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Intense efforts are underway to evaluate potential therapeutic agents for the treat-

ment of COVID-19. In order to respond quickly to the crisis, the repurposing of exis-

ting drugs is the primary pharmacological strategy. Despite the urgent clinical need

for these therapies, it is imperative to consider potential safety issues. This is impor-

tant due to the harm–benefit ratios that may be encountered when treating COVID-

19, which can depend on the stage of the disease, when therapy is administered and

underlying clinical factors in individual patients. Treatments are currently being

trialled for a range of scenarios from prophylaxis (where benefit must greatly exceed

risk) to severe life-threatening disease (where a degree of potential risk may be toler-

ated if it is exceeded by the potential benefit). In this perspective, we have reviewed

some of the most widely researched repurposed agents in order to identify potential

safety considerations using existing information in the context of COVID-19.
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1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a

highly pathogenic betacoronavirus that emerged in Wuhan, Hubei

Province, in late December 2019 (Yang, Liu, et al., 2020; Yang, Yu,

et al., 2020). SARS-CoV-2 is the seventh human coronavirus (HCoV)

to be identified and is the cause of the disease known as COVID-19,

which was declared by the World Health Organization (WHO) as a

“Public Health Emergency of International Concern” on January

30, 2020 (Liu, Hu, et al., 2020). The symptoms of COVID-19 are non-

specific and cover a broad clinical spectrum, meaning that clinical

diagnosis without a test is challenging. Patients commonly present

with fever, cough, and anosmia, although many patients are asymp-

tomatic. The virus can be transmitted by asymptomatic patients
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alongside those in the symptomatic and pre-symptomatic phase of

the disease (Wu, Wu, Liu, & Yang, 2020; Yang, Yu, et al., 2020). As of

July 8, 2020, COVID-19 was responsible for 539,057 deaths world-

wide (John Hopkins University and Medicine, 2020). As the number

of new cases continues to increase rapidly, many clinical and preclini-

cal studies have been initiated to identify viable treatment options for

COVID-19 patients. Many of these potential therapeutic strategies

are based upon the repurposing of approved drugs or the evaluation

of those currently in the clinical stages of drug development

(Figure 1). For this reason, much information already exists on the

pharmacology and toxicology of each prospective therapy. In order to

examine their potential for efficacy and safety against COVID-19, it is

essential to consider all of the available information in this extremely

fast-moving and critical research field. Therefore, it is important to

assess drug-specific safety parameters in the context of the pathogen-

esis of the virus and its clinical features in order to begin to evaluate

the disease-specific harm–benefit ratio.

Therapeutic strategies for the treatment of COVID-19 span a

range of phases including prophylactic administration, through to early

infection, through to the more severe disease stage characterised by

pulmonary involvement requiring mechanical ventilation and hyper-

inflammation in some instances (Siddiqi & Mehra, 2020). At the time

of writing, over 2,400 clinical trials have been initiated across the

globe, with the majority of these investigating the use of drug(s)

already approved for treatment of another disease (ClinicalTrials.gov,-

2020b). In addition to administration as a monotherapy, combination

therapy has also been utilised. In addition to repurposed compounds,

several candidates in preclinical or clinical development stages are also

under investigation, as well as widely available borderline substances

such as ascorbic acid (ClinicalTrials.gov, 2020d). However, it is

important to note that the number of clinical trials initiated should not

be taken as an indicator of the ultimate potential for success.

Our perspective will focus upon selected repurposed therapies,

which are used in different phases of the disease (Figure 1) and can

broadly be categorised by their mechanism of action as (a) viral entry

inhibitors, (b) disruption of cellular viral processing, (c) modulators of

the inflammatory phase, and (d) compounds that stimulate the host's

antiviral response. Selections were based upon agents undergoing the

largest clinical trials at the time of writing, July 8, 2020.

2 | INHIBITORS OF ENTRY INTO
EPITHELIAL CELLS

It has been widely reported that ACE2 is likely to be the predominant

cell surface receptor by which SARS-CoV-2 is able to enter host cells

(Hoffmann et al., 2020). ACE2 is widely distributed in the body, but is

particularly highly expressed on lung alveolar cells, which could

explain the increased lung damage seen in some COVID-19 patients

(Favalli et al., 2020; Zhao et al., 2020).

2.1 | Angiotensin receptor blockers

Losartan is an antagonist of AT1 receptors, one of the angiotensin

receptor blockers (ARBs) widely used as anti-hypertensive drugs. In

the present context, losartan is hypothesised to block the attachment

of SARS-CoV-2 to cells expressing ACE2, thereby preventing viral

entry into host cells (Gurwitz, 2020). Losartan is a well-tolerated com-

pound used in the treatment of hypertension, heart failure and

F IGURE 1 Overview of the mechanisms of action of the repurposed drugs undergoing clinical trials for the treatment of COVID-19 that are
reviewed here. Compounds in red represent those that are viral entry inhibitors, compounds in green represent disruptors of cellular viral
processing, compounds in blue are modulators of the hyperinflammatory phase of infection, and compounds in yellow stimulate host
immunomodulatory and antiviral activity. ISRE, IFN-stimulated response element; P, phosphate; RdRp, RNA-dependent RNA polymerase; SARS-
CoV-2, severe acute respiratory syndrome coronavirus 2
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diabetes (Goa & Wagstaff, 1996; Ripley & Hirsch, 2010). For these

indications, losartan treatment is lifelong and is typically administered

at a dose of 25–50 mg once a day, which can be increased to 100 mg

if tolerated and deemed necessary (Dohme, 2003). Clinical trials for

losartan use in COVID-19 are currently recruiting patients. While

exact dosing regimens vary between the trials, they are based upon

the standard dose and will see patients given 25–50 mg daily losartan

treatment for 7–14 days (Clinical Trial Identifiers NCT04335123,

NCT04312009, and NCT04311177).

When used for its intended therapeutic conditions, losartan is

considered to be a relatively safe compound. The most common

adverse events (AEs) reported during clinical trials were headache, diz-

ziness, fatigue, and hypotension (Goa & Wagstaff, 1996; Usai

et al., 2020; Weber, 1997). Laboratory findings during clinical trials

reported mild elevations in alanine aminotransferase (ALT), but these

were self-limiting and did not result in acute liver failure (Goa &

Wagstaff, 1996). More recently, cases of losartan-induced hepatotox-

icity have been reported, albeit rarely (LiverTox, 2017a). Losartan is

associated with serious cases of fetal toxicity and so cannot be admin-

istered to women in the second and third trimesters of pregnancies

(Nayar, Singhal, Aggarwal, & Malhotra, 2003).

There is controversy regarding the use of losartan in COVID-19

trials as the expression of ACE2 can be significantly increased follow-

ing ARB treatment. However, contradictory results for the potential

of ARB-induced ACE2 up-regulation have also been reported (Ferrario

et al., 2005; Klimas et al., 2015; Tignanelli et al., 2020). Given that

ACE2 is already highly expressed within the lungs, a further increase

in ACE2 expression may have the potential to increase viral entry into

the lungs, thus exacerbating the potential for pulmonary involvement

(Fang, Karakiulakis, & Roth, 2020). Evidence of increased myocardial

injury and chronic damage to the cardiovascular system has been

reported in patients infected with SARS-CoV-2 (Zheng, Ma, Zhang, &

Xie, 2020). ACE2 is also expressed within the cardiovascular system,

and it has been suggested that this may underlie cardiac effects via

enhanced viral entry into the myocardium (Zheng et al., 2020). It is

important to note that human data thus far do not support the

hypothesis that ARBs (and ACE inhibitors) increase the risk of severe

COVID-19 disease because epidemiological studies have largely

shown either a protective effect or no adverse effects on mortality in

COVID-19 (Tignanelli et al., 2020). Importantly, the latest advice from

the Medicines and Healthcare products Regulatory Agency

(MHRA, 2020a) recommends that those taking ARBs and ACE inhibi-

tors for high BP should continue doing so. Data from clinical trials for

losartan in COVID-19 will provide additional safety data and much

needed clarification on the role of ARBs and ACE2 in COVID-19.

Losartan has an overall favourable drug–drug interaction (DDI)

profile. However, concerns over the use of losartan and non-steroidal

anti-inflammatory drugs (NSAIDs) during COVID-19 treatment have

been raised (Sica, Gehr, & Ghosh, 2005). Evidence initially suggested

that there was a theoretical potential for NSAIDs to worsen COVID-

19 symptoms. However, the Commission on Human Medicines

deemed that there was insufficient evidence to confirm this associa-

tion and that NSAIDs were safe to use in individuals with

symptoms of COVID-19 (Commission on Human Medicines, 2020;

Torjesen, 2020). However, NSAIDs have the potential to attenuate

the effects of losartan to reduce hypertension, thereby leading to an

increase in BP, which would be an undesirable side effect in COVID-

19 patients with hypertension, lung inflammation, and cardiac damage

(Pavlicevi�c, Kuzmani�c, Rumboldt, & Rumboldt, 2008). In such patients,

BP should be closely monitored.

3 | DISRUPTORS OF CELLULAR VIRAL
PROCESSING

3.1 | Lopinavir–ritonavir

Lopinavir–ritonavir is a fixed dose combination of anti-viral drugs

branded as Kaletra® and developed for the treatment of human

immunodeficiency virus (HIV) disease. Lopinavir is a protease inhibitor

that is co-administered with ritonavir to improve the pharmacokinetic

(PK) properties of the drug (Chu et al., 2004). Lopinavir–ritonavir is a

potential treatment for COVID-19 as it targets and deactivates the

SARS-CoV-2 main protease (Mpro), which is involved in polyprotein

processing and virus maturation (Dayer, Taleb-Gassabi, &

Dayer, 2017). A standard dose of lopinavir–ritonavir is 400/100 mg

twice a day for HIV-1 treatment, and this has also been used for

SARS-CoV-2 treatment (Cao et al., 2020).

The most frequently reported AEs for lopinavir–ritonavir treat-

ment are gastrointestinal disturbances including diarrhoea, nausea,

and vomiting (Chandwani & Shuter, 2008). Dose-related diarrhoea has

been reported in up to 25% of patients and is thought to occur

through a number of mechanisms including decreased proliferation of

intestinal epithelial cells, disruption of intestinal barrier function,

inducing endoplasmic reticulum stress, and activating the unfolded

protein response (Wu, Li, Peng, & Zhou, 2014). Diarrhoea is also a

symptom in some COVID-19 patients, and so lopinavir–ritonavir has

the potential to exacerbate this. Pancreatitis has been reported in a

small number of patients following lopinavir–ritonavir treatment,

although this was more frequent in those with a pre-existing history

of pancreatitis (Chandwani & Shuter, 2008; Oldfield & Plosker, 2006).

Additionally, patients with underlying liver diseases should have regu-

lar monitoring of hepatic function (Palacios et al., 2006). Caution

should be exerted for those patients taking concomitant medication

as lopinavir–ritonavir inhibits P-glycoprotein (P-gp) and cytochrome

P450 (CYP)-3A4, which therefore may alter the PK of other com-

pounds (Zhang, Zhang, & Huang, 2009). A COVID-19 drug interaction

website has been developed by the Liverpool Drug Interaction Group,

which details the drug–drug interactions (DDIs) found with lopinavir–

ritonavir and a number of drugs, which in some cases can lead to

potentially serious and/or life-threatening reactions (AbbVie

Inc., 2016; Liverpool Drug Interaction Group, 2020).

Since the SARS-CoV-2 outbreak, 79 clinical trials have been regis-

tered (up to July 8, 2020) to test lopinavir–ritonavir as a potential

treatment for SARS-CoV-2 with variable outcomes in terms of effi-

cacy. In one trial of 199 patients with confirmed SARS-CoV-2,
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13 patients on the lopinavir–ritonavir arm were withdrawn due to AEs

(Cao et al., 2020). In a different trial, patients who were administered

with lopinavir–ritonavir (200/50 mg) also experienced gastrointestinal

AEs (Li et al., 2020).

3.2 | Chloroquine and hydroxychloroquine

Chloroquine and its derivative, hydroxychloroquine, are widely used

as inexpensive and safe antimalarial drugs. In particular, the

established good tolerability of chloroquine/hydroxychloroquine has

made them safe to use even in pregnancy (Villegas et al., 2007). In

addition to antimalarial activity, both drugs have immunomodulating

effects and are used for the treatment of autoimmune diseases includ-

ing systemic and discoid lupus erythematosus, psoriatic arthritis and

rheumatoid arthritis. Chloroquine/hydroxychloroquine concentrates

extensively in acidic vesicles including the endosomes, Golgi vesicles,

and the lysosomes (Ohkuma & Poole, 1981). This leads to lysosomal

membrane permeabilisation or dysfunction of several enzymes includ-

ing acid hydrolases and palmitoyl protein thioesterase 1 (Rebecca

et al., 2019; Savarino, Boelaert, Cassone, Majori, & Cauda, 2003;

Schrezenmeier & Dorner, 2020). Although the precise mechanisms of

the antiviral effects are not fully understood, it has been proposed

that chloroquine/hydroxychloroquine can prevent virus infection (pre-

infection) by interfering with the glycosylation of cellular receptors

and impair viral replication by increasing endosomal pH (post-infec-

tion) (Savarino et al., 2003; Savarino et al., 2004; Vincent et al., 2005).

Owing to their efficacy against viruses (mostly demonstrated

in vitro) including influenza, HIV, coronavirus OC43, and SARS-

CoV, a large number of clinical trials (>230) have been registered

worldwide using chloroquine/hydroxychloroquine alone, or in com-

bination with other drugs (e.g., azithromycin) for the treatment of

COVID-19. Despite promising in vitro antiviral results for

hydroxychloroquine/chloroquine, there is no convincing evidence of

efficacy in vivo at present (Gao, Tian, & Yang, 2020; Gautret

et al., 2020a; Gautret et al., 2020b; Liu et al., 2020; Magagnoli

et al., 2020; Mathian et al., 2020; Million et al., 2020; Tang

et al., 2020; Yao et al., 2020). A post-exposure prophylaxis

randomised controlled trial of 821 participants failed to show any

benefit of hydroxychloroquine (n = 414) compared with placebo

(n = 407) (Boulware et al., 2020). At the time of writing, the

RECOVERY trial (Clinical Trial Identifier NCT04381936), which is

the largest randomised control trial so far conducted for the treat-

ment of COVID, has stopped recruiting to the hydroxychloroquine

arm (1,542 patients compared with 3,132 on standard care)

because of no beneficial effect in terms of either mortality or hos-

pital stay (Horby & Landray, 2020). There are still many other trials

ongoing testing the efficacy of hydroxychloroquine for either pro-

phylaxis or treatment.

Both chloroquine and hydroxychloroquine have been in clinical

use for many years for rheumatoid diseases, and thus, their safety

profile is well established. Dose-dependent retinal toxicity has long

been recognised as the major AE with long-term use of

chloroquine/hydroxychloroquine (Marmor et al., 2011). Besides retinal

toxicity, gastrointestinal, liver, and renal toxicity have also been

reported (Giner Galvan, Oltra, Rueda, Esteban, & Redon, 2007;

Michaelides, Stover, Francis, & Weleber, 2011; Mittal, Zhang, Feng, &

Werth, 2018). As both drugs are mainly metabolised in the liver and

excreted by renal clearance, their use in patients with liver or renal

impairment may worsen the function of these organs. For chloroquine

treatment, prescribing information recommends the full dose at all

degrees of renal impairment but suggests that monitoring of renal func-

tion may be useful (Sanofi-Aventis, 2017a). For hydroxychloroquine,

reductions in dosage are advised for patients with impaired renal func-

tion, as well as those taking concomitant medications with known risks

of kidney damage (Concordia Pharmaceuticals Inc., 2017).

A serious AE associated with chloroquine/hydroxychloroquine is

cardiotoxicity, which can take many forms including cardiomyopathy

in rare instances. Prolonged treatment or high dosage of

chloroquine/hydroxychloroquine has been shown to increase the risk

of QT interval prolongation, polymorphic ventricular tachycardia, and

sudden cardiac death (Chatre, Roubille, Vernhet, Jorgensen, &

Pers, 2018). A large epidemiological analysis in patients with rheuma-

toid arthritis has recently shown that 30-day cardiovascular mortality

was increased by more than twofold when hydroxychloroquine was

combined with azithromycin. The lethal ventricular arrhythmias are

primarily due to inhibition of a potassium channel (the inward rectifier

Kir2.1 channel) and may occur at low micromolar concentrations

(IC50 = 8.7 μM) (Rodriguez-Menchaca et al., 2008). While therapeutic

doses of chloroquine typically result in plasma concentrations of

2–5 μM, much higher concentrations in the heart are expected based

on a 400-fold increase observed in rat PK studies (McChesney,

Banks, & Fabian, 1967; Walker, Dawodu, Adeyokunnu, Salako, &

Alvan, 1983). Both drugs act on various potassium channels including

the inward rectifier currents (carried by Kir2.1 and Kir6.2 channels)

and rapid delayed rectifier currents (carried by Kv11.1/hERG

channels) (Ponce-Balbuena et al., 2012; Rodriguez-Menchaca

et al., 2008; Sánchez-Chapula, Navarro-Polanco, Culberson, Chen, &

Sanguinetti, 2002). The binding of chloroquine to the inward rectifier

Kir2.1 channel can be stabilised by negatively charged and aromatic

amino acids (Rodriguez-Menchaca et al., 2008). To a lesser extent,

chloroquine also blocks the rapid delayed rectifier current, IKr, possibly

through cation–π and π-stacking interactions withTyr652 and Phe656

in the S6 domain of hERG channels (Sánchez-Chapula et al., 2002).

The effect of inhibition of these potassium channels on the heart rate

appears to be complex. However, blocking the hERG channel has

proven to be the most common mechanisms by which drugs cause QT

interval prolongation (Traebert & Dumotier, 2005). The binding of

chloroquine/hydroxychloroquine to proteins is also stereoselective,

but whether one of the chloroquine/hydroxychloroquine enantiomers

has a stronger interaction with the Kir2.1 channel is not known. Cau-

tion is needed when hydroxychloroquine is used in combination with

other drugs (including azithromycin), which increase the QT interval

because of a pharmacodynamic synergistic interaction.

Given the co-morbidities in many patients with COVID-19, espe-

cially those with underlying cardiovascular disease, and the fact that
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COVID-19 itself is associated with cardiac manifestations, this may

increase the risk of cardiotoxicity associated with the use of

chloroquine/hydroxychloroquine. Indeed, excessive QTc prolongation

was observed in 36% of patients reported by Bessiere at al., and

greater QTc prolongation was also seen in patients taking the combi-

nation of hydroxychloroquine and azithromycin than those taking

hydroxychloroquine alone, highlighting the importance of pharmaco-

dynamic interactions (Bessiere et al., 2020; Mercuro et al., 2020). Fur-

thermore, a Phase IIb trial in Brazil showed that a higher dose of

chloroquine (600 mg twice daily) in patients hospitalised with COVID-

19 had a higher fatality rate (30%) compared with 15% in the lower

dose (450 mg twice daily) group (Borba et al., 2020). QTc interval pro-

longation >500 ms was observed in 19% of the high-dose group com-

pared with 11% of the low-dose group. The US prophylaxis

randomised control trial however did not show any increase in cardio-

vascular AEs (Boulware et al., 2020). We await the publication of the

RECOVERY trial to determine whether there was an excess of cardio-

vascular events. However, it is important to note that despite the size

of the RECOVERY trial (n = 1,542 patients), it may still be underpow-

ered to identify an excess number of cardiovascular events when

compared with standard of care.

3.3 | Remdesivir

Remdesivir is an investigational compound that was developed for

the treatment of Ebola (Mullard, 2018; Tchesnokov, Feng, Porter, &

Gotte, 2019). Remdesivir is a monophosphoramidate prodrug and acts

as a broad-spectrum antiviral that can be incorporated into viral RNA

(Agostini et al., 2018; Sheahan et al., 2020; Warren et al., 2016). Many

antivirals are proving to be ineffective against COVID-19 due to the

presence of a proofreading exoribonuclease (ExoN) specific to cor-

onaviruses, encoded in non-structural protein 14 (nsp14) (Agostini

et al., 2018). Remdesivir is able to evade this viral proofreading, all-

owing its incorporation into viral RNA and resulting in inhibition of

RNA-dependent RNA polymerases (RdRps), thereby preventing sub-

sequent viral replication (Warren et al., 2016). Furthermore, Arshad

et al. (2020) suggest that the maximum serum concentration (Cmax) of

remdesivir is sufficient to inhibit 90% of SARS-CoV-2 replication, a

parameter that is suspected to be of vital importance in the treatment

of COVID-19.

