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Abstract

Purpose To assess and compare the relative efficacy and safety of anti-SARS-CoV-2 antibody regimens for COVID-19.
Methods This systematic review and random-effects network meta-analysis was conducted according to PRISMA-NMA.
Literature searches were conducted across MEDLINE, EMBASE, PubMed, Web of Science, CENTRAL, and CNKI up to
February 20th, 2022. Interventions were ranked using P scores.

Results Fifty-five RCTs (N=45,005) were included in the review. Bamlanivimab + etesevimab (OR 0.13, 95% CI 0.02-0.77)
was associated with a significant reduction in mortality compared to standard of care/placebo. Casirivimab+imdevimab
reduced mortality (OR 0.67, 95% CI 0.50-0.91) in baseline seronegative patients only. Four different regimens led to a
significant decrease in the incidence of hospitalization compared to standard of care/placebo with sotrovimab ranking first
in terms of efficacy (OR 0.20, 95% CI 0.08-0.48). No treatment improved incidence of mechanical ventilation, duration of
hospital/ICU stay, and time to viral clearance. Convalescent plasma and anti-COVID IVIg both led to a significant increase
in adverse events compared to standard of care/placebo, but no treatment increased the odds of serious adverse events.
Conclusion Anti-SARS-CoV-2 mAbs are safe, and could be effective in improving mortality and incidence of hospitaliza-
tion. Convalescent plasma and anti-COVID IVIg were not efficacious and could increase odds of adverse events. Future
trials should further examine the effect of baseline seronegativity, disease severity, patient risk factors, and SARS-CoV-2
strain variation on the efficacy of these regimes.

Registration PROSPERO-CRD42021289903.
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Introduction

In the midst of the ongoing SARS-CoV-2 pandemic, a vari-
ety of treatment regimens have been developed or repur-
posed for the management of COVID-19. Specifically, the
efficacy and safety of several antiviral therapies, as well as
immunomodulatory regimens, have been thoroughly inves-
tigated and described in the literature. However, many of the
antiviral therapies, such as chloroquine, lopinavir—ritonavir,
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and ivermectin, have been consistently shown in randomized
controlled trials (RCTs) and meta-analyses to confer little to
no clinical efficacy against SARS-CoV-2 [1-3]. Meanwhile,
immunomodulatory agents such as dexamethasone were
found to only be effective among patients with severe disease
receiving respiratory support, with little to no efficacy in
patients with mild symptoms [4]. While vaccination remains
one of the best strategies for the prevention of infections
and disease progression, numerous obstacles—including
vaccine hesitancy, logistical difficulties, and lack of access
in low-to-middle income countries—continue to hamper its
adoption [5, 6]. Furthermore, older adults and those with
comorbidities such as diabetes, obesity, and immunosup-
pression can present with atypical symptoms, have varying
immunity from vaccination, and continue to be at high risk
for hospitalization and mortality [7, 8]. Therefore, a range
of evidence-based, effective therapeutics that, either alone or
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in combination, can limit disease progression and improve
outcomes are of great interest.

Anti-SARS-CoV-2 antibody therapies are a category
of COVID-19 treatment regimens that are under active
clinical investigation due to their promising mechanisms
of action against SARS-CoV-2. As it is hypothesized that
SARS-CoV-2 relies on the binding of human angiotensin-
converting enzyme 2 (ACE2) receptors through receptor-
binding domains on its spike proteins to gain cellular entry,
current research and development efforts surrounding anti-
SARS-CoV-2 antibody therapies have focused on blocking
the spike protein binding sites using neutralizing antibod-
ies [9]. Convalescent plasma from recovered COVID-19
patients was one of the first anti-SARS-CoV-2 antibody
treatments to receive an Emergency Use Authorization
(EUA) from the U.S. Food and Drug Administration (FDA)
in August 2020 [10]. The treatment relies on neutralizing
antibodies produced by the donors during viral infection,
although its efficacy against SARS-CoV-2 was contradictory
during the early stages of the pandemic due to a paucity of
convincing evidence from RCTs [11]. The availability of
convalescent plasma and its derivative, intravenous immu-
noglobulin (IVIg) products, have also been constrained by
increased demand and limited collection capacities during
the pandemic.

Monoclonal antibodies (mAbs) represent an alternative
type of anti-SARS-CoV-2 antibody therapy which can pro-
vide more specific, precise, and consistent protection against
COVID-19 progression compared to convalescent plasma
therapy. Anti-SARS-CoV-2 mAbs are generally devel-
oped from antibodies isolated from the blood of previously
infected patients and re-engineered for mass production
[12]. The first antiviral mAb therapy to receive EUA was
bamlanivimab in November 2020 [13]. However, this EUA
was later revoked in favor of mAb cocktails (such as bam-
lanivimab and etesevimab or casirivimab and imdevimab)
due to concerns regarding the possibility of antigen escape
[14]. Recent RCTs, such as the RECOVERY and BLAZE-1
trials, have associated the use of mAb combination thera-
pies with reduced mortality, viral load, and COVID-related
hospitalizations [15—17]; however, the efficacy and safety of
mAD therapies has yet to be demonstrated in large, diverse
patient populations. In addition to mAbs, multiple candidate
animal-based polyclonal antibody therapies are also under
active investigation for the treatment of COVID-19 [18, 19].

Due to the large number of different anti-SARS-CoV-2
antibody regimens currently under investigation, this sys-
tematic review and network meta-analysis (NMA) was
conducted to assess and compare the relative efficacy and
safety of different antibody regimens based on RCT data. We
aimed to better understand the potential clinical benefit of
anti-SARS-CoV-2 antibody therapies in reducing mortality,
duration of hospitalization, length of ICU stay, time to viral
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clearance, and disease progression leading to hospitalization
and/or invasive mechanical ventilation/ECMO, while also
investigating the odds of adverse events and future research
implications. The efficacy and safety of these therapies
among patients with different severities of COVID-19 and
baseline serology statuses were assessed as well.

