S1 Text. Statistical analysis plan of the ABIRISK prospective study.

Deviations from the initial analysis plan

The statistical analysis plan was written in June 2017 before starting the analyses. Apart from
minor methodological modifications (e.g. use of standard right censored survival analysis
instead of interval-censored) most of the described analyses have been performed, but due
to the large amount of data and results and to the further methodological development
needed on the random survival forests we decided to split this work in two publications:

1) A clinical article on the association analysis that we are submitting to PLOS Medicine

2) A methodological article on the random survival forest prediction analysis that will be
the object of another article

The CXCL12 protein assay in patient sera had not been planned from the beginning, it was
decided after analyzing the GWAS results as CXCL12 seemed the most promising candidate
for validation due to its already known immunological function.
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1. INTRODUCTION

« Background

The ABIRISK (Anti-biopharmaceutical Immunization: Prediction and analysis of clinical
relevance to minimize the risk) consortium, within the IMI (Innovative Medicines
Initiative), is a Public Private Partnership between pharmaceutical companies, small and
medium-sized enterprises, academic institutions and clinical centres. The ABIRISK
consortium aims are to better analyse and predict the phenomenon of immunogenicity in
order to reduce its occurrence.

The number of biological/biotechnology-derived proteins used as therapeutic agents
(called Biopharmaceuticals) is steadily increasing. Biopharmaceuticals (BPs) may induce
an unwanted immune response in treated patients. Immunogenicity related to BPs therapy
refers to a specific anti-drug antibody (ADA) response. Such immunogenicity may
represent a major factor impairing the efficacy of BP due to BP neutralization and also to
hypersensitivity reactions that are IgE or non-lgE-mediated. Production of ADA represents
the final stage of a complex immune process involving antigen presentation followed by
activation of both adaptive and regulatory cellular immune responses. Therefore, in order
to minimize the risk of ADA induction and improve sustainable BP efficacy, ABIRISK
project is focusing its efforts on understanding mechanisms by which BPs drive immune
cell activation and ADA production mainly in four diseases: hemophilia A (HA), multiple
sclerosis (MS), rheumatoid arthritis (RA), and inflammatory bowel diseases (1BD).

¢  Objective

In this context, a multicentric prospective study has been launched which is multi-drugs,
multi-diseases (IBD, MS, RA), multicentric and focuses on the occurrence of ADAs.

Even though, M5, RA and IBD have very different phenotypic manifestations, there are
some arguments suggesting that they share some common bio-clinical and genetic factors
for ADA occurrence.

Based upon this hypothesis, we consider a joint time-to-event analysis where the main
endpoint is the time to first ADA positivity.

2. STRATEGY

To predict the occurrence of ADAs in the first year of BP's treatments across three
autoimmune disorders (MS, RA and IBD) and to select bio-clinical markers associated
with the occurrence of ADAs.

For this joint analysis, we have obtained high-dimensional genomic data (constitutional
DNA) from high-throughput genomic technologies (microarrays). Thus, for predicting
ADA occurrence, we have to cope with high-order gene-gene interactions that play a major
role within biological pathways. These interactions are frequently ignored more for reasons
related with technical issues than biology considerations. Indeed, the extremely large
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number of potential interactions prevent from being specified in advance and incorporated
in classical regression models and any exhaustive search of high order interactions between
all loci is computationally impractical.

In this context, tree-based recursive partitioning methods provide well-suited and powerful
alternatives. This nonparametric methodology partitions recursively the predictor space
into disjoint sub-regions (so-called terminal nodes or leaves) that are near homogeneous
according to the outcome of interest. This framework is particularly well-suited to detect
relevant interactions and produce prediction in high-dimensional data and it has been
extended to survival data (termed as survival trees). The key component for survival trees
is the splitting criterion which relies either on minimizing the within-node homogeneity or
maximizing the between-node heterogeneity. However, the well-known instability of tree-
based structures advocates for the use of so-called survival ensemble methods where the
trees are the base leamers.

Thus, for this analysis, we will consider the random survival forest framework.

Moreover, there is a special issue that directly affects the predictive accuracy and relates
to the fact that we have in this study a mixed population of immune-reactive and immune-
tolerant patients where the immune-tolerant ones will not experience ADA in the long term
follow-up. This problem requires to consider a specific approach.

In practice, for this Abirisk project, we have developed a new and specific procedure that
relies upon a bagging improper survival tree. This latter is well-suited for solving the issues
related with high-order gene-gene interactions and mixed populations.

