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Objectives: We evaluated the clinical, virological and safety outcomes of lopinavir/ritonavir, lopinavir/
ritonavireinterferon (IFN)-b-1a, hydroxychloroquine or remdesivir in comparison to standard of care
(control) in coronavirus 2019 disease (COVID-19) inpatients requiring oxygen and/or ventilatory support.
Methods: We conducted a phase III multicentre, open-label, randomized 1:1:1:1:1, adaptive, controlled
trial (DisCoVeRy), an add-on to the Solidarity trial (NCT04315948, EudraCT2020-000936-23). The pri-
mary outcome was the clinical status at day 15, measured by the WHO seven-point ordinal scale. Sec-
ondary outcomes included quantification of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) in respiratory specimens and pharmacokinetic and safety analyses. We report the results for the
lopinavir/ritonavir-containing arms and for the hydroxychloroquine arm, trials of which were stopped
prematurely.
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Results: The intention-to-treat population included 583 participantsdlopinavir/ritonavir (n ¼ 145),
lopinavir/ritonavireIFNeb-1a (n ¼ 145), hydroxychloroquine (n ¼ 145), control (n ¼ 148)damong whom
418 (71.7%) were male, the median age was 63 years (IQR 54e71), and 211 (36.2%) had a severe disease.
The day-15 clinical status was not improved with the investigational treatments: lopinavir/ritonavir
versus control, adjusted odds ratio (aOR) 0.83, (95% confidence interval (CI) 0.55e1.26, p 0.39), lopinavir/
ritonavireIFNeb-1a versus control, aOR 0.69 (95%CI 0.45e1.04, p 0.08), and hydroxychloroquine versus
control, aOR 0.93 (95%CI 0.62e1.41, p 0.75). No significant effect of investigational treatment was
observed on SARS-CoV-2 clearance. Trough plasma concentrations of lopinavir and ritonavir were higher
than those expected, while those of hydroxychloroquine were those expected with the dosing regimen.
The occurrence of serious adverse events was significantly higher in participants allocated to the
lopinavir/ritonavir-containing arms.
Conclusion: In adults hospitalized for COVID-19, lopinavir/ritonavir, lopinavir/ritonavireIFNeb-1a and
hydroxychloroquine improved neither the clinical status at day 15 nor SARS-CoV-2 clearance in respi-
ratory tract specimens. Florence Ader, Clin Microbiol Infect 2021;27:1826
© 2021 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All

rights reserved.
Introduction

Worldwide research efforts against severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) initially focused on repur-
posed drugs that showed broad-spectrum antiviral activity against
coronaviruses [1,2]. Lopinavir/ritonavir [3,4], type I interferon (IFN)
[5e7], hydroxychloroquine [8e10], and remdesivir [11] were
among the first investigational treatments to be tested on the basis
of their in vitro activity against SARS-CoV-2.

The DisCoVeRy trial is a European randomized controlled trial
evaluating the clinical and virological efficacy and safety of lopi-
navir/ritonavir, lopinavir/ritonavir plus IFN-b-1a, hydroxy-
chloroquine, and remdesivir as compared with standard of care in
adults hospitalized for coronavirus 2019 (COVID-19) [12]. As an
add-on trial to the international Solidarity trial sponsored by the
World Health Organization (WHO), it has contributed to data
acquisition on in-hospital mortality, need for mechanical ventila-
tion, and time to hospital discharge. Interim analyses of these
variables concluded in futility, leading to discontinuation of three
treatment arms, while inclusions continued in the remdesivir arm
[13]. The DisCoVeRy trial was designed to further document clin-
ical outcomes, virological kinetics, treatment pharmacokinetics
and related safety data. We report here the results for the lopi-
navir/ritonavir, lopinavir/ritonavir plus IFN-b-1a and hydroxy-
chloroquine arms.
Methods

Trial design and oversight

DisCoVeRy is a phase III open-label, adaptive, multicentre, ran-
domized, superiority-controlled trial evaluating the efficacy and
safety of repurposed drugs in adults hospitalized for COVID-19.
Sponsored by the Institut National de la Sant�e et de la Recherche
M�edicale (INSERM, France), the trial was approved by the Ethics
Committee (CPP Ile-de-France-III, approval #20.03.06.51 744).
Written informed consent was obtained from all included partici-
pants or from their legal representatives for those unable to con-
sent. The trial was conducted in accordance with the Declaration of
Helsinki and national laws and regulations, and declared on the
clinicaltrials.gov registry (NCT 04315948) and on the European
Clinical Trials Database (2020-000936-23).
Study population

Eligible participants were adults (�18 years old) hospitalized
with a PCR-proven (<72 h) SARS-CoV-2 infection and pulmonary
rales or crackles with a peripheral oxygen saturation �94% or
requiring supplemental oxygen. Inclusion and exclusion criteria are
presented in the Supplementary Material Appendix.

