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Abstract (215 words) – target 200
This systematic review evaluates the efficacy and safety of biologicals for chronic rhinosinusitis with nasal polyps (CRSwNP) compared to the standard of care.
Pubmed, EMBASE and Cochrane Library were searched for RCTs. Critical and important CRSwNP-related outcomes were considered. The risk of bias and the certainty of the evidence were assessed using GRADE. RCTs evaluated (dupilumab-2, omalizumab-4, mepolizumab-2, reslizumab-1) included 1236 adults, with follow-up 20-64 weeks. 
Dupilumab reduces the need for surgery (NFS) and oral corticosteroid (OCS) use (RR 0.28; 95%CI 0.20-0.39, moderate certainty) and improves with high certainty smell (mean difference (MD) +10.54; 95%CI +9.24 to +11.84) and quality of life (QoL) (MD -19.14; 95%CI -22.80 to -15.47), with fewer treatment-related adverse events (TAEs) (RR 0.95; 95%CI 0.89-1.02, moderate certainty). Omalizumab reduces NFS (RR 0.85; 95%CI 0.78 to 0.92, high certainty), decreases OCS use (RR 0.38; 95%CI 0.10-1.38, moderate certainty), improves with high certainty smell (MD +3.84; 95%CI +3.64 to +4.04) and QoL (MD -15.65; 95%CI -16.16 to -15.13), with increased TAE (RR 1.73; 95%CI 0.60-5.03, moderate certainty). There is low certainty for mepolizumab reducing NFS (RR 0.78; 95%CI 0.64 to 0.94) and improving QoL (MD -13.3; 95% CI -23.93 to -2.67) and smell (MD +0.7; 95%CI -0.48 to +1.88), with increased TAEs (RR 1.64; 95%CI 0.41-6.50). The evidence for reslizumab is very uncertain. 




Introduction

Chronic rhinosinusitis (CRS) is an inflammatory disease of the paranasal sinuses, occurring in up to 12% of the adult population, with significant direct medical costs and severe impact on lower airway disease and general health outcomes (1,2). It is a frequent co-morbidity of patients with severe asthma (3). The diagnosis of CRS is based on clinical signs, nasal endoscopy and CT scanning (1,4). Based on the presence of nasal polyps (NP) CRS is divided into CRS with nasal polyps (CRSwNP) and CRS without nasal polyps (CRSsNP). Patients with CRSwNP generally have a high symptom burden and poor health-related quality of life (QoL), often requiring recurrent oral corticosteroid (OCS) use and repeated sinus surgery (1,5).

CRSwNP is a multifactorial disease, with several overlapping pathomechanisms (6). According to current knowledge, there is solid evidence suggesting that CRS is primarily a chronic inflammatory disease than an infectious one. Both innate and adaptive immunity contribute to the heterogeneous inflammatory pathogenesis of CRS, which is driven by genetic and environmental factors and the microbiome (6, 7,8). Mucus abnormalities and the epithelial barrier defects contribute as well (9,10,11,12,13). Current technological advances, mostly in relation to precision immunology permitting more detailed pathophysiological assessments, together with unbiased mathematical models supporting multidimensional approaches in airways diseases have allowed the description of several disease endotypes (14). Central to this approach are new biomarkers that are being evaluated in relation to the visible properties of CRS (15). Patients with CRS can be classified into three endotypes based on the presence of type 1, type 2, or type 3 inflammation (16). CRS endotypes can be influenced by age and geographic location (14,16). The majority of patients with CRSwNP show a type 2 (T2) inflammatory signature. However, several T2 subendotypes can be described (14,16). For example, a severe neutrophilic inflammation has been reported associated with severe eosinophilic T2 inflammatory CRSwNP (17).

