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ABSTRACT Coronavirus disease 2019 (COVID-19) is caused by the novel coronavirus
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and first emerged in
December 2019 in Wuhan, Hubei province, China. Since then, the virus has rapidly
spread to many countries. While the outbreak in China appears to be in decline, the
disease has spread across the world, with a daily increase in the number of con-
firmed cases and infection-related deaths. Here, we highlight (i) the lessons that
have been learnt so far and how they will benefit reducing the impact of COVID-19
disease and (ii) an update on the status of drug treatment and vaccine development
to prevent COVID-19 and potential future related pandemics. Although the mortality
rate is clearly higher than for influenza, the rate does seem to vary from country to
country, possibly reflecting differences in how rapidly local health authorities re-
spond to isolate and effectively care for the affected population. Drugs are urgently
needed for both prophylaxis and the treatment of severely ill patients; however, no
proven effective therapies for SARS-CoV-2 currently exist. A number of drugs that
have been approved for other diseases are being tested for the treatment of
COVID-19 patients, but there is an absence of data from appropriately designed clin-
ical trials showing that these drugs, either alone or in combination, will prove effec-
tive. There is also a global urgency to develop a vaccine against COVID-19, but de-
velopment and appropriate testing will take at least a year before such a vaccine
will be globally available. This review summarizes the lessons learnt so far from the
COVID-19 pandemic, examines the evidence regarding the drugs that are being
tested for the treatment of COVID19, and describes the progress made in efforts to
develop an effective vaccine.
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The coronavirus (CoV) now named severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is responsible for the disease coronavirus disease 2019 (COVID-19)

and was first detected in early December 2019, in Wuhan City, Hubei Province, China.
The disease was initially described as a “pneumonia of unknown etiology” with high
fever that was not responding to drug treatment. The early cases were linked to the
Huanan seafood market, and by the end of December, �25 similar cases had been
reported. Unfortunately, unlike earlier cases of avian flu, the outbreak did not peter out,
and it was on 31 December 2019 that the World Health Organization (WHO) was
informed and cases were finally reported and entered into the Chinese National Health
Database. SARS-CoV-2 is a zoonotic virus related to the severe acute respiratory
syndrome coronavirus (SARS-CoV) that was responsible for a 2002 outbreak and is also
related to Middle East respiratory syndrome coronavirus (MERS-CoV), responsible for
Middle East respiratory syndrome (1). COVID-19 subsequently has, with the exception
of Antarctica, spread globally, and the number of cases is growing daily (2–4). Although,
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as a result of the 2002 SARS-CoV epidemic, China had created a rapid-response
infectious disease reporting system, there was an unfortunate delay in recognizing the
early cases in December 2019 as a new SARS-like outbreak and there was a rapid spread
of COVID-19 in Hubei and beyond (5).

The incubation period for COVID-19 ranges from 2 to 14 days (6, 7). Up to 44% of
COVID-19 cases spread from person to person before symptoms appear, thus empha-
sizing the difficulty in containing the spread and the importance of testing for the virus
as well as the importance of control measures to reduce the spread of the virus such
as hand washing, social distancing, and the use of face masks (8). Furthermore, some
people are initially asymptomatic and may remain asymptomatic and serve to spread
infection throughout the community, although the report from China stated that the
majority of those tested and initially found asymptomatic went on to develop COVID-19 (9).

The clinical manifestations represent a wide spectrum of disease ranging from mild
to severe respiratory syndrome influenza-like illness with mainly lower respiratory tract
symptoms, complicated by pneumonia and acute respiratory distress syndrome (ARDS),
high fever, and headache (10). In many cases, loss of taste and smell and severe
gastrointestinal symptoms are reported, as are cardiac problems, with the latter being
perhaps secondary to a cytokine storm such as is seen in the more severely affected
patients (10–12). Based on the data from China, approximately 80% of people infected
with COVID-19 present with mild to moderate disease that may include pneumonia;
about 14% have severe disease with blood oxygen saturation (�93%); and 6% are
critical, with respiratory failure, septic shock, and/or serious multiple-organ dysfunction
or failure (9).

Elderly persons and those with multiple comorbidities such as cancer, cardiovascular
disease, diabetes, and immunosuppressive diseases are at a higher risk of acquiring the
infection and developing complications and are more likely to succumb to the infection
(13, 14). The case fatality rate is estimated to range from 2% to 5%, but with country-
to-country variability and likely inaccurate data reported in many countries, the true
number of infected persons is unknown due to inadequate testing (2, 3, 6).

From a public health perspective, it is important that health care workers and the
public are aware of the resilience of the virus. As reported in the New England Journal
of Medicine, when in the aerosol form as it leaves a human host, the SARS-CoV-2 virus
has a half-life of 1.1 to 1.2 h, a range very similar to that seen with SARS-CoV-1 (15).
However, the half-life of SARS-CoV-2 on metal and plastic is much longer, with a half-life
of 5.8 h for stainless steel (and less for copper and cardboard) but a half-life of 6.8 h on
plastic. Thus, appropriate care needs to be taken in the handling and cleaning with
disinfectant of potentially virus-contaminated packages and containers (15). In addi-
tion, because of the potential presence of asymptomatic carriers of SARS-CoV-2 in the
community, the experiences from the COVID-19 pandemic point very clearly to the
need to impose social distancing and for the wearing of face masks and the cancella-
tion of public events, including sports and religious gatherings, thus limiting and
slowing the spread of a pandemic.

In this article, we discuss the current status, treatment, and prevention of COVID-19
and the lessons that have so far been learnt and that should therefore help the world
to prepare for any future pandemics.

A global pandemic: what lessons have been learnt? During the first 4 months of
2020, there was a very rapid rise in the number of cases of COVID-19 and a rapid global
spread from the first case officially confirmed in Wuhan on 31 December 2019 to cases
being reported in several other countries in Asia, Europe, and North America and in
Australia and New Zealand before the end of January 2020. COVID-19 was first reported
in the Middle East in February 2020 and in South America, Africa, and South Pacific
countries in March. By 5 May 2020, more than 3.7 million cases of COVID-19, more than
250,000 deaths, and more than 1.2 million recoveries had been reported (2–4).

In the absence of a vaccine or drugs with known effectiveness against the SARS-
CoV-2 coronavirus, there was a highly variable response to the threat of COVID-19.
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China, South Korea, Taiwan, and Vietnam all offer success stories in the control of the
spread of this disease. The main lesson from their experiences is that aggressive and
early action is critically important. China rolled out the most ambitious, agile, and
aggressive disease containment effort in history and, although experiencing �82,000
cases and �4,600 deaths to date, seems to have controlled the spread of COVID-19,
although China is now pursuing an equally vigorous regimen to prevent a second wave
of infections as a result of citizens returning from overseas. The strategy that under-
pinned this containment effort was initially a national approach that promoted univer-
sal temperature monitoring, masking, and hand washing (9). On 23 January 2020, the
Chinese government announced a lockdown in the city of Wuhan (population, 11
million) (9, 16). At that point, the total number of known cases in China was about
1,000. Soon the lockdown was expanded to about 15 other cities, covering the whole
Hubei province with a population of about 57 million. The WHO described the actions
taken by China as “unprecedented in public health history.”

Taiwan, based on the country’s experience with the earlier SARS-CoV outbreak,
established the Taiwanese National Health Command Center in 2004 and was well
prepared to contain the spread of COVID-19. Immediately after the WHO was informed
of the COVID-19 outbreak on 31 December 2019, Taiwan officials began checking all
incoming airline passengers from Wuhan with proactive testing and, as appropriate,
quarantine (17). As of 5 May 2020, Taiwan, with a population of approximately 25
million, has reported �450 cases and only 6 deaths (2, 3).

Similarly, South Korea took aggressive action manifested in the early testing of
hundreds of thousands of its people and tracking and isolation of infected individuals,
even using smartphone and GPS technology (18). Similar approaches have been
considered in the past, such as in the United Kingdom with FluPhone, but, to date,
there has been reluctance or disinterest with respect to accepting what might be
considered a breach of privacy (18). South Korea also introduced drive-through testing
for COVID-19 and achieved rates of testing of approximately 10,000/day, representing
an approach that is envied and is beginning to be copied by the rest of the world. As
a result, in South Korea the first wave of COVID-19 infection is now receding and the
situation seems to be under control. Based on the experiences in China and South
Korea, it can be argued that government action that may initially be seen as excessive,
unjustified, and possibly overly invasive of individual rights is essential. Thus, such
stringent controls have benefits in controlling the spread of a pandemic and reducing
mortality.

Vietnam is an example of a country with limited resources that was proactive in
responding to COVID-19, and, as in the case of Taiwan, its Ministry of Health, hospitals,
and clinics were well prepared before the country recorded its first case on January 23
2020. Authorities in Vietnam checked passengers at airports, restricted movement
where necessary, followed up possible contacts, closed schools, and, as of 5 May 2020,
had administered �200,000 tests for the virus and recorded only 271 cases (2, 3).

Among non-Asian countries, New Zealand stands out with a low number of cases
that as of 5 May 2020 stood at �1,500 cases (308 per million capita), with only 20
deaths (2, 3). New Zealand was also proactive in checking incoming airline passengers,
requiring returning citizens to self-quarantine, tracing contacts, and then finally locking
down the country. Interestingly, the majority of the COVID-19 cases occurred in clusters
of �200 individuals, suggesting that contact tracing may not have been completely
effective.

