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Abstract. SARS‑CoV‑2 is a newly discovered member of the
betacoronaviruses and the etiological agent of the disease
COVID‑19. SARS‑CoV‑2 is responsible for the worldwide
pandemic which has been taking place in 2020, and is
causing a markedly higher number of infections and deaths
compared to previous coronaviruses, such as SARS‑CoV or
MERS‑CoV. Based on updated scientific literature, the present
review compiles the most relevant knowledge of SARS‑CoV‑2,
COVID‑19 and the clinical and typical responses that patients
have exhibited against this virus, discussing current and future
therapies, and proposing strategies with which to combat the
disease and prevent a further global threat. The aggressiveness
of SARS‑CoV‑2 arises from its capacity to infect, and spread
easily and rapidly through its tight interaction with the human
angiotensin‑converting enzyme 2 (ACE‑2) receptor. While

not all patients respond in a similar manner and may even be
asymptomatic, a wide range of manifestations associated with
COVID‑19 have been described, particularly in vulnerable
population groups, such as the elderly or individuals with other
underlying conditions. The proper function of the immune
system plays a key role in an individual's favorable response
to SARS‑CoV‑2 infection. A hyperactivated response, on the
contrary, could account for the more severe cases of COVID‑19,
and this may finally lead to respiratory insufficiency and other
complications, such as thrombotic or thromboembolic events.
The development of novel therapies and vaccines designed to
control and regulate a proper immune system response will be
key to clinical management, prevention measures and effective population screening to attenuate the transmission of this
novel RNA virus.
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1. Introduction

2. Molecular features of SARS‑CoV‑2 infection

Severe acute respiratory syndrome coronavirus 2, or
SARS‑CoV‑2, is the name of the virus responsible for the
pandemic disease Coronavirus Disease 2019 (COVID‑19)
discovered in Wuhan (China) in December, 2019, from where
it spread to the whole province of Hubei and and subsequently
worldwide (1,2). The Coronaviridae family of the order
Nidovirales is divided into 2 subfamilies Orthocoronavirinae
and Torovirinae. The family Orthocoronavirinae has
4 described genera: Alphacoronavirus, betacoronavirus,
gammacoronavirus and deltacoronavirus (3). In total, 7 species
are known to infect humans, four of which (HCoV 229E, HCoV
NL63, HCoV HKU1 and HCoV OC43) have been linked to
mild cold‑like symptoms in immunocompetent individuals,
while two of them, SARS‑CoV originating in China and
Middle East respiratory syndrome coronavirus (MERS‑CoV)
in the Middle East, were responsible for a large number of
deaths due to severe respiratory infections in 2003 and 2012,
respectively (4,5). SARS‑CoV‑2, similar to SARS‑CoV and
MERS‑CoV, belongs to the genus betacoronavirus, whose
species cause zoonotic infections that may affect humans (6).
Nevertheless, it is SARS‑CoV that shares most characteristics
with SARS‑CoV‑2, having approximately 80% homology with
its genome (7).
Bats seem to be a natural reservoir for coronavirus. However,
the mechanisms whereby these viruses can affect other species,
including human beings, are not yet well understood (8). Some
scientists have suggested that, as has occurred with SARS‑CoV
and MERS‑CoV, there is an intermediate as yet unidentified host
that acts as the real reservoir for SARS‑CoV2. Identifying this
host is essential to prevent the transmission of this virus. Thus
far, the pangolin was considered to be the most likely candidate,
although other animals such as minks, snakes or even some turtle
species have not been ruled out (9‑11). However, despite its origin
as a zoonotic disease, the most frequent mechanism through
which SARS‑CoV‑2 causes infection is via human‑to‑human
transmission. The main route of this spread is through droplets
containing viral particles produced when a person sneezes or
coughs. These droplets are able to settle on mucous membranes
in the mouth, nose and eyes of individuals in close proximity, or
the virus is acquired through contact with contaminated objects
(fomites) or surfaces (12). Other proposed routes are the fecal‑oral
route (13) or even vertical transmission (14).
The incubation period for the virus has been estimated to
be approximately 5‑7 days, although in certain cases it can
be as long as 14 days. The reproduction rate of SARS‑CoV‑2
(reflecting its contagiousness) is approximately 2.2‑2.6, and its
average serial interval (time elapsed between when symptoms
appear in a transmitting person until they appear in an infected
individual) is 7.5 days (15‑17). Viral load is another important
factor for the transmission of this virus. It is known that the
greater viral load is found in the upper respiratory tract until
3 days after symptoms begin. However, transmission has been
also described in some individuals at 1‑3 days prior to the onset
of symptoms, indicating the viral load may be sufficient for its
transmission even before symptoms arise (18). Furthermore,
it is also considered that asymptomatic individuals can also
transmit this virus to other individuals (19). These data need to
be kept in mind to prevent the spread of SARS‑CoV‑2.

