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ABSTRACT

Introduction: Vaccination and anti-viral therapy with nucleos(t)ide analogues (NAs) are key
approaches to reducing the morbidity, mortality and transmission of hepatitis B virus (HBV)
infection. However, the efficacy of these interventions may be reduced by the emergence of
drug resistance-associated mutations (RAMs) and/or vaccine escape mutations (VEMs). We
have assimilated data on the global prevalence and distribution of HBV RAMs/VEMs from
publicly available data and explored the evolution of these mutations.

Methods: We analysed sequences downloaded from the Hepatitis B Virus Database, and
calculated prevalence of 41 RAMs and 38 VEMSs catalogued from published studies. We
generated maximum likelihood phylogenetic trees and used treeBreaker to investigate the
distribution of selected mutations across tree branches. We performed phylogenetic
molecular clock analyses using BEAST to estimate the age of mutations.

Results: RAM M204I/V had the highest prevalence, occurring in 3.8% (109/2838) of all HBV
sequences in our dataset, and a significantly higher rate in genotype C sequence at 5.4%
(60/1102, p=0.0007). VEMs had an overall prevalence of 1.3% (37/2837) and had the
highest prevalence in genotype C and in Asia at 2.2% (24/1102; p=0.002) and 1.6%
(34/2109; p=0.009) respectively. Phylogenetic analysis suggested that most RAM/VEMs
arose independently, however RAMs including A194T, M204V and L180M formed clusters
in genotype B. We show evidence that polymorphisms associated with drug and vaccine
resistance may have been present in the mid 20" century suggesting that they can arise
independently of treatment/ vaccine exposure.

Discussion: HBV RAMs/VEMs have been found globally and across genotypes, with the
highest prevalence observed in genotype C variants. Screening for the genotype and for
resistant mutations may help to improve stratified patient treatment. As NAs and HBV
vaccines are increasingly being deployed for HBV prevention and treatment, monitoring for

resistance and advocating for better treatment regimens for HBV remains essential.
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INTRODUCTION

Anti-viral therapy with nucleos(t)ide analogue (NA) agents is a central approach to reducing
morbidity, mortality and transmission of hepatitis B virus (HBV) infection. NAs are used to
suppress viraemia, thus reducing inflammatory liver damage (1). However, the efficacy of
widespread deployment of NAs, both for individual patients and at a public health level, may
be affected by the emergence of drug resistance (2,3). Resistance-associated mutations
(RAMSs) can arise as a result of the low fidelity of the HBV reverse transcriptase (RT) enzyme
which lacks transcriptional proofreading activity, especially in the setting of high viral
replication rates (estimated at up to ~10*2 virions/day (2)). Lamivudine (3TC) and entecavir
(ETV) were licensed in 1986 and 2005, respectively, but their ongoing role has been limited
by the occurrence of anti-viral drug resistance (4-6). Tenofovir (TFV), most commonly
prescribed as tenofovir disoproxil fumarate (TDF), was licensed in 2008 and is now the
favoured choice as it has a higher genetic barrier to resistance, as well as being cheap, well-
tolerated, and safe, including in pregnancy (4). However, there are now emerging data that
show the potential for selection of TDF drug resistance mutations (7), albeit with limited
insights into their prevalence or clinical impact (8). Importantly, as well as being selected in
individuals on therapy, RAMs have been reported among treatment-naive individuals (1,9).
Whether these mutations occur without exposure to antivirals, or are exclusively as result of

prior drug exposure, is uncertain.

Reports of resistance to the HBV vaccine raise concerns about the extent to which vaccine-
mediated immunity will remain robust. The vaccine, licensed for use in 1981, is administered
to infants as part of WHO expanded programme for immunization (10). HBV vaccination
induces the production of neutralising antibodies that mainly target the second hydrophilic loop
(amino acids (aa) 139 to 147 or 149) of the major antigenic determinant (aa 99 to 169) of the
HBV surface protein (HBsAg) (11,12). Strong immune pressure can lead to the selection of
mutations within HBsAg, resulting in variants resistant to HBV vaccine and/or HBV
immunoglobulin (HBIg) (2). G145A/R is the best described mutation associated with
resistance to HBV vaccine/HBIg (11-13). Several other mutations across the entire antigenic
determinant have been reported, which also have associations with vaccine resistance
(11,14-16).

Genetic differences among the ten HBV genotypes (A-J) and numerous sub-genotypes may
influence the likelihood of acquisition of drug or vaccine resistance (17). Genotypes have

different geographical distributions, for example genotypes A, D and E are predominant in
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88  Africa, and B and Cin Asia (18,19). In genotypes in which the wild type amino acid at a specific
89  position is part of a sequence motif associated with drug or vaccine resistance, the barrier to
90 resistance is likely to be inherently lower. This phenomenon has been described in hepatitis
91 Cvirus (HCV) infection, explaining why some sub-genotypes are intrinsically resistant to the
92 most widely used direct acting antiviral drugs (20-22). In addition, genotype-specific
93 differences in mutation rates and host population dynamics have an influence on virus
94  evolutionary rates, which directly affects the probability of appearance of RAMs/VEMSs. For
95 HBV, the rate of molecular evolution is estimated to be between 7.9 x 10° and 3.2 x 10*
96  substitutions per site per year (23,24).

97 A number of studies have reported the frequencies of RAMs in HBV from different
98 populations (1,25-27); however, the global prevalence, geographic distribution, time of
99 origins, and their association with different HBV genotypes remain unknown. We therefore
100 set out to assimilate data on the global prevalence and distribution of HBV RAMs from public
101 sequence databases, and to explore the genetic relatedness of viruses bearing these
102  mutations.

103

104 METHODS

105

106 HBV sequences curation process

107  We analysed sequences downloaded from a publicly available database (Hepatitis B Virus

108 Database - https://hbvdb.ibcp.fr/HBVdb/ (28)), accessed on 20" November 2018. We
109 downloaded a total of 6,219 full length genome sequences (Suppl Figure 1). Using MEGA7

110 software (29), we generated neighbour joining phylogenetic trees to validate the HBV
111  genotype assignment, discarding sequences that had been incorrectly classified. We then
112  generated pairwise distances for aligned sequences within each genotype using the
113 dist.alignment function of the R package seqinr (30), and excluded sequences with >99.5%
114  similarity in order to remove closely related isolates for instance duplicates and/or isolates
115 derived from the same individual. For the remaining sequences, we obtained sample
116  collection date and sampling country from GenBank. A total of 2938 sequences had
117  geographical data and 2167 had both sample collection date and geographical data. Suppl

118  Figure 1 shows the data curation process.

119

120  Drug resistance associated mutations

121  We worked from a list of pre-existing drug RAMs identified from published studies
122 (1,2,8,9,25,31) (Suppl Table 1), and stratified them according to the NA to which they cause

123  resistance, as described below:
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124

125 a. We classified RAMs associated with 3TC into three categories: (i) primary RAMSs,
126 which are well known to cause resistance to 3TC in isolation; (ii) compensatory
127 RAMs, which by themselves do not confer resistance but when combined with
128 primary RAMs enhance resistance and viral functional capacity (2); and (iii) putative
129 RAMs for which there is limited clinical/phenotypic evidence for 3TC resistance.

