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Summary

Background

Anti-tumour necrosis factor (anti-TNF) therapies are the most widely used biologic therapies
for treating immune-mediated diseases. Their efficacy is significantly reduced by the
development of anti-drug antibodies which can lead to treatment failure and adverse
reactions. The biological mechanisms underlying antibody development are unknown but the

ability to identify subjects at higher risk would have significant clinical benefits.

Methods

The PANTS cohort consists of Crohn’s disease patients recruited prior to first administration
of anti-TNF, with serial measurements of anti-drug antibody titres. We performed a genome-
wide association study across 1240 individuals from this cohort to identify genetic variants

associated with anti-drug antibody development.

Findings

The Human Leukocyte Antigen allele, HLA-DQA1*05, carried by approximately 40% of
Europeans, significantly increased the rate of anti-drug antibody development (hazard ratio
[HR], 1.90; 95% confidence interval [Cl], 1.60 to 2.25; P=5.88x10"). This association was
consistent for patients treated with adalimumab (HR, 1.89; 95% CI, 1.32 to 2.70) and
infliximab (HR, 1.92; 95% ClI, 1.57 to 2.33), and for patients treated with mono- (HR, 1.75;
95% Cl, 1.37 to 2.22) or combination therapy with immunomodulators (HR, 2.0; 95% ClI,
1.57 to 2.58).

Interpretation

HLA-DQA1*05 is significantly associated with an increased rate of anti-drug antibody
formation in patients with Crohn’s disease treated with infliximab and adalimumab. Pre-
treatment HLA-DQA1*05 genetic testing may help personalise the choice of anti-TNF
therapy and allow the targeted use of immunomodulator therapy to minimise risk and

maximise response.
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Introduction

Biological therapies, commonly known as biologics, are typically large and complex proteins
manufactured in, or derived from, living sources. Biologics have transformed the
management of immune-mediated diseases and in 2017 accounted for a global expenditure
in excess of $100 billion." However, repeated exposure stimulates the formation of anti-drug
antibodies — the most frequently cited cause of treatment failure, hypersensitivity reactions,

and treatment discontinuation.?

The anti-tumour necrosis factor antibodies (anti-TNFs), infliximab and adalimumab, are the
most commonly prescribed biologics for treating inflammatory bowel disease (IBD)°. The risk
of development of anti-drug antibodies, referred to as immunogenicity, is higher for patients
treated with infliximab (a murine-human chimeric monoclonal antibody) than adalimumab (a
fully humanised monoclonal antibody).? Combination immunomodulator therapy reduces
immunogenicity to both adalimumab and infliximab and for infliximab improves treatment
outcomes.*® Despite these benefits, many patients are still treated with anti-TNF
monotherapy because of concerns about the increased risk of adverse drug reactions,

opportunistic infections, and malignancies associated with combination therapy.ﬁ‘10

Knowledge of the cellular and molecular mechanisms underpinning failure of immune
tolerance to biologics is limited. Retrospective candidate gene studies have suggested
variants in FCGR3A"" and HLA-DRB1'?"3 increase susceptibility to immunogenicity to anti-
TNF therapy. However, these associations did not achieve genome-wide significance and

are yet to be independently replicated.

Here we report the first genetic locus robustly associated with immunogenicity to anti-TNF
therapies using data from the Personalising Anti-TNF Therapy in Crohn’s disease (PANTS)
study.
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Methods

120 hospitals from across the United Kingdom recruited 1610 patients to the PANTS study
(NHS REC 12/SW/0323; IRAS 115956; ClinicalTrials.gov identifier: NCT03088449) at the
time of first anti-TNF exposure. To be included in the study, patients had to be aged 6 years
or over with active luminal Crohn’s disease involving the colon and/or small intestine where
the primary indication for anti-TNF treatment was not fistulising disease. Choice of anti-TNF
drug and use of concomitant immunomodulator therapy was at the discretion of the treating
physician as part of usual care. Patients were initially studied for 12 months, or until drug
withdrawal by the treating physician. In the first year, study visits were scheduled at first
dose, post-induction (weeks 12-14), weeks 30, 54 and at treatment failure. For infliximab-
treated patients, additional visits occurred at each infusion. After 12 months patients were
invited to continue follow-up for a further two years. Patients who declined the two-year

extension were censored at the time of study exit.

