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Abstract

BACKGROUND & AIMS: We performed a genome-wide association study
(GWAS) to identify genetic risk factors for drugdunced liver injury (DILI) from

licensed drugs without previously reported genesic factors.

METHODS: We performed a GWAS of 862 persons with DILI 488
population-matched controls. The first set of cagas recruited prior to May 2009 in
Europe (n=137) or the USA (n=274). The second seages were identified from
May 2009 through May 2013 from international cotiedttive studies performed in
Europe, the USA and South America. For the GWASIinegkided only cases of
European ancestry associated with a particular ¢bugnot flucloxacillin or
amoxicillin-clavulanate). We used DNA samples fralinsubjects to analyze human
leukocyte antigen (HLA) genes and single nucleogpidiymorphisms (SNPs). After
the discovery analysis was concluded, we validatedindings using data from 283

European patients with diagnosis of DILI associatétl various drugs.

RESULTS: We associated DILI with rs114577328 (a proxyA®83:01 a HLA class

| allele; odds ratio [OR], 2.7; 95% CI, 1.9-38;2.4x10-8) and with rs72631567 on
chromosome 2 (OR, 2.0; 95% CI, 1.6—259.7x10-9). The association with
A*33:01 was mediated by large effects for terbinafi fenofibrate-, and ticlopidine-
related DILI. The variant on chromosome 2 was dased with DILI from a variety

of drugs. Further phenotypic analysis indicated tha association between DILI and
A*33:01 was significant, genome wide, for choleistaind mixed DILI, but not for
hepatocellular DILI; the polymorphism on chromosa2n@ssociated with cholestatic
and mixed DILI as well as hepatocellular DILI. Wientified an association between
rs28521457 (within theRBA gene) and only hepatocellular DILI (OR, 2.1; 95% C
1.6-2.7;P=4.8x10-9). We did not associate any specific dtagses with genetic
polymorphisms, except for statin-associated DILhjcl was associated with
rs116561224 on chromosome 18 (OR=5.4; 95% CI, 30P&7.1x10-9). We
validated the association between A*33:01 terbirefaind sertraline-induced DILI.
We could not validate the association between @Hd rs72631567, rs28521457, or
rs116561224.



CONCLUSIONS: In a GWAS of persons of European descent withl Dile
associated HLA-A*33:01 with DILI due to terbinafia@d possibly fenofibrate and
ticlopidine. We identified polymorphisms that apptabe associated with DILI from

statins, as well as 2 non—drug-specific risk fagtor

KEY WORDS: medication, liver damage, side effect, anti-furagent



I ntroduction

Hepatotoxicity is the second most common cause fg dattrition during
development as well as for post-marketing withdidwand idiosyncratic drug-
induced liver injury (DILI) accounts for 11%-17% odses of acute liver failure in the
United States and Europ€.The typical incidence of DILI varies from approxitely
1% with the anti-tumor necrosis factor agénis 0.04% with some widely used
antimicrobials such as amoxicillin-clavulandtBuring the past 15 years, increasing
progress on identifying genetic risk factors forLDhas been made. In particular,
associations with HLA class | and Il alleles haeeib reported for DILI caused by a
range of drugs, though a particular HLA genotypesdoot appear to be relevant to all

forms of idiosyncratic DILP

Previously, GWAS involving cohorts of DILI casesated to one particular drug only
have resulted in identification of one or more dspgcific HLA risk alleles:** A
large study involving 783 DILI cases due to a raafjdifferent drugs also resulted in
a genome-wide significant HLA signal, but this asatton was abolished once 296
cases of DILI due to flucloxacillin and amoxicilizlavulanate were excludé8 This
partly reflects the fact that amoxicillin-clavuldedas a very common cause of DILI
worldwide and flucloxacillin is an equally commoause in a number of Northern
European countrieS. Therefore, DNA collections from DILI cases genbravill be
highly enriched in cases relating to these two slragaking detection of associations

related to other compounds more difficult.

We have expanded our previous study of DILI caused range of different drugd$,
and after excluding cases relating to amoxicillavalanate and flucloxacillin, we
have more than doubled the number of cases withi@adlsl from Europe, Australia,
South America and the United States. We now rapattHLA-A*33:01 is associated
with risk of DILI, particularly due to terbinafindenofibrate and ticlopidine and
especially with a cholestatic or mixed phenotypee Wave also found novel non-
major histocompatibility complex (MHC) related s&i® apparently shared across a
range of different drugs; an intronic SNP, in theS-responsive vesicle trafficking,
beach and anchor containing (LRBA) gene is assetiaith hepatocellular DILI and
an intergenic SNP on chromosome 2, rs72631567, Mith generally. An additional



drug-specific genome-wide significant signal whiwbuld not be confirmed is also

reported.

Materials and M ethods

DILI discovery cohort

The cases in the study were from two separateite@nt phases. Phase | consists of
411 cases included in a previous study (from DILINLIGEN and Eudragen& and
phase Il more recently recruited cases (n=451)nthva small subset was included

in a recent report:

Phase | cases. These cases included 413 DILI cases not due to i@ithiox
clavulanate or flucloxacillin, with a defined cabwhug and with causality score
greater than possible (RUCAM sce®) recruited in Europe (n=137) or the USA
(n=274) prior to 2009. Clinical characteristicstbése cases and methods used for
genotyping have been described in detail previotfsldditional exome chip
analysis (lllumina Infinium HumanCoreExome BeadQhias performed on 150 of

these 413 cases at the Broad Institute, Boston.

Phase Il case recruitment-iDILIC. The iDILIC cases were recruited between May
2009 and May 2013 as part of an international bolative study involving
recruitment centers in the United Kingdom (NewagstNottingham, Liverpool,
London, Dundee), Sweden (Uppsala and Gothenbupgin§Malaga and Barcelona),
France (Montpellier), the Netherlands (Utrecht), ri@any (Kiel), Australia
(Brisbane), Switzerland (Zurich), Finland (HelsinkArgentina (Rosario), Uruguay
(Montevideo) and Chile (Santiago). All participangsovided written informed
consent and each study had been approved by thepaigpe national or institutional
ethical review boards. For the GWAS, only case&wfopean ancestry where there
were at least 2 cases due to a particular drugadai(when phase | cases from
Europe and the USA were also considered) and wher®ILI was not due to either
flucloxacillin or amoxicillin-clavulanate were inaled (n=339). Clinical inclusion

criteria for all cases were those described byaiet al*

Phase Il case recruitment-DILIN. Details of the USA-based DILIN prospective
study including IRB approval information have betsscribed previousiif A total



of 112 eligible new cases of European ancestry>afh8f years were included in the
current GWAS. These new cases were selected framnlatger DILIN sample
collection such that only cases relating to drdge acluded among the IDILIC cases
were represented. Laboratory inclusion criteria evers described previousfy.
Patients were excluded if there was known or susdeacetaminophen overdose, if
there was a history of bone marrow or liver traasplprior to DILI onset or if there

was a prior history of immune-related liver diseaseh as autoimmune hepatitis.
Additional cases used for confirmation of associations

After the discovery analysis was concluded, we ldaan additional 283 European
patients with diagnosis of DILI across multiple saudrugs (6 from iDILIC and 277
from DILIN networks recruited subsequent to the GS8JA The causal drug
distribution is reported in Table S1A. An additibd2 statin DILI samples from the
Spanish IDILIC network and 3 UK-DILIGEN cases weeeruited later in the study

to confirm the class specific association (TablB8)S1

Out of the 283, we used 272 DILI cases to diretylye SNPs associated across
multiple drugs or specific for drugs/drug classed &1 DILI cases for HLA typing to
confirm HLA associations. An additional Chinesebteafine DILI sample was also
HLA typed.