130 b. Two or more amino acid substitutions are required across the HBV RT protein to
131 confer resistance to ETV which could occur as a combination of M2041/V with one
132 or more of the following substitutions L80I/V, 1163V, 1169T, V173L, L180M,
133 A181S/T/V, T184X, A186T,S202C/G/I/R, M250I/V and/or C256S/G.

134 c. We classified RAMs associated with TFV into three categories: those with both clinical
135 and in vitro evidence; those with only phenotypic evidence; and those with only
136 experimental evidence, as described in a systematic literature review (8).

137

138 Vaccine escape mutations

139  All pre-existing VEMs included in this study were identified from published studies (1,14—
140 16,32-39) (Suppl Table 2). G145A/R and K141E/I/R have the strongest evidence base of
141  clinical and in vitro data to support HBV vaccine resistance (33), while other VEMs are
142  considered putative, as they are supported by less robust data.

143

144  Prevalence analyses

145  For the global prevalence analysis, we included HBV sequences with known country of
146  origin from genotypes A - E; we excluded genotypes F, G & H from this analysis because
147  of low sample size (<100), resulting in a total of 2,838 sequences. For all polymorphisms
148 that have been reported in association with resistance listed in Suppl Table 1 and 2, we
149  calculated the prevalence as total number of sequences with a specified mutation out of
150 the total number of sequences in each genotype/continent.

151

152 We carried out prevalence analysis reporting confidence intervals and p-values for
153 individual RAMs common to 3TC, ETV and TFV, for individual or combined RAMs associated
154  with ETV and TFV resistance, and for individual VEMs. We calculated confidence intervals

155 using an online software Epitools (http://epitools.ausvet.com.au). We used Chi square test to

156 compare the prevalence of RAMs/VEMs between different genotypes and between different
157  continents

158

159  We used GraphPad Prism v7-0 for data visualisation and statistical analyses.

160


http://epitools.ausvet.com.au/
https://doi.org/10.1101/2020.10.07.329391
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.07.329391; this version posted October 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

161 Distribution of selected RAMs and VEMs on maximum likelihood phylogenetic trees
162  We generated maximum likelihood (ML) phylogenetic trees for HBV genotype A (n=290), B
163  (n=730), C (n=1102), D (n=565) and E (n=150) sequences for which geographic information
164  was available. We used the general time reversible nucleotide substitution model with gamma-
165 distributed among-site rate variation (GTR + G) in IQ-TREE (40). We chose this model as it
166 incorporates different rates for every nucleotide change and different nucleotide frequencies,
167  thus allowing for most flexibility allowing us to avoid a model-selection step (41). We rooted
168 the trees using the mid.point function of the R package phangorn (42).

169

170  For this analysis, we considered a total of 12 RAMs (S106C/G, D134E, R153W/Q, V173L,
171  L180M, A181T/V, A194T, A200V, M204I/V, L217R, L229V/W, 1269L). These RAMs were
172  selected because they are primary RAMs or have robust evidence in causing resistance to
173  3TC, ETV and/or TFV. We also considered eight VEMs (C139S, S/T140I, P142S, S/T143L/M,
174  DI144AJ/E/GIN, G145A/E/R, K141A/I/IR and C147S) which are located within the epitope
175 (aal39 - 147) which is a neutralising epitope for the HBV vaccine.

176

177 We used treeBreaker (43) to test if sequences with individual mutations were randomly
178 distributed across the branches of the phylogenetic trees reconstructed for each genotype.
179  The program calculates per-branch posterior probability of having a change in the distribution
180 of a discrete character and gives a Bayes factor to show the strength of this evidence (43). A
181 Bayes factor of >30 indicates strong evidence that sequences with RAMs/VEMs are not
182  randomly distributed on a phylogenetic tree. We performed this analysis for each mutation
183  separately.

184

185 Phylogenetic dating

186 We performed phylogenetic dating to estimate the times of emergence of mutations of
187 interest, focused on RAMs V173L, L180M and M204I/V as they are well known to cause
188  (individually or synergistically) resistance to 3TC, ETV and TDF (8), and VEMs G145A/R and
189 K141E/IIR as they have been best described to cause HBV vaccine resistance (11-13). In
190 this analysis we included genotypes that had >50 sequences with associated sampling date
191 information: genotype A (n=170), B (n=594), C (n=906), D (n=336) and E (n=88). We manually
192 inspected sequences for misalignments in AliView program (43) and then excluded codon
193  positions associated with resistance (we excluded all sites listed in Suppl Tables 1 and 2) to
194  ensure that parallel evolution RAMs/VEMs does not affect the phylogeny (44). We used ML
195 phylogenetic trees generated for each genotype as described above and then dated these
196 phylogenetic trees using IQ-TREE v2.0.3 (45). We resampled the trees 100 times and chose

197 lognormal relaxed molecular clock model because it has performed best in other studies of
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198 HBV evolution (46,47). We used TempEst to estimate the molecular clock signal in our
199 datasets by regressing the root-to-tip genetic distance of each sequence in the tree and its
200 sampling date (48). Based on application of TempEst, we estimated the correlation between
201 the dates of the tips of the sequences and the divergence from the root to be 7.8 x 102, 3.9
202 x101,4.3x10?,2.3x102%and 2.1x 10 for genotypes A, B, C, D and E, respectively. Due
203 to the lack of correlation, we used the substitution rate estimated before (24,49) and
204  therefore we thus fixed the mean substitution rate to 5.0 x 10° (SD 4.12 x 10%)
205  subs/site/year for all genotypes in all subsequent analyses. We reported the time to most
206  recent common ancestor (TMRCA) of two or more sequences that clustered together
207  having the same mutation as this TMRCA likely corresponds to the lower bound of the age
208  of the mutation.

209

210 We also performed molecular clock phylogenetic analyses using Bayesian Evolutionary
211  Analysis Sampling Trees (BEAST). This method has been described in Suppl Methods.
212

213 RESULTS
214 i. Global prevalence of HBV drug RAMs

215 We assessed the prevalence of polymorphisms associated with drug resistance across 48
216  different sites within RT protein in a total of 2838 full length HBV sequences, Suppl Table
217  1.90% (43/48) of the sites had polymorphisms associated with drug resistance, Suppl Fig
218 2. 60% of the sites had polymorphisms associated with drug resistance occurring at the
219  prevalence of between 0-10% in both genotypes and continents. Genotypes A and C, as well
220  as Europe had the highest number of sites (nine sites for genotype A and C, and 11 sites for
221  Europe) with polymorphisms associated with drug resistance occurring at a prevalence of
222  >20%, Suppl Fig 2.

