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Abstract

Coronavirus disease 2019 (COVID-19) is an emerging infectious disease which has had a rapid surge in cases and deaths
since it is first documented in Wuhan, China, in December 2019. COVID-19 is caused by the Betacoronavirus severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 uses angiotensin-converting enzyme 2, which is highly
expressed in the human lower respiratory tract but also in other tissues, as the cellular entry receptor. Thus, COVID-19 mainly
affects the respiratory system but can cause damage to other body systems, including the cardiovascular, gastrointestinal,
hepatobiliary, renal, and central nervous systems. We review the pathogenesis and clinical manifestations of the infection,
focusing on our current understanding of the disease mechanisms and their translation to clinical outcomes, as well as adverse
effects on different body systems. We also discuss the epidemiology pathogenesis, clinical, and multi-organ consequences,

and highlight some of the research gaps regarding COVID-19.
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Introduction

Early in December 2019, a cluster of patients with pneumo-
nia of unknown origin was successively reported in some
hospitals in Wuhan city, China, with a history of exposure
to the Huanan Seafood Wholesale Market. A few days later,
Chinese health authorities confirmed that this cluster of
pneumonia was associated with a novel coronavirus (CoV)
infection. The new virus was initially called the 2019 novel
coronavirus (2019-nCoV), and the viral infection soon
spread widely across the globe [1, 2]. The novel CoV was
later named severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) by the Coronavirus Study Group, and the
disease was called coronavirus disease 2019 (COVID-19)
by the World Health Organization (WHO) [3, 4]. The WHO
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declared this outbreak as a public health emergency of inter-
national concern on January 30, 2020, and a pandemic on
March 11.

The SARS-CoV-2 is a positive-stranded RNA virus from
the Coronaviridae family. Previous outbreaks of other CoVs
include severe acute respiratory syndrome (SARS) in 2002
and the Middle East respiratory syndrome (MERS) in 2012.
While the overall mortality rate for COVID-19 seems lower
than for SARS and MERS, the death rate among severe cases
infected by SARS-CoV-2 is alarming [5, 6]. The ultimate
scope and effects of this pandemic are unclear at present
since the situation is rapidly evolving. The available limited
epidemiological and clinical data for SARS-CoV-2 infec-
tion suggest that the disease spectrum and transmission
efficiency of this virus differ from those reported for SARS-
CoV [1, 7-9].

The clinical presentations of SARS-CoV-2 occur across
a broad spectrum of severity, ranging from asymptomatic
to severe or even fatal in some cases. Currently, there is
no US Food and Drug Administration (FDA)-approved
treatment available for COVID-19, and numerous clini-
cal trials are ongoing worldwide. The FDA recently
granted permission for the emergency use of remdesi-
vir to treat hospitalized patients with severe COVID-19.
A recent study has shown that early administration of
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dexamethasone could reduce the duration of mechani-
cal ventilation and mortality in patients with established
moderate-to-severe patients with acute respiratory dis-
tress syndrome (ARDS) [10]. The present review aims
to summarize the present understanding of SARS-CoV-2
infection, including epidemiology, clinical characteris-
tics, and systemic manifestations, and highlights current
research gaps.

Incubation period

The first prediction of the mean incubation period of
COVID-19 infection was 5.2 days [95% confidence
interval (CI) 4.1-7.0 days] [11]. A large study with 4021
patients reported an incubation period of 4.75 days (inter-
quartile range 3.0-7.2 days) [12], while another study
assessed that rarely the incubation period could be as
long as 24 days in some cases [13]. However, the incuba-
tion period tended to be longer among patients > 70 years
(20 days) than those aged <70 years (11.5 days) [14]. A
long incubation period may lead to a high rate of asymp-
tomatic and subclinical infections and increased trans-
mission. The transmission of SARS-CoV-2 may occur
with the illness onset and even with mild or no symptoms
[15]. In addition, no significant difference in viral loads
between symptomatic and asymptomatic patients has been
reported, indicating the potential of virus transmission
from asymptomatic carriers [16]. However, the transmis-
sion of SARS-CoV-2 during the incubation period is yet
to be established.

Fig. 1 Pathogenesis and the
interaction of the viral spike
(S)-protein with angiotensin-
converting enzyme 2 receptor
(ACE2): (1) S proteins on the
surface of
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Pathogenesis

The S protein is a major glycoprotein that involves two subu-
nits, S1 and S2. S1 encompasses a receptor-binding domain
(RBD) that is responsible for recognizing and binding to
angiotensin-converting enzyme 2 receptor (ACE2), the host
cell receptor. The envelope S protein RBD of SARS-CoV-2
is structurally similar to that of SARS-CoV [16]. S2 contains
the other basic elements required for membrane fusion.

ACE2 is a type I integral membrane protein mostly found
in the lower respiratory tract, such as the lungs’ alveolar
type II cells that provide the leading entry site for the virus
human hosts [17, 18]. ACE2 also has a role in lung protec-
tion, and, therefore, viral binding to this receptor contributes
to pathogenicity [16]. Furthermore, ACE2 is also expressed
in the upper esophagus, cholangiocytes, ileum, colon, kidney
proximal tubule cells, myocardial cells, and bladder [19]. A
recent study showed that the affinity between S glycoprotein
of SARS-CoV-2 and ACE2 is 10-20 fold more significant
than that of SARS-CoV, which could explain the highly
infectious ability of SARS-CoV-2 [20].

The entry and binding processes of SARS-CoV-2 are then
followed by the fusion of the viral membrane and the host
cell membrane. After this fusion occurs, the type II trans-
membrane serine protease (TMPRSS?2) that is present on the
surface of the host cell will cleave ACE2 and activates the
receptor attached S proteins [21]. Activation of the S pro-
teins leads to conformational changes and allows the virus
to enter the cells [22]. Thus, both TMPRSS2 and ACE2 are
the main determinants of the virus’s entry, and activation of
TMPRSS?2 as a protease is needed for the attachment of the
S protein to its cellular ligand (Fig. 1) [23]. Upon cell entry,

4. Viral entry into the
cell _

3.Cleaved ACE-2 Receptor
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SARS-CoV-2 releases its genomic material in the cytoplasm
and is translated into the nucleus.