CRSwNP treatment is directed at enhancing mucociliary clearance, improving sinus drainage/outflow, eradicating local infection and inflammation, and improving access for topical medications (1,4,18). First-line treatment is nasal saline irrigation and intranasal corticosteroid sprays. There may be a role for antibiotics in patients with evidence of an active, superimposed acute sinus infection. Long-term use of macrolides is currently being explored based on their immunomodulatory properties (19). If medical management fails, endoscopic sinus surgery may be effective (20,21).  OCS are often used to control disease flares. Treatment success depends on the clarification of the underlying pathogenesis, disease-contributing factors and treatable traits. The exploration of disease endotypes and the introduction of novel agents are important advancements. T2-targeting biologicals such as anti-immunoglobulin (Ig) E, anti-interleukin (IL) 4Rα, anti-IL5, and anti-IL5Rα were investigated in phase 3 clinical trials. Dupilumab, anti-IL4Rα monoclonal antibody (Mab) and omalizumab, anti IgE Mab, have already entered the market for selected pheno/endotypes of CRSwNP patients, following European Medical Agency (EMA) and Food and Drug Administration (FDA) approval (22,23). The advent of biological agents acting directly to the endotype underlying CRSwNP pushes the scientific community to integrate clinical, surgical and immunological evaluations for each single patient. Treatable traits can serve as outcomes to evaluate the efficacy of the targeted intervention (24,25). However, due to the high cost of molecular diagnosis and biological treatment the endotype-driven treatment as part of a personalised approach in CRS is currently positioned at the tertiary level of care (26,27). 

The European Academy of Allergy and Clinical Immunology (EAACI) is developing clinical practice guidelines for the use of biologicals in patients with CRSwNP. To inform key clinical recommendations, a systematic review (SR) evaluated the effectiveness and safety of currently available biologicals for patients with uncontrolled CRSwNP.

Methods
Guidelines Development Group
The EAACI Chronic Rhinosinusitis with Nasal Polyps Voting Panel and Steering Committee included clinicians and researchers with different backgrounds (the complete list of experts is available on the EAACI website), who voluntarily participate in the development of the EAACI biologicals guideline. They are referred to as the Guidelines Development Group (GDG).

Structured question and outcome prioritisation
The GDG framed the clinical question as “Is the treatment with a biological (ie dupilumab, omalizumab, mepolizumab, reslizumab, and benralizumab) efficacious and safe for patients with uncontrolled CRSwNP?” (Table 1). For the purpose of this SR the population of interest was defined as patients aged 12 years or older with NPs (diagnosed by CT and/or endoscopy) and chronic symptoms of sinusitis persistent under treatment with intranasal corticosteroids. Outcomes were prioritized by the GDG group using a 1 to 9 scale (7 to 9 critical; 4 to 6 important; 1 to 3 of limited importance), according to the GRADE approach (28). The critical outcomes were: recurrence of NPs, need for surgery or for OCS, and safety. Only treatment related adverse events (TAE) and treatment related severe adverse events (AEs) were considered for the SR. The important outcomes were rescue medication use, topical steroid use, resource utilisation, QoL (assessed as change of the sino-nasal outcome test (SNOT-22)), and smell (assessed with University of Pennsylvania Smell Identification Test (UPSIT)) (Table 1).
The GDG also framed a cost-effectiveness question to assess the economic impact of using biological versus standard of care for patients with uncontrolled CRSwNP. The selected outcomes of interest were costs, resource use, and the incremental cost-effectiveness ratios (ICERs) per quality adjusted life-years (QALY).

Data source and search methodology 
Electronic algorithms in combination with controlled vocabulary and search terms were used to identify relevant randomised controlled trials (RCTs) and economic evaluations in: i) MEDLINE (via PubMed, September 2020); ii) Cochrane Controlled Trials Register (via The Cochrane Library, September 2020), and; iii) EMBASE (via Ovid, September 2020). Search algorithms were adapted to the requirements of each database, and validated filters were used to retrieve appropriate designs (tables S1 and S2). Additional studies provided by the GDG and previous SR were also evaluated. 

Eligible criteria and selection of studies
The eligibility process of the original studies is summarised using the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flowchart. The SR included only RCTs comparing biologicals versus placebo added to standard of care in patients with CRSwNP and reporting one of the outcomes of interest as formulated by the GDG (figure 1). Only studies published in English were included. Abstracts or conference communications not published as full articles in peer-reviewed journals and RCTs using dose or routes not approved by EMA and/or the FDA were excluded. Two reviewers independently screened the references based on the title and abstract followed by eligibility at full text level. Discrepancies were solved by consensus or with the help of a third reviewer. All citations retrieved were imported into the bibliographic reference software (EndNote X9; Thomson Reuters) to discard duplicates and record screening decisions.