Remdesivir is administered intravenously, with single doses rang-

ing between 3 and 225 mg being well tolerated in Ebola patients

(n = 8) (ClinicalTrials.gov, 2019). Similar observations were made in

the blinded, placebo-controlled multiple-dose studies, during which

Ebola patients (n = 8) received an intravenous infusion of 150-mg

remdesivir daily for either 7 or 14 days, and only Grade 1 and

2 adverse reactions were reported (ClinicalTrials.gov, 2019). The pro-

posed dosing regimen for COVID-19 patients receiving remdesivir via

the UK Early Access to Medicines Scheme (EAMS) is similar to that

was evaluated for Ebola treatment: a loading dose of 200 mg on Day

1, followed by 100 mg daily for 5–10 days depending on symptom

severity (MHRA, 2020b). As such, it is likely that many of the AEs

observed in the Ebola study will translate to COVID-19 patients

treated with remdesivir.

Mild-to-moderate elevation of ALT and aspartate transaminase

(AST) were observed in several Ebola patients during the multiple-

dose study, reflecting observations made in human hepatocytes

in vitro (ClinicalTrials.gov, 2019; WHO, 2018). This is likely to be due

to the high cell permeability of hepatocytes, in combination with the

effective intracellular metabolism of remdesivir to its active form

within the liver (WHO, 2018). Emerging data have suggested that

SARS-CoV-2 may target ACE2 on hepatocytes leading to liver injury

as shown by a significant increase in ALT and bilirubin in severe cases

of COVID-19 (Guan et al., 2020). Therefore, it is likely that differenti-

ating between COVID-19-induced transaminase elevations and those

induced by remdesivir presents challenges (Bangash, Patel, &

Parekh, 2020; Zhang, Shi, & Wang, 2020). However, a recent study

found that only 4.1% of COVID-19 patients receiving remdesivir

treatment suffered serious (Grade 3 or 4) transaminase elevations,

with there being no significant difference between the remdesivir-

and placebo-treated groups (Beigel et al., 2020). These data imply that

remdesivir is relatively well tolerated in SARS-CoV-2-positive

patients. Regardless, as advised by the drug manufacturer, daily liver

function tests are essential in any patients receiving remdesivir, with

suggested discontinuation of the drug in patients whose ALT levels

reach ≥5 times the upper limit of normal (ULN) (Gilead, 2020). Adher-

ing to these guidelines is of particular importance in patients with pre-

existing liver disease or in those taking other medications that can also

induce transient ALT and AST elevation (WHO, 2018).

The reported differences between preclinical and clinical data

regarding the safety of remdesivir highlight the inadequacies of preclin-

ical models in some contexts. For example, with regard to COVID-19, a

concerning element of theoretical toxicity is that which affects the

respiratory system. A study using mousemodels of Middle East respira-

tory syndrome coronavirus (MERS-CoV) found that remdesivir

improved pulmonary pathology in infected mice and rhesus monkeys,

and no respiratory toxicity was observed (Gilead, 2020; Sheahan

et al., 2020). In contrast, a respiratory safety study in rats showed that

remdesivir had no effects on tidal volume or minute volume, but did

increase respiratory rate, which returned to baseline by 24 h post-dose

(WHO, 2018). Clearly, increased respiratory rate is a manifestation of

COVID-19, and there would be problems in assessing causality if

remdesivir was also likely to cause of respiratory problems in a clinical

setting. Fortunately, a recent double-blind, randomised, placebo-

controlled trial showed there to be no significant differences in adverse

respiratory events between the remdesivir-treated and control arms

(Beigel et al., 2020). In addition to this, preclinical safety studies per-

formed in rats and cynomolgus monkeys suggested that the kidney was

the target organ for remdesivir-induced toxicity (Gilead, 2020). This

was a significant concern before the initial COVID-19 clinical trials, as it

is known that SARS-CoV-2 can cause acute kidney failure in severe

cases (Ronco, Reis, & Husain-Syed, 2020). However, this has not been

reflected in COVID-19 clinical trials, where the presence of biomarkers

indicative of renal injury has not differed in patients treated with

remdesivir, compared with those on placebo (Beigel et al., 2020;
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Gilead, 2020). However, due to the inclusion of the solubility enhancer

sulfobutylether β-cyclodextrin sodium (SBECD) within remdesivir for-

mulations, remdesivir is contraindicated in patients with severe renal

impairment (eGFR < 30ml�min−1) (EuropeanMedicines Agency, 2020).

Finally, remdesivir is not exempt from DDIs. Co-administration of

remdesivir with several antibiotics including rifampicin is con-

traindicated, which could cause problems for any patients being

treated concomitantly for tuberculosis (Liverpool Drug Interaction

Group, 2020). This occurs because of enzyme induction that reduces

systemic exposure to remdesivir. A similar interaction has also been

seen with enzyme-inducing anticonvulsants, including carbamazepine,

phenytoin, and phenobarbital (Liverpool Drug Interaction

Group, 2020), where reduction in remdesivir exposure may lead to

inadequate treatment of COVID-19.

3.4 | Favipiravir

Favipiravir is another broad-spectrum antiviral prodrug that

undergoes intracellular phosphoribosylation to produce its active

form, favipiravir-ribofuranosyl-50-triphosphate (favipiravir-RTP)

(Furuta, Komeno, & Nakamura, 2017). It is thought that this antiviral

primarily acts by inducing lethal mutagenesis of RNA viruses, although

it also selectively and potently inhibits viral RdRp by acting as a pseu-

dopurine nucleotide (Dawes et al., 2018; Sangawa et al., 2013).

Favipiravir is currently licenced in Japan for the treatment of novel

and re-emerging influenza (Furuta et al., 2013; Furuta et al., 2002). Its

extensive spectrum of activity against various RNA virus polymerases

led to favipiravir being cited as a potentially “crucial pandemic tool,”

even before the outbreak of the novel coronavirus, COVID-19

(Adalja & Inglesby, 2019).

The PK of favipiravir was initially characterised in healthy Japa-

nese volunteers (Madelain et al., 2016). A Cmax of 51.5 μg�ml−1 was

found to occur 2 h post-administration, but plasma concentrations

decreased rapidly due to the relatively short half-life of favipiravir

(between 2 and 5.5 h) (Madelain et al., 2016). However, both Cmax and

half-life increase slightly after multiple doses, and it has been

suggested that favipiravir is capable of reaching a Cmax in humans suf-

ficient to inhibit 90% of SARS-CoV-2 replication, thus establishing it

as an important compound in the ongoing search for COVID-19 thera-

pies (Arshad et al., 2020).

Marked differences in Cmax have been observed between Japanese

and American patients with Cmax values in Japanese subjects being on

average 13.26 μg�ml−1 greater than those in American subjects

(Pharmaceuticals and Medical Devices Agency [PMDA], 2014). This

highlights the need for relevant COVID-19 clinical trials to include a

diverse range of subjects so that factors such as weight and ethnicity

can be considered to optimise dose. The bioavailability of favipiravir is

high at 97.6%, and only 54% of the drug is plasma protein bound,

suggesting that high tissue penetration would be likely (Madelain

et al., 2016; PMDA, 2014). in vivo work in mice showed that the half-

life of favipiravir in the lungs is double than that of favipiravir in plasma,

indicating slower elimination from the lungs (PMDA, 2014). This is

thought to be of high importance in COVID-19, where viral load is par-

ticularly high in the lungs. For influenza treatment in adults, 1,600-mg

favipiravir is given twice on Day 1 of treatment, followed by 600 mg

twice daily from Days 2 to 5 (PMDA, 2014). However, the dosing

period has been extended in ongoing COVID-19 clinical trials: up to

10 days in ChiCTR2000029996 and 14 days in ChiCTR2000029548

(Guan et al., 2020). It is therefore essential that all PK parameters are

monitored in these trials as differences, including increased Cmax and

decreased clearance, are expected during this prolonged dosing regi-

men that may affect safety.

Favipiravir has been linked to teratogenicity and embryotoxicity

and is therefore contraindicated in pregnancy (Furuta et al., 2013).

Overall, favipiravir is generally thought to have a good safety profile

(Asrani, Devarbhavi, Eaton, & Kamath, 2019; Liverpool Drug Interac-

tion Group, 2020; National Health Service [NHS], 2019). This is likely

to be due to the fact that unlike other antiviral drugs such as ribavirin,

favipiravir does not appear to disrupt nonviral RNA or DNA synthesis.

However, very little is known about the long-term safety of

favipiravir, as in previous clinical trials, patient follow-up has been as

little as 5 days (Pilkington, Pepperrell, & Hill, 2020). This is perhaps

less of a concern in COVID-19 as treatment is time limited.

Drug–drug interactions have been reported with favipiravir. For

example, coadministration with favipiravir can increase exposure to

paracetamol by around 15%, which may be a concern for patients

with pre-existing liver disease, as paracetamol is the leading cause of

acute drug-induced liver injury (DILI) in the United Kingdom and

United States (Asrani et al., 2019; Liverpool Drug Interaction

Group, 2020). Favipiravir can also increase patient exposure to many

contraceptives, including progesterone-only pills, combined pills, and

several contraceptive implants, which may cause discomfort, pro-

longed vaginal bleeding, and nausea (Liverpool Drug Interaction

Group, 2020; NHS, 2019). Whether the increased exposure to

oestrogens caused by concomitant treatment with favipiravir can

enhance the risk of thrombosis is not known but should be monitored,

given the overwhelming evidence that COVID-19 increases the risk of

blood clots (Atallah, Mallah, & AlMahmeed, 2020; Di Micco

et al., 2020; Spiezia et al., 2020). Interestingly, large clots are most

common in patients under the age of 50; almost 25% of women aged

between 15 and 49 in the United States currently use either oral or

long-acting contraceptives and thus represent a particular risk group

(Hurley, 2020; Centers for Disease Control and Prevention, 2019).

4 | MODULATION OF THE INFLAMMATORY
PHASE

SARS-CoV-2 virus is capable of eliciting an immune reaction in the

infected individual. Laboratory tests have shown that inflammatory

factors such as IL-6, IL-1, IL-10, and TNF-α are up-regulated during

infection and can instigate an inflammatory response in the lower air-

ways leading to lung injury in some instances (Conti et al., 2020; Guo

et al., 2020). Additionally, in patients with severe symptoms of

COVID-19, there may be activation of a cytokine storm, which can
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cause significant tissue damage (Mehta et al., 2020; Shi et al., 2020). A

smaller proportion of patients can progress to a hyperinflammatory

state, which in COVID-19 has been suggested to resemble secondary

haemophagocytic lymphohistiocytosis (sHLH), a rare syndrome

characterised by uncontrollable fever, cytopenia, raised ferritin levels,

and acute respiratory distress (Seguin, Galicier, Boutboul, Lemiale, &

Azoulay, 2016). IL and TNF-α levels show the greatest increase

in those who require admission to the intensive care unit

(ICU), suggesting that the cytokine storm is instrumental in severe

COVID-19 cases (Huang et al., 2020). Therefore, there has been a log-

ical progression towards the use of immunosuppressive agents as

potential therapies to alleviate inflammation and hyperinflammation

associated with COVID-19 (Mehta, McAuley, et al., 2020).

4.1 | Glucocorticoids

Dexamethasone is a glucocorticoid that can be administered both

orally and intravenously. It acts as a glucocorticoid receptor agonist

and is over 20 times more potent than endogenous cortisol, thus

resulting in dose-dependent suppression of pro-inflammatory genes

through a number of pathways in common with other steroids

(Papich, 2016; Whelan & Apfel, 2013; Yasir & Sonthalia, 2019). Low

doses of glucocorticoids have an anti-inflammatory effect, while

higher doses are immunosuppressive (Buttgereit et al., 2002). Dexa-

methasone can be used for inflammatory diseases such as rheumatoid

arthritis (Crohn's & Colitis Foundation, 2018; Freeman, 2008), but is

recommended for short-term treatment (spanning from 1 to 21 days)

because of the major adverse effects that can occur with long-term

treatment. One of the commonest uses of dexamethasone is for

reducing cerebral oedema.

As of July 8, 2020, dexamethasone was undergoing evaluation

in 17 clinical trials. On June 16, the results of the dexamethasone

arm of the RECOVERY trial were announced. The trial results, which

are available in preprint form, showed that 2,104 patients had

received either oral or intravenous low-dose (6 mg) dexamethasone

daily for 10 days (Horby et al., 2020). When compared with 4,321

control patients receiving usual care only, it was shown that dexa-

methasone reduced deaths by one third in SARS-CoV-2-positive

patients requiring ventilation and by one fifth in patients

receiving oxygen. No benefit was observed for patients with milder

COVID-19 symptoms who did not require respiratory support

(Horby et al., 2020).

Recent work has found that tissue inflammation and organ dys-

function seen in fatal cases of COVID-19 are not consistent with

SARS-CoV-2 distribution in tissues and cells (Dorward et al., 2020).

Tissue-specific tolerance to the virus may be therefore important and

suggests that fatalities arising from COVID-19 may be mainly due to

host-mediated immune response rather than pathogen-mediated end-

organ inflammation. This is consistent with the dexamethasone result

in the RECOVERY trial.

Dexamethasone has a bioavailability of 70–78% and is 77% pro-

tein bound in plasma (Spoorenberg et al., 2014). It is 6-hydroxylated

by hepatic CYP3A4 to 6α- and 6β-hydroxy dexamethasone and can

also be reversibly metabolised to 11-dehydroxymethasone and back

to dexamethasone by renal corticosteroid 11-β-dehydrogenase 1

(Diederich et al., 1998; Diederich, Hanke, Oelkers, & Bähr, 1997;

Tomlinson, Maggs, Park, & Back, 1997). Unlike many glucocorticoids

that are predominantly excreted in urine, only about 10% of

dexamethasone is excreted in urine (Dexcel Pharma Technologies Ltd,

2019).

Glucocorticoids are generally safe drugs when given at low doses

and for short periods of time (<3 weeks), with the risk of AEs increas-

ing with dose and therapy duration (Yasir & Sonthalia, 2019). Short-

term use of dexamethasone can result in increased appetite, mood

changes, and insomnia, but most of the adverse reactions are self-

limiting (NHS, 2020). Dexamethasone can lead to B- and T-cell deple-

tion and hence lymphopenia (Marinella, 2020), which interestingly is

also found in up to 80% of patients with COVID-19 (Liu, Blet,

Smyth, & Li, 2020). However, despite this, the RECOVERY trial was

able to show mortality benefit in the most severely affected COVID-

19 patients. A critical issue may be the dose that is administered—in

RECOVERY, 6 mg�day−1 was administered over 10 days, which is a

relatively low dose.

A recent systematic review and meta-analysis of corticosteroid

treatment in patients with coronavirus infection suggested that corti-

costeroids were associated with higher rates of bacterial infections,

longer time spent in hospital, and higher rates of mortality (Yang, Liu,

et al., 2020). However, most of the studies analysed in this meta-

analysis were retrospective observational studies, generally of poor

quality and did not analyse the effects according to steroid dose.

Other studies that have used low-to-moderate-dose corticosteroids

as treatment for diseases such as viral and bacterial pneumonia reflect

the results of the RECOVERY trial, with low-dose corticosteroids

resulting in decreased mortality and morbidity in patients with severe

pneumonia (Li et al., 2017; Stern et al., 2017). In these studies, low-to-

moderate-dose corticosteroids (40- to 50-mg prednisolone, which

equates to 6- to 7.5-mg dexamethasone) were given to patients for

between 7 and 10 days (Stern et al., 2017) (National Institute for

Health and Care Excellence, 2020b). In keeping with the known

adverse effects of corticosteroids, the systematic review showed that

hyperglycaemia was significantly more frequent in the corticosteroid-

treated group (Stern et al., 2017).

Dexamethasone can be involved in both PK and pharmacody-

namic interactions. Combining it with other immunosuppressants may

increase the risk of serious infection (National Institute for Health and

Care Excellence, 2020c). Co-treatment with ibuprofen or other

NSAIDs increases the risk of gastrointestinal bleeding (National Insti-

tute for Health and Care Excellence, 2020c), whilst its gluconeogenic

effects can lead to hyperglycaemia, which in diabetic patients can lead

to increased insulin doses being required (Consilient Health

Ltd., 2020). Dexamethasone is a CYP3A4 inducer and may therefore

interact with remdesivir, a CYP3A4 substrate, potentially reducing its

plasma exposure. Although clinicians should be aware of this interac-

tion, the risk is small given that both drugs are indicated for 10 days

or less.
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4.2 | IL-6 receptor inhibitors

Both tocilizumab and sarilumab are humanised anti-IL-6 receptor

monoclonal antibodies used for the treatment of moderate to severe

rheumatoid arthritis, whereas siltuximab is a chimeric, human–mouse

anti-IL-6 receptor monoclonal antibody used for treatment of multi-

centric Castleman disease (MCD) (Deisseroth et al., 2015; National

Institute for Health and Care Excellence, 2020e). Due to their long

half-life, IL-6 inhibitors do not need to be taken daily; however, given

that they are currently indicated for chronic diseases, patients receive

IL-6 inhibitor treatments for life or until treatment failure (Janssen

Biotech Inc, 2019; Roche Pharma, 2013; Sanofi-Aventis, 2017b).

Clinical trials to assess the efficacy and safety of tocilizumab,

sarilumab, and siltuximab for the treatment of the inflammatory phase

of COVID-19 are ongoing. Whilst the exact dosing regimens vary

between trials, COVID-19 patients will be receiving a single or short-

course intravenous infusion or subcutaneous injection of the IL-6

inhibitor (Clinical Trial Identifiers NCT04317092, NCT04315298,

NCT04327388, NCT04330638, and NCT04322188).

Due to their similarity, it is not surprising that tocilizumab,

sarilumab, and siltuximab have comparable safety profiles. Thus far,

evidence from clinical trials in patients with rheumatoid arthritis and

MCD or post-marketing has revealed that IL-6 inhibitors are generally

well tolerated. Participants were enrolled on these trials for a mini-

mum of 6 months and in some cases up to 24 months. Individuals with

diabetes, a history of recurrent infection, age ≥65, and corticosteroid

use have been shown to be at an increased risk of developing a more

serious infection following IL-6 inhibitor use (Jones et al., 2010). While

adverse reactions were typically seen following chronic IL-6 inhibitor

treatment, the potential for COVID-19 patients to develop an adverse

drug reaction (ADR) following a single or small number of doses

should not be ignored.

The most common infections reported in patients receiving

anti-IL6 therapy include skin infections, respiratory infections, uri-

nary tract infections, and, in some cases, opportunistic infections

ranging from tuberculosis to herpes (Emery et al., 2008; Emery

et al., 2019; Fleischmann et al., 2017; Fleischmann et al., 2013;

Genovese et al., 2015; Genovese et al., 2008; Genovese

et al., 2019; Hoshi et al., 2012; Huizinga et al., 2014; Janssen Bio-

tech Inc, 2019; Jones et al., 2010; Kameda et al., 2020; McCarty &

Robinson, 2018; Pawar et al., 2019; Smolen et al., 2008; Tanaka

et al., 2019; Weinblatt et al., 2013). Neutropenia has also been

reported with all three drugs when tested for their intended thera-

peutic use, and in some trials, this led to patient discontinuation

(Emery et al., 2008; Fleischmann et al., 2017; Fleischmann

et al., 2013; Genovese et al., 2015; Genovese et al., 2008; Huizinga

et al., 2014; Janssen Biotech Inc, 2019; Jones et al., 2010; Smolen

et al., 2008). Absolute neutrophil count (ANC) must be monitored

every 4–8 weeks, and in those who develop an ANC < 0.5 × 109 L-

1, treatment must be discontinued (National Institute for Health and

Care Excellence, 2020d; Roche Pharma, 2013; Sanofi-Aventis,

2017b). Gastrointestinal manifestations (upper abdominal pain,

mouth ulceration, and nausea) have also been reported with IL-6

inhibitors. A systematic review and meta-analysis of 35 COVID-19

studies found that 15% of patients experienced gastrointestinal dis-

turbance manifested as vomiting, diarrhoea, and loss of appetite.

This has been postulated to be due to the expression of ACE2 on

gastrointestinal epithelial cells (Mao et al., 2020; Qi, Qian, Zhang, &

Zhang, 2020). Therefore, differentiating between COVID-19-induced

gastrointestinal disorders and those evoked by IL-6 therapy may

present a challenge in terms of causality and the need to modify or

stop therapy. Increases in lipid profiles (total cholesterol, LDL, HDL,

and triglycerides) have also been reported in patients receiving IL-6

inhibitors as either monotherapy or combination therapy (Emery

et al., 2008; Fleischmann et al., 2013; Genovese et al., 2015; Geno-

vese et al., 2008; Genovese et al., 2019; Huizinga et al., 2014;

Janssen Biotech Inc, 2019; Jones et al., 2010; Kameda et al., 2020;

Smolen et al., 2008; Tanaka et al., 2019). However, the incidence of

major cardiovascular events was infrequent, and lipid elevation

resolved with statin therapy (Genovese et al., 2015; Genovese

et al., 2019).