Causality assessment

The iDILIC cases were evaluated by application g Council for International
Organizations of Medical Science (CIOMS) scalep atalled the Roussel Uclaf
Causality Assessment Method (RUCARIaNd by expert review by a panel of three
hepatologists. The pattern of liver injury was sléied according to the International
Consensus Meeting CritefaOnly cases having at least possible causalityr¢se?)
were included in the study. For all cases in DILibMusality assessment was by

expert consensus as previously descrifSed.
Controls

Since DILI has a very low prevalence, we used garaspulation samples as study
controls. We selected 10588 European ancestry alenfrom multiple available

sources; Welcome Trust Case Control Consortium (e



(http://www.wtccc.org.uk), the population referencsample (POPREY)
PGX40001° and Spanish Bladder cancer cohort (phs000346reh) HbGAP? In

order to increase the case/control ratio for Itgli&panish and Swedish, we added

samples from Hypergenes cohort
(http://www.hypergenes.eu/dissemination.html#puth)e National Spanish DNA

Bank (http://www.bancoadn.org/), Italian Penicilliolerant Controls (IPTC), and the

Swedish Twin Registry (http://ki.se/en/researchAivedish-twin-reqistry).

Genotyping

DNA preparation from Phase Il cases. For iDILIC cases, DNA was prepared as
described previous§/DILIN DNA was extracted from lymphocytes and sthat the
NIDDK biosample repository at Rutgers Universitisdataway, NJ.

Genome-wide analysis. Genome-wide genotyping of the phase Il and 15GeHa
cases was performed by the Broad Institute, Bosbyn Illlumina Infinium
HumanCoreExome BeadChip. iDILIC and DILIN cases evgenotyped in two
separate batches. A total of 505740 markers stemex$s the batches passed quality
control (QC) and no samples were excluded for loadity profile. (see Supplemental
Materials and Methods). Details on the genotypea datailable for each control

collection are reported in Table S2.

Imputation. SNP imputation was performed in batches dividithgg cohorts
according to genotyping platforms. Imputation metthare described in detail in the
Supplementary Appendix. For HLA genotypes, fouritditA alleles were inferred
using HIBAG?!

SNP genotyping. The top associated imputed SNPs were validatedShy
genotyping in subsets of IDILIC cases and in thesral DILIN cohort (see
Supplementary Appendix). The SNPs were further iomieid in additional cases
using TagMafi predesigned and custom SNP genotyping assays (OResher
Scientific, Waltham, MA) in accordance with the méacturer's recommendations.

HLA genotyping. High resolution genotyping dfiLA-A, B, C, DRB1, DQA1 and
DQB1 was performed on selected cases by Histogendbssir{ing, New York).
Sequencing data files were analyzed using Histdgeneproprietary analysis
software (Histomatcher and HistoMagic) for HLA g&pe calling. Allele
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assignments are based on IMGT/HLA Database relearston 2.21.0, dated April
2008 (http://www.ebi.ac.uk/imgt/hla/).

Satistical analysis

The effect of population structure was assessedugjir principal components
analysis (PCA) using the smartPCA program from BEIGENSTRAT package
(version 3.0f? Single marker and haplotype association analysdshaterogeneity
test analyses were carried out by PLIRKThe statistical association of each marker,
HLA alleles and SNPs, was determined in a logiggression framework with scores
for the first seven principal components as covesiainder an additive model using
PLINK. We used the same statistical test for supybation analyses, using two,
seven and ten most significant principal componastsovariates in Italian, Spanish
and North European populations, respectively. Wetls® genome-wide traditional
significancep-value threshold to 5.0x100 correct for multiple testing. When we
obtained genome-wide significant signals, we tefdedndependent effects from the
neighboring variants by including the most assedatariants as a covariate and then
testing the significance of others in the regiove also tested interaction effects
among them by including interaction terms in thgidtic regression. Differences in
clinical characteristics among sample groups westetl by Fisher's exact test. All
detailed analyses and Manhattan plots were perfbrmi¢h R (Version 3.0.25°
Regional plots were drawn by LocusZo6fn.

Results

Clinical characteristics of the cases

Clinical details of the DILI cases included in thein GWAS are summarized in
Table 1. A variety of different causative drugs evegpresented but the most common
was diclofenac with 67 cases, followed by nitrofican with 64 cases. A few drugs,
including azathioprine, isoniazid, fenofibrate, amlitlofenac had significantly
disproportionate number of cases in one of ther@eouitment phases. Details of all

the causative drugs are shown in Table S3.

Overall analysis

11



The discovery cohort included 862 European ancdiry cases (411 from phas& |
and 451 from Phase Il) and 10,588 controls. PCAwgllothat all cases (including
those from South America) clustered within thregamgroups (Italian, Spanish and
Northern European) and matched with the populatoamtrols (Figure S1A).
Consistent with the previous stutfyphase | cases were predominantly Northwest
European. The most significant genome-wide assti8iNPs were rs72631567 on
chromosome 2 (OR=2.0, 95% CI =1.6-2.5, p-value=B07Xx and rs114577328 in the
MHC region of chromosome 6 (OR=2.7, 95% CI=1.9-38/alue=2.4x18)(See
Figure 1A, Table 2 and Figures S2 and S3). Datddtin SNPs had been obtained by
imputation in cases and controls and subsequerdliglated by SNP typing (see
Supplementary Methods). The associations were si@méi among geographic
clusters and study phases (Table S4) and not dadefact/s of population structure,
missing genotypes rate (Table S5) or variability imputation quality among

populations or genotyping platforms (see Suppleargrivlethods).

For the chromosome 2 SNP rs72631567, breakdown rbg dhowed that 10
unrelated drug causes had an OR greater than th@teast two carriers (Table S6).
Ciprofloxacin-related cases showed the strongesbcastion (n=21, OR=7.4, 95%
Cl=17.3-161, p-value = 4.0xT).

The chromosome 6 SNP rs114577328 is the SNP prioay ancommon HLA class |
allele, HLA-A*33:01. Indeed this SNP was in nearfpet LD with A*33:01 (F=
0.98). From the imputed HLA allele assignmentstrang) association with DILI for
this allele is confirmed (OR=2.6; 95% CI=1.8-3.7Zyaue=8.0x10, Figure S4).
Including rs114577328 or A*33:01 as a covariate oead any association in the
MHC region, indicating that there is only one MHEsaciation signal (Figure S5).
The A*33:01 association appears independent ofctimemosome 2 signal, since
rs72631567 when conditioned on A*33:01 showed amoat unchanged effect size
(ORs72631567= 1.7, 95% Cl= 1.25-2.2, p-value = 0.0006). Thewes no statistically

significant interaction effect between the two silgn(p-value = 0.5).

Breakdown by drug showed DILI due to terbinafineswaost strongly associated
with the HLA-A*33:01 signal (OR=40.5, 95% CI=12.31.4, p-value=6.7x1¥) and
a similarly strong association was seen with rs¥¥828 (OR=58.7, 95% CI=18.31-
188.2, p-value=7.3x1¥, Figure 1B and Figure S6). As summarized in T&lén
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addition to terbinafine cases, cases due to sikiaddl drugs showed an association
with A*33:01 with p-values lower than 0.01. The dast case subset related to
terbinafine but we found that A*33:01 was also akrifactor for ticlopidine
(OR=163.1, 95% CI=16.2-1642.0, p-value=0.00002)thyldopa (OR=97.8, 95%
Cl=12.3-743.0, p-value=0.00001) and fenofibrate ID{OR=58.7; 95% CI=12.3-
279.8; p-value=3.2x10). Indeed, although fewer positive carriers wereenbed,
A*33:01 also seems to be a common risk factor foalapril (OR=34.8), sertraline
(OR=29) and erythromycin DILI (OR=10.2). An erybnmycin case was positive for
A*33:03, an allele rare in European population colst(AF=0.002) which belongs to
the A*33 group. Overall we found that 87% (n=36)tleé A*33:01positive carriers
were also positive for HLA-B*14:02nd HLA-C*08:02. The haplotype showed a
larger OR than A*33:0las single marker in terbinafine (QRotype =49.2, p-
value=9.54x13"%, ticlopidine (ORapiotype =201; p-value= 7.2x1f), fenofibrate
(ORnaplotype 68.5; p-value=1.1xI) and erythromycin (ORpiotype = 13.1; p-
value=0.002) DILI but not with DILI as a phenoty®Rhapiotype =2.7; p-value=
1.6x10’, Table S7).

