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Abstract
Background 
Anti-tumour necrosis factor (TNF) drugs have revolutionised Crohn’s disease management but treatment failure is common. We sought clinical and pharmacokinetic factors that predict and mitigate primary non-response at week 14, non-remission at week 54, and adverse events leading to drug withdrawal.
Methods 
The personalised anti-TNF therapy in Crohn’s Study (PANTS) is a prospective observational UK-wide study in 1610 biologic naïve patients with active luminal Crohn’s disease (955 infliximab [753 Remicade; 202 biosimilar CT-P13] and 655 adalimumab).     
Findings
Primary non-response (PNR) occurred in 23·8% (95% CI 21·4%-26·2%), non-remission in 63·1% (95% CI 60·3%-65·8%), and adverse events curtailed treatment in 7·8% (95% CI 6·6%-9·2%) patients. The only independent risk factor for PNR was low drug level. The optimal week 14 drug levels associated with remission at weeks 14 and 54 were 7 mg/L and 12 mg/L for infliximab and adalimumab, respectively. Continuing standard dosing regimens after PNR was rarely helpful: only 12·4% patients (14/113; 95% CI 6·9%-19·9%) entered remission by week 54.  Obesity, smoking, low albumin levels, higher baseline markers of disease activity, and development of anti-drug antibodies were associated with low drug levels, which mediated week 54 non-remission. Immunogenicity rates at week 54 were 62·8% (95% CI 59·0-66·3%) for infliximab and 28·5% (95% CI 24·0-32·7%) for adalimumab. For both drugs, sub-optimal week 14 drug levels were the main determinant of immunogenicity; whilst subsequent anti-drug antibody formation was the principle factor accounting for low drug levels. Combination thiopurine or methotrexate therapy mitigated this risk with similar effect sizes for both anti-TNF drugs and for infliximab led to lower week 54 non-remission rates.
Interpretation  
Anti-TNF treatment failure is common and associated with low drug levels, partly mediated by immunogenicity. Clinical trials are required to investigate whether personalised induction regimens and treatment-to-target dose intensification improve outcomes.
Funding 
Charities: CORE, CCUK, C3. Unrestricted grants: Abbvie, Merck Sharp & Dohme, NAPP, Pfizer, Celltrion. 

Evidence before this study
We searched PubMed from Jan 1, 1974, to Sept 18, 2018, with the terms “Crohn's disease” AND “antitumor necrosis factor” or “anti-tumor necrosis factor” or “infliximab” or “adalimumab” or “anti TNF” or “anti-TNF” or “anti-tumour necrosis factor” AND “clinical response” or efficacy or “primary non-response" or “immunogenicity.” We cross-checked the reference lists of review articles and landmark studies. 
We identified 11 previous systematic reviews, five with meta-analyses: 127 original articles reported factors associated with treatment failure. These studies were mostly retrospective or cross-sectional in design (n=85), conducted in adults (n=110), subject to tertiary centre bias (n=64), restricted to the use of infliximab (n=85), and/or too small to permit predictive multivariable analyses (n=75). In summary, multiple patient, disease, and pharmacokinetic factors, including anti-TNF drug and anti-drug antibody levels, have been implicated in anti-TNF treatment failure, but their relative effects and interactions have not been fully explored and target drug levels have not been validated. 
Added value of this study
In the PANTS study, 1610 patients with active luminal Crohn’s disease treated with infliximab (originator [Remicade] and biosimilar [CT-P13]) or adalimumab were recruited from 120 UK hospitals, reflecting ‘real-life’ practice in specialist and non-specialist IBD centres.
Consistent with the registration studies, about one-quarter of patients’ experienced primary non-response, one-third of initial responders lost response, and only one-third were in remission at week 54. Treatment failure, safety, and rates of immunogenicity of infliximab originator were no different to biosimilar. 
Effects of clinical variables influencing treatment failure were largely mediated through drug level and/or immunogenicity. The optimal week 14 drug levels associated with remission after induction and at week 54 were 7 mg/L and 12 mg/L for infliximab and adalimumab, respectively. Continuing standard dosing regimens after PNR was rarely helpful: only 12·4% patients entered remission by week 54. 