Methods

We conducted a systematic review and NMA in accordance
with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses incorporating NMA of healthcare
interventions (PRISMA-NMA, see complete checklist in
Table S1) [20]. This study was prospectively registered on
PROSPERO (CRD42021289903) [21].

Study identification and eligibility criteria

We systematically searched the following databases for rel-
evant studies from January Ist, 2020 until November 7th,
2021, with an updated search on December 27th, 2021 and
February 20, 2022: (1) MEDLINE,; (2) EMBASE; (3) Pub-
Med Clinical Queries (COVID-19 General Filter); (4) Web
of Science Core Collection; (5) Cochrane Central Register
of Controlled Trials (CENTRAL); and (6) China National
Knowledge Infrastructure (CNKI). The search strategies
used are provided in Tables S2—-S7. In addition to the data-
base searches, we also hand-searched pre-print servers
medRxiv and Research Square, ClinicalTrials.gov, WHO
International Clinical Trials Registry Platform (ICTRP), as
well as the reference section of relevant systematic reviews.

Six reviewers (J.D., K.H., F.Z., D.R., H.B.R., S.H.) per-
formed abstract/title and full-text screening independently
and in duplicate to identify RCTs that satisfied the follow-
ing eligibility criteria: (1) included patients diagnosed with
COVID-19 through laboratory or radiographic methods; (2)
compared the efficacy and/or safety of an anti-SARS-CoV-2
antibody product against standard of care or against another
anti-SARS-CoV-2 antibody regimen; and (3) provided data
for any of our outcomes of interest. While our initial proto-
col only included adult COVID-19 patients, this age restric-
tion was removed prior to article screening to accommodate
the updated inclusion criteria in major clinical trials such as
BLAZE-1 [15, 16] and RECOVERY [17, 22] which enrolled
a small number of adolescents in addition to adult patients.
Disagreements during the screening process were resolved
via consensus.

Definition of anti-SARS-CoV-2 antibody products

Anti-SARS-CoV-2 antibody products were defined as treat-
ments involving exogenous antibodies that act upon epitopes
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on SARS-CoV-2. Keywords included in our search strat-
egy relating to anti-SARS-CoV-2 antibody products were
based upon treatments listed in the COVID-19 treatment
guidelines from the National Institutes of Health (NIH) [23],
which included: (1) anti-SARS-CoV-2 monoclonal antibod-
ies (mAbs), e.g., sotrovimab, imdevimab, casirivimab, ete-
sevimab, and bamlanivimab; (2) convalescent plasma from
recovered COVID-19 patients; and (3) anti-SARS-CoV-2
IVIg manufactured from pooled convalescent plasma. Fol-
lowing our inclusion criteria, we specifically excluded anti-
body products that are not specific to SARS-CoV-2, such as
immunomodulating mAbs and non-specific [VIgs.

Outcomes of interest

Our efficacy outcomes included: (1) time to viral clearance
(negative SARS-CoV-2 RT-PCR test); (2) incidence of all-
cause mortality; (3) duration of hospitalization; (4) duration
of ICU hospitalization; (5) incidence of hospitalization; and
(6) incidence of progression to invasive mechanical ventila-
tion or ECMO. Our safety outcomes included incidence of
all-cause adverse events and incidence of serious adverse
events as defined by study investigators.

Data abstraction and risk of bias

Four reviewers (J.D., K.H., D.R., H.B.R.) independently
performed data abstraction in duplicate using electronic
extraction forms. The forms were constructed a priori as
outlined on the PROSPERO registration. During the abstrac-
tion process, reviewers also assessed the risk of bias for each
included study using the Revised Cochrane Risk-of-Bias
Tool for Randomized Trials (RoB 2) [24]. Disagreements
during the data abstraction and risk assessment processes
were resolved through consensus.

Statistical analysis

We conducted random-effects, frequentist NMAs using the
netmeta library based on R. The treatment effect of dichoto-
mous outcomes and continuous outcomes were expressed
through odds ratio (OR) and mean difference (MD), respec-
tively. Studies that reported zero incidence in any of the
dichotomous outcomes were included in the network by add-
ing a continuity correction factor of 0.5.

The relative efficacy and safety of each treatment arm was
ranked using P scores. Similar to SUCRA scores reported
in Bayesian NMAs, P scores represent the probability that
a treatment is the most effective/safest treatment in the net-
work. A P score of 1 indicates that the treatment is certain to
be the most effective/safest treatment in the network, while a
P score of 0 indicates that the treatment is certain to be the
least effective/safe in the network [25]. Network structures

were visualized using network plots, while the comparative
efficacy and safety of treatment arms relative to standard of
care/no intervention was shown using forest plots.

Exceptions to quantitative analyses

Five included studies [26-30] assessing the efficacy of con-
valescent plasma were not included in the NMAs as they
used normal plasma as control. Because normal plasma may
still have an immunomodulatory effect in COVID patients
[31] and can result in transfusion reactions, combining these
studies with other convalescent plasma trials (which used
standard of care as controls) may diminish the treatment
effects and adverse effects of convalescent plasma. Thus,
results from these studies were only narratively described.
Additionally, NMAs were not performed for the outcomes of
time to viral clearance and length of ICU stay as only a small
number of studies reported normally distributed duration
data for these outcomes. Findings relating to these outcomes
were described narratively.

Heterogeneity and inconsistency

We assessed the heterogeneity and inconsistency of our
NMAs using Cochran’s Q statistics with a recommended
threshold of P <0.10 [32] and heterogeneity was further
quantified using /* statistics.