Clinical features of SARS-CoV-2 infection
COVID-19 patients’ age and sex

The Chinese National Reporting System data showed that
the median age of confirmed cases was 51 years (range:
2 days—100 years), of which 77.8% were 30-69 years old
with a predominance of male patients (51.1%) [24]. These
findings were confirmed with a recent meta-analysis [25].
The ACE2 gene is found on the X chromosome, and circu-
lating levels of ACE2 are higher in men than women [11],
which could account for the differences in severity and mor-
tality between men and women [26].

Symptoms

The clinical presentations of COVID-19 occur across a
broad spectrum, ranging from asymptomatic infection to
severe respiratory failure [1, 15, 27, 28]. The main symp-
toms include fever, dry cough, myalgia, and dyspnea [1, 27].
Headache, diarrhea, fatigue, sore throat, anosmia, ageusia,
chest pain, hemoptysis, sputum production, rhinorrhea,
nausea, vomiting, skin rash, impaired consciousness, and

seizure were also observed [1, 27, 28]. Table 1 shows the
most common symptoms in patients with COVID-19 infec-
tion. According to the severity of symptoms, patients can be
classified as mild, severe, or critical (Table 2) [27].

Comorbidities

The common comorbidities in patients with COVID-19 are
hypertension (HT), diabetes, obesity, respiratory disease,
and cardiovascular disease (Table 3). A recent meta-analysis
of the comorbidities showed that hypertension was present
in approximately 21.1% of patients, respiratory disease in
1.5%, and diabetes in 9.7% of the patients [29]. Moreover,
patients who required intensive care unit (ICU) admission
were more likely to have these comorbidities than non-ICU
patients [24]. In a recent large study (n=5700) in the US, the
most common comorbidities were obesity (41.7%), diabetes
(33.8%), and HT (56.6%) [30]. Studies have shown that HT
may be linked to an up to 2.5-fold more significant risk of
fatal COVID-19, particularly in older persons [31]. ACE2
receptors are vital elements in the renin—angiotensin—aldos-
terone system (RAAS), a key factor in HT’s pathophysiol-
ogy. So, inhibition of the RAAS with the ACE2-modulating
medications, such as ACE inhibitors or angiotensin II recep-
tor blockers (ARBs), may result in a compensatory increase
in tissue levels of ACE2 [31]. Thus there are theories that

Table 1 Clinical symptoms

. . Symptom Chen et al.[17]. Huang et al.[1]. Wang et al.[13]. Guan

of patients with severe (n=99) (n=41) (n=138) etal.[27].

acute respiratory syndrome (n=1099)

coronavirus 2 (SARS-CoV-2)

infection Fever 82 (82.8) 40 (97.6) 136 (98.6) 975 (87.9)
Cough 81 (81.8) 31 (75.6) 82 (59.4) 745 (67.7)
Dyspnea 31 (31.3) 22 (55.0) 43 (31.2) 205 (18.6)
Sore throat 5(@.1) NR 24 (17.4) 153 (13.9)
Sputum production NR 11 (28.9) 37 (26.8) 370 (13.3)
Myalgia 11 (11.1) 18 (43.9) 48 (34.8) 163 (14.8)
Headache 8 (8.1) 3(7.9) 9 (6.5) 150 (13.6)
Diarrhoea 2(2.0) 1(2.6) 14 (10.1) 42 (3.7)
Rhinorrhoea 4 (4.0 NR NR NR

All data are expressed as n (%)

NR not reported

Table 2 Classification of Clinical types

Symptoms/clinical markers

clinical types of coronavirus

Non-pneumonia or mild pneumonia

Dyspnea, respiratory frequency > 30/min, blood oxygen saturation <93%,
the partial pressure of arterial oxygen to fraction of inspired oxygen

ratio <300, and/or lung infiltrates > 50% within 24/48 h

disease 2019 (COVID-19) Mild
according to the severity of

Severe
symptoms

Critical

Respiratory failure, septic shock, and/or multiple organ dysfunction or failure
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Table 3 Summary of

O . . Comorbidity Huangetal. Chenetal. Wang et al. Guan Richardson
comorbidity history in patients [1].(n=41) [17]. (#=99) [13]. (n=138) etal.[27]. et al.[47].
with coronavirus disease 2019 (n=1099) (n=5700)
(COVID-19)

Cardiovascular disease 6 (14.6) 40 (40.4) 20 (14.5) 42(3.9) 996 (16.9)
Hypertension 6 (14.6) NR 43 (31.2) 165 (15) 3026 (56.6)
Diabetes 8 (19.5) 12 (12.1) 14 (10.1) 81(7.4) 1808 (33.8)
Respiratory disease 124 1(1.0) 4(2.9) 12 (1.1) 920 (16.1)
Malignancy 124 1(1.0) 10 (7.2) 10 (0.9) 320 (6)
Chronic kidney disease =~ NR NR 4(2.9) 8 (0.7) 454 (7.9)
Chronic liver disease 124 NR 4(2.9) 23 (21) 30 (0.5)

All data are expressed as n (%)
NR not reported

ACE2-stimulating drugs used to treat HT can increase the
risk of developing lethal COVID-19. However, studies have
shown that patients on ACE2-modulating medications have
significantly better survival than similar patients with HT
who are not on these drugs. Moreover, there is currently
no clear evidence that ACE inhibitors or ARBs lead to the
upregulation of ACE2 in human tissue [32]. Several cardio-
logical groups support the continued use of ACE inhibitors
or ARBs in COVID-19 patients with HT [33]. Older per-
sons, men, and those with preexisting HT and/or diabetes
were highly prevalent in data reported from China [34].
This pattern was confirmed with a large case series in the
US [15]. In particular, obesity is an underappreciated risk
factor for COVID-19 [35]. The risk is particularly relevant
in the US because the prevalence of obesity is around 40%
compared to 6.2% in China, 20% in Italy, and 24% in Spain
[36], some of the countries most affected by COVID-19.