We verified the imputed A*33:01 genotype by seq@ebased HLA typing in 35
cases related to the main A*33:01-associated diUgdle S8). The A*33:01
predictions were confirmed in all cases except ¢imat methyldopa case was negative
for this allele (false positive) and an additiotedbinafine case was a carrier (false
negative). This validation result suggests thathyldbpa might not share the HLA
risk factor. The validation confirmed that all tA&33:01-positive terbinafine cases
carried the complete HLA A*33:01-B*14:02-C*08:02 fdlatype, increasing the
strength of the haplotype association in the tedfione DILI cases (ORypiotype70; p-
value=8.7x103> and in the overall analyses (QRoyp=2.8; p-value=5.1x18. We
also typed the A*33:01 proxy SNP across DILIN casesonfirm imputed genotypes.
We found only one new carrier of the minor allelef related to the major-A*33:01

associated drugs.
Analysis by type of injury and causative drugs

We further investigated the association of genatypeh particular patterns of DILI
by grouping the cases into hepatocellular (HC) elmolestatic/mixed (CM) pattern.

The chromosome 2 association described above waksin the two phenotypic
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categories (direct comparison between CM casesG/sases, logistic p-value=0.5),
although the effect was marginally stronger in tG& cases (Table 2). The
association with rs114577328 was genome-wide sogmf only in the CM cases
(n=323, OR=5.3, 95% CI=3.4-8.2, p-value=4.5%1(Figure 2B and Figure S6) and
similarly with A*33:01 (OR=5.1; 95% CI=3.3-7.9, mlue=4.2x13°, Figure 2B and

Figure S6). Conditional analysis on the variant &t allele indicated only one
genetic association was present in the regionhawrs for the main analysis (Figure
S7). There was no association between the proxy &@N\#33:01 in the HC cases
(n=474, OR for A*33:01=1.5, 95% CI=0.82-2.6, p-wd®.19, Table 2). The
A*33:01-B*14:02-C*08:02 haplotype showed an Qfype= 5.6; p-value = 2.5x18

in CM cases.

The CM only terbinafine-specific OR increased twttdfcompared with the value for
all terbinafine cases (OR=88.1, 95% CI = 19.3-40@-¥alue = 7.5x18) since all the
A*33:01 carriers belonged to this injury type. eoling the injury correlation pattern
established for terbinafine, A*33:01 appeared toabstronger risk factor for CM
injury than for HC injury also for fenofibrate, kapidine, enalapril and erythromyein
related DILI. This was not the case for injury daesertraline and methyldopa. These
top seven drugs account for 51% (n=21) of all A€&3positive cases (Table S9).
Sixteen other drugs account for the rest of theierarshowing slight enrichment in
CM phenotypes, which showed a marginal associatitim A*33:01 (OR = 2.6, 95%
Cl=1.4-4.9, p-value = 0.003, Table S9 and T&186).

We detected a new HC-specific genome-wide sigmificagnal on chromosome 4
(Figure 2B). The signal lies within theRBA (LPS-responsive vesicle trafficking,
beach and anchor containing) gene with the impudeidint rs28521457, located in an
intronic region, the most significant SNP (OR=2%% CI=1.6-2.7, p-value=4.8x10
%)(Table 2 and Figure 2B). The allele frequencytfos SNP in the CM cases (0.04)
was comparable to that in controls with no evidemdeassociation with this
phenotype. The risk allele was carried by mora ## of the HC cases in cases due

to a total of 45 drugs but in general, there wer@mg-specific signals (Table S11).

We also investigated associations with particulausative drugs or specific
therapeutic classes where a group including moaa #0 samples was available.
Detail on the groups studied is summarized in T&d2. Genome-wide significance
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was detected only for one group examined, thenstatvith no significant signals for
the other drug classes (Figure S8 and Table SiB)thé case of the statins,
rs116561224, a common intergenic SNP on chromostb&ewas genome-wide
significant (OR=5.4, 95% CI=3.0-9.5, p-value=7.1X1Figure 2C and Figure S9)

with the signal mainly driven by simvastatin (TaBl&4).

Confirmation of associations

The European cohort used to confirm the assocmitfonr283) had a wider range of
causal drugs, mostly different from the discovesiiat (Table S1). Later in time, we

had access to 15 additional cases relating spaityfio the statin cohort.

The A*33:01 association was further investigatedhie@ additional cases by directly
genotyping rs114577328 in 272 cases and by diré®& Byping on 11 additional
samples who developed DILI due to drugs for whiahvad detected an enrichment
in A*33:01 alleles in the discovery cases. Overtie rs114577328 carriers were
enriched in cases from drugs previously associaiddthe allele (Table S15). Eight
out of all 23 additional cases relating to drugsvpusly associated with A*33:01
were shown to carry this allele or the proxy SNRel@ frequency 0.17) compared
with an expected population frequency of 0.01. VWecdically confirmed the
association of A*33:01/rs114577328 with terbinafim@ving a carrier frequency of
0.63 (5 out 8 terbinafine-related cases across thetimjury types) and with sertraline
at a carrier frequency of 0.75 (3 out 4 sertrali@lated cases) (Table S15). Although
fenofibrate had a high carriage rate for A*33:01ha discovery cohort, none of the 7
additional cases carried this allele or the proXyPS Few additional cases were
available for other A*33:01-related drugs to comfithe association.

Interestingly, a terbinafine DILI case from Finlanés positive for A*33:05, a very
rare allele in the general European population €A#.0001,USA NMDP European
Caucasian in http://www.allelefrequencies.net/, n=1,242,89@nd Finnish’
populations. An additional terbinafine DILI case ©hinese origin was positive for
A*33:03. In total, 10 of the 24 additional cases (23 Euampeases and one single
Chinese case) were carriers of &83 allele, in line with expectations based on the
effects observed in the discovery sample.
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We further genotyped rs72631567 and rs28521457 na2iditional European cases.
The rs72631567 and rs28521457 variants were fouAdrs&.comparable to those for
controls (ARs72631567= 0.022 and AFRss21457in HC only = 0.025) and so the
association was not confirmed. However, rs72631&67ers were slightly enriched
in ciprofloxacin, atorvastatin and mercaptopurindticed DILI cases, as in the
discovery cohort, with ORs in the same directionbioth cohorts (Table S16).
Similarly, rs28521457 carriers seemed to be mormengon in the same subgroup of
causal drugs in both cohorts (Table S17). This ssiggl a limited replication of the

signal for these drugs.

