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ARTICLE INFO ABSTRACT
Keywords: Common manifestations of COVID-19 are respiratory and can extend from mild symptoms to severe acute res-
SARS-COV-2 piratory distress. The severity of the illness can also extend from mild disease to life-threatening acute respiratory

Clinical signs
COVID-19 pandemic
Cancer
Cardiovascular system

distress syndrome (ARDS). SARS-CoV-2 infection can also affect the gastrointestinal tract, liver and pancreatic
functions, leading to gastrointestinal symptoms. Moreover, SARS-CoV-2 can cause central and peripheral
neurological manifestations, affect the cardiovascular system and promote renal dysfunction. Epidemiological

Pulmonary system data have indicated that cancer patients are at a higher risk of contracting the SARS-CoV-2 virus. Considering the
Gastrointestinal system multitude of clinical symptoms of COVID-19, the objective of the present review was to summarize their path-
Neurological system ophysiology in previously healthy patients, as well as in those with comorbidities. The present review summa-

rizes the current, though admittedly fluid knowledge on the pathophysiology and symptoms of COVID-19
infection. Although unclear issues still remain, the present study contributes to a more complete understanding

* Corresponding author. Department of Toxicology, University of Medicine and Pharmacy of Craiova, 2-4 Petru Rares Street, 200349, Craiova, Romania.
** Corresponding author. Department of Forensic Sciences and Toxicology, Faculty of Medicine, University of Crete, 71003, Heraklion, Greece.

E-mail addresses: tsatsaka@uoc.gr (A. Tsatsakis), calinadaniela@gmail.com (D. Calina), l.falzone@istitutotumori.na.it (L. Falzone), dimitriospetrakis@hotmail.
com (D. Petrakis), radumitrut@yahoo.co.uk (R. Mitrut), bill s1983@hotmail.com (V. Siokas), manuela.pennisi@unict.it (M. Pennisi), giuseppe.lanzal@unict.it,
glanza@oasi.en.it (G. Lanza), m.libra@unict.it (M. Libra), sotirios.doukas.mail@gmail.com (S.G. Doukas), panagiotis.doukas.mail@gmail.com (P.G. Doukas),
leena.kavali@gmail.com (L. Kavali), ABukhari@saintpetersuh.com (A. Bukhari), cgadiparthi@saintpetersuh.com (C. Gadiparthi), dimitra.vangeli@yale.edu
(D.P. Vageli), kofteridisd@hotmail.com (D.P. Kofteridis), spandidos@spandidos.gr (D.A. Spandidos), monibas2@gmail.com (M.M.B. Paoliello), michael.aschner@
einsteinmed.org (M. Aschner), daoana00@gmail.com (A.O. Docea).

1 Aristides Tsatsakis, Daniela Calina and Luca Falzone contributed equally to this work.

https://doi.org/10.1016/j.fct.2020.111769

Received 24 August 2020; Received in revised form 16 September 2020; Accepted 18 September 2020
Available online 30 September 2020

0278-6915/© 2020 Elsevier Ltd. All rights reserved.


mailto:tsatsaka@uoc.gr
mailto:calinadaniela@gmail.com
mailto:l.falzone@istitutotumori.na.it
mailto:dimitriospetrakis@hotmail.com
mailto:dimitriospetrakis@hotmail.com
mailto:radumitrut@yahoo.co.uk
mailto:bill_s1983@hotmail.com
mailto:manuela.pennisi@unict.it
mailto:giuseppe.lanza1@unict.it
mailto:glanza@oasi.en.it
mailto:m.libra@unict.it
mailto:sotirios.doukas.mail@gmail.com
mailto:panagiotis.doukas.mail@gmail.com
mailto:leena.kavali@gmail.com
mailto:ABukhari@saintpetersuh.com
mailto:cgadiparthi@saintpetersuh.com
mailto:dimitra.vangeli@yale.edu
mailto:kofteridisd@hotmail.com
mailto:spandidos@spandidos.gr
mailto:monibas2@gmail.com
mailto:michael.aschner@einsteinmed.org
mailto:michael.aschner@einsteinmed.org
mailto:daoana00@gmail.com
www.sciencedirect.com/science/journal/02786915
https://www.elsevier.com/locate/foodchemtox
https://doi.org/10.1016/j.fct.2020.111769
https://doi.org/10.1016/j.fct.2020.111769
https://doi.org/10.1016/j.fct.2020.111769
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fct.2020.111769&domain=pdf

A. Tsatsakis et al.

Food and Chemical Toxicology 146 (2020) 111769

of the disease, and may drive the direction of new research. The recognition of the severity of the clinical
symptoms of COVID-19 is crucial for the specific therapeutic management of affected patients.

1. Introduction

Coronaviruses form a large family of viruses that can infect both
humans and animals. Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) belongs to the family of Coronaviridae and causes COVID-
19 disease, which is a respiratory illness (Wang et al., 2020a; Wu and
McGoogan, 2020).

SARS-CoV-2 is mainly transmitted from person to person. Respira-
tory droplets are commonly spread by coughing and sneezing; however,
there is some evidence to indicate that transmission via aerosols is also
possible, since infectious concentrates of viral particles can be detected
in aerosols for up to 3 h or even longer (van Doremalen et al., 2020).
Direct contact with infected patients or to a certain extent with surfaces,
may also lead to transmission (Ong et al., 2020). Specifically, fomite
transmission is possible due to the ability of viral particles to remain on
surfaces for a period of time according to the material of the surface
(Ong et al., 2020). For example, latex, aluminum, or copper viral par-
ticles can remain infectious for approximately 8 h, and plastic or
stainless steel surfaces for 1-3 days (Ong et al., 2020; Goumenou et al.,
2020; Tsatsakis et al., 2020; Kostoff et al., 2020a). Recent data have also
demonstrated that fecal-oral transmission is possible (Yeo et al., 2020).
The incubation period for COVID-19 has been estimated at approxi-
mately 2-14 days, and its transmission is possible even when patients
are asymptomatic or exhibit only minimal symptoms (Bai et al., 2020;
Lauer et al., 2020). A previous study demonstrated that the estimated
mean incubation time for COVID-19 is 5.1 days (95% CI: 4.5-5.8 days),
with almost all the infected patients developing symptoms within 11.5
days (95% CI: 8.2-15.6 days) (Lauer et al., 2020).

SARS-CoV-2, similar to SARS-CoV, has characteristic transmembrane
trimeric proteins that facilitate the binding and fusion of the viral par-
ticle to the surface of the cell membrane of the host-cell. SARS-CoV-2
attaches to the angiotensin-converting enzyme 2 (ACE2) receptor that is
highly expressed in lung epithelial cells, as well as in other tissues (Zou
et al., 2020; Stancioiu et al., 2020). Specifically, spike protein S is
responsible for the attachment to the ACE2 receptor (Hoffmann et al.,
2020). Similar to SARS-CoV, protein S of the novel coronavirus employs
host cell transmembrane protease serine 2 (TMPRSS2) that cleavage
ACE2, promoting SARS-CoV-2 fusion with the epithelial cell (Hoffmann
et al., 2020).

Common manifestations of COVID-19 are respiratory and can extend
from mild symptoms to severe acute respiratory distress (Wang et al.,
2020a; Wu and McGoogan, 2020; Bai et al., 2020; Farsalinos et al., 2020;
Abedi et al., 2020). COVID-19 has a wide spectrum of symptoms. The
majority of patients infected with COVID-19 are asymptomatic or pre-
sent with mild symptoms. Anosmia, hyposmia and dysgeusia can be part
of the initial presentation (Lechien et al., 2020; Vaira et al., 2020).
Shortness of breath and non-productive cough accompanied by consti-
tutional symptoms, such as fever and fatigue were initially suggested as
the classic symptomatology of COVID-19 (Huang et al., 2020a). How-
ever, it has recently been demonstrated that this symptomatology is
usually found in only 15% of cases (Wang et al., 2020a). Although fever
has been proposed to be one of the most common symptoms present in
98% of symptomatic cases, recent data suggest that actually only 30% of
COVID-19 patients present with fever at triage (Richardson et al., 2020).
Other constitutional symptoms include generalized fatigue and myalgia
(Wang et al., 2020a).

Zhou et al. performed a retrospective cohort study on 191 inpatients
describing the stages of the disease and the associated symptoms (Zhou
et al., 2020a). Mild upper respiratory symptoms, such as cough and fever
are commonly present during the viral stage of the disease as the virus
infects the epithelial cells of the respiratory tract (Zhou et al., 2020a).

However, as the patient transitions to the later phase, a progressive
worsening of shortness of breath manifests with a mean duration of 12
days (Zhou et al., 2020a). In the same study, it was noted that the
average time from the onset of illness to discharge was 22 days (IQR
18--25-) (Zhou et al., 2020a). Although specific symptoms may be
closely associated with the stage of the disease, the duration of symp-
toms cannot be used to predict the course of the disease (Zhou et al.,
2020a).

A growing body of evidence also suggests that the COVID-19 may not
be limited to the respiratory tract, since the SARS-CoV-2 can invade the
central nervous system (CNS), thus causing a multitude of diverse
neurological manifestations as acute cerebrovascular diseases, enceph-
alopathy, acute polyneuropathy, hypogeusia, encephalitis and hypo-
smia, as well as certain non-specific symptoms (such as headaches,
myalgia, fatigue and unsteadiness) (Carod-Artal, 2020). Whether these
features are an indirect and unspecific consequence of the pulmonary
disease or of a generalized inflammatory state on the CNS, or whether
they rather reflect a direct SARS-CoV-2-related neuronal damage, re-
mains to be determined. Overall, the different level and severity of
human neurotropism and neurovirulence in these patients may be
explained by a combination of viral and host factors and their interac-
tion (Wu et al., 2020a).

A number of COVID-19 associated gastrointestinal (GI) manifesta-
tions have been reported (Azwar et al., 2020; Lin et al., 2020a). ACE-2
(Li et al., 2003) receptors act as the viral entry sites for SARS-CoV-2,
which are abundantly expressed in epithelial cells of the stomach,
small and large intestines. SARS-CoV-2 has been shown to cause a
plethora of GI symptoms, such as ageusia, nausea, vomiting, abdominal
pain and diarrhea. A number of studies have attempted to estimate the
prevalence of GI symptoms in patients with COVID-19; however, their
estimates are widely variable (Gu et al., 2020; Lin et al., 2020b; Ng and
Tilg, 2020). Jin et al., in a study on 651 patients infected with
SARS-CoV-2, 11.4% described at list one GI symptoms, while from those
GI symptoms as diarrhea, vomiting and nausea, without respiratory
symptoms were observed in 28.38% of these patients (Jin et al., 2020).
Therefore, during the current pandemic, a high index of clinical suspi-
cion is warranted for clinicians evaluating patients presenting with GI
symptoms, as these could be the sole manifestation of COVID-19.

