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Chapter 1

Viral hepatitis

Viral hepatitis i form ofliver inflammationcausedoy the infectionwith hepatotropic viruses

(1, 2).The diseae either manifests itselfn an acute formfollowing a recent infection and
often has a transient presentation but may als@gress to &hronic form the lattertypically
being defined as a disease pesshg for morethan six months. Most cases of aeuviral
hepatitis mainly manifesthemselvesby a substantial elevation oferum transaminases
whichcan be spontaneously and quickigrmalizel. Chronic hepatitis however, is the result

of longterm viral infectionand can provokescar formation (fibross) in the liver, while
irreversible scaringmanifests itself as cirrhosis andhay progress to liver cancer
Hepatocellular carcinoma (HC®) the major type of primary liver cancgewith limited
therapeutic options availablél, 2). The most common etiges forviral hepatitis are
hepatitis A virus (HAV), hepatitis B virus (HBV), hepatitis C virus (HCV), hepatitis D virus (HDV)
and hepatitis E virus (HEV) (1,AjhoughchronicHBV and HChfectionsstill contribute the
majority (66% and 30%, respaatly) of the global death burden of viral hepatitis @gre

are potent antiviral therapies available.dontext of the presenthesis,it is important to note
that HDVis associated witlthe most severe forms of aceitand chronic viral hepatitis upon
its cainfection with HBV, andhat HEV is the most prevalent cause of acute viral hepatitis
worldwide (47). Currently, its beingestimated that approximately 257 to 500 million people
are living with chronic HBV infection (3, 8, 9). However, whichifnacif the HBVassociated
disease burdenis complicated by HDV infection remains uncertaind answering this
guestion remains highly relevant to the fielloreover, until now, no licensed antiviral drugs
with respect to HEV are available (5,a6)d devebping noveltherapeuticoptions is also an
important issuen this respectThus, in this thesis | aimed to establish the global epidemiology
of HDV infection antb develop antiviral agents against HEV infection.

The relevance of answering these questigfurther emphasized by thairal hepatitis is a
major global public health problem and contributes a verysignificantextent to overall
mondialmorbidity and mortdity. Globally, the annual death talhused by viral hepatitis had
increased from @9 million in 1990 to 1.34 million in 201fgpresenting &1%growthin this
time frame(3, 10, 11). The current mortality of viral hepatissapproximately equal to that
inflicted byhuman immunodeficiency virus (HIV) infection, tuberculosis, or negland it is

projected to exceed the combined mortality associatedwitie above three major diseases
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Chapter 1

by 2040 (3, 12). This meatisat in the coming decades, viral hepatitis will still be a leading
death cause worldwide angmaina significant challeng® public health. In 2016he World
Health Organization (WHO) adopted a stratagying atthe elimination of viral hepatitis by
2030,in which eliminationwas defined as a 90% reduction in incidence and a 65% reduction
in the number of related dahas from a 2015 baseline (13)ff&rts, however, have been
focusing onthe elimination of HBV and HCWfection, while the attention reserved toHDV

and HEWas been limited at best. Thiack ofadequatepublic attentionis hampeing the
development of strategie aiming at prevention and control of HDV and HEV infections. The
establishment of reliable epidemiology for HDV and the development of effective treatment
for HEV hold promise for achieving the global goal of hepatitis elimination successfully by
2030

Origin and classification of HDV

HDVwas firstidentified both in liver biopsies anah the serum from chronic HBV infected
patients experiencing extremely severe hepatitis in the 1970s (4, 14). Subsequent studies
found that the genome of HDV was a circulagative singlestranded RNA (ssRNA) composed
of approximately 1672697 nucleotides (nt), depending on the strain (15, 16). Thus, HDV is
the smallestanimal virus known and also its biology substantially differentiates it from other
animal viruseg17-19). Uniquely, HDV shares common features with some plant subviral
agents know as viroids. Hencethe virus is thought to have originated from the
recombination of plant viroids with different forms of RNA-X&). Howeverthis notionhas

not been suppored bydirect evidenceand thus for now remains a hypothesiBue to the
uncertain origin andits distinct genetic characteristicthe International Committee on
Taxonomy of Viruses (ICTV) blsssifiedHDVasthe archetypical member dhe Deltaviridae
family, in which it representshe Deltavirusgenus.The advent of powerful microbiological
techniques has now led to the identification wfore HDMike virusesin birds (24), snakes
(25), rodents (26), fish, amphilmg, and even invertebrates (27). THIBV appears part of a
biodiverse virus family and analysis of related viruses pnayide new insights into the origin

of HDV.

HDV strains are highly divergerand this adds furtherto the inconsistent molecular
classificatiorof this virus As a singletsand RNA virus, HDV is expected to mutate frequently.

The nucleotide divergence between different straimsvenhigher than35% (16). Moreover,
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further heterogeneity may result from recombination. Homologous recombination between
different HDV strainsds been reported in patientdhat suffered from multistrain infection

and has also been observetdthe laboratoryupon cetransfection of the genomes of different
strains incell culture systers (28-30). Furthermore, because HDV has a circular negative
genome, there are three forms of RNA produced during HDV life cycle, including circular full
length genomic RNA (gRNA, negative) and complementary circukbength antigenomic
RNA (agRNA, positive), as well as a short linear messenger RNA (MRINA&) petits only

800 nt in length with a &ap and ®polyadenylated tail (31). T feature has led to
substantial chaos with respect to registration of HDV sequences in public databases, because
biomedical researchers have in the past amplified and sege@inoth HDV gRNA and agRNA
occasionally startingepositedsequences aabnormalpositions, and submitted the resulting
sequences without any form of standardizatiorhis has resulted in the definition of two
inconsistent classification systems for HEk&in sequences (15, 1@ampering progress in

the field. Propefmoleculat taxonomyis the fundament of biologgnd the absence of such
taxonomy continues to significantignpact HDV research. Hence, it is fair to say that further
systematichdescripton of recombinant variantanda framework fomolecular classification

are both urgentlyneeded to establish thetandardzation in theHDVfield that will help the

community to progress
Life cycle of HDV

Compared toother hepatotropic viruses, HDV hasrelatively complicated life cycland
consequentlhydistinct testing, diagnosis and treatmesittrategiesfor this virus are neessary
Beause of the high GC content of niacleotide sequencehe HDV genome can fold into an
unbranched, doublestranded rod-like structure with 74% intranolecular basepairing (4, 18,

32). The double strandelike structure of the HDV genomic RNA is configurationally similar
to doublestranded DNA. This similarity enables HDV to hijack and redirect host cellular DNA
deperdent RNA polymerases (Flblplays the major role while Rbland Pol 1ll may also be
involved (33)), which treats HDV gRNA dsuble-stranded DNA template, to synthesize HDV
agRNA via a doubl®lling circle mechanism (a strategy normally used by v@outusoids,

and viroidlike satellite RNAS) (4, 19, -38). Thede novosynthesized positiveense RNA
initially forms as a large linear molecule potentially containing many copies of the genome

before undergoing intramolecular cleavage by the autocaialgelfcleaving ribozyme (an
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intrinsic sequence of 85 nucleotides integrated in HDV genome) to form linear monomers (39,
40). Subsequently, the resulting cleavéidear products are ligated and closddr form
circular antigenomic moleculeshe socalled agRNA.These neesynthesized monomeric
antigenomes in turn serve as templates for the production of gRNA via a similar mechanism
(4, 19, 3438).

TheHDV genome encodes only one functional open reading frame (ORF) for the translation
of two isoforms of hpatitis delta antigen (HDAQ), a 24 kDa srhlAg ($1DAQ) with 195
amino acids and the 27 kDa larg®Ag ((HDAQ) with 214 amino acids (41). Originally, in the
nucleoplasm, HDV genomic RNA directly serves as the template for the transcription of mMRNA.
This unmodified mMRNA is then translated intédBAg in the cytoplasm (36, 42). By contrast,
the L-HDAg is translated from a modified mMRNA. During the replicatitirediDV antigenome,

a fraction ofit will undergo an RNA editing event on the amber/W sitthefagRNAmediated

by adenosine deaminase acting on RNA 1 (ADARY7U Specifically, ADAR1 deaminates
adenosine to convert it to inosine (UAG becomes UIG on the agRNA) which is recognized as
guanosine by the polymerase and then paired to a cytosinehduhe next replication cycle
(AUC becomes ACC on the rssmthesized gRNA) (4F). When this modified gRNA serves

as template and is transcribed into mMRNA, the stop codon on the amber/W site is converted
to atryptophan codon (UAG is replaced by UGG amneosynthesized mRNA). Consequently,
translation of the neesynthesized mRNA proceeds for an additional 19 amino acids and
terminates only until frame reading reaches to the downstream stop codon, leading to the
production of EHDAg (4347). Thus thé\-terminal 195 amino acids of the two HDAg isoforms
are identical and form several functional domains, including BN4ing domains, a coiled

coil motif, a heligloopghelix motif and a nuclear localization sequence, whereas the C
terminus of the EHDAg idistinct from the expanded 19 amino acids containing a nuclear
export signal (NES) and a farnesylation signalX®Q box) that enables a farnesyl lipid group

to be added covalently to the cysteine at position 211 by a cellular farnesyltransferaSg)(48

To support HDV infection, replication and virion assembly, HDAg proteins undergo several
important posttranslational modificationsAmong thesemodifications aphosphorylation at
Serl77servedo increase agRNA replication fagilitating HDAGRNAbinding activity (52, 53),

the acetylation at Ly§2 promotesnuclear localization of HDAg (5%hereassumoylation at
multiple lysine residues enhansthe synthesis of gRN#&nd mRNA but not of agRNA (55).
addition, amethylation at Argl3 (an RNAinding domain¥aciltates translocation c5HDAg
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to the nucleus an event important in the regulation @ggRNA and gRNA replication (56).
Moreover, prenylation of the cysteine residue at thée@minus of EHDAg isequired to allow

HDV virion assembly (481). Functionally, the expression ofHBDAg at an early step of
replication appearsiecessaryo activate HDV RNA replication aalitbw accumulationof the
replicate in the nucleudhe production of tHDAg at a later stage, expressed after RNA editing
and maturated afteran indispensable postranslational farnesylationwhich isa type of
prenylation), indirectly inhibits HDV RNA replication by acting as a dominant negative inhibitor
of SHDAg (57, 58). Therefore, the relative ratio betweedA[3Ag and HDAgQ determinates

the balance between viral synthesis and virion assembly, the increaselDA content can
induce a tuned progress from replicative to morphogenetic phases of the viral life cyele (57
59). In the nucleus,-HDAg molecules combine withHDAg moleculesand the newly
synthesizedyRNA to form nucleocapsitke ribonucleoprotein (RNP) complexes, which are
exported into the cytoplasnas a consequence of the presence of a nuclear export signal

the Gterminus of EHDAg (4, 19, 38, 50, 50ne in the cytoplasmthe farnesyl grouphat is
attached to L-HDAg presumably anchos the RNPs to the endoplasmic reticulum (ER)
membrane where the HBV surface antigens (HBsAQ) are synthesized (4, 19, 38, 48, 49, 51, 60).
Subsequently, the RNP complex asianer coreof the nascent viruss enveloped by an
endoplasmiereticulum-derived lipid bilayer containing the three HBV surface proteins, small
(S41BsAg), middle (MHiBsAg) and large4iBsAg), to create infectious HDV partichhich

are 35¢37 nm in diameterand can be released in the extracellular fluid following passage
throughthe Golgi complex (4, 19, 38, 51, 61, 62).

Intriguingly, unlike othe hepatotropic viruses, HDV is a defective virus. Sime&lDV genora

does not code for its own RN#ependent RNA polymerase (RdRp) but dolythe HDAg
proteins, HDV must rely completely on cellular enzymes for genome replication, and
parasitizeon HBVfor its propagation (19, 51). Sharing the envelope proteins with HBV, HDV
exploits not only the same particle release machinery but also the identical transmission route,
especiallywith regard tocellular entry factors (19, 51). HDV particles circulaitmtihe blood
stream are initially captured by heparan sulfate proteoglycans (HSPGs) on the hepatocyte
surface (19, 51, 63). This attachment enables HDV closely bind to the identical cellular entry
factor of HBV called human sodium/taurocholate cotranspgpolypeptide (NTCP) encoded

by SLC10A1 (19, 51, 64, 65). NTCP is a bile salt transporter exclusively expressed on the

sinusoidal (basolateral) site of parenchymal liver cells (hepatocytes), and this is apparently
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responsible for the strong liver tropisand host specificity of HBV and HDV (51, 66). Notably,
HDV attachment is mediated by bothe preS1 region of theddBsAg proteiras well aghe
antigenic loop (AGL) of the HBV envelope proteins, while the receptor recognition is via the
myristoylated NMierminal receptorbinding site of the preS1 domain aHBsAg (19, 51, 63

65).

Due to the indispensable role of HBsAgthmHDV life cycle, the diagnosis and testing of HDV
infection in clinical practice anith epidemiologic studies are mainly performéal subjects

who are HBsAg positive (HBV carriers) (67). Nevertheless, it is important to remark that the
only contribution of HBV to HDV life cyd¢he support for HDV virion assembly, release, and
cell entry. In fact, HDV @ble to replicate indepereht from HBVWboth in HBV uninfected
hepatic cells or noinepatic cells and HDV RNA could survive for at least 6 weeks suncter
conditiors. Furthermore, foHDVto propagate systems consisting oélls ceexpressing HBV
envdope proteins and NTCP receptare sufficient Hence the virus can propagate iliver

cells of patientsin which HBV replicationds been totally eliminated buin which the
production of HBsAgs still presentput also inartificial cotransfected cells (51, 64, 65, 68).
Furthermae, HBV was previolysconsidered as the exclusivacilitator of HDVpropagation
however, this concept ha recently beenchallenged.In an intriguing series ofin vitro
experimentst wasdemonstrated that HDV RNPs could be artificially packaged intl@oes

from several norHBYV related viruses such as hepacivirus, flavivirus and vesiculovirus, allowing
egress of HDV RNPs from accordingly infected cells and subsequent entry into cell lines
expressing their respective receptors (38,6%.,71). All thesdactors complicatéiDV testing,

diagnosis and treatment
Epidemiology of HDV

As compared to HBV andCV which were considered the major drivers for global viral
hepatitisburden, HDV habeentreated stepmotherlysince itdirst identificationas a sepaate
disease entityn the 1970s (72)Accordingly studies on HD¥pidemiological behavior have
been scareA first attempt to estimatethe regionalepidemiological characteristiaf HDV
was done forSouth America in 199@&nd wasased on the data pulghedin the 1980s and
1990s This study concluded thapproximately 5% of HBV carriénsSouth America had been
co-infected with HDYwhich would add up t@00,000 people in this regicat the time(73).

Thereatfter, this regional prevalence wsemewhatrashly extrapolatedy the hepatological
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diseasecommunityto be representative fothe globalsituation, as evident from a publication

in 1997andalsoin 201Q andthis older regionaktudy remained the basis for a estimation of
15¢20 million infectionswith HDV worldwidg74, 75). However, this relatively complacent
view was challenged in 2017, by an estimate of 7 million infections w$abtlran Africalone

(76). In response,the worldwide number of HDV infectishwas adjusted upwards to
approximately62¢74 million in2019 (77, 78). These studissmrkedan overtimeresurgence

of the awareness and interest the HDV problem. Unfortunately, the last study was criticized
by several research teams regarding methodology and data processing, and thugshéir

was consideredo be an overestimation (79, 80)hisongoing debate regarding the exact
global prevalence of HDV might obscure the public health problem posed by HDV infection
and in any case it is evident that earlier estimates have been tooroWtet the exact burden
posed by HDV infection requires urgent clarification.

Unfortunately, there are manyitfalls thatmake it much more difficult to accurately estimate

the HDV global burden. First and most importantly, Hia¥ received relativelyttie attention

over the past decadedy the public health professionals and policy makers alike.
Consequentlyoutine diagnosis of HDiVas beerrelatively rare in clinical practice (72)ence
reliable data &out HDV prevalence arextremely limited andupdated data is even more
scarce (77, 79, 80). Thisaiparticularly prominenfproblemin manyhigh incidenceountries

that arethe major reservoir of HB infection. Examplesclude the maidand of China, India,
Russia, Indonesia, Pakistan, Banglad®sanmar, Philippines, Thailand, Vietnam, and many
African countries (9). Secondly etle are large heterogeneities DV prevalence between
different regions and populations. The infection rates of HDV remain extremely high (>20%)
among HBV carriers fromlauritania, Somalia, Venezuela, Denmark, Cameroon, Colombia,
Niger, Mongolia, whereas it is relatively low (<5%) in Australia, Canada, Singapore, Belgium,
Switzerland and Poland (72, 7he infection rate can also be very high among some risk
populations including intravenous drug users (IDUs), -Ebinfected individuals, HCV
coinfected individuals asell as commercial sex workers. For IUs ratesare as high as 80%

in some countries (72, 77, 81). By contrast, the prevalence appears much loweid blo
donors and asymptomatic HBV carriers. Moreover, immigrants from endemic countries may
complicate interpretation of HDV epidemiology in other countriegor example large
numbers of immigrants have imported many HDV cases into the United States ofcAmeri

(USA) and some European countries in recent year8%32 ast but not least, HDV screening
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was mainly based on detection of antibodies (IgG and/or IgM) against HDV-KHW), but
HDVRNAtesting was rarely performed in the majority of epidemiolog&taidies due to the

lack ofa standardized HDV RNA assay atsb because of economic considerati@ig, 75).
Clearly, antHDV IgG indicates resolved HDV infection while-ldBti/ IgM or RNA indicates
acute or active infection, and normally the positiate of HDV RNA among a#tDV positive
patients is only about 50%. Therefore, current calculated seroprevalance can only indicate the
previous overall exposure of HDV, the accurate ongoing burden cannot be ascertained.
Nevertheless, a reliable and reasohalestimate on HDV seroprevalence should help the
pubic to recognizethe public health challenge caused by HDV infection, provoking the
recommended testing for antiDV to be modified from current HBsfgsitive carriers who

are at high risk for HDV infaéoh to all HBsAgositive carries.
Clinical impact of HDV

Compared with HBV monrafection, co-infection of HBVwith HDVusually presentslistinct
clinical features with respect to symptoms iofection, epidemiological profile and disease
progression. De to the peculiar dependence of HDV life cycle on HBV, HDV can only be
transmitted asa dual infection in the presence of a concomitant infection with HBV (19, 67,
86).Two major patterns of dual infectiohave been describedimultaneous coinfection with
HBV andHDV of a susceptible individual; or superinfection with HD&/ahronic HBV catrrier.
As for simultaneous HBV and HDV coinfectibie, most common disease course in adult
immunocompetent individuals is that both HBV infection and HDV infeciwe
spontaneously resolve@7-89).In individuals, however, that fail to cleBBY, only a minority
can independently cleadDV infectionwhereas the majority will progress tchronic dual
infection with both viruseq86-89). As most superinfections occur individuals not capable

of clearing HBV, in generalinical outcome of HDV coinfectidm which both viruses are
usually cleared)s different from HDV superinfectior{which usually leads to persistent
infection with both viruses)

Importantly, HDVexposure either as a coinfection oasa superinfection, is associatedth
more sevee liver injury than HBV moninfection, even as its clinical manifestation still may
involve the full range of possible outcomes, from asymptomatic infection to acutedaihd
lethality (87-91). It is important to note in this context thahe overall prevalence of HDV

infection inthe context ofHBVremains unknown and hence the relative proportion of HDV
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patients stratified fordifferent severitiesof liver pathology renains obscure Generally
speaking chronic hepatitis D (CHD) is considet@dbe associated witthe most severe form

of chronic viral hepatitis, with eapid progression towards fibrosis/cirrhossd subsequent
clinical liver decompensation (38, 88, 82). Indeed, longitudinal studie®nfirm thata large
proportion of CHD patientswiftly progress to cirrhosis anelventually80%of GHD patients

will develop arhosis which is significantly higher thahe percentage seen in patients only
infected withHBV (91, 938). In addition, HDV might also be a direct risk factor for HCC
independent of the presence of cirrhosis, because the reported HCC incidence in CHD patients
is much higher thathat seen inHBV monenfected patients(95, 98101). It is intguingto

note that HDV genotype can also influence the outcome of CHD, with genotype 1 and 3 being
associated with more severe disease than genotype 2 and 41@6R which, again, highlights

the importance of genotype classificatiom assisthe clinicd management of HDV infection.
Although the notion that an HBV infection complicated by HDV infeéti@associated with
worse outcome is not controversial, statements on the natural course and incidence of HDV
are basedon a relatively small number ofrosssectioral and longitudinal observational
studies. Such studies are often provoked by signals that there is outbreak of HDV in a certain
region and it is fair to say that we have little insight into gtebal overall contribution of HDV
infection on outome of HBV infectiarHence there is plenty afiscussion andhe findings
reported are sometimes contradictory(96, 107, 108).Thus a timely systemic and
comprehensive data synthesis is not only necessary to clarify the relation of HDV {0 HBV
related lver disease, but also necessary to quantify the global disease burden in the context
of both HBV/HDV cinfection.

