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Comparative effectiveness 
of neutralising monoclonal 
antibodies in high risk COVID‑19 
patients: a Bayesian network 
meta‑analysis
David McConnell1,2*, Marie Harte1,2, Cathal Walsh1,3, Desmond Murphy4,5, Alistair Nichol6,7, 
Michael Barry1,2 & Roisin Adams1,2

The purpose of this work was to review and synthesise the evidence on the comparative effectiveness 
of neutralising monoclonal antibody (nMAB) therapies in individuals exposed to or infected with 
SARS-CoV-2 and at high risk of developing severe COVID-19. Outcomes of interest were mortality, 
healthcare utilisation, and safety. A rapid systematic review was undertaken to identify and 
synthesise relevant RCT evidence using a Bayesian Network Meta-Analysis. Relative treatment 
effects for individual nMABs (compared with placebo and one another) were estimated. Pooled effects 
for the nMAB class compared with placebo were estimated. Relative effects were combined with 
baseline natural history models to predict the expected risk reductions per 1000 patients treated. 
Eight articles investigating four nMABs (bamlanivimab, bamlanivimab/etesevimab, casirivimab/
imdevimab, sotrovimab) were identified. All four therapies were associated with a statistically 
significant reduction in hospitalisation (70–80% reduction in relative risk; absolute reduction of 35–40 
hospitalisations per 1000 patients). For mortality, ICU admission, and invasive ventilation, the risk 
was lower for all nMABs compared with placebo with moderate to high uncertainty due to small event 
numbers. Rates of serious AEs and infusion reactions were comparable between nMABs and placebo. 
Pairwise comparisons between nMABs were typically uncertain, with broadly comparable efficacy. In 
conclusion, nMABs are effective at reducing hospitalisation among infected individuals at high-risk 
of severe COVID-19, and are likely to reduce mortality, ICU admission, and invasive ventilation rates; 
the effect on these latter outcomes is more uncertain. Widespread vaccination and the emergence 
of nMAB-resistant variants make the generalisability of these results to current patient populations 
difficult.

Several treatments and prophylactic agents directed at COVID-19 have been developed in the midst of the 
global COVID-19 pandemic. While vaccines remain the backbone of the public health response alongside non-
pharmacological measures, there remains a clinical need for those who are at high risk of developing severe 
COVID-19 disease leading to hospitalisation.

Neutralising monoclonal antibodies (nMABs) are a novel class of antiviral intervention that can bind to and 
‘neutralise’ the virus in infected patients. The primary target of these products is the S protein which facilitates 
target cell binding and fusion by binding to the angiotensin converting enzyme 2 (ACE2) receptor. By direct-
ing antibodies to the S protein these nMABs can neutralise the ability of SARS-CoV-2 to bind to the host cell. 
While nMABs can be derived from the B cells of convalescent patients (convalescent plasma therapy) or from 
humanized mice (recombinant), it is the recombinant nMABs that this review will focus on. Some products 
include a combination of two nMABs which may offer better protection than monotherapy as they can bind 

OPEN

1National Centre for Pharmacoeconomics, St James’s Hospital, Dublin, Ireland. 2Department of Pharmacology and 
Therapeutics, Trinity College Dublin, Dublin, Ireland. 3Health Research Institute and MACSI, University of Limerick, 
Limerick, Ireland. 4Cork University Hospital, Cork, Ireland. 5University College Cork, Cork, Ireland. 6St Vincent’s 
University Hospital, Dublin, Ireland. 7School of Medicine, University College Dublin, Dublin, Ireland. *email: 
dmcconnell@stjames.ie

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-22431-6&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2022) 12:17561  | https://doi.org/10.1038/s41598-022-22431-6

www.nature.com/scientificreports/

to two overlapping epitopes, thereby lessening the likelihood of loss of antiviral activity due to variants or 
escape mutants1. Trials for nMABs have included broad populations although some have focussed on exposed 
or infected cohorts at high risk of developing severe COVID-19. The focus of this review will be on high-risk 
patients (for which the nMABs currently licensed in the EU are currently indicated). Here we define high risk 
broadly as those with at least one risk factor such as age > 65 years, BMI > 30 kg/m2, or age > 55 years (with 
cardiovascular disease, hypertension, or chronic respiratory disease). As of end of March 2022 all but one of 
the nMABs are licensed in Europe. There are currently nMABs products from five different companies which 
target the surface spike glycoprotein that mediates viral entry into host cells. One product has been withdrawn 
(bamlanivimab/etesevimab) by the company from the regulatory process.

Given the similar mode of action of nMABs the relative effect of these products is of interest for healthcare 
decision makers. The application of clinical trial data to populations not studied as well as emerging variants 
present particular challenges to the decision. An additional obstacle at the time of decision making is the lack 
of access to robust and full clinical trial data. Decision makers are then faced with a choice, perhaps due to con-
strained supply and constrained resources, as to what treatments will provide the most benefit for the population. 
Synthesising evidence in a formal manner as we do in this article can be helpful in identifying the relative benefit 
of such therapies and where the uncertainties pertaining to their clinical utility lie.

This paper will summarise the evidence on four nMAB products and provide an estimate of comparative 
efficacy from a network meta-analysis.