The COVID-19 pandemic also has a strong impact on cancer patients.
Indeed, it has been shown that cancer patients have a greater risk of
contracting the COVID-19 infection and of developing severe respiratory
syndromes due to the immunosuppression related to anticancer treat-
ments or to the tumor itself (Liang et al., 2020; Xia et al., 2020a; Yeoh
et al., 2020). Numerous studies continue to establish the safety of
chemotherapy administration during the pandemic. In addition, leading
medical oncology societies have issued guidelines to follow during the
pandemic in order to reduce the risk of infection in a category of fragile
patients as that of cancer patients (Hanna et al., 2020).

Some patients with COVID-19 have also experienced ophthalmic
damage. Several reports published in scientific journals and recent news
have suggested that SARS-CoV-2 may cause conjunctivitis, that can
appear during hospitalization or as an early sign of infection. Thus,
SARS-CoV-2 may be transmitted to the conjunctiva by aerosols or hand-
eye contact. There is also evidence of the presence of SARS-CoV-2 RNA
in the tears of patients with COVID-19 who have conjunctivitis. How-
ever, to date, the infectious virus has not yet been cultured in the con-
junctiva of any patient with COVID-19 (Dockery et al., 2020).

Given the multitude of clinical signs of COVID-19 disease, the pre-
sent review aimed to summarize the pathophysiology and clinical signs
of the disease in both previously healthy subjects and those with
comorbidities, such as kidneys or neoplastic diseases. The recognition of
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the severity of the clinical symptoms of COVID-19 is crucial for the
specific therapeutical management of affected patients.

2. COVID-19 and pulmonary manifestations

The lungs are in direct contact with the external environment and
thus function as the primary host site for a number of airborne patho-
gens, including viruses such as coronaviruses.

The innate defenses of the lungs include physical and mechanical
barriers. The cellular elements of the innate defenses, include the lung
epithelial lining, pulmonary macrophages and dendritic cells (DCs)
(Channappanavar et al., 2014). The first line of the cellular immune
response to viral respiratory infections, such as SARS-CoV-2 is facilitated
by DCs and macrophages (Channappanavar et al., 2014). The second
line or adaptive immune response to coronavirus infection involves the
T cell response and activation, and was previously investigated by
Channappanavar R. et al., in 2014 (Channappanavar et al., 2014).
Reactive oxygen species can be one of the trigger factor for these toxic
responses to the virus (Nasi et al., 2020).

Recent immunological studies on adult patients with severe COVID-
19 disease have provided further evidence of the immune response
against SARS-CoV-2. High levels of proinflammatory cytokines, such as
interleukin (IL)-6, IL-10, tumor necrosis factor-o (TNF- o), monocyte
chemoattractant protein 1 (MCP1), granulocyte-colony stimulating
factor (G-CSF) and macrophage inflammatory protein (MIP)1a have also
been detected in the plasma of adult patients (Qin et al., 2020; Zhou
et al., 2020b; Gong et al., 2020). Ulhagq et al. also described an associ-
ation between IL-6 plasma levels in COVID-19 patients and their prog-
nosis (Ulhaq and Soraya, 2020). The higher the IL-6 levels, the worse the
prognosis and the severity of their clinical condition (Ulhaq and Soraya,
2020). The chemotaxis and infiltration of neutrophils into infected
epithelial cells induce lung injury. Additionally, the attracted cytotoxic
T cells, as a result of the activation of the adaptive immunity, can cause
lung injury to the infected lung (Fang et al., 2012; Small et al., 2001).
Patients with COVID-19 have been found to have a high percentage of
specific inflammatory CD14" and CD16™ monocytes, which also pro-
duce IL-6, and therefore induce the systemic inflammatory response
(Nile et al., 2020). Therefore, it is clear that in severe COVID-19 disease,
a massive production and release of pro-inflammatory cytokines is the
crux of the “cytokine storm”. This can result in a destructive immune
response and can eventually lead to acute respiratory distress syndrome
(ARDS) and multi-organ dysfunction syndrome (MODS) (Nile et al.,
2020).

2.1. Pulmonary symptomatology

COVID-19 pneumonia and ARDS: It has been suggested that
approximately 80% of cases will present with mild or no symptoms,
while 20% will have more severe courses, requiring hospitalization and
approximately 5% of these requiring ICU admission (Richardson et al.,
2020).

The severe course of COVID-19 is associated with pneumonia with
signs of dyspnea and hypoxia developing 5-7 days after the first
appearance of symptoms (Marini and Gattinoni, 2020). Gattinoni et al.
described it as a viral pneumonia with near-normal pulmonary
compliance, which indicates hypoxia with a compliance >50
ml/cmH50, as a result of V/Q mismatch (Marini and Gattinoni, 2020). A
lung CT scan of patients with the severe course of the disease previously
revealed no areas to recruit and venous admixture levels were approx-
imately 50%. The average duration of pneumonia associated with severe
COVID-19 is 3-6 weeks (Marini and Gattinoni, 2020).

COVID-19 may progress to a more critical course, commonly due to
various comorbidities, including an older age of the infected patients. If
the course becomes critical, the signs of severe pneumonia and there-
fore, respiratory failure can lead to shock and possibly, MODS.
Approximately 20-30% of patients in critical care will progress to severe

Food and Chemical Toxicology 146 (2020) 111769

hypoxemia with a <40 ml/cmH20 lung compliance consistent with
ARDS (Maiolo et al., 2018).

A Chest X-ray (CXR) is routinely used as part of the standard and
initial clinical assessment of lung infections. According to Wong et al.,
the sensitivity of the chest x-ray is estimated to be 69% (Wong et al.,
2019). Vancheri et al. analyzed 240 CXRs from patients who tested
positive with symptoms and found that ground-glass opacities were the
most common lesion in patients with COVID-19. However, the CXR can
be negative in 25% of cases (Jacobi et al., 2020).

Computer tomography (CT) is another imaging method used in the
diagnosis and clinical assessment of patients COVID-19. In COVID-19-
related pneumonia, one can clearly identify certain typical radio-
graphic features in the majority of patients with COVID-19, including
ground-glass opacities, interstitial changes with a peripheral distribu-
tion and multifocal patchy consolidation (Chung et al., 2020; Ai et al.,
2020). These typical CT findings may also be observed in negative
RT-PCR-tested patients that present with clinical symptoms. A chest CT
scan has been recommended in cases of initial negative RT-PCR results
when the clinical picture highly suggests a COVID-19 diagnosis, since it
has a high sensitivity (Xie et al., 2020; Huang et al., 2020b). Indeed,
several studies have demonstrated that RT-PCR often fails in detecting
SARS-CoV-2 infection due to some technical limits (Tahamtan and
Ardebili, 2020); therefore, other high-sensitive molecular methods
already used for the detection of small amount of mutated DNA, small
RNA or viral RNA (Salemi et al., 2018; Filetti et al., 2020), like droplet
digital PCR, and clinical investigations are needed in all the negative
patients with COVID-19-like symptomatology (Falzone et al., 2020;
Wang et al., 2020b). Other, less commonly observed CT findings,
include bronchiectasis, pleural thickening and septal thinning, to name a
few. Gattinoni et al. recently demonstrated that in the case of CT scan
unavailability, lung compliance and the response to positive
end-expiratory pressure (PEEP) are two highly recommended surrogates
that may assist in the assessment of the severity of COVID-19 infection
(Gattinoni et al., 2020). Fig. 1 presents the main pulmonary clinical
manifestations of COVID-19.

There are multiple risk factors for poor clinical outcomes, including
advanced age (OR 1.14 [1.09-1.18]), hypercoagulability (prothrombin
time >16 OR 4.62 [1.29-16.50]), organ dysfunction (chronic obstruc-
tive lung disease OR 5.4 [0.96-20.40]; coronary heart disease OR 21.4
[4.64-98.76]), elevated D-dimer (values > 0.5 pg/mL OR 1.96
[0.52-7.43] and values > 1 pg/mL OR 20.04 [6.52-61.56]) and lactate
dehydrogenase (LDH) levels (values > 245 U/L OR 45.43 [6.1-338.44]),
and lymphopenia (OR 3.7 [2.44-5.63]) that are associated with patients
developing ARDS and eventually succumbing to the disease (Zhou et al.,
2020a; Maiolo et al., 2018; Huang and Pranata, 2020). The poor clinical
outcome was defined in these studies as death. Several comorbidities,
such as hypertension, obesity and diabetes, as well as laboratory pa-
rameters, such as elevated AST, ALT and serum ferritin levels, pro-
thrombin time and other laboratory values have also been associated
with ARDS and a worse prognosis of patients with COVID-19. However,
the clear prognostic value of all these factors remains unclear (Zheng
et al., 2020a).

3. COVID-19 and cardiovascular clinical manifestations

SARS-CoV-2 infection not only causes respiratory manifestations, but
also commonly affects the cardiovascular system. Patients with cardio-
vascular risk factors, such as male sex, advanced age, hypertension,
diabetes, obesity, and those with pre-existing cardiovascular or cere-
brovascular disease are prone to developing COVID-19-associated
complications, and these factors have been shown to be associated
with an increased morbidity and mortality. Inpatient cardiac compli-
cations have been noted with the increased in-hospital mortality (Tor-
equl Islam et al., 2020a).

SARS-CoV-2 mainly affects the respiratory system and specifically,
the alveoli, either by directly destructing the infected epithelial cells or
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SARS-CoV-2
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ACUTE RESPIRATORY
DISTRESS SYNDROME
:‘ ¢ Tissue destruction
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IL-17A, IL-18, 2
TNF-a, IFN-§,
IFN-o, IFN-3

Pulmonary Alveoli <

e Fever

PNEUMONIA
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Fig. 1. The main pulmonary clinical manifestations of COVID-19. Note: IL-12 — interleukin-12; IL-15 - interleukin-15; IL-6- interleukin-6; IL-17A - interleukin-
17A; IL-18 - interleukin-18; TNF-a — tumor necrosis factor alpha; IFN-p — interferon beta; IFN-a — interferon alpha; IFN-y — interferon gamma.

most importantly due to the extreme inflammatory response imitated by
the host, leading to respiratory distress (Calina et al., 2020). In severe
cases, the patients will eventually suffer from hypoxic respiratory failure
(Docea et al., 2020). Hypoxia can directly affect the tissue oxygen de-
mand, increasing the risk for myocardial infarction and stroke (Salehi
et al., 2020a).