Interventions and randomization

Participants were randomly assigned to treatment arms in a
1:1:1:1 ratio through computer-generated blocks of various sizes
and stratification by administrative region and severity of disease at
enrolment (moderate: hospitalized participants not requiring ox-
ygen or receiving low-flow supplemental oxygen; severe: hospi-
talized participants requiring non-invasive ventilation or high-flow
oxygen devices, invasive mechanical ventilation or extracorporeal
membrane oxygenation (ECMO)). Randomization was imple-
mented in the electronic Case Report Form to ensure appropriate
allocation concealment. Investigational arms were standard of care
(SoC, control), SoC plus lopinavir/ritonavir (400 mg lopinavir and
100 mg ritonavir orally twice a day for 14 days [3,14]), SoC plus
lopinavir/ritonavir plus IFN-b-1a (44 mg subcutaneous IFN-b-1a on
days 1, 3, and 6), SoC plus hydroxychloroquine (400mg orally, twice
on day 1 as a loading dose followed by 400mg once daily for 9 days)
[15]. Supportive treatmentsdcorticosteroids, anticoagulants or
immunomodulatory agentsdwere allowed, but not antivirals.
Enrolment in another investigative trial was not allowed.

Clinical and laboratory monitoring

Participants were assessed at days 3, 5, 8, 11, 15 ± 2 and 29 ± 3
while hospitalized. If discharge occurred before day 15, face-to-face
visits were set up for days 15 ± 2 and 29 ± 3 for efficacy and safety
evaluations. Clinical data, concomitant medications, adverse events
(AEs) and measurements for safety biological data (blood cell
counts, serum creatinine and liver aminotransferases) were
collected. Nasopharyngeal swab and lower respiratory tract speci-
mens were collected for SARS-CoV-2 RNA quantification. For lopi-
navir and ritonavir, trough plasma concentrations were obtained at
days 1 and 3, 12 h (±2 h) after the last administration and for
hydroxychloroquine at day 1, 12 h (±2 h) and at day 3, 24 h (±4 h)
after the last administration.

http://clinicaltrials.gov
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Outcome measures

The primary outcome measure was the clinical status at day 15
as measured on the seven-point ordinal scale of the WHO Master
Protocol (v3.0, 3rd March 2020): (1) not hospitalized, no limitation
on activities; (2) not hospitalized, limitation on activities; (3) hos-
pitalized, not requiring supplemental oxygen; (4) hospitalized,
requiring supplemental oxygen; (5) hospitalized, on non-invasive
ventilation or high-flow oxygen devices; (6) hospitalized, on inva-
sive mechanical ventilation or ECMO; (7) death.

Secondary efficacy outcomemeasures were the clinical status at
day 29 and the time to an improvement of two categories as
measured on the seven-point ordinal scale or hospital discharge
until day 29, the time to national early warning score 2 (NEWS2)�2
or hospital discharge until day 29, the time to hospital discharge
until day 29, oxygenation- and ventilator-free days until day 29, 29-
day mortality, and the SARS-CoV-2 detection and quantitative
normalized viral loads. Trough plasma concentrations of lopinavir,
ritonavir and hydroxychloroquine were measured at days 1 and 3.
Secondary safety outcomes included the cumulative incidence of
any grade 3 or 4 AE, or of any serious AE (SAE, according to the
DAIDS Table for Grading the Severity of Adult and Paediatric
Adverse Events, v2.1, July 2017) and the proportion of patients with
a premature suspension or discontinuation for any reason of the
investigational treatments.

Virological methods

Determination of normalized viral load blinded to treatment
armwas performed on nasopharyngeal swab and lower respiratory
tract specimens by RNA extraction on the EMAG® platform (bio-
Merieux, Marcy-l'�Etoile, France). The SARS-CoV-2 load was
measured by quantitative RT-PCR, according to a scale of calibrated
in-house plasmid, using the RT-PCR RdRp-IP4 developed by the
Institut Pasteur (Paris, France) [16]. The amplification protocol was
developed using QuantStudio 5 rtPCR Systems (Thermo Fisher
Scientific, Waltham, Massachusetts, USA). The number of cells in a
sample (quality criteria for nasopharyngeal swab and normaliza-
tion tool for viral load determination) was checked using the CELL
Control r-gene® kit (Argene-BioM�erieux, Marcy-l'�Etoile, France). If
cell quantification was <500 cells/reaction, the quality of the
sample was considered too low to be measured. We computed a
normalized SARS-CoV-2 load by dividing the viral load by the
number of cells. All viral loads strictly below 1 log10 RNA copies/
10 000 cells were considered under the limit of detection and were
reported as negative.

Pharmacological methods

Plasma concentrations of lopinavir, ritonavir and hydroxy-
chloroquine were determined using liquid chromatography
coupled with tandem mass spectrometry [17,18]. The limits of
quantificationwere 30 ng/mL for lopinavir and ritonavir, and 10 ng/
mL for hydroxychloroquine.

Sample size calculation

The sample size was determined assuming the following sce-
nario under SoC for each item of the ordinal scale at day 15: 1, 42%;
2, 38%; 3, 8%; 4, 7%; 5, 2%; 6, 1%; and 7, 2%. At the time of the trial
design there was a significant uncertainty with these assumptions.
We powered the study for an odds ratio of 1.5 (an odds ratio >1
indicates superiority of the experimental treatment over the
control for each ordinal scale category), with 90% power and using
an overall two-sided type I error rate of 0.05. Adjusting for multi-
plicity of four pairwise comparisons with the control arm in a 5-
arm setting, the two-sided false-positive error rate would be
0.0125. We determined that the inclusion of 620 patients in each
treatment arm was required.