Prevention and treatment of HDV

Despite the fact that HDV had been identified as a separate disease entity atfeeages

agq there is no atisfactory Food and Drug Administration (F@proved therapy for this
potentially devastating disease (4, 37, 71, 89). Professional societal guidelines recommend
pegylated IFN (PeglFN) alpha for CHD treatment, which, however, necessitates adatgthy
effect-prone disease and has low success rate (4, 37, 71, 89). Since HDV lacks its own
polymerase, developing antivirals that directly and specifically target viral replicatiiéelis
impossible (4, 37, 51The increasing insight intdDV virology rad the life cycléhas provided

potential targets for therapeutic intervention and accordinglyltiple antiviral molecules are
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currently under development that should allow interferirige virallife cycle(4, 37, 71, 89).
These molecules includ&yrcludex B (blocks HDV entry into hepatocytes) (40d),
lonafarnib (a prenylation inhibitor that prevents virion assembly) (112, 113), REP 2139
(inhibits HBsAgs release from hepatocytes and intenaith HDAQ) (114); and the IHAimbda
(stimulatesthe host innae immune system) (115). Of note this context the lack of a viable

cell model remaing major impediment to HDV antiviral development. In fact, only since the
discovery of the HBV/HDV cell receptor NTCP between-2012,has it been possible to
createthe robust NTCHHBsAg cexpression cell model capable of supporting the entire HDV
life cycle (51, 6466, 110, 116). Nevertheless, HDV virion packaging takes areliRalfys in

such a model due td-HDAg translationrequired RNA editing and subsequenosp
translational modifications, which appear take much longer tharwhat is observed foHCV

or HEV (4, 37, 69, 71, 89, 116). Thus, although these novel antivirals hold great promise for a
cure for HDV patients, stopping more people from being infegtéd HDV could be a more
costeffective strategy in thend.

Becaus HDV can only be transmitted in the context oftéBVinfection, HBV immunization

for normal persons should also haveratectiveeffectwith regard toHDVtransmission(117,

118). HencelHBYV vaccine wasxpectedto effectively counteracthe spread of HDhfection

in the general population, and the implementation of mass vaccination programsewers
anticipatedto result in the complete eliminatioof HDVfrelated diseas@er se(117-122). An

HBV vaccine was developed and adopted in the 1B8@Dsand its implementatiordeads to

a significant decline in themountof HBsAg carrien® vaccinated populationgven ifinitial
vaccination uptakevas lowon a global scale, by 2018, 108 cougdrhadadopted infant
vaccination for HB¥Nnd 189 countriehad adopted use of the HepB3 vaccine, that involves
three doses of hepatitis B vaccire their populationwide vaccination programs (123, 124).
Thus,it would appear rational to expedhe prewalence of HDV infectioto go downin
conjunction with the universal implementation and increasing coverage of HBV vaccination.
Surprisingly,however, both recent regional and global estimatdsave shown a very
substantial burden inflicted by HDV €78).Obviously these results requiferther validation

of HDV prevalence and exploration of reastimst have conspired to producguch a result.

In the presentthesis | shall investigate HDV global burden and assess the impact of HBV
vaccination on the dynaios of HDV prevalence over the past decadtesill appear through

my systematic and comprehensive investigatitmest | can further confirnthe unexpectety
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substantiaHDV burderpresent in the worldput | can also objectify a favourali@pact of
HBV vaccinationcampaignson HDVprevalence. | shall suggest that the growth of world
population & a possible factor thats responsible for the maintenance and increaseHDV

global prevalence
Virology of HEV

HEVwas initially reported as the causative ageof a largescale, waterborne hepatitis
epidemicthat occurred in India in the late 1970s (12Bgfinitive confirmation of the nature

of the agent and the formal adoption of the associated homenclature came afpertaal
cDNA was cloned and sequendadhe 1990 (126). HEV can infect a broad range of species,
and these zoonotic, anthropotropic and anirmraktricted HEV or HENke virus isolates are
classified into the familyHepeviridae which is subdivided into the genefarthohepevirus
(speciesA-D) comprising all mammalian and avian HEV isolates and the g@msiiepevirus
comprising the cutthroat trout virus (6, 7). Up to now, eight HEV genotypes have been
identified and classified tohe specie€Orthohepevirus Ancluding the main HEV strainisat

affect humans (12-129). Specifically, HEV genotypes 1 and 2 are restricted to human hosts
and areprimarily transmitted via thedcakoral route, while HEV genotypes 3 andcdve
multiple hosts and can bé&ansmitted from zoonotic reservoirdgo humansthrough the
consumption of contaminated animal products (6, 7).

HEV is a small, quasinveloped, icosahedral virus of about¢d2 nm in diameter (6, 7, 130,
131). The genome of HEV is a 7.2 kb sisgbnded, positivesense RNA that contains three
overlgpping ORFs (ORF1, ORF2, and ORF3) in addition netlylguaninecalJLISR p Q
dzy 0 NI y af I GUFR) ani. X 2yF RSy @ f dndiHaRthus Rgnyt feakures af
eukaryotic mRNA (6, 7, 13B2).Following infection ORF1 ofhe uncoated HEV genomic RNA
isfirst translated directly by host ribosomes to produce the nonstructural polyprotein, which
containsvarious functional domains includinige methyltransferase (Metthe RNA helicase
(Hel),the RNAdependent RNA polymerase (RdRp), and severalemagmatc components
essential for viral replication (6, 7, 1-:333). Following the translation dgiis ORF1 polyprotein,

an antigenomic RNA (negativgense) intermediate is synthesized from the genomic RNA
(positivesense) by the RdRp, which then serves as gplai@ for the synthesis of fulength
genomic RNAF{.2 kb) anda shorter subgenomic RNAZ.2 kb)that harborsORF2 and ORF3
(which show significant sequence ovengp, 7, 130, 131, 13B35). The newly synthesized
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full-length genomic RNA either participates in a new round of transcription/translatios or
packaged into new progeny ions. Meanwhile, ORF2 is translated into the capsid protein that
is necessaryor virion assembly (136), cell entry (137, 138), and immunogenicity (139); while
ORF3 is translated into a multifunctional phosphoprotein that elssential for virion

morphogenesis and release (134, 140, 141)
HEYV infection and highisk populations

Mathematical modelling suggestisat HEV leads to 20 million new infections annually in Asia
and Africawhere the prevalent HEV strains are genotyfeand 2,resulting in3.4 million
cases of acute hepatitis, 70,000 deaths and 3,000 stillbirths (142). Globally, the annual figure
for HEV infectiosprovoked cases of acute hepatiisapproximatelyl4 million leading to
300,000 deaths and 5,200 stilithis (5, 6, 143145). While major HEV outbreaks are confined

to developing countries, a growing number gporadiccases have been reportefiiom
developed countrieswhere the prevalent HEV strains are genotypes 3 and 4 (5, 6, A46).
recent study has estinated that approximately 12.47% of the global population,
correspondingo 939 million individuals, haasver experienced HEV past infectias deduced

from studies investigating the prevalence afti-HEV IgG), 110 million individuals are
experiencing cuent/recent infection (as deduced from studies on the presencartf-HEV

IgM), and 15 million individuals are experienciragn ongoing infection €xtrapolated from
studies on the detection ofiral RNA) (145).

HEVinfectionis usually assaated with selflimiting acute hepatitisthat typically lass for a

few daystveeks (6, 131). Normally, the infection in healthy individualasymptomatic.
During the outbreaks, adolescents anpgbung adults are vulnerable to contracting HEV
infection but are mostly asymtomatic (147). Incontrast, disease course in vulnerable
populations can be problematicespecially in immunocompromised patients (organ
transplant recipients and cancer patients), children under two years of age and pregnant
women (6, 143, 147, 148)Oragn transplantation patientdear a high risk of developing
chronic hepatitis after HEV infection (6, 143, 147, 148). Immunosuppressant use severely
suppresses the immune system in transplant recipients, making them vulnerable to a variety
of infections Chronic infection n these patientsusually caused byHEVgenotype 3 and
occasionallypy genotype 4 (148.50).Pregnant womeracutelyinfected with HEV genotype 1

and 2 strains can develop severe complications such as acute liver failure, miscarriage,
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preterm delivery, stillbirth and perinatal mortality, resulting in high mortatitat approaches
15-25% (6, 143, 151152). Maternalfetal transmissionof the viruscan seriously affect
fetal/neonatal outcomesand these includanicteric or icteric hepatitidaypoglycaemia and
neonatal death (5, 153). Considering the higher risk and more severe disease outcome, it is
fair to say that these highisk populations should be given more attention in clinical

managementand developing specific antivirals for thenmr@&ns necessary
Developing antiHEV therapy by drug screening and repurposing

Forthe treatment for symptomatic HEV infection, no FB¥proved medication is currently
availableFornow ¢ f @ 3ISYSNI f | yiAGBANF f RNHzIairinkoy Of dzR .
their combination have been used as-tdbel treatment (5, 6, 131, 15B55).Unfortunately;
YEye LI GASyida INB y20 StA3A06tS 2NJ R2 y2i G2
of interferon is limited in transplant recipients due tioet associated significant side effects or

the induction oforgan rejectionby the treatment(156). Althoughribavirin monotherapy is
effective in a large proportion of patients, treatment failure has been reported in a subset of
patients (131, 157459). Mast importantly, ribavirin as the mogiromisinganti-HEV therapy

is contraindicated in pregnancy due to teratogenicity (L6herefore, further development

of new antiviral therapies against HEV is an urgent clinical need, particuiarly
immunocompromisd patients, young children and pregnant women. However, the
development ofbrand new antivirals typically consumesuge time and money, making it
impossible to satisfy HEV immediate therapeutic need in the short term. In this regard,
repurposing the exisg drugs proven to be safe in humans would be a readily and promising
way for developing HEV antivirals (161, 162).

HEVin vitro models based oneither infectious clons or subgenomiaeplicors, have been
successfully establishadhich should facilitatesfforts aimed at drug screenind62164).
Although HEV infection has mostly been associated with clinical manifestations involving the
liver, extrahepatic manifestations including neuronal and renal dise&se® been widely
reported (5, 165).In apparentagreement,preclinical models for studyinglEVhave been
establishedwith relative easen both hepatocyte and noimepatocyte cell ling, andthese are

now starting to beused for developing antiEV therapy (161, 162Jhese efforts are being
facilitated by the replacement of ORF2 gene in HEV replicon clone by a Gaussia luciferase

reporter gene inexperimental systemsyhichthen allows straightforwardmonitoringof HEV
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replication, making it a powerful tool to perform drug screem(161-164).In brief, potential
anti-HEV candidatecan befirst identified inaHEV replicosbased cell culture system by high
throughput screeningdf a drug library Subsequentlythe selected candidates are further
evaluated inmodels that involveinfection with infectious viruses (161, 162). Using this
strategy,the laboratory which hosted my Hh research hag@rospectively identified several
potential anttHEV candidates from the screening for a library of 94 knownisdiaman
broad-spectrum antiviral agents (162). Amotigese there were several candidates that
aroused myinterest, includingthe macrolide antibiotic azithromycin (AZM, a FDA pregnancy
category B drug) and ivermectin (an FBgproved antiparasitic drygThese compoundsave
been widely used in the clinic drare know to havebroad antiviral activitieg166-170). In
the present thesis | thus decided fost systematically and comprehensively evaluate their
activities in inhibiting HEV replication, themdelve deepeinto the underlying mechaniss
of-action. My findingson the anttHEV action ohzithromycin and ivermectireported in the
below, will support the further exploration of repurposing them for treating HERcted

pregnant women and organ transplantation recipients with chronic hepatitis E
Sope of this thesis

Viral hepatitigemains a major public health challenge that provogigmificant morhdlity and
mortality. Hepatitis D,as the most severe form of acute and chronic viral hepatisis
associated with rapid progression to cirrhosis aA€Cand urgently requires further
investigation aimed at devising rational strategies to counteract disedseatitis E as the
most common form of acute viral hepatitis associated with severe disease outcomug-

risk populations. Hencegeneration of a clear and quantitative global epidemiologynisw
requiredfor HDV, and there are urgent needs for novel and specific HEV treatment. In this
thesis, | aimed to investigate the molecular classification and epidemiology of HDV, and to
further explorethe antiviral activities and mechanisr$-action of two antiHEV candidates.

| firstly systematically analyzed tigenetic characteristics and getype of HDV, and secondly

| comprehensively assessed the global prevalentg dynamics of HDV infection.eit, |
mainly focused on the repurposing of azithromycin and ivermectin for potential HEV

treatment in specific populations and the evidence of their mechanisms of action

Outline of this thesis
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Establishing a standard molecular classification system isiatrdor the research and
treatment of HDV. HDV genotype plays an important role in the epidemiology, virus evolution,
pathogenesis, clinical course and outcome, as well as treatment response. Unfortunately,
current HDV molecular classification is incotesis as two different genotypic systems have
been proposed. This may be becausé¢hefhigh genetic diversityn this virus, in turrcaused

by RNA mutatiog, whereas recombination between strains in patients suffering from
concomitant infection by multiplstrains, further increasestrain heterogeneity. Adarssing

the present inconsistenciggquires an updated classification system, wpileper namingof

novel HDV genotype or subtypes would exceedingly benefit from the presence of
standardized criterialn Chapter 2 | systematically retrieved and analyzed a large set of HDV
full-length genome sequences. To clarify the molecular classification of HDV and establish an
updated system, | firstly standardized HD&jsences to antigenomic RNA employing a
conordant reading startsite, and the potential recombinants were also identified and
appropriately dealt with Based orthis new HDV classification, then mapped the global
distribution of different genotypes and subtypes. Finally, | also proposed stacdgeda for

future identification of novel genotypes and subtypes and compiled a complete set of
reference genomes for eachlstype, potentially avoiding furtheinconsistency in the future.
Recentresearch showthat the public health issue of HDV infen is much greater than
beforethought. Hence, a reliable @mation of the globaHDVburden would helpaise public
awareness, provoking appropriate strategies for better screening, prevention, and treatment.
In Chapter 3 | systematically reviewed dhe epidemiological and clinicabth available in

HDV literature and | was able todefine the prevalence, disease progression, and clinical
outcome of HDV infection. Based tns meta-analysis, | firsquantified HDV prevalence at
national, regional ath global levels, and analyzed several risk factors associated with HDV
transmission. Then, by data synthesis, | characterized the distinct epidemiological profile and
infection pattern of HDV, as well as the rapid clinical progression to severe liveseksea
Quantifying the global burden of HDV infection is, however, a real challenge due to insufficient
data and many other reasons. Underestimation and overestimation biases can also arise from
poor methodology and data processinbpadequate interpretatiorof existing data might
provokeinconsisten results Thus, this is a complex issue. Through my worKliapter 4 |

hope to provideanswers though. To better estimate apcedictHDV global burden, | revisited
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all previous calculations arttis allowedmeto obtain muchbetter insight into this burdemas
compared to what was possible before

Because of the absence of adequate therapy for kiPacttion and the dependence on HBV
for HDV infectiorto occur, HBV vaccination has bepnesented as a cosdffective strategy

for preventing HDV infectioand transmissionGiven the fact that HBV vaccination has been
adopted for decades and the coverage is increasingChapter 5 | systematically and
comprehensively assessed the impact of HBV vaccination on tiadys of HDV prevalence
during this period. To better characterize gedynamic changes, | first divided data into
groupsas perdecade, and then measured HDV global burden and infections among different
populations accordingly. By compariting results | further confirmed HDV substantial burden
and the preventive effect of HBV vaccination on HDV prevalence, and | also further highlighted
the possible contribution of world population growth to the maintenance of HDV burden.
Developing novel antHEV agets is apparently urgent, particularly for the specific treatment

in the highrisk populations. Repurposing existisgfe medicatiorfor treating HEV is thus a
promising solution to improve the current situation. Through drug screening, the macrolide
antibiotic azithromycin, a commonly used FDA pregnancy category B drug, arfeDike
approvedantiparasitiadrugivermectin, have been identified g®tentialanti-HEV candidates.

In Chapter 6 and /I thus further investigated their antiviral activities agaihl&V and their
underlying mechanisms, respectively. $heresults support potential repurposing of

azithromycin andvermectinfor treating HEVinfection.
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ABSTRACT

Hepatitis delta virus (HDV), as a defective-8uibs that ceinfects with hepatitis B virus,
imposes an emerging global health burden. However, genetic characteristicshalecular
classification of HDV remain under investigated. In this study, we have systematically retrieved
and analyzed a large set of HDV -fatigth genome sequences and identified novel
recombinants. Based on phylogenetic and genetic analyses, wedséalglished an updated
classification system for HDV when recombinants were excluded. Furthermore, we have
mapped the global distribution of different genotypes and subtypes. Finally, we have compiled
a complete set of reference genomes for each subtypd proposed criteria for future
identification of novel genotypes and subtypes. Of note, the global distribution map indicates
that currently available HDV genetic data remains limited, and thus our proposed classification
will likely evolve as future epaniological data will accumulate. These results shall facilitate
the future research on the diagnosis, screening, epidemiology, evolution, prevention and

clinical management of HDV infection

KEYWORDS

Hepatitis delta virusViral genomeViral RNA; cRNAZenetic recombinationGenotype
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INTRODUCTION

Hepatitis delta virus (also known as hepatitis D virus, HDV) is a defectivargsilthat
requires hepatitis B virus (HBV) surface antigen (HBsAQ) for virion assembly. The genome of
HDV is a circular negatignglestranded RNA (ssRNA) composed of approximately 1,700
nucleotides (nt) (1). It is considered the smallest RNA genome in all known animal viruses.
There are three forms of HDV RNA without any DNA intermediate during viral replication,
including circudr genomic RNA (negative), circular complementary antigenomic RNA (CRNA,
positive), and a short linear polyadenylated antigenomic RNA (positive) (2). This linear form is
the messenger RNA (mMRNA) template encoding only one functional open reading fraje (ORF
for the translation of the hepatitis delta antigen (HDAg) (3). Though HDV RNA is single
stranded, it is capable of undergoing selkavage and ligation to generate circular RNA. Due

to the high GC content of the nucleotide sequence, HDV RNA can assfah unbranched,
double-stranded, rodlike structure with over 70% intrnolecular basepairing (4).

Since the identification of HDV in the 1970s, this peculiar pathogen has been neglected over
the past decades (5, 6), and routine diagnosis is rardinical practice (7). However, €0
infection of HDV with HBV causes the most severe form of acute and chronic viral hepatitis in
humans (1). It has been estimated that almost 5% of HBV infected patients have HDV co
infection and up to 80% of these -tafected patients can further progress to cirrhosis (8, 9).
This longterm co-infection is associated with more rapid and severe progression to cirrhosis
or hepatocellular carcinoma (HCC) than HBV infection alone (7). Worse yet, clustered
outbreaks of HDV supeifiection periodically occur across the world, imposing an emerging
global health burden (1, 7).

As a singlstranded RNA, HDV is expected to evolve rapidly. Previous studies have indicated
that HDV genotype plays an important role in pathogenesis and ffi@esmcy of RNA editing

can affect its natural history (10). However, the genetic features of HDV remain poorly
characterized, and the current molecular classification systems are inconsistent (11, 12). Given
that the epidemiology, virus evolution, inféch course, clinical outcome, and treatment
response are likely associated with the different genotypes or subtypes, we aim to clarify the

molecular classification of HDV and to propose standardized reference genomes

MATERIALS AND METHODS
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Sequence downlad

All HDV fullength genome sequences available before 1 December, 2017 were downloaded
from NCBI Nucleotide Database. "Hepatitis delta virus" [Organism] NOT "patent” [title] was
used as the search term, and the search results were filtered by sequemgth ifrom 1500

nt to 2000 nt. 357 fullength sequences were retrieved from the search records but the final
dataset comprised 345 sequences after removing duplication. Information on accession
numberstrain/isolatecollection datecountry/geographic origp, if available, were

simultaneously retrieved from the Database.

Sequence alignment and recombinants identification

The original dataset was aligned by ClustalW (1.6) listed in the MEGA (version 7.0.26) using a
gapopening penalty (GOP) of 15 and a gagpeasion penalty (GEP) of 6.66 {13). RNA
sequences were standardized to antigenomic cRNA form reading from normal initial site. The
standardized dataset was realigned with woodchuck hepatitis B virus (WHYV, accession
number J04514, WHVS8 strain) (16) bjustalWwW and went through minimum manual
corrections. The well aligned dataset was used to construct the preliminary phylogenetic tree
using different algorithm models listed in MEGA. Strains emerged as outlier branches or
clustered as peculiar branches &bed at the crotch of different trees indicating the presence

of recombinant sequences. These strains presenting the conflicting signals were regarded as
potential recombinants and require further recombination identification. Recombination
events were cofirmed by Bootscanning analysis performed in Simplot v3.5.1 programs using
Kimura 2parameter with a 160 base pair (bp) window, a 20 bp step increment, and 1,000
bootstrap replicates. The recombination criterion is breakpoint high than >80% of the

permutedtree.

Phylogenetic and genetic analyses

The new dataset without potential recombinants was realigned. Model Selection (ML)
implemented in MEGA was used to find the best DNA/protein model. The best DNA and
protein models were the General Time ReversiblERIzmodel and the JondaylorThornton

(JTT) model, respectively. The Maximlikelihood (ML) tree was reconstructed using the best
model with 5 rate categories (G) and invariable sites (I). The Neiglimng (NJ) tree was

reconstructed using 4olistane@ model with Bootstrap method test. Branch support was
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calculated using 1,000 replicates, and only bootstrap values >70% were showed. Trees were
rooted with WHV8 strain.

HDV genotype distribution map was modified according to the free map templates/{(tittp:
maps.com/carte.php?num_car=13180&lang=en) using Inkscape 0.92.2 software. Nucleotide
similarities were calculated by the program Sequence Distances implemented in MegAlign
software (Lasergene software; DNASTAR), and genetic distances were calculMedGhy

with the Kimura Zparameter/gamma model and 1000 bootstrap replicates

RESULTS

Standardization of HDV fullength genome sequences and identification of

potential recombinants

357 original fullength sequences were retrieved, but 345 valid seqesnavere finally
included after removing duplications. Our preliminary alignment of original dataset found that
only a set of strains isolated from Brazil (accession number from KF786305 to KF786352) were
cRNA form (17), and all the others were genomic RIXA. Furthermore, several strains from
Turkey (accession number from HQO005364 to HQ005372) showed abnormal initial reading
site, starting and ending at site 227 (18). For further phylogenetic and genetic analysis, all
original genomic RNA sequences weransformed to cRNA form and these Turkey strains
were standardized to read from 1 to 1678.