In many other countries, COVID-19 spread very quickly with devastating effects. Iran
has been one of the hardest hit by COVID-19 infections, and the failure to restrict travel
at an early stage in the outbreak and lack of availability of hospital supplies due to the
U.S.-initiated sanctions may have been contributing factors (2–4). In March, a number
of countries in Europe—first Italy, next Spain, and then the United Kingdom—soon
rivaled and surpassed China as the epicenters for COVID-19, only to be overtaken by the
United States as cases skyrocketed there at the end of March 2020.
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In Italy, the first case was identified in the Lombardy region of Northern Italy in early
February 2020, and the infected individual had been a recent visitor to China; however,
the second case was not confirmed until 20 February 2020 and that person had no prior
contact with the first case and had not recently visited China. Many more cases were
quickly confirmed, indicating that COVID-19 was already widely spread in the commu-
nity. The availability of testing and the difficulties in containing the spread of the virus
undoubtedly contributed to the rapid increase in confirmed cases and deaths. Al-
though we do not have a clear answer as to why there was such a high case mortality
rate in Italy (�13% as of 5 May 2020 [2, 3]), age may be one factor, as the citizens of
Italy represent the second oldest population in the world (after Japan), with approxi-
mately 60% of the population over 40. Higher mortality in care homes may also be a
factor, and this problem has been reported in several countries. Regardless, in a
comparison of the age profiles of COVID-19 cases and deaths in Italy versus China,
distinct differences have been noted, and although mortality increases with age, the
case mortality rates are lower in the Chinese population (19). In China, the mean age
of those who have died was reported to be 79.5 years, with most suffering from at least
one comorbidity and with approximately 75% of those with COVID-19 disease being
over 50 years old, whereas only 14 people under 50 died from the disease (16). A lesson
can also be learnt from a community, Vò, in northern Italy, where aggressive contact
tracing was used to seek out and identify asymptomatic infected individuals and where
all �3,300 members of the community were tested, resulting in much better control of
further infections (20).

Germany, despite having identified a high number of confirmed cases of COVID-19
of 5 May 2020, managed to keep its case-fatality rate very much lower than that seen
in either Italy or Spain: �3.7% versus �10% to 13% (2, 3, 19). The answer would seem
to have been a proactive testing program utilizing a large network of independent
laboratories that started testing as early as January 2020. Other factors, including the
number of available hospital beds and a lower population age than in Italy, may also
have contributed (21).

In the United Kingdom, the government initially hoped that the development of
herd immunity would reduce the impact of COVID-19. The British government also
depended upon public cooperation to restrict travel, and it was not until 23 March
2020, and too late, that the Prime Minister announced that people would be allowed
out of their homes only for “nonessential” reasons and that the police had the power
to impose fines on offenders.

Similarly, in the United States, despite the first case being recorded in Washington
state on 21 January 2020, there was an initial dismissal at the federal level of the
severity and risks of COVID-19 and there were initial problems with the accuracy of
CDC’s COVID-19 test kit. As a consequence, the infection rapidly spread, at least in part
due to U.S. citizens returning (primarily from Europe) who were already infected (22).

A number of other factors might also contribute to the differences in infection and
fatality statistics. Thus, based on genomic analysis of 103 genomes rom GenBank, two
distinct strains of SARS-CoV-2 have been reported, with the L type more prevalent in
the early stages of the breakout in Wuhan and also more aggressive than the evolu-
tionary older S type (23). However, no supportive evidence has been produced indi-
cating that such strain differences explain the differing country-to-country mortality
rates. It has also been argued that seasonal flu is more prevalent during the winter
months and wanes when warmer weather arrives. There is no evidence that weather
would dramatically affect the spread of COVID-19, and, for example, countries such as
Singapore have not been spared COVID-19, with the number of cases per million similar
to the rate in Sweden (2, 3). Another factor may relate to differences in vaccination
requirements from country to country; of particular interest is whether the Mycobac-
terium bovis BCG (Bacille Calmette Guérin) vaccine for tuberculosis provides protection
against COVID-19. Thus, countries without a national requirement policy, or that have
dropped the requirement, such as France, Italy, Spain, The Netherlands, and the United
States, have had comparatively high infection and case fatality rates for COVID-19
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whereas countries such as China and Japan that have a policy requiring vaccination of
newborns report much lower levels (24). Whether there is a cause-and-effect relation-
ship between different strains of SARS-CoV-2, weather, or BCG vaccination and infection
and susceptibility to COVID-19 requires careful retrospective epidemiological evidence
that will require further analysis. Finally, differences in the reporting of COVID-19 deaths
may distort statistics, as has been evident with the apparent omission of those dying
in care homes as well as deaths due to other morbidities that may have been attributed
to COVID-19.

How can we benefit from the lessons of COVID-19? After the 2002 SARS-CoV
epidemic, the world was sensitized to the necessity of a fast response to contain future
zoonotic infections. In recognition of the threat, China established a nationwide
Web-based automated system for reporting and responding to such infections (5).
Unfortunately, COVID-19 still managed to catch the world flat-footed and the lack of
preparedness in many countries rapidly became apparent. We can, however, better
prepare for the next potentially equally lethal outbreak. Recommendations include the
following:

1. Establishing a rapid reporting system such that any unusual infectious outbreak,
e.g., “pneumonia of unknown origin”, is immediately reported to the national
health organization for appropriate investigation, action, and notification of the
WHO should be a high priority.

2. Immediately isolating the infected person(s) and identifying and quarantining
individuals who have been in contact with infected persons is crucial.

3. When, as in the case of COVID-19 in Wuhan, spread of a virus has occurred within
a local community, it is essential to initiate a rigorous attempt to identify all
persons who might have been in contact with the infected individuals for
appropriate testing and potential quarantine. An immediate lockdown of a town
or area should also be considered. The rigorous pursuit of contacts is extremely
important; as we have learnt with COVID-19, many infected individuals may not
show symptoms of the disease and could become “super spreaders.”

4. If the spread of the infection is no longer localized, steps should be taken to
impose social distancing, limit travel, limit public gatherings, including sporting
and religious events, quarantine, and impose other actions to better contain the
spread of the pathogen. The lessons that we have learnt from COVID-19 are that
these actions require 100% cooperation from the public and strong endorsement
and, if necessary, enforcement by governments and that these clearly have not
been evident in all countries.

5. As was the case for COVID-19, the early genomic identification of the causative
pathogen is important and can facilitate determining and developing the opti-
mal treatment options.

6. Vaccine development could be enhanced by pursuing progress and clinical trials
made with earlier vaccines developed, for instance, for SARS-CoV on the basis
that such a vaccine(s) may also benefit patients infected by a related pathogen
(coronavirus) or help facilitate the development of new vaccines.

7. Enhancing of drug development programs should be undertaken and would
serve to identify and establish preclinical testing of candidate molecules effective
against coronaviruses and other potential zoonotic viruses.

8. Establishing a global network with a mandate to ensure that there is sufficient
personal protective equipment and hospital equipment available to all affected
countries to deal with a pandemic should also be performed to constrain the
global spread of a pandemic.

As discussed, Asian countries, such as China (including Hong Kong), South Korea,
and Taiwan, have generally fared better than most European countries and the United
States with respect to containing the spread of COVID-19 and this can be attributed in
part to the proactive measures taken to control and proactively test for COVID-19.
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However, another significant difference between Western and Asian countries is the
wearing of face masks, a practice that in some countries, for example, China, South
Korea, and Japan, was already very common and almost ubiquitous, even in the
absence of a known infection. In contrast, in the West it has been assumed that an
individual wearing a face mask is infected, with that individual possibly subjected to
harassment. Furthermore, in the West the argument has been made that there is an
absence of evidence that wearing a non-N-95 surgical mask would provide protection
against COVID-19 and that encouraging asymptomatic noninfected people to wear face
masks would further strain the personal protective equipment supply train and reduce
availability to health care personnel. However, as stressed above, it should be a priority
for governments to ensure that adequate stocks of personal protective equipment are
maintained and thus that such shortages should not occur. Interestingly, as correctly
stated by Feng et al. (25) with reference to the benefits of wearing a face mask,
“however, there is an essential distinction between absence of evidence and evidence
of absence.” Indeed, proof has been provided that wearing a surgical mask can reduce
droplet transmission from infected people (26). Of course, surgical masks are routinely
worn by hospital personnel when treating patients, so an assumption can be made that
they likely do reduce infections transmitted from patients to health care personnel and
vice versa. Interestingly, many countries have reversed their recommendations on the
wearing of face masks and now require their use. Undoubtedly, this is an appropriate
decision, as it should reduce infection transmission of SARS-CoV-2 from that group of
“silent” asymptomatic carriers to the noninfected public.