We observed a negative bi-directional relationship between drug level and immunogenicity, – that is low drug levels at week 14 were the main risk factor for immunogenicity by week 54 and conversely immunogenicity through drug clearance was the main cause of low drug levels by week 54. Immunogenicity was twice as common in infliximab-treated than adalimumab-treated patients and combination therapy with a thiopurine or methotrexate mitigated this risk.
Implications of the available evidence
Anti-TNF treatment failure is associated with sub-optimal drug levels suggesting that there is a window of opportunity to improve outcomes. Dose intensification during induction of at-risk individuals (obese patients, smokers and patients with more active disease) and iterative dose adjustment, aiming for higher target drug levels than is currently recommended, may improve the durability and effectiveness of anti-TNF treatment. Reassuringly, treatment failure, safety, and immunogenicity rates of infliximab biosimilar are no different to infliximab originator and therefore remove some of the cost constraints of dose intensification. Thiopurines or methotrexate should be used in all infliximab-treated patients but could be avoided in some patients treated with adalimumab, such as those who do not carry the HLA-DQA1*05 allele associated with immunogenicity (paper currently under review).

Background
The anti-TNF monoclonal antibodies, infliximab and adalimumab, are effective treatments for patients with Crohn’s disease refractory to conventional therapies. Successful treatment leads to mucosal healing, reduced hospitalizations and surgeries, and improvements in quality of life.1–5 
[bookmark: _GoBack]Unfortunately, anti-TNF treatment failure is common: 10-40% of patients fail to respond to induction therapy (primary non-response, PNR),6–8 24-46% of patients suffer secondary loss of response in the first year of treatment,9 and approximately 10% suffer an adverse drug reaction that curtails treatment.10 
Multiple patient, disease, and drug related factors have been implicated in anti-TNF treatment failure11 but their relative effects, interactions, and impact on drug and anti-drug antibody levels have not been explored in an adequately powered prospective study.
Early identification of patients at-risk of treatment failure may help direct monitoring, early dose optimisation, and use of mitigating strategies to allow these drugs to be used in a safer, more cost-effective manner.
The overarching aims of The Personalised Anti-TNF Therapy in Crohn’s Disease study (PANTS) study were to build a biorepository to investigate the genetic and other -omic factors associated with anti-TNF treatment failure in patients with active luminal Crohn’s disease. Here, we report the clinical and pharmacokinetic factors that predict and mitigate anti-TNF treatment failure in the first year of treatment. 
Methods
Study design and participants
PANTS is a UK-wide, multicentre, prospective observational cohort reporting the treatment failure rates of the anti-TNF drugs infliximab (originator, Remicade [Merck Sharp & Dohme, UK] and biosimilar, CT-P13 [Celltrion, South Korea]) and adalimumab (Humira [Abbvie, USA]) in anti-TNF-naïve patients with active luminal Crohn’s disease. 
Patients were recruited at the time of first anti-TNF exposure from 120 NHS trusts across the United Kingdom (appendix, pp 3-10) between February 2013 and June 2016. Patients were studied for 12 months or until drug withdrawal. 
Patients were screened for inclusion at time of decision to treat with an anti-TNF drug, and no more than four weeks prior to starting the drug. The eligibility criteria were:
1. Aged ≥6 years.
2. Crohn's disease involving the colon and/or small intestine.
3. Active luminal disease supported by C-reactive protein (CRP) >3 mg/L in 90 days prior to first dose and/or faecal calprotectin >50 µg/g between 90 days prior and 28 days after first dose.
Exclusion criteria included prior exposure to, or contraindications for the use of, anti-TNF therapy. 
Procedures
The choice of anti-TNF was at the discretion of the treating physician and prescribed according to the licensed dosing schedule.
Study visits were scheduled at first dose (week 0), post-induction (week 14), and at weeks 30 and 54. Additional visits were planned for infliximab-treated patients at each infusion and for both groups at treatment failure or exit. In cases where the visit did not exactly occur on the day delineated by the protocol, the following windows of eligibility were specified: week 0 (week -4 to 0), week 14 (week 10 to 20), week 30 (week 22 to 38), and week 54 (week 42 to 66) (appendix pp 12-13).
