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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the cause of coronavirus disease 2019 (COVID-19), has spread 
across the globe resulting in a pandemic. At the time of this review, COVID-19 has been diagnosed in more than 200 000 patients 
and associated with over 8000 deaths (Centers for Disease Control and Prevention, World Health Organization). 

On behalf of the Society of Infectious Diseases Pharmacists, we herein summarize the current evidence as of March 18, 2020 to 
provide guidance on potential COVID-19 treatment options. It is important to caution readers that new data emerges daily regarding 
clinical characteristics, treatment options, and outcomes for COVID-19. Optimized supportive care remains the mainstay of therapy, 
and the clinical efficacy for the subsequent agents is still under investigation. 

Antimicrobial stewardship programs, including infectious diseases pharmacists and physicians, are at the forefront of COVID-19 
emergency preparedness. 

We encourage all readers to continue to assess clinical data as it emerges and share their experience within our community in a 
well-controlled, adequately powered fashion.
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In December 2019, several patients in Wuhan, Hubei, China 
were diagnosed with pneumonia secondary to an unknown 
virus. In response, an epidemiological alert was placed with the 
World Health Organization (WHO) dated December 31, 2019. 
By January 7, 2020 Chinese scientists had isolated severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) [1]. In the 
months that followed, SARS-CoV-2, the cause of coronavirus 
disease 2019 (COVID-19), spread across the globe resulting in 
the current pandemic. At the time of this review, COVID-19 
has been diagnosed in more than 245 000 patients and associ-
ated with over 10 000 deaths (Centers for Disease Control and 
Prevention [CDC], WHO).

On behalf of the Society of Infectious Diseases Pharmacists, 
we herein summarize the current evidence as of March 19, 2020 
to provide guidance on potential COVID-19 treatment options. 
It is important to caution readers that new data emerges approx-
imately every hour regarding clinical characteristics, treatment 
options, and outcomes for COVID-19. Optimized supportive 

care remains the mainstay of therapy, and the clinical efficacy 
for the subsequent agents is still under investigation. Most 
existing preclinical and clinical data on antiviral therapy are 
derived from other viruses, including SARS-CoV-1 (first re-
ported in 2003), Middle East respiratory syndrome coronavirus 
([MERS-CoV] first reported in 2012), and non-coronaviruses 
(eg, Ebola virus disease). It is unclear how well these data can 
be extrapolated to SARS-CoV-2. Furthermore, the clinical rel-
evance of antiviral in vitro activity (defined as half-maximal ef-
fective concentration [EC50] values) remains unclear given an 
absence of pharmacokinetic/pharmacodynamic or clinical data 
that equates achievable exposures relative to these values to a 
treatment effect. Finally, in vitro data should be compared cau-
tiously across studies given the potential variability in testing 
methodologies that could impact perceived activity.

Antimicrobial stewardship programs, including infectious 
diseases pharmacists and physicians, are at the forefront of 
COVID-19 emergency preparedness [2]. We encourage all 
readers to continue to assess clinical data as it emerges and 
share their experience within our community, preferentially 
evaluating these agents in the context of randomized, controlled 
trials.

PHARMACOLOGICAL TREATMENTS WITH 
POTENTIAL CLINICAL BENEFIT

Remdesivir 

Remdesivir (GS-5734) is an investigational monophosphora
midate prodrug of an adenosine analog that was developed by 
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Gilead Sciences, Inc. in response to the Ebola outbreak in West 
Africa from 2014 to 2016. In its active triphosphate nucleoside 
form, remdesivir binds to ribonucleic acid (RNA)-dependent 
RNA polymerase and acts as an RNA-chain terminator. It dis-
plays potent in vitro activity against SARS-CoV-2 with an EC50 
at 48 hours of 0.77 µM in Vero E6 cells [3]. Similar activity has 
been demonstrated against other zoonotic coronaviruses with 
EC50 values of 0.07  µM demonstrated for both SARS-CoV-1 
and MERS-CoV [3–6]. Remdesivir is highly selective for viral 
polymerases and is therefore expected to have a low propensity 
to cause human toxicity. Accordingly, Sheahan et  al [6] dem-
onstrated a wide therapeutic index for remdesivir in a human 
airway epithelial cell model. The drug also displays a high ge-
netic barrier to resistance in coronaviruses and has a long in-
tracellular half-life that allows for once-daily dosing [7, 8]. The 
dose under investigation for treatment of COVID-19 is 200 mg 
intravenously (IV) on day 1 followed by 100 mg IV daily for up 
to 10 days, infused over 30–60 minutes (Table 1).

The therapeutic efficacy of remdesivir was first described in 
an animal model against Ebola among infected rhesus mon-
keys in which once-daily dosing resulted in suppression of viral 
replication and protection from lethal disease [9]. However, in 
a human study, remdesivir-treated patients with Ebola experi-
enced a 28-day mortality rate of 53% in a randomized controlled 
trial of 4 experimental therapies conducted in response to the 
Democratic Republic of Congo outbreak of 2018, resulting 

in early termination of this study arm [10]. It is worth noting 
that this trial did not have an active control arm, and mor-
tality rates for the other experimental treatments were 49.7% 
(ZMapp), 35.1% (Mab114), and 33.5% (REGN-EB3). Against 
MERS-CoV, Sheahan et al [5] evaluated the therapeutic efficacy 
of remdesivir among infected mice and found treatment signif-
icantly reduced virus lung titers, weight loss, lung hemorrhage, 
and lung injury scores. The authors proposed the importance of 
early therapy initiation to diminish virus replication and pro-
mote pulmonary repair because remdesivir demonstrated less 
clinical benefit with high-titer virus inoculum. Most notably, 
the authors also noted that prophylactic remdesivir diminished 
MERS-CoV replication and disease, which was similar to their 
findings in a murine model with SARS-CoV-1 [5, 6].

The first report of a remdesivir-treated patient with COVID-
19 in the United States was a 35-year-old male in Snohomish 
County, Washington who received treatment on hospital day 
7 (illness day 11) due to developing pneumonia and persistent 
fevers [11]. The patient experienced clinical improvement and 
negativity of oropharyngeal swab on hospital day 8, although 
nasopharyngeal swab remained positive. No adverse events to 
remdesivir were reported for the patient, which is consistent 
with previous case reports of use in other viruses [12, 13].  
Among the first 12 patients confirmed by the CDC to have 
COVID-19 in the United States, 3 were treated with remdesivir 
via compassionate use protocol [14]. All patients reported 

Table 1.  Summary of Remdesivir Clinical Trials Currently Enrolling Patients in the United States as of March 18th

Identifier Population, Design Inclusion/Exclusion Primary Outcome

NCT04302766 Expanded access protocol for Depart-
ment of Defense-affiliated personnel 
with COVID-19 diagnosis

Not available Not available

NCT04292899 Phase 3, randomized trial of 5 versus 
10 days of remdesivir for treatment 
of severe COVID-19  

Target enrollment: 400 participants

Inclusion: Adults, PCR positive ≤4 days before ran-
domization (severe disease), oral temperature 
≥37.2°C, SpO2 ≤94% on room air, radiographic 
evidence of pulmonary infiltrates  

Exclusion: Receipt of concurrent antiviral <24 hours 
before study drug initiationa, multiorgan failure, me-
chanical ventilator support at screening, creatine 
clearance <50 mL/min, ALT or AST 5 × ULN

Proportion of patients with normali-
zation of fever and oxygen satura-
tion through day 14

NCT04292730 Phase 3, randomized trial of remdesivir 
for 5 or 10 days compared with 
standard of care for treatment of 
moderate COVID-19  

Target enrollment: 600 participants

Same as NCT04292899 except this study is for pa-
tients with moderate disease

Proportion of patients discharged by 
day 14

NCT04280705 Adaptive, randomized, placebo-
controlled trial of 394 patients at 50 
sites globally for up to 10 days (all 
sites have been recruited) 

Inclusion: Adult (must agree to use contraception if 
of childbearing age for study duration), PCR posi-
tive <72 hours before randomization, illness of any 
duration and at least one of the following: radio-
graphic infiltrates by imaging, clinical assessment, 
and SpO2 ≤94% on room air, requiring mechanical 
ventilation and/or supplemental oxygen  

Exclusion: ALT or AST 5 × ULN, eGFR <30 mL/min, 
pregnancy or breast feeding, anticipated transfer 
to nonstudy site within 72 hours, allergy to study 
medication

Percentage of subjects reporting 
each severity rating by day 15 
(death, hospitalized/ventilated or 
ECMO, hospitalized/HFNC, hos-
pitalized/on O2, hospitalized/not 
on O2, not hospitalized/limited 
activity, not hospitalized/no limi-
tations)

Abbreviations: ALT, alanine aminotransferase; AST, aspartate transaminase; °C, degrees Celsius; COVID-19, coronavirus disease 2019; ECMO, extracorporeal membrane oxygenation; eGFR, 
estimated glomerular filtration rate; HFNC, high flow nasal cannula; O2, oxygen; PCR, polymerase chain reaction; SpO2, peripheral capillary oxygen saturation; ULN, upper limit of normal.
aIt is currently unclear what this means with regards to repurposed drugs; however, study protocols use lopinavir/ritonavir as an example of “antiviral therapy”.
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transient gastrointestinal symptoms and aminotransferase ele-
vation. All patients are reportedly recovering, but the authors 
were unable to assess the efficacy or safety of remdesivir based 
on the lack of comparator and confounding treatments, in-
cluding concomitant use of corticosteroids in one patient.

