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26 Abstract

27 Acute liver failure (ALF) or fulminant hepatitis is a rare, yet severe outcome of 

28 infection with hepatitis B virus (HBV) that carries a high mortality rate. The occurrence 

29 of a life-threatening condition upon infection with a prevalent virus in individuals 

30 without known risk factors is suggestive of pathogen-specific immune dysregulation. 

31 In the absence of established differences in HBV virulence, we hypothesized that ALF 

32 upon primary infection with HBV could be due to rare deleterious variants in the human 

33 genome. To search for such variants, we performed exome sequencing in 21 previously 

34 healthy adults who required liver transplantation upon fulminant HBV infection and 

35 172 controls that were positive for anti-HBc and anti-HBs antibodies but had no clinical 

36 history of jaundice or liver disease. After a series of hypothesis-driven filtering steps, 

37 we searched for putatively pathogenic variants that were significantly associated with 

38 case-control status. We did not find any causal variant or gene, a result that does not 

39 support the hypothesis of a shared monogenic basis for human susceptibility to HBV-

40 related ALF in adults. This study represents a first attempt at deciphering the human 

41 genetic contribution to the most severe clinical presentation of acute HBV infection in 

42 previously healthy individuals.
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43 Author Summary

44 Infection with hepatitis B virus (HBV) is very common and causes a variety of liver 

45 diseases including acute and chronic hepatitis, cirrhosis and liver carcinoma. Acute 

46 HBV infection is often asymptomatic, still about 1% of newly infected people develop 

47 a rapid and severe disease known as acute liver failure or fulminant hepatitis. Acute 

48 liver failure has a high mortality rate and is an indication for urgent liver 

49 transplantation. It is not clear why some people, who are otherwise healthy, develop 

50 such severe symptoms upon infection with a common pathogen. Here, we hypothesized 

51 that rare DNA variants in the human genome could contribute to this unusual 

52 susceptibility. We sequenced the exome (i.e. the regions of the genome that encode the 

53 proteins) of 21 previously healthy adults who required liver transplantation upon 

54 fulminant HBV infection and searched for rare genetic variants that could explain the 

55 clinical presentation. We did not identify any variant that could be convincingly linked 

56 to the extreme susceptibility to HBV observed in the study participants. This suggests 

57 that HBV-induced acute liver failure is more likely to result from the combined 

58 influence of multiple genetic and environmental factors.
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59 Introduction

60 Hepatitis B virus (HBV) is a common human pathogen that attacks the liver and can 

61 cause both acute and chronic disease. There is high inter-individual variability in the 

62 clinical presentation of HBV infection, which ranges from self-limited to fulminant 

63 acute disease, and from mild chronic hepatitis to liver cirrhosis and hepatocellular 

64 carcinoma [1]. Differences in viral or environmental factors only explain a fraction of 

65 this variability [2–5]. Previous studies have identified some human genetic factors that 

66 play a modulating role in the clinical course of HBV infection [6,7]. However, our 

67 understanding of host genetic influences on the disease is still very limited. 

68

69 Fulminant hepatitis or acute liver failure (ALF) is defined as the rapid development of 

70 liver injury leading to severe impairment of the synthetic capacity and to hepatic 

71 encephalopathy in patients without previous liver disease [8,9]. ALF due to HBV 

72 infection, or fulminant hepatitis B, is observed in less than 0.1% of infected individuals 

73 but carries a high mortality and is an indication for urgent liver transplantation [10–15]. 