Methodology
A rapid systematic review methodology which is further described in the review protocol (included in Appen-
dix 1) identified evidence from RCTs (or systematic literature review of RCTs) on bamlanivimab/etesevimab 
(alone or in combination), casirivimab/imdevimab (alone or in combination), regdanvimab, or sotrovimab. At 
the time of review, the clinical trial data for tixagevimab/cilgavimab were not published and the indication dif-
fers from the other nMABs and therefore are not included in our review. Treatments were compared to standard 
of care (SoC) as well as to each other. The population of interest is those that have been exposed to or have 
tested positive for COVID-19 who are at high risk of developing severe COVID-19 disease. High risk patients 
were defined as patients at risk of severe disease due to age, BMI of 30 kg/m2 or more, or comorbidities such as 
hypertension, respiratory disease, or cardiovascular disease. Outcomes of interest for the review included hos-
pitalisation, duration of hospital stays, ICU rates, disease severity outcomes, as determined by the requirement 
for supplemental oxygen (any O2), mortality, and adverse events (AEs) including serious AEs and infusion-
related AEs (where separately reported to all AEs). Searches of bibliographic databases and pre-print sites were 
undertaken between 27 and 30th of September 2021 and updated on the 14th of December 2021 (outlined in 
Appendix 2). Citation management, screening, and data extraction were undertaken in-line with the review 
protocol (Appendix 1). Where outcomes from the same studies and samples were reported in both pre-print 
and peer-reviewed articles, data from the peer reviewed articles only was utilised in the analysis, except in cases 
where the peer-reviewed version omitted relevant outcome data previously reported in the pre-print version. A 
risk of bias assessment was undertaken using the ROB2 tool from Cochrane2.

Data analysis.  The evidence for each treatment and outcome was synthesised formally using a Bayesian 
Network Meta-Analysis (NMA). Due to the sparse data, different doses of the same nMAB or nMAB combina-
tion were treated as a single intervention in the evidence network. The feasibility of each outcome-specific NMA 
was assessed by considering the availability of sufficient data as well as the plausibility of the underlying assump-
tion of similarity (primarily assessed by considering the similarity of the included studies in terms of potential 
effect-modifiers)3. As all feasible networks involved dichotomous outcomes, treatment effects were calculated 
as relative risks and were synthesised using a generalised linear model (GLM) with a binomial likelihood and a 
log link function4. Random-effects models, fitted as a Bayesian hierarchical model, were used in the base case 
where possible in order to account for heterogeneity between studies, which includes heterogeneity between 
different doses of the same nMABs since these were treated as the same intervention. Due to the well-known 
challenges of carrying out meta-analysis of few studies with low event numbers, particularly in the presence of 
heterogeneity, weakly informative prior distributions were used (see Appendix 4 supplementary material) for 
the treatment effect and heterogeneity parameters5,6. Specifically, as recommended in Günhan et al.5, normal 
priors with mean 0 and standard deviation 2.82 were used for all relative treatment effects (on the log-relative 
risk scale): this distribution is symmetric about the null (i.e., a change in risk in either direction is equally likely 
a-priori) and assumes with 95% prior probability that the effect would not exceed a relative risk of 250 in either 
direction, which is so large as to be deemed extremely unlikely a priori. For the heterogeneity parameter a half-
normal prior with standard deviation 0.5 was used; this gives a 95% prior probability that the effect observed in 
a random study will differ from the mean effect by factor of less than 3 on the relative risk scale6. These priors 
are weakly informative in the sense that they consider a broad range of treatment effects and heterogeneity to 
be approximately equally likely a priori, but regard extreme effects to be unlikely. Treatment effects were sum-
marised using posterior medians and 95% credible intervals for the estimated relative risks.

Since the nMABs of interest in this review all share a common mechanism of action (i.e. binding to and 
neutralising the SARS-CoV-2 virus), we have also separately conducted a scenario analysis in which all nMAB 
therapies are regarded as a family of similar (but not equivalent) interventions, and estimated the average pooled 
treatment effect of nMAB therapies versus placebo. To this end, a separate pairwise meta-analysis of nMABs 
versus placebo was also carried out, again using a random-effects framework to account for the heterogeneity of 
effects across different therapies. This involved grouping all nMAB therapies as a single intervention and then 
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estimating the pooled nMAB versus placebo effect using a Bayesian random-effects (pairwise) meta-analysis 
with the same GLM and priors as the base case NMA.

Absolute event risks and risk differences versus placebo/SoC for each treatment and each outcome were also 
estimated. This was done by pooling the event rates across the placebo/SoC arms of the included studies by fit-
ting (random effects) baseline natural history models7, and then applying the relative treatment effects estimated 
from the NMA. These effects were calculated as expected differences in event numbers per 1000 patients treated 
(i.e., absolute risk reductions per 1000) for each nMAB compared with placebo/SoC.

Sensitivity analysis was carried out including the use of alternative prior distributions for treatment effect 
and heterogeneity parameters, fixed-effects models, and the inclusion of a previously excluded study (which 
enrolled a broader risk population).

Analysis was carried out in R (version 4.1.2)8 and JAGS (version 4.3.0)9 using the package BUGSnet10.

Results
Eight journal articles or pre-prints which reported on RCTs of nMAB treatment in high-risk patients with 
COVID-19 were selected for inclusion in the analysis (Fig. 1). Three of the articles were peer-reviewed while five 
were pre-prints. The eight articles reported on four separate studies (outlined in Tables 1 and 2).