There are 4 clinical trials currently enrolling patients in the 
United States (Table 1). Two additional trials recruiting only in 
China have been registered on ClinicalTrials.gov NCT04257656 
(severe disease) and NCT04252664 (mild/moderate disease). 
Remdesivir may also be obtained through compassionate use 
and the emergency Investigational New Drug (eIND) applica-
tion process. At the time of this review, requests for compas-
sionate use must be submitted online via https://rdvcu.gilead.
com/. Compassionate use is only considered for hospitalized 
patients with polymerase chain reaction (PCR)-confirmed 
SARS-CoV-2 requiring mechanical ventilation in whom en-
rollment in a clinical trial is not feasible. Patients are excluded 
from the compassionate use program if they do not meet the 
above criteria, have evidence of multiorgan failure, are re-
ceiving vasopressors for hypotension, have liver disease de-
fined as alanine aminotransferase (ALT)  >5  ×  upper limit of 
normal (ULN) or renal impairment defined as creatinine clear-
ance (CrCl)  <30  mL/min, or receiving dialysis or continuous 
venovenous hemofiltration. Inclusion and exclusion criteria for 
compassionate use may change, so applicants are encouraged 
to review the most up to date criteria for all potential patients. 
Clinicians should be cognizant that it typically takes a min-
imum of 72 hours for institutions to receive emergency insti-
tutional review board authorization (if required), protocol, and 
consent forms from Gilead, US Food and Drug Administration 
(FDA)-approval for the eIND, and eventual drug shipment. 
Clinicians should coordinate with their local information tech-
nology teams to build a medication order sentence into the 
electronic health record during this time. Patients may receive 
other antiviral therapies during the waiting period but must 
immediately discontinue them if they receive remdesivir for 
compassionate use.

It is interesting to note that the adaptive clinical trial pro-
tocol originally stated “remdesivir is a prodrug that is metabol-
ized to its active form as a substrate of CYP-3A4”. This implies 
the existence of a drug-drug interaction with CYP3A4 sub-
strate inhibitors such as ritonavir or voriconazole. However, 
the protocol also stated “although remdesivir is a substrate for 
CYP2C8, CYP2D6, and CYP3A4 in vitro, coadministration 
with inhibitors of these CYP isoforms is unlikely to mark-
edly increase remdesivir levels, as its metabolism is likely to 
be predominantly mediated by hydrolase activity.” Unlike 
the former, the latter statement is substantiated by well de-
scribed chemistry of the molecule. The National Institute of 
Allergy and Infectious Diseases was contacted about this dis-
crepancy and in collaboration with Gilead, this has been cor-
rected. There is no reason to believe that any significant drug 

interactions between remdesivir and CYP3A4 inhibitors or 
inducers are likely [8].

Emerging clinical evidence and available in vitro data suggest 
remdesivir is a promising agent for the treatment of COVID-
19. Institutions should explore clinical trial enrollment or com-
passionate use remdesivir for moderate-to-severe patients. 
Additional clinical data are eagerly anticipated and should help 
further define the role of this agent in COVID-19.

Chloroquine and Hydroxychloroquine

Chloroquine, an antimalarial agent with anti-inflammatory and 
immunomodulatory activities, has gained significant interest as 
a potential therapeutic option for the management of COVID-
19. In early February, Wang et  al [3] demonstrated potent in 
vitro activity of chloroquine against SARS-CoV-2 with an EC50 
at 48 hours of 1.13 µM in Vero E6 cells. These data were con-
sistent with previous data for chloroquine’s inhibitory activity 
against SARS-CoV-1 and MERS-CoV in various cell lines, 
where EC50 values of 1–8.8 and 3.0 µM were demonstrated, re-
spectively [15]. These findings have supported the clinical use 
of chloroquine, at a dose of 500 mg by mouth twice daily, in nu-
merous clinical trials in China during this outbreak. Although 
the rationale for this dosing regimen remains unclear, and peer 
reviewed data from the trials are currently unavailable, it was 
announced in mid-February that promising early results have 
been demonstrated. Per Gao et al [16], “thus far, results from 
more than 100 patients have demonstrated that chloroquine 
phosphate is superior to the control treatment in inhibiting the 
exacerbation of pneumonia, improving lung imaging findings, 
promoting a virus-negative conversion, and shortening the 
disease course according to the news briefing. Severe adverse 
reactions to chloroquine phosphate were not noted in the afore-
mentioned patients.” 

Although this development has been encouraging, 
supply issues in the United States and cardiovascular tox-
icity concerns limit the use of chloroquine. As an alternative, 
hydroxychloroquine, a compound that differs from chloro-
quine only by a single hydroxyl group, has garnered interest. 
Hydroxychloroquine is perceived as having better tolerability 
than chloroquine, which has led to long-term usage in rheuma-
tological disorders. Historically, very limited data were published 
assessing the activity of hydroxychloroquine against corona-
viruses. In 2006, Biot et al [17] assessed the comparative inhib-
itory activity of chloroquine and hydroxychloroquine against 
SARS-CoV-1 in Vero cells. The authors demonstrated that chlo-
roquine had an approximately 5-fold increased potency (EC50 of 
6.5 ± 3.2 µM) compared with that of hydroxychloroquine (EC50 
of 34 ± 5 µM).

Against SARS-CoV-2, Yao et al [18] performed a 2-part study 
assessing the comparative in vitro activity of chloroquine and 
hydroxychloroquine and performed pharmacology-based phar-
macokinetic (PBPK) modeling to assess comparative exposure 
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and predicted activity of these 2 compounds in the lung. In 
vitro analyses in Vero cells demonstrated that the potency of 
hydroxychloroquine (EC50 of 0.72 µM) was greater than that of 
chloroquine (EC50 of 5.47 µM) against SARS-CoV-2 [18].

To inform optimal dosing of hydroxychloroquine, the inves-
tigators then performed PBPK modeling. In this analysis, the 
investigators utilized human population pharmacokinetic and 
rat lung penetration data for each compound to estimate free 
trough concentrations in the lung to EC50 ratios (RLTEC) [18]. 
Because 500 mg of chloroquine by mouth twice daily has been 
reported to demonstrate efficacy against SARS-CoV-2, the 
target RLTEC for hydroxychloroquine regimens was set to ≥2.38 
(day 1), 5.92 (day 3), and 18.9 (day 5), which were the RLTEC 
values predicted with the “efficacious” 500 mg by mouth twice-
daily dosing of chloroquine [16]. Various dosing regimens 
were simulated, but 2 are particularly notable. The first was an 
oral loading dose of 1200  mg (divided 800  mg then 400  mg) 
on day 1, followed by 400  mg daily. This regimen led to sig-
nificantly higher RLTEC on day 1 (33.3), day 3 (55.1), and day 
5 (103) than those values demonstrated with chloroquine. The 
second regimen was a loading dose of 800 mg (400 mg × 2) on 
day 1 followed by 200 mg twice daily. This was also associated 
with higher RLTEC values than chloroquine on day 1, 3, and 5 
(corresponding to 21.0, 38.9, and 85.4, respectively) [18]. The 
authors concluded that these data support the lower dose reg-
imen because RLTEC values were significantly higher than those 
with the “proven efficacious” regimen of 500 mg of chloroquine 
by mouth twice daily. Clinicians should note that both chloro-
quine and hydroxychloroquine have half-lives of ~40 days [19], 
and therefore short durations would likely provide prolonged 
courses of therapy. This was exemplified in the PBPK modeling 
in which RLTEC values with hydroxychloroquine were predicted 
to still be above the targeted efficacy threshold on day 10, even 
with a 5-day course of therapy.

