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What I’ve been taught 
for the past 25 years

What the first 12 
months of the 

pandemic felt like

Hydroxychloroquine
Lopinavir / ritonavir

Sofosbuvir
Ivermectin

Etc.

Nirmatrelvir / ritonavir
Molnupiravir
Sotrovimab

What did we (re)learn in the first 12 months?



What did we (re)learn in the first 12 months?

• The mechanism of action must be demonstrated, plausible and be tested in RCTs.

• In vitro activity is highly relevant but needs to be considered in the context of the 
pharmacokinetics (PK-PD; exposure-response).

• Repurposed drugs can be highly valuable but only when appropriately validated 
and tested.

• Non-randomised clinical evidence is unreliable (badly conducted RCTs are too).



The mechanism of action must be demonstrated, 

plausible and tested in RCTs.

“Chloroquine is known to block virus infection by increasing endosomal 
pH required for virus/ cell fusion, as well as interfering with the 

glycosylation of cellular receptors of SARS-CoV.”

• Phase III evaluation of 4-aminoquinolines was underway prior to emergence of prerequisite knowledge about 
the mechanism of action. 

February 2020 January 2021



In vitro activity is highly relevant but needs to be 

considered in the context of the pharmacokinetics 

(PK-PD; exposure-response).

• Sufficient data existed to conclude that hydroxychloroquine, lopinavir and other repurposed drugs would not 
achieve antiviral concentrations in the plasma of patients prior to initiation of clinical trials.

• While initially studied for antiviral properties, proponents of hydroxychloroquine and ivermectin continued to 
argue in favour of secondary mechanisms of action (e.g. immunomodulation), which were plausible but unproven. 



In vitro activity is highly relevant but needs to be 

considered in the context of the pharmacokinetics 

(PK-PD; exposure-response).

• Sufficient data existed to conclude that hydroxychloroquine, lopinavir and other repurposed drugs would not 
achieve antiviral concentrations in the plasma of patients prior to initiation of clinical trials.

• ProTide technology is distinct from some other prodrug technologies 
because the objective is to deliver intact prodrug into the plasma 
compartment as a primary objective of the approach.

• The active intracellular moiety is the same but since ProTide intracellular 
accumulation and residence time is higher, the apparent EC50/EC90 (an 
extracellular metric!) is lower than the native nucleoside.  



Repurposed drugs can be highly valuable but only 

when appropriately validated and tested.

• Remdesivir was developed to treat hepatitis C virus infection and was also studied 
for Ebola and Marburg virus infections before being repurposed for SARS-CoV-2.

• Molnupiravir was designed as an orally administered influenza treatment and 
repurposed early in development as an antiviral for SARS-CoV-2.

• Nirmatrelvir was developed as an orally deliverable analogue of an intravenous 
prodrug originally developed for SARS-CoV (lufotrelvir; PF-07304814) and 
subsequently repurposed for SARS-CoV-2.

• Although development only began in December 2019, sotrovimab was identified 
from the blood of patients infected with SARS-CoV (not SARS-CoV-2).  



Non-randomised clinical evidence is unreliable 

(badly conducted RCTs are too).

• Not all observational studies are equal. 
• However, no statistical approach can account for unmeasured or 

unknown prognostic factors between groups (residual confounding) 
and this leaves results susceptible to bias. 

• If RCT evidence is not available, it is impossible to determine whether 
adjusted estimates are accurate or misleading.



Sotrovimab: preclinical evidence

• Sotrovimab (VIR-7831; GSK4182136) is a is an Fc-engineered IgG neutralizing 
human monoclonal antibody that binds to an epitope of the SARS-CoV-2 spike 
protein.

• Antiviral activity in a Syrian Golden hamster model of SARS-CoV-2 infection 
(Wuhan variant) was demonstrated at 5mg/kg IP but with a version of the 
antibody that was not Fc-engineered.

• Neutralisation of SARS-CoV-2 (USA WA1/2020) was achieved in Vero E6 cells 
with an EC90 value of 0.19 µg/mL. However, considerable (≥ 20-fold) reduction in 
neutralisation has been widely documented for all variants since BA.2 Omicron.

• Sotrovimab serum concentrations in COMET-ICE (single 500mg IV infusion) 
provided geometric mean Cmax (at the end of a 1 hr IV infusion) of 117.6 µg/mL 
(N=129, CV% 40) and a geometric mean Day 29 serum concentration of 24.5 
µg/mL.

• Unlike small molecule drugs monoclonal antibodies have extremely poor 
penetration into tissue compartments.

PMC8152891 (VIR authors), https://ca.gsk.com/media/1741008/sotrovimab_pm_en.pdf; https://www.fda.gov/media/149534/download  

https://ca.gsk.com/media/1741008/sotrovimab_pm_en.pdf
https://www.fda.gov/media/149534/download


Sotrovimab: preclinical evidence

• Recent preclinical studies showed virological efficacy of sotrovimab 
against BQ.1.1 in experimental designs reflective of prophylaxis for 
hamster and non-human primate. 

• The bar for efficacy in prophylaxis is lower than the bar for efficacy in 
treatment.

• Viral inoculation at maximum antibody concentrations in 
prophylaxis.

• Efficacy only needed to suppress replication of very few 
virion in prophylaxis.

• Prevention of the upward slope of replication (prophylaxis) 
versus reduction of high levels of replication (treatment).

• Comparative assessment conducted in Liverpool between:
• Treatment and prevention
• Delta and BQ.1.1
• Immunocompromised versus health hamsters

• No virological efficacy against BQ.1.1 in treatment of 
immunocompromised hamsters.