223

224

225 RAMs common to 3TC, ETV and/or TDF

226 RAMs L80I/M/V, V173L, L180M, A181T/V, T184X are common to 3TC, ETV and/or TFV.
227  M2041/V had the highest prevalence at 3.8% (109/2838) (Figure 1A). Genotype C had the
228  highest prevalence of all of these mutations, apart from L80I/M/V which is most common in
229  Genotype D (although not statistically significant) (Figure 1B). L180M and M204I1/V were
230  both present in all genotypes and continents analysed in this manuscript (Figure 1B, C).
231 However, there were no significant differences in prevalence of these RAMs across

232  continents.
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233

234 RAMs associated with ETV resistance

235 The overall prevalence of ETV resistance in this dataset, determined by the presence of
236 RAMs M2041/V+L180M, was 2.4% (67/2838); other combinations of ETV drug resistant
237  mutations were uncommon (all <0.6%); Suppl Fig 3. As previously, the most common
238 resistance mutations were seen in genotype C at 3.5% (39/1102 vs 28/1736 in other
239  genotypes; p=0.001).

240 RAMs associated with TFV resistance

241  The prevalence of individual mutations that have been associated with TFV resistance
242  ranged between 0.2 — 19.5%. Compared to all other genotypes, genotype C had the highest
243  prevalence of individual RAMs S106C/G, DH/N134E and 1269L; and Asia had the highest
244  prevalence of these individual RAMs S106C/G, DH/N134E and 1269L compared to other

245  continents, Suppl Fig 4.

246
247  Sequences with certain combinations of RAMs are likely to have the highest probability of

248  clinically significant TFV resistance (8). We therefore sought evidence of these combinations
249  of mutations in our sequence database (n=2838). In each case, we only identified between
250 one and three sequences with each combination of RAMs giving an overall prevalence of
251  between 0.04% - 0.1% (Suppl Table 3), suggesting these arise infrequently and are currently
252  unlikely to be of significance at a population level. The majority of sequences carrying these
253  drug resistance motifs were again in genotype C.

254

255 ii. Global prevalence of VEMs

256  We assessed for the prevalence of polymorphisms associated with vaccine/HBIg escape
257  across 33 different sites within surface protein in a total of 2838 full length HBV sequences,
258 Suppl Table 2. 78% (25/33) sites had polymorphisms associated with vaccine/HBIg
259  escape, Suppl Fig 5. 52% (12/23) of the sites had polymorphisms associated with vaccine
260 escape occurring at the prevalence of between 0 - 9% in both genotypes and continents.
261  Genotype C and Asia had the highest number of sites with polymorphisms associated with
262 vaccine escape occurring at the prevalence of >20%, compared to other genotypes and
263  continents, Suppl Fig 5.

264

265 VEM K141E/I/R was not present in our dataset. G145A/R had an overall prevalence of
266  1.3% (37/2837) and had the highest prevalence in genotype C at 2.2% (24/1102; p=0.002),
267 andin Asia at 1.6% (34/2109; p=0.009); this is the best recognised VEM (Figure 2A). Other
268 VEMSs that had an overall prevalence of >1% were T118A/R/V, M133I/L/T, A128V,
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269 Q129H/N/R, G145A/R, P120S/T and S/T143L/M (Figure 2A). T118A/R/V, A128V and
270  S/T143L/M had the highest prevalence in genotype D and in Europe, being present >3% of
271  the sequences; whereas VEMs M133I/L/T and Q129H/N/R had the highest prevalence in
272  genotype B and M133I/L/T had the highest prevalence in Asia, also being present in >3%
273  of the sequences (Figure 2B and 2C).

274

275 RAMs/VEMs as wildtype amino acid

276  Determining the clinical significance of individual RAMs/VEMs in HBV sequences is difficult
277  because some of the mutations that have been described occur at consensus level in some
278 genotypes. For example, 11 polymorphisms associated with drug resistance and nine
279  polymorphisms associated with vaccine escape had a prevalence of >50% in = 1 genotype
280  (s), Suppl Table 4 and Suppl Table 5. RAM H/Y9H is wildtype in genotypes A-E. This
281 mutation is most likely to add to resistance as flexible positions in the protein, in which
282  compensatory change is easily incorporated. RAMs H126Y and R/W153W, which contribute
283  to TFV resistance when combined with = 3 other RAMs (8), are wildtype in genotype A. This
284  shows that resistance to different drugs or HBV vaccine might be more easily selected in
285  certain populations or regions, based on the global distribution of HBV genotypes.

286

287  Distribution of selected RAMs and VEMs on maximum likelihood phylogenetic trees
288  We considered the distribution of 12 RAMs (S106C/G, D134E, R153W/Q, V173L, L180M,
289  A181T/V, A194T, A200V, M204I/V, L217R, L229V/W, 1269L) and eight VEMs (C139S,
290  S/T140I, P142S, S/T143L/M, D144A/EIGIN, G145A/E/R, K141A/l/R and C147S) across the
291  branches of ML phylogenetic trees. Most of these RAMs and all VEMs were randomly
292  distributed across the branches of phylogenetic trees reconstructed from genotypes A-E
293  sequences, suggesting parallel evolution.

294

295  However, there were several RAMs that clustered within genotype B, C and D sequences
296 (Figures 3). In genotype B, all sequences containing the A194T variant clustered together
297  (Bayes factor, BF, support >100; n=4 sequences). Sequences with this RAM were all from
298 Indonesia, reported by a study exploring HBV genetic diversity (50). Some sequences
299  containing both M204V and L180M formed a cluster in genotype B (BF = 54.99, n=4
300 sequences) and some with M204| formed a cluster in genotype D (BF >100, n=3
301 sequences). In genotype C, there were clusters of RAMs S106C (BF >100, n=5
302 sequences), R153Q (BF >100, n=3 sequences), and 1129L (BF >100, n=34 sequences).
303  Clustering of sequences with RAMs might suggest an emerging sublineage of treatment
304  resistant virus.

305
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306 Evolution of sequences with RAMs/VEMs

307 Most sequences with RAMs/VEMs in our analysis were published after the approval of
308 NAs/HBV vaccine, as a result of widespread improvements and availability of sequencing that
309 have arisen in parallel with roll out of drugs and vaccine. However, four sequences (KF214668,
310 KF214671, KF214673 and KF214676) with RAM 1269L and one sequence (KF214659) with
311 VEM S/T143M were sampled from Asia in 1963, and one sequence (HQ700441) with RAM
312 L180M was sampled from Oceania in 1984, demonstrating that mutations can arise without
313  exposure to treatment or vaccination.

314

315  We performed ML molecular clock analysis for full datasets of sequences of genotypes A — E.
316  However, only genotype C had clusters that had at least two isolates with the same resistant
317 mutations with a single common ancestor as shown in Table 1. The estimated time of
318 emergence of branches with RAMs M204V+L180M was around year 1945 (95% HPD 1897
319 -1971); and branches with VEM G145R was estimated to emerge around year 1930 (95%
320 HPD 1866 - 1958). Importantly, in both cases the higher bound of the 95% HPD interval of
321 the TMRCA of these clusters, which likely correspond to the lower bound of the estimate of
322 the age of these mutations, precedes the introduction of NAs and the HBV vaccine. The

323  results we obtained from ML molecular clock analysis and BEAST analysis were consistent.

