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Abstract
Background: Atypical Haemolytic Uraemic Syndrome (aHUS) is a rare disease which without treatment is associated with high morbidity and mortality. Eculizumab, a monoclonal complement inhibitor, is an effective treatment but the optimal way to use this high-cost medication has not been established.

Objective: Establish the safety of eculizumab withdrawal and the effectiveness of a monitoring protocol to detect disease relapse and reintroduction of treatment if disease relapse occurs.

Setting: 15 hospitals in the UK.

Design: SETS aHUS is a multicentre, open label, prospective, single arm study of the safety and impact of eculizumab withdrawal in patients with aHUS with an embedded health economic analysis and qualitative study. 

Participants: Patients over 2 years of age with aHUS who were receiving eculizumab therapy for at least 6 months. Two study arms are described with 28 participants recruited to the withdrawal arm and 11 participants recruited to the health economics arm of the study.

Intervention: Withdrawal of eculizumab treatment and replacement with monitoring to assess disease activity with re-introduction of treatment if relapse occurs.

Main outcome measures: The primary outcome measure was to determine the safety of Eculizumab withdrawal in patients with aHUS during the 2 year study period. Patients met a primary outcome if there was a permanent reduction in estimated GFR, requirement for renal replacement therapy or significant extra-renal manifestation of disease. The health economic analysis compared the cost and health outcomes on and off eculizumab treatment. The qualitative study explored the experiences of patients on living with aHUS and eculizumab treatment, views on withdrawing from treatment and the proposed monitoring plan.

Results: One of 28 patients (3.6%) who withdrew from treatment met a primary outcome. Based on the pre-study analysis plan, withdrawal from treatment is not associated with a greater risk to patients compared to remaining on treatment. Four patients relapsed, all with pathogenic genetic variants in complement regulatory proteins. No patient with no identified cause of complement dysregulation relapsed. It was possible, by monitoring and rapid patient access, to reintroduce eculizumab treatment. Most patients welcomed the opportunity to withdraw from treatment but identified concerns about monitoring and the risk of relapse, informed by initial experience at presentation. Withdrawing a patient from treatment saves £4.2 million in health care costs.

Limitations: Reflecting the low prevalence, participant numbers are low.

Conclusions: Withdrawal of eculizumab treatment with monitoring of disease activity exhibited  a favourable safety profile compared to continuation of eculizumab, was, acceptable to patients and carers and is associated with significant cost savings.

Future work: More data should be generated by continued assessment of patient outcomes including possible withdrawal after relapse, increasing experience from ongoing patient monitoring, real-world economic analysis and a better understanding of communicating change to patients and carers.

Study registration: This study is registered as ISRCTN17503205.

Funding: This project was funded by the National Institute for Health and Care Research (NIHR) Health Technology Assessment programme and will be published in XXX Journal; Vol. XX, No. XX. See the NIHR Journals Library website for further project information. 
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Plain Language Summary

The overall aim of the SETS aHUS trial was to determine whether an alternative treatment strategy for patients with aHUS was feasible and exhibited a favourable safety profile. This new strategy included treatment with eculizumab to establish remission, then, safe withdrawal of treatment and the reintroduction of eculizumab in those patients who relapse.  We recruited 28 patients to the study who stopped taking eculizumab and 11 patients who continued taking eculizumab. We interviewed 20 of those patients (or parents if the patients were children) to explore their experiences of living with aHUS and of participating in the SETS aHUS clinical trial. 

What did we find? 

Overall, 24 patients remained off eculizumab during their two years of trial participation. Four patients showed signs of relapse and eculizumab treatment re-started. We discovered that withdrawing from eculizumab is has a similar safety profile  as staying on the drug. We found evidence suggesting that patient genetics could predict relapse following withdrawal. For those who had stopped eculizumab treatment, we wanted to see if patients checking the level of blood in their urine daily would help identify early signs of a possible relapse; we found that this was not a reliable predictor of relapse. 

The quality of life of patients who withdrew from eculizumab, compared to those who maintained treatment, is expected to increase on average, with minimal impact on life expectancy.  We estimated how much money would be saved by stopping taking eculizumab and this was calculated as a saving of £4,188,361 per patient. 

In the interviews at the beginning of the trial, the majority of participants said the treatment regime of fortnightly infusions of eculizumab was disruptive to work and school. Eculizumab side-effects were also a problem for some. The decision not to withdraw from eculizumab was based upon concerns about the possibility of relapse. Those who withdrew wanted to have a more normal life without a lifetime of treatment.

When participants in the withdrawal group were interviewed at the end of the trial, they said that the extreme fatigue and other physical symptoms associated with eculizumab were no longer present, and they were able to enjoy holidays and less disruption to their daily lives. Anxiety was an issue, specifically for parents, though a few said this was becoming less over time. Parents continued to watch their child carefully for any signs of a relapse. Knowing they could restart eculizumab immediately should this occur, and that this would work, was reassuring.

What next? 

We think that the following research is really important to lead on from our SETS aHUS findings: 1. Can eculizumab be withdrawn again in patients who have relapsed once after stopping eculizumab? 2. What are the main factors influencing risk of relapse? 3. What is the most effective way to manage patients short and long-term after withdrawal of eculizumab? 4. Would different treatment approaches result in Health Economics savings? 5. Engage with patients and local clinical teams to identify what resources are required to implement new ways to manage aHUS.


[bookmark: _Toc165800329][bookmark: _Toc165800532][bookmark: _Toc165801741]

Introduction 

Atypical haemolytic uremic syndrome (aHUS) is an extremely rare, severe disease with an incidence of 0.41/per million/yr in the UK(1) and a prevalence of approximately 4.9 people per million population in Europe (2). aHUS is one of the thrombotic microangiopathies and is clinically characterised by thrombocytopenia, microangiopathic haemolytic anaemia and Acute Kidney Injury (AKI), although other organ involvement can also occur. The most common cause of aHUS is uncontrolled complement activation which damages the endothelium of the microvasculature leading to thrombus formation (3). This excessive complement activation can be caused at a genetic level by loss-of function mutations in key complement regulatory proteins or gain -of function mutations in complement activating proteins. Autoantibodies that interfere with the function of Factor H are also known to cause aHUS (4). Mutations or autoantibodies are identified in approximately 70% of aHUS cases (3, 5). However, in a significant minority of patients the cause of aHUS remains unidentified. 
Complement inhibition with an anti-C5 monoclonal antibody is a very effective treatment for aHUS and its introduction has significantly improved patient outcomes (1, 6). However, the optimal duration of treatment is unknown and there is increasing evidence that indefinite treatment is not required. This trial evaluates the safety of treatment withdrawal in patients with aHUS.

[bookmark: _Toc165800330][bookmark: _Toc165800533][bookmark: _Toc165801742]Rationale for research and background 

Eculizumab is a humanised monoclonal antibody that inhibits the function of C5, a key protein involved in the complement activation pathway. A pivotal clinical trial published in 2013 (6) reported that eculizumab treatment of patients with aHUS was associated with significant time-dependent improvement in renal function over a 26 week follow up period. This benefit was confirmed in further clinical trials in both children and adults (7, 8) and benefit persisted during a 2 year extension study (9). Based on the 2013 trial, eculizumab was approved for use in aHUS by the European Medicines Agency (EMA) and The US Food and Drug administration (FDA)(10, 11). Eculizumab treatment in aHUS was then subject to an evaluation by the National Institutes for Health and Care Excellence (NICE)(12). In this evaluation, eculizumab was approved for use in aHUS with the recommendation that diagnostics and treatment were co-ordinated in a specialist centre which, following a tendering process, is provided by the national aHUS Service based in Newcastle upon Tyne (13). The approval of eculizumab was also conditional on the implementation of a “research programme with robust methods to evaluate when stopping treatment or dose adjustment might occur” (12). 

As an intrinsic part of the innate immune system, the complement pathway is essential for the prevention of disease and infection. Eculizumab inhibits activation of the terminal complement pathway, increasing the risk of Neisseria meningitidis infection by 500-1000 fold (1, 14, 15). To ameliorate this, meningococcal vaccination is mandated and eculizumab is co-prescribed with prophylactic antibiotics in the UK (13). Despite this meningococcal infection was 550-fold higher in patients on eculizumab treatment compared to the background rate in the UK (1)  In aHUS, lifelong treatment with eculizumab was recommended due to the high risk of relapse, based on data produced prior to the introduction of eculizumab treatment (5). However, due to the burden of treatment on patients, the financial impact on health-care providers, and the infection risks associated with treatment, many physicians are now questionning the recommendation of indefinite treatment. In addition, the indefinite treatment paradigm is not evidence based and the limited evidence we do have suggests that a significant proportion of patients receiving maintenance eculizumab could be receiving it unnecessarily.   

The rationale for a trial of eculizumab withdrawal therefore includes the following:  

1. Lack of evidence base: The recommendation that eculizumab treatment should be lifelong is not evidence based and probably unnecessary for a significant proportion of patients.

2. Burden of treatment on patients and health care systems: There is a need for better evidence to inform the optimal use of this high-cost treatment to reduce burden of eculizumab treatment, risks associated with treatment and health care costs.

3. Risk of unsupervised withdrawal: There is a need to assess the efficacy of a monitoring protocol to detect early relapse of disease after withdrawal of treatment.

4. Patient Involvement: To improve our understanding of patients and carers’ attitudes to treatment withdrawal and acceptable levels of monitoring to inform the successful implementation of the findings of this study.

Several questions have been addressed in this study. Firstly, can eculizumab withdrawal, substituting treatment with a monitoring regime and treatment reintroduction in the event of relapse, be an effective, strategy for management of patients with aHUS? Secondly, is a policy of protocolised surveillance and treatment reintroduction, in the event of relapse, following withdrawal of eculizumab cost-effective compared with the current standard of care? Finally, is this strategy acceptable to patients?

The overall aim was to establish an evidence base for an alternative management strategy for patients with aHUS that includes the use of eculizumab to establish remission, withdrawal of treatment and the reintroduction of eculizumab in those patients who relapse.  





[bookmark: _Toc165800331][bookmark: _Toc165800534][bookmark: _Toc165801743]Objectives 

[bookmark: _Toc77686442][bookmark: _Toc165800332][bookmark: _Toc165800535][bookmark: _Toc165801744]Primary Objective
The primary clinical objective is to determine the safety of eculizumab withdrawal in patients with aHUS. 
[bookmark: _Toc77686443][bookmark: _Toc165800333][bookmark: _Toc165800536][bookmark: _Toc165801745]Secondary objectives
1. Measure the effectiveness of a monitoring protocol to detect disease relapse following withdrawal of eculizumab.
2. Describe the relapse rate after withdrawal of eculizumab.
3. Estimate the proportion of patients, currently on long-term treatment with eculizumab, who can be maintained off treatment.
4. Describe the period from withdrawal to relapse in those patients who restart treatment.
5. Measure the change in estimated GFR (calculated by the CKD-EPI or modified Schwartz equations) over the course of the study.
6. Identify important clinical and laboratory indicators of imminent relapse.

Objectives of the heath economic analysis
7. To assess the costs and health outcomes (measured in terms of adverse events and quality-adjusted life years (QALYs)) for patients on standard care (not withdrawing from eculizumab treatment) over the two-year trial duration.
8. To assess the costs and health outcomes for patients fully, or partially, withdrawing from eculizumab treatment, and on a policy of protocolised monitoring, over the two-year trial duration. 
9. To model the costs and health consequences (measured in terms of QALYs) associated with eculizumab withdrawal, and a policy of protocolised monitoring following withdrawal (and treatment re-introduction if necessary), compared with standard care, beyond the two-year timeframe of the trial.