Although these data are encouraging for the potential 
role of hydroxychloroquine against SARS-CoV-2, we cau-
tion against solely relying on these data to support dosing 
regimens for patients. The use of 500 mg of chloroquine by 
mouth twice daily as the reference for efficacy is rational 
given initial reports from China [16], but it is important 
to note that this dosing still requires validation, and the 
improved RLTEC values reported are largely driven by the 
finding that hydroxychloroquine was 7.6 times more po-
tent than chloroquine in vitro. Although this enhanced 
potency may very well prove true as more data become avail-
able, this report is counter to the relative potency demon-
strated with the structurally similar SARS-CoV-1 strain in 
2006 in which chloroquine was approximately 5 times more 
potent than hydroxychloroquine. In addition, a recently 
published study has demonstrated that the EC50 value for 
chloroquine is 1.13 µM [3], similar to the value reported for 
hydroxychloroquine in the analysis by Yao et al [18].

Because there are currently no efficacy data available for 
hydroxychloroquine in COVID-19, additional consideration 
should be given to the optimal dosing strategy. We use the fol-
lowing example to illustrate this point. If one were to consider 
these 2 compounds to be equally potent (identical EC50 values) 
and utilize the PBPK data from Yao et al [18], the 800 mg load, 
400 mg daily regimen for hydroxychloroquine would yield RLTEC 
values of 2.76, 5.11, and 11.2 on day 1, 3, and 5, respectively. 
These RLTEC values would be slightly lower than those achieved 
with 500 mg by mouth twice daily of chloroquine on day 3 and 
significantly lower than those on day 5, suggesting the potential 
need for a higher dose to have similar activity. Although the 
400 mg daily regimen is the most common regimen currently 
being assessed in clinical trials, the rationale for that dose is cur-
rently unclear, and at least 1 clinical trial in China is using a 
higher dose of 800 mg by mouth daily.

To this point, Gautret et al [20] recently published their ini-
tial experience on the impact of 200 mg of hydroxychloroquine 
by mouth every 8 hours on viral eradication in patients 
with COVID-19. The authors reported on 36 patients (20 
hydroxychloroquine and 16 control) who were COVID-19 
positive and able to have nasopharyngeal sampling for the first 
6 days of therapy (in the treated arm). The investigators dem-
onstrated that hydroxychloroquine (14 of 20, 70%) was supe-
rior to standard of care (2 of 16, 12.5%; P = .001) in eradicating 
SARS-CoV-2 from the nasopharynx. It is interesting to note 
that 6 patients were prescribed azithromycin “to prevent bac-
terial super-infection” and the investigators found that viral 
eradication was numerically superior in this subgroup (6 of 6, 
100%) compared with those who received hydroxychloroquine 
alone (8 of 14, 57%). The authors concluded that azithromycin 
“reinforced” the SARS-CoV-2 viral load achieved by 
hydroxychloroquine. Although these data are intriguing, cer-
tain limitations to this data set must be acknowledged. First, al-
though viral eradication is an important endpoint, the authors 
did not report clinical outcomes in these patients. Second, the 
cohort initially contained 26 hydroxychloroquine patients, but 
6 of them were removed from the analysis due to early cessa-
tion of hydroxychloroquine therapy including 3 PCR-positive 
patients who were transferred to the intensive care unit (ICU), 
1 PCR-negative patient who passed away, and 1 PCR-positive 
patient who discontinued hydroxychloroquine due to nausea. 
Finally, the hydroxychloroquine monotherapy arm included 
patients with significantly higher viral loads, represented by 
lower cycle threshold (CT) values than those who received 
combination therapy. If the hydroxychloroquine monotherapy 
patients with CT values <23 are separated from those with CT 
values ≥23, there is a notable discordance in viral eradication 
rates (1 of 5, 20% vs 7 of 9, 78%), with this latter number ap-
proaching the 6 of 6 demonstrated with hydroxychloroquine 
and azithromycin combination therapy in which all patients 
had CT values ≥23. Given this finding, the small numbers in 
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this study, the lack of clinical outcomes presented, the po-
tential for additive toxicity with hydroxychloroquine and 
azithromycin, and the desperate need to practice good anti-
microbial stewardship during the COVID-19 pandemic, we 
would caution clinicians against using these data to support 
combination therapy.

Despite all of the unknowns, the initial experience in China 
is encouraging for the potential role of chloroquine, or alter-
natively hydroxychloroquine, for the management of COVID-
19. Clinicians are encouraged to closely follow subsequent 
peer-reviewed publications from the ongoing chloroquine and 
hydroxychloroquine trials, because others have raised con-
cerns regarding the apparent in vitro and/or in vivo discord-
ance witnessed with chloroquine in other viral infections [21]. 
Furthermore, if hydroxychloroquine is utilized, careful consid-
eration for dose selection should be given in accordance with 
the aforementioned data, as well as considerations for when to 
initiate during the course of illness.

Lopinavir/Ritonavir

Lopinavir is a human immunodeficiency virus (HIV)-1 pro-
tease inhibitor administered in fixed-dose combination with 
ritonavir (LPV/r), a potent CYP3A4 inhibitor that “boosts” 
lopinavir concentrations. Lopinavir seems to block the main 
protease of SARS-CoV-1, inhibiting viral replication [22]. In 
2003, Chu et al [23] evaluated a series of antivirals for in vitro ac-
tivity against SARS-CoV-1. They reported lopinavir at 4 µg/mL 
and ribavirin at 50 µg/mL inhibited SARS-CoV-1 after 48 hours 
of incubation and that the agents were synergistic when used 
together [23]. de Wilde et al [24] later described the antiviral 
activity of lopinavir against SARS-CoV-1 and demonstrated an 
EC50 17.1 ± 1 in Vero E6 cells, which is near the upper range 
of LPV plasma concentrations previously measured in patients 
with HIV [25]. Sheahan et al [5] evaluated the in vitro efficacy 
of LPV/r in combination with interferon beta (INFb) against 
MERS-CoV and found the addition of LPV/r did not signif-
icantly enhance antiviral activity of INFb alone (EC50  =  160 
vs 175 IU/mL, respectively). They also described the EC50 of 
LPV/r (8.5 µM) and LPV alone (11.6 µM), suggesting similar 
activity to that described for SARS CoV-1. Despite in vitro ac-
tivity against MERS-CoV, therapeutic doses of LPV/r + INFb in 
mice models failed to reduce virus titer and exacerbated lung 
disease [5]. This is notable because this was the same study in 
which remdesivir demonstrated both more potent in vitro ac-
tivity as well as in vivo efficacy. However, the in vivo animal data 
for MERS-CoV appears equivocal given that a nonhuman pri-
mate model demonstrated improved clinical and pathological 
features after LPV/r treatment [26]. A randomized controlled 
trial of LPV/r and recombinant interferon-β1b versus placebo is 
currently enrolling for patients with MERS-CoV, which might 
help clarify the apparent discrepancy between in vitro and an-
imal models [27].

Based on in vitro findings, Chu et  al [23] utilized combi-
nation therapy with LPV/r, ribavirin, and corticosteroids for 
any newly diagnosed patient with SARS-CoV-1 without acute 
respiratory distress syndrome (ARDS) starting in April 2003. 
Patients receiving LPV/r combination therapy (N  =  41) were 
matched to historical patients receiving ribavirin plus cortico-
steroids (N = 111), and a significant reduction in the develop-
ment of ARDS or death at 21 days was observed (2.4% vs 28.8%, 
P < .001). This was corroborated by an expanded case-control 
matched study of 75 LPV/r-treated patients from the same 
center that demonstrated a significant reduction in pulse steroid 
use (27.3% vs 55.4%), intubation (0% vs 11%), and mortality 
(2.3% vs 15.6%) among patients who received LPV/r combina-
tion versus no LPV/r, respectively, as initial therapy [28]. More 
important, the benefits of LPV/r were only demonstrated in 
patients who received initial treatment with LPV/r (defined as 
initiation of drug at time of SARS-CoV-1 diagnosis). There was 
no observed benefit when LPV/r was added as rescue or salvage 
therapy (death rate 12.9% vs 14%).