Data extraction and risk of bias assessment

Details of the study design, patient population, setting, follow-up and results were extracted by one reviewer and confirmed by a second reviewer. If needed, additional data from the authors of the included studies were requested. The Cochrane Risk of Bias (ROB) tool for randomised trials was used to assess the risk of bias (ROB) in parallel by two reviewers (29). The ROB was judged as low, high or unclear for each domain: random sequence generation, allocation concealment, blinding of participants and personnel, blinding for outcome assessment, incomplete outcome data, and selective reporting (30,31,32). Discrepancies were solved by discussion.
For the health economic studies, the main characteristics of included studies (e.g. type of economic evaluation, perspective, time horizon, discounting, sources of information, model type) were evaluated together with the relevant outcomes, sources of funding, and conflict of interest. The methodological limitations were judged using the questionnaire to assess relevance and credibility of modeling studies for informing health care decision making (ISPOR-AMCP-NPC Good Practice Task Force) (33). The transferability to the European context was assessed using the European Network of Health Economic Evaluation Databases (EURONHEED) checklist (34,35).

Data synthesis and analysis
Main results are described narratively and included in summary of findings (SoF) tables. For dichotomous data, results are pooled as risks ratios (RR). For continuous data, results are reported as mean differences (MD), with 95% confidence intervals (CI). For each outcome, the change from baseline to the end of the treatment was assessed versus placebo. In case that the same outcome was reported using complementary definitions (i.e. “reduced need for surgery” vs “need for surgery”) the relative effect was recalculated to make them comparable.

A random-effects model was used to pool data (Review Manager v 5.3 Cochrane Collaboration, Oxford, UK). Where multiple arms were compared to a common placebo arm, standard errors were adjusted to avoid unit of analysis error (36). Statistical heterogeneity between studies was assessed with the Cochrane chi-square test, and the magnitude of heterogeneity with the I2 statistic (37). To account for heterogeneity subgroup analyses were predefined, where possible, by age (i.e. 12-18 years old vs 18 years old and < 65 vs > 65 years old), with and without associated asthma, with and without atopy, by blood eosinophils levels (<150/mm3, 150-30/mm30, >300/mm3), and by ROB. The median estimate reported in the control arms of the included RCTs was used as baseline risk to estimate absolute effects for each comparison.

For the economic evidence the results (incremental cost, incremental effectiveness, ICERs and the degree of uncertainty) are summarized narratively and tabulated.

Certainty of the evidence
The certainty (quality) of the evidence of efficacy and safety was rated for each outcome as high, moderate, low or very low, following the GRADE approach and the standard GRADE domains (risk of bias, imprecision, inconsistency, indirectness, and publication bias) (38,39,40). For the evaluation of imprecision for each outcome, the minimal important difference (MID) was considered when available. For the purpose of this SR a MID of 12 points for the SNOTT-22 was considered (41). 

Results
Results are presented using the GRADE informative statements (42).


Search process
The eligibility process is summarized in the PRISMA flow chart (Figure 1 A and B).  For the efficacity and safety a total of 3902 unique citations were retrieved from databases searches and 15 were selected for full text assessment.  An additional trial was added at the suggestion of the GDG. Sixteen articles were appraised at full text level and 5 were excluded due to regulatory unapproved dose or no reporting of the outcomes of interest (Figure 1A, Table S3). Seven publications reporting 9 RCTs were included:  two RCTs for dupilumab (43), four for omalizumab (44,45,46), two for mepolizumab (47,48), and one for reslizumab (49) (Table 2, figure 1A). No study for benralizumab was identified. For the economic evidence, after screening 717 hits, one cost-utility evaluation comparing dupilumab with surgical management was included (50) (Figure 1B) 

Characteristic of included studies
The main characteristics of the studies included are detailed in Table 2. All included studies were RCTs with assigned biologicals and matching placebo. The RCTs included 1236 adult patients with severe CRSwNP, inadequately controlled by standard of care. Follow up under the intervention with the biological ranged from 20 weeks (47) to 52 weeks (43). All studies included adult population (18 years or older).