Subgroup analyses were conducted to explore potential
sources of heterogeneity. We performed subgroup analyses
based on disease severity, including only those who have
non-severe or severe COVID-19 at baseline to compare the
treatment rankings within these two groups of patients. Dis-
ease severity was defined post hoc according to the COVID-
19 severity classification published by the FDA, which
defined severe/critical disease as at least one of the follow-
ing: (1) clinical signs indicative of severe systemic illness
with COVID-19, such as respiratory rate > 30 per minute,
heart rate > 125 beats per minute, SpO, <93% on room air
or PaO,/FiO, ratio < 300; (2) respiratory failure, defined as
requirement for endotracheal intubation and mechanical ven-
tilation, oxygen delivered by high-flow nasal cannula, non-
invasive positive pressure ventilation, or ECMO; (3) shock,
defined as systolic blood pressure <90 mmHg, diastolic
blood pressure < 60 mmHg or requirement for vasopressors;
and (4) multi-organ dysfunction/failure [33].

Additionally, we performed subgroup analyses based
on baseline SARS-CoV-2 serology results. As shown in
the final results from the ACTIV-3/TICO trial assessing
bamlanivimab [34] and the RECOVERY trial [17] assess-
ing casirivimab and imdevimab, anti-SARS-CoV-2 anti-
body products may be more efficacious in patients who
were seronegative at baseline. While this subgroup analysis
was originally planned for all reported outcomes, we only
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obtained sufficient subgroup data for analysis for the out-
come of mortality incidence.

Lastly, we performed post hoc subgroup analyses based
on hospitalization status (inpatients versus outpatients), as
well as a post hoc sensitivity analysis restricting the fol-
low-up duration of the mortality outcome to one month
(defined as 30+ 5 days) based on recommendations from
peer-reviewers.

Missing data

For studies with missing outcome or outcome variance
data, we attempted to contact the corresponding authors for
unpublished information. If a study reported duration data as
median with interquartile range (IQR) and the authors could
not be reached, we imputed the mean and standard deviation
(SD) using methods proposed by Luo et al. [35] and Wan
et al. [36] provided that the data was normally distributed,
as assessed using methods proposed by Shi et al. [37]. Data
skewed from normal were described narratively.

Confidence of evidence and publication bias

We assessed the presence of publication bias using com-
parison-adjusted funnel plots [38]. As the treatment arms
had to be sorted in a meaningful way to generate compari-
son-adjusted funnel plots, we ordered the treatment arms to
define each comparison as an intervention versus a control
treatment, with the assumption that publication bias is likely
to exaggerate the effectiveness of the intervention treatment.
Egger’s regression test was used to examine the presence of
asymmetry in the comparison-adjusted funnel plots.

Confidence in our NMA findings was assessed using
the Confidence in Network Meta-Analysis (CINeMA) web
application [39]. Similar to the Grading of Recommenda-
tions, Assessment, Development and Evaluations (GRADE)
framework [40] used in pairwise meta-analyses, CINeMA
assesses the confidence of evidence based on the follow-
ing domains: (1) within-study bias; (2) reporting bias; (3)
indirectness; (4) imprecision; (5) heterogeneity; and (6)
incoherence.

Results
Characteristics of included studies

After deduplication, we screened 3429 papers for eligibility
(see Fig. 1). Fifty-five RCTs [15-19, 22, 26-31, 34, 41-82]
(N=45,005) were subsequently included in the systematic
review with 10 unique intervention arms (not including
the standard of care arm). Two included studies [50, 55]
reported data on the same set of patients involved in the
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phase two portion of the BLAZE-1 trial but with different
outcomes and subgroup data. Similarly, two included studies
[34, 41] reported data on the same set of patients involved in
the ACTIV-3/TICO trial assessing bamlanivimab, and two
included studies [56, 77] reported interim and final data on
patients involved in the COMET-ICE trial. The full list of
patient characteristics are tabulated in Table S8, and the
characteristics of studies included in the data synthesis is
tabulated in Table S9.

Based on RoB 2, 24 studies (43.6%) were rated as having
a low risk of bias, 25 studies (45.5%) were rated as having
some concerns in regards to risk of bias, and six studies
(10.9%) were rated as having a high risk of bias (see Fig. 2
and Table S10). Studies given a some concerns rating were
mostly due to unreported allocation concealment methods
or the use of an open-label trial design. Four studies were
given a high risk of bias rating in the missing data domain
due to potentially unreported data for randomized patients
lost from follow-up, and one study was given a high risk
of bias rating in the randomization domain due to explicit
reporting of a lack of allocation concealment during the ran-
domization process.

Comparative efficacy of anti-SARS-CoV-2 antibody
regimens

Incidence of mortality

A total of 49 RCTs (N =43,943) reported the incidence
of mortality. Excluding five studies using plasma controls
[26-30], 44 studies (N=42,604) [15-19, 22, 31, 41-49,
52-55, 57-70, 72, 74-82] were included in the NMA. Fol-
low-up durations for mortality ranged from 30 to 90 days.
A combination of bamlanivimab and etesevimab (OR 0.13,
95% CI 0.02-0.77) was the only treatment arm associated
with a significant reduction in the odds of mortality and it
was ranked first in terms of efficacy (P score 0.94). There
was very low heterogeneity (I*=6.7%, P=0.41) and incon-
sistency (P=0.21) within the network (see Fig. 3).