Coronaviruses are large (80‑220 nm), enveloped, positive‑sense single‑stranded RNA (+ssRNA) viruses. Their
genome is the largest of all RNA viruses and can be up to
33.5 kb. SARS‑CoV‑2 is a Baltimore group IV virus, meaning
its genome is a +ssRNA whose mRNA is identical to the
viral genome (20). The term coronavirus refers to the crown
shape that its proteins make up when observed by electron
microscopy (21). Structurally, coronaviruses are composed of
nucleoproteins that envelope the +ssRNA, forming a nucleocapsid. This nucleocapsid is bounded by a lipid envelope with
2 or 3 structural proteins anchored to the membrane. A major
characteristic of betacoronaviruses is that they usually have
haemagglutinin‑esterases (22). The genome of coronaviruses
is a highly conserved structure characterized by the presence
of a replicase gene preceding structural and accessory genes.
This last group of genes will express non‑structural proteins
by ribosomal frameshifting (23), while 4 structural proteins
are encoded by coronaviruses: E, N, M and S protein. The
sequence of the genome is: 5'‑replicase‑ S‑E‑M‑N‑3' (22).
Of note, Phan (24) reported the presence of a wide range of
mutations and deletions in coding and non‑coding regions
in 86 genomes of SARS‑CoV‑2, confirming its mutagenic
capacity and the rapid evolution of this coronavirus.
S protein, or spike surface protein, plays a prominent
role in the entry of SARS‑CoV‑2 in the host cell by interacting via the viral receptor binding domain (RBD) with the
human angiotensin converting enzyme 2 (ACE‑2) receptor.
The structure of this domain is strongly conserved and
exhibits a high degree of similarity with that of SARS‑CoV.
Nonetheless, some differences have been described at the
C‑terminal residue conferring SARS‑CoV‑2 a greater affinity
for ACE‑2 (25). Importantly, this homology means that some
therapies targeting the spike protein used against SARS‑CoV
may also prevent the entry of SARS‑CoV‑2 into the cell (26).
Recently, neuropilin‑1 (NRP‑1), a protein strongly expressed
in the olfactory tract, has been identified as a novel molecular
target of SARS‑CoV‑2 entry (27,28). Walls et al (29) demonstrated that S glycoprotein has a furin cleavage site between
subunits S1 and S2, which is important in the processing of
the protein. Similarly, these authors also described multiple
conformations of S protein through cryo‑electron microscopy,
highlighting the importance of structural studies for the development of future vaccines and specific inhibitors.
Once inside the cell, the virus replicates its genome
starting with the replicase gene. Coronaviruses contains 2 or
3 proteases, which will model the initial polyprotein forming
this transcript. Non‑structural proteins then bind to form a
replicase‑transcriptase complex, promoting RNA replication
and transcription. During this process, genomic and subgenomic RNA are produced serving as templates for structural
and accessory genes (18).
Coronaviruses are distinguished through their strong
recombination capacity favoring the appearance of novel coronaviruses with unpredictable consequences for humans (30).
This ability is due to the non‑structural protein, nsp12, also
known as RNA‑dependent RNA polymerase (RdRp) and
has been proposed as a promising target for COVID‑19
therapy (31).
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Finally, novel molecular targets are emerging as therapies
for SARS‑CoV‑2 infection. Examples are Mpro protease, a key
enzyme for coronavirus replication and transcription (32), or
M protein, which plays a main role in coronavirus morphology
and assembly (33) through its interaction with other components, such as E and N protein. M and E protein are responsible
for formation of the lipid envelope and N protein is needed for
nucleocapsid stabilization, giving rise to N protein‑RNA and
an inner core of virions, thus concluding this process (34,35).
As has been reported, when infecting a cell, SARS‑CoV‑2
gains entry by attaching to the host ACE‑2 receptor. ACE‑2
expression is widely distributed in different human tissues,
although not all cells that express this enzyme are susceptible
or may be involved in the pathogenesis of COVID‑19. There are
other factors, such as host age, sex, ethnicity, or the presence
of comorbidities that may modulate ACE‑2 expression and its
role in COVID‑19 (36). Pulmonary epithelial cells, particularly alveolar epithelial cells or type 2 pneumocytes, exhibit a
high ACE‑2 expression and are considered to act as a reservoir
for viral replication and invasion (37). Type 2 pneumocytes
constitute 60% of alveolar epithelial cells. These pneumocytes
are essential for surfactant synthesis and secretion, xenobiotic
metabolism, and water flow on the lung surface and alveolar
epithelial regeneration following lung damage (38).
Thus, damage to these type 2 pneumocytes can lead
to irreversible lung damage. Moreover, some histological
features related to SARS‑CoV‑2 have been found in common
with SARS‑CoV, such as diffuse bilateral alveolar damage,
the formation of hyaline membranes and pulmonary edema in
response to pneumocyte type 1 damage (39). This means that
SARS‑CoV‑2 may infect any alveolar epithelial cell. Apart
from ACE‑2, transmembrane protease serine 2 (TMPRSS2)
seems equally important for the entry of SARS‑CoV‑2 into
the cell. The virus enters the cytosol via the proteolytic
cleavage of viral spike surface protein through human
proteases, such as cathepsin or TMPRRS2 followed by
viral particle‑to‑membrane fusion (18). Notably, the expression of both human receptors, ACE‑2 and TMPRSS2, has
been detected in bronchial transitory secretory cells, and a
higher activity of RHO GTPase has been found to promote
susceptibility to COVID infection (40). In an ex vivo model
of pulmonary SARS‑CoV‑2 infection, the quantity of viral
antigen (N) is markedly higher than in SARS‑CoV models,
producing up to 3.2‑fold more viral particles, thus explaining
its greater infectivity (41).
The emergence and rapid spread of SARS‑CoV‑2 has led to
devastating consequences on global health and the economy.
Its clinical features indicate that it is able to evade human
immune surveillance much more effectively than SARS‑CoV.
Its high infectivity, mutagenic capacity and ability to evade
the immune system are contributing to its worldwide spread.
Understanding the molecular mechanisms responsible for
these characteristics of the virus are key to gaining control
of the virus through novel treatments, vaccines, diagnostic
and screening techniques and preventive measures. Only
through a coordinated multidisciplinary approach on the part
of researchers, healthcare and non‑healthcare professionals
will we be able to curb the spread of SARS‑CoV‑2 (42,43).
The present review article summarizes the relevant data
on the epidemiology and social and clinical management
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of COVID‑19, and discusses the more notable discoveries
of basic and translational research proposing measures to
effectively combat this global concern.
3. Epidemiology and economic burden of COVID‑19:
Examples of Italy and Spain
While SARS‑CoV was responsible for approximately 8,000
infections and 800 deaths, MERS‑CoV affected fewer individuals and was restricted to Saudi Arabia and a small area of
South Korea (44). To date (November 17, 2020), by contrast,
SARS‑CoV‑2 has infected 54,771,888 individuals and has been
responsible for a staggering 1,324,249 deaths (45). According
to these latest figures, the mortality ratio is 2.46%, much lower
than the 9.5% reported for SARS‑CoV, or the 30% attributed
to MERS‑CoV (46). Nevertheless, this percentage notably
varies, depending on the country or the moment; presently,
this ratio has been estimated at 15.23% in several countries,
such as France and at <% in Israel or Russia (47). In addition,
it is proving difficult to accurately identify individuals affected
by SARS‑CoV‑2 and hence, its real associated mortality. For
instance, individuals with no access to diagnostic tests or with
false negative test results are not taken into consideration, as
are asymptomatic individuals or those not seen at a healthcare center. Furthermore, variations in the criteria selected
to report probable and confirmed deaths due to COVID‑19
may notably complicate estimates (48). The vast majority of
affected individuals fall within the age group of 30‑79 years,
and in these individuals, COVID‑19 usually presents with
mild symptoms or as non‑severe pneumonia (49). By contrast,
elderly individuals or individuals with a chronic disease or
cardiopulmonary insufficiency, often require monitoring
primarily 1‑2 weeks following the onset of symptoms (50). In
children, SARS‑CoV‑2 infection is less usual, and symptoms
are less severe. This may be due to lower exposure to sources
of contagion or maybe they become infected in a manner
similar to adults; however, cases are more often subclinical
due to biological differences in the functioning of their
immune system. Despite all these factors, children do not
seem to be an important reservoir of SARS‑CoV‑2 (51,52).
Other observations indicate that males are more severely
affected than females. The different explanations put forward
for this have been, for instance, a greater exposure of males to
certain work environment or social factors, such as smoking,
the better efficacy of the innate immune response in females or
even biological differences in ACE‑2 activity (53). Moreover,
pregnant women with COVID‑19 seem to exhibit the same
clinical manifestations as adults, although SARS‑CoV‑2 infection may increase the risk of complications during pregnancy
or labor (54,55).
According to the latest data from the World Health
Organization (WHO), >43% of all cases of COVID‑19 have
occurred in the USA (22,438,205 cases) followed by Europe
(14,487,598 cases) and South‑East Asia (9,908,674 cases) (45).
In Europe, Italy and Spain were the most affected countries
during the first wave along with France, where the first case
of COVID‑19 was reported in individuals arriving from China
in mid‑January, 2020 (56). Initially, Italy, and particularly, its
northern region, was the hardest‑hit country in Europe, and
rapidly became the second country with the majority of cases
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and deaths associated with COVID‑19 worldwide. Containment
measures began on March 9‑11, and March 21st was the day
with the highest number of infections recorded in Italy (57,58).
According to the Italian Ministry of Health, the average age of
COVID‑19 patients was 62 years, while 81 year‑old‑patients
exhibited the highest mortality rate, those with 3 or more
comorbidities being particularly susceptible (59). Spain went
into full lockdown on March 14th, 13 days after the start of
the exponential rise in infections (60). Patients 50 to 59 years
of age were the most commonly affected and the disease was
described as potentially lethal in individuals ≥80 years of
age (61). In Italy, lockdown was continued until May 3rd, and
measures to curb local or regional outbreaks were introduced,
such as social distancing (maintaining a 1.5 m safety distance),
the use of masks, avoiding crowds and limiting the number of
persons in social events (62). These measures were also implemented in Spain, where lockdown easing was conducted in
4 stages (0 to 3) until reaching a state of ‘new normality’ (63).
According to the last data collected by the WHO from
January‑February to November, 2020, Italy had 1,178,529
confirmed cases and suffered 45,229 deaths; however, of note,
from May to October of this year, the number of new infections and mortality have plateaued (64). During the same time
period, Spain has similarly registered 40,769 deaths and a total
of 1,458,591 cases although many of these cases have arisen
in the last 3 months (65). Italy and Spain are examples among
several other countries of a lack of effective measures taken,
identifying a need to redirect measures for better management of the situation. Apart from causing human suffering,
this pandemic has also affected the economy of each country.
According to the International Monetary Fund (IMF), a 12.8%
reduction in the GDP growth rate is predicted for Spain and
Italy (66,67). To minimize economic impacts on businesses,
the Spanish government has pledged a 200 billion Euros rescue
package whereas the package proposed for Italy is 25 billion
Euros (68). The economic burden of COVID‑19 is a serious
concern worldwide and a concerted approach is required to
mitigate its impact on all sectors. In the face of such turmoil,
the hopes of country leaders, researchers and healthcare
systems are turning to the introduction of an effective vaccine
against SARS‑CoV‑2.
4. Diagnostic and preventive methods
A diagnosis of SARS‑CoV‑2 can be made according to its
clinical manifestations, such as fever (88.7%), unproductive
cough (67.7%), dyspnea (45.6%), fatigue (29.4%) and other
less frequent symptoms, such as myalgia, sore throat, productive cough, headache, diarrhea, sickness and/or vomiting and
dizziness, in that order (69). Even so, as described below,
there is also another set of clinical manifestations that may
be associated with COVID‑19; however, the presence of these
symptoms may not be sufficient to make an accurate differential diagnosis; thus, it is necessary to be able to rely on efficient
molecular tests. There are 2 most commonly used molecular
tests to diagnose the virus: Cell cultures and PCR. In the case
of SARS‑CoV‑2, the performance of cell cultures has exhibited
a very low efficiency due to a delay of at least 3 days to detect
the presence of this virus (70). Thus, RT‑qPCR is the most
feasible molecular test owing to the early characterization of