Clinical variables
At baseline, sites recorded demographic data, smoking status, age at diagnosis, disease duration, Montreal Classification,15 prior medical and drug history, and previous Crohn’s disease-related surgeries. At every visit, disease activity score, weight, current therapy, and adverse events were recorded. 
Laboratory variables
Blood and stool samples were processed through the central laboratory at the Royal Devon & Exeter NHS Foundation Trust (https://www.exeterlaboratory.com/). Drug and total anti-drug antibody concentration were measured with IDKmonitor® ELISA assays (Immundiagnostik AG, Bensheim, Germany) performed on the Dynex DS2 ELISA robot (Dynex technologies, Worthing, UK) (appendix p 11). For all infliximab-treated patients we measured trough drug levels, excluding levels taken at other time points. For adalimumab-treated patients, we asked research sites to take blood samples as near as possible to trough whilst minimising inconvenience to patients. 
We chose a drug tolerant anti-drug antibody assay which allowed us to identify all patients with immunogenicity regardless of circulating drug level. We defined immunogenicity by an anti-drug antibody titre ≥10 AU/ml, based on the 99th centile of drug-naïve controls and stratified this by the presence or absence of detectable drug (<0·8 mg/L). Investigators were blinded to these data until week 54.
Outcomes
Treatment failure endpoints were primary non-response at week 14, non-remission at week 54 and adverse events leading to drug withdrawal. We used composite end-points defined using symptom scores (Harvey Bradshaw Index [HBI] in adults12 and the HBI or Short Paediatric Crohn’s Disease Activity Index [sPCDAI] in children),13 corticosteroid use, and CRP (appendix p 14). 
Primary non-response (PNR): exit prior to week 14 for treatment failure (including resectional IBD surgery) or corticosteroid use at week 14 (new prescriptions or failure to taper).  Patients who exhibited both a failure of CRP to fall to ≤3 mg/L or by 50% from baseline (week 0) and failure of HBI to fall to ≤4 or by 3 points were also classified as PNR. For children, a failure of sPCDAI to fall to <15 or by more than 12·5 points was used.
Grey zone (intermediate between PNR and response): CRP falls to ≤3mg/L or by 50% from baseline (Week 0) or HBI falls to ≤4 or by 3 points from baseline (but not both).
Response: both CRP falls to ≤3mg/L or by 50% from baseline (Week 0) and HBI falls to ≤4 or by 3 points from baseline.
Remission: CRP of ≤3 mg/L and HBI of ≤4 points (sPCDAI ≤15), no ongoing steroid therapy, and no exit for treatment failure.
Loss of response (LOR) was defined in patients who did not have PNR as symptomatic IBD activity that warranted an escalation of steroid, immunomodulatory or anti-TNF therapy, resectional surgery, or exit from study due to treatment failure.9 Timing of LOR was defined as the time of treatment escalation, drug withdrawal, or surgery.
Non-Remission was assessed at week 54 and defined as CRP of >3mg/L or HBI of >4 points (sPCDAI >15), ongoing steroid therapy, or exit for treatment failure. 
Exit: Patients exited the study when they stopped anti-TNF therapy or had an intestinal resection. Patients who exited the study for treatment failure were deemed to be in non-remission for subsequent time points. Patients who exited the study for loss to follow-up, withdrawal of consent, or elective withdrawal of drug, including for pregnancy, were censored at the time of study exit and excluded from the denominator for subsequent analyses.
We defined steroid therapy for the purposes of non-remission and PNR as any systemic therapy, either oral or intravenous (including use of steroids for other conditions), but not including single pre-infusion dosing with hydrocortisone.
Adverse events
Adverse events (AEs) were coded centrally according to the Medical Dictionary for Regulatory Activities (MedDRA) version 20·1. MedDRA is the international medical terminology developed under the auspices of the International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH). 