Statistical and interim analyses

An independent data safety and monitoring board (DSMB)
externally reviewed the trial data periodically. Based on interim
analyses (see Supplementary Material Appendix), enrolment in the
hydroxychloroquine arm was prematurely stopped on 17th June,
and enrolment in lopinavir-containing arms was stopped on 29th
June 2020.

For the seven-point ordinal scale, data were analysed using a
proportional odds model, which assumes a common odds ratio
between the seven points of the ordinal scale. All analyses were
stratified by severity at randomization, and adjusted effect mea-
sures are reported. Full statistical methods are presented in the
Supplementary Material Appendix.

Results

Patient characteristics at baseline

Between 22nd March and 29th June, 603 participants were
randomized across 30 sites in France and two in Luxembourg; 583
were evaluable for analysis (Supplementary Material Fig. S1):
control arm, n ¼ 148; lopinavir/ritonavir arm, n ¼ 145; lopinavir/
ritonavir plus IFN-b-1a arm, n ¼ 145; and hydroxychloroquine arm,
n ¼ 145. Participants' baseline characteristics are presented in
Table 1. Participants were mostly male (n ¼ 418, 71.7%), median age
was 63 years (IQR 54e71). Themedian time from symptom onset to
randomization was 9 days (IQR 7e12). The most frequent under-
lying conditions were obesity (n ¼ 166, 28.7%), chronic cardiac
disease (n ¼ 151, 26.0%) and diabetes mellitus (n ¼ 128, 22.0%). At
baseline, severe disease accounted for 211 participants (36.2%).
Concomitant treatments are listed in Supplementary Material
Table S1.

Primary endpoint

The distribution of the seven-point ordinal scale at day 15 is
presented in Fig. 1 and Table 2. Adjusted OR for clinical improve-
ment (aOR) were not in favour of investigational treatments (<1):
lopinavir/ritonavir versus control, aOR 0.83 (95%CI 0.55e1.26, p
0.39); lopinavir/ritonavir plus IFN-b-1a versus control, aOR 0.69
(95%CI 0.45e1.04, p 0.08); hydroxychloroquine versus control, aOR
0.93 (95%CI 0.62e1.41, p 0.75).

Secondary endpoints

There was no significant difference between any of the treat-
ment and control arms on the seven-point ordinal scale at day 29
(Fig. 1 and Table 2). The time to improvement of two categories of
the same scale or hospital dischargewithin day 29was significantly
higher in lopinavir/ritonavir-containing arms than in the control
arm: lopinavir/ritonavir versus control, HR 0.71 (95%CI 0.54e0.93, p
0.012 and lopinavir/ritonavir plus IFN-b-1a versus control, HR 0.70
(95%CI 0.54e0.92, p 0.009). The time to NEWS �2 or hospital
discharge within 29 days was significantly higher in the lopinavir/
ritonavir plus IFN-b-1a arm than in the control arm (HR 0.75, 95%CI



Table 1
Baseline characteristics of patients included in the intention-to-treat population of the present analysis of DisCoVeRy trial

Overall
(n ¼ 583)

Control
(n ¼ 148)

Lopinavir/ritonavir (L/r)
(n ¼ 145)

Lopinavir/ritonavir þ interferon b-1a
(L/r þ IFN) (n ¼ 145)

Hydroxychloroquine
(HCQ) (n ¼ 145)

Median age: years [IQR] 63 [54e71] 62 [52e71] 63 [55e71] 64 [53e71] 65 [55e71]
Male sex: n (%) 418 (71.7%) 105 (70.9%) 106 (73.1%) 103 (71.0%) 104 (71.7%)
Coexisting condition:a n (%)
- Chronic cardiac disease 151 (26.0%) 39 (26.4%) 35 (24.1%) 36 (25.2%) 41 (28.3%)
- Chronic pulmonary disease 88 (15.1%) 31 (20.9%) 19 (13.1%) 19 (13.3%) 19 (13.1%)
- Chronic kidney disease
(stage 1 to 3)

24 (4.1%) 7 (4.7%) 2 (1.4%) 5 (3.5%) 10 (6.9%)

- Mild liver disease 13 (2.2%) 6 (4.1%) 3 (2.1%) 0 (0.0%) 4 (2.8%)
- Chronic neurological disorder
(including dementia)

23 (4.0%) 6 (4.1%) 5 (3.4%) 4 (2.8%) 8 (5.5%)

- Active cancer 35 (6.0%) 10 (6.8%) 8 (5.5%) 6 (4.1%) 11 (7.6%)
- Autoinflammatory disease 26 (4.5%) 8 (5.4%) 4 (2.8%) 9 (6.3%) 5 (3.4%)
- Obesity 166 (28.7%) 46 (31.3%) 36 (24.8%) 41 (28.7%) 43 (30.1%)
- Diabetes mellitus 128 (22.0%) 35 (23.6%) 35 (24.1%) 27 (18.9%) 31 (21.4%)
- Current smoker 18 (3.3%) 5 (3.5%) 4 (2.9%) 5 (3.6%) 4 (3.0%)
Median time from symptom onset

to randomization:a days [IQR]
9.0 [7.0e12.0] 10.0 [7.0e12.0] 10.0 [7.0e13.0] 10.0 [7.0e12.0] 8.0 [7.0e11.0]