the viral genome. The first RT‑qPCR protocol was published
on January 23rd, and targeted the genes RdRp, E and N,
whose relevance will be detailed below (71). Since then,
multiple kits have been developed, allowing for a more rapid
and more sensitive detection of COVID‑19. An example
is a slight modification of the initial protocol proposed by
Chan et al (72) that targets RdRp/helicase (hel), S and N genes
to avoid cross‑reactivity with other coronaviruses. Its efficacy,
however, varies according to the laboratory conducting the
test. These techniques pursue a high sensitivity and quick
diagnosis (73). They have effectively exhibited a high efficiency to detect viral particles in different clinical samples
like bronchoalveolar lavage, sputum, saliva, throat and nasopharyngeal samples (25). Other diagnostic methods may be
especially useful, as is the case of imaging techniques used to
examine lung structure, e.g., computed tomography, which can
be faster, more sensitive and hence more reliable, particularly
for individuals with fever as a clear symptom (74). Imaging
tests are less useful, however, for population screening as they
require visits to a hospital.
Measures implemented to prevent and stop the spread of
SARS‑CoV‑2 have focused on avoiding infected individuals
spreading the virus and also preventing non‑affected individuals to come into contact with the virus (75). One of the
measures that is having more impact is as simple as hand
washing; 15 sec can be sufficient to kill up to 90% of pathogens
on a hand, and 30 sec to eliminate 99.9%. The conclusion is
that appropriate hand hygiene can prevent 16 to 21% of respiratory viral infections in the general population (76). However,
this precaution may not be sufficient to protect healthcare
personnel from SARS‑CoV‑2, as this virus seem, similar
to other coronaviruses, exhibits a high resistance on a wide
variety of surfaces such as metal, glass or plastic. The accurate
inhibition and elimination of the virus is necessary, as it has
been shown that contact with contaminated surfaces can lead
to the inadvertent self‑inoculation of mucous membranes in
the nose, eyes or mouth (77,78). A review article written by
Kampf et al (79) examines the most appropriate measures for
the correct decontamination of fomites. One example is the
use of ethanol 62‑71%, hydrogen peroxide 0.5% and sodium
hypochlorite 0.1% over a 1‑min time period. The efficiency of
this method was described as greater than the use of benzalkonium chloride 0.05‑0.2%, chlorhexidine digluconate 0.02%.
Other preventive measures recommended by the WHO for the
general population consist of avoiding transmission to other
individuals by restraining drops from sneezing or coughing
using masks, apart from maintaining a safety distance of
3 m (80). The protective equipment recommended include
masks, particularly surgical masks or N95 respirators that
prevent contact with contaminated droplets from the mouth
and nose, which supposedly are the 2 main entry routes of
SARS‑CoV‑2 (75).
At the community level, other types of measures have been
implemented, as is the case of quarantine, one of the most effective measures used to contain the spread of various infectious
diseases throughout history, with the objective of attenuating
the contagion curve. In infected individuals, quarantine should
be at least 2 weeks to prevent infection spreading to other individuals (81). In healthy individuals, different countries have
imposed different lengths of quarantine based on factors, such
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as population screening. Models, such as that of South Korea
have been particularly successful. One of its secrets has been
the rapid development of massive diagnosis centers, where
in merely 10 min, a person can be tested. This screening is
organized as a registration center and a brief questionnaire,
whereby individuals are referred to a test center for sample
collection and are provided with instructions and detailed
information (82). Measures such as this serve to control not
only the infected population, but also the healthy one, facilitating counts and avoiding dissemination. Notwithstanding,
this strategy and epidemiological surveillance has met with
some difficulties. For example, patients who have had the
disease will continue to return a positive RT‑PCR test, which is
not the case with other infectious diseases (83). Consequently,
continuous communication and coordination between all
countries is warranted, apart from governments, institutions
and professionals from different fields, to establish accurate
measures and reliable information for the population, also
highlighting a sense of social responsibility.
5. Immune system and SARS‑CoV‑2
The connection between SARS‑CoV‑2 and the immune
system is one of the main points of study to fully understand
the pathogenesis and impact that COVID‑19 may have on
patients, as well as to develop novel effective therapies. When
SARS‑CoV‑2 binds to a cell through the host receptors ACE‑2
and TMPRSS2, it replicates inside the cell and following
the release of virus particles, the virus promotes host cell
entry into pyroptosis. Infected cells signal various pattern
recognition receptors (PRRs), such as Toll‑like receptor 7
(TLR‑7), retinoic acid‑inducible gene I (RIG‑1), melanoma
differentiation‑associated protein 5 (MDA5) and the cyclic
GMP‑AMP synthase (cGAS)/stimulator of interferon genes
(STING) pathway, thus recognizing viral components such as
RNA or even cytosolic DNA of the affected cell, promoting the
production of type I interferon (IFN‑I) and other inflammatory
cytokines (84). Simultaneously, damage‑associated molecular
patterns (DAMPs) are also produced, such as adenosine
triphosphate (ATP) or genetic content. The presence of DAMPs
in the tissue will activate the innate immune response in the
lungs, mainly mediated by granulocytes, antigen presenting
cells (APCs) and pro‑inflammatory macrophages (85,86). In
a proper immune response, this system is coordinated and
supported by an adaptive immune response, represented by
CD4+ T cells, CD8+ T cells, Tregs and B cells. The activation
and proliferation of CD4+ T cells fosters CD8+ T cells, crucial
for antiviral responses through the induction of cell death.
Likewise, B cells secrete antibodies to neutralize the virus or
induce the lysis of infected cells by complement activation or
antibody‑dependent cellular cytotoxicity (mediated by natural
killer (NK) cells) (85). The effectiveness and coordination of
this response will finally determine the recovery of the patient.
Notwithstanding, severe cases of COVID‑19 exhibit a low efficacy of the immune response, causing cell and tissue damage
with systemic implications characteristic of this disease when
compared to other respiratory infections, such as severe
lymphopenia and eosinopenia, pneumonia with lung damage,
acute respiratory distress syndrome (ARDS), along with other
systemic alterations (87,88).
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The course of COVID‑19 presents in 3 main stages: Stage I,
characterized by primary production of IgM antibodies, and
stage II characterized by exacerbated lung inflammation
accompanied by cytokine storm (89). Stage I with mild manifestations is the incubation time and the time of preparation
for the adaptive immune response to try to eliminate the virus.
This response is mobilized if the virus outpaces the innate
immune response in situations of a poor health state or if there
are other comorbidities or in the elderly. Firstly, the innate
immune response begins with the activation of TLRs 3,7 and
8 signaling transduction and boosted IFN production. The
humoral, or adaptive, response commences with the production of antibodies against viral N and S proteins, IgG and
IgM, which may appear 4‑8 days later. However, if this initial
protective phase fails, the virus disseminates causing multiorgan involvement through the ACE‑2 receptor. In stage II,
or the so‑called macrophage activation syndrome, an intense
inflammatory response is established featuring the overexpression of cytokines and chemokines (87,90). Eventually,
a third stage may be distinguished if therapy is ineffective
against stage II, including multiorgan failure and hyperinflammation with typically more severe symptoms. At this point,
anti‑viral treatment will not be effective unless combined with
anti‑inflammatory and anti‑rheumatic drugs (91). These are the
3 stages of COVID‑19 proposed by Siddiqi and Mehra (92) as
summarized in Fig. 1. An awareness of these events is crucial
to design strategies for the prevention of severe disease, the
better management of patients (89) and to ensure the safety
of physicians (90). With the purpose of containing the virus
and preventing the disease progressing to a severe physiopathology, the most appropriate time for the administration of
each drug is under debate, as it discussed below.
The main event responsible for an aberrant response is
the phenomenon known as the cytokine storm. Beta coronaviruses are capable of interacting with the immune system
via the membrane and non‑structural proteins forming the
virion, hence disrupting IFN‑I signaling (93). This failure is
a trigger for the massive uncontrolled secretion of cytokines,
which will cause the cytokine storm. In addition, it is known
that the higher the viral load, the more likely this defective
response, which is equally related to severity (94). Epithelial
respiratory cells, dendritic cells and macrophages produce and
secrete greater levels of cytokines, among which the following
have been highlighted: Interleukin (IL)‑1β, IL‑1RA, IL‑2,
IL‑6, IL‑7, IL‑10, IFN‑γ (type II) tumor necrosis factor‑ α
(TNF‑α), IL‑8, monocyte chemoattractant peptide (MCP)‑1,
macrophage inflammatory protein (MIP)‑1A, MIP‑1B and
granulocyte‑colony stimulating factor (G‑CSF) (95).
The effect of cytokines in COVID‑19 will depend on
the stage of the disease in which they are produced as
well as host features. For instance, it is known that IL‑6
is one of the most important molecules in the immune
system for combatting SARS‑CoV‑2, although the role of
this cytokine in COVID‑19 has not yet been completely
elucidated. Firstly, IL‑6 seems to promote a proper adaptive
immunity response by boosting Tregs, CD8+ T cells and B
lymphocytes, amongst other effects. By contrast, IL‑6 can
promote the polarization of Th lymphocytes to Th2 or Th17
at the expense of Th1 lymphocytes, which may have aberrant effects on tissue integrity, extracellular matrix (ECM)
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Figure 1. Stages of SARS‑CoV‑2 course. As proposed by Siddiqi and Mehra (92), 3 main phases can be distinguished in COVID‑19. The first one is associated
with mild symptoms, and individuals infected will develop and innate and adaptatively responses, being able to eliminate the virus. If not, a more severe
pulmonary stage will take place, causing a pneumonia without (IIA) or with hypoxia (IIB), with an aberrant release of cytokines. The third stage is an hyperinflammation status, defined by a cytokine storm and possibly leading to the most severe symptoms, including ARDS, SIRS or MOF. Addressing the different
complications during the various phases will be vital for a proper management of the disease. ARDS, acute respiratory distress syndrome; SIRS, systemic
inflammatory response syndrome; MOF, multi‑organ failure.