The subgroup analyses by disease severity and hospitali-
zation status did not reveal differences in the significance
of the treatment effects when compared to the overall NMA
(see Figure S1-S4). While bamlanivimab and etesevimab
was still associated with significant reductions in mortality
in these subgroup analyses, it was only assessed in the analy-
sis including non-severe patients and in the analysis includ-
ing outpatients. Similarly, the sensitivity analysis restricting
the follow-up duration to one month did not reveal different
findings either, with bamlanivimab + etesevimab still confer-
ring a significant mortality reduction (see Figure S5).

Among COVID patients who were seropositive at base-
line, neither convalescent plasma, casirivimab +imdevimab,
nor bamlanivimab achieved a significant reduction in the
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( Identification of new studies via databases and registers

1(

Identification of new studies via other methods

Records identified on

Records identified on

Records identified on

Records identified on

Records identified on

Studies included in
NMAs
n =50

Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) flowchart for the identification and selection
of randomized controlled trials. WoS web of science, CENTRAL

odds of mortality in concordance with the overall NMA (see
Figure S7). Contrarily, casirivimab +imdevimab was asso-
ciated with a significant reduction in the odds of mortality
among patients who were seronegative at baseline (OR 0.67,
95% CI 0.50-0.91; see Figure S6). Bamlanivimab + etese-
vimab was not assessed in any of the serology subgroups.
Across the five studies using normal plasma controls,
only one [27] associated the use of convalescent plasma
with significant mortality reductions compared to normal
plasma (OR 0.44, 95% CI 0.22-0.91). The other four studies
either did not find significant associations (Fisher P=0.63

MEDLINE EMBASE CENTRAL Research Square medRxiv
n=1059 n=1307 n=1253 n=1 n=4
Records identified on Records identified on Records identified on
PubMed WoS (Core Collection) CNKI
n=1395 n=784 n =330
—— | Duplicate records removed n = 2699
A
Records screened »( Records excluded n=3143
n = 3429
Wrong article type (e.g. reviews) n =637
Wrong design (e.g. observational) n=1345
Wrong drug (not antiviral antibody) n=785
v Wrong condition (not COVID-19) n=376 v
Reports sought for Reports sought for
retrieval > Reports not retrieved n=214 retrieval —>{ Reports not retrieved n=0
n = 286 n=5
Ongoing clinical trial registration n=125
Terminated clinical trial registration n=10
No data on clinical trial registration n=36
v Duplicate records n=43 v
Reports assessed Reports d
for eligibility > Reports excluded n=22 for eligibility —| Reports excluded n=0
n=72 n=5
Trial protocols n=1
Editorials n=1
Non-randomized trials n=3
No relevant outcomes n=5
Not anti-SARS-CoV-2 antibody n=10
v Commentary n=2
Studies included in
systematic review |«
n=55
v

cochrane central register of controlled trials, CNKI China national
knowledge infrastructure

for Bennett-Guerrero et al. [28] or risk ratio [RR] 1.003, 95%
CI 0.49-6.95 for Baldeon et al. [29]) or found numerically
similar results between the intervention and control arms
(6.3 versus 5.6% in NCT04421404 [26] or O versus 0.5% in
Sullivan et al. [30]).

Incidence of hospitalization
A total of 9 RCTs [15, 16, 53, 55, 60, 72, 74, 77, 82]

reported the incidence of hospitalization in 10,234 outpa-
tients and were included in the NMA. At baseline, the trial
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Risk of bias arising from the randomization process

Risk of bias due to deviations from the intended interventions

Risk of bias due to missing outcome data

Risk of bias in measurement of the outcome

Risk of bias in selection of the reported result

Overall risk of bias

0%

25% 50% 75% 100%

Fig. 2 Risk of bias bar charts showing the percentage of risk of bias ratings for each included study, as assessed using RoB 2

Anti-COVID IVIg

A Bamlanivimab

Bamlanivimab + Etesevimab -

Casirivimab + Imdevimab

Convalescent Plasma

Sotrovimab

EpAbs (INM005)

Regdanvimab
GH-pAb (XAV-19)

Fig.3 Results of the network meta-analysis for mortality incidence.
A The network diagram for mortality incidence. Thickness of the
edge connections represent the relative number of direct connections
between the connected nodes. Shaded triangles represent multi-arm
trials. B The forest diagram showing pooled ORs within each treat-

by O’Brien et al. [82] only included asymptomatic outpa-
tients, three studies [53, 60, 77] included outpatients who are
not using supplemental oxygen, and four studies [15, 16, 55,
74] included outpatients with mild to moderate COVID-19
based on the FDA severity classification. All studies except
publications reporting on the BLAZE-1 trial only included
outpatients who had symptom onset less than a week before
randomization.

Based on the NMA, sotrovimab, bamlanivimab + ete-
sevimab, bamlanivimab monotherapy, and casiriv-
imab + imdevimab were significantly associated with
reduced odds of hospitalizations compared to standard
of care. Sotrovimab ranked first in terms of efficacy (OR
0.20, 95% CI1 0.08-0.48; P score 0.84), followed by bam-
lanivimab + etesevimab (OR 0.24, 95% CI 0.14-0.43; P
score 0.75), bamlanivimab monotherapy (OR 0.28, 95%
CI 0.10-0.84; P score 0.66) and casirivimab + imdevimab
(OR 0.29, 95% CI1 0.20-0.42; P score 0.65). Regdanvimab
and convalescent plasma were the only analyzed treatment
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Intervention vs Untreated (SOC/Placebo)
Random Effects Model (95% Cl)

ment arm compared to SOC for mortality incidence. Treatments were
ranked from the most efficacious (i.e., the highest P-score) to the least
efficacious (i.e., the lowest P score). ORs < 1 indicate beneficial treat-
ment effects compared to SOC. SOC standard of care, /VIg intrave-
nous immune globulin, OR odds ratio, CI confidence interval

arms that did not achieve a significant treatment effect.
Overall, there was no heterogeneity (I2 =0%, P=0.82)
and no inconsistency (P =0.63) within the network (see
Fig. 4).