Baseline severity of COVID-19:b n (%)
- Moderate 372 (63.8%) 94 (63.5%) 94 (64.8%) 91 (62.8%) 93 (64.1%)
- Severe 211 (36.2%) 54 (36.5%) 51 (35.2%) 54 (37.2%) 52 (35.9%)
Randomization site:a n (%)
- ICU 254 (43.6%) 64 (43.2%) 65 (44.8%) 65 (45.1%) 60 (41.4%)
- Conventional unit (e.g. infectious disease
unit, internal medicine, pneumology)

328 (56.4%) 84 (56.8%) 80 (55.2%) 79 (54.9%) 85 (58.6%)

Seven-point ordinal scale at baseline: n (%)
- 3. Hospitalized, not requiring supplemental

oxygen
27 (4.6%) 8 (5.4%) 4 (2.8%) 9 (6.2%) 6 (4.1%)

- 4. Hospitalized, requiring supplemental oxygen 341 (58.5%) 84 (56.8%) 88 (60.7%) 84 (57.9%) 85 (58.6%)
- 5. Hospitalized, on non-invasive ventilation or

high-flow oxygen devices
63 (10.8%) 21 (14.2%) 15 (10.3%) 13 (9.0%) 14 (9.7%)

- 6. Hospitalized, on invasive mechanical
ventilation or ECMO

152 (26.1%) 35 (23.6%) 38 (26.2%) 39 (26.9%) 40 (27.6%)

Median NEWS-2 at baselinea, median [IQR] 9.0 [7.0e12.0] 9.0 [7.0e12.0] 9.0 [7.0e11.0] 10.0 [7.0e12.0] 9.0 [6.0e11.0]
Median viral load at baseline, median [IQR]
- on NPS (log10 copies/10 000 cells) 2.4 [0.7e3.7] n ¼ 349) 2.5 [1.1e3.9] (n ¼ 87) 2.4 [0.7e3.6] (n ¼ 88) 2.5 [0.7e3.8] (n ¼ 79) 2.0 [0.7e3.4] (n ¼ 95)
- on LRT specimens (log10 copies/10 000 cells) 4.1 [2.8e4.9] (n ¼ 56) 3.6 [2.4e4.5] (n ¼ 14) 4.4 [3.2e4.8] (n ¼ 14) 3.5 [1.0e4.8] (n ¼ 10) 4.3 [3.3e5.5] (n ¼ 18)
Biological data at baselinea, median [IQR]
- Minimal lymphocytes count (g/L) 0.9 [0.6e1.2] 0.9 [0.6e1.4] 0.8 [0.6e1.2] 0.9 [0.7e1.3] 0.9 [0.6e1.1]
- Maximal neutrophils count (g/L) 5.8 [4.0e7.9] 5.7 [4.1e7.8] 6.3 [4.3e8.0] 5.7 [3.9e8.3] 5.6 [3.8e7.8]
- Maximal plasma creatinine (mmol/L) 74.0 [62.0e91.0] 72.5 [60.0e88.0] 73.5 [62.0e88.0] 77.0 [65.0e91.0] 74.0 [62.0e93.0]
- Maximal SGOT (U/L) 49.0 [35.0e72.0] 53.0 [38.0e74.0] 47.0 [34.0e64.0] 47.0 [35.0e70.0] 53.5 [34.0e81.0]
- Maximal SGPT (U/L) 37.0 [25.0e63.0] 41.0 [25.0e62.0] 34.0 [22.5e60.5] 37.0 [24.0e59.0] 41.5 [26.0e67.0]
- Maximal plasma C-reactive protein (mg/L) 119.5 [72.0e185.0] 132.0 [86.0e191.0] 124.0 [75.0e188.0] 105.0 [57.0e164.0] 118.0 [72.0e188.0]
- Maximal plasma D-dimers (mg/L) 1080.0 [649.0e1860.0] 1170.0 [689.0e2000.0] 1060.0 [626.0e1987.0] 956.0 [560.0e1673.0] 1140.0 [654.0e1820.0]
- Maximal procalcitonin (ng/mL) 0.2 [0.1e0.9] 0.3 [0.1e1.1] 0.2 [0.1e0.6] 0.3 [0.1e0.9] 0.3 [0.1e0.9]
- Maximal ferritin (mg/L) 480.5 [2.0e1344.0] 98.0 [2.0e1041.0] 608.0 [2.0e1288.0] 761.0 [3.0e1344.0] 377.0 [2.0e1610.0]

NPS, nasopharyngeal swabs; LRT, lower respiratory tract; SGOT, serum glutamiceoxaloacetic transaminase; SGPT, serum glutamic pyruvic transaminase.
a Denotes variables with missing data. Data on chronic cardiac disease, chronic pulmonary disease, mild liver disease, chronic neurological disorder, active cancer and diabetes mellitus were missing for two patients. Data on

chronic kidney disease were missing for three patients. Data on autoinflammatory disease were missing for one patient. Data on obesity were missing for five patients. Data on smoking status were missing for 30 patients. Data
on the time from symptoms onset to randomization were missing for eight patients. Data on BMI were missing for 83 patients. Data on randomization site were missing for one patient. Data on viral load from NPS were missing
for 234 patients. Data on viral load from lower respiratory tract specimens were missing for 527 patients. Data for lymphocyte count were missing for 90 patients. Data for neutrophil count were missing for 136 patients. Data on
creatinine were missing for 15 patients. Data on AST/SGOT were missing for 56 patients. Data on ALT/SGPT were missing for 51 patients. Data on CRP were missing for 137 patients. Data on D-dimers were missing for 299
patients. Data on PCT were missing for 356 patients. Data on ferritin were missing for 421 patients.