At each visit, serum infliximab or adalimumab drug and anti-drug antibody levels were
analysed on the Dynex (Chantilly Virginia, USA) DS2 automated enzyme linked
immunosorbent assay (ELISA) platform, using the Immundiagnostik (Immundiagnostik AG,
Bensheim, Germany) IDKmonitor® drug (K9655 infliximab drug level and K9657
adalimumab drug level) and total antibody ELISA assays (K9654 infliximab total anti-drug
antibody and K9651 adalimumab total anti-drug antibody). Based on our own independent
assay experiments,' we defined immunogenicity as an anti-drug antibody concentration 210

AU/mL, irrespective of drug concentration.

Genotyping, quality control and genotype imputation

Genotyping of DNA from 1524 patients was undertaken using the lllumina CoreExome
microarray, with genotype calls made using optiCall.” Pre-imputation quality control (QC) of
samples and single nucleotide polymorphisms (SNPs) was performed as previously
described."® We excluded individuals of non-European ancestry, one individual from related
pairs (defined as a pi-hat>0.1875), and individuals with an outlying number of missing or

heterozygous genotypes. Variants with a genotype call rate of <95% were also excluded.

SNP genotypes were imputed via the Sanger Imputation Service using the Haplotype
Reference Consortium (HRC) panel."” Following imputation we ran additional variant and

sample QC procedures (appendix methods).
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HLA imputation was carried out using the HIBAG package'® in R, using pre-fit classifiers
trained specifically for the CoreExome genotyping microarray on individuals of European
ancestry. HLA types were imputed at 2-, and 4-digit resolution for the following loci: HLA-A,
HLA-C, HLA-B, HLA-DRB1, HLA-DQA1, HLA-DQB1, and HLA-DPB1. 4-digit resolution
separates alleles which differ in nucleotide positions that determine amino acid sequences,
whereas the lower, 2-digit resolution separates allele families. In addition, we obtained
amino acid sequences for all the imputed HLA alleles, using the IPD-IMGT/HLA database.
Following the recommended best practices for HIBAG,'® HLA-allele and amino acid calls
with posterior probability <0.5 were set to missing for the given individual. HIBAG’s
imputation accuracy is very high in Europeans, above 94% across all HLA loci and above
99% for the HLA-DQA1 locus specifically.?’ Furthermore, we validated the imputation
accuracy for HLA-DQA1*05 at 2D resolution using typed HLA data (appendix table S1).

Genome-wide association analyses

Cox proportional hazards regression was used to test genetic variants and for association
with time to anti-drug antibody development, assuming an additive genetic effect. Patients
who did not develop immunogenicity during the study were censored at the point of last
observation. The association analyses were performed using a likelihood ratio test with sex,
drug type (infliximab or adalimumab), immunomodulator use, and the first principal
component as covariates (appendix table S2), with the SurvivalGWAS_SV software.?’

Kaplan—-Meier estimators were produced using the Lifelines package?® for Python.

The Akaike information criterion (AIC), calculated using the ‘survival’ R package,® was used
for model comparison across non-nested models; this estimates the goodness of fit while
penalising for the number of parameters to prevent overfitting. The fixed effects Q statistic,
calculated using the ‘metafor’ R package,?* was used to perform tests of heterogeneity of
effect; this test is an extension of Cochran’s Q-test and examines whether the observed

effect size variability is larger than expected by chance.

Replication cohort

We assembled an independent cohort to replicate significant findings from the discovery
cohort. This comprised 107 Crohn’s disease, 64 ulcerative colitis, and 7 IBD type-
unclassified patients, all with cross-sectional drug and antibody levels measured as part of
routine clinical practice at the Exeter laboratory. The samples were genotyped using either

the lllumina CoreExome array (N=164)"° or the Affymetrix 500k array (N=14).% We repeated
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the same quality control procedures and imputation (genotype and HLA) undertaken on the
PANTS discovery cohort. We applied the same statistical model used for the discovery

analysis, with IBD disease type as an additional covariate.