Tocilizumab is associated with an increased risk of hepatotoxicity,

usually manifested as an asymptomatic rise in ALT (Anger et al., 2017;

Drepper, Rubbia-Brandt, & Spahr, 2013; Fleischmann et al., 2013;

Jones et al., 2010; Mahamid, Mader, & Safadi, 2011; Maini

et al., 2006; Nishimoto et al., 2009; Pawar et al., 2019; Smolen

et al., 2008). Liver injury has also been reported with a liver biopsy

from a female patient who had taken tocilizumab for a month reveal-

ing focal necrosis of hepatocytes with steatosis and early fibrosis

(Mahamid et al., 2011). COVID-19 also has effects on the liver, and

again, causality assessment may be difficult (Guan et al., 2020). The

prescribing instructions for tocilizumab and sarilumab indicate that

liver function tests are required every 4–8 weeks following treatment

commencement and then every 3 months thereafter (Roche

Pharma, 2013; Sanofi-Aventis, 2017b). If liver enzymes are 1–3×

ULN, the dose of tocilizumab and sarilumab can be reduced until ALT

or AST have normalised and then treatment resumed at the therapeu-

tic dose. Where laboratory findings are >3–5× ULN, treatment with

IL-6 inhibitors must be paused and then recommendations for 1–3×

ULN followed. If elevations persist or are >5× ULN, tocilizumab and

sarilumab treatment must be discontinued immediately (Roche

Pharma, 2013; Sanofi-Aventis, 2017b). Although sarilumab and

siltuximab are associated with abnormalities in liver function tests,

they are typically short lived and asymptomatic (LiverTox, 2016,

2017b). Pre-existing liver disease can worsen symptoms of DILI and in

some cases increase susceptibility (David & Hamilton, 2010).

Tocilizumab, sarilumab, and siltuximab are expected to undergo

metabolism via catabolic pathways and not CYP450 processes

(McCarty & Robinson, 2018). Therefore, due to the lack of hepatic

metabolism, it is assumed that the PK of the IL-6 inhibitors will not be

altered in patients with pre-existing liver disease (Abou-Auda &

Sakr, 2010). However, tocilizumab, sarilumab, and siltuximab have

been shown to restore and improve CYP levels (Janssen Biotech

Inc, 2019; Roche Pharma, 2013; Sanofi-Aventis, 2017b). This is of par-

ticular importance as CYP levels may remain elevated following treat-

ment discontinuation due to the long half-life of the compounds.
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Therefore, this may be a consideration for further evaluation for any

dosing adjustment requirements if patients are taking medications

that are metabolised by CYP enzymes.

4.3 | IL-1 receptor inhibitors

Anakinra is a 17-kD, recombinant human IL-1 receptor antagonist

that blocks the activity of pro-inflammatory cytokines IL-1α and

IL-1β (Cawthorne et al., 2011; Dinarello, Simon, & van der

Meer, 2012). Anakinra is primarily used in combination with

methotrexate for reducing the symptoms and slowing the progres-

sion of joint damage in rheumatoid arthritis (National Institute for

Health and Care Excellence, 2020a). It is also used for rare inflam-

matory conditions such as cryopyrin-associated periodic syndromes

and Still's disease (National Institute for Health and Care

Excellence, 2020a). It is administered via subcutaneous injection

and is supplied as a single-use, pre-filled syringe containing

100 mg in 0.67 ml (Swedish Orphan Biovitrum Ltd, 2007). Rheu-

matoid arthritis patients and those with Still's disease and a body

weight >50 kg must be given 100-mg anakinra, whereas patients

with Still's disease with a body weight <50 kg should have weight-

based dosing starting at 1–2 mg�kg−1 (Swedish Orphan Biovitrum

Ltd, 2007). The recommended starting dose for patients with

cryopyrin-associated periodic syndromes is 1–2 mg�kg−1. If

tolerated, the dose can be increased from 3–4 mg�kg−1 to a maxi-

mum of 8 mg�kg−1 (Swedish Orphan Biovitrum Ltd, 2007). Anakinra

has a short terminal half-life of approximately 4–6 h and so must

be administered daily, preferably at the same time each day

(Amgen Inc., 2001). Anakinra is currently not licenced for intrave-

nous administration or treatment of sHLH, but its use is endorsed

by clinicians, where intravenous infusion, as opposed to subcutane-

ous injection, can achieve quicker and greater maximal plasma

concentrations (Carter, Tattersall, & Ramanan, 2018; La Rosée

et al., 2019; Mehta, Cron, Hartwell, Manson, & Tattersall, 2020).

Thus far, 21 clinical trials have been registered to assess the use

of anakinra in patients with severe COVID-19. Additionally, two

recent studies have reported positive outcomes with anakinra in

COVID-19-induced acute respiratory distress syndrome (Cavalli

et al., 2020; ClinicalTrials.gov, 2020c; Huet et al., 2020). Participants

were dosed 100 mg twice daily subcutaneously for 72 h followed by

100 mg daily for 7 days in addition to standard of care (Huet

et al., 2020). This retrospective study found that anakinra reduced

rates of mortality and the need for mechanical ventilation in ICU

patients (Huet et al., 2020). Anakinra was administered either subcu-

taneously or intravenously in the COVID-19 Biobank Study (Huet

et al., 2020). Participants received subcutaneous injections at a dose

of 100 mg twice daily or via slow intravenous infusion at

10 mg�kg−1�day−1 until there was a 75% reduction in serum C-reactive

protein levels and sustained respiratory improvements (Cavalli

et al., 2020). Alhtough no safety concerns emerged with anakinra

administered subcutaneously, it was discontinued due to a lack of clin-

ical improvement and limited reduction in C-reactive protein (Cavalli

et al., 2020). By contrast, intravenous anakinra was well tolerated and

improved clinical outcomes. Notably, 72% of patients had improved

respiratory function in comparison with 50% within the standard

treatment group (Cavalli et al., 2020). In both studies, cases of

ALT ≥ 3× ULN were observed in both the anakinra and the standard

treatment arms. Four cases of bacteraemia following intravenous

anakinra were reported in the COVID-19 Biobank Study, but there

were no cases of bacterial infection in the Ana-COVID Study (Cavalli

et al., 2020; Huet et al., 2020). While both studies are encouraging,

they should be considered proof-of-concept trials, and larger

randomised trials are still needed (Cavalli et al., 2020; Huet

et al., 2020).

Subcutaneous administration of anakinra is associated with injec-

tion site reactions (Kaiser et al., 2012). In a review of five rheumatoid

arthritis clinical trials, 71% of participants receiving anakinra therapy

reported injection site reactions in comparison with 28% of partici-

pants on placebo (Mertens & Singh, 2009). Injection site reactions can

range from immediate to delayed. In immediate cases, the reaction

manifests as a burning sensation whereas delayed reactions present

as a rash, pruritus, or swelling (Kaiser et al., 2012). Anakinra has also

been reported to lead to infection, neutropenia, thrombocytopenia,

headache, and blood cholesterol increase when administered subcuta-

neously (Swedish Orphan Biovitrum Ltd, 2007).

Injection site reactions that arise immediately can be eased by

placing an ice pack on the injection site before and after anakinra

administration, and delayed reactions can be treated with topical cor-

ticosteroids or antihistamines (Kaiser et al., 2012). Increases in serious

infection rate are common following anakinra use and frequently

include upper respiratory infections, sinusitis, urinary tract infection,

and bronchitis (Bresnihan et al., 1998; Cohen et al., 2002;

Fleischmann et al., 2003). Whilst rare, cases of opportunistic infection

have been reported in anakinra monotherapy or in those receiving

anakinra in combination with immunosuppressive agents (Salvana &

Salata, 2009; Swedish Orphan Biovitrum Ltd, 2007). Neutrophil

counts must be monitored during the first 6 months of anakinra treat-

ment and quarterly henceforth (Swedish Orphan Biovitrum

Ltd, 2007). In patients where the ANC is <1.5 × 109 cells L-1, treat-

ment must be discontinued immediately (Swedish Orphan Biovitrum

Ltd, 2007). The higher doses being used in COVID-19 trials and the

potential for a greater Cmax due to intravenous administration poten-

tially raise additional safety concerns. However, earlier detection of

AEs should be possible since the duration of treatment will be shorter

than that used in rheumatoid arthritis, coupled with the fact that

patients will already be hospitalised.

Anakinra is catabolised and eliminated via glomerular filtration

(Swedish Orphan Biovitrum Ltd, 2007; Yang, Baughman, &

Sullivan, 2003). Caution should be exercised, and dose adjustments

may be required in moderate to severe renal impairment (Swedish

Orphan Biovitrum Ltd, 2007; Yang et al., 2003). During general infec-

tions and inflammatory diseases, CYP enzymes are primarily down-

regulated (Mallick, Taneja, Moorthy, & Ghose, 2017). Similar to IL-6

inhibitors, it may be possible that anakinra treatment restores CYP

levels in infected patients (Swedish Orphan Biovitrum Ltd, 2007).
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Therefore, caution should be exerted in COVID-19 patients receiving

concomitant medications with a drug having a narrow therapeutic

window. Mild interactions can occur between anakinra and warfarin,

clopidogrel, clozapine, and phenytoin (Liverpool Drug Interaction

Group, 2020).

4.4 | JAK inhibitors

Baricitinib is an orally administered, disease-modifying, anti-rheumatic

drug (DMARD), traditionally used in the treatment of moderate to

severe active rheumatoid arthritis (Al-Salama & Scott, 2018). By acting

as an ATP-competitive kinase inhibitor, baricitinib can selectively and

potently inhibit JAK1 and JAK2 in a reversible manner. JAKs are

essential in the transduction of intracellular signals for various cyto-

kines involved in the inflammatory and immune responses, and so by

inhibiting these kinases, baricitinib is able to relieve symptoms of

rheumatoid arthritis for many patients (Fridman et al., 2010).

As described previously, a common characteristic of COVID-19,

much like another betacoronavirus disease SARS, is a profuse inflam-

matory response (Huang et al., 2020; Stebbing et al., 2020). Increased

levels of pro-inflammatory cytokines, such as IFN-γ and IL-1β, have

been observed in confirmed COVID-19 cases (Huang et al., 2020;

Mehta, McAuley, et al., 2020; Russell et al., 2020). Furthermore, the

levels of some specific cytokines appear to be related to disease

severity; patients requiring admission to intensive care units show

increased levels of TNF-α and the chemokine CCL2. The rationale

behind repurposing baricitinib as a treatment for COVID-19 is centred

on this potential for severely ill patients to present with a cytokine

storm (Mehta, McAuley, et al., 2020; Russell et al., 2020). By dampen-

ing the inflammatory response, it is postulated that baricitinib will be

able to relieve COVID-19 symptoms. Data modelled using artificial

intelligence techniques suggest that baricitinib may work by inhibiting

virus entry into cells via an endocytic regulator known to be involved

in coronavirus internalisation, the AP2-associated protein kinase

1 (AAK1) (Burkard et al., 2014; Richardson et al., 2020). Baricitinib, as

well as being capable of JAK1 and JAK2 inhibition, is a high-affinity

inhibitor of AAK1 (Richardson et al., 2020).

Patients tend to tolerate baricitinib well, and it has a relatively

good safety profile (Keystone et al., 2015). However, as with

tocilizumab and sarilumab treatment, a very common (≥1/10) AE

observed in patients taking baricitinib, but not in the placebo arm, is

upper respiratory tract infection, which may be related to its ability to

suppress the immune system (Eli Lilly, 2017). Patients taking bari-

citinib have the potential to develop respiratory tract infections, which

may make it difficult to distinguish whether any deterioration is due

to COVID-19 or a secondary infection. Other opportunistic infections

including herpes zoster and urinary tract infections were also more

common in the treated arm compared with placebo, and dose reduc-

tion is recommended for patients with a history of chronic infections

(Eli Lilly, 2017; Smolen et al., 2018). Secondary infections are not

uncommon in severe COVID-19 patients, and so the use of a drug

that may make patients increasingly prone to infections will depend

on the harm–benefit ratio for severe cases of COVID-19

(WHO, 2020a).

Baricitinib is currently still being trialled in patients with COVID-

19 with a therapeutic dose of 2–4 mg once daily, which is the same as

the recommended dosage for the treatment of rheumatoid arthritis

(Cantini et al., 2020; Richardson et al., 2020). There have been a small

number of reports from patients taking this recommended dosage for

the treatment of rheumatoid arthritis presenting with deep vein

thrombosis (DVT), which was severe in some of these cases (Taylor

et al., 2019). This is a cause for concern as there are increasing reports

of COVID-19 patients, especially those who are critically ill and in the

ICU, with thrombotic complications including pulmonary embolism

and other venous and arterial thrombotic events (Klok et al., 2020;

Middeldorp et al., 2020). As baricitinib has been reported to cause

DVT, there is the potential for disease–drug interactions with COVID-

19 patients taking baricitinib potentially more likely to develop throm-

botic complications. In order to mitigate this risk, alternative JAK

inhibitors, which have a lower risk of thrombotic events, such as

ruxolitinib, may be considered in the context of COVID-19 (Alvarez-

Larran et al., 2018). However, unlike baricitinib, ruxolitinib is primarily

metabolised by CYP3A4 (Yang & Keating, 2012). This means that pre-

scribing ruxolitinib instead of baricitinib may increase the risk of

CYP3A4-related DDIs (Ogu & Maxa, 2000). Baricitinib is not predicted

to be involved in any problematic DDIs. Co-administration with both

CYP3A inhibitors (fluconazole) and inducers (rifampicin) failed to

result in any clinically relevant changes to baricitinib exposure (Eli

Lilly, 2017).

Emerging reports have revealed that patients with COVID-19

experience renal impairment, which could be attributed to ACE2

expression on kidney endothelial cells (Varga et al., 2020). Baricitinib

should not be given to patients with renal impairment as the majority

of the drug is cleared through the kidneys, and monitoring of renal

function will be important to prevent AEs related to overexposure to

baricitinib in those with deteriorating renal function (Eli Lilly, 2017).

5 | STIMULATION OF THE BODY'S
ANTIVIRAL RESPONSE

5.1 | IFN-β

Type 1 IFNs are a group of cytokines produced during viral infection.

Notably, IFN-β-1a has a leading role in activating genes involved in

immunomodulation, suppressing the inflammatory response and ant-

iviral effects (Sallard, Lescure, Yazdanpanah, Mentre, & Peiffer-

Smadja, 2020). While a variety of type 1 IFNs exist, in vitro evidence

has shown that IFN-β-1a and IFN-β-1b are the most potent in the

inhibition of SARS-CoV and MERS-CoV (Chan et al., 2013; Hensley

et al., 2004). Within the lungs, IFN-β-1 has been shown to up-regulate

levels of the enzyme CD73, an ecto-5'-nucleotidase, which inhibits

vascular leakage, increases the secretion of anti-inflammatory adeno-

sine, and preserves pulmonary endothelial barrier function (Kiss

et al., 2007; Sallard et al., 2020). However, in vivo research has
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revealed that timing of administration of IFN-β-1 is crucial for positive

effects. When administered shortly after MERS-CoV infection, IFN-

β-1 protected mice from lethal infection, whereas delayed administra-

tion failed to effectively inhibit viral replication or pro-inflammatory

cytokines, leading to fatal pneumonia (Channappanavar et al., 2019).

Interestingly, in vitro evidence has revealed that SARS-CoV-2 is more

sensitive to IFN-β-1 treatment than MERS-CoV and SARS-CoV and

thus supports the tenet that treatment with IFN-β-1 may be beneficial

for COVID-19 patients (Lokugamage, Schindewolf, &

Menachery, 2020; Sheahan et al., 2020; Thiel & Weber, 2008). It is

assumed that treatment of COVID-19 patients with IFN-β-1 will

strengthen the host immune response and prevent the worsening of

severe respiratory tract manifestations.

IFN-β-1 therapy has been used for the long-term management of

multiple sclerosis (MS) and has been associated with a number of AEs.

When administered subcutaneously in MS patients, the most common

AEs were flu-like symptoms, injection site reactions, worsening of MS

symptoms, menstrual disorders, mood alterations, and laboratory

abnormalities (Walther & Hohlfeld, 1999). The most common labora-

tory abnormalities were neutropenia, leukopenia, lymphopenia, and

raised aminotransferases (Walther & Hohlfeld, 1999). A genome-wide

association study of patients with IFN-β induced liver injury showed

that rs2205986, which has been linked to differential expression of

IFN regulatory factor (IRF)-6, is a predisposing factor (Kowalec

et al., 2018). This may be related to the fact that IRF6 leads to apopto-

sis in the presence of IFN-β. Depression is a common AE reported in

patients receiving subcutaneous IFN-β-1 therapy, and thus, caution is

needed when administering to those with a previous or current his-

tory of depressive disorder (Biogen, 2007). Whilst rare, careful moni-

toring of clinical manifestations such as new onset hypertension,

thrombocytopenia, impaired renal function, and fever is required in

order to identify cases of thrombotic microangiopathy (TMA)

(Biogen, 2007). TMA is rare and has been reported at different time

points of IFN-β-1 therapy (Biogen, 2007; Nishio et al., 2016; Yam,

Fok, McLean, Butler, & Kempster, 2018). Laboratory findings of a

decreased platelet count, increased serum LDH, and red blood cell

fragmentation are suggestive of TMA (Biogen, 2007). If diagnosed,

patients must discontinue IFN-β-1 therapy and will require plasma

exchange (Biogen, 2007).

SNG001 is an inhaled form of IFN-β-1a produced by Synairgen.

The company has tested the efficacy and safety of the drug for the

prevention and treatment of symptoms associated with respiratory

viral infection in asthma and chronic obstructive pulmonary disease

(COPD) (Synairgen plc, 2018). A randomised, placebo-controlled,

Phase 2 trial is currently ongoing to assess the safety and efficacy of

inhaled SNG001 for the treatment of patients with COVID-19

(NCT04385095). Data from the asthma trials have revealed that when

administered via inhalation, high levels of IFN-β-1a are achieved

within the lungs with lower levels within the circulation leading to

improvements in lung function, antiviral responses, and better asthma

control (Djukanovi�c et al., 2014). Inhaled SNG001 seems to have a

good safety profile; five patients within the SNG001 arm reported

cardiac palpitations, whereas no cases were reported in the placebo

arm, but symptoms were mild and not considered clinically significant

(Djukanovi�c et al., 2014).

A clinical trial has been undertaken in hospitalised COVID-19

patients where the triple combination of IFN-β, lopinavir–ritonavir,

and ribavirin was compared with lopinavir–ritonavir and ribavirin

(Hung et al., 2020; Shalhoub, 2020). Patients in the triple combination

therapy arm achieved negative COVID-19 tests results faster than

those in the control arm, with improved patient symptoms, decreased

viral shedding, and decreased overall length of stay in the hospital

compared with those in the control group (Hung et al., 2020). AEs

reported in both groups included nausea and diarrhoea. However, due

to polypharmacy in this trial, it was difficult to determine the effect of

IFN-β on SARS-CoV-2 alone.

IFN-β has reported DDIs with other COVID-19 therapies includ-

ing chloroquine and hydroxychloroquine and with anakinra, sarilumab,

and tocilizumab (Liverpool Drug Interaction Group, 2020). DDIs have

also been reported with metamizole (analgesic), linezolid

(antibacterial), clozapine (antipsychotic), zidovudine (HIV antiretroviral

therapy), and some immunosuppressants (adalimumab, azathioprine,

and pirfenidone) (Liverpool Drug Interaction Group, 2020).

6 | FUTURE OUTLOOK

Reviewing the safety of potential COVID-19 treatments (Table 1) is

complex due to the fast-moving pace of research in this field. For

example, chloroquine and hydroxychloroquine with or without an

accompanying macrolide antibiotic have consistently been at the fore-

front of COVID-19 research efforts since the outbreak began. How-

ever, the astonishing developments over a week or so have led to

retraction of a highly publicised paper, and results from a post-

exposure prophylaxis trial and a treatment trial (RECOVERY), both of

which have shown no beneficial effect of hydroxychloroquine

(Boulware et al., 2020; Horby & Landray, 2020; Mehra, Ruschitzka, &

Patel, 2020). This highlights that the rapid rate of discoveries sur-

rounding COVID-19 therapies generates the need to update this per-

spective frequently, in order to ensure that the safety of any newly

repositioned therapies, novel developmental compounds or new ther-

apeutic combinations are investigated. For example, the potential use

of heparin in novel forms, including nebulised therapy (Clinical Trial

Identifier NCT04397510), as an antiviral agent is currently the subject

of several investigational trials. In addition, the potential utility of

nitazoxanide is currently the subject of several clinical trials

(ClinicalTrials.gov, 2020a; Pepperrell, Pilkington, Owen, Wang, &

Hill, 2020; Rajoli et al., 2020).