structure and the maintenance of pro‑inflammatory neutrophils and macrophages (96). Consequently, in patients
with severe ARDS, the overactivation of T cells seems to
occur, with a considerable increase in Th17 and CD8 + T
cell cytotoxicity (97). This effect may be associated with
IL‑6 hypersecretion. Consistent with previous research,
Zhang et al (98) reported an IL‑6 concentration >10 pg/ml
in all samples collected from 82 patients that succumbed to
COVID‑19, thus linking higher levels of this cytokine with
its detrimental effects during the cytokine storm. Notably,
these authors also reported findings, such as a neutrophil/lymphocyte ratio >5 or elevated levels of inflammatory
markers, such as C reactive protein (CRP). Similarly, a
decrease in CD4 + T cells and CD8+ lymphocytes has been
described in severe cases of COVID‑19 (99).
This cytokine storm, along with disrupted IFN‑I signaling,
will further induce the apoptosis of lung epithelial and endothelial cells, thus leading to ARDS and multi‑organ failure
(MOF) (100,101). ARDS leads to major respiratory damage,
and is responsible for up to 70% of the total demise produced by
COVID‑19 (98). During ARDS, epithelial‑endothelial barrier
integrity is disrupted, promoting the entry of macrophages,
and aggravating lung damage which in turn will facilitate
virus dissemination (102). ARDS caused by COVID‑19 has
some peculiarities compared to other infections, including
greater damage to epithelial than endothelial alveolar cells and
clinical manifestations such as a lower exudation or a delayed
onset of the symptoms from 8 to 12 days (103).

