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Abstract

:

Background: Tixagevimab/cilgavimab (TGM/CGM) are neutralizing monoclonal antibodies (mAbs) directed against different epitopes of the receptor-binding domain of the SARS-CoV-2 spike protein that have been considered as pre-exposure prophylaxis (PrEP). Objectives: This study seeks to assess the efficacy and safety of TGM/CGM to prevent COVID-19 in patients at high risk for breakthrough and severe SARS-CoV-2 infection who never benefited maximally from SARS-CoV-2 vaccination and for those who have a contraindication to SARS-CoV-2 vaccines. Design: This study is a systematic review and meta-analysis. The Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) statement was followed. Methods: Electronic databases (PubMed, CINAHL, Embase, medRxiv, ProQuest, Wiley online library, Medline, and Nature) were searched from 1 December 2021 to 30 November 2022 in the English language using the following keywords alone or in combination: 2019-nCoV, 2019 novel coronavirus, COVID-19, coronavirus disease 2019, SARS-CoV-2, severe acute respiratory syndrome coronavirus 2, tixagevimab, cilgavimab, combination, monoclonal, passive, immunization, antibody, efficacy, clinical trial, cohort, pre-exposure, prophylaxis, and prevention. We included studies in moderate to severe immunocompromised adults (aged ≥18 years) and children (aged ≥12 years) who cannot be vaccinated against COVID-19 or may have an inadequate response to SARS-CoV-2 vaccination. The effect sizes of the outcome of measures were pooled with 95% confidence intervals (CIs) and risk ratios (RRs). Results: Of the 76 papers that were identified, 30 articles were included in the qualitative analysis and 13 articles were included in the quantitative analysis (23 cohorts, 5 case series, 1 care report, and 1 randomized clinical trial). Studies involving 27,932 patients with high risk for breakthrough and severe COVID-19 that reported use of TGM/CGM combination were analyzed (all were adults (100%), 62.8% were men, and patients were mainly immunocompromised (66.6%)). The patients’ ages ranged from 19.7 years to 79.8 years across studies. TGM/CGM use was associated with lower COVID-19-related hospitalization rate (0.54% vs. 1.2%, p = 0.27), lower ICU admission rate (0.6% vs. 5.2%, p = 0.68), lower mortality rate (0.2% vs. 1.2%, p = 0.67), higher neutralization of COVID-19 Omicron variant rate (12.9% vs. 6%, p = 0.60), lower proportion of patients who needed oxygen therapy (8% vs. 41.2%, p = 0.27), lower RT-PCR SARS-CoV-2 positivity rate (2.1% vs. 5.8%, p < 0.01), lower proportion of patients who had severe COVID-19 (0% vs. 0.5%, p = 0.79), lower proportion of patients who had symptomatic COVID-19 (1.8% vs. 6%, p = 0.22), and higher adverse effects rate (11.1% vs. 10.7%, p = 0.0066) than no treatment or other alternative treatment in the prevention of COVID-19. Conclusion: For PrEP, TGM/CGM-based treatment can be associated with a better clinical outcome than no treatment or other alternative treatment. However, more randomized control trials are warranted to confirm our findings and investigate the efficacy and safety of TGM/CGM to prevent COVID-19 in patients at risk for breakthrough or severe SARS-CoV-2 infection.
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1. Introduction


Certain individuals may not benefit maximally from coronavirus disease 2019 (COVID-19) vaccines compared to the general population in whom COVID-19 vaccination is the optimal method of pre-exposure prophylaxis (PrEP) [1,2]. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in people with moderate to severe immunocompromising conditions is associated with higher mortality compared to immunocompetent individuals, and immunocompromised individuals show an impaired anti-SARS-CoV-2 vaccine response even after four vaccine doses [3,4,5,6]. In this context, monoclonal antibody regimens (mAbs) providing passive immunization have been developed to enhance immunity against SARS-CoV-2 in immunocompromised patients [7]. In December 2021, tixagevimab-cilgavimab (TGM/CGM) received emergency use authorization (EUA) from the United States Food and Drug Administration (FDA) as PrEP in individuals aged 12 years or older (weighing at least 40 kg) who either are moderate to severely immunocompromised and cannot be vaccinated against COVID-19 or who may have an inadequate response to SARS-CoV-2 vaccination [7]. Subsequently, Europe approved TGM/CGM for PrEP in immunocompromised patients [8]. TGM/CGM is available as two separate injections given intramuscularly and given one after the other (Evusheld®, AstraZeneca Pharmaceuticals LP, Wilmington, DE 19850, USA), and the recommended revised dosing by the United States FDA is 600 mg, consisting of 300 mg of tixagevimab and 300 mg of cilgavimab to ensure the neutralization of this mAb combination against the COVID-19 Omicron subvariants, administered as separate sequential injections at different sites in two different muscles, preferably in the gluteal muscles [7]. TGM/CGM are neutralizing mAbs directed against different epitopes of the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein and have been associated with a lower risk of SARS-CoV-2 infection when used for PrEP (See Figure 1).



The randomized controlled trial that led to authorization of the TGM/CGM combination involved 5197 adults (≥18 years or older) who were not vaccinated against SARS-CoV-2 and never transmitted COVID-19, and were deemed to be at high risk for breakthrough and severe SARS-CoV-2 infection (old age ≥ 60 years and/or many medical comorbidities) [9]. Overall, serious adverse events in this trial mentioned above were balanced between the TGM/CGM versus placebo groups [9]. Given the potential for TGM/CGM as an mAb therapy to prevent COVID-19, the combination has been evaluated in several small clinical cohorts [10,11,12]. Therefore, we carried out this meta-analysis to identify, describe, evaluate, and synthesize the evidence of efficacy and safety of TGM/CGM in patients at high risk for breakthrough and severe SARS-CoV-2 infection.



Aim of the Study


This systematic review and meta-analysis aimed to assess the efficacy and safety of the monoclonal antibody combination TGM/CGM to prevent COVID-19 in patients at high risk for breakthrough and severe SARS-CoV-2 infection who might not benefit maximally from SARS-CoV-2 vaccination and for those who have a contraindication to SARS-CoV-2 vaccination in published research.





2. Methods


2.1. Design


This systematic review was conducted with reference to the basics of the Cochrane Handbook for Systematic Reviews of Interventions [13], described as stated by the Preferred Reporting Items for Systematic reviews and Meta-Analysis (PRISMA) statement [14].




2.2. Search Strategy and Selection Criteria


A systematic review protocol was developed based on PRISMA-P and the PRISMA statement. Published articles from 1 December 2021 to 30 November 2022, were selected for review from 8 electronic databases (PubMed, CINAHL, Embase, medRxiv, ProQuest, Wiley online library, Medline, and Nature). The focus of this review was the use of TGM/CGM to prevent COVID-19 in patients deemed to be at high risk for breakthrough and severe SARS-CoV-2 infection. The primary outcome was the efficacy of TGM/CGM in patients who might not benefit maximally from SARS-CoV-2 vaccination and for those who have a contraindication to SARS-CoV-2 vaccination. The secondary outcome was adverse events associated with its use.




2.3. Inclusion Criteria


Readily accessible peer-reviewed full articles, observational cohort studies, clinical trials, case reports, case series, and not peer-reviewed preprints were included.




2.4. Participants


Moderate to severe immunocompromised adult (aged ≥18 years) and child (aged ≥12 years) patients who cannot be vaccinated against COVID-19 or may have an inadequate response to SARS-CoV-2 vaccination were included.




2.5. Intervention


The interventions were the monoclonal antibody TGM/CGM, alone or in combination, versus an active comparator, placebo, or no intervention, for PrEP against COVID-19.




2.6. Study Variables


A. COVID-19-related hospitalization.



B. ICU admission.



C. Mortality.



D. Neutralization of COVID-19 Omicron variant.



E. Need of oxygen therapy.



F. RT-PCR SARS-CoV-2 positivity.



G. Severity of COVID-19.



H. Symptomatic COVID-19.



I. Safety and tolerability of TGM/CGM.




2.7. Searching Keywords


The search keywords included 2019-nCoV, 2019 novel coronavirus, COVID-19, coronavirus disease 2019, SARS-CoV-2, severe acute respiratory syndrome coronavirus 2, tixagevimab, cilgavimab, combination, monoclonal, passive, immunization, antibody, efficacy, clinical trial, cohort, pre-exposure, prophylaxis, and prevention.