It is clearly essential that the harm–benefit ratio of any

pharmacogical agent being considered for use in the treatment of

COVID-19 is thoroughly considered. This ratio changes dependent

upon the disease stage and is correlated to potential mortality. For

example, a higher risk may be acceptable for patients in the later

stage of severe disease but not acceptable when the same thera-

peutic agent is administered in mild disease. This difference in

harm–benefit analysis becomes even more striking when
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considering the use of such agents to prevent infection. As is the

case for many highly contagious viruses, prevention by prophylaxis

would be incredibly valuable. Some of the agents described in this

review, including chloroquine and ritonavir, have been suggested

as potential prophylactic agents, but to date, data on efficacy have

been disappointing (Rathi, Ish, Kalantri, & Kalantri, 2020; Spinelli,

Ceccarelli, Di Franco, & Conti, 2020). Clearly, treatment duration

for prophylaxis is expected to be longer than for treatment of

COVID-19, and this may further alter the harm–benefit ratio,

reinforcing the need for safety considerations at the outset of any

clinical trials.

Similarly, the evaluation of therapy risk also applies to long-term

recovery. As the current pandemic progresses, it is becoming appar-

ent that being discharged from hospital does not necessarily mean

that patients are free from COVID-19 symptoms. Large numbers of

patients who have survived severe SARS-CoV-2 infection may have

incurred long-term health problems, including some permanent loss

of lung and kidney function (Foundation, 2020; Su et al., 2020;

Summers, 2020). Consequently, it is probable that long-term thera-

pies will be required for many patients to maintain or, ideally, restore

normal physiological organ function. It is vital that therapies that will

be used to treat patients during their long-term recovery are also

undergoing evaluation for their safety, particularly as many of these

agents may need to be administered over much longer periods of time

than initial COVID-19 treatments.

The identification and characterisation of biomarkers of disease

and safety will be invaluable in the further development and deploy-

ment of therapies for COVID-19. Disease biomarkers, for example, of

lung injury or the hyperinflammatory response, may allow the stratifi-

cation of therapy in order to select the agent best suited to the stage

of disease. Moreover, biomarkers should be considered to monitor

patient safety in cases of known AEs. For example, the manufacturer's

guidelines for remdesivir recommend daily liver function tests due to

the risk of transaminase elevations (Gilead, 2020). These tests are

essential, particularly with regard to COVID-19 where increased ALT

levels are reported to be common amongst hospitalised patients

(Bangash et al., 2020; Zhang et al., 2009). Looking to the future,

improvements in the specificity, predictivity, and reliability of drug-

induced organ damage, through academic–industry partnerships such

as the Biomarker Qualification Program in the Critical Path Institute

in the United States and the European Innovative Medicines Initiative

consortiumTransBioline, will help improve clinical assessment of drug

safety issues in COVID-19.

Continued enhancements in the speed, predictivity, and human

translation of safety assessment for toxicity of antiviral compounds is

clearly warranted, and this may include animal models of SARS-CoV-2

as well as in vitro models, in order to assess efficacy alongside safety.

Such a full understanding for individual therapies will indicate the

combinations that can have the potential to provide the best synergy

for benefit, while forewarning of the potential for increased risk/harm

through PK or toxicodynamic interaction.

Although outside the scope of this review, a vaccine for COVID-

19 remains the best hope to end the pandemic and protect theT
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population. As of July 8, 2020, according to WHO, there are 21 vac-

cines in clinical trial stages and 139 in preclinical stages of evaluation

(WHO, 2020b). Currently, potential vaccines are only just beginning to

be tested for efficacy in humans in early phase studies, and therefore,

safety data will begin to emerge as larger numbers of individuals are

treated with the vaccine. Safety data regarding preliminary vaccina-

tions against SARS and MERS are limited, but the available informa-

tion may be useful during the development of COVID-19 vaccines,

due to the similarities between the coronavirus strains (Padron-

Regalado, 2020). One safety concern relevant to coronaviruses is the

potential for the induction of antibody-dependent enhancement

(ADE), a phenomenon that was observed in cats vaccinated against

feline infectious peritonitis coronavirus and has also been seen in

patients vaccinated against Zika virus and dengue virus (Khandia

et al., 2018; Padron-Regalado, 2020; Vennema et al., 1990). ADE can

occur when non-neutralising antibodies bind to virus particles and

increase their uptake into host cells, instead of rendering them non-

infectious (Padron-Regalado, 2020; Tirado & Yoon, 2003). This caused

concern in initial SARS vaccine development, but can reportedly be

avoided by using truncated versions of the viral S glycoproteins

(He et al., 2004). Acknowledging safety concerns such as this, as well

as the ways they can be attenuated, may be paramount in the timely

development of a vaccine against COVID-19.

In conclusion, although expanding extremely rapidly, the field of

therapies to treat COVID-19 remains in its infancy. Safety will con-

tinue to play a major role in therapeutic success, as apparent with

recent reports of increased cardiac toxicity associated with the use of

chloroquine/hydroxychloroquine in the treatment of COVID-19,

despite its long history of use as an antimalarial. Above all, this per-

spective has exemplified the need to view safety concerns in the

context of the individual and specific phase of disease in order to for-

mulate a comprehensive harm–benefit balance. Importantly, an

awareness of potential safety concerns will support the development

of the next stage of therapy targeting prophylaxis and recovery

post-COVID infection. It is imperative that safety scientists rise to the

challenge of COVID-19 by utilising their expertise in mechanistic

understanding, biomarker development, and toxicokinetic modelling in

order to support the development of COVID-19 therapies that can be

used effectively and safely.

NOMENCLATURE OF TARGETS AND LIGANDS

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY (http://www.guidetopharmacology.org) and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander, Christopoulos, et al., 2019; Alexander, Cidlowski,

et al., 2019; Alexander, Fabbro, et al., 2019a, b; Alexander, Kelly,

et al., 2019; Alexander, Mathie, et al., 2019).

ACKNOWLEDGEMENTS

This work is supported as part of the Drug Safety Centre supported

by the Medical Research Council [grant number G0700654].

CONFLICT OF INTEREST

A.A., B.K.P., C.B.-B., C.E.G., R.L.J., R.T.K., S.H.K., S.L.P., and

X.M. declare that they have no conflicts of interest. A.O. declares no

direct conflict of interest but is Director and CSO for Tandem Nano

Ltd and a co-inventor of patents relating to drug delivery of infectious

disease medicines. A.E.C. reports no direct conflict of interest but

receives research funding for the support of S.L.P. and R.L.J. from

Servier Pharmaceuticals and AstraZeneca; these are unrelated to the

published work. A.E.C. receives additional unrelated research funding

from Janssen Pharmaceuticals. A.O. has received consultancy and/or

research funding from ViiV Healthcare, Merck, AstraZeneca, Gilead,

and Janssen unrelated to the current paper. D.B. received educational

grants and/or consultancy from AbbVie, Novartis, Merck, Gilead, and

ViiV Healthcare outside the submitted work. M.P. receives research

funding from various organisations including the MRC, NIHR, EU

Commission, and Health Education England. He has also received

partnership funding for the following: MRC Clinical Pharmacology

Training Scheme (co-funded by MRC and Roche, UCB, Eli Lilly, and

Novartis) and a PhD studentship jointly funded by EPSRC and Astra

Zeneca. He has also unrestricted educational grant support for the UK

Pharmacogenetics and Stratified Medicine Network from Bristol-

Myers Squibb and UCB. None of the funding received is related to

the current paper.

ORCID

RobynT. Kiy https://orcid.org/0000-0001-7960-7283

Rebecca L. Jensen https://orcid.org/0000-0003-1134-2869

Amy E. Chadwick https://orcid.org/0000-0002-7399-8655

REFERENCES

AbbVie Inc. (2016). Full prescribing information—KALETRA.

Abou-Auda, H. S., & Sakr, W. (2010). Tocilizumab: A new anti-rheumatic

drug. Saudi Pharmaceutical Journal: SPJ, 18(4), 257–259. https://doi.
org/10.1016/j.jsps.2010.07.009

Adalja, A., & Inglesby, T. (2019). Broad-spectrum antiviral agents: A crucial

pandemic tool. Expert Review of Anti-Infective Therapy, 17(7), 467–470.
https://doi.org/10.1080/14787210.2019.1635009

Agostini, M. L., Andres, E. L., Sims, A. C., Graham, R. L., Sheahan, T. P.,

Lu, X., … Denison, M. R. (2018). Coronavirus susceptibility to the ant-

iviral remdesivir (GS-5734) is mediated by the viral polymerase and

the proofreading exoribonuclease. MBio, 9(2). https://doi.org/10.

1128/mBio.00221-18

Alexander, S. P. H., Christopoulos, A., Davenport, A. P., Kelly, E., Mathie, A.,

Peters, J. A., … Collaborators, C. G. T. P. (2019). The Concise Guide to

PHARMACOLOGY 2019/20: G protein-coupled receptors. British

Journal of Pharmacology, 176, S21–S141. https://doi.org/10.1111/

bph.14748

Alexander, S. P. H., Cidlowski, J. A., Kelly, E., Mathie, A., Peters, J. A.,

Veale, E. L., … Collaborators, C. G. T. P. (2019). The Concise Guide to

PHARMACOLOGY 2019/20: Nuclear hormone receptors. British Jour-

nal of Pharmacology, 176, S229–S246. https://doi.org/10.1111/bph.
14750

Alexander, S. P. H., Fabbro, D., Kelly, E., Mathie, A., Peters, J. A.,

Veale, E. L., … Collaborators, C. G. T. P. (2019a). The Concise Guide

to PHARMACOLOGY 2019/20: Catalytic receptors. British Journal

of Pharmacology, 176, S247–S296. https://doi.org/10.1111/bph.

14751

4366 PENMAN ET AL.

http://www.guidetopharmacology.org
https://orcid.org/0000-0001-7960-7283
https://orcid.org/0000-0001-7960-7283
https://orcid.org/0000-0003-1134-2869
https://orcid.org/0000-0003-1134-2869
https://orcid.org/0000-0002-7399-8655
https://orcid.org/0000-0002-7399-8655
https://doi.org/10.1016/j.jsps.2010.07.009
https://doi.org/10.1016/j.jsps.2010.07.009
https://doi.org/10.1080/14787210.2019.1635009
https://doi.org/10.1128/mBio.00221-18
https://doi.org/10.1128/mBio.00221-18
https://doi.org/10.1111/bph.14748
https://doi.org/10.1111/bph.14748
https://doi.org/10.1111/bph.14750
https://doi.org/10.1111/bph.14750
https://doi.org/10.1111/bph.14751
https://doi.org/10.1111/bph.14751


Alexander, S. P. H., Fabbro, D., Kelly, E., Mathie, A., Peters, J. A.,

Veale, E. L., … Collaborators, C. G. T. P. (2019b). The Concise Guide to

PHARMACOLOGY 2019/20: Enzymes. British Journal of Pharmacol-

ogy, 176, S297–S396. https://doi.org/10.1111/bph.14752
Alexander, S. P. H., Kelly, E., Mathie, A., Peters, J. A., Veale, E. L.,

Armstrong, J. F., … Collaborators, C. G. T. P. (2019). The Concise Guide

to PHARMACOLOGY 2019/20: Transporters. British Journal of Phar-

macology, 176, S397–S493. https://doi.org/10.1111/bph.14753
Alexander, S. P. H., Mathie, A., Peters, J. A., Veale, E. L., Striessnig, J.,

Kelly, E., … Collaborators, C. G. T. P. (2019). The Concise Guide to

PHARMACOLOGY 2019/20: Ion channels. British Journal of Pharma-

cology, 176, S142–S228. https://doi.org/10.1111/bph.14749
Al-Salama, Z. T., & Scott, L. J. (2018). Baricitinib: A review in rheumatoid

arthritis. Drugs, 78(7), 761–772. https://doi.org/10.1007/s40265-

018-0908-4

Alvarez-Larran, A., Verstovsek, S., Perez-Encinas, M., Kiladjian, J., Ferrer-

Marin, F., Vannucchi, A., … Hernandez-Boluda, J. (2018). Comparison of

ruxolitinib and real-world best available therapy in terms of overall sur-

vival and thrombosis in patients with polycythemia vera who are resistant

or intolerant to hydroxyurea [Poster]. European Haematology

Association. https://library.ehaweb.org/eha/2018/stockholm/215071

/alberto.alvarez-larran.comparison.of.ruxolitinib.and.real-world.best.

available.html

Amgen Inc. (2001). Kineret (anakinra). In.

Anger, F., Wiegering, A., Wagner, J., Lock, J., Baur, J., Haug, L., … Klein, I.

(2017). Toxic drug-induced liver failure during therapy of rheumatoid

arthritis with tocilizumab subcutaneously: A case report. Rheumatol-

ogy, 56(9), 1628–1629. https://doi.org/10.1093/rheumatology/

kex221

Arshad, U., Pertinez, H., Box, H., Tatham, L., Rajoli, R. K., Curley, P.,

Neary M, Sharp J, Liptrott NJ, Valentijn A, David C, Owen, A. (2020).

Prioritisation of potential anti-SARS-CoV-2 drug repurposing opportu-

nities based on ability to achieve adequate target site concentrations

derived from their established human pharmacokinetics. medRxiv.

https://doi.org/10.1101/2020.04.16.20068379

Asrani, S. K., Devarbhavi, H., Eaton, J., & Kamath, P. S. (2019). Burden of

liver diseases in the world. Journal of Hepatology, 70(1), 151–171.
https://doi.org/10.1016/j.jhep.2018.09.014

Atallah, B., Mallah, S. I., & AlMahmeed, W. (2020). Anticoagulation in

COVID-19. European Heart Journal—Cardiovascular Pharmacotherapy,

6, 260–261. https://doi.org/10.1093/ehjcvp/pvaa036
Bangash, M. N., Patel, J., & Parekh, D. (2020). COVID-19 and the liver: Lit-

tle cause for concern. The Lancet Gastroenterology & Hepatology, 5,

529–530. https://doi.org/10.1016/s2468-1253(20)30084-4
Beigel, J. H., Tomashek, K. M., Dodd, L. E., Mehta, A. K., Zingman, B. S.,

Kalil, A. C., … Lane, H. C. (2020). Remdesivir for the treatment of

Covid-19—Preliminary report. The New England Journal of Medicine.

https://doi.org/10.1056/NEJMoa2007764

Bessiere, F., Roccia, H., Deliniere, A., Charriere, R., Chevalier, P.,

Argaud, L., & Cour, M. (2020). Assessment of QT intervals in a case

series of patients with coronavirus disease 2019 (COVID-19) infection

treated with hydroxychloroquine alone or in combination with

azithromycin in an intensive care unit. JAMA Cardiology. https://doi.

org/10.1001/jamacardio.2020.1787

Biogen. (2007). Summary of product characteristics—AVONEX.

Borba, M. G. S., Val, F. F. A., Sampaio, V. S., Alexandre, M. A. A.,

Melo, G. C., Brito, M., … Lacerda, M. V. G. (2020). Effect of high vs low

doses of chloroquine diphosphate as adjunctive therapy for patients

hospitalized with severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) infection: A randomized clinical trial. JAMA Network

Open, 3(4), e208857. https://doi.org/10.1001/jamanetworkopen.

2020.8857

Boulware, D. R., Pullen, M. F., Bangdiwala, A. S., Pastick, K. A.,

Lofgren, S. M., Okafor, E. C., … Hullsiek, K. H. (2020). A randomized

trial of hydroxychloroquine as postexposure prophylaxis for Covid-19.

The New England Journal of Medicine. https://doi.org/10.1056/

NEJMoa2016638

Bresnihan, B., Alvaro-Gracia, J. M., Cobby, M., Doherty, M., Domljan, Z.,

Emery, P., … Musikic, P. (1998). Treatment of rheumatoid arthritis with

recombinant human interleukin-1 receptor antagonist. Arthritis and

Rheumatism, 41(12), 2196–2204. https://doi.org/10.1002/1529-0131
(199812)41:12<2196::Aid-art15>3.0.Co;2-2

Burkard, C., Verheije, M. H., Wicht, O., van Kasteren, S. I., van

Kuppeveld, F. J., Haagmans, B. L., … de Haan, C. A. (2014). Coronavirus

cell entry occurs through the endo-/lysosomal pathway in a

proteolysis-dependent manner. PLoS Pathogens, 10(11), e1004502.

https://doi.org/10.1371/journal.ppat.1004502

Buttgereit, F., Da Silva, J. A. P., Boers, M., Burmester, G. R., Cutolo, M.,

Jacobs, J., … Bijlsma, J. W. J. (2002). Standardised nomenclature for

glucocorticoid dosages and glucocorticoid treatment regimens:

Current questions and tentative answers in rheumatology. Annals of

the Rheumatic Diseases, 61(8), 718. https://doi.org/10.1136/ard.61.

8.718

Cantini, F., Niccoli, L., Matarrese, D., Nicastri, E., Stobbione, P., &

Goletti, D. (2020). Baricitinib therapy in COVID-19: A pilot study on

safety and clinical impact. The Journal of Infection. https://doi.org/10.

1016/j.jinf.2020.04.017

Cao, B., Wang, Y., Wen, D., Liu, W., Wang, J., Fan, G., … Wang, C. (2020).

A trial of lopinavir–ritonavir in adults hospitalized with severe Covid-

19. The New England Journal of Medicine, 382, 1787–1799. https://doi.
org/10.1056/NEJMoa2001282

Carter, S. J., Tattersall, R. S., & Ramanan, A. V. (2018). Macrophage activa-

tion syndrome in adults: Recent advances in pathophysiology, diagno-

sis and treatment. Rheumatology, 58(1), 5–17. https://doi.org/10.

1093/rheumatology/key006

Cavalli, G., De Luca, G., Campochiaro, C., Della-Torre, E., Ripa, M.,

Canetti, D., … Dagna, L. (2020). Interleukin-1 blockade with high-dose

anakinra in patients with COVID-19, acute respiratory distress syn-

drome, and hyperinflammation: A retrospective cohort study. The Lan-

cet Rheumatology, 2(6), e325–e331. https://doi.org/10.1016/S2665-
9913(20)30127-2

Cawthorne, C., Prenant, C., Smigova, A., Julyan, P., Maroy, R., Herholz, K.,

… Boutin, H. (2011). Biodistribution, pharmacokinetics and metabolism

of interleukin-1 receptor antagonist (IL-1RA) using [18F]-IL1RA and

PET imaging in rats. British Journal of Pharmacology, 162(3), 659–672.
https://doi.org/10.1111/j.1476-5381.2010.01068.x

Chan, J. F., Chan, K. H., Kao, R. Y., To, K. K., Zheng, B. J., Li, C. P., …
Yuen, K. Y. (2013). Broad-spectrum antivirals for the emerging Middle

East respiratory syndrome coronavirus. The Journal of Infection, 67(6),

606–616. https://doi.org/10.1016/j.jinf.2013.09.029
Chandwani, A., & Shuter, J. (2008). Lopinavir/ritonavir in the treatment of

HIV-1 infection: A review. Therapeutics and Clinical Risk Management,

4(5), 1023–1033. https://doi.org/10.2147/tcrm.s3285

Channappanavar, R., Fehr, A. R., Zheng, J., Wohlford-Lenane, C.,

Abrahante, J. E., Mack, M., … Perlman, S. (2019). IFN-I response timing

relative to virus replication determines MERS coronavirus infection

outcomes. The Journal of Clinical Investigation, 130(9), 3625–3639.
https://doi.org/10.1172/jci126363

Chatre, C., Roubille, F., Vernhet, H., Jorgensen, C., & Pers, Y. M.