Serious AEs included those that required hospitalization, were life-threatening, or resulted in persistent/permanent or significant disability/incapacity. Causality was graded according to the Good Clinical Practice framework guidelines as ‘not related’, ‘unlikely’, ‘possibly’, ‘probably’, or ‘definitely’ by the local research sites.14 
[bookmark: _Toc525313652][bookmark: _Toc527018589]Statistical analysis
Study size 
At cohort inception, sample size was based on identifying a genetic predictor of PNR. Assuming a PNR rate of 0·2 and a perfectly-tagged risk allele of 25% frequency, we calculated the need to recruit 240 non-responders and 960 responders to yield 99% and 33% power to detect genome wide significant association (P<5×10-8) for relative risks of 2 and 1·5 respectively. We anticipated an attrition rate of 20% of patients and so our recruitment target was 1600 patients. 
Secondly, in February 2015, the infliximab biosimilar, CT-P13, became available in the UK. We calculated that a sample size of 180 CT-P13-treated patients would permit a comparison of non-inferiority of CT-P13 and Remicade based on power of 80%, our observed PNR rate of 25%, non-inferiority margin of 10%, attrition rate of 20%, and a ratio of CT-P13 to Remicade-treated patients of 1:4.15  
Patients excluded from effectiveness analyses
Following central monitoring, we identified three groups of patients who we subsequently excluded from the effectiveness analyses:  1. patients with stomas in whom the HBI and sPCDAI are not validated; 2. patients that were recruited into the study with normal pre-screening and visit 1 calprotectin and CRP levels; 3. patients where the only indication for anti-TNF was perianal disease. Because these patients had received drug, we included them in our immunogenicity and safety analyses.
Statistical methods
Because of differences in drug formulation, route of delivery, dosing interval, and potential for inducing immune response, infliximab and adalimumab treatment outcomes were analysed separately.16 
Outcomes were assigned using an algorithm written in R 3·5·1 (R Foundation for Statistical Computing, Vienna, Austria). All analyses were two tailed and p-values <0·05 were considered significant.  
Patients who exited the study for treatment failure were deemed to be in non-remission for every subsequent time point. Patients that exited the study for loss to follow-up, patient withdrawal of consent or elective withdrawal or drug by physician, including for pregnancy, were censored at the time of study exit and were excluded from the denominator for subsequent analyzes.
We performed univariable analyses using Fisher’s exact and Mann-Whitney U tests to identify differences in baseline characteristics between infliximab- and adalimumab-treated patients, and to determine categorical and continuous factors associated with predefined outcomes. Multivariable logistic regression analyses were used to confirm which factors were independently associated with treatment failure. We included variables with univariable p<0·05 in the model and used Akaike Information Criterion (AIC) and backward stepwise variable selection. We also built predictive models, using forwards and backwards stepwise model selection starting from the null model, again using AIC. We used leave-one-out cross validation to test the model, firstly to ensure the model was not overfitted and secondly to estimate the diagnostic accuracy of the model. For prediction testing, a probability threshold was determined by maximising the sum of sensitivity and specificity.
We explored associations with drug concentration using linear regression, using the same variable selection methods as those detailed above for logistic regression.Rates of immunogenicity and LOR were estimated using the Kaplan-Meier method, and comparative analyses were performed using univariable and multivariable Cox proportional hazards regression. For immunogenicity, patients were censored after their last drug and antibody measurement or at week 54. For LOR, patients were censored if they exited for reasons other than treatment failure or at week 54.
Optimal thresholds for drug levels were determined graphically by plotting outcome against intervals of drug level and looking for the threshold beyond which further increases were not associated with improvement in outcome.
Non-inferiority for biosimilar infliximab was assessed by determining whether the one-sided 95% confidence interval of the absolute difference in proportions was ≥10%. The confidence interval was calculated using the prop.test function in R.
Role of the funding source 
PANTS is an investigator-led study funded by the research charities CORE, CCUK, and C3, and by unrestricted educational grants from Abbvie (USA), Merck Sharp & Dohme (UK), NAPP Pharmaceuticals (UK), Pfizer (USA), and Celltrion Healthcare (South Korea). No funding bodies had any role in study design, data collection or analysis, writing or decision to submit for publication.  
Results
Participants 
1610 patients, 955 [59·3%] treated with infliximab (Remicade 753 [46·8%], CT-P13 202 [12·5%]) and 655 [40·7%] treated with adalimumab were included between 07/03/2013 and 15/07/2016 (figure 1). Differences between demographic and clinical characteristics of infliximab- and adalimumab-treated patients are shown in table 1 and appendix pp 34-35.