A recent clinical study showed that the levels of vari-
ous inflammatory factors in the deceased group (CD3+T
cells, CD3 +CD8 + T cells, and CD3 +CD4 + T cells) were
higher than in the survivors’ group [37]. Besides, in patients
with diabetes, the accumulation of activated innate immune
cells in metabolic tissues leads to the release of inflam-
matory mediators, which include interleukin (IL)-1p and
tumor necrosis factor-alpha (TNF-a), which promote sys-
temic insulin resistance and p-cell damage [38]. Addition-
ally, metabolic disorders may lead to diminished immune
responses by impairing macrophage and lymphocyte func-
tions [39]. Multiple comorbidities are related to the severity
of COVID-19 disease progression. Hypertension is the most
common and leading comorbidity. In addition, all clinicians
are advised to continue ACE2-modulating medications for
patients who are already on these drugs for their hyperten-
sion. However, patients with comorbidities should take all
necessary precautions to avoid getting infected with SARS-
CoV-2, as they usually have the worst prognosis.

Intuitively, other vulnerabilities to severe illness from
COVID-19 would be believed to be obesity and smoking

@ Springer

because these are also well known to increase the risk
of severe respiratory infections [40, 41]. Smoking is an
established risk factor for developing ARDS [42]. On the
other hand, smoking could directly influence the adverse
outcomes of COVID-19 patients by impairing endothelial
function and enhancing inflammation in the cardiopulmo-
nary systems. A recent meta-analysis with 5960 hospital-
ized patients noted a pooled prevalence of 6.5% (1.4-12.6%)
[43], whereas another analysis of 2986 patients found a high
pooled smoking prevalence of 7.6% (3.8—-12.4%) [44]. The
available data suggest that smokers constituted 1.4-18.5%
of hospitalized adult patients with COVID-19 [17, 45, 69].
Smokers are more vulnerable to COVID-19 infections, and
COVID-19 patients with a history of smoking had a 14%
higher risk of developing COVID-19 induced pneumonia,
while the odds to develop severe disease and eventually to
death were 14 times higher compared to the nonsmokers
[44, 46]. Smokers are more likely to suffer from comor-
bidities, such as cardiovascular diseases and chronic pul-
monary disease compared to nonsmokers. So, COVID-19
patients with a history of smoking may have suffered from
comorbidities that could have negatively influenced disease
severity[44]. Moreover, smoking increases the expression of
ACE?2 in the lungs, which may facilitate host cell entry of
SARS-CoV-2. Because the levels of the ACE2 protein are
not only increased in the bronchial but also in the alveolar
epithelium [47]. Available data suggest that nicotine upregu-
lates ACE2, which is recommended as a possible mechanism
to increase susceptibility and severity of COVID-19 [46,
48]. In addition, nicotine and cigarette smoke have been
described to reduce ACE2, the putative receptor for SARS-
CoV-2, in multiple organs. The clinical manifestations of
COVID-19 could be explained by a dysfunction of the nico-
tinic cholinergic system and was postulated that nicotine
could also modulate the host immune and inflammatory
response by restoring the function of the cholinergic anti-
inflammatory pathway [45]. It is important to emphasize
that cigarette smoking is detrimental to the lungs in several
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aspects. So, smokers should be encouraged to quit smoking
[46]. However, further studies are necessary to clarify the
reasons behind the reported low prevalence of current smok-
ing among hospitalized COVID-19 patients and explain the
effects of nicotine on ACE2 expression [46].

On the other hand, the common comorbidities recorded in
reports from different countries included HT, diabetes, and
cardiovascular disease, all of which are connected with obe-
sity. Additionally, obesity itself is increasingly well known
as both a risk factor and comorbidity [49]. A high preva-
lence of obesity is described among hospitalized patients
with SARS-CoV-2 infection [21]. In a study from the USA,
among 1482 hospitalized patients with COVID-19, 48.3%
were obese [30]. Another study from China showed that 43%
of hospitalized patients with COVID-19 were overweight or
obese [51]. Obesity has also been associated with mortality
and increased disease severity [52, 53]. Body mass index
(BMI) of patients with COVID-19 and cardiovascular dis-
ease in the ICU is higher than that of patients without the
need for critical care [54].

Moreover, obesity is emerging as a risk factor for out-
comes in patients with COVID-19 irrespective of their age
and comorbidity. Obesity is an indication that even young
patients with COVID-19 are at risk of severe disease if their
BMIl is elevated. In a USA study with children and adoles-
cents hospitalized with COVID-19, obesity was significantly
associated with the disease’s severity [55]. Another study
from China showed that obesity was the most important
critical factor contributing to young patients’ death [56].
Obesity is considered a chronic inflammatory disease, and
an increase in circulating, pro-inflammatory cytokines,
which may worsen COVID-19 outcomes [57]. SARS-CoV-2
induces excessive and prolonged cytokine/chemokine reac-
tions in some infected individuals, known as the cytokine
storm [58]. Cytokines and chemokines have an important
role in immunity and immunopathology but dysregulated,
and exuberant immune responses have been proven to cause
ARDS or multiple organ dysfunction [59]. In patients with
COVID-19, inflammatory markers such as TNF-a, IL-10,
and IL-6 levels rise during the infection phase and decrease
during recovery. In addition, patients requiring ICU care
have noticeably elevated levels of TNF-a, IL-10, and IL-6
[60]. It is worth highlighting that the elevated level of IL-6
is also observed in obese patients affected by SARS-CoV-2
[57]. So, both obesity and SARS-CoV-2 infection appear to
share some common metabolic and inflammatory reaction
pathways [57, 58].

On the other hand, obese people also have a higher level
of leptin, a pro-inflammatory adipokine, and a lower adi-
ponectin concentration, an anti-inflammatory adipokine [61,
62]. The resultant imbalance between pro-and anti-inflam-
matory adipokines has been implicated as key to obesity
being a significant risk factor for acute lung injury, and it

could explain the contribution to complications in COVID-
19 patients [52]. In addition, the impaired inflammatory
response contributes to the severity of lung injuries observed
in patients with influenza and may play a significant role
in disease progression in patients with COVID-19 [63].
However, it is necessary to highlight that further studies are
required to assess the mechanisms behind increased COVID-
19 severity in patients with obesity and also to elucidate
the difference between patients with severe and nonsevere
COVID-19.