Overview of the trials identified.  Risk of bias assessment of the included randomised controlled trials is 
reported in Appendix 3. Among the trials one was low risk of bias, one was judged to be at “some concerns” for 
bias, and two were at high risk of bias.

One of the trials (COMET-ICE) investigated the efficacy of sotrovimab versus placebo14,15,18, one of the tri-
als investigated casirivimab/imdevimab versus placebo11, another trial (BLAZE-1) investigated bamlanivimab/
etesevimab versus placebo13,17 The final trial (OPTIMISE-C19) investigated bamlanivimab alone versus bam-
lanivimab/etesevimab or casirivimab/imdevimab16. In all studies, the proportion of female participants was 
higher than male. Mean age was reported for two of the studies (and was below 60 years in both)13,16. In general, 
the articles did not report the COVID-19 variants which participants were infected with. An article on one of the 
studies reported the vaccination status of participants16, two studies excluded vaccinated participants11,12, while 
the remaining study had a protocol amendment in January 2021 to allow inclusion of vaccinated participants 
(having initially excluded patients who had participated in a SARS-CoV-2 vaccine study)13.

Meta‑analysis.  After assessment of the data extracted from the included papers, NMA was carried out for 
the (dichotomous) outcomes of mortality, hospitalisation, invasive ventilation, ICU admission, infusion-related 
AEs, and serious AEs. An NMA for the outcome of hospital length of stay was not carried out due to model 

Figure 1.   PRISMA flow diagram.
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complexity. Network diagrams are shown in Fig. 2. Estimated treatment effects for each nMAB versus placebo, 
as well as the pooled nMAB versus placebo effect, are shown in Fig. 3 (efficacy) and Fig. 4 (safety). Results of all 
pairwise comparisons between different nMABs are shown in Figs. 5 and 6; additional results including sensitiv-
ity analyses are presented in Appendix 4.

The results of the primary analysis (which excludes regdanvimab) show a statistically significant reduction 
in the risk of hospitalisation associated with all nMAB therapies versus placebo, with point estimates of this 
reduction in the range of approximately 70–80%. For other efficacy outcomes, confidence intervals for relative 
risks estimates were typically wide due to small event numbers. Reductions in the risks of ICU admission and 
progression to invasive ventilation for casirivimab/imdevimab and sotrovimab were significant but uncertain. 
Numerically lower mortality was observed for all nMAB therapies compared with placebo, and the estimated 
reductions were significant for bamlanivimab/etesevimab and casirivimab/imdevimab versus placebo, though 
again estimates were highly uncertain in all cases.

Considering the pairwise comparisons between different nMAB therapies, no relative risks were significantly 
different from 1 for any outcome. The pooled nMAB versus placebo effect was statistically significant for all 
efficacy outcomes.

For the safety outcomes, event numbers were low and there was no clear difference in event risks between 
any nMAB and placebo. The pooled nMAB effect indicated that overall, nMAB therapies may be associated with 
a lower incidence of serious AEs compared with placebo, which could potentially reflect a high proportion of 
serious AEs being COVID-related.

Baseline absolute event risks for SoC were estimated at approximately 5% for hospitalisation, 0.6% for mor-
tality, 0.4% for invasive ventilation and 1.3% for ICU admission. It is estimated that treating 1,000 patients with 
nMABs would prevent approximately 37 hospitalisations, 10 ICU admissions including 4 invasive ventilation 
events, and 5 deaths, compared with placebo, though these estimates are subject to considerable uncertainty. 

Table 1.   Articles included in review. NR, not reported; IV, intravenous. µ, sample size of the efficacy 
populations reported. *, Variants of concern reported in Pennsylvania (the state where the study was located) 
during the study period (presented as a figure). ¥, peer-reviewed versions of previously included pre-prints—
additional data has been extracted from the peer-reviewed versions. α, Dose provided as per FDA Emergency 
Use Authorisation guidance (dosing guidance changed over time).

Publication/
Study

Publication 
type Trial location Sample sizeµ

Setting at 
baseline Mean age % Male

Vaccination 
status Variants

Period of data 
collection

Treatments 
dose and 
duration

Weinreich et al. 
2021 (c)11

Weinreich et al. 
2021 (cii)12

NCT04425629

Pre-print, Peer 
reviewed article

United States, 
Chile, Mexico, 
Romania

4057 Community NR 48.7

Patients who 
received a 
SARS-CoV-2 
vaccine prior to 
randomization, 
or had planned 
use (≤ 90 days) 
were excluded

NR
24 Sept 
2020–17 Jan 
2021

Casirivimab/
imdevimab 
1200 mg, 
casirivimab/
imdevimab 
2400 mg, or 
placebo IV

Dougan et al. 
202113

NCT04427501; 
BLAZE-1

Peer reviewed 
article United States 1035 Community 53.8 ± 16.8 48

Amendment k 
(20/01/2021) 
of protocol 
allowed 
vaccinated 
participants to 
be eligible for 
inclusion

No beta or 
gamma vari-
ants reported

4 Sept 2020–8 
Dec 2020

Bamlanivimab 
2800 mg and 
etesevimab 
2800 mg, or 
placebo IV

Gupta et al. 
202114

Gupta et al. 
2021 (c)15

NCT04545060; 
COMET-ICE

Pre-print, Peer 
reviewed article

United States, 
Canada, Brazil, 
Spain

583 Community NR 46

Patients who 
received a 
SARS-CoV-2 
vaccine prior to 
randomization 
(at any time 
point) were 
excluded