The susceptibility of the main risk groups to severe
COVID‑19 may also have its origin in the immune system
response. Non‑communicable diseases (NCDs) such as obesity,
type 2 diabetes mellitus, renal insufficiency, liver disease, etc.
are importantly related to low‑grade chronic inflammation,
characterized by immune system malfunction with systemic
implications (104). This state favors the exacerbation of the
immune response, the knowledge of which may be essential
for proper clinical management of these patients (105,106).
Excessive adipose tissue, typical of NCDs, is considered to act
as a reservoir for SARS‑CoV‑2, and this may have a synergic
effect with chronic inflammation (107). Elderly individuals
present further significant alterations in their immune function.
Aging causes immunosenescence and disruptions in innate
and adaptive immune responses involving Th involution,
which reduces efficiency to recognize antigens and coordinate
defense mechanisms, such as the defective production of antibodies, thus providing a reason for the vulnerability of these
patients to SARS‑CoV‑2 infection (84,108).
On the contrary, the immune system may be reinforced and
prepared to minimize its negative effect against SARS‑CoV‑2.
Immunity is the result of complex interactions of genetic and
acquired factors, such as hormone, metabolic, psychological
and lifestyle factors or an individual's microbiota. Diet has
been identified as a relevant factor, in that the western
pattern of consuming ‘fast food’ and limited vegetable
consumption promotes the activation of the innate immune
response and simultaneously impairs the performance of the
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adaptive system (109). A healthy dietary pattern, such as the
Mediterranean diet which is abundant in plant‑based foods
and healthy fats could contribute to an appropriate immune
response, due to the intake of components, such as omega‑3
fatty acids. Omega‑3 has been attributed a role in immune
system resolution during sepsis (110). Immune resolution is one
of the most intriguing mechanisms proposed to slow down the
cytokine storm responsible for COVID‑19 progression (111).
Thereby, a healthy diet may play a key role in the prevention of
SARS‑CoV‑2 infection or reduce its severity (109). Likewise,
adherence to physical activity recommendations and a positive psychology are equally critical for maintaining a healthy
immune system (112).
On the whole, the immune system response in patients with
COVID‑19 remains an essential topic of study. The overactivation of the immune system produces the cytokine storm, which
is one of the most important alterations in severe cases of
COVID‑19 (Fig. 2). An early diagnosis, pharmacotherapy and
a healthy lifestyle can reverse or control this aberrant response,
thus supporting the clinical management of SARS‑CoV‑2
infection.
6. Endothelial cell involvement and effects of SARS‑CoV‑2
The endothelium is one of the most affected structures associated with COVID‑19, having important consequences when
there is an underlying disease, such as thrombosis, renal disease
or cardiovascular compromise, among others (113,114). The
vascular endothelium is one of the organs that more significantly expresses the ACE‑2 receptor (115). Consequently, the
endothelium is proposed as a SARS‑COV‑2 target. In the
study by Varga et al (116), the presence of viral particles was
detected in endothelial cells, along with an accumulation of
inflammatory cells.
Both the inflammatory response and the infection can
activate the endothelium, leading finally to its dysfunction
associated with greater platelet and leucocyte activation,
along with altered anticoagulant and fibrinolytic mechanisms
detected through some serum markers such as increased levels
of D‑dimer, C‑reactive protein or TNF‑α (117). In fact, elevated
serum levels of some of these compounds have been linked to
a poorer prognosis and a greater severity commencing early
on (118). Accordingly, therapy against endothelial damage and
its complications is an interesting target for severe cases of
COVID‑19 (119).
Neutrophils can be recruited by activated endothelial cells
and they can also activate the coagulation cascade through
the production of neutrophil extracellular traps (NETs) in a
coordinated manner with monocytes and platelets (120). These
NETs are comprised of a DNA blend with different toxic
compounds present in the cytosolic granules of these neutrophils that are released in an explosive way in a process known
as NETosis (121).
Investigators are beginning to propose that fibrin formation occurs in the bosom of NETS after coagulation begins
in its intrinsic and extrinsic pathways (122). The activation
of endothelial cells renders them and monocytes, with their
microvesicles, to express the tissue factor and activate the
extrinsic pathway of coagulation that leads to fibrin deposition and clotting (123). NETs are regulated by their associated
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proteins, such as NE, cathepsin G and tissue factor pathway
inhibitor (TFPI), the negative regulator per excellence of the
extrinsic pathway (124). In the case of the intrinsic pathway,
the histones present in NETs interact with platelets, both with
phospholipids and TLRs (125,126). According to research,
vascular occlusions are caused by the inability of the organism
to eliminate these NETS, particularly during sepsis (127). In
fact, using different techniques these NETs have been used as
reliable measures of sepsis and thrombosis (128). Likewise,
NETs are also involved in the cytokine storm, contributing
to the secretion of IL1β, which in turn increases NETs and
the production of other important cytokines like IL‑6 (129).
Thus, NETs are yet other interesting target for managing the
complications of COVID‑19.
NETs are not the only mechanisms that promote these
alterations. Zhang et al (130) reported that increased serum
levels of antiphospholipid antibodies may be involved in
thrombus formation. In parallel, Escher et al (131) described
increased levels and activity of the von Willebrand factor
(VWF), arising from activation and damage to the endothelium
promoting its release from Weibel‑Palade bodies. The levels of
coagulation factor VIII are also increased in these patients.
Furthermore, fibrin deposits have been found in pulmonary
parenchyma due to the expression of tissue factor in this tissue
with a decrease in plasminogen activator inhibitor 1 (PAI‑1)
creating a hypo‑fibrinolytic status (132).
Therefore, on the whole, endothelial dysfunction and
its impacts give rise to some of the major complications of
COVID‑19 (Fig. 3). Improving knowledge of the alterations
produced in the endothelium during infection and trying to
control its response could benefit patients.
7. Systemic manifestations of SARS‑CoV‑2
In December, 2019, scientists began to suspect that a novel
coronavirus was emerging due to a series of patients in the
Chinese city of Wuhan who presented with pneumonia of
unknown etiology as the main clinical manifestation, along
with dyspnea, fever and cough (133,134). These cases resembled the symptoms produced by SARS‑CoV and MERS‑CoV
in previous years (135). Following the worldwide spread of the
pandemic, further clinical manifestations have been added to
define a complex syndrome. Several of these manifestations
are related to expression of the ACE‑2 receptor in the different
tissues of the human body (136‑139) and include a notably
array of respiratory symptoms along with cardiovascular,
neurological, gastrointestinal, hematological, renal and dermatological alterations (Fig. 4).
However, it should be highlighted that diagnostic tests have
confirmed the existence of individuals with COVID‑19 that
remain asymptomatic, whose role as carriers of this infection
has become a controversial issue (140,141).
Respiratory manifestations. Respiratory manifestations were
first used as criteria for suspected cases of infection. These
manifestations are related to the presence of the ACE‑2 receptor
in the respiratory tract and the special tropism of the virus for
this site (137). Fever and cough are the most common symptoms. Other symptoms are fatigue, anorexia, myalgia; as well
as expectoration, dyspnea and chest tightness (118,142,143).
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Figure 2. Immune response during SARS‑CoV‑2 infection. When there is a proper defense mechanism, the innate immunity of an individual will give rise to
cytokines, while carrying out antigenic presentation, promoting and enhancing a coordinated adaptive immune response to combat the virus. SARS‑CoV‑2
could inhibit type I interferon‑mediated signaling, affecting the innate immune system by additionally acquiring more DAMPs, thus leading to a cytokine
storm. This aberrant response could promote tissue damage as well as viral sepsis, which may be detected in blood tests. A high viral load, advanced age or
underlying disease are usually associated with severe cases of COVID‑19, whereas a healthy lifestyle or diet, successful pharmacotherapy and an early diagnosis could prevent the complications of COVID‑19 promoting a rapid recovery by controlling the immune response. DAMPs, damage‑associated molecular
patterns; IL, interleukin; IFN‑γ, interferon γ; MCP‑1, monocyte chemoattractant protein‑1; MIP, macrophage inflammatory protein; G‑CSF, granulocyte
colony‑stimulating factor; TNF‑α, tumor necrosis factor α.

The majority of patients develop symptoms of pneumonia,
characterized by being uni‑ or bilateral (more frequently), typically peripheral, with ground glass opacities and >3 lobules
affected. In severe cases, the infection can lead to ARDS
associated with severe hypoxemia and respiratory failure that
requires mechanical ventilation (142). Two different clinical
phenotypes have been described: Type ‘L’ (‘low elastance’)
and type ‘H’ (‘high elastance’). Phenotype ‘L’, apart from a
low elastance (i.e., high compliance) is characterized by a
low ventilation‑to‑perfusion ratio, and low lung recruitability;
thus, perfusion is the main factor limiting pulmonary function. Phenotype ‘H’ is characterized by a high elastance, a
high right‑to‑left shunt and high lung recruitability. In this
phenotype, ventilation is the main limiting factor of pulmonary function (144).
Cardiovascular manifestations. During the course of infection,
biomarkers, such as troponin, BNP and NT‑proBNP may rise.
However, there are no associated electrocardiographic changes
or symptoms (145). Moreover, the increase produced in these
biomarkers is related to clinical severity (146). The presence
of cardiovascular risk factors, such as hypertension, diabetes
or obesity has been linked to a poor outcome (139,147). Some
authors claim that obesity is an essential prognostic factor, as

obese patients exhibit higher mortality rates and greater intubation and oxygen requirements (148). Endothelial cells also
feature the ACE‑2 receptor. The virus has been held responsible for endothelial dysfunction and endotheliitis, leading to
a variety of symptoms according to effects on the different
organs and systems of the human body (116), as described
below. A higher prevalence of distal vein thrombosis has been
described in patients with COVID‑19 (149), and this has also
been associated with higher levels of D‑dimer (150).
Gastrointestinal manifestations. Since the beginning of the
pandemic, gastrointestinal manifestations, such as nausea,
vomiting, abdominal pain and diarrhea have been associated
with COVID‑19 (151) due to viral tropism and the presence
of the ACE‑2 receptor in the gastrointestinal tract (138,139).
These symptoms may be attributed to gastritis and enteritis
caused by virus infection. In the majority of patients with
gastrointestinal manifestations, diarrhea seems to be the
most common and is usually limited to a median duration
of 4 days. All these manifestations are usually associated
with other typically described symptoms, such as fever or
cough (133,143,151). Gastrointestinal symptoms have been
associated with a fever up to 38.5˚C and family clustering (151).
A higher ratio of chronic liver disease has also been described,
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Figure 3. Pathophysiology of thrombotic and thromboembolic events associated with COVID‑19. Owing to the high expression of the ACE‑2 receptor by
endothelial cells, they could be a potential targets of SARS‑CoV‑2, which may lead to endothelial cell activation and finally to endothelial dysfunction.
Cytokines released during a cytokine storm also promote endothelial damage, and along with inflammatory cells and their microvesicles, the extrinsic
coagulation pathway may be activated through further tissue factor expression. In addition, NETs could lead to activation of coagulation pathways, acting as
inhibitors of the negative extrinsic pathway regulator TFPI, besides boosting the production of proinflammatory cytokines, such as IL‑6 or IL‑1β, both leading
to platelet coagulation and therefore to thrombosis or thromboembolisms in these patients. NETs, neutrophil extracellular traps; IL, interleukin; TFPI, tissue
factor pathway inhibitor; TNF‑α, tumor necrosis factor α.