There are data to support the notion that the immune system of in-
dividuals with pre-existing cardiovascular conditions, such as heart
failure, may function in a less effective manner in combatting COVID-19
compared to the immune system of healthy individuals, thus making
them more prone to viral and bacterial infection (Sharifi-Rad et al.,
2020a). In addition, infectious diseases are closely related to hemody-
namic changes that can lead to the decompensation of pre-existing
cardiovascular conditions, such as heart failure (Zlatian et al., 2018).

There is evidence to indicate that pre-existing cardiovascular con-
ditions, such as heart failure, coronary artery disease and hypertension
increase the risk of cardiac complications in patients suffering from
COVID-19 (Bansal, 2020; Sharifi-Rad et al., 2020b). However, the as-
sociation between associated heart damage, COVID-19 and mortality
remains unclear.

Cardiovascular adverse events, common in COVID-19 infection, play
a role in prognosis, similar to other viral infections, such as influenza
(Kwong et al., 2018). The exact mechanisms of action are complex,
multi-factorial and bidirectional. In addition, COVID-19 infection can
trigger unique pathways for this pathogen, which contributes to the
evolution of patients with cardiovascular disease. As previously dis-
cussed, SARS-CoV-2 facilitates its entry into cells by attaching to the ACE
2 receptor. ACE2 is a target for the anti-hypertensive class of drugs,
known as angiotensin-converting enzyme inhibitors (ACE inhibitors).
Given the high prevalence of hypertension among severe cases of
COVID-19, it has been hypothesized that hypertensive patients receiving
these treatments may have an increased risk of acquiring SARS-CoV-2

infection and of developing more severe manifestations of COVID 19,
given the possible upregulation of ACE2.

ACE inhibitors are commonly administered to patients with diabetes,
given their known micro- and macrovascular protective effects on the
heart and kidneys (Jarred and Kennedy, 2010). Although initially a
concern was raised regarding the use of ACE inhibitors in patients with
COVID 19, given that SARS-CoV-2 attaches to the ACE2 receptor, there
are no data available to date to suggest the discontinuation of the
regiment or the adjustment of doses (Cordonnier et al., 2001).

The progression of atherosclerotic disease is highly related to chronic
inflammation and oxidative damage (Sharifi-Rad et al., 2020c; Padur-
eanu et al., 2019). COVID-19 is associated with the hyperactivation of
the immune system and the acceleration of inflammatory cascades,
promoting an optimal environment for acute atherosclerotic complica-
tions and thromboembolic phenomena (Wojciechowski et al., 2017). In
addition, common cardiovascular risk factors, such as aging, diabetes,
obesity and hyperlipidemia, may potentially affect immune function and
in turn, may affect the susceptibility to the virus and potentially, the
course of the disease (Saltiel and Olefsky, 2017).

3.1. Pathophysiology of cardiac heart damage in patients with COVID-19

Although the morphopathology and pathophysiology of cardiovas-
cular damage induced by SARS-CoV-2 are only partially known, re-
searchers have described 3 possible mechanisms linking cardiovascular
pathology and COVID-19. The possible mechanisms include the
following:

i) Severe infection is associated with a severe inflammatory
response that triggers a massive discharge of cytokines. As with
other diseases encompassing a systemic inflammatory response,



A. Tsatsakis et al.

such as sepsis, these cytokines can lead to cardiomyocyte
dysfunction (Fried et al., 2020).

ii) SARS-CoV-2 can cause inflammation of the heart tissue, i.e.,
myocarditis by recruiting cells of the immune system to car-
diomyocytes (Inciardi et al., 2020). Data from a recently pub-
lished study suggest that the development of myocarditis is
possible in the setting of COVID-19. The main cellular receptor
for SARS-CoV-2 virus is ACE2, highly present in the lungs and
heart tissue. It is known that the coronavirus can potentially
infect the myocardium. Previous studies have demonstrated that
the RNA of a SARS-CoV a virus with similar behavior to the novel
coronavirus, was found in the myocardium of 35% of patients
who died due to infection from the same virus (Nicin et al., 2020;
Oudit et al., 2009).

iii) SARS-CoV-2 infection can also affect small blood vessels through
ACE2, leading to ischemic phenomena and injury to the
myocardial tissue, and potential ventricular dysfunction, as well
as arrhythmias (Haga et al., 2008).

Approximately 10% of hospitalized patients with COVID-19 have
cardiovascular disease at the time of diagnosis of the disease; however,
the number of patients who develop cardiovascular sequelae, such as
acute myocardial injury, cardiomyopathy, myocarditis, congestive heart
failure acute coronary syndrome, cardiogenic shock and arrhythmias
varies (Driggin et al., 2020).

A recently published study demonstrated the association between
heart damage and mortality in patients with COVID-19. It was demon-
strated that 19.7% of hospitalized patients with COVID 19 suffered from
cardiac injury. In that same study, cardiac injury was also associated
with an increased risk of mortality during hospitalization (Shi et al.,
2020).

A recently published study with 138 patients critically ill with
COVID-19, revealed that 25% of these patients had a history of coronary
heart disease and 58.3% of them had hypertension (Wang et al., 2020a).

Another study reported that 12% of patients with COVID-19 had
acute heart disease associated with the viral infection, manifested by a
decreased ejection fraction and increased troponin I levels (Huang et al.,
2020a).

Another study reported that 7.2% of the 138 patients hospitalized
with COVID-19 had acute heart damage. Patients admitted to the
intensive care unit more often exhibited heart damage (22.2%)
compared to the other patients. That study retrospectively analyzed data
collected at a single center in Wuhan, China, to examine the possible
association between heart injury and mortality in patients with COVID-
19. The study included a cohort of 416 patients confirmed with COVID-
19, of whom 82 patients (19.7%) had heart damage. Compared to the
patients without heart damage, these patients were older (74 vs. 60
years; the average age of all the patients was 64 years) and with greater
frequency of comorbidities (Paramasivam et al., 2020).

Several smaller cohort studies have revealed similar results, sug-
gesting a higher risk of adverse events in these patients, although there
were differences in testing and data standardization. Although reports
outside China are limited, data from Italy suggest similar mortality rates
and an increased risk of death in patients with comorbidities (Porcheddu
et al., 2020). These data suggest that cardiac impairment may be asso-
ciated with the clinical course of COVID-19 (Wang et al., 2020a).

Although there is limited evidence available for the establishment of
a direct link between acute heart damage associated with COVID-19 and
cardiovascular comorbidities, patients with coronary heart disease and
heart failure are likely to be more susceptible to acute heart damage
(Guzik et al., 2020). Once these patients are infected and develop severe
pneumonia, myocardial ischemia or heart failure is more likely to occur,
eventually leading to devastating complications. Concomitantly, an
intense inflammatory response overlapping with pre-existing cardio-
vascular disease may precipitate heart damage in patients with
SARS-CoV-2 infections (Gupta et al., 2020).
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3.2. Cardiovascular manifestations in COVID-19 disease

Arrhythmias are a risk factor in COVID-19 infection, with implica-
tions for survival. Palpitations are one of the most common symptoms of
onset. Atrial fibrillation does not increase the risk of SARS-CoV-2
infection. However, a large number of patients with atrial fibrillation
are elderly and this is associated with other pathologies, which can lead
to a more severe evolution of the infection. Atrial fibrillation may be
triggered by COVID-19 infection through associated myocardial injury.
Certain antiviral drugs can also cause arrhythmias (Guzik et al., 2020).

Even patients without cardiovascular disease may develop heart
dysfunction during SARS-CoV-2 infection. In a number of infected pa-
tients, the levels of biomarkers of myocardial injury may increase. These
levels can increase due to non-ischemic causes, such as myocarditis or
ischemic causes, such as myocardial infarction caused by the rupture of
atheroma plaque (Guzik et al., 2020).

COVID-19 disease is strongly associated with thrombosis: Throm-
bosis in large vessels, deep vein thrombosis, pulmonary embolism,
arterial events and possible microvascular thrombosis may occur (Klok
et al., 2020a). It has also recently been suggested that the use of systemic
anticoagulation is associated with the survival of hospitalized patients
with COVID- 19 (Paranjpe et al., 2020).

There are currently limited data available on the occurrence of ar-
rhythmias in SARS-CoV-2 infection. Severe forms of COVID-19 at the
setting of myocarditis can be complicated by cardiac arrhythmias.
During infection, elevated levels of biomarkers of myocardial injury can
be observed, and are probably associated with myocarditis and
myocardial ischemia.

In a study based on a group of 137 patients in Hubei Province, 7.3%
of patients had palpitations as their first symptom (Liu et al., 2020a).
Another study, performed on 138 patients with COVID-19 in Wuhan,
demonstrated that arrhythmias were present in 16.7% of patients, and in
44% of those admitted to intensive care units (Wang et al., 2020a). In
both studies, however, the specific causes of palpitations and the type of
arrhythmia were not identified. In another study from the same insti-
tution, ventricular tachycardia and ventricular fibrillation were re-
ported as complications of COVID-19 in 11 of 187 patients (5.9%), with
a higher incidence in patients with elevated troponin T levels (Guo et al.,
2020a).

However, one of the largest studies in China, based on 1099 patients
in 552 hospitals, did not report arrhythmias in patients with COVID-19
(Guan et al., 2020a). By contrast, among 393 hospitalized patients in
New York, USA, atrial arrhythmias were more common in patients who
required mechanical ventilation (17.6 vs. 1.8%) (Goyal et al., 2020). The
possible mechanisms of cardiac arrhythmia in COVID-19 include acute
myocardial injury, and currently used therapies are considered the main
mechanisms in increasing the risk of arrhythmias in patients with
COVID-19 (Babapoor-Farrokhran et al., 2020).

Myocardial injury can be the direct result of the cardiac invasion by
the virus, but also an indirect consequence of major lung damage
(damage to heart cells caused by hypoxia). In addition, certain medi-
cations that were initially recommended for SARS-CoV-2 infection (until
therapy is approved off-label), such as antimalarials (hydroxy-
chloroquine), protease inhibitors (lopinavir/ritonavir) and macrolides
(azithromycin), may prolong the QT interval and increase the risk of a
particularly dangerous ventricular arrhythmia, known as torsade de
points (Cunningham et al., 2020) (Fig. 2).

