT04268537). Another example is the recombinant IFN-a2f, an
immune-modulator approved for the treatment of viral infections,
such as hepatitis B and C, and for the treatment of different types of
cancer, such as metastatic melanoma (NCT04293887)"%'%,

Other clinical studies are testing different anti-inflammatory
agents to reduce lung inflammation (pneumonia), the leading cause
of death for COVID-19 patients. These include antibodies targeting
inflammatory factors, such as IL-6 and complement protein C5, or
the CD24Fc conjugate that blocks TLR activation. Two clinical stud-
ies are using the anti-angiogenic drug bevacizumab (anti-VEGF
mADb) to reduce lung oedema. Another antibody in clinical develop-
ment is the meplazumab, which blocks the binding of SARS-CoV-2
S protein to CD147 molecule on human cells, thus reducing the
virus infection ability*. Other immunosuppressive agents are also
being tested, such as the JAK1/JAK2 inhibitor baricitinib and the
anti-malaria drug hydroxychloroquine sulfate. Although optimal
treatment regimens are still under investigation, different dosing
and schedules are being reported by clinicians.

Few clinical studies are exploring cell therapies, such as NK cells
to support and strengthen the immune response (NCT04280224),
while others use mesenchymal stem cells, which can facilitate tissue
regeneration and immune suppression'*°.

Facing the tragic numbers that are arriving every day from all over
the world, on 18 March 2020, the United Nations Director-General
announced an unprecedented action where international coopera-
tion made possible the design of the Solidarity Trial. The World
Health Organization (WHO)'"” announced on 27 March 2020 that
45 countries were already contributing, and many others had dem-
onstrated interest in joining this historic trial, where the major aim
is to rapidly understand the safety and effectiveness of remdesivir,
lopinavir/ritonavir, lopinavir/ritonavir with IFN-Bla and chloro-
quine or hydroxychloroquine'®. The contribution of data obtained
by this multi-country trial in a concerted manner enables the direct
comparison between those drugs, which will drastically cut the time
needed to provide clear and robust data to demonstrate which drugs
will be actually effective against COVID-19.

Conclusions and perspectives

The COVID-19 pandemic has spread to 213 countries and territo-
ries, and the number of cases reported as of 30 June 2020 surpasses
8.5 million worldwide. More than 5.6 million people recovered from
SARS-CoV-2 infection, but 506 thousand people were defeated by
this virus. The number of new cases continuously rises.

The severity of the situation has already re-shaped our society.
Reports are arriving from most countries testifying the tremendous
commitment of the governmental, scientific and clinical communi-
ties, in making concerted efforts to help local populations to deal
with the pandemic.

Reorientation of research at many academic and industrial insti-
tutions is also currently in place, taking advantage of already existing
knowledge and experience in fighting previous infectious diseases
that may bring new solutions to the COVID-19 pipeline. History
also shows that these crises create unique opportunities for the
development of new technologies or the flexible use of existing ones.
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The SARS-CoV-2 is indeed a new strain of coronavirus, and even
if the scientific community is rapidly gaining tremendous knowl-
edge about this virus, the world population has not yet acquired
immunity. The development of an effective vaccine will be particu-
larly important to protect high-risk patients, taking into account
their decaying immune function. Therefore, the development of a
COVID-19 vaccine suitable for mass immunization is urgent and
companies and research institutes have already reported the devel-
opment of more than 115 vaccine candidates. Researchers world-
wide are exploiting platform technologies previously developed
to control CoV infections, as well as other diseases, such as HIV,
influenza, Zika, Ebola, plague, tuberculosis and meningitis. The
development of these vaccine candidates is expected to be particu-
larly fast as their safety and efficacy in modulating host immune
response have already been attested, even if against other agents that
may not exactly present the same pathogenesis but that modulate
physiological functions in a similar manner. However, despite the
diverse platform technologies available to produce these vaccines,
all developers agree that it is highly unlikely that a vaccine will be
available for worldwide use in less than 12 months, in particular
taking into account that the development of an Ebola vaccine took 5
years and a mumps vaccine took 4 years in a record time.

