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Abstract

:

The hepatitis C virus (HCV) epidemic in Western countries is primarily perpetuated by the sub-populations of men who have sex with men (MSM) and people who inject drugs (PWID). Understanding the dynamics of transmission in these communities is crucial for removing the remaining hurdles towards HCV elimination. We sequenced 269 annotated HCV plasma samples using probe enrichment and next-generation sequencing, obtaining 224 open reading frames of HCV (OR497849-OR498072). Maximum likelihood phylogenies were generated on the four most prevalent subtypes in this study (HCV1a, 1b, 3a, 4d) with a subsequent transmission cluster analysis. The highest rate of clustering was observed for HCV4d samples (13/17 (76.47%)). The second highest rate of clustering was observed in HCV1a samples (42/78 (53.85%)) with significant association with HIV-positive MSM. HCV1b and HCV3a had very low rates of clustering (2/83 (2.41%) and (0/29)). The spread of the prevalent subtype HCV1b appears to have been largely curtailed, and we demonstrate the onwards transmission of HCV1a and HCV4d in the HIV-positive MSM population across municipal borders. More systematic data collection and sequencing is needed to allow a better understanding of the HCV transmission among the community of PWID and overcome the remaining barriers for HCV elimination in Belgium.
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1. Introduction


Globally, 58 million people suffer from chronic hepatitis C virus (HCV) infections, with an estimated 1.5 million new infections and 290,000 deaths every year [1]. As a blood-borne pathogen, infected blood products were a major contributor to the spread of HCV before antibody screening tests were developed in 1989 [2]. While iatrogenic infections remain a significant route of transmission in resource-limited settings, the HCV epidemics of Western countries are now mainly perpetuated in defined subpopulations such as the incarcerated, people who inject drugs (PWID), and men who have sex with men (MSM). HCV and human immunodeficiency virus (HIV) share similar socio-demographic risk factors and transmission routes, and a co-infection can complicate and accelerate the disease progression of HCV [3,4,5]. Treatment as prevention is the most important tool for managing the epidemic outside of harm reduction initiatives such as needle exchange programmes, since modern direct-acting antivirals (DAA) can cure >95% of treated HCV infected patients [6,7], and no prophylactic vaccine is available. With HCV primarily spread among specific key populations in Western countries, focusing resources on HCV management in micro-eliminations of at-risk communities has become the target of intense study [8,9,10,11]. The success of these strategies, however, depends heavily on the veracity and resolution of epidemiological data [12].



Viral sequence data can be used to infer the nature of transmission networks and the momentum with which the active clusters sustain the HCV epidemic. Risk factors associated with ongoing transmission as well as the potential spill-over between key populations can be defined when the viral sequence data is annotated with these metadata [13,14,15,16,17,18]. However, obtaining HCV sequencing data is challenging due to the high genetic variability of HCV with more than 90 recognized subtypes distributed across eight genotypes [19]. As the nucleotide diversity is unevenly distributed across the HCV genome [20], the choice of genomic region used in phylogenetic analyses can heavily influence the final topology of the phylogenetic tree with longer sequences generally considered favourable [21,22]. Full-genome sequencing of HCV, regardless of sub- and genotype, has only recently become practically feasible [23,24], but thus far, phylogenetic studies of HCV using full genomes have been limited in either cohort size or subtype distribution [25,26,27] with a few notable exceptions [28,29,30].



In this study, we included the samples and data of 267 HCV patients from different key populations who attended three centres providing HIV and HCV clinical care in the north-eastern region of Belgium and investigated risk factors associated with onwards transmission through phylogenetic clustering of HCV open reading frames (ORF).




2. Materials and Methods


2.1. Patients


Blood plasma samples were collected as part of routine clinical care for the assessment of HCV viral load between 2006 and 2018 from patients attending three clinical centres in the north-eastern region of Belgium within the context of a study focusing on populations at increased risk of HCV transmission and HIV coinfected patients. Samples were annotated with the available socio-demographic and laboratory information (year of birth, country or region of origin, gender, year of HCV diagnosis, sexual orientation, HIV co-infection status, history of intravenous drug use (IVDU), and other risk factors). Iatrogenic infections were defined as infections acquired by haemophilia patients, or by people who declared a professional risk or a transfusion as a risk factor. Migrants were defined as people who reported a country of origin other than Belgium. The UZ Leuven hospital contributed 138 patients, the Institute of Tropical Medicine Antwerp (ITM) contributed 53 patients, and Ziekenhuis Oost-Limburg (ZOL) contributed 76 patients. For each patient, only one sample was included, unless there was evidence of a re-infection. This study was approved by the Ethical Committee Research UZ/KU Leuven (S61339).