Clinical manifestations of COVID-19
Cardiovascular involvement in COVID-19

The most common cardiovascular complication in COVID-
19 patients is acute myocardial injury (ACI). However,
COVID-19 can cause direct and indirect cardiovascular
sequelae, including acute coronary syndromes, cardiomyo-
pathy, acute cor pulmonale, arrhythmias, and cardiogenic
shock [64]. Clinical involvement and considerations con-
cerning the cardiovascular system in COVID-19 are pre-
sented in Box 1. The incidence of ACI has been variable,
with approximately 8—12% of the positive cases develop-
ing a significant elevation of cardiac troponin I (cTnl), a
highly specific marker for cardiac injury [65]. In addition,
electrocardiographic and echocardiographic abnormalities
are highly prevalent in patients with COVID-19 [25, 29,
32, 34]. Acute cardiac injury incidence was about 13-fold
higher in ICU patients with the severe disease than non-
ICU patients with the nonsevere disease [64]. In addition,
ACI has been steadily shown to be a strong negative prog-
nostic marker in patients with COVID-19 [1, 29]. Patients
with ACI are older with more comorbidities, including
baseline hypertension, diabetes, coronary heart disease,
and heart failure [22]. Two proposed mechanisms have
been reported as a reason for myocardial injury occurring
with COVID-19. The first proposed mechanism is that
ACE2 is expressed at a similar level in the cardiovascu-
lar system than in the lungs, which allows viral entry into
myocardial cells [66, 67]. Another proposed mechanism
is that the cytokine storm triggered by an imbalanced
response from type 1 and type 2 T helper cells may lead
to myocardial cell injury [1, 38]. High concentrations of
IP-10, IFN-g IL-16, and monocyte chemotactic protein-1
can be detected in patients infected with COVID-19, which
might lead to activated Thl cell responses. Besides, ICU
patients were found to have much higher concentrations of
inflammatory factors than non-ICU patients, so these find-
ings suggest that the cytokine storm was associated with
disease severity [68].
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Cardiac arrhythmias are an additional common cardio-
vascular manifestation occurring in COVID-19 patients.
Arrhythmia was part of the presenting symptomology in
7.3% of 137 patients admitted for COVID-19 disease [69].
A study relating clinical profile and outcomes in 138 patients
with COVID-19 reported a 16.7% incidence of arrhythmia,
and the incidence was much greater in those requiring ICU
admission compared to those who are not (44.4% vs. 8.9%,
respectively) [12]. In a case series of 191 patients, heart
failure was observed in 23.0% of patients with COVID-19.
Notably, heart failure was more common in patients who did
not survive the hospitalization (51.9%) compared to survi-
vors (11.7%) [32], although the definition of heart failure
was not clearly detailed in that study.

The elevated level of ¢Tnl is an important prognostic
marker in patients with COVID-19, even in those without
preexisting cardiovascular disease (CVD). The highest mor-
tality is in those with CVD and elevated cTnl, followed by
those with elevated cTnl but no CVD. In addition, patients
with CVD, but no raised troponins, have lower mortality. So,
cTnl levels should be closely monitored. Elevated levels of
N-terminal pro-B-type natriuretic peptide and troponin were
found in COVID-19 severe cases [27]. Moreover, a signifi-
cantly higher in-hospital mortality rate was seen in patients
with increased troponin levels than those without increased
troponin. Patients infected with COVID-19 with acute coro-
nary syndrome often have a poor prognosis [30]. Thus, great
attention should be paid to signs of cardiac injury in patients
with COVID-19 infection.

Box 1: Cardiovascular involvement in COVID-19
Clinical Profile:

® Myocarditis and myocardial injury (type 1 and 2)
e Arrhythmia

® Acute coronary syndrome

e Acute cor pulmonale

e Cardiomyopathy

e Cardiogenic shock

Laboratory markers:
e Elevated cardiac-specific troponin and brain natriuretic
peptide
e Abnormal EKG (Prolonged QTc intervals, elevated ST)
Potential mechanism/pathophysiology:
e ACE2 has high expression in cardiovascular tissues that

support a direct viral injury
e Systemic inflammation

@ Springer

Consideration:

e Assess and correct electrolyte imbalance to alleviate the
risk of arrhythmia

¢ Clinicians are advised to continue ACE2-modulating
medications in patients already on them but evaluate on
a case-by-case basis

Respiratory system involvement in COVID-19

Respiratory symptoms are prevalent among hospitalized
patients with COVID-19 and range in severity from dysp-
nea (19-40%) or cough (60-80%) to ARDS (17-42%)
[34, 70, 71]. ARDS tends to occur in the first 1-2 weeks
of presentation [35, 47]. Older age, high fever, baseline
HT, diabetes, chronic kidney disease, preexisting cardio-
vascular disease, lymphopenia, elevated blood urea nitro-
gen, prolonged prothrombin time (PT), elevated p-dimer,
and elevated C-reactive protein (CRP) were predictors of
ARDS [42, 44]. Advanced age (greater than 65 years), neu-
tropenia, elevated p-dimer, low albumin, and elevated lac-
tate dehydrogenase (LDH) are related to higher mortality in
those with ARDS [42, 44]. In addition, pro-inflammatory
cytokines play an important role in the pathophysiology of
lung damage in patients affected by COVID-19. Patients
affected by COVID-19 develop a fulminant and damaging
immune reaction sustained by cytokines leading to alveolar
infiltration by macrophages and monocyte [72]. IL-6 is a
key mediator of immune and inflammatory response initi-
ated by infection or injury, and an elevated level of IL-6 is
observed in more than one-half of patients with COVID-19
[73]. In addition, levels of IL-6 appear to be correlated with
inflammatory response, respiratory failure, needing intuba-
tion and/or mechanical ventilation, and mortality in COVID-
19 patients [74]. Respiratory failure is a major complication
in patients with COVID-19.