Through preliminary phylogenetic analysis, 53 strains presenting conflicting signals were
screened out for further Bootscanning analysis. 33 out of these 53 stvagme finally
confirmed that substantial recombination events occurred. Among these, two strains
(AB118845 and KF660598) have been previously reported as recombinant (19, 20), and the
other 31 strains were newly identified recombinants in this st@iéigue S1 and Figure S2)

The recombination genotype component and corresponding breakpoint positions were

summarized imable S1

Phylogenetic analysis and updated molecular classification

After removing the recombinant sequences, the phylogenetic trees wenstoucted using
two different models, ML and NJ. The tree topologies obtained with the two models were

similar. The ML tree was shownHkigure 1land the NJ tree was shown kiigure S3In our
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Figure 1. Phylogenetic analysis of 312 HDV-letigth artigenomic RNA (cRNA) sequencdde
Maximumtlikelihood (ML) tree of eight HDV genotypes with subtypes showing the overall classification
framework. All original HDV fd#ngth genomic RNA sequences were transformed to cRNA sequences
and standardized to reafom 1 to 1678. The tree was reconstructed using the best DNA model,
General Time Reversible (GTR) model of evolution with 5 rate categories (G) and invariable sites (1).
Potential recombinants were excluded from the tree. Branch support was calculateg 11900
replications, and only bootstrap values >70% are shown. The tree was rooted with woodchuck
hepatitis B virus (WHV).
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rooted trees, 312 fullength strains were clustered as three big clades and further clearly
grouped as eight small solid cladegh 100% bootstrap value support. These eight clades
were corresponding to eight genotypes, and in line with the classification previously
descripted (12). Notably, genotype 2 and genotype 4 to 8 were consistently clustered as one
big clade, and genotyp& was located more close to the root of the trees.

As shown in the trees, eight genotypes were respectively further grouped into two (a and b)
or three (a to c) subtype@-igure 1 and Figure S3penotype 3 and 6 were segregated into
three subtypes, and enotype 1, 2, 4, 5, 7 and 8 were only grouped into two subtypes.
Referring to the nomenclature used for HCV (21), capital in the nomenclature of HDV subtypes
was used to indicate the unconfirmed status due to the available sequences less than three.
Furthemore, we performed the same phylogenetic analysis using subgenomic HDAg coding
gene fragment (600 nt) and the corresponding amino acid sequences. However, though some
genotypes could be classified faithfully by using subgenomic fragment or HDAg amino acid
the classification of many other genotypes and subtypes were var{&ijere S4A and S4B)

To further support our classification system, we compared the nucleotide similarities and
genetic distances between different grougsSigure 2 and Figure S5Fonparative genetic
analyses showed that HDV genotype 3 was distantly separated from other genotypes. The
intergenotypic nucleotide similarities and genetic distances between genotype 3 and other
genotypes were 61.783.97% and 0.330.355, respectively, ouite the ranges of
intergenotypic nucleotide similarities and genetic distances between other genotypes {69.64
79.96%, 0.20D.285). In addition, HDV genotype 1 showed higher divergence than other
genotypes. The nucleotide similarity of intersubtype betwsabtype 1a and 1b was 82.58%,
which was lower than the intersubtype nucleotide similarity range within other genotypes
(85.8290.49%). The genetic distance of intersubtype between subtype 1a and 1b was 0.162,
higher than the range within other genotype& @940.139).

Diversity of HDV genotype distribution

The global distribution of HDV genotype varies geographi¢kilyure 3) Genotype 1 is
common globally; genotype 2 and 4 are mainly in Asia; genotype 3 is in South America;
whereas genotype 8 are inAfrica. It is noteworthy that several genotypes or subtypes
concurrently prevail in most endemic regions, such as Asia and Africa. Particularly, HDV strains

circulating in Africa exhibit extremely high genotypic diversity
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representation of the identification criteria of HDV novel genotype or subtype. The comparisons of
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The detailed results of calculation were shown in Figure S5A and S5B.
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Proposed criteria for identifyng novel HDV genotype or subtype

Based on our phylogenetic and genetic analysis, we hereby proposed the identification criteria
for novel HDV genotype and subtype. Firstly, standardized HDNerigth antigenomic
sequence is recommended to be used. Seltprpotential recombination should be excluded
and phylogenetically cluster together as a solid group or subgroup is essentially required.
Finally, phylogenetic grouping should be supported by nucleotide similarity and genetic
distance of intergenotype omtersubtype. The demarcation of a novel genotype is the
intergenotypic nucleotide similarity at the range of 60-8%5% and the corresponding
intergenotypic genetic distance at the range of 0.ZDB60. For novel subtype, the
intersubtypic nucleotide siilarity and the corresponding intersubtypic genetic distance are
at the range of 81.5991.0% and 0.090.200, respectivel{fFigure 2)

Proposed reference genomes for HDV subtypes

In order to facilitate the communication between researchers and help fglahe
epidemiology of HDV, we proposed a standard reference set défudth genome sequences.
These reference sequences were selected according to the following detailed criteria. Firstly,
only fulHlength genome sequences were considered, and subgénfragments or potential
full-length recombinants were eliminated. Secondly, to ensure the clarity of the strain origin
and to minimize disruption of previous prototype notification, priority was given to the
sequences with full information, but previoumsted prototype strains (12) were also taken
into consideration at the same time. Thirdly, if there was no sequence with complete
information, priority was given to the prototype strain(s), if prototype strain(s) was/were
noted. Fourthly, if no sequence waavailable with complete information or noted as
prototype strain for a subtype, or more than one sequences were available for a subtype,
priority was firstly given to the sequence with earlier collection date, then to the sequence
earlier submitted to GeBank. If the collection or submission dates were identical, the
seqguence with lowest alphabetic/numeric accession number was proposed.

Finally, 21 fullength genome sequences were proposed as the references for eighteen HDV
subtypeqTable 1) We proposd one reference sequence for the each subtype of genotype 2
to 8. But 5 reference sequences were proposed for two subtypes of genotype 1. This is
because HDV genotype 1 showed more introgenotypic divergence than other genotypes. As

for la, a strain of ETA70 (accession no. KY463677) collected in 2013 was noted as the
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prototype strain of genotype 1 (12). However, another la strain named 360E1150
(accession no. JX888100) was collected in 2006, which was earlier than the prototype strain.
Thus, both s@ins were proposed as the reference sequences of la. For 1b, 14édnfyth
genome sequences were available to date. Because it was previously further classified as three
subtypes (12), thus three sequences were proposed to these three previously assigned
subtypes. Notably, all the proposed reference sequences were RNA form and only a few of

them have collection date available.

Tablel. Reference sequences for HDV subtypes
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) 00 l .noTdnTt *yYI 5yoTp HNNM +Sy ST dz
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f no . MmmMmyymy aAeél 1 m®dW! Hnnc WI LIl Yy
pl W:- yyymno ocmMmbOyTp HAnc bA3ISNRI
P po lamMmyooom RCNHnanp HANT D2
cl l WpynynTt RCWh HANp /I ' YSNE:
c co W-yyymnHu ocnok9ncn HAnc bA3ISNRI
c/ lamMmyoooH RCNHmMoO® HANT /1w
Tl  Wpynynn RGN HANp /' ' YSNE:
T T. lamMmyoooo RCNHmMpy HAMT /' YSNE:
, y I l Wpynynd RCNxnn HANp / Dh
/

y . [¢phnnyy RCNITnAT HAMT h5

a Capital standing for the unconfined status due to the available sequences less than 3.

®Previous designated prototype strains are indicated in bold.

¢Sequences with clear collection date are highlighted in bold, sequences with collection date missed and replaced
by Genbank releaseate are shown in italic.

4 GW- GuineaBissau; CARentral African Republic; C&@public of the Congo; Ca@zmocratic Republic of the
Congo

DISCUSSION

With the introduction of HBV vaccine, although the prevalence of HDV has declined in some
sporadic areasthe global prevalence of HDV is still high and even increasing in most of the
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endemic areas, such as Central and Northern Africa, the Amazon Basin, Eastern and
Mediterranean Europe, the Middle East and parts of Asia (5, 7, 22, 23).-Basiavan Africa,

the estimated prevalence of anitiDV has exceeded the global prevalence and around 7
million people are infected by HDV (7). HBgAgitive patients with HDV emfection showed

higher risk to progress to liver fibrosis or HCC compared to asymptomatiolsofY, 22, 24).

Thus, for better management or prevention of HDV infection, diagnosis and screening for
high-risk populations are recommended (5, 7). This in turn requires a unified HDV genotype
classification system. Due to the confusion as a negativecircular genome, both genomic

and antigenomic RNA forms of HDV genome sequences have been submitted to the Genbank
database by different research groups and a substantial set of sequences were even read from
abnormal initial site (17, 18). Furthermotjo different genotype classification systems have
been previously proposed (11, 12). Thus, it is urgent to clarify these inconsistencies, in order
to facilitate the future research in this field.

Previous studies have demonstrated that HDV homologocsmbination may occur both in
nature (patient with mixed infection) and the laboratory (cotransfection in cell culture system)
(25-27). Through phylogenetic and Bootscaning analysis, we confirmed two previous reported
recombinants and identified 31 new pattial recombinants. The two recombinants, one
intra-genotypic recombination (AB118845, 4a/4b) (20) and the other ig&otypic
recombination (KF660598, 2a/l1b) (19), have the same recombination pattern with only one
crossover. However, the other 31 nevitientified recombinants, have another predominant
pattern with two crossovers. The formation of different recombination patterns may be
associated with the distinct replication mechanisms of HDV genom@4R7Recombination
events were detected among senal genotypes, but more frequent in genotype 1 and 5. For
genotype 1, it may be explained by its global distributiBigure 3)12). Although genotype 5

is mainly present in Western Africa, the high recombination frequency may be associated with
the intergenotypic evolutional relationship and the African origin (12, 30). Analysis of the
recombination junctions has indicated that recombination events occurred at four regions
throughout the whole genome. Among these regions, nt 892 at genomic RNA
corregponding to nt 807985 at antigenomic RNA is the hotspot of HDV RNA recombination.
This genome region serves as the pseudoknot ribozyme domain of HDV genome. It is identical
with the hotspot fragment "D" previously shown in the HDN D\ 4 recombination mag28).

A model has been proposed to illustrate the mechanism of HDV recombination, which is via a
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virakRNAstructurepromoted templateswitching mechanism driven by the host RNA
polymerase (28), although further validation is required.

For molecular clasfication of HDV, eight clades have been proposed a decade ago, but
recently designated as eight genotypes (12). In contrast, a latest study has proposed to group
the eight HDV genotypes into three large genogroups by grouping clade 2 and clade 4 to 6 as
one (11). In our study, we have applied the ML and NJ models to reconstruct phylogenetic
trees based on standardized fl#ingth antigenomic sequences excluding the potential
recombinants. Indeed, all the HDV strains were clustered as three big cladefrimatr
grouped into eight groups with high bootstrap value support. Even though the three big clades
shared some characteristics as described, three genotype classification has neglected HDV
genotypic divergence. Besides, this classification systendontled HDV strains as genotype,

but not further into subtypes. Thus, we agree with the classification system of eight genotypes
(12). However, the subtype classification of genotype 1, 3 and 6 in our system showed clear
differences, compared to the prewis study (12). We grouped genotype 1 into two subtypes,

la and 1b. Because the previously classified strains of thelBDYADV1c and HD\d
subtypes (12) do not always cluster as independent groups but rather as one big branch
supported by over 70% Boatap value in our tree¢Figure 1 and Figure S3penotype 3 was
segregated into 3a, 3b and 3c three subtypes by including more sequences; whereas this was
not clear in the previous study due to the lacking of sufficient sequences (12). We classified
genotype 6 into three subtypes; whereas only two were previously defined (12). Consequently,
312 strains were further classified as eight genotypes with eighteen subtypes in our updated
classification system supported by high Bootstrap values, nucleotide tigeamid genetic
distance. Of note, neither HDAg gene fragments nor amino acid sequences can classify HDV
strains into subtypes faithfullfFigure S4)because many genotypic characteristics are located
outside of the HDAg gene (11, 12).

Among these eightenotypes, genotype 1 is the most predominant with highest divergence.
This may be resulted from prolonged widpread transmissio(Figure 3Y12). Genotype 3 is
located close to the root of phylogenetic tree, showing distantly nucleotide similarity and
genetic distance with other genotypes. Given that genotype 3 was only found in South
America(Figure 3)it is plausible whether this genotype is an independent lineage or the early
HDV progenitor. The exact evolutional relationship between genotype 3 dredt genotypes

requires further investigate. However, the current genetic data is still insufficient to address
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this question(Figure 3)5, 7). Importantly, based on our phylogenetic and genetic results, we
have proposed detailed criteria for identifyingwel genotype or subtype.

Finally, we have compiled a complete set of reference genome sequences for HDV subtypes.
The main criteria were based on previous study of hepatitis E virus reference genomes (31)
and the unique features of HDV. We have proposed reference sequence for each subtype

of genotype 2 to 8. But five reference sequences were proposed for the two subtypes of
genotype 1, because of the huge divergent. When generating these 21 reference sequences,
we found that the majority HDV fuléngth sequences have missing information, in particular

the collection date. Thus, we strongly recommend researchers to provide the essential
information, when submitting their sequence data to the online database.

In summary, we have systematically reteevand analyzed a large set of HDV-ledigth
genome sequences and identified novel recombinants. Based on phylogenetic and genetic
analyses, we have established an updated classification system for HDV when recombinants
were excluded. Furthermore, we hawnapped the global distribution of different genotypes

and subtypes. Finally, we have compiled a complete set of reference genomes for each
subtype and proposed criteria for future identification of novel genotypes and subtypes. Of
note, our global distbution map indicates that currently available HDV genetic data remains
limited, and thus the proposed classification will likely evolve as future epidemiological data
will accumulate. Overall, these results shall facilitate the future research on theadisgn

screening, epidemiology, evolution, prevention and clinical management of HDV infection
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ABBREVIATIONS

HDV, hepatitis delta virus/hepatitis D virus; HBV, hepatitis B virus; HBsAg, hepatitis B surface
antigen; ssRNA, singigranded RNA; nts, nuaédes; cRNA, complementary RNA; mRNA,
messenger RNA; ORF, open reading frame; HDAg, hepatitis delta antigen; HCC, hepatocellular
carcinoma; bp, base pair; WHV, woodchuck hepatitis B virus; ML, Maxikelihood; NJ,
NeighborJoining; GOP, gagpening pemlty; GEP, gap extension penalty; GTR, General Time

Reversible; JTT, Jor€aylorThornton
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SUPPLEMENTARY METHODS AND RESULTS

Supplementary Figures

US1988-Glb

GU17714-G8a
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KJ744253-GIb

72-G1b

HQO053
AM183328-G5a
AJS84845-GSa
AJS84846-GSa
LT604962-GSa

LT594472C
LT604958-GSb

LT604960-GSb
AJS84848-GSa
AMI183326-G5a

Figure S1. Bootscan analysis of 30 HDV-l&rigth recombinants.A 600 bp window, a 20 bp step
increment, and 1,000 bootstrap replicates were used. The query sequence was confirmed as
NBEO2YoAYylyl ¢KSYy (GKS AAYATINRGE gAGK (GKS daLI NB)
was over 80% of the permuted trees. The red line indicates the 80% thdesiseld to denote
significance between genotypes. Breakpoint positions were numbered to the aligned cRNA dataset,
and the corresponding original genomic positions were summarized in Table S1. HDV genotype 1, 2, 4,
5 and 8 could recombine with other genotyper subtypes; however, recombinants formed more
frequently with genotype 1 and 5. In terms of genomic breakpoint positions, 6507 694872,
11541340 and 1370 were the four RNA regions that recombination events occurred throughout the
whole genome, ad the corresponding antigenomic RNA positions were nt 10238, 807985, 339

525 and 309, respectively. Among these regions, nt&B2 at genomic RNA or corresponding to nt
807-985 at antigenomic RNA was the hotspot for recombination.

ABOBE679-G4b
AB118845-G4a
KF660598-G1

1

=Ta
~-7B
-Ba
-3B
Figure S2. Boastan analysis of one newly detected and two previous reported HDV-&nbth
recombinants AB088679 strain was newly detected in this study. AB118845 and KF66598 strains were
identified previously. A 600 bp window, a 20 bp step increment, and 1,000 baptstplicates were

dza SR® ¢KS [jdzSNE &aS1jdzSyO0S ¢4l a O2yFTANXYSR |a NBO2
reference sequences across the whole genome was over 80% of the permuted trees. The red line
indicates the 80% threshold used to denote sigaiice between genotypes. Breakpoint positions
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were numbered to the aligned cRNA dataset, and the corresponding original genomic positions were
summarized in Table S1. Two patterns of HDV recombination were showed. One category, such as the
two recombinans of AB118845 and KF660598, has only one crossover. The second category including
the other 31 recombinants has two crossovers.

A B

NI tree b

HDV-GI
(n=167)

2 HDV-G2
(n=14)

HDV-G4
(n=34)

e
58 .
3 K HEN Beal 8-Beacd
M 3 K THEII 1 HOV? 11Bead
e KFTIEEM 1 HOVI Brasi
3 MFTEEMS 1 &
G3%-KF TBEIZ6. 1-HDV3 Brazi 40 Benrd
G- 22063 1-Perat
Brazd
3 KFTHEL TIAMS-
T 1O A

7a HDV-G7
(n=12)

8B HDV-GE

& (n=6)

HDV-GS
(n=11)

HDV-G&
6a {n=11)

KT 14H0 Brazi 1 Beacd
#2 I G3c-KFTBEMS.1-H0V) Brazi4 1 Beand

(n=37)

| HDV-G3

Outgroup

Woodchuck hepatitis B virus (WHV)- JI4514.1-WHVS

Figure S3. The Neighbdoining (NJ) tree of 312 HDV fldingth antigenomic RNA (cCRNA) sequences.
(A) The overall framewdkr of HDV NJ tre€B)the topology of 1b branch indicating previous designated
three subtypes;(C) the topology of genotype 3 clade. All original HDV-&rigth genomic RNA
sequences were transformed to cRNA sequences and standardized to read from78torhé tree

was reconstructed using-gistance model with Bootstrap method test. Potential recombinants were
ruled out from the tree. Branch support was calculated using 1,000 replicates, and only bootstrap
values >70% are shown. The tree was rooted wibodchuck hepatitis B virus (WHV).
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A B

HDAg gene HDAg amino acid

\WHVS

WHVS

Figure S4. Maximuntikelihood (ML) trees of HDV subgenomic sequences. #®Ag coding gene
fragment; (B) HDAg amino acid. The General Time Reversible (GTR) model and th§ aldoes
Thornton (JTT) model were used e best DNA and protein model, respectively, with 5 rate
categories (G) and invariable sites (I). Potential recombinants were ruled out from the trees. Branch
support was calculated using 1,000 replicates, and only bootstrap values >70% are showeeThe tr
was rooted with woodchuck hepatitis B virus (WHV). The branches identical with tHenfyth
classification results were compressed.
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Intergenotypic nucleotide similarities and genetic distances
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Figure S5. The detailed results of calculated nucleotide similarity and genetic distance. (A)
Intergenotypic nucletide similarities and genetic distances distan¢i8) Intersubtypic nucleotide
similarities and genetic distances. The comparisons were based on 312 HiAAdihl cRNA
sequences. Nucleotide similarities were calculated by the program Sequence Distaptasented
in MegAlign software, and genetic distances were calculated by MEGA with the Kimura 2
parameter/gamma model and 1000 bootstrap replicates.

Supplementary Table
Table S1. The genotypes component of HDV recombinants
Recombined geatype Recombination event (position)
Accession NO.
Major Minor RNA cRNA

AB118845 4a 4b 1370 309
KF660598 2a/lb 1b/2a 827 852
AM902178 la 4a 12031340 339476
U81988 1b 2a 12031300 379476
GU177114 8a 6b 11541300 379525
AM779589 1b 2a 743872 807-936
KJ744240 1b 4h 743872 807-936
KJ744241 1b 4h 743872 807-936

48| Page



Chapter2

KJ744234 1b 5b 743872 807936
M92448 1b 5b 743872 807-936
LT594474 1b 6a 743827 852-936
AM902171 1b 6a 743790 889936
AM779576 1b 6a 743872 807-936
JX888113 1b 6a 743827 852-936
AM779593 1b 6a 694-872 807-985
LTS94477 1b 6a 694-872 807-985
M58629 1b 6a 694-872 807-985
AM779592 1b 6b 743827 852-936
LT604941 1b 6b 694-872 807-985
KJ744253 1b 6b 743790 889936
AM902174 1b 8a 743872 807-936
AM902173 1b 8a 743872 807-936
HQO005372 1b 8a 743872 807-936
AM183328 5a 2a 743872 807-936
AJ584845 5a 4b 724844 835955
AJ584846 5a 1b 694-872 807-985
LT604962 5a 6a 743872 807-936
LT604960 5a 2a 743872 807-936
AJ584848 5a 2a 743872 807-936
AM183326 5a 2a 743872 807-936
LT594472 5b 2a 743872 807-936
LT604958 5b 6a 694-872 807-985
AB088679 4b 3c 577650 10291133

The designation of subtypes was according to our updated classification system. Two previous
reported recombinants were indicated bad.
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ABSTRACT

Background Hepatitis delta virus (HDV) -@afects with hepatitis B virus (HBV) causing the
most severe form of viral hepatitis. However, its exact global desbasden remains largely
obscure. We aim to establish the global epidemiology, infection reidified disease
progression and clinical outcome of HDV infection.

Methods: We conducted a metanalysis with a randoraffects model, and performed data
synthesis.

Results The pooled prevalence of HDV is 0.80% (95% Ci1M063 among the general
population and 13.02% (95% CI 118611) among HBV carriers, corresponding te608
million infections globally. Among HBV patients with fulminant hepatitis,hasis or
hepatocellular carcinoma, HDV prevalence is 26.75% (95% C3®02®), 25.77% (95% CI
20.6231.27), and 19.80% (95% CI 1683®745), respectively. The odds ratio (OR) of HDV
infection among HBV patients with chronic liver disease compared tog@synatic controls

is 4.55 (95% CI 3.€b67). HDV cinfected patients are more likely to develop cirrhosis than
HBV monanfected patients with OR of 3.84 (95% CI 18724). Overall, HDV infection
progresses to cirrhosis within 5 years, and to hepatotai carcinoma within 10 years in
average.