NR
27 Aug 
2020–19 Jan 
2021

Sotrovimab 
500 mg or 
placebo IV

McCreary et al. 
202116

NCT04790786; 
OPTIMISE-
C19

Pre-print United states 2466 Community 56 ± 16 46

Fully vacci-
nated: 3.3%
Partially vac-
cinated: 6.2%
Not vaccinated: 
2.9%
Unknown: 88%

Majority Alpha, 
followed by 
Delta*

10 March 
2021–25 June 
2021

Bamlanivimab 
alone, bam-
lanivimab/
etesevimab, or 
casirivimab/ 
imdevimabα

Dougan et al. 
2021 (b)17

NCT04427501; 
BLAZE-1

Pre-print United States 769 Community NR 46.9 NR NR 9 Dec 2020–7 
Jan 2021

bamlanivimab 
700 mg and 
etesevimab 
1400 mg, or 
placebo IV

Gupta et al. 
2021 (b)18

NCT04545060; 
COMET-ICE

Pre-print
United States, 
Canada, Brazil, 
Spain, Peru

1057 Community NR 46 NR NR Aug 2020–
March 2021

Sotrovimab 
500 mg or 
placebo IV
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For safety outcomes, the baseline risk of infusion related AEs was estimated at 0.2%, and for serious AEs 3.2%. 
Absolute risk differences per 1000 for safety outcomes were highly uncertain.

When regdanvimab was included as a comparator in a scenario analysis, it was associated with numerically 
fewer hospitalisations and infusion-related AEs compared with placebo, though the associated relative risks were 
not statistically significant in either case. The inclusion of regdanvimab had a negligible effect on other treatment 
effects in the NMAs. Other outcomes were not available for analysis in this scenario.

Sensitivity analysis showed that the NMA results were at most only moderately sensitive to the choice of prior 
distribution for the treatment effect parameters, with outcomes with fewer event numbers being more sensitive. 
Selecting fixed-effects models reduced the width of confidence intervals slightly but had no major impact on the 
results. The results were moderately sensitive to the choice of prior distribution for the heterogeneity parameter, 
as expected in light of the small number of included studies.

Discussion
This paper outlines our attempts to synthesis the available evidence for nMABs in a formal Bayesian Network 
meta-analysis. The uncertainty associated with combining information from somewhat heterogeneous trials is 
accounted for by using the random-effects framework in the NMA. We address the challenges of sparse data, 
known to be particularly problematic in the presence of heterogeneity5,6, with the use of weakly informative 
priors. This allowed us to obtain more precise estimates of treatment effects than would otherwise be possible, 
subject to the mild assumption that extreme values of these effects and of between-study heterogeneity are 
unlikely. We also estimate an average ‘nMAB versus placebo’ effect by treating this class of therapies as similar 
(but not strictly equivalent) interventions. While there are uncertainties in assuming similarity of these thera-
pies, particularly in light of known differences in their ability to neutralise viral variants, we still believe that 
this analysis provides useful information on the potential therapeutic value of this class of treatments and may 
be beneficial for decision makers. Finally, we estimated absolute risk differences per 1000 for each therapy by 
modelling the baseline risks pooled across studies and combining these with the NMA results.

Table 2.   Outcome data extracted from articles. Bam, bamlanivimab; Bam/ete, bamlanivimab/etesevimab; 
Sot, sotrovimab; Cas/imd, casirivimab/imdevimab; ICU, intensive care unit; AE, adverse event; SAE, serious 
adverse event; SD, standard deviation. *FDA Emergency Use Authorisation dosing.

Publication Mortality
Hospitalisation 
(all cause)

Hospitalisation 
(COVID related)

Non-invasive 
ventilation

Invasive 
ventilation ICU

Infusion related 
AEs SAEs

Mean length of 
hospital stay (SD)

Weinreich et al. 2021 (c) 11

Cas/imd 1200 mg 1/736 7/736 6/736 – 1/736 3/736 2/827 9/827 7 (8.04)

Placebo 1/748 26/748 23/748 – 2/748 7/748 0/1843 74/1843 8.4 (6.74)

Cas/imd 2400 mg 1/1355 – – – – – – 24/1849 –

Placebo 3/1341 – – – – – 0/1843 74/1843 –

Weinreich et al. 2021 (cii) 12

Cas/imd 2400 mg – 20/1355 17/1355 – 1/1355 6/1355 1/1849 - 8.6 (7.07)

Placebo – 66/1341 59/1341 – 6/1341 18/1341 – - 10 (7.16)

Dougan et al. 2021 13

Bam/ete 
2800/2800 mg 0/518 – 11/518 – – – – 7/518 7.3 (6.4)

Placebo 10/517 – 33/517 – – – – 5/517 11.2 (10.1)

Gupta et al. 2021 14

Sot 500 mg 0/291 3/291 – 0/291 0/291 0/291 – 7/430 –

Placebo 1/292 21/292 – 5/292 2/292 5/292 – 26/438 –

Gupta et al. 2021 (c) 15

Sot 500 mg – – – – – – 6/430 – 11(7)