2.8. Exclusion Criteria


Types of articles that were excluded included duplicate articles, editorials, reviews, and commentaries. Any research study that did not include data on TGM/CGM use, any study with in vitro or in silico activity of TGM/CGM to prevent SARS-CoV-2 variants, any study with no relevant data, or any study with no extractable data was also excluded. We excluded studies on the use of monoclonal antibody TGM/CGM to treat COVID-19, as this is not part of the aim of our review.




2.9. Data Extraction and Analysis


The screening of the papers was performed independently by four reviewers (Saad Alhumaid, Jalal Alali, Nourah Al Dossary, and Sami Hussain Albattat), by screening titles with abstracts using the selection criteria. Disagreements in the study selection after the full text screening were discussed, and if agreement could not be reached, a fifth reviewer was involved (Sarah Mahmoud Al HajjiMohammed). We categorized articles as case reports, case series, clinical trials, or cohort studies. The following data were extracted from the selected studies: authors; publication year; study location; study design and setting; age, gender, and sample size; details of study intervention and control therapies in addition to data on adverse events and treatment outcomes; time from TGM/CGM administration to first episode of symptomatic COVID-19; assessment of study risk of bias; and remarks on notable findings.




2.10. Risk of Biased Evaluation of Included Studies


Three tools were used appropriately to assess the quality of the studies included in this review: (1) Newcastle–Ottawa Scale (NOS) to evaluate cohort studies (scoring criteria: >7 scores = high quality, 5–7 scores = moderate quality, and <5 scores = low quality) [15]; (2) modified NOS to evaluate case report and case series studies (scoring criteria: 5 criteria fulfilled = good, 4 criteria fulfilled = moderate, and 3 criteria fulfilled = low) [16]; and (3) Revised Cochrane risk-of-bias tool (RoB 2.0) to evaluate randomized controlled trials (bias is assessed in five distinct domains and answers lead to judgments of “low risk of bias,” “some concerns,” or “high risk of bias”) [17]. Quality assessment was conducted by three co-authors (Fatimah Saad Almuaiweed, Sukainah Mohammad Alshaikhnasir, and Maryam Radhi AlZaid) who separately evaluated the possibility of bias using these three tools.




2.11. Assessment of Heterogeneity


For clinical outcomes, safety and tolerability parameters of TGM/CGM mAbs, Cochran’s test for chi-squared (χ2) expressed as the Higgins (I2) were used to measure the statistical heterogeneity [13]. Degrees of heterogeneity were categorized based on calculated I2 values (not significant: 0–<40%; moderate: 30–60%; substantial: 50–90%; and significant: 75–100%).




2.12. Statistical Analysis


Because all of the data were continuous and dichotomous data, risk ratios (RRs) were used for estimating the point estimate, along with 95% confidence intervals (CIs). Taking a conservative approach, a random effects with the DerSimonian–Laird model was used [18], which produces wider CIs than a fixed effect model. Publication bias was evaluated using funnel plots and the Egger’s correlation test, with p < 0.05 indicating statistical significance [19]. R version 4.1.0 with the packages metafor and meta was used to conduct all statistical analyses and generate forest plots. Figure 1 was created with BioRender.com (accessed on 11 August 2022) (agreement no. PW249QJYDR).





3. Results


3.1. Study Characteristics and Quality


A total of 101 publications were identified. After scanning titles and abstracts, four duplicate articles were discarded. Another 21 irrelevant articles were excluded based on the titles and abstracts. The full texts of the 76 remaining articles were reviewed, and 46 irrelevant articles were excluded (reasons: study with in vitro activity of TGM/CGM to prevent SARS-CoV-2 variants = 13, study with no relevant data = 13, review = 12, study with in silico activity of TGM/CGM to prevent SARS-CoV-2 variants = 4, study with no extractable data = 3, and editorial and commentary = 1). As a result, we identified 30 studies (total participants = 27,932) that met our inclusion criteria and were included in the systematic review and meta-analysis [6,9,10,11,12,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44]. The PRISMA chart for the studies included is displayed in Figure 2. The details of the included studies are depicted in Table 1. Among these, two articles were in preprint versions [26,35]. Most of the studies were cohorts (n = 23) [6,10,11,12,20,21,22,23,26,27,30,31,33,35,36,37,38,39,40,41,42,43,44], however, there were one case report [24] and five case series studies [25,28,29,32,34]. These studies were conducted in United States (n = 14), France (n = 11), Israel (n = 2), Germany (n = 1), and Austria (n = 1). Only one study was conducted within several countries (n = 1) [9]. The majority of the studies were single center [6,11,12,23,24,25,26,28,29,31,32,33,34,36,37,38,39,41,42,44], and only ten studies were multicenter [9,10,20,21,22,27,30,35,40,43]. Studies randomly assigned participants into a TGM/CGM therapy versus a placebo [9,10,12,35], a combination of casirivimab/imdevimab (CRM/IDM) [11,21,37], or no treatment (no mAbs) [11,25,27,29,31,37,40]. Few studies utilized a pre–post design (baseline) [6,23,26,36] and only one study utilized the design of randomized double-blind controlled trial [9]. Many studies compared TGM/CGM groups to no comparator groups [20,22,24,28,30,32,33,34,36,38,39,41,42,43,44] or patient groups that were infected previously with SARS-CoV-2 and recovered [21]. Only twelve studies reported on the safety of TGM/CGM in patients at high risk for breakthrough and severe SARS-CoV-2 infection [9,10,11,25,26,28,34,39,41,42,43,44]. Among the 30 included studies, 14 studies were moderate-quality studies (i.e., NOS scores were between 5 and 7 or based on the assessment for bias using the modified NOS) and 15 studies demonstrated relatively high quality (i.e., NOS scores > 7 or based on the assessment for bias using the modified NOS). The only study that utilized the design of randomized double-blind controlled trial had a low risk of bias based on RoB 2 (Table 1). The funnel plots for possible publication bias for the pooled effect sizes to determine the rates of COVID-19-related hospitalization, mortality, and RT-PCR positivity for SARS-CoV-2 associated with the TGM/CGM-based monoclonal preventive therapy in patients at high risk for breakthrough and severe SARS-CoV-2 infection appeared asymmetrical on visual inspection, and Egger’s tests confirmed symmetry by producing p values < 0.05 (Figure 3, Figure 4 and Figure 5).




3.2. Demographic and Clinical Characteristics of Patients in the TGM/CGM and Control Groups


The included studies had a total of 27,932 patients (11,720 participants were in the TGM/CGM groups, and 16,212 participants were in the control therapy groups) who were deemed to be at high risk for breakthrough and severe SARS-CoV-2 infection, as detailed in Table 1. Amongst these studies, all reported TGM/CGM combination use in adult patients (100%). The patients’ ages ranged from 19.7 years to 79.8 years across studies. There was a slightly higher male percentage in patients who received TGM/CGM as PrEP against COVID-19 (n = 5590/8903, 62.8%). Participants were immunocompromised (n = 18,611) [22,25,27,29,30,32,35,39,40,44], high-risk patients for severe COVID-19 (obesity (BMI ≥ 30), hypertension, smoking, diabetes, asthma, chronic heart or kidney or liver diseases, or receipt of immunosuppressive therapy) (n = 8621) [9,30,35,44], solid organ transplant recipients (kidney, liver, lung, and multiorgan) (n = 3111) [6,10,11,12,20,21,26,28,30,38,42,44], hematologic malignancy patients (n = 1320) [30,31,32,33,37,38,44], inborn error of immunity and immune-mediated inflammatory diseases patients (n = 445) [30,38,43], B-cell malignancy patients (n = 251) [41], autoimmune disease patients (n = 229) [25,32,38,44], multiple sclerosis patients (n = 45) [23,34,38], anti-neutrophil cytoplasmic antibody-associated vasculitis patients (n = 34) [36,39], or rheumatoid arthritis patients (n = 28) [22,39]. Most of the patients received an intramuscular TGM/CGM 150–150 mg dose (n = 10,503) [6,9,11,12,20,21,23,24,25,27,28,29,30,31,32,33,34,35,37,38,39,40,41,42,43], however, some participants received an intramuscular TGM/CGM 300–300 mg dose (n = 1198) [10,22,26,36,39,41,42,43,44], and only one individual received the 450–450 mg dose (n = 1) [10]. The median interquartile range (IQR) time from TGM/CGM administration to the first episode of symptomatic COVID-19 was 18 (9–32) days. Among the studies that included comparator groups to TGM/CGM [9,10,11,12,21,25,27,29,31,35,37,40], age, sex, comorbidities, and other baseline characteristics were generally balanced between both the TGM/CGM and control groups in all studies except for one study [21]. There was a tendency for a higher frequency of comorbidities in the control arms (however, this was not significant) [12,25,27,29]; furthermore, the number of doses of COVID-19 vaccine or/and proportion of patients who received CRM/IDM as a first-step protection and the proportion of patients with prior SARS-CoV-2 infection were not balanced [10,11,12,27,29,35,37].




