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Abstract

Acute liver failure (ALF) or fulminant hepatitigs a rare, yetsevee outcome of
infection with hepatitis B virus (HBV) that carries a high mortality rafee
occurrence of life-threatening conditiorupon infection witha prevalent virus in
individuals without known risk factors is suggestive of pathegmgcific immune
dysregulation.In the absence of established differencesHBYV virulence, we
hypothesized thalALF upon primary infection with HBV could be due torare
deleterious-variantm the humangerome.To search for suchariants,we performed
exome sequencinigp 21 previously healthadultswho required liver transplantation
upon fulminantHBYV infectionand 172 controlshatwere positive for antHBc and
anti-HBS but.had no clinical history of jaundice or liver diseasier a series of
hypothesigdriven filtering steps we searchd for putativdy pathogeniovariants that
were significantly associated with casentrol statusWe did not find any causal
variantor gene a result thatoesnot support the hypothesis afshared monogenic
basis forhumansusceptibility toHBV-related ALF in adultsThis study represents a
first attempt.adeciphering the human genetiontribution to the most severe clinical

presentation‘of acute HBV infectiam previously healthy individuals.

Background
Hepatitis Bvirus (HBV) is a commorhuman pathogethat attacks the liver and can
cause both acute and chronic disease. There is highndteidual variability in the

clinical presentatiorof HBV infection which ranges from sellimited to fulminant
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acute diseaseggnd from mild chronic hepatitis to liver cirrhosis and hepatocellular
carcinomd1] . Differences in viral or enixonmental factors only explain a fraction of
this variability [2-5] . Previous studies hauvdentified some humargenetic factors
that play a modulating rolén the clinical course of HBVinfection [6,7] . However,

our understanding of host gendtiluences on the diseaestill very limited.

Fulminant hepatitier acute liver failurd ALF) is defined as the rapid development of
liver injury leading to severe impairment of the synthetic capacity and to hepatic
encephalopathy in patients without previous liver dis¢8$y . ALF due to HBV
infection,_or/ fulminant hepatitis B, is observed in less thata% of infected
individwals but carries ahigh mortality and is an indication for urgent liver
transplantatiofl0-15].

Such an_unusual clinical presentation fits the definition of an extreme phenotype.
Electing, patients with extreme phenotype increases the pgovastect causal gene as
variantsas.these patients are more likely to carry alleles with profound functional
consequences that are otherwise very rare in the population, due to purifyingrselectio
[16-20] ."In"thisstudy, we usedexome sequencing amsthtisticalanalysis in a cohort

of 21 cases 'and 172 controls to search for human genetic variants conferring extreme
suscetibility to HBV. Cases werepreviously healthy adults who required liver
transplantatiorfor fulminant hepatitis Band controls wer&BV-infectedadults who

did not develop fulminant hepatitis (Figure 1).

Methods

Study participants

Twentyone liver transplant recipients who developed ALF due to fulminant HBV
infection"were recruited in the transplantation units of the University Hospitals of
LausanneyZurich, Bern, Geneva, and Melbourne. Patients with fulminant hepatitis B
due toreactivation afterithhdrawal of aniHBV drugs and patients with pexisting

liver diseases, known immune deficiency or other chronic conditions were excluded.
The following demographic and clinical information were collected: age at
transplantation date, gender, and ethnicity. For each study participant, we dbtaine
3ml of blood in EDTA vacutainer tubes and@l blood in PAXgene blood RNA

tubes. Samples were immediately frozer7&°C, and then shipped and analyzed in
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Control population

One hundred seventwo cortrols were selected from our-house database of
exomesequenced individuals. They were adults of European ancestry, who were
positive for aniHBc and antHBs, but had no clinical history of jaundice or liver
disease. The controls were HBMminated athe time of blood collection for exome

sequencing.