Objective of the qualitative component
10. To explore the experiences of patients on living with aHUS and eculizumab treatment, views on withdrawing from treatment and the proposed monitoring plan.

[bookmark: _Toc165800334][bookmark: _Toc165800537][bookmark: _Toc165801746]Methods for data collection and analysis (linking to Study Protocol).
 
Withdrawal of eculizumab

This is a single arm, open label trial of eculizumab withdrawal in patients on treatment for aHUS for > 6 months.  Patients were initially identified as potentially eligible for the trial from the national aHUS Service database before confirmation by a local investigator based on the inclusion and exclusion criteria (Appendix 2). After patients were identified they followed the pathway shown in Figure 1.

Eculizumab was re-introduced when a relapse was diagnosed. Relapse diagnosis was based on the following criteria:

1. Haematological relapse with a MAHA evidenced by the presence of the following criteria: 
a.  Platelet count of <150 x 109 /l (if normal at screening) or a fall in platelet count by >50% from screening 
b.  An increase in LDH by >50% above screening or haemoglobin < lower limit of normal for age and gender 
OR 
2.   The presence of renal disease manifest by a decline in renal function (Acute Kidney Injury Network stage 1 AKI) confirmed on repeat testing after 6 hours) that is not explained by another pathology 
OR 
3.   The presence of histological features of an active TMA on tissue biopsy performed as per local protocols for the investigation of renal disease. 

The primary endpoint was a binary response (the presence/absence of a primary outcome event within the follow-up period). A primary outcome event was defined as one of the following:
· [bookmark: _Hlk61957532][bookmark: _Hlk61524397]Irreversible (>3 months) reduction in estimated glomerular filtration rate (eGFR) of >20% not attributable to another cause using the CKD_EPI without ethnicity adjustment for adults (16) and modified Schwarz equation for children (17).
· An episode of AKI attributed to a TMA that required renal replacement therapy.
· A non-renal manifestation of a TMA that required hospitalisation, cause irreversible organ damage or death.
 
We compared the rate of serious events following the withdrawal of eculizumab to that expected under standard care.  
[image: A screenshot of a video game
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[bookmark: _Toc165809166][bookmark: _Toc165810073][bookmark: _Toc165810184][bookmark: _Toc165810277][bookmark: _Toc175910822]Figure 1 Diagrammatic representation of research pathway
 


Withdrawal Analysis Methodology 

The approach to statistical analysis and the determination of sample size is described in more detail in the protocol publication(18). We planned to recruit a maximum of 30 patients (28 recruited) to the withdrawal component of the trial based on the analysis methodology. A maximum of 20 further patients were to be recruited to the non-withdrawal arm as a comparator group for health economic analysis only. Recruitment is illustrated in Figure 2. The Bayes factor single arm binary model (19) was used to monitor and analyse the trial data. From historical data the event rate for the standard of care is 0.06, based on 6 serious adverse events (SAE) judged to be either definitely or probably related to eculizumab treatment in the first 100 patients treated by the national aHUS Service. This was assumed to be the rate under the null hypothesis. Treatment withdrawal was expected to give a rate of 0.12, assumed to be the rate under the alternative hypothesis. We assumed that the sample distribution of number of responses followed a binomial distribution and used an inverse moment prior for response under the alternative hypothesis. The following stopping rules were then used to generate stopping boundaries:

(1) The trial was to be stopped for superiority (there being fewer serious events on the intervention than would be expected under standard of care) if the posterior probability of the alternative hypothesis was less than 0.05.
(2) It was to be stopped for inferiority if the posterior probability of the alternative hypothesis was greater than 0.80.
The study was to be stopped for inferiority with 2 events in the first cohort of 5 participants. Subsequently, the study would stop if 3 or more events were observed in the first 15 participants, 4 or more in the first 20 participants, and 5 or more in the whole study population. It was not possible to be stopped for superiority.. Full details of the stopping boundaries of the design are given in version 1.4 of the SAP (please see supplementary material 9) and a summary is provided in table 1.

The calculation of the estimated GFR values for males is 141 x min(Creatinine x 0.0113096584483149 /0.9, 1)-0.411 x max(Creatinine*0.0113096584483149 /0.9, 1)-1.209 x 0.993Age and 141 x min(Creatinine x 0.0113096584483149 /0.7, 1)-0.329 x max(Creatinine*0.0113096584483149 /0.7, 1)-1.209 x 0.993Age x 1.018 for females. We adjusted the estimates for children (aged <18 years). The best option for the creatinine-based estimate is using the modified Schwartz equation (17), namely, estimated GFR= 0.413 × height (in cm)]/ serum creatinine (mg/dl).

In addition to presenting the analysis above, data is also reported descriptively, together with the number of patients recruited. Due to the sample size, no comparative statistical methods are applied. There is no imputation of missing data.
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[bookmark: _Toc165810278][bookmark: _Toc175910823]Figure 2 Recruitment diagram for each arm of the SETS aHUS study


	Number of patients (in complete cohorts of 5)
	Stop the trial for Superiority if there are this many Events (inclusive)
	Continue the trial if there are this many Events (inclusive)
	Stop the trial for Inferiority if there are this many Events (inclusive)

	5 
	Never stop for superiority with this many patients
	0-1
	2-5

	10 or 15
	Never stop for superiority with this many patients
	0-2
	3-15

	20 
	Never stop for superiority with this many patients
	0-3
	4-20

	25 or 30
	Never stop for superiority with this many patients
	0-4 (The trial always stops at 30 patients, which is the maximum)
	5-30



[bookmark: _Toc165809202][bookmark: _Toc175911351]Table 1 Summary of stopping rules for the SETS aHUS study


Health Economics Methodology

Full details of the methodology for the economics analysis are presented in the health economics analysis plan (HEAP, please see supplementary material 8). The analysis was aimed at assessing the economic effects of withdrawing eculizumab treatment and having a disease monitoring strategy compared with the lifelong delivery of eculizumab. 
A de novo economic model was built simulating a cohort of adult patients without kidney disease or with CKD stages 1 to 3, aged 20 years old, with a proportion of 51% males/49% females, based on patient characteristics from the SETS aHUS trial (18). The economic model was informed by a literature review of model based economic evaluations focusing on aHUS as the disease area. Two economic models were found in the published literature (20, 21) along with two technology assessment submissions made to NICE (22, 23).
The model tracks patients across three broad sections: treatment withdrawal, treatment maintenance, and advanced disease (Figure 3). The risk of restarting treatment due to relapse, and the risk of disease progression from relapse were informed from data from the SETS aHUS trial. Trial data were extrapolated from the end of follow-up to the lifetime horizon of an aHUS patient.

[bookmark: _Toc175910824]Figure 3 Model structure
[image: ]

*Abbreviations: CKD = chronic kidney disease score; ESRD = end stage renal disease; Tx = treatment
Health outcomes in the model were measured using quality adjusted life years (QALYs). The SETS aHUS trial collected data on health care resource use and the EQ-5D-5L from the start of the intervention over 24 months for the trial population, and for a cohort of patients maintaining eculizumab treatment. Health care resource use data were collected using case report forms and a questionnaire. The health care use questionnaire and the EQ-5D-5L questionnaire were administered at baseline and 1, 3, 6, 9, 12, 18, and 24 month follow-up (18). Responses from the EQ-5D-5L questionnaires were transformed into utility values and used to generate QALYs (24, 25).
Due to levels of missing data above 50% in each treatment group for total cost and QALY data, complete case analysis was not deemed appropriate to obtain average cost and QALY estimates. Multivariate analyses of cost and EQ-5D-5L scores were performed instead using linear random effects models, while average total costs and QALYs were reported separately (26, 27)
Trial estimates of health care costs and QALYs were then used as parameters to the economic model. The model also included more severe disease stages than those covered in the trial, which were informed using evidence from published economic evaluations of aHUS treatments (20, 21). 
Parameter uncertainty in the model was explored through the use of probabilistic and deterministic sensitivity analyses. In addition, our analysis explored the impact on cost-effectiveness of scenarios with alternative risks of treatment restart, a different strategy for restarting treatment, alternative quality of life values, alternative costs, treatment using ravulizumab (28), and a 50% reduction in the cost of eculizumab.
Since the treatment strategy used for patients restarting treatment has been highlighted as an important uncertainty driving cost-effectiveness (29), this model explores an alternative strategy for the re-delivery of eculizumab where patients receive treatment for three months before stopping again based on the experience from Wijnsma K L, et al (2018) (29). This strategy was not part of the SETS aHUS protocol, therefore we presented an exploratory scenario of this strategy compared with lifelong eculizumab maintenance using assumptions informed by the SETS aHUS trial results.

Qualitative Methodology

This was an embedded longitudinal qualitative study employing in-depth semi-structured interviews (30). Due to the exploratory nature of this work, it was decided that qualitative methods were more appropriate (31). As the aHUS population are geographically spread across the UK telephone interviews were more appropriate and feasible (32); our PPI group agreed with this approach. A topic guide was developed with the help of the public contributor who was part of the study team and co-applicant on the grant. 
Interviews were audio recorded with the permission of the participants. Sound files were transcribed by an approved transcription company. All transcripts were anonymised, and each participant had a unique identifier. NVivo 12 Pro was used as a data management tool.
We took an inductive approach to data collection and analysis (33). There was no a priori theory; themes, and concepts were elicited from the interview data at the analysis stage. Data were analysed thematically using a constant comparative method (34). The steps in the analysis were: 1. familiarisation with the data; 2 the development of a thematic framework; 3 test the framework by ‘coding’ a small number of transcripts; 4 amend the framework; 5 code the full dataset using the amended framework. A second level analysis was conducted comparing and contrasting themes elicited from the data within and across the data. This was specifically the differences between those who chose to withdraw and not withdraw from eculizumab in their experiences of aHUS and of being on the drug, and the differences in the withdrawal group between the first and follow-up interview two years later. 