b Moderate disease: hospitalized participants receiving low-flow supplemental oxygen or not requiring oxygen; severe disease: hospitalized participants requiring non-invasive ventilation or high-flow oxygen devices,
invasive mechanical ventilation or extracorporeal membrane oxygenation (ECMO).
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Fig. 1. Clinical status, as measured by the seven-point ordinal scale, at day 15 and day 29 of patients from the intention-to-treat population of the DisCoVeRy trial, according to
treatment arm and disease severity at baseline. Reported numbers refer to the proportion of patients with the corresponding level in each group. L/r, lopinavir/ritonavir; L/r þ IFN,
lopinavir/ritonavir þ interferon b-1a; HCQ, hydroxychloroquine.
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0.56e0.99, p 0.046), as was the time to hospital discharge within
day 29 (HR 0.72, 95%CI 0.54e0.96, p 0.026).No other significant
difference was observed for other secondary outcomes (Table 2 and
Supplementary Material Fig. S2eS4).
Virological endpoints

The slope of the decrease of the viral loads in nasopharyngeal
swabs over time was not significantly affected by any of the
investigational treatments (Fig. 2). No significant difference in the
proportion of participants with detectable viral loads at each
sampling timewas observed in the nasopharyngeal swab nor in the
lower respiratory tract specimens (Supplementary Material
Tables S2 and S3).
Trough concentrations of experimental treatments

At day 3, median trough plasma concentrations of lopinavir were
20 328 ng/mL (IQR 13 033e26 640) and 20 028 ng/mL (15 290e25
718) and of ritonavir were 536 ng/mL (312e1010) and 606 ng/mL
(388e1070) in the lopinavir/ritonavir and in the lopinavir/ritonavir
plus IFN-b-1a, respectively (Supplementary Material Table S4).
Median trough plasma concentrations of hydroxychloroquine were
120 ng/mL (65e271).
Safety

The safety analysis included 579 participants (control, n ¼ 148;
lopinavir/ritonavir, n ¼ 144; lopinavir/ritonavir plus IFN-b-1a,
n ¼ 144; hydroxychloroquine, n ¼ 143). Safety outcomes are



Table 2
Primary and secondary outcomes for patients included in the present analysis DisCoVeRy trial, according to disease severity at baselinea

Overall (n ¼ 583) Control (n ¼ 148) Lopinavir/ritonavir
(L/r) (n ¼ 145)

Lopinavir/ritonavir þ interferon
b-1a (L/r þ IFN) (n ¼ 145)

Hydroxychloroquine (HCQ)
(n ¼ 145)

L/r versus
control effect
measure (95%
CI)

L/r þ IFN versus
control effect
measure (95%
CI)

HCQ versus
control effect
measure (95%
CI)

Moderate
(n ¼ 372)

Severe
(n ¼ 211)

Moderate
(n ¼ 94)

Severe
(n ¼ 54)

Moderate
(n ¼ 94)

Severe
(n ¼ 51)

Moderate
(n ¼ 91)

Severe
(n ¼ 54)

Moderate
(n ¼ 93)

Severe
(n ¼ 52)

Seven-point ordinal scale at day 15, n (%)
1. Not hospitalized,
no limitations
on activities

84 (22.6%) 3 (1.4%) 23 (24.5%) 1 (1.9%) 21 (22.3%) 1 (2.0%) 20 (22.0%) 0 (0.0%) 20 (21.5%) 1 (1.9%) OR ¼ 0.83 (0.55
e1.26) (p ¼
0.39)

OR ¼ 0.69 (0.45
e1.04) (p ¼
0.08)

OR ¼ 0.93 (0.62
e1.41) (p ¼
0.75)

2. Not hospitalized,
limitation on
activities

146 (39.2%) 16 (7.6%) 41 (43.6%) 6 (11.1%) 36 (38.3%) 2 (3.9%) 35 (38.5%) 1 (1.9%) 34 (36.6%) 7 (13.5%)

3. Hospitalized, not
requiring
supplemental
oxygen

54 (14.5%) 22 (10.4%) 7 (7.4%) 5 (9.3%) 16 (17.0%) 5 (9.8%) 13 (14.3%) 5 (9.3%) 18 (19.4%) 7 (13.5%)

4. Hospitalized,
requiring
supplemental
oxygen

41 (11.0%) 31 (14.7%) 12 (12.8%) 10 (18.5%) 9 (9.6%) 9 (17.6%) 9 (9.9%) 6 (11.1%) 11 (11.8%) 6 (11.5%)

5. Hospitalized, on
non-invasive
ventilation
or high flow
oxygen devices

6 (1.6%) 10 (4.7%) 1 (1.1%) 2 (3.7%) 2 (2.1%) 1 (2.0%) 2 (2.2%) 4 (7.4%) 1 (1.1%) 3 (5.8%)