DNA seguencing and alignment

Genomic DNA was extracted from whole blood using QIAgen DNeasy Blood and
Tissue Kit. Cluster generation was performed using Illlumina TruSeq PE Clus#ér Kit
reagents.Libraries were sequenced as 4f¥kepair long, paireend reads on
lllumina_HiSeq 2500 using TruSeq SBS Kit v5 reagents. Sequencing reads were
processed using CASAVA v1.82, and aligned to the human reference genome hgl19
using BWA{21,22] version 0.6.2. PCR duplicates were removed using Picarell1.27
(http://picard.sourceforge.net/\We used Samtoolf23] Visualization of aligned

reads.

Variant calling

We used Genome Analysis Toolkit (GATHK24,25] version 3.11 to call single
nucleotide variants (SNVs) and small insertion and deletions (indels) from duplicate
marked bam files. We used HaplotypeCaller for rnsdtinple variant calling on all

samples following GATK begiractice.

Variant effect prediction, frequency estimation and filtering

We used"SnpEff26] version 4.3T to predict the functional impact of variants. As a
single variant can have several predicted effects, we only considered the most severe
effect far'each variant according to SnpEff order of impact severity. We used genom
aggregation, databaggnomAD) to assign minor allele frequency (MAF) to variants
(gnomAD, includes 123,136 exome sequences and 15,496-gdotene sequences)

[27] . For variants that were not present in gnomAD were ass$iyyheF=1-e8 to

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

were flagged as PASS by GATK, and were called in all cases and all controls were
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included in the analysis. Known polymorphic genes and genes in noisy alignmen
regions were excluded from the analy{@8-30] . We restricted all the downstream
analyses to protein modifying variantsigsense, inframe indels, frarahift indels,
splicesite disrupting, nonsense). All analyses were done on both rare (MAJ-

and lowfreguency (MAK 0.05) variants. We refer to variants that passed above

filtering criteria as putatively pathogenic variants.

Single wariant association tests

We used Fisher’s exact test to look for association of single variants witcaratsel
status.'Each variant was given an allele count based on the number of alternate alleles
Gj € {0,1,2}, where G is the genotype of variamtin individual i. We summarized

the reference and alternate allele counts for cases and controls, into 2x2 contingency
tables. These tables were analyzed usingtaited Fisher's exact test. We used

Bonferroni correction to correct for multiple testing.

Gene burden association tests
Gene hurden test was performed using GMMBT] version 0.71, a generalized

linear mixed ' model framework as follows:

K
H=Wa+CB+M; M~N<o,zrk Vk>

k=1

WhereH is_ann-vector of cas-control status fon individuals,W is an nvector of
gendergeovariate, ardis ann-vector of the gene burden scores. M is arector of
randomeffectst, is the variance component parametes ®pdare knownnxn
matrices. We ran this model usingraxn kinship coefficients matrix calculated using
PCRelate[32] . We used Bonferroni correction to correct for multiple testing. To

calculate the gene burden scores, we used two different methods:
i) Binary collapsing method

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

was presenn the gene and a gene burden score of one otherwise:
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C(1if X, Gy >0
T 0if X, Gi=0

Where Gj € {0,1,2} is the genotype of variantin individual i, andC; is the gene
burden seore for individual This approach is based on f@ehort Allelic Sum Test
(CAST) method33] .

i) Weighted sum collapsing method

First,. e@h gene was given a burden score as follows:
Ci= Y7L, (Gj * —logio(AFi-gnomAD))

Wherej € {0,1,2, ..., m} is the mth variant per gene, aGg € {0,1,2} is the genotype
of variantj.in individual i, AFi-gnomAD is the minor allele frequency df in
gnomAD, andC; is the gene burden score for individual his approach is based on

the Madsengand Browning weighted sum metf34d .

Results

Study pasticipants

Of the 21 cases, 13 (62%)erefemale The median age at transplantation was 36.5
years (range 288). Of 21 cases, 167/6%) wereEuropeanfour (19%)were Asian
and ong5%) wasAfrican (Supplementary Figure 1).