Kidney involvement in COVID-19

Clinical involvement and considerations concerning the
renal in COVID-19 are presented in Box 2. Preliminary
reports suggested that acute kidney injury (AKI) ranged
from 3 to 9% in COVID-19 patients [1], but later studies
revealed prevalence rates as high as 15% [71]. AKI is more
common among patients with severe disease, mostly in the
ICU setting, and is considered a negative prognostic fac-
tor [75]. Also, renal insufficiency in initial laboratories is
considered a prognosticator for severe illness and mortality
[76]. Although the apparent impact of COVID-19 on renal
tissues is still unclear, it is believed that the mechanisms
underlying AKI in these patients are probably explained by
the high level of ACE2 expression in the proximal convo-
luted tubules, the main binding site for COVID-19. Another
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proposed mechanism is that cytokine overproduction is
involved in kidney damage [39]. Moreover, direct SARS-
CoV-2 infection of the renal epithelium is estimated to result
in mitochondrial dysfunction, acute tubular necrosis, and
protein leakage [77]. In severe cases, AKI presents with
elevated creatinine, urea, and cystatin-C levels [78]. The
severity of AKI in patients infected with SARS-CoV-2 is
positively correlated with older age, higher BMI, heart fail-
ure history, diabetes mellitus, higher peak airway pressure,
and higher progressive organ failure assessment [34]. More-
over, COVID-19 complicates the management of patients on
dialysis and with kidney transplantation [79]. Furthermore,
hematuria has been reported in nearly half of patients with
COVID-19, and proteinuria has been noted in up to 87% of
severe or critically ill patients with COVID-19 [80]. Hyper-
kalemia and acidosis are common electrolyte abnormalities
associated with the high cell turnover seen in patients with
COVID-19, even among patients without AKI [58].

Box 2: Renal involvement in COVID-19
Clinical Profile:

e Acute kidney injury

e Proteinuria

e Hematuria

e Electrolyte imbalances

Laboratory markers:

e Elevated urea, serum creatinine
e Elevated cystatin-C

Potential mechanism/pathophysiology:
® Direct viral injury
® Systemic inflammation
® Alterations in renal hemodynamics
Consideration:
® Assess the urine analysis to rule out the hematuria and

proteinuria
® Assess and correct the electrolyte imbalance

Gastrointestinal system involvement in COVID-19

Gastrointestinal (GI) symptoms are common in COVID-19
patients (Fig. 2). Clinical involvement and considerations
concerning the GI system in COVID-19 are presented in
Box 3. Notably, the first case of COVID-19 infection con-
firmed in the US reported a history of nausea and vomiting

on admission and then diarrhea on day 2 [81]. In a large
study of 1,099 patients from 552 hospitals in China, nausea
or vomiting was reported in 5.0% and diarrhea in 3.8% of
patients [26]. In another study of 140 patients with COVID-
19 from Wuhan, GI symptoms were described in up to
39.6% of the patients (17.3% nausea, 12.9% diarrhea, and
5% vomiting) [82]. Several other studies have reported inci-
dences of diarrhea ranging from 2.0 to 10.1% and nausea
and/or vomiting ranging from 1.0 to 10.1% [1, 12, 34, 40].
Patients with GI symptoms tend to present later than those
without GI symptoms, and there is also usually a delay in
disease diagnosis and time to first respiratory symptoms
[83]. The incidence of GI symptoms and particularly diar-
rhea is correlated with a higher rate of stool positivity for
viral RNA and a higher viral load for SARS-CoV-2 RNA.
The presence of viral RNA in stool was detected in 48.1%
of the patients, with a reported duration of 33—47 days after
the first onset of disease compared to 9% of patients without
GI symptoms [84].

The possible tropism of SARS-CoV-2 for the GI tract is
due to the high ACE2 expression in the upper esophagus
and stratified epithelial cells and absorptive enterocytes in
the ileum and colon [85, 86]. Staining of viral N protein was
observed in the cytoplasm of the gastric, duodenal, and rec-
tal epithelium [87]. Also, animal models have shown that the
expression of ACE2 was related to colitis, thus suggesting
the virus activity may cause enzyme modifications, increas-
ing the susceptibility to intestinal inflammation and diarrhea
[88]. These findings have delivered a valuable understanding
of the receptor-mediated entry into the host cells and pro-
vided the basis for its possible transmission route through
fecal material [89]. However, more studies are needed to
elucidate the mechanisms underlying diarrhea in this viral
infection and describe the association between respiratory
and gastrointestinal symptoms [90]. Finally, the GI symp-
toms are not specific and may develop in patients without
COVID-19, especially patients with preexisting GI diseases.
It is vitally important that clinicians be aware and alert to GI
manifestations in COVID-19 patients, as the onset of new
unexplained GI symptoms such as nausea, vomiting, and
diarrhea should prompt testing for COVID-19.

Box 3: Gastrointestinal, hepatobiliary,
and pancreas involvement in COVID-19

Clinical Profile:

e Abdominal pain

e Diarrhea

e Nausea and/or vomiting,
® Anorexia

e Hyperglycemia
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Fig.2 Gastrointestinal symp-
toms in patients with COVID-
19
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e Assess the baseline liver tests at hospital admission
time

eIt is important to monitor liver transaminases longitudi-
nally, mainly in patients receiving experimental drugs
under clinical evaluation for COVID-19.

e Evaluate the preexisting liver diseases to rule out and
differentiate the abnormal liver biochemistries.

Hepatobiliary involvement in COVID-19

Liver injury associated with COVID-19 is defined as any
liver damage occurring during disease progression and treat-
ment in patients with or without preexisting liver patholo-
gies. Clinical involvement and considerations concerning the
hepatobiliary system in COVID-19 are presented in Box 3.
Abnormal liver function tests were frequently reported as
an extrapulmonary clinical feature, and almost one-half
of SARS-CoV-2-infected patients experienced different
degrees of liver damage [12, 15]. Overall, the incidence of
elevated serum liver biochemical markers primarily elevated
aminotransferases and slightly elevated bilirubin gamma-
glutamyl transferase (GGT) in hospitalized patients with
COVID-19, ranges from 14 to 53% [1, 11, 12, 15, 21, 32].
On the other hand, higher rates of GI symptoms and liver
injury with greater elevations of aminotransferases are asso-
ciated with severe disease and are often seen in ICU patients
[45].