3.3. TGM/CGM and Outcomes


Based on the findings of this study, TGM/CGM-based treatment was associated with a lower COVID-19-related hospitalization rate (0.54% vs. 1.2%, p = 0.27), lower ICU admission rate (0.6% vs. 5.2%, p = 0.68), lower mortality rate (0.2% vs. 1.2%, p = 0.67), higher neutralization of COVID-19 Omicron variant rate (12.9% vs. 6%, p = 0.60), lower proportion of patients who needed oxygen therapy (8% vs. 41.2%, p = 0.27), lower RT-PCR SARS-CoV-2 positivity rate (2.1% vs. 5.8%, p < 0.01), lower proportion of patients who had severe COVID-19 (0% vs. 0.5%, p = 0.79), lower proportion of patients who had symptomatic COVID-19 (1.8% vs. 6%, p = 0.22), and higher adverse effects rate (11.1% vs. 10.7%, p = 0.0066) than no treatment or other alternative treatment in the prevention of COVID-19. In summary, our findings indicate that TGM/CGM can be a potential therapeutic agent to prevent COVID-19 in patients at high risk for breakthrough and severe SARS-CoV-2 infection.




3.4. Clinical Outcomes


3.4.1. COVID-19-Related Hospitalization


In the pooled analysis of seven studies, the COVID-19-related hospitalization rate in the TGM/CGM-based treatment was lower than that of the control group (COVID-19-related hospitalization rate: 23/4253 (0.54%) vs. 169/13,961 (1.2%), RR = 0.23; 95% CI, 0.13 to 0.39; I2 = 20%, p = 0.27, Figure 6) [10,11,12,25,27,29,35,40].




3.4.2. ICU Admission


In the pooled analysis of three studies, ICU admission in the TGM/CGM-based treatment was lower than that of the control group (mortality rate: 5/760 (0.6%) vs. 14/267 (5.2%), RR = 0.14; 95% CI, 0.05 to 0.38; I2 = 0%, p = 0.68, Figure 7) [11,12,29].




3.4.3. Mortality


In the pooled analysis of eight studies, mortality rate in the TGM/CGM-based treatment was lower than that of the control group (mortality rate: 11/6813 (0.2%) vs. 152/12,676 (1.2%), RR = 0.27; 95% CI, 0.15 to 0.47; I2 = 0%, p = 0.67, Figure 8) [9,11,12,25,27,29,31,35].




3.4.4. Neutralization of COVID-19 Omicron Variant


In the pooled analysis of two studies, the rate of patients with neutralization of the COVID-19 Omicron variant in the TGM/CGM-based treatment was higher than that of the control group (rate of neutralization of COVID-19 Omicron variant: 16/124 (12.9%) vs. 6/100 (6%), RR = 2.25; 95% CI, 0.91 to 5.60; I2 = 0%, p = 0.60, Figure 9) [21,26].




3.4.5. Need for Oxygen Therapy


In the pooled analysis of two studies, the proportion of patients who needed oxygen therapy in the TGM/CGM-based treatment was lower than that of the control group (proportion of patients who needed oxygen therapy: 2/25 (8%) vs. 7/17 (41.2%), RR = 0.27; 95% CI, 0.05 to 1.34; I2 = 0%, p = 0.27, Figure 10) [25,29].




3.4.6. RT-PCR SARS-CoV-2 Positivity


In the pooled analysis of seven studies, the RT PCR SARS-CoV-2 positivity rate in the TGM/CGM-based treatment was significantly lower than that of the control group (RT PCR SARS-CoV-2 positivity rate: 160/7492 (2.1%) vs. 921/15,839 (5.8%), RR = 0.31; 95% CI, 0.19 to 0.51; I2 = 82%, p < 0.01, Figure 11) [9,10,11,25,27,31,35,37,40].




3.4.7. Severity of COVID-19


In the pooled analysis of two studies, the proportion of patients who experienced severe COVID-19 in the TGM/CGM-based treatment was lower than that of the control group (proportion of patients who experienced severe COVID-19: 0/3470 (0%) vs. 9/1744 (0.5%), RR = 0.06; 95% CI, 0.01 to 0.45; I2 = 0%, p = 0.79, Figure 12) [9,25].




3.4.8. Symptomatic COVID-19


In the pooled analysis of four studies, the proportion of patients who had symptomatic COVID-19 in the TGM/CGM-based treatment was lower than that of the control group (proportion of patients who had symptomatic COVID-19: 78/4220 (1.8%) vs. 121/2004 (6%), RR = 0.25; 95% CI, 0.18 to 0.35; I2 = 33%, p = 0.22, Figure 13) [9,11,12,29].





3.5. Safety and Tolerability


In the pooled analysis of four studies, the adverse effects rate in the TGM/CGM-based treatment was significantly higher than that of the control group (adverse effects rate: 1221/11,024 (11.1%) vs. 587/5502 (10.7%), RR = 1.05; 95% CI, 0.91 to 1.21; I2 = 33%, p = 0.0066, Figure 14) [9,10,11,25].





4. Discussion


This is the largest meta-analysis on the efficacy and safety of TGM/CGM as mAb combination in patients at high risk for breakthrough and severe SARS-CoV-2 infection. This study involving 27,932 participants from 23 cohort, 5 case series, 1 case report, and 1 randomized clinical trial studies found that the majority of the patients treated with TGM/CGM as PrEP against COVID-19 were adults (100%), men (62.8%), and were mainly immunocompromised (66.6%) or high-risk patients for severe COVID-19 (e.g., obesity (BMI ≥ 30), hypertension, smoking, diabetes, or asthma (30.9%)). Our meta-analysis showed that the use of the TGM/CGM-based mAb combination in patients at high risk for breakthrough and severe SARS-CoV-2 infection significantly lowered the RT-PCR SARS-CoV-2 positivity rate and was associated with higher adverse effects (p < 0.05). The overall rates of COVID-19-related hospitalization, ICU admission, mortality, neutralization of COVID-19 Omicron variant, need for oxygen therapy, and severe and symptomatic COVID-19 were in favor of TGM/CGM regimens compared to an active comparator, placebo, or no intervention for PrEP against COVID-19. The findings of this review should be interpreted carefully. We included 12 studies with small sample sizes which were conducted exclusively in two countries only (France and the United States) [6,20,22,23,24,25,26,28,29,31,33,39], an issue that may limit the generalizability of our findings. Nevertheless, the heterogeneity regarding the clinical outcomes among 4 out of these 12 studies when combined with the other included studies was small, which could limit the bias in this meta-analysis [25,26,29,31].