This procedure will be considered for the joint analysis

3. METHODOLOGY

Analysis Population

A population eligible for inclusion in the analysis will be selected. The eligible patients
must meet all the inclusion criteria and none of the exclusion criteria of the clinical protocol
of one of the ABIRISK prospective studies (see clinical protocols ABI-MS-PO1, ABI-RA-
PO1, ABI-IBD-PO1).

A patient will be excluded for the final analysis if he/she drops out immediately after the
inclusion or the beginning of the treatment. In other words, we require that a patient has
performed at least one visit after the inclusion and after the start of the BP treatment.

An additional criterion for this joint analysis is that the patient must have given informed
consent for genetic analysis and he must have genotyping data available.

Summary of eligibility criteria:

e Patient with diagnosed CIS, RRMS, RA, Crohn’s disease or ulcerative colitis who
has been prescribed a BP treatment



e At least one dose of BP treatment and at least | ADA test result in period post
first treatment date

e BP naive to the selected BP prior to current study

e Age at first treatment more than 18 years

e (Genotyping data available

Study Design

This is a multicentric prospective study across three different autoimmune disorders (MS,
RA and IBD). Patient cohorts are recruited in several hospitals in European countries. The
studies were approved by ethical committees in each of the countries involved.

Patients with MS, RA or IBD who had been prescribed a BP by a physician independently
of the study were followed for 12 months from the start of the therapy, during which 7 to
12 wvisits were performed (specific to each disease study protocol), clinical and
epidemiological data were recorded, DNA samples and serum samples were collected for
genetic analyses and ADA testing respectively. The study period was 2013-2017. The BP
treatments selected for the study were IFNf for MS, infliximab and its biosimilars,
adalimumab, etanercept, rituximab and tocilizumab for RA, infliximab and its biosimilars
and adalimumab for IBD.

All the data from the different sites were gathered in a unique database (TranSMART)
hosted by the eTRIKS consortium following standardized data loading procedures
according to CDISC terminology.

Primary Outcome
1. Anti-drug antibodies assay protocols

Anti-drug antibodies were detected by specific validated assays for each BP and analyzed
in central ABIRISK laboratories.

For IFNf binding antibodies (BAbs) were tested with an ELISA at the University of
Diisseldorf, Department of Neurology, Diisseldorf, Germany, and neutralizing antibodies
(NAbs) with a functional luciferase assay in Region Hovedstaden laboratory, Copenhagen.
When NAbs were positive a titration was performed.

For etanercept, infliximab (and its biosimilars) BAbs were tested with specific bridge-
ELISAs (LISA-TRACKER Theradiag) at the clinical immunology laboratory of the
Kremlin-Bicétre hospital. For adalimumab BAbs were tested with a Meso Scale Discovery
(MSD) assay at the clinical immunology laboratory of the Kremlin Bicétre hospital. For
rituximab BAbs were tested with an MSD assay at the clinical immunology laboratory of
GlaxoSmithKline Research and Development, Upper Merion, PA, USA. For tocilizumab
BAbs were tested with an MSD assay at the Eurodiagnostica AB laboratory in Malmo,
Sweden.



2. Positive ADA definition

Since the assays are specific to each BP, and for some BPs more than one type of assay is
run, the ADA positivity is defined by specific criteria for each BP in order to achieve a
quite similar biologically meaningful definition for all the BPs. Thus, a serum sample is
defined as ADA positive as follows:

- A serum sample is defined as IFNf ADA positive if it is either BAb positive or NAb
positive (with a NAb titer equal or higher than 320 TRU/ML), or positive for both criteria.

- A serum sample is defined as adalimumab ADA positive if it is positive for MSD assay.

- A serum sample is defined as infliximab (and its biosimilars) ADA positive if it is BAb
positive.

- A serum sample is defined as etanercept ADA positive if it is BAb positive.

- A serum sample is defined as rituximab ADA positive ifit is positive for MSD assay.

- A serum sample is defined as tocilizumab ADA positive if it is positive for MSD assay.
3. Outcome definition

The time-to-event (ADA positivity) is calculated from the date of first treatment to the time
of first ADA positivity or last follow-up (drop-out, drug switch) or administrative
censoring (12 months).

Here, the data are collected only at certain monitoring fixed timepoints (e.g. M0, M1, M3,
M6). Thus, the occurrence of the event of interest is only known to lie in some interval.
This kind of data is called interval-censored data.