The cause of liver injury is likely multifactorial. ACE2
is also expressed in bile duct cells [91], which suggests that
SARS-CoV-2 may infect these cells and cause the observed
abnormal liver function in these patients. Liver biopsies con-
firm the presence of viral RNA in liver tissues. Moreover,
atypical signs of hepatocyte injury have been presented, such
as cell apoptosis along with ballooning, acidophilic bodies,
and lobular inflammation, suggesting a mechanism of direct
viral injury [52]. However, altered alkaline phosphatase
(ALP), the bile duct injury-related index, was not observed
in patients with COVID-19 [12, 15]. Current experimental
drugs under clinical evaluation for COVID-19, including
oseltamivir, lopinavir/ritonavir, ribavirin, remdesivir, and
chloroquine phosphate or hydroxychloroquine sulfate, are
metabolized in the liver. The likelihood that the liver impair-
ment observed in patients with COVID-19 infection could,
in part, be due to drug hepatotoxicity may explain the con-
siderable variation in the prevalence of liver injury observed
across treatment cohorts in clinical studies. In addition, liver
injury can impair metabolism, dosing, and expected concen-
trations of the medications, which can increase the risk of
toxicity. Other proposed hypotheses are that immune-medi-
ated inflammation, such as cytokine storm and pneumonia-
associated hypoxia, may also contribute to liver injury or
even lead to liver failure in patients with COVID-19 who
are critically ill [47]. Patients with preexisting chronic

liver disease may be more susceptible to liver damage from
SARS-CoV-2 [92]. The impact of COVID-19 in patients
with preexisting chronic liver diseases, such as alcohol-
related liver disease, nonalcoholic fatty liver disease, and
viral hepatitis, remains to be evaluated. Given the significant
prevalence of liver dysfunction in patients with COVID-19,
it is important to check the baseline liver enzymes and liver
function tests at the time of hospital admission.

Pancreatic involvement in COVID-19

Clinical involvement and considerations regarding the pan-
creatic system in COVID-19 are presented in Box 3. In a
recent study of 52 patients with COVID-19 pneumonia from
Wuhan, 9 (17%) experienced a pancreatic injury, defined
by an abnormality in pancreatic enzyme levels. Of the nine
patients with pancreatic injury, six patients had abnormal
blood glucose [93]. Pancreatic injury in COVID-19 may be
directly caused by the cytopathic effect mediated by local
SARS-CoV-2 replication. In addition, the pancreatic injury
might be secondarily due to injurious immune response
induced by a viral infection or systemic responses to res-
piratory failure that leads to damage in multiple organs.
Moreover, most patients were on antipyretics medication,
which could also cause drug-related pancreatic injury [57].
ACE?2 is also expressed in pancreas islets, and previous work
showed that SARS-CoV infection caused islet damage and
subsequent development of acute diabetes [94].

Neurological involvement in COVID-19

The common neurologic symptoms in patients with COVID-
19 are headache, anosmia, and ageusia. Other neurological
findings include stroke, impairment of consciousness, coma,
seizure, Guillain—Barre syndrome, and encephalopathy [59].
Clinical involvement and considerations concerning the neu-
rological system in COVID-19 are presented in Box 4. In
a recent study of 214 patients with COVID-19 infection,
36.4% had neurological manifestations [59]. Patients with
severe COVID-19 infection were older and had a higher
prevalence of hypertension but had fewer classic symptoms
such as fever and cough. Nerve pain, skeletal muscle weak-
ness, pain, tingling, or numbness in the hands and feet are
also observed. Neurological features among patients in the
ICU with ARDS included encephalopathy, agitation, and
confusion [95]. Patients with severe infection were more
likely to develop neurologic manifestations like skeletal
muscle injury, acute cerebrovascular disease, and conscious
disturbance.

The distribution and expression of ACE2 in the nervous
system, especially in the cerebral cortex and brain stem,
and skeletal muscles, may cause some degree of neurologic
manifestations through direct or indirect mechanisms. It
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is known that cytokine storm syndrome and immunosup-
pression are important factors accelerating the progression
of COVID-19 [96]. Autopsy results showed that the brain
tissue of COVID-19 deceased patients was hyperemic and
edematous, and some neurons degenerated. A study showed
that lymphocyte counts were lower for patients with central
nervous system symptoms than those without these symp-
toms [97]. Also, there is evidence of ocular surface infection
in patients with COVID-19, and SARS-CoV-2 RNA was
detected in eye secretions of a patient [98]. However, it is
still unclear if SARS-CoV-2 is neurotropic in humans and
whether it can penetrate the CNS via retrograde neuronal
route [99]. Olfactory dysfunction is one of the most common
symptoms in COVID-19. Viral neuroinvasion could plausi-
bly be achieved by several routes that include entry via the
olfactory nerve, leukocyte migration across the blood—brain
barrier, transsynaptic transfer across infected neurons, or
infection of vascular endothelium [59, 100].

Box 4: Neurological involvement in COVID-19
Clinical Profile:

e Headache, dizziness, fatigue

e Stroke

e Confusion, seizures,

e Anosmia, ageusia

e Conjunctivitis, myalgias, and skeletal muscle weakness
e Tingling, or numbness in the hands and feet

e Encephalopathy, Guillain-Barre syndrome

Laboratory markers:
e Elevated serum creatine kinase(Rhabdomyolysis)
Potential mechanism/pathophysiology:

e Direct viral injury
e Systemic inflammation

Consideration:

® Assess the changes in the neurological examination dur-
ing the hospitalization

e Closely monitor the high-risk populations such as elderly
patients and patients with hypertension

Skin involvement in COVID-19

Skin manifestations have rarely been described in patients
with COVID-19. The frequency of the skin lesions associ-
ated with COVID-19 infection varies according to the series.
In a study from China with 1099 patients with COVID-19,
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the incidence was only 0.2%, while in an observational study
in Italy with 88 patients, it was 20.4% [101]. Approximately
44% of the patients had cutaneous findings at disease onset,
while the remaining patients developed these during the
course of their illness [102]. The average time for the lesions
occurred on a median of 9.92 days (range: 1-30) after the
onset of systemic symptoms like fever, cough, dyspnea,
fatigue, and diarrhea [103]. Erythema is the most common
skin manifestation in patients with COVID-19. The cuta-
neous manifestations included erythematous rash, urticaria
like lesions, chickenpox-like vesicles, maculopapular rash,
vesicular lesions, and livedo/necrotic lesions. The most com-
monly affected area is the trunk. The lesions are distributed
in flexural regions, the face, and mucous membranes. The
erythematous lesions were confined to specific sites, such
as the heels, without other triggers such as exposure [104].
Howeyver, it is unclear whether these skin manifestations are
caused directly by the virus invasion or secondary to host
immune response or treatment administration. The available
studies were linked to the expression of ACE2 in skin tissue
because ACE2 immunoreactivity was detected by immuno-
histochemistry in the cells of the basal layer of the epidermis
extending to the basal cell layer of hair follicles, sebaceous
glands, and also the smooth muscle cells surrounding the
sebaceous glands [105]. Other proposed mechanisms for
COVID-19-related cutaneous manifestations include an
immune hypersensitivity response to SARS-CoV-2 RNA
and cytokine-release syndrome [106]. In addition, histo-
pathological examination of the lesions has shown inflam-
matory features with diffuse and dense lymphoid infiltrate
[107]. Most cutaneous lesions of COVID-19 have been self-
resolving in a few days. In addition, skin manifestations do
not correlate with the severity of COVID-19. However, fur-
ther studies are needed to increase our understanding of the
cutaneous manifestations caused by COVID-19.