Treatment. On 10 January 2020, the SARS-CoV-2 genome sequenced by Chinese
researchers was made available in GenBank by Yong-Zhen Zhang of the Shanghai
Public Health Clinical Center & School of Public Health, Fudan University (27). SARS-
CoV-2 is an RNA molecule with 29,891 bases encoding 9,860 amino acids and contain-
ing 15 genes, one of which is the S gene, which codes for the spike glycoprotein located
on the surface of the viral envelope responsible for binding to the host’s cell via a
receptor that for humans is angiotensin (Ang) converting enzyme 2 (ACE2) (27, 28). Of
significance is that there is only 40% homology between SARS-CoV-2 and other SARS
viruses for the external binding domain of the virus spike protein (17). This may be of
importance with respect to assuming that drugs that proved at least potentially
successful when used to treat SARS or MERS patients might not be as effective, or might
be entirely ineffective, against SARS-CoV-2 (29).

Currently, no specific therapeutic agents and preventive vaccines are available and
approved for the COVID-19. Furthermore, it is anticipated that, despite unprecedented
research activity, a vaccine will not be available before 2021 (30). However, a number
of drugs that have been approved for other diseases, some of which have been tried
in patients with SARS-CoV and MERS-CoV, are being evaluated for the treatment of
COVID-19. The drugs include remdesivir, baricitinib, chloroquine, hydroxychloroquine,
the interleukin-6 (IL-6) receptor monoclonal antibody tocilizumab, and the anti-
influenza drugs favipiravir and umifenovir (31, 32). The advantage of investigating these
drugs is that there is already an extensive knowledge base with respect to their use and
safety in humans; however, as is also the case for vaccines, it is essential that, despite
the urgency, the introduction of new therapies should not be rushed at the expense of
safety (33).

First, among the drugs being considered for use in treatment of COVID-19 is
chloroquine, which was first synthesized by Bayer pharmaceuticals (Germany) in 1934
and has the advantage of being generic and inexpensive and shows good bioavail-
ability when given orally. Chloroquine was first used in the 1940s to treat malaria and
has also being successfully used against autoimmune diseases such as rheumatoid
arthritis and lupus where the drug’s immunosuppressive effects against proinflamma-
tory cytokines such as tumor necrosis factor alpha (TNF-�) and IL-6 are beneficial.
Examples of the toxicity of chloroquine are well known, with central nervous system
(CNS) side effects and macular retinopathy being the most serious; however, if chlo-
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roquine were to be used acutely for COVID-19 treatment, the risk of these side effects
should be considerably less. Hydroxychloroquine is also effective against malaria, lupus,
and rheumatoid arthritis, and its use for these diseases is not associated with significant
cardiovascular side effects. Hydroxychloroquine also has the advantage that doses
higher than those appropriate for chloroquine could be used for antiviral purposes.
Nonetheless, concerns over cardiac toxicity should not be ignored, particularly if its use
for COVID-19 is promoted before appropriate testing and if it is used in patients with
preexisting cardiovascular disease. Both chloroquine and hydroxychloroquine do have
direct inhibitory effects on cardiac sodium and potassium channels, albeit at high
doses. The potential of cardiac toxicity is critical because evidence has emerged that
SARS-CoV-2 may itself directly negatively affect cardiac function, perhaps as a result of
a downregulation of ACE2 and/or secondary to a cytokine storm (12). Hydroxychloro-
quine has very good bioavailability, with a very long half-life of �22 to 30 days, and is
metabolized via cytochrome P450s (CYP450). Azithromycin is a macrolide antibiotic
that has been used in combination with hydroxychloroquine in several clinical trials.
Azithromycin has CYP450-inhibitory effects and therefore may reduce the metabolism
of hydroxychloroquine and also can precipitate cardiac arrhythmias via its ability to
prolong the QT interval. Thus, a combination of the two drugs may result in an
accumulation of hydroxychloroquine to toxic levels and trigger a fatal arrhythmia. In
addition, there are serious concerns that, because hydroxychloroquine is also used for
lupus and rheumatoid arthritis, diverting its use to COVID-19 may seriously affect the
availability of the drug to patients being treated for these autoimmune diseases.

The mechanisms for the antiviral actions of chloroquine and hydroxychloroquine are
not fully understood; however, it is known from in vitro studies that, as basic lysoso-
motropic drugs with a pKa of �9.5, they become trapped in the acidic endosomes,
alkalinizing the organelle, and thereby interfere with the pH-dependent entry of
viruses, including coronaviruses, through the endolysosomal pathway (34). Chloroquine
may also interfere with glycosylation of the cell membrane receptor for the coronavirus,
ACE2, thus preventing the binding and cellular entry of the virus, as was shown in vitro
for SARS-CoV (35, 36). A number of clinical trials are under way, and the early
preliminary data from China demonstrated benefits in more than 100 patients with
pneumonia where treatment with chloroquine resulted in elimination of the virus and
improved recovery time compared to standard-of-care treatment (SOC) (37). Chloro-
quine is included in the 6th version of the Guidelines for the Prevention, Diagnosis, and
Treatment of Novel Coronavirus-induced Pneumonia issued by the National Health
Commission (NHC) of the People’s Republic of China. In another clinical trial, French
researcher Didier Raoult in Marseille reported that a 6-day treatment with hydroxy-
chloroquine plus azithromycin (with the antibiotic azithromycin included to reduce
complications from secondary bacterial infections) performed initially with 25 patients
and later with 80 patients with COVID-19 improved recovery and reduced viral load
(38). However, these were small nonrandomized, unblinded trials and confirmative
results are required from larger appropriately randomized controlled studies. One such
randomized trial, DISCOVERY, has been launched in Europe and will compare the
effectiveness of hydroxychloroquine plus standard of care versus standard of care alone
and, in other arms of the study, the effectiveness of remdesivir, lopinavir plus ritonavir,
and lopinavir plus ritonavir plus interferon beta (39). Interestingly, the results from a
multicenter, open-label randomized trial of 150 patients in China treated with hydroxy-
chloroquine versus SOC for 28 days did not demonstrate relief of symptoms and the
hydroxychloroquine group reported significantly higher levels of side effects (30%
versus 8.8%) (40). Treatment with hydroxychloroquine did, however, lower C-reactive
protein (CRP) levels, thus supporting an anti-inflammatory action of the drug. Collec-
tively and based on the current evidence, the available positive data are insufficient to
demonstrate that treatment with hydroxychloroquine would benefit COVID-19 pa-
tients. Despite the current lack of conclusive positive medical evidence, COVID-19
patients are being treated with hydroxychloroquine in the United States under the
provisions of the Emergency Use Authorization.
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Second, baricitinib is a small-molecule Janus kinase (JAK) inhibitor that is currently
approved for treatment of rheumatoid arthritis. Viruses, as mentioned above in the
discussion of the putative antiviral effects of chloroquine, infect cells via cell surface
receptor-mediated endocytosis, and for SARS-CoV-2 the receptor is ACE2. Endocytosis
is regulated by kinases, including AP2-associated protein kinase 1 (AAK1), and baric-
itinib inhibits AAK1 (41). Arguably, baricitinib should disrupt ACE2-mediated SARS-
CoV-2 endocytosis entry into cells within the same therapeutic plasma concentration
range when used for rheumatoid arthritis, and therefore baricitinib is postulated to be
another candidate for clinical trials to treat COVID-19 (41, 42).

Third, remdesivir was developed to treat infections due to the Ebola virus, but its use
was not pursued. Remdesivir is a prodrug that is administered via intravenous (i.v.)
infusion, and the active metabolite is an adenosine nucleoside analog that inhibits the
action of viral RNA polymerase, thereby preventing viral replication. Remdesivir has
been shown to be effective both in vitro and in a mouse model of SARS-CoV and
appears to possess fairly broad anticoronavirus activity (43). Several clinical trials are
under way in Asia, China, and the United States to study the efficacy and safety of
remdesivir, including an NIH-sponsored randomized, controlled trial at the University
of Nebraska Medical Center in Omaha. One small nonrandomized but multicenter trial
of 61 patients with remdesivir reported clinical improvement in 36 of the 53 patients
for whom data could be analyzed; however, there was no control group and a high
number of side effects with serious side effects were reported in 12 patients (44).

Fourth, ritonavir and lopinavir are two protease inhibitors that have been widely
used in HAART (highly active antiretroviral therapy) regimens as “ritonavir-boosted”
protease inhibitor treatment of HIV. Ritonavir is not only a protease inhibitor but also
an inhibitor of cytochrome P4503A4 and thereby reduces the metabolism and en-
hances and prolongs the action of the second protease inhibitor, in this case, lopinavir.
Protease inhibitors prevent viral replication by virtue of blocking the proteolytic
cleavage of precursor proteins that are required by the virus (45). The ritonavir/lopinavir
combination has previously been shown to be effective in vitro and in an animal model
of Middle East respiratory syndrome (MERS), and a clinical trial is under way to assess
its effectiveness against MERS (46, 47). Furthermore, as reported in a case study in
South Korea, a patient treated with ritonavir plus lopinavir displayed reduced viral loads
and improved clinical symptoms; however, it was recognized that her recovery may
simply reflect the natural course of the disease and regression to the norm (48). A
randomized, controlled, open-label study of 199 COVID-19 patients at China’s Jin
Yin-tan Hospital in Wuhan led to the conclusion that the combination of ritonavir plus
lopinavir did not provide sufficient benefits over standard care, including reduction of
viral RNA load, during the 28 days of the study (49). Further studies are needed;
however, therapies directed at viral replication may prove to be more effective in the
early stages of COVID-19 before significant pneumonia symptoms have developed.