Incidence of invasive mechanical ventilation/ECMO

A total of 19 studies [17, 19, 22, 41, 43, 44, 47-49, 51,
52, 57, 60, 63, 68, 70, 73, 77, 81] (N=26,912) reported
the incidence of progression to invasive mechanical ven-
tilation and/or ECMO and were included in the NMA. No
intervention was associated with significant reductions in
the odds of invasive mechanical ventilation/ECMO (see
Fig. 5). There was no heterogeneity (I*=0%, P =0.49).
Subgroup analyses by disease severity and hospitaliza-
tion status did not yield any significant associations (see
Figures S8-S11).
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A Bamlanivimab + Etesevimab

Bamlanivimab

Casirivimab + Imdevimab

Convalescent Plasma

Sotrovimab

Regdanvimab

Fig.4 Results of the network meta-analysis for incidence of hospi-
talization. A The network diagram for incidence of hospitalization.
Thickness of the edge connections represent the relative number of
direct connections between the connected nodes. Shaded triangles
represent multi-arm trials. B The forest diagram showing pooled ORs

A Bamlanivimab

Anti-COVID IVig

Casirivimab + Imdevimab

Convalescent Plasma

// Sotrovimab

EpAbs (INM00S)

Fig.5 Results of the network meta-analysis for incidence of inva-
sive mechanical ventilation/ECMO. A The network diagram for inci-
dence of invasive mechanical ventilation/ECMO. Thickness of the
edge connections represent the relative number of direct connections
between the connected nodes. B The forest diagram showing pooled
ORs within each treatment arm compared to SOC for incidence of

Duration of hospitalization

Eleven studies [16, 19, 31, 44, 45, 51, 57, 62, 65, 72, 80]
(N=1931) reported hospitalization durations and were
included in the NMA. No intervention was associated with
significant reductions in the duration of hospitalization in
the overall analysis (see Fig. 6) and the subgroup analyses
(see Figures S12-S15). There was high heterogeneity in
the overall NMA (I>=85.3%, P <0.01), however hetero-
geneity was substantially reduced in the subgroup analysis
including non-severe patients (?=0%, P=0.99) and out-
patients (I>=0%, P=0.99).

Untreated (SOC/Placebo)

Untreated (SOC/Placebo)

B

Treatment P-score OR  95%Cl

Sotrovimab 0.84 020 [0.08;0.48] <«—FF——

Bamlanivimab + Etesevimab ~ 0.75  0.24 [0.14; 0.43] —F—

Bamlanivimab 0.66 0.28 [0.10;0.84] «—fFF—

Casirivimab + Imdevimab 0.65 0.29 [0.20;0.42] ——

Regdanvimab 0.40 0.48 [0.19;1.25]

Convalescent Plasma 0.13  0.93 [0.65;1.32]

Untreated (SOC/Placebo) 0.07 1.00
r T T T T T 1
01 02 05 1 2 5 10

Intervention vs Untreated (SOC/Placebo)
Random Effects Model (95% Cl)

within each treatment arm compared to SOC for incidence of hos-
pitalization. Treatments were ranked from the most efficacious (i.e.,
the highest P score) to the least efficacious (i.e., the lowest P score).
ORs < 1 indicate beneficial treatment effects compared to SOC. SOC
standard of care, OR odds ratio, CI confidence interval

Treatment P-score OR  95%Cl
Sotrovimab 091 0.11 [0.01; 2.06]
EpAbs (INM005) 071 0.64 [0.29; 1.43]

Casirivimab + Imdevimab ~ 0.45 0.99 [0.87; 1.13]
Untreated (SOC/Placebo)  0.42  1.00

Convalescent Plasma 037  1.01 [0.92; 1.12]

Anti-COVID IVig 036 1.40 [0.06;31.47] =

Bamlanivimab 0.26 1.36 [0.45; 4.07] —_—t—
r T T T T 1
0.1 0.2 0.5 1 2 5 10

Intervention vs Untreated (SOC/Placebo)
Random Effects Model (95% Cl)

invasive mechanical ventilation/ECMO. Treatments were ranked from
the most efficacious (i.e., the highest P score) to the least efficacious
(i.e., the lowest P score). ORs < 1 indicate beneficial treatment effects
compared to SOC. SOC standard of care, IVIg intravenous immune
globulin, OR odds ratio, CI confidence interval

Twelve studies [17, 22, 27, 29, 43, 46, 47, 54, 61, 64,
69, 70] reported non-imputable data or used non-conva-
lescent plasma as the control arm. Apart from one study
which assessed the efficacy of casirivimab +imdevimab,
all other studies assessed the efficacy of convalescent
plasma against standard of care (or control plasma).
Among studies with significance testing, none reported
significant reductions in hospitalization duration associ-
ated with the use of anti-SARS-CoV-2 antibody products.
The duration of hospitalization is numerically similar
between the intervention and control arms in studies that
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Bamlanivimab

A

Anti-COVID IVig

Bamlanivimab + Etesevimab

Untreated (SOC/Placebo)

Casirivimab + Imdevimab

EpAbs (INM005)

Convalescent Plasma

Fig.6 Results of the network meta-analysis for duration of hospitali-
zation. A The network diagram for duration of hospitalization. Thick-
ness of the edge connections represent the relative number of direct
connections between the connected nodes. B The forest diagram
showing pooled MDs within each treatment arm compared to SOC

did not perform significance testing. The results of the
non-imputable studies are tabulated in Table S11.