In this context, the immune response, the abnormal systemic in-
flammatory response of the body, with the role of counteracting infec-
tion [cytokine storm (CS)], can further amplify the risk of arrhythmic
phenomena, including malignant ventricular arrhythmias. In addition to
their role in myocardial injury, certain inflammatory cytokines
(particularly IL-6) may promote QT prolongation, both directly by
modulating myocyte ion channels and indirectly by increasing the
availability of molecules that increase the range of QT (by inhibiting
CYP450-3A4). In addition, as a result of the direct stimulation of the
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vegetative nervous system, pro-inflammatory cytokines can induce the
hyperactivation of the sympathetic nervous system, with an increase in
cardiac electrical instability (Babapoor-Farrokhran et al., 2020).

Elderly patients hospitalized due to COVID-19 infection, who present
with a combination of pneumonia, SDR and sepsis, frequently develop de
novo or recurrent fibroadenoma (FiA), which may further complicate the
course of the disease. Precipitating factors, in this case, are hypokalemia
and hypomagnesemia (induced nausea, anorexia, diarrhea and diuretic
medication), metabolic acidosis, use of inotropic agents, ventilation-
induced cardiac asynchrony, volume overload, increased sympathetic
tone, inflammation, hypoxia, ischemia and myocardial injury (Kwe-
nandar et al., 2020).

In addition, a number of patients with FiA have associated cardio-
vascular damage, increasing the risk of more severe infection from the
start. In addition, all patients with associated heart disease appear to
have a weaker immune system, thus compromising their bodies’ efforts
to fight the virus (Boriani et al., 2018).

4. COVID 19 and gastrointestinal and liver manifestations

4.1. Pathophysiology of gastrointestinal disorders in patients with COVID-
19

The reason why only a certain proportion of patients with COVID-19
develop GI symptoms, while others do not, remains largely unknown,
and whether there are underlying pathophysiological mechanisms
contributing to the development of gastroenteritis remains to be deter-
mined. A possible explanation may be related to the high expression of
the ACE2 receptor in GI epithelial cells (Hamming et al., 2004), and the
extensive infection of enterocytes, leading to malabsorption and
diarrhea.

The underlying mechanisms of acute hepatic injury associated with
COVID-19 have not yet been determined. The involvement of the
abundant expression of ACE-2 receptors in biliary system cells (chol-
angiocytes) has been suggested (Hamming et al., 2004). However, it is
noteworthy that elevated levels of alkaline phosphatase and
gamma-glutamyl transferase (GGT) are found in a small number of pa-
tients compared to elevated levels of aminotransferases (Zhang et al.,
2020a).

One of the most significant complications associated with COVID-19
is the cytokine storm, namely, the hyperactivation of the immune sys-
tem, leading to a profound inflammatory response. This leads to a sig-
nificant increase in the levels of IL-6, IL -10, IL-2 and IFN-y that can
potentially induce tissue injury (Zhang et al., 2020a). Recent data sug-
gest that higher levels of ILs are associated with more severe disease and
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Fig. 2. SARS-CoV-2 infection and its association with the cardiovascular system.

liver failure, suggesting the underlying mechanism of the cytokine storm
in these patients 1 (Liu et al., 2020b). Furthermore, lymphopenia and
elevated C-reactive protein (CRP) levels in patients with COVID-19 have
also been associated with the cytokine storm and liver injury, leading to
a generally poorer prognosis (Li et al., 2020).

It also remains unclear whether pre-existing liver diseases, such as
viral hepatitis and non-alcoholic fatty liver disease are associated with a
prolonged disease course or more severe COVID-19 infection (Boettler
et al., 2020). There are data to suggest that patients with pre-existing
viral hepatitis are more prone to severe liver injury, possibly due to
the SARS-CoV-2-related enhancement of viral replication (Chau et al.,
2004); however, extensive studies are required to clarify this
phenomenon.

The role of NF-kB inhibition in SARS-CoV-2 has also been demon-
strated. It has been shown that COVID-19 activates the NF-xB pathway
(Guo et al., 2020b). Previous studies have also supported the use of
NF-kB inhibitors as promising antivirals in infection caused by
SARS-CoV and potentially other pathogenic human coronaviruses
(DeDiego et al., 2014). On the other hand, in COVID-19 pandemic, the
blockade of IL-6 has been proposed to manage the COVID-19 cytokine
storm (Liu et al., 2020c). The use of corticosteroids has also been sug-
gested as a possible therapeutic agent for COVID 19-related lung and
acute liver injury (Russell et al., 2020).

Therefore, targeting the NF-kB signaling pathway represents an
attractive approach for anti-inflammatory and cancer therapies (Xia
et al., 2014; Mititelu et al., 2020). However, due to its central role in
maintaining normal cellular functions, the components of the NF-kB
pathway need to be carefully selected and evaluated for the design of
optimally targeted therapies (Padureanu et al., 2019; Rogoveanu et al.,
2018). Therefore, the exploration of NF-kB and IL-6 inhibitors in the
treatment of patients with COVID-19, synergistically with antiviral
therapy may be feasible options (Stancioiu et al., 2020; Nitulescu et al.,
2020; Dehelean et al., 2020; Torequl Islam et al., 2020b; Sarkar et al.,
2020). The role of NF-kB in inflammation-associated GI malignancies
has been previously documented (Doukas et al., 2018; Gambhir et al.,
2015; Vageli et al., 2018; Zhang and Rigas, 2006). In particular, the
NF-xB/IL6 pathway links inflammatory disease and GI cancer (De
Simone et al., 2015; Yang et al., 2014; Zlatian et al., 2015). Nevertheless,
further data are necessary to clarify the significance of NF-kB inhibition
in the management of patients with COVID 19, and further studies are
required to evaluate the effectiveness of this approach.

4.2. Gastrointestinal manifestations in patients with COVID-19

Gastroenteritis: RNA of SARS-CoV- 2 has been detected in the stool
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samples of the majority of patients with COVID-19 infection several days
after the respiratory tests had yielded negative results. The fecal-oral
transmission of SARS-CoV-2 has been reported; therefore, consistent
handwashing and the use of separate bathrooms, if possible, for infected
patients has been suggested to limit the spread (Gu et al., 2020; Hindson,
2020).

Stool samples isolated from patients with COIVD 19, with or without
GI symptoms, have often been found to be positive for SARS-CoV-2
(Leung et al., 2003). Although studies have indicated that viral RNA is
detected in stool samples days after the resolution of symptoms (Leung
etal., 2003; Wu et al., 2020b; Wei et al., 2020), it is not yet clear whether
these patients remain infective. It has been demonstrated that patients
with GI symptoms have a prolonged COVID-19-related illness compared
to those without GI symptoms (Wei et al., 2020).

However, it remains unknown whether the presence of GI symptoms
is associated with a worse prognosis and/or inflammatory storm. A
previous epidemiological study demonstrated that patients with diar-
rhea typically had higher levels of C-reactive protein (CRP) and lactate
dehydrogenase (LDH) (Wei et al., 2020). However, a number of aspects
of COVID-19 particularly in relation to GI symptoms are currently being
investigated, and future studies may provide further insight into the risk
factors, disease severity and asymptomatic spread of SARS-CoV-2 in
patients with concomitant GI manifestations.

As regards the liver manifestation of COVID-19, elevations of liver
enzyme levels have been reported to vary degrees in patients with
COVID-19. Studies have demonstrated that the elevation of liver enzyme
levels can be observed in up to 78% of cases (Zhang et al., 2020a; Musa,
2020; Xu et al., 2020a). In the majority of cases, the liver involvement of
COVID-19 is generally asymptomatic with the modest elevation of
aminotransferase levels. Elevated levels of bilirubin have also been re-
ported in some cases (Musa, 2020; Xu et al., 2020a). The elevation of
aminotransferase levels has been shown to be associated with the
increased severity of COVID-19 and a potentially poorer prognosis (Fan
et al., 2020; Cai et al., 2020).

Food and Chemical Toxicology 146 (2020) 111769

Several studies have demonstrated the findings of microvesicular
steatosis, and mild portal and lobular activity that may be attributed
either to viral injury or drug-induced injury on pathological specimens
(Tian et al., 2020; Lagana et al., 2020; Li and Xiao, 2020). Additionally,
molecular analysis detected SARS-CoV-2 in the hepatocytes of infected
patients.

As regards COVID-19 and pancreatitis, a recent single center study in
China demonstrated that 17% of patients with COVID-19-associated
pneumonia had evidence of pancreatic injury with elevated amylase
and lipase levels. However, it is unclear whether any of those patients
had acute pancreatitis, as no imaging studies were performed in that
patient cohort. While the true prevalence of acute pancreatitis remains
unknown in patients with COVID-19, ACE-2 receptors were found in
pancreatic islet cells, suggesting that pancreatic infection is possible
(Wang et al., 2020c).

5. COVID-19 and neurological clinical symptoms

Various experimental and clinical studies have suggested that seven
types of coronavirus can affect brain and other central nerve structure
(CNS) (Carod-Artal, 2020). In the majority of animal and human coro-
naviruses, a great documentation of their neuroinvasion potential exists
(Tsai et al., 2005). Recent epidemiological data has demonstrated that
some COVID-19 patients developed neurological symptoms including
psychosis, sometimes difficult to differentiate from other type of psy-
chosis (Nussbaum et al., 2017; Brown et al., 2020). However, clinical
features, pathogenic mechanisms and therapeutic options have yet to be
fully characterized. Preliminary studies have indicated that COVID-19 is
associated with a plethora of neurological symptoms (hypogeusia,
hyposmia acute polyneuropathy, headaches, etc.) and CNS-related dis-
orders, including encephalopathy, encephalitis, acute cerebrovascular
diseases, etc. (Pennisi et al., 2020) (Fig. 3).
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Fig. 3. COVID-19 neurological manifestations.
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5.1. SARS-CoV-2 neurological routes of propagation and neurological
pathogenesis

5.1.1. Hematogenous vs. transsynaptic propagation

SARS-CoV-2 is able to directly invade the CNS at the beginning of
viral infection or in the late phases (Baig et al., 2020), although the
mechanisms responsible for this development are not yet well under-
stood. There are evidence that some coronaviruses are cappable to
invade the CNS by penetrating the anatomical structures of ethmoid
affecting the olfactory bulb ability to control viral invasion and sup-
porting a retrograde transsynaptic propagation (Li et al., 2020b). Other
retrograde route of propagation may be mediated by SARS-CoV-2 in-
vasion of sensorial receptors located in lung and airways (Li et al.,
2020b).