Placebo – – – – – – 5/438 – 8.71 (7.13)

McCreary et al. 2021 16

Bam* 1/128 16/128 – – – – 0/128 0/128 –

Bam/ete* 7/885 130/885 – – – – 12/885 1/885 –

Cas/imd* 6/922 132/922 – – – – 9/922 4/922 –

Dougan et al. 2021 (b) 17

Bam/ete 
700/1400 mg 0/511 4/511 – – – – – 6/511 –

Placebo 4/258 14/258 – – – – – 2/258 –

Gupta et al. 2021 (b) 18

Sot 500 mg 0/528 6/528 – 0/528 0/528 0/528 6/523 11/523 9.33 (5.16)

Placebo 2/529 29/529 – 10/529 4/529 10/529 6/526 32/526 11.36 (12.12)
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Three of the four studies included in the analysis were determined to be either at high risk or “some concerns” 
for bias with only one of the four determined to be at low risk. Displaying a moderate or high risk of bias is the 
considerable limitation of the analysis, however it was decided to include all the available evidence given the 
emerging and rapidly evolving nature in the disease area. A key issue across the studies and outcomes which 
we have included in this review is the small number of events, which results in imprecise estimates of treatment 
effects (i.e. wide confidence intervals). In other words, there is a strong possibility that the true treatment effect 
differs considerably from the effect observed in the studies. A further consequence of this is that the absolute 
risk reductions are small and uncertain, particularly for the outcomes of mortality, invasive ventilation, and 
ICU admission, where estimates range between 3 and 12 events prevented per 1000 patients treated. Even when 
these reductions are statistically significant, their clinical relevance is unclear, particularly in light of the practi-
cal challenges of administering these therapies on a large scale. There were considerable differences between the 
study populations, settings, and characteristics, which means that any comparisons between the treatment effects 
observed in different trials must be treated with caution. In particular, there were differences in the distributions 
of COVID-19 risk factors across included studies, which may negatively impact upon the certainty of results. 
Moreover, the definitions of ‘high-risk’ patients differed between trials. For example, the minimum age at which 
patients were automatically deemed to be high risk and thus eligible for enrolment (in the absence of other 
comorbidities) was 50 in Weinreich et al.12, 55 in Gupta et al.18, and 65 in Dougan et al.13,17 and McCreary et al.16.

Two existing published reviews with a focus on COVID-19 neutralising antibodies were identified in the 
course of this review. A Cochrane review by Kreuzberger et al.19 was published in 2021. However, for that 
review no formal evidence synthesis (i.e. meta-analysis) was carried out as the review identified only one study 
per comparison (as a result of treating different doses as distinct interventions); network meta-analysis was not 
considered. While this decision is reasonable, we believe formally combining along with robust exploration of 
assumptions to be a potentially more useful approach for decision makers. We are not aware of other studies that 
have estimated an average ‘pooled nMAB versus placebo’ effect as we have done here. A living systematic review 
and meta-analysis of RCTs investigating antibody and cellular therapies for the treatment of COVID-19 was 
published by Siemieniuk et al.20 in 2021. While the inclusion criteria of the Siemieniuk et al. review were broader 
than those of the present review, the results are broadly similar. Siemieniuk et al.20 also carried out a Bayesian 

Figure 2.   Network diagrams for the outcome-specific NMAs: mortality (A), hospitalisation (A), invasive 
ventilation (B), ICU admission (B), infusion-related AEs (C), and serious AEs (D). Notation: pbo, placebo; 
bam, bamlanivimab; bam_ete; bamlanivimab/etesevimab; cas_imd, casirivimab/imdevimab; sot, sotrovimab. 
A line joining two nodes indicates that there is RCT evidence comparing the corresponding treatments for the 
relevant outcome. The thickness of each line is proportional to the number of RCTs providing evidence on this 
comparison (in practice this is either one or two studies for each comparison).
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Figure 3.   Summary of relative and absolute treatment effects for each treatment compared with SoC from 
the NMA, efficacy outcomes. Results obtained from Bayesian random-effects network meta-analysis model. 
Risk difference per 1000 patients represents the difference in number of events that would be expected to if 
1000 patients with nMABs rather than SoC. Baseline risks for each event type were obtained by pooling event 
rates from the placebo arms across all included studies using a random-effects model. Treatment effects for 
regdanvimab were obtained from a separate scenario analysis. Regdanvimab is not included in the ‘pooled 
nMAB effect’ as no studies of regdanvimab meeting the inclusion criteria of the review were identified.