Duration of ICU hospitalization

Five studies [19, 47, 49, 61, 65] reported data relating to duration
of ICU hospitalization. Four studies assessed the efficacy of con-
valescent plasma versus standard of care, while one study assessed
the efficacy of an equine hyperimmune serum (INM005). None
of the studies reported a significant improvement in the duration
of ICU hospitalization associated with an intervention; in fact, an
unpublished study (NCT04385199) reported a substantially higher
median duration in the convalescent plasma group compared to
standard of care (19.5 days versus 13 days). The results of the
included studies are tabulated in Table S12.

Time to viral clearance

Three studies [55, 59, 61] reported time to viral clearance. Two
studies assessed the efficacy of convalescent plasma versus
standard of care, while one study assessed the efficacy of bam-
lanivimab monotherapy and bamlanivimab 4+ etesevimab combi-
nation therapy. None of the studies reported a significant reduction
in the time to viral clearance associated with an intervention. The
results of the included studies are tabulated in Table S13.

Comparative safety of anti-SARS-CoV-2 antibody
regimens

Incidence of adverse events
A total of 30 studies (N=11,403) reported the incidence

of all-cause adverse events. Excluding two studies using
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B
Treatment P-score MD 95% ClI
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Bamlanivimab

for duration of hospitalization. Treatments were ranked from the most
efficacious (i.e., the highest P score) to the least efficacious (i.e., the
lowest P score). MDs <0 indicate beneficial treatment effects com-
pared to SOC. SOC standard of care, /VIg intravenous immune globu-
lin, MD mean difference, CI confidence interval

plasma controls, 28 studies (N=11,150) [15, 16, 19, 41, 42,
44,45, 51, 53, 55, 57-61, 63-66, 69, 70, 74, 76-78, 80-82]
were included in the NMA. All antibody products, except
convalescent plasma and anti-COVID IVIg, demonstrated
good safety profiles with no significant increase in the odds
of adverse events. In particular, casirivimab +imdevimab
was associated with a significant reduction in the odds of
adverse events (OR 0.71, 95% CI 0.58-0.88) and ranked
first in terms of safety (P score 0.94). Convalescent plasma
was associated with a significant increase in adverse events
(OR 1.40, 95% CI 1.13-1.72) and was ranked second-to-last
in terms of safety (P score 0.12). Anti-COVID IVIg was
also associated with a significant increase in adverse events
(OR 1.56, 95% CI 1.06-2.30) and ranked last in terms of
safety (P-score 0.07). There was no heterogeneity (I>=0%,
P=0.67) nor inconsistency (P=0.18) within the network
(see Fig. 7A, B).

In the subgroup analyses by disease severity, we found
that convalescent plasma was associated with a significant
increase in the odds of adverse events in patients with
non-severe disease (OR 1.92, 95% CI 1.18-3.14; see Fig-
ure S16) and in outpatients (OR 1.96, 95% CI 1.18-3.25;
see Figure S19); however, we did not identify the same
significant association in patients with severe disease (OR
1.25,95% CI1 0.90-1.73; see Figure S17) nor among inpa-
tients (OR 1.26, 95% CI 0.99-1.61; see Figure S18). Anti-
COVID IVIg was not assessed in the subgroup analyses
by disease severity, but it was included in the analysis for
inpatients and was associated with a significant increase in
the odds of adverse events (OR 1.56, 95% CI 1.06-2.30).

In the two studies using plasma controls, both
NCT04421404 [26] and the study by O’Donnell et al.
[27] reported increased incidence of adverse events in
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Fig.7 Results of the network meta-analysis for safety outcomes. In
the network diagrams, the thickness of the edge connections repre-
sent the relative number of direct connections between the connected
nodes, and shaded triangles represent multi-arm trials. In the forest
diagrams, treatments were ranked from the most efficacious (i.e., the
highest P score) to the least efficacious (i.e., the lowest P score), with
ORs < 1 indicating beneficial treatment effects compared to SOC. A

patients receiving convalescent plasma compared to
patients receiving normal plasma (12.5 versus 5.6% for
NCT04421404 and 65.3 versus 55.6% for O’Donnell
et al.).

Incidence of serious adverse events

A total of 30 studies (N=19,887) patients reported the
incidence of serious adverse events. Following the exclu-
sion of two studies using plasma controls, 28 studies
(N=19,611) [15, 16, 19, 41, 42, 46, 48, 49, 51-53, 55,
58, 60, 61, 65, 68-74, 76-78, 80, 82] were included in
the NMA. No antibody product was associated with a sig-
nificant increase in the odds of serious adverse events.
Casirivimab + imdevimab (OR 0.48, 95% CI 0.33-0.70)
and sotrovimab (OR 0.46, 95% CI 0.29-0.73) were asso-
ciated with significant reductions in the odds of serious

Amubarvimab + Romlusevimab
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The network diagram for incidence of adverse events. B The forest
diagram showing pooled ORs within each treatment arm compared
to SOC for incidence of adverse events. C The network diagram for
incidence of serious adverse events. D The forest diagram showing
pooled ORs within each treatment arm compared to SOC for inci-
dence of serious adverse events. SOC standard of care, /VIg intrave-
nous immune globulin, OR odds ratio, CI confidence interval

adverse events, with sotrovimab ranking first (P score
0.82) and casirivimab + imdevimab ranking second (P
score 0.79) in terms of safety. There was moderate het-
erogeneity (I>=32.7%, P=0.15) and no inconsistency
(P=0.16) within the network (see Fig. 7C, D).

There was no change in significance in the subgroup
analysis including non-severe patients and outpatients (see
Figure S20 and Figure S23), however sotrovimab was not
associated with a significant reduction in the incidence of
serious adverse events in the subgroup analysis including
inpatients (see Figure S22). Both casirivimab + imdevimab
and sotrovimab were not assessed in the subgroup analysis
including severe patients (see Figure S21).