324
325 DISCUSSION

326  Novel findings and comparison with previous literature

327  We describe the global prevalence of drug and vaccine resistance in HBV across genotypes
328 and geographical regions and explore the evolution of these mutations using phylogenetic
329 analysis, in order to provide a high-resolution picture of the origins and distribution of drug
330 resistance. From this analysis, HBV drug and vaccine resistance are not common, with the
331 highest frequency of individual or combined mutations that are well known to cause resistance,
332 being ~4% and the majority being <1%. These mutations are distributed across various
333  continents and genotypes, with the most frequent RAMs/VEMs identified in genotype C,
334  concordant with previous studies from China (51,52). We show that these mutations are not
335 only driven by exposure to drug or vaccine but are likely to have been present in some
336 sequences for hundreds of years. More studies representing all genotypes are needed,
337 alongside careful correlation with clinical evidence of drug resistance.

338

339  M204lI/V is one of the best recognised drug resistance motifs in HBV and had the highest

340  overall prevalence of 3.8% within our whole sequence database. A previous meta-analysis
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341 estimated the prevalence of M204I/V as 4.9% among >12,000 treatment-naive individuals
342  (25), and another review reported a prevalence of M2041/V of 5.9% among 8, 435
343 treatment-naive individuals (9). These reviews reported prevalence as the proportion of
344 individuals with mutations within the total number of treatment naive individuals, without
345  accounting for closely related sequences (thus may include multiple sequences from a
346  single individual). In contrast, we used full length HBV sequences and excluded identical
347  sequences, which might explain the lower prevalence we report.

348

349  We reported the prevalence of ETV resistance as 2.4%, which is slightly higher than the
350 prevalence of 1.7% reported from a large survey carried out in China among 1223 treatment
351 experienced patients and also a prevalence of 1.2% reported from a longitudinal study that
352 followed 108 HBYV infected treatment naive individuals for five years (26,53). Unlike these
353 two studies, we took a lenient approach by reporting the overall prevalence of ETV
354 resistance considering sequences with RAMs M2041/V+L180M, with or without an
355 additional compensatory mutation. These two are always present in ETV resistant variants,
356 and are the main ETV RAMs reported in published HBV treatment guidelines (10,54).

357

358 We estimated the overall prevalence of TFV resistance to be between 0.04 - 0.2%. There
359 have been few studies that have reported on TFV resistance (8) and more robust data are
360 still needed to define HBV resistance in order to guide better estimation of the prevalence
361  of relevant RAMs.

362

363  The global prevalence of the VEM G145A/R in our data was 1.3%, which is comparable to
364 that be 0.3 - 1% previously reported across genotypes A-F (55). A study carried out in Italy
365 reported a higher prevalence of 3.1%, in a cohort dominated by genotype D infection (56).
366 Regional differences might explain the difference in prevalence. However, the majority of
367 individuals with this mutation from the Italian study were immunocompromised and it was
368 not clear if they had been vaccinated prior to becoming infected.

369

370 Relationship between genotype and drug or vaccine resistance

371  The prevalence of RAMs/VEMs across different regions is influenced by the predominant
372  genotype, but may also relate to different patterns of drug or vaccine exposure in the
373  population. For example, T118A/R/V, A128V and D144A/E/G/N variants are more common
374 in Europe, which may relate to better vaccine coverage (57) that drives the selection of
375  resistant variants. Some polymorphisms that have been described in association with
376  resistance are wildtype in certain genotypes, which might indicate that these genotypes are

377  more susceptible to the development of clinically significant drug resistance. For example,
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378 TFV resistance might be selected more easily in genotype A given that RAMs H126Y and
379  R/W153W are wildtype in this genotype (58).

380

381 Phylogenetic analysis of selected RAMs and VEMs

382  We provide evidence that RAMs can arise without exposure to treatment/vaccine, showing
383 that certain RAMs emerged prior to the NAs and vaccine era. Using phylogenetic dating, we
384  estimate that RAMs M204V and L180M, and VEM G145R were already present around the
385 mid 20™ century. Although these estimates have wide confidence intervals, their upper
386  bounds precede the time of introduction of NAs and the HBV vaccine. A previous study
387  estimated the origin date of HBV genotype D in Iran as 1894 (95% HPD 1701 — 1957)(47),
388 and the root age of genotype A polymerase sequences is estimated as the year 955 (95%
389 HPD 381 — 1482); (46). A study that analysed 167 full length genotype E sequences,
390 estimated the TMRCA to be 174 years (95% HPD 36 — 441); (59). Similar to our analysis,
391 these studies used an uncorrelated relaxed lognormal clock which is reported to the best
392  fitting clock (46,47,59). However, given the differences in the substitution models, and with
393 some studies using sequences for just a single gene, direct comparison of the estimated
394 TMRCA generated by these studies and our analysis is challenging.

395

396 Selection vs transmission of drug resistance

397  Most RAMs were randomly distributed across the branches of HBV phylogenetic trees, which
398 suggests that these polymorphisms are being selected independently in individual hosts
399 (parallel evolution (60)) rather than becoming fixed and disseminated from a founder strain.
400  The high viral replication and mutation rate of HBV can result in amino acid substitutions at
401 sites of resistance, leading to the stochastic emergence of drug RAMs even in individuals who
402  have not been exposed to treatment (61—63). Individuals can also be infected with HBV strains
403  containing drug RAMs which could significantly comprise virological response to therapy, as
404  has been shown in HIV (64).

405

406 Caveats and limitations

407  The major constraint in this work is the relative lack of HBV sequence data; given the huge
408 global burden of infection there is a striking lack of high-quality sequence data available in the
409  public domain. As our sequences were obtained from GenBank, metadata on individual
410 characteristics and treatment exposure were not available. Our analyses may not be
411 representative, given the biased nature of sequence data that are available, disproportionately
412 representing certain populations and regions, and samples containing high viral load (65).

413 Drug resistant sequences may be over-represented, given that virus suppressed by drug
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414  therapy is not accessible for sequencing and individuals with break-through viraemia on
415 treatment are more likely to have samples submitted for sequence analysis.

416

417  Phylogenetic dating in HBV is challenging. Its overlapping reading frame raises controversies
418 around its evolution rates. HBV sequences lack temporal signal thus making it challenging to
419 reliably date HBV evolution using molecular clock methods. In addition, estimation of TMRCA
420  uses sample collection dates obtained from GenBank, which may not be accurate.

421

422  While Asia and Africa are known to have the highest prevalence of chronic HBV infection
423  worldwide at 6.2 and 6.1% respectively (66), 74% (2109/2838) of sequences included in this
424  analysis were from Asia and only 10% (277/2838) published from Africa. This low
425  representation of sequences highlights HBV as a neglected disease, with very few individuals
426  diagnosed and linked to care (67). In addition, the influence of the widespread use of
427  antiretroviral drugs containing 3TC and TFV, on suppression and/or emergence of drug
428  resistance is not yet understood.