[bookmark: _Toc165800335][bookmark: _Toc165800538][bookmark: _Toc165801747]Results summary 

Withdrawal of eculizumab

The SETS aHUS trial recruited 28 patients to the withdrawal arm of the study and 11 patients to the health economic arm. The recruitment rate is shown in Supplementary material 1, and demonstrates the effect of the Covid-19 pandemic during which recruitment was paused and recruitment rates did not return to pre-pandemic rates before recruitment closed. The baseline characteristics of participants are shown in table 2. Fifteen (54%) of withdrawal participants were male, 64% of white ethnicity and 18 (64%) were children (<18 years).  41% of patients required dialysis at the time of initial presentation and 37% had extrarenal manifestations at the time of presentation. Seventeen withdrawal participants (61%) had either a genetic or acquired cause of complement dysregulation identified (Supplementary material 2). Patients had been on eculizumab for a median of 22.5 months (range 6 to 56 months) prior to withdrawal of treatment (Supplementary material 2)


	
	n (%)

	
	Withdrawal (n=28)
	HE (n=11)

	Sex: 
Male
Female
	
15 (54)
13 (46)
	
5 (45)
6 (55)

	Ethnicity
White
Non-white
	
18 (64)
10 (36)
	
10 (91)
1 (9)

	Dialysis dependent at presentationa
Yes
	
11 (41)
	
No observations

	Neurological involvementa
Yes
	
4 (15)
	
No observations

	Any other organ involvementa
Yes
	
6 (22)
	
No observations

	Plasma exchangea
Yes
	
10(37)
	
No observations

	Renal transplanta
Yes
	
1 (4)b
	
No observations

	Any other relevant diagnosesa
Yes
	
10 (37)
	
No observations

	Complement genetic variant
Complement Factor H
Complement C3
Complement Factor I
Complement Factor B
CD46
No pathogenic variant identified
FH autoantibodies
	
4 (14)
3 (11)
0
0
5 (18)
11 (39)
5 (18)
	

No observations


	Haematuria
Neg/trace
1+
	
25 (89)
3 (11)
	
No observations


	Age in yearsb
Mean (SD)
Median (IQR)
Range
	
17.3 (15.2)
10.9 (6.2-29.0)
2-59.3
	
30.9 (22.3)
25.7 (13.3-37.7)
2.5-73.1

	Blood pressure: 
Systolic (mmHg)a
Mean (SD)
Median (IQR)
Diastolic (mmHg) a
Mean (SD)
Median (IQR)
	

111.6 (21.1)
109 (55-103)

69.3 (15.1)
70 (79-106
	
No observations

	Pulse (bpm) a
Mean (SD)
	
91.3 (21.9)
	
No observations

	Weight (kg) a
Median (IQR)
Range
	
34.6 (21-74.9)
10-135.4
	
No observations

	Height (m) a
Median (IQR)
Range
	
1.38 (1.09-1.76)
0.83-1.90
	
No observations




a Missing data from one patient
b 18/28 (64%) participants in trial age under 18 years (Children)


[bookmark: _Toc175911352]Table 2 Baseline characteristics of withdrawal and HE trial participants

One withdrawal patient experienced a primary outcome event (3.6%). This patient experienced a gradual decline in eGFR in the absence of microangiopathic haemolysis or thrombocytopenia. A renal biopsy was not performed. In the absence of an alternative explanation for the decline in renal function, renal TMA was assumed and eculizumab restarted 74 weeks after withdrawal (See table 3 and Supplementary material 3, figure A). Despite this, the patient’s renal function did not recover with a persistent loss of eGFR >20% of baseline. The patient’s renal function subsequently improved, but this was after the DMC had adjudicated that this event met the criteria for a primary outcome.
Based on the decision rule described in the methods section, the trial demonstrates that the withdrawal of eculizumab is not inferior to staying on treatment in terms of the primary outcome. As primary outcome data was available on only the 28 patients recruited to the withdrawal arm, and not the 30 patients originally planned, a sensitivity analysis was performed exploring the effect on trial conclusions assuming that the remaining two participants experienced a primary outcome event. If this had occurred, the above conclusion would remain unchanged based on 3 primary outcome events in 30 patients in the sensitivity analysis.

A diagnosis of relapse was made in three other withdrawal participants (1 adult and 2 children) between 19 and 26 weeks following treatment withdrawal (see table 3). The adult patient also presented with a gradual decline in eGFR (Supplementary material 3, figure B). The children presented acutely with characteristic features of atypical HUS in the context of infection. The overall relapse rate during the 2 year follow up period was 14.3% (4/28), lower than in previous reports. Relapses occurred in 2/18 children (11%) and 2/10 (20%) of adults (35-37). One relapse occurred every 14 years off treatment for the whole withdrawal cohort. 

[bookmark: _Toc175911353]Table 3 Summary of patients with disease relapse
	Patient id
	Age (years)+
	Gender
	Time from withdrawal (weeks)
	Complement gene variant
	Details of relapse
	Outcome

	7
	35
	Male
	19
	CFH c.3570T>G p.(Tyr1190*)
	Relapse diagnosed on the basis of a fall in Hb and rise in Cr. Platelet count remained within the normal range. No precipitant identified.

	Eculizumab restarted, full recovery

	8

	37
	Male
	74
	CD46 homozygous c.97+2_97+12del
	Initially stable after withdrawal of eculizumab with an eGFR of 60mls/min/1.73m2. Gradual decline in eGFR to 44mls/min/1.73m2, proteinuria and hypertension in the absence of features of MAHA or thrombocytopenia. Kidney biopsy was not performed. Eculizumab was restarted but eGFR did not recover.

	Primary outcome event

	16

	9
	Male
	26
	CFH c.3643C>G (p.Arg1215Gly)
	Patient had recently made a full recovery from streptococcal tonsillitis though with significant proteinuria, blood tests were suggestive of relapse (raised LDH and falling platelet count). Patient restarted eculizumab within 24 hours.

	Eculizumab restarted, full recovery

	19

	6
	Female
	21
	C3 c.3470T>C (p.Ile1157Thr)
	Presentation with presumed portacath infection and haematological features of TMA. Patient had eculizumab treatment restarted within 24hours.

	Eculizumab restarted, full recovery


+At time of eculizumab withdrawal
The four relapses occurred in patients with pathogenic variants in complement genes, 2 in CFH, 1 in CD46 and 1 in C3. The relapse rate was 66% (2/3), 20% (1/5) and 50% (1/2) in patient with CFH, CD46 and C3 pathogenic variants respectively. Two patients had variants of uncertain significance (CFH and C3), neither of whom relapsed. No relapse occurred in patients in the absence of a genetic variant or if aHUS was caused by anti-FH autoantibodies. Four of the 5 patients whose initial disease was attributed to anti-FH autoantibodies had significant autoantibody titres at the time of treatment withdrawal (Supplementary material 2). Overall, the relapse rate was 24% (4/17) in patients with pathogenic variants or anti-FH autoantibodies, corresponding to one relapse for every 8.5 years follow up.
Patients maintained a diary documenting urinalysis results that was reviewed at each study visit and were also advised to attend for an unscheduled visit if the level of haematuria increased. One patient had a documented increase from baseline in the level of non-visible haematuria at the scheduled visit immediately prior to restarting eculizumab treatment. The level of haematuria was documented at the start of treatment in two patients and was negative in both.
In the withdrawal patient cohort eGFR remained stable throughout the 2 year follow up period. There was no increase in proteinuria based on measurement of urinary protein to creatinine ration (uPCR). There was no evidence of an increase in microangiopathic haemolytic activity (based on fall in Hb or increase in LDH) or fall in platelet count (table 4). A more detailed summary of renal function and all haematology and biochemical parameters are provided in supplementary materials  4 and 5. 

[bookmark: _Toc175911354]Table 4 Biochemical and haematological parameters associated with atypical HUS activity

	
	Baseline
	3 months
	12 months
	24 months

	Cr (µmol/l)
Mean (SD)
Median (IQR)
	
55.8 (34.5)
42 (29-76)
	
62.1 (50.3)
51 (32-81)
	
56.8 (27.7)
54 (37-66)
	
55.6 (23.6)
53 (35.5-77)

	eGFR (mls/min)
Mean (SD)
Median (IQR)
	
116.0 (37.2)
117.7 (90.9 to 128.5)
	
108.9 (33.3)
105.7 (84.1-129.3)
	
113.3 (34.2)
106.7 (91.7 to 125.9)
	
110.3 (29.2)
105.5 (86.0 to 123.0)

	Hb (g/l)
Mean (SD)
Median (IQR)
	
127.3 (15.3)
127 (115-140)
	
125.8 (14.5)
128 (118-138)
	
126.3 (11.1)
126 (116-135)
	
129.9 (13.4)
131.5 (118-136.5)

	LDH
Mean (SD)
Median (IQR)
	
340.2 (144.2)
301 (217-494)
	
298 (112.0)
260 (205-377)
	
255.3 (118.0)
225 (178.5-276)
	
247.4 (66.9)
246 (215-268)

	Platelets
Mean (SD)
Median (IQR)
	
282.7 (86.6)
267 (228-324)
	
301.8 (98.7)
297 (232-338)
	
279.8 (61.9)
271 (237-325)
	
283.4 (105.3)
269 (233-294)

	uPCR (mg/mmol)
Mean (SD)
Median (IQR)
	
35.1 (50.9)
17.2 (9.5-34)
	
30.5 (33.2)
15.2 (10.3-38.5)
	
38.6 (65.7)
15.1 (10.4-34)
	
30.6 (52.5)
16.3 (7.5-24)




During the 2 year withdrawal period 20 SAEs were reported. Three of these led to reintroduction of eculizumub treatment and were classed as either severe (1) or moderate (2) and either definitely (2) or probably (1) related to withdrawal of eculizumab treatment. The remaining SAEs were classed as not related to eculizumab withdrawal and were reported as severe (3), moderate (7) or mild (5), with 5 SAEs (3 severe) occurring in one patient. A full description of SAEs is provided in supplementary material 6. During the trial a further 263 AEs were reported including one that was considered severe (see supplementary material 7). The remainder were classed as ether mild or moderate. Five of these AEs were considered possibly related to treatment withdrawal but did not require the re-introduction of eculizumab treatment. The other reported AEs were recorded as unrelated or unlikely related to withdrawal of treatment. The organ system affected by all SAEs is summarised in supplementary material 7.

[bookmark: _Toc165800337][bookmark: _Toc165800540][bookmark: _Toc165801749]Health economic analysis 

Average total QALYs were 1.63 (SE = 0.17) for the whole analysis sample during the 2-year trial duration of the SETS aHUS trial. Results from the linear random effects model showed a positive but non-statistically significant difference in utility values for the withdrawal arm (0.02, p = 0.59), and a negative but non-statistically significant difference from disease relapse (-0.01, p = 0.84).

[bookmark: _Toc175911355]Table 5 Random effects results for the EQ-5D-3L utility scores – SETS aHUS trial
	Variable
	Coefficient
	SE
	P-value
	95% CI LL
	95% CI UL

	Month
	0.002
	0.001
	0.04
	0.000
	0.003

	Age
	0.001
	0.001
	0.30
	-0.001
	0.003

	Male
	-0.019
	0.029
	0.52
	-0.075
	0.038

	Baseline utility
	0.955
	0.069
	0.00
	0.820
	1.091

	Tx withdrawal
	0.019
	0.035
	0.59
	-0.049
	0.087

	Relapse
	-0.008
	0.043
	0.85
	-0.093
	0.076

	Constant
	0.035
	0.081
	0.66
	-0.123
	0.194

	Abbreviations: CI = confidence interval; LL = lower limit; SE = standard deviation; Tx = Treatment; UL = Upper limit



The probabilistic analysis in the economic model estimated that replacing a lifelong treatment strategy with a strategy of treatment withdrawal and disease monitoring was on average less costly and more effective, decreasing costs per patient by £4 188 361 (incremental costs 95% CrI: -£6 390 713 to -£675 511) and increase quality of life by 0.22 (incremental QALYs 95% CrI: -0.7 to 1.25 QALYs) (see results in table 6). Stopping eculizumab also led to a reduction in survival of 0.0005 LYs (incremental LYs 95% CrI: -0.003 to 0).
A one-way sensitivity analysis on the deterministic incremental net monetary benefit (NMB) showed that the most impactful parameters on the cost-effectiveness results were the risk of treatment reinitiation after withdrawal, the initial proportion of CKD 0-2 patients versus more severe CKD stages at withdrawal, and the cost of eculizumab. The most impactful parameter for quality of life was the disutility of eculizumab withdrawal. Extreme values in these parameters did not change the decision but differences in QALYs from treatment withdrawal were on average positive, where eculizumab withdrawal was more effective and less costly in 71% of the probabilistic simulations.
[bookmark: _Toc175911356]Table 6 Base-case model results
	Treatment arm
	LYs
	QALYs
	Costs
	inc. Costs
	inc. QALYs
	ICER

	Deterministic base-case

	Maintenance
	25.44
	23.14
	£8,880,187
	 
	 
	 

	Withdrawal
	25.44
	23.38
	£4,319,913
	-£4,560,274
	0.25
	Withdrawal dominant

	Probabilistic base-case

	Maintenance
	25.44
	23.15
	£8,879,971
	 
	 
	 

	Withdrawal
	25.44
	23.37
	£4,691,610
	-£4,188,361
	0.22
	Withdrawal dominant

	Abbreviations: ICER = incremental cost-effectiveness ratio; LY = life years; QALY = quality adjusted life years



[bookmark: _Toc175910825]Figure 4 Cost-effectiveness acceptability curves treatment withdrawal versus lifelong maintenance
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*Abbreviations: Tx = treatment (eculizumab); QALY = quality adjusted life year
[bookmark: _Toc175910826]Figure 5 Deterministic sensitivity analysis for the incremental net monetary benefit of treatment withdrawal
[image: ]
Abbreviations: CKD = chronic kidney disease stage; NMB = incremental net monetary benefit; TT = time to treatment restart risk; Tx = treatment with eculizumab; WTP = willingness to pay threshold.
The scenario analysis showed that a strategy allowing for multiple withdrawals after reinitiation, the use of trial utility estimates after controlling for an outlier, and the risk or reinitiation over time have the biggest impact on effectiveness; while halving the price of eculizumab, the risk of reinitiation over time, and the multiple withdrawal strategy had the largest effect on costs.