In contrast, other researchers doen’t support the neurogenic hy-
pothesis of respiratory failure (Turtle, 2020) because the observed
increased levels of CO, and the consequent hypoxia are observed also in
patients with COVID-19 pneumonia without neurological symptoms.
Compared with patients suffering from respiratory failure of neurolog-
ical origin that presents reduced respiratory rate, high CO levels and
low oxygen levels, these patients do not need artificial ventilation
although they manifest weak respiratory difficulties (Turtle, 2020).
Further studies are warranted to demonstrate a neurotropism to the
respiratory control centers after COVID-19 infection.

5.1.2. ACE2-mediated neuroinvasion

It has been widely demonstrated that SARS-CoV-2 invasion and
replication are facilitated by the presence of ACE2 cell surface receptor
(Yan et al., 2020). The depletion of ACE2 receptor mediated by
SARS-CoV-2 increase the levels of angiotensin II thus increasing the
worsening of respiratory functions. Accordingly, the ACE2 receptor
downregulation and the consequent angiotensin II increasing, wors-
ening also the health status of COVID-19 patients with hypertension and
diabetes (Zhou et al., 2020a). Yan et al. hypothese that the adminis-
tration of ACE inhibitors in COVID-19 patients can up-regulate ACE2
expression increasing the vulnerability of the cells to virus penetration
(Yan et al., 2020).

It is speculated that the expression levels of the ACE2 receptor in the
nervous system is associatd with SARS-CoV2 neurovirulence, although
the ACE2 receptor is expressed in endothelial cells. Further studies
aiming to explore the molecular basis of neurological complications
after COVID-19 infection, such as stroke, are needed (Carod-Artal,
2020). It has been shown that the interactions existing between ACE2
receptors located in brain endotial cells with viral particle are mediated
by S spike protein that permit the infection of the endothelial cells and
disemination in the neurons after endothelial damage (Baig et al., 2020).

5.1.3. Other mechanisms

Indirect neuronal damage is produced mainly by COVID-19-induced
hypoxia. Hypoxia is responsible for the accumulation of toxic metabo-
lites due to anaerobic metabolic processes occurring in neuronal cells
leading to vasodilation, ischemia, cerebral edema, etc., with severe
consequence for the patients (Wu et al., 2020a; Tsatsakis et al., 2019;
Trejo-Gabriel-Galan, 2020).

Due to the capability of SARS-CoV-2 to invade immune cells, the
immune-mediated response could play a fundamental role in COVID-19
neurological manifestations. Supporting this notion, patients who died
because of COVID-19 infection manifested cytokine storm syndrome and
multiple organ failure (Mehta et al., 2020). In addition, in vitro experi-
ments have indicated that glial cells can secrete inflammatory factors,
including IL-6, 12, 15 and TNF-a following infection with coronavirus
(Bohmwald et al., 2018).

Finally, it was also speculated that the persistence of COVID-19
infection could be due to the permanence of SARS-CoV-2 withi
neuronal cells where the virus aggravates the neurological symptoms.
Supporting this notion, in multiple sclerosis, Parkinson’s disease and
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optic neuritis patients several coronaviruses have been identified (Des-
sau et al., 1999; Salmi et al., 1982; Fazzini et al., 1992; Fleming et al.,
1982). Therefore, a persistent coronavirus infection may lead to the
onset of neurological diseases, as in some susceptible patients, the im-
mune system may exacerbate the disease (Desforges et al., 2019).

5.2. Main neurological manifestations of COVID-19

5.2.1. Encephalopathy

It was demonstrated that COVID-19 infection has severe health
consequence for elderly patients with previous neurological disorders,
co-morbidities, or cardiovascular diseases (Mao et al., 2020a; Filatov
et al., 2020). In addition, one of the first COVID-19 sympthoms may be
represented by encephalopathy resulting from the SARS-CoV-2 infection
itself or as a consequence of antiviral treatments, hypoxia and
virus-related symptoms (Mao et al., 2020a).

Toxic and metabolic causes, as well as the effects of drugs, hypoxia,
or subclinical crises, may be the result of COVID-19-associated en-
cephalopathy (Guan et al., 2020a). In a previous study, an electroen-
cephalogram (EEG) revealed a diffuse slow wave in the bilateral
temporal region (Filatov et al., 2020), whereas signs of edema without
inflammatory and neuronal degeneration are the pathological findings
in autopsies of deceased patients with COVID-19-related encephalopa-
thy (Xu et al., 2020b).

Poyiadji N and colleagues described a patient with acute hemor-
rhagic necrotizing encephalopathy diagnosed by detecting SARS-CoV-2
by RT-PCR in a nasopharyngeal sample (Poyiadji et al., 2020a). A brain
CT scan showed thalamic bilateral hypodense area, while the clinical
features after MRI included multifocal and symmetrical disposition in
different brain areas (thalami, insula and temporal lobes) (Poyiadji
et al., 2020a). The cytokine storm has been postulated to play a relevant
role in the pathogenesis and clinical manifestations of the disease
(Mehta et al., 2020; Buga et al., 2019).

5.2.2. Encephalitis

Encephalitis has been associated with some viral infections. On this
bases some researchers have proposed the evaluation of SARS-COV-2 in
patients with encephalitis in order to early diagnose this neurological
complication and increase the survival rate of patients (Carod-Artal,
2020). Xiang and colleagues have diagnosed SARS-CoV-2 encephalitis in
a 56-year-old woman from Wuhan without any clinical evidence of
encephalitis observed with CT scan. Indeed, the diagnosis was formu-
lated after the detection of SARS-CoV-2 on cerebrospinal fluid sample by
NGS (Xiang et al., 2020).

Another case report of Moriguci showed that in a young male the
detection of SARS-CoV-2 failed in the nasopharyngeal swab while pos-
itive signals were obtained from CSF (Moriguchi et al., 2020). This pa-
tient presented also lower consciousness suggesting a possible
meningoencephalitis, however, in this case, MRI revealed abnormalities
in the hippocampus and in the medial region of the right temporal lobe
(Moriguchi et al., 2020).

5.2.3. Cerebrovascular diseases

Cerebrovascular diseases can be present either during the early or
late stages in the course of COVID-19. Moreover, cerebrovascular dis-
eases can be present in either patient with known risk factors for cere-
brovascular diseases or in patients with COVID-19 with a negative
medical history. It has been demonstrated that when compared to
younger subjects without co-morbidities and with a high mortality rate,
elderly COVID-19 patients with cardiovascular disease seem to have an
increased risk of neurological symptoms (Carod-Artal, 2020). In a study
of more tha 200 COVID-19 patients (Li et al., 2020c¢), the ischemic stroke
was reposted in 11 patients, cerebral venous thrombosis in one patients
and cerebral hemorrhage in 1 patient. Ealderly patients (mean age,71.6
years), pulmonary impairments, diabetes, cardiovascular disease,
pro-inflammatory status, alteration of the coagulant cascade and



A. Tsatsakis et al.

previous cerebrovascular events were the identified risk factors for
stroke (Li et al., 2020c). Another cohort of patients showed that in four
patients with ischemic stroke and in one patient with hemorragic,
associated with acute COVID-19 infection, multiple organ failure, high
D-dimer levels and thrombocytopenia (Mao et al., 2020b). The inci-
dence of ischemic stroke has been determined to be lower in other
studies (1.6 and 2.5% in the study by Klok et al. and Lodigiani et al.
respectively) (Klok et al., 2020b; Lodigiani et al., 2020). Notably,
large-vessel stroke has also been reported to be present in younger-aged
patients with Covid-19 (<50 years) (Oxley et al., 2020). Oxley et al.
described 5 patients with stroke with Covid-19 (aged 33-49 years), with
2 of them (aged 33 and 37 years) without a medical history and risk
factors for stroke (Oxley et al., 2020). Acute necrotizing encephalopathy
(ANE), has been reported in patients with severe COVID-19 infection,
possibly as a result of the cytokine storm syndrome (Poyiadji et al.,
2020b).

Pathomechanisms have indicated that SARS-CoV-2 is able to recog-
nize ACE2 receptors on vascular endothelial cells leading to high blood
pressure that in turn predispose to an increased risk of ischemic and
hemorrhagic stroke (Carod-Artal, 2020).

5.2.4. Guillain-Barre syndrome (GBS)

The neurological complications of COVID-19 infection comprise also
GBS diagnosed in a COVID-19 patients of 62-year-old patient mani-
festing muscular weakness in the lower limbs (Zhao et al., 2020a). An
increase of protein levels and the lack of cells (124 mg/dl) was evi-
denced in the CSF together with the absecence of F-waves and distal
latency. Despite these observations, the onset of the GBS symptoms
could be not related to SARS-CoV-2 infection but probably occurring
concomitantly, thus, further studies are warranted on this matter (Zhao
et al., 2020a).

A few cases GBS related to COVID 19 infection have been reported to
date (Alberti et al., 2020; Toscano et al., 2020; Camdessanche et al.,
2020; Virani et al., 2020; Zhao et al., 2020b; Sedaghat and Karimi, 2020;
Juliao Caamano and Alonso Beato, 2020). Taking into consideration that
only a few GBS cases related to other coronaviruses have been reported,
it can be hypothesized that GBS associated with SARS-COV-2 is not an
uncommon manifestation, and physicians may perform a test for
SARS-COV-2 in patients with GBS (Zhao et al., 2020b). Therefore, larger
epidemiological studies are required to establish a clear causal evidence
of the association between SARS-COV-2 and GBS (Zhao et al., 2020b).

Recently, two cases (a 36-year-old male and 71-year-old female)
with SARS-CoV-2 infection developed cranial neuropathies a few days
following the onset of respiratory symptoms. The symptoms in the
above-mentioned patients may have been unrelated to SARS-CoV-2
infection; however, it should be noted that cranial neuropathies may
be a rare clinical presentation of SARS-CoV-2 (Dinkin et al., 2020).

5.2.5. Epilepsy

Potential pathophysiological processes through which COVID-19
could lead to seizures are hypoxia, brain damage, polyorganic failure
and organ metabolic derangements. While the reported cases of seizures
are limited (Mao et al., 2020b), this number may increase, following the
paradigm of epilepsy-related to other coronaviruses (Hung et al., 2003;
Lau et al., 2004).