Fifth, the anti-influenza drug favipiravir is an orally effective prodrug developed in
Japan and approved in 2014 for the treatment of influenza. It differs from the neur-
aminidase inhibitors oseltamivir and zanamivir in that it inhibits the viral RNA-
dependent RNA polymerase. In mid-March 2020, China announced that favipiravir had
shown good clinical efficacy against COVID-19 (50). However, it remains to be clarified
at what stage of infection with COVID-19 favipiravir is most effective. Another influenza
drug that is being repurposed in Russia and China is umifenovir (often referred to by
its brand name Arbidol), which is believed to prevent virus entry into the cell by
inhibiting membrane fusion. Scientific support for the antiviral efficacy of umifenovir is
sparse, however, and it has not been approved by the FDA for the treatment of
influenza.

Another drug of interest is the antiparasitic drug ivermectin, where in vitro data
suggest potential benefits; however, based on the pharmacokinetic evidence, the dose
required to demonstrate in vivo efficacy for COVID-19 treatment in humans would most
likely prove too toxic to use (51).

Minireview

May/June 2020 Volume 5 Issue 3 e00317-20 msphere.asm.org 8

https://msphere.asm.org


Camostat is a promising drug that is approved in Japan for pancreatitis and reflux
esophagitis and targets the serine-threonine protease TMPRSS2. TMPRSS2 is the pro-
tease utilized by SARS-CoV-2 to prime the spike protein and facilitate binding to ACE2
and entry into the cell. Camostat has been reported to have inhibited SARS-CoV-2 entry
into human epithelial cells in an in vitro assay, and clinical trials are being initiated (52).

Other approaches being pursued include the use of the cytokine interferon �, which
can be applied by inhalation directly to the lungs, where it can activate the immune
response. The Medicines and Healthcare Products Regulatory Agency (MHRA) and
Health Research Authority (HRA) (53) have approved a fast-tracked phase-2 trial with
interferon � in the United Kingdom. It is one of the drugs whose use, either alone or
in combinations such as lopinavir/ritonavir, is being studied for treating coronavirus
diseases (54). Serum therapy is also a consideration whereby the antibodies in the
plasma of recovered COVID-19 patients, “human convalescent-phase serum,” are used
to combat infection in severely infected patients, and such therapy has been used
previously, for instance, during the 2009 –2010 H1N1 influenza virus pandemic (55, 56).

In the most severely ill COVID-19 patients, a cytokine storm is a major contributor to
the high mortality rate. Tocilizumab, the humanized monoclonal antibody against the
soluble and membrane-bound forms of the interleukin-6 (IL-6) receptor, is being used
with some success, but, as with the other drugs discussed here, larger trials are required
with appropriate controls before science-based recommendations on use can be made
(57).

Inhibitors of the renin-angiotensin-aldosterone system (RAAS) are used extensively
in the treatment of cardiovascular disease and are beneficial to many patients with
comorbidities of hypertension and diabetes and help protect renal function. ACE2 is
ubiquitously expressed, with the highest levels detected in the lungs, cardiovascular
system, kidneys, and the gastrointestinal system. ACE2 not only serves as a key receptor
for the cellular entry of SARS-CoV-2 but also is an aminopeptidase that cleaves
angiotensin I (Ang I) and angiotensin II (Ang II) into the Ang1 to Ang9 (Ang1–9) and
Ang1–7 peptides. Critically, Ang1–7 signaling via the Mas receptor has cardiovascular
protective activity, reducing levels of Ang II. Thus, loss of ACE2 would be expected to
increase the risk to the patient, particularly in those with comorbidities. The epidemi-
ological evidence for COVID-19 indicates that the elderly with comorbidities have a
higher mortality rate, and many are likely already being treated with drugs that target
RAAS for underlying cardiovascular diseases. Controversy has, however, arisen with
regard to whether patients being treated specifically with angiotensin converting
enzyme 1 inhibitors (ACEIs) or Ang II receptor 1 (blocker) inhibitors (ARBs) are pro-
tected, or are at higher risk, from COVID-19. ACE2 is downregulated in SARS-Co-V, and
the loss of ACE2 may be a factor contributing to pulmonary dysfunction. Treatment
with ACEIs and ARBs arguably, though without reproducible evidence, should increase
ACE2 levels as a result of redirecting Ang 1 and Ang II to Ang 1–9 and Ang1–7,
respectively, and should thus prove protective against COVID-19. Conversely, by in-
creasing ACE2 activity, treatment with ACEIs or ARBs might enhance SARS-CoV-2 entry
and exacerbate COVID-19 and lung pathology. The use of recombinant ACE2 protein
has been proposed as a potential therapeutic approach to treat COVID-19, with the
ACE2 protein acting as a decoy receptor for SARS-CoV-2 (58). The arguments both for
and against the use of ACEIs and ARBs in the presence of COVID2 have been reviewed,
leading to the conclusion that, based on the available evidence and given the risk
reduction benefits of continued treatment with ACEIs and ARBs, there is no reason to
switch treatment and that most patients should remain on their current therapy (59,
60). Further information will undoubtedly become available.

The contribution of traditional Chinese medicine (TCM) to the therapeutic management
of SARS was evaluated as a result of its extensive use for SARS-CoV, and, although there was
evidence of reduced morbidity and mortality possibly linked to anti-inflammatory effects,
the design of the studies and the fact that treatment with TCM was often combined with
Western medicines make it difficult to arrive at definitive conclusions with respect to the
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individual effectiveness of the TCMs (61). For SARS-CoV-2, it has been estimated that 85%
of COVID-19 patients in China were treated with TCMs (62).

What is the prospect for new drugs specific for SARS-CoV-2? As previously noted,
there is only 40% homology between the SARS-CoV-2 spike protein and that of other
SARS viruses (29); thus, efforts should be directed at identifying lead molecules that
specifically target the SARS-CoV-2 and the virus’s proteases. Mpro is one such target,
and since it has no known human homologues, it should prove specific for the virus’s
replication machinery (63).

Symptomatic treatment. Most patients with COVID-19 present with fever and
many with headache. The drug of choice, if needed, for its antipyretic and analgesic
actions is paracetamol (acetaminophen). Paracetamol is not a true nonsteroidal anti-
inflammatory drug (NSAID) and lacks the anti-inflammatory, antiplatelet (anticoagulant)
effects of NSAIDs and is also gastrointestinal sparing (gastro-sparing) and therefore avoids
some of the potential problems that might be present in patients with comorbidities and
who may also present with severe gastrointestinal symptoms of COVID-19 disease. Con-
cerns have been presented by French officials with respect to the use of NSAIDs in patients
with severe lung infections, such as those seen with COVID-19, as their anti-inflammatory
actions may suppress the patient’s immune response. There is, as has been stated by the
European Medicines Agency, currently “no scientific evidence” to support this argument
(64). It should be noted that the use of both COX-2 selective drugs such as coxibs
(celecoxib) and nonaspirin NSAIDs has been associated with an increase in cardiovascular
risk; thus, the use of these drugs in patients with cardiovascular disease and COVID-19
should be evaluated on the basis of risk versus benefit (65).

Vaccine prospective. Currently, no vaccine is available to prevent infection with
SARS-CoV-2. However, there are several lines of evidence suggesting that development
of a vaccine against SARS-CoV-2 is achievable, including the following:

1. A group of researchers from Australia examined the immune response of a
47-year-old female who was experiencing mild-to-moderate symptoms of
COVID-19 (66). They showed that recruitment of immune cell populations acti-
vated CD4� and CD8� T cells, together with IgM and IgG SARS-CoV-2-binding
antibodies, in the patient’s blood before the resolution of symptoms. These data
indicate that robust multifactorial immune responses can be elicited in response
to SARS-CoV-2 infection (66).

2. A study involving four rhesus macaques found that contracting SARS-CoV-2
protected against future reinfections (67). When the researchers reinfected two
of the four monkeys with the virus 28 days after the initial infection, a total of 96
nasopharyngeal and anal swabs tested negative after the reexposure of the
monkeys to SARS-CoV-2. Data obtained following the euthanasia and necropsy
of one of the two monkeys confirmed these results (67). These data suggest that
the immune response developed by the 2 animals had protected them from
future exposure to SARS-CoV-2.

3. Hoffmann and colleagues (52) studied whether antibodies made by people who
had had a previous diagnosis of SARS would prevent SARS-CoV-2 virus entry into
cells. They found that antibodies against the SARS-CoV S protein reduced the
efficiency of infection into cells of a laboratory model virus with the SARS-CoV-2
spike (S) protein. They also observed similar results with antibodies against S
proteins made in rabbits (68). These results indicate that neutralizing antibody
responses raised against the virus S protein could offer some protection against
SARS-CoV-2 infection, which may have implications for prevention of COVD19
infection.

4. Another study showed that antibody serum from four different mice could
reduce by 90% infection with a laboratory model virus containing the SARS-
CoV-2 S (69).

5. As argued by Casadevall and Pirofski (55), passive immunization with convalescent
sera containing antibodies from patients who have recovered from COVID-19 could
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prevent COVID-19 infection. Evidence supporting the benefits of using convalescent
plasma for COVID-19 has been provided by China and includes radiological resolu-
tion, reduction in viral loads, and improved survival (69).