We also attempted to confirm the rs116561224 sidomlstatins. The number of
additional cases available for this purpose wadl§m=29, Table S1b) with only four
simvastatin cases. None of the statin cases wesdivgo for rs116561224 so the

signal could not be confirmed.
Discussion

Our previous studies have been successful in igargi genetic risk factors for both
flucloxacillin and amoxicillin-clavulanate DILY.° However, our most recent GWAS
did not identify any risk factors that were comnfon DILI in general or specific
genetic risk factors for DILI due to individual dysl which accounted for a smaller
number of cases of DI The current study included 451 additional caseBlaf
due to a wide variety of causative drugs, includatdeast 10 DILI cases relating to
each of 22 different drugs. This increase in numband the exclusion of the
amoxicillin-clavulanate and flucloxacillin casesgé&her with use of improved
imputation methods has enabled the detection anfiremtion of a novel genome-
wide significant signal relating to a relativelyreaHLA class | allele A*33:01.
Though three other interesting signals were defertethe course of the study, an
intergenic signal on chromosome 2, an intronic $NPRBA in HC cases only and a
signal on chromosome 18 for statins, the failurectmfirm these signals is a
limitation. There are some indications that, aseolsd for HLA-A*33:01, the
chromosome 2 and LRBA signals are shared acrospieulinrelated drugs instead
of being non-drug-specific risk variants. As sugpgy evidence, the chromosome 2
signal has been consistently associated in bolicagipn and discovery cohorts with
DILI due to ciprofloxacin, atorvastatin and meragpirine. There remains a
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possibility that replication could be achieved itaeger study involving a different
mix of causative drugs but the degree of heteragemedrugs originally associated

with the signals also increases the risk that tne=se chance observations.

Interestingly, unlike previously recognized HLA asmtions for DILI, A*33:01 also
appears to be a risk factor for DILI due to sevestalcturally unrelated drugs. Our
results also suggest that a haplotype comprisir@34x1, B*14.02, and C*08:02 may
participate in concert to confer risk for DILI, apposed to A*33:01 alone. However,
because these alleles are so highly correlatedguuent sample size does not allow
us to distinguish between these possible explamatdy genetic association evidence
alone. This conceivable hypothesis could be furttegified in a larger study, or by

experiments with recombinant HLA proteiffs.

In the case of terbinafine where the A*33:01 asstomhd showed genome-wide
significance for cases relating to this drug onlyformation on the underlying
mechanism for hepatotoxicity is limiteN;dealkylation leads to the formation of an
aldehyde metabolite, TBF-A, and this metabolitevehoeactivity with glutathioné&’

It has been proposed that the GSH-adduct is tratespaacross the canalicular
membrane and concentrated in the bile where it wayse damage to biliary
epithelial cells. There is limited data from theigas case reports on an underlying
inflammatory mechanism but it has been demonstrétatitreatment of monocytes
with terbinafine results in the release of the pilammatory cytokines IL-8 and
TNF-alpha®® Metabolism of terbinafine is complex involving seal different
cytochromes P458. However, there was no evidence from the GWAS fosla for

either CYP genes or innate immunity genes in thartafine DILI cases studied.

The other drugs showing the most convincing astoom with A*33:01 were
fenofibrate, ticlopidine and sertraline. Failure s®e individual genome-wide
significant associations with these drugs is likedybe due to fewer cases being
available than for terbinafine. The A*33:01 assborawas seen for 3 of 7 cases due
to fenofibrate, all with CM DILI. The literature dienofibrate DILI is quite limited,
but it appears that this drug is extensively metabéd, mainly by CYP3A4? and
there is a report of a drug interaction resultingcholestatic injury® together with

other isolated reports of idiosyncratic cholestattl. **
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Ticlopidine-related DILI has been well studied poasly, including two studies
investigating genetic risk factors in Japaneseviddals. Cholestatic liver injury also
predominates in this form of DI * Ticlopidine is subject to extensive metabolism
by several cytochrome P450 isoforms and carboxses# A study in rats suggests
that adducts are formed following metabolism byciitome P450 with evidence for
toxicity after biliary excretion of glutathione-cigated metabolites via MRP2-
facilitated transpor®® In previous studies, 22 Japanese patients wikbpiitine DILI
showed an association with an HLA haplotype inalgdh*33:03 (odds ratio 13¥ In
line with current observations, the association w@engest with cholestatic cases
with 12 out of 14 cases positive for A*33:03. Itosid be noted that A*33:03 is
relatively common in Japan with approximately 1A%846 of individuals carrying this
allele.

The observations on the HLA association for Japatietopidine DILI cases were
followed up by a report that those carrying a -ZB20 polymorphism inCYP2B6
were more susceptible to ticlopidine DILI due tghiCYP2B6 expression (OR 2, p-
value=0.04f° The CYP2B6 polymorphism (rs725457%) is less frequent in
Europeans than in Asians (MAEF= 0.29, MAFRsian= 0.45) and its low effect size
limited our ability to replicate the associationtins small European ticlopidine DILI
population, but the non-significant effect is i ttame direction as the previous study
(OR=2.8, 95% CI=0.7-10.18, p-value=0.11).

In contrast with the three drug examples aboveradiere is associated predominantly
with HC DILI.**** In line with this phenotypic association, thereeisidence that
sertraline can cause mitochondrial danfigend induce endoplasmic reticulum
stres& in liver cells. There are parallels with a prexd@xample of a HLA risk factor
(DRB1*15:01) which is associated with predominar@i DILI with amoxicillin-
clavulanate but HC DILI with lumiracoxib®

In line with the Japanese report of a role for A€Bin ticlopidine DILF® and a case
report showing an association between A*33 andrdmip-induced cholestasis in a
Chinese patierf we found two DILI cases positive for A*33:03 aftdirect HLA
typing. One of these was a Chinese terbinafine RBHde and the second a European-
American with erythromycin DILIL. In our imputed GWAdatasetA*33:03 was
carried by eight DILI cases due to a range of dmngsur cohort and showed an
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apparent risk effect for CM DILI but this was na&mpme-wide significant (OR=2.1,
95% CI1=1.02-4.6, p-value=0.04). Another A*33 alle#¢33:05, was also represented
in a terbinafine case from Finland. There is vergreg homology between these three
HLA-A*33 alleles at the protein sequence level with33:03 differing at only two
positions from A*33:01 (Tyr instead of His at pasit 171 and Lys instead of Arg at
position 186) and A*33:05 differing at only one pms (Arg at 54 in place of GIn).
In particular, all three alleles conserve the kesidues for specific peptide binding
within the B and F pockef€. This is in contrast to a related HLA allele A*31;0
which is associated with carbamazepine-induced rsigh?® but does not appear to be
a risk factor for DILI, where the B pocket sequentteough homologous, is not

conserved’

As mentioned above, the association of a common Hlléle with DILI due to
chemically-unrelated compounds had been observedqusly for DRB1*15:01°
with amoxicillin-clavulanate and lumiracoxib and BRB1*07:01° with DILI from
lapatinib and ximelagatran. The association of A@33with DILI in general and
secondary to a number of structurally dissimilampounds is consistent with these
observations. Together with recent findings fromvitro studies on T-cell responses
to flucloxacillin and amoxicillin-clavulanat®; ! these observations support the
hypothesis that either the parent drug or metadsliind covalently to cellular or
circulating proteins to form adducts in a mechanibat is probably slightly different
to the direct drug effect seen with hypersensitivitactions to abacavif. Adduct
formation may then allow binding to the peptidedang groove of HLA molecules
leading to activation and differentiation of T-sellith a consequent adaptive immune
response-mediated liver injury. Evidence that tregamity of the drugs showing the
A*33:01 association undergo hepatic metabolism lifidry excretion may explain
the stronger association A#33:01 with CM DILI and could indicate that, unékin
the case of flucloxacillin and amoxicillin-clavukate, metabolites contribute to the
toxicity mechanism. Further investigation of potahinteraction of both the various
drugs and their metabolites with the A*33:01 genedpct by molecular modelling
andin vitro studies on T cells as previously undertaken fatldigacillin®® would be

of interest.