429

430
431 Conclusions
432  Despite the availability of effective prevention and treatment strategies for HBV infection,

433 emergence of RAMs and VEMs may pose a challenge to the achievement of the United
434  Nations sustainable development goals for elimination by 2030. Going forward, enlarged
435 sequencing datasets, collected together with treatment histories and clinical data, will be
436  essential to develop an understanding of the distribution, nature and significance of drug

437  resistance at an individual and population level.
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638 Figure 1: Global prevalence of hepatitis B virus (HBV) drug resistance associated mutations
639 (RAMs) obtained from analysing 2838 HBV sequences with information on country of
640 origin, downloaded from a public database (https://hbvdb.ibcp.fr/HBVdb/). A. Overall
641 prevalence of RAMs common to 3TC, ETV and TFV. B. A bubble plot showing the overall
642 prevalence of RAMs common to 3TC, ETV and TFV within each genotype (genotype A n=290;
643 Genotype B n=730; Genotype C n=1102; Genotype D n=566; Genotype E n=150). C. A bubble
644 plot showing the overall prevalence of RAMs common to 3TC, ETV and TFV within each continent
645 (Africa n=277; Asia n=2109; Europe n=187; North America n=170).
646 Numbers next to the circles are prevalence (%) of individual RAMs in each genotype/continent.
647 The asterisks (***/**/*) within certain circles indicate RAMs that have a higher prevalence within
648 the specified genotype/continent compared to the prevalence of that RAM in other
649 genotypes/continents and is statistically significant.
650 *** n value <0.001; **p value < 0.005; *p value <0.05. Bars show 95% confidence intervals. T184X

651 represents T184A/C/FIG/I/LIM/S.
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T118X 3.4% (97/2838; Cl: 2.8% - 4.2%)
M133X 2.7% (77/2838; Cl: 2.2% - 3.4%)
Al28V 2.2% (62/2838; CI: 1.7% - 0.6%)
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Q101K 0.7% (20/2838; Cl: 0.5% - 1.1%)
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V106A 0.07% (2/2838; Cl: 0.02% - 0.3%)
0 1 2 3 4 5
Prevalence in %
B C
TM8X 0.0 0.0 0.2 166 o7 TI18X- 25 2.3 0.2, 29
M133X° 1.4 6,040 2.0 0.5 2.7 M133X 1.1 33 - 1.9 1.8
A128V 0.0 0.1 0.1 10.2,00 1.3 A28y 22 1.6 7.5 e 1.2
Q129X 0.7 2,940 0.7 1.6 0.7 Qi2ex 04 1.6 27 1.2
G145AR 0.3 1.0 228 0.9 0.0 Gl45AR 0.0 1.9 0.5 0.6
P120S/T 2.4 0.8 0.5 2.6 o7 P1208T 0.7 1.0 27 1.8
SIT143LM- 1.0 1.4 02 278 0.0 Smi43Lm: 0.7 0.9 32 (e 0.6
S/MT401- 0.3 1.4 0.5 1.1 0.0 ST1401 0.4 1.0 0.5 0.6
QoK 00 0.0 1.8 0.0 0.0 QioiK- 00 05 0.0 0.0
Fryisque 14 9.5 0.6 0.0 0.7 FryiaquL 07 0.5 0.0 1.2
G130NR 1.0 0.7 0.5 0.4 0.7 G130NR 1.1 0.5 0.5 0.6
D144X 0.7 0.1 0.2 0.4 20+ Dlaax T4 @ 0.2 0.0 0.6
Ti23A 0.0 0.7 0.3 0.0 o7 Ti23a 0.4 0.3 0.0 0.6
A B c D E Africa Asia Europe N.America
Prevalence of individual VEMs Prevalence of individual VEMs
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653  Figure 2: Global prevalence of hepatitis B virus (HBV) vaccine escape mutations (VEMSs)
654  obtained from analysing 2838 HBV sequences with information on country of origin,
655 downloaded from a public database (https://hbvdb.ibcp.fr/HBVdb/). A. Overall prevalence of
656  putative VEMs and/or VEMs with only clinical or in vitro evidence. B. A bubble plot showing the overall
657 prevalence of putative VEMs and/or VEMs with only clinical or in vitro evidence within each genotype
658 (genotype A n=290; Genotype B n=730; Genotype C; n=1102; Genotype D n=566 and Genotype E
659 n=150), with a prevalence of >0.1%. C. A bubble plot showing the overall prevalence of putative VEMs
660  and/or VEMs with only clinical or in vitro evidence within each continent (Africa n=277; Asia n=21009;
661  Europe; n=187 and North America n=170), with a prevalence of >0.1%. Numbers next to the circles
662 are prevalence (%) of individual RAMs in each genotype/continent. The asterisks (***/**/*) within
663 certain circles indicate RAMs that have a higher prevalence within the specified genotype/continent
664  compared to the prevalence of that RAM in other genotypes/continents and is statistically significant.
665  *** pvalue <0.001; **p value <0.005; *p value< 0.05. T118X represents T118A/R/V; M133X represents
666  M133I/L/T; Q129X represents Q129A/R; D144X represents D144A/E/G/N.


https://doi.org/10.1101/2020.10.07.329391
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.07.329391; this version posted October 8, 2020. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

Genotype B

0.03

Genotype C

0.03

Genotype D

667
668
669
670
671
672
673

made available under aCC-BY 4.0 International license.

1!‘1'1\" Uik R T N
1l ‘
M204V+L180M A194T
BF=54.99 BF>100

"“‘“"I‘Vr' lT_m‘ F 1m=q; i lkﬂﬁ‘mr lﬁnlil'[[.f-[Prb".,mﬂ'ﬂl-\{iIiglq{v.“ Em"ﬂw"'l_{["'ll['h W.i‘ er’ﬁll!.nﬁ i
i’ {

1269L 1269L R153Q
BF>100 BF>100 BF>100
T T
L THRGT
I L
M2041
BF>100

Figure 3: HBV RAMs/VEMs distribution on rooted maximum likelihood phylogenetic trees
for genotype B, C and D. Branches in dark blue represent sequences with one or more
RAMs/VEMSs. Branches in light blue have no specified RAMs/VEMSs. Branches highlighted in red
indicate clustered sequences with a RAM with Bayes factor of >30, suggesting strong evidence of
clustering. ML trees for genotype A and E were not displayed because they had no sequences with
specified RAM/VEM which formed clusters.
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Tables
Table 1: Estimated time of the most common recent ancestor (TMRCAS) (and 95% HPD)
of branches with specific RAMs/VEMs on molecular clock trees. HPD: Highest Posterior