Exome_seguencingvariant calling and variant filtering

Exome sequencing data were generated from DNA extracted from whole blood for all
study.participantsOn averageer sample96% of reads passing filtering criteria were
unique“(nottmarked as duplicatéyinety-seven pecent of unique reads could be
aligned=to~thehuman reference genome GRCh3he mean oibait coverage was
73x, with-99% of target base®achingat least 2x coverage, % of target bases
achiewng atyleast 10x coverage and%84adieving at least 30xoverage. 205,642
variants were detected after GATK quality control filtering includb2p novel
varians. The aerage tansition to transversion ratio (Ti/Tv) wda66, andthe

averageheterozygous to homozygous ratio was A%otal of 38,062 low-frequency
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variants(MAF < 0.05) passed filtering criteriancluding 31,620 rare varian(MAF <
0.01,Tabe 1).

Single variant associate analysis

All putatively pathogenic variagwvere tested for association with casmtrol status
using Fisher’s exact test. We first restricted the analysis to rare vaivehiEs< 0.01)

and European cases onfynevariart passed the Bonferroni correction threshd
value < 16e-6). The variantwas a missenseSNV in IGSF3 (rs78806598, p-
value=1.8e:18)Visualizing the aligned reads for this variant convinced us that this
variantiis called due to misalignment. This gene wasluded from our further
analysesExpanding the analysis to include the five +ifuropean cases and tloav-
frequency variants did notlead to discovery of any significant assdmns

(Supplementary Tables 1-3

Genebasedassociation analysis

11,595 genewereincluded in the genburden analysisTwo different burden scores
werecalculatedor each genesingthe approached described in the methods section
Using the weighted sum methdfLC29A1had the lowestpalue (p-value=1.7e-5).
CTSW had the lowest -palue in binary collapsing method @palue=1.8e-h
However, none of these genes passed the Bonferroni correction threskialde(:
2.5e6 for 20,000 protein coding genes, Supplementary Tables Kicluding the
low-frequencyvariants (12,295 genes in total) did nbange these result$he top
associationsncluding lowfrequency variantsvere ADAM32 (p-value=1.7e-b and
PREX2 (p-value=8.7e-6) infor weighted sum method binary collapsing method
respectively(Supplementary Tables®. Overall, the resultsfrom the two collapsig
methodsand’ the results between rare vasafMAF< 0.01) and low-frequency
variants(MAF < 0.05) analyses were highly concordanfFigure 2, Supplementary
Figure 2)=The highest correlatiorf£0.927, C1:0.924).929) was observelgetween
the results of weighted sum and binary collapsing methods for rare variants. The
lowest correlation ré=0.739, CI:0.7340.747) was observed between the results of

binary collapsing method for rare and low-frequewnasiants(Figure 3.

Discussionand Conclusion

Therole of humargenetic factors irsusceptibility tofulminant hepatitisB is poorly

This article is protected by copyright. All rights reserved
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understoodMonogenic defects in key immune genes and pathways have been shown
to cause extreme susceptibility é@dher common pathogens iapparentlyhealthy
individuals [7,35,36] A prime example is herpes simplex encephalitis (HSE), the
most common form of sporadic viral encephalitis in the western world, which is only
observed intan extremely low fraction of people infected with type 1 herpes simplex
virus (HS\:1). Children who develop HSE upgrimary HSV-1 infection are not
particularly susceptible to other infections, and children with other primary
immunedeficiencies are not more susceptible to H8® . Since 2006 multiple
geneticvariantshave beercausally linked wittHSE [37—43] . Similarly, ALF only
occurs'in <1/1000 of ndividualsafter primary infectiorwith HBV. Because this is

an extremely rare clinical event, we hypothesized thatould be the first
manifestationof a rare monogenic defeatesulting in pathogerspecific immune

dysregulation.

We used exome sequencing to systematically search forprategively pathogenic
variansthateould explain extreme susceptibility tdBV infection We analyzed the
geneticwariants present in the exomes of 21 liver transplant recipients and compared
them to 172 controls who were exposed to HBV but did not develop fulminant
hepatitis_B«First, we performed a single variant associatamalysisusing Fsher’'s
exact testFisher’'s exact tess a conservative test of association but guarantees type |
error control for small sample sizg®4] . We found one significant associatiofp-

value <'1.4€5) in onegene IGSF3 However, the manual inspection of the mapped
readsin the 'region demonstratethat this variantwas wrongly called due toa
mapping_errarFalsepositive incidental findings are a major problensmallscale
exome sequencing studif8] . Previous studies have proposed guidelines to avoid
misinterpretatios and erroneous reports pbtential causality due to falsposiive
findings®[29;30]. Our results show that even after applying these guidelines, it is
important=te” ensure the quality of final findings by visualizing the mapped regions

and manually verifying the quality of each variant call.