Results

Of the 1610 patients recruited to the PANTS study, 1524 were genotyped, and 1323 of these
passed genetic QC, ancestry, and relatedness analyses. Drug and antibody level data were
available for 1240 of these patients (appendix figure S2, appendix table S3), of which 44%
developed anti-drug antibodies within the first 12 months (95% CI, 0.41 to 0.48), 62% within
36 months (95% ClI, 0.57 to 0.67).

After correcting for immunomodulator use, the rate of immunogenicity was greater in patients
treated with infliximab than adalimumab (HR, 3.21; 95% CI, 2.61 to 3.95; P<1.18x10?®). In a
model including drug-type as a covariate, rate of immunogenicity was greater in patients
treated with anti-TNF monotherapy (N=544) compared to combination therapy with
immunomodulators (N=696), (HR, 2.30; 95% Cl, 1.94 to 2.75; P<6.10x10%").

Genetic variants in the HLA region are associated with time to
immunogenicity

We identified a genome-wide significant association with time to development of
immunogenicity on chromosome 6 (figure 1, appendix figures S3 and S4), with the most
associated SNP, rs2097432 (b38_pos: 6:32622994; HR, 1.70; 95% ClI, 1.48 to 1.94;
P=4.24x10"), falling within the major histocompatibility complex (MHC) region (appendix
figures S3 and S4). We replicated this association in an independent cohort (HR, 1.69; 95%
Cl, 1.26 to 2.28; P=8.80><10'4). A variant on chromosome 11, rs12721026 (b38_pos:
11:116835452; HR, 0.46; 95% Cl, 0.33 to 0.63; P=4.76x10®), also reached genome-wide
significance in our discovery analysis, though the association was not replicated in our
independent cohort (HR, 0.85; 95% CI, 0.49 to 1.44; P=0.51).
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Figure 1: Regional plot of the association results with the MHC region on
chromosome 6. Midpoint positions of the HLA alleles across the MHC region are shown in
red on the x-axis. SNPs that passed the genome-wide significance threshold (P=5x107?) are
shown above the red horizontal dashed line with the most significant SNP in red. SNPs
correlated with the lead SNP (r*>0.05) are color-coded from purple to yellow. Pairwise
genotype correlation (r’) between SNPs was calculated using genotype data from the non-

Finnish European population of 1KGP.?®

Fine-mapping of the signal in the HLA region

At the 2-digit level (HLA allele group), HLA-DQA1*05 was the only allele to reach genome-
wide significance (HR, 1.58; 95% Cl, 1.39 to 1.80; P=1.94x10""). At the 4-digit level, no
single allele reached genome-wide significance. The two most common HLA-DQA1*05
subtype alleles, HLA-DQA1*05:01 (HR, 1.57; 95% CI, 1.33 to 1.85; P=4.24x107) and HLA-
DQA1*05:05 (HR, 1.48; 95% Cl, 1.24 to 1.78; P=5.54x10"), had similar effects on time to
immunogenicity. However, a model using the HLA-DQA1*05 allele group was a better fit
than using our two most common subtype alleles (AlCy5=6659.07 versus
AlCo5:01805:05=6659.50).

Carriage of two HLA-DQA1*05 alleles does not appear to substantially shorten the time to
immunogenicity compared to carriage of one risk allele (figure 2). To formally assess this, we
compared the fit of both the additive and dominant models for HLA-DQA1*05 and found that
a dominant model led to a better fit (AICpom=6652.12 vs AlICApp=6659.07), and gave the
strongest association signal for HLA-DQA1*05 (HR, 1.90; 95% CI, 1.60 to 2.25;
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P=5.88x10"). We also looked for non-additive effects across all other HLA alleles, but the
model assuming a dominant effect for HLA-DQA1*05 remained the best fit to the data

(appendix table S4).