This compelling mortality difference in SARS-CoV-1 and 
continued investigation in MERS-CoV led to inclusion of 
LPV/r in the Chinese SARS-CoV-2 guidelines at a dose of 
400 mg/100 mg (2 capsules/tablets) by mouth twice a day for no 
more than 10 days even though to our knowledge, no in vitro 
data for LPV/r in SARS-CoV-2 exist [29]. In pediatric patients 
weighing 15–40 kg, the recommended dose in the United States 
is 10 mg/kg suspension by mouth twice daily. There are 10 on-
going registered clinical trials in China, Korea, Thailand, and 
Hong Kong evaluating LPV/r as monotherapy or in combina-
tion with other antivirals (eg, ribavirin, interferon beta-1b) or 
traditional Chinese medicine for treatment of COVID-19.

Real-world data for treatment of COVID-19 with LPV/r are 
emerging. Young et  al [30] reported outcomes of the first 18 
patients infected with SARS-CoV-2 in Singapore, 5 of whom 
received LPV/r monotherapy. Three patients had reduction 
in oxygen requirements after treatment initiation; 2 deterior-
ated to respiratory failure. Two of 5 patients (40%) experienced 
clearance of viral shedding on treatment, and 4 of 5 (80%) ex-
perienced adverse events that precluded completion of the 
planned 14-day treatment course. Other published case reports 
or case series from Korea and China comprising 6 total patients 
describe decreased viral load and clinical improvement after 
LPV/r initiation. These data are difficult to interpret in light of 
concomitant drug therapies, varied time points of therapy ini-
tiation, heterogeneous severity of illness amongst patients, and 
the lack of comparator treatments [31–33]. Finally, early reports 
from Wuhan have described some patients receiving LPV/r in 
addition to other therapies (including corticosteroids), but clin-
ical outcomes and adverse events are either not described or not 
delineated by treatment group [34–36].

Most recently, Cao [37] et al reported the results of an open-
label randomized trial comparing LPV/r 400/100 mg twice daily 
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(n = 99) to standard care (n = 100) for the treatment of COVID-
19 pneumonia. The primary endpoint was defined as the time 
from randomization to an improvement of 2 points on a 7-cat-
egory ordinal scale or discharge from the hospital. Secondary 
outcomes included 28-day mortality, time until discharge, and 
virologic response on repeat oropharyngeal swabs over the 
course of the study. The median time from symptom onset to 
randomization was 13 (interquartile range [IQR], 11–16) days, 
and this did not differ between the groups. There was no sig-
nificant difference in time to clinical improvement (16 [IQR, 
13–17] days vs 16 [IQR, 15–17] days), time from randomization 
until discharge (12 [IQR, 10–16] days vs 14 [IQR, 11–16] days), 
or mortality (19.2 % vs 25.0%; absolute difference, −5.8; 95% 
confidence interval [CI], −17.3% to 5.7%) between patients re-
ceiving LPV/r and standard care. When the 3 patients who died 
after randomization but before receiving LPV/r were removed, 
there remained no difference in mortality (16.7% vs 25.0%; ab-
solute difference, −8.3 percentage points; 95% CI, −19.6 to 3.0). 
More important, there was no difference between treatment 
arms in reduction of viral loads over time between the 2 groups.

With the available data, it is difficult to assess whether LPV/r 
has a role for the treatment of COVID-19 either as mono-
therapy or in combination. The data from SARS-CoV-1 are 
encouraging, but this must be weighed against the inferior per-
formance in mouse models against MERS-CoV, the less potent 
in vitro activity compared with remdesivir and chloroquine 
for SARS-CoV-1, and limited data suggesting no advantage 
over standard care for SARS-CoV-2. More important, it war-
rants comment that in the recent randomized controlled trial in 
COVID-19 pneumonia, the median time from symptom onset 
to initiation of therapy was 13  days, and in the SARS-CoV-1 
experience, therapy appeared effective if started early, but not 
as rescue and/or salvage. If used, drug interactions must be 
screened, and gastrointestinal toxicities, including diarrhea, 
nausea, and vomiting, and hepatotoxicity, require close moni-
toring, particularly because elevated aspartate transaminase 
or ALT may exclude patients with COVID-19 from clinical 
trials. The LPV/r tablets can be taken without regard to food 
but should not be crushed because this decreases systemic ex-
posure; solution should be used in patients who cannot receive 
intact tablets [38].

Nitazoxanide

Nitazoxanide has demonstrated potent in vitro activity 
against SARS CoV-2, with an EC50 at 48 hours of 2.12 µM in 
Vero E6 cells [3]. This potent activity is consistent with EC50 
values for nitazoxanide and its active metabolite, tizoxanide, 
against MERS-CoV in LLC-MK2 cells in which EC50 values of 
0.92 and 0.83 µM, respectively, have been demonstrated [39]. 
Nitazoxanide displays broad-spectrum in vitro antiviral ac-
tivity against influenza, respiratory syncytial virus, parainflu-
enza, rotavirus, and norovirus among others in addition to 

coronaviruses [39]. This broad-spectrum antiviral activity is 
believed to be due to the fact that the mechanism of action is 
based on interference with host-regulated pathways involved in 
viral replication rather than virus-specific pathways [39].

Due to its broad-spectrum antiviral activity, nitazoxanide is 
being investigated for the management of influenza and other 
acute respiratory infections. Positive results were demonstrated 
in a phase 2b/3 study for the outpatient management of influ-
enza, in which a dose of 600 mg by mouth BID of nitazoxanide 
was associated with a ~1-day improvement in time to resolu-
tion of symptoms when compared with placebo (P  =  .008) 
[40]. Three phase 3 randomized controlled trials in uncom-
plicated influenza have since been completed (ClinicalTrials.
gov Identifier NCT01610245 [March  2018], NCT02612922 
[April 2018], and NCT03336619 [September 2019]), although 
results are unavailable. Nitazoxanide failed to reduce the du-
ration of hospitalization or the time to symptom alleviation in 
a phase 2 randomized controlled trial in patients with severe 
acute respiratory illnesses requiring hospitalization, predomi-
nantly caused by respiratory viruses [41]. Although the in vitro 
activity of nitazoxanide against SARS-CoV-2 is encouraging, 
more data are clearly needed to determine its role in the man-
agement of COVID-19.

ADJUNCTIVE PHARMACOLOGICAL TREATMENTS

Tocilizumab

Tocilizumab is a humanized monoclonal antibody that inhibits 
both membrane-bound and soluble interleukin-6 (IL-6) recep-
tors. Interleukin-6, which is secreted by monocytes and macro-
phages, is one of the main drivers of immunologic response 
and symptoms in patients with cytokine-release syndrome 
(CRS). Although tocilizumab was first approved by the FDA 
in 2010 for the treatment of rheumatoid arthritis, it has gained 
traction in recent years for treatment of patients with CRS fol-
lowing chimeric antigen receptor T-cell (CAR T) therapy as a 
corticosteroid-sparing agent [42]. Indeed, it received FDA ap-
proval for severe or life-threatening CAR T-associated CRS in 
2017 due to its efficacy and safety profile. Although criteria for 
grading CRS severity varies by cancer center, it has been pro-
posed to administer tocilizumab to CRS patients with any of the 
following: oxygen requirement <40%, hypotension responsive 
to fluids or a low dose of a single vasoactive agent, or Grade 2 
organ toxicity as defined by the Common Terminology Criteria 
for Adverse Events [43]. Interleukin-6 antagonism may make 
a patient more susceptible to bacterial infection and has been 
associated with neutropenia and thrombocytopenia in patients 
receiving chronic therapy with tocilizumab for giant cell arte-
ritis or rheumatoid arthritis. In a case series of 53 adult patients 
with relapsed or refractory B-cell acute lymphoblastic leukemia, 
Grade 3 CRS or higher was associated with increased risk of 
subsequent infection, but it was unclear whether tocilizumab 
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or corticosteroid use promoted this risk [44]. There were no 
reported adverse events in the 60 tocilizumab-treated patients 
submitted to the FDA for the CRS indication, which recom-
mends a maximum of 4 doses for treatment [45].