as well as increased bilirubin, ALT and aspartate aminotransferase (AST) levels (133,152,153). Through PCR, the presence
of the virus has been detected in saliva (154) and feces (155),
indicating the important effects SARS‑CoV‑2 may have on the
gastrointestinal tract.
Hematological manifestations. During the course of infection, normal leucocyte counts are present in 60% of patients,
and a number of patients exhbit lymphopenia (47%) and high
PCR levels (65.9%) (133,156). Patients also feature elevated
levels of transaminases (AST, ALT and lactate dehydrogenase
(LDH)) and cardiac enzymes, D‑dimer, VSG and procalcitonin. Leukocytosis and increased levels of procalcitonin
indicate the viral origin of the infection, as is already known.
Increases in these parameters can also be related to disease
severity (145). Low platelet counts have been described in
patients with severe COVID‑19 and this may be considered a
poor prognostic factor (157).
Neurological manifestations. The presence of the ACE‑2
receptor in the vascular endothelium explains the specific
neurotropism of SARS‑CoV‑2 (158). Neurological symptoms are present in 36.4% of patients with COVID‑19 (159).
Headaches are the most common symptom, while other
neurological symptoms, such as dizziness, loss of consciousness, stroke and convulsions have been described. Notably,
Liguori et al (159) described subjective neurological symptoms, particularly sleep disturbances in 90% of a cohort of

103 patients hospitalized due to COVID‑19. Manifestations
affecting the peripheral nervous system include hypogeusia,
hyposmia, vision loss and neuralgia in the absence of other
typical symptoms, such as fever (160). Other severe neurological manifestations have been described, such as encephalitis
and meningoencephalitis (161‑163). The presence of these
neurological manifestations is a poor prognostic factor in
patients with severe COVID‑19 infection.
Renal manifestations. Kidney injury has been observed,
with the elevation of serum creatinine levels in up to 10.9%
of cases (133,156). According to Pei et al (164), patients
can develop renal complications during infection, such as
proteinuria, hematuria or acute renal failure. Furthermore,
while almost 50% of patients recover normal renal function,
mortality has been estimated to be 11.2% higher in patients
with renal symptoms than without these symptoms.
Dermatological manifestations. Cutaneous manifestations of
COVID‑19 infection include maculopapular eruptions as the
most frequent, followed by acral erythema with vesicles and
pustules (resembling chilblain), urticarial lesions and vesicular
eruptions (165). The more common skin manifestations seem
to be exanthematous eruptions which are typically heterogeneous and show high variability on presentation (166).
Other clinical manifestations. Recent investigations have
associated ocular manifestations with COVID‑19 infection. In

424

ORTEGA et al: INTEGRATIVE LOOK AT SARS-CoV-2

Figure 4. Clinical manifestations of COVID‑19. Although general symptoms, such as fatigue, fever or dry cough and respiratory problems are typically
observed, other alterations may also be found like neurological, hematological, cardiometabolic, gastrointestinal, renal or skin disorders, amongst others.
Understanding these symptoms and complications could play a major role in the clinical management of COVID‑19 patients, hence the importance of a
multidisciplinary approach to SARS‑CoV‑2 infection.

a study conducted by Chen et al (167), conjunctival congestion
was recorded in up to 5% of patients. Other ocular symptoms
described in that study were ocular pain, photophobia, dry eye
and tearing. Their multivariate regression analysis revealed an
association between ocular symptoms and hand contact with
ocular tissues, which is a risk factor for developing the infection. In the meta‑analysis conducted by Loffredo et al (168),
incidence rates differed and the incidence rate of conjunctivitis
was 1.1%. However, this latter study demonstrated that hospitalized patients with severe COVID‑19 infection exhibited an
increased incidence of conjunctivitis. Accordingly, conjunctivitis is considered a possible sign of COVID‑19 infection.
Clinical manifestations in pediatric patients. In children,
COVID‑19 infection exhibits different typical clinical characteristics to those described in adults. This may be due to
the immaturity of their tissues and immune system or to
possible cross‑immunity produced by the infection with other
respiratory viruses (169). Its presentation in children is often
asymptomatic or with milder symptoms than those in adults.
According to the meta‑analysis conducted by Mustafa
and Selim (170), the most common symptoms in the pediatric
patients analyzed were similar to those observed in adults:
Cough, fever and odynophagia; and in almost 60% of patients,
the infection developed into pneumonia. The majority of