[bookmark: _Toc175911357]Table 8 Scenario analysis
	Scenarios
	LYs
	QALYs
	Costs
	Inc. QALYs
	Inc. Costs
	ICER

	Deterministic base-case

	Maintenance
	25.44
	23.14
	£8,880,187
	 
	 
	 

	Withdrawal
	25.44
	23.38
	£4,319,913
	0.25
	-£4,560,274
	Withdrawal dominant

	Multiple withdrawals

	Maintenance
	25.44
	23.14
	£8,880,187
	 
	 
	 

	Withdrawal
	25.44
	23.60
	£ 350,379
	0.46
	-£8,529,808
	Withdrawal dominant

	Gompertz distribution Tx restart (Favourable)

	Maintenance
	25.44
	23.14
	£8,880,187
	 
	 
	 

	Withdrawal
	25.44
	23.52
	£1,732,504
	0.38
	-£7,147,683
	Withdrawal dominant

	Exponential distribution Tx restart (Unfavourable)

	Maintenance
	25.44
	23.14
	£8,880,187
	 
	 
	 

	Withdrawal
	25.44
	23.29
	£6,039,759
	0.16
	-£2,840,428
	Withdrawal dominant

	Baseline QALYs from the literature

	Maintenance
	25.44
	24.31
	£8,880,187
	 
	 
	 

	Withdrawal
	25.44
	24.56
	£4,319,913
	0.25
	-£4,560,274
	Withdrawal dominant

	Baseline QALYs controlling for an extreme outlier

	Maintenance
	25.44
	22.87
	£8,880,187
	 
	 
	 

	Withdrawal
	25.44
	23.01
	£4,319,913
	0.14
	-£4,560,274
	Withdrawal dominant

	Direct costs controlling for an extreme outlier

	Maintenance
	25.44
	23.14
	£8,880,187
	 
	 
	 

	Withdrawal
	25.44
	23.38
	£4,316,332
	0.25
	-£4,563,855
	Withdrawal dominant

	Ravulizumab treatment

	Maintenance
	25.44
	23.14
	£8,585,465
	 
	 
	 

	Withdrawal
	25.44
	23.38
	£4,185,779
	0.25
	-£4,399,687
	Withdrawal dominant

	2-year time horizon

	Maintenance
	1.96
	1.86
	£ 841,835
	 
	 
	 

	Withdrawal
	1.96
	1.90
	£ 237,410
	0.03
	-£604,425
	Withdrawal dominant

	10-year time horizon

	Maintenance
	8.58
	8.11
	£3,107,300
	 
	 
	 

	Withdrawal
	8.58
	8.23
	£936,896
	0.12
	-£2,170,404
	Withdrawal dominant

	50% eculizumab price reduction

	Maintenance
	25.44
	23.14
	£4,616,089
	 
	 
	 

	Withdrawal
	25.44
	23.38
	£2,267,997
	0.25
	-£2,348,092
	Withdrawal dominant

	Abbreviations: ICER = incremental cost-effectiveness ratio; LY = life years; QALY = quality adjusted life years
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From January 2019-June 2022, eight adults (four withdrawals/four non-withdrawals) and 12 parents of children with aHUS (10 withdrawals/two non-withdrawals) from nine hospital sites in England were interviewed. Nine of the 14 withdrawal group were interviewed two years after eculizumab was stopped, five were lost to follow-up. Four key themes were elicited from the data. 
Theme 1 – The impact of the onset of illness and aHUS diagnosis
For most, the onset of illness through to commencing eculizumab was traumatic and frightening. Other causes were first investigated and tests, some more invasive, (e.g. lumbar puncture, kidney biopsy) were conducted. Treatments such as dialysis, blood transfusion and plasma exchange were tried. Several were diagnosed with aHUS within 24 hours. For others it took one-four weeks with the longest being three months, and all were extremely ill during this time. When eculizumab was introduced, the majority improved within two or three days. 
For some, fear and anxiety remained that they, or their child, would experience another episode. Not understanding what had triggered the initial onset meant any minor illness was a cause for concern particularly for parents. 
Theme 2 – Living with long term eculizumab treatment 
After hospital discharge, most attended for fortnightly eculizumab infusions. There were difficulties inserting the cannula for babies/children which was upsetting for them and their parents. With the exception of the youngest, whose parent said infusion was difficult for a number of years, most children became used to it. Participants reported different infusion times, from 30 to 80 minutes, though the whole process could take much longer. When interviewed around half were having eculizumab administered in their homes which reduced hospital visits. Eculizumab monitoring consisted of monthly urine tests, but blood tests varied between participants and were taken fortnightly, monthly, or when requested by their local clinician. 
A few adults suffered no, or not too troublesome, side effects with eculizumab. For other adults, tiredness was most often cited which was constant or lasted one or two days. Other symptoms included leg and back pain, and severe headaches. For children, tiredness, headaches, dizziness, aches and pains and slight gastrointestinal upset were experienced following treatment, though these resolved relatively quickly. 
Eculizumab treatment and, where relevant, the side effects impacted mainly on work/school and holidays. A few thought this disruption a small price to pay if it prevented a relapse. For others, the fortnightly treatments and ensuing tiredness meant time off work/school. Most had sympathetic employers who allowed them the time off though one participant often used their annual leave entitlement. A few were concerned about, or had experienced, the stigma of taking time off work every other week for treatment. 
Fortnightly treatment could be problematic if participants wished to take two-week holidays further afield, though some said with sufficient notice hospital staff could gradually shift treatment days to enable travel on specific dates. Hospital staff suggested participants choose a destination where eculizumab was available. One adult participant felt their mental health had suffered as they had been unable to return to their homeland to see close family for many years, as it is too far, too expensive to visit for two weeks and treatment is not available. Parents were fearful of taking holidays any distance from their care team should their child take ill.
Theme 3 – Factors impacting on decisions to withdraw from eculizumab
Reasons for not withdrawing
All six non-withdrawal participants said having the opportunity to do so safely was a good idea, and they were interested in the results of the main study. Two had hoped to withdraw but the clinical team advised against it because of factors that would prevent effective monitoring. 
The one parent who declined to withdraw felt detecting a relapse would be difficult as their child would be unable to communicate they were unwell. The main concern for the three adult participants was suffering a relapse and being as ill or incapacitated as they were after the initial onset, the resultant hospital stay and impact on work and family. Eculizumab gave them peace of mind; if they withdrew, they would be terrified of a relapse with every minor health issue experienced. They did not want to live with the long-term fear every time they had a cold, for example, that the aHUS had returned. 

Reasons for withdrawing
Most participants gave more than one reason for withdrawal. The cost of eculizumab was a concern for many, but the reasons fell into the following two categories. 
A wish to lead a ‘normal’ life
Several participants talked of wanting a normal life for themselves or their child. For most this meant a life without regular medication and its side-effects, and where their day-to-day activities and leisure time were not disrupted. Parents wanted the chance to explore whether their child could lead a normal life, without medication, or even have a break from treatment. This decision was supported by withdrawing from eculizumab in the context of a carefully monitored trial, with the guarantee of its immediate reinstatement should they relapse. Some believed this was a good time for withdrawal as their kidney function tests had been normal for a substantial period.
Issues relating to eculizumab
Other motivations for withdrawing were the higher risks of meningitis and pneumonia and whether long term eculizumab was warranted particularly where there was no firm aHUS diagnosis, or their tests had been stable for a long time.