Rare variant association studies are usually underpowered. To enrich association
signals and reduce the penalty of multiple testingrrection,it is common to
aggregate information across multiple rare vdsamithin a region (gene, exon,

sliding window etc.) and test for the association of all variants inréiggon with the
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phenotype of interegtt5] . We performed gendased association analysis using
differentaggregation methodsveighted sum collapsing armhary collapsing Both
methods assume that all the variants included in the test have the same direction of
effect (increasing disease risk in our scenario) and thus are underpowered to detect
diseasegene associations viariants exert theieffectsin opposite directionBinary
collapsing assumeshat all putatively pathogenic variamthave the same effect size.
Weighted sum collapsing assumes that rarer variants have largersefés@ndthat

the risks of disease is a function of the sum ofwheanteffectsizes. We did not find

any genes to be significantly associated with -casdrol status. Thp-values and the

top ranked genes in botnalysesvere highly concordant (Figure 2, Supplementary
Figure 2)/ The high correlatiobetweenthe p-valuesof weighted sum and binary
collapsing 'metbds suggeststhat most individuals carry onlyone putatively
pathogenic variarper geneThis implies that largesample sizeor linkage studies in
familieswith multiple affected individuals will beeeded toncrease statistical power

for detecting potentiadssociatioabetween rare variants aitBV-related ALF.

We didy not’ identify any genetic variant conferrimgonogenic susceptibility to
fulminant hepatitis Bn adults Our resultssuggest thaALF upon prinary infection

with HBV.is likely to be multifactorial This conclusionis in line with a previous
exome sequencing study of fulminant hepatitis A, which &déled to find ay
convincing casuabeneor genetic varianf46] . Our failure to detect a Mendelian
causefor fulminant hepatitis Bgespite previous success farmparablghenotypes,
could be due to a number of factamad limitations of our studyl- The severe liver
injury observed in patients with fulminant hepatitis B can be due to opposite
pathogenic mechanisms: an inefficienbate immune responsehich is unable to
prevent.viral'replication, activate the adaptive immune system and clear the virus; and
an overactivation of innate immune signaling pathways leading to cytokine storm
and uncontrolled inflammatiofd7—49] . This implies that genetic variants with
oppositeeffects (e.g. gaof-function and los®f-function variants in the same gene
or pathway. could contribute synergistically to the disease. Such a genetic
architecture would be extremely difficult to identi8~ Our study was performed in
adults, while most previous examplesme from pediatric studies. previoustwin
study hashown thatthe estimatecheritability of manyimmuneparameterslecreases

with age, suggesting that the cumulative influence of environmental expadiens

This article is protected by copyright. All rights reserved



299 the role of human genetics in susceptibility to infectious diseases in older pgignts
300 . 3-Environmental fact@ havebeen implicated inhe pathogenesiof HBV disease
301 and ALE Our study designprevented an haepth evaluation of the potential
302 contribution of environmental risk factossich asalcohol consumptiofbl] . 4- Due
303 to our recruitment criteria, we did not have access to information abowiréte
304 genome.HBV genetic variation has previousheen shown to be associated with
305 disease severity anihfection outcome but these results remain controversial
306 particular mutatiors in the preeore and basal corepromoter regios of the HBV
307 genomewere associatedvith ALF in some studieg[52-54], but not in othes [54—
308 57] . The inelusion of viral genome information might allow for the stratification of
309 patients’based on known HBV mutations, thus increasing the gignaise ratio in
310 human genetic analyses.