After conditioning on HLA-DQA1*05 we did not identify any secondary signals of association
with time to immunogenicity within the MHC region (appendix figure S6). The HLA-DQA1*05
association was confirmed in our replication cohort (HR, 2.00; 95% CI, 1.35 to 2.98;
P=6.60x10""), again with a better fit for the dominant model (AICpon=942.51 vs
AICApp=944.81). The association was robust to the antibody titre used to define

immunogenicity (appendix figure S5).
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Figure 2: Kaplan—Meier estimator showing the rate of anti-drug antibody development,
stratified by the number of HLA-DQA1*05 alleles carried. Orange, blue and red indicate
0, 1 and 2 copies of DQA1*05 allele, respectively. Carriers of one or two copies of the allele
have a similar rate of immunogenicity development, and a dominant model is a better fit for
the data than an additive model (AlICpom=6652.12 vs AICApp=6659.07). X-axis truncated at

700 days, due to the low number of observations for longer time periods.

We next looked for associations between specific amino acid residues within the classical
HLA loci and time to immunogenicity.27 Isoleucine at position 107 (AA-107-ile) and lysine at
position 175 (AA-175-lys) of the mature protein sequence are perfectly tagging the HLA-
DQA1*05 alleles (HLA-DQA1*05:01, HLA-DQA1*05:03, HLA-DQA1*05:05, HLA-
DQA1*05:09), so their effect is virtually indistinguishable from that of HLA-DQA1*05
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(figure 3). Any differences between the models are due to minor inconsistencies in the
imputation results for HLA-DQA1*05 alleles at different resolutions. No other amino acid

residues showed comparable association signals.

Top SNP ® rs2097432 (P=4.55x1071%3)
Allele _ _13
ERELITE * HLA-DQA1*05 (P =5.88x10713)
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Figure 3: Effect sizes of the most strongly associated SNP, HLA alleles and amino
acids on time to immunogenicity. Blue lines represent 95% Cls. Association test P-values

are shown in parentheses.

The effect of HLA-DQA1*05 across drug and treatment regimes

While immunogenicity rates were lower with adalimumab versus infliximab treated patients,
the effect of HLA-DQA1*05 carriage was the same for the two therapies (Pn=0.91) (figure
4). We also found no evidence for heterogeneity of the HLA-DQA1*05 effect on
immunogenicity (Phe=0.23) between patients treated with the infliximab originator, Remicade
(Merck Sharp & Dohme Corp), and its biosimilar CT-P13 (Celltrion, South Korea; branded as
Remsima, Napp UK, and Inflectra, Pfizer, USA) (appendix figure S7). These findings support
the previously reported similar antigenic profile for infliximab originator and CT-P13.2®
Likewise, the effect of HLA-DQA1*05 carriage on immunogenicity was consistent for

individuals on mono- versus combination therapy with immunomodulators (Pp=0.14).
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Figure 4: HLA-DQA1*05 has a consistent effect on immunogenicity in different patient
subgroups. We repeated the proportional hazard association analysis, separating the full
cohort into subgroups by drug and therapy type. Estimated hazard ratios and standard errors
between the pairings were compared using a heterogeneity of effects test. None of the pairs
had a significant difference in effect (P<0.05), suggesting that the effect of DQA1*05 on

immunogenicity is not affected by these clinical covariates.

There was a multiplicative interaction between HLA-DQA1*05 carriage, immunomodulator
use and drug type. The highest rates of immunogenicity (92% at 1 year) were observed in

patients treated with infliximab monotherapy who carried HLA-DQA1*05 (figure 5).
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Figure 5: Kaplan—Meier estimator showing the rate of anti-drug antibody development,
stratified by the drug, carriage of HLA-DQA1*05 alleles, and treatment regime. Dotted
lines indicate patients undergoing anti-TNF monotherapy; solid lines indicate combination
therapy with immunomodulators. Red indicates carriers of the HLA-DQA1*05 allele (1 or 2
copies); blue indicates non-carriers. For both drugs and treatment regimes, immunogenicity
rates are higher for HLA-DQA1*05 carriers. The X-axis was truncated at 700 days, due to

the low number of observations.
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Discussion

We report the first genome-wide significant association with immunogenicity to anti-TNF
therapy using the largest prospective cohort study of infliximab and adalimumab in Crohn’s
disease. We have demonstrated that carriage of one or more HLA-DQA1*05 alleles confers
an almost two-fold risk of immunogenicity to anti-TNF therapy, regardless of concomitant

immunomodulator use or drug type (infliximab [Remicade or CT-P13], or adalimumab).