74

75 Such an unusual clinical presentation fits the definition of an extreme phenotype. 

76 Electing patients with extreme phenotype increases the power to detect causal gene as 

77 variants as these patients are more likely to carry alleles with profound functional 

78 consequences that are otherwise very rare in the population, due to purifying selection 

79 [16–20]. In this study, we used exome sequencing and statistical analysis in a cohort of 

80 21 cases and 172 controls to search for human genetic variants conferring extreme 

81 susceptibility to HBV. Cases were previously healthy adults who required liver 

82 transplantation for fulminant hepatitis B and controls were HBV-infected adults who 

83 did not develop fulminant hepatitis (Figure 1).
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84

85

86 Results

87 Study participants

88 Of the 21 cases, 13 (62%) were female. The median age at transplantation was 36.5 

89 years (range 22-58). Of 21 cases, 16 (76%) were European, four (19%) were Asian and 

90 one (5%) was African (Supplementary Figure 1). 

91

92 Exome sequencing, variant calling and variant filtering

93 Exome sequencing data were generated from DNA extracted from whole blood for all 

94 study participants. On average per sample, 96% of reads passing filtering criteria were 

95 unique (not marked as duplicate). Ninety-seven percent of unique reads could be 

96 aligned to the human reference genome GRCh37. The mean on-bait coverage was 73x, 

97 with 99% of target bases reaching at least 2x coverage, 97% of target bases achieving 

98 at least 10x coverage and 84% achieving at least 30x coverage. 205,642 variants were 

99 detected after GATK quality control filtering including 520 novel variants. The average 

100 transition to transversion ratio (Ti/Tv) was 2.66, and the average heterozygous to 

101 homozygous ratio was 1.5. A total of 38,062 low-frequency variants (MAF ≤ 0.05) 

102 passed filtering criteria including 31,620 rare variants (MAF ≤ 0.01, Table 1). 

103

104 Table 1: Total number of rare (MAF ≤0.01) and rare plus low-frequency (MAF ≤0.05) 

105 variants that passes quality control and filtering criteria.

Effect MAF ≤0.01 MAF ≤0.05

Inframe indel 321 368

Frameshift indel 880 954
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Missense SNV 29,549 35,756

Splice site acceptor SNV 152 177

Splice site donor SNV 177 200

Nonsense 541 607

Total variants 31,620 38,062

Total genes 11,595 12,295

106

107 Single variant associate analysis

108 All putatively pathogenic variants were tested for association with case-control status 

109 using Fisher’s exact test. We first restricted the analysis to rare variants (MAF ≤ 0.01) 

110 and European cases only. One variant passed the Bonferroni correction threshold (p-

111 value < 1.6e-6). The variant was a missense SNV in IGSF3 (rs78806598, p-value=1.8e-

112 18). Visualizing the aligned reads for this variant convinced us that this variant is called 

113 due to misalignment. This gene was excluded from our further analyses. Expanding the 

114 analysis to include the five none-European cases and the low-frequency variants did 

115 not lead to discovery of any significant associations (Supplementary Tables 1-3).

116

117 Gene-based association analysis

118 11,595 genes were included in the gene burden analysis. Two different burden scores 

119 were calculated for each gene using the approached described in the methods section. 

120 Using the weighted sum method, SLC29A1 had the lowest p-value (p-value=1.7e-5). 

121 CTSW had the lowest p-value in binary collapsing method (p-value=1.8e-5). However, 

122 none of these genes passed the Bonferroni correction threshold (p-value < 2.5e-6 for 

123 20,000 protein coding genes, Supplementary Tables 4-5). Including the low-frequency 

124 variants (12,295 genes in total) did not change these results. The top associations 
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125 including low-frequency variants were ADAM32 (p-value=1.7e-5) and PREX2 (p-

126 value=8.7e-6) in for weighted sum method binary collapsing method respectively 

127 (Supplementary Tables 6-7). Overall, the results from the two collapsing methods and 

128 the results between rare variants (MAF ≤ 0.01) and low-frequency variants (MAF ≤ 

129 0.05) analyses were highly concordant (Figure 2, Supplementary Figure 2). The highest 

130 correlation (r2=0.927, CI:0.924-0.929) was observed between the results of weighted 

131 sum and binary collapsing methods for rare variants. The lowest correlation (r2=0.739, 

132 CI:0.731-0.747) was observed between the results of binary collapsing method for rare 

133 and low-frequency variants (Figure 2).  