Density. Only genotype C is displayed because it had at least two isolates with the same

resistant mutations with a single common ancestor.
Genotype | RAMs/VEMs Cluster of isolates with Estimated TMRCASs
specified RAMs/VEMs (95%HPD)
C M204V+L180M [FJ032355 1945 (1897, 1971)
FJ386620
G145R KU964229 1930 (1866,1958)
KU964230
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680 Supplementary Figures
Step 1
Sequences downloaded from Hepatitis B virus database
(https://hbvdb.ibcp.fr/HBVdb/) on 20th Nov 2018
Genotype A, n= 840; Genotype B, n=1700; Genotype C,
n=2153; Genotype D, n=958; Genotype E, n=255; Genotype F,
n=248; Genotype G, n=39; Genotype H, n=26 (Total: 6219)
Step 2 Incorrectly assigned sequences
Phylogenetic trees generated using NJ method, excluded
Correctly classified sequences within each genotype Genotype A, n=19; Genotype B,
Genotype A, n= 821; Genotype B, n=1666; Genotype C, n=2046; n=34; Genotype C, n-107; Genotype
Genotype D, n=879; Genotype E, n=255; Genotype F, n=248; D, n=79; Genotype E - H, n=0
Genotype G, n=39; Genotype H, n=26 (Total: 5980)
| Similar sequences (>99.5%
Step 3 similarity) excluded
Pairwise distance calculation; Genotype A, n=513; Genotype B,
Unique sequences n=837; Genotype C, n=759;
Genotype A, n= 308; Genotype B, n=829; Genotype C, n=1287; Genotype D, n=297; Genotype E,
Genotype D, n=582; Genotype E, n=168; Genotype F, n=92; Genotype n=87; Genotype F, n=156; Genotype
G, n=6; Genotype H, n=13 (Total: 3285) G, n=33; Genotype H, n=13
Step 4 -
Sequences with known country of origin S:;:;yxs with <100 sequences
Genotype A, n= 290; Genotype B, n=730; Genotype C, n=1102; -~ i
Genotype D, n=566; Genotype E, n=150; Genotype F, n=87; Genotype g::gltype z ':‘-_812 Genotype G, n=1;
G, n=1; Genotype H, n=13 (Total: 2939) b
resistance
Sequences with known country of origin
Genotype A, n= 290; Genotype B, n=730; Genotype C, n=1102;
Genotype D, n=566; Genotype E, n=150 (Total: 2838)
l Sequences without info. on
Step 6 sample collection date
Seguences used in molecular clock analysis excluded from molecular clock
Sequences with info. on both country of origin and sample analysis
collection date Genotype A, n= 120; Genotype B,
Genotype A, n= 170; Genotype B, n=595; Genotype C, n=907; n=135; Genotype C, n=195;
Genotype D, n=337; Genotype E, n=88 (Total: 2097) Genotype D, n=229; Genotype E,
n=62 (Total: 741)
681
682 Suppl Fig 1: Flow diagram showing data curation process of sequences downloaded from a
683 public database (https://hbvdb.ibcp.fr/HBVdb/) included in the analysis of the global
684 prevalence and evolution of hepatitis B virus (HBV) drug resistance associated mutation
685 (RAMs) and vaccine escape mutations (VEMSs).

686
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Suppl Fig 2: Global prevalence of hepatitis B virus (HBV) drug resistance associated mutations
(RAMs) obtained from analysing 2838 HBV sequences with information on country of origin,
downloaded from a public database (https://hbvdb.ibcp.fr/HBVdb/). A.
polymorphisms across genotypes; B. Prevalence of polymorphisms across continents.
X53N represents V/N/S/T53N; X122L represents I/F/H/L/N/Y122L; T128X represents T128A/I/N;
X134E represents D/H/N134E; X153Q/W represents Q/R/W153Q/W; T184X represents
T184A/C/IFIGNILIMIS; S202X represents S202C/G/I; Q215X represents Q215E/H/P/S; L229X
represents L229G/F/V/W; M250X represents M250I/L/V; X267L represents H/L/M/Q267L.

Prevalence of
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M204i/v+L180M 2.4% (67/2838; CI: 1.9% - 3.0%)

ME0L - L180ad +1T3L 0.6% (14/2838; CI: 0.4% - 0.9%)

M2041/V+L1B0M+LBOIV 0.4% (10/2838; CI: 0.2% - 0.7%)
M2041V + L180M + T184X; 10.3% (9/2838; Cl: 0.2% - 0.6%)
M2041W+L1BOM+1163V 0.2% (5/2838; Cl: 0.08% - 0.4%)
M2041V + L1BOM »saole—{ 0.1% (3/2838; CI: 0.04% - 0.3%)
o 1 2 3 4
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Suppl Fig 3: Global prevalence of hepatitis B virus (HBV) entecavir (ETV) resistance associated
mutations (RAMs) obtained from analysing 2838 HBV sequences with information on country
of origin, downloaded from a public database (https://hbvdb.ibcp.fr/HBVdb/). A. Overall
prevalence of ETV RAMs. B. A bubble plot showing the prevalence of ETV RAMs within each
genotype (genotype A n=290; Genotype B n=730; Genotype C; n=1102; Genotype D n=566 and
Genotype E n=150). C. A bubble plot showing the prevalence of ETV RAMs within each continent
(Africa n=277; Asia n=2109; Europe; n=187 and North America n=170). Numbers next to the circles
are prevalence (%) of individual RAMs in each genotype/continent. The asterisks (***/**/*) within
certain circles indicate RAMs that have a higher prevalence within the specified genotype/continent
compared to the prevalence of that RAM in other genotypes/continents and is statistically significant.
*** p value <0.001; **p value < 0.005; *p value <0.05. Bars show 95% confidence intervals. T184X
represents T184A/C/F/G/I/LIMIS and S202X represents S202C/G/I/R
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19.5% (552/2838; Cl: 18.0% - 21.0%)

L217 3.4% (97/2838; Cl: 2.8% - 4.2%)

D/HIN134E 2.0% (58/2838; CI: 1.6% - 2.7%)
S106CIG 1.9% (53/2838; CI: 1.5% - 2.5%)
L229GIFIV 1.3% (37/2838; Cl: 1.0% - 1.8%)

A194T 0.2% (7/2838; CI: 0.1% - 0.6%)

AZ00V/ 0.2% (B/2838; CI: 0.1% - 0.5%)
N236T 0.2% (5/2838; CI: 0.1% - 0.5%)
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Suppl Fig 4: Global prevalence of hepatitis B virus (HBV) tenofovir (TFV) resistance associated
mutations (RAMs) obtained from analysing 2838 HBV sequences with information on country
of origin, downloaded from a public database (https://hbvdb.ibcp.fr/fHBVdb/). A. Overall
prevalence of TFV RAMs. B. A bubble plot showing the overall prevalence of TFV RAMs within each
genotype (genotype A n=290; Genotype B n=730; Genotype C; n=1102; Genotype D n=566 and
Genotype E n=150). C. A bubble plot showing the overall prevalence of TFV RAMs within each
continent (Africa n=277; Asia n=2109; Europe; n=187 and North America n=170). Numbers next to
the circles are prevalence (%) of individual RAMs in each genotype/continent. The asterisks (***/**/*)
within certain circles indicate RAMs that have a higher prevalence within the specified
genotype/continent compared to the prevalence of that RAM in other genotypes/continents and is
statistically significant. *** p value <0.001; **p value < 0.005; *p value <0.05. Bars show 95%

confidence intervals.
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127 Suppl Fig 5: Global prevalence of hepatitis B virus (HBV) vaccine escape mutations (VEMSs)
728 across genotypes, obtained from analysing 2838 HBV sequences with information on country
729 of origin, downloaded from a public database (https:/hbvdb.ibcp.fr/HBVdb/) A. Showing
730 prevalence of polymorphisms across genotypes; B. Showing prevalence of polymorphisms across