Hyperinflammatory states and cytokine storming, including 
elevated IL-6, has been reported in severe COVID-19 and 
were associated with increased mortality in patients in China 
[36]. A preprint (nonpeer reviewed) case series of 21 patients 
treated with tocilizumab between February 5 and 14, 2020 in 
China reported marked success, including rapid resolution of 
fever and C-reactive protein, decreased oxygen requirements, 
and resolution of lung opacities on computerized tomography 
imaging [46]. The authors state the patients all had “routine 
treatment for a week” before tocilizumab, which was described 
as “standard care according to national treatment guidelines” 
including lopinavir, methylprednisolone, and other supportive 
care. All patients had IL-6 analyzed before tocilizumab ad-
ministration with a mean value of 132.38  ±  278.54 pg/mL 
(normal <7 pg/mL). It should be noted that in the United States, 
IL-6 monitoring is a send-out laboratory for most institutions 
with a turnaround time of 3–7 days. No adverse events were de-
scribed in the Chinese cohort; however, long-term assessment 
was not done.

Immunotherapy with tocilizumab is listed as a treatment 
option for severe or critical cases of COVID-19 with elevated 
IL-6 in the 7th edition of the National Health Commission 
of the People’s Republic of China COVID-19 Diagnosis and 
Treatment Guide [29]. The recommended dose is 4–8  mg/kg 
or 400 mg standard dose IV once, with the option to repeat a 
dose in 12 hours (not to exceed a total dose of 800 mg). There 
are 2 ongoing trials in China evaluating safety and efficacy of 
tocilizumab for patients with COVID-19 pneumonia, but none 
registered in the United States.

We anticipate that more data regarding tocilizumab use in 
patients with COVID-19 will emerge, and it will be impera-
tive for clinicians to evaluate it closely. The optimal timing of 
tocilizumab administration during the disease course is not yet 
defined, nor is there a known IL-6 threshold for progression to 
severe disease. It is imperative to continue to follow the long-
term outcomes in these patients to assess the risk versus benefit 
of tocilizumab.

Corticosteroids

Similar to other severe respiratory tract infections, there is sig-
nificant interest and controversy surrounding the role of cor-
ticosteroids for the management of severe pneumonia due to 
coronaviruses. The potential benefit of these agents to blunt 
the inflammatory cascade seen in severe disease needs to be 
carefully weighed against the concerns for secondary infec-
tions, adverse events, and other complications of corticosteroid 
therapy. The data assessing the role of corticosteroids as adjunc-
tive care for severe coronavirus (SARS-CoV-1, MERS-CoV, 

and SARS-CoV-2) pneumonia are difficult to interpret. Given 
the retrospective observational nature of these analyses, there 
is significant confounding by indication that is difficult to con-
trol or correct for in addition to limited sample sizes. Patients 
who receive corticosteroids have a higher severity of illness, 
are more likely to require invasive interventions, and are more 
likely to be receiving intensive care. In addition, there is sig-
nificant heterogeneity with regard to timing of corticosteroid 
initiation, which can significantly impact disease progression 
and likelihood of response. All of these features lead to patients 
who receive steroids being at increased risk for poor outcomes. 
In addition, there is great variation in agent and dosage used, 
which can impact both safety and efficacy. Therefore, clin-
icians making any therapeutic decisions based on the literature 
for corticosteroids need to keep these considerations in mind.

The clinical data for use of corticosteroids in SARS-CoV-1 
infections are mixed. Multiple analyses show no impact on out-
comes [47], one report demonstrates decreased mortality in 
critically ill patients [48], and others have documented worse 
outcomes for patients receiving steroids, including increased 
time to viral clearance [49] or an increase in the composite 
endpoint of ICU admission or death [50]. In MERS-CoV, re-
ceipt of corticosteroids has been associated with a delayed 
time until viral clearance in a large cohort (n  =  309) of in-
fected patients [51]. However, this same data set showed a 
nonsignificant reduction in 90-day mortality in patients re-
ceiving corticosteroids (adjusted odds ratio  =  0.75; 95% CI, 
0.52–1.07) after accounting for differences between the groups 
in a regression model accounting for time-varying exposures. 
Finally, recent evidence in SARS-CoV-2 suggested a decrease 
in mortality in patients with ARDS with the receipt of cor-
ticosteroids (23 of 50 [46%] vs 21 of 34 [62%] without; hazard 
ratio, 0.38; 95% CI, 0.20–0.72) [52].

As demonstrated, the data for corticosteroids are incon-
sistent, confusing, and inconclusive. Although target pa-
tients in whom corticosteroids will improve outcomes may 
exist (eg, those with cytokine-related lung injury who may 
develop rapidly progressive pneumonia), that population 
remains ill-defined [53]. Clinicians need to carefully weigh 
the risks and benefits of corticosteroids on the individual 
patient level. This need for a risk-benefit assessment in indi-
vidual patients and careful consideration of dose is exempli-
fied in the COVID-19 Diagnosis and Treatment Guide from 
the National Health Commission of the People’s Republic of 
China where the authors state, “Based on respiratory distress 
and chest imaging, may consider glucocorticoid that is equiv-
alent to methylprednisolone 1–2  mg/kg/day for 3–5  days 
or less. Note that large-dose glucocorticoid suppresses im-
mune system and could delay clearance of SARS-CoV-2.” 
[29] A recent consensus statement from the Chinese Thoracic 
Society recommends a lower dose, ≤0.5–1  mg/kg per day 
methylprednisolone for ≤7  days in select patients, after 
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careful consideration of risks and benefits [53]. Randomized 
controlled trial data are urgently needed to clearly define the 
role of corticosteroids in COVID-19.

PHARMACOLOGICAL TREATMENTS IN WHICH RISKS 
OUTWEIGH BENEFITS

Ribavirin With or Without Interferon

Ribavirin, a guanosine analog that terminates RNA synthesis, 
was first approved in the 1980s and has been used clinically for 
respiratory syncytial virus, viral hemorrhagic fever, and in com-
bination with interferon for hepatitis C.  As mentioned previ-
ously (see LPV/r section), it was evaluated against SARS-CoV-1 
in 2003 and used clinically in combination with corticosteroids 
and/or interferon in the absence of other treatment options; 
however, outcomes were either poor or ill-defined [54, 55]. The 
doses required for antiviral activity against SARS range from 
1.2 to 2.4 grams by mouth every 8 hours, which are associated 
with excessive toxicity to patients [56]. Wang et  al [3] evalu-
ated the in vitro activity of ribavirin against SARS-CoV-2 and 
found an EC50 of 109.5 µM, which was over 100 times less po-
tent than remdesivir. The risk of hematologic toxicity at high 
doses likely outweighs potential clinical benefit, and therefore 
ribavirin was not considered a viable candidate for further in-
vestigation by the WHO research and development plan for 
SARS-CoV-2 given its lack of in vitro efficacy, toxicity profile, 
and poor outcomes.

Interferons (α, β) may stimulate innate antiviral responses 
and are expected to have in vitro activity against SARS-
CoV-2, given the previously described activity demonstrated 
against MERS-CoV (EC50 175 IU/mL). However, toxicities 
are substantial including severe cytopenias, hepatotoxicity 
(including fatality), neuropsychiatric events, and risk of de-
veloping fatal or life-threatening ischemia or infection, par-
ticularly when combined with ribavirin. This combination 
was not associated with improved mortality or enhanced 
viral clearance in a retrospective analysis of patients infected 
with MERS-CoV who were initiated on combination therapy 
within 1–3  days of ICU admission [57]. Despite the lim-
ited to poor data, Chinese guidelines recommend ribavirin 
500  mg IV 2–3 times daily in combination with LPV/r or 
inhaled interferon-α (5 million units nebulized twice daily) 
as one of the “standard treatment” options for COVID-19. 
Various combinations of ribavirin, interferon, and other an-
tiviral agents are currently being studied in several clinical 
trials.

Based on the poor in vitro activity, an absence of animal or 
human data supporting its use, and a significant toxicity pro-
file, we recommend avoiding use of ribavirin in patients with 
COVID-19 at this time. Although interferons may be useful as 
adjunctive care, they pose a significant risk to critically ill pa-
tients, and in the absence of supportive data they also cannot be 
currently recommended.