134

135

136  Discussion

137 The role of human genetic factors in susceptibility to fulminant hepatitis B is poorly 

138 understood. Monogenic defects in key immune genes and pathways have been shown 

139 to cause extreme susceptibility to other common pathogens in apparently healthy 

140 individuals [7,21,22]. A prime example is herpes simplex encephalitis (HSE), the most 

141 common form of sporadic viral encephalitis in the western world, which is only 

142 observed in an extremely low fraction of people infected with type 1 herpes simplex 

143 virus (HSV-1). Children who develop HSE upon primary HSV-1 infection are not 

144 particularly susceptible to other infections, and children with other primary 

145 immunodeficiencies are not more susceptible to HSE [22]. Since 2006, multiple genetic 

146 variants have been causally linked with HSE [23–29]. Similarly, ALF only occurs in < 

147 1/1000 of individuals after primary infection with HBV. Because this is an extremely 

148 rare clinical event, we hypothesized that it could be the first manifestation of a rare 

149 monogenic defect, resulting in pathogen-specific immune dysregulation. 
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150

151 We used exome sequencing to systematically search for rare, putatively pathogenic 

152 variants that could explain extreme susceptibility to HBV infection. We analyzed the 

153 genetic variants present in the exomes of 21 liver transplant recipients and compared 

154 them to 172 controls who were exposed to HBV but did not develop fulminant hepatitis 

155 B. First, we performed a single variant association analysis using Fisher’s exact test. 

156 Fisher’s exact test is a conservative test of association but guarantees type I error control 

157 for small sample sizes [30]. We found one significant association (p-value < 1.4e-6) in 

158 one gene: IGSF3. However, the manual inspection of the mapped reads in the region 

159 demonstrated that this variant was wrongly called, due to a mapping error. False-

160 positive incidental findings are a major problem in small-scale exome sequencing 

161 studies [31]. Previous studies have proposed guidelines to avoid misinterpretations and 

162 erroneous reports of potential causality due to false-positive findings [32,33]. Our 

163 results show that even after applying these guidelines, it is important to ensure the 

164 quality of final findings by visualizing the mapped regions and manually verifying the 

165 quality of each variant call. 

166

167 Rare variant association studies are usually underpowered. To enrich association 

168 signals and reduce the penalty of multiple testing correction, it is common to aggregate 

169 information across multiple rare variants within a region (gene, exon, sliding window, 

170 etc.) and test for the association of all variants in the region with the phenotype of 

171 interest [34]. We performed gene-based association analysis using two different 

172 aggregation methods: weighted sum collapsing and binary collapsing. Both methods 

173 assume that all the variants included in the test have the same direction of effect 

174 (increasing disease risk in our scenario) and thus are underpowered to detect disease-
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175 gene associations if variants exert their effects in opposite directions. Binary collapsing 

176 assumes that all putatively pathogenic variants have the same effect size. Weighted sum 

177 collapsing assumes that rarer variants have larger effect sizes and that the risk of disease 

178 is a function of the sum of the variant effect sizes. We did not find any genes to be 

179 significantly associated with case-control status. The p-values and the top ranked genes 

180 in both analyses were highly concordant (Figure 2, Supplementary Figure 2). The high 

181 correlation between the p-values of weighted sum and binary collapsing methods 

182 suggests that most individuals carry only one putatively pathogenic variant per gene. 

183 This implies that larger sample sizes or linkage studies in families with multiple 

184 affected individuals will be needed to increase statistical power for detecting potential 

185 associations between rare variants and HBV-related ALF.