5.2.6. Smell and taste disorders

Even with the absence of nasal symptoms, research indicates that
olfactory and taste disorders are quite prevalent in COVID-19 patients
(Giacomelli et al., 2020; Skalny et al., 2020). In a case registry of 12
European hospitals on 417 patients with mild-to-moderate COVID-19,
85.6 and 88% reported disorders of smell and taste, respectively
(Lechien et al., 2020b). Notably, 12% complained of smell dysfunction
also in absence of nasal obstruction or other nasal symptoms (Lechien
et al., 2020b).
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5.2.7. Nonspecific neurological symptoms

In a Wuhan hospital study, 36.4% of 214 patients with COVID-19
exhibited some form of neurological manifestation (Mao et al.,
2020b), which was categorized as CNS involvement (24.8%), peripheral
(10.7%) and musculoskeletal (10.7%). The most common symptoms
were dizziness (36 patients), headaches (28), hypogeusia (12) and
hyposmia (5), more frequently observed in severe than in mild patients
(45.5% vs. 30%).

In a previous study, the majority of Chinese patients with COVID-19
reported having headaches (13.6%), whereby 15% of these were severe
(Guan et al., 2020b), although that study did not encompass a previous
history of headaches or other brain signs. Among other symptoms,
myalgia was observed in 15% of patients without severe. Creatine kinase
levels, were high in 13.7% of pateints (Benny and Khadilkar, 2020).
Finally, two cases of rhabdomyolysis (0.2%) were also reported (Jin and
Tong, 2020).

6. COVID-19 and diabetes

6.1. Possible mechanisms through which diabetes complicates the
evolution of COVID-19

Although the mechanisms responsible for this increase in suscepti-
bility are not yet known, studies have suggested that elevated blood
glucose levels lead to immunosuppression (Salehi et al., 2020b). In
general, diabetes is associated with other chronic diseases, such as
cardiovascular diseases and/or obesity, which further increases the risk
of infection. Elevated blood glucose levels are potentially associated
with more severe manifestations of infectious diseases.

Research on infections associated with diabetes describes hypergly-
cemia as an initiator of immunosuppression (Cristelo et al., 2020).

Most often, diabetes is associated with severe cardiovascular disease,
kidney disease, aging and these factors contribute to the unfavorable
course of infections. The association of diabetes with the novel coro-
navirus is complex and it is not known exactly whether hyperglycemia
contributes to the virulence of the new coronavirus or whether it alters
carbohydrate metabolism. Often, the metabolic imbalances produced by
this disease are multiple and lead to a proinflammatory and prooxidative
state in the body, which can decrease the resistance to infection with the
novel coronavirus. (Cristelo et al., 2020).

6.2. The impact of diabetes on the evolution of SARS-CoV-2 infection

The risk of infection in diabetic patients depends on a number of
factors: glycemic control, the duration of the disease, associated
comorbidities (heart disease, kidney damage, cerebrovascular disease),
as well as age, body weight and tobacco use (Sharifi-Rad et al., 2020a,
2020c; Petrakis et al., 2017).

An analysis of 72,314 cases of COVID-19 in Wuhan, the epicenter of
the epidemic, led to the observation that the disease was associated with
a mortality rate of 7.3% (Wu and McGoogan 2020) among diabetic
patients. Studies using smaller cohorts have led to similar conclusions:
The incidence of diabetes in a group of 26 patients that succumbed to
COVID 19 infection was 42.3% (Deng and Peng, 2020). In a follow-up
study on 191 patients, diabetes was confirmed to increase the risk of
lethal evolution of COVID-19 by 2.85-fold (Singh et al., 2020).

7. COVID-19 and kidney diseases

The kidneys are frequently affected in symptomatic patients
suffering from COVID 19. Proteinuria is a common finding in these pa-
tients and acute renal failure (ARF) often occurs at the onset or later
during the course of the disease.
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7.1. Main mechanisms of renal impairment in COVID-19

i) The novel coronavirus can directly affect the kidneys. This is sup-
ported by the detection of PCR fragments of coronavirus in the blood
and urine of patients with COVID-19. SARS-CoV-2 uses ACE2 as a
cellular penetration receptor (Zhang et al., 2020b). It is known that
ACE2 expression is almost 100-fold higher in the kidneys than in the
lungs (Jia et al., 2005). Thus, it is possible that SARS-CoV-2, apart
from infecting lung epithelial cells, can also potentially infect renal
tubular epithelial cells. A previous histological analysis of renal tis-
sues from autopsies of patients with COIVD-19 revealed acute renal
tubular lesions in 6 cases of COVID-19 (Jia et al., 2005). Therefore,
renal failure can be caused due to the direct infection and destruction
of ACE2-presenting kidney cells.

Renal dysfunction can accelerate the progression of inflammation
commencing in the lungs, not only as a side-effect of lung inflam-
mation. On the one hand, the inflammatory reaction following lung
damage can damage the kidneys; the damage to and death of renal
tubular epithelial cells can also cause severe damage to the lungs and
other organs through a large amount of inflammatory substances.
Above a certain critical level, the kidney-lung association can lead to
a storm of cytokines, irreversible and self-amplifying, which rapidly
leads to multiple organ failure and death.

-

ii

Renal dysfunction may be the result of an extensive immune reac-
tion, also known as the “cytokine storm”. This often occurs at the late
stages of inflammation and presents with multi-organ injury, including
injury to the lungs, liver and kidneys (Jia et al., 2005). Although the
exact mechanisms responsible for this are not yet well understood,
possibly the enormous release of cytokines induces inflammatory
changes in multiple tissues, including the kidneys, leading to acute
kidney injury (Jia et al., 2005).

iii) The kidneys can be affected by the deposition of viral antigen
immune complexes or by specific virus-induced immune mech-
anisms (specific T lymphocytes or antibodies). However, in pa-
tients with SARS, a normal glomerular histology without
electrodense deposits was observed (Chu et al., 2005). In theory,
considering that SARS-CoV-2 behaves similarly to the previous
SARS coronavirus (SARS-CoV), the possibility  of
immune-mediated glomerulonephritis is less likely. Further renal
histologic evaluation is required to clarify this point of view.

iv) Severe sepsis due to COVID-19 can lead to hypoxia, shock and
rhabdomyolysis, leading to acute kidney failure. It has been
demonstrated that the elevation of creatinine levels is a common
finding in patients with COVID-19 (Dallan et al., 2020).

A recent study found that kidney dysfunction in patients with
COVID-19 was generally mild, but more severe compared to other
pneumonias. Patients with a severe presentation of COVID-19 infection
can rapidly develop kidney dysfunction, which then progresses to acute
renal failure, which has been associated with a worse prognosis, and
high morbidity and mortality (Guan et al., 2020c).

In a previous study on 193 patients with COVID-19, with a mean age
of 57 years, 54% had chronic kidney disease. Patients with severe
COVID-19 (34%) were significantly older (median age, 66 vs. 55 years)
and were more likely to have other comorbidities, such as respiratory
disease (26 vs. 8%). A number of patients had complications, including
ARDS (28%), IRA (28%), septic shock (18%) and acute heart damage
(12%), particularly in patients with severe COVID-19 infection (Guan
et al., 2020c¢).

As regards renal impairment since admission, a previous study
revealed elevated levels of blood urea nitrogen (BUN; urea nitrogen in
the blood) and serum creatinine levels in 14 and 10% of infected pa-
tients, respectively, suggesting the presence of renal dysfunction before
or during hospitalization. In addition, elevated levels of uric acid,

10

Food and Chemical Toxicology 146 (2020) 111769

creatinine kinase (CK) and LDH in some patients with COVID-19 infec-
tion were observed. Proteinuria was also detected in 59% of patients and
hematuria in 44% (Guan et al., 2020c).

7.2. Clinical signs of renal disorders in patients with COVID-19

The high prevalence of renal failure during hospitalization can be
explained by the fact that a number of patients with COVID-19 could not
be hospitalized in the early stages of the disease due to a large number of
patients and the limited number of beds available at the Wuhan hospital
where the study was conducted.

In addition, some patients with COVID-19 may have a history of
chronic kidney disease, with a pro-inflammatory status, and innate and
adaptive immune defects. Moreover, these patients have a higher risk of
upper respiratory tract infections and pneumonia. Proteinuria was
detected in 60% of patients during hospitalization. Data analysis
revealed no association between the presence of proteinuria and the
severity of COVID-19. Hematuria was present in 48% of patients and its
severity was associated with the severity of the disease. Proteinuria and
hematuria were detected from the early days of hospitalization, sug-
gesting that there was a potential time window to intervene and protect
renal function. In total, 31% of patients with COVID-19 had a high level
of BUN. By contrast, only one patient (4%) with other causes of pneu-
monia had elevated BUN levels and 22% of patients with COVID-19 had
elevated serum creatinine (SCr) levels (Guan et al., 2020c¢). The duration
from admission to the increase in SCr levels was between 0 and 20 days
(average of 5 days). Severe cases (including deaths) had significantly
higher levels of SCr during the course of the disease, suggesting that the
increase in SCr levels was a potential marker of a poor prognosis of
patients infected with COVID-19. By contrast, in other cases of pneu-
monia, there were no patients with high SCr levels (Guan et al., 2020c).

A total of 20% of patients with COVID-19 had elevated levels of uric
acid, and 70% had elevated levels of D-dimers (Guan et al., 2020c). By
contrast, only 11% of the other patients with other causes of pneumonia
had elevated levels of uric acid, and 63% had elevated levels of D-di-
mers. The duration from the admission to the increase in the levels of
uric acid and D-dimers was between 0 and 20 days (average of 7 days),
and between 0 and 22 days (0 days on average), respectively. Severe
cases (including deaths) had significantly higher levels of uric acid and
D-dimers (Guan et al., 2020c). This was consistent with the finding of
recent reports suggesting that high levels of D-dimers may indicate a
poor prognosis of patients with COVID-19 (Guan et al., 2020c).

In another study, approximately 96% of patients had radiographic
abnormalities of the kidneys. Inflammation and edema of the renal pa-
renchyma are frequently observed in patients with COVID-19. The
analysis of kidney CT images revealed that the group of patients with
COVID-19 exhibited significant differences compared to the group of
patients with other pneumonias, and to healthy patients (Chen et al.,
2020a). The main renal clinical manifestations of COVID-19 are sum-
marized in Fig. 4.