Oseltamivir and Baloxavir

Given their antiviral activity against influenza, considerable 
attention has been paid to oseltamivir, and to a lesser de-
gree baloxavir, as potential treatment options for COVID-19.  
This was exacerbated by the initial report from Huang et al [1] 
in Wuhan where patients managed with COVID-19 received 
oseltamivir in addition to broad-spectrum antimicrobials. It 
is important to note that use of oseltamivir was not as tar-
geted therapy of SARS-CoV-2 but rather driven by the lack 
of a knowledge of the causative pathogen at the time of treat-
ment and the desire to empirically treat influenza. The au-
thors do not suggest the use of oseltamivir for COVID-19 in 
that publication, and there are no data that suggest in vitro 
activity of oseltamivir against SARS-CoV-2. In fact, the only 
data assessing oseltamivir activity against coronaviruses dem-
onstrated it to be ineffective at inhibiting SARS-CoV-1, even 
at a concentration of 10 000 µM/L [56]. Coronaviruses do not 
utilize neuraminidase, and thus there is no enzyme to be in-
hibited by oseltamivir. This would hold true for zanamivir, 
peramivir, or any other neuraminidase inhibitor agents. 
Similarly, neither a defined mechanism nor in vitro data have 
suggested that baloxavir would demonstrate activity against 
SARS-CoV-2 or other coronaviruses. Therefore, given the 
critical need for these agents in the management of influenza 
and concern for drug shortages with oseltamivir, these agents 
should be avoided in patients with COVID-19 once influenza 
has been ruled out.

AGENTS UNDER INVESTIGATION FOR SEVERE 
ACUTE RESPIRATORY SYNDROME CORONAVIRUS 2

Table 2 lists agents that are being investigated and/or theoreti-
cally considered for the management of SARS-CoV-2-infected 
patients. At this time, no recommendation can be made for any 
of these agents. In general, they should be avoided without ad-
ditional supporting evidence.

CONCLUSIONS

Appropriate management strategies for patients with COVID-
19 are a rapidly evolving therapeutic challenge, and the optimal 
agents (if any) to treat infection or prevent progression to crit-
ical illness remain ill-defined. Although certain agents listed in 
this review are encouraging, and the potential benefit of therapy 
likely outweighs the relatively minor risk of adverse events from 
short-course therapy, the evidence remains inconclusive and 
changes almost daily.

Patient populations who warrant therapy and the timing of in-
itiation of therapy need to be defined. Given that disease progres-
sion can occur rapidly in stable patients and that viral loads are 
highest early in the infection course, the authors of this review 
opine that rapid initiation of therapy in high-risk populations 
(patients who are hospitalized or outpatients who are at high risk 
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of complications) is rational and should be considered, ideally in 
the context of a well-controlled, adequately powered trial. More 
important, however, this strategy is not without risk and needs to 
be weighed against potential adverse events (that remain poorly 
defined) and impending drug shortages with increases in use of 
these agents. To help address these concerns, careful considera-
tion should be given to duration of therapy with many clinical 

trials and institutional protocols recommending 5–7 days for un-
complicated disease. Duration of therapy should be individual-
ized to the patient and the progression of disease.

Clinicians must continually monitor and adapt as new 
literature becomes available. Caution should be applied 
because the bulk of the available clinical data are uncon-
trolled, not peer reviewed, or even unpublished. Given these 

Table 2.  Agents Under Investigation for SARS-COV-2   

Agent Comments

Anakinra Interleukin-1 (IL-1) receptor antagonist hypothesized to quell cytokine storming. No data for use as adjunctive therapy for COVID-
19 currently. No clinical trials are enrolling in China or the United States exploring this agent.

Arbidol (Umifenovir) Antiviral used in Russia and China for influenza, being studied in Chinese clinical trials (200 mg by mouth 3 times daily for no 
more than 10 days) for COVID-19 claiming potent in vitro activity. No clinical data exist currently; not available in the United 
States. 

Baricitinib A Janus kinase family (JAK) enzyme inhibitor, suggested as a COVID-19 treatment from artificial intelligence [58]. No clinical data 
exist.

Bevacizumab Recombinant humanized monoclonal antibody that prevents vascular endothelial growth factor (VEGF) association with endothe-
lial receptors Flt-1 and KDR approved for multiple cancers in the United States. Is on critical, national shortage. Being evalu-
ated in a clinical trial in China for COVID-19 (NCT04275414), no data exist at this time to support use. 

Brilacidin A host defense peptide mimetic in clinical development by Innovation Pharmaceuticals. The company recently announced they 
will begin testing the molecule against SARS-CoV-2 beginning the week of March 16, 2020.

Convalescent plasma Convalescent plasma from patients who have recovered from viral infections has been used previously for SARS-CoV-1, Middle 
East respiratory syndrome, Ebola, and H1N1 influenza with reported success [59]. The safety and efficacy of convalescent  

plasma transfusion in SARS-CoV-2-infected patients has not been established, and no protocols exist currently in the United 
States. Protocols are reportedly being developed at The Johns Hopkins University Hospital. 

Darunavir/cobicistat HIV-1 protease inhibitor currently being evaluated in a clinical trial (NCT04252274), but no in vitro or human data exist to support 
use at this time.

Disulfiram Thiuram derivative that blocks alcohol oxidation. Demonstrated ability to competitively inhibit the papain-like proteases of SARS; 
however, no clinical data exist [60]. No in vitro or clinical data exist for COVID-19. 

Eculizumab Humanized, monoclonal IgG antibody that binds to complement protein C5 and prevents formation of membrane attack complex 
(MAC). Being evaluated in a clinical trial (NCT04288713) for COVID-19 to quell immune response, no data exist at this time to 
support use. 

Favipiravir RNA-dependent RNA polymerase inhibitor with broad-spectrum antiviral activity; however, demonstrated high EC50 (decreased 
potency) against SARS-CoV-2 but was effective in protecting mice against Ebola virus despite similarly high EC50 values [3]. 
Currently being evaluated in Clinical Trial NCT04273763 for patients with COVID-19. This agent is not FDA approved or avail-
able in the United States. 

Galidesivir (BCX4430) Nucleoside RNA polymerase inhibitor with reported wide spectrum of antiviral activity, currently in pipeline of Biocryst Pharma 
and previously evaluated for Ebola and other hemorrhagic fever virus infections. 

Griffithsin Algae-derived lectin and potent HIV entry inhibitor agent that demonstrated in vitro activity against SARS-CoV-1 [61].

IVIG IVIG remains on critical national shortage in the United States. The benefit in patients with COVID-19 is unclear. 

Nelfinavir Nelfinavir, an HIV-1 protease inhibitor, might be active against SARS-CoV-2 based on a preprint publication that utilized homology 
modeling [62]. No clinical data exist.

Niclosamide Anthelminthic drug with in vitro efficacy against SARS-CoV-1; however, low absorption and oral bioavailability resulting in a wide 
range of serum concentrations in healthy volunteers after a single dose may limit utility as antiviral treatment [63].

REGN3048 Human monoclonal antibody discovered by Regeneron that reportedly binds to the S protein of MERS-CoV. Currently in phase 1 
trial in healthy volunteers (NCT03301090). The company reportedly announced recruitment for phase 2 and 3 trials for SARS-
CoV-2; however, these are not registered on ClinicalTrials.gov.

Sarilumab IL-6 receptor antagonist FDA-approved for rheumatoid arthritis. Recently announced a US-based trial will begin enrolling at med-
ical centers in New York for patients with severe COVID-19 disease. 

Sofosbuvir Antiviral used to treat hepatitis C, in vitro activity against SARS-CoV-1, no clinical data exist [64].

TZLS-501 A novel, fully human anti-IL6R by Tiziana Life Sciences. The company recently announced they are moving forward with clinical 
development for patient use in patients with COVID-19 and excessive IL-6 production.

Vitamin C There is an ongoing clinical trial of 12 grams IV BID vitamin C in China for treatment of COVID-19 (NCT04264533). Use of this 
agent is not recommended at this time. 

XueBiJing Chinese herbal medicine extract infusion formulation given at 100 mL IV twice daily, suggested as a “may consider” treatment 
for severe and critical cases in the National Health Commission of the People’s Republic of China: the COVID-19 Diagnosis 
and Treatment Guide, 7th Edition. This previously demonstrated improved mortality in patients with severe community ac-
quired pneumonia in China [65].

Abbreviations: BID, twice a day; COVID-19, coronavirus disease 2019; EC50, half-maximal effective concentration; FDA, US Food and Drug Administration; HIV, human immunodeficiency 
virus; IgG, immunoglobulin G; IL6R, IL-6 receptor; IV, intravenous; IVIG, intravenous immunoglobulin; MERS-CoV, Middle East respiratory syndrome coronavirus; RNA, ribonucleic acid; 
SARS-CoV, severe acute respiratory syndrome coronavirus. 
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limitations, it is critical that institutions and clinicians re-
port their experiences with the management and treatment 
of COVID-19 to the medical community so that we may fur-
ther modify and optimize treatment recommendations and 
pathways.