Figure 4.   Summary of relative and absolute treatment effects for each treatment compared with SoC from 
the NMA, safety outcomes. Results obtained from Bayesian random-effects network meta-analysis model. 
Risk difference per 1000 patients represents the difference in number of events that would be expected to if 
1000 patients with nMABs rather than SoC. Baseline risks for each event type were obtained by pooling event 
rates from the placebo arms across all included studies using a random-effects model. Treatment effects for 
regdanvimab were obtained from a separate scenario analysis. Regdanvimab is not included in the ‘pooled 
nMAB effect’ as no studies of regdanvimab meeting the inclusion criteria of the review were identified.
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NMA, however relative effects were estimated as odds ratios (rather than relative risks) and non-informative 
prior distributions were used for treatment effects. While effect estimates for the outcome of hospitalisation are 
similar, those for all other outcomes are considerably less precise (i.e. have far wider confidence intervals) in the 
Siemieniuk et al.20 paper, compared with those presented here. This illustrates the potential advantage of using 
weakly-informative prior distributions for treatment effects, particularly for less common events. The estimation 
of absolute effects also differed between reviews: Siemieniuk et al.20 took the median event rate from the placebo 
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Figure 5.   NMA results showing relative risks for all pairwise comparisons for efficacy outcomes (posterior 
median and 95% credible interval). Notation: pbo, placebo; bam, bamlanivimab; bam_ete; bamlanivimab/
etesevimab; cas_imd, casirivimab/imdevimab; sot, sotrovimab. For each pairwise comparison, posterior median 
and 95% credible interval are shown for the estimated relative risk. Values of greater than one indicate that the 
given event is more frequent for the intervention (column name) than the comparator (row name). A double 
asterisk (**) in a given cell indicates that the corresponding comparison is statistically significant at the nominal 
95% confidence level (i.e. without correction for multiple comparisons).
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arms of the included studies as the baseline event rate, while here we have modelled this rate by pooling these 
placebo arms using a random-effects model. As a result, estimated absolute risk differences for nMABs versus 
placebo differ between studies. We believe that our approach provides more reliable estimates of the absolute 
treatment effects (specifically, the ranges of plausible effects described by the credible intervals) as it captures 
the uncertainty in baseline event rates across studies.

The rapid emergence of variants of SARS-CoV-2 has posed a particular challenge for nMABs. As the clinical 
trials were undertaken at different times and in the presence of different circulating variants the extrapolation of 
data to populations affected by different variants is questionable. Since undertaking this review one nMAB has 
been withdrawn (bamlanivimab/etesevimab) by the manufacturer and others are suggested to have considerably 
less or no benefit against the omicron variant, now the predominant variant globally21–28. The further emergence 
of sub-variants of omicron has further called the benefit of these products into question26.

The impact of vaccination status is an important factor in determining the generalisability to the population 
to be treated. Many countries have significant vaccination coverage for SARs-CoV-2 and therefore the applicabil-
ity of the benefit of a treatment in an unvaccinated population needs to be carefully considered. In general, the 
vaccination status of participants in the included trials was not reported, however, given the timeframes of the 
studies involved it is likely that most enrolled patients were unvaccinated. A particular consequence is that the 
absolute risk reductions estimated here may not be generalisable to a vaccinated population, due to the consid-
erably lower baseline risks of adverse outcomes following vaccination. For example, if baseline hospitalisation 
risk were 10 events per 1000 vaccinated individuals, then the absolute risk reduction for any nMAB therapy 
could not exceed this value; in particular, the absolute reductions estimated in this review (ca. 35–40 events per 
1000) could not possibly generalise to such a population. In general, when the baseline risk of harm is markedly 
lower the absolute benefit for a population will be considerably less. By contrast, there is no such restriction 
on the relative treatment effects, and it is primarily a clinical question whether or not these may generalise to a 
(largely) vaccinated population. Finally, we note that a key population of interest for nMAB treatment is those 
individuals who fail to mount a sufficient antibody response to vaccination due to immunocompromise. While 
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Figure 6.   NMA results showing relative risks for all pairwise comparisons for safety outcomes (posterior 
median and 95% credible interval). Notation: pbo: placebo; bam, bamlanivimab; bam_ete; bamlanivimab/
etesevimab; cas_imd, casirivimab/imdevimab; sot, sotrovimab. For each pairwise comparison, posterior median 
and 95% credible interval are shown for the estimated relative risk. Values of greater than one indicate that the 
given event is more frequent for the intervention (column name) than the comparator (row name). A double 
asterisk (**) in a given cell indicates that the corresponding comparison is statistically significant at the nominal 
95% confidence level (i.e. without correction for multiple comparisons).
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these individuals may have a similar baseline risk to the high-risk unvaccinated cohorts included in these stud-
ies, it is an open question whether or not the treatment effects estimated here will generalise to these patients, 
since immunosuppressant medications or other underlying conditions could potentially also affect response to 
nMAB treatment.

Conclusion
Neutralising MAB therapies are likely to result in a clinically meaningful reduction in hospitalisations among 
SARS-CoV-2-infected individuals at high risk of progression to severe COVID-19. It is likely that mortality, ICU 
admission and invasive ventilation rates are also reduced, though the magnitude of any such effect is unclear. 
Comparisons between different nMAB therapies indicated broadly similar efficacy overall. The generalisability 
of this evidence to clinical practice is limited by the emergence of antibody-resistant variants and mass vaccina-
tion, and none of the included studies examined effectiveness among vaccine ‘non-responders.’ Nonetheless, this 
work also provides insight into the potential effectiveness of future therapies in this class at preventing severe 
outcomes in high-risk patients, provided that these treatments do indeed neutralise the SARS-CoV-2 variants 
that are circulating within the population.

Data availability
All data inputs used in this study have been obtained from the published literature and preprints, and are 
included in the article itself. Code for the NMA is available in Appendix 4, which can be used to fully reproduce 
the results presented here.