(2018). Cardiac complications attributed to chloroquine and

hydroxychloroquine: A systematic review of the literature. Drug

Safety, 41(10), 919–931. https://doi.org/10.1007/s40264-018-

0689-4

Chu, C. M., Cheng, V. C., Hung, I. F., Wong, M. M., Chan, K. H., Chan, K. S.,

… Yuen, K. Y. (2004). Role of lopinavir/ritonavir in the treatment of

SARS: Initial virological and clinical findings. Thorax, 59(3), 252–256.
https://doi.org/10.1136/thorax.2003.012658

ClinicalTrials.gov. (2019). Putative investigational therapeutics in the treat-

ment of patients with known Ebola infection. Retrieved from https://

clinicaltrials.gov/ct2/show/NCT02363322

PENMAN ET AL. 4367

https://doi.org/10.1111/bph.14752
https://doi.org/10.1111/bph.14753
https://doi.org/10.1111/bph.14749
https://doi.org/10.1007/s40265-018-0908-4
https://doi.org/10.1007/s40265-018-0908-4
https://library.ehaweb.org/eha/2018/stockholm/215071/alberto.alvarez-larran.comparison.of.ruxolitinib.and.real-world.best.available.html
https://library.ehaweb.org/eha/2018/stockholm/215071/alberto.alvarez-larran.comparison.of.ruxolitinib.and.real-world.best.available.html
https://library.ehaweb.org/eha/2018/stockholm/215071/alberto.alvarez-larran.comparison.of.ruxolitinib.and.real-world.best.available.html
https://doi.org/10.1093/rheumatology/kex221
https://doi.org/10.1093/rheumatology/kex221
https://doi.org/10.1101/2020.04.16.20068379
https://doi.org/10.1016/j.jhep.2018.09.014
https://doi.org/10.1093/ehjcvp/pvaa036
https://doi.org/10.1016/s2468-1253(20)30084-4
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1001/jamacardio.2020.1787
https://doi.org/10.1001/jamacardio.2020.1787
https://doi.org/10.1001/jamanetworkopen.2020.8857
https://doi.org/10.1001/jamanetworkopen.2020.8857
https://doi.org/10.1056/NEJMoa2016638
https://doi.org/10.1056/NEJMoa2016638
https://doi.org/10.1002/1529-0131(199812)41:12%3C2196::Aid-art15%3E3.0.Co;2-2
https://doi.org/10.1002/1529-0131(199812)41:12%3C2196::Aid-art15%3E3.0.Co;2-2
https://doi.org/10.1371/journal.ppat.1004502
https://doi.org/10.1136/ard.61.8.718
https://doi.org/10.1136/ard.61.8.718
https://doi.org/10.1016/j.jinf.2020.04.017
https://doi.org/10.1016/j.jinf.2020.04.017
https://doi.org/10.1056/NEJMoa2001282
https://doi.org/10.1056/NEJMoa2001282
https://doi.org/10.1093/rheumatology/key006
https://doi.org/10.1093/rheumatology/key006
https://doi.org/10.1016/S2665-9913(20)30127-2
https://doi.org/10.1016/S2665-9913(20)30127-2
https://doi.org/10.1111/j.1476-5381.2010.01068.x
https://doi.org/10.1016/j.jinf.2013.09.029
https://doi.org/10.2147/tcrm.s3285
https://doi.org/10.1172/jci126363
https://doi.org/10.1007/s40264-018-0689-4
https://doi.org/10.1007/s40264-018-0689-4
https://doi.org/10.1136/thorax.2003.012658
https://clinicaltrials.gov/ct2/show/NCT02363322
https://clinicaltrials.gov/ct2/show/NCT02363322


ClinicalTrials.gov. (2020a). Nitazoxanide|COVID-19. Retrieved from

https://clinicaltrials.gov/ct2/results?cond=COVID-19&term=

nitazoxanide&cntry=&state=&city=&dist=

ClinicalTrials.gov. (2020b). Recruiting, active, not recruiting studies covid-

19. Retrieved from https://clinicaltrials.gov/ct2/results?cond=covid-

19&Search=Apply&recrs=a&recrs=d&age_v=&gndr=&type=Intr&rslt

ClinicalTrials.gov. (2020c). SARS-CoV-2, Kineret and IL-1RA. Retrieved

from https://clinicaltrials.gov/ct2/results?cond=COVID-19&term=

anakinra&cntry=&state=&city=&dist=

ClinicalTrials.gov. (2020d). Vitamin C infusion for the treatment of severe

2019-nCoV infected pneumonia. Retrieved from https://clinicaltrials.

gov/ct2/show/NCT04264533

Cohen, S., Hurd, E., Cush, J., Schiff, M., Weinblatt, M. E., Moreland, L. W.,

… McCabe, D. (2002). Treatment of rheumatoid arthritis with anakinra,

a recombinant human interleukin-1 receptor antagonist, in combina-

tion with methotrexate: Results of a twenty-four-week, multicenter,

randomized, double-blind, placebo-controlled trial. Arthritis and Rheu-

matism, 46(3), 614–624. https://doi.org/10.1002/art.10141
Commission on Human Medicines. (2020). Commission on Human Medi-

cines advice on ibuprofen and coronavirus (COVID-19). Retrieved

from https://www.gov.uk/government/news/commission-on-human-

medicines-advice-on-ibuprofen-and-coronavirus-covid-19

Concordia Pharmaceuticals Inc. (2017). PLAQUENIL®—
Hydroxychloroquine sulfate tablets, USP.

Consilient Health Ltd. (2020). Dexamethasone 4 mg tablets [prescribing

information]. UK: Surrey.

Conti, P., Ronconi, G., Caraffa, A., Gallenga, C. E., Ross, R., Frydas, I., &

Kritas, S. K. (2020). Induction of pro-inflammatory cytokines (IL-1 and

IL-6) and lung inflammation by coronavirus-19 (COVI-19 or SARS-CoV-

2): Anti-inflammatory strategies. Journal of Biological Regulators and

Homeostatic Agents Archivi, 34(2). https://doi.org/10.23812/conti-e

Crohn's & Colitis Foundation. (2018). Fact sheet: Corticosteroids.

David, S., & Hamilton, J. P. (2010). Drug-induced liver injury. US Gastroen-

terology & Hepatology Review, 6, 73–80.
Dawes, B. E., Kalveram, B., Ikegami, T., Juelich, T., Smith, J. K., Zhang, L., …

Freiberg, A. N. (2018). Favipiravir (T-705) protects against Nipah virus

infection in the hamster model. Scientific Reports, 8(1), 7604. https://

doi.org/10.1038/s41598-018-25780-3

Dayer, M. R., Taleb-Gassabi, S., & Dayer, M. S. (2017). Lopinavir; a potent

drug against coronavirus infection: Insight from molecular docking

study. Archives of Clinical Infectious Diseases, 12(4), e13823. https://

doi.org/10.5812/archcid.13823

Deisseroth, A., Ko, C. W., Nie, L., Zirkelbach, J. F., Zhao, L., Bullock, J., …
Pazdur, R. (2015). FDA approval: Siltuximab for the treatment of

patients with multicentric Castleman disease. Clinical Cancer Research,

21(5), 950–954. https://doi.org/10.1158/1078-0432.Ccr-14-1678
Dexcel Pharma Technologies Ltd. (2019). HEMADY™: Full prescribing

information. Available from: https://www.accessdata.fda.gov/

drugsatfda_docs/label/2019/211379s000lbl.pdf

Di Micco, P., Russo, V., Carannante, N., Imparato, M., Rodolfi, S.,

Cardillo, G., & Lodigiani, C. (2020). Clotting factors in COVID-19: Epi-

demiological association and prognostic values in different clinical pre-

sentations in an Italian cohort. Journal of Clinical Medicine, 9(5).

https://doi.org/10.3390/jcm9051371

Diederich, S., Hanke, B., Burkhardt, P., Müller, M., Schöneshöfer, M.,

Bähr, V., & Oelkers, W. (1998). Metabolism of synthetic corticoste-

roids by 11β-hydroxysteroid-dehydrogenases in man. Steroids, 63(5),

271–277. https://doi.org/10.1016/S0039-128X(98)00039-7
Diederich, S., Hanke, B., Oelkers, W., & Bähr, V. (1997). Metabolism of

dexamethasone in the human kidney: Nicotinamide adenine

dinucleotide-dependent 11β-reduction. The Journal of Clinical Endocri-

nology & Metabolism, 82(5), 1598–1602. https://doi.org/10.1210/

jcem.82.5.3936

Dinarello, C. A., Simon, A., & van der Meer, J. W. (2012). Treating inflam-

mation by blocking interleukin-1 in a broad spectrum of diseases.

Nature Reviews. Drug Discovery, 11(8), 633–652. https://doi.org/10.
1038/nrd3800

Djukanovi�c, R., Harrison, T., Johnston, S. L., Gabbay, F., Wark, P.,

Thomson, N. C., … Monk, P. (2014). The effect of inhaled IFN-β on

worsening of asthma symptoms caused by viral infections. A random-

ized trial. American Journal of Respiratory and Critical Care Medicine,

190(2), 145–154. https://doi.org/10.1164/rccm.201312-2235OC

Dohme, M. S. (2003). Summaries of product characteristics—Losartan.

Dorward, D. A., Russell, C. D., Um, I. H., Elshani, M., Armstrong, S. D.,

Penrice-Randal, R., … Lucas, C. D. (2020). Tissue-specific tolerance in

fatal Covid-19. medRxiv. https://doi.org/10.1101/2020.07.02.

20145003

Drepper, M., Rubbia-Brandt, L., & Spahr, L. (2013). Tocilizumab-induced

acute liver injury in adult onset Still's disease. Case Reports Hepatology,

2013, 964828. https://doi.org/10.1155/2013/964828

Eli Lilly. (2017). Summary of product characteristics—Baricitinib.

Emery, P., Keystone, E., Tony, H. P., Cantagrel, A., van Vollenhoven, R.,

Sanchez, A., … Kremer, J. (2008). IL-6 receptor inhibition with

tocilizumab improves treatment outcomes in patients with rheumatoid

arthritis refractory to anti-tumour necrosis factor biologicals: Results

from a 24-week multicentre randomised placebo-controlled trial.

Annals of the Rheumatic Diseases, 67(11), 1516–1523. https://doi.org/
10.1136/ard.2008.092932

Emery, P., Rondon, J., Parrino, J., Lin, Y., Pena-Rossi, C., van

Hoogstraten, H., … Spindler, A. (2019). Safety and tolerability of sub-

cutaneous sarilumab and intravenous tocilizumab in patients with

rheumatoid arthritis. Rheumatology (Oxford), 58(5), 849–858. https://
doi.org/10.1093/rheumatology/key361

European Medicines Agency. (2020). Summary on compassionate use—
Remdesivir Gilead.

Fang, L., Karakiulakis, G., & Roth, M. (2020). Are patients with hyperten-

sion and diabetes mellitus at increased risk for COVID-19 infection?

The Lancet Respiratory Medicine, 8, e21. https://doi.org/10.1016/

s2213-2600(20)30116-8

Favalli, E. G., Ingegnoli, F., De Lucia, O., Cincinelli, G., Cimaz, R., &

Caporali, R. (2020). COVID-19 infection and rheumatoid arthritis: Far-

away, so close! Autoimmunity Reviews, 19, 102523. https://doi.org/10.

1016/j.autrev.2020.102523

Ferrario, C. M., Jessup, J., Chappell, M. C., Averill, D. B., Brosnihan, K. B.,

Tallant, E. A., … Gallagher, P. E. (2005). Effect of angiotensin-

converting enzyme inhibition and angiotensin II receptor blockers on

cardiac angiotensin-converting enzyme 2. Circulation, 111(20),

2605–2610. https://doi.org/10.1161/circulationaha.104.510461
Fleischmann, R., van Adelsberg, J., Lin, Y., Castelar-Pinheiro, G. D.,

Brzezicki, J., Hrycaj, P., … Burmester, G. R. (2017). Sarilumab and non-

biologic disease-modifying antirheumatic drugs in patients with active

rheumatoid arthritis and inadequate response or intolerance to tumor

necrosis factor inhibitors. Arthritis & Rhematology, 69(2), 277–290.
https://doi.org/10.1002/art.39944

Fleischmann, R. M., Halland, A. M., Brzosko, M., Burgos-Vargas, R.,

Mela, C., Vernon, E., & Kremer, J. M. (2013). Tocilizumab inhibits struc-

tural joint damage and improves physical function in patients with

rheumatoid arthritis and inadequate responses to methotrexate:

LITHE study 2-year results. The Journal of Rheumatology, 40(2),

113–126. https://doi.org/10.3899/jrheum.120447

Fleischmann, R. M., Schechtman, J., Bennett, R., Handel, M. L.,

Burmester, G. R., Tesser, J., … Sun, G. (2003). Anakinra, a recombinant

human interleukin-1 receptor antagonist (r-metHuIL-1ra), in patients

with rheumatoid arthritis: A large, international, multicenter, placebo-

controlled trial. Arthritis and Rheumatism, 48(4), 927–934. https://doi.
org/10.1002/art.10870

Foundation, E. L. (2020). COVID-19 and lung disease Q&A.

Freeman, J. (2008). RA and corticosteroids: What is the role of steroids in

arthritis treatment? Available from: https://www.rheumatoidarthritis.

org/treatment/medications/corticosteroids/. Retrieved from

4368 PENMAN ET AL.

https://clinicaltrials.gov/ct2/results?cond=COVID-19%26term=nitazoxanide%26cntry=%26state=%26city=%26dist
https://clinicaltrials.gov/ct2/results?cond=COVID-19%26term=nitazoxanide%26cntry=%26state=%26city=%26dist
https://clinicaltrials.gov/ct2/results?cond=covid-19%26Search=Apply%26recrs=a%26recrs=d%26age_v=%26gndr=%26type=Intr%26rslt
https://clinicaltrials.gov/ct2/results?cond=covid-19%26Search=Apply%26recrs=a%26recrs=d%26age_v=%26gndr=%26type=Intr%26rslt
https://clinicaltrials.gov/ct2/results?cond=COVID-19%26term=anakinra%26cntry=%26state=%26city=%26dist
https://clinicaltrials.gov/ct2/results?cond=COVID-19%26term=anakinra%26cntry=%26state=%26city=%26dist
https://clinicaltrials.gov/ct2/show/NCT04264533
https://clinicaltrials.gov/ct2/show/NCT04264533
https://doi.org/10.1002/art.10141
https://www.gov.uk/government/news/commission-on-human-medicines-advice-on-ibuprofen-and-coronavirus-covid-19
https://www.gov.uk/government/news/commission-on-human-medicines-advice-on-ibuprofen-and-coronavirus-covid-19
https://doi.org/10.23812/conti-e
https://doi.org/10.1038/s41598-018-25780-3
https://doi.org/10.1038/s41598-018-25780-3
https://doi.org/10.5812/archcid.13823
https://doi.org/10.5812/archcid.13823
https://doi.org/10.1158/1078-0432.Ccr-14-1678
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/211379s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/211379s000lbl.pdf
https://doi.org/10.3390/jcm9051371
https://doi.org/10.1016/S0039-128X(98)00039-7
https://doi.org/10.1210/jcem.82.5.3936
https://doi.org/10.1210/jcem.82.5.3936
https://doi.org/10.1038/nrd3800
https://doi.org/10.1038/nrd3800
https://doi.org/10.1164/rccm.201312-2235OC
https://doi.org/10.1101/2020.07.02.20145003
https://doi.org/10.1101/2020.07.02.20145003
https://doi.org/10.1155/2013/964828
https://doi.org/10.1136/ard.2008.092932
https://doi.org/10.1136/ard.2008.092932
https://doi.org/10.1093/rheumatology/key361
https://doi.org/10.1093/rheumatology/key361
https://doi.org/10.1016/s2213-2600(20)30116-8
https://doi.org/10.1016/s2213-2600(20)30116-8
https://doi.org/10.1016/j.autrev.2020.102523
https://doi.org/10.1016/j.autrev.2020.102523
https://doi.org/10.1161/circulationaha.104.510461
https://doi.org/10.1002/art.39944
https://doi.org/10.3899/jrheum.120447
https://doi.org/10.1002/art.10870
https://doi.org/10.1002/art.10870
https://www.rheumatoidarthritis.org/treatment/medications/corticosteroids/
https://www.rheumatoidarthritis.org/treatment/medications/corticosteroids/


Fridman, J. S., Scherle, P. A., Collins, R., Burn, T. C., Li, Y., Li, J., … Vaddi, K.

(2010). Selective inhibition of JAK1 and JAK2 is efficacious in rodent

models of arthritis: Preclinical characterization of INCB028050. The

Journal of Immunology, 184(9), 5298–5307. https://doi.org/10.4049/
jimmunol.0902819

Furuta, Y., Gowen, B. B., Takahashi, K., Shiraki, K., Smee, D. F., &

Barnard, D. L. (2013). Favipiravir (T-705), a novel viral RNA polymerase

inhibitor. Antiviral Research, 100(2), 446–454. https://doi.org/10.

1016/j.antiviral.2013.09.015

Furuta, Y., Komeno, T., & Nakamura, T. (2017). Favipiravir (T-705), a broad

spectrum inhibitor of viral RNA polymerase. Proceedings of the Japan

Academy, Series B, 93(7), 449–463. https://doi.org/10.2183/pjab.

93.027

Furuta, Y., Takahashi, K., Fukuda, Y., Kuno, M., Kamiyama, T., Kozaki, K., …
Shiraki, K. (2002). In vitro and in vivo activities of anti-influenza virus

compound T-705. Antimicrobial Agents and Chemotherapy, 46(4),

977–981. https://doi.org/10.1128/aac.46.4.977-981.2002
Gao, J., Tian, Z., & Yang, X. (2020). Breakthrough: Chloroquine phosphate

has shown apparent efficacy in treatment of COVID-19 associated

pneumonia in clinical studies. Bioscience Trends, 14(1), 72–73. https://
doi.org/10.5582/bst.2020.01047

Gautret, P., Lagier, J. C., Parola, P., Hoang, V. T., Meddeb, L., Mailhe, M., …
Raoult, D. (2020a). Hydroxychloroquine and azithromycin as a treat-

ment of COVID-19: Results of an open-label non-randomized clinical

trial. International Journal of Antimicrobial Agents, 105949. https://doi.

org/10.1016/j.ijantimicag.2020.105949

Gautret, P., Lagier, J. C., Parola, P., Hoang, V. T., Meddeb, L., Sevestre, J., …
Raoult, D. (2020b). Clinical and microbiological effect of a combination

of hydroxychloroquine and azithromycin in 80 COVID-19 patients

with at least a six-day follow up: A pilot observational study. Travel

Medicine and Infectious Disease, 34, 101663. https://doi.org/10.1016/

j.tmaid.2020.101663

Genovese, M. C., Fleischmann, R., Kivitz, A. J., Rell-Bakalarska, M.,

Martincova, R., Fiore, S., … van der Heijde, D. (2015). Sarilumab

plus methotrexate in patients with active rheumatoid arthritis and

inadequate response to methotrexate: Results of a phase III study.

Arthritis & Rhematology, 67(6), 1424–1437. https://doi.org/10.1002/
art.39093

Genovese, M. C., Smolen, J. S., Emery, P., Jones, G., Lee, J. S.,

Alecock, E., & Kremer, J. M. (2008). Lipid and inflammatory biomarker

profiles in patients receiving tocilizumab for rheumatoid arthritis: Anal-

ysis of five phase 3 clinical trials. Paper presented at the Arthritis

Rheum.

Genovese, M. C., van der Heijde, D., Lin, Y., St John, G., Wang, S., van

Hoogstraten, H., … Burmester, G. R. (2019). Long-term safety and effi-

cacy of sarilumab plus methotrexate on disease activity, physical func-

tion and radiographic progression: 5 years of sarilumab plus

methotrexate treatment. RMD Open, 5(2), e000887. https://doi.org/

10.1136/rmdopen-2018-000887

Gilead. (2020). Fact sheet for health care providers: Emergency use autho-

rization (EUA) of remdesivir (GS-5734™).

Giner Galvan, V., Oltra, M. R., Rueda, D., Esteban, M. J., & Redon, J. (2007).

Severe acute hepatitis related to hydroxychloroquine in a woman with

mixed connective tissue disease. Clinical Rheumatology, 26(6),

971–972. https://doi.org/10.1007/s10067-006-0218-1
Goa, K. L., & Wagstaff, A. J. (1996). Losartan potassium: A review of its

pharmacology, clinical efficacy and tolerability in the management of

hypertension. Drugs, 51(5), 820–845. https://doi.org/10.2165/

00003495-199651050-00008

Liverpool Drug Interaction Group. (2020). Interactions with experimental

COVID-19 therapies. Retrieved from http://www.covid19-

druginteractions.org/

Guan, W.-j., Ni, Z.-y., Hu, Y., Liang, W.-h., Ou, C.-q., He, J.-x., … China Med-

ical Treatment Expert Group for Covid-19. (2020). Clinical characteris-

tics of coronavirus disease 2019 in China. New England Journal of

Medicine, 382(18), 1708–1720. https://doi.org/10.1056/

NEJMoa2002032

Guo, Y. R., Cao, Q. D., Hong, Z. S., Tan, Y. Y., Chen, S. D., Jin, H. J., …
Yan, Y. (2020). The origin, transmission and clinical therapies on coro-

navirus disease 2019 (COVID-19) outbreak—An update on the status.

Military Medical Research, 7(1), 11. https://doi.org/10.1186/s40779-

020-00240-0

Gurwitz, D. (2020). Angiotensin receptor blockers as tentative SARS-CoV-

2 therapeutics. Drug Development Research. https://doi.org/10.1002/

ddr.21656

He, Y., Zhou, Y., Liu, S., Kou, Z., Li, W., Farzan, M., & Jiang, S. (2004).