6. Hospitalized, on
invasive
mechanical
ventilation or
ECMO

27 (7.3%) 106 (50.2%) 6 (6.4%) 24 (44.4%) 7 (7.4%) 29 (56.9%) 9 (9.9%) 28 (51.9%) 5 (5.4%) 25 (48.1%)

7. Death 14 (3.8%) 23 (10.9%) 4 (4.3%) 6 (11.1%) 3 (3.2%) 4 (7.8%) 3 (3.3%) 10 (18.5%) 4 (4.3%) 3 (5.8%)
7-point ordinal scale at day 29, n (%)
1. Not hospitalized,
no limitations on
activities

146 (39.2%) 21 (10.0%) 35 (37.2%) 7 (13.0%) 36 (38.3%) 6 (11.8%) 35 (38.5%) 1 (1.9%) 40 (43.0%) 7 (13.5%) OR ¼ 0.93 (0.62
e1.41) (p ¼
0.74)

OR ¼ 0.76 (0.50
e1.15) (p ¼
0.19)

OR ¼ 1.16 (0.77
e1.75) (p ¼
0.49)

2. Not hospitalized,
limitation on
activities

128 (34.4%) 29 (13.7%) 35 (37.2%) 5 (9.3%) 36 (38.3%) 6 (11.8%) 29 (31.9%) 8 (14.8%) 28 (30.1%) 10 (19.2%)

3. Hospitalized, not
requiring
supplemental
oxygen

45 (12.1%) 45 (21.3%) 12 (12.8%) 15 (27.8%) 10 (10.6%) 9 (17.6%) 11 (12.1%) 10 (18.5%) 12 (12.9%) 11 (21.2%)

4. Hospitalized,
requiring
supplemental
oxygen

14 (3.8%) 19 (9.0%) 4 (4.3%) 6 (11.1%) 4 (4.3%) 4 (7.8%) 4 (4.4%) 6 (11.1%) 2 (2.2%) 3 (5.8%)

5. Hospitalized, on
non-invasive
ventilation or
high flow oxygen
devices

5 (1.3%) 10 (4.7%) 2 (2.1%) 1 (1.9%) 1 (1.1%) 2 (3.9%) 1 (1.1%) 3 (5.6%) 1 (1.1%) 4 (7.7%)

6. Hospitalized, on
invasive
mechanical
ventilation or
ECMO

14 (3.8%) 52 (24.6%) 1 (1.1%) 13 (24.1%) 3 (3.2%) 14 (27.5%) 6 (6.6%) 13 (24.1%) 4 (4.3%) 12 (23.1%)
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7. Death 20 (5.4%) 35 (16.6%) 5 (5.3%) 7 (13.0%) 4 (4.3%) 10 (19.6%) 5 (5.5%) 13 (24.1%) 6 (6.5%) 5 (9.6%)
Time to improvement

of 2 categories of
the 7-point
ordinal scale or
hospital discharge
within day 29
(days),
median [IQR]

10 [7-16] 19 [14-29] 9 [6-14] 19 [10-29] 11 [7-17] 27 [14-29] 10 [7-19] 22 [15-29] 10 [7-17] 18 [13-29] HR ¼ 0.71 (0.54
e0.93) (p ¼
0.012)

HR ¼ 0.70 (0.54
e0.92) (p ¼
0.009)

HR ¼ 0.79 (0.61
e1.03) (p ¼
0.08)

Time to National Early
Warning Score ≤2
or hospital
discharge within
29 days (days),
median [IQR]

9 [5-16] 29 [17-29] 8 [5-14] 26 [15-29] 9 [6-16] 29 [22-29] 9 [6-18] 29 [19-29] 9 [5-15] 29 [16-29] HR ¼ 0.83 (0.63
e1.09) (p ¼
0.17)

HR ¼ 0.75 (0.56
e0.99) (p ¼
0.046)

HR ¼ 0.90 (0.68
e1.18) (p ¼
0.45)

Time to hospital
discharge within
29 days (days),
median [IQR]

10 [7-20] 29 [19-29] 9 [6-16] 29 [19-29] 12 [8-21] 29 [24-29] 11 [8-26] 29 [28-29] 11 [7-20] 29 [16-29] HR ¼ 0.77 (0.58
e1.02) (p ¼
0.07)

HR ¼ 0.72 (0.54
e0.96) (p ¼
0.026)

HR ¼ 0.83 (0.62
e1.10) (p ¼
0.20)

Oxygenation-free days
until day 29 (days),
median [IQR]

22 [15-25] 0 [0-13] 22 [15-25] 4 [0-14] 22 [15-25] 0 [0-12] 22 [13-25] 0 [0-6] 22 [16-25] 3 [0-15] LSMD ¼ e0.86
(e2.80 to 1.08)
(p ¼ 0.39)

LSMD ¼ e1.68
(e3.66 to 0.29)
(p ¼ 0.10)

LSMD ¼ 0.17
(e1.84 to 2.17)
(p ¼ 0.87)

Ventilator-free days
until day 29 (days),
median [IQR]

29 [29-29] 11 [0-20] 29 [29-29] 14 [0-22] 29 [29-29] 3 [0-19] 29 [29-29] 4 [0-16] 29 [29-29] 14 [1-22] LSMD ¼ e0.98
(e2.96 to 1.00)
(p ¼ 0.33)

