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HLA-B*5701 genotype is a major determinant of
drug-induced liver injury due to flucloxacillin
Ann K Daly1, Peter T Donaldson1, Pallav Bhatnagar1, Yufeng Shen2, Itsik Pe’er2, Aris Floratos2, Mark J Daly3,
David B Goldstein4, Sally John5, Matthew R Nelson6, Julia Graham1, B Kevin Park7, John F Dillon8,
William Bernal9, Heather J Cordell1, Munir Pirmohamed7, Guruprasad P Aithal10,11 & Christopher P Day1,11,
for the DILIGEN study12 and International SAE Consortium12
Drug-induced liver injury (DILI) is an important cause of
serious liver disease. The antimicrobial agent flucloxacillin is a
common cause of DILI, but the genetic basis for susceptibility
remains unclear. We conducted a genome-wide association
(GWA) study using 866,399 markers in 51 cases of
flucloxacillin DILI and 282 controls matched for sex and
ancestry. The GWA showed an association peak in the major
histocompatibility complex (MHC) region with the strongest
association (P ¼ 8.7  1033) seen for rs2395029[G], a marker
in complete linkage disequilibrium (LD) with HLA-B*5701.
Further MHC genotyping, which included 64 flucloxacillintolerant controls, confirmed the association with HLA-B*5701
(OR ¼ 80.6, P ¼ 9.0  1019). The association was replicated
in a second cohort of 23 cases. In HLA-B*5701 carrier cases,
rs10937275 in ST6GAL1 on chromosome 3 also showed
genome-wide significance (OR ¼ 4.1, P ¼ 1.4  108).
These findings provide new insights into the mechanism
of flucloxacillin DILI and have the potential to substantially
improve diagnosis of this serious disease.
Hepatotoxicity remains the most common cause of clinical trial
termination of new therapeutic agents (B33%) and a main cause of
postmarketing withdrawals1. The standardized incidence rate of
symptomatic hepatic adverse drug reaction (ADR) is 8 per 100,000
inhabitants, according to a French study2. Idiosyncratic hepatotoxicity
accounts for 13% of acute liver failure cases in the United States, and
75% of affected individuals either die or require liver transplantation3.
Flucloxacillin is widely used in many European countries and
Australia for treatment of staphylococcal infection. Its use has been
associated with a characteristic cholestatic hepatitis that is more
common in females4 and the elderly and with prolonged treatment
courses5,6. In the UK, the incidence of flucloxacillin-induced DILI has

been estimated at 8.5 in every 100,000 new users in days 1 to 45 after
starting treatment6. The genetic basis of susceptibility to flucloxacillin
DILI has not been examined previously, although studies of DILI due
to other drugs have reported notable associations. Two independent
studies on co-amoxiclav DILI, which has a similar cholestatic phenotype to that induced by flucloxacillin, reported associations with the
class II HLA-DRB1*1501 allele7,8. There are isolated reports of HLA
associations for DILI due to other drugs, and ximelagatran-related
transaminitis is associated with HLA-DRB1*0701 (ref. 9). At present,
the mechanism for flucloxacillin DILI is poorly understood. In vitro
studies showed that the CYP3A4-generated 5¢-hydroxymethylflucloxacillin metabolite was toxic to human biliary epithelial cells but not to
hepatocytes, whereas flucloxacillin was nontoxic to both cell types10.
Limited evidence for specific T-cell reactivity has also been reported11.
The DILIGEN study seeks to identify genetic determinants of DILI.
A variety of drugs are under investigation in this UK-wide study, but
flucloxacillin was the most frequently reported cause of DILI in the
initial cohort. To identify the genetic basis of flucloxacillin DILI, we
carried out genome-wide and candidate gene association studies on
cases from the DILIGEN study and two control groups.
Clinical details of the 51 eligible cases are summarized in Supplementary Table 1 online. As in previous studies of this ADR, our cases
showed a higher proportion of females than males4. The average age at
onset was 63 years. Most cases (86%) were classified as having suffered
cholestatic flucloxacillin-induced liver injury. Most international consensus criteria (ICC) causality scores (92%) were consistent with
the disease being either probably or highly probably due to flucloxacillin exposure12. More detailed phenotype and genotype data are
available at http://www.saeconsortium.org/.