Among the two studies using plasma controls, Bennett-
Guerrero et al. [28] reported a numerically similar propor-
tion of serious adverse events between the convalescent
plasma and control plasma groups (27.1 versus 26.7%),
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while O’Donnell et al. [27] found a numerically decreased
incidence of serious adverse events among the convalescent
plasma group compared to control (26.5 versus 36.1%).

Publication bias and confidence of evidence

According to visual inspections of the comparison-adjusted
funnel plots and Egger’s regression analysis, we only identi-
fied small study effects as an indication for publication bias
for the outcome of mortality incidence (P, <0.01). Miss-
ing small studies on the left side of the funnel indicates that
small studies tend to exaggerate the effectiveness of inter-
vention treatments compared to the control treatments in
the outcome of mortality incidence (see Figures S24-S29).

Using CINeMA, we determined that the outcome of hos-
pitalization incidence is mainly based on a moderate confi-
dence of evidence, with concerns regarding imprecision in
several indirect comparisons. Similarly, both of our safety
outcomes were rated as having a mainly moderate confi-
dence of evidence as well due to imprecision. The outcome
of mortality incidence was rated as having a mainly low con-
fidence of evidence due to the aforementioned publication/
reporting bias in addition to imprecision. Lastly, the out-
come of hospitalization duration and incidence of progres-
sion to invasive mechanical ventilation/ECMO were both
rated as having a mainly very low confidence of evidence.
This substantial downgrade in confidence was due to a com-
bination of within-study bias (risk of bias of included stud-
ies), imprecision, and incoherence due to a lack of closed
loops in the network (see Tables S14-S19).

Discussion
Main findings

Our systematic review and NMA included 55 RCTs
(N=45,005) to assess the efficacy and safety of anti-SARS-
CoV-2 antibody products for the treatment of COVID-19.
We found that all assessed antibody products did not signifi-
cantly reduce the duration of hospitalization, nor incidence
of progression to invasive mechanical ventilation/ECMO,
based on mostly very low confidence of evidence. Moreover,
none of the interventions were associated with a significant
reduction in the time to viral clearance nor duration of ICU
hospitalization.

Additionally, we found that bamlanivimab + etesevimab
was associated with a 87% reduction in the odds of mortality
in COVID-19 patients compared to standard of care, based
on mostly low confidence of evidence; however this finding
was based on data from outpatients and patients with non-
severe COVID-19. Casirivimab 4+ imdevimab demonstrated
a 33% reduction in the odds of mortality in patients who
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were seronegative at baseline, but not among patients who
were seropositive at baseline.

Among COVID-19 outpatients, we found that many
anti-SARS-CoV-2 antibody products significantly reduced
incidence of hospitalizations based on a moderate confi-
dence of evidence. Sotrovimab was the most efficacious
treatment arm, reducing the odds of hospitalization by 80%
compared to standard of care. Bamlanivimab + etesevimab,
bamlanivimab monotherapy, and casirivimab + imdevimab
demonstrated a reduction of 76, 72, and 71% in the odds
of hospitalization, respectively. Regdanvimab, a novel
investigational anti-COVID mAb, was only assessed by a
moderately sized RCT in our network and did not achieve a
significant effect in reducing hospitalizations. Convalescent
plasma was also not associated with a reduction in the odds
of hospitalizations.

Most anti-SARS-CoV-2 antibody products demonstrated
good safety profiles based on mostly moderate confidence
of evidence. Only the use of convalescent plasma and anti-
COVID IVIg was associated with a significant, 40 and 56%
increase in the odds of adverse events, respectively. No anti-
body product was associated with a significant increase in
the odds of serious adverse events.

Clinical implications and future directions

Similar to findings in other antiviral COVID-19 treatment
strategies [83], we observed that anti-SARS-CoV-2 anti-
body products did not substantially improve the outcome of
hospitalized patients, including duration of hospitalization
and progression to mechanical ventilation. Previous studies
have shown that viremia of SARS-CoV-2 peaks within a
week of symptom onset [84], after which immunopatholo-
gies due to dysfunctional host immune responses are more
likely to drive disease progression and result in mortality.
Many COVID-19 patients were found to exhibit substantially
elevated levels of proinflammatory cytokines which can
lead to significant tissue damage [85]. Moreover, Schurink
et al. found evidence of extensive systemic inflammatory
responses in the lungs and other organs of diseased patients
with COVID-19, with only sporadic presence of SARS-
CoV-2-infected cells [86]. Given that patients who are most
at-risk for COVID-related hospitalizations are generally
hospitalized after a week of symptomatic infection [87]—
at which point the disease progression is mainly driven by
dysfunctional immune responses—these previous findings
may explain why our NMA did not show any improvements
in hospitalization-related outcomes. Despite the attention
surrounding the promising efficacy of anti-SARS-CoV-2
antibody products, it is important for clinicians to recog-
nize their limitations in hospitalized patients and patients
with severe diseases.
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Additionally, while previous meta-analyses have shown
that convalescent plasma may yield significant benefits in
the odds of mortality and clinical improvements [88], our
review showed that convalescent plasma and its derivative
IVIg was not associated with improvements in any out-
comes of interest, including the incidence of hospitalization.
Although it has been hypothesized that convalescent plasma
may be more effective among patients who are seronega-
tive at baseline [88], we found that convalescent plasma did
not exhibit any efficacy in reducing mortality regardless of
baseline serology status. Combined with increased odds of
adverse events, including a considerable number of transfu-
sion-related reactions, the use of convalescent plasma is not
recommended based on the results of this review.