Theme 4 – Longer term withdrawal
The purpose of the follow-up interviews was to explore experiences over the two years and seek views on the monitoring protocol. 
There were no issues with the monitoring protocol and normal tests – whether blood or urine – lessened any anxiety about withdrawal. One adult felt monitoring in the early stages of withdrawal was excessive and they often forgot to test their urine. However, the level of monitoring reduced over time and participants thought this was appropriate.
The extreme fatigue and other physical symptoms were no longer present, and participants were able to enjoy holidays and less disruption to their daily lives. Anxiety was an issue, specifically for parents, though a few said this was becoming less over time. Parents continued to watch their child carefully for any signs of a relapse. Knowing they could restart eculizumab immediately should this occur, and that this would work, was reassuring. 
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Withdrawal study 
Only one patient met the criteria for a primary outcome with a fall in eGFR >20% which did not recover following the reintroduction of eculizumab prior to DMC adjudication. Based on this observation and analysis using the pre-trial statistical plan, we conclude that risks associated with withdrawal of eculizumab are not greater than staying on treatment. In addition, although outside of the trial follow up period, we know the renal function of the patient who met the primary outcome measure subsequently improved. 
This trial did not have relapse as the primary outcome measure, as the natural history of disease predicts that some patients will relapse following withdrawal of eculizumab. Critically, we were able to re-introduce treatment when a relapse was diagnosed for three patients with no evidence of harm. Therefore, we propose that for patients fulfilling the trial entry criteria we can safely change our treatment strategy from lifelong treatment to a limited duration of treatment (minimum 6 months, as defined in the trial protocol), with a monitoring of disease activity replacing treatment.
It appears possible that the risk of relapse could be predicted by presence of a defect in complement regulation.  Four out of 17 patients (24%) with a defect in complement regulation relapsed whereas no relapse was seen in patients with no complement regulatory defect. This is consistent with other published reports, with relapse in the absence of an identifiable cause of complement dysregulation being very uncommon occurring in only 2 of 69 patients in the published series (8, 29, 35, 36, 38). The nature of the complement regulatory defect may also be important in predicting the likelihood of relapse. Although the numbers are small, 2/3 patients with pathogenic variants in CFH and 1 of 2 patients with a pathogenic variant in C3 experienced a relapse.  This has implications for monitoring after withdrawal. It may be that the intensity of monitoring should be modified according to the risk of relapse, with patients with pathogenic variants in CFH and C3 requiring more intensive monitoring. This is also relevant to counselling of patients prior to treatment withdrawal.
Previous publications have reported that self-monitoring for non-visible haematuria (or haemoglobinuria) is useful to detect relapse (36, 39). In this trial we did not reproduce this finding. Only one patient had a change in haematuria/haemoglobinuria in the scheduled visit prior to relapse and, in the two patients in whom it was recorded, neither had a change in haematuria/haemoglobinuria at the unscheduled visit when eculizumab was restarted. Although the development of haematuria/haemoglobinuria may associate with relapse in some patients, it does not appear to be a reliable biomarker of relapse and therefore needs to be used with caution. A negative result may result in false reassurance and delay in re-initiation of treatment.
It was evident that relapse does not necessarily follow the characteristic, acute course with AKI, thrombocytopenia and microangiopathic haemolysis. This was the presentation in the two children who relapsed, but in adults it was a gradual decline in renal function, initially without haematological features of a TMA. This has implications for future monitoring. Although it will be important to inform patients to self-present in the event of any acute, unexplained illness it will also be important to have long term, routine monitoring in place to detect any gradual loss of renal function. Longer-term follow up studies are required to determine whether patients at low risk of relapse, particularly those with no identifiable cause for complement dysregulation, can be safely discharged from routine follow up.
Health economics discussion
Lifelong treatment maintenance of eculizumab presents a significant cost on health care providers (29). The economic analysis conducted as part of this trial assessed the cost-effectiveness of a treatment withdrawal strategy with a disease monitoring protocol compared to a strategy of lifelong treatment maintenance with eculizumab.
The base-case results from the economic evaluation showed that replacing a lifelong treatment strategy with eculizumab with a strategy of eculizumab withdrawal with disease monitoring on average decreased costs per patient by £4,188,361 and increased QALYs by 0.22. The probability that a withdrawal and monitoring strategy was the cost-effective treatment was 100% across the cost per QALY thresholds considered, furthermore, there was a 71% likelihood that withdrawal and monitoring was the dominant strategy compared with lifelong treatment. Model inputs included the risks of treatment relapse and disease progression after relapse, where the treatment withdrawal strategy led to a small average reduction in length of life of 0.0005 LYs (equivalent to 4 hours over a lifetime). The deterministic analysis identified the risk of relapse, the initial proportion of patients with CKD 0-2 versus CKD 3, and the cost of eculizumab as the primary drivers of cost-effectiveness.
Although previous model-based economic evaluations have also attempted to model treatment withdrawal and restart (20)(21, 22), this is the first study to inform the risk of restarting treatment for any disease related and non-aHUS related reason, based on trial data from SETS aHUS. This model extrapolated the 2-year trial follow-up data over the patient lifetime, and further allowed for relaxing the assumption of a constant risk over time, which had been imposed in previous models due to the lack of data (21, 22). Our results suggest this was a pessimistic assumption; however, our scenario using an exponential distribution still resulted in treatment withdrawal and monitoring being the cost-effective intervention.
The primary limitations of the economic analysis came from the data informing model. Due to the low incidence of aHUS the sample size in the SETS aHUS trial was small and the data collection process was influenced by the COVID-19 pandemic, leading to large proportions of missing data and leaving results vulnerable to extreme outliers. Moreover, the time horizon of the model (lifetime of a 20-year-old patient) was significantly longer than the trial follow-up (2 years)(18), nevertheless, our analysis suggested likely gains in quality of life and evidence of cost-savings over the first 2 and 10 years of treatment withdrawal. The sensitivity analysis incorporated these uncertainties in the model through multiple analyses, where a strategy of treatment withdrawal with disease monitoring consistently maintained its cost-effectiveness compared to lifelong eculizumab treatment.
The modelling approach allowed the inclusion of recent changes in the treatment pathway of aHUS that could not be included in the original SETS aHUS study, such as the introduction of ravulizumab as an alternative to eculizumab (28). This did not seem to significantly impact the decision comparing lifelong treatment with withdrawal and monitoring. 
The model also explored the cost-effectiveness of an alternative approach to treatment withdrawal that allowed patients to withdraw multiple times against a lifelong treatment strategy. This alternative strategy showed promising results, yet more research is needed to generate firmer conclusions.
This study was the first model-based economic evaluation of a strategy of disease monitoring and treatment restart for patients withdrawing from eculizumab compared to a lifelong maintenance strategy, based on trial data from aHUS patients treated with eculizumab. The economic analysis demonstrated that eculizumab withdrawal in eligible aHUS patients led to a sizeable decrease in costs per patient, and has the potential to increase quality of life.

Qualitative discussion 
Little is known about the views of patients with aHUS on withdrawing from eculizumab. The objective of this embedded qualitative study was to explore patients’ and for children their parents’ views and experiences of eculizumab and its withdrawal, and the acceptable level of monitoring whilst off the drug. The findings will help to guide clinicians and patients/parents in their discussions about withdrawal from eculizumab in clinical consultations, should this prove to be a viable alternative to long term treatment.
Two key factors impacted on decisions to withdraw from eculizumab. The first relates to their initial illness and diagnosis (or suspected diagnosis) of aHUS, the changed existence from rarely being ill and no experience of hospital to living with the ‘ticking time bomb’ threat of a potential relapse, constantly watching for anything they feel may act as a trigger and monitoring any changes in their regular tests. The second was adjusting to the disruption of frequent long-term treatment, the side-effects, and the limitations some experienced physically and socially. Although only a small number of participants declined withdrawal, their decision was influenced by the perceived disruption of a potential relapse and the view that treatment was not burdensome. For withdrawal participants their key motivations were to try to attain some normalcy in their lives and concerns with being on long term medication – medication that may not be warranted. Monitoring and being able to quickly reinstate eculizumab - and knowing it is effective - should they or their child relapse provided reassurance. 
Similar findings on reasons for withdrawal/non-withdrawal of medication have been reported in studies conducted with patients/caregivers with juvenile idiopathic arthritis (40)  rheumatoid arthritis (41).
Discussions about withdrawal from eculizumab should be based upon, and guided by, an understanding of patients’ experiences of the onset of the illness. Evidence from the main study on the optimum monitoring, successful withdrawal, and recovery time where eculizumab was reinstated may provide reassurance to those who are uncertain about withdrawal.

Contribution to existing knowledge
The study findings add to the increasing body of evidence that patients with aHUS do not need life-long treatment with complement inhibition and that treatment can be withdrawn in the majority of patients without additional risk compared to continuation of eculizumab. Unlike other reports which described a cohort of patients who underwent treatment withdrawal, the SETS aHUS study used Bayesian statistical methodology evaluate the safety profile of eculizumab withdrawal compared with continuation,, using rates of treatment related adverse events in a historical cohort to define the event rate under the null hypothesis. 
It contributes to the number of reported patients who have withdrawn from treatment, allowing an increasingly accurate prediction of relapse rate following withdrawal of complement inhibition. The reported patient cohorts are summarised in table 7. These reports contain data on 186 patients, 44 of whom (24%) experienced a relapse after treatment withdrawal. The presence of a pathogenic or likely pathogenic variant increased the risk of relapse (36/83, 44%), which is a consistent finding in all reported studies. The rate of relapse was lower in patients with a variant of uncertain significance (5/16, 31%) and when disease was attributed to anti-FH autoantibodies (1/16, 6%). Although the rate or relapse was low in patients with no identifiable complement regulatory defect it is reported in the literature (2/69, 3%). However, in this cohort one relapse was subsequently attributed to an inherited deficiency in ADAMTS13 and the second was in the context of liver transplantation and non-adherence to treatment. This emphasises the rarity of relapse in patients with no identifiable cause of complement dysregulation.
In this current study  one relapse occurred every 14 years off treatment in the cohort overall and every 8.5 years off treatment in the presence of a complement regulatory defect. These rates of relapse are comparable to the rates in a retrospective report of the UK experience outside of a clinical trial which reported a relapse rate 1 every 9.5 years in patients with a pathogenic genetic variant in complement regulation (1). In contrast, the CUREiHUS study reported more frequent relapses, every 3.5 years off treatment in the present of a pathogenic or likely pathogenic variant (37). This study reported no relapses in patients without a defect in complement regulation.
The increasing size of combined cohorts also allows the rate of relapse to be estimated depending on the underlying complement genetic defect. This summary data is presented in table 8 and includes patients and includes data from 7 reports (8, 29, 35-38). Pathogenic or likely pathogenic variants in CFH confer the highest risk of relapse (60%). For the other genes affected the risk is 25-43%. The number of patients with a variant of certain significance is low, but evidently these variants do confer a risk of relapse.
In the prospective French cohort study one patient progressed to end stage kidney disease after treatment withdrawal (35). This patient had CKD stage 4 at the time of recruitment and because of this would have been excluded from the SETS aHUS study. If AKI occurs during a relapse recovery may be less likely in the context of significant underlying CKD. Therefore, complement inhibitor therapy should be withdrawn with caution in this patient group. 


[bookmark: _Toc175911358]Table 8 Summary of published studies reporting the outcome following withdrawal of eculizumab in patient with aHUS

	
	Median duration of follow up (months)
	Patients with genotyping / aa status
	Relapse (%)
	P/LP variant
	Relapse (%)
	VUS
	Relapse (%)
	Anti-FH antibodies
	Relapse (%)
	No variant or antibody
	Relapse (%)

	SETS aHUS trial

	24
	28
	4 (14)
	10
	4 (31)
	2
	0
	5
	0
	11
	0

	Bouwmeester et al 2022 (37)
	18.8¥
	18
	4 (22)
	13
	4 (31)
	2
	0
	2
	0
	4
	0

	Fakhouri et al 2021 (35)
	19.8
	55
	13 (24)
	26
	10 (38)
	1
	1
	4
	0
	23
	1¶ (4)

	Merrill et al 2017(38)
	11
	13
	3 (23)
	2
	2 (100%)
	3
	0
	0
	0
	8
	1∞ (13)

	Wijnsma et al 2018 (29)
	Not reported
	18
	5 (28)
	9
	3 (33)
	4
	2
	1
	0
	4
	0

	Fakhouri et al 2016 (8)
	22
	38
	12 (32)
	18
	10 (56)
	3
	2
	1
	0
	16
	0

	Ardissino et al 2015 (36, 39)
	13.1
	16
	3 (19)
	5
	3 (60)
	3
	0
	3§
	1
	5
	0

	Total
	
	186
	44 (24)
	83
	36 (44)
	16
	5 (31)
	16
	1 (6)
	71
	2 (3)



¥ Excluding patients who did not recover kidney function
¶ Subsequently found to have hereditary ADAMTS13 deficiency
∞ Liver transplant recipient with treatment non-adherence
§ Excluding a patient with anti-FH autoantibodies who also had a variant in FH

[bookmark: _Toc175911359]Table 9 Relapse rate according to pathogenic genetic variant identified
Rate of relapse depending on gene affected by  Pathogenic/Likely Pathogenic (P/LP) variant or Variant of Uncertain Significance (VUS).
	Genene affected
	Number of patients
	Relapse, n (%)

	CFH

	
P/LP
VUS
	
30
7
	
18 (60)
3 (43)

	CD46

	
P/LP
VUS
	
29
3
	
10 (34)
0 (0)

	C3

	
P/LP
VUS
	
14
2
	
6 (43)
1 (50)

	CFI

	
P/LP
VUS
	
9
3
	
2 (25)
1 (33)

	CFB

	
P/LP
VUS
	
1
1
	
0 (0)
1 (100)




Strengths and weaknesses
The SETS aHUS trial, when taken in the context of other reported case series, is likely to alter the way that aHUS is managed in the UK. This will have significant benefits for patients, health care providers and commissioners.
Unlike other descriptive cohort studies, this study used statistical methodology to investigate the safety of stopping eculizumab treatment in aHUS. It would not be possible to undertake a randomised control trial in this patient cohort due to the rarity of aHUS. Indeed, no randomised trial has been conducted in this disease including the trials that led to approval of eculizumab (6) and subsequently ravulizumab (42) for the treatment of aHUS. This trial demonstrates the application of Bayesian methodology to interventional trials in rare diseases and could be an exemplar to inform the design of future studies of interventions in rare diseases. This is particularly the case as cohorts of rare disease patients, with granular data on disease phenotype and outcome, become available (43).
Although the trial did not reach its recruitment target, sensitivity analysis confirmed that the conclusions would not have changed if the remaining two patients were recruited and met a primary outcome. In total, 39 patients were involved with the study. This represents approximately 30% of the prevalent, eculizumab treated patients and 40% of eligible patients at the time of trial initiation. Recruitment of such a high percentage of the prevalent patient population was only possible due to the support of local principal investigators and, in particular, patients and carers. Of the 49 patients who were approached and were eligible 39 (80%) agreed to participate in the study.
The primary limitations of the economic analysis came from the data informing the model. The health economic data on patient health-related quality of life and resource from the SETS aHUS trial suffered from a small sample size. This compounded with increases in missing datapoints after month six of the trial which may have been influenced by the Covid-19 pandemic. For the analysis this meant that a complete case analysis was not feasible(26), and multiple imputation methods were not appropriate. 
Challenges faced and limitations.