731 continents.
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protein. 3TC: Lamivudine; ETV: Entecavir; TFV: Tenofovir

Suppl Table 1: Hepatitis B virus drug resistance associated mutations (RAMs). Data obtained from

published systematic reviews (1,2,8,9,25,31). Amino acid positions listed in HBV reverse transcriptase

RAMs

3TC

TEV

Primary

Compensatory

Putative

ETV

Clinical and
in vitro
evidence

Only clinical
evidence

Only in vitro
evidence

H/Y9H

v

V/N/S/T53N

v

S78T

L8OI/M/V

L82M

I/L91I/L

S106C/G

T118C/G

I/F/H/L/N/Y122L

H/Y126Y

T128A/I/N

Q/P130S

D/H/N134E

N/Q139D/E

Q/R/W153Q/R/W

1163V

F166L

1169L/T

V173L

ANIEN

P177G

L180M

A181T/NV

T184A/C/E/G/I/LIMIS

A186T

NESENES

V191I

R192P

A194T

A200V

S202C/G/I

M2041/V/SIQ

V/L2071/L

S213T

Q215E/H/P/S

NENEN

L217R

F/Y221Y

AIS223A

L229G/F/VIW

N236T

F249A

M2501/L/V

C/S256G/S

E/D263E

H/L/M/Q267L

ENES

1269L

V278|

AIS317S
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K/Q/T333Q N

N337H N

RAMs common to 3TC & ETV 1169L/T; S202C/G/l; S213T

RAMs common to 3TC & TFV I/L91I/L; Q/R/IW153Q/R/W; V191l; A200V; V/L207I/L;
L229G/FIVIW

RAMs common to ETV & TFV 1163V

RAMs common to 3TC & ETV&TFV L80I/VIM; V173L; L180M; A181T/V; T184A/C/FIG/I/LIM;
M2041/VISIQ; C/S256G/S
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737 Suppl Table 2: Hepatitis B virus vaccine escape mutations (VEMs). Data obtained from published
738 studies (1,14-16,32—-39). Amino acid positions listed in HBV surface protein. VEM: Vaccine escape
739  mutation. HBsAg: Hepatitis B surface antigen.

VEMs HBIG VEMs Immune escape
Q101K v

V106A
1110L
S113T
SIT114F/RIT v
T116A/N v
T118A/R/V v

P120A/E/N/Q/SIT v v
R/K122S

T123A/N
C124R/Y
I/T126A/H/IIN/R/S
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F/Y134l/L
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VEMs with both phenotypic and
experimental evidence K141E/I/R; G145A/K/R
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741 Suppl Table 3: Description of sequences with individual or combination of RAMs that are highly
742 likely to cause resistance to TFV obtained from analysing 2838 HBV sequences with information
743 on country of origin, downloaded from a public database (https://hbvdb.ibcp.fr/HBVdb/). These
744  RAMs combination include = 1 RAMSs from the ‘short list’ in combination with = 3 other RAMs from the ‘long
745  list’ as described (8).
746
Sequence ID | Individual and combination of mutations that are No. of Continent Genotype
highly likely to cause resistance to TFV sequences with | and number and number
RAM (%) of sequences | of sequences
GQ358144-7; | A194T* 7(0.2) Asia n=6; B, n=4;
GQ377536; Africa n=1 C, n=1,
KT366495; D, n=1,
GQ161771 E, n=1,
FJ386681 A181T/V*+N236T 1 (0.04) Asia n=1 B n=1
KJ803809 S106C*+D134E*+Q267L+1269L*+K3330Q 1(0.04) Asia n=1 Cn=1
FJ386579; S106C*+V173L*+L180M*+M2041/V*+Q267L 3(0.1) Asia n=3 Cn=3
FJ787470;
FJ787471
EU939588 S106C*+L180M*+A200V+M2041*+Q267L 1(0.04) Asia n=1 Cn=1
FJ386623 S106C*+L180M*+ M2041/V*+Q267L 1(0.04) Asia n=1 Cn=1
FJ386620; S106C*+L180M*+ M2041/V*+1269L 2 (0.07) Asia n=2 Cn=2
JX026877
AB182589 S106C*+D134E*+Q267L+1269L*+K333Q+N3337H 1 (0.04) Asia n=1 Cn=1
JQ040132 D134E*+L180M*+M2041*+1267L+N337H 1 (0.04) Asia n=1 Cn=1
AY641561 D134E*+1267*L+K333Q+N337H 1(0.04) Asia n=1 Cn=1
EU560439 D134E*+Q267L+I269L*+K333Q 1(0.04) Asia n=1 Cn=1
JN827423 R1530Q*+V173L*+L180M*+M204V*+I269L*+V278lI 1(0.04) Asia n=1 Cn=1
JQ707346 R153W*+L180M*+M204V*+V207L+L217R* 1(0.04) North America | A n=1
n=1
FJ899789 R1530Q*+0Q267L+1269L*+V173L*+N337H 1(0.04) Asia n=1 Cn=1
MF772345 R153W*+L217R*+V2781+K3330Q 1(0.04) Africa n=1 An=1
JN257203 R1530Q*+F122L+V278I+K333Q 1 (0.04) Africa n=1 Dn=1
KX357637 V173L*+L180M*+M204V*+V207L 1(0.04) Asia n=1 D n=1
FJ032355 V137L+L180M+M204V+Q267L+1269L* 1(0.04) Asia n=1 Cn=1
JN827418; V137L*+L180M*+M204V*+1269L*+V278I 3(0.1) Asia n=3 Cn=3
IN827421;
MF925409
AB697490 V137L*+L180M*+M204V*+N337H 1(0.04) Asia n=1 Cn=1
FJ787453 V137L*+ M204V*+ Q267L+1269L* 1(0.04) Asia n=1 Cn=1
FJ386604 L180M*+A181V*+M204V*+[269L* 1(0.04) Asia n=1 Cn=1
JF828921 L180M*+T184L+M204V*+L229V*+Q267L+K333Q+N337H | 1 (0.04) Asia n=1 Cn=1
JF828923; L180M*+T184A/L+M204V*+ Q267L+K333Q+N337H 2 (0.07) Asia n=2 Cn=2
JF828937
EU939564; L180M*+A200V+M2041*+Q267L 1(0.04) Asia n=1 Cn=1
FJ386653; L180M*+M2041/V*+L229V*+Q267L 3(0.1) Asia n=3 Cn=2
FJ787455;
FJ787456
JIN827422; L180M*+M2041/V*+I1269L*+V278I 2 (0.07) Asia n=2 Cn=2
JN827424
DQ246215 L180M*+M2041*+V278I+N337H 1(0.04) Asia n=1 Cn=1
747  * RAMSs provided in ‘short list’ described in (8); these RAMs are supported by the highest quality evidence

748
749

(i.e. isolated from treatment compliant individuals in whom viraemia was not suppressed by TFV and these
RAMs were also tested in in vitro assays to measure the effect of TFV on viral replication in cell lines)
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750 Suppl Table 4: Global prevalence of hepatitis B virus (HBV) drug resistance associated
751 mutations (RAMs) that are wildtype amino acid. Prevalence rates were obtained from analysing
752 2838 HBV sequences with information on country of origin, downloaded from a public
753 database (https://hbvdb.ibcp.fr/HBVdb/). A. Identification of RAMs as wildtype in certain genotypes
754 using HBV reference sequences for genotypes A-J. B. Prevalence of RAMs that are wildtype amino
755 acid across genotypes. C. Prevalence of RAMs that are wildtype amino acid across continents. HBV

756 reference sequences were obtained from a published manuscript (68).