Monoclonal antibodies are considered potential nonvaccine drugs to provide rapid protection against COVID-19 regardless of the recipient’s immune system status [45,46]. The TGM/CGM mAb combination targeting the RBD of the SARS-CoV-2 spike protein is modified in the Fc regions to improve the half-life and decrease Fc effector functions [47]. If the results from this meta-analysis were confirmed in larger randomized trials, TGM/CGM would be an important preventive option against SARS-CoV-2. The injectable dosing, established safety profile, acceptable costs of production, and large-scale manufacture of TGM/CGM could allow rapid expansion to worldwide use in the prevention of COVID-19. However, the prophylactic efficacy of TGM/CGM is challenged by emerging immune-evasive SARS-CoV-2 variants [6,21,22,26,33,41,42], notably since the COVID-19 Omicron subvariants have emerged and become dominant worldwide with characteristics that allow them to evade PrEP from the mAb combination [48]. TGM/CGM is active against Omicron (B.1.1.529) lineage variants, but activity may be reduced depending on the sublineage (e.g., 12- to 30-fold decrease in susceptibility for BA.1 and 176-fold decrease for BA.1.1 [49], minimal change in susceptibility for BA.2 (5.4-fold decrease), and likely active (moderate reduction in susceptibility) for sublineages BA.4 and BA.5 [50,51]). With the relaxing of infection prevention and control measures across most countries, it is vital to protect patients at highest risk of serious COVID-19, whereas rates of Omicron subvariants’ infection are still high. Immunocompromised patients are fatigued themselves to keep socially isolating, physically distancing, and avoiding others. Therefore, the use of TGM/CGM in these susceptible individuals may be a valued strategy to provide better protection against serious consequences from COVID-19. We should emphasize the need for additional prevention measures in people at high risk for breakthrough or severe COVID-19, such as masking and completing immunization series, while SARS-CoV-2 transmission remains high in the community. PrEP-reduced effectiveness of TGM/CGM justified the FDA’s subsequent action to revise the TGM/CGM regimen and supports the necessity to give the TGM/CGM mAb combination at a dose higher than 150 mg/150 mg to ensure the neutralization of TGM/CGM against SARS-CoV-2 Omicron and its subvariants as variants of concern. However, there is a potential to intoxicate the patient, because high doses of TGM/CGM might have led to the very few reported cases of myocardial infarction, mild heart failure pericarditis, and mild/moderate cardia allograft rejection (n = 4) [9,10,42]. In a recent population-based propensity-matched cohort study, TGM/CGM use for PrEP against COVID-19 was not associated with increased risk of myocardial infarction, arrhythmias, or heart failure [52]. A causal relationship between TGM/CGM and these reported cardiovascular events has not been established. Risks and benefits before initiating TGM/CGM in individuals at high risk for cardiovascular events should be considered, and patients should be advised to seek immediate medical attention if they experience any signs or symptoms suggestive of a cardiovascular event. Hence, COVID-19 itself is strongly associated with arterial and venous complications [53,54,55,56], TGM/CGM can be hypothesized to lower the risk for myocardial infarction through the prevention of SARS-CoV-2 infection in select individuals at high risk of progression to severe COVID-19. Although evidence on the cost effectiveness of the use of TGM/CGM within its marketing authorization for preventing COVID-19 compared with the current standard of care is lacking, use of TGM/CGM mAbs in moderately to severely compromised patients as a PrEP may be cost effective by preventing severe outcomes and reducing hospitalization, thereby allowing patients a more rapid return to work. The use of TGM/CGM in suitable patients may improve quality of life by allowing patients to return to daily living activities with more confidence that include increased normal social interaction with others.



Currently, there is only one published meta-analysis that addressed the efficacy and safety of TGM/CGM as PrEP therapy in participants at high risk for breakthrough and severe SARS-CoV-2 infection [57]. Regarding the occurrence of adverse effects in patients who received TGM/CGM-based treatment, we report an overall similar adverse effects rate compared to the previous meta-analysis (RR: 1.05 vs. 1.00) [57]. However, we report a higher pooled effect size of COVID-19-related hospitalization (RR: 0.23 vs. 0.03) and symptomatic COVID-19 (RR: 0.25 vs. 0.18), but a lower pooled effect size of mortality (RR: 0.27 vs. 0.64) and RT-PCR SARS-CoV-2 positivity (RR: 0.31 vs. 0.45) compared to the previous meta-analysis [57]. Our meta-analysis is current and more comprehensive and included a total of 30 studies [6,9,10,11,12,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44] including a total of 27,932 participants whose details on final treatment outcome were available, in comparison to a smaller sample size in the previous meta-analysis (n = 5197) that was based on the outcomes evidence of a single study [9]. The inclusion of 28 recently published studies [6,10,11,12,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,37,38,39,40,41,42,43,44] contributed to the refinement on evidence of the demographic, laboratory, and clinical characteristics, in addition to final therapy outcomes and safety concerns in patients at high risk for breakthrough and severe SARS-CoV-2 infection treated with the preventive TGM/CGM.



In terms of safety, this study found greater adverse events reported in the TGM/CGM-based treatment versus control groups [9,10,11,25,39,41,42,43]. Most adverse events associated with TGM/CGM alone or in combination with other medicines were reported in solid organ recipients [10,28,42], and were typically gastrointestinal disorders (including nausea, vomiting, diarrhea, abdominal pain (n = 8)) [10,28,41]; nevertheless, a few serious adverse drug reactions such as mild heart failure, new atrial fibrillation requiring cardioversion, pericarditis, mild/moderate cardiac allograft rejection, or renal failure (n = 5) were also reported [9,10,42]. A few cases of myalgia (n = 6) and fatigue (n = 2) were also reported [28,39]. There have been no reported cases for serious or severe adverse effects attributed to the study medications or necessitating interruption of treatment.



Limitation of the Study


We acknowledge that our study was not without some limitations. First, all of the evidence discussed was based on many cohorts and a few case series studies which were small in sample size, and most were performed within single centers. Second, most studies included in this review were retrospective in design which could have introduced potential reporting bias due to reliance on clinical case records. Third, we included two non-peer-reviewed studies, and as such their effect on the final pooled treatment outcomes may be confounded. Fourth, the study population included adult patients only, and hence its results cannot be generalized to pediatric patients. Finally, the study was not registered in Prospero, an international prospective register of systematic reviews, as this might have added extra work and the merit was mostly limited to the avoidance of duplication.





5. Conclusions


For PrEP, there is a decrease in the development of COVID-19 related hospitalization, ICU admission, mortality, need for oxygen therapy, RT-PCR SARS-CoV-2 positivity, and severity and symptoms of COVID-19; however, there is a higher rate for all adverse effects with TGM/CGM. A higher rate of neutralization of COVID-19 Omicron subvariants was found with TGM/CGM use. TGM/CGM is active against Omicron (B.1.1.529) lineage variants but its activity may be reduced for BA.1, BA.1.,1 and BA.2, and likely maintains most of its activity against activity for sublineages BA.4 and BA.5. TGM/CGM higher than a 300 mg/300 mg dose may ensure more neutralization against SARS-CoV-2 Omicron and its subvariants in comparison to the TGM/CGM 150 mg/150 mg dose in immunocompromised patients; however, there is a higher potential to intoxicate the patient, particularly solid organ transplant recipients. More randomized control trials are warranted to confirm our findings and investigate the efficacy and safety of TGM/CGM to prevent COVID-19 in patients at risk for breakthrough or severe SARS-CoV-2 infection.
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Figure 1. A schematic representation shows how TGM/CGM can simultaneously bind to the non-overlapping regions of the RBD of SARS-CoV-2 spike protein to prevent the virus attachment to human host cells. Abbreviations: RBD, receptor-binding domain; TGM/CGM, tixagevimab and cilgavimab; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
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Figure 2. Preferred Reporting Items for Systematic reviews and Meta-Analysis (PRISMA) flow chart of the included studies. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TGM/CGM, tixagevimab/cilgavimab. 
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Figure 3. Funnel plot to evaluate publication bias for the pooled effect size to determine the rate of COVID-19-related hospitalization associated with TGM/CGM-based treatment in patients at high risk for breakthrough and severe SARS-CoV-2 infection. 
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Figure 4. Funnel plot to evaluate publication bias for the pooled effect size to determine the rate of mortality associated with TGM/CGM-based treatment in patients at high risk for breakthrough and severe SARS-CoV-2 infection. 
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Figure 5. Funnel plot to evaluate publication bias for the pooled effect size to determine the rate of RT-PCR positivity for SARS-CoV-2 associated with TGM/CGM-based treatment in patients at high risk for breakthrough and severe SARS-CoV-2 infection. 
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[image: Diseases 10 00118 g005]







[image: Diseases 10 00118 g006 550] 





Figure 6. Rate of COVID-19-related hospitalization (TGM/CGM vs. comparator). CI, confidence interval; RR, risk ratio; TGM/CGM, tixagevimab/cilgavimab. 
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Figure 7. Rate of ICU admission (TGM/CGM vs. comparator). CI, confidence interval; RR, risk ratio; TGM/CGM, tixagevimab/cilgavimab. 
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Figure 8. Rate of mortality (TGM/CGM vs. comparator). CI, confidence interval; RR, risk ratio; TGM/CGM, tixagevimab/cilgavimab. 
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Figure 9. Rate of neutralization of COVID-19 Omicron variant (TGM/CGM vs. comparator). CI, confidence interval; RR, risk ratio; TGM/CGM, tixagevimab/cilgavimab. 
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Figure 10. Proportion of patients who needed oxygen therapy (TGM/CGM vs. comparator). CI, confidence interval; RR, risk ratio; TGM/CGM, tixagevimab/cilgavimab. 