Several efforts are under way to devise new vaccines, and phase 1 clinical trials are
ongoing in the United Kingdom, the United States, Germany, France, and China. The
first one is taking place at the Kaiser Permanente Washington Health Research Institute
in Seattle, WA (70). In that trial, 45 healthy volunteers are to receive a vaccine that
contains a segment of genetic code copied from SARS-CoV-2. As the vaccine does not
contain the actual SARS-CoV-2, the participants will not develop COVID-19. At this
stage, the main purpose of this trial is to confirm the safety of such vaccine and it might
take 12 to 18 months before the vaccine can be deployed as a preventive vaccine
against COVID-19 (71).

Moderna, Inc. (Cambridge, MA, USA), is developing the mRNA-based vaccine mRNA-
1273, which codes for the appropriate coronavirus proteins. When this vaccine is
injected into the body, immune cells in the lymph nodes process the mRNA and start
immediately making the protein, which is then recognized and marked for destruction
(71). Another mRNA-based vaccine is being developed by the CureVac Biotech Com-
pany in Tübingen, Germany, with plans to enter a human clinical trial in June 2020 (72).

In the United Kingdom, Sarah Gilbert and her colleagues at Oxford University have
begun a human and animal trial of ChAdOx1 vaccine and expect it to be available by
the end of the 2020 (73). In China, a recombinant vaccine has been developed by
CanSino Biologics in collaboration with the Academy of Military Medical Sciences. A
clinical trial has begun among volunteers between 18 and 60 years of age (74).

Conclusion. What is still unclear is the true mortality rate of COVID-19. What is clear
is that the elderly with comorbidities such as cardiovascular disease, diabetes, cancer,
and immunosuppression-related diseases are at greater risk; however, an unknown fact
is what percentage of people with mild symptoms that perhaps were attributed to flu
were misdiagnosed and therefore were omitted from being tested. Possibly the mor-
tality will prove not to be high as has been reflected in some reports and hopefully will
prove to be closer to 1%. This should become clearer in the coming months. It is also
apparent that the overall global response to COVID-19 has been inadequate, with
considerable differences in how rapidly and appropriately different nations have re-
sponded. These deficiencies emphasize the need for greater collaboration as well as the
benefits of testing for the disease in a timely manner, of contact tracing of suspected
carriers, and of containing the spread by limiting the movement of people within and
between regions. Valuable lessons have been learnt but at considerable cost. It is
appropriate to quote Bill Gates from his 2015 TED talk that was also published in the
New England Journal of Medicine (75): “Perhaps the only good news from the tragic
Ebola epidemic in Guinea, Sierra Leone, and Liberia is that it may serve as a wake-up
call: we must prepare for future epidemics of diseases that may spread.” Hopefully, in
2020, the lessons learnt from COVID-19 will stimulate a collaborative global effort and
a greater focus on how to better control future pandemics and the development of
new drugs and vaccines to target potential zoonotic diseases.

REFERENCES
1. Morens DM, Daszak P, Taubenberger JK. 2020. Escaping Pandora’s box –

another novel coronavirus. N Engl J Med 382:1293–1295. https://doi.org/
10.1056/NEJMp2002106.

2. Worldometers.info. 2020. https://www.worldometers.info/coronavirus/.
Accessed 5 May 2020.

3. Johns Hopkins University of Medicine Coronavirus Research Center.
2020. https://coronavirus.jhu.edu/map.html. Accessed 5 May 2020.

4. World Health Organization. 2020. WHO coronavirus disease (COVID-19)
dashboard. World Health Organization, Geneva, Switzerland. https://
covid19.who.int/. Accessed 5 May 2020.

5. Yang W, Zhongjie Li Z, Lan Y, Wang J, Ma J, Lianmei J, Qiao S, Wei L,
Shengjie L, Yilan L, Hu W. 2011. A nationwide Web-based automated

system for early outbreak detection and rapid response in China. West-
ern Pac Surveill Response J 2:10 –15. https://doi.org/10.5365/WPSAR
.2010.1.1.009.

6. Singhal T. 2020. A review of coronavirus disease-2019 (COVID-19). Indian
J Pediatr 87:281–286. https://doi.org/10.1007/s12098-020-03263-6.

7. Lauer SA, Grantz KH, Bi Q, Jones FK, Zheng Q, Meredith HR, Azman AS,
Reich NG, Lessler J. 10 March 2020, posting date. The incubation period
of coronavirus disease 2019 (COVID-19) from publicly reported con-
firmed cases: estimation and application. Ann Intern Med https://doi
.org/10.7326/M20-0504.

8. He X, Lau EHY, Wu P, Deng X, Wang J, Hao X, Lau YC, Wong JY, Guan Y,
Tan X, Mo X, Chen Y, Liao B, Chen W, Hu F, Zhang Q, Zhong M, Wu Y,

Minireview

May/June 2020 Volume 5 Issue 3 e00317-20 msphere.asm.org 11

https://doi.org/10.1056/NEJMp2002106
https://doi.org/10.1056/NEJMp2002106
https://www.worldometers.info/coronavirus/
https://coronavirus.jhu.edu/map.html
https://covid19.who.int/
https://covid19.who.int/
https://doi.org/10.5365/WPSAR.2010.1.1.009
https://doi.org/10.5365/WPSAR.2010.1.1.009
https://doi.org/10.1007/s12098-020-03263-6
https://doi.org/10.7326/M20-0504
https://doi.org/10.7326/M20-0504
https://msphere.asm.org


Zhao L, Zhang F, Cowling BJ, Li F, Leung GM. 15 April 2020, posting date.
Temporal dynamics in viral shedding and transmissibility of COVID-19.
Nat Med https://doi.org/10.1038/s41591-020-0869-5.

9. World Health Organization. 2020. Report of the WHO-China Joint Mis-
sion on Coronavirus. World Health Organization, Geneva, Switzerland.
https://www.who.int/docs/default-source/coronaviruse/who-china-joint
-mission-on-covid-19-final-report.pdf. Accessed 23 March 2020.

10. Yang W, Cao Q, Qin L, Wang X, Cheng Z, Pan A, Dai J, Sun Q, Zhao F, Qu
J, Yan F. 2020. Clinical characteristics and imaging manifestations of the
2019 novel coronavirus disease (COVID-19): a multi-center study in
Wenzhou city, Zhejiang, China. J Infect 80:388 –393. https://doi.org/10
.1016/j.jinf.2020.02.016.

11. Gautier JF, Ravussin Y. 2020. A new symptom of COVID-19: loss of taste
and smell. Obesity (Silver Spring) 28:848. https://doi.org/10.1002/oby
.22809.

12. Zheng YY, Ma YT, Zhang JY, Xie X. 2020. COVID-19 and the cardiovas-
cular system. Nat Rev Cardiol 17:259 –260. https://doi.org/10.1038/
s41569-020-0360-5.

13. Mizumoto K, Chowell G. 13 March 2020, posting date. Estimating risk for
death from 2019 novel coronavirus disease, China, January-February
2020. Emerg Infect Dis https://doi.org/10.3201/eid2606.200233.

14. Weston S, Frieman MB. 2020. COVID-19: knowns, unknowns, and ques-
tions. mSphere 5:e00203-20. https://doi.org/10.1128/mSphere.00203-20.

15. Van Doremalen N, Bushmaker T, Morris DH, Holbrook MG, Gamble A,
Williamson NM, Tamin A, Harcourt JL, Thornburg NJ, Gerber SI, Lloyd-
Smith JO, de Wit E, Munster VJ. 17 March 2020, posting date. Aerosol
and surface stability of SARS-CoV-2 as compared with SARS-CoV-1. N
Engl J Med https://doi.org/10.1056/NEJMc2004973.

16. Regan H, Griffiths J, Culver D, Guy J. 2020. Wuhan virus spreads as China
puts cities on lockdown and scraps New Year celebrations. Cable News
Network (CNN), New York, NY. https://edition.cnn.com/2020/01/23/china/
wuhan-coronavirus-update-intl-hnk/index.html. Accessed 17 March 2020.

17. Wang CJ, Ng CY, Brook RH. 3 March 2020, posting date. Response to
COVID-19 in Taiwan: big data analytics, new technology, and proactive
testing. JAMA https://doi.org/10.1001/jama.2020.3151.

18. Knight W. 15 March 2020. Phones could track the spread of COVID-19. Is
it a good idea? Wired, New York, NY. https://www.wired.com/story/
phones-track-spread-covid19-good-idea/. Accessed 2 April 2020.

19. Onder G, Rezza G, Brusaferro S. 23 March 2020, posting date. Case-
fatality rate and characteristics of patients dying in relation to COVID-19
in Italy. JAMA https://doi.org/10.1001/jama.2020.4683.

20. Tondo L. 18 March 2020. Scientists say mass tests in Italian town have
halted Covid-19 there. Guardian News & Media Limited, London, United
Kingdom. https://www.theguardian.com/world/2020/mar/18/scientists
-say-mass-tests-in-italian-town-have-halted-covid-19.