The novel association of HC DILI withRBA is interesting because this gene is a
biologically plausible DILI candidate. LRBA deficiey due to rare mutations is
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associated with primary immunodeficiency of var@aldeverity with a particular
feature of decreased regulatory T cell (Treg) levether immunodeficiencies and
inherited autoimmune diseas€® Patients with mutations in LRBA leading to
immunodeficiency have been demonstrated to show dbsytotoxic T lymphocyte
antigen-4 (CTLA4)’ Studies in a mouse model suggest that low CTLA4 issk
factor for DILI.>® Unlike the HLA-A*33:01association, no genome-wide significant
associations for single drugs were detected withLIRBA SNP and there were no
obvious features in common between cases posiivehé variant other than the HC
phenotype. It remains possible that this associatiould be replicated if a larger

cohort were available.

The intergenic signal on chromosome 2 is from aore@00 kb upstream from
OX11, is independent oA*33:01 and associated with an almost two-fold risk of
DILI with the top SNP showing a frequency of 0.0REuropeans. This risk factor
seems to be shared across unrelated drugs amomr wiprofloxacin showed the
strongest association. The ENCODE project sugdlests are no regulatory elements
in this region so the basis for the signal is uaicl®&leither rs72631567 nor any of its
LD SNPs (f>0.5) are known eQTL variants (http://www.gtexpboey/). The failure

to confirm this association and the absence ofapparent biological basis suggests
the observed significance could have been a cHamtiag.

Most data for individual drug classes that were paratively well represented in our
cohort were entirely negative but the finding dfignal for statins which was driven
by several class members was entirely novel. Sirtoldhe more general signal seen
on chromosome 2, the chromosome 18 is intergentic thie closest known gene,
cadherin 19 located approx. 300000 bp downstreatmodgh functionally such a
protein could be of relevance to the liver injurpgess.’ any biological significance
seems tenuous. The failure to confirm the signaldditional cases could be due to
the availability of only a small cohort of additamncases which reflects the rarity of
this form of DILI*®

In conclusion, this study has detected a novel His&ociation (HLA-A*33:01 in

cases of DILI due to a number of different druggether with several novel non-
HLA signals. Overall sensitivity and specificity thfe A*33:01 allele as a predictor of
DILI is low but our findings may be important fanttire drug treatment in cases of

20



DILI due to one of the drugs for which the A*33:84sociation is relevant. Follow-up

studies are required to further explore the inteigesignal on chromosome 2, the
biologically interesting signal in.RBA and the rs116561224 signal for statins in
larger cohorts.
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Figurelegends

Figure 1 Manhattan plots displaying the association rexfl{#) the overall analysis
(n=864); (B) terbinafine only cases (n=14 caseB)PSin green have a significance

level less than 5x19and red have a significance level less than 3x10

Figure 2 Manhattan plot displaying the association redaltgA) Cholestatic/Mixed
only cases (n=323); (B) Hepatocellular only casesA{4 cases); (C) Statin cases
(n=59). SNPs in green have a significance leves kbsn 5x18 and red have a

significance level less than 5x10
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Tables
Table 1. Clinical details of the DILI casesincluded in the GWAS
CHARACTERISTICS Phasel Phase2 Combined

(n=411) (n=451) (n=862)
Clinical information

Age (mean years) 51 54 53

% Female 63.0% 60.5% 61.8%
ALT (mean IU/L) 895.1 757.7 822.2
ALP (mean IU/L) 388.2 282.5 330.6
Latency (mean days) 201.7 177.4 188.2
Injury type

Cholestatic 76 87 163
Hepatocel lular 202 272 474
Mixed 69 91 160
Not available* 64 1 65
Genotype chip

[lluminal M 261 261
[lTlumina IM/lllumina Infinium HumanCoreExome 150 150
BeadChip

[lTumina Infinium HumanCoreExome BeadChip 447 447
[lTumina HumanOmniExpress BeadChip 4 4
Country of birth

USA 274 112 386
UK 71 79 150
Spain 16 95 111
Sweden 81 81
France 30 7 37
Germany 20 20
Italy 16 1 17
Others 4 56 60

*Because of the retrospective nature of the phase | study, minimal clinical information needed to
establish the type of injury were not available for a subset of initial NSAID DILI cases from
DILIGEN because of missing ALP and upper limit of normal values.



Table 2. Association effect size of rs72631567, A*33:01 and rs28521457 across different liver
injury patterns

COHORTs Variant OR 9% Cl p CAF AF
ases Controls
rs72631567 2.0 1.6-2.5 9.7x10° 0.05 0.03
Entire o
DIL | cohort A*33:01 2.6 1.8-3.7 7.0x10 0.02 0.01
r 28521457 15 1.3-1.9 7.0x10°8 0.06 0.04
Cholestatic rS72631567 2.4 1.7-3.4 9.5x10” 0.06 0.03
and Mixed A*33:01 50 3379 42x10" 0.04 0.01
DILI cohort 28521457 10 0.7-15 0.9 0.04 0.04
y il rS72631567 1.6 1.2-2.3 2.5x107° 0.04 0.03
epatocellular _ _
DILI cohort A*33:01 15 0.8-2.6 0.19 : 0.01 0.011
rs28521457 2.1 1.6-2.7 4.8x10 0.08 0.040

COHORTSs = type of comparison; Variant = associated variant; OR=0dds Ratio; 95% Cl = 95%
Confidence Interval of the odds ratio; P=logistic p-value; AF = allele frequency



Table 3. Association effect size of A*33:01 signal for the causal drugs enriched in A*33:01
positive carriers

Number
Number of
DRUGS of cases A*33:01 OR  95% Cl p CF
tested  alleles
in cases
TICLOPIDINE 5 4 1631 B2 o0002 08
1 e O '
12.8-
METHYL DOPA 4 2 o78 2% 000001 05
12.3- .
FENOFIBRATE 7 4 7 2% 32107 043
TERBINAFINE 14 6 405 igf’;l 6.7410° 043
ENALAPRIL 4 2 348 393029 000l 05
SERTRALINE 5 2 29 42072 00008 04
ERYTHROMYCIN 10 2 102 2517 0005 02

DRUGs=Causdl drug involved; OR=0dds Ratio; 95% CI = 95% Confidence Interval of the odds
ratio; P=logistic p-value; CF= Carrier Frequency
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Supplementary Methods

Imputation

The imputation was performed in batches dividing tbohorts according to
genotyping platforms. For each batch, we first pdathe data by SHAPEIT (version
v2.r727)2 Then, imputation was carried out using IMPUTE&ré&ion 3) with 1000
Genomes Project (release®v@thnically mixed dataset as the reference pansle
retained imputed genotypes with: (a) posterior phality > 0.9 in each genotyping

batch, (b) no significant difference in missingnés$ween cases and controlg

test, p-value > 0.0001), (c) no significant dewati from Hardy-Weinberg
expectations (p-value > 0.0001), (d) no variantssmg greater than 5% of genotypes
in any single genotyping batch and (e) info scaeatgr than 0.8 in each genotyping
batch, (f) MAF in the 1000 Genomes Projedd.01. Batch effects for imputed SNPs
were corrected by testing for association betwehni&lly-matched controls typed
by different platforms (using logistic regressioBNPs with association p-values less
than 0.005 were excluded from the analysis. Foh eabort, four digit HLA alleles
were also inferred using HIBAGwith the reference predictor panels specific facte

genotyped chip.
Genome-wide association study QC for each cohort

QC was conducted at both single marker and sulgeels before performing the
SNP imputation. Any marker that did not pass théwang criteria was excluded
from analysis: (i) genotype call rate in the batfhsubjects greater than 95%, (ii)
missing genotype rate greater than 5%, (ii) p-vétweHardy-Weinberg equilibrium
greater than I0 in controls (if applicable). Any subject that ditbt pass the

following criteria was excluded from analysis: fi)ssing genotype rate < 0.05 among



the SNPs that passed QC; (ii) not a sample duplicatclosely related based on

estimated identity-by-descent (IBD) using PLINK 071

Quality controlson the A*33:01 association

To assess whether the A*33:01 signal was an attefapopulation structure, we
tested population-specific association. Althougle thllele is rarer in Northern
Europeans, with no difference between Sweden andJk (Allele Frequency (AR

= 0.004; Ak, = 0.003), the OR was comparable across the thrgar kiasters (Table
S3). The heterogeneity test cannot reject the myplothesis 2 method p-value of
0.06). We also confirmed that the association wasdae to synthetic differences in
imputation performance relating to the genotypepshiThe AF was comparable
across the three control groups genotyped by éffiteplatforms (Aky = 0.01, Afec

= 0.018, Ake = 0.013). Logistic regression to test for differeadetween genotype
platforms among control samples showed no diffexendhe Spanish (p-value=0.44)

or Italian (p-value=0.9) subsets.