Figure 10. Proportion of patients who needed oxygen therapy (TGM/CGM vs. comparator). CI, confidence interval; RR, risk ratio; TGM/CGM, tixagevimab/cilgavimab.



[image: Diseases 10 00118 g010]







[image: Diseases 10 00118 g011 550] 





Figure 11. Rate of RT PCR SARS-CoV-2 positivity (TGM/CGM vs. comparator). CI, confidence interval; RR, risk ratio; TGM/CGM, tixagevimab/cilgavimab. 
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Figure 12. Proportion of patients who experienced severe COVID-19 (TGM/CGM vs. comparator). CI, confidence interval; RR, risk ratio; TGM/CGM, tixagevimab/cilgavimab. 
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Figure 13. Proportion of patients who had symptomatic COVID-19 (TGM/CGM vs. comparator). CI, confidence interval; RR, risk ratio; TGM/CGM, tixagevimab/cilgavimab. 
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Figure 14. Rate of adverse effects (TGM/CGM vs. comparator). CI, confidence interval; RR, risk ratio; TGM/CGM, tixagevimab/cilgavimab. 
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Table 1. Data extracted from included papers (n = 30).
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	Author, Year [Reference], Study Location
	Study Design and Setting
	Age (Year)
	Male, n (%)
	Population
	Intervention
	Control
	Time from

TGM/CGM Administration to First Episode of Symptomatic COVID-19 (Days)
	Outcome
	AEs in TGM/CGM and Control Arm
	Assessment of Study Risk of Bias (Tool Used; Finding)
	Remark





	Al Jurdi et al., 2022 [10], United States
	Retrospective cohort; multicenter
	Median (IQR), 65 (55–72)
	136 (61.3)
	SOTRs
	222 SOTRs received TGM/CGM (IM) TGM/CGM (IM) (150–150 mg dose) (n = 90), TGM/CGM (IM) (300–300 mg dose) (n = 131), and TGM/CGM (IM) (450–450 mg dose) (n = 1)
	222 SOTRs received placebo
	Median (IQR), 81 (15–97)
	RT-PCR positivity for SARS-CoV-2: positive PCR for SARS-CoV-2 was lower in the TGM/CGM group vs. placebo (11 vs. 32, p < 0.001). SARS-CoV-2 infection was higher in those who received the lower (150–150 mg) dose of TGM/CGM compared to those who received the higher dose of 300–300 mg (p = 0.025).

COVID-19-related hospitalization: percentage of patients admitted to hospital was lower among TGM/CGM group vs. placebo group (1 vs. 3, p > 0.05).

Mortality: 0 patients allocated to TGM/CGM and 3 patients allocated to placebo died (p > 0.05).
	AEs in the TGM/CGM group occurred in 9 SOTRs.

Most common AEs were nausea, vomiting, or diarrhea (n = 4), headache (n = 3), and abdominal pain (n = 2).

Two patients developed new lung infiltrates with negative infectious evaluation, thought to be pneumonitis.

One patient developed a mild heart failure exacerbation, and one developed new atrial fibrillation.
	NOS, 8
	Control group had similar characteristics to the TGM/CGM group.



	Al-Obaidi et al., 2022 [44], United States
	Retrospective cohort; single center
	Median (IQR), 68 (58–75)
	238 (51.4)
	ICHs
	463 ICH participants received TGM/CGM (IM) (300–300 mg dose)
	No comparator group
	Median (IQR), 48 (27.5–69)
	RT-PCR positivity for SARS-CoV-2: 6/98 developed COVID-19.

COVID-19-related hospitalization: 42/463 required hospitalization.

Mortality: 0 patients died attributed to COVID-19.
	No severe AEs were recorded for TGM/CGM in all patients.
	NOS, 8
	All patients meeting the criteria for therapy did not have a recent exposure or an acute COVID-19 infection.



	Aqeel et al., 2022 [36], United States
	Retrospective cohort; single center
	Mean (SD), 66 (15.5)
	Not reported
	AAV patients
	20 AVV participants received TGM/CGM (IM) (300–300 mg dose)
	No comparator group
	114, 57, and 125
	RT-PCR positivity for SARS-CoV-2: 3/20 developed COVID-19.

COVID-19-related hospitalization: 0 patients required hospitalization.

Severity of COVID-19: 3 cases were classified as mild disease.
	Not reported
	NOS, 6
	All patients received the COVID-19 vaccine.



	Benotmane et al., 2022 [20], France
	Retrospective cohort; multicenter
	Median (IQR), 60.1 (52.3–71.9)
	23/39 (59)
	KTRs
	416 SOTRs received TGM/CGM (IM) (150–150 mg dose)
	No comparator group
	Median (IQR), 20 (9.5–34.5)
	RT-PCR positivity for SARS-CoV-2: 39 patients developed COVID-19.

COVID-19-related hospitalization: 14 patients required hospitalization.

ICU admission: 3 patients were transferred to ICU.

Mortality: 2 patients died of COVID-19-related ARDS.
	Not reported
	NOS, 6
	Patients who had already received the CRM-IDM combination were not excluded (n = 25).



	Benotmane et al., 2022 [21], France
	Retrospective cohort; multicenter
	Not reported
	Not reported
	KTRs
	63 KTRs received TGM/CGM (IM) (150–150 mg dose)
	39 KTRs received CRM/IDM (IV) (600–600 mg dose)

and

14 KTRs were infected with SARS-CoV-2
	Median (IQR), 29 (29–33)
	Neutralization of COVID-19 Omicron variant: 6/63 (TGM/CGM), 1/39 (CRM/IDM), and 10/14 (patients who were infected with COVID-19) were able to neutralize Omicron.
	Not reported
	NOS, 6
	High interindividual variability in the formed neutralizing antibodies was observed in the TGM/CGM group, which was explained largely by the patients’ BMI.



	Benotmane et al., 2022 [6], France
	Retrospective cohort; single center
	Median (IQR), 55.5 (50–67.8)
	53 (54)
	KTRs
	98 KTRs received TGM/CGM (IM) (150–150 mg dose)
	Same KTR patients before receiving TGM/CGM (at baseline)
	Not reported
	Neutralization of COVID-19 Omicron variant: neutralizing activity decreased from 2.7 log10 to 2.4 log10 between 1 month and month 4–5 following TGM/CGM injection, p = 0.007.
	Not reported
	NOS, 7
	Seventy-two patients had been previously treated with the CRM/IDM combination before the emergence of the Omicron variant.



	Bertrand et al., 2022 [11], France
	Retrospective cohort; single center
	Mean (SD), 60.2 (14.2)
	254 (61.6)
	KTRs
	412 KTRs received TGM/CGM (IM) (150–150 mg dose)
	62 KTRs received CRM/IDM (IV) (600–600 mg dose)

and

98 KTRs received no mAbs
	Not reported
	RT-PCR positivity for SARS-CoV-2: positive PCR for SARS-CoV-2 was lower in the TGM/CGM group vs. CRM/IDM and no mAbs group (28 vs. 56, p < 0.001).

Symptomatic COVID-19: 22 developed symptomatic COVID-19 in the TGM/CGM group compared to 43 among those who received CRM/IDM or no mAbs (p < 0.001).

COVID-19-related hospitalization: percentage of patients admitted to hospital was lower among TGM/CGM group vs. CRM/IDM or no mAbs group (6 vs. 15, p < 0.001).

ICU admission: lower number of patients in the TGM/CGM group required ICU admission compared to patients in the CRM/IDM or no mAbs group

(2 vs. 6, p = 0.0009).