patients presented with mild clinical infection and only 5%
required admission to intensive care. Similar findings have
been reported by Panahi et al (169) including cough, fever and
other respiratory tract symptoms, as well as gastrointestinal
symptoms such as abdominal pain, nausea, vomiting and
diarrhea. Laboratory findings were leucopenia (19%), lymphopenia (21%), increased levels of C‑reactive protein (28%) and
procalcitonin (28%); and only 4 % of patients presented thrombocytopenia (170). In another study by Liguoro et al (171)
these findings were also reported along with increased levels
of CPK and transaminases. That study, with a total sample size
of 7,480 children from Italy, USA and China, also revealed
that in 49.1% of pediatric patients, abnormalities were detected
in a radiological examination even if they were asymptomatic.
That study also estimates a mortality rate of 0.08%.
In pediatric patients with severe infection, the disease
duration is longer than that in adults, and they suffer septic
shock and multiple organ failure as main complications (172).
Clinical manifestations during pregnancy. The most
common symptoms of COVID‑19 infection during pregnancy are fever, cough, dyspnea, myalgia and fatigue. The
majority of patients exhibit abnormalities in radiological
studies and also feature the same hematological manifestations described for non‑pregnant patients (173). This latter
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study also suggested that COVID‑10 does not increase the
risk of adverse pregnancy outcomes. There was no evidence
of vertical transmission detected as the virus was not found
in amniotic fluid, cord blood, oropharyngeal samples in the
newborn or breast milk.
There has been a description, however, of a neonate that
tested positive for SARS‑CoV‑2 according to a nasopharyngeal swab. The mother had a severe case of COVID‑19
infection; thus, possible vertical transmission cannot be ruled
out (174). This possibility may be supported by the presence of
the ACE‑2 receptor in placental tissue (175).
8. Therapies in use and under development
Since the beginning of the pandemic, the race against time has
begun in order to identify an appropriate treatment that is safe
and effective against the infection caused by SARS‑CoV‑2.
Over these months, numerous clinical trials have included a
huge variety of drugs, spanning from already known antivirals
used for other infections to monoclonal antibodies. According
to the results obtained and the current short experience of
outcomes in clinical practice, these therapeutic strategies have
been adapted; however, there are currently no specific treatments available for infection with SARS‑CoV‑2 and a number
of suggested drugs are controversial. In Spain, the majority
of hospitals have internal protocols of clinical management
that follow the recommendations for potential treatments
of the Spanish Ministry of Health and Agencia Española de
Medicamentos y Productos Sanitarios (AEMPS; Spanish
Agency Of Drugs and Medical Devices) (176).
The WHO has elaborated an interim guidance for the
clinical management of COVID‑19. For patients with mild
COVID‑19, the updated guidance (177) recommends symptomatic treatment with antipyretics and adequate nutrition
and rehydration. Patients with risk factors or complications
should be monitored closely and should prompt urgent care.
This guidance argues against antibiotic therapy or prophylaxis
for patients with mild COVID‑19. In addition, antibiotics
should not be prescribed for patients with confirmed moderate
COVID‑19 unless there is bacterial infection. Supplemental
oxygen therapy must be immediately administered when SpO2
<90% or when emergency signs are present. Furthermore,
fluid management must be carried out with caution, as it may
worsen oxygenation.
While the clinical management of SARS‑CoV‑2 infection is based on general measures (close monitoring, oxygen
therapy, analgesia, etc.) and support treatment in the Intensive
Care Unit, numerous drugs are being investigated as possible
therapeutics against this emerging disease (178,179).
In stage I, intravenous immunoglobulin (IVIG) has been
proposed for patients with a deficient humoral response (180)
to avoid viral entry into new cells, along with chloroquine and
hydroxychloroquine, two agents that reduce glycosylation of
ACE‑2 receptors (181). Another option is to attenuate cytokine production by disrupting the kinase signaling pathway
activated following endocytosis. This treatment includes
inhibitors of Janus kinase (JAK) and numb‑associated kinase
(NAK), such as baricitinib (182). In stage II, proposed options
are anti‑IL1, anti‑IL‑6 and anti‑TNFα agents to reduce acute
inflammation. Colchicine as an anti‑IL‑1 is being tested in
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several clinical trials (NCT04322682, NCT04527562 and
NCT04360980). The WHO does not recommend corticosteroids as a prime option, although some physicians made use of
these drugs when episodes of ARDS were alarming (183,184).
Remdesivir has been considered a potential drug. It is a
nucleotide analogue prodrug that inhibits RNA‑dependent
RNA polymerase, whose effects against Ebola virus were
investigated by Mulangu et al (185). Its efficacy against
other viruses, such as MERS has been demonstrated in vivo
in rhesus macaques (186) or against Nipah virus in African
green monkeys (187). Its use against SARS‑CoV‑2, security
profile and dosing are still under investigation; however, the
preliminary results in a cohort study by Grein et al in patients
with severe COVID‑19 indicated clinical improvement in 36
out of 53 patients (68%) (188). In a large proportion of patients,
remdesivir has been associated with adverse outcomes,
such as hypotension, elevated liver enzymes, diarrhea and
kidney failure, among others (189). Its use in Spain has been
limited to pregnant patients and pediatric patients with severe
disease (176).
Virus protease activity has been examined as a possible
therapeutic target. Lopinavir and ritonavir are protease
inhibitors used against HIV combined with other retroviral
agents (190). Once their efficacy against SARS‑Co‑1 virus was
established in vitro by Groneberg et al (191), these protease
inhibitors were a priori used for the treatment of SARS‑CoV‑2
infection. The results of a clinical trial by Cao et al indicated
no therapeutic benefits of these agents in patients with severe
COVID‑19 infection (192). A number of authors (193) have
responded to the article in question, arguing that further
information is required on its efficacy prior to abandoning its
use. This controversy is being addressed in the RECOVERY
clinical trial that includes 4,972 patients (1,596 treated with
lopinavir/ritonavir vs. 3,376 control patients). The preliminary
results again suggest no clinical benefits and advise against
their widespread use (194).
Chloroquine is another drug that has been extensively
used for the management of SARS‑CoV‑2 infection. Due to
its immunomodulatory effects, this drug has been successfully
used for the treatment of malaria and rheumatic diseases (195).
Its action against SARS coronavirus virus was investigated
in vitro in 2005 by Vincent et al (196) and it has also exhibited
activity against SARS‑CoV‑2 and in regulating the immunological response against this virus in vitro (197). In addition,
when combined with a macrolide, hydroxychloroquine has
exhibited immunomodulatory synergy in in vivo and in vitro
studies (198,199).
However, other authors have come to different conclusions,
reporting that hydroxychloroquine, associated or not with a
macrolide, as a treatment for SARS‑CoV‑2 infection has no
clinical benefits (200,201). These latter results are consistent
with preliminary findings of the RECOVERY clinical trial
in which 1,542 patients were treated with hydroxychloroquine‑macrolide versus 3,132 control patients; as no clinical
benefits were observed, the widespread use of this approach is
discouraged (202).
Immunotherapy involving convalescent plasma therapy,
mesenchymal stem cell therapy and intravenous immunoglobulin has also been used for the treatment of or for the prevention
of viral infection. Intravenous immunoglobulin (IVIG) has
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offered good outcomes in some patients with COVID‑19
by improving passive immunity and the anti‑inflammatory
response. Mesenchymal stem cell therapy could exert an
immunomodulatory effect via the secretion of anti‑inflammatory factors (203).
Other agents that should be highlighted as possible
candidates for COVID‑19 therapy are biological drugs
against IL‑6, such as tocilizumab and sarilumab, or IL‑1
receptor antagonists, such as anakinra (204,205). Both classes
of agents block the inflammatory cascade and have been
successfully used in refractory rheumatoid arthritis and other
autoimmune diseases (206,207). Tocilizumab has exhibited
potential in reducing the risk of invasive mechanical ventilation and mortality in patients with severe COVID‑19 with
pneumonia (208), and recent results have indicate that it may
palliate symptoms rapidly (209). Anakinra has been tested
in patients with ARDS, suggesting its potential use prior to
stage III disease to curb the worsening of the cytokine storm;
however, its benefits/drawbacks are still under discussion (210).
The association between ILs and the cytokine release
syndrome in severe infection due to SARS CoV‑2 has been
described by McGonagle et al, setting up the theoretical
framework for the potential use of this therapy (211). At the
clinical level, the preliminary results of Xu et al in 20 patients
with severe COVID‑19 infection indicated a good response to
tocilizumab in all patients in the absence of severe adverse
effects (212). Furthermore, in a systematic review, Alzghari
and Acuña recommend the compassionate use of anti‑IL6
in patients with SARS‑CoV‑2 infection, as its safety and
efficacy remain to be clarified (213). Likewise, numerous
therapies have targeted blocking cell pathways of the inflammatory cascade, such as the JAK 1 and JAK 2 pathways (with
ruxolitinib or baricitinib), and other ILs (e.g., anti‑CD‑23) and
TNF inhibitors are still being assessed as possible therapeutic
options (214,215).
The systematic review of Mansourabadi et al (203)
concluded that immunotherapy may be effective in improving
the clinical outcomes of patients with COVID‑19. The WHO
guidelines recommend that these drugs should not be administered as prophylaxis outside the context of clinical trials due
to their high rates of adverse effects (177).
Finally, some authors have advocated the use of certain
drugs in paucisymptomatic and non‑hospitalized patients. In
this context, lactoferrin is one of the most promising molecules for the prevention or aid in the treatment of COVID‑19.
Chang et al (216) described the potential mechanisms
whereby this glycoprotein may be used against SARS‑CoV‑2,
including direct binding of lactoferrin to the virus, through
binding to host cell receptors, such as heparan sulphate
proteoglycans to reduce SARS‑CoV‑2 surfing and entry and
through the inhibition of viral replication via activation of
IFN‑α/β. Pidotimod may be equally effective for the prevention of clinical worsening by rebalancing the immune status
and reducing systemic effects of disease in ambulatory adult
patients without pneumonia (217). Additional strategies, such
as vitamin C and quercetin co‑administration have exhibited
potent overlapping immunomodulatory and antiviral effects,
and these may be useful prophylactic agents in high‑risk
populations or may be used as co‑adjuvants with other drugs,
such as remdesivir (218).