The tremendous advances in molecular engineering and bio-
technology for the last years have led to engineered biotech com-
pounds, such as peptide and protein antigens, multiple copies
of antigen-encoding mRNA, in addition to gene regulators of
immune cell function, such as siRNA to suppress the expression of
immunosuppression-related genes.

However, as candidates move towards clinical investigation, it
becomes clear that their biological effects depend on the develop-
ment of a tool able to attain their transport across biological barriers.
In fact, low response rate of patients has been related to the lim-
ited intrinsic immunogenicity of antigens, and therefore, the added
value of adjuvants, such as TLR ligands, are commonly considered
to overcome sub-optimal efficacy. However, oligonucleotides, such
as the TLR ligands CpG or Poly (I:C), or siRNA and mRNA candi-
dates, are limited by low stability under physiological conditions,
off-target effects and limited cellular uptake'®. The systemic effect
of oligonucleotides demands the design of safe and effective delivery
systems to target and cross plasma membranes, but also to escape
from endosomal compartments into the cytoplasm. The key to
unlock their potential has pointed nanomedicines as an approach
able to guarantee the target selectivity required for their efficacy,
while ensuring patients” safety. Accordingly, nanotechnology-based
systems incorporating combinations of antigen epitopes and adju-
vants are being developed to improve vaccine delivery. These
nano-based vaccines orchestrate a broad immunity by modulating B
cell-mediated responses towards an increased and fast production of
high-affinity neutralizing antibodies upon re-encountering cognate
antigens, but also by allowing an adequate activation and expan-
sion of T cell-function directed, for example, to the destruction of
virus-infected cells. Nanotechnology-based strategies also consti-
tute a potentially useful tool to enhance the stability and improve
the pharmacokinetics of therapeutic antibodies. The entrapment
of antibody derivatives has been explored to improve their delivery
and endosomal escape, which will result in improved intracellular
antigen recognition'”. It has also been shown that the entrapment
of immune checkpoint monoclonal antibody modulators by poly-
meric nanoparticles improved the immune-mediated responses to
these immunotherapies, such as to the agonist anti-OX40"' and
to the anti-CTLA4 blocker'”. Nanoscale delivery systems improve
the delivery of active compounds to specific cells and tissues, and
decrease adverse effects cause by systemic administration, for exam-
ple of FDA-approved cytokines, such as TNF-o'** and IL-2"%.

The similarity between the infection mechanisms of SARS-
CoV-2 and other CoVs and HIV also indicates that drugs already
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clinically-approved to target different steps of the infection path-
way constitute promising potential solutions against COVID-19.
Accordingly, ritonavir and lopinavir are currently under consider-
ation. However, caution should be taken due to distinct HIV and
SARS proteases, which can limit the specificity of their therapeutic
activity. Chloroquine phosphate and hydroxychloroquine sulfate, as
well as remdesivir may lead to better clinical outcomes as these will
probably have a broad-spectrum activity by eventually inhibiting
SARS-CoV-2 cell entry and the RNA polymerase, respectively'”.
Time is also crucial; vaccines are intended for administration before
the infection (or as intervention in case of a therapeutic vaccine),
antivirals need to be administered as soon as possible after infec-
tion, whereas immunostimulants or -inhibitors could be given later.

Despite lack of medical evidence, the severe respiratory symp-
toms presented by an 80-year old critically ill COVID-19 patient
were rapidly attenuated upon the administration of recombi-
nant human erythropoietin (EPO)"*. Previous preclinical studies
reported the effect of EPO on septic cases'””'%, and on the inhibition
of pro-inflammatory cytokine expression and increase of B cells, as
well as CD8* and CD4* T cells in circulation'”. Even though this
patient also received hydroxychloroquine, oseltamivir and lopina-
vir/ritonavir, these effects were observed following EPO and red
blood cell transfusion, which led to an increase in the levels of hae-
moglobin. Clinical studies on the use of EPO in COVID-19 patients
are required, but its use should be carefully considered, for example
in patients with anaemia associated with renal chronic disease due
to already known side effects such as thrombotic events.