Mortality: 0 patients allocated to TGM/CGM and 5 patients allocated to CRM/IDM or no mAbs died, p = 0.0026.
	No severe AEs were recorded for TGM/CGM in all patients.
	NOS, 7
	Most patients received CRM/IDM as a 1st step protection (n = 267).



	Bruel et al., 2022 [22], France
	Prospective cohort; multicenter
	Median (IQR), 61 (31–92)
	15 (52)
	Immunocompromised patients (RA, kidney graft, vasculitis, polychondritis, and SLE)
	29 immunocompromised patients received TGM/CGM (IM) (300–300 mg dose)
	No comparator group
	Median (IQR), 18 (12.7–22.5)
	RT-PCR positivity for SARS-CoV-2: 4 patients developed COVID-19 (all cases were Omicron).

Severity of COVID-19: 3 cases were classified as mild disease, whereas 1 case was classified as severe.

COVID-19-related hospitalization: 1 patient required hospitalization.
	Not reported
	NOS, 7
	Most patients (n = 18) were previously treated with CRM/IDM before TGM/CGM administration.



	Calabrese et al., 2022 [43], United States
	Retrospective cohort; multicenter
	Median, 64
	4 (33.3)
	IMIDs or IEI patients
	412 IMIDs or IEI patients received TGM/CGM (IM) (150–150 mg dose) (n = 6), TGM/CGM (IM) (300–300 mg dose) (n = 6), and TGM/CGM (IM) dose was not reported (n = 400)
	No comparator group
	Median (IQR), 19 (13–84) after TGM/

CGM (IM) (150–150 mg dose)

and

Median (IQR), 38.5 (19–72) after TGM/

CGM (IM) (300–300 mg dose)
	RT-PCR positivity for SARS-CoV-2: 12/412 IMIDs and IEI patients developed COVID-19.

Severity of COVID-19: eleven patients who developed COVID-19 following TGM/CGM combination were classified as mild and recovered at home.

COVID-19-related hospitalization: 1/12 IMID or IEI patients required hospitalization.

Mortality: 0 IMID or IEI patients died attributed to COVID-19.
	One possible serious AE in a patient with COVID-19 with ITP.
	NOS, 8
	All cases who developed a breakthrough SARS-CoV-2 infection had been vaccinated against COVID-19.



	Cochran et al., 2022 [42], United States
	Retrospective cohort; single center
	Not reported
	Not reported
	SOTRs
	205 SOTR patients received TGM/CGM (IM) (150–150 mg dose (n = 14) or 300–300 mg dose (n = 191))
	No comparator group
	Not reported
	RT-PCR positivity for SARS-CoV-2: percentage of patients with positive SARS-CoV-2 PCR was higher in the TGM/CGM group who received the lower (150–150 mg) dose of TGM/CGM compared to those who received the higher dose of 300–300 mg (4/14 vs. 12/156).

COVID-19-related hospitalization: 1/14 in the lower (150–150 mg) dose of TGM/CGM group compared to 2/156 in the higher (300–300 mg) dose of TGM/CGM required hospitalization.

Mortality: 1/14 in the lower (150–150 mg) dose of TGM/CGM group compared to 1/156 in the higher (300–300 mg) dose of TGM/CGM died due to COVID-19.
	5/205 developed cardiac events due to TGM/CGM combination: one event was an atrial fibrillation and other events were pericarditis, recurrent atrial flutter, mild/moderate cardiac allograft rejection, and complete heart block in a patient with history of LBBB.
	NOS, 8
	SOTRs received TGM/CGM during the period corresponding to the peak of the BA.2 and BA.5 (Omicron) wave in their region.



	Conte et al., 2022 [23], United States
	Retrospective cohort; single center
	Median (IQR), 50 (27–72)
	8 (44.4)
	MS patients treated with OCR/OFA
	18 MS patients received TGM/CGM (IM) (150–150 mg dose)
	Same MS patients before receiving TGM/CGM (at baseline)
	Mean, 14
	Antibody level: all patients had antibody level >250 U/mL. At baseline there were 12 patients lower than 0.8 U/mL and 6 higher than the threshold. After TGM/CGM, all 18 subjects were above the threshold (p < 0.001).
	Not reported
	NOS, 6
	Study was completed prior to the FDA’s update to 300 mg each of TGM/CGM.



	Davis et al., 2022 [41], United States
	Retrospective cohort; single center
	Median (IQR), 66 (18–91)
	149 (59)
	B-cell malignancies patients [CLL, DLBCL and MM]
	251 B-cell malignancy patients received TGM/CGM (IM) (150–150 mg dose (n = 14) or 300–300 mg dose (n = 237))
	No comparator group
	Median (IQR), 91 (3–162)
	RT-PCR positivity for SARS-CoV-2: 27/251 developed COVID-19.

COVID-19-related hospitalization: 4/27 had severe COVID-19 and required hospitalization.

Mortality: 0 patients allocated to TGM/CGM combination died.
	Two patients experienced diarrhea and rash. One patient with a history of epilepsy experienced a self-resolving seizure.
	NOS, 8
	Twenty-three infections occurred when Omicron variant BA.5 was dominant among the local population.



	Fourati et al., 2022 [24], France
	Retrospective case reports; single center
	59 and 69
	1 (33.3)
	HSCTRs
	3 HSCTR patients received TGM/CGM (IM) (150–150 mg dose)
	No comparator group
	9 and 11
	RT-PCR positivity for SARS-CoV-2: 2/3 developed COVID-19 (both cases were Omicron).

Symptomatic COVID-19: 2/3 developed symptomatic COVID-19 in the TGM/CGM group.

Severity of COVID-19: 2/3 who developed COVID-19 following TGM/CGM combination were classified as mild.

COVID-19-related hospitalization: 2/3 required hospitalization.
	Not reported
	Modified NOS, moderate
	Patients had a medical history of AML.



	Goulenok et al., 2022 [25], France
	Retrospective case-series; single center
	Median (IQR), 52 (19–75)
	4 (40)
	IMIDs patients (AIDs and systemic vasculitis)
	10 severely immunocompromised patients received TGM/CGM (IM) (150–150 mg dose)
	7 severely immunocompromised patients received no mAbs
	21
	RT-PCR positivity for SARS-CoV-2: positive PCR for SARS-CoV-2 was lower in the TGM/CGM group vs. no mAbs group (1 (Omicron, n = 1) vs. 7 (Omicron, n = 6 and Delta, n = 1)).

Severity of COVID-19: severity of SARS-CoV-2 infection was lower in the TGM/CGM group compared to no mAbs group (0 vs. 4).

COVID-19-related hospitalization: hospital admission was lower among TGM/CGM group vs. no mAbs group (0 vs. 5).

Need for oxygen therapy: oxygen therapy requirement was lower among TGM/CGM group vs. no mAbs group (0 vs. 4).

Mortality: 0 patients allocated to TGM/CGM and 1 patient allocated to no mAbs died.
	No severe AEs were recorded for TGM/CGM in all patients.
	Modified NOS, high
	The sample size was small, and the study was conducted at a single center.



	Kaminski et al., 2022 [12], France
	Retrospective cohort; single center
	Mean (SD), 60 (14.4)
	204 (61.2)
	KTRs
	333 KTRs received TGM/CGM (IM) (150–150 mg dose)
	97 KTRs received placebo
	Not reported
	Symptomatic COVID-19: 41 developed symptomatic COVID-19 in the TGM/CGM group compared to 42 among those who received placebo (HR 0.011 [CI 95% 0.063–0.198]; p < 0.001).

COVID-19-related hospitalization: hospital admission was lower among TGM/CGM group vs. placebo group (4 vs. 11, HR 0.046 [CI 95% 0.013–0.158]; p < 0.001).

ICU admission: ICU admission in the TGM/CGM group was lower compared to patients in the placebo group

(2 vs. 6,

HR 0.045 [CI 95% 0.008–0.240]; p < 0.001).

Mortality: 1 patient allocated to TGM/CGM and 2 patients allocated to placebo died [HR 0.076 (CI 95% 0.005–1.161); p = 0.066].
	Not reported
	NOS, 7
	KTRs received TGM/CGM during the period corresponding to the peak of the Omicron wave in their region.

Some patients (TGM/CGM group: n = 137 and placebo group: n = 43) were previously treated with CRM-IDM.