However, we found that most mAb products were effec-
tive at reducing the odds of hospitalization among outpa-
tients with early infections. This suggests that anti-SARS-
CoV-2 mAbs may be applicable in the setting of early
infection among those with risk factors for disease progres-
sion, such as older adults, those with obesity, diabetes, and/
or hypertension [89]. In addition, while vaccinations remain
the preferred method of prophylaxis against SARS-CoV-2,
mAb products may also provide short-term protection
against viral infection in individuals who cannot produce
productive immune responses to vaccinations such as those
who may be older or immunocompromised. Antiviral mAb
products can also play a role in populations that do not have
timely access to vaccines, or patients with contraindications
for vaccines.

There are several limitations with the clinical usage and
long-term applicability of mAbs that must be noted. Cur-
rent mAb products generally target epitopes on the spike
protein of SARS-CoV-2. As a key viral entry protein, the
spike protein is uniquely exposed to selection pressure from
host antibodies which can drive rapid antigenic drift and
evolution [90]. In patients receiving mAb treatments, the
selection pressure exerted by the mAbs can result in the
genesis of resistant strains of SARS-CoV-2, which may
substantially reduce the efficacy of mAb products. Specifi-
cally, the recent FDA withdrawal of EUA for bamlanivimab
monotherapy was attributed to an increase in the number of
bamlanivimab-resistant variants [91].

Current strategies for combating resistant COVID strains
include the use of mAb cocktails (e.g., bamlanivimab + ete-
sevimab, and casirivimab + imdevimab) or by target-
ing highly conserved regions of the spike protein that are
vital to viral functions (e.g., sotrovimab, which targets an
epitope shared between SARS-CoV and SARS-CoV-2). In
light of the recent introduction of the omicron (B.1.1.529)
variant, the latter approach of countering mAb resistance
may also confer the benefit of maintaining the mAbs’ effi-
cacy across different variants. Early in vitro studies have
shown that the mAb cocktails assessed in this review (i.e.,

bamlanivimab + etesevimab and casirivimab +imdevimab)
may not be effective against the omicron variant, while sotro-
vimab largely maintained its antiviral efficacy [92]. These
preliminary findings, combined with the favorable hospitali-
zation and safety results from this systematic review, may
support the continued use and assessment of sotrovimab for
treating patients infected with the omicron variant. Future
mAb designs and usage should continue to take the possibil-
ity of antigen escape into consideration, and further in vivo
investigations into the efficacy of mAb products in patients
infected with novel variants, such as omicron and its subline-
ages (e.g., BA.2), should be conducted.

Lastly, pre-print data from the RECOVERY trial assess-
ing casirivimab +imdevimab and final results from the
ACTIV-3/TICO trial for bamlanivimab showed that mAb
products may yield greater benefits among patients who
are seronegative at baseline as opposed to patients who are
seropositive at baseline. In our subgroup analyses for mortal-
ity incidence, we found that casirivimab +imdevimab only
exhibited a reduction in the odds of mortality in patients who
are seronegative at baseline based on results from multiple
RCTs, which seem to support findings from the RECOV-
ERY trial. While our serology subgroup findings are based
on limited sample sizes, clinicians may need to consider
the presence of host SARS-CoV-2 antibodies when mak-
ing decisions about using anti-SARS-CoV-2 mAb products.
Future trials assessing the efficacy of mAbs in different sero-
logical subgroups are needed to further clarify the role of
serology status in the efficacy of mAb products.

Study limitations

The main limitation of this systematic review and NMA
is the inability to assess the efficacy of antibody products
across different COVID-19 variants as the distribution
of viral variants was rarely reported in published RCTs.
Because the efficacy of antibody products can change
depending on mutations in the targeted epitope as shown
in early in vitro studies involving the omicron variant and
its sublineages, future RCTs and reviews should address
differences in antibody efficacy between different COVID
variants.

Furthermore, our review did not assess the efficacy and
safety of antibody products in patients at high risks for pro-
gression to severe COVID-19. This was because the defini-
tion of high-risk populations was extremely heterogeneous
during our preliminary research, in addition to a lack of
subgroup data reporting involving these high-risk patient
populations in published RCTs. It may be viable for trial
investigators to use standardized screening tools and models,
such as the COVID-19-AACC model [93], to systematically
categorize patients into high- and low-risk subgroups and
reduce the definition variability in subsequent investigations.
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Lastly, our findings regarding the duration of hospitali-
zation and incidence of progression to invasive mechani-
cal ventilation/ECMO were based on a very low confidence
of evidence due to risk of bias and incoherence in the net-
work. Thus, results for these two outcome measures should
be interpreted with caution. Additionally, we observed
imprecision in results from several promising treatment
arms, including anti-COVID IVIg and regdanvimab. More
well-designed clinical trials, with larger sample sizes, are
required to clarify the role of these treatments in COVID-19
management.

Conclusions

In this systematic review and NMA, we found that bam-
lanivimab + etesevimab significantly reduced mortality in
COVID outpatients as well as patients with non-severe dis-
eases, and most anti-SARS-CoV-2 mAbs were associated
with reduced odds of hospitalization among COVID out-
patients with sotrovimab being associated with the highest
reduction in odds. Casirivimab +imdevimab only reduced
mortality among patients who were seronegative at baseline.
Both convalescent plasma and anti-COVID IVIg were not
associated with efficacy in any outcomes and were asso-
ciated with increased odds of adverse events. Clinicians
should be aware of the limitations surrounding anti-SARS-
CoV-2 antibody therapies for treating hospitalized patients
and patients with severe diseases. While efficacious for out-
patients in the current review, mAb treatments should be
continuously evaluated against new COVID variants, such
as omicron and the omicron sublineage BA.2.

Supplementary Information The online version contains supplemen-
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