LSMD ¼ e2.01
(e4.03 to 0.00)
(p ¼ 0.05)

LSMD ¼ 0.09
(e1.93 to 2.10)
(p ¼ 0.93)

Death within 28 days,
no. (%)

19 (5.1%) 35 (16.6%) 5 (5.3%) 7 (13.0%) 4 (4.3%) 10 (19.6%) 4 (4.4%) 13 (24.1%) 6 (6.5%) 5 (9.6%) OR ¼ 1.24 (0.55
e2.82) (p ¼
0.60)

OR ¼ 1.51 (0.69
e3.34) (p ¼
0.30)

OR ¼ 0.93 (0.40
e2.20) (p ¼
0.88)

NP, nasopharyngeal; LRT, lower respiratory tract; OR, odds ratio; HR, hazard ratio; LSMD, least-square mean difference.
a Analyses were stratified on the disease severity at baseline (moderate: seven-point ordinal scale 3 or 4; severe: seven-point ordinal scale 5 or 6), and adjusted effect measures are reported in the table.
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Fig. 2. Evolution of the normalized severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral load in nasopharyngeal swabs between baseline and day 15 in the
intention-to-treat population of the DisCoVeRy trial. Means (95%CI) of the log viral loads (panel A), mean changes from baseline (95%CI) of the log viral loads (panel B). L/r, lopinavir/
ritonavir (blue line); L/r þ IFN, lopinavir/ritonavir þ interferon b-1a (yellow line); HCQ, hydroxychloroquine (red line); control (black line). LSMD, least-square mean difference; 95%
CI, 95% confidence interval.
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presented in Table 3. Among 2399 reported AEs, 477 were graded 3
or 4 in 205 patients and reported mostly in lopinavir/ritonavir-
containing arms (Table 3).

A total of 608 SAEs were reported in 274 participants; 149
(24.5%) were related to the investigational drug according to the
investigator's judgment (lopinavir/ritonavir arm, n ¼ 37; lopinavir/
ritonavir plus IFN-b-1a arm, n ¼ 71; hydroxychloroquine arm,
n ¼ 41). A significantly higher number of patients experienced at
least one SAE in the lopinavir/ritonavir-containing arms than in the
control arm (Table 3). The most frequently reported SAEs were



Table 3
Summary of adverse events according treatment group in the modified intention-to-treat population

Overall (n ¼ 579) Control
(n ¼ 148)

Lopinavir/ritonavir
(L/r) (n ¼ 144)

Lopinavir/ritonavir þ interferon
b-1a (L/r þ IFN) (n ¼ 144)

Hydroxychloroquine
(HCQ) (n ¼ 143)

L/r versus
control
p-value

L/r þ IFN
versus control
p-value

HCQ versus
control
p-value

No. events/
no. Patients

No. patients (%) No. patients (%) No. patients (%) No. patients (%)

Any adverse events 2399/450 105 (70.9%) 119 (82.6%) 117 (81.3%) 109 (76.2%) 0.02 0.04 0.35
Any grade 3 or 4 adverse events 477/205 48 (32.4%) 56 (38.9%) 58 (40.3%) 43 (30.1%) 0.27 0.18 0.71
Any serious adverse events 608/274 57 (38.5%) 76 (52.8%) 78 (54.2%) 63 (44.1%) 0.02 0.01 0.34
Any serious adverse event related to the

experimental treatmenta
d d 27 (18.8%) 45 (31.3%) 25 (17.5%) d d d

Death related to the experimental treatmenta d d 1 (0.1%) 3 (2.1%) 0 (0%) d d d

Premature suspension or discontinuation of the
experimental treatmentb

77 (13.3%) d 17 (11.8%) 43 (29.9%) 17 (11.9%) d d d

Most relevant serious adverse events:
- Acute respiratory failure 65/65 18 (12%) 19 (13%) 17 (12%) 11 (8%)
- Acute respiratory distress syndrome 47/46 16 (11%) 7 (5%) 10 (7%) 13 (9%)
- Acute kidney injuryc 50/50 9 (6%) 16 (11%) 11 (8%) 14 (10%)
- Acute renal failure based on the RIFLE
classification

17/17 3 (2%) 3 (2%) 8 (6%) 3 (2%)

- Arrhythmia 41/35 3 (2%) 8 (6%) 12 (8%) 12 (8%)
- Pulmonary embolism 27/27 6 (4%) 10 (7%) 5 (3%) 6 (4%)
- Transaminases increased 25/25 2 (1%) 5 (3%) 12 (8%) 6 (4%)
- Sepsis 21/21 2 (1%) 6 (4%) 7 (5%) 6 (4%)
- Cholestasis 6/6 0 (0%) 2 (1%) 3 (2%) 1 (1%)

In the ‘Overall’ column, numbers refer to number of events and number of patients. In other columns, numbers refer to number of patients (%). Some patients had more than a single serious adverse event. Analyses were
performed on the modified intention-to-treat population. P-value refer to Fisher exact test.