ConclusionsFindings suggest that HDV poses a heavy global burden with rapid progression

to severe liver diseases, urging effective strategies for screening, prevention and treatment

KEYWORDS

Hepatitis delta wus; Epidemiology;Disease progressiomjrrhosis;Hepatocellular carcinoma
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INTRODUCTION

Hepatitis delta virus (also known as hepatitis D virus, HDV) is a defectivargsilthat
requires hepatitis B virus (HBV) surface antigens (HBsAgs) to propdgatewing its
discovery in the 1970s, HDV has been largely neglected over the past decades, and
establishing HDV status has been relatively uncommon in routine clinical practice. Early
reported global prevalence of HDV was estimated aR@5nillion infections, corresponding

to about 5% of HBV carriers (1). This relatively complacent view on the HDV public health
problem was challenged in 2017, when a study targetingSaihbaran Africa estimated the
presence of seven million infections in this specifigioa alone (2). Indeed, a subsequent
study in 2018 estimated the wordide number of HDV infections at about-82 million (3)

and this number was recently upwardly revised to 74 million (4). Thus, the public health
problem posed by HDV infection appeansch bigger than initially assumed. However, there

is ongoing debate regarding the exact global prevalence of HDV (5, 6), and regional estimates
remain largely lacking.

Globally, viral hepatitis causes around 1.34 million deaths annually, with 66% oééltiesd
attributed to HBV infection (7). Which fraction, however, of the HBYociated mortality
involves disease complicated by HDV infection remains uncertain. Despite being a defective
virus, HDV is generally associated with the most severe forms oé and chronic viral
hepatitis in humans. Patients infected with both HDV and HBV display apparently dramatically
accelerated progression to cirrhosis and development of hepatocellular carcinoma compared
to those patients displaying HBV infection alon€l(8. It is thus likely that HBV complicated

by HDV infection is associated with alternative disease progression, treatment response and
patient outcome when compared to nedDV complicated HBV infection, but quantitative
data on the contribution of HDV inf&on on outcome of HBV infection are largely lacking (11
13). Interestingly, HDV infection can occur either via simultaneous coinfection with HBV of a
susceptible individual or through superinfection of an HBV carrier (14). These two
transmission modes nyaalso lead to distinct clinical outcome but again systematic analysis of
such an effect has not been performed (14). By performing a systematic reviewamaigsis

and additional data synthesis, we aimed to generate a{smfhfidence estimate of the ghal
prevalence of HDV infection and its relation to outcome HBV infection in the context of both

HBV/HDV coinfection as well as of HDV superinfection in an existing HBV infection
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MATERIALS AND METHODS

Literature search and selection criteria

For this syematic review and metanalysis, we searched EMBASE, Medline Ovid, Cochrane
Database, and China Knowledge Resource Integrated database forseotiemal and
longitudinal observational studies measuring the prevalence and outcome of HDV infection,
published in English and Chinese languages from database inception to February 2019. The
prevalence of HDV was defined by the detection of HDV antibodiesH&ntilgG and/or anti

HDV IgM) using immunoassay, supplemented by the additional detection of delgeamind

HDV RNA. Study subjects were classified either as general population or HBsSAg positive
carriers, and for further suanalysis groups were divided into blood donors, population at
large (general group), intravenous drug users (IDUs), people witkrisigsexual activity, HIV
patients, HCV patients, blood transfusion recipients, mixed patients, patients with liver
disease and asymptomatic HBV carriers, as per cohort information. HBV patients with liver
disease were divided into different categoriegute hepatitis (AH), fulminant hepatitis (FH),

chronic hepatitis (CH), liver cirrhosis, and hepatocellular carcinoma.(HCC)

Data collection and processing

Nonredundant records were initially screened by title and abstract according to the selection
criteria independently performed by Z.M and S.L. The selected results werectredsad to

resolve discrepancies, and the remaining disagreements were discussed with J.L and Q.P and
resolved by consensus. Subsequently, the selected records were subjectaexiull
assessment, and data were extracted from the primary literature independently by Z.M and
S.L. Discrepancies were identified and resolved by discussing or arbitrage by J.L and Q.P. For
exclusion of potential duplicate data from the same geographarztion, consensus by the
investigational team was achieved. Authors from primary studies were contacted for
clarification if required.

The quality of the studies included was assessed by a scoring system (15, 16), which was
independently performed by twonvestigators (Z.M and S.L) and reviewed by the other
investigators (J.L and Q.P). Then, sensitivity analyses were performed to assess the effects of

study quality and data source. Our study was done in accordance with the Preferred Reporting
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ltems for Syematic Reviews and MetAnalyses (PRISMA) guidelines and Guidelines for
Accurate and Transparent Health Estimates Reporting (GATHER) statements. (17, 18)

Statistical analysis

The Metaprop module in the-B.4.2 statistical software package was used foraraatalysis.

The pooled prevalence was calculated by the DerSimeloéém randorreffects model with
FreemanTukey double arcsine transformation (19, 20). The 95% confidence interval (Cl) was
estimated using Wilson score method. Odds ratios were pooled @&hSimoniar_aird
randomeeffects model. To avoid small sample bias in the random effects model, we excluded
studies with fewer than 100 subjects for the general population and 20 for HBsAg positive
carriers. Detailed information regarding materials, medb@and related references as well as

additional discussion are provided in the online Supplementary Data file

RESULTS

Estimates of HDV prevalence at national, regional and global levels

Our search returned 3,518 records, and 634 of these met the inclugiteria(Figure 1) In

total, 332,155 individuals of the general populations from 48 countries and regions and
271,629 HBsAg positive carriers from 83 countries and regions were in¢lbidpplementary
Figure 1) For estimating the global prevalencee walculated that the pooled prevalence of
HDV is 0.80% (95% CI 0X680) in the general population and 13.02% (95% CI 114951)
among HBsAg positive carriers, corresponding t&@8nillion infections worldwid€Figure

2). China, India and Nigeria athe leading countries in this respe¢Figure 2 and
Supplementary Table 1)Regionally, HDV is highly prevalent in central Asia, eastern Europe,
tropical and central Latin America, as well as central and wesSsiaran Africg§Table 1)

Asia (44.41%655%) followed by Africa (22.3688.37%) are predominant with respect to
global HDV burden. HDV infection is especially prevalent iAarloeme and lowemiddle
income countries, but concomitantly data from these resodingted countries are relatively

limited (Table 1 and Supplementary Figure 2)
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English articles 1980-2019 in Medline, Embase, and Chinese articles 1980-2019 in China Knowledge
Cochrane CENTRAL Resource Integrated database
Medline n=2690 Total
Embase n=2420 Before de-duplication n=574
Cochrane CENTRAL n=151 After de-duplication n=500
Total
Before de-duplication n=5261
After de-duplication n=3018

y
Records screened n=3518

Records excluded on the basis of title and/or
abstract n=2593

Full-text articles assessed for eligibility n=925

Records excluded on the basis of full-text
n=291

<] 1) Treatment articles

2) Duplication or repeat study

3) Sample size

4) Study information

Studies included in quantitative synthesis n=634

Figure 1. Flowchart of study selection

Analysis of risk factors for HDV transmission

Further analysis of our data showed that the prevalence of HDV is high among IDUs but low
among blood donor¢Supplementay Table 2) IDU, HIV and HCV are the remain risk factors

for HDV transmission observed in HBsAg positive carriers with respective ORs of 15.44 (95%
Cl 8.6827.49), 2.99 (95% CI 1-8488), and 3.05 (95% CI 1-186), relative to controls
(Supplementary @ble 2) There is no significant difference for the prevalence of HDV in males
(14.95%; 95% CI 12-43.67) versus females (14.18%; 95% CI 117490) among HBsAg
positive carriers, with an OR of 1.05 (95% CI1-2.91)(Supplementary Figure-3).
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Figure 2. Global prevalence of HDV infectiqA) General population(B) HBsAgpositive carriers.
Blank means HDV pooled prevalence is not applicable due to lacking HDV iefnderal data. First

ten counties for the estimates of HDV burden were listed respectively. Hepatitis delta virus, HDV;
hepatitis B virus surface antigens, HBsAgs.

HDV infection presents a distinct epidemiological profile among HBV patients

There are hally data that comprehensively capture as how and to what extent HDV
contributes to severe liver diseases. Interestingly, the prevalence of HDV infection in HBsSAg
positive patients is very distinct between different forms of liver pathology. Among acute HBV
patients, HDV infection is much higher in FH (26.75%; 95% Ci3A2) as compared to less
symptomatic cases of AH (11.70%; 95% CI-84981)(Figure 3A) In chronic HBV patients,
HDV infection rates are low in ASC (3.96%; 95% GHAB&R but are lgh in CH (16.75%; 95%

Cl 14.0019.69), cirrhosis (25.77%; 95% Cl 28627), and HCC (19.80%; 95% C| 1B00%5)
(Figure 3B)Comparison of symptomatic chronic HBV patients with asymptomatic controls of
the same population yielded an OR for HDV in@ecbf 3.56 (95% CI 2.2265), 6.75 (95% CI
4.42-10.30), and 5.61 (95% CI 2-62.09) for CH, cirrhosis, and HCC, respect{\etyure 3C)

The pooled OR of these severe liver diseases is 4.55 (95%-6l&¥Hand thus HDV infection

is significantly linkd to more serious pathology in HBV patients
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Figure 3. The epidemiological profile of HDV infectid@) Prevalence of HDV among acute HBV
patients. (B) Prevalence of HDV among chronic HBV patief@3Forest plot of hepatitis D virus
prevalence amongatients with chronic liver diseases compared with asymptomatic controls. Data
are pooled from a randoreffects model. Hepatitis delta virus, HDV; Asymptomatic carrier, ASC; Acute
hepatitis, AH; Fulminant hepatitis, FH; Chronic hepatitis, CH; Hepatacetiatcinoma, HCC;
Confidence interval, ClI

Different infection patterns of HDV infection result in distinct outcomes

Two major HDV infection patterns, coinfection and superinfection, provoke different
outcomes(Figure 4A) The majority of HBYAIDV ceinfected patients spontaneously recover
from HDV infection (80.96%; 95% CI 488191), but only a minor proportion of
superinfected patients recover (30.35%; 95% CI 13230). In contrast, only a relatively
small proportion of canfected patients develophronic disease (10.45%; 95% CI| 4.8%2),

but a substantial proportion of superinfected patients progress to chronic disease (77.38%;
95% CI 55.093.54). The OR to recover or become chronically infected following HDV
coinfection are 5.05 (95% CI 1-4%.56) and 0.05 (95% CI 0:027), respectively, relative to
HDV superinfection. Stratification according to the pattern of viral infection reveals that most
patients are HDV dominant (69.28%; range 5@B8®5) or HB\HDV codominant (27.56%;
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range 14.5240.60), with only a small fraction of patients being HBV dominant (3.16%; range
3.10-3.23). Thus, patients with HBV infection will clearly benefit from measures that prevent

further HDV infection

A 22,
Q} \, S,
o @ o = QKF 80.96% (48.71-98.91) 30.12% (9.36-56.54) 10.45% (4.49-18.52)
rw;{' a3 - : p ~ HDV >HBV
Coinfection ‘ 69.28%
HBV HDV (range 56.30-85.25)
Recovery Death ersistent infectio
pr HDV - HBV
OR: 5.05 (1.45-17.56) OR: 0.59 (0.29-1.18) OR: 0.03 (0.01-027) v
27.56%
\ (range 14.52-40.60)
30.35% (12.05-52.70) 38.57% (5.70-79.35) 77.38% (55.09-93.54) 3.16%
(range 3.10-3.23)
Supu mfu.ll(m
HBV HDV
B 2.84% (1.42-4.73)

0.44% (13.32-50.99) 3.0 (1.5-4.0) years

39.20% (13.14-69.16) 15(1017):«Lars"

: : Hepatocellular
Chronic infecion *—»{ Chronic hepatitis T’@j—, carcinoma

53.79% (35.16-71.88) 14.04% (9.51-19.30)
— 3.3(0.5-8.0) years 3.7(1.0-9.0)y
76.47% (63.98-86.98) ¢ ! ( ) years
~3.0 years I
Liver transplantation
29.74% (19.43-41.22) 3.1 (0.5-12.0) years (HDV protective effect)
5.61% (1.97-10.95) 5.4 (1.0-15.0) years
Year 0 Year 0.5 Year 5 Year 10

Figure 4. Schematic diagram of HDV infection and disga®gression.(A) HDV infection patterns.
Coinfection is that HDV and HBV simultaneously infect an individual or HDV infect the individual at the
early stage after HBV infection. The essential diagnostic marker of this pattern is positive HBsAg and
highttiter of antiHBc IgM antibodies. Superinfection is that HDV infects the individual who has already
established HBV infection or is a chronic HBV carrier (HBsAg positiveliB&ntijM antibodies are
absent in this pattern. HDV>HBV, HDV replication domirtdbt/~HBYV, HDV and HBV codominant;
HDV<HBYV, HBV replication domingB{.Clinical progression of HDV infection. Pooled probability was
shown with 95% CI unless specifically indicated. Time was shown as mean (range). The total percentage
exceed 100% afterada synthesis. Hepatitis delta virus, HDV; Hepatitis B virus, HBV; hepatitis B virus
surface antigens, HBsAgs; Odds ratio, OR

HDV infection leads to rapid progression to severe liver diseases

We observe that HDV infection predisposes to rapid progressitansevere liver diseases

(Figure 4B) Upon acute infection, 39.20% (95% CI 1&%34.6) of HD\infected patients
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develop CH within a mean of 1.5 years (rangellA) and 30.44% (95% CIl 135299) to
cirrhosis within 3 years (mean, range -1.9). Forestablished chronic infection, 76.47% (95%
Cl 63.9836.98) of HD\Infected patients develop CH within a mean of 3 years, and 29.74%
(95% CI 19.431.22) to cirrhosis within 3.1 years (mean, range-129). With respect to
patients with CH, 53.79% (95%3611671.88) of the patients with CH will progress to cirrhosis
within a mean of 3.3 years (range @8%), and 14.04% (95% CI 9B4.30) of the cirrhotic
patients will progress to HCC within a mean of 3.7 years (rang8.Q)0In general, HDV
infection progresses to cirrhosis averagely within 5 years, and to HCC within 10 years in
average.

Compared to HBV morafection, double infection with HDV results in more severe clinical
outcome. Among doubkinfected patients, only 14.99% (95% Cl 238722) ae
asymptomatic but 38.85% (95% CI 314%739) are cirrhoti¢Figure 5A)In contrast, from the
HBV moneinfected patients, 14.36% (95% CI 101®30) is cirrhotic, whereas 57.2% (95% CI
26.1085.42) is asymptomatic. For doubldected patients, the oddgatios for being
asymptomatic, or having a diagnosis of cirrhosis, HCC or mortality are 0.12 (95%0C2D)06
3.90 (95% CI 2.98.18), 1.97 (95% CI 1:3278), and 2.05 (95% CI 1-3%6), respectively,
relative to HBV monanfected patients(Figure 5B. The observed probability for cirrhosis
development is much higher among doulitdected patients (40.50%; 95% CI 2261043)
than HBV monanfected patients (14.22%; 95% CIl 821617), with an OR of 3.84 (95% CI
1.798.24)( Figure 5C)interestinglythe positive rates of either HBeAg and HBV DNA in serum
of doubleinfected patients are lower than those observed in HBV mimfiected patients
with respective ORs of 0.74 (95% CI é0(3) and 0.47 (95% CI 0-8(r4)(Figure 5D)

Quality and sensitivityanalyses

In our quality and sensitivity analys€Supplementary Table 3 and 4, Supplementary Figure
6-11), the exclusion of lovscoring studies or the data from literature of Chinese language only
showed minor effects on the estimates of the overall plenae of HDV infection both among

the general population and HBsAg positive population. However, the exclusion of these
Chinese studies published in the Chinese language decreased the pooled prevalence in China
of the general population from 0.69% to 0.488tobably due to the influence by an extremely

large negative cohort study from Hong Kong, but increased the rate of HBsAg positive
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individuals from 10.16% to 14.37%. Additionally, we noted significant heterogeneity within

our metaanalysis

HDV+ vs. HDV-  OR (95% CI)

ASC ratio 012 (0.06-0.21) +
Others Cirrhosis Cirthosis ratio ~ 3.90 (2.94-5.18) |—|—
TCC ratio 197 (1.02-3.78) :
Death ratio 2.05 (1.18-3.56) :
HDV positive 0 05 1 15 2 25 3 35 4 45 3
Death 11CC HDV negative The estimates

e . OR=0.47 (0.30-0.74) .
HDV positive Vs, HDYV negative 80 ] HDV positive

Outcome I [ HDV negative
60+
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Figure 5Clinical outcome comparison between HDV positive and negative patiegi3Radar chart
represents the composition of liver diseases among patief@¥yForest plot of liver disease ratio
among HDV positive patients compared with HDV negative patienta.dda pooled from a random
effects model(C)The development of liver diseases among HDV positive patients compared with HDV
negative patients(D) The suppressive effect of HDV on HBV replication. Hepatitis B e antigen (HBeAQ)
and HBV DNA are the indices of HBV replication. Asymptomatic carrier, ASC; Hepatocellular
carcinoma, HCC; Odds ratio, OR; Confidence interval, Cl; Hepatitis B e antigen, HBeAg

DISCUSSION

In the present study we estimate that there are 48 to 60 million cases of HDV infecki@4n
infected individuals worldwide, yielding a global prevalence of 0.80% in the general population
and 13.02% in HBsAwpsitive carriers. A recent study that reported a global prevalence of
0.98% (3), but our study provides a more accurate estinf@tgpgementary Data) and is in

line with the recently postulated global prevalence of 0.82% (6). The discrepancy with earlier

studies can largely be attributed to the stratification for different populations and the
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exclusion of norepresentative populationge.g., IDUs, HIV patients, and patients with liver
diseases). This avoids overestimation as was the criticism made with regard to the previous
studies (5, 6).

The substantial global burden of HDV infection is fostered by several factors. Although it was
previously identified as the satellite virus of HBV, a recent experimental study has
demonstrated that HBVWnrelated viruses can also act as helper viruses for HDV transmission,
such as HCV (21). Interestingly, we observe a high prevalence rate and-airtteséncrease

in the odds for HDV infection among HBIZV doublenfected patients. These results appear

to support the experimental findings that HCV may assist the assembly and secretion of HDV
infectious particles in patients, but requires further confatory investigation (21). Moreover,

our study shows that the prevalence of HDV is extremely high amongpbiitwe IDUs. Thus

our study fits well with previous work showing the importance of injection drug use in driving
HDV transmission (2, 3). Notgbprevious study reported that IDUs represent a large reservoir

of HDV burden (7). Indeed, we observe a fifteines increase in the odds for HDV infection

in HBVpositive IDUs as compared with HBW®Sitive nondrug using counterparts. However,

we estimde that only approximately 1.24%.56% and 1.04%.31% of the HDV burden can

be attributed to users of intravenous drugs (743,000 cases) and HIV exposure (624,000 cases),
respectively (16, 22). Thus strategies aimed at reducing HDV transmission by |Didsndye
effective in reducing HDV prevalence because they prevent contagion of the population at
large.

The prevalence of HDV varied substantially between geographical regions. With respect to the
general population, in 18 countries the prevalence is dMrand over half of the countries
involved are from Africa while Latin America also has a fair number of high prevalence
countries. Particularly, HDV infection rates highly prevail in Tunisia (15.33%), Mongolia
(8.31%), and Niger (5.04%). Among HBs@give carriers, the prevalence of HDV in 13
countries is excessf 30%, while in 10 countrigs between 20%30%, and in 23 countries is
between 10%20%. Consistent with previous observations, central Asia, eastern Europe,
tropical and central Latin Americas well as central and west s@aharan Africa are high
endemic areas of HDV infection (3). Our findings show that Asia (4468B%%) and Africa
(22.309%38.37%) constitute the largest populations hit by HDV infections. Notably, Asia and
Africa are thdarge reservoirs for HBV infection and accordingly are also the shdrateas

with respect to HDV burden (23).
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Regarding the estimation at national level, potential bias may be present in particular
countries. Because of the limited sample number, themld be overestimation in the
general population from these countries such as Colombia (1703), Nigeria (1418jaRaki
(2076), Tunisia (750) ahtdhanda (358), compared with the estimations among HBsAg positive
carriers(Supplementary Table 1)Besidesthe limited origin of the samples among general
population may also lead to overestimation in country like Bré&ilpplementary Data)
Finally, the national estimations of HDV prevalence are balanced by the estimations among
general population and HBsAgstive carrierdSupplementary Data)Our results show that
China, India and Nigeria are the top three countries with respect to the number of HDV
infected individuals.

The importance of highlighting the high global prevalence of HDV infection isatkcstioy

the neglect in screening for HDV. Indeed, there is a paucity of studies about HDV prevalence
in low-income and lowemiddle-income countries. Such countries account for 50% of the
world population, 60% of HBV burden but 70.32%034% of HDV burdg@3). Also in view of

the observed propensity for serious liver disease in HDV superinfected individuals observed in
the present study, a global health need emerges for effective prevention especially aimed at
these countries.

The implementation of a glml HBV vaccination program may be a esfé¢ctive approach in

this respect. Previous studies and mathematical modelling suggest that a HBV vaccination
coverage above 80% is sufficient for eventual eradication of both HBV and HDV infection (3,
24). Earlghildhood HBV vaccination coverage, however, is still low (globally only 39 % in 2015),
especially in African and SodHast Asia (7), and it is estimated that over 100 million people
are annually de novo infected with HBV (25, 26). Thus more effortsisnréispect are
necessary.