757

HBV RAMs that are wildtype in certain genotypes

Genotype | Reference
sequence
accession number > 0| 0| W %)
|8l xl5lglglglalSlg
o - - [92] o~ N N N N~ m (%]
Z|[8|3|z|g9|z|2|2(2|8|2]|8
T x = T < L < O LLl x < x
A FJ692557 H - | Y W | Y A S - - - -
B GuU815637 H [N |- - - Y |A|S |E |- - -
Alc GQ377617 H - [+ [- - 1-1T-1s T L [s |-
D KC875277 H N - - - - A - - S -
E GQ161817 H - - Y - Y - S E - S -
F HM585194 H N - - - Y A S - - - Q
G AB056513 H |- I Y |- Y |A|S |E |- - -
H FJ356715 H |- - - |- Y |A|S |E |- - -
I AB562463 H |- - Y |[Q |Y |A [S |- - - Q
J AB486012 - - - - - Y |[A|S |- - - -
Genotypes
Genotype A
Genotype B
B | Genotype C
Genotype D
Genotype E
Continents
Africa o
Asia
c Europe
North America
Key
61-80%
41-60%
21-40%
0-20%

758  X153Q/W represents Q/R/W153Q/W; X53N represents V/N/S/T53N; X333Q represents K/Q/T333Q.
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759 Suppl Table 5: Global prevalence of hepatitis B virus (HBV) vaccine escape mutations (VEMS)
760 that are wildtype amino acid. Prevalence rates were obtained from analysing 2838 HBV
761 sequences with information on country of origin, downloaded from a public database
762 (https://hbvdb.ibcp.fr/HBVdDb/). A. Identification of VEMs as wildtype in certain genotypes using HBV
763 reference sequences for genotypes A-J. B. Prevalence of VEMs that are wildtype amino acid across
764  genotypes. C. Prevalence of VEMs that are wildtype amino acid across continents.

HBV RAMs that are wildtype in certain genotypes

Genotype | Reference
sequence
accession . = _ ~ Z 5 = -
number 2 & = § N % s S, S
= — = P = .y = = =
) 0 0 = o = ) 0 x
A FJ692557 | - T - - N T T -
B GU815637 | | - - - - - T T -
Alc GQ377617 | L T - [ - - T - R
D KC875277 | | - - - - - T - -
E GQ161817 | | - - - L - - -
F HM585194 | L - T - L - - - -
G AB056513 | | - - - - N T - -
H FJ356715 | L - T - L - T - -
| AB562463 | | - - - - N T - -
J AB486012 | L - T | - - T - -
Genotypes
Genotype A
Genotype B
B | Genotype C
Genotype D
Genotype E
Continents
Africa
Asia
¢ Europe
North America
Key
61-80%
41-60%
21-40%
0-20%
765  X160R represents K/R160R.

766
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767 Suppl Methods: Phylogenetic dating using Bayesian Evolutionary Analysis Sampling Trees
768  (BEAST).
769

770  We performed molecular clock phylogenetic analyses to estimate the times of emergence
771  of mutations of interest, focussed on RAMs V173L, L180M and M204I1/V as they are well
772  known to cause (individually or synergistically) resistance to 3TC, ETV and TDF (8), and VEMs
773  G1l45A/R and K141E/I/R as they have been best described to cause HBV vaccine resistance
774  (11-13). In this analysis we included genotypes that had >50 sequences with associated
775 sampling date information: genotype A (n=170), B (n=594), C (n=906), D (n=336) and E
776  (n=88). We manually inspected sequences for misalignments in AliView program (43) and
777 then excluded codon positions associated with resistance (we excluded all sites listed in
778  Suppl Tables 1 and 2) to ensure that parallel evolution RAMs/VEMs does not affect the
779  phylogeny (44). We first identified sequences containing these mutations on the molecular
780 clock tree and then only focused on reporting the time to most recent common ancestor
781 (TMRCA) of two or more sequences that clustered together having the same mutation.
782

783  We performed Bayesian Markov chain Monte Carlo (MCMC) analyses using BEAST v.1.10
784  (69). We used a GTR+G nucleotide substitution model, a coalescent Bayesian Skygrid
785  model with 50 points (70) and the uncorrelated lognormal relaxed molecular clock model.
786  These models were selected because they have performed best in other studies estimating
787  HBV evolution (46,47). TempEst allows quantification of temporal signal by estimating
788  regressing the root-to-tip genetic distance of each sequence in the tree and its sampling
789 date (48). Based on application of TempEst, we estimated the correlation between the
790 dates of the tips of the sequences and the divergence from the root to be 7.8 x 102, 3.9 x
791 101',4.3x102?,2.3x102%and 2.1x 10 for genotypes A, B, C, D and E, respectively, and
792  thus we elected not to estimate the molecular clock rate as there was insufficient signal in
793  our data. We thus fixed the mean substitution rate to 5.0 x 10 (SD 4.12 x 10) and a mean
794  standard deviation of 2.0 x 10° (SD 4.96 x 107) subs/site/year, for all genotypes in all
795 subsequent BEAST analyses, as this rate has been estimated before and applied in
796  phylodynamic analyses of HBV (24,49).

797

798 To avoid convergence issues, we selected smaller subsamples from each of our
799 alignments, depending on their size, to ensure that alignments used in BEAST analyses
800 were <200 sequences. Thus, Genotype B (total n=564) was split into 3 subsamples,
801 genotype C (total n=906) into 6 subsamples and genotype D (total n=336) into 2

802 subsamples. We used stratified random sampling, ensuring equal representation of
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803 sequences with mutations in each subsample. We ran one BEAST analysis for Genotypes
804 A and E since their full alignments contained <200 sequences.
805

806 Two MCMC chains of 100 x 10° generations (10% burn-in) were run with sampling every
807  10,000™ generation for genotypes A and E, and for each subsample of genotypes B, C and
808 D separately. The MCMC chains for analyses of the same genotype were combined using
809 LogCombiner v1.10.4 (69). We inspected convergence of the MCMC analyses using Tracer
810 v.1.7.1 (71) to ensure effective sample size (ESS) >200 for all model parameters. We

811 inferred maximum clade credibility trees using TreeAnnotator v.1.10.0 (69) and visualised
812  them using FigTree v.1.4.4 (69).
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