a According to the investigator's judgement. Among participants with the occurrence of the serious adverse event related to the experimental treatment, 14 (51.9%) in the lopinavir/ritonavir arm, 32 (71.1%) in the lopinavir/
ritonavir plus IFN-b-1a arm and 12 (48.0%) in the hydroxychloroquine arm discontinued the experimental treatment.

b Including renal failure in 30 patients, hepatic disorders in 18 patients and electrocardiogram abnormalities in eight patients. IFN treatment was completed in all patients from the lopinavir/ritonavir þ interferon b-1a arm.
c Excluding acute renal failures defined based on the RIFLE classification.
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acute respiratory failure (n ¼ 65, 11%), acute kidney injury (n ¼ 50,
8.2%), acute respiratory distress syndrome (n ¼ 47, 8%), arrhythmia
(n¼ 41, 7%), pulmonary embolism (n¼ 27, 5%), and sepsis including
those related to super-infections (n ¼ 21, 4%). Thirteen per cent of
participants (n ¼ 76) developed at least one kidney-related SAE.
Among these, 12 had acute renal failure upon admission, and 66
were critically ill ventilated patients with acute kidney injury.
Among 57 fatal SAEs, 23 had a pulmonary origin, and 34 had a non-
pulmonary origin. Four non-pulmonary-related deaths were linked
to investigational treatments by investigators (lopinavir/ritonavir
arm, n ¼ 1; lopinavir/ritonavir plus IFN-b-1a arm, n ¼ 3).

Discussion

We report here the results of the DisCoVeRy clinical trial evalu-
ating lopinavir/ritonavir with or without IFN-b-1a, or hydroxy-
chloroquine in comparison with control, for the treatment of
inpatients with COVID-19. Participants hadmostlymoderate disease
(63.4%) covering a large spectrum of clinical presentations. In-
clusions were prematurely stopped for futility, so that the number of
included patients is lower than the estimated sample size. Consis-
tently with the results of the Solidarity trial, investigational treat-
ments failed to improve the clinical course of COVID-19. No effect on
SARS-CoV-2 clearance was observed, using a reproducible normal-
izedmethod. Furthermore, significantly more SAEswere reported in
the lopinavir/ritonavir-containing arms than in the control arm.

Two randomized trials conducted in hospitalized COVID-19
patients found no benefit of lopinavir/ritonavir in terms of 28-day
mortality or of progression to mechanical ventilation or death
[9,19]. No added benefit was observed using IFN-b-1a, as the me-
dian time to randomization of 9 days may have been too long to
allow an immune-mediated boosting effect on viral clearance. We
observed plasma overexposure of lopinavir relative to target con-
centrations obtained in HIV-infected patients, which was possibly
responsible for the higher rate of SAEs and more acute kidney
injury than in controls. The SARS-CoV-2-induced inflammatory
burden may have reduced cytochrome P450 activity and modified
plasma a-1-acid glycoprotein levels, an acute-phase protein which
binds protease inhibitors [20,21]. Reported in vitro half-maximal
inhibitory concentration (EC50) for SARS-CoV-2 is 16 400 ng/mL
[22] (while the EC50 for HIV is 70 ng/mL [23]), a >200-fold differ-
ence, suggesting that significantly higher concentrations of lopi-
navir are needed to enhance SARS-CoV-2 clearance. A recent
physiologically based pharmacokinetic model suggested that
standard regimens of lopinavir/ritonavir are not sufficient to ach-
ieve efficacy through unbound lung concentrations [24]. In our
study, trough lopinavir plasma concentrations at day 3 were more
than two-fold higher than expected with the standard dose [25],
but were below the EC50 of SARS-CoV-2 in 25% of participants.

Several larger-scale randomized controlled trials conducted in
hospitalized COVID-19 patients failed to demonstrate the clinical ef-
ficacy of hydroxychloroquine [26,27]. Our results are in line with
these conclusions. We report that hydroxychloroquine does not
accelerate SARS-CoV-2 clearance, a finding consistent with preclinical
data [28]. Based on in vitro EC50 against SARS-CoV-2 (242 ng/mL), the
target plasma concentration was reached in only 25% of participants
at day 3, and optimal intrapulmonary exposure might have been
achieved only at day 10 [10,15]. It could be argued that the dosing
regimen administered in the DisCoVeRy trial was insufficient to
rapidly reach target concentrations. However, the Solidarity and Re-
covery trials, which both used a doubled hydroxychloroquine dosing
regimen, did not bring evidence of clinical benefit either [13,27].

The trial has limitations: the complexity of blinding treatments
with different routes of administration and the need to initiate the
trial very rapidly led to the choice of an open-labelled design. The
trial did not target patients at the early phase of the disease, nor did
it include arms testing anti-inflammatory agents that could be used
as part of the SoC in any arm. In addition, the trial was performed in
the early phase of the COVID-19 pandemic and the SoC underwent
substantial changes over time, adapting to knowledge acquisition,
especially regarding the use of corticosteroids in COVID-19.

Conclusion

In patients admitted to hospital with COVID-19, lopinavir/rito-
navir, lopinavir/ritonavir plus IFN-b-1a and hydroxychloroquine
were not associated with clinical improvement at day 15 and day
29, nor in a reduction in viral shedding, and generated significantly
more SAEs in lopinavir/ritonavir-containing arms. These findings
do not support the use of these investigational treatments for pa-
tients hospitalized with COVID-19.
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