An important finding of our study is the dichotomy in outcome between simultaneous
coinfection with HBV/HDV and a later HDV superinfection. The majority of theHBBACeo
infected patients spontaneously recover, whereas a suligthproportion of superinfected
patients progress to chronic diseagupplementary Data)The implication of this result is

that treatment of HBV carriers is important, as to prevent later chronic HDV infection.
Unfortunately, only 10% of HBV infectioase diagnosed, and only 5% receive antiviral
therapy, also because of the relatively high costs associated withdiBdted antiviral

therapy (23). We find clinical evidence that HDV and HBV actively interact with each other,
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resulting in three replicatie patterns, but most patients are HDV doming8tpplementary

Data) Mechanistically, this may be partially explained by a previous experimental study that
HDV replication can suppress HBV replication by interfering with HBV mRNA synthesis and
stability (L1). Furthermore, HDV infection can induce the production of both type | and type

Il interferons IFN | YR OECWKAOK 020K AYKAOAG 1.+ AYyFSOQ
selfinduced innate immune responses (27, 28).

HDV infection is associated Wwiprogression to severe liver disease but, intriguingly, different
liver diseases associated with HBV infection show a distinct relationship to HDV status. Among
acute HBV patients, although vast majority of the data were collected from the studies
published before year 2000, HDV infection is much higher in FH (26.75%) as compared to that
in less symptomatic cases of acute hepatitis (11.169%@ure 3A)29-31). The figure that HDV
infection is much more often observed in more severe symptomatic cases [dsm
symptomatic cases is identical among chronic HBV patients, and this is also well supported by
the pooled odds ratigFigure 3) Together, HDV prevalence is particularly high in symptomatic
HBV patients, especially patients with fulminant hepatitis aendhosis, than less symptomatic

or asymptomatic cases. Over half (52%) of the patients suffering from acute HDV infection
develop chronicity, and the majority (76%) of these chronically infected patients progress to
CH. In turn, half (54%) of the CH pats progress to cirrhosis within three to five years (10,
32-34), and thus disease progression is much more aggressive in patients with HDV infection
as compared to those suffering from HCV or HBV infection alone (35, 36). These results may
correspond tgprevious findings that HDV replication synergistically activates hepatitis B virus
X (HB¥mediated TGF | iR sighaling cascades, both linked to fibr¢Sispplementary

Data) (37, 38). Counterintuitively, however, protective effects has been assatiaith an
HDVpositive status on the outcome of liver transplantation for cirrhosis or HCC (39).

There are several limitations of our study. First, we failed to collect sufficient data regarding
antiviral treatment. Second, we mainly included publicasiam English, but also included the
literatures published in Chinese language. This improves results because China bears a large
part of the global HBV burden, but available English publications are mainly from Taiwan, and
the prevalence of HDV may be difént from the mainland and Taiwan. Thirdly, HDV is
currently classified into eight genotypes (40) and different genotypes maybe lead to distinct
clinical outcomes, but we did not include this aspect in the analysis because available data is

limited. Fourhly, we performed the estimates both among the general population and HBsAg
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positive population. Interpretation of results relating to the latter is directly influenced by the
HBV burden reference, but this itself is uncertain with estimates ranging fe&dmdllion to

500 million (41). We employed the most frequently cited reference burden of 367 million and
estimated the infection of HDV as 48 million, but HDV estimates range from 32 million to 61
million when refer to different HBV estimatgSupplementay Figure 12) Finally, the
interpretation of our estimates may be affected by the study quality, data source and study
population included, resulting in variations that may increase the heterogeneity in our analysis
(Supplementary Data) Thus, our currenestimates will likely evolve as more highality
epidemiological data come available.

In summary, we now provide a higlonfidence estimate of global HDV prevalence, although
our results also show the need for highality epidemiological surveys for MIn lowincome

and lowermiddle-income countries. Our results quantify the effect of HDV infection in the
context of HBV infection and highlight the risk of HDV superinfection in this context. Overall,
our study shows that the global HDV burden is sultsanwhereas its association to rapid
progression to severe liver disease calls for more efforts with respect to screening, prevention

and treatment
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SUPPLEMENTARY METHODS AND RESULTS

Methods

1. Search term and records

(1) embase.com

(‘'Hepatitis delta virus'/mj OR 'delta agent hepatitis/mj OR 'hepatitis delta antigen'/mj OR
((Hepatitis NEAR/3J€lta)) ORHepattis d' OjR hdv OR hdag):ab,ti) AND (‘prevalence’/de OR
prevalence/de OR ‘'epidemic'/deOR epidemiology/de OR epidemiology:Ink OR
‘epidemiological data’/de OR 'molecular epidemiology’/de OR ‘endemic disease'/de OR
'infection'/de  OR 'mixed infection'/de OR owcurrent infection’/de OR 'Human
immunodeficiency virus infection'/de OR ‘'virus infection'’/de OR ‘'virus hepatitis’/de OR
‘genotype'/de OR 'genomics'/de OR 'molecular genetics'/de OR 'genetics’/de OR ‘clinical
outcome'/de OR 'liver cirrhosis'/de OR 'liveell carcinoma'/de OR therapy/de OR ‘'alpha
interferon’/de OR interferon/de OR 'peginterferon’/de OR 'peginterferon alpha'/de OR
‘recombinant alpha2b interferon'/de OR ‘recombinant alpha interferon‘/de OR 'recombinant
alpha interferon A'/de OR ‘recombinamipha interferon AD'/de OR ‘recombinant alpha2
interferon'/de  OR ‘recombinant alpha2a interferon'/de OR ‘recombinant alpha2b
interferon’/de OR 'recombinant alpha2c interferon’/de OR ‘alpha interferon'/de OR 'alpha
interferon A'/de OR 'alpha interferon-B/de OR ‘'alpha interferon C'/de OR 'alpha interferon
derivative'/de OR 'alphal interferon’/de OR 'alpha2 interferon'/de OR 'alpha2a interferon'/de
OR ‘alpha2b interferon’/de OR ‘alpha2b interferon plus ribavirin'/de OR ‘alpha2c
interferon'/de OR ‘'alphanl terferon'/de OR ‘'alphan3 interferon'/de OR 'peginterferon
alfacon 2'/de OR 'peginterferon alpha’/de OR 'peginterferon alpha2a‘/de OR 'peginterferon
alpha2b'/de OR (prevalen* OR seroprevalen* OR epidemic* OR outbreak* OR epidemiolog*
OR endemic* OR infec®R coinfect* OR genotype* OR genomic* OR genetic* OR (clinical*
NEAR/3 outcome) OR cirrhosis OR ((liver cell' OR Hepatocellula*) NEAR/3 carcinom*) OR
therap* OR treat* OR interferon*OR peginterferon*):ab,ti) NOT ([animals]/lim NOT
[humans]/lim) NOT ([Cdarence Abstract]/lim OR [Letter]/im OR [Note]/lim OR
[Editorial)/lim) AND [english]/lim

(2) Medline Ovid

(* Hepatitis Delta Virus/ OR Hepatitis delta AntigenB @Hepatitis ADJ3 (delta)) BBpatitis

d OR hdv OR hdag).ab,ti.) AND (Prevalence/ OR@@eosologic Studies/ OR Epidemic3R
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Epidemiology/ OR epidemiology.fs. OR Molecular Epidemiology/ OR Infection/ OR genotype/
OR genomics/ OR molecular biology/ OR Genetics/ OR Liver Cirrhosis/ OR Carcinoma,
Hepatocellular/ OR therapeutics/ OR exp Intesfealpha/ OR Interferons/ OR (prevalen* OR
seroprevalen* OR epidemic* OR outbreak* OR epidemiolog* OR endemic* OR infect* OR
coinfect* OR genotype* OR genomic* OR genetic* OR (clinical* ADJ3 outcome) OR cirrhosis
OR ((liver cell OR Hepatocellula*) ADJ8inam*) OR terap* OR treat* OR interferon®R
peginterferon*).ab,ti.) NOT (exp animals/ NOT humans/) NOT (letter* OR news OR comment*
OR editorial* OR congres* OR abstract* OR book* OR chapter* OR dissertation abstract*).pt.
AND english.la.

(3) Cochran€CENTRAL

(((Hepatitis NEAR/3 (delta)) OR Hepatiti©OR hdv OR hdag):ab,ti) AND ((prevalen* OR
seroprevalen* OR epidemic* OR outbreak* OR epidemiolog* OR endemic* OR infect* OR
coinfect* OR genotype* OR genomic* OR genetic* OR (clinical* NEAR/3 outcomiedhO§ls

OR ((livercell OR Hepatocellula*) NEAR/3 carcinom*) OR therap* OR treat* OR interferon*
OR peginterferon*):ab,ti)

(4) China Knowledge Resource Integrated databases

GKSLI GAGAE RSEUOF OANHza €

Summary
Databases References | De-duplicated
embase.com 2690 2657
Medline Ovid 2420 268
Cochrane CENTRAL 151 93
China Knowledge Resource Integrated databases 574 500
Total 5835 3518

We conducted a systematic review and metaalysis of the published studies for the
prevalence and clinical outcome of HDYéttion from EMBASE, Medline Ovid, and Cochrane
Database. The first search was designed and conducted by an experienced medical librarian
on May 1st, 2018, and only targeted English publications without time restriction. But we then
found that the availald English publications of China were mainly from Taiwan, and the
prevalence of HDV may be different from the mainland and Taiwan. Thus, additional search
was performed (by Z.M.) in China Knowledge Resource Integrated database for the studies

publishedin® Ay S&aS I y3dzr3S SgAGK GSN¥Y GKSLI GAGAaE
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Abstracts from conferences were included in our search. All search records were downloaded
and duplicate records were removed. Finally, the reference lists of included articles were

manually searched. Adlublications were updated to February 2019.

2. Definition

(1) Hepatitis D virus prevalencd he antibodies to delta antigen are regarded as diagnostic
markers used for routine HDV screening (immunoassay), whereas the nucleic acid is an
indicator of actie infection and measurement of treatment respor(¢e HDV prevalence was
represented by the detection of serological markers, mostly were the total antibodies to delta
antigen, or antHDV IgG and amHDV IgM using immunoassay, and sometimes may be
suppkemented by the additional detection of HDAg and HDV RNA.

(2) Coinfection and superinfectianCoinfection is HDV and HBV simultaneously infect an
individual or HDV infects the individual at the early stage after HBV infection. The crucial
diagnostic markeof this pattern is represented by positive HBsAg and g of IgM antt

HBc antibodies. Superinfection is HDV infection in the individual who has already established
chronic HBV infection (i.e. HBsAg positive carrier), andHBti IgM antibodies arebaent in

this pattern. The diagnosis of acute delta hepatitis was determined by the presence of serum
delta antigen (HDAg) and/or IgM or total aitD.

3. Studies selection

Inclusion was restricted to human epidemiological studies in which testing foselidoMgical
markers was performed and longitudinal observational studied reported outcomes of
HDV.Exclusion was studies that solely tested for the presence of HDV RNA and studies with
samples from liver tissue (for prevalence estimate only) as agelbther studies (virology
research, reviews and megnalyses) containing no primary data. Abstracts from conferences

were excluded unless clear information and result were reported.

4. Subjects grouping
Level one: population
1-1  General population

1-2 HBsAg positive carriers
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Level two: group

2-1 Blood donors (volunteers and commercial donors)

2-2 General group (Children, students, pregnant women, rural and urban residents, villagers
andinfoutlLJr GASyGa ¢6K2 KIFIRYQUO 0SSy FTdzZNIKSNJ RAF3IAy2a3
2-3 Intravenousdrug users (IDUSs)

2-4 People with highiisk sexual activity (commercial sex workers; men with histories of sexual
contact with sex workers; men who have sex with men)

2-5 HIV patients

2-6 HCV patients (antiCV positive)

2-7 People with blood transfusion

2-8 Mixed patients (haemophilia, hemodialysis, transplant, refugees and immigrants)

2-9 Patients who had been clinically and/or histopathologically diagnosed with liver disease
(defined as acute hepatitis, AH; fulminant hepatitis, FH; chronic hepatitidjy@Hcirrhosis,

LC; hepatocellular carcinoma, HCC)

2-10 Asymptomatic HBV carriers

Level three: subgroup from HBV patients with liver disease

3-1 Acute hepatitis, AH

3-2 Fulminant hepatitis, FH

3-3 Chronic hepatitis, CH (including chronic persistentatiip and chronic active hepatitis)
3-4 Cirrhosis (compensated or decompensated)

3-5 Hepatocellular carcinoma, HCC

Study subjects were classified either as general population (HBV infection status is unknown)
or HBsAg positive carriers (HBV infectiortisgds known), and further divided into different
groups. In general,-1 General population including groupsl2o 25, and groups Z to 2-9;

1-2 HBsAg positive carriers including groups & 2-10. Group 2 Patients who had been
clinically and/or higpathologically diagnosed as specific liver disease including subgreups 3
1 to 35 (here is specially HBV positive). For level two grouping, we excluded studies done
solely in patients with treatment and studies done solely in population with severdhatks
exposure concomitantly, for example, IBAIV, IDtliver disease, and HiNver disease. But

for level three, HBV patients diagnosed with liver diseases, superimposed or combined
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diagnosis were classified into both subgroups, for example, cirrilaoisHCC were grouped

as cirrhosis and HCC separately.

5. Data extraction items (column header)
Reference number

Reference year

Study type: retrospective or not

Publication date

Sample enrolment date

{FYLXS GeLlSyYy &l YL S 7T NRertisik (HidpS/ gdmales orfodmlin> | d;
fixed and paraffirembedded liver biopsy samples)
Country

Region

Assay methods

Manufacturer

Level one: 11 General population and-2 HBsAg carriers
Level two: 21 to 29 (see above)

Level three: 3l to 35 (see above)
SamplesGeneral population

SamplesHBsAg positive

HDV positive

HDV RNA positive

HDV genotype

Comparison

Control sample$iBsAg positive

ControtHDV positive

Male sampledHBsAg positive

Male-HDV positive

Female sampleBIBsAg positive

Female-HDV positive
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In order to standardize the extracted data, a template sheet including above research items
deemed relevant was created using Microsoft Excel. Then, the investigators added the results
to the sheet per template style. Except above listedn$e for longitudinal observational
studies we also recorded other information such as observation time and outcome of the

progression. All extracted data were stratified according to the population and group.

6. Score system for quality assessment of theidies

For quality assessment, we developed an scoring sy§&ef). Because we had excluded the
studies only tested HDV RNA and studies with samples from liver tissue (biopsy samples or
formalinfixed and paraffirembedded liver biopsy samples). Thukthé studies remained

were received a score of ten as a default, then a score deduction was made according to the
following four items: Retrospective study?2); Sample year unknowr3(); Assay methods not
reported (3); Manufacturer not stated-2). Afte this done, each study got a final score
ranging from two to ten, finally only higluality studies with score above seven (including
seven) were included for metanalysis. We performed sensitivity analyses to assess the
effects of study quality and datource. Firstly, we excluded all the studies with score bellow
ten to see the effect of lovguality studies. Besides, we also excluded the studies published in
Chinese language to see the effect of Chinese publications. Finally, we excluded all thfe data o

China to see the effect of China.

7. The estimates of HDV prevalence among general population and HBsSAg positive carriers
Because HDV dafects with HBV, this provides two ways to estimate the HDV burden, either
based on general population or HBsAg ipes carriers. However, each way has its
disadvantages.

(1) Minor adjustment for estimating HDV prevalence among general populatiéor general
population, because HDV infection is extremely low among general group but high among risk
groups, such as I HIV patients and patients with liver disease, the inclusion of all groups
will lead to overestimatg4-7). To solve it, only representative populations composed by
general group (72%) and blood donors (28%) were included. However, the available
epidemidogical data of HDV were very limited for many countries. For some countries, there
were only one or two studies available. To avoid bias, we added the data either from the risk

groups (HIV patients, mixed patients, or patients with liver disease) or tinentow-quality
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studies to the countries that with only one or two studies included. Importantly, this minor
adjustment did not make a difference for the global pooled prevalence.

(2) The selection of the reference of HBV burden for estimating HDV buaong HBsAg
positive carriers For HBsSAg positive carriers, unlike that of general population, the prevalence
of HDV among HBsAg positive carriers is much higher. Thus the inclusion of other risk groups
shall not lead to bias. On the contrary, only allliston could faithfully restore the actual
burden of HDV, or the pooled results shall greatly underestimate the burden. Therefore, all
the groups were included for estimating HDV burden among HBsAg positive carriers. And most
importantly, over 70% particgnts were composed by general group, blood donors, and
asymptomatic carriers, whereas patients with liver disease and the other high risk groups (IDU,
HIV patients, HCV patients, mixed patients, people with sexual activity and people with blood
transfusior) only accounting for about 21% and 9%, respectively, which is very similar to the
actual situation. However, the reported HBV burden varies widely from 250 million to 500
million (8). The improper reference of HBV burden will lead to HDV burden estiniade To

solve this, according to previous research about the situation of HBV global burden estimates
cited in published literature and combining the recently published estimate of HBV burden,
we finally selected the most convincing and frequently citethdas the reference of HBV
burden, that is 367 millio(8, 9.

Discussion

1. The accurate estimation of HDV burden and the heterogeneity

HDV infection is an ever forgotten issue, and its global prevalence has not yet been adequately
defined. A recent glodl study assumed that the global burden of HDV had substantially
increased from previous estimate of -PB million to current 6272 million(5). Most recently,

the updated estimate even climbs up to 74 million when combined the data published
between Janugy 2017 to February 201@!). However, our results show that 4% million
people are infected with HDV worldwide. The discordance might be attributable to the
underestimate of the early study but overestimate of the recent study. The early estimates
were retrieved from a narrative review, which underestimated the prevalence rate based on
the limited data published between the 1980s and 19903. On the contrary, the recent
study overestimated the prevalence due to the main limitations regarding methggand

the data source based on, as criticized on the previous styéje3.
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In the present study, we employed two methodological approaches to estimate HDV
prevalence based on general population and HBsAgQ positive carriers. For the general
population, to avoid overestimation that might be caused by high risk patients (e.g., HIV
patients, IDUs, and patients with live diseases), we only included the representative
populations (composed by 72% general group and 28% blood donors ) to pool the prevalence,
followed by minor adjustment. As a consequence, the prevalence decreased from 1.32% to
0.80%, parallels with the more recent assumption (0.829%) Additionally, the minor
adjustment eliminated some national bias to some extent. A good example is that the
prevalence in Nigeria greatly decreased from 6.81% to 2.09%, which finally leading to Nigeria
as the thirdranked country with heavy HDV burden, ranking behind China and India which are
the major reservoirs of HBV infecti@d). However, for HBsAg positiearriers, we included

all the groups reflecting the actual composition among HiB%itive populations and chose a
proper HBV burden reference of 367 million to faithfully restore the burden of (3pV

The limited number and origin of the samples may edhisis in national estimation. Because

of the limited sample number, overestimation may present in the general population from
these countries such as Colombia (1703), Nigeria (1419)st&akK2076), Tunisia (750) and
Uganda (358), compared with the estitrons among HBV carriers (Supplementary Table 1).
Besides, the limited origin of the samples among general population may also lead to
overestimation in country like Brazil. Among the general population in Brazil, 27.8% of the
samples are from western raan (State of Acre), 31.8% from central Amazon region (The State
of Amazonas, Brazilian Amazon, western Amazon and Amazonas), and 40.4% from eastern
region (Maranh&o). No data is available from the big cities in the southeast of the country such
as Sao Pdo or Rio. However, the situation is better among HBV carriers with more data
source come to available. Among HBV carriers, the samples were collected from almost the
whole country, and especially more data are available from southeast of the countryasuch
Maranh&o, Sao Paulo, Mato Grosso do Sul and Mato Grosso. Thus, the national estimation of
HDV infection is balanced by the estimations among general population and HBV carriers. For
example, the infection of HDV in Brazil is around 147000 to 21470@8uglh with wide range
(Supplementary Table 1). For more accurate estimate, future epidemiological studies are
required in Brazil, especially among general population. Thus, comparing with the recent
studies of reporting the global prevalence of HDV, owdgt presents a more accurate

estimate that verified by two ways.
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Estimating the global prevalence of HDV infection is a difficult task, because the lack (or
insufficient) of data around the world. We applied relatively more strict inclusion and
exclusion dteria which may lead to considerable heterogeneity. In this study, the
heterogeneity is mainly from variations in study quality, data source and study population.
Firstly, although we have performed quality assessment for all the studies, we finallyadcl
relatively highquality studies with score above seven (including seven) due to the lack of
Gl oazf daudig studiesanwith score ten. Secondly, we only included publications in
English for other countries, but included the literatures publisireEnglish and in Chinese
language for China. This greatly enriched the available data of China thus avoid the estimate
bias of HDV prevalence in China. However, for otherBoglish countries, the same work
could not be done because of language barried aesource limitation. Thirdly, because the
huge difference of HDV prevalence among general population and HBV carriers, we proposed
different strategies regarding the inclusion of population for estimating HDV prevalence
among general population and HBMrriers. Especially for the general population, only
representative populations composed by general group (72%) and blood donors (28%) were
included but followed by minor adjustment, which then included some data either from the
risk groups (HIV patientsnixed patients, or patients with liver disease) or from the {ow
quality studies. Thus, we employed a randeffects model to calculate the pooled HDV
prevalence due to the heterogeneity arising from these variations, and excluded the small
sample bias. Aa result, our conducts not only showed minor effects on overall prevalence
estimates, but also eliminated some national bias to certain extent, such as China and Nigeria,
however, increased the heterogeneity at the same time. Most importantly, some dstima
were balanced by the independent estimates among general population and HBV carriers.
These approaches have helped us to generate more accurate estimate of HDV global

prevalence than the previous studies.