There were significant differences at baseline between the infliximab- and adalimumab-treated patients, including age, smoking, body mass index, disease duration, disease location, and disease behaviour. Patients treated with infliximab had more active disease at baseline as evidenced by higher Harvey-Bradshaw indices, serum CRP, and faecal calprotectin levels (table 1). Most differences persisted when the 219 paediatric patients (<18 years at time of first dose) were excluded; almost all of whom were treated with infliximab (appendix p 34).  At the initiation of anti-TNF treatment, immunomodulator use was higher in patients treated with infliximab (61% vs. 51% P·<0·0001) but no differences were seen in the proportions of patients treated with corticosteroids. 
Treatment failure rates
PNR occurred in 21·9% (170/775; 95% CI 19·1-25·0%) of patients treated with infliximab and 26·8% (125/466; 95% CI 22·9 – 31·1%) of patients treated with adalimumab (table 2). After excluding primary non-responders, the estimated rate of LOR by week 54 for infliximab was 36·9% (95% CI 32·7-40·9%) and for adalimumab was 34·1% (28·4-39·4%) (appendix pp 15-16). At week 54, non-remission rates were 60·9% (469/770; 95% CI 57·4-64·4%) for infliximab-treated patients and 66·9% (295/441; 95% CI 62·3-71·3%) for adalimumab-treated patients (table 2). 
Factors associated with treatment failure
Primary non-response 
Univariable analyses demonstrated the strongest associations with PNR to infliximab and adalimumab were with week 14 drug and anti-drug antibody levels (table 3, appendix pp 17, 36). PNR to infliximab was also associated with older age at first dose, current smoking status, non-use of an immunomodulator, and lower baseline albumin levels. PNR to adalimumab was associated with obesity.
Multivariable analyses confirmed that, for both drugs, only week 14 drug level was associated independently with PNR (table 4). A dose-response association was seen for week 14 drug concentration and remission up to 7 mg/L for infliximab and 12 mg/L for adalimumab (appendix p 18). For infliximab-treated patients, for whom we also collected week 6 levels, a dose-response association was seen between these levels and increasing week 14 remission rates up to 30-35 mg/L (appendix p 19).  Our predictive models of PNR to infliximab and adalimumab, however, were not clinically useful (appendix pp 20, 37). For infliximab, the AUC was 0·527 (0·461-0·593) with sensitivity 0·350, specificity 0·753, PPV 0·275, and NPV 0·812, while for adalimumab the AUC was 0·539 (0·462-0·616) with sensitivity 0·350, specificity 0·952, PPV 0·560, and NPV 0·777.
Non-remission at week 54
Univariable analysis demonstrated, for both drugs, the major determinant of non-remission at week 54 was clinical status at week 14 (table 3, appendix pp 21-22, 38). Despite meeting PNR criteria, 44·7% (76/170; 95% CI 37·1%-52·5%) of infliximab- and 48·8% (61/125; 95% CI 39·8%-57·9%) of adalimumab-treated patients continued drug beyond week 20: of these, only 14·9% (10/67; 95% CI 7·4%-25·7%) and 8·7% (4/46; 95% CI 2·4%-20·8%), respectively, were in remission at week 54.
The optimal drug level at week 14 associated with remission at week 54 was also 7 mg/L for infliximab and 12 mg/L for adalimumab (appendix p 18). In addition, amongst infliximab- but not adalimumab-treated patients, non-remission was associated with immunogenicity at week 14 (table 3).
Amongst patients who continued treatment beyond week 14, multivariable analyses (table 4) demonstrated, for both drugs, independent associations with drug level and obesity and non-remission at week 54. Smoking at baseline and no prior history of perianal disease were associated with poorer outcomes for both drugs on univariable analyses, but only for adalimumab on multivariable analyses.