186

187 We did not identify any genetic variant conferring monogenic susceptibility to 

188 fulminant hepatitis B in adults. Our results suggest that ALF upon primary infection 

189 with HBV is likely to be multifactorial. This conclusion is in line with a previous exome 

190 sequencing study of fulminant hepatitis A, which also failed to find any convincing 

191 casual gene or genetic variant [35]. Our failure to detect a Mendelian cause for 

192 fulminant hepatitis B, despite previous success for comparable phenotypes, could be 

193 due to a number of factors and limitations of our study: 1- The severe liver injury 

194 observed in patients with fulminant hepatitis B can be due to opposite pathogenic 

195 mechanisms: an inefficient innate immune response, which is unable to prevent viral 

196 replication, activate the adaptive immune system and clear the virus; and an over-

197 activation of innate immune signaling pathways leading to cytokine storm and 

198 uncontrolled inflammation [36–38]. This implies that genetic variants with opposite 

199 effects (e.g. gain-of-function and loss-of-function variants in the same gene or pathway) 
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200 could contribute synergistically to the disease. Such a genetic architecture would be 

201 extremely difficult to identify. 2- Our study was performed in adults, while most 

202 previous examples come from pediatric studies. A previous twin study has shown that 

203 the estimated heritability of many immune parameters decreases with age, suggesting 

204 that the cumulative influence of environmental exposures alters the role of human 

205 genetics in susceptibility to infectious diseases in older patients [39]. 3- Due to our 

206 recruitment criteria, we did not have access to information about the viral genome. 

207 HBV genetic variation has previously been shown to be associated with disease severity 

208 and infection outcome. For example, mutations in the pre-core and core protein genes 

209 or X region of the HBV genome, which encode the HBx protein, were associated with 

210 severity of chronic hepatitis [40,41], and mutations in HBV genotypes C and D 

211 associated with liver cirrhosis and progression to hepatocellular carcinoma [42]. The 

212 inclusion of viral genome information would allow for the stratification of patients 

213 based on known HBV mutations, thus increasing the signal-to-noise ratio in the human 

214 genetic analyses.

215

216 This study represents the first attempt at identifying human genetic variants involved 

217 in the pathogenesis of fulminant hepatitis B in previously healthy individuals. The 

218 absence of any conclusive finding indicates that ALF due to primary HBV infection is 

219 unlikely to be the result of a single monogenic disorder, and that a more complex 

220 genetic architecture is probably involved, intermixed with viral and environmental 

221 factors. Going forward, studies that aim at identifying the genetic causes of fulminant 

222 hepatitis B will need to include more patients and to better characterize them at the 

223 molecular level (e.g. to stratify them based on specific immune activation markers 

224 measured during acute disease). To obtain a more complete description of human 
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225 genetic variation, full genome sequencing would be preferable, which will allow the 

226 exploration of non-coding variants, large structural variants and exonic variants that are 

227 not well-covered by current exome capture methods. Finally, a parallel evaluation of 

228 the viral genome and of any potentially interfering factor will be necessary, as 

229 individual susceptibility to HBV is the result of a complex interplay between host, 

230 pathogen and environment.

231

232

233 Methods

234 Ethics statement

235 The study was approved by the responsible institutional Human Research Ethics 

236 Committees in Switzerland and Australia. Each study participant provided written 

237 informed consent for genetic testing. 

238

239 Study participants

240 Twenty-one liver transplant recipients who developed ALF due to fulminant HBV 

241 infection were recruited in the transplantation units of the University Hospitals of 

242 Lausanne, Zurich, Bern, Geneva, and Melbourne. Patients with fulminant hepatitis B 

243 due to reactivation after withdrawal of anti-HBV drugs and patients with pre-existing 

244 liver diseases, known immune deficiency or other chronic conditions were excluded. 

245 The following demographic and clinical information were collected: age at 

246 transplantation date, gender, and ethnicity. For each study participant, we obtained 3ml 

247 of blood in EDTA vacutainer tubes and 2,5ml blood in PAXgene blood RNA tubes. 