It is worth noting that since the monitoring is regular, we may consider for a simplified
modelling purpose that the time to first positivity of ADA status is right censored using the
midpoint imputation.

Candidate Variables for prediction and selection

Genetic data

Genotyping information is obtained using InfiniumOmniExpress-24 Chip ([llumina). Data
will be loaded into the Illumina BeadStudio software that converted fluorescence
intensities into SNP genotypes. Samples with call rate below 97% will be excluded. SNP
filters will be applied for excluding duplicate and Mendelian errors. The SNPs with call-
rate lower than 90%, or MAF < 1% or showing significant deviation from Hardy-Weinberg
Equilibrium (p-value <10°") will be removed.

We will perform a statistical imputation of classical human leukocyte antigen (HLA)
alleles using currently available HLA imputation packages.



A principal component analysis will be performed and we will use a subset of the top
principal components (PCs) as confounding covariates in the survival model.

We will perform a gene prioritization based on biological information and select a set of
susceptibility gene (with associated SNPs) candidates (cf ANNEX).

Bio-clinical data

Bio-clinical variables will be considered as either confounding variable or explanatory
variables (influencing ADA occurrence) and will be entered in the final predictive model
in different ways. In practice,

- We will adjust for the type of disecase (RA, MS, IBD) and type of BP treatment.

- Candidate bio-clinical variables (that will be screened selected in a pre-selection process)
are the following: disease duration at therapy start, age at start of the therapy, sex, Body
Mass Index at baseline, dose of treatment, frequency of treatment, route of delivery,
previous treatment, medical history (infectious mononucleosis, other autoimmune
diseases, neoplasms, surgery and infections in the last year before therapy start), current
comorbidities (other autoimmune/inflammatory diseases, allergies), family history of
autoimmune diseases, concomitant medication (such as hormonal contraception, vitamin
D supplementation, antibiotics, immunosuppressants, intravenous immunoglobulins),
vaccinations during the last year before therapy start and during the study, early adverse
events during the first BP injection or during the first month of therapy, last pregnancy and
last breastfeeding, tobacco consumption.

Data collection and management

Patient clinical, demographic and epidemiological data were collected during the
ABIRISK prospective studies ABI-MS-P01, ABI-RA-PO1, ABI-IBD-PO1 into a disease-
specific eCRF. Serum and blood DNA samples were collected during the study visits and
stored in local biobanks until delivery to the central labs that performed the assays.

ADA assays on the serum samples were performed in specific central ABIRISK
laboratories for each BP as listed in the “Outcome definitions™ paragraph.

Extraction of DNA was performed according to the SOP in the clinical immunology lab of
the Kremlin-Bicétre hospital. The genetic analysis was performed by hybridization of DNA
to an Omniexpress chip (Illumina) at the P3S genotyping platform of the University Pierre
and Marie Curie (Paris). All the data except the genotyping were loaded in the ABIRISK
TranSMART database.



Validation procedures (internal validation)

Out-of-bag subjects will be used to obtain predictive accuracy estimation.

Data analysis
Essential analyses

The first aim of the study is to design a statistical tool for predicting the occurrence of
ADAs in the first year of treatment taking into account for BPs and autoimmune disorders
(MS, RA and IBD).

The second aim is to select bio-clinical markers associated with the occurrence of ADAs.

Basic descriptive statistics

Study participants will be described by baseline characteristics per disease (and per BP).
Baseline characteristics will be compared between diseases (and BPs) using the chi-square
test, Fisher's exact test, t-test or the Mann-Whitney test (depending on the nature of the
variable and the sample size) when appropriate.

Univariate analysis for the bio-clinical variables

Taking into account the interval-censored nature of the data, the cumulative incidence of
ADA occurrence (by BP, disease) will be estimated using the non-parametric maximum
likelihood estimate forthe distribution from interval censored data using the self-consistent
estimator of Turnbull’s algorithm (Sun). The 95% confidence intervals (95% Cls) will be
obtained using a modified bootstrap method. For the univariate analyses, we will used
logrank tests adapted for interval-censored data.

Basic multivariate analysis for the bio-clinical variables

From the univariate analysis and taking into account for multiple comparisons, we will
select a set of candidate variables for a FDR of 5%. Then, we will fit a Cox proportional
hazards model via a multiple imputation strategy for the unobserved survival times as
proposed by Pan. Hazard ratios (HRs) and their 95% Cls will be reported.