Receptor-binding domain of SARS-CoV spike protein induces highly

potent neutralizing antibodies: Implication for developing subunit vac-

cine. Biochemical and Biophysical Research Communications, 324(2),

773–781. https://doi.org/10.1016/j.bbrc.2004.09.106
Hensley, L. E., Fritz, L. E., Jahrling, P. B., Karp, C. L., Huggins, J. W., &

Geisbert, T. W. (2004). Interferon-β 1a and SARS coronavirus replica-

tion. Emerging Infectious Diseases, 10(2), 317–319. https://doi.org/10.
3201/eid1002.030482

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Kruger, N., Herrler, T.,

Erichsen, S., … Pohlmann, 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

Horby, P., & Landray, M. (2020). Statement from the Chief Investigators of

the Randomised Evaluation of COVid-19 thERapY (RECOVERY) trial

on hydroxychloroquine, 5 June 2020 [Press release]. Retrieved from

https://www.recoverytrial.net/files/hcq-recovery-statement-050620-

final-002.pdf

Horby, P., Lim, W. S., Emberson, J., Mafham, M., Bell, J., Linsell, L., …
Landray, M. J. (2020). Effect of dexamethasone in hospitalized patients

with COVID-19: Preliminary report. medRxiv. https://doi.org/10.

1101/2020.06.22.20137273

Hoshi, D., Nakajima, A., Inoue, E., Shidara, K., Sato, E., Kitahama, M., …
Yamanaka, H. (2012). Incidence of serious respiratory infections in

patients with rheumatoid arthritis treated with tocilizumab. Modern

Rheumatology, 22(1), 122–127. https://doi.org/10.1007/s10165-011-
0488-6

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., … Cao, B. (2020). Clini-

cal features of patients infected with 2019 novel coronavirus in

Wuhan, China. The Lancet, 395(10223), 497–506. https://doi.org/10.
1016/S0140-6736(20)30183-5

Huet, T., Beaussier, H., Voisin, O., Jouveshomme, S., Dauriat, G.,

Lazareth, I., … Hayem, G. (2020). Anakinra for severe forms of COVID-

19: A cohort study. The Lancet Rheumatology, 2, e393–e400. https://
doi.org/10.1016/S2665-9913(20)30164-8

Huizinga, T. W., Fleischmann, R. M., Jasson, M., Radin, A. R., van

Adelsberg, J., Fiore, S., … Genovese, M. C. (2014). Sarilumab, a fully

human monoclonal antibody against IL-6Rα in patients with rheuma-

toid arthritis and an inadequate response to methotrexate: Efficacy

and safety results from the randomised SARIL-RA-MOBILITY Part A

trial. Annals of the Rheumatic Diseases, 73(9), 1626–1634. https://doi.
org/10.1136/annrheumdis-2013-204405

Hung, I. F.-N., Lung, K.-C., Tso, E. Y.-K., Liu, R., Chung, T. W.-H.,

Chu, M.-Y., … Yuen, K.-Y. (2020). Triple combination of interferon

beta-1b, lopinavir–ritonavir, and ribavirin in the treatment of patients

admitted to hospital with COVID-19: An open-label, randomised,

phase 2 trial. The Lancet, 395(10238), 1695–1704. https://doi.org/
10.1016/S0140-6736(20)31042-4

Hurley, D. (2020). Sharp increase in large-vessel stroke risk seen in young,

healthy COVID-19 patients. Retrieved from https://journals.lww.com/

neurotodayonline/fulltext/2020/05210/sharp_increase_in_large_vess

el_stroke_risk_seen_in.2.aspx?casa_token=bfLY2Y_lXFoAAAAA:IBs0

WBigfoATf249JaCH9lDIMkuIWwTKP_p9ZND_7VhnzGRB4FaYjkT5

mcmRZiikXvIbo5_hnTwXunlk5WMRVR5I0wTXXUzC-J2xog

PENMAN ET AL. 4369

https://doi.org/10.4049/jimmunol.0902819
https://doi.org/10.4049/jimmunol.0902819
https://doi.org/10.1016/j.antiviral.2013.09.015
https://doi.org/10.1016/j.antiviral.2013.09.015
https://doi.org/10.2183/pjab.93.027
https://doi.org/10.2183/pjab.93.027
https://doi.org/10.1128/aac.46.4.977-981.2002
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://doi.org/10.1016/j.ijantimicag.2020.105949
https://doi.org/10.1016/j.tmaid.2020.101663
https://doi.org/10.1016/j.tmaid.2020.101663
https://doi.org/10.1002/art.39093
https://doi.org/10.1002/art.39093
https://doi.org/10.1136/rmdopen-2018-000887
https://doi.org/10.1136/rmdopen-2018-000887
https://doi.org/10.1007/s10067-006-0218-1
https://doi.org/10.2165/00003495-199651050-00008
https://doi.org/10.2165/00003495-199651050-00008
http://www.covid19-druginteractions.org/
http://www.covid19-druginteractions.org/
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1186/s40779-020-00240-0
https://doi.org/10.1186/s40779-020-00240-0
https://doi.org/10.1002/ddr.21656
https://doi.org/10.1002/ddr.21656
https://doi.org/10.1016/j.bbrc.2004.09.106
https://doi.org/10.3201/eid1002.030482
https://doi.org/10.3201/eid1002.030482
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://www.recoverytrial.net/files/hcq-recovery-statement-050620-final-002.pdf
https://www.recoverytrial.net/files/hcq-recovery-statement-050620-final-002.pdf
https://doi.org/10.1101/2020.06.22.20137273
https://doi.org/10.1101/2020.06.22.20137273
https://doi.org/10.1007/s10165-011-0488-6
https://doi.org/10.1007/s10165-011-0488-6
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S2665-9913(20)30164-8
https://doi.org/10.1016/S2665-9913(20)30164-8
https://doi.org/10.1136/annrheumdis-2013-204405
https://doi.org/10.1136/annrheumdis-2013-204405
https://doi.org/10.1016/S0140-6736(20)31042-4
https://doi.org/10.1016/S0140-6736(20)31042-4
https://journals.lww.com/neurotodayonline/fulltext/2020/05210/sharp_increase_in_large_vessel_stroke_risk_seen_in.2.aspx?casa_token=bfLY2Y_lXFoAAAAA:IBs0WBigfoATf249JaCH9lDIMkuIWwTKP_p9ZND_7VhnzGRB4FaYjkT5mcmRZiikXvIbo5_hnTwXunlk5WMRVR5I0wTXXUzC-J2xog
https://journals.lww.com/neurotodayonline/fulltext/2020/05210/sharp_increase_in_large_vessel_stroke_risk_seen_in.2.aspx?casa_token=bfLY2Y_lXFoAAAAA:IBs0WBigfoATf249JaCH9lDIMkuIWwTKP_p9ZND_7VhnzGRB4FaYjkT5mcmRZiikXvIbo5_hnTwXunlk5WMRVR5I0wTXXUzC-J2xog
https://journals.lww.com/neurotodayonline/fulltext/2020/05210/sharp_increase_in_large_vessel_stroke_risk_seen_in.2.aspx?casa_token=bfLY2Y_lXFoAAAAA:IBs0WBigfoATf249JaCH9lDIMkuIWwTKP_p9ZND_7VhnzGRB4FaYjkT5mcmRZiikXvIbo5_hnTwXunlk5WMRVR5I0wTXXUzC-J2xog
https://journals.lww.com/neurotodayonline/fulltext/2020/05210/sharp_increase_in_large_vessel_stroke_risk_seen_in.2.aspx?casa_token=bfLY2Y_lXFoAAAAA:IBs0WBigfoATf249JaCH9lDIMkuIWwTKP_p9ZND_7VhnzGRB4FaYjkT5mcmRZiikXvIbo5_hnTwXunlk5WMRVR5I0wTXXUzC-J2xog
https://journals.lww.com/neurotodayonline/fulltext/2020/05210/sharp_increase_in_large_vessel_stroke_risk_seen_in.2.aspx?casa_token=bfLY2Y_lXFoAAAAA:IBs0WBigfoATf249JaCH9lDIMkuIWwTKP_p9ZND_7VhnzGRB4FaYjkT5mcmRZiikXvIbo5_hnTwXunlk5WMRVR5I0wTXXUzC-J2xog


Janssen Biotech Inc. (2019). Summary of product characteristics—
Siltuximab. In.

John Hopkins University and Medicine. (2020). Coronavirus COVID-19

global cases by the Center for Systems Science and Engineering

(CSSE) at Johns Hopkins University (JHU). Retrieved from https://

coronavirus.jhu.edu/map.html

Jones, G., Sebba, A., Gu, J., Lowenstein, M. B., Calvo, A., Gomez-

Reino, J. J., … Genovese, M. C. (2010). Comparison of tocilizumab

monotherapy versus methotrexate monotherapy in patients with mod-

erate to severe rheumatoid arthritis: The AMBITION study. Annals of

the Rheumatic Diseases, 69(1), 88–96. https://doi.org/10.1136/ard.

2008.105197

Kaiser, C., Knight, A., Nordström, D., Pettersson, T., Fransson, J., Florin-

Robertsson, E., & Pilström, B. (2012). Injection-site reactions upon

Kineret (anakinra) administration: Experiences and explanations. Rheu-

matology International, 32(2), 295–299. https://doi.org/10.1007/

s00296-011-2096-3

Kameda, H., Wada, K., Takahashi, Y., Hagino, O., van Hoogstraten, H.,

Graham, N., & Tanaka, Y. (2020). Sarilumab monotherapy or in combi-

nation with non-methotrexate disease-modifying antirheumatic drugs

in active rheumatoid arthritis: A Japan phase 3 trial (HARUKA). Modern

Rheumatology, 30(2), 239–248. https://doi.org/10.1080/14397595.

2019.1639939

Keystone, E. C., Taylor, P. C., Drescher, E., Schlichting, D. E., Beattie, S. D.,

Berclaz, P.-Y., … Genovese, M. C. (2015). Safety and efficacy of bari-

citinib at 24 weeks in patients with rheumatoid arthritis who have had

an inadequate response to methotrexate. Annals of the Rheumatic Dis-

eases, 74(2), 333–340. https://doi.org/10.1136/annrheumdis-2014-

206478

Khandia, R., Munjal, A., Dhama, K., Karthik, K., Tiwari, R., Malik, Y. S., …
Chaicumpa, W. (2018). Modulation of Dengue/Zika virus pathogenic-

ity by antibody-dependent enhancement and strategies to protect

against enhancement in Zika virus infection. Frontiers in Immunology, 9,

597–597. https://doi.org/10.3389/fimmu.2018.00597

Kiss, J., Yegutkin, G. G., Koskinen, K., Savunen, T., Jalkanen, S., & Salmi, M.

(2007). IFN-β protects from vascular leakage via up-regulation of

CD73. European Journal of Immunology, 37(12), 3334–3338. https://
doi.org/10.1002/eji.200737793

Klimas, J., Olvedy, M., Ochodnicka-Mackovicova, K., Kruzliak, P.,

Cacanyiova, S., Kristek, F., … Ochodnicky, P. (2015). Perinatally admin-

istered losartan augments renal ACE2 expression but not cardiac or

renal Mas receptor in spontaneously hypertensive rats. Journal of Cel-

lular and Molecular Medicine, 19(8), 1965–1974. https://doi.org/10.

1111/jcmm.12573

Klok, F. A., Kruip, M., van der Meer, N. J. M., Arbous, M. S., Gommers, D.,

Kant, K. M., … Endeman, H. (2020). Confirmation of the high cumula-

tive incidence of thrombotic complications in critically ill ICU patients

with COVID-19: An updated analysis. Thrombosis Research, 191,

148–150. https://doi.org/10.1016/j.thromres.2020.04.041

Kowalec, K., Wright, G. E. B., Drögemöller, B. I., Aminkeng, F.,

Bhavsar, A. P., Kingwell, E., … Carleton, B. C. (2018). Common variation

near IRF6 is associated with IFN-β-induced liver injury in multiple scle-

rosis. Nature Genetics, 50(8), 1081–1085. https://doi.org/10.1038/

s41588-018-0168-y

La Rosée, P., Horne, A., Hines, M., von Bahr Greenwood, T.,

Machowicz, R., Berliner, N., … Henter, J.-I. (2019). Recommendations

for the management of hemophagocytic lymphohistiocytosis in adults.

Blood, 133(23), 2465–2477. https://doi.org/10.1182/blood.

2018894618

Li, H., Yang, S.-G., Gu, L., Zhang, Y., Yan, X.-X., Liang, Z.-A., … National

Influenza A(H1N1)pdm09 Clinical Investigation Group of China.

(2017). Effect of low-to-moderate-dose corticosteroids on mortality of

hospitalized adolescents and adults with influenza A(H1N1)pdm09

viral pneumonia. Influenza and Other Respiratory Viruses, 11(4),

345–354. https://doi.org/10.1111/irv.12456

Li, Y., Xie, Z., Lin, W., Cai, W., Wen, C., Guan, Y., … Li, L. (2020). An explor-

atory randomized controlled study on the efficacy and safety of

lopinavir/ritonavir or arbidol treating adult patients hospitalized with

mild/moderate COVID-19 (ELACOI). medRxiv. https://doi.org/10.

1101/2020.03.19.20038984

Liu, J., Cao, R., Xu, M., Wang, X., Zhang, H., Hu, H., … Wang, M. (2020).

Hydroxychloroquine, a less toxic derivative of chloroquine, is effective

in inhibiting SARS-CoV-2 infection in vitro. Cell Discov, 6, 16. https://

doi.org/10.1038/s41421-020-0156-0

Liu, P. P., Blet, A., Smyth, D., & Li, H. (2020). The science underlying

COVID-19: Implications for the cardiovascular system. Circulation,

142, 68–78. https://doi.org/10.1161/circulationaha.120.047549
Liu, T., Hu, J., Kang, M., Lin, L., Zhong, H., Xiao, J., … Ma, W. (2020). Trans-

mission dynamics of 2019 novel coronavirus (2019-nCoV). bioRxiv.

https://doi.org/10.1101/2020.01.25.919787

LiverTox. (2016). Clinical and research information on drug-induced liver

injury—Siltuximab. Retrieved from https://www.ncbi.nlm.nih.gov/

books/NBK548932/

LiverTox. (2017a). Clinical and reseach information on drug-induced liver

injury—Losartan. Retrieved from https://www.ncbi.nlm.nih.gov/

books/NBK547842/

LiverTox. (2017b). Clinical and research information on drug-induced liver

injury—Sarilumab. Retrieved from https://www.ncbi.nlm.nih.gov/

books/NBK547964/

Lokugamage, K. G., Schindewolf, C., & Menachery, V. D. (2020). SARS-

CoV-2 sensitive to type I interferon pretreatment. bioRxiv. https://doi.

org/10.1101/2020.03.07.982264

Madelain, V., Nguyen, T. H., Olivo, A., de Lamballerie, X., Guedj, J.,

Taburet, A. M., & Mentré, F. (2016). Ebola virus infection: Review of

the pharmacokinetic and pharmacodynamic properties of drugs con-

sidered for testing in human efficacy trials. Clinical Pharmacokinetics,

55(8), 907–923. https://doi.org/10.1007/s40262-015-0364-1
Magagnoli, J., Narendran, S., Pereira, F., Cummings, F., Hardin, J. W.,

Scott, S. S., & Ambati, J. (2020). Outcomes of hydroxychloroquine

usage in United States veterans hospitalized with Covid-19. medRxiv,

Med 1, 1–14. https://doi.org/10.1101/2020.04.16.20065920
Mahamid, M., Mader, R., & Safadi, R. (2011). Hepatotoxicity of tocilizumab

and anakinra in rheumatoid arthritis: Management decisions. Clinical

Pharmacology, 3, 39–43. https://doi.org/10.2147/cpaa.S24004
Maini, R. N., Taylor, P. C., Szechinski, J., Pavelka, K., Broll, J., Balint, G., …

Kishimoto, T. (2006). Double-blind randomized controlled clinical trial

of the interleukin-6 receptor antagonist, tocilizumab, in European

patients with rheumatoid arthritis who had an incomplete response to

methotrexate. Arthritis and Rheumatism, 54(9), 2817–2829. https://
doi.org/10.1002/art.22033

Mallick, P., Taneja, G., Moorthy, B., & Ghose, R. (2017). Regulation of drug-

metabolizing enzymes in infectious and inflammatory disease: Implica-

tions for biologics–small molecule drug interactions. Expert Opinion on

Drug Metabolism & Toxicology, 13(6), 605–616. https://doi.org/10.

1080/17425255.2017.1292251

Mao, R., Qiu, Y., He, J.-S., Tan, J.-Y., Li, X.-H., Liang, J., … Chen, M.-H.

(2020). Manifestations and prognosis of gastrointestinal and liver

involvement in patients with COVID-19: A systematic review and

meta-analysis. The Lancet Gastroenterology & Hepatology, 5, 667–678.
https://doi.org/10.1016/S2468-1253(20)30126-6

Marinella, M. A. (2020). Routine antiemetic prophylaxis with dexamethasone dur-

ing COVID-19: Should oncologists reconsider? Journal of Oncology Pharmacy

Practice. https://doi.org/10.1177/1078155220931921 107815522093192

Marmor, M. F., Kellner, U., Lai, T. Y., Lyons, J. S., Mieler, W. F., & American

Academy of Ophthalmology. (2011). Revised recommendations on

screening for chloroquine and hydroxychloroquine retinopathy. Oph-

thalmology, 118(2), 415–422. https://doi.org/10.1016/j.ophtha.2010.
11.017

Mathian, A., Mahevas, M., Rohmer, J., Roumier, M., Cohen-Aubart, F.,

Amador-Borrero, B., … Amoura, Z. (2020). Clinical course of

4370 PENMAN ET AL.

https://coronavirus.jhu.edu/map.html
https://coronavirus.jhu.edu/map.html
https://doi.org/10.1136/ard.2008.105197
https://doi.org/10.1136/ard.2008.105197
https://doi.org/10.1007/s00296-011-2096-3
https://doi.org/10.1007/s00296-011-2096-3
https://doi.org/10.1080/14397595.2019.1639939
https://doi.org/10.1080/14397595.2019.1639939
https://doi.org/10.1136/annrheumdis-2014-206478
https://doi.org/10.1136/annrheumdis-2014-206478
https://doi.org/10.3389/fimmu.2018.00597
https://doi.org/10.1002/eji.200737793
https://doi.org/10.1002/eji.200737793
https://doi.org/10.1111/jcmm.12573
https://doi.org/10.1111/jcmm.12573
https://doi.org/10.1016/j.thromres.2020.04.041
https://doi.org/10.1038/s41588-018-0168-y
https://doi.org/10.1038/s41588-018-0168-y
https://doi.org/10.1182/blood.2018894618
https://doi.org/10.1182/blood.2018894618
https://doi.org/10.1111/irv.12456
https://doi.org/10.1101/2020.03.19.20038984
https://doi.org/10.1101/2020.03.19.20038984
https://doi.org/10.1038/s41421-020-0156-0
https://doi.org/10.1038/s41421-020-0156-0
https://doi.org/10.1161/circulationaha.120.047549
https://doi.org/10.1101/2020.01.25.919787
https://www.ncbi.nlm.nih.gov/books/NBK548932/
https://www.ncbi.nlm.nih.gov/books/NBK548932/
https://www.ncbi.nlm.nih.gov/books/NBK547842/
https://www.ncbi.nlm.nih.gov/books/NBK547842/
https://www.ncbi.nlm.nih.gov/books/NBK547964/
https://www.ncbi.nlm.nih.gov/books/NBK547964/
https://doi.org/10.1101/2020.03.07.982264
https://doi.org/10.1101/2020.03.07.982264
https://doi.org/10.1007/s40262-015-0364-1
https://doi.org/10.1101/2020.04.16.20065920
https://doi.org/10.2147/cpaa.S24004
https://doi.org/10.1002/art.22033
https://doi.org/10.1002/art.22033
https://doi.org/10.1080/17425255.2017.1292251
https://doi.org/10.1080/17425255.2017.1292251
https://doi.org/10.1016/S2468-1253(20)30126-6
https://doi.org/10.1177/1078155220931921
https://doi.org/10.1016/j.ophtha.2010.11.017
https://doi.org/10.1016/j.ophtha.2010.11.017


coronavirus disease 2019 (COVID-19) in a series of 17 patients with

systemic lupus erythematosus under long-term treatment with hydro-

xychloroquine. Annals of the Rheumatic Diseases. https://doi.org/10.

1136/annrheumdis-2020-217566

McCarty, D., & Robinson, A. (2018). Efficacy and safety of sarilumab in

patients with active rheumatoid arthritis. Therapeutic Advances in Mus-

culoskeletal Disease, 10(3), 61–67. https://doi.org/10.1177/

1759720x17752037

McChesney, E. W., Banks, W. F. Jr., & Fabian, R. J. (1967). Tissue distribu-

tion of chloroquine, hydroxychloroquine, and desethylchloroquine in

the rat. Toxicology and Applied Pharmacology, 10(3), 501–513. https://
doi.org/10.1016/0041-008x(67)90089-0

Medicines and Healthcare products Regulatory Agency. (2020a). Corona-

virus (COVID-19) and high blood pressure medication. Retrieved from

https://www.gov.uk/government/news/coronavirus-covid-19-and-

high-blood-pressure-medication

Medicines and Healthcare products Regulatory Agency. (2020b). Early

Access to Medicines Scheme (EAMS) scientific opinion: Remdesivir in

the treatment of patients hospitalised with suspected or laboratory-

confirmed SARS-CoV-2 infection who meet the clinical criteria.