9. Nanotechnology‑based strategies for the treatment,
prevention and diagnosis of COVID‑19
The advent of the electron microscopy in the late 1930s
was a breakthrough in the history of virology (219). Its high
resolving power enabled the detailed study of viruses and
confirmed their nanometric size of between 20 and 300 nm
in diameter (220). Antiviral therapies working at this scale,
such as those provided by nanotechnology, enable efficient
interaction with viral particles and thus maximize the efficacy of the therapy. The size of nanoparticles (NPs), which
influences bioavailability and circulation time, and their large
surface area‑to‑volume ratio where large drug payloads can
be attached are promising properties that may overcome the
challenges of traditional antiviral strategies.
Nanotechnology has long been explored for the treatment of
viral infections (221). In particular, strategies targeting respiratory viruses such as influenza (H1N1) or respiratory syncytial
virus (RSV) are currently in the spotlight due to similarities to
SARS‑CoV‑2 (222). Among the multiple strategies available,
three main categories of NPs are taking the lead (Fig. 5A):
Polymeric NPs, inorganic NPs and peptide‑based NPs (223).
The battle against COVID‑19 must consider 3 key principles:
Early detection, monitoring and targeting (224). Relevant examples of the use of nanotechnology for the treatment, prevention
and diagnosis of SARS‑CoV‑2 are presented herein (Fig. 5B).
Nanotechnology‑based treatment. NPs play an unquestionable
role as drug delivery systems (DDS) (225). By either encapsulating or binding drugs, NPs improve delivery to the desired
tissue and offer controlled drug release, thus decreasing the
required dose and side‑effects. Typical antiviral mechanisms
for NPs range from direct inactivation of the virus (e.g.,
graphene oxide), interference in virus attachment to the cell
(e.g., silver or gold NPs, graphene oxide), blockage of viral
RNA synthesis (e.g., Ag2S nanoclusters) or oxidation of viral
proteins (e.g., copper oxide NPs), among others (226).
An example of nano‑sized DDS for the treatment of
SARS‑CoV‑2 relies on chitosan‑based polymeric NPs
(NovochizolTM). These NPs strongly adhere to lung epithelial
tissues, as one of the main targets of this virus. The potential
to provide safe, local sustained intra‑pulmonary drug release
is currently being tested for the delivery of losartan aimed at
reducing inflammation and viral infection. The strategy based
on self‑assembled peptide NPs developed by Cui et al (226)
is currently being explored using a peptide that specifically
and strongly binds to the spike protein of coronavirus. These
NPs not only protect the peptide from degradation, but also
have water‑filled channels to carry antiviral drugs. COVID‑19
infections frequently lead to a hyperinflammatory state
characterized by a fulminant cytokine storm. To combat this
situation, stable squalene‑based multidrug NPs are a new
approach for the targeted treatment of acute inflammation
with reduced‑side effects (227). Nanobodies, or single‑domain
antibodies, are peptide‑based NPs with sizes in the range
2‑4 nm that exhibit high stability, low immunogenicity and
excellent affinity and specificity towards the epitope (228). In
this context, synthetic nanobodies against the receptor‑binding
domain of SARS‑CoV‑2 spike protein are being developed as
potential inhalable prophylactic formulations (229).
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Figure 5. Examples of (A) nanoparticles and (B) nanotechnological strategies available or currently under development.

Nanotechnology‑based prevention. The fierce race towards
the development of an efficient vaccine for the novel coronavirus can undoubtedly benefit from the use of nanocarriers
that protect their sensitive cargo, namely RNA, DNA or
protein subunits. Viral vectors, a common approach in
vaccine development (230), are also being explored against
SARS‑CoV‑2 (e.g., Janssen's AdVac ®; TNX‑1800, Tonix
Pharmaceuticals; Ad5‑nCoV, CanSino Biologics, currently in
Phase 2; or GV‑MVA‑VLPTM, GeoVax). As an alternative
to viral vectors, NPs have extensively been explored as gene
carriers (231). In particular, different approaches are currently
under pre‑clinical or clinical assessment for SARS‑CoV‑2. In
the design of RNA‑based vaccines, lipid NPs are promising
nanocarriers for mRNA (232), as currently explored with
mRNA‑1273 (Moderna Inc., Phase 1), which codes for a prefusion form of the spike protein; or with self‑amplifying RNA,
which is responsible for sustained protein expression inside the
body and thus a vaccine response at much lower doses than
traditional mRNA vaccines (233) (LUNAR®, in the preclinical
stage). DNA‑based vaccines produce a potent immune
response after the direct introduction of a plasmid encoding
the desired antigens into the cells, which later will produce this
antigen. For example, proteo‑liposomes (Fusogenix Platform,
in the preclinical stage) are being explored for the delivery of
plasmids encoding multiple protein epitopes from key immunogenic SARS‑CoV‑2 proteins. Vaccines based on protein
subunits also employ nanocarriers. NVX‑CoV2373 (Novovax
Inc., Phase 1/2) is a recombinant protein NP vaccine (234) able
to generate antigens derived from the spike protein. Virus‑like
particles (VLPs) induce potent immune responses and are
effective vaccines (235). The VLP strategy is used in 1c‑SApNP
(Ufovax LLC), comprising a one‑component self‑assembling
protein NP with SARS‑CoV‑2 protein spikes protruding from
the scaffold. The molecular clamp platform strategy consists
of the self‑assembly of a polypeptide to form an artificial
enveloped virus fusion protein complex which locks the spike
protein into a shape to enable the immune system to recognize
it (University of Queensland). This approach has been successfully tested for viruses, such as influenza, HIV and Ebola.
While vaccines are a medium‑term solution, several nanotechnology products are currently available to halt the spread of
COVID‑19. Nanotechnology enables or enhances the properties
of different medical supplies. A broad variety of these products
employ nanosilver technology, with antimicrobial, antibacterial

and antiviral properties. Examples include cloths (NanoTech
Micro®); adhesive bandages; hand sanitizers (Human Glove™);
textiles (Xstatic®, CERTAINTYTM®); medical fabrics such as
labcoats, curtains, bed sheets (Silver Care Plus® with X‑Static®);
toilet paper and paper towels (Nanotex®). Nanosilver‑containing
disinfectants are also commercialized as sanitizers, soaps
and detergents. Other antimicrobial technologies include
cationic nanosword coatings (NANO4‑HYGIENE LIFE®),
which attract and destroy the negatively charged membranes
of microorganisms; photocatalytic coatings that destroy any
microbe upon activation with light, such as the mineral nanocrystals (NanoSeptic® self‑cleaning surfaces) and nano‑TiO2
(FN‑NANO®), used in hospitals, acute care facilities, airports,
etc.; or the dual TiO2/silver zeolite coating (Invisi Smart™),
which has a duration of 5 years.
High‑efficiency nano‑based filters have been implemented in
air filtration systems to prevent airborne contamination in hospitals by trapping or destroying most infectious particles (bacteria,
viruses). A dense network of nanofibres is the basis behind
HyperHEPA® technology (IQAir) and nanoparticle‑covered
catalytic filters for photo electrochemical oxidation technology
(Molekule), which destroy air pollutants through the production
of free radicals upon irradiation with UV‑A light. Nanofiber
technology, in combination with copper dioxide NPs, is also
implemented in face masks (ReSpimask®) that trap and destroy
the virus. Self‑sterilizing face masks (Guardian G‑Volt) are
based on laser‑induced graphene filters which eliminate trapped
microorganisms through an electrical charge.
Nanotechnology‑based diagnosis. The control of the
COVID‑19 pandemic requires the rapid, yet precise detection
of novel coronavirus cases. Traditional detection methods that
identify nucleic acids have several drawbacks including low
sensitivity, lengthy protocols, a high rate of false negatives and
a lack of specificity towards a particular virus. The nanometric
size and multivalence of NPs can overcome these drawbacks
by greatly amplifying the signal, thus decreasing the amount
of samples needed and increasing the effectiveness of detection kits (236). Examples of NPs used for the diagnosis of
SARS‑CoV‑2 include polymer‑coated iron oxide NPs (237),
which potently bind to the viral RNA and can be later extracted
from the solution using a magnet, simplifying the purification process before RT‑PCR reaction; and gold nanorods or
nanoparticles (Sona Nanotech Inc. and SureScreen Diagnostics
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Ltd.) implemented in disposable quick‑response lateral‑flow
tests, which detect COVID‑19 biomarkers, IgG and IgM,
within 5 to 15 min. A different nanotechnological strategy
is the use of nanopore sequencing, an electrophoresis‑based
tool for the sequencing of a single molecule of DNA or RNA
without the need for PCR amplification. Portable DNA and
RNA sequencers (MinION®) employ this strategy for the
rapid and simultaneous detection of SARS‑CoV‑2 and other
respiratory viruses within 6 to 10 h (238).
10. Proposals for control
SARS‑CoV‑2 is an emerging infectious agent that has had
a marked impact on society in recent months. Although its
exponential increase has diminished, the implementation of an
appropriate surveillance and action strategy is required, which
may aid in the control of disease outbreaks which, as had
occurred with the Spanish flu, can be fatal (239). This strategy
will involve a gradual return to normality while continuing to
follow WHO hygiene and prevention recommendations along
with individual and population screening to assess the situation
at all times. Citizen awareness and appropriate coordination of
governments, countries and institutions will play a key role in
this ongoing process.
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