21. Nia OT. 31 March 2020. What’s behind Germany’s low coronavirus death
rate? Early mass testing, good healthcare system seen as key factors in
fighting off COVID-19. Anadolu Agency, Ankara, Turkey. https://www.aa
.com.tr/en/europe/what-s-behind-germanys-low-coronavirus-death
-rate/1786296#!. Accessed 1 April 2020.

22. The New York Times. 2020. Coronavirus live updates. The New York
Times, New York, NY. https://www.nytimes.com/2020/04/08/us/corona
virus-live-updates.html. Accessed 18 April 2020.

23. Tang X, Wu C, Li X, Song Y, Yao X, Wu X, Duan Y, Zhang H, Wang Y, Qian
Z, Cui J, Lu J. 3 March 2020, posting date. On the origin and continuing
evolution of SARS-CoV-2. Nat Sci Rev https://doi.org/10.1093/nsr/nwaa036.

24. Miller A, Reandelar MJ, Fasciglione K, Roumenova V, Li Y, Otazu GH. 28
March 2020, posting date. Correlation between universal BCG vaccina-
tion policy and reduced morbidity and mortality for COVID-19: an
epidemiological study. medRxiv Preprint https://doi.org/10.1101/2020
.03.24.20042937.

25. Feng S, Shen C, Xia N, Song W, Fan M, Cowling BJ. 2020. Rational use of
face masks in the COVID-19 pandemic. Lancet Respir Med 8:434 – 436.
https://doi.org/10.1016/S2213-2600(20)30134-X.

26. Leung NHL, Chu DKW, Shiu EYC, Chan KH, McDevitt JJ, Hau BJP, Yen HL,
Li Y, Ip DKM, Peiris JSM, Seto WH, Leung GM, Milton DK, Cowling BJ. 3
April 2020, posting date. Respiratory virus shedding in exhaled breath
and efficacy of face masks. Nat Med https://doi.org/10.1038/s41591-020
-0843-2.

27. Xiong C, Jiang L, Chen Y, Jiang Q. 2020. Evolution and variation of 2019-
novel coronavirus. bioRxiv https://doi.org/10.1101/2020.01.30.926477.

28. Chan JF, Kok KH, Zhu Z, Chu H, To KK, Yuan S, Yuen KY. 2020. Genomic
characterization of the 2019 novel human-pathogenic coronavirus iso-
lated from a patient with atypical pneumonia after visiting Wuhan.

Emerg Microbes Infect 9:221–236. https://doi.org/10.1080/22221751
.2020.1719902.

29. Ou X, Liu Y, Lei X, Li P, Mi D, Ren L, Guo L, Guo R, Chen T, Hu J, Xiang
Z, Mu Z, Chen X, Chen J, Hu K, Jin Q, Wang J, Qian Z. 2020. Character-
ization of spike glycoprotein of SARS-CoV-2 on virus entry and its
immune cross-reactivity with SARS-CoV. Nat Commun 11:1620. https://
doi.org/10.1038/s41467-020-15562-9.

30. Thanh Le T, Andreadakis Z, Kumar A, Gomez Roman R, Tollefsen S, Saville
M, Mayhew S. 9 April 2020, posting date. The COVID-19 vaccine devel-
opment landscape. Nat Drug Disc https://doi.org/10.1038/d41573-020
-00073-5.

31. Dong L, Hu S, Gao J. 2020. Discovering drugs to treat coronavirus disease
2019 (COVID-19). Drug Discov Ther 14:58 – 60. https://doi.org/10.5582/
ddt.2020.01012.

32. Arabi YM, Asseri A, Webb S, Marshall J, Al Moamary MS. 2020. Clinical trials
for coronavirus disease 2019: what is being evaluated and what is not. Ann
Thorac Med 15:49–51. https://doi.org/10.4103/atm.ATM_99_20.

33. Jiang S. 2020. Don’t rush to deploy COVID-19 vaccines without sufficient
safety guarantees. Nature 579:321. https://doi.org/10.1038/d41586-020
-00751-9.

34. Burkard C, Verheije MH, Wicht O, van Kasteren SI, van Kuppeveld FJ,
Haagmans BL, Pelkmans L, Rottier PJ, Bosch BJ, de Haan CA. 2014.
Coronavirus cell entry occurs through the endo-lysosomal pathway in a
proteolysis-dependent manner. PLoS Pathog 10:e1004502. https://doi
.org/10.1371/journal.ppat.1004502.

35. Vincent MJ, Bergeron E, Benjannet S, Erickson BR, Rollin PE, Ksiazek TG,
Seidah NG, Nichol ST. 2005. Chloroquine is a potent inhibitor of SARS
coronavirus infection and spread. Virol J 2:69. https://doi.org/10.1186/
1743-422X-2-69.

36. Savarino A, Boelaert JR, Cassone A, Majori G, Cauda R. 2003. Effects of
chloroquine on viral infections: an old drug against today’s diseases? Lancet
Infect Dis 3:722–727. https://doi.org/10.1016/S1473-3099(03)00806-5.

37. Gao J, Tian Z, Yang X. 2020. Breakthrough: chloroquine phosphate has
shown apparent efficacy in treatment of COVID-19 associated pneumo-
nia in clinical studies. Biosci Trends 14:72–73. https://doi.org/10.5582/
bst.2020.01047.

38. Gautret P, Lagier JP, Parola P, Hoang VT, Meddeb L, Mailhe M, Doudier
B, Courjon J, Giordanengo V, Vieira VE, Dupont HT, Honoré S, Colson P,
Chabrière E, La Scola B, Rolain JM, Brouqui P, Raoult D. 20 March 2020,
posting date. Hydroxychloroquine and azithromycin as a treatment of
COVID-19: results of an open-label non-randomized clinical trial. Int J
Antimicrob Agents https://doi.org/10.1016/j.ijantimicag.2020.105949.

39. Inserm Press Office. 22 March 2020. Launch of a European clinical trial
against COVID-19. Inserm, Paris, France. https://presse.inserm.fr/en/
launch-of-a-european-clinical-trial-against-covid-19/38737/. Accessed 3
April 2020.

40. Tang W, Cao Z, Han M, Wang Z, Chen J, Sun W, Wu Y, Xiao W, Liu S, Chen
E, Chen W, Wang X, Yang J, Lin J, Zhao Q, Yan Y, Xie Z, Li D, Yang Y, Liu
L, Qu J, Ning G, Shi G, Xie Q. 2020. Hydroxychloroquine in patients with
COVID-19: an open-label, randomized, controlled trial. medRxiv Preprint
https://www.medrxiv.org/content/10.1101/2020.04.10.20060558v1.

41. Sorrell FJ, Szklarz M, Azeez KRA, Elkins JM, Knapp S. 2016. Family-wide
structural analysis of human Numb-associated protein kinases. Structure
24:401– 411. https://doi.org/10.1016/j.str.2015.12.015.

42. Richardson P, Griffin I, Tucker C, Smith D, Oechsle O, Phelan A, Stebbing
J. 2020. Baricitinib as potential treatment for 2019-nCoV acute respira-
torydisease.Lancet395:e30 – e31.https://doi.org/10.1016/S0140-6736(20)
30304-4.

43. Agostini ML, Andres EL, Sims AC, Graham RL, Sheahan TP, Lu X, Smith EC,
Case JB, Feng JY, Jordan R, Ray AS, Cihlar T, Siegel D, Mackman RL, Clarke
MO, Baric RS, Denison MR. 2018. Coronavirus susceptibility to the antiviral
remedesivir (GS-5734) is mediated by the viral polymerase and the proof-
reading exoribonuclease. mBio 9:e00221-18. https://doi.org/10.1128/mBio
.00221-18.

44. Grein J, Ohmagari N, Shin D, Diaz G, Asperges E, Castagna A. 10 April
2020, posting date. Compassionate use of remdesivir for patients with
severe Covid-19. N Engl J Med https://doi.org/10.1056/NEJMoa2007016.

45. Sheahan TP, Sims AC, Graham RL, Menachery VD, Gralinski LE, Case JB,
Leist SR, Pyrc K, Feng JY, Trantcheva I, Bannister R, Park Y, Babusis D,
Clarke MO, Mackman RL, Spahn JE, Palmiotti CA, Siegel D, Ray AS, Cihlar
T, Jordan R, Denison MR, Baric RS. 2017. Broad-spectrum antiviral GS-
5734 inhibits both epidemic and zoonotic coronaviruses. Sci Transl Med
9:eaal3653. https://doi.org/10.1126/scitranslmed.aal3653.