	Karaba et al., 2022 [26], United States
	Prospective cohort; single center
	62.5 (57.7–68.5)
	25 (41)
	SOTRs (KTRs, HTRs, and LTRs)
	61 SOTRs received: TGM/CGM (IM) (300–300 mg dose)
	Same SOTRs patients before receiving TGM/CGM (at baseline)
	Not reported
	Neutralization of COVID-19 Omicron variant: proportion of patients who received TGM/CGM exhibited higher neutralizing inhibition against the Omicron compared to the pre-TGM/CGM patients’ group (10/61 vs. 5/61, p = 0.06).
	Reported reactions were mild or moderate and were more frequent after 300–300 mg dosing vs. 150–150 mg dosing.
	NOS, 6
	Patients received SARS-CoV-2 vaccines before receiving TGM/CGM as a 1st step protection.



	Kertes et al., 2022 [27], Israel
	Retrospective cohort; multicenter
	TGM/CGM group: 40–59 (29.9%), 60–69 (28.6%), and 70–79 (30.5)
	512 (62.1)
	Immunocompromised patients
	825 immunocompromised patients received TGM/CGM (IM) (150–150 mg dose)
	4299 immunocompromised patients received no treatment
	Not reported
	RT-PCR positivity for SARS-CoV-2: positive PCR for SARS-CoV-2 was lower in the TGM/CGM group vs. the non-TGM/CGM group (29 vs. 308, p < 0.001, (OR: 0.51, 95% CI: 0.30–0.84)).

COVID-19-related hospitalization: percentage of patients admitted to hospital was lower among TGM/CGM group vs. the non-TGM/CGM group (1 vs. 27, p = 0.07; (OR: 0.08, 95% CI: 0.01–0.54)).

Mortality: 0 patients allocated to TGM/CGM and 40 patients allocated to the non-TGM/CGM died, p = 0.005.
	Not reported
	NOS, 6
	TGM/CGM group was more likely to have CVD, diabetes, HTN and CKD, and more likely to have been vaccinated against COVID-19 than those who never received TGM/CGM.



	Kleiboeker et al., 2022 [28], United States
	Retrospective case-series, single center
	Median (IQR), 54 (52–54)
	2 (66.7)
	LTRs
	77 LTRs received: TGM/CGM (IM) (150–150 mg dose)
	No comparator group
	1, 0, and 29
	Not reported
	In the TGM/CGM group, patients had myalgia (n = 3), arthralgia (n = 2), fatigue (n = 2), nausea and vomiting (n = 1), diarrhea (n = 1), intermittent fevers (n = 1), chills (n = 1), and malaise (n = 1).
	Modified NOS, high
	In the same cohort, 139 kidney and 101 liver transplant recipients received TGM/CGM without any reports of myalgia.



	Lafont et al., 2022 [29], France
	Retrospective case-series; single center
	Median (IQR), 56 (44–63)
	8 (53)
	Immunocompromised patients
	15 immunocompromised patients received TGM/CGM (IM) (150–150 mg dose)
	10 immunocompromised patients received no treatment
	Not reported
	Asymptomatic COVID-19: 2 developed asymptomatic COVID-19 in the TGM/CGM group compared to 2 among those who received no treatment.

Symptomatic COVID-19: 4 and 4 developed fever and dyspnea in the TGM/CGM group compared to 5 and 3 in the no treatment group; however, cough prevalence was the same in both groups (6 vs. 9).

Need for oxygen therapy: lower number required oxygen in the TGM/CGM group compared to the no treatment group (2 vs. 3).

COVID-19-related hospitalization: percentage of patients admitted to hospital was lower among TGM/CGM group vs. no treatment group (3 vs. 3).

ICU admission: lower number of patients in the TGM/CGM group required ICU admission compared to patients in the no treatment group

(1 vs. 2).

Mortality: 0 patients allocated to TGM/CGM and 2 patients allocated to no treatment died.
	Not reported
	Modified NOS, high
	Most patients in the TGM/CGM group received at least 3 doses of SARS-CoV-2 vaccines or CRM/IDM.



	Levin et al., 2022 [9], Multicounty
	Randomized double-blind controlled trial; multicenter
	Mean (SD), 53.6 (15)
	1865 (53.9)
	Immunocompromised patients
	3460 patients received TGM/CGM (IM) (150–150 mg dose)
	1737 patients received placebo (IM) 1.5 mL injections consecutively
	Not reported
	RT-PCR positivity for SARS-CoV-2: positive PCR for SARS-CoV-2 was lower in the TGM/CGM group vs. placebo (8/3441 vs. 17/1731, RRR (95% CI) = 76.7 (46 to 90); p < 0.001).

Severity of COVID-19: number of patients with severe or critical COVID-19 illness was lower in the TGM/CGM group vs. placebo (0/3441 vs. 5/1731).

Mortality: 0 patients allocated to TGM/CGM and 2 patients allocated to placebo treatment died.

Symptomatic COVID-19: 11 developed symptomatic COVID-19 in the TGM/CGM group compared to 31 among those who received placebo.
	Most AEs were mild (761 vs. 369) or moderate (387 vs. 191) in intensity.

Incidence of serious AEs was similar in the two groups (64 vs. 27).

Most common AE was injection site reaction: n = 82 in the TGM/CGM group compared to n = 36 in the placebo group.
	RoB 2, low risk of bias
	SARS-CoV-2 variants: in the TGM/CGM group, 1 participant was infected with a SARS-CoV-2 B.1.351 (beta) variant, while 10 participants in the placebo group (5 participants with B.1.1.7_1 (an alpha subvariant) and 5 participants with B.1.617.2 (Delta)).



	Najjar-Debbiny et al., 2022 [40], Israel
	Retrospective cohort; multicenter
	Mean (SD), 66.2 (13.7)
	402 (57.2)
	Immunocompromised patients
	703 immunocompromised patients received TGM/CGM (IM) (150–150 mg dose)
	2812 immunocompromised patients received no TGM/CGM
	Not reported
	RT-PCR positivity for SARS-CoV-2: positive PCR for SARS-CoV-2 was lower in the TGM/CGM group vs. the non-TGM/CGM group (72 vs. 377, HR 0.75 [CI 95% 0.58–0.96]; p = 0.02).

COVID-19-related hospitalization: percentage of patients who needed hospitalization due to COVID-19 was lower in the TGM/CGM group vs. the non-TGM/CGM group (7 vs. 67, HR 0.41 (CI 95% 0.19–0.89); p = 0.045).
	Not reported
	NOS, 8
	Patients in the TGM/CGM group were matched by propensity score to patients in the non-TGM/CGM group (controls) in a 1:4 ratio.



	Nguyen et al., 2022 [30], France
	Retrospective cohort; multicenter
	Mean (SD), 58.9 (20.7)
	Not reported
	Immunocompromised patients (SOTRs, hematologic malignancies, immunosuppressants, or IEI)
	1112 immunocompromised patients received TGM/CGM (IM) (150–150 mg dose)
	No comparator group
	Median (IQR), 21 (13–36)
	RT-PCR positivity for SARS-CoV-2: 49 patients had confirmed infection (29/49 patients were Omicron).

Severity of COVID-19: 43/49 cases were classified as mild disease, whereas 6/49 cases were classified as moderate to severe.

COVID-19-related hospitalization: 10/49 patients required hospitalization.

Need for oxygen therapy: 6/49 patients required oxygen therapy.

Non-invasive ventilation: 2/49 patients required non-invasive ventilation.

Mortality: 2/49 patients died.
	Not reported
	NOS, 7
	Patients with confirmed SARS-CoV-2 infection < 5 days following TGM/CGM administration were excluded from the analyses.



	Ocon et al., 2022 [39], United States
	Retrospective cohort; single center
	Mean (SD), 59 (15)
	13 (30.2)
	SARD patients (RA, AAV, other vasculitis, immune-mediated myositis, Sjögren disease, and SLE)
	43 SARD patients received TGM/CGM (IM) (150–150 mg dose (n = 5) or 300–300 mg dose (n = 38))
	No comparator group
	Not reported
	RT-PCR positivity for SARS-CoV-2: 1/43 patients developed COVID-19.