Evidence of efficacy 
The summary of the results and certainty of evidence per outcome is reported in Tables 3-6. The meta-analysis results are presented in the supplementary files S1-S24 and Tables S3-S11.
 
Reduction in the surgery for CRSwNP
This outcome was reported in two dupilumab trials (43), two omalizumab trials (44), two mepolizumab trials (48), and one reslizumab trial (49). Dupilumab reported the reduction in surgery or OCS use as a composite outcome. Omalizumab and mepolizumab studies reported the number of subjects who achieved a “reduced need for surgery” status, while dupilumab trials reported this outcome as “need for surgery”. To harmonise the interpretation all reports were adapted to the reporting style of dupilumab, thus RR<1 represents a good result of the intervention. As there is moderate certainty of evidence, dupilumab probably reduces the number of patients that need for NP surgery or OCS use (RR 0.28; 95% CI 0.20 to 0.39; 244 fewer per 1000; 95%CI from 271 fewer to 207 fewer). Omalizumab reduces the needs for NP rescue surgery with high certainty of evidence (RR 0.85; 95% CI 0.78 to 0.92; 145 fewer per 1,000 from 213 fewer to 77 fewer). As there is low certainty of evidence mepolizumab may reduce the need for rescue NP surgery (RR 0.78; 95% CI 0.64 to 0.94; 177 fewer per 1,000; 95%CI from 289 fewer to 48 fewer). For reslizumab there is very uncertain evidence (RR 0.20; 95% CI 0.01 to 3.61, 200 fewer per 1,000; 95%CI from 248 fewer to 653 more).

Rescue OCS use
The rescue OCS was reported in three omalizumab trials (44, 46) and one reslizumab trial (49). It was reported as the need for rescue OCS (44,49) or as OCS plus antibiotics (46). As there is moderate certainty of evidence, omalizumab probably reduces the need for OCS use (RR 0.38; 95% CI 0.10 to 1.38; 38 fewer per 1000; 95%CI from 56 fewer to 24 more). For reslizumab the evidence is very uncertain. For dupilumab the reduction in the OCS use is reported as a composite outcome, together with the reduction in surgery (see above).

Sense of smell
This outcome was measured by: a) the UPSIT score in two dupilumab trials (43) and two omalizumab trials (44); b) by the NP symptoms score including loss of smell in three omalizumab trials (44, 45); c) and by the Sniffin’ Sticks Screening-12 test (SST) in one mepolizumab trial (48). Dupilumab improved with high certainty of evidence the sense of smell by increasing the score of UPSIT (MD +10.54; 95%CI +9.24 to +11.84). Similarly, omalizumab improved the sense of smell by increasing UPSIT score (MD +3.84; 95%CI +3.64 to +4.04, high certainty), and probably reduced the NP symptom score (loss of sense of smell) (MD -0.48 score; 95%CI -0.62 to -0.34, moderate certainty). There is low certainty of evidence for mepolizumab (+MD 0.7; 95%CI -0.48 lower to +1.88).

Quality of life
QoL was evaluated by SNOT-22 score in two dupilumab trials (43), two omalizumab trials (44), and one mepolizumab trial (48); dupilumab and omalizumab improve with high certainty the QoL (for dupilumab MD -19.14, 95% CI -22.80 to -15.47, for omalizumab MD -15.65, 95% CI -16.16 to -15.13). For mepolizumab there is low certainty of evidence, however there is a large effect (MD -13.3; 95% CI -23.93 to -2.67). All 3 biologicals’ impact on QoL above the SNOT-22 MID of 12. 

Nasal polyp score 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Nasal polyp score was evaluated for dupilumab, mepolizumab, omalizumab and reslizumab using the total nasal endoscopic polyp score (TPS) (43, 44, 45, 47, 48). Dupilumab improved TPS with high certainty of evidence at 24 weeks (MD -1.92; 95% CI -2.18 to -1.65). For omalizumab there was moderate certainty of evidence (MD -1.42; 95% CI -2.53 to -0.32). For both mepolizumab and reslizumab there is a very low certainty of evidence. 
Computer tomography (CT) score 
Two dupilumab trials (43) and one omalizumab trial (45) evaluated the Lund-Mackay CT score. Dupilumab reduced the CT score with high certainty of evidence (MD -6.26; 95%CI -8.53 to -3.99). For omalizumab there is very low certainty of evidence (MD -4.5; 95%CI -10.47 to +1.47 higher).