8. New manifestations on the official list of clinical symptoms
suggestive of COVID-19

Initial symptoms on the CDC list of characteristic manifestations of
COVID-19 include fever, cough and difficulty breathing. Recently,
additional symptoms have been added to the clinical presentation of the
disease, such as a sore throat, headaches, muscle aches, chills, tremors
and loss of taste or smell (C, 2020).

8.1. Ophthalmic damage

Recent studies have suggested that SARS-CoV-2 may cause
conjunctivitis, either as an early sign of infection or during hospitali-
zation. SARS-CoV-2 may be transmitted to the conjunctiva by aerosols or
direct hand-eye contact (Xia et al., 2020b). There is also evidence of the
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Fig. 4. The most prominent renal clinical manifestations in COVID-19. Note:BUN - blood urea nitrogen; CK- creatine kinase; LDH - lactate dehydrogenase.

presence of SARS-CoV-2 RNA in the tears of patients with COVID-19
associated with conjunctivitis. However, to date, the virus has not yet
been cultured form the conjunctiva of any patient with COVID-19.
Recent data also suggest SARS-CoV-2 conjunctivitis is often associated
with the severity of the disease, and highlight the need for eye protection
for all individuals potentially exposed to the virus (Aiello et al., 2020).

8.2. Dermatological lesions

Some health experts have reported a dermatological sign known as
“COVID toes”, a blue or reddish discoloration of the toes, and at times
the hands. When present, the condition is associated with itching and
pain, while other times absent of any other symptoms. Studies thus far
have indicated that it predominantly affects young individuals. The
American Academy of Dermatology has requested that medical staff
document cases in which patients “develop dermatological manifesta-
tions” of the infection. It is assumed that there is a link between
dermatological manifestations and COVID-19. Galvan Casas et al.
(2020) recently published a collection of images and a description of the
dermatological manifestations associated with COVID-19 infection, and
also linked specific dermatological manifestations with the disease
stages. Specifically, the authors described that vesicular eruptions usu-
ally appeared early in the course of the disease, and even prior to the
presentation of other typical symptomatology, and pseudo-chilblain
patterns commonly present later in the course of the disease (Galvan
Casas et al., 2020).

The referred association is not yet understood; however, two possible
explanations could be that the lesions are an inflammatory response to
the virus or may related t thromboembolic phenomena, given the known
coagulopathies associated with COVID-19 infection (Seirafianpour
et al., 2020). The lesions are localized to small blood vessels in the hands
and feet, and are likely related to an inflammatory reaction, leading to
consequent vasoconstriction. The vasoconstriction of these small blood
vessels may occur in response to inflammation in the body’s reaction to
the virus that causes COVID-19 (Seirafianpour et al., 2020).
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9. Clinical implications of COVID-19 infection in cancer patients

The previous paragraphs on the pathogenetic mechanisms of SARS-
CoV-2 virus clearly highlight that the immune system plays a crucial
role against this infection. Starting from this fundamental notion,
several studies worldwide have demonstrated that subjects who present
with immunodeficiencies or severe comorbidities are more susceptible
to SARS-CoV-2 infection (Guan et al., 2020d; Carnero Contentti and
Correa, 2020).

One of the categories of patients most at risk of developing a severe
COVID-19 infection is that of cancer patients, where the disease state
and the anticancer pharmacological and surgical treatments can induce
long-term immunodeficiency which exposes cancer patients to various
microbial and severe fungal infections (Zlatian et al., 2018; Maschmeyer
and Haas, 2008; Tanase et al., 2016). In particular, chemotherapeutic
and radiotherapeutic regimens have a direct antiproliferative action
towards cancer cells (Sani et al., 2017); however, these drugs, including
cytotoxic agents, selective inhibitors and the new immune checkpoint
inhibitors, have high toxicity also for normal cells in constant replication
such as all progenitor cells and white blood cells in the bone marrow,
and the epithelial cells of the digestive tract (Gao et al., 2019; Falzone
et al., 2018). Thus, anticancer treatments are able to directly suppress
the immune system by killing white blood cells and indirectly, second-
ary to cachexia, nutritional deficiencies and malabsorption syndromes,
including vitamin B12 deficiency and a folate low intake, due to damage
to the digestive tract (Ibrahim et al., 2016; Rasmussen and Arvin, 1982).

In order to clearly establish the risk of acquiring SARS-CoV-2 and to
predict the clinical evolution of COVID-19 infection in cancer patients,
an increasing number of epidemiological and clinical studies have been
performed worldwide, beginning in Wuhan in China, the first outbreak
of COVID-19 infection, followed by European countries and the USA
(Moujaess et al., 2020).

Compared to the general population, these studies suggest that the
immunosuppression associated with the type of tumor and anticancer
treatments significantly increases the risk of acquiring the SARS-CoV-2
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virus in patients with the disease (Liang et al., 2020; Xia et al., 2020a;
Yeoh et al., 2020). However, conflicting evidence exists on this topic.
Indeed, Liang et al. report that cancer patients had an odds ratio (OR) of
5.34 of developing COVID-19 infection, adjusting the data for age,
smoking history and other comorbidities. Notably, the authors demon-
strated that among the cancer patients analyzed, those subjected to
surgical resection or chemotherapy over the past month had a 75%
probability of developing severe COVID-19 manifestations if infected
(Liang et al., 2020). On the other hand, Xia et al. critically analyzed the
data obtained by Liang et al. (2020) In particular, Xia et al., 2020 sug-
gested that the high number of cancer patients found in the COVID-19
cohort compared to the normal population group did not correspond
to a real increased risk of COVID-19 infection in cancer patients. Other
concerns were related to the small number of cancer patients analyzed
and to the heterogeneity of the clinicopathological features of these
patients. Indeed, variable tumors, treatments and cancer pathology
histories were taken into account (Xia et al., 2020a). Finally, Xia et al.,
2020 concluded that the higher incidence of severe COVID-19 clinical
manifestations observed in cancer patients may be due to the high
percentage of cancer patients with smoking habits examined in the study
conducted by Liang et al., as it is known that the chronic inflammation
caused by smoking induces severe lung and respiratory damages, such as
chronic obstructive pulmonary disease, associated with a worse prog-
nosis of patients with COVID-19 (Xia et al., 2020a).

On these bases, in order to establish the real risk of infection in
cancer patients, different factors should be considered. In particular,
variability in the rate of COVID-19-positive cancer patients in different
geographical regions may be related to the different policies and health
protocols adopted by countries worldwide (Peng et al., 2020). These
different preventive strategies may be responsible for the discrepancies
observed in the COVID-19 epidemiological data in cancer patient co-
horts, introducing significant bias in the interpretation of the results. In
particular, the case fatality rate (CFR) for cancer patients with COVID-19
infection (all types of cancer) observed in China is of 5.6% compared to
the 0.9% of CFR in COVID-19 patients without comorbidities (The Novel
Coronavirus Pneumonia Emergency Response Epidemiology T, 2019).
Contrasting data derived from the analysis of 3200 COVID-19 deaths
performed by the Italian Istituto Superiore della Sanita (data updated
until March 20, 2020). The members of the Italian COVID-19 Surveil-
lance Group demonstrated that in Italy, the case fatality rates (CFRs) of
all patients with COVID-19 were higher compared to those of other
countries, reaching a percentage equal to 7.2%. In agreement with these
data, the authors demonstrated that in a subsample of 355 patients with
COVID-19 who died in Italy, 87 of them had active cancer (24.5%), thus
suggesting that the CFRs in cancer patients with COVID-19 infection in
Italy may be reasonably higher than those observed in China (Onder
et al., 2020). In addition, other studies have demonstrated that the CFRs
in cancer patients are dependent on the type of tumor taken into ac-
count. He et al. (2020) have demonstrated that in a cohort of 128 sub-
jects with hematological cancers, only 10% (13 patients) acquired
SARS-CoV-2 virus; however, in these onco-hematological COVID-19--
positive patients, the CFR was 62% (He et al., 2020). Another study by
Yu et al. (2020) demonstrated that in solid tumors (non-small cell lung
cancer and renal cancer), the CFR of cancer COVID-19-positive patients
was 25%; however, only a limited number of samples was analyzed (Yu
et al., 2020).

As already mentioned, the reasons for these high CFR values in
cancer patients are certainly related to the myelosuppression and im-
mune deficiencies often observed in cancer patients (Wargo et al., 2015;
Wang et al., 2006). In addition, it has been observed that a significant
fraction of COVID-19-positive cancer patients experiences severe respi-
ratory manifestations with the adoption of invasive respiratory support,
including invasive ventilation and admission to the intensive care unit
(Sidaway, 2020). These severe respiratory manifestations are prompted
both by the direct action of the SARS-CoV-2 virus within the pulmonary
epithelium and interstitial cavities, causing chronic inflammation which
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results in bilateral interstitial pneumonia (Lomoro et al., 2020), a well as
by indirect cancer-related mechanisms, where tumor cells and the tumor
microenvironment  produce immunosuppressive factors and
pro-inflammatory cytokines that impair the immune surveillance,
worsening the COVID-19 infection (Xia et al., 2020a; Liu et al., 2019;
Schreiber et al., 2011).

Finally, COVID-19 interstitial pneumonia in cancer patients may be
further exacerbated by other pulmonary cellular and molecular alter-
ations, including the overexpression of intracellular and membrane re-
ceptors in neoplastic cells, particularly in lung cancer patients (Ibrahim
et al., 2020; Rizzo et al., 2020; Ulrich and Pillat, 2020). The over-
expression of transmembrane proteins recognized by SARS-CoV-2 en-
velope proteins may facilitate the penetration of virus; of these, ACE2
receptors seem to be the most prominent proteins in SARS-CoV-2 pul-
monary cells invasion, particularly in cancer patients with a long history
of smoking (Zheng et al., 2020b; Cai, 2020).

Other important clinical implications of COVID-19 infection for
cancer patients are related to anticancer surgical, pharmacological and
radiation therapies. The global “lockdown” following the worldwide
spread of COVID-19 infections resulted in a substantial change to hos-
pital access for cancer patients (Kostoff et al., 2020b). Scheduled cancer
screening visits, surgical interventions, some pharmacological treat-
ments and appointments are being postponed or canceled in order to
make available as many hospital beds as possible for COVID-19 patients
with respiratory symptoms. In addition, the shortage of oncological
health care workers due to the spread of COVID-19 within hospitals or
due to the enforced quarantine measures for suspicious cases contrib-
uted to the delay of therapies and follow-up visits (Cannizzaro and
Puglisi, 2020). Therefore, a case-by-case decision was often made to try
to lighten as much as possible the workload of the health systems of most
of the affected countries (The Lancet, 2020).