COVID-19-related hospitalization: 0 SARD patients required hospitalization.
	Reported AEs included myalgia (n = 3), flu-like symptoms (n = 2), fever (n = 2), injection site pain (n = 1), and/or headache (n = 1).
	NOS, 8
	Thirty-five SARD patients had received SARS-CoV-2 vaccinations before receiving TGM/GM.



	Ollila et al., 2022 [31], United States
	Retrospective cohort; single center
	Not reported
	Not reported
	Hematologic malignancy patients
	25 hematologic malignancy patients received TGM/CGM (IM) (150–150 mg dose)
	12 hematologic malignancies patients received no treatment
	Not reported
	RT-PCR positivity for SARS-CoV-2: positive PCR for SARS-CoV-2 was lower in the TGM/CGM group vs. the non-TGM/CGM group (0 vs. 3, p = 0.007).

Mortality: 0 patients allocated to TGM/CGM and 1 patient allocated to no treatment died.
	Not reported
	NOS, 6
	Hematologic malignancy patients included any type of lymphoid, myeloid, or plasma cell malignancy.



	Ordaya et al., 2022 [32], United States
	Retrospective case-series; single center
	Median (IQR), 57 (28.7–71.5)
	2 (25)
	Immunocompromised patients (hematological malignancies, AIDs, SOTRs, HSCTRs, and other immunocompromising conditions)
	674 immunocompromised patients received TGM/CGM (IM) (150–150 mg dose)
	No comparator group
	Median (IQR), 2.5 (1–7)
	RT-PCR positivity for SARS-CoV-2: 8 patients developed COVID-19 (one case was Omicron).

Severity and asymptomatic COVID-19: 6 cases were classified as mild disease, whereas 2 cases were classified as asymptomatic.

Mortality: none of the 8 patients who developed COVID-19 following TGM/CGM combination died.

Need for oxygen therapy: 1/8 patients required oxygen therapy.

COVID-19-related hospitalization: 2/8 patients required hospitalization.
	Not reported
	Modified NOS, high
	Seven patients had received COVID-19 vaccines.



	Stuver et al., 2022 [33], United States
	Prospective cohort; single center
	Median (IQR), 62 (35–89)
	Not reported
	Hematologic malignancy patients
	52 hematologic malignancy patients received TGM/CGM (IM) (150–150 mg dose (n = 30) or 300–300 mg dose (n = 22))
	No comparator group
	8 and 30
	Neutralization of COVID-19 Omicron variant: plasma from 10/22 patients who received TGM/CGM 300 mg dose achieved significantly higher neutralization of Omicron-RBD (p = 0.003) compared to single TGM/CGM 150 mg dose patients.

RT-PCR positivity for SARS-CoV-2: 2 patients developed COVID-19 (both had received a single TGM/CGM 150 mg dose).

Mortality: neither of the 2 patients who developed COVID-19 following TGM/CGM combination died.

COVID-19-related hospitalization: neither of the 2 patients who developed COVID-19 following TGM/CGM combination required hospitalization.

Severity of COVID-19: both patients who developed COVID-19 following TGM/CGM combination were classified as symptomatic.
	Not reported
	NOS, 7
	Most common diagnosis was non-Hodgkin lymphoma. Nearly one-half were HSCTRs or received prior chimeric antigen receptor T cell therapy.



	Totschnig et al., 2022 [38], Austria
	Prospective cohort; single center
	Mean (SD), 59.6 (15.1)
	53 (59.5)
	Immunocompromised patients (hematologic malignancy, AIDs, MS, IEIs, and SOTRs)
	89 immunocompromised patients received TGM/CGM (IM) (150–150 mg dose)
	No comparator group
	Median, 40
	Antibody level: median antibody values 1 and 3 months after TGM/CGM were 3965 (p < 0.0001) and 1647 (p = 0.0007) binding antibody units/mL, respectively.

RT-PCR positivity for SARS-CoV-2: 2/13 patients developed COVID-19.

COVID-19-related hospitalization: 1/13 patients required hospitalization.

Need for oxygen therapy: 0 patients required oxygen therapy.
	Not reported
	NOS, 8
	Patients had been vaccinated against SARS-CoV-2 with a mean dose frequency of 3.7 times, mostly with mRNA vaccines.



	Woopen et al., 2022 [34], Germany
	Retrospective case-series; single center
	Median (IQR), 58.5 (48.5–64.2)
	4 (66.7)
	MS patients
	6 MS patients received TGM/CGM (IM) (150–150 mg dose)
	No comparator group
	No case developed COVID-19
	RT-PCR positivity for SARS-CoV-2: 0/6 patients developed COVID-19
	No severe AEs were recorded for TGM/CGM in all patients.
	Modified NOS, high
	Six MS patients had received SARS-CoV-2 vaccines before start of TGM/CGM.



	Young-Xu et al., 2022 [35], United States
	Retrospective cohort; multicenter
	Mean (SD), 67.4 (11)
	1579 (91)
	Immunocompromised patients (cancer, immunosuppressants, immunocompromised, and renal disease)
	1733 immunocompromised patients received TGM/CGM (IM) (150–150 mg dose)
	6354 immunocompromised patients received placebo
	Not reported
	RT-PCR positivity for SARS-CoV-2: positive PCR for SARS-CoV-2 was lower in the TGM/CGM group vs. placebo (6 vs. 69, (HR 0.34; 95% CI, 0.13–0.87)).

COVID-19-related hospitalization: percentage of patients admitted to hospital was lower among TGM/CGM group vs. placebo group (1 vs. 38, (HR 0.13; 95% CI, 0.02–0.99)).

Mortality: 10 patients allocated to TGM/CGM and 99 patients allocated to placebo died (HR 0.36; 95%CI, 0.18–0.73).
	Not reported
	NOS, 8
	A small proportion of patients who received TGM/CGM were not immunocompromised.



	Zerbit et al., 2022 [37], France
	Prospective cohort; single center
	Median (IQR), 71 (63–78)
	36/57 (63)
	Hematologic malignancy patients
	102 hematologic malignancy patients received TGM/CGM (IM) (150–150 mg dose)
	236 hematologic malignancy patients received no TGM/CGM
	Not reported
	RT-PCR positivity for SARS-CoV-2: positive PCR for SARS-CoV-2 was lower in the TGM/CGM group vs. the non-TGM/CGM group (5/102 vs. 52/236, p < 0.05).
	Not reported
	NOS, 8
	Proportion of COVID-19 patients who were hospitalized was not different between those who received TGM/CGM or not.







Abbreviations: AEs, adverse events; AIDs, autoimmune diseases; AML, acute myeloid leukemia; ARDS, acute respiratory distress syndrome; AAV, anti-neutrophil cytoplasmic antibody-associated vasculitis; BMI, body mass index; CRM/IDM, casirivimab/imdevimab; CI, confidence interval; CKD, chronic kidney disease; CLL, chronic lymphocytic leukemia; COVID-19, coronavirus disease 2019; CVD, cardiovascular disease; DLBCL, diffuse large B-cell lymphoma; FDA, Food and Drug Administration; HIV, human immunodeficiency virus; HSCTRs, hematopoietic stem cell transplant recipients; HTN, hypertension; HTRs, heart transplant recipients; ICHs, immunocompromised hosts; ICU, intensive care unit; IEI, inborn errors of immunity; IM, intramuscular; IMIDs, immune-mediated inflammatory diseases; IQR, interquartile range; IMV, invasive mechanical ventilation; ITP, immune-mediated thrombocytopenia; IV, intravenous; KTRs, kidney transplant recipients; LBBB, left bundle branch block; LTRs, liver transplant recipients; mAbs, monoclonal antibodies; MM, multiple myeloma; mRNA, messenger ribonucleic acid; MS, multiple sclerosis; NOS, Newcastle–Ottawa Scale; OCR/OFA, ocrelizumab and ofatumumab; PrEP, pre-exposure prophylaxis; RA, rheumatoid arthritis; RBD, receptor-binding domain; RoB 2, Version 2 of the Cochrane risk-of-bias tool for randomized trials; RRI, relative risk increase; RRR, relative risk reduction; RT-PCR, real-time reverse transcription-polymerase chain reaction; SARD, systemic autoimmune rheumatic disease; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SD, standard deviation; SLE, systemic lupus erythematosus; SOTRs, solid organ transplant recipients; TGM/CGM, tixagevimab/cilgavimab.
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