Pregnant women with COVID-19

The physiological changes during pregnancy, such as dia-
phragm elevation, reduced functional residual volumes,
and altered cell immunity, lead to increased susceptibility
to COVID-19 and worse outcomes than non-pregnant adults
[108]. The clinical features reported in pregnant women
with confirmed SARS-CoV-2 infections are similar to those
of non-pregnant women with COVID-19 pneumonia. The
most common symptoms reported by pregnant women with
suspected or confirmed COVID-19 were fever, cough, and
dyspnea. Lymphopenia, raised CRP levels and elevated liver
enzymes were the most common laboratory findings [69,
81].

Pregnant women with COVID-19 are at increased risk
of preterm delivery, requiring their babies to be admitted
to the neonatal unit. A recent systematic review including
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over 11,580 pregnant women with COVID-19 reported a rate
of preterm birth before 37 weeks of gestation of 17% and
a cesarean delivery rate of 65%. Only 6 percent of patients
with COVID-19 had spontaneous deliveries [68]. Preg-
nant women with COVID-19 seem to be at increased risk
of requiring admission to an ICU or requiring mechanical
ventilation. Preexisting maternal comorbidity was associated
with the need for ICU care and also mechanical ventilation.
Pregnant women with chronic HT and preexisting diabetes
have a higher risk of death with COVID-19 infection, which
are well-identified risk factors in the general population [68].
Preterm prelabor rupture of membranes occurred in 18.8%
of patients, while the rate of pregnancies experiencing pre-
eclampsia was 13.6%, with no reported cases of fetal growth
restriction [69, 70]. The perinatal death rate was 7%, includ-
ing one stillbirth and one neonatal death; 43% of fetuses had
fetal distress, and 8.7% of newborns were admitted to the
neonatal ICU. The frequency of Apgar score <7 at 5 min
was 4.5%, and no case of neonatal asphyxia was reported.
There is no clinical evidence of vertical transmission, mainly
when COVID-19 infection occurs later in pregnancy [109].

In addition, more than 90% of hospitalized pregnant
women infected by SARS-CoV-2 infections presented with
radiological signs indicative of pneumonia that was detected
either by chest X-ray or computerized tomography (CT).
Animal models have demonstrated transient ACE2 overex-
pression and increased activity in the placenta and repro-
ductive organs during pregnancy [110]. In contrast, another
study described as very low expression of ACE2 in almost
all human cell types of the early maternal—fetal interface,
suggesting the placenta had virtually no cells susceptible to
virus infection [111]. These findings present conflicting evi-
dence regarding the interaction of ACE2 and SARS-CoV-2
at the placental level. However, further studies are needed to
assess this interaction. Compared with the general popula-
tion, pregnant women with COVID-19 are at increased risks
of adverse obstetrical outcomes and overall outcomes. We
thus need better management strategies to avoid unnecessary
exposure of pregnant women to the virus and strategies to
decrease the impact of viral infection to improve maternal
and fetal outcomes.

Laboratory findings
Blood investigations

Standard blood testing has shown that most patients with
COVID-19 have leukopenia, lymphocytopenia with deple-
tion of CD4 and CD8 lymphocytes, and decreased platelet
counts. Also, prolonged PT with extended activated throm-
boplastin time, elevated LDH, elevated liver aminotrans-
ferase levels, elevated neutrophils, eosinopenia, and elevated

CRP were noted [1, 12, 15]. COVID-19 patients have a high
level of IL1p, interferon gamma (IFN-y), interferon gamma-
induced protein 10 (IP-10), and monocyte chemoattractant
protein-1 (MCP-1). Severe disease was associated with
higher white blood cell count (WBC) count, CRP, p-dimer,
LDH, aspartate transaminase, lower lymphocyte count,
platelet count, and hemoglobin [1, 16, 32]. Patients admitted
to the ICU often have elevated plasma levels of a granulo-
cyte-colony stimulating factor (G-CSF), IP-10, MCP-1, mac-
rophage inflammatory protein-1 o (MIP-1a), and TNF-a [1].
Compared to patients who survived, the patients who died
had elevated blood urea, creatinine, white blood cell, neutro-
phil counts, p-dimer, cTnl, serum ferritin, and LDH, IL-10,
and IL-6. In addition, IL-6 levels were more than three times
higher in patients with complicated COVID-19 than those
with the non-complicated disease [50]. IL-6 levels seem to
be a good prognosticator for negative outcomes and an indi-
cator of the progression to severe disease and/or in-hospital
mortality. Moreover, elevated CRP levels, lower CD4+ T
cell count, decreased C3 levels, lower platelet levels, and
severe lymphopenia also common among patients who died
[1, 32, 112]. Additionally, decreased serum level of C3 is an
immunity-related factor predicting mortality of patients with
COVID-19. Although in vitro, diagnostic testing is still the
gold standard diagnosis with regard to the typical clinical
diagnosis. However, the lab findings could help the physi-
cians to understand the progression and the diagnostic value
of patients’ prognosis. Moreover, the biochemical markers
help differentiate between nonsevere and severe COVID-19
to stratify patients at an early stage correctly.