Immunogenicity is more common in patients treated with infliximab than adalimumab.
Arguably then, all patients treated with infliximab, as well as HLA-DQA1*05 carriers treated
with adalimumab, should also be treated with an immunomodulator. Conversely, patients
who do not carry HLA-DQA1*05, in particular those at high risk of opportunistic infections or
those with a history of adverse drug reactions to thiopurines and/or methotrexate, could be
spared the additional risks of combination therapy and treated with adalimumab

monotherapy.

The shared genetic association between HLA-DQA1*05 and immunogenicity to infliximab
and adalimumab may explain the widely reported diminishing returns of switching between
anti-TNF therapies at loss of response.?** If the HLA-DQA1*05 immunogenic effect extends
to other therapeutic antibodies, then subjects who are HLA-DQA1*05 carriers may be

candidates for non-antibody modality therapies such as small molecule drugs.

How variation in the HLA predisposes to immunogenicity is poorly elucidated. The HLA class
Il gene HLA-DQA1 is expressed by antigen presenting cells and encodes the alpha chain of
the HLA-DQ heterodimer that forms part of the antigen binding site where epitopes are
presented to T helper cells. Previous studies have shown that it is possible to map and
eliminate potential immmunogenic T cell epitopes with the aim of producing a safer, more
durable biologic.*'** However, caution needs to be exercised to ensure protein sequence
modifications designed to reduce the risk of immunogenicity to patients carrying HLA-

DQA1*05 do not put a different group of patients at risk.

We acknowledge several important limitations. Firstly, multiple assays are available to detect
anti-drug antibodies and there is no universally accepted, validated threshold to diagnose
immunogenicity. Detecting anti-drug antibodies in the presence of drug is difficult and
consequently we may have underestimated the proportion of patients with immunogenicity.

We deliberately chose a drug tolerant assay in order to mitigate this risk and to minimise the

11
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number of false negative patients assigned to the control group, and confirmed that the HLA-
DQA1*05 association is robust to the choice of threshold for immunogenicity (appendix
figure S5). Secondly, we may have underestimated the contribution of HLA-DQA1*05 to
immunogenicity because of the short duration of follow-up in patients who did not continue in
the study beyond the first year. Thirdly, because we designed a schedule of visits to
minimise patients’ inconvenience, the number of assessments was less for those treated
with adalimumab than infliximab. As a result, we might have underestimated rates of
immunogenicity amongst adalimumab-treated patients. Finally, unlike the registration

trials,234%

we did not employ real-time monitoring.

In our final model, which includes HLA-DQA1*05 carriage, drug, and immunomodulator
usage (appendix table S2), we have explained 18% of the variance in immunogenicity to
anti-TNF in our population. This suggests there are other variables, including other genetic

variants and environmental factors, yet to be identified.

Our genome-wide association study was limited to Crohn’s disease patients of European
descent. Given that HLA-DQA1*05 is not associated with IBD risk,* the percentage of
carriers among our patients (39%) was very similar to that reported in an external British
population cohort (38%).%"® As such, we expect HLA-DQA1*05 to have a similar effect on
anti-TNF immunogenicity in other patient populations where the frequency of the allele is
unchanged. Due to the wide variation in the frequency of HLA-DQA1*05 across ethnic
groupsSs, further studies are required to assess the contribution of HLA-DQA1*05 to
immunogenicity across populations. Whether HLA-DQA1*05 is also associated with

immunogenicity to other biologic drugs also needs to be determined.

In conclusion, immunogenicity is a major concern for patients, regulatory authorities, and the
pharmaceutical industry. We have shown that HLA-DQA1*05 identifies patients with IBD at
increased risk of immunogenicity regardless of anti-TNF drug. Randomised controlled trials
are now needed to determine if pre-treatment genetic testing for HLA-DQA1*05 may help
personalise the choice of anti-TNF therapy and allow the targeted use of immunomodulator

therapy to minimise risk and maximise response.
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