Predicting non-remission at week 54
We devised two diagnostic models informed by the above univariable factors to predict non-remission at week 54 to infliximab and adalimumab. Our first model attempted to predict non-remission using baseline variables only and had limited diagnostic value. Our second model using baseline variables and week 14 pharmacokinetic data had greater predictive power: for infliximab, the AUC was 0·814 (0·760-0·868) and for adalimumab 0·752 (0·678-0·826) (appendix pp 20, 39-41).
Adverse events
Serious AEs, excluding worsening of Crohn’s disease activity, were observed in 17·9% (171/955; 95% CI 15·5%-20·5%) of infliximab- and 14·7% (96/655; 95% CI 12·0%-17·6%) of adalimumab-treated patients. AEs leading to treatment withdrawal occurred in 8·8% (84/955; 95% CI 7·1%-10·8%) and 6·4% (42/655; 95% CI 4·7%-8·6%) patients, respectively (appendix p 42).

The five patients who died (four treated with infliximab) were in the upper quartile for age, and none responded to treatment by the time of death: two died of pneumonia, two died of intra-abdominal sepsis, and one of Crohn’s disease-related malnutrition. Four of the five patients were taking concomitant corticosteroids at time of death and one was taking azathioprine.

Serious infections were reported in 4·0% (38/955; 95% CI 2·8%-5·4%) of infliximab-treated patients, including active tuberculosis in three patients, and 3·2% (21/655; 95% CI 2·0%-4·9%) of adalimumab-treated patients. Concomitant immunomodulatory therapy was not associated with an increased risk of infections, even when stratified by age (appendix p 43).  
Infusion reactions within 24 hours of infliximab, which occurred after a median of 5 weeks (IQR 1-14) of starting treatment, were experienced by 3·2% (31/955; 95% CI 2·2-4·6%) patients and were associated with anti-drug antibody titre (median peak antibody 96 AU/mL (IQR 5-313) vs. 8 AU/mL (IQR 5-45), P=0·004). Injection site reactions to adalimumab, which occurred after a median of 14 weeks, were observed in 4·3% (28/655) patients but were not associated with immunogenicity.
Pharmacokinetics
Drug Level
Univariable factors associated with low drug levels at weeks 14 and 54 are shown in appendix pp 23-25, 44-45. At both time-points, the strongest independent association with low drug levels was development of anti-drug antibodies. In addition, low drug levels were associated with markers of active disease (high CRP and faecal calprotectin levels at baseline, weeks 14 and 54). Lower albumin levels and obesity were independently associated with week 14 drug levels for infliximab and adalimumab, respectively. In infliximab-treated but not adalimumab-treated patients, low drug levels at week 54 was also associated with anti-TNF monotherapy (table 3).
Immunogenicity
The estimated rate of immunogenicity by week 54 (defined as anti-drug antibody concentration ≥ 10 AU/mL) was 62·8% (95% CI 59·0-66·3%) for infliximab and 28·5% (95% CI 24·0-32·7%) for adalimumab (appendix p 25). When defined as concentration ≥10 AU/mL and concurrent undetectable drug level, the rates were 31·2% (95% CI 27·6-34·6%) for infliximab and 12·3% (95% CI 8·9-15·6%) for adalimumab (appendix p 27). 
For infliximab treated patients, for whom early anti-drug antibody levels were available, the point-prevalence of anti-drug antibody positivity at weeks 2, 6 and 14 were 3·9%, 5·0% and 14·6% respectively. 
The univariable factors associated with the time to immunogenicity are shown in figure 2 and appendix p 46. Multivariable analyses demonstrated that week 14 drug level was the major independent risk factor associated with development of immunogenicity for both drugs. In addition, time to immunogenicity was associated with obesity for both drugs and smoking for infliximab-treated patients (table 4).
Immunomodulator use was the major protective factor against immunogenicity, with similar effect sizes for infliximab and adalimumab. There was no difference in time to immunogenicity between thiopurine medications or methotrexate (appendix pp 29-30). Thiopurines reduced immunogenicity to infliximab in a dose-dependent manner with the lowest rates of immunogenicity seen in patients treated with the highest thiopurine doses (appendix p 31).