Validation of the predicted genotypes

We validated the predictions of the most associd@®&tPs within the discovery
samples by matching the predicted and the typedtgpes. We calculated the
concordance rate as the percentage of accurateticpgd genotypes over the total
number of samples typed in the validation basedspecimen’s availability. In
particular, the rs72631567 genotypes were validate864 discovery cases (386
DILIN cases and 178 iDILIC) with respectively 99.78%d 100% concordance. Both
the rs114577328 and rs28458792 genotypes wereMaligated in 386 DILIN cases
with 100% concordance. The two most associated SNRBe statin comparison,
rs116561224 and rs28458792, were typed in 25 iDKitlin cases and rs116561224

only was typed in 378 DILIN samples across multigdeisal drugs. The concordance



was 100% for IDILIC cases and 97.6% for DILIN casés both cohorts this
genotyping was performed by TagMan® predesigned arsiom SNP genotyping
assays (ThermoFisher Scientific, Waltham, MA) incadance with the

manufacturer's recommendations.
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Figure S1. Scatterplots representing the first two principamponents of the current

study cohort. The homogenous distribution betweases and controls across the
three major European clusters is shown. In panglcéses from phase Il are
highlighted in red and the cases from phase | iange. In panel (b) the

cholestatic/mixed cases are highlighted in redtaedchepatocellular cases in blue.
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Figure S2. Regional Manhattan plots for chromosome 2 and thénregion of the
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Table S1. Causal drugs in the replication cohort.

A
DRUG PD SNP typing HLA typing TOT
Sulfamethoxaz yes 17 17
Nitrofurantoin yes 15 15
Isoniazid yes 11 11
Ciprofloxacin yes 9 9
Azathioprine yes 8 8
Atorvastatin yes 8 8
Minocycline yes 7 7
Infliximab yes 7 7
Cefazolin yes 6 6
Terbinafine yes 6 2 8
Levofloxacin yes 6 6
Azithromycin yes 5 5
Carbamazepine yes 5 5
Mercaptopurine yes 4 4
Fenofibrate yes 4 3 7
Oxaliplatin 4 4
Lisinopril 4 4
Methylprednisolone 3 3
Exemestane 3 3
Flavocoxid 3 3
Metformin 3 3
Pravastatin yes 3 3
Sulfasalazine 3 3
Vancomycin 3 3
Sertraline yes 1 3 4
M ethyldopa yes 1 2 3
Erytromycin yes - 1 1
Others (98 drugs) 123 123
TOTAL 272 11 283

B
DRUG PD DILIN iDILIC TOT
Atorvastatin yes 8 8 16
Pravastatin yes 3 3 6
Fluvastatin yes 1 1
Rosuvastatin yes 1
Lovastatin yes 1
Simvastatin yes 1 3 4
Total 14 15 27

DRUG = causal drug; PD=presence of the drug irdiseovery cohort; TOT = total number of cases.
The list in A panel includes only drugs for whidhl@east 3 cases were available. The category "bther
includes a total of 98 different drugs. The drugghlighted in bold are the drugs found to be
associated with A*33:01.

Panel A shows the breakdown of causal drugs forrépdication cohort and the
methods utilized to replicate the main results. BM2AN samples underwent to direct
SNPs typing while 12 samples whose DILI was dueAt83:01-associated drugs
underwent HLA typing. Panel B shows the breakdoWnawsal drugs for the statin-
specific replication cohort: besides the 14 sampleviously collected within 272
DILIN samples we add extra 15 iDILIC statin cases.



Table S2. Genotyping details for the DILI control cohorts

COHORT

H#IAMPLES CHIP

Welconme Trust Case Cortrol Consortium (WTCCC) 4824  llunina 1M BeadChip

Spanish Cohort (phs000346.v1)
Hypergenes

Swedish Twin Regstry

National Spanish DNA Bank

ISAEC Italian Penicilin Tolerant Controls
PGX40001
POPuiation REference Sanple (POPRES)

2077 llumina 1M BapdC
901 llumina 1M BeadChip
1499 lurina HIMBNOMIEXpResEIChip
209 liurina. 1M Duo/lliurrina Infinium HumanCoreExorBeadChip
173 llurina. Infinium HumanCoreBxonme  BeadChip
147  lieenHumenOrmmiBpress BeadChip
103 llumina 1M Duo  BeadChip
655 llumirudvBeadChip
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Table S3. Causative drugs across the overall DILI cohort

DRUGs Phasel Phase2 Combined P
DICLOFENAC 29 38 67 0.37
NITROFURANTOIN 28 36 64 0.44
ISONIAZID 16 20 36 0.61
AZATHIOPRINE 6 21 27 <0.01
MINOCYCLINE 10 17 27 0.24
SULFAMETHOXAZOLE/TRIMETHOPRIM 12 14 26 0.84
ATORVASTATIN 4 19 23 <0.01
CIPROFLOXACIN 5 16 21 0.03
NIMESULIDE 12 8 20 0.37
VALPROICACID 14 4 18 0.02
SIMVASTATIN 5 12 17 0.14
ISONIAZID/PYRAZINAM IDE/RIFAMPIN 6 9 15 0.80
IBUPROFEN 4 10 14 0.18
TERBINAFINE 4 10 14 0.18
AZITHROMYCIN 3 10 13 0.09
CEFAZOLIN 7 6 13 0.79
ISONIAZID/PYRAZINAM IDE/RIFAMPIN/ETHAMBUTOL 6 6 12 1.00
LEVOFLOXACIN 5 6 11 1.00
PHENYTOIN 9 2 11 <0.01
ERYTHROMYCIN 2 8 10 0.11
IMATINIB 2 8 10 0.11
CELECOXIB 9 9 <0.01
M ERCAPTOPURINE 5 4 9 0.75
NAPROXEN 2 7 9 0.18
METHIMAZOLE 2 6 8 0.29
ANABOLIC STEROID 7 7 <0.01
CARBAM AZEPINE 2 5 7 0.28
DULOXETINE 7 7 <0.01
ESTRADIOL/LEVONORGESTREL 2 5 7 0.45
FENOFIBRATE 4 3 7 0.72
FLUVASTATIN 2 5 7 0.45
METHOTREXATE 3 4 7 1.00
M OXIFLOXACIN 2 5 7 0.45
ROFECOXIB 4 3 7 0.72
TELITHROMYCIN 7 7 <0.01
DISULFIRAM 1 5 6 0.22
FLUPIRTIN 6 6 0.03
INFLIXIMAB 1 5 6 0.22
LAMOTRIGINE 5 1 6 0.12
DOXYCYCLINE 2 3 5 1.00
OMEPRAZOLE 2 3 5 1.00
PIROXICAM 3 2 5 0.68
ROSUVASTATIN 1 4 5 0.37
SERTRALINE 5 5 0.06
TICLOPIDINE 1 4 5 0.37
ENALAPRIL 1 3 4 0.62
METHYLDOPA 4 4 0.06
MONTELUKAST 1 3 4 0.62
NICOTINICACID 4 4 0.06
PRAVASTATIN 2 2 4 1.00
SEVOFLURANE 1 3 4 0.62
VENLAFAXINE 4 4 0.12
OTHER 135 71 204 <0.01
TOTAL 411 451 862 -

Phase 1 = number of cases extracted from previdus €dudy (Urban TJ et al.
Pharmacogenet Genomics 2012;22:784-95 (referencm I2ain text); Phase 2 =
number of new cases; Combined = total number ods;a8 = Fisher's Exact test p-
value to test the disproportions between the twwds.