248 Samples were immediately frozen at -70°C, and then shipped and analyzed in batch.

249
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250 Control population

251 One hundred seventy-two controls were selected from our in-house database of exome-

252 sequenced individuals. They were adults of European ancestry, who were positive for 

253 anti-HBc and anti-HBs antibodies, but had no clinical history of jaundice or liver 

254 disease. The controls were HBV-eliminated at the time of blood collection for exome-

255 sequencing.

256

257 DNA sequencing and alignment

258 Genomic DNA was extracted from whole blood using QIAgen DNeasy Blood and 

259 Tissue kit. Cluster generation was performed using Illumina TruSeq PE Cluster Kit v5 

260 reagents. Libraries were sequenced as 100-basepair long, paired-end reads on Illumina 

261 HiSeq 2500 using TruSeq SBS Kit v5 reagents. Sequencing reads were processed using 

262 CASAVA v1.82, and aligned to the human reference genome hg19 using BWA [43,44] 

263 version 0.6.2. PCR duplicates were removed using Picard 1.27-1 

264 (http://picard.sourceforge.net/). We used Samtools [45] Visualization of aligned reads. 

265

266 Variant calling

267 We used Genome Analysis Toolkit (GATK) [46,47] version 3.1-1 to call single 

268 nucleotide variants (SNVs) and small insertion and deletions (indels) from duplicate-

269 marked bam files. We used HaplotypeCaller for multi-sample variant calling on all 

270 samples following GATK best practice. 

271

272 Variant effect prediction, frequency estimation and filtering

273 We used SnpEff [48] version 4.3T to predict the functional impact of variants. As a 

274 single variant can have several predicted effects, we only considered the most severe 
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275 effect for each variant according to SnpEff order of impact severity. We used genome 

276 aggregation database (gnomAD) to assign minor allele frequency (MAF) to variants 

277 (gnomAD, includes 123,136 exome sequences and 15,496 whole-genome sequences) 

278 [49]. For variants that were not present in gnomAD were assigned MAF=1-e8 to avoid 

279 having -log(0) in the following burden analysis. Only biallelic variants that were 

280 flagged as PASS by GATK, and were called in all cases and all controls were included 

281 in the analysis. Known polymorphic genes and genes in noisy alignment regions were 

282 excluded from the analysis [31–33]. We restricted all the downstream analyses to 

283 protein modifying variants (missense, inframe indels, frame-shift indels, splice-site 

284 disrupting, nonsense). All analyses were done on both rare (MAF ≤ 0.01) and low-

285 frequency (MAF ≤ 0.05) variants. We refer to variants that passed above filtering 

286 criteria as putatively pathogenic variants.

287

288 Single variant association tests

289 We used Fisher’s exact test to look for association of single variants with case-control 

290 status. Each variant was given an allele count based on the number of alternate alleles 

291 Gij , where Gij is the genotype of variant j in individual i. We summarized the ∈ {0,1,2}

292 reference and alternate allele counts for cases and controls, into 2x2 contingency tables. 

293 These tables were analyzed using one-tailed Fisher’s exact test. We used Bonferroni 

294 correction to correct for multiple testing.

295

296 Gene burden association tests

297 Gene burden test was performed using GMMAT [50] version 0.7-1, a generalized linear 

298 mixed model framework as follows:

299
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300 𝐻 = 𝑊𝛼 + 𝐶𝛽 + 𝑀 ;       𝑀~ 𝑁(0,
𝐾

∑
𝑘 = 1

𝜏𝑘  𝑉𝑘)
301

302 Where H is an n-vector of case-control status for n individuals, W is an n-vector of 

303 gender covariate, and C is an n-vector of the gene burden scores. M is an n-vector of 

304 random effects.  is the variance component parametes and Vk are known n n 𝜏𝑘 ×

305 matrices. We ran this model using an n n kinship coefficients matrix calculated using ×

306 PC-Relate [51]. We used Bonferroni correction to correct for multiple testing. To 

307 calculate the gene burden scores, we used two different methods:

308

309 i) Binary collapsing method

310 Each gene was given a burden score of zero if no putatively pathogenic variant was 

311 present in the gene and a gene burden score of one otherwise:

312

313 Ci= { 1 𝑖𝑓 ∑𝑚
𝑗 = 1    𝐺𝑖𝑗 > 0

0 𝑖𝑓 ∑𝑚
𝑗 = 1  𝐺𝑖𝑗 = 0

314

315 Where Gij  is the genotype of variant j in individual i, and Ci is the gene burden ∈ {0,1,2}

316 score for individual i. This approach is based on the Cohort Allelic Sum Test (CAST) 

317 method [52].

318

319 ii) Weighted sum collapsing method

320 First, each gene was given a burden score as follows: 

321

322 Ci= (Gij * –log10(AFi-gnomAD))∑𝑚
𝑗 = 1 
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323

324 Where j  is the mth variant per gene, and Gij  is the genotype ∈ {0,1,2,…,𝑚} ∈ {0,1,2}

325 of variant j in individual i, AFi-gnomAD is the minor allele frequency of j in gnomAD, 

326 and Ci is the gene burden score for individual i. This approach is based on the Madsen 

327 and Browning weighted sum method [53].  

328

329

330
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498 Figure Legends

499 Figure 1: Overview of data production and data analysis pipeline. MAF: minor 

500 allele frequency, GATK: Genome Analysis Tool Kit

501

502 Figure 2: Comparison between different gene burden analysis methods and 

503 different MAF thresholds. The circles below each plot show the top ten associated 

504 genes in the two compared analyses and the number of shared genes between the two 

505 sets: A) correlation between p-value for rare variants (MAF ≤ 0.01) using weighted 

506 sum method (light green circle) and binary collapsing method (light red circle) B) 

507 correlation between p-value for binary collapsing method using MAF ≤ 0.01 (light red 

508 circle) and MAF ≤ 0.05 (dark red circle). 

509

510 Supplementary Tables legends

511 Supplementary Tables 1-3: Fisher’s exact test results for single variant association 

512 analysis for: 1- Rare variants (MAF ≤ 0.01), 16 European cases and 172 controls, 2- 

513 Rare variants (MAF ≤ 0.01), all 21 cases and 172 controls, 3- Low-frequency variants 

514 (MAF ≤ 0.05), all 21 cases and 172 controls. Column names: chromosome, position, 

515 reference allele, alternate allele, variant ID, gene, number of putatively pathogenic 

516 alleles in cases, number of putatively pathogenic alleles in controls, number of non-

517 putatively pathogenic alleles in cases, number of non-putatively pathogenic alleles in 

518 controls

519

520 Supplementary Tables 4-7: Gene burden association results for: 4- Rare variants 

521 (MAF ≤ 0.01) and weighted sum method, 5- Rare variants (MAF ≤ 0.01) and binary 

522 collapsing method, 6- Rare variants (MAF ≤ 0.05) and weighted sum method, 7- Rare 
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523 variants (MAF ≤ 0.05) and binary collapsing method. Column names: gene, score, 

524 variance, p-value

525

526 Supplementary Figures legends

527 Supplementary Figure 1: Principal component analysis (PAC) A-B) PCA analysis 

528 for 21 cases, 172 controls and continental populations from 1000 genomes project, C-

529 D) PCA analysis for 21 cases and 172 controls.

530

531 Supplementary Figure 2: Comparison between different gene burden analysis 

532 methods and different MAF thresholds. The circles below each plot show the top ten 

533 associated genes in the two compared analyses and the number of shared genes between 

534 the two sets: A) correlation between p-value for low-frequency variants (MAF ≤ 0.05) 

535 using weighted sum method (dark green circle) and binary collapsing method (dark red 

536 circle). B) correlation between p-value for weighted sum method using MAF ≤ 0.01 

537 (light green circle) and MAF ≤ 0.05 (dark green circle). 
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