Received: 8 July 2022; Accepted: 14 October 2022

References
	 1.	 Jahanshahlu, L. & Rezaei, N. Monoclonal antibody as a potential anti-COVID-19. Biomed. Pharmacother. 129, 110337. https://​

doi.​org/​10.​1016/j.​biopha.​2020.​110337 (2020).
	 2.	 Sterne, J. A. C. et al. RoB 2: A revised tool for assessing risk of bias in randomised trials. BMJ (Clin. Res. Ed.) 366, l4898. https://​

doi.​org/​10.​1136/​bmj.​l4898 (2019).
	 3.	 Dias, S., Ades, A. E., Welton, N. J., Jansen, J. P. & Sutton, A. J. Network Meta-Analysis for Decision-Making (Wiley, 2018).
	 4.	 Warn, D., Thompson, S. & Spiegelhalter, D. Bayesian random effects meta-analysis of trials with binary outcomes: Methods for 

the absolute risk difference and relative risk scales. Stat. Med. 21, 1601–1623. https://​doi.​org/​10.​1002/​sim.​1189 (2002).
	 5.	 Günhan, B. K., Röver, C. & Friede, T. Random-effects meta-analysis of few studies involving rare events. Res. Synth. Methods 11, 

74–90. https://​doi.​org/​10.​1002/​jrsm.​1370 (2020).
	 6.	 Röver, C. et al. On weakly informative prior distributions for the heterogeneity parameter in Bayesian random-effects meta-analysis. 

Res. Synth. Methods 12, 448–474. https://​doi.​org/​10.​1002/​jrsm.​1475 (2021).
	 7.	 Dias, S., Welton, N. J., Sutton, A. J. & Ades, A. E. Evidence synthesis for decision making 5: The baseline natural history model. 

Med. Dec. Making 33, 657–670. https://​doi.​org/​10.​1177/​02729​89x13​485155 (2013).
	 8.	 R Core Team. R: A Language and Environment for statistical computing. R Foundation for Statistical Computing. https://​www.R-​proje​

ct.​org/ (2021).
	 9.	 Plummer, M. Just Another Gibbs Sampler (JAGS) Version 4.3.0. https://​mcmc-​jags.​sourc​eforge.​io/ (2017).
	10.	 Béliveau, A., Boyne, D. J., Slater, J., Brenner, D. & Arora, P. BUGSnet: An R package to facilitate the conduct and reporting of 

Bayesian network Meta-analyses. BMC Med. Res. Methodol. https://​doi.​org/​10.​1186/​s12874-​019-​0829-2 (2019).
	11.	 Weinreich, D. M. et al. REGEN-COV antibody cocktail clinical outcomes study in Covid-19 outpatients. medRxiv https://​doi.​org/​

10.​1101/​2021.​05.​19.​21257​469 (2021).
	12.	 Weinreich, D. M. et al. REGEN-COV antibody combination and outcomes in outpatients with Covid-19. N. Engl. J. Med. 385, e81. 

https://​doi.​org/​10.​1056/​nejmo​a2108​163 (2021).
	13.	 Dougan, M. et al. Bamlanivimab plus etesevimab in mild or moderate Covid-19. N. Engl. J. Med. 385, 1382–1392. https://​doi.​org/​

10.​1056/​nejmo​a2102​685 (2021).
	14.	 Gupta, A. et al. Early Covid-19 treatment With SARS-CoV-2 neutralizing antibody sotrovimab. MedRxiv https://​doi.​org/​10.​1101/​

2021.​05.​27.​21257​096 (2021).
	15.	 Gupta, A. et al. Early treatment for Covid-19 with SARS-CoV-2 neutralizing antibody sotrovimab. N. Engl. J. Med. 385, 1941–1950. 

https://​doi.​org/​10.​1056/​NEJMo​a2107​934 (2021).
	16.	 McCreary, E. K. et al. A learning health system randomized trial of monoclonal antibodies for Covid-19. medRxiv https://​doi.​org/​

10.​1101/​2021.​09.​03.​21262​551 (2021).
	17.	 Dougan, M. et al. A randomized, placebo-controlled clinical trial of bamlanivimab and etesevimab together in high-risk ambula-

tory patients with COVID-19 and validation of the prognostic value of persistently high viral load. Clin. Infect. Dis. https://​doi.​
org/​10.​1093/​cid/​ciab9​12 (2021).

	18.	 Gupta, A. et al. Effect of the neutralizing SARS-CoV-2 antibody sotrovimab in preventing progression of COVID-19: A randomized 
clinical trial. medRxiv https://​doi.​org/​10.​1101/​2021.​11.​03.​21265​533 (2021).

	19.	 Kreuzberger, N. et al. SARS-CoV-2-neutralising monoclonal antibodies for treatment of COVID-19. Cochrane Database Syst. Rev. 
9, CD013825. https://​doi.​org/​10.​1002/​14651​858.​CD013​825.​pub2 (2021).

	20.	 Siemieniuk, R. A. et al. Antibody and cellular therapies for treatment of covid-19: A living systematic review and network meta-
analysis. BMJ (Clin. Res. Ed.) 374, 2231. https://​doi.​org/​10.​1136/​bmj.​n2231 (2021).

	21.	 Tada, T. et al. Increased resistance of SARS-CoV-2 omicron variant to neutralization by vaccine-elicited and therapeutic antibodies. 
bioRxiv https://​doi.​org/​10.​1101/​2021.​12.​28.​474369 (2021).