Radiological findings

Radiological findings are variable and serve as a surrogate to
diagnose SARS-CoV-2. The finding may vary with patients’
age, disease progression, immunity status, comorbidities,
and initial medical intervention [113]. Older patients show
more diffuse and extensive pathological imaging findings
than those of younger patients [114]. The most common
findings in lung CT scans of patients with moderate and
severe infection were patchy bilateral shadows or ground-
glass opacity (GGO) [36]. More than 75% of patients pre-
sented with bilateral lung involvement [1, 24, 36], while
multilobe involvement was noted in 71% of infected subjects
[115]. Chest CT sensitivity appears to be high in patients
with positive RT-PCR (86-97%, based on different stud-
ies) and lower in patients with only constitutional and non-
respiratory symptoms (about 50%) [116]. On the other hand,
chest X-ray sensitivity is lower in detecting typical features
of SARS-CoV-2 pneumonia, around 59%, and chest X-ray
abnormalities are present in 33—-60% of patients [117]. In
the early stage of SARS-CoV-2 infection, GGO is the main
radiological finding, mostly involving the bilateral lungs
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and the lungs’ peripheral area. The infection can involve
all the lobes and mostly the bilateral lower lobes. In addi-
tion, bilateral lung involvement is more frequently noticed
in the disease’s intermediate and late course than earlier in
the clinical course [118]. If the infection continues to pro-
gress, bilateral multiple lobular and subsegmental areas of
consolidation are found at later stages [29]. Consolidation
rarely presents without GGO [52, 96]. The opacifications are
typically rounded and present peripherally in the subpleural
area [29, 52, 53]. In addition to GGO and consolidation,
other abnormal changes in the lungs are reported, includ-
ing crazy-paving, air bronchogram, linear opacities, local
or bilateral patchy shadowing, and interlobular septal thick-
ening. Other common CT features in severe cases include
pleural effusions, distortion of architecture, bronchiectasis
of traction, lymph node enlargement, and tree-in-bud nodu-
larity [29, 53, 119]. Surprisingly, changes in CT scans were
noticed in patients before the onset of their symptoms and
before the viral RNA detection in specimens from the upper
respiratory tract [120].

Diagnosis and serology

The detection of SARS-CoV-2 RNA by RT-PCR is used
for the diagnosis of COVID-19. Nasopharyngeal swabs
or sputum samples of patients are assayed by specific RT-
PCR to detect highly conserved genes. These assays target
the ORFla/b, ORF1b-nsp [121], RdRp, S, E, or N genes
of SARS-CoV-2 [122]. A correlation study between chest
CT and RT-PCR testing of 1014 cases showed that 88%
had positive chest CT scans, but only 59% had positive RT-
PCR. These findings indicated that chest CT is a sensitive
modality to detect SARS-CoV-2 infection [110]. From 60 to
93% of patients in this cohort presented with initial positive
chest CT suggesting COVID-19 before the initial RT-PCR
test detected SARS-CoV-2. Around 42% of patients with
COVID-19 showed improvement in the follow-up chest CT
before the RT-PCR results turned negative [75]. The poor
sensitivity of the current diagnostic tests makes diagnosis
and epidemic control challenging. However, the false-neg-
ative results may arise for several reasons, including inad-
equate sampling technique or low viral load, and thus many
patients will require multiple testing to exclude the diagno-
sis. Repeat testing of nasopharyngeal swabs or sputum sam-
ples is recommended in clinically suspected cases with an
initially negative result. On the other hand, chest CT may be
beneficial for COVID-19 diagnosis in cases of strong clini-
cal suspicion, including individuals showing typical clinical
manifestations with negative RT-PCR before any elective
procedure. However, it is still very important to determine
the ability of chest CT in distinguishing COVID-19 from
pneumonia of other causes. It is also recommended that indi-
viduals with signs of pneumonia at chest CT self-isolate with
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serial testing subsequently to exclude the diagnosis defini-
tively to make an accurate diagnosis of COVID-19 [95, 123].

Conclusions

The recent SARS-CoV-2 pandemic outbreak is an ongoing
crisis that is causing global uncertainty on an unprecedented
scale. This pandemic has become a health threat to the gen-
eral population and healthcare workers worldwide, with con-
tinued increases in the number of cases and deaths. Given
the high rate of transmission of the infection among humans,
it is important to recognize the basis of its structure replica-
tion and pathogenicity, which can lead to the discovery of
effective treatments and a vaccine for prevention.

Our understanding of COVID-19 is changing very rap-
idly, and the discovery of new findings occurs daily. SARS-
CoV-2 has been established as a respiratory tract pathogen,
but more and more studies have shown that the virus affects
many other systems as well. As the disease spreads and new
evidence develops, it would be prudent to identify the risk
factors for developing systemic complications in patients
with COVID-19. Multisystemic involvement is also asso-
ciated with the disease’s severity and might predict worse
clinical outcomes and increased mortality. The SARS-CoV-2
virus binds to ACE2 receptors widely expressed in most
human cells and can adversely affect every body system. A
prospective registry of COVID-19 patients with multisys-
temic involvement to examine clinical variables and com-
plications relevant to those systems will help characterize
organ involvement patterns. The registry would provide
significant evidence regarding risk factors, diagnosis, and
prognostic assessment to help clinicians identify patients
at the highest risk of adverse outcomes. Patients should be
closely monitored for organ damage, such as liver, heart, and
kidney injury, in addition to respiratory damage, and receive
supportive care as needed to reduce the risk of the inflam-
matory cascade and to improve overall treatment outcomes.
It is also important to identify the main drivers of COVID-
19 and to examine the factors that account for variability in
presentation and severity of the disease, and pursue more
research priorities that will help explain several aspects of
diseases that remain are poorly understood.

Several preclinical and clinical trials for single drugs
or combinations are in progress. However, no drug has
demonstrated its clinical utility and could be labeled as a
standard of care to date. While we await an effective vac-
cine, COVID-19 continues to spread, and the death rate to
rise exponentially. So, it is vital to investigate the structural
and functional variations and patterns of SARS-CoV-2 to
understand the basis of its replication, structure, pathogenic-
ity, and molecular mechanisms in different organs and look
for potential targets that aid in the development of effective
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treatments. Controlling the spread of the pandemic and
reducing mortality are of greatest priority. At present, there
is no FDA-approved treatment or vaccine for patients with
COVID-19. Currently, the most effective measures to SARS-
CoV-2 are still early detection and quarantine of new sources
of infection and early diagnosis and supportive treatments
for confirmed patients. Moreover, during the pandemic
period of COVID-19, when seeing patients with different
systemic manifestations, clinicians should consider SARS-
CoV-2 infection in the differential diagnosis to avoid delayed
diagnosis or misdiagnosis and prevent transmission.
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