All the above-mentioned limitations represent a severe risk for the
health status of cancer patients, who in some cases, experienced delays
in the access to pharmacological treatments or, in more severe patients,
were even prohibited to access to intensive care units (where the risk of
COVID-19 infections is significantly high) with harmful consequences.
This emergency led the main cancer scientific organizations, including
the Italian Association of Medical Oncology (AIOM), the American So-
ciety of Clinical Oncology (ASCO) and the European Society for Medical
Oncology (ESMO), among others, to define specific guidelines in order
to guarantee the necessary treatments for cancer patients by ensuring
pharmacological treatments when strictly necessary, and rescheduled or
shifted to telemedicine other evaluation or follow-up visits (Moujaess
et al., 2020; Cannizzaro and Puglisi, 2020).

The consequence of COVID-19 infection in cancer patients is also
dependent on the type of treatment to which they are subjected. The
studies cited above refer only to a worse prognosis for COVID-19-
positive cancer patients treated surgically or with chemotherapy [Lian
W et al., 2020]; however little is known regarding the dual interaction
existing between COVID-19 infection and the new immune checkpoint
inhibitors (ICIs) in cancer patients (Vivarelli et al., 2020). These ICIs,
and in particular anti-PD-1/PD-L1 and anti-CTLA-4 antibodies, are
currently used in a wide cohort of patients for the treatment of different
advanced and metastatic tumors (Christofi et al., 2019). In contrast to
chemotherapeutic regimens, ICIs do not negatively affect the immune
system, as such treatments re-establish immune cell competence,
counteracting potential infectious diseases, as demonstrated with other
viral infections (Bersanelli et al., 2020; Bersanelli, 2020; Wykes and
Lewin, 2018). Preliminary evaluations on COVID-19 and ICIs have
suggested that treatments with anti-PD-1/PD-L1 and anti-CTLA-4 anti-
bodies, alone or in combination in cancer patients may also be admin-
istered during COVID-19 infections if no severe symptoms are present.
However, the administration of these drugs should be evaluated in a
case-by-case scenario, taking into account the risk/benefit ratio for the
patient (Bersanelli, 2020; Kattan et al., 2020). If the pulmonary
side-effects of ICIs or cytokine-release syndrome are detected, it is
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advisable to terminate the anticancer immunotherapy (Chen et al.,
2020Db). In this context, a growing body of evidence has elucidated some
molecular mechanisms behing the interaction of ICIs, and in particular
anti-PD-1/PD-L1, with SARS-CoV-2 and the immune cells responsible
for the onset of cytokine storm in COVID-19 patients. Through the
analysis of previous studies performed on mice and humans, a recent
review of the literature proposed a possibile mechanism of action of
anti-PD-1 treatement in contrasting viral infections (Vivarelli et al.,
2020). Indeed, the administration of anti-PD-1/PD-L1 agents (e.g. ipi-
limumab, nivolumab, pembrolizumab, etc.) in animal models of lym-
phocytic choriomeningitis virus or in HIV patients has demonstrated
beneficial effects thanks to the indirect regulatory actions on CD4" and
CD8™ T-cell responses that counteract virus propagation. of ICIs against
virus antibodies administered to subjects chronically infected with vi-
ruses (i.e., lymphocytic choriomeningitis virus in mice or HIV in
humans), enhance the viral control and virus-specific CD8" T-cell re-
sponses, suggesting that a similar molecular action could be could also
happen in case of COVID-19 infection. Other studies have demonstrated
that different viral infection, including that of SARS-CoV-2, stimulate
the expression of PD1 on infected cell surface thus inhibiting the im-
mune action of T-cells (Schonrich and Raftery, 2019a; Allegra et al.,
2020). Therefore, the administration of anti-PD-1/PD-L1 could reac-
tivate CD4" and CD8" T-cell improving the host immune response to-
wards SARS-Cov-2 infected cells with the activation of an immune
cascade and the stimulation of other immune cells and receptors like
tool like receptors (Schonrich and Raftery, 2019b; Onofrio et al., 2020).
As already mentioned, although not properly defined as immunothera-
peutic drugs, other monoclonal antibodies have proved efficacy in
counteracting SARS-CoV-2 infection reducing the correlated symtomps,
including Tocilizumab, Eculizumab, etc. (Di Giambenedetto et al.,
2020). Through the stimulation of the immune system or the reduction
of inflammatory cytokines, these monoclonal represent an effective
therapeutic option in patients with severe respiratory symtomps.

By contrast, for patients treated with standard chemotherapy, dose
reduction or discontinuation of treatment during the pandemic has been
recommended as these drugs, in particular alkylating agents, taxol
derivates, antimetabolites, etc., are capable of inducing strong neu-
tropenia and myelosuppression, which can aggravate the health of pa-
tients in the case of COVID-19 infection (Yeoh et al., 2020; Falzone et al.,
2018). For some tumors, specific recommendations were provided. For
example, Curigliano et al., 2020 suggested avoiding or reducing the use
of anthracyclines, docetaxel or platinum due to the risk of immuno-
suppression and, in ER'/HER2-negative patients, refraining from
administering adjuvant chemotherapy (Curigliano et al., 2020). These
authors further suggested the use of chemotherapy only in advanced
breast cancer, preferring the administration of oral agents or capecita-
bine with a lower risk of immunosuppression, coupled with the
administration of hematopoietic growth factors to reduce the risk of
febrile neutropenia (Curigliano et al., 2020).

Finally, for radiation therapy, no clear recommendations on post-
poning or avoiding radiation therapy during the COVID-19 pandemic
have been proposed. However, it is known that high-dose irradiation is
associated with hematopoietic toxicity (Costa and Reagan, 2019);
therefore, although proton beam therapy or stereotactic radiation are
less toxic, anticancer radiation protocols were also generally delayed in
order to avoid the risk of COVID-19 infection during centering visits or
radiotherapy sessions (Rivera et al., 2020). On these bases, treatments
should be planned by first assessing the disease status of each patient,
thus reducing the number of radiotherapy sessions to the strict minimum
(Rivera et al., 2020).

On the whole, the above corroborate that the abundance of data has
been collected on the clinical implication of COVID-19 infection for
cancer patients. However, the different epidemiological spread of the
infection in various countries and the lack of standardized protocols for
the management of cancer patients during the COVID-19 pandemic has
generated conflicting data that should be carefully analyzed and
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normalized.

Overall, there is still no robust evidence available to define a specific
association between cancer patients and COVID-19 infection. However,
cancer patients have always been considered a subclass of high-risk
subjects for COVID-19 infection and severe respiratory syndrome.
Therefore, it is necessary to implement preventive strategies in order to
better manage cancer patients, optimizing the administration of anti-
cancer treatments and thus reducing the risk of immunosuppression in
such patients.

10. Overall conclusions and future perspectives

At the beginning of the COVID-19 pandemic, the virus appeared to be
a respiratory disease; however, SARS-CoV-2 infection can have a num-
ber of clinical effects, from heart damage to Gl-related issues and
neurological disorders, and the list of non-respiratory symptoms has
grown considerably. For this reason, the present review presents an
update of the most relevant information on the most important patho-
physiology and symptoms of COVID-19 infection. Even so, although a
more complete picture of the disease exists nowadays, unclear issues
remain and it is expected that at least some of the information presented
in this comprehensive review will change with the results of new
research.

The respiratory manifestations of COVID-19 are directly associated
with the severity of the disease. The further understanding of the
pathophysiology of the disease and determination of the prognostic
utility of clinical and laboratory parameters associated with COVID-19-
related ARDS will possibly lead to the development of more precise and
effective management approaches for the disease.

Studies have demonstrated that a small percentage of patients hos-
pitalized with COVID-19 have cardiovascular disease at the time of the
diagnosis of COVID-19 infection; however, the number of patients who
develop cardiovascular sequelae varies, consisting of acute myocardial
injury, myocarditis, acute coronary syndrome, cardiomyopathy,
congestive heart failure, cardiogenic shock and arrhythmias.

Overall, although COVID-19-related GI manifestations, such as
gastroenteritis and liver injury are known, further evidence is required
to assess the effects of COVID-19 under existing chronic GI and liver
diseases, as well as the determination of the utility of liver enzymes in
the management of patients with COVID-19.

In addition, the kidneys are frequently affected in subjects who test
positive and are symptomatic. Proteinuria often occurs at the beginning
or during the infection and some patients develop acute renal failure,
which may be a predictor of the mortality of infected patients.

The available studies on COVID-19 neurological manifestations are
limited. However, a growing number of evidence indicates that patients
with COVID-19 may exhibit a wide range of neurological complications
affecting both the CNS and peripheral nervous system. The most
accredited hypothesis behind the development of neurological symp-
toms is related to the nasal transsynaptic propagation of SARS-CoV-2,
together with the binding of the ACE2 receptor and viral persistency
within the neuronal cells. The moderate incidence of COVID-19 neuro-
logical manifestations has prompted researchers involved in the field of
neurosciences to shed the light onto the molecular and pathological
mechanisms responsible for these common and eventually severe
neurological manifestations. In addition, specific clinical examinations
(lumbar puncture, EEG, MR, etc.) are currently undergoing in patients
with encephalopathy, encephalitis, acute cerebrovascular diseases and
other neurological disorders.

The epidemiological data obtained from cancer patients have
revealed that both incidence and CFR are higher in cancer patients
compared to the general population. In these patients, numerous efforts
have been made to limit the number of infections, including changing
treatment plans, carrying out visits with the aid of telemedicine and
isolating cancer patients from hospital wards considered at risk.
Furthermore, studies are trying to characterize the immunological
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profile of patients undergoing immunotherapy, as in these patients the
treatment does not seem to determine an increase in risk and therefore,
suspension or reduction of the dose may not be necessary.

However, the management of cancer patients and the administration
of anticancer drugs should be evaluated, taking into account a patient-
by-patient scenario and considering the risk/benefit ratio for the patient.

As further information is learned about the virus and the patho-
physiology associated with COVID-19, the further understanding of the
processes associated with its organ-specific damage may soon be likely,
and the exisiting treatment modalities may have to be re-evaluated.
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