Retrieved from https://www.gov.uk/government/publications/early-

access-to-medicines-scheme-eams-scientific-opinion-remdesivir-in-

the-treatment-of-patients-hospitalised-with-suspected-or-laboratory-

confirme

Mehra, M. R., Ruschitzka, F., & Patel, A. N. (2020). Retraction—
Hydroxychloroquine or chloroquine with or without a macrolide for

treatment of COVID-19: A multinational registry analysis. The Lancet,

395, 1820. https://doi.org/10.1016/S0140-6736(20)31324-6

Mehta, P., Cron, R. Q., Hartwell, J., Manson, J. J., & Tattersall, R. S. (2020).

Silencing the cytokine storm: The use of intravenous anakinra in

haemophagocytic lymphohistiocytosis or macrophage activation syn-

drome. The Lancet Rheumatology, 2(6), e358–e367. https://doi.org/10.
1016/S2665-9913(20)30096-5

Mehta, P., McAuley, D. F., Brown, M., Sanchez, E., Tattersall, R. S., &

Manson, J. J. (2020). COVID-19: Consider cytokine storm syndromes

and immunosuppression. The Lancet, 395(10229), 1033–1034.
https://doi.org/10.1016/S0140-6736(20)30628-0

Mercuro, N. J., Yen, C. F., Shim, D. J., Maher, T. R., McCoy, C. M.,

Zimetbaum, P. J., & Gold, H. S. (2020). Risk of QT interval prolongation

associated with use of hydroxychloroquine with or without concomi-

tant azithromycin among hospitalized patients testing positive for

coronavirus disease 2019 (COVID-19). JAMA Cardiology. https://doi.

org/10.1001/jamacardio.2020.1834

Mertens, M., & Singh, J. A. (2009). Anakinra for rheumatoid arthritis: A sys-

tematic review. The Journal of Rheumatology, 36(6), 1118–1125.
https://doi.org/10.3899/jrheum.090074

Michaelides, M., Stover, N. B., Francis, P. J., & Weleber, R. G. (2011). Reti-

nal toxicity associated with hydroxychloroquine and chloroquine: Risk

factors, screening, and progression despite cessation of therapy.

Archives of Ophthalmology, 129(1), 30–39. https://doi.org/10.1001/

archophthalmol.2010.321

Middeldorp, S., Coppens, M., van Haaps, T. F., Foppen, M., Vlaar, A. P.,

Müller, M. C. A., … van Es, N. (2020). Incidence of venous thromboem-

bolism in hospitalized patients with COVID-19. Journal of Thrombosis

and Haemostasis, 18, 1995–2002. https://doi.org/10.1111/jth.14888
Million, M., Lagier, J. C., Gautret, P., Colson, P., Fournier, P. E., Amrane, S.,

… Raoult, D. (2020). Full-length title: Early treatment of COVID-19

patients with hydroxychloroquine and azithromycin: A retrospective

analysis of 1061 cases in Marseille, France. Travel Medicine and Infec-

tious Disease, 35, 101738. https://doi.org/10.1016/j.tmaid.2020.

101738

Mittal, L., Zhang, L., Feng, R., & Werth, V. P. (2018). Antimalarial drug toxic-

ities in patients with cutaneous lupus and dermatomyositis: A retro-

spective cohort study. Journal of the American Academy of

Dermatology, 78(1), 100–106.e101. https://doi.org/10.1016/j.jaad.

2017.09.061

Mullard, A. (2018). Ebola outbreak prompts experimental drug rollout.

Nature Reviews. Drug Discovery, 17(7), 460. https://doi.org/10.1038/

nrd.2018.114

National Institute for Health and Care Excellence. (2020a). Anakinra.

Retrieved from https://bnf.nice.org.uk/drug/anakinra.html

National Institute for Health and Care Excellence. (2020b). Corticoste-

roids—Oral. Available from: https://cks.nice.org.uk/corticosteroids-

oral#!scenario

National Institute for Health and Care Excellence. (2020c). Dexametha-

sone drug interactions. Available from: https://bnf.nice.org.uk/

interaction/dexamethasone-2.html

National Institute for Health and Care Excellence. (2020d). Siltuximab.

Retrieved from https://bnf.nice.org.uk/drug/siltuximab.

html#monitoringRequirements

National Institute for Health and Care Excellence. (2020e). Tocilizumab.

Retrieved from https://bnf.nice.org.uk/drug/tocilizumab.html

Nayar, B., Singhal, A., Aggarwal, R., & Malhotra, N. (2003). Losartan

induced fetal toxicity. Indian Journal of Pediatrics, 70(11), 923–924.
https://doi.org/10.1007/bf02730601

National Health Service. (2019). What if I take an extra contraceptive pill

by accident? Retrieved from https://www.nhs.uk/conditions/

contraception/taken-extra-pill-by-accident/

National Health Service. (2020). Steroids. Available from: https://www.

nhs.uk/conditions/steroids/

Nishimoto, N., Miyasaka, N., Yamamoto, K., Kawai, S., Takeuchi, T., &

Azuma, J. (2009). Long-term safety and efficacy of tocilizumab, an

anti-IL-6 receptor monoclonal antibody, in monotherapy, in patients

with rheumatoid arthritis (the STREAM study): Evidence of safety and

efficacy in a 5-year extension study. Annals of the Rheumatic Diseases,

68(10), 1580–1584. https://doi.org/10.1136/ard.2008.092866
Nishio, H., Tsukamoto, T., Matsubara, T., Okada, Y., Takahashi, R., &

Yanagita, M. (2016). Thrombotic microangiopathy caused by inter-

feron β-1b for multiple sclerosis: A case report. CEN Case Report, 5(2),

179–183. https://doi.org/10.1007/s13730-016-0220-7
Ogu, C. C., & Maxa, J. L. (2000). Drug interactions due to cytochrome

P450. Proceedings (Baylor University Medical Center), 13(4), 421–423.
https://doi.org/10.1080/08998280.2000.11927719

Ohkuma, S., & Poole, B. (1981). Cytoplasmic vacuolation of mouse perito-

neal macrophages and the uptake into lysosomes of weakly basic sub-

stances. The Journal of Cell Biology, 90(3), 656–664. https://doi.org/10.
1083/jcb.90.3.656

Oldfield, V., & Plosker, G. L. (2006). Lopinavir/ritonavir: A review of its use

in the management of HIV infection. Drugs, 66(9), 1275–1299.
https://doi.org/10.2165/00003495-200666090-00012

Padron-Regalado, E. (2020). Vaccines for SARS-CoV-2: Lessons from other

coronavirus strains. Infectious Diseases and Therapy, 9(2), 255–274.
https://doi.org/10.1007/s40121-020-00300-x

Palacios, R., Vergara, S., Rivero, A., Aguilar, I., Macías, J., Camacho, A., …
Santos, J. (2006). Low incidence of severe liver events in HIV patients

with and without hepatitis C or B coinfection receiving lopinavir/-

ritonavir. HIV Clinical Trials, 7(6), 319–323. https://doi.org/10.1310/
hct0706-319

Papich, M. G. (2016). Dexamethasone. In M. G. Papich (Ed.), Saunders

handbook of veterinary drugs (Fourth ed.) (pp. 217–219). St. Louis: W.B.

Saunders.

Pavlicevi�c, I., Kuzmani�c, M., Rumboldt, M., & Rumboldt, Z. (2008). Interac-

tion between antihypertensives and NSAIDs in primary care: A con-

trolled trial. The Canadian Journal of Clinical Pharmacology, 15(3),

e372–e382.
Pawar, A., Desai, R. J., Solomon, D. H., Santiago Ortiz, A. J., Gale, S.,

Bao, M., … Kim, S. C. (2019). Risk of serious infections in tocilizumab

versus other biologic drugs in patients with rheumatoid arthritis: A

PENMAN ET AL. 4371

https://doi.org/10.1136/annrheumdis-2020-217566
https://doi.org/10.1136/annrheumdis-2020-217566
https://doi.org/10.1177/1759720x17752037
https://doi.org/10.1177/1759720x17752037
https://doi.org/10.1016/0041-008x(67)90089-0
https://doi.org/10.1016/0041-008x(67)90089-0
https://www.gov.uk/government/news/coronavirus-covid-19-and-high-blood-pressure-medication
https://www.gov.uk/government/news/coronavirus-covid-19-and-high-blood-pressure-medication
https://www.gov.uk/government/publications/early-access-to-medicines-scheme-eams-scientific-opinion-remdesivir-in-the-treatment-of-patients-hospitalised-with-suspected-or-laboratory-confirme
https://www.gov.uk/government/publications/early-access-to-medicines-scheme-eams-scientific-opinion-remdesivir-in-the-treatment-of-patients-hospitalised-with-suspected-or-laboratory-confirme
https://www.gov.uk/government/publications/early-access-to-medicines-scheme-eams-scientific-opinion-remdesivir-in-the-treatment-of-patients-hospitalised-with-suspected-or-laboratory-confirme
https://www.gov.uk/government/publications/early-access-to-medicines-scheme-eams-scientific-opinion-remdesivir-in-the-treatment-of-patients-hospitalised-with-suspected-or-laboratory-confirme
https://doi.org/10.1016/S0140-6736(20)31324-6
https://doi.org/10.1016/S2665-9913(20)30096-5
https://doi.org/10.1016/S2665-9913(20)30096-5
https://doi.org/10.1016/S0140-6736(20)30628-0
https://doi.org/10.1001/jamacardio.2020.1834
https://doi.org/10.1001/jamacardio.2020.1834
https://doi.org/10.3899/jrheum.090074
https://doi.org/10.1001/archophthalmol.2010.321
https://doi.org/10.1001/archophthalmol.2010.321
https://doi.org/10.1111/jth.14888
https://doi.org/10.1016/j.tmaid.2020.101738
https://doi.org/10.1016/j.tmaid.2020.101738
https://doi.org/10.1016/j.jaad.2017.09.061
https://doi.org/10.1016/j.jaad.2017.09.061
https://doi.org/10.1038/nrd.2018.114
https://doi.org/10.1038/nrd.2018.114
https://bnf.nice.org.uk/drug/anakinra.html
https://cks.nice.org.uk/corticosteroids-oral#!scenario
https://cks.nice.org.uk/corticosteroids-oral#!scenario
https://bnf.nice.org.uk/interaction/dexamethasone-2.html
https://bnf.nice.org.uk/interaction/dexamethasone-2.html
https://bnf.nice.org.uk/drug/siltuximab.html#monitoringRequirements
https://bnf.nice.org.uk/drug/siltuximab.html#monitoringRequirements
https://bnf.nice.org.uk/drug/tocilizumab.html
https://doi.org/10.1007/bf02730601
https://www.nhs.uk/conditions/contraception/taken-extra-pill-by-accident/
https://www.nhs.uk/conditions/contraception/taken-extra-pill-by-accident/
https://www.nhs.uk/conditions/steroids/
https://www.nhs.uk/conditions/steroids/
https://doi.org/10.1136/ard.2008.092866
https://doi.org/10.1007/s13730-016-0220-7
https://doi.org/10.1080/08998280.2000.11927719
https://doi.org/10.1083/jcb.90.3.656
https://doi.org/10.1083/jcb.90.3.656
https://doi.org/10.2165/00003495-200666090-00012
https://doi.org/10.1007/s40121-020-00300-x
https://doi.org/10.1310/hct0706-319
https://doi.org/10.1310/hct0706-319


multidatabase cohort study. Annals of the Rheumatic Diseases, 78(4),

456–464. https://doi.org/10.1136/annrheumdis-2018-214367

Pepperrell, T., Pilkington, V., Owen, A., Wang, J., & Hill, A. M. (2020).

Review of safety and minimum pricing of nitazoxanide for potential

treatment of COVID-19. Journal of Virus Eradication, 6(2), 52–60.
Pilkington, V., Pepperrell, T., & Hill, A. (2020). A review of the safety of

favipiravir—A potential treatment in the COVID-19 pandemic? Journal

of Virus Eradication, 6(2), 45–51.
Pharmaceuticals and Medical Devices Agency. (2014). Report on the delib-

eration results. Retrieved from https://www.pmda.go.jp/files/

000210319.pdf

Ponce-Balbuena, D., Rodríguez-Menchaca, A. A., López-Izquierdo, A.,

Ferrer, T., Kurata, H. T., Nichols, C. G., & Sánchez-Chapula, J. A.

(2012). Molecular mechanisms of chloroquine inhibition of heterolo-

gously expressed Kir6.2/SUR2A channels. Molecular Pharmacology, 82

(5), 803–813. https://doi.org/10.1124/mol.112.079152

Centers for Disease Control and Prevention. (2019). Contraceptive use.

Retrieved from https://www.cdc.gov/nchs/fastats/contraceptive.htm

Qi, F., Qian, S., Zhang, S., & Zhang, Z. (2020). Single cell RNA sequencing

of 13 human tissues identify cell types and receptors of human cor-

onaviruses. Biochemical and Biophysical Research Communications, 526

(1), 135–140. https://doi.org/10.1016/j.bbrc.2020.03.044
Rajoli, R. K., Pertinez, H., Arshad, U., Box, H., Tatham, L., Curley, P., …

Owen, A. (2020). Dose prediction for repurposing nitazoxanide in

SARS-CoV-2 treatment or chemoprophylaxis. medRxiv. https://doi.

org/10.1101/2020.05.01.20087130

Rathi, S., Ish, P., Kalantri, A., & Kalantri, S. (2020). Hydroxychloroquine pro-

phylaxis for COVID-19 contacts in India. The Lancet Infectious Diseases.

https://doi.org/10.1016/S1473-3099(20)30313-3

Rebecca, V. W., Nicastri, M. C., Fennelly, C., Chude, C. I., Barber-

Rotenberg, J. S., Ronghe, A., … Amaravadi, R. K. (2019). PPT1 pro-

motes tumor growth and is the molecular target of chloroquine deriva-

tives in cancer. Cancer Discovery, 9(2), 220–229. https://doi.org/10.
1158/2159-8290.CD-18-0706

Richardson, P., Griffin, I., Tucker, C., Smith, D., Oechsle, O., Phelan, A., &

Stebbing, J. (2020). Baricitinib as potential treatment for 2019-nCoV

acute respiratory disease. The Lancet, 395(10223), e30–e31. https://
doi.org/10.1016/S0140-6736(20)30304-4

Ripley, E., & Hirsch, A. (2010). Fifteen years of losartan: What have we

learned about losartan that can benefit chronic kidney disease

patients? International Journal of Nephrology and Renovascular Disease,

3, 93–98. https://doi.org/10.2147/ijnrd.s7038
Roche Pharma. (2013). Summary of product characteristics—Tocilizumab.

Rodriguez-Menchaca, A. A., Navarro-Polanco, R. A., Ferrer-Villada, T.,

Rupp, J., Sachse, F. B., Tristani-Firouzi, M., & Sanchez-Chapula, J. A.

(2008). The molecular basis of chloroquine block of the inward recti-

fier Kir2.1 channel. Proceedings of the National Academy of Sciences of

the United States of America, 105(4), 1364–1368. https://doi.org/10.
1073/pnas.0708153105

Ronco, C., Reis, T., & Husain-Syed, F. (2020). Management of acute kidney

injury in patients with COVID-19. The Lancet Respiratory Medicine, 8,

738–742. https://doi.org/10.1016/S2213-2600(20)30229-0
Russell, B., Moss, C., George, G., Santaolalla, A., Cope, A., Papa, S., & Van

Hemelrijck, M. (2020). Associations between immune-suppressive and

stimulating drugs and novel COVID-19—A systematic review of cur-

rent evidence. Ecancermedicalscience, 14, 1022. https://doi.org/10.

3332/ecancer.2020.1022

Sallard, E., Lescure, F. X., Yazdanpanah, Y., Mentre, F., & Peiffer-Smadja, N.

(2020). Type 1 interferons as a potential treatment against COVID-19.

Antiviral Research, 178, 104791. https://doi.org/10.1016/j.antiviral.

2020.104791

Salvana, E. M., & Salata, R. A. (2009). Infectious complications associated

with monoclonal antibodies and related small molecules. Clinical Micro-

biology Reviews, 22(2), 274–290 Table of Contents. https://doi.org/10.

1128/cmr.00040-08

Sánchez-Chapula, J. A., Navarro-Polanco, R. A., Culberson, C., Chen, J., &

Sanguinetti, M. C. (2002). Molecular determinants of voltage-

dependent human ether-a-go-go related gene (HERG) K+ channel

block. The Journal of Biological Chemistry, 277(26), 23587–23595.
https://doi.org/10.1074/jbc.M200448200

Sangawa, H., Komeno, T., Nishikawa, H., Yoshida, A., Takahashi, K.,

Nomura, N., & Furuta, Y. (2013). Mechanism of action of T-705 ribosyl

triphosphate against influenza virus RNA polymerase. Antimicrobial

Agents and Chemotherapy, 57(11), 5202–5208. https://doi.org/10.

1128/aac.00649-13

Sanofi-Aventis (2017a). ARALEN®—Chloroquine phosphate, USP.
Sanofi-Aventis (2017b). Summary of product characteristics—Sarilumab.

Savarino, A., Boelaert, J. R., Cassone, A., Majori, G., & Cauda, R. (2003).

Effects of chloroquine on viral infections: An old drug against today's

diseases? The Lancet Infectious Diseases, 3(11), 722–727. https://doi.
org/10.1016/s1473-3099(03)00806-5

Savarino, A., Lucia, M. B., Rastrelli, E., Rutella, S., Golotta, C., Morra, E., …
Cauda, R. (2004). Anti-HIV effects of chloroquine: Inhibition of viral

particle glycosylation and synergism with protease inhibitors. Journal

of Acquired Immune Deficiency Syndromes, 35(3), 223–232. https://doi.
org/10.1097/00126334-200403010-00002

Schrezenmeier, E., & Dorner, T. (2020). Mechanisms of action of hydro-

xychloroquine and chloroquine: Implications for rheumatology. Nature

Reviews Rheumatology, 16(3), 155–166. https://doi.org/10.1038/

s41584-020-0372-x

Seguin, A., Galicier, L., Boutboul, D., Lemiale, V., & Azoulay, E. (2016). Pul-

monary involvement in patients with hemophagocytic

lymphohistiocytosis. Chest, 149(5), 1294–1301. https://doi.org/10.

1016/j.chest.2015.11.004

Shalhoub, S. (2020). Interferon beta-1b for COVID-19. The Lancet, 395

(10238), 1670–1671. https://doi.org/10.1016/S0140-6736(20)

31101-6

Sheahan, T. P., Sims, A. C., Leist, S. R., Schafer, A., Won, J., Brown, A. J., …
Baric, R. S. (2020). Comparative therapeutic efficacy of remdesivir and

combination lopinavir, ritonavir, and interferon beta against MERS-

CoV. Nature Communications, 11(1), 222. https://doi.org/10.1038/

s41467-019-13940-6

Shi, Y., Wang, Y., Shao, C., Huang, J., Gan, J., Huang, X., … Melino, G.

(2020). COVID-19 infection: The perspectives on immune responses.

Cell Death and Differentiation, 27, 1451–1454. https://doi.org/10.

1038/s41418-020-0530-3

Sica, D. A., Gehr, T. W., & Ghosh, S. (2005). Clinical pharmacokinetics of

losartan. Clinical Pharmacokinetics, 44(8), 797–814. https://doi.org/10.
2165/00003088-200544080-00003

Siddiqi, H. K., & Mehra, M. R. (2020). COVID-19 illness in native and

immunosuppressed states: A clinical–therapeutic staging proposal. The

Journal of Heart and Lung Transplantation, 39(5), 405–407. https://doi.
org/10.1016/j.healun.2020.03.012

Smolen, J. S., Beaulieu, A., Rubbert-Roth, A., Ramos-Remus, C.,

Rovensky, J., Alecock, E., … Alten, R. (2008). Effect of interleukin-6

receptor inhibition with tocilizumab in patients with rheumatoid arthri-

tis (OPTION study): A double-blind, placebo-controlled, randomised

trial. Lancet, 371(9617), 987–997. https://doi.org/10.1016/s0140-

6736(08)60453-5

Smolen, J. S., Genovese, M. C., Takeuchi, T., Hyslop, D. L., Macias, W. L.,

Rooney, T., Chen L., Dickson C. L., Riddle Camp J., Cardillo T. E., Ishii T.