Sensitivity analyses exploring the effect of combination immunomodulator use on clinical outcomes demonstrated that immunomodulator use was associated with lower week 54 non-remission rates in infliximab-treated patients (combination: 52·6% (95% CI 47·9%-57·1%) vs. monotherapy: 74·0% (95% CI 68·6%-78·9%)), but not adalimumab-treated patients (combination: 64·2% (95% CI 57·6%-70·4%) vs monotherapy: 69·8% (95% CI 63·1%-75·9%)). Further sensitivity analyses of infliximab-treated patients, limited to the modifiable factors of immunomodulator use and drug and antibody levels, demonstrated the benefit of immunomodulators was independent of drug level or immunogenicity status at week 14 (appendix p 47).
Biosimilar versus originator infliximab
There were no differences in baseline demographic or clinical characteristics between patients treated with CT-P13 and Remicade (appendix p 48). Of 955 patients treated with Remicade, 79 (8·3%) switched to CT-P13 during the first year and were excluded from analyses comparing originator and biosimilar infliximab after the switch date. At week 14, CT-P13 was non-inferior to Remicade for PNR (difference in proportions -3·9%, one sided 95% CI upper bound 2·4%). At week 54, CT-P13 was non-inferior to Remicade for non-remission (difference in proportions -2·2%, one sided 95% CI upper bound 5·6%) (appendix p32). 

Discussion 
Primary non-response occurred in 23·8%, non-remission in 63·1%, and adverse events curtailed treatment in 7·8% patients. Obesity, smoking, low albumin levels, higher baseline markers of disease activity, and development of immunogenicity were associated with low drug levels, which mediated non-remission. 
Low drug levels
Numerous studies reported a relationship between drug level and clinical outcome, although the therapeutic thresholds, particularly for adalimumab, are poorly defined.17 In our study, low drug levels during induction were associated with PNR at week 14 and non-remission at week 54. Patients with PNR who continued standard dosing regimens rarely entered remission; few had optimal drug levels suggesting true pharmacodynamic-PNR is uncommon. Despite variation in drug level amongst remitters, our data suggests higher target drug levels during induction than those reported in previous studies,18 likely reflecting our more stringent definition of remission. At week 14 the optimal drug levels associated with remission at both week 14 and 54 were 7 mg/L and 12 mg/L for infliximab and adalimumab, respectively.  The importance of drug level is further demonstrated by our predictive models which were only clinically useful when pharmacokinetic data were included. 
Previous prospective randomised studies of proactive dose increase based on drug levels have failed to demonstrate improved clinical outcomes. For both the TAXIT19 and TAILORIX20 studies, this might in part be explained by inclusion of patients after the critical induction period and adoption of lower infliximab thresholds of 3 mg/L.  Further adequately powered clinical trials are required to investigate whether treatment-to-target drug level during the induction period improves outcomes. 21
Immunogenicity
Using analytical platforms that differed only by target antibody, we have shown that immunogenicity is more common in patients treated with infliximab than adalimumab: an observation frequently attributed to the chimeric formulation of infliximab. For both drugs, however, we observed a bi-directional negative relationship between drug level and immunogenicity. The lowest drug levels were seen in patients with high titre antibody levels in keeping with their impact on drug clearance. Conversely, low drug levels at week 14 were associated with an increased risk of immunogenicity by week 54. This is consistent with the discontinuity theory of the immune response which proposes that intermittent exposure to antigen promotes a persistent immune reaction, whilst exposure at constant levels, observed with subcutaneously bi-weekly delivered adalimumab, induces an immune tolerance.22 Immunogenicity, which we have shown may occur earlier than previously appreciated may be mitigated by early dose optimisation, minimising LOR.23 We accept, however, that this observation might be explained by the formation of anti-drug antibodies at sufficient concentration to lower the drug level but not detectable by our assay.
Immunomodulators
Immunomodulator use was associated with lower rates of immunogenicity to both drugs and higher drugs levels for infliximab-treated patients. Methotrexate exerted a similar effect to thiopurine drugs on immunogenicity. In contrast to previous reports24,25 we demonstrated for infliximab-treated patients that thiopurines reduced immunogenicity in a dose-dependent manner without an obvious threshold effect. Post-hoc analyses of the SONIC study suggested that the primary benefit of azathioprine was on pharmacokinetics of infliximab. 26  Conversely, here we demonstrated concomitant immunomodulator use in infliximab-treated patients was associated with higher week 54 remission rates independent of week 54 drug level or immunogenicity status, suggesting that the addition of immunosuppression to anti-TNF therapy may have additional benefits. Consistent with previous studies,27 immunomodulator use was not associated with increased remission rates to adalimumab; however, this may reflect lower rates of immunogenicity and/or the short duration of follow-up. 