2.2. Sequences


The samples were sequenced in seven batches using variations on the ve-SEQ protocol [31] with the samples from Leuven obtained using the unaltered version. In short, samples were extracted on a NucliSENS easyMAG (bioMérieux, Marcy-l’Étoile, France). Libraries were prepared using NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (New England BioLabs, Ipswich, MA, USA), enriched using an aliquot of the probe panel designed by the developers of the ve-SEQ protocol, and sequenced on an Illumina MiSeq using 150 cycle paired-end reads. The libraries from Antwerp and Genk were prepared using a slight variation on the ve-SEQ protocol with adaptations for higher depths of coverage and longer inserts. Briefly, samples were extracted instead using the QIAamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany) using carrier RNA, DNase, and the RNeasy MinElute Cleanup Kit (QIAGEN). The initial steps of the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina were modified to use instead SuperScript IV rather than the reverse transcriptase native to the kit with a decreased fragmentation time of five minutes. The second strand synthesis was increased to 180 min, the volume of beads in the fragment size selection step was decreased from 0.9× to 0.6×, and samples with a viral load below the 1st and 2nd quartile for all samples in a pool had their calculated volumes for equimolar pooling modified by a factor of four and two, respectively, to compensate for the expected lower proportion of fragments of HCV origin. Finally, the number of cycles in the PCR enrichment of the pooled library was increased to twelve, and the number of sequencing cycles was increased to 250.



Paired-end reads were processed bioinformatically using an in-house pipeline that cleans and trims reads using TRIMMOMATIC [32] and Trim Galore [33] before de novo analysis using both IVA [34] and SPAdes [35]. A sample-specific reference was generated using the assembled HCV contigs with contigs flagged as contaminants using BLAST removed with shiver [36]. Finally, reads were mapped using BWA-MEM [37], and a cut-off of 15% was used for calling nucleotide ambiguity codes.




2.3. Phylogenetic Construction


For a sequence obtained through NGS to qualify for phylogenetic analysis, we set out two criteria that had to be met. First, >90% of the ORF had to be covered to a depth of >30 reads/site. Second, there had to be an agreement in subtype assignments of the cohort sequence using a local BLAST of the ORF against 243 curated subtype references downloaded from the International Committee for the Taxonomy of Viruses and using Genome Detective. Details on the qualifying sequences are outlined in Table 1, and a phylogenetic tree can be found in Supplementary Figure S1.



To collect appropriate control sequences, a local database of 20,093 publicly available sequences was generated from all GenBank sequences classified as Hepacivirus C (txid11103) of between 2500 and 10,000 nucleotides in length from the National Center for Biotechnology Information, consulted on 11/04/2023. All HCV sequence records annotated with variations of the phrase “cell culture” or had a host other than “Homo sapiens” were removed. The qualifying sequences were split into sets of subtypes, and the closest 50 hits for each cohort sequence within a set was determined using BLAST against the local database. An in-house Python script removed control sequences with identical accession numbers as well as distinct accession numbers with identical sequences retaining the record with most annotations (place and time of sampling) where possible. The remaining BLAST hits were written to a fasta file together with their cohort sequences and aligned using MAFFT [38]. Alignments were manually checked and trimmed if necessary and a first phylogeny generated using FastTree. The resulting trees were reviewed, and large clades of very related non-cohort sequences manually reduced to one representative sequence before realignment using MAFFT (--maxiterate 1000 --globalpair) for the final phylogeny with IQ-Tree 2 [39] using 1000 ultra-fast bootstraps and automatic substitution model detection (Figure 1 and Figure 2 and Supplementary Figures S2 and S3). The selected substitution models were TVM + F + R10, TIM2 + F + R10, GTR + F + R6, and TVM + F + R10 for HCV1a, 1b, 3a, and 4d, respectively. Quartet puzzling with the maximum likelihood criterion in TREE-PUZZLE was used to assess the percentage of conflicting phylogenetic signals [40].




2.4. Transmission Cluster Analysis


We used Cluster Picker to identify clusters using the common cut-off for genetic distances of 4% [14,15,41] with a minimum bootstrap support threshold of 90%, but we performed a sensitivity analysis using a range of genetic distances between 2% and 8% (see Table 2). As we are interested in onwards local transmission, only initial clusters with two or more sequences from the cohort described here were considered for cluster transmission analysis. We performed a Fischer’s exact test to investigate the association of individual socio-demographic parameters to transmission within a cluster with a Bonferroni-corrected α  =  0.05/4  =  0.0125 significance level for reported odds ratios.