2. The distinct outcomes result from the diffent infection patterns of HDV

HDV can spread either via coinfection or superinfection with HBV, which may lead to distinct
outcomes(11). Coinfection mostly leads to the eradication of both agents, whereas the
majority of patients with HDV superinfecti@volve to persistent infection and hepatitis. For
coinfection, the simultaneous or primary acute infection of both HBV and HDV may trigger the

strong immune response of the host to defend the infectfhB). As a result, both viruses fail
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to establish fruiful infection and are cleared by the hog&t3). However, for superinfection,

the prior infection of HBV has led to the impairment and/or exhaustion of the immune system,
which then is incapable to defeat the subsequent infection of KIDY On the otherhand,
chronic HBV infection is always nonproductive but has continuous HBsAg translation
concomitantly. Therefore, HDV takes this great advantage for the production of infectious

particles to invade new hepatocytes thus establish stable infection.

3. Thesuppressive effect of HDV on HBV

When chronic infection established in patients, during the long term course, the infection
activity of HBV and HDV present as three patterns. The majority is HDV replication dominant,
a small proportion is HBMDV codominain whereas only minority is HBV replication
dominant. One reason leading to this outcome is that chronic infection of HBV is inactive, but
HDV is not. Because HDV infection can induce the production of both type | and type llI
interferons (IFN | YR OECH & ¢ St fstimllaied deye§ S9GE)S)NIPhgse
interferons and 1ISGs subsequently inhabit HBV replication. However, HDV is resistant to self
induced innate immune responsé€$2, 13. Another reason is that HDV viral proteins can
suppress HBV replication. Previous in vitro studies showedbibia S and -HDAg proteins

can repress HBV enhancers 1 and-RIDB\g strongly inhibits HBV mRNA synthesis or stability,
whereas EHDAg can transactivate the HENnducible MxA gene to inhibit HBV replication
(14). Such effects are also reflected by th@comes of the interaction between HBV and HDV.
The positivity of HBeAg and HBV DNA (indicators of HBV replication) among HDV positive
patients are lower compared with those of HDV negative, -sgfiported by the protective

ORs.

4. The rapid developmetnof liver diseases after HDV infection

HDV infection is a risk for the development of liver diseases. Firstly, among acute patients,
HDV infection rate is extremely high in patients with fulminant hepatitis compared with that
of acute hepatitis. This mdye explained by the cytopathic effect of HDV replication. HDV has
been shown to impair cell proliferation, to induce cell cycle arrest or even cell d&dth
Recent study also showed that HDYAIBAQ could inhibit glutathionet&ansferase P1 (GSTP1)
expression by directly binding to GSTP1 mRNA, leading to accumulation of cellular reactive

oxygen species (ROS), and finally increased cellular apofit&sidhus, hepatic cell death
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induced by HDV infection may contributes to fulminant hepatitis at theeastage. Secondly,
among chronic HBV patients, the infection rate of HDV is low in asymptomatic carriers, but
high in symptomatic patients, especially patients with cirrhosis and HCC. Furthermore, HDV
HBV ceinfected patients are more likely to developrbiosis than HBV monmfected patients
(40.50% vs. 14.22%). This results in more cirrhotic patients than asymptomatic carriers among
HDV ceinfected population (14.99% vs. 38.85%), conversely, more asymptomatic carriers
than cirrhotic patients among HBV m@-infected population (57.20% vs. 14.36%). HDV
replication has been reported to increase TGF | 3R induced signal transductions by the
isoprenylation of tHDAg. Notably, TGF A a4 | FTAONRISYAO Oeu21AyS
role in liver fibosis and cirrhosig¢l6, 17). Particularly, HDAg can synergistically activate
hepatitis B virus X (HBr)ediated TGF | ydu sighaling cascades, which may then lead

to the acceleration of fibrogenesid7). This may partially explain that why HDV otésl
patients rapidly progress to cirrhosis mostly within five years, which is more rapid than HCV
or HBV infection alonél8, 19. Taken together, these results show that HDV replication is
strongly associated with the development of more severe livezaties, especially the rapid

progression to cirrhosis.
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Supplementary Figures

A Sample composition HDV positive
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Supplementary Figure 1. Dataset composition of general population (A) and HBsAg positive carriers

(B) for the pooled prevalence of HDV.
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Supplementary Figure 2. Data souraealysis among World Bank region.
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Population, thousand  Source Time scale HDV estimate, thousand

General population

(47168-7487(

HBYV estimates

257000 WHO 12017 33461 (30737-36263)
391475 GBD 1990-2017 50970 (46820-55237)
291992 The Polaris 1990-2016 38017 (34922-41200)
468435 GBD 1990-2016 60990 (56025-66096)
343251 GBD 1990-2015 44691 (41053-48433)
316130 GBD 1990-2013 41160 (37809-44606)
248430 WHO 1965-2013 32346 (29712-35053)

I T T L] T 1

5 S G 5 & 1°

Estimate range

Supplementary Figure 12. HDV estimate refer to different HBV burden referd@¢c0-25). World
Health Organization, WHO; Global Burden of Diseases, GBD.

Supplementary Figures-31 and Supplementary Tables-4l are provided in the online

Supplementaryata file https://academic.oup.com/jid/article/221/10/1677/5645271
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TO THE EDITOR

We read the metaanalysis on global prevalence of hepatitis D virus (HDV) by Stockdale et al.
with interest (1, 2). They estimated HDV prevalence as 4.5% amongtieead) hepatitis B

virus (HBV) carriers and 16.4% among carriers attending hepatology clinics. They only
translated the rate of 4.5% as the prevalence of 0.16% in the global population corresponding
to 12 million people worldwide. This topic has been exigaly studied and emphasized
historically by different research tean{able 1) But the authors have largely avoided to
present their study in this existing context. Here we have several concerns regarding their
study design and findings (3).

Firstly, he authors only included data from 1998 to 2019. Omission of studies prior to 1998
would result in great loss of valuable information (2). The authors may justify their exclusion
of old studies, but it would be better to objectively present the evolvingaigics of HDV
burden by including those data.

Secondly, they only included studies reporting total or IgG-ldBty/ antibody, but excluded
studies detecting markers for acute infection or viral replication including-tdb¥ IgM
antibody, viral antigen oviral RNA as an initial test. AHDV IgG antibody indicates previous
exposure of HDV, while the other markers indicate acute or active infection. Therefore, all
these markers were used to define HDV infection (1, 2, 4). Unnecessary exclusion of studies
would further aggravate the already shortage of available data on HDV epidemiology

Most importantly, the included populations are insufficient to represent the global population.

In total, they included 24,024 general HBV carriers and 88,201 hepatoloigypdjulations.

These probably only represent 20% of the global population. Particularly, less than half of the
general HBV carriers are actually from the general community, but over one third of them are
composed by blood donors. The prevalence of HONoiod donors is expected to be very low,

but would be much higher among risk carriers, such as intravenous drug users and carriers
with liver diseases (1, 2). Thus the low prevalence data from general HBV carriers are
insufficient to represent HDV overalievalence.

Furthermore, the general HBV carriers are not the major reservoir of HDV burden. HBV
carriers attending hepatology clinics are more likely have liver diseases. HDV prevalence in
this population would be much higher compared to the general gnggomatic HBV carriers

(1). Moreover, most of HDV positive patients are symptomatic, and thus prone to attending

91| Page



Chapter 4

hepatology clinics (1). Therefore, HBV carriers with liver diseases are the large contributor to
HDV burden. This study interpreted HDV premak among HBV population by only using data
from the general HBV carriers, thereby likely underestimating the prevalence rate. In fact,
their estimates of 4.5% and 16.4% could only specifically reflect the prevalence of HDV among

general HBV carriers amarriers with liver diseases, respectively.

Table 1. Historical estimates of regional and global prevalence and burdet@¥infection
| 5+ LINB®ItSyOS

{ G drRe ¢AYS DSySN |+ OF NNAS| Q&0AYl
L2 Lzt | [ ApEN] DSyS arEs O ALEA

W w ¢2NNBa ¢2 ™ p®nrx onnzInan

{GSLKIYyR2ad ¢2 ™M podnsx Mp a

| SAYSNI SG ¢2 Hni M@EI a

{G201RIHtS wmMdbmpIM DT ES MpdPno: ydod T a

/| KSy S It mpmmm M n Dy MH®CJ/E> Mn®p Mmn¥p CHH a

{G201RItfS" MpmM M N Dy K cM a

{KSy S It mMmpmmm M MDA ES M dn Tn a

aAl2 Si" I+t ¢2 wnindy s MT ®doss Mo®d®n nwn a

{G201RIt S° mMdbgmyim n dmcs MC ®nJE: ndp sk MH a

t N2LI2aSR ¢2 HAIYTEE: Mc®nE: n®prskE Mmodn dYpn a

aTwo are regional estimates, J R Torres R.1996 targeting South America and Stockdale et al.2017 targeting
Saharan Afda, others are global estimates9lreference

bHDV prevalence is defined either among general pdprar among HBV carriers, and the latter can be further
categorized into general carriers without risk factors, carriers with liver diseases (nearly equivalent to hepatology
clinic populations), and mixed carriers (all types of HBV carriers). HDV tisepatirus; HBV, hepatitis B virus

Taken together, inclusion of limited studies and selection of the low prevalence population
for calculation could have caused their underestimation of HDV global prevalence (3). To
better estimate HDV burden, we revisi the previous studies on this top{@able 1)(1-9).

We reestimated HDV prevalence using two approaches based on the general population or
HBV catrriers, respectively. Among the general population, we calculated the overlap interval
of the lower bound bthese previous metanalyses, but excluded the current Stockdale study
due to their bias (3). This resulted in a prevalence rate of approximately 0.7% corresponding
to 50 million of the global population. For HDV prevalence among HBV carriers, we
recommend the previous estimation as 13.02%; because that study has comprehensively
included different categories of HBV carriers (1, 10). This correspondséa Bfllion HDV

infections depending on the referred HBV burden estimates ranging from 250 to 5@ghmill

(1).
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In summary, we have emphasized the critical concerns of the current Stockdale study (3), and
revisited the estimation of HDV burden. We estimate that the global prevalence of HDV
infection is approximately 50 million with prevalence of 0.7% antbeggeneral population

and 13% among HBYV carriers. Nevertheless, we acknowledge estimating the global burden of
HDV infection is a difficult task. Only when more high quality epidemiology studies become

available in the future, the burden could be moreepisely estimated
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ABSTRACT

Background and Aimintuitively, implementation of hepatitis B virus (HBV) vaccinatinoesi
1990s should have made impact on the prevalence of its satellite virus, hepatitis delta virus
(HDV). However, the global dynamics of HDV prevalence and the impact by HBV vaccination
thereon remain largely unknown.

Methods: We conducted a systematicview and metaanalysis with a randoreffects model

to pool the dynamic prevalence of HDV infection and estimated the effects of HBV vaccine.
Results Our analysis included 361 articles reporting data of 116,130 general individuals,
83,167 nonrisk and 74127 risk HBV carriers. From 198390 to 20112019, HDV prevalence
decreased from 0.86% to 0.44% among the general population but increased from 3.46% to
5.55% among nonisk HBV carriers. HDV prevalence decreased among risk HBV carriers
except carriers wh liver disease. Since 1991, the growth of world population contributed to
10-20 million HDV cases, but the implementation of HBV vaccination program has prevented
approximate 12 million new cases by now. Overall, HDV global prevalence increased from 45
to 53 million infections over the past four decades.

Conclusion Our findings suggest that although HBV vaccine has substantially prevented HDV
infection, current global burden remains substantial. More effective interventions are

required to contain HDMansmission
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HIGHLIGHTS

w The effect of HBV vaccine implementation on the prevalence of HDV remains largely
unknown.

w This study estimated a prevention of 12 million HDV cases by HBV vaccination in general
population.

w HDV prevalence was increaseddBV carriers

w The global burden of HDV remains substantial requiring enhanced awareness and

interventions
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MAIN TEXT

Hepatitis delta virus (also named hepatitis D virus, HDV), the satellite virus of hepatitis B virus
(HBV), exacerbates the disease dem associated with HBV infection. An early study, based

on data published in the 1980s and 1990s, estimated that there were 15 million HDV infections
globally, which would have represented 5% of all chronic HBV carriers at the time (1). In 2018,
a study eported approximately 622 million HDV infections worldwide, and this number was
subsequently adjusted to an even higher estimate of 74 million (2, 3). However, this estimate
was challenged and arguments were brought forward that this number constituteavar
estimation (4, 5). To clarify this controversy, we have recenthgstenated the global
prevalence as 480 million HDV infections, corresponding to 0.8% of the general population,

or 13% of all HBV carriers (6). Very recently, an estimate of appately 50 million HDV
infections or a global prevalence of 0.7% in the general population was proposed (7, 8).
Nevertheless, the dynamics of HDV epidemiology over the past decades remains largely
obscure.

In this respect, especially the effect of HB\¢aiaation on HDV prevalence requires further
investigation. The HBV vaccine has been available since early 1981, but the initial coverage
was relatively low. By 2015, however, 180 countries included three doses of hepatitis B
(HepB3) vaccine in their pomtion-wide vaccination programs, averting 210 million new
chronic HBV infections (9). Because HDV uses the HBV envelope proteinsiriedtsovith

HBV, the implementation of HBV vaccination is expected to affect HDV infection rates as well,
but the exacimpact of HBV vaccination in this respect remains largely unknown. The present
study investigated the global dynamics of HDV prevalence during the past four decades and
assessed the impact of HBV vaccination by systematic review andamalysis of the
contemporary body of biomedical literature.

Our search returned 3,734 records, and 361 articles met the inclusion cr{égal and
Supplementary Tables 1 and.ZBased on risk of bias assessment, we included studies with
low risk scores (score > 7). Wategorized the participants as general population, general HBV
OF NNASNB ONBBRYSR. EAOOWAXSNEELVLSE YR | .+ OF NN
4 aGNARal | .+ OFNNASNEeO AyOfdzRAY3I Ayilaon gSy2
and patients with liver diseasgsee more details in supplementary file)n total, 116,130

individuals from the general population, 83,167 mask HBV carriers and 74,127 risk HBV
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carriers were finally includeBupplementary Tables 1 to S\o publiation bias was observed

a aasSaaSR o0& TFdzyySt Siipfemeniary Rig. @ B dfedIva G Sad
investigate the global dynamics of HDV prevalence and its potential associations with HBV
vaccination, data of HBV and HDV infections were dd/ichto four continuous groups
corresponding to the past four decades (from 198490 to 20112019) according to the

sample collection tim¢Fig. 2 and Supplementary Fig. 2 ta 4)

English articles in Medline, Embase, and Cochrane Chinese articles in China Knowledge Resource
CENTRAL, from database inception to December Integrated database, from database inception to
2019 n=3211 December 2019 n=523

Records screened n= 3734

Records excluded on the basis of title
and/or abstract n= 3242

Full-text articles assessed for eligibility n=492

Full-text articles excluded n= 131
1) Study information

2) Duplication or repeat study

3) Quality assessment

4) Sample size

| Studies included in quantitative analysis n=361 |

\
[ |

General population n=44 HBYV carriers n=336

Non-risk carriers n=77

Risk carriers n=281

IDUs n=32

HIV n=23

Mixed group n=45

Patients with liver disease n=191

Figure 1. Flowchart of study selectiofDUs, intravenous drug users; Hhman immunodeficiency
virus.

We found, accompanied with the continuous increase of HepB3 coverage froral2981io

20112019, the global prevalence of HBV infection among the general population sharply
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Figure 2. Dynamics of the global prevalendehepatitis B virus (HBV) and hepatitis delta virus (HDV)
infections. (A) Dynamics of HBV prevalence and HBV vaccine coveiBgdPV prevalence among
general population(C)HDV prevalence among naisk HBV carriers (HBV surface antigen positive);

(D) dobal dynamics of HDV prevalence; Global dynamics of HDV prevalence among risk HBV carriers
including IDUE) HIV(F) mixed population related to other risk factof&€) and carriers with liver
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diseasdgH). IDU, intravenous drug user; HIV, human immunmihcy virus; HDV, hepatitis delta virus;
HBYV, hepatitis B virus; HepB3, three doses of hepatitis B vaccine

decreased from 10.15% (95% CI, 614135) to 4.58% (95% CI, 2539) (Fig. 2A) The
decreased HBV prevalence appears to be associated withintrease in HBV vaccine
coverage (r2=0.8942, p=0.054@upplementary Figure 5A)During the same period, the
global prevalence of HDV infection among general population moderately decreased from the
initial decade in which prevalence ws36% (95% CI,1¥-2.04) to the third decade in which
prevalence was 0.75% (95% CI, €1281). In the last decade the decline in HDV prevalence
accelerated substantially to a prevalence rate of 0.44% (95% CH@@)J(Fig. 2B) This
decrease in HDV prevalence amoing tgeneral population appears to be associated with
increased coverage and implementation of HBV vaccination programs (r2=0.8675, p=0.0686)
and decreased HBV prevalence (r2=0.8210, p=0.0987), although these associations did not
reach statistical significae (Supplementary Fig. 5B and 5lowever, HDV prevalence
among nonrisk HBV catrriers increased from 3.46% (95% CE51923 to 5.55% (95% ClI, 3-01
8.80) over the past four decad€Big. 2C) Thus HBV vaccination programs appear to have
substantial impat on the epidemiology of HDV infection.

At the start of the study period, when HBV vaccination was still relatively uncommon, the
global estimate of HDV infection was 45 (95% €I0® million(Fig. 2D) This number was
further increased and peaked dugr200:2010 with about 54 (95% CI, &7) million HDV
infections. But during the recent decade, the number slightly decreased again to 53 (95% ClI,
32-73) million. These results show that HDV global burden was sustained over the past
decades, even if the pwalence of HBV and HDV infections was decreased among general
population following the implementation of HBV vaccination. Compared to 1980, the

global population has increased by 44% (from 5.3 to 7.6 billion), and this is estimated to yield
about 10to 20 million HDV cases. Relating results to population growth, our findings suggest
that HBV vaccination has prevented approximately 12 million new cases of HDV infection.
For risk HBV carriers, the available data on HDV prevalence are very limitedeTtasorted

to a dichotomal analysis in which data covering two decades (2980 versus 2062019)

were contrasted Supplementary Fig. 6 to 9Yhe pooled prevalence of HDV among IDUs, HIV
patients and the mixed population were 38.66% (95% CI, Z&19% ), 21.67% (95% ClI, 8-30
38.90) and 20.55% (95% CI, 1524416) during the first 20 years (192000), which then
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decreased to 29.53% (95% CI, 1443140), 10.78% (95% CI, 7-B0.16), 10.70% (95% ClI,
6.2316.14) in the recent 20 years (20@Q019), respetively (Fig. 2EG). Strikingly, HDV
prevalence among HBV carriers with symptomatic liver diseases changed upwardly from 18.02%
(95% CI, 15.590.58) during the first period to 19.05% (95% CI, 1:2%15) in the second

period (Fig. 2H)

Table 1. The dyamics of HDV prevalence among noisk HBV carriers by World Bank Region
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apData from the Lowncome Economies were not available. HDV, hepatitis delta virus; HBV, hepatitis B virus; Cl,
confidence interval; N/A, not applicable

Similarly, the available national data of HDV infection amongmsknHBYV carriers are also
limited, and again we resorted to contrasting two larger temporal cohorts . As shown in
Supplementary Fig. 1@he comparison of the data between 192000 to that available from
2001-2019 shows that HDV prevalence from Pakistan (from 8.86% to 20.08%), Uaiiesl St

of America (from 14.24% to 23.55%), Germany (from 5.27% to 6.64%), France (from 0.90% to
2.21%), Iran (from 2.50% to 3.15%), and China (from 4.07% to 4.54%) all increased. In contrast,
HDV prevalence decreased in the United Kingdom (from 6.84% t&0},.86etnam (from 2.33%

to 1.26%), Italy (from 5.56% to 3.49%) and Australia (from 6.64% to 4.31%). Regionally, HDV
prevalence in the UppeMiddle-Income Economies increased (from 3.46% to 5.80%, an
increase of 67%), but remained largely unchanged in-kigbme Economies (from 3.70% to
3.75%, an increase of 1%) and the LoWeaddle-IncomeEconomies (from 7.72% to 8.00%, an
increase of 3.6%Table 1) Unfortunately, data fronthe Lowlncome Economies were not
available in this study.

Of note, our study hasome limitations. Firstly, the available data on HDV global prevalence
are very limited, and most included studies had small sample sizes. Secondly, although no
LJdzo f AOIF GA2Y O6Al A oO0FdzyySt LIX 20 IyR 933ISNDa I
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inter-study heterogeneity (12 > 50%). Thirdly, the diagnosis of HDV infection for most included
studies was measured by enzyme immunoassay for HDV antibodies, and only few studies
show data with confirmation through detecting viral RNA.