Due to the low prevalence of aHUS only one potential recruit was identified during pre-screening at some sites. The study team encountered reluctance from sites to open the trial with such low recruitment targets, despite enthusiasm from local clinicians, denying patients access to research participation. This needs to be addressed to prevent patients with a rare disease from being disadvantaged in the future.

aHUS has a number of different genetic and acquired causes and in 30-40% of cases no cause is found. It is evident from the result of this trial and other reports that risk of relapse after treatment withdrawal is determined in part by the cause of disease. The number of patients with a specific genetic or acquired complement regulatory defect in this study is small, a problem common to all published case series. By combining data it is possible to increase numbers, particularly for the more common causes of disease, to a level that allows more confident prediction of relapse rate. However, this cannot be achieved with the SETS aHUS study data alone.

The Covid-19 pandemic occurred midway through the trial. Recruitment was suspended and although sites were re-opened after the pandemic the rate of recruitment did not return to its pre-pandemic level. At the onset of the pandemic patients had withdrawn from treatment and were attending study sites for their safety monitoring. To minimise hospital footfall, sites stopped conducting scheduled research visits and research staff were redeployed to work on Covid-19 studies. This exposed SETS aHUS trial participants to significant risk if relapse occurred without adequate monitoring. One option considered was to restart eculizumab treatment in all study participants. However, this was also associated with risk, with patients having to attend hospital to restart treatment. Therefore, the monitoring protocol was amended to allow patient monitoring away from the study sites and acknowledgement that this would result in a higher rate of data incompleteness.

Engagement with Partners and Stakeholders  

During the course of the trial we reported progress on recruitment and the expected time to trial finish, data analysis to the body responsible for commissioning the treatment of aHUS. This included discussion on implementation of the study findings if it showed safety and feasibility of treatment withdrawal.

Individual training, individual capacity-strengthening and institutional Capacity Strengthening

This study was co-ordinated through the national aHUS service in Newcastle upon Tyne. This centre provides diagnostic and management support for patients with aHUS in England and Scotland (approximately 60m people) and, as a consequence, the clinical team has unparalleled experience of managing this rare disease. The decision to restart treatment in two cases of relapse was complex and required collaboration between the expert centre and local clinicians. Similarly, the decision not to restart treatment in patients with adverse events also presented a diagnostic challenges. 

The delivery of the study provided significant learning opportunities to the clinical delivery team that will be used to implement study findings. This reinforces the case for centralisation of management of this disease as the number of patients withdrawing from treatment will mean that most clinicians will have limited or no experience of managing these patients. Centralisation, through a specialised service, should include monitoring for relapse in patients following treatment withdrawal to ensure correct and timely reintroduction of treatment. Monitoring patients off treatment is more resource intensive than continuing patients on treatment, particularly when following the study protocol which was designed to maintain patient safety. The cost of this additional resource is offset by the savings in drug costs, as shown in the health economic analysis, and this could be further refined by reducing the intensity and duration of the monitoring protocol for those patients at low risk of relapse.


[bookmark: _Toc165800340][bookmark: _Toc165800543][bookmark: _Toc165801752]Patient and Public Involvement 

For the main eculizumab withdrawal study, patient with aHUS were invited to a focus group during the development to the protocol. This discussed the acceptability of eculizumab treatment withdrawal, intensity of the monitoring schedule and likelihood of participation in the study. In particular, the focus group was asked what rate of withdrawal-related primary outcomes were acceptable based on an understanding of treatment-associated risk. Critically this informed the analysis plan and defined the area under the null hypothesis.
The chief investigator took the opportunity to seek the views of attendees at an aHUS Patient and Family Conference that was held when the funding application was being developed. Attendees were asked to provide feedback (using a short questionnaire) on their views as to the idea of a withdrawal study, if they would be willing to take part and any issues they wished to raise. Attendees who were carers of young children with aHUS had concerns about the risks of kidney damage and relapse and would not be willing to put their child into a trial of this kind. Two adults with aHUS were worried about the impact of the trial on their current and future transplant kidney. Those who would be willing to take part raised issues around the monitoring of patients who are withdrawn from eculizumab.  They suggested that eGFR and uPCR (measures of kidney function) should be measured and patient wellbeing assessed. Respondents identified the importance of ensuring that patients have immediate access to specialist care (and treatment if necessary) with an emergency contact number and a policy for patients if they are on holiday or away from home. All of these points were taken into account during design of the study. The chief investigator regularly presented the concept of the SETS aHUS to patient fora, organised biannually by the national aHUS centre.
Patients with aHUS were involved in the development of the embedded qualitative study through the charity aHUSUK. This was facilitated by the lay co-applicant who was involved from the outset, contributing to the design and proposed conduct of this study. aHUSUK agreed with a qualitative approach due to the exploratory nature of the study, commented positively on the proposed area of exploration, the suggestion of telephone interviews due to the geographic spread of eligible participants and to follow-up those in the withdrawal arm. Helpful suggestions from aHUSUK members on the qualitative study participant information sheet were incorporated. The lay co-applicant continued to support the qualitative study, posting on social media platforms reminding those approached to take part about the importance of the patient voice.
To ensure that our patients and the public were kept up to date ; throughout the study the SETS aHUS trial related page on the National Renal and Complement Therapeutics Centre (NRCTC) website was maintained (http://www.atypicalhus.co.uk/research/ ). During the study the SETS aHUS protocol paper was published in BMJ Open (18) and NCTU tweeted about the publication here: https://twitter.com/NCLctu/status/1572484086345891843?cxt=HHwWhoDQ2b78ytIrAAAA 

In addition to attending TMG meetings throughout the trial, the PPIE representative and Co-Applicant has written about his experiences with the SETS aHUS clinical trial in his blog: https://www.ahusallianceaction.org/ahus-clinical-trials-are-not-that-easy/ which was subsequently tweeted by NCTU:
 https://twitter.com/NCLctu/status/1582366588627345409?s=20&t=bl6l_zPlPq8Deo2iEDx2Yw. The PPIE representative and Co-Applicant has also been actively involved in the review of the documents submitted as part of amendment updates to the protocol. 
The PPIE representative and Co-Applicant has also reviewed and inputted into the preparation of this synopsis. 


[bookmark: _Toc165800341][bookmark: _Toc165800544][bookmark: _Toc165801753]Equality, Diversity and Inclusion (EDI)  

The participant facing documentation for the SETS aHUS trial was designed using the principles and practices which reflected the accessibility, readability and cognitive ability of the target participant. Documentation was designed for all patients in the age groups 2-6, 7-11, 12-15 and 16+ as well as separate documents for the legal guardians of paediatric patients. The terminology used was age appropriate and was reviewed by the PPIE co-applicant for language and terminology use prior to submission for trial approval and each subsequent update by protocol amendment. 

There is no current evidence that different ethnicities, genders or population groups with aHUS respond differently to treatment or are more or less suitable for withdrawal of treatment. In addition, there is no data which indicates that atypical HUS is more or less common in any ethnic group. The findings from the SETS aHUS trial are applicable to all underserved groups as described by the NIHR INCLUDE guidelines (44)

On the SETS aHUS trial the participant population characteristics were as follows: White (British/Irish/Other) 29%, Asian (Asian/British Asian) 8% and Mixed (White and Black African/White and Black Caribbean/White and Asian) 2%. There were 22 paediatric participants enrolled on the trial and 17 adult patients in the cohort. The SETS aHUS trial comprised of 17 trial sites across England and Scotland which gave a broad Geographical spread and ensured the capture of as many participants as possible presenting to hospital with this very rare disease. 

The SETS aHUS trial was managed by a team highly responsive to the needs of potential and active participants throughout the trial recruitment period. This included document translation when needed and assistance to site teams in all areas of recruitment and retention.

The trial participant demographics reflected the wider aHUS population as described by the RaDaR Registry (1, 43) .

The site investigator teams comprised a highly dedicated and motivated group that were extremely active in identifying potential participants for this trial. Despite recruitment challenges which were primarily due to the COVID-19 pandemic, 28/30 participants were recruited to the trial withdrawal arm by the site teams.
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What difference has been made already

As this trial required real time monitoring to identify patients meeting a primary outcome, it has been clear that the number of patients likely to reach a primary outcome would remain below the threshold at which the trial would conclude that withdrawal of eculizumab treatment was unsafe. In addition, a number of other studies have also recently reported the feasibility of treatment withdrawal strategies.