46. Arabi YM, Asiri AY, Assiri AM, Aziz Jokhdar HA, Alothma A, Balkhy HH,

Minireview

May/June 2020 Volume 5 Issue 3 e00317-20 msphere.asm.org 12

https://doi.org/10.1038/s41591-020-0869-5
https://www.who.int/docs/default-source/coronaviruse/who-china-joint-mission-on-covid-19-final-report.pdf
https://www.who.int/docs/default-source/coronaviruse/who-china-joint-mission-on-covid-19-final-report.pdf
https://doi.org/10.1016/j.jinf.2020.02.016
https://doi.org/10.1016/j.jinf.2020.02.016
https://doi.org/10.1002/oby.22809
https://doi.org/10.1002/oby.22809
https://doi.org/10.1038/s41569-020-0360-5
https://doi.org/10.1038/s41569-020-0360-5
https://doi.org/10.3201/eid2606.200233
https://doi.org/10.1128/mSphere.00203-20
https://doi.org/10.1056/NEJMc2004973
https://edition.cnn.com/2020/01/23/china/wuhan-coronavirus-update-intl-hnk/index.html
https://edition.cnn.com/2020/01/23/china/wuhan-coronavirus-update-intl-hnk/index.html
https://doi.org/10.1001/jama.2020.3151
https://www.wired.com/story/phones-track-spread-covid19-good-idea/
https://www.wired.com/story/phones-track-spread-covid19-good-idea/
https://doi.org/10.1001/jama.2020.4683
https://www.theguardian.com/world/2020/mar/18/scientists-say-mass-tests-in-italian-town-have-halted-covid-19
https://www.theguardian.com/world/2020/mar/18/scientists-say-mass-tests-in-italian-town-have-halted-covid-19
https://www.aa.com.tr/en/europe/what-s-behind-germanys-low-coronavirus-death-rate/1786296#!
https://www.aa.com.tr/en/europe/what-s-behind-germanys-low-coronavirus-death-rate/1786296#!
https://www.aa.com.tr/en/europe/what-s-behind-germanys-low-coronavirus-death-rate/1786296#!
https://www.nytimes.com/2020/04/08/us/coronavirus-live-updates.html
https://www.nytimes.com/2020/04/08/us/coronavirus-live-updates.html
https://doi.org/10.1093/nsr/nwaa036
https://doi.org/10.1101/2020.03.24.20042937
https://doi.org/10.1101/2020.03.24.20042937
https://doi.org/10.1016/S2213-2600(20)30134-X
https://doi.org/10.1038/s41591-020-0843-2
https://doi.org/10.1038/s41591-020-0843-2
https://doi.org/10.1101/2020.01.30.926477
https://doi.org/10.1080/22221751.2020.1719902
https://doi.org/10.1080/22221751.2020.1719902
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1038/d41573-020-00073-5
https://doi.org/10.1038/d41573-020-00073-5
https://doi.org/10.5582/ddt.2020.01012
https://doi.org/10.5582/ddt.2020.01012
https://doi.org/10.4103/atm.ATM_99_20
https://doi.org/10.1038/d41586-020-00751-9
https://doi.org/10.1038/d41586-020-00751-9
https://doi.org/10.1371/journal.ppat.1004502
https://doi.org/10.1371/journal.ppat.1004502
https://doi.org/10.1186/1743-422X-2-69
https://doi.org/10.1186/1743-422X-2-69
https://doi.org/10.1016/S1473-3099(03)00806-5
https://doi.org/10.5582/bst.2020.01047
https://doi.org/10.5582/bst.2020.01047
https://doi.org/10.1016/j.ijantimicag.2020.105949
https://presse.inserm.fr/en/launch-of-a-european-clinical-trial-against-covid-19/38737/
https://presse.inserm.fr/en/launch-of-a-european-clinical-trial-against-covid-19/38737/
https://www.medrxiv.org/content/10.1101/2020.04.10.20060558v1
https://doi.org/10.1016/j.str.2015.12.015
https://doi.org/10.1016/S0140-6736(20)30304-4
https://doi.org/10.1016/S0140-6736(20)30304-4
https://doi.org/10.1128/mBio.00221-18
https://doi.org/10.1128/mBio.00221-18
https://doi.org/10.1056/NEJMoa2007016
https://doi.org/10.1126/scitranslmed.aal3653
https://msphere.asm.org


AlJohani S, Al Harbi S, Kojan S, Al Jeraisy M, Deeb AM, Memish ZA, Ghazal
S, Al Faraj S, Al-Hameed F, AlSaedi A, Mandourah Y, Al Mekhlafi GA,
Sherbeeni NM, Elzein FE, Almotairi A, Al Bshabshe A, Kharaba A, Jose J,
Al Harthy A, Al Sulaiman M, Mady A, Fowler RA, Fowler RA, Hayden FG,
Al-Dawood A, Abdelzaher M, Bajhmom W, Hussein MA, the Saudi Critical
Care Trials group. 2020. Treatment of Middle East respiratory syndrome
with a combination of lopinavir/ritonavir and interferon-�1b (MIRACLE
trial): statistical analysis plan for a recursive two-stage group sequential
randomized controlled trial. Trials 21:8. https://doi.org/10.1186/s13063
-019-3846-x.

47. Yao TT, Qian JD, Zhu WY, Wang Y, Wang GQ. 2020. A systematic review
of lopinavir therapy for SARS coronavirus and MERS coronavirus – a
possible reference for coronavirus disease-19 treatment option. J Med
Virol 92:556 –563. https://doi.org/10.1002/jmv.25729.

48. Lim J, Jeon S, Shin HY, Kim MJ, Seong YM, Lee WJ, Choe KW, Kang YM,
Lee B, Park SJ. 2020. Case of the index patient who caused tertiary
transmission of COVID-19 infection in Korea: the application of lopinavir/
ritonavir for the treatment of COVID-19 infected pneumonia monitored
by quantitative RT-PCR. J Korean Med Sci 35:e79. https://doi.org/10
.3346/jkms.2020.35.e79.

49. Cao B, Wang Y, Wen D, Wang J, Fan G, Ruan L, Song B, Cai Y, Wei M, Li
X, Xia J, Chen N, Xiang J, Yu T, Bai T, Xie X, Zhang L, Li C, Yuan Y, Chen
H, Li H, Huang H, Tu S, Gong F, Liu Y, Wei Y, Dong C, Zhou F, Gu X, Xu
J, Liu Z, Zhang Y, Li H, Shang L, Wang K, Li K, Zhou X, Dong X, Qu Z, Lu
S, Hu X, Ruan S, Luo S, Wu J, Peng L, Cheng F, Pan L, Zou J, Jia C, Wang
J, et al. 18 March 2020, posting date. A trial of lopinavir–ritonavir in
adults hospitalized with severe Covid-19. N Engl J Med https://doi.org/
10.1056/NEJMoa2001282.

50. Bryner J. 2020. Flu drug used in Japan shows promise in treating
COVID-19. Live Science, New York, NY. https://www.livescience.com/flu
-drug-could-treat-coronavirus.html.

51. Momekov G, Momekova D. 2020. Ivermectin as a potential COVID-19
treatment from the pharmacokinetic point of view. medRxiv Preprint
https://doi.org/10.1101/2020.04.11.20061804.

52. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen
S, Schiergens TS, Herrler G, Wu N-H, Nitsche A, Müller MA, Drosten C,
Pöhlmann S. 2020. SARS-CoV-2 cell entry depends on ACE2 and
TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell
181:271–280.e8. https://doi.org/10.1016/j.cell.2020.02.052.

53. Parsons L. 18 March 2020. UK biotech Synairgen to begin COVID-19 trial
of lead candidate. https://www.pmlive.com/pharma_news/uk_biotech
_synairgen_to_begin_covid-19_trial_of_lead_candidate_1329470.

54. Chan KW, Wong VT, Tang S. 2020. COVID-19: an update on the epide-
miological, clinical, preventive and therapeutic evidence and guidelines
of integrative Chinese-Western medicine for the management of 2019
novel coronavirus disease. Am J Chin Med 13:1–26. https://doi.org/10
.1142/SO192415X20500378.

55. Casadevall A, Pirofski L-A. 13 March 2020, posting date. The convales-
cent sera option for containing COVID-19. J Clin Invest https://doi.org/
10.1172/JCI138003.

56. Hung IF, To KK, Lee C-K, Lee K-L, Chan K, Yan W-W, Liu R, Watt C-L, Chan
W-M, Lai K-Y, Koo C-K, Buckley T, Chow F-L, Wong K-K, Chan H-S, Ching
C-K, Tang BS, Lau CC, Li IW, Liu S-H, Chan K-H, Lin C-K, Yuen K-Y. 2011.
Convalescent plasma treatment reduced mortality in patients with se-
vere pandemic influenza A (H1N1) 2009 virus infection. Clin Infect Dis
52:447– 456. https://doi.org/10.1093/cid/ciq106.

57. Luo P, Liu Y, Qui L, Liu X, Liu D, Li J. 6 March 2020, posting date.
Tocilizumab treatment in COVID-19: a single center experience. J Med
Virol https://doi.org/10.1002/jmv.25801.

58. Zhang H, Penninger M, Li Y, Zhong N, Slutsky AS. 2020. Angiotensin-
converting enzyme 2 (ACE2) as a SARS-CoV-2 receptor: molecular mech-
anisms and potential therapeutic target. Intensive Care Med 46:
586 –590. https://doi.org/10.1007/s00134-020-05985-9.

59. Patel AB, Verma A. 24 March 2020, posting date. COVID-19 and angiotensin-
converting enzyme inhibitors and angiotensin receptor blockers: what is
the evidence? JAMA https://doi.org/10.1001/jama.2020.4812.

60. Vaduganathan M, Vardeny O, Michel T, McMurray JJV, Pfeffer MA, Sol-
omon SD. 2020. Renin-angiotensin-aldosterone system inhibitors in pa-
tients with Covid-19. N Engl J Med 382:1653–1659. https://doi.org/10
.1056/NEJMsr2005760.