We typed the 51 flucloxacillin DILI cases together with seven
additional DILI cases with exposure to both flucloxacillin and coamoxiclav and 487 controls using the Illumina Human1M BeadChip
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owing to strong LD in the MHC region,
there were many other strongly associated
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SNPs (Supplementary Fig. 3a online). Association analysis conditioned on rs2395029
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indicated that none of these other SNPs
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in this region was independently significant
(Supplementary Fig. 3b).
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B*5701 and rs2395029 genotypes correlated
Chromosome
perfectly, consistent with previous reports.
HLA-B*5701 showed a highly significant
Figure 1 Flucloxacillin DILI genome-wide association result. Each dot represents a SNP. The x axis
association with DILI (Table 1), with possesrepresents the position of the SNP on chromosomes. The y axis represents the –log10 of Cochransion of this allele associated with an 80-fold
Armitage trend P value of the SNP in the case-control association study. We included 51 DILI cases
increased risk of developing disease (OR ¼
and 282 population controls in the study. SNPs with P values o106 and 107 are highlighted in
green and red, respectively. The strong signal in chromosome 6 lies in the MHC region.
80.6; 95% CI ¼ 22.8–284.9). Cases and controls were also genotyped for HLA class II and
for a range of SNPs in TNF and HSPA1L, as
(see Methods). Principal component analysis revealed samples with these MHC-region genes had been associated previously with ADRs
non-European origin. When restricted to European samples, a first due to other drugs and with liver disease generally7–9,16–18. For HLAcomponent corresponded to a geographic cline13 separating clusters of DRB1, HLA-DRB1*0701 alleles were more common in cases than in
North versus South European origin (Supplementary Fig. 1 online). controls (OR ¼ 7.2; 95% CI ¼ 3.15–16.45; Supplementary Table 4
We therefore restricted analysis to the 58 DILI cases that were all of online). HLA-DRB1*0701 alleles cosegregate with two common DQB1
Northern European origin along with 282 controls of similar origin. alleles, so we were able to identify two common haplotypes on the
From 1,072,820 BeadChip markers, including SNPs and copy number basis of LD. One of these, the HLA-DRB1*0701-DQB1*0303 haplovariation (CNV) probes, we discarded 206,421 SNP and CNV markers type, was significantly more common among cases compared to
that failed to meet standard quality control criteria, including filtering controls (Supplementary Table 5 online). We also observed significriteria for minor allele frequency (98% of the filtered markers), SNP cant differences between cases and controls for various TNF and
call rate and Hardy-Weinberg equilibrium in the controls (Supple- HSPA1L SNPs (TNF rs361525 P ¼ 4.33  10–13; TNF rs1799964
mentary Table 2 online). We then tested each SNP for association. P ¼ 5.64  10–8; HSPA1L rs2227956 P ¼ 3.33  10–6) (Supplementary
The estimated genomic inflation factor14 was 1.02, indicating that
overall population structure had negligible impact on the case-control
a
association. This was also confirmed by EIGENSTRAT analysis (Sup120
plementary Results and Supplementary Fig. 2a,b online). The GWA
revealed one genome-wide significant signal in the MHC region on
100
chromosome 6 (Figs. 1 and 2a). The top SNP associated with
80
flucloxacillin DILI was rs2395029, with a P value of 8.7  1033
(trend test) and estimated odds ratio (OR) of 45 (95% confidence
60
interval (CI) ¼ 19.4–105). Among cases, 43 (84%) carried the risk
allele (G), which has a frequency of approximately 5% in the
40
population controls and in European populations generally (Supple20
mentary Table 3 online). rs2395029 is a missense polymorphism
in the HCP5 gene which was previously found to be in complete
0
LD with HLA-B*5701 in subjects of European origin15. As expected,
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Figure 2 Quantile-quantile plot of w2 statistics in case-control study. (a) The
theoretical quantile-quantile plot of w2 statistics in the case-control study.