3. Results


3.1. Participant Characteristics


We included 269 blood plasma samples and their clinical annotation from 267 patients (one reinfection and one multiple infection). The different centres exhibited different profiles in their individual cohorts (see Table 1) with higher relative frequencies of male patients, same-gender sexual attraction, and HIV-positive status among persons attending ITM (97.6%, 95.2%, and 100%), PWID and European migrants in persons attending ZOL (31.0% and 33.8%), and iatrogenic infections in the cohort of Leuven patients (33.3%). Similarly, the distributions of subtypes of HCV were distinct with comparatively higher levels of HCV1a and 4d in persons attending ITM and higher levels of HCV3a in the cohort from ZOL. The three cohorts also exhibited differences in age and treatment history with a nine-, ten-, and five-year gap between the oldest and most recent median year of birth, diagnosis, and sampling.




3.2. Sequencing Results


From Leuven, Antwerp, and Genk, 111, 42, and 71 sequences passed the criteria on subtype classification and width- and breadth of sequencing, respectively. Among the 224 HCV ORFs, HCV1a (78, 34.8%), 1b (83, 37.1%), 3a (29, 12.9%), and 4d (17, 7.6%) were the major subtypes within the entire cohort and were further subjected to individual phylogenetic and transmission cluster analyses. The remaining 17/224 ORFs were four sequences of subtype HCV4k, two each of subtype HCV2c, 4a, and 4r, and one each of subtypes HCV1c, 2a, 2i, 4c, 4q, and 4v. The last remaining ORF was not identified using Genome Detective but was classified as a HCV2k1b recombinant after a more extensive analysis [42]. As expected for full ORFs, the suitability of our sequence data for phylogenetic analysis was very high: all sequences had percentages of unresolved quartets below 0.1% according to TREE-PUZZLE, indicating a harmonious phylogenetic signal. The consensus sequences of the 224 ORFs identified here has been uploaded to GenBank using a 15% threshold for calling IUPAC ambiguity code (accession numbers: OR497849-OR498072).




3.3. High Levels of Clustering in HIV-Positive MSM with HCV1a and 4d Infections


Only subtypes HCV1a and 4d had more than one transmission cluster, defined at a bootstrap >90% and at a genetic distance threshold of 4. The rate of clustering was 53.85% in HCV1a and 76.47% in HCV4d. The size of the ten transmission clusters identified in HCV1a was 11, 8, 5, 4, and 4 with a further five transmission pairs. HCV4d had three clusters of sizes 6, 4, and 3. For HCV1b, only a single cluster with two sequences was identified (2.41%). Subtype HCV3a had no clusters at a genetic distance threshold of 4. Clustering in HCV1a was associated with HIV positive MSM (OR 18.33). Country of origin other than Belgium at a genetic distance of 4 had a p-value of 0.03, which does not meet the Bonferroni-adjusted threshold for statistical significance. At a genetic distance of 6 and 8, however, the inverse correlation between migrant status and clustering was found to be statistically significant.



Across all genetic distances in the sensitivity analysis, no parameter achieved a statistically significant correlation to clustering for subtypes HCV1b, 3a, and 4d. Only 1/32 (3.13%) of the HCV1a infected patients with a potential iatrogenic infection was situated within a cluster but this sample originated from a patient belonging to both the PWID and MSM communities in addition to suffering from haemophilia and remained the only potentially iatrogenic infection in a HCV1a cluster throughout the sensitivity analysis.





4. Discussion


We obtained 224 HCV ORFs comprising a diverse set of 15 total observed HCV subtypes and recombinants. To our knowledge, the research presented here represents the largest phylogenetic study of HCV using full ORFs to date. Similarly, there have been phylogenetic studies of HCV sequences from Belgium specifically before, but previous studies were performed in smaller cohorts, on individual subtypes, on smaller fragments, or without an analysis of transmission pathways [43,44,45,46].