Obesity and smoking
We have demonstrated that obesity is independently associated with low drug levels and non-remission at week 54. Our data suggest that the previously reported associations of obesity and PNR are likely to mediated by low drug levels.28 For adalimumab-treated patients, fixed dosing was probably a major contributing factor. Infliximab-treated patients, however, received weight-based dosing, so this association suggests a non-linear relationship between weight and volume of distribution. Obesity was also associated with immunogenicity to both drugs: further clinical trials of dose optimisation are needed to clarify if this was because of sub-optimal dosing during induction or whether obesity contributes to immunogenicity directly.
Our observation that cigarette smoking was independently associated with an increased risk of immunogenicity to infliximab may explain the poorer, less durable, anti-TNF response rates reported in patients with Crohn’s disease who smoke.29
Disease activity and albumin
Previous studies investigating the relationship between baseline markers of inflammation and anti-TNF response are conflicting.2,30 In our study, higher baseline markers of inflammation predicted lower drug levels at week 14, suggesting higher inflammatory load, contributes to faster drug elimination. We, like others, have shown that lower baseline albumin levels predict suboptimal week 14 drug levels.31 This association may reflect increased drug clearance as well as higher faecal protein losses. 
Adverse events 
Data from a nationwide population-based study suggest that benefits of anti-TNF and immunomodulatory combination treatment needs to be balanced against the additional risks of serious and opportunistic infection.32 In this study, accepting our smaller sample size and shorter duration of follow-up, combination therapy was not associated with an increased risk of infection in the first year of treatment, even amongst older patients. However, sepsis was the cause of death in four of the five patients who died in the first year: all were aged over 50 years, all but one was prescribed concomitant corticosteroid, and none had responded to anti-TNF, but nevertheless continued treatment.  
Limitations  
Firstly, we used pragmatic definitions of treatment failure combining corticosteroid use with clinical and biochemical markers of disease activity that are closely aligned to routine treatment targets. Whilst we accept that our data would have been strengthened by endoscopic outcomes, we observed a significant association between clinical outcomes at weeks 14 and week 54 and faecal calprotectin (appendix p 33). We are likely to have underestimated the rate of LOR because our definition required an increase in therapy which was not always initiated. In addition, we employed a pragmatic schedule of visits to minimise inconvenience to patients and fewer assessments were undertaken for adalimumab- than infliximab-treated patients. We acknowledge, because CRP is elevated in obesity, that we may have overestimated the effect of BMI on treatment failure. Finally, we did not employ real-time monitoring, therefore, missingness rates are higher in this study compared to registration trials.6–8
Conclusion  
In this, the largest prospective study of anti-TNF therapy in IBD to our knowledge, we have demonstrated that the major modifiable factors associated with treatment failure were low drug levels and immunogenicity. Concomitant immunomodulator use and dose intensification in at-risk individuals during induction may improve the effectiveness and durability of treatment. Reassuringly, treatment failure, safety, and immunogenicity rates of originator infliximab are no different to biosimilar, therefore, removing some of the cost-constraints of dose intensification. Further clinical trials are required to confirm whether these strategies allow us to improve the effectiveness and durability of anti-TNF therapy.
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Figure legends
Figure 1: Flow of patients through the PANTS study
Figure 2: Univariable associations of time to immunogenicity using Kaplan Meier and Cox proportional hazards methods
Y axis shows proportion without development of any antibody defined as ≥10 AU/mL. P values and hazard ratios are derived from Cox proportional hazards models for each individual variable. The data for week 14 drug quartile excludes anyone who developed immunogenicity or exited the study or prior to week 14 and is based on the log10 of the drug level, therefore, demonstrate the hazard ratio for each ten-fold increase. Abbreviations: HR hazard ratio; BMI body mass index; w: week.
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