The black solid line represents the null model where observed w2 values
match the expected values. The dashed lines represent 95% confidence
interval of the null model. The red dots represent observed w2 values versus
the expected values from the case-control study. This quantile-quantile plot
indicates that there are many SNPs with genome-wide significance in
association with the cases. (b) The same quantile-quantile plot as a, except
that all SNPs from chromosome 6 are removed to show the remaining
signals. The significant deviation from null model between expected w2
values 15 to 20 suggests that there are additional associations from other
chromosomes. We note that, although deviations of observed scores from
their expected distribution may also reflect failure to properly correct for
population structure, genotype errors or similar artifacts such systematic
deviations are predicted to affect the entire distribution rather than its tail
end, as in the case of additional associated variants28,29.
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Supplementary Table 11 online). This SNP
does not overlap with the chromosome 3
Positive
Negative
P value
OR (95% CI)
regions highlighted in the analysis of the
entire sample. rs10937275 is an intronic SNP
Controls (n ¼ 64)
4 (6.3)
60 (93.7)
in ST6GAL1 (MIM109675), which encodes an
19
80.6 (22.8–284.9)
Cases (n ¼ 51)
43 (84.3)
8 (15.7)
8.97  10
enzyme involved in transfer of sialic acid to
13
Replication cases (n ¼ 23)
20 (87.0)
3 (13.0)
6.62  10
100.0 (20.6–485.8)
cell-surface and serum glycoproteins21.
Replication cases were those exposed to co-amoxiclav concurrently with flucloxacillin (n ¼ 7) and flucloxacillin DILI
Our study of genetic association with DILI
cases recruited after the GWA study (n ¼ 16). Percentages are shown in parentheses. P values are uncorrected.
linked to a licensed drug done on a genomewide scale shows that HLA-B*5701 is the main
Table 6 online)19. Overall, the single-locus analysis conducted on the common genetic risk factor for flucloxacillin DILI and provides
various MHC genes showed the strongest signals for TNF rs361525, suggestive evidence for additional contributions from other loci.
HSPA1L rs2227956, HLA-DRB1*0701 and HLA-B*5701. There is pre- HLA-B*5701 is relatively common in Northern Europe but rarer in
vious evidence that some of these loci may have a role in liver disease18, Africa and Asia (see URLs section in Online Methods). There is at
but conditioning analysis of the relevant alleles indicated that HLA- present no data available on the incidence of flucloxacillin DILI
B*5701 was the most significant for flucloxacillin DILI and that none of outside the UK, Sweden and Australia, but it seems possible that it
the other three loci was conditionally statistically significant (Supple- may be less common in ancestry groups where B*5701 frequency is
mentary Table 7 online), suggesting that the effects at these loci can be low. Detailed data on MHC haplotypes that include B*5701 is limited,
accounted for by (that is, they are not independent of) the association but there seems to be a common B*5701-containing haplotype also
including A*0101, Cw*0602, DRB1*0701 and DQB1*0303 (ref. 19).
at HLA-B*5701.
We compared disease severity on the basis of HLA-B*5701 genotype Our data suggest this is the ‘at-risk’ haplotype for flucloxacillin
(Supplementary Table 8 online) and found that there were no DILI, but studies to determine whether any other B*5701-containing
significant differences between those negative for this allele and haplotypes are also risk factors would be of interest.
The association described here is stronger than any previously
those carrying at least one copy. Most of the subjects (65%) had
suffered at least one extrahepatic manifestation of disease. In subjects reported genetic association for DILI on the basis of odds ratio and
where no extrahepatic symptoms were reported, only two (11%) were size of P value. The role of MHC genotype in susceptibility to DILI is
negative for HLA-B*5701, suggesting that B*5701 carriage did not consistent with previous weaker observations for co-amoxiclav DILI
increase the incidence of these symptoms. HLA-B*5701 genotype did and ximelagatran transaminitis but with different associated haplonot correlate with pattern of injury. The four subjects for whom ICC types7–9. It remains possible that HLA-B*5701 carriage may be a risk
causality scores12 were low were all HLA-B*5701 positive.
factor for other forms of DILI, but this requires further investigation.