	22.	 World Health Organisation. Therapeutics and COVID-19: Living Guideline (14 January 2022). https://​www.​who.​int/​publi​catio​ns/i/​
item/​WHO-​2019-​nCoV-​thera​peuti​cs-​2022.3 (2022).

	23.	 Wilhelm, A. et al. Reduced neutralization of SARS-CoV-2 omicron variant by vaccine sera and monoclonal antibodies. medRxiv 
https://​doi.​org/​10.​1101/​2021.​12.​07.​21267​432 (2021).

	24.	 Chen, Z. et al. Extremely potent monoclonal antibodies neutralize Omicron and other SARS-CoV-2 variants. medRxiv https://​
doi.​org/​10.​1101/​2022.​01.​12.​22269​023 (2022).

	25.	 Roche. Ronapreve Does Not Retain Neutralising Activity Against the Omicron Variant. https://​www.​roche.​com/​dam/​jcr:​dfe6d​cb4-​
d787-​45d6-​9b1d-​ffc17​d667e​4c/​20212​16_​Roche%​20sta​tement%​20on%​20Ron​apreve%​20Omi​cron.​pdf (2021).

	26.	 Bruel, T. et al. Serum neutralization of SARS-CoV-2 Omicron sublineages BA.1 and BA.2 in patients receiving monoclonal anti-
bodies. Nature Med. https://​doi.​org/​10.​1038/​s41591-​022-​01792-5 (2022).

https://doi.org/10.1016/j.biopha.2020.110337
https://doi.org/10.1016/j.biopha.2020.110337
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.1002/sim.1189
https://doi.org/10.1002/jrsm.1370
https://doi.org/10.1002/jrsm.1475
https://doi.org/10.1177/0272989x13485155
https://www.R-project.org/
https://www.R-project.org/
https://mcmc-jags.sourceforge.io/
https://doi.org/10.1186/s12874-019-0829-2
https://doi.org/10.1101/2021.05.19.21257469
https://doi.org/10.1101/2021.05.19.21257469
https://doi.org/10.1056/nejmoa2108163
https://doi.org/10.1056/nejmoa2102685
https://doi.org/10.1056/nejmoa2102685
https://doi.org/10.1101/2021.05.27.21257096
https://doi.org/10.1101/2021.05.27.21257096
https://doi.org/10.1056/NEJMoa2107934
https://doi.org/10.1101/2021.09.03.21262551
https://doi.org/10.1101/2021.09.03.21262551
https://doi.org/10.1093/cid/ciab912
https://doi.org/10.1093/cid/ciab912
https://doi.org/10.1101/2021.11.03.21265533
https://doi.org/10.1002/14651858.CD013825.pub2
https://doi.org/10.1136/bmj.n2231
https://doi.org/10.1101/2021.12.28.474369
https://www.who.int/publications/i/item/WHO-2019-nCoV-therapeutics-2022.3
https://www.who.int/publications/i/item/WHO-2019-nCoV-therapeutics-2022.3
https://doi.org/10.1101/2021.12.07.21267432
https://doi.org/10.1101/2022.01.12.22269023
https://doi.org/10.1101/2022.01.12.22269023
https://www.roche.com/dam/jcr:dfe6dcb4-d787-45d6-9b1d-ffc17d667e4c/2021216_Roche%20statement%20on%20Ronapreve%20Omicron.pdf
https://www.roche.com/dam/jcr:dfe6dcb4-d787-45d6-9b1d-ffc17d667e4c/2021216_Roche%20statement%20on%20Ronapreve%20Omicron.pdf
https://doi.org/10.1038/s41591-022-01792-5


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:17561  | https://doi.org/10.1038/s41598-022-22431-6

www.nature.com/scientificreports/

	27.	 Zhou, H., Tada, T., Dcosta, B. M. & Landau, N. R. Neutralization of SARS-CoV-2 omicron BA.2 by therapeutic monoclonal anti-
bodies. bioRxiv https://​doi.​org/​10.​1101/​2022.​02.​15.​480166 (2022).

	28.	 Starr, T. N., Greaney, A. J., Dingens, A. S. & Bloom, J. D. Complete map of SARS-CoV-2 RBD mutations that escape the monoclo-
nal antibody LY-CoV555 and its cocktail with LY-CoV016. Cell Rep. Med. 2, 100255. https://​doi.​org/​10.​1016/j.​xcrm.​2021.​100255 
(2021).

Author contributions
Conceptualisation: all authors contributed equally; literature search: M.H.; data extraction: M.H. and D.McC.; 
statistical analysis: D.McC. and C.W.; RoB assessment: M.H. and R.A.; manuscript preparation: R.A., M.H. and 
D.McC.; graphics: D.McC. and M.H.; manuscript revisions and editing: all authors contributed; clinical input: 
MB, D.M., and A.N.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​22431-6.

Correspondence and requests for materials should be addressed to D.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1101/2022.02.15.480166
https://doi.org/10.1016/j.xcrm.2021.100255
https://doi.org/10.1038/s41598-022-22431-6
https://doi.org/10.1038/s41598-022-22431-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comparative effectiveness of neutralising monoclonal antibodies in high risk COVID-19 patients: a Bayesian network meta-analysis
	Methodology
	Data analysis. 

	Results
	Overview of the trials identified. 
	Meta-analysis. 

	Discussion
	Conclusion
	References