In summary, HDV prelence among general population declined by 50%, but increased by 60%
among nonrisk HBV carriers over the past four decades. Implementation of HBV vaccination
has already prevented around 12 million new HDV cases worldwide, but the global burden of
HDV prealence remains substantial, partially due to the growth of world population. Our
findings call for enhanced awareness, screening and interventions if HDV eradication is to be

achieved

ABBREVIATIONS

HDV, hepatitis D/delta virus; HBV, hepatitis B viHBsAg, HBV surface antigen; WHO, World
Health Organization; HCV, hepatitis C virus; HIV, human immunodeficiency virus; HCC,
hepatocellular carcinoma; HepB3, the three doses of hepatitis B vaccine; PRISMA, preferred
reporting items for systematic reviews éimetaanalyses; IDUs, intravenous drug users; Cl,

confidence interval
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SUPPLEMENTARY METHODS AND RESULTS

Methods

1. Search term and records

(1) embase.com

(‘'Hepatitis delta virus'/mj OR 'delta agent hepatitis/mj OR 'hepatitis delta antigen'/mj OR
((Hepatitis NEAR/3J€lta)) OR 'Hepatitis d' OjR hdv OR hdag):ab,ti) AND (‘prevalence'/de OR
prevalence/de OR ‘'epidemic'/de OR epidemiology/de OR epidemiology: Ink OR
‘epidemiological data’/de OR 'molecular epidemiology’/de OR ‘endemic disease'/de OR
'infection'/de  OR 'mixed infection'/de OR ‘concurrent infection/de OR 'Human
immunodeficiency virus infection'/de OR ‘'virus infection'’/de OR ‘'virus hepatitis’/de OR
‘genotype'/de OR 'genomics'/de OR 'molecular genetics'/de OR 'genetics’/de OR ‘clinical
outcome'/de OR 'liver cirtbsis'/de OR 'liver cell carcinoma’/de OR therapy/de OR 'alpha
interferon’/de OR interferon/de OR 'peginterferon’/de OR 'peginterferon alpha'/de OR
‘recombinant alpha2b interferon'/de OR ‘recombinant alpha interferon‘/de OR 'recombinant
alpha interferon A'de OR 'recombinant alpha interferon AD'/de OR 'recombinant alpha2
interferon'/de  OR ‘recombinant alpha2a interferon'/de OR ‘recombinant alpha2b
interferon’/de OR 'recombinant alpha2c interferon’/de OR ‘alpha interferon'/de OR 'alpha
interferon A'/de OR 'gdha interferon AD'/de OR 'alpha interferon C'/de OR ‘'alpha interferon
derivative'/de OR 'alphal interferon’/de OR 'alpha2 interferon'/de OR 'alpha2a interferon'/de
OR ‘alpha2b interferon’/de OR ‘alpha2b interferon plus ribavirin'/de OR ‘alpha2c
interferon’/de OR ‘alphanl interferon'/de OR ‘'alphan3 interferon'/de OR 'peginterferon
alfacon 2'/de OR 'peginterferon alpha’/de OR 'peginterferon alpha2a‘/de OR 'peginterferon
alpha2b'/de OR (prevalen* OR seroprevalen* OR epidemic* OR outbreak* OR epidemiolog*
OR ademic* OR infect* OR coinfect* OR genotype* OR genomic* OR genetic* OR (clinical*
NEAR/3 outcome) OR cirrhosis OR ((liver cell' OR Hepatocellula*) NEAR/3 carcinom*) OR
therap* OR teat* OR interferon* OR peginterferon*):ab,ti) NOT ([animals]/lim NOT
[humans]/lim) NOT ([Conference Abstract]/lim OR [Letter]/lim OR [Note]/lim OR
[Editorial)/lim) AND [english]/lim

(2) Medline Ovid

(* Hepatitis Delta Virus/ OR Hepatitis delta AntigenB @Hepatitis ADJ3 (delta)) BBpatitis

d OR hdv OR hdag).ab,ti.) ANBe{Rlence/ OR Seroepideatogic Studies/ OR EpidemicR
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Epidemiology/ OR epidemiology.fs. OR Molecular Epidemiology/ OR Infection/ OR genotype/
OR genomics/ OR molecular biology/ OR Genetics/ OR Liver Cirrhosis/ OR Carcinoma,
Hepatocellular/ OR therapeias/ OR exp Interfercalpha/ OR Interferons/ OR (prevalen* OR
seroprevalen* OR epidemic* OR outbreak* OR epidemiolog* OR endemic* OR infect* OR
coinfect* OR genotype* OR genomic* OR genetic* OR (clinical* ADJ3 outcome) OR cirrhosis
OR ((liver cell OR Hepaellula*) ADJ3 carcinom*) ORetfap* OR treat* OR interferon®R
peginterferon*).ab,ti.) NOT (exp animals/ NOT humans/) NOT (letter* OR news OR comment*
OR editorial* OR congres* OR abstract* OR book* OR chapter* OR dissertation abstract*).pt.
AND englis.la.

(3) Cochrane CENTRAL

(((Hepatitis NEAR/3 (delta)) OR Hepatiti©OR hdv OR hdag):ab,ti) AND ((prevalen* OR
seroprevalen* OR epidemic* OR outbreak* OR epidemiolog* OR endemic* OR infect* OR
coinfect* OR genotype* OR genomic* OR genetic* OR (climiaiR/3 outcome) OR cirrhosis

OR ((livercell OR Hepatocellula*) NEAR/3 carcinom*) OR therap* OR treat* OR interferon*
OR peginterferon*):ab,ti)

(4) China Knowledge Resource Integrated databases

GKSLI GAGAE RSEUOF OANHza €

Summary

We conducted a systematic rew and metaanalysis for the published studies on the
prevalence of HDV infection from EMBASE, Medline Ovid, and Cochrane Database. The search
of English publications was designed and conducted by an experienced medical information
specialist (Wichor M. Bmer, Department of Medical Library, Erasmus-W@iversity Medical
Center). The additional search of Chinese publications was performed by Z. Miao in China
YYy2¢6f SRIS wS&a2dzNOS LyGdSaNI GSR RIFIGlLFIo6FAS gAGK [/
from corferences were included in our search. All search records were downloaded and
duplicate records were removed. Our search had no time restriction, and all publications were
updated to December 2019. Our search returned 3 724-mealundant records in total, 9@

of them were eligible for fultext assessment after the screening of title and/or abstract, and

361 studies were finally included in quantitative analysis.

2. Study selection and data processing
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(1) Definition of hepatitis delta virus (HDV) prevaleerdHDV prevalence was defined as the
positive detection of HDV antibody and/or RNA. HDV antibodies-k#dV 1gG and arkiDV

IgM) were detected by enzyme immunoassay, HDV RNA was detected by polymerase chain
reaction.

(2) Definition of hepatitis B virusHBV) prevalenceHBV prevalence was defined as the
positive detection of HBV surface antigen.

(3) Study subjects grouping3ased on the detection for HBV infection status of the study
cohort, study subjects were classified as either general populatiokn@wmn HBV infection
status) or HBV carriers (confirmed HBYV infection by positive HBsAg). General population was
composed by blood donors and the general cohort without any risk factors. HBV carriers were
categorized as nonisk carriers and risk carrierapn-risk carriers were composed by the
general carriers, blood donors and asymptomatic carriers, risk carriers were further group as
intravenous drug users (IDUs), HIV patients, Mixed population and patients with liver disease.
General cohort/carriers inating children, students, pregnant women, rural and urban
residents, villagers and in/oygatients without severe symptoms. Mixed population are
related to other risk factors like haemophilia, hemodialysis, transplant, refugees and
immigrants. Carriers whit liver diseases were clinically and/or histopathologically diagnosed
as acute hepatitis, fulminant hepatitis, chronic hepatitis, liver cirrhosis and hepatocellular
carcinoma. Data were grouped into four groups (19880, 19912000, 20012010 and 2011

2019) or two groups (1982000 and 2004019) that cover the past four decades according

to sample time.

(4) Study selection and data extractio@ata extraction included study type (retrospective or
perspective), the geographical information (nation and oegi assay methods (detection
methods for HDV antibody and/or RNA), population setting (study cohort information),
recruitment time, sample size, and prevalence of HBV and HDV infetijo@sly the studies

that reported HDV prevalence and had the auaility to the above mentioned information
were included. Studies like case reports, comments, letters, abstracts, systematic
reviews/metaanalyses that provided no primary data were excluded. Duplicate data from the
same location were excluded. Additioredclusions were performed based on the following
selection regarding sample size and risk of bias.

HDV was an ever forgotten pathogen, and because the neglect over the past decades, the lack

of prevalence data around the world was significantly observedid®s, in our previous HDV
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burden estimate study, we observed a significant polarization regarding the sample size
reported in HDV studiegl). In total, 115 (100%) studies including 335 270 individuals were
reported, in which the sample size reportedo# (56%) studies were below 1 000, accounting

for only about 9% of the total sample, however, there were 9 (8%) studies from a single site
or country reported very large sample size (over 10 000) and taking about 55% of the total
sample. To avoid small saie bias in the random effects model and eliminate the effect of
large sample, we only included studies with sample size range-10000 for general
population, 2565000 for nonrisk HBV carriers, and a minimum of 20 for risk HBV carriers.
What is more, w performed Newcasti©Ottawa Scale (a specific item regarding sample time
was added to this system to make full score reach 10) to assess risk of bias, and only studies
with low risk of bias (score>7) were finally includ2d3, 4. We evaluated the puldation bias

08 TFdzyySt LX2G FyR 933SNRa (Saidx Iy RstudyS NF 2 NI S
heterogeneity(5, 6). Although our selection aggravated the shortage of HDV available data,
the estimate bias caused by small sample and the eftécltarge sample were greatly
eliminated, which in turn ensured the congruence of our subgroup analyses and finally
generated the more credible results.

Statistical analysis

To calculate the pooled prevalence, DerSimosiaird randomeffects model with Freman

Tukey double arcsine transformation was used. The 95% confidence interval (Cl) was
estimated by Wilson score method. To avoid small sample bias in the random effects model
and eliminate the effect of large sample that from a single site or counteyomy included
studies with sample size range 1600000 for general population, 288000 for nonrisk HBV
carriers, and a minimum of 20 for risk HBV carriers. Matalyses were done in the34.2
statistical software package (Metaprop module), anddineegression analyses were done in
GraphPad Prism (version 5). Detailed information regarding materials, methods and related
references are provided in the online supplementary file. This study was reported in
accordance with the preferred reporting itenfer systematic reviews and metmnalyses

(PRISMA).
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Supplementary Figures
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Supplementary Figure 1. Funnel plot of pooled prevalence of HDV infectionG@eral population;

(B)Non-risk HBV carriers.
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Supplementary Figure 2. Forest plot showing taenalysis of HBV prevalence among general

population. Cl, confidence interval.
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Supplementary Figure 3. Forest plot showing metaalysis of HDV prevalence among general
population. Cl, confidence interval
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Supplementary Figure 4. Forest plot showy metaanalysis of HDV prevalence among ndek HBV
carriers.Cl, confidence interval.
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Supplementary Figure 5. Associations between the infections of HBV and HDV and HBYV vaccination.
(A)HBYV infectiorHepB3 coveragéB)HDV infectiorHepB3 coveragéC)HDV infectiorHBYV infection.
HepB3, thee doses of hepatitis B vaccine.
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Supplementary Figure 6. Forest plot showing metaalysis of HDV prevalence among risk HBV
carriers related to intravenous drug usin@l, confidence interval.

Residual heterogeneity: I° = 97%, p < 0.01
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Supplementay Figure 7. Forest plot showing me&nalysis of HDV prevalence among risk HBV
carriers related to HIV infectionClI, confidence interval

Study Events Total Proportion 95%-Cl
O
=
= '
—&—
Fixed effect model 1179 8191 13 0.1249 [0.1177; 0.1324]

Random effects model - 0.1704 [0.1326; 0.2118]
Residual heterageneity: 1 = 95%, p < 0.01 I I ! I J I
0 01 02 03 04 05

Supplementary Figure 8. Forest plot showing metaalysis of HDV prevalence among risk HBV
carriers related to nixed factors.Cl, confidence interval.
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Supplementary Figure 9. Forest plot showing metaalysis of HDV prevalence among risk HBV
carriers related to symptomatic liver diseas€l, confidence interval.
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Supplementary Figure 10. Global hepatitis telvirus prevalence among hepatitis B virus (HBV)
carriers (19812000, 20032019).Blank means no HDV epidemiological data available.

More detailed information are provided inthe online Supplementary Data File

(https://www.sciencedirect.com/science/article/pii/S2210740121000565?via%3Dihub
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ABSTRACT

Hepatitis E virus (HEV) infection in immunocompromised patients, pregnant wamen
children requires treatment, but no approvededication is available. We identified
macrolide antibiotic azithromycin as a potent HEV inhibitor. Azithromycin inhibits HEV
replication and viral protein expression in multiple cell culture models witlotygre 1 and 3
strains. This is largely independent of its induction of interfelika response. Because of safe
and cheap, repurposing azithromycin for treating HEV infection is attractive particularly in

resourcelimited settings.

KEYWORDS

AzithromycinHepatitis E virus; Interferon; Pregnant women
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HIGHLIGHTS

w Azithromycin, a FDA pregnancy category B drug, has potenH&\ti activity

w The antiviral effect of azithromycin has been confirmed in multiple cell culburéels with
gerotype 1 and 3 HEV.

w Azithromycin activates interferolike response, but the antiEV activity isxdependent of
this innate immune response

w Repurposing azithromycin for treating HEV infection is attractive particularlgswurce

limited regions
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MAIN TEXT

Hepatitis E virus (HEV), as a small-eameloped, singlkstranded RNA virus, is the most
prevalent cause of acute viral hepatitis worldwide. Although HEV infection in healthy
individuals are usually asymptomatic, immunocompromised patients tefliewith genotype

3 or 4 HEV bear high risk of developing chronic hepatitis (1, 2). Pregnant women infected with
genotype 1 HEV can develop severe complications such as acute liver failure, miscarriage,
preterm delivery, stillbirth and perinatal mortalitggsulting in high mortality approaching 15

25% (3). Occurrence of materraktal transmission can seriously affedetal/neonatal
outcomes, including anicteric or icteric hepatitis, hypoglycaemia and neonatal death (3). Since
no FDAapproved treatments available, ribavirin monotherapy has been used as atabél
treatment for some chronic hepatitis E cases (3). However, ribavirin therapy is
contraindicative in pregnancy due to teratogenicity (4). Therefore, there is an urgent clinical
need for develping new antHEV therapies, and repurposing existing medications represents
an expedited approach. We recently identified several potential-ai\/ candidates by
screening a safm-human broadspectrum antiviral agents library (5). Azithromycin, a
commaly used macrolide antibiotic, attracted our great interest because it is classified as a
FDA pregnancy category B drug. In this study, we aim to comprehensively evaluate the
antiviral activity of azithromycin in genotype 1 and 3 HEV models and explomotaetial
mechanismof-action.

To test the potential antHEV activity of azithromycin, we first applied a genotype 3 HEV based
subgenomic replicon model (dfuc), in which HEV replication can be monitored by Gaussia
luciferase activity. Azithromycin trgaent time- and dosedependently inhibited viral
replication related luciferase activity in the human hepatic Huh7 cells harboring theip6
replicon (Fig. 1A) Treatmentwith 10 pM or 50 uM azithromycin for 72 hours resulted in
78.66%+3.06 (mean+SEM, 12=<0.0001) and 88.03%+1.17 (mean+SEM, n=12, p<0.0001)
inhibition of luciferase activity, respectively. The calculated 50% inhibition and cytotoxicity
concentrations (IC50 and CC50) were 4.2 uyM and 42.9 pM, respectively, indicating a
substantial therapeut window (Fig. 1B) We further investigated the effect in Huh7 cells
harboring a genotype 1 HEV replicon, and significant inhibition of viral replication was also
found (Fig. 1C)These results demonstrated that azithromycin can inhibit the replication of

both genotype 1 and 3 HEV in cell culture models.
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Fig. 1. AndHEV activity of azithromycin in HuR@ased cell culture model4A) The effects of various
concentrations of azithromycin (AZM) on HEV in Huh7 cell based genotype 3 replicon model (Huh7
p6-Luc). HEV replication was measured by Gaussia luciferase activity. Data were normalized and
compared to the untreated control group (set as 1) (h=1B).The 50% inhibitory and cytotoxic
concentration (IC50 and CC50) of azithromycin calculated by usapiEad Prism 5 software (n=6
12).(C)The effect of azithromycin on genotype 1 HEV replication (iBJRuantification of viral RNA

by gqRTPCR in Huh7 cells harboring the p6 HEV infectious model that were treated with azithromycin
for 48 hours(n=@).(Eand F)Western blot images and quantification of HEV capsid ORF2 protein level

in HUh7p6 cells treated with azithromycin for 48 hauiThe uninfected group (mock) and the infected
0dzi dzyGNBIFGSR 3INRdzLI 6/ ¢wY ! aln >a0 aSnNag a yS3
serves as an internal reference (n=43) Immunofluorescence analysis of viral protein ORF2 (red) in
Huh7p6 cells treated with indicated concentrations of azithromycin for 48 hours. Naive Huh7 cells
incubated with the HEV ORF2 antibody and Hpé%ells incubated with the matched IgG control
antibody serve as the negative controls. Untreated HpB7cells and ioubated with the HEV ORF2
antibody serves as the positive control. DAPI (blue) was applied to visualize nuclei. (40 x oil immersion
objective). Data are presented as means + SEM. RLU, relative luciferase unit. (*P < 0.05; **P < 0.01,
***P < 0.001).
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To futher confirm the inhibitory effect of azithromycin on HEV-faligth genome replication

and viral protein expression, we used HEV infectiousdatjth cell model (Huhp6). In Huh7

p6 cells, treatment with azithromycin for 48 hours effectively inhibitéelV at viral RNA level
determined by R-GPCRFig. 1D)and HEV ORF2 protein level measured by western blotting
(Fig. 1E and Fig. 1FYhe inhibitory effect was finally visualized within host cells by
immunofluorescence. Azithromycin treatment effectiveihibited HEV ORF2 expression, and

the inhibition is remarkable even at the low concentration (1 uM) and much stronger at higher
concentration (10 uM)Fig. 15). Notably, both concentrations could not completely inhibit
viral protein expression. Altogetheazithromycin dos@ependently inhibited HEV genome
replication and viral protein expression.

Although primarily causing hepatitis, HEV infection is also associated with a broad range of
extrahepatic manifestations, particularly kidney injury and neurigalgdiseases (6, 7). Thus,

we further profiled the antHEV activity of azithromycin in a variety of cell models, including
hepatic and norhepatic cell lines harboring the géuc replicon. As expected, azithromycin
significantly inhibited HEV replicatigglated luciferase activity in human kidney 293a-Luc

(Fig. S1A)neuronal U8+#6-Luc(Fig. S1Band hepatic PLg6-Luc (Fig. S1Cmodels. We
determined the IC50 and CC50 concentrations of azithromycin in 293T cells as 9.3 pM and
56.8 UM, respectivelyThese results indicate that the aftiEV effect of azithromycin is
universal across different cell types.

Emerging evidence suggests that the antiviral activity of azithromycin against particular
virusesmay beassociated with host innate immune respons® 9). Interferon signaling
provides the firstine innate defense against viral infections, and the &V activity of
interferon-alpha (IFN' 0 Kl & 0SSy RSY2yaiN}GdSR Ay OStf
treated chronic HEV patients (10). Bindingfeftd (2 A Ga NBOSLII 2N Ay Al
signal transducer and activator of transcription (ZB\KAT) cascade to recruit the ISGF3
complex, which subsequently binds to stimulated response element (ISRE) in the nucleus

to transcribe interferonstimulated genes (ISGs) (11). We previously have shown thé&i&Mi
agents ribavirin and mycophenolic acid (MPA) are capable of activating ISG transcription,
although they do not trigger interferon production (12, 13). We found azithromycin treatment
dosedependently activated the transcriptional activity of ISBRiSed luciferase reporter,
although to a less extent compared to N & { A Y{(Bif. RAJ Coasistently, azithromycin

treatment significantly induced the expression of several ISGs, including MM, MX1,
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ISG15 and STAT2, by Told in Huh7 cells regardless infected with HEV or (fad. 2B)
However, the effect on the transcription of RIGGTAT1 and TiZRs mild.
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Fig. 2. Azithromycin triggers innate immune respong8) Analysis of ISRElated firefly luciferase
activity in HUh7AISRH.uc cells treated with various concentrations of azithromycin (AZM) of IFN
(1000 IU/MI, positive control) for 48 hours. Data were normalized and compared to the untreated
control group (set as 1) (n=8B) Analysis of azithromycin induced interferon (IFSinulated genes
(ISGs). The mRNA levels of ISGs were measureddiyGR in Huh7 cells treatedtvazithromycin

6 mn |y Ror g8rhours avith or without HEV infection. Relative gene expression wasatiaed

to the housekeeping gene Glyceraldehy@phosphate dehydrogenase (GAPDH) using tikek2/ (i
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method. Data were normalized and compared to the untreated control in Huh7 and-ptutcélls
respectively (set as 1) (n=4). Data are presented as means +tNHEAS, melanoma differentiation
associated protein 5; RiG retinoic acidnducible gene I; OAS3,-2*oligoadenylate synthetase 3;
MX1, MX dynamin like GTPase 1; ISG15, interfstiomulated gene 15; STAT1/2, signal transducer and
activator of transcption 1/2; TLR2, Telike receptor 2. (*P < 0.05; **P < 0.01; ***P < 0.001)
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Fig. 3. The effect of azithromycin induced neanonical interferonlike response on its attHEV

activity. (A) Comparison of ISRE related firefly luciferase activity in HERHE_uc cells after combined
GNBFGYSYd 2F WY AYKAOAG2NI M O mMA >0avon ngi (LK klalf A0 |
control) for 48 hours. Data were normalized to the azithromycin untreated group and JAK inhibitor 1

only group respectively (s@as 1) (n=10)B) Comparison of ISGs gene transcription in Huh7 cells after
combined treatment for 48 hours. The mRNA levels of indicated ISGs were quantified-BZ RRihd

relative gene expression was normalized to the housekeeping gene Glycerale&pydsphate
dehydrogenase (GAPDH) using the 8 / (i Y S (i K@ Westéry blot anabysis of total STAT1 or
LIK2ALK2NEfFGSR {¢!l¢m oL ¢! ¢m0o SELINBaAaAAZY -AYy | dz
actin serves as an internal reference (n#) Canparison of HEV RNA quantification in infectious
Huh7-p6 cells after combined treatment for 48 hours. Intracellular relative HEV RNA was measured by
gRTFPCR (n=6JE)Western blot analysis of STAT1 and phosphorylated STAT1 (pSTAT1) expression in
wild type(WT) and STAT1 knockout (STAT1 | dzKT OSf f & -acH#nis&3ved ab an inteyal K 2 dzN
reference (n=4)(F)Comparison of ISGs gene transcription in WT and STHTL7 cells at 48 hours.