The mechanism for the HLA-B*5701 association in abacavir hyperFor replication purposes, we genotyped HLA-B*5701 on seven
individuals with DILI who had been exposed to co-amoxiclav in sensitivity is well studied. Abacavir hypersensitivity affects a number
addition to flucloxacillin and on 16 recently recruited indivi- of organs, although specific effects on the liver have generally not been
duals with flucloxacillin DILI. As summarized in Table 1, 20 of reported22. An abacavir metabolite seems to interact with cytotoxic
these 23 additional subjects (87%) were HLA-B*5701 positive CD8+ T cells, with recognition dependent on the presence of the HLA(P ¼ 6.62  1013).
B*5701 antigen, which has several unique amino acids compared with
Despite the strong association with HLA-B*5701, only 1 in every other HLA-B gene products23. There is no obvious structural similar500 to 1,000 individuals with this genotype will develop DILI when ity between abacavir and flucloxacillin to explain why both ADRs are
treated with flucloxacillin. We estimated that the population attribu- associated with HLA-B*5701. HCP5 encodes an endogenous retroviral
table fraction (PAF)20 of HLA-B*5701 is 0.64. In addition, given the element mainly expressed in immune cells, and rs2395029 has been
observed distribution of the test statistics, we speculate that there found to be protective against HIV-1 infection24. It remains possible
might be other genetic factors that also contribute. After removing all that HCP5 genotype could affect risk of flucloxacillin DILI directly,
chromosome 6 SNPs from the GWA, we observed that the number of possibly by differential effects on inflammation within the liver.
SNPs with small association P values (o5  106) was in excess of
This GWA study has also provided evidence that additional genes
chance expectation (Fig. 2b, P value o0.01), suggesting additional may be involved in disease susceptibility. ST6GAL1 seems to be an
associations elsewhere. A few regions on chromosomes 3, 9 and 12 additional susceptibility factor in HLA-B*5701-positive cases only,
were potential sources of this excess (Supplementary Table 9 online). suggesting that both genes might interact in the underlying mechanFor analysis of CNV data, we removed 11 cases and 10 population ism. Increased hepatic expression of ST6GAL1 has been demonstrated
controls that failed quality control. No common CNV was found to be during acute inflammation25. In mice lacking this gene, an exaggerassociated with DILI, and the analysis of rare CNVs was inconclusive ated acute neutrophilic response in thioglycolate-induced peritonitis
(Supplementary Results, Supplementary Figs. 4 and 5 and Supple- occurs26. It therefore seems plausible that ST6GAL1 genotype could
mentary Table 10 online).
determine susceptibility to an immunoinflammatory event. However,
To test whether there is an interaction effect between HLA-B*5701 the effect for ST6GAL1 is modest and needs investigation in a larger
and other markers, we attempted to fit a general interaction model, group, as does the inconclusive data on CNV.
but we did not find any genome-wide significant association. We then
Clinically, HLA-B*5701 genotyping of suspected cases of flucloxconducted a separate analysis including only those 48 cases that carry acillin DILI, possibly using HCP5 rs2395029 as a convenient alterthe risk alleles (43 flucloxacillin only and 5 with exposure to both native to direct typing15, may prove to be a useful diagnostic test. If a
flucloxacillin and co-amoxiclav), and did GWA with all population prompt test is available, substituting flucloxacillin with alternative
controls. We found one SNP (rs10937275) on chromosome 3 sig- antistaphylococcal agents such as cloxacillin and dicloxacillin in these
nificantly associated with flucloxacillin DILI (P value ¼ 1.4  108, suspected cases should be feasible27. According to our data, a test of
allelic OR ¼ 4.1, minor allele frequency ¼ 0.29 versus 0.09; suspected DILI cases for HLA-B*5701 would show that an estimated
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Table 1 Distribution of HLA-B*5701 genotypes
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85% (based on the case definition as used in this study and subject to
substantial uncertainty about the estimate given the small numbers)
carry HLA-B*5701. A prospective (before treatment) test based on
genotype for those who might develop DILI would have a very high
false-positive rate, despite the large effect of the variant, because the
proportion of carriers that develop DILI on treatment is low. The
overall clinical utility of B*5701 genotyping can, however, be assessed
accurately only by a prospective study on the risk of liver disease in
B*5701-positive versus negative subjects prescribed flucloxacillin.
METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturegenetics/.
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Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS
Case recruitment. We included cases with suspected liver injury due
to flucloxacillin with either (i) clinically apparent jaundice or bilirubin
440 mmol/l (after exclusion of cases due to hemolysis), (ii) alanine aminotransferase (ALT) 45 ULN (upper limit of normal) or (iii) alkaline
phosphatase (ALP) 42 ULN plus any raised bilirubin above ULN. We
assessed the causal relationship of liver injury to flucloxacillin using international consensus criteria (ICC)12. Ethical approval was provided by the Leeds
East Research Ethics committee. All participants gave prior written informed
consent. Cases were identified by searching histological databases and discharge
records at UK Regional Liver Units for cases of DILI or cholestasis/hepatitis of
unknown etiology. Potentially eligible subjects were contacted by their own
physicians and invited to participate. Once subjects had signed a consent form,
we assessed their eligibility by reference to their case-notes and by causality
scoring using ICC12.
Between October 2004 and December 2007, we collected 51 retrospective
and prospective cases of flucloxacillin DILI. Studies were also carried out on
a separate group of seven cases who received concomitant treatment with
co-amoxiclav in addition to flucloxacillin. A further 16 flucloxacillin cases were
recruited after December 2007, including one case recruited from an ADR
report to the UK MHRA with approval from their Independent Scientific
Advisory Committee. All cases in the study were of self-reported white
European ancestry.
Control recruitment. For the GWA study, we selected a control group
of 282 matched sample controls using principal component analysis (PCA)
(see separate section below) from a total collection of 468 country- and sexmatched controls (POPRES30). These controls were also intended for a
larger DILI study that includes cases exposed to other drugs. Specifically,
the first principal component of the genotypes of all cases and controls
in the larger study corresponds to northern-southern separation of
European populations. The subjects with negative values are of
Northern European origin and all flucloxacillin cases had negative values;
therefore, we chose the 282 controls that have negative values for the
current study.
For candidate gene analyses, the control group (n ¼ 64) consisted of
individuals recruited from UK hospitals and general practices (27 male,
37 female, mean age 54.9 years, range 24 to 90 years) who had been prescribed
flucloxacillin in the last 5 years but had not reported any symptoms
consistent with DILI after completing the course. All were of self-reported
white European ancestry.
DNA preparation. We prepared DNA as described previously17 from cases and
drug-exposed controls. Details for DNA preparation from the POPRES collection are described elsewhere30.
Genome-wide genotyping. Genome-wide genotyping of the DILI cases and
POPRES controls was conducted by Expression Analysis Inc. using the Illumina
Human1M-Duo BeadChip containing 1,072,820 markers. A SNP was discarded
from the case-control association if it had a minor allele frequency less than
0.01, genotype failure rate larger than 0.05, or P value from the test of HardyWeinberg equilibrium o107 within controls. The quality control steps
removed 206,421 SNPs. A sample was discarded if it had a genotype call rate
o0.9. Sample duplicates and hidden relatedness were investigated on the basis
of pairwise identity-by-state (IBS) analysis via PLINK31. Only seven pairs of
control samples intentionally genotyped in duplicate as part of the quality
control procedures were properly identified as duplicates. In the case of each
duplicate, the sample with the smaller genotyping call rate was removed from
later analysis.