61. Liu J, Manheimer E, Shi Y, Gluud C. 2004. Chinese herbal medicine for
severe acute respiratory syndrome: a systematic review and meta-
analysis. J Altern Complement Med 10:1041–1051. https://doi.org/10
.1089/acm.2004.10.1041.

62. Yang Y, Islam MM, Wang J, Li Y, Chen X. 2020. Traditional Chinese
medicine in the treatment of patients infected with 2019-new corona-
virus (SARS-CoV-2): a review and perspective. Int J Biol Sci 16:1708 –1717.
https://doi.org/10.7150/ijbs.45538.

63. Prajapat M, Sarma P, Shekhar N, Avti P, Sinha S, Kaur H, Kumar S,
Bhattacharyya A, Kumar H, Bansal S, Medhi B. 2020. Drug targets for
corona virus: a systemic review. Indian J Pharmacol 52:56 – 65. https://
doi.org/10.4103/ijp.IJP_115_20.

64. Melville NA, Nainggolan L. 2020. Are warnings against NSAIDs in
COVID-19 warranted? https://www.medscape.com/viewarticle/926940.

65. Thomas D, Ali Z, Zachariah S, Sundararaj KGS, Van Cuyk M, Cooper JC.
2017. Coxibs refocus attention on the cardiovascular risks of non-aspirin
NSAIDs. Am J Cardiovasc Drugs 17:343–346. https://doi.org/10.1007/
s40256-017-0223-6.

66. Thevarajan I, Nguyen THO, Koutsakos M, Druce J, Caly L, van de Sandt
CE, Jia X, Nicholson S, Catton M, Cowie B, Tong SYC, Lewin SR, Kedzierska
K. 2020. Breadth of concomitant immune responses prior to patient
recovery: a case report of non-severe COVID-19. Nat Med 26:453– 455.
https://doi.org/10.1038/s41591-020-0819-2.

67. Bao L, Deng W, Gao H, Xiao C, Liu J, Xue J, Lv Q, Liu J, Yu P, Xu Y, Q
F, Qu Y, Li F, Xiang Z, Yu U, Gong S, Liu M, Wang G, Wang S, Song Z,
Zhao W, Han Y, Zhao L, Liu X, Wei Q, Qin C. 2020. Reinfection could
not occur in SARS-CoV-2 infected rhesus macaques. bioRxiv https://
www.biorxiv.org/content/10.1101/2020.03.13.990226v1.

68. Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D. 2020.
Structure, function, and antigenicity of the SARS-CoV-2 spike glycopro-
tein. Cell 181:281–282. https://doi.org/10.1016/j.cell.2020.02.058.

69. Shen C, Wang Z, Zhao F, Yang Y, Li J, Yuan J, Wang F, Li D, Yang M, Xing
L, Wei J, Xiao H, Yang Y, Qu J, Qing L, Chen L, Xu Z, Peng L, Li Y, Zheng
H, Feng C, Huang K, Jiang Y, Liu D, Zhang Z, Liu Y, Liu L. 27 March 2020,
posting date. Treatment of 5 critically ill patients with COVID19 with
convalescent plasma. JAMA https://doi.org/10.1001/jama.2020.4783.

70. Miller RW. 17 March 2020. Photos: volunteers in Seattle get first doses of
trial vaccine for COVID-19. USA Today, Tysons Corner, VA. https://www
.usatoday.com/story/news/health/2020/03/17/coronavirus-vaccine-trial
-underway-seattle-photos-first-shots/5065909002/. Accessed 23 March
2020.

71. Moderna, Inc. 16 March 2020. Moderna announces first participant dosed in
NIH-led phase 1 study of mRNA vaccine (mRNA-1273) against novel coro-
navirus. Moderna, Inc, Cambridge, MA. https://investors.modernatx.com/
news-releases/news-release-details/moderna-announces-first-participant
-dosed-nih-led-phase-1-study. Accessed 23 March 2020.

72. CureVac AG. 15 March 2020. CureVac focuses on the development of
mRNA-based coronavirus vaccine to protect people worldwide. CureVac
AG, Tübingen, Germany. https://www.curevac.com/news/curevac-focuses
-on-the-development-of-mrna-based-coronavirus-vaccine-to-protect
-people-worldwide. Accessed 23 March 2020.

73. Sample I. 19 March 2020. Trials to begin on Covid-19 vaccine in UK next
month. Guardian News & Media Limited, London, United Kingdom.
https://www.theguardian.com/society/2020/mar/19/uk-drive-develop
-coronavirus-vaccine-science. Accessed 23 March 2020.

74. Mak E. 18 March 2020. China approves first homegrown COVID-19
vaccine to enter clinical trials. https://www.bioworld.com/articles/
433791-china-approves-first-homegrown-covid-19-vaccine-to-enter
-clinical-trials. Accessed 23 March 2020.

75. Gates B. 2015. The next epidemic–lessons from Ebola. N Engl J Med
372:1381–1384. https://doi.org/10.1056/NEJMp1502918.

Minireview

May/June 2020 Volume 5 Issue 3 e00317-20 msphere.asm.org 13

https://doi.org/10.1186/s13063-019-3846-x
https://doi.org/10.1186/s13063-019-3846-x
https://doi.org/10.1002/jmv.25729
https://doi.org/10.3346/jkms.2020.35.e79
https://doi.org/10.3346/jkms.2020.35.e79
https://doi.org/10.1056/NEJMoa2001282
https://doi.org/10.1056/NEJMoa2001282
https://www.livescience.com/flu-drug-could-treat-coronavirus.html
https://www.livescience.com/flu-drug-could-treat-coronavirus.html
https://doi.org/10.1101/2020.04.11.20061804
https://doi.org/10.1016/j.cell.2020.02.052
https://www.pmlive.com/pharma_news/uk_biotech_synairgen_to_begin_covid-19_trial_of_lead_candidate_1329470
https://www.pmlive.com/pharma_news/uk_biotech_synairgen_to_begin_covid-19_trial_of_lead_candidate_1329470
https://doi.org/10.1142/SO192415X20500378
https://doi.org/10.1142/SO192415X20500378
https://doi.org/10.1172/JCI138003
https://doi.org/10.1172/JCI138003
https://doi.org/10.1093/cid/ciq106
https://doi.org/10.1002/jmv.25801
https://doi.org/10.1007/s00134-020-05985-9
https://doi.org/10.1001/jama.2020.4812
https://doi.org/10.1056/NEJMsr2005760
https://doi.org/10.1056/NEJMsr2005760
https://doi.org/10.1089/acm.2004.10.1041
https://doi.org/10.1089/acm.2004.10.1041
https://doi.org/10.7150/ijbs.45538
https://doi.org/10.4103/ijp.IJP_115_20
https://doi.org/10.4103/ijp.IJP_115_20
https://www.medscape.com/viewarticle/926940
https://doi.org/10.1007/s40256-017-0223-6
https://doi.org/10.1007/s40256-017-0223-6
https://doi.org/10.1038/s41591-020-0819-2
https://www.biorxiv.org/content/10.1101/2020.03.13.990226v1
https://www.biorxiv.org/content/10.1101/2020.03.13.990226v1
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1001/jama.2020.4783
https://www.usatoday.com/story/news/health/2020/03/17/coronavirus-vaccine-trial-underway-seattle-photos-first-shots/5065909002/
https://www.usatoday.com/story/news/health/2020/03/17/coronavirus-vaccine-trial-underway-seattle-photos-first-shots/5065909002/
https://www.usatoday.com/story/news/health/2020/03/17/coronavirus-vaccine-trial-underway-seattle-photos-first-shots/5065909002/
https://investors.modernatx.com/news-releases/news-release-details/moderna-announces-first-participant-dosed-nih-led-phase-1-study
https://investors.modernatx.com/news-releases/news-release-details/moderna-announces-first-participant-dosed-nih-led-phase-1-study
https://investors.modernatx.com/news-releases/news-release-details/moderna-announces-first-participant-dosed-nih-led-phase-1-study
https://www.curevac.com/news/curevac-focuses-on-the-development-of-mrna-based-coronavirus-vaccine-to-protect-people-worldwide
https://www.curevac.com/news/curevac-focuses-on-the-development-of-mrna-based-coronavirus-vaccine-to-protect-people-worldwide
https://www.curevac.com/news/curevac-focuses-on-the-development-of-mrna-based-coronavirus-vaccine-to-protect-people-worldwide
https://www.theguardian.com/society/2020/mar/19/uk-drive-develop-coronavirus-vaccine-science
https://www.theguardian.com/society/2020/mar/19/uk-drive-develop-coronavirus-vaccine-science
https://www.bioworld.com/articles/433791-china-approves-first-homegrown-covid-19-vaccine-to-enter-clinical-trials
https://www.bioworld.com/articles/433791-china-approves-first-homegrown-covid-19-vaccine-to-enter-clinical-trials
https://www.bioworld.com/articles/433791-china-approves-first-homegrown-covid-19-vaccine-to-enter-clinical-trials
https://doi.org/10.1056/NEJMp1502918
https://msphere.asm.org

	A global pandemic: what lessons have been learnt? 
	How can we benefit from the lessons of COVID-19? 
	Treatment. 
	Symptomatic treatment. 
	Vaccine prospective. 
	Conclusion. 
	REFERENCES