Acknowledgments
We acknowledge and thank Jovan Borjan, Julie Ann Justo, Liza Vaezi, 

Ryan Shields, and Jason Gallagher for thorough review of this manuscript.
Potential conflicts of interest. All authors: No reported conflicts of in-

terest. All authors have submitted the ICMJE Form for Disclosure of 
Potential Conflicts of Interest. 

References
1.	 Huang C, Wang Y, Li X, et al. Clinical features of patients infected with 2019 novel 

coronavirus in Wuhan, China. Lancet 2020; 395:497–506.
2.	 Stevens MP, Patel PK, Nori P. Involving antimicrobial stewardship programs in 

COVID-19 response efforts: all hands on deck. Infect Control Hosp Epidemiol 
2020:1–2. doi: 10.1017/ice.2020.69.

3.	 Wang M, Cao R, Zhang L, et al. Remdesivir and chloroquine effectively inhibit 
the recently emerged novel coronavirus (2019-nCoV) in vitro. Cell Res 2020; 
30:269–71.

4.	 Gordon CJ, Tchesnokov EP, Feng  JY, et  al. The antiviral compound remdesivir 
potently inhibits RNA-dependent RNA polymerase from Middle East respiratory 
syndrome coronavirus. J Biol Chem 2020:jbc.AC120.013056. DOI: 10.1074/jbc.
AC120.013056.

5.	 Sheahan  TP, Sims  AC, Leist  SR, et  al. Comparative therapeutic efficacy of 
remdesivir and combination lopinavir, ritonavir, and interferon beta against 
MERS-CoV. Nat Commun 2020; 11:222.

6.	 Sheahan  TP, Sims  AC, Graham  RL, et  al. Broad-spectrum antiviral GS-5734 
inhibits both epidemic and zoonotic coronaviruses. Sci Transl Med 2017; 
9:eaal3653.

7.	 Agostini ML, Andres EL, Sims AC, et al. Coronavirus susceptibility to the anti-
viral remdesivir (GS-5734) is mediated by the viral polymerase and the proof-
reading exoribonuclease. mBio 2018; 9:e00221-18.

8.	 Siegel D, Hui HC, Doerffler E, et al. Discovery and synthesis of a phosphoramidate 
prodrug of a pyrrolo[2,1-f][triazin-4-amino] adenine C-nucleoside (GS-5734) 
for the treatment of Ebola and emerging viruses. J Med Chem 2017; 60:1648–61.

9.	 Warren TK, Jordan R, Lo MK, et al. Therapeutic efficacy of the small molecule 
GS-5734 against Ebola virus in rhesus monkeys. Nature 2016; 531:381–5.

10.	 Mulangu S, Dodd LE, Davey RT Jr, et al. A randomized, controlled trial of Ebola 
virus disease therapeutics. N Engl J Med 2019; 381:2293–303.

11.	 Holshue ML, DeBolt C, Lindquist S, et  al.; Washington State 2019-nCoV Case 
Investigation Team. First case of 2019 novel coronavirus in the United States. N 
Engl J Med 2020; 382:929–36.

12.	 Jacobs M, Rodger A, Bell DJ, et al. Late Ebola virus relapse causing meningoen-
cephalitis: a case report. Lancet 2016; 388:498–503.

13.	 Dörnemann J, Burzio C, Ronsse A, et al. First newborn baby to receive experi-
mental therapies survives Ebola virus disease. J Infect Dis 2017; 215:171–4.

14.	 Midgley CM. First 12 patients with coronavirus disease 2019 (COVID-19) in the 
United States. Available at: https://www.medrxiv.org/content/10.1101/2020.03.09
.20032896v1.full.pdf. Accessed 14 March 2020.

15.	 Colson P, Rolain  JM, Lagier  JC, et  al. Chloroquine and hydroxychloroquine as 
available weapons to fight COVID-19. Int J Antimicrob Agents 2020; 55:105932.

16.	 Gao J, Tian Z, Yang X. Breakthrough: chloroquine phosphate has shown apparent 
efficacy in treatment of COVID-19 associated pneumonia in clinical studies. 
Bioscience Trends 2020; 14:72–3.

17.	 Biot C, Daher W, Chavain N, et al. Design and synthesis of hydroxyferroquine de-
rivatives with antimalarial and antiviral activities. J Med Chem 2006; 49:2845–9.

18.	 Yao X, Ye F, Zhang M, et al. In vitro antiviral activity and projection of optimized 
dosing design of hydroxychloroquine for the treatment of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2). Clin Infect Dis 2020:ciaa237.

19.	 Tett  SE. Clinical pharmacokinetics of slow-acting antirheumatic drugs. Clin 
Pharmacokinet 1993; 25:392–407.

20.	 Gautret P, Lagier J-C, Parola P, et al. Hydroxychloroquine and azithromycin as a 
treatment of COVID-19: results of an open label non-randomized clinical trial. 
Int J Antimicrob Agents 2020; DOI: 10.1016/j.ijantimicag.2020.105949.

21.	 Touret F, de Lamballerie X. Of chloroquine and COVID-19. Antiviral Res 2020; 
177:104762.

22.	 Ratia K, Pegan S, Takayama J, et al. A noncovalent class of papain-like protease/
deubiquitinase inhibitors blocks SARS virus replication. Proc Natl Acad Sci U S A 
2008; 105:16119–24.

23.	 Chu  CM, Cheng  VC, Hung  IF, et  al.; HKU/UCH SARS Study Group. Role of 
lopinavir/ritonavir in the treatment of SARS: initial virological and clinical find-
ings. Thorax 2004; 59:252–6.

24.	 de Wilde AH, Jochmans D, Posthuma CC, et al. Screening of an FDA-approved 
compound library identifies four small-molecule inhibitors of Middle East res-
piratory syndrome coronavirus replication in cell culture. Antimicrob Agents 
Chemother 2014; 58:4875–84.

25.	 López Aspiroz E, Santos Buelga D, Cabrera Figueroa S, et al. Population pharma-
cokinetics of lopinavir/ritonavir (Kaletra) in HIV-infected patients. Ther Drug 
Monit 2011; 33:573–82.

26.	 Chan JF, Yao Y, Yeung ML, et al. Treatment with lopinavir/ritonavir or interferon-
β1b improves outcome of MERS-CoV infection in a nonhuman primate model of 
common marmoset. J Infect Dis 2015; 212:1904–13.

27.	 Arabi YM, Asiri AY, Assiri AM, et al. Treatment of Middle East respiratory syn-
drome with a combination of lopinavir/ritonavir and interferon-β1b (MIRACLE 
trial): statistical analysis plan for a recursive two-stage group sequential random-
ized controlled trial. Trials 2020; 21:8.

28.	 Chan KS, Lai ST, Chu CM, et al. Treatment of severe acute respiratory syndrome 
with lopinavir/ritonavir: a multicentre retrospective matched cohort study. Hong 
Kong Med J 2003; 9:399–406.

29.	 National Health Commission (NHC) of the People’s Republic of China. The diag-
nosis and treatment guide of COVID-19 pneumonia caused by new coronavirus 
infection 7th Edition, published March 3rd, 2020. Translanted to English. Available 
at: http://www.gov.cn/zhengce/zhengceku/2020-03/04/content_5486705.htm. 
Accessed 6 March 2020.

30.	 Young BE, Ong SWX, Kalimuddin S, et  al. Epidemiologic features and clinical 
course of patients infected with SARS-CoV-2 in Singapore. JAMA 2020:e203204.

31.	 Lim J, Jeon S, Shin HY, et al. Case of the index patient who caused tertiary trans-
mission 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 2020; 35:e79.

32.	 Han W, Quan B, Guo Y, et al. The course of clinical diagnosis and treatment of a 
case infected with coronavirus disease 2019. J Med Virol 2020; 92:461–3.

33.	 Wang Z, Chen X, Lu Y, et al. Clinical characteristics and therapeutic procedure for 
four cases with 2019 novel coronavirus pneumonia receiving combined Chinese 
and Western medicine treatment. Biosci Trends 2020; 14:64–8.