Symptom score
Two omalizumab trials (44) evaluated this outcome using the total nasal symptom score. Omalizumab relieved the nasal symptoms with high certainty of evidence (MD -2, 95% CI -2.08 to -1.92).

Subgroup analysis
Dupilumab had a larger effect on the improvement of nasal polyp score in the subgroup patients below 65 years old (MD - 2.06, 95% CI -2.32 to -1.81) versus those above 65 years old (MD -1.04, 95% CI -1.53 to -0.55) (figure S11). Compared with the overall population (see above), in patients with asthma as a comorbidity, dupilumab produced a similar improvement of nasal polyp score and CT score (MD -1.63, 95%CI -2.64 to -0.62; and MD -6.63, 95%CI -8.88 to -4.39) (figure S12, S13). No data were identified for the other subgroups of interest (atopy, blood eosinophils, ROB) .
Evidence of safety
Treatment-related adverse events were reported in two trials for dupilumab (43), two trials for omalizumab (44), one for mepolizumab (48), and one for reslizumab (49). Patients treated with dupilumab had fewer TAE compared to those with placebo (RR 0.95; 95% CI 0.89 to 1.02; 45 fewer per 1000 patients; 95% CI from 100 fewer to 18 more, moderate certainty of evidence) and fewer serious TAE (RR 0.61; 95% CI 0.31 to 1.17; 39 fewer per 1.000 patients; 95% CI from 69 fewer to 17 more, moderate certainty of evidence). For omalizumab there was an increase in TAE (RR 1.73; 95% CI 0.60 to 5.03, 28 more per 1,000; 95% CI from 15 fewer to 155 more, moderate certainty).  OverallTAE were increased by mepolizumab (RR 1.64; 95% CI 0.41 to 6.50, 37 more per 1,000; 95% CI from 34 fewer to 317 more, low certainty). Reslizumab did not increase TAE, but the evidence is very uncertain.


Economic evidence

[bookmark: _Hlk53986395]The one cost-utility evaluation included reports a microsimulation Markov model-based assessing dupilumab versus endoscopic sinus surgery (ESS) plus postoperative medical therapy (50). The SNOT-22 score for the surgical arm was obtained from a US cohort of CRSwNP patient refractory to medical therapy (51,52). For patients receiving dupilumab 300 mg the model used data from the SINUS-24 and SINUS-25 clinical trials (53). The costs were informed by using a systematic review reporting a mean cost for uncomplicated ESS of $8,968 (54), a study reporting a cost of $16,877 for complicated ESS (55), and a study estimating a yearly cost for dupilumab of $31,000 in patients with biologic treatments for asthma (56). The economic evaluation suggested for ESS strategy a total cost of $50,437 with a total of 9.80 QALYs, while for the dupilumab the total cost was $536,420 with a total of 8.95 QALYs (Table 7). Consequently, the dupilumab treatment may be costlier and less effective than the ESS strategy. 

The main reasons to downgrade the certainty of the evidence for the efficacy outcomes were ROB, indirectness, and imprecision, and for economic data were limitations and indirectness.

Discussion

Main findings
This systematic review found that dupilumab as an add-on treatment in adults with severe uncontrolled CRSwNP, reduces with moderate certainty the need for rescue NP surgery or for OCS, and improves with high certainty the sense of smell, quality of life, the nasal polyp score, and CT score, with a good safety profile. There is high certainty that omalizumab reduces the need for surgery, improves the sense of smell and quality of life, and moderate certainty that it reduces the use of rescue medications, the NP symptoms and the NP score. However, it likely increases treatment related AEs. Mepolizumab may reduce the need for surgery, improve the QoL and the sense of smell, while increasing adverse events, but there is low level of certainty. Evidence for reslizumab is very limited and uncertain. For dupilumab and omalizumab trials the overall ROB was low, but the trials included were funded by the same company for each biological, which raises a concern of a potential sponsorship bias. In addition, there is a concern regarding indirectness since dupilumab trials pooled two critical outcomes (need for surgery and OCS) into one coprimary end-point and this precludes from assessing each outcome directly. Both for dupilumab and omalizumab the overall evidence quality is moderate to high. For mepolizumab and reslizumab there are concerns of ROB probably due to the: a) imbalance between arms at baseline due to small sample size; b) imprecision due to the number of events. Therefore, the certainty of evidence is low to very low.