311

312 This studyrepresents th@rst attempt at identifying human genetic variants involved
313 in the pathogenesis of fulminant lajtis B in previously healthyindividuals. The
314 absence.of.any conclusive finding indicates &g due toprimary HBV infectionis

315 unlikelyyto, bethe result of asingle monogenic disorder, and thatmore complex
316 genetic architecturés probably involved, intermixed with viral and environmental
317 factors Going forward, studies that aim at identifying the genetic causes of fulminant
318 hepatitis B will need to include more patieatsd to better characterize theatthe
319 molecular level (e.g. to stratify them based specific immune activation markers
320 measured during acute diseadeylusion of matching controls with proven HBV
321 infection (HBsAg positive)who could clear the infection in the absence of antiviral
322 therapy, ould allow for better control of confounding factors such as vaccination
323 history“and increase the power to deteatnangenetic contributors to ALFTo
324 obtain'a.mare complete description of human genetic variation, full genome
325 sequeneingtwould be preferablehieh will allow the exploration ofon-coding
326 variantsyslarge structural variants aexonic variants that are netell-covered by
327 currentexomecapture methodg-inally, a parallel evaluation of the viral genoarel
328 of any potentially interfering factor will beecessaryasindividual susceptibility to
329 HBV is the result of complexnterplay between host, pathogen and environment.
330
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Table 1 Total number of rare (MA0.01) and rare plus low-frequency (MAF

<0.05) variants that passes quality control and filtering criteria.

Effect MAF <0.01 | MAF <0.05
Inframe indel 321 368
Frameshift indel 880 954
Missense SNV 29,549 35,756
Splicessite acceptor SN\ 152 177
Splice site donor SNV | 177 200
Nonsense 541 607

Total variants 31,620 38,062
Total genes 11,595 12,295

Figure Legends
Figure 1:0verview of data production and data analysis pipelineMAF: minor

allele frequencyGATK: Genome Analysis Todit

Figure 2=Comparison between different gene burden analysis methods and
different MAF thresholds. The circles below each plot shdie top temassociated
genes In the two compared analyand the number of shdrgeneshetweentie two
sets: A) correlation betweenvalue for rare variants (MAF0.01) using weighted
sum method(light green circle)and binary collapsing methagight red circle)B)
correlation.between-palue for binary collapsing method using MAR.01 (light red
circleyand MAF< 0.05 (dark red circle)

Supplementary Tableslegends

Supplementaryrables 1-3 Fisher’s exact test results for singlezariant association

analysisfor: 1- Rare variant§MAF < 0.01), 16 Europearasesand 172 controls,-2
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560 Rare variants (MAK 0.01), all 21 cases and 172 controls, 3- Low-frequencyvariants
561 (MAF <0.05), all 21 cases and 172 controls. Column names: chromosome, position,
562 reference allele, alternate allele, variant ID, gene, number ofiyalyapathogenic
563 alleles in cases, number of putatively pathogenic alleles in controls, number-of non
564 putativelyspathogenic alleles in cases, number ofmgatively pathogenic alleles in
565 controls

566

567 Supplementarylables 47: Gene burden associatiorresults for: 4- Rare variants
568 (MAF <.0.01) and weighted sum method, 5- Rare variants (MAE 0.01) and binary
569 collapsing method,-Rare variants (MAK 0.05) and weighted sum method, 7- Rare
570 variants” (MAF< 0.05) and binary collapsing method . Column names:gene, score,
571 variance, pvalue

572

573 Supplementary Figures legends

574 Supplementary Figure Principal component analysis (PAC)A-B) PCA analysis
575 for 21 cases; 172 controls and continental populations from 1000 genomes @xoject,
576 D) PCA.analysis for 21 casesd 172 controls.

577

578 Supplementary Figure ZZomparison between different gene burden analysis
579 methods and different MAF thresholds The circles below each plot show the top
580 ten associated genes in the two compared agsabsd the number of shdrgenes
581 betweenthe two sets: A) correlation betweervalue for low-frequencyvariants
582 (MAF £ 0.05) using weighted sum method (dark green circleand binary collapsing
583 method(dark red circle)B) correlation between-palue for weighted sum method
584 using MAF< 0.01 (light green circleand MAF< 0.05 (dark green circle)
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