4.1. The Spread of HCV1b Has Largely Been Suppressed


While the size of our cohort is considerable, the long sampling interval of 12 years across multiple clinical centres and risk groups means that while our cohort is large, it may be less densely sampled than other studies featuring a smaller but more focused cohort. This is likely part of the explanation for the relatively small rate of clustering identified for some of the subtypes and risk groups of this study: we have only obtained very few representative sequences from much larger, broken transmission chains. Whereas this may present as a shortcoming for this study to describe any one subpopulation in detail, it provides a novel perspective on broader dynamic trends of persistent strains—especially if a higher tolerance of cluster definitions is permitted to accommodate the change in resolution. However, even at a genetic distance threshold of 6%, only 6/83 (7.23%) HCV1b sequences were part of a cluster—all of which were transmission pairs. Two of these transmission pairs had patients diagnosed around the turn of the millennium (1995 and 2001, 1998 and 2002) with the most recent pair being a vertical transmission diagnosed in 2013 and a 2008 diagnosis recorded as accidental. All this seems to indicate that HCV1b may be losing its momentum in Belgium. This is backed up by the discrepancy in diagnosis and sampling times across the four major subtypes. While the median years of sampling are relatively similar, being 2014, 2015, 2015, and 2013 for subtypes HCV1a, 1b, 3a, and 4d, the median years of diagnosis are 2009, 2004, 2009, and 2011. Taken together with the phylogenetic analysis, this suggests that despite being a major subtype within the population (and the largest subtype in our cohort), the contemporary Belgian HCV1b infection is less likely to lead to onward transmission than HCV1a or 4d. This is likely in part due to HCV1b’s high rate of iatrogenic infections and low frequency of PWID and HIV-positive MSM (see Table 3), but the scarce information on the Belgian epidemic does suggest that iatrogenic infections could be underrepresented in our cohort [43].




4.2. HCV3a Is Highly Prevalent in an Undersampled PWID Community


Even at a genetic distance threshold of 6%, only 3/29 (10.34%) of HCV3a sequences clustered. Despite a similar rate of clustering to HCV1b, the characteristics of the patients infected with these subtypes are very distinct, with HCV3a exhibiting the highest proportion of PWID among all the major subtypes. A systematic review from 2014 found HCV3a to be one of the main subtypes circulating in PWID in Europe [44], with two earlier studies identifying this subtype as the most frequent subtype among PWID in Belgium specifically with a prevalence of 41.2% and 49% [45,46]. The single cluster identified at a genetic distance of 6% consisted of three patients from Genk within a larger clade of six sequences only from Genk. Since PWID are a major contributor to the epidemic in Belgium, this close association between sequences that still do not cluster can be seen as evidence of the existence of a large network of PWID with unsampled transmission chains. This is supported by HCV3a exhibiting the largest proportion of both samples from patients reporting a country of origin outside Belgium and IVDU. Additionally, two of the sequences in the cluster were PWID with Turkey as their country of origin, where HCV3a is the predominant genotype found in PWID [47].




4.3. HCV Networks in Heterosexual PWID and MSM PWID Appear to Be Distinct


Across the four major subtypes at a genetic distance of 4%, 4/14 (28.57%) clusters simultaneously contained both PWID and MSM but only because of patients who fulfilled both criteria. Thus, there were no clusters that contained both patients recorded only as PWID and other patients recorded only as MSM. Only at a genetic distance of 8% did a single HCV1a cluster appear that contained both patients who were PWID but not MSM and patients who were MSM but not PWID. Therefore, while there is some potential for PWID who are also MSM to bridge the gap between the two communities, we found no clear evidence of a substantial overlap between the strains circulating in the discrete subpopulations. It is possible that the community of PWID can be further broken down into two distinct groups that interact very little: i.e., separate heterosexual PWID and MSM PWID communities. A social separation of the two would be congruent with the epidemiological disconnect hinted at in our cohort, despite their surface-level behavioural similarities. This potential aspect of the epidemic is supported by previous studies indicating that heterosexual men and MSM exhibit discrete patterns in the specific intravenous drugs used by each subpopulation [48,49] and their reason for injecting [50].




4.4. HCV4d Has Seen Substantial Transmission in HIV-Positive MSM


A combined keyword search on GenBank and BLAST search for similarity to our 4d sequences suggests that the platform only has 16 non-clonal full ORFs as of our dataset pulled 11/04/23. Here, we obtained a further 17 ORFs of subtype HCV4d significantly increasing the number of sequences publicly available on GenBank. Previous works have found connections between the HCV4d transmission networks in MSM among several European countries as well as Australia and Canada, with one study finding that spread could not be attributed to IVDU [30,51,52,53]. Of our 17 HCV4d sequences, 13 were in a cluster, 12 of which were HIV-positive MSM. In our cohort, HCV4d had the most recent median year of diagnosis (2011) and the highest rate of clustering (76.47%), indicating that HCV4d has been rapidly spreading in HIV-positive MSM. Interestingly, in one cluster, all three sequences were from patients with three distinct foreign origins (the Netherlands, Poland, Ethiopia) suggesting a large but potentially undersampled international epidemic. Despite this, there was no statistically significant correlation between migrants and clustering status at a genetic distance threshold of 4 for HCV4d. For HCV1a, however, we observed a statistically significant inverse correlation between migrants and belonging to a cluster for genetic distances 6 and 8. It appears that for HCV1a specifically, which could soon be the most prevalent subtype in Belgium considering the apparent decline of HCV1b, migrants do not significantly contribute to onwards transmission.