The economic evaluation suggests that in patients with CRSwNP refractory to treatment, ESS may offers a better cost-effectiveness profile than dupilumab. However, patients with concomitant asthma could benefit from the treatment of both diseases, and other patients might prefer not undergoing surgical procedures. None of these scenarios were included in the economic model. There is low certainty of evidence for cost-utility. The evidence was downgraded: a) one level for the ROB due to the inclusion of input parameters of moderate certainty and due to not reporting a validation procedure for the model development; b) and one level for indirectness given that some patients might have another concomitant inflammatory disease (i.e. asthma) who could benefit from dupilumab treatment and were not captured by the model. Additionally, unitary costs were provided exclusively by studies performed in the US. These results may not apply to Europe or outside high-income countries.

Results in the context of previous research
Compared to previous SRs, the current study shows a similar effect of dupilumab regarding the improvement of quality of life and nasal polyp score, and similar limited evidence regarding mepolizumab and reslizumab (57,58).  Meanwhile, the inclusion of the two newly completed RCTs of omalizumab brought sufficient evidence for the efficacy of omalizumab. Moreover, the current SR evaluated the efficacy based on GDG’s predefined patient-related outcomes, which enhanced clinical impact. As an example, this SR showed high certainty both for dupilumab and omalizumab in improving the sense of smell. In addition, the predefined subgroup analysis revealed a better effect of dupilumab on the reduction of the nasal polyp score for patients below 65 years old, a finding which may improve clinical decision making. Finally, the current study also attempted an evaluation of cost-effectiveness evidence to support the decision making by clinicians and patients.

Limitations and strengths
The current systematic review has several strengths. Both the desired and undesired effect of using biologicals in CRSwNP were evaluated exhaustively. A comprehensive systematic search of three main databases articles suggested by the GDG supports the comprehensiveness of evidence selection. Moreover, the minimal important difference was considered when available (e.g., SNOT-22) for grading the evidence. Results are presented in an optimal format to improve communication to healthcare professionals, patients, regulatory and other stakeholders.
This SR also has limitations. Only studies published in English were included. However, the studies included in previous systematic reviews were hand-searched and additional studies were added through the GDG, which mitigated the possibility of missing studies. Although observational studies were not included per protocol, a pragmatic search of the literature was conducted instead and did not identify any relevant data. One ongoing trial (NCT04362501) looking at several potential disease endotypes might be useful in the future to support our findings. Other limitations derive from the definition of the need for surgery and the ability to get surgery. A ‘de novo’ economic analysis was not conducted. Instead, a rigorous and explicit critical appraisal and transferability assessment of cost-effectiveness existing data was performed.

Implications for practice and research
Dupilumab showed a promising impact on the need for rescue nasal polyp surgery, use of OCS, while improving quality of life and the sense of smell, with a good safety profile. However, as the results of the cost-effectiveness analysis are unclear, patients’ values and preferences will have to drive recommendations. Omalizumab showed also a good effect, but probably with increased treatment related AEs, which might raise a concern from the patients’ perspective. Coupled with the high cost of biologicals, their use may need to be limited to particular relevant circumstances, for example for uncontrolled CRS patients. Therefore, after balancing the benefits and harms for dupilumab and omalizumab while considering the lack of cost-effectiveness data together with patient’s values and preferences, panels are more likely to formulate conditional rather than strong recommendations. 

The evidence is very uncertain for the efficacy and safety of reslizumab and mepolizumab. Although mepolizumab showed a benefit in decreasing the need for surgery and improving quality of life, the quality of the evidence is low to very low. Large and rigorously conducted clinical trials, as well as real-life studies, are therefore needed. 
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