Data were normalized to the untreated WT group and STAJFaup respectively (set as 1)4@).(G)
Comparison of HEV RNA quantification in WT and STAT7 cells. Huh7 cells were infected with

HEV for 24 hours followed by azithromycin treatment for 48 hours, then intracellular relative HEV RNA
was measured by gRACR (n=6). Data are presettas means = SEM. RLU, relative luciferase unit; NS,

7

not significant; IFN = (@ LJS L AYyUGSNFSNRY h Tasso&ateg oteWiS;iRIGY 2 Y |
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I, retinoic acidnducible gene I; OAS3;2 oligoadenylate synthetase 3; MX1, MX dynamin likeaS&P
1; ISG15, interferostimulated gene 15; STAT1/2, signal transducer and activator of transcription 1/2;
TLR2, Tolike receptor 2. (*P < 0.05; **P < 0.01; **P < 0.001)

As expected, blocking the function of Janus kinases by JAK inhibitor 1 latgelyated IFN

h AYRdzOSR L{w9 IOGAGI A2y L{D (HE¥aft&i@MNGA LIGA 2y =
3A-D). Surprisingly, although JAK inhibitor 1 affected azithromywnced ISRE activation
and ISG transcription, it has no effect on the afllV activity of azithromyci@Fig. 3A, 3B and

3D). Of note, azithromycin hardly activates STAT1 phosphorylation, or to a mild level that was
undetectable by western blotting assayrig. 3C) We next investigated the potential
involvement of STAT1 by using®ST knockout Huh7 celBig. 3E)Loss of STATL1 significantly
attenuated the induction of ISGs and ahtEV activity of IFN (Fig. 3F and 3GBut again,
STAT1 knockout had no effect on the adkV activity of azithromycin, although attenuated
the induction of ISGE-ig. 3EG).

Simila to our observations, previous studies in different viral infection models, including
respiratory syncytial viruses, rhinovirus, influenza virus, and ZIKA @ru8, 14, have
indicated potential activation of IFN response by azithromycin. Howevevbgall antiviral
activity of azithromycin is not affeatieby the absence of type | IF§),(functional inhibition of
Janus kinase@-igs. 3MD), or knockout of IFNAR®) or STAT{Figs. 3E5). Interestingly, ISGs
such as pathogen recognition receptorsiiis and RIKB and the ones (OASs, MXs, and ISG15)
functionally related to RNA and protein metabolism were frequently found to be upregulated
by azithromycin(8, 9. Overall, azithromycin appears to activate interferon (like) response, but
whether this actially contributes to the broad antiviral activity remains largely unclear.
Importantly, as an FDA pregnancy category B drug, azithromycin has been clinically proven to
be safe in pregnant women, newborns and young children (15). Furthermore, azithromycin
also possesses anfiflammatory and immunomodulatory properties (16). Severe HEV
infections in pregnant women universally accompany with massive inflammatory response
(17). Thus, azithromycin could be an idea therapeutic candidate for treating HEV infected
pregnant women that can simultaneously inhibit the infection and pathogenic inflammation.
Animal study showed that azithromycin can accumulate in the lung and liver, leading to more
than 100fold enrichment in these tissues than the bloodstream (18). Harmore,
pharmacokinetic studies in human showed that it not only accumulates in brain and placenta

of the mother but also can be transported to fetal tissue through amniotic fluid and umbilical
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O2NR L FaYl s NBFOKAY3A FAYI(9 19 These Sondentdations 2 v &
are comparable to or even higher than the IC50 of azithromycin demonstrated in our HEV
models(Fig. 1 and Fig. Sliphdicating that the concentrations of azithromycin in maternal and
fetal tissues should be sufficient to initiblEV replication. Because azithromycin is cheap and
widely available in oral and intravenous formulations. Repurposing for treating HEV infection
would be highly accessible for all patients including from resclinciéed regions However,
combination ofazithromycin with the known antHEV agents IFN (Fig. S2A)ribavirin(Fig.
S2B)or MPA(Fig. S2Qksulted in antagonistic effects.

In summary, this study has demonstrated azithromycin as a potent inhibitor of HEV replication
in cell culture models. &lough azithromycin is capable of moderately activating a-non
canonical interferodike response, the antiEV activity is largely independent of this innate
immune response and the exact mechanisfraction requires further study. Given the great
potential of azithromycin for treating a wide range of HEV patients including pregnant women

and children, followup in vivo studies are weanted to validate our findings

MATERIALS AND METHODS

Reagents and antibodies

Azithromycin, human IFN X NA O GANARY YR Y@O2LKSy2tA0 I (
Aldrich. The JAK inhibitor 1 (804021) were obtained from Santa Cruz Biotechnology (Santa
Cruz). The diluent used for azithromycin was Dimethyl sulfoxide (DMSO, Sigmdinat
concentration below 0.1% for the high concentration treatment, which was confirmed in
preliminary experiments not to have any effect on measured outcomes. Ribavirin, MPA and
IFNh g SNBE RA & a2t @BuiFered Baline FPBS).K BeXHEK GRiiEDIy (mouse

Y2y 20t 2yl f X aattin gntibady (mouse/ntdnoclonal -4Z778) were purchased

from EMD Millipore and Santa Cruz Biotechnology (Santa Cruz), respectively. Mouse Control
IgG2b antibody was purchased from InvivoGen (mabkg8im). PhaphoSTAT1 (Tyr701)
(58D6, Rabbit mAb, 9167) and STAT1 (Rabbit mAb, 9172) antibodies were obtained from Cell
Signaling Technology (Danvers, MA, USA).-rAbbit and antimouse IRDyeonjugated

secondary antibodies @dor Biosciences, Lincoln, NE, USAgwéso used

Cell culture
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Human hepatoma cell line (Huh7) and human glioblastoma cell line (U87) were kindly
provided by the Department of Viroscience (Erasmus Medical Center). Human hepatoma cell
line PLC/PRF/5 (PLC) and human embryonic kidney eplticelialine (HEK293T) were
originally obtained from ATCC (http://www.atcc.org). These cells were cultured in Dulbecco

s modified Eagle medium (DMEM) contained 10% fetal bovine serum, 100 1U/mL penicillin,

and 100& g/mL streptomycin at 3¥ with 5% CO2

Viruses and culture models

Above mentioned cell lines were employed to generate HEV cell as we reported previously (5,
20). For infectious fulength cell model (Huhp6), Huh7 cells were electroporated with full
length HEV genomic RNA (genotype 3 Ker@iw6 clone, GenBank accession number
JQ679013). To generate luciferdsased replicon models (Hukpb-Luc, PL6-Luc, US#H6-

Luc, HEK293d6-Luc), a plasmid construct containing subgenomic HEV sequence in which
HEV capsid protein ORF2 was replaced by adizaluxiferase reporter gene for monitoring
viral replication. HEV genotype 1 replicon model (H@T7ALuc) was based on the Sar
55/S17/luc HEV clone containing a Gaussia luciferase reporter. To produce viral RNA, the
Ambion MMESSAGE nMACHINE in vitro fR&cription kit (Thermo Fisher Scientific Life
Sciences) was used. The ISRE reporter system mimicking IFN responstS@gHLa¢) and
STAT1 knockout cells (HuBTAT1) we used here were from our previous study, HEV virus

preparation and reinfectionwere same as the reported methods (5, 20)

MTT assay

To perform MTT assay, 10 mM4 5dimethylthiazot2-yl)-2,5-diphenyltetrazolium bromide

(MTT) (Sigma) was added to the cells seededig @6t t LJ | §S F2f{f26SR 0& o
at 37°C with 5% COR.K Sy (U KS YSRAdzY 6l & NBY2OSR YR wmnn
well. After additional incubation of 15 min, the plate was transferred to the microplate
absorbance readers (BIRAD) to detect the absorbance of each well at wavelength of 490

nm.

Quantification of HEV replication and gene expression

Viral replication in HEV replicon models was measured by the secreted luciferase activity in
the cell culture medium. Luciferase activity was quantified on a LumiStar Optima

luminescence counter (BMG Lab Techhg®ioLux® Gaussia Luciferase Flex Assay Kit (New
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England Biolabs). For HEV infectious model, intracellular viral RNA was quantified. Total RNA
was extracted with Macheriducleo Spin RNA 11 kit (Bioke) and quantified by NanoDrep ND

1000 spectrophotometerWilmington). The cDNA was synthesized by cDNA Synthesis Kit
(Takara). Applied Biosystems SYBR Green PCR Master Mix (Life Technologies) was used to
quantify HEV RNA and mRNA of inflammatory cytokines, IFNs and ISGs. Relative gene
expression was normalizedot the housekeeping gene Glyceraldemgiphosphate
dehydrogenase (GAPDH) usingthe R / i YSGK2R® ! £ f (GKS LINRYSN
provided in the online Supplementary Table S1

Western blotting

Total protein lysates were heated at 95°C for 5 nmert run on 10% sodium dodecyl sulfate
polyacrylamide gel (SEFRAGE) at 90 V for 120 min, subsequently transferred onto
polyvinylidene difluoride (PVDF) membrane (0.45 mm, Thermo Fisher Scientific Life Sciences)
at 250 mA for 120 m. The membrane was incatedwith blocking buffer (LCor Biosciences)

for 1 hour at room temperature followed by incubation with primary antibodies mouse anti
HEV ORF21:1000) and anti -actin (1:1000) at 4°C overnight. Then the membrane was
washed 3 times followed by incubation with antiouse (1:5000) or antabbit (1:10000)
IRDyeconjugated secondary antibodies-(Lor Biosciences) at room temperature for 1 hour.
Fnally, after washing 3 times, membrane was visualized using an Odyssey infrared imaging

system CLx (LICOR Biosciences)

Immunofluorescence

Cells growron Slide 8 Well (ibidi GmbH0826) were washed once with 1x PBS and then
fixed for 10 min with 4% (wj) paraformaldehyde (PFA) at room temperature (RT). After
fixation, the cells were washed 3 times with PBS and permeabilized with 0.1% (v/v) Friton X
100 for 10 min, then washed 3 times with PBS. Cells were incubated for 1 hour in blocking
solution (5% Nanal Donkey Serum, 1% Bovine Serum Albumin, 0.2% TRITON X in 1 x PBS) at
RT. Then cells were incubated with primary &tV ORF2 antibody (aa 4847, clone 1E6,

IgG2b) at a 1:200 dilution for 1 hour. The control group was incubated with the matched
mouselgG 2b antibody (InvivoGen; 1:200). The primary antibody mixture was then removed
and cells were washed 3 times with PBS. The secondarymbntieAlexa Fluor® 594
Conjugate antibody (Cell Signaling Technology; 1:5000) was added and the cells were

incubated an additional hour at RT. After the incubation the cells were washed 3 times and
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then cell nucleus was stained with 4jé&midino-2-phenylindole (DAPI) for 10 min at RT.
Images were taken on a Leica SP4 confocal microscope (lens: 40x), image analysis was

performed using ImageJ (NIH)

Statistical Analysis

Statistical analysis was performed using the fpaired, nonaparametric test (ManANhitney

test; GraphPad Prism software, GraphPad Software Inc., La Jolla, CA). All results were
presented as mean + staadd errors of the means (SEM). P values <0.05 were considered as
statistically significant Detailed information egarding materials, methodss well as

additionalresultsare provided in the Supplementary Data File.
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SUPPLEMENTARY METHODS AND RESULTS

SupplementaryFigures
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Fig. S1. AtHEV activity of azithromycin in diverse cell culture models harboring genotype 3 HEV
replicon. (A)The effects of various concentrations of azithromycin (AZM) on HEV replication in kidney
293T cells harboring the géuc repliconHEV replication was measured by Gaussia luciferase activity
(n=12). The 50% inhibitory and cytotoxic concentrations (IC50 and CC50) of azithromycin were
calculated using GraphPad Prism 5 software =) The effect of azithromycin on HEV replication

in neuronal U87 (U8p6-Luc), or(C)hepatic PLC/PRF/5 cells (Ri&Luc). The luciferase activity was
measured 24, 48 or 72 hours pdstatment. MTT assay was performed at 72 hours gestitment.

Data were normalized and compared to the untreated congmup (set as 1) (n=10). Data are
presented as means + SEM. RLU, relative luciferase unit.Q(#%5<**P < 0.01; ***P < 0.001).
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Supplementary Table

Table S1. Primers sequences used to detect HEV, inflammatory cytokines, IFNs and ISGs
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lvermectin effectively inhibits hepatitis E virus
replication requiring the host nuclear transport
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Chapter 7

ABSTRACT

We identified ivermectin, an FB#&pproved antiparasitic drug, effectively inhibited hepatitis

E virus (HEV) infection in a range of cell culture models iimgugbpatic and extrahepatic cells

with genotype 1 and 3 strains. Lotgym treatment showed no clear evidence of drug
resistance development. We demonstrated gene silencing of impértim> | OSf € dzf | N
ivermectin and a key member of the host nuclear transport complex, attenuated viral

replication and largely abolished the atEV effect of ivermectin

KEYWORDS

Ivermecin; Hepatitis E virus; Niear transport; Drug repurpos
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Chapter 7

MAIN TEXT

Hepatitis E virus (HEV), as a sirgjlanded, positivesense RNA virus, is the most common
cause of acute viral hepatitis worldwide (1). Among the classified 8 genotypes, genotype 1, 2,
3, and 4 HEV are walharacterized to infect humans (2). In general, HEV infection is self
limiting with an extremely low mortality rate. In contrast, acute infection with genotype 1 HEV

in pregnant women has a high risk of developing severe implicatuithshigh death rate of

up to 30% (3). Infection with genotype 3 and occasionally genotype 4 HEV in organ
transplantation recipients bears a high risk of developing chronic hepatiti$ Because no
FDAapproved medication is available, monotherapyfof/ 4t SNF SNRY | f LIKI 6L C
their combination has been used as an-laffel treatment for chronic hepatitis E (7, 8).

| 26 SASNE LCbh A& 3ISYySNIffte O2yidNI ixanspardl G SR
recipients because it stimulates thimmune system and increases the risk of acute rejection
(9). Ribavirin monotherapy is effective in approximately 80% of eligibly treated chronic
hepatitis E patients (10). However, treatment failure has been frequently reported, probably
attributed to resstance development or poor tolerance (7). Thus, there is a clinical need for
developing new antiviral therapies against HEV, and we are interested in repurposifig-safe
human broadspectrum antiviral drugs for treating hepatitis E (11).

Ivermectin is arapproved antiparasitic medication with an established safety profile since
the 1970s and is on the World Health Organization (WHO) list of essential medicines (12, 13).
Over the last 30 years, there were more than 2.5 billion doses of ivermectin digtlilagross

the globe, showing an excellent safety profile in the clinic (14). Interestingly, ivermectin has
been reported to exert broad antiviral activity against sirgfi@nded RNA viruses and DNA
viruses. More interestingly, ivermectin has recently besmwn to inhibit SARSoW2
replication, the causative agent of the COM® pandemic (15). In this study, we aim to
evaluate the potential of ivermectin in inhibiting HEV replication and possible underlying
mechanisrrof-action.

To test the potential antHEV activity of ivermectin, we first used a subgenomic replicon and

a fulHlength genome HEYV infectious model, based on the genotype 3 Kebiqué clon€Fig.

S1) In the subgenomic model, the open reading frame (ORF) 2 encoding the capsid protein
was eplaced by a Gaussia luciferase reporter gene for monitoring viral replication. We found

that ivermectin treatment significantly inhibited viral replicatioelated luciferase activity in

141 Page



Chapter 7

the human hepatic Huh7 cells harboring the subgenomic replicon dosedependent

manner(Fig. 1A) We next tested a series of ivermectin concentrations (0:Q0Ln >a 0 Ay (K
Huh7 cell model to assess antiviral and cytotoxic effects. The 50% inhibition and cytotoxicity

L/ pn FYR [/ pnb O2yOSYuGNIdA2ya 2F AQENNSOUAY
1B) In the Huh7 infectious p6 cell model, treatment with ivermectin for 48 hours potently
inhibited HEV at viral RNA level determined by-&RFig. 1C and Fig. S2&)d HEV ORF2

protein level measured by western blottirfig. 1D) For instanceil NS I 4 YSyY G A G K wmn
ivermectin for 48 hours resulted in a 71.68% + 5.78 (mean £ SEM, n=4, p<0.001) (Fig. 1C) and
51.67% % 8.19 (mean = SEM, n=4, p<QBit) 1D)nhibition of HEV RNA and capsid protein

level, respectively. Furthermore, based on a&tion of viral RNA copy numbéFig. S2B)
GNBFGYSYyld 6A0GK M 2Nl p >a 2F AGSNXYSOGAY F2NJ |
secreted viral RNA into supernatgfitig. S2C)which was consistent with the reduced level of

capsid protein in the supeatant (Fig. S2D)The inhibitory effect was further confirmed as

shown a dosalependent decrease of ORERcoded capsid protein expression by confocal

imaging assay(Fig. 1E) Furthermore, ivermectin also doskependently inhibited viral

replication in &r55 clonebased genotype 1 HEV subgenomic replifféig. 1F)Since the p6

genotype 3 clone is capable of producing infectious viral particles, we harvested HEV patrticles

at 48 hours postreatment of the antiviral drugs, and then performed airdectionassay in

naive Huh7 cells to further determine the antiviral effects. We included ribavirin as a positive
control. We found the amount of produced HEV with infectivity was significantly reduced by
ivermectin or ribavirin treatment shown at both viral RE/#d protein levels upon ranfection

in Huh7 cellgFig. S3)Notably, HEV is more sensitive to ivermectin than ribavirin. For example,

Mn >a AGBSNYSOUGA yY-HE/E&NT, Sheredsizhérd was hakdly @niantiviral

activity of ribavirin at this concentratioffFig. S3)Drug resistance is one of the maacfors

that limit the effectiveness of antiviral treatment. Lotgyrm exposure to low dose antiviral

drugs is prone to developing resistance (16). To characterize ivermectin in this respect, the

HEV p6 cell model was constantly exposed to low dose iveimgct 6 m >a 0 ® LISNX SO
its anttHEV activity even after 21 days, shown at both viral RNA and-@Rbéed capsid

protein levelg(Fig. 1G)

Besides hepatitis, HEV infection is associated with a broad range of extrahepatic
manifestations, includindsidney injury and neurological diseases-(1%). We thus further

profiled the antiviral activity of ivermectin in a variety of cell models, including hepatic and
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non-hepatic cell lines with genotype 3 HEV. Notably, ivermectin significantly inhibited viral
replicationrelated luciferase activity in human kidney 29&1ig. 2A) hepatic PLCFig. 2B)

and neuronal U87Fig. 2C)cells We determined the IC50 and CC50 concentrations of
ADBSNYSOGAY 6SNB HdPyd >a YR mMydPHo >a AY Hbpo
Y2RStX YR Tdyo >a FtYyR nodpdpm >a Ay 'yt OSftf
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Fig. 1. AntHEV activity of ivermectin in Huhbased cell culture modelgA) The effects of ivermectin
treatment for 24, 48 or 72 hours on viral replication related luciferase activity in the genotype 3
subgenomic Huhp6-Luc cell model. The untreated group serves@#rol (CTR) (set as 100%) 12k

(B) The 50% inhibitory concentration (IC50) and 50% cytotoxic concentration (CC50) of ivermectin in
Huh7p6-Luc cell model and Huh7 cell line were calculated using GagpPRrism 5 software (n=1).

(C)The infectious Huhp6 cell model was treated i indicated concentrations of ivermectin for 48
hours. The effects on viral RNA was quantified byBE&R using primers targe) ORF2/ORF3 overlap
region (r=4-8). (D) Western blot analysis of HEV capsid protein level in Hafh¢ells treated with
ivermedin for 48 hours. The uninfected group (mock) serves as the negative control, and the infected
but untreated group serves as the gitive control (set as 100%) @y (E) Immunofluorescence
analysis of viral ORFNhcoded capsid protein (red) in Huh7 célésated with indicated concentrations

of ivermectin for 48 hours. Huh7 cells incubated with the -V capsid protein antibody or Huh7

p6 cells incubated with the matched IgG control antibody serves as the negative control. HEV infected
Huh7 cells untreted and incubated with the antHEV capsid protein antibody serves as the positive
control. DAPI (blue) was applied to visualize nuclei. (40 x oil immersion obje@ENd)h7 cell based
genotype 1 HEV replicon (Sar55 clone) was treated with ivermeamtig4f 48 or 72 hours and viral
replication related lucifease activity was measured (b&). (G) The effects of longerm treatment
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GAGK M >a A @SNI)S O ph fell Bodel Wedeiquantibet by /qFPCR. Tz& untreated
(CTR) group serve egntrol (set as 100%) (n=8). Western blot analysis of HEV OfR2oded capsid
protein was performed on 21 days of treatment. RLU: relative luciferase unit. Data are presented as
means + SEM. (*P < 0.05; **P < 0.01; **P < 0.001)

Fig. 2. AndHEV activity ofivermectin in different human cell culture modelsThe effects of
ivermectin treatment on viral replication related luciferase activity and the 50% inhibitory
concentration (IC50) against HEV replication and 50% cytotoxic concentration (CC50) of imermecti
were calculated using GraphPad Prism 5 soféwiarkidney 293T cells (n2) (A), PLC/PRF/5 cells
(n=1012)(B), or neuronal U87 cells (n=11®) (C) The untreated (CTR) group serve as control (set as
100%). RLU: relative luciferase unit. Data are preskas means + SEM (*P < 0.05; *P < 0.01; ***P
<0.001)

Emerging evidence suggests that the antiviral activity of ivermectin against particular viruses
Ada [ aa20AF SR gAGK Kz2ald ydzOf SFNJ (NI yaL}2 NI
inhibition of nuclear import of host and viral proteins (20). Fo example, the antiviral
activity of ivermectin against Human immunodeficiency virus 1-(Hl&hd dengue virus has
0SSY IOUGNROMzISR (2 (GKS AYKAOAGA2Y 2F Lat
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