Winthrop, K. L. (2018). Safety profile of baricitinib in patients with

active rheumatoid arthritis with over 2 years median time in treat-

ment. The Journal of Rheumatology.171361. https://doi.org/10.3899/

jrheum.171361, 46, 7, 18

Spiezia, L., Boscolo, A., Poletto, F., Cerruti, L., Tiberio, I., Campello, E., …
Simioni, P. (2020). COVID-19-related severe hypercoagulability in

patients admitted to intensive care unit for acute respiratory failure.

Thromb Haemost (EFirst), 120, 998–1000. https://doi.org/10.1055/s-
0040-1710018

4372 PENMAN ET AL.

https://doi.org/10.1136/annrheumdis-2018-214367
https://www.pmda.go.jp/files/000210319.pdf
https://www.pmda.go.jp/files/000210319.pdf
https://doi.org/10.1124/mol.112.079152
https://www.cdc.gov/nchs/fastats/contraceptive.htm
https://doi.org/10.1016/j.bbrc.2020.03.044
https://doi.org/10.1101/2020.05.01.20087130
https://doi.org/10.1101/2020.05.01.20087130
https://doi.org/10.1016/S1473-3099(20)30313-3
https://doi.org/10.1158/2159-8290.CD-18-0706
https://doi.org/10.1158/2159-8290.CD-18-0706
https://doi.org/10.1016/S0140-6736(20)30304-4
https://doi.org/10.1016/S0140-6736(20)30304-4
https://doi.org/10.2147/ijnrd.s7038
https://doi.org/10.1073/pnas.0708153105
https://doi.org/10.1073/pnas.0708153105
https://doi.org/10.1016/S2213-2600(20)30229-0
https://doi.org/10.3332/ecancer.2020.1022
https://doi.org/10.3332/ecancer.2020.1022
https://doi.org/10.1016/j.antiviral.2020.104791
https://doi.org/10.1016/j.antiviral.2020.104791
https://doi.org/10.1128/cmr.00040-08
https://doi.org/10.1128/cmr.00040-08
https://doi.org/10.1074/jbc.M200448200
https://doi.org/10.1128/aac.00649-13
https://doi.org/10.1128/aac.00649-13
https://doi.org/10.1016/s1473-3099(03)00806-5
https://doi.org/10.1016/s1473-3099(03)00806-5
https://doi.org/10.1097/00126334-200403010-00002
https://doi.org/10.1097/00126334-200403010-00002
https://doi.org/10.1038/s41584-020-0372-x
https://doi.org/10.1038/s41584-020-0372-x
https://doi.org/10.1016/j.chest.2015.11.004
https://doi.org/10.1016/j.chest.2015.11.004
https://doi.org/10.1016/S0140-6736(20)31101-6
https://doi.org/10.1016/S0140-6736(20)31101-6
https://doi.org/10.1038/s41467-019-13940-6
https://doi.org/10.1038/s41467-019-13940-6
https://doi.org/10.1038/s41418-020-0530-3
https://doi.org/10.1038/s41418-020-0530-3
https://doi.org/10.2165/00003088-200544080-00003
https://doi.org/10.2165/00003088-200544080-00003
https://doi.org/10.1016/j.healun.2020.03.012
https://doi.org/10.1016/j.healun.2020.03.012
https://doi.org/10.1016/s0140-6736(08)60453-5
https://doi.org/10.1016/s0140-6736(08)60453-5
https://doi.org/10.3899/jrheum.171361
https://doi.org/10.3899/jrheum.171361
https://doi.org/10.1055/s-0040-1710018
https://doi.org/10.1055/s-0040-1710018


Spinelli, F. R., Ceccarelli, F., Di Franco, M., & Conti, F. (2020). To consider

or not antimalarials as a prophylactic intervention in the SARS-CoV-2

(Covid-19) pandemic. Annals of the Rheumatic Diseases, 79(5), 666.

https://doi.org/10.1136/annrheumdis-2020-217367

Spoorenberg, S. M. C., Deneer, V. H. M., Grutters, J. C., Pulles, A. E.,

Voorn, G. P., Rijkers, G. T., … van de Garde, E. M. W. (2014). Pharma-

cokinetics of oral vs. intravenous dexamethasone in patients hospital-

ized with community-acquired pneumonia. British Journal of Clinical

Pharmacology, 78(1), 78–83. https://doi.org/10.1111/bcp.12295
Stebbing, J., Phelan, A., Griffin, I., Tucker, C., Oechsle, O., Smith, D., &

Richardson, P. (2020). COVID-19: Combining antiviral and anti-

inflammatory treatments. The Lancet Infectious Diseases, 20(4),

400–402. https://doi.org/10.1016/S1473-3099(20)30132-8
Stern, A., Skalsky, K., Avni, T., Carrara, E., Leibovici, L., & Paul, M. (2017).

Corticosteroids for pneumonia. Cochrane Database of Systematic

Reviews, 12. https://doi.org/10.1002/14651858.CD007720.pub3

Su, H., Yang, M., Wan, C., Yi, L.-X., Tang, F., Zhu, H.-Y., … Zhang, C. (2020).

Renal histopathological analysis of 26 postmortem findings of patients

with COVID-19 in China. Kidney International, 98, 219–227. https://
doi.org/10.1016/j.kint.2020.04.003

Summers, L. (2020). Why your health may never be the same after Covid-

19. Retrieved from

Swedish Orphan Biovitrum Ltd. (2007). Summary of product

characteristics—Kineret.

Synairgen plc. (2018). IFN-β (SNG001) in COPD. Retrieved from https://

www.synairgen.com/programmes/ifn-%CE%B2-in-copd/

Tanaka, Y., Wada, K., Takahashi, Y., Hagino, O., van Hoogstraten, H.,

Graham, N. M. H., & Kameda, H. (2019). Sarilumab plus methotrexate

in patients with active rheumatoid arthritis and inadequate response

to methotrexate: Results of a randomized, placebo-controlled phase III

trial in Japan. Arthritis Research & Therapy, 21(1), 79. https://doi.org/

10.1186/s13075-019-1856-4

Tang, W., Gao, Z., Han, M., Wang, Z., Chen, J., Sun, W., … Xie, Q. (2020).

Hydroxychloroquine in patients with COVID-19: An open-label, ran-

domized, controlled trial. medRxiv. https://doi.org/10.1101/2020.04.

10.20060558

Taylor, P. C., Weinblatt, M. E., Burmester, G. R., Rooney, T. P., Witt, S.,

Walls, C. D., … Takeuchi, T. (2019). Cardiovascular safety during treat-

ment with baricitinib in rheumatoid arthritis. Arthritis & Rhematology,

71(7), 1042–1055. https://doi.org/10.1002/art.40841
Tchesnokov, E. P., Feng, J. Y., Porter, D. P., & Gotte, M. (2019). Mechanism

of inhibition of Ebola virus RNA-dependent RNA polymerase by

remdesivir. Viruses, 11(4). https://doi.org/10.3390/v11040326

Thiel, V., & Weber, F. (2008). Interferon and cytokine responses to SARS-

coronavirus infection. Cytokine & Growth Factor Reviews, 19(2),

121–132. https://doi.org/10.1016/j.cytogfr.2008.01.001
Tignanelli, C. J., Ingraham, N. E., Sparks, M. A., Reilkoff, R., Bezdicek, T.,

Benson, B., … Puskarich, M. A. (2020). Antihypertensive drugs and risk

of COVID-19? The Lancet Respiratory Medicine, 8(5), e30–e31. https://
doi.org/10.1016/s2213-2600(20)30153-3

Tirado, S. M. C., & Yoon, K.-J. (2003). Antibody-dependent enhancement

of virus infection and disease. Viral Immunology, 16(1), 69–86. https://
doi.org/10.1089/088282403763635465

Tomlinson, E. S., Maggs, J. L., Park, B. K., & Back, D. J. (1997). Dexametha-

sone metabolism in vitro: Species differences. The Journal of Steroid

Biochemistry and Molecular Biology, 62(4), 345–352. https://doi.org/
10.1016/S0960-0760(97)00038-1

Torjesen, I. (2020). Covid-19: Ibuprofen can be used for symptoms, says

UK agency, but reasons for change in advice are unclear. BMJ, 369,

m1555. https://doi.org/10.1136/bmj.m1555

Traebert, M., & Dumotier, B. (2005). Antimalarial drugs: QT prolongation

and cardiac arrhythmias. Expert Opinion on Drug Safety, 4(3), 421–431.
https://doi.org/10.1517/14740338.4.3.421

Usai, C., Maestro, S., Camps, G., Olague, C., Suarez-Amaran, L., Vales, A., …
Gonzalez-Aseguinolaza, G. (2020). TNF-alpha inhibition ameliorates

HDV-induced liver damage in a mouse model of acute severe infec-

tion. JHEP Report, 2(3), 100098. https://doi.org/10.1016/j.jhepr.2020.

100098

Varga, Z., Flammer, A. J., Steiger, P., Haberecker, M., Andermatt, R.,

Zinkernagel, A. S., … Moch, H. (2020). Endothelial cell infection and

endotheliitis in COVID-19. Lancet, 395(10234), 1417–1418. https://
doi.org/10.1016/s0140-6736(20)30937-5

Vennema, H., De Groot, R., Harbour, D., Dalderup, M., Gruffydd-Jones, T.,

Horzinek, M., & Spaan, W. (1990). Early death after feline infectious

peritonitis virus challenge due to recombinant vaccinia virus immuniza-

tion. Journal of Virology, 64(3), 1407–1409.
Villegas, L., McGready, R., Htway, M., Paw, M. K., Pimanpanarak, M.,

Arunjerdja, R., … Nosten, F. (2007). Chloroquine prophylaxis against

vivax malaria in pregnancy: A randomized, double-blind, placebo-

controlled trial. Tropical Medicine & International Health, 12(2),

209–218. https://doi.org/10.1111/j.1365-3156.2006.01778.x
Vincent, M. J., Bergeron, E., Benjannet, S., Erickson, B. R., Rollin, P. E.,

Ksiazek, T. G., … Nichol, S. T. (2005). Chloroquine is a potent inhibitor

of SARS coronavirus infection and spread. Virology Journal, 2, 69.

https://doi.org/10.1186/1743-422X-2-69

Walker, O., Dawodu, A. H., Adeyokunnu, A. A., Salako, L. A., & Alvan, G.

(1983). Plasma chloroquine and desethylchloroquine concentrations in

children during and after chloroquine treatment for malaria. British

Journal of Clinical Pharmacology, 16(6), 701–705. https://doi.org/10.
1111/j.1365-2125.1983.tb02244.x

Walther, E. U., & Hohlfeld, R. (1999). Multiple sclerosis. Side Effects of

Interferon Beta Therapy and their Management, 53(8), 1622–1622.
https://doi.org/10.1212/wnl.53.8.1622

Warren, T. K., Jordan, R., Lo, M. K., Ray, A. S., Mackman, R. L.,

Soloveva, V., … Bavari, S. (2016). Therapeutic efficacy of the small mol-

ecule GS-5734 against Ebola virus in rhesus monkeys. Nature, 531

(7594), 381–385. https://doi.org/10.1038/nature17180
Weber, M. (1997). Clinical safety and tolerability of losartan. Clinical Thera-

peutics, 19(4), 604–616 discussion 603. https://doi.org/10.1016/

s0149-2918(97)80086-0

Weinblatt, M. E., Kremer, J., Cush, J., Rigby, W., Teng, L. L., Devenport, J.,

… Genovese, M. C. (2013). Tocilizumab as monotherapy or in combina-

tion with nonbiologic disease-modifying antirheumatic drugs: Twenty-

four-week results of an open-label, clinical practice study. Arthritis

Care & Research (Hoboken), 65(3), 362–371. https://doi.org/10.1002/
acr.21847

Whelan, R., & Apfel, C. C. (2013). Chapter 29—Pharmacology of postoper-

ative nausea and vomiting. In H. C. Hemmings & T. D. Egan (Eds.),

Pharmacology and physiology for anesthesia (pp. 503–522). Philadel-
phia: W.B. Saunders.

World Health Organization. (2018). Ad-hoc expert consultation on clinical

trials for Ebola therapeutics. Retrieved from https://www.who.int/

ebola/drc-2018/summaries-of-evidence-experimental-therapeutics.

pdf?ua=1

World Health Organization. (2020a). Coronavirus disease 2019 (COVID-

19) situation report—59.

World Health Organization. (2020b). Draft landscape of COVID-19 candi-

date vaccines—27 May 2020. Available from: https://www.who.int/

who-documents-detail/draft-landscape-of-covid-19-candidate-vaccines

Wu, D., Wu, T., Liu, Q., & Yang, Z. (2020). The SARS-CoV-2 outbreak:

What we know. International Journal of Infectious Diseases, 94, 44–48.
https://doi.org/10.1016/j.ijid.2020.03.004

Wu, X., Li, Y., Peng, K., & Zhou, H. (2014). HIV protease inhibitors in gut

barrier dysfunction and liver injury. Current Opinion in Pharmacology,

19, 61–66. https://doi.org/10.1016/j.coph.2014.07.008
Yam, C., Fok, A., McLean, C., Butler, E., & Kempster, P. (2018). 035 Inter-

feron beta induced thrombotic microangiopathy in multiple sclerosis:

A clinical-pathological report. Journal of Neurology, Neurosurgery & Psy-

chiatry, 89(6), A15–A15. https://doi.org/10.1136/jnnp-2018-

ANZAN.34

PENMAN ET AL. 4373

https://doi.org/10.1136/annrheumdis-2020-217367
https://doi.org/10.1111/bcp.12295
https://doi.org/10.1016/S1473-3099(20)30132-8
https://doi.org/10.1002/14651858.CD007720.pub3
https://doi.org/10.1016/j.kint.2020.04.003
https://doi.org/10.1016/j.kint.2020.04.003
http://from
https://www.synairgen.com/programmes/ifn-%CE%B2-in-copd/
https://www.synairgen.com/programmes/ifn-%CE%B2-in-copd/
https://doi.org/10.1186/s13075-019-1856-4
https://doi.org/10.1186/s13075-019-1856-4
https://doi.org/10.1101/2020.04.10.20060558
https://doi.org/10.1101/2020.04.10.20060558
https://doi.org/10.1002/art.40841
https://doi.org/10.3390/v11040326
https://doi.org/10.1016/j.cytogfr.2008.01.001
https://doi.org/10.1016/s2213-2600(20)30153-3
https://doi.org/10.1016/s2213-2600(20)30153-3
https://doi.org/10.1089/088282403763635465
https://doi.org/10.1089/088282403763635465
https://doi.org/10.1016/S0960-0760(97)00038-1
https://doi.org/10.1016/S0960-0760(97)00038-1
https://doi.org/10.1136/bmj.m1555
https://doi.org/10.1517/14740338.4.3.421
https://doi.org/10.1016/j.jhepr.2020.100098
https://doi.org/10.1016/j.jhepr.2020.100098
https://doi.org/10.1016/s0140-6736(20)30937-5
https://doi.org/10.1016/s0140-6736(20)30937-5
https://doi.org/10.1111/j.1365-3156.2006.01778.x
https://doi.org/10.1186/1743-422X-2-69
https://doi.org/10.1111/j.1365-2125.1983.tb02244.x
https://doi.org/10.1111/j.1365-2125.1983.tb02244.x
https://doi.org/10.1212/wnl.53.8.1622
https://doi.org/10.1038/nature17180
https://doi.org/10.1016/s0149-2918(97)80086-0
https://doi.org/10.1016/s0149-2918(97)80086-0
https://doi.org/10.1002/acr.21847
https://doi.org/10.1002/acr.21847
https://www.who.int/ebola/drc-2018/summaries-of-evidence-experimental-therapeutics.pdf?ua=1
https://www.who.int/ebola/drc-2018/summaries-of-evidence-experimental-therapeutics.pdf?ua=1
https://www.who.int/ebola/drc-2018/summaries-of-evidence-experimental-therapeutics.pdf?ua=1
https://www.who.int/who-documents-detail/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/who-documents-detail/draft-landscape-of-covid-19-candidate-vaccines
https://doi.org/10.1016/j.ijid.2020.03.004
https://doi.org/10.1016/j.coph.2014.07.008
https://doi.org/10.1136/jnnp-2018-ANZAN.34
https://doi.org/10.1136/jnnp-2018-ANZAN.34


Yang, B.-B., Baughman, S., & Sullivan, J. T. (2003). Pharmacokinetics of

anakinra in subjects with different levels of renal function. Clinical

Pharmacology & Therapeutics, 74(1), 85–94. https://doi.org/10.1016/
s0009-9236(03)00094-8

Yang, L. P. H., & Keating, G. M. (2012). Ruxolitinib. Drugs, 72(16),

2117–2127. https://doi.org/10.2165/11209340-000000000-00000
Yang, X., Yu, Y., Xu, J., Shu, H., Xia, J., Liu, H., … Shang, Y. (2020). Clinical

course and outcomes of critically ill patients with SARS-CoV-2 pneu-

monia in Wuhan, China: A single-centered, retrospective, observa-

tional study. The Lancet Respiratory Medicine, 8, 475–481. https://doi.
org/10.1016/s2213-2600(20)30079-5

Yang, Z., Liu, J., Zhou, Y., Zhao, X., Zhao, Q., & Liu, J. (2020). The effect of

corticosteroid treatment on patients with coronavirus infection: A sys-

tematic review and meta-analysis. The Journal of Infection, 81(1),

e13–e20. https://doi.org/10.1016/j.jinf.2020.03.062
Yao, X., Ye, F., Zhang, M., Cui, C., Huang, B., Niu, P., … Liu, D. (2020). In

vitro antiviral activity and projection of optimized dosing design of

hydroxychloroquine for the treatment of severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2). Clinical Infectious Diseases.

https://doi.org/10.1093/cid/ciaa237

Yasir, M., & Sonthalia, S. (2019). Corticosteroid adverse effects.

Zhang, C., Shi, L., & Wang, F. S. (2020). Liver injury in COVID-19: Manage-

ment and challenges. The Lancet Gastroenterology & Hepatology, 5(5),

428–430. https://doi.org/10.1016/s2468-1253(20)30057-1
Zhang, L., Zhang, Y., & Huang, S. M. (2009). Scientific and regulatory per-

spectives on metabolizing enzyme–transporter interplay and its role in

drug interactions: Challenges in predicting drug interactions. Molecular

Pharmaceutics, 6(6), 1766–1774. https://doi.org/10.1021/mp900132e

Zhao, Y., Zhao, Z., Wang, Y., Zhou, Y., Ma, Y., & Zuo, W. (2020). Single-cell

RNA expression profiling of ACE2, the putative receptor of Wuhan

2019-nCov. bioRxiv. https://doi.org/10.1101/2020.01.26.919985

Zheng, Y. Y., Ma, Y. T., Zhang, J. Y., & Xie, X. (2020). COVID-19 and the

cardiovascular system. Nature Reviews. Cardiology, 17(5), 259–260.
https://doi.org/10.1038/s41569-020-0360-5

How to cite this article: Penman SL, Kiy RT, Jensen RL, et al.

Safety perspectives on presently considered drugs for the

treatment of COVID-19. Br J Pharmacol. 2020;177:

4353–4374. https://doi.org/10.1111/bph.15204

4374 PENMAN ET AL.

https://doi.org/10.1016/s0009-9236(03)00094-8
https://doi.org/10.1016/s0009-9236(03)00094-8
https://doi.org/10.2165/11209340-000000000-00000
https://doi.org/10.1016/s2213-2600(20)30079-5
https://doi.org/10.1016/s2213-2600(20)30079-5
https://doi.org/10.1016/j.jinf.2020.03.062
https://doi.org/10.1093/cid/ciaa237
https://doi.org/10.1016/s2468-1253(20)30057-1
https://doi.org/10.1021/mp900132e
https://doi.org/10.1101/2020.01.26.919985
https://doi.org/10.1038/s41569-020-0360-5
https://doi.org/10.1111/bph.15204

	Safety perspectives on presently considered drugs for the treatment of COVID-19
	  INTRODUCTION
	  INHIBITORS OF ENTRY INTO EPITHELIAL CELLS
	  Angiotensin receptor blockers

	  DISRUPTORS OF CELLULAR VIRAL PROCESSING
	  Lopinavir-ritonavir
	  Chloroquine and hydroxychloroquine
	  Remdesivir
	  Favipiravir

	  MODULATION OF THE INFLAMMATORY PHASE
	  Glucocorticoids
	  IL-6 receptor inhibitors
	  IL-1 receptor inhibitors
	  JAK inhibitors

	  STIMULATION OF THE BODY'S ANTIVIRAL RESPONSE
	  IFN-β

	  FUTURE OUTLOOK
	  NOMENCLATURE OF TARGETS AND LIGANDS
	ACKNOWLEDGEMENTS
	  CONFLICT OF INTEREST
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