The list includes only drugs for which at leastates were available. The category
"other" includes a total of 140 different drugs.
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Table $4. Effect of the A*33:01, rs72631567 and rs285214&@nals across
populations and recruitment phases
Marker COHORTSs PHASE OR 95% CI P AF Cases AF
Controls
European DILI cohort | 2.29 1.31-4 0.003 0.02 0.01
1l 2.96 1.94-452 4.7*1C7 0.03 -
. . | 4.73 2.38-9.38 *1¢ 0.03 -
A33.01 Cholestatic and Mixed DILI cohort " 576  336.9.88 f;jéw 0.04 i
North European Cohort I+l 2.64 1.48-4.69 0.001 0.01 00.0
Spanish Cohort 1+l 1.96 1.02-3.75 0.04 0.05 0.03
Italian Cohort 1+l 5.69 2.43-13.33 6.1*10° 0.07 0.01
| 2.02 1.45-2.82 3.6*10° 0.05 0.03
European DILI cohort
1l 1.99 1.45-2.71 1.1*10° 0.05 -
rs72631567 North European Cohort 1+l 1.65 1.215-2.236 0.001 0.04 0.03
Spanish Cohort 1+l 2.12 1.21-3.75 0.009 0.06 0.03
Italian Cohort 1 +1 3.21 1.57-6.52 0.001 0.09 0.03
European DILI cohort I+l 1.56 1.26-1.94 5.0*10° 0.06 0.04
Hepatocelular DILI cohort I 248 L74-95% 467107 0.09 i
128521457 1l 1.93 1.32-2.65 0.0003 0.07 -
North European Hepatocellular DILI 1+ 191 1.41-8.5 2.0*10° 0.07 0.04
Spanish Hepatocelular DILI I+l 2.25 1.2-4.23 0.01 8.0 0.02
Italian Hepatocellular DILI (Rl 1.93 0.44-8.46 0.38 0B8. 0.04

PHASE=recruitment phase; OR=0dds ratio; 95%CI=95%nfldence Interval;
P=logistic p-value; AF=Allele Frequency
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Table S5. Missing genotypes rate for the most associated sSNihin case and
control groups in the comparisons where SNPs wgrgfisant

ENE | cCHR | missing ratein cases | missing rate in contrals | P

rs114577328 6 0 0.0002 1.0
rs72631567 2 0.007 0.005 0.3
rs28521457 4 0 0.0009 1.0

P= X? p-value of missing genotype rate between casesa@mttols
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Table S6. Causative drugs across the rs72631567 signdhmmosome 2

No.
DRUGS Cases OR 95% CI P AF
Tested

FLUVASTATIN 7 10.15 2.58-39.85 0.0009 0.21
FENOFIBRATE 7 8.85 1.80-43.63 0.0074 0.17
LAMOTRIGINE 6 9.40 1.53-57.61 0.02 0.17
CIPROFLOXACIN 21 7.41 3.16-17.36 4.0x1¢® 0.14
ISONIAZID/PYRAZIN 12 5.8( 1.70-19.7! 0.00t 0.1<
AZITHROMYCIN 13 4.92 1.39-17.39 0.01 0.12
MERCAPTOPURINE 9 4.16 0.51-34.08 0.2 0.11
ATORVASTATIN 23 3.33 1.16-9.55 0.02 0.09
ISONIAZID 36 3.42 1.45-8.07 0.005 0.08
NITROFURANTOIN 64 2.33 1.08-5.0 0.03 0.06
CONTROL 10588 - - - 0.03

OR=0dds Ratio; 95%CI=95% confidence interval; P#tig p-value; AF=Minor
Allele Frequency in cases;
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Table S7. Summary of A*33:01-B*14:02-C*08:0Baplotype specific analysis across
study cohorts

DRUGs | oR | P [HFcAsHFCILs
OVERALL ANALYSIS 27 1840 0.02 0.009
CHOLESTATIC-MXED ANALYSIS 57 39a® 004
TERBINAFINE 492 o5act o021
TICLOPIDINE 201.0 7.2a¢°®° 0.40
FENOFIBRATE 685 1.1x¢’ 0.29
ERITHROMYCIN 131 0002 0.10
ENALAPRIL 114 0.1 0.13
METHILDOPA 415 0002 013
SERTRALINE 11.6 0.04 0.10

HF CAs=Haplotype Frequency in cases; HF CTLs=HapltFrequency in controls;
OR=0dds Ratio; P=logistic p-value
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Table S8. Summary of the validation by direct HLA typing

| Predictions | Validations |
COHORT #subjects (#CARRIERS) # subjects Not-CARRIERs (FN) CARRIERS (FP)
TERBINAFINE 14 (6) 13 6 (1) 6 (0)
FENOFIBRATE 7(03) 6 3(0) 3(0)
METHYLDOPA 4(2) 3 2(0) 0(1)
SERTRALINE 5(2) 3 3(0) -
ENALAPRIL 4(2) 2 1(0) 1(0)
ERYTHROMYCIN 10 (2) 6 6 (0) -
TICLOPIDINE 5(4) 2 - 2 (0)

FN=False Negative; FP=False Positive
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Table 9. The A*33:01 signal across the main six A*33:01-asst@d drugs by type
of injury

No.
DRUG Tl Cases OR 95% CI P
Tested
TICLOPIDINE CM* 3 93.5 18.78-465.9 2.37E-05
HC 2 36.5 1.77-750.9 0.02
METHYLDOPA CM - - - -
HC 3 54.4 4,7-635.7 0.001
FENOFIBRATE CM 7 58.7 12.3-279.8 3.2*10"
HC 0 - - -
TERBINAFINE CM 9 88.1 19.28-402.4 7.57E-09
HC 5 - - -
ENALAPRIL CM* 3 46.8 8.52-256.6 1.65E-03
HP 1 - - -
SERTRALINE CM 1 - - -
HC 4 40.1 4.8-335.9 0.0006
ERYTHROMYCIN CM 4 24.1 2.2-264 0.009
HC 5 9.2 0.9-91.1 0.06
OTHERS ALL 815 14 0.9-2.2 0.17
CM 279 2.6 1.4-4.9 0.003
HC 438 1.0 0.5-2 0.9

#DRUG=causal drug; Tl = type of injury; OR=0dds iRa®5% CI| = 95%

confidence interval; P=logistic p-value

*For groups with 3 subjects the association has vested by Fisher's Exact test.
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Table S10. List of all causal drugs where at least one casgesaa A*33:01 allele

DRUGs # Cariers
DRONEDARONE
PIPERACILLINSODIUMITAZOBACTAM
LAMOTRIGINE

MOXIFLOXACIN

METHMAZOLE

CELECOXIB

IBUPROFEN

CEFAZOLIN

ISONIAZD

GENERIC COMBINATIONS OF NUTRIENTS
VALPROIC ACID

DICLOFENAC

ATORVASTATIN

AZATHOPRINE

SULFAVETHOXAZOLE/ TRIMETHOPRIM
NITROFURANTOIN

NRrPRPPO®RPRPNRPPRPPPPRRLPR

#Carriers = total number of A*33:01 positive carsie
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Table S11. The most represented causative drugs across#®21457 signal on
chromosome 4