Tatham et al. CROI 2024



Sotrovimab: Preclinical PK-PD evidence

• Direct neutralization of the virus is the primary mechanism of action for monoclonal antibodies. Monoclonal 
antibodies are selected only on the basis of potency as measured by in vitro neutralization. 

• In vitro neutralization measurements are used to define target exposures for clinical development.

• Publicly available information from EMA highlights that 500mg IV provided serum concentrations 15-fold higher 
than the lung tissue-adjusted EC90 (calculated from in vitro neutralization of pre-omicron variants).

• The calculation for target serum exposure included three factors:

• The in vitro neutralization activity (EC90).

• An arbitrary tissue penetration for lung.

• A margin to account for variability in measurements and uncertainty regarding tissue penetration.

• If the same calculation is employed using in vitro neutralization for BA.2 or subsequent Omicron variants, then 
sotrovimab would be deemed to not reach the serum target.

• Intravenous sotrovimab is dose-linear and dose-proportional. 

• A recommendation in favour of continued efficacy is quantitatively the same as a recommendation in 
favour of a reduction in dose from 500mg to 25mg for delta.

• Proponents for continued use have argued for a secondary mechanism of action (effector functions), which is 
plausible but unproven in RCTs.

https://www.ema.europa.eu/en/documents/referral/sotrovimab-also-known-vir-7831-gsk4182136-covid19-article-53-procedure-assessment-report_en.pdf; 

https://www.ema.europa.eu/en/documents/referral/sotrovimab-also-known-vir-7831-gsk4182136-covid19-article-53-procedure-assessment-report_en.pdf


Sotrovimab: Clinical PK-PD evidence (RCT derived)

• COMET-TAIL studied 250mg IM, 500mg IM and 500mg IV doses. The independent safety monitoring committee 
recommended early termination of the 250mg IM arm due to a higher rate of hospitalization than either 
500mg IM or 500mg IV dosing.

• Based upon this analysis, policymakers with PK-PD expertise (FDA, WHO and others) concluded that a 20-fold 
or greater reduction in neutralisation would result in titres lower than the suboptimal efficacy observed with 
250mg IM against the delta variant in COMET-TAIL. 
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Sotrovimab: non-randomized clinical evidence

• Main analysis conducted during BA.1 predominance (BA.1 
neutralisation not anticipated to compromise PK-PD).

• Based upon 87 events (combined endpoint) in 6020 treated patients.
• Did include “exploratory analysis” during BA.2 dominance.

Other observational studies are of variable power and quality but 
provide conflicting conclusions.



Nirmatrelvir / ritonavir: activity across variants

• Major differences across variants have occurred in the viral spike protein and not the protease that is targeted by nirmatrelvir.
• Accordingly, nirmatrelvir activity across variants has been stable in comparison to monoclonal antibodies that target the spike protein.
• Therefore, there is no known molecular of pharmacokinetic-pharmacodynamic basis for a change in activity of nirmatrelvir since 

pivotal RCTs were conducted.

https://opendata.ncats.nih.gov/variant/activity; https://www.nejm.org/doi/full/10.1056/NEJMc2214302   

https://opendata.ncats.nih.gov/variant/activity
https://www.nejm.org/doi/full/10.1056/NEJMc2214302


Molnupiravir: activity across variants

• Major differences across variants have occurred in the viral spike protein and not the RNA polymerase that is targeted by molnupiravir.

• Accordingly, molnupiravir activity across variants has been stable in comparison to monoclonal antibodies that target the spike protein.

• Therefore, there is no known molecular of pharmacokinetic-pharmacodynamic basis for a change in activity of molnupiravir since 
pivotal RCTs were conducted.

https://opendata.ncats.nih.gov/variant/activity; https://www.nejm.org/doi/full/10.1056/NEJMc2214302   

https://opendata.ncats.nih.gov/variant/activity
https://www.nejm.org/doi/full/10.1056/NEJMc2214302


What is the evidence for antiviral combinations?

• Successful treatments for other viruses (HIV and 
HCV) involve use of potent drug combinations.

• Virological efficacy of nirmatrelvir (NTV) and 
molnupiravir (MPV) individually or in combination 
against BA.1 Omicron in K18-hACE2 mice. 

• Lung viral RNA was lower in the combination 
group, than when either drug was dosed alone 
(statistical significance was not reached).

• The combination group was the only group in 
replicative virus (plaque assay) could not be 
detected in any animal.

• Combinations offer potential for higher efficacy, 
higher resilience against emergent variants and 
mitigation of the resistance risk.

Tatham et al. CROI 2023



Summary and conclusions
• Principles of antiviral pharmacology were borne out in the accelerated development of antivirals for SARS-CoV-2.

• It should not be contentious that an antiviral intervention needs to reach antiviral concentrations at its target site 
in order to exert antiviral efficacy (but it is in some cases).

• Small molecule drugs have proven resilient to changes in the virus over time. All monoclonal antibodies have 
been compromised to some degree. 

• Continued efficacy of sotrovimab remains highly uncertain but a definitive outcome is critically needed:

• Should we be using medicines with unknown efficacy?

• Was the dose really ≥ 20-fold higher than it needed to be for pre-Omicron variants? If so, we really 
need to understand the PK-PD to improve equity and accessibility of other MAbs in LMIC.

PK-PD assessment Preclinical efficacy RCT data Observational data

Molnupiravir Supports continued 
efficacy

Supports continued efficacy Supports efficacy (no 
change since pivotal)

Predominantly supports 
efficacy

Nirmatrelvir Supports continued 
efficacy

Supports continued efficacy Supports efficacy (no 
change since pivotal)

Predominantly supports 
efficacy

Sotrovimab Does not support efficacy Does not support efficacy (in 
treatment)

None (pivotal data are 
indirect)

Mixed and variable outcomes 
(and low numbers)
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