It is important to bear in mind that unfortunately, we are still far
from having a full picture of the pathophysiology of this dangerous
disease, including its long-term implications on individuals that did
not experience the severe form of this infection. What the clinical
and scientific communities first thought of as being an infectious
disease that, similarly to other CoV-related infections, would mostly
affect the respiratory tract, soon became a multifaceted pathology,
which major features include the massive accumulation of blood
clots. It is now clear that the SARS-CoV-2 infection causes heart
attacks, coronary-related kidney damage, severe stroke, including
in young people with no previous history of cardiovascular disease,
being all related to extensive clot formation. In addition, several
countries, such as Italy’”, UK*', Canada®” and USA*”, reported
the hospitalization of children and young adults presenting severe
Kawasaki-like disease related to COVID-19, showing inflammation
in medium-size blood vessels, rash, fever and, in some cases, shock.
Children are accepted to be the least affected by this disease, but this
emerging link between SARS-CoV-2 infection and this rare inflam-
matory condition associated with systemic blood vessel damage in
COVID-19 positive young patients, is raising awareness towards the
urgent need for collecting data covering clinical outcomes and pre-
sentations of this emerging phenomenon. Clinicians and scientist
worldwide are driving concerted efforts to correlate the behaviour
of the immune system components with SARS-CoV-2 infection,
as well as to decipher genes related to high-risk of disease severity,
fundamental to point out children who are at high-risk and help on
clarifying the chaotic/uncontrolled immunity found in adults.

The search for life-saving solutions to treat COVID-19 patients
or achieve the control of SARS-CoV-2 transmission is crucial to win
the race against the rapid transmission of this virus, and regulatory
bodies worldwide have joined efforts to respond to this outbreak
by providing new mechanisms to support a faster development and
approval of the most promising therapeutics and vaccine candidates.
However, it is fundamental to simultaneously ensure that adequate
measures are being taken to thoroughly demonstrate their safety
and efficacy. For example, the European Medicines Agency (EMA)
released on 27 March an updated version of the Guidance on the
management of clinical trials during COVID-19**, namely address-
ing communication with the governmental authorities, informed
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consent and distribution channels of investigational medicines. The
guidance further includes information regarding the distribution of
diagnosis tests, safety reporting and auditing.

The COVID-19 pandemic reminds us of the devastating effect
that previous emerging diseases had in our history until the devel-
opment of effective vaccines that greatly reduced the burden caused
by those infections. As recognized by the WHO?", only access to
clean water has a greater impact on disease and death of popula-
tions. Anti-vaccine movements have raised their voices against vac-
cination programmes worldwide, which has already increased the
incidence of diseases that were already rare in developed countries.
Therefore, the measures now being taken by society to limit the
severe economic, social and cultural consequences of the COVID-
19 pandemic, has the potential to make the national vaccination
programmes strong again. Sadly, however, physical distancing mea-
sures and lockdown have already heavily compromised the vaccina-
tion of children against other important infectious diseases, namely
measles, polio, diphtheria, tetanus and pertussis*”. WHO indicates
that 100 million children are expected to miss measles vaccination
due to COVID-19 lockdown. As a result, as the pandemic starts to
reach a containment phase in several countries, it is important to
analyse data gathered for the last 5 months and the expected impact
of a prolonged lockdown, looking also at potential effect on social
and economic levels. It is also important to investigate medical care
procedures and the treatment of patients affected by other diseases
that have been abruptly interrupted due to the COVID-19 pan-
demic. For example, cancelled procedures that limit disease diag-
nosis and cancer treatment schedules that have been affected, such
as surgeries, chemotherapy or radiotherapy. Taking these facts into
account, several countries are already taking careful measures to
relax COVID-19 lockdown, to simultaneously control SARS-CoV-2
spread among the population.

The management of highly contagious and potentially fatal
infectious diseases has shaped human history over the centuries,
and the COVID-19 pandemic will not be an exception. However, we
are now in an era in which highly advanced technological resources
are available, which can be our weapon to change the course of this
pandemic. Therefore, it is important to invest in health systems
and in basic and innovative science to find diagnostic and thera-
peutic solutions. It is heart-warming to see the collaborative efforts
amongst all sectors involved in the global healthtech ecosystem. We
only hope that these insights will still resonate after this pandemic
is behind us.
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