34.	 Wang D, Hu B, Hu C, et al. Clinical characteristics of 138 hospitalized patients 
with 2019 novel coronavirus-infected pneumonia in Wuhan, China. JAMA 2020; 
323:1061–9.

35.	 Chen N, Zhou M, Dong X, et al. Epidemiological and clinical characteristics of 99 
cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study. 
Lancet 2020; 395:507–13.

36.	 Zhou F, Tu T, Du R, et al. Clinical course and risk factors for mortality of adult 
inpatients with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet 
2020; 395:1054–62.

37.	 Cao B, Wang Y, Wen D, et al. A trial of lopinavir-ritonavir in adults hospitalized 
with severe Covid-19. New Engl J Med 2020; DOI: 10.1056/NEJMoa2001282.

38.	 Best BM, Capparelli EV, Diep H, et al. Pharmacokinetics of lopinavir/ritonavir 
crushed versus whole tablets in children. J Acquir Immune Defic Syndr (1999) 
2011; 58:385–91.

39.	 Rossignol JF. Nitazoxanide, a new drug candidate for the treatment of Middle East 
respiratory syndrome coronavirus. J Infect Public Health 2016; 9:227–30.

40.	 Haffizulla J, Hartman A, Hoppers M, et al. Effect of nitazoxanide in adults and 
adolescents with acute uncomplicated influenza: a double-blind, randomised, 
placebo-controlled, phase 2b/3 trial. Lancet Infect Dis 2014; 14:609–18.

41.	 Gamiño-Arroyo  AE, Guerrero  ML, McCarthy  S, et  al. Efficacy and safety of 
nitazoxanide in addition to standard of care for the treatment of severe acute res-
piratory illness. Clin Infect Dis 2019; 69:1903–11.

42.	 Kotch  C, Barrett  D, Teachey  DT. Tocilizumab for the treatment of chimeric 
antigen receptor T cell-induced cytokine release syndrome. Expert Rev Clin 
Immunol 2019; 15:813–22.

43.	 Lee DW, Santomasso BD, Locke FL, et al. ASTCT consensus grading for cytokine 
release syndrome and neurologic toxicity associated with immune effector cells. 
Biol Blood Marrow Transplant 2019; 25:625–38.

44.	 Park  JH, Romero FA, Taur Y, et  al. Cytokine release syndrome grade as a pre-
dictive marker for infections in patients with relapsed or refractory B-cell acute 
lymphoblastic leukemia treated with chimeric antigen receptor T cells. Clin Infect 
Dis 2018; 67:533–40.

45.	 Le RQ, Li L, Yuan W, et al. FDA approval summary: tocilizumab for treatment 
of chimeric antigen receptor T cell-induced severe or life-threatening cytokine 
release syndrome. Oncologist 2018; 23:943–7.

D
ow

nloaded from
 https://academ

ic.oup.com
/ofid/article-abstract/7/4/ofaa105/5811022 by guest on 16 April 2020

https://doi.org/10.1017/ice.2020.69
https://doi.org/10.1074/jbc.AC120.013056
https://doi.org/10.1074/jbc.AC120.013056
https://www.medrxiv.org/content/10.1101/2020.03.09.20032896v1.full.pdf
https://www.medrxiv.org/content/10.1101/2020.03.09.20032896v1.full.pdf
https://doi.org/DOI: 10.1016/j.ijantimicag.2020.105949
http://www.gov.cn/zhengce/zhengceku/2020-03/04/content_5486705.htm
https://doi.org/DOI: 10.1056/NEJMoa2001282


COVID-19 Treatment: A Review of Early and Emerging Options  •  ofid  •  11

46.	 Xu X, Han M, Li T, et al. Effective treatment of severe COVID-19 patients with 
tocilizumab. ChinaXiv 2020; DOI: 10.12074/202003.00026.

47.	 Stockman LJ, Bellamy R, Garner P. SARS: systematic review of treatment effects. 
PLoS Med 2006; 3:e343.

48.	 Chen RC, Tang XP, Tan SY, et al. Treatment of severe acute respiratory syndrome 
with glucosteroids: the Guangzhou experience. Chest 2006; 129:1441–52.

49.	 Lee N, Allen Chan KC, Hui DS, et al. Effects of early corticosteroid treatment on 
plasma SARS-associated coronavirus RNA concentrations in adult patients. J Clin 
Virol 2004; 31:304–9.

50.	 Auyeung  TW, Lee  JS, Lai  WK, et  al. The use of corticosteroid as treatment in 
SARS was associated with adverse outcomes: a retrospective cohort study. J Infect 
2005; 51:98–102.

51.	 Arabi YM, Mandourah Y, Al-Hameed F, et al Corticosteroid therapy for critically 
ill patients with Middle East respiratory syndrome. Am J Respir Crit Care Med 
2018; 197:757–67.

52.	 Wu  C, Chen  X, Cai  Y, et  al. Risk factors associated with acute respira-
tory distress syndrome and death in patients with coronavirus disease 2019 
pneumonia in Wuhan, China. JAMA Intern Med 2020; DOI: 10.1001/
jamainternmed.2020.0994.

53.	 Shang L, Zhao J, Hu Y, et al. On the use of corticosteroids for 2019-nCoV pneu-
monia. Lancet 2020; 395:683–4.

54.	 Booth CM, Matukas LM, Tomlinson GA, et al. Clinical features and short-term 
outcomes of 144 patients with SARS in the greater Toronto area. JAMA 2003; 
289:2801–9.

55.	 Lee N, Hui D, Wu A, et al. A major outbreak of severe acute respiratory syndrome 
in Hong Kong. N Engl J Med 2003; 348:1986–94.

56.	 Tan EL, Ooi EE, Lin CY, et al. Inhibition of SARS coronavirus infection in vitro 
with clinically approved antiviral drugs. Emerg Infect Dis 2004; 10:581–6.

57.	 Arabi YM, Shalhoub S, Mandourah Y, et al. Ribavirin and interferon therapy for 
critically ill patients with Middle East respiratory syndrome: a multicenter obser-
vational study. Clin Infect Dis 2019; DOI: 10.1093/cid/ciz544.

58.	 Richardson P, Griffin I, Tucker C, et al. Baricitinib as potential treatment for 2019-
nCoV acute respiratory disease. Lancet 2020; 395:e30–1.

59.	 Chen  L, Xiong  J, Bao  L, Shi  Y. Convalescent plasma as a potential therapy for 
COVID-19. Lancet Infect Dis 2020; 20:398–400.

60.	 Lin MH, Moses DC, Hsieh CH, et  al. Disulfiram can inhibit MERS and SARS 
coronavirus papain-like proteases via different modes. Antiviral Res 2018; 
150:155–63.

61.	 O’Keefe BR, Giomarelli B, Barnard DL, et al. Broad-spectrum in vitro activity and 
in vivo efficacy of the antiviral protein griffithsin against emerging viruses of the 
family Coronaviridae. J Virol 2010; 84:2511–21.

62.	 Xu Z, Peng C, Shi Y, et  al. Nelfinavir was predicted to be a potential inhibitor 
of 2019-nCov main protease by an integrative approach combining homology 
modelling, molecular docking and binding free energy calculation. 2010; DOI: 
10.1101/2020.01.27.921627.

63.	 Xu J, Shi PY, Li H, Zhou J. Broad spectrum antiviral agent niclosamide and its 
therapeutic potential. ACS Infect Dis 2020; DOI: 10.1021/acsinfecdis.0c00052.

64.	 Elfiky AA. Anti-HCV, nucleotide inhibitors, repurposing against COVID-19. Life 
Sci 2020; 248:117477.

65.	 Song Y, Yao C, Yao Y, et  al. XueBiJing injection versus placebo for critically ill 
patients with severe community-acquired pneumonia: a randomized controlled 
trial. Crit Care Med 2019; 47:e735–43.

D
ow

nloaded from
 https://academ

ic.oup.com
/ofid/article-abstract/7/4/ofaa105/5811022 by guest on 16 April 2020

https://doi.org/DOI: 10.12074/202003.00026
https://doi.org/DOI: 10.1001/jamainternmed.2020.0994
https://doi.org/DOI: 10.1001/jamainternmed.2020.0994
https://doi.org/DOI: 10.1093/cid/ciz544
https://doi.org/DOI: 10.1101/2020.01.27.921627
https://doi.org/DOI: 10.1101/2020.01.27.921627
https://doi.org/DOI: 10.1021/acsinfecdis.0c00052