Therefore, it has been possible to plan future implementation, specifically adopting a clinical pathway for the treatment of aHUS involving treatment for a limited period of time, followed by withdrawal and monitoring for disease activity. This planning has involved:

· Altering what is communicated to referring clinical teams and incident patients or carers. Previously the aHUS treatment protocol was for continued treatment unless there was a clinical reason to discontinue. This led to the expectation among patient, carers and clinical teams that a patient would remain on treatment indefinitely and therefore potentially induce patient and carer anxiety when a change in treatment plan was suggested. These concerns were identified in the qualitative study. Changing what is communicated to incident patients from the point of diagnosis, that a limited course of treatment followed by monitoring is planned, when this occurs it will not represent a deviation from the expected treatment plan.
· Planning what educational materials are required for patients, carers and clinicians. The qualitative study identified that patients and carers had concerns about identifying relapse and the anxiety associated with the risk of relapse after treatment withdrawal. It will be important that patients have educational resources available so that they feel adequately equipped to identify potential signs of relapse. Because aHUS is such a rare disease most clinicians will have no experience of its diagnosis and management. It will be important to provide educational material, most likely as a patient held resources, that provides adequate information for patients and carers, that can also be given to health care professionals, to support diagnostic testing and patient management. The planning and development of these materials has started.
· Ensuring that processes are in place for adequate patient monitoring following withdrawal of treatment. The acceptable safety profile ofwithdrawal of eculizumab was demonstrated in the context of a clinical trial with dedicated research team resources available for monitoring. A challenge of real-world implementation will be to ensure that this is effectively translated into future clinical practice. The initial stage will be to plan what monitoring is required and whether the intensity of monitoring can be adapted depending on risk of relapse, particularly for those patients with no pathogenic genetic variant or acquired defect in complement regulation. This reflects comments made in the qualitative study about the impact of intense monitoring and the stratification of risk using data from this and other studies.
· Allied to effective monitoring is the ability to reintroduce treatment rapidly in the context of a relapse. Patients’ access to primary and secondary care could potentially prove a barrier to rapid access to treatment. In the trial treatment reintroduction occurred within 24 hours of the diagnosis of a relapse. We have started to plan how this can be achieved, with the national aHUS service providing support with the development of treatment plans and co-ordinating access to treatment. A business case for this service is under development.
· A decision about withdrawal of treatment will be made involving the patient or carers, the local clinical team and the national aHUS service. Although the local clinical team will continue to provide care for the patient oversight of patient outcomes by the national service is critical as part of this tripartite arrangement. In order for the national aHUS service to have access to local blood tests we have started discussions with the UK Renal Registry and Patients Knows Best, which provides a platform for patients to access their medical data. We plan to develop an exemplar project that allows a centralised specialist service to access test results performed in both primary and secondary care. This may have implications for the development of other specialist services. It will also allow communication between the national aHUS service and individual patients using this platform.


Longer-term impacts

Based on the findings detailed in this report the protocol for the management of aHUS is likely to change. We are developing a proposal to change the current clinical pathway which is based on continued treatment with eculizumab (or ravulizumab) to a pathway based on treatment for a limited period of time followed by disease monitoring and reintroduction of treatment if required. As detailed above, planning of this new pathway has started. However, implementation of this new pathway will require additional resources. When patients are off treatment they are at risk of relapse, a risk that is not present when they are on treatment. Therefore, implementing this change will require patient monitoring, unscheduled access to diagnostic testing, access to treatment if required and central oversight. The cost of disease activity monitoring is included in the health economic analysis. Despite the additional resources required to introduce a protocol based on a limited period of treatment for the majority of patients is a highly cost-effective change associated with significant cost savings.

Lessons for future research

The are important lessons that can be learnt from this study for research into rare diseases. These include:
· The importance of a qualitative component into the study. In studies on aHUS withdrawal the SETS aHUS trial was unique in having an embedded qualitative component. This has provided important insights into the reasons why treatment decisions are made by patients and carers as well as improving our understanding of how patients perceive the different treatment options presented to them. This information will be used to inform future protocol development to ensure that implementation plans are acceptable to patients and carers. The positive impacts of withdrawal articulated by patients and carers provides a strong rationale to clinicians and commissioners to adopt this treatment option. 
· Although trials in rare diseases assessing the effectiveness of an intervention are challenging, it is possible to deliver publicly funded, multicentre studies. Although randomised control trials may not be possible, studies in rare diseases can include analysis that is not simply descriptive. It is possible to apply statistical methodology, for example the Bayesian method used in this study, to analyse outcomes and produce robust data about the effectiveness of an intervention.
· Because randomised trials are difficult to conduct, comparison to a population naïve to the intervention being investigated is important. The assembly of patient of rare disease cohorts, for example RaDaR in the UK (43), with high quality, granular data is critical. Registries can also facilitate patient identification and pre-screening, which was an important factor in the delivery of the SETS aHUS trial.
· Due to the nature of the diseases being studied, trials in rare disease will recruit small numbers of patients at each site and, depending on the trial design, may not recruit if there are no eligible patients. Research and governance infrastructure has been developed to deliver higher volume studies and during the SETS aHUS trial the management team encountered difficulties in opening sites because of low recruitment numbers, unsupported by commercial income. To avoid disadvantaging patients with rare diseases solutions to this problem should be considered.

Collaborations

England and more recently Scotland are unique in having a single expert centre coordinating the diagnostics and management of patients with aHUS. As a consequence the national aHUS service is aware of the a very high proportion of prevalent patients with this disease which has allowed observational case series reports with relatively large patient numbers considering the rarity of this disease (1, 45). Nevertheless, the low patient numbers does not permit testing of multiple treatment protocols, which can only be achieved by international collaborations. The national aHUS service has collaborations with several countries, including The Netherlands, France and India, that allow comparison of different treatment protocols in areas such as withdrawal, transplantation and anti-FH autoantibodies. Although this may not provide the level of evidence obtained from prospective trials, this has to be an accepted limitation in rare disease research.

Dissemination
This trial will be published in peer-reviewed journals. Three manuscripts are planned describing the main trial result, the qualitative and health economic study. This is in addition to the protocol peer published in BMJ Open. We will also present the outcomes to clinicians at academic meetings and at educational events delivered by the national aHUS service. The results will be presented on the centre’s website and through social media feeds. We will engage with the University, Trust and NIHR to ensure dissemination of the study findings.