For the final predictive modeling, we will consider as candidate bio-clinical variables:
disease, drugs and variables that are significant (p<5%) in the multivariate Cox model.

Predictive modeling

The outcome of interest is the time to first positive ADA which is interval-censored.
Moreover, we are dealing with a mixed population of immune-reactive and immune-
tolerant patients where the immune-tolerant ones will not experience ADA in the long term
follow-up (12 months window interval).



For modeling the time-to-ADA occurrence survival distribution, we will consider a
modified bagging procedure with a tree-structured improper survival model as proposed
by C. Mbogning and P. Broét.

We will consider the bagging strategy to predict the cumulative hazard of a given
individual using as basic learner the improper survival tree. The individual cumulative
hazard function of each improper survival tree within the forest are aggregated to form a
bagged cumulative hazard function.

Selection of genetic variables associated with the occurrence of ADAs will be done using
the importance variable criteria previously developed by C. Mbogning and P. Broét.

General considerations for data analyses

Statistical language/software R will be used together with additional R packages

4, STUDY MANAGEMENT

Ethical approval and subject consent

Ethical approval and subject consent is obtained locally in each country where patients
were recruited.

The current analysis will use anonymized data from the ABIRISK database.

Study reporting and publications

Data custodian and people involved in the collection of the data will participate to the
publication and be co-author of these publications.

The results of these analyses will be reported to WP4 leaders and data providers.
Interpretation of the results will be done collegially. A manuscript will be written and
submitted for publication.

Authorship (according to the ABIRISK communication policy):

All investigators directly involved in a given piece of research, as mentioned in ABIRISK
final Full Project (FPP), as well as other researchers demonstrating a significant
involvement in the research are eligible to co-author the related scientific paper. Since
WPL and WPCoLs in each WP are deeply involved in the scientific definition of ABIRISK
objectives and methods, it is envisaged that they will be eligible to co-author all papers
issued from their WP. Similarly, the coordinators of ABIRISK will be eligible to be
included in the authorship of all papers issued from ABIRISK research projects. However
it should be noted that they should also fulfil the criteria for authorship as outlined below.



Final authorship will require the fulfilment of the Uniform Requirements for Authorship
and Contributorship from the International Committee of Medical Journal Editors
(www.icmje.org): “Authorship credit should be based on 1) substantial contributions to
conception and design, acquisition of data, or analysis and interpretation of data; 2) drafting
the article or revising it critically for important intellectual content; and 3) final approval
of the version to be published. Authors should meet conditions 1, 2, and 3.”
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6. ANNEX - Genes of interest

The specific genes that will be analysed (using the information of the corresponding tag
SNPs) are:

HLA alleles (HLA-DRBI1, HLA-A, HLA-B), Vitamin D metabolism and response genes
(VDR, RXRB, DBP/GC, CYP2R1, CYP27Al, CYP27B1, CYP24A1, DHCR7, IL10,
IL12B, IL4R), IFNbeta response genes (IFNB1, IFNaR1, IFNaR2, MxA, STATI, STAT3,
IRF-1, IRF-5, IRF-7, IRF-8, TRAILRI, ISG15, USP18, CXCL10), innate immunity
receptor genes (TLR2, TLR3, TLR4, TLR6, TLR7, TLRS, TLR9, NODI1, NOD2),
costimulatory molecule genes (CD37, CD40, CDB0, CD86, VCAM-1, CD58, CTLA4,
CLECLI1, ICOSLG), sex hormone related genes (ESR1, ESR2, CYP17AL, ER response
genes like SNPs in ERE in AlID, androgen receptor, etc.), other M5, RA and IBD
susceptibility genes (IL2RA, CD6, TNFRSF1A, TNFRSF14, TNFSF14, CLECI6A,
CITA, CXCRS, ILI2RBI, IL22RA2, 1127, PTGER4, TYK2), other B-cell and ADA-
related genes (IL7, IL7R, AIRE, FegRlla, FegRIlla, FegRIlb, FegRIllb, FeceRlle, BAFF,
APRIL, TNFalpha, HMOX-1, MAPK9, PCGF2, DOCK2, CD44, CSFR1, HSP90BI,
IGSF2, ALOXSAP, MAP2K4, PTPRN2, PTPRM, PTPRE, MSR1, TNFRSF21, TNFSFS,
CD19, CDY, CD21, CD35, ICOSL, CXCL13, PRDMI),
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