No. Cases

DRUGS OR 95% ClI P AF
Tested

CELECOXIB 2 50.56 3.378-756.8 0.004 0.50
EBROTIDINE 3 1142 2.098-62.18 0.005 0.33
NIMESULIDE 4 8.51 1.73-41.82 0.008 0.25
ISONIAZID/PYRAZINAMIDE/RIFAMPIN/ETHAMBUTOL 9 7.39 2.406-22.7 0.0005 0.22
MERCAPTOPURINE 7 6.65 1.835-24.1 0.004 0.21
TELITHROMYCIN 5 6.22 1.36-28.43 0.02 0.20
IMATINIB 10 459 1.308-16.08 0.02 0.15
DICLOFENAC 35 240 1.024-5.604 0.04 0.09
SIMVASTATIN 12 2.19 0.5164-9.264 0.29 0.08
MINOCYCLINE 19 217 0.6713-7.028 0.20 0.08
ISONIAZID 32 2.15 0.8605-5.351 0.10 0.08
OTHERS 119 - - - 0.16
CONTROLS 10588 - - - 0.04

OR=0dds Ratio; 95%CI=95% confidence interval; P#bg p-value; AF=Allele
Frequency in cases

The table shows the causal drugs with more tharpostive carriers only.
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Table S12. Summary of drug and class comparisons with mae #0 samples

DRUG/CLASS #CASES
NSAIDs 144
ANTI TUBERCULOSIS DRUGs 67
DICLOFENAC 67
NITROFURANTOIN 64
STATINs 59

FLUOROQUINOLONES 43
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Table S13. The most associated variants for each drug icldss-specific analysis

COM PARISON SNP CHR BP OR 95% CI P
NITROFURANTOIN rs72696020 14 88571907 7.18  3.52-14.66 6.16E-08
NITROFURANTOIN rs72696089 14 88588493 6.98  3.42-14.24 8B:08
NITROFURANTOIN rs6694270 1 19120377  2.59 1.81-3.71 1.8%E-
NITROFURANTOIN rs10404821 19 51161088  2.56 1.80-3.65 H-08
NITROFURANTOIN rs61858823 10 66855253  5.63  2.88-11.02 2B-857
DICLOFENAC rs114811931 5 160684731 6.59  3.54-12.28 20@E-
DICLOFENAC rs113206698 10 94577904  3.79 2.25-6.39 5.61E-0
DICLOFENAC rs115266745 3 821213 6.80 3.19-14.48 6.59E-07
DICLOFENAC rs149014830 5 120876337 6.04 2.96-12.3 7.ZAE-0
DICLOFENAC rs116316305 5 120853119 6.03  2.96-12.28 7.AE-O

ANTI TUBERCULOSIS DRUGs rs117491755
ANTI TUBERCULOSIS DRUGs rs143575776
ANTI TUBERCULOSIS DRUGs rs73122578 79359633  2.42 BAD 4.48E-07
ANTI TUBERCULOSIS DRUGs rs78671883 9558149 4.65 2.56/8 4.84E-07

9 119643656 3.92 5A31 1.43E-07

9

3

9
ANTI TUBERCULOSIS DRUGs  rs73124503 3 79368237  2.42 BALE 5.12E-07

2

2

3

5

9593742 4.96 M 2.17E-07

FLUOROQUINOLONEs rs186920977 56649930 7.22  3.47-15.017807

FLUOROQUINOLONEs rs144941777 56672204  7.22  3.47-15.0178-07
FLUOROQUINOLONEs rs191153876 123637182  7.33 3.46-15.858-07
FLUOROQUINOLONEs rs116606120 28665952  8.60 3.79-19. 54207
FLUOROQUINOLONEs rs112655218 18 9841515 4.54 2.55-8.098E-B7
NSAIDs rs185305928 1 6905711 4.55 2.55-8.11 2.66E-07
NSAIDs rs2240395 7 139718147 1.84 1.45-2.31 2.72E-07
NSAIDs rs113607154 1 7004613 4.42 2.47-7.82 3.37E-07
NSAIDs rs597480 11 85436868 1.84 1.45-2.32 3.9E-07
NSAIDs rs2025009 14 68843605 1.81 1.43-2.29 6.77E-07

COMPARISON = causal drug/class; CHR=chromosome; [BBe-pair position;
OR=0dds Ratio; 95%CI=95% confidence interval; Pidtog p-value
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Table S14. Causative drugs associated with rs116561224 sigrhé statin cohort

No.
DRUG Cases AF
Tested
SIMVASTATIN 17 0.21
ROSUVASTATIN 5 0.20
PRAVASTATIN 4 0.13
ATORVASTATIN 22 0.09
FLUVASTATIN 7 0.07
LOVASTATIN 3 0.00

DRUG = Causal drug; AF = Allele frequency
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Table S15. Causative drugs associated with the rs114577323 &1 signal in the

additional case set

SNP #TOT HLA #TOT
DRUG PD DC (#CARRIERS) (#CARRIERS) ToT  CF
Terbinafine yes yes 6 (5) 2(0) 8 0.63
Azathioprine yes yes 8(2) - 8 0.25
Exemestane 3(2 - 3 0.67
Amiodarone yes 2(1) - 2 0.50
Daptomycin 2 - 2 0.50
Fenofibrate yes yes 4 (0) 3(0) 7 0
Erytromycin yes yes 1(0) 1 0
Ticlopidine - - - - - -
Methildopa yes yes 1(0) 2(0) 3 0
Enalapril - - - - -
Sertraline yes yes 1(1) 3(2) 4 0.75

DRUG = causal drug; PD=presence of the drug irdtkeovery cohort; DC = Drug with at least one
positive carrier in the discovery cohort; SNP #T@CARRIERS) = total number of cases (total
number of rs114577328/A*33:01 carriers) among Hrages who underwent SNP typing; HLA #TOT
(#CARRIERS) = total number of cases (total numldes14577328/A*33:01 carriers) among the
samples who underwent HLA typing; TOT= total numbgsamples that underwent SNP and HLA

typing; CF = carriage frequency.

32



Table S16. Causative drugs associated with the chromosoe@Zb81567 signal in
the additional case set

No.

DRUG PD DC Cases AF

Tested
Cefotetan 1 0.50
Amiodarone yes 2 0.25
Escitalopram yes 2 0.25
Ethinylestradiol/Norgestimate yes yes 2 0.25
M ercaptopurine yes yes 4 0.13
Cefazolin yes yes 6 0.08
Minocycline yes yes 7 0.07
Azathioprine yes yes 8 0.06
Atorvastatin yes yes 8 0.06
Ciprofloxacin yes yes 9 0.06
I soniazid yes yes 11 0.05
Sulfamethoxazole/Trimethoprim yes yes 17 0.03

DRUG = causal drug; PD=presence of the drug irdtbeovery cohort; DC = Drug with at least one
positive carrier in the discovery cohort; TOT =aladumber of cases; AF = Minor allele frequency.
Drugs also associated with an increased AF in ibepdery cohort are indicated in bold.
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Table S17. Causative drugs associated with the chromosos28621457 signal in

the additional case set

No.

DRUG PD DC Cases AF

Tested
Minocycline yes yes 7 0.07
Clindamycin yes 1 0.50
Dronedarone yes yes 2 0.25
Ketoconazole 1 0.50
Methylprednisolone 3 0.17
Nefazodone 1 0.50
Nitrofurantoin yes yes 11 0.05

DRUG = causal drug; PD=presence of the drug irdikeovery cohort; DC = Drug with at least one
positive carrier in the discovery cohort; TOT =aladumber of cases; AF = Minor allele frequency.
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