The potential to discuss the trial outcomes with patients will be critical for successful implementation. The qualitative study identified that patients and carers had understandable concerns about the changes to the clinical pathway and it will be important to communicate how we will design the pathway to alleviate these concerns. In addition, through the focus groups, patient panel and patient and carer meetings which are organised by the national aHUS service we will present results and request feedback from patients and carers, again informing the development of new clinical pathways.  
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The three main findings of this trial are; withdrawal of anti-complement therapy in patients with aHUS is not associated with an adverse patient safety profile,, this change in the clinical pathway results in significant cost savings and this new approach is acceptable to patients.
In the Highly specialised technologies appraisal of eculizumab for treating aHUS undertaken by NICE, funding was recommended dependent upon certain arrangements being in place (12). One of these mandated arrangements was that a research programme with robust methods to evaluate when stopping treatment or dose adjustment might occur was in place. The SETS aHUS trial is the output, delivered by the commissioned national service, that fulfils this requirement.
Based on the evidence presented in this report it is appropriate to adopt a clinical pathway in which eculizumab (or ravulizumab) is withdrawn after 6 months treatment and replaced by a protocol for monitoring disease activity and reintroduction of treatment in the case of a relapse. This is the first study to apply statistical methodology assessing safety of withdrawal. However, the findings are supported by the international experience which is summarised in section 4.2. Therefore, the clinical pathway for the management of aHUS in the UK should change to one of 6 months treatment for the majority of patients followed by a protocol of disease monitoring and reintroduction of treatment if relapse occurs.
This clinical pathway is only applicable to patients who meet the inclusion of the SETS aHUS trial. Patients with CKD stage 4 or non-dialysis stage 5 and patients with a high-risk genetic variant with a kidney transplant should not withdraw from treatment. This exclusion is supported by data from the French and Dutch cohort studies which reported the development of End Stage Kidney Disease and transplant loss respectively if treatment was withdrawn in these groups (35, 37). One exception to this could be withdrawal of treatment despite CKD 4-5 for patients with no pathogenic variant identified in whom the risk of relapse is very low. If this was done it would require detailed discussions with patients or carers and local clinical teams.
In this trial the equivalence of treatment withdraw was demonstrated in the context of a structured protocol for disease activity monitoring. If the withdrawal clinical pathway is adopted it will require a similar monitoring protocol. It may be possible to stratify the intensity of monitoring based on analysis of the cause of aHUS. Patients who do not have a complement regulatory defect are at low risk and monitoring could be less intensive in this group. It is evident from analysis of the patients who relapsed in this study that relapse does not always follow a fulminant course with easily identifiable laboratory features. Relapse can lead to a slow decline in kidney function in the absence of characteristic haematological features of a thrombotic microangiopathy. Therefore, lifelong monitoring will be required for patients at risk of relapse which based on current data would include patients with a pathogenic genetic variant or persistent anti-FH autoantibodies.
There will need to be a system in place to ensure adequate patient education enabling them to identify symptoms or signs of relapse. If, following treatment withdrawal, a patient becomes acutely unwell they will need access to diagnostic testing, either through primary or secondary care. This will fall outside of any scheduled monitoring protocol which will occur at a reducing frequency as the time since withdrawal increases. A delay in diagnosis of relapse represents a significant risk to patients including loss of renal function, requiring renal replacement therapy in severe cases, hospitalisation and possible death. Therefore, patients will need a treatment plan in place which includes rapid access (<24 hours) to a health care professional and local diagnostic services. How this will be delivered will depend on factors such as patient age, location and local availability of services. It is proposed that the national service co-ordinates this treatment plan for individual patients, working closely with local clinical teams, including the development of educational materials for patients and health care professionals. In addition to facilitating access to diagnostic testing the national service will support local services to rapidly access treatment, following the same model as used for the treatment of new incident patients. Eculizumab is not a stock drug in many hospitals and support is provided to access treatment if eculizumab is not available.
Monitoring data and information relating to relapse and subsequent outcome should be submitted to a central registry, most likely held by the expert coordinating centre. The data on patients who have withdrawn from treatment should be audited and reported to commissioners on a regular basis. This regular audit is necessary to ensure that safety of treatment withdrawal persists one the new clinical pathway is implemented outside of the context of a clinical trial. This continued analysis of outcomes will ensure that quality of service is maintained and reassure patients that there is ongoing monitoring of real-world safety. 
If a patient is re-established on treatment (15% of the whole cohort, 24% with a complement regulatory defect) this study does not address whether lifelong treatment is then required. This will be a relatively small number of patients annually, but the number will increase with time. There may never be a sufficient number of patients to replicate the current study, addressing the safety of a re-withdrawing treatment, but nevertheless it has important implications for individual patients and significant associated health care costs. Generating evidence to inform how best to manage this important patient group will be critical. The generation of real-world evidence through registry data collection following re-withdrawal of patients may in part provide evidence on which to base treatment decisions.
The cost saving associated with withdrawal of eculizumab is £4.2m per patient. Based on an incident rate of 20-30 patients per year starting eculizumab the potential for a reduction in spend on eculizumab (or ravulizumab) is significant with uncertain benefit of continued treatment. Including the cost of monitoring and other possible health care costs the implementation of a clinical pathway of withdrawal is cost-effective. Application of the health economic model generated as part of this study to real-world data generated after adoption of the new clinical pathway would allow validation of the model used.
The SETS aHUS trial includes an embedded qualitative study exploring patients and carers attitudes to withdrawal. Critically, this study confirmed that the proposed clinical pathway of treatment withdrawal was acceptable to the majority of participants. Participants were keen to have the option to withdraw from treatment, reporting the concerns about the burden of life-long treatment, the associated risks and side effects experienced. After withdrawal, even taking into account the need for monitoring, patient and carers reported the advantage of returning to a normal life. The study did, however, identify concerns specifically for those who decided not to withdraw from eculizumab. about withdrawal and the risk of relapse This information has been used to inform plans for withdrawal in the future; to design a pathway where risk minimisation and safety is central.
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Recommendation 1: Can eculizumab be withdrawn again in patients who have relapsed once after withdrawal.
In the current study, following a relapse, the patient continued on anti-C5 treatment for the remaining two years of the study. We have shown that to withdrawal of eculizumab treatment is not associated with adverse safety profile but have not considered re-withdrawal following relapse. It is highly likely that a patient could withdraw from treatment a second time and, if relapse were to recur, start treatment again. However, we have not tested this. The median age of study participants was 10 years therefore if we do not consider re-withdrawal of treatment we are committing to many decades of treatment with associated risks and healthcare costs. 
The time from treatment withdrawal to relapse and treatment reintroduction was 19-26 weeks. After a limited period on treatment, perhaps 6 months, treatment could be withdrawn again and the patient followed up to determine whether relapse will reoccur, and if so, the length of the disease-free period. There may be a group of patients who cannot be maintained off treatment for a longer period of time and therefore maintenance treatment may be required. Alternatively, this group of patients could be treated intermittently for limited periods of time provided relapse can be detected early and treatment initiated quickly outside of the context of a clinical trial. Critically it would be important to demonstrate that these relapses do not lead to a decrease in GFR cumulatively leading to the development of chronic kidney disease. This would require long-term monitoring of renal outcomes (see recommendation 3).
Recommendation 2: What are the main factors influencing risk of relapse
Atypical HUS is a ultrarare disease and therefore the number of patients in any study will be limited by the size of the prevalent population. In the SETS trial treatment was withdrawn for 28 patients. In this study and other published reports it is evident that the genetic status of the patient is important in predicting the risk of relapse. In the Dutch (37) Italian (36) and French (35) series the risk of relapse overall was 22%, 30% and 24% respectively. As in the current study, patients who relapse had a genetic predisposition to development of TMA (including one patient in the French cohort with ADAMTS13 deficiency). Importantly no relapses were reported in patients who had no underlying cause identified. It will be important to formally combine experience from the UK and other countries to make this data more robust and allow analysis of rates depending on the gene affected and the type of mutation present. This will allow better informed decision making by patients and clinicians and also define the requirements for long-term follow up.
These international analyses could also define other factors that predict relapse that cannot be identified in smaller studies. This could include factors such as age, gender, characteristics of the original presentation, transplant status and nature of relapse precipitating events. It will also allow more detailed exploration of biomarkers of imminent disease relapse.
Recommendation 3: What is the most effective way to manage patients short and long-term after withdrawal of anti-C5 therapy
As the findings of the SETS study and other international series are implemented it is likely that clinical practice will change away from indefinite treatment to time limited periods of treatment when disease is active. It is therefore critical to have robust, practical processes in place to detect relapse and restart treatment. In the SETS study 4 patients had a relapse 19-26 weeks after discontinuation of treatment. This is similar to the Dutch series (median time to relapse 19.5 weeks) but earlier than in the French cohort (median time to relapse 9.8 months, range 1.6-22.1 months). It is evident that, although a high proportion of relapses occur in the first 6 months after treatment discontinuation, later relapses do occur and patients with genetic variants responsible for disease will have a life-long risk of relapse.
More frequent monitoring in the first 6 months after treatment discontinuation is recommended in published protocols and this is supported by UK and Dutch experience. However, frequent monitoring will not be practical longer-term. Frequent, regular monitoring could be replaced by rapid access to ‘for cause’ testing for evidence of microangiopathic haemolysis, thrombocytopenia and acute kidney injury. In the SETS aHUS study 2 of the 4 relapses were preceded by infection. In the Dutch and French series 100% (4/4) and 79% (11/14) of relapses were preceded by symptoms of infection respectively. Establishing a system for rapid access testing in the NHS will be critical to successful implementation and will potentially inform the management of other diseases. Another requirement for this will be effective patient and carer education to ensure patients and carers have the required knowledge and are empowered to access testing. Establishing suitable access pathways and patient/carer resources are areas for further research.
Although home urinalysis has been suggested as a sensitive indicator of relapse (36) this was not supported by the results of the SETS aHUS study. The Italian study reported 5 paediatric patients with haematuria/haemoglobinuria, 3 of whom had active disease. One patient with active disease did not have haematuria/haemoglobinuria. Similarly, there were false negative results in the current study. Therefore, home urinalysis may have some, limited use in detection or exclusion of active disease, but the exact predictive value is uncertain, particularly in adults, and requires further evaluation.
The two adult patients in the SETS trial had a gradual decline in kidney function that occurred without a characteristic acute presentation and initially in the absence of haematological indicators of disease activity. This more chronic presentation is recognised and would not be detected without regular monitoring of renal function. Therefore, a hybrid system of ‘for cause’ and regular testing of disease activity will be required and this system should be assessed in a real-world setting to ensure it adequately maintains patient safety following treatment withdrawal. Because these relapses did not present in the characteristic manner diagnosis could be delayed. As is the case with initiation of treatment in aHUS and with management of other very rare diseases coordination of monitoring and treatment reintroduction this may be more effectively delivered through a single or small number of specialist centres. How this can be developed and delivered, particularly the use of IT resources to monitor patients remotely, requires further evaluation.
Recommendation 4: What are the health economic implications of implementing a treatment strategy based on limited periods of treatment after relapse.
The SETS study has assessed the health economic implications of treatment withdrawal, patient monitoring and treatment re-introduction. However, this is only during a two year period of treatment and cannot account accurately for changes beyond the period of the clinical trial and in the treatment landscape. Variables that cannot be assessed include:
· The rate of disease relapse beyond the initial two year follow up period of the clinical trial
· The potential to stop treatment again after relapse
· Changes in therapeutic options including the introduction of biosimilar drugs and new anti-complement therapies that are currently in clinical trials
· The cost of implementation of long-term monitoring regimes including local testing and oversight by a specialist centre
In order to better understand the health economic impact of implementing the results of this study continued real-world assessment of the cost of managing this patient cohort would provide an invaluable opportunity to test the model developed in the SETS study.  
Recommendation 5 – How should clinicians approach discussions with individuals who are suitable to withdraw from eculizumab
The decision not to withdraw was driven by fear of being as ill as they were at the onset of aHUS and the disruption they experienced. These individuals focused on relapse as the outcome of withdrawing from eculizumab whereas for those in the withdrawal group it was the positive aspects such as less disruption from the treatment and the opportunity to be drug free. 
Discussions between clinicians and individuals (or parents) with aHUS should begin with an understanding of their experiences of the onset of the illness, and how they proceed to explore the option of withdrawal from eculizumab guided by that understanding. Evidence from the main study on the optimum monitoring, successful withdrawal, and recovery time where eculizumab was reinstated may provide reassurance to those who are uncertain about withdrawal. Having the opportunity to talk to others who have withdrawn would also be beneficial.
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This trial has shown that it is possible to withdraw anti-C5 monoclonal antibody treatment (eculizumab) in patients with aHUS and replace treatment with a disease monitoring protocol. As would be predicted from existing knowledge of the natural history of aHUS, relapse will occur after treatment withdrawal and this occurred in 4 patients. However, it is possible to manage relapse with reintroduction of treatment. This result adds to the growing international experience of treatment withdrawal that is likely to result in changes in the way that aHUS is managed in the future. There are several important additional findings from the main study:
· It is possible to stratify the risk of relapse. Patients with pathogenic variants are at  the highest risk of relapse. Patients in whom no pathogenic variant is identified are at low risk of relapse. This will inform patient counselling and the monitoring strategy that is required following treatment withdrawal of treatment. In the absence of a pathogenic variant lower intensity monitoring may be appropriate. The intensity of the trial monitoring schedule was identified as an issue by patients in the qualitative study.
· Patients with aHUS attributed to anti-FH autoantibodies can withdraw from treatment without relapse despite significant antibody titres at the time of withdrawal.
· Relapse is not always a fulminant process and can present with a gradual decline in kidney function in the absence of haematological features of a TMA. This requires long-term monitoring of renal function and re-introduction of treatment if a decline in function occurs. In these cases identification of relapse can be challenging and input from a specialist centre, as embedded in the trial, is critically important. 
There is a significant economic benefit gained by implementing this withdrawal protocol. The cost saving per patient withdrawn from treatment is £4.2m. This significant cost saving persisted if the analysis was performed based on the withdrawal of ravulizumab and if the cost of treatment fell by 50%. This final scenario is important following the recent approval of eculizumab biosimilars which is likely to result in a fall in the cost of eculizumab. The withdrawal of eculizumab is expected to result in an increase of 0.22 QALYs per patient over their lifetime. This indicates that withdrawal of treatment and replacement with disease monitoring was a highly cost-effective strategy.
This study was unique in embedding a qualitative study exploring patients and parents’ attitudes towards treatment and its withdrawal. This part of the study identified anxiety about withdrawal from treatment because of the ‘ticking timebomb’ of relapse. This will inform the educational needs of patients and responsible clinical teams to ensure that this anxiety is minimised. It also highlights the need to have a robust monitoring system and ‘safety netting’ in place in case of relapse to alleviate these anxieties. Participants who did not withdraw from treatment identified the results of the current trial as important in informing their future treatment decisions. Those who decided to withdraw from eculizumab identified the benefits of a return to normality, no longer with the need for regular treatment and the restrictions this placed upon them both physically and socially.
Overall, this study has demonstrated the feasibility, favourable safety profile, cost-effectiveness and acceptability of anti-C5 therapy withdrawal in patients with aHUS and provides a strong rationale and template for implementation of a treatment protocol based on a limited period, rather than continuous treatment of this disease. 
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All patients must fulfil the following criteria in order to be eligible for the trial:
· Age ≥2+ years of age
· On Eculizumab treatment for at least 6 months
· In remission with no evidence of ongoing microangiopathic haemolytic anaemia (MAHA) activity at screening defined by:
· Platelet count > lower limit of normal as determined by local reference range
· Lactate Dehydrogenase (LDH) <x2 upper limit of normal as determined by local lab reference ranges
· Normal renal function or Chronic Kidney Disease (CKD) stages 1-3
· Absence of decline of renal function confirmed by review of available assessments of renal function for the preceding 6 months by the Chief Investigator and clinical members of the Trial Management Group (TMG) 

The following criteria must be met by those only wishing to participate in the withdrawal component of the trial:

· Willing to attend for safety monitoring assessments

· Willing to travel only to countries that can supply eculizumab (to be confirmed with co-ordinating centre prior to travel).

· Able to perform or parent/guardian to perform and record self-monitoring urinalysis

· Sexually active female patients must have a negative pregnancy test at screening and be using an effective contraception for the duration of the study as defined in table 1.

OR 
· fulfil one of the following criteria:
· Be post-menopausal
· Have undergone surgical sterilisation

	Highly effective methods of contraception
	Failure Rate

	Implant
	<1%

	Injectable (combined hormone)	
	<1%

	Intra-uterine device
	<1%

	Intrauterine system
	<1%

	Male Sterilisation
	<1%

	Injectable (single hormone)
	<1%

	Combined Oral
	<1%

	Progesterone Only
	1%


Appendix 1 table 1. Recommended Birth Control Methods. (http://www.chcuk.co.uk/pdf/2011-03-12_GCP_Considerations_Contraception_(CHCUK).pdf) 
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The following exclusion criteria is applicable to all patients wishing to participate in the trial:

· Severe non-renal disease manifestations at initial presentation with aHUS, which in the opinion of the Chief Investigator and/or the clinical members of the TMG makes the risk of treatment withdrawal unacceptable.

· Current or planned pregnancy within the study duration

· Unable to give informed consent or assent, or unable to obtain parent/guardian consent if under 16 years of age

· Current participation in another clinical trial (not including participation in ahus registries)

· Severe, uncontrolled hypertension (systolic blood pressure >160 mmHg) that is likely to induce at TMA.

The following exclusion criteria is applicable only to those wishing to participate in the withdrawal component of the trial:

· Loss of a previous transplant kidney to recurrent aHUS
· Transplant recipient with a pathogenic mutation in C3, CFH or CFB
· Haematuria rating of 3+
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