Candidate gene genotyping. Most SNP genotyping was conducted using a
fluorescent allele-specific system by Kbiosciences, except for TNF rs361525 and
HSPAIL rs2227956. SNPs were genotyped blind to case-control status, with
20% of samples genotyped in duplicate. TNF rs361525 (238G4A) was
genotyped as described previously32. HSPA1L rs2227956 was genotyped by
PCR-RFLP analysis using the primers GTCCCTGGGGCTGGAGACGG and
GTGATGATAGGGTTACACATCTGCT and the general PCR methods described
previously33. The 627-bp product was digested with 1 unit NcoI (New England
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Biolabs) at 37 1C overnight and then analyzed by agarose gel electrophoresis on
a 1% gel with TBE as buffer. Samples positive for the T variant gave bands of
354 and 273 bp, whereas the C variant was not digested.
HLA-DRB1, DQB1 and B*5701 genotyping was conducted using commercial kits (Dynal AllSet SSP DR ‘‘low resolution,’’ Dynal AllSet SSP DQ ‘‘low
resolution,’’ Dynal AllSet SSP DRB1*07/09 and Dynal AllSet Gold SSP B17 high
resolution kits from Invitrogen). Initially, all samples were analyzed using the
DR ‘‘low-resolution’’ kit. Samples positive for DRB1*07 by low resolution were
further subtyped to determine DRB1*07 alleles (using the DRB1*07/09 kit) and
were also genotyped to determine the DRB1*07-DQB1 haplotype (using the
SSP ‘‘DQ’’ low resolution kit). Samples were genotyped for B*5701 using the
Gold SSP B17 high-resolution kits. We assigned all HLA genotypes according to
a standard proforma and checked gels by a second interpreter for validity
of assignments.
GWA control selection and correction for population stratification. For the
GWA study, we used a control group of 468 population country- and sexmatched controls from the Population Reference Sample (POPRES) collection34. The controls were originally selected for a larger DILI study that
included cases exposed to other drugs and were chosen to match cases on
sex and population origin in so far as possible. To control for population
stratification, we used a principal components analysis (PCA)-based
approach implemented in the EigenSoft suite of programs35. Specifically,
the first principal component corresponds to northern-southern separation
of European populations. By comparison to the POPRES sample of
known origin, the PCA confirmed that the white European cases were all
of Northern and Western European origin. To assess and correct for
population stratification, we applied PCA to all subjects based on the
genome-wide genotyping results (Supplementary Fig. 1). We observed
two clusters of controls, separated by the sign of the first principal
component. All cases had a negative projection on this axis, corresponding
to northern and western European ancestry. We thus selected the subset of
282 controls with negative first principal component for single-marker
association analysis.
Statistical analysis. For primary analysis of the GWA, we tested the statistical
significance of association to each marker with Cochran-Armitage trend test.
We further examined results of the following tests: the 1-degree-of-freedom
(d.f.) Fisher’s exact test for allelic association, 2-d.f. genotypic test, 1-d.f.
dominant model test, 1-d.f. recessive model test and an additive model with
logistic regression. The genomic inflation factor (1.02) was estimated from the
median w2 statistics of trend test14. All genome-wide analyses were carried out
with PLINK31. Additional markers with suggestive significance were selected by
P-value cutoff of 5  106, chosen based on an excess of markers with an
association w2 score 420.83.
The distribution of HLA class II genotypes in cases and controls was assessed
using Fisher’s exact test. Following convention, P values for HLA class II
genotypes were corrected (Pc) for multiple testing according to Svejgaard and
Ryder36. We evaluated differences in genotype distribution in non-HLA class II
candidate genes between cases and controls by using Fisher’s exact test. P values
for non-HLA class II genotyping were not corrected for multiple testing. To
estimate the individual effect of one locus over others, we carried out
conditioning analysis using the program Unphased37 by adding each locus in
turn with a likelihood ratio w2 test used to assess the significance of the locusspecific effect.
Logistic regression model to test interaction. To test whether there was an
interaction effect between HLA-B*5701 and other markers, we used a general
logistic linear model:
Y ¼ b0 + b1  GS + b2  GH + b3  GS GH + e
In the formula, Y is the logit of case-control status, GH is the genotype of
rs2395029, GS is the genotype of other SNPs, b1 and b2 are additive effects of the
SNPs respectively, and b3 is the interaction effect. We found no genome-wide
significant associations under this model.
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