4.5. HIV-Positive MSM Transmit HCV across Municipal Borders


Across the 14 clusters identified for all four subtypes tested, six clusters contained patients from a mix of clinical centres, all of which were Antwerp and Leuven. All of the 35 patients in these mixed clusters were HIV-positive MSM. No clusters with Genk samples contained samples from any other clinical centre. While this dataset contains both HCV patients with and without an HIV infection, we were unable to perform a phylogenetic analysis on the HIV infections of the same patients due to insufficient sample volume, and as such, we are unable to contrast the networks to investigate a potential overlap of the two epidemics. However, only a single cluster contained both patients with and without HIV infections. This was a three-person HCV4d cluster with two international HIV-positive MSM, together with a Polish man with no recorded transmission risks. The relative rarity of mixes in the HIV co-infection status of our clusters could be another effect of the potential bias of our cohort towards a dense network of HIV-positive MSM and relative under-sampling of the PWID community, but it is supported by previous research indicating that European HIV-positive MSM are spreading HCV in international transmission networks distinct from those of PWID [52]. While the overlap in the transmission chains of HCV and HIV in MSM is disputed [54,55,56], there is evidence to suggest that the networks of HCV and HIV in PWID is rather high, with 59.8% of patients of a Romanian cohort sharing at least one other patient in both their HCV and HIV clusters [57].




4.6. Study Limitations


Our study has a few limitations. First, as very few sequences of subtype HCV4d are publicly available, and only 17 sequences of this subtype are in the cohort presented here, the phylogenetic inferences of this particular subtype should be interpreted with caution. Nevertheless, their surprisingly high rate of clustering and the most recent median year of diagnosis for any of the major subtypes could indicate that our cohort has managed to capture a substantial segment of a network of HCV4d in HIV-positive MSM. A previous study has demonstrated that clusters of HCV1a in MSM in the Netherlands and Belgium have persisted despite unrestricted DAA therapy [58], which could be the case for HCV4d in MSM as well. Unfortunately, due to the age of our HCV4d samples which predate the policy changes regarding access to DAA in 2018 in Belgium, we are unable to investigate whether a similar dynamic is inherent to the HCV4d epidemic. Second, that no clusters with two or more cohort sequences contained control sequences is evidence of a disconnect between publicly available sequences and our cohort. This could be explained with the relative scarcity of HCV sequence data in general or the lack of good data with relevance to the epidemic in Belgium specifically. The abundant sequence data obtained here can serve as an important epidemiological resource going forward for researchers studying the dynamics of transmission domestically and abroad. Third, while our cohort is large and diverse and based on longer sequences than typically used, more focused studies can illuminate fragments of an epidemic at a higher resolution. In a 2019 cohort of PWID from Brussels, the prevalence of HCV was 41.1% [59]. While there are no good data on the incidence of HCV in HIV-positive MSM in Belgium, the neighbouring countries of the Netherlands and France suggested an incidence of 5.5 and 4.5/1000 person years of follow-up in 2016 and 2017 [60,61]. With similar frequencies of PWID and HIV-positive MSM in our four major subtypes (49/207 (23.67%) and 55/207 (26.57%)) we can expect the sampling densities of the two communities to be very different, and no direct comparison of the clustering rate between the two should be attempted. We therefore expect the true dynamics of HCV3a, which had the highest proportion of PWID in our combined cohort, to be much more active than what the evidence of this study suggests. On the other hand, the HIV-positive MSM specifically could be relatively well-represented in our cohort. In one recent study, 88% of HCV1a-infected HIV-positive MSM from Belgium and the Netherlands in two two-year periods were in transmission clusters [58], which is comparable to the 33/39 (84.61%) seen in our cohort. More data, preferably prospective sampling of PWID in Belgium, is needed for a more in-depth and updated analysis on this specific sub-population that makes up a majority of the contemporary acute HCV infections in Belgium. This is especially urgent if Belgium is to meet the WHO target of HCV elimination by 2030 [62], since the number of patients treated annually is expected to drop below the threshold of 1200 required to meet the WHO criteria, as a diminishing number of HCV infections will necessitate an upscaling of screening [63].





5. Conclusions


Our phylogenetic analysis of a large and diverse cohort in Flanders, Belgium suggests that the strains historically associated with iatrogenic infections have failed to gain a foothold in the communities associated with active transmission in present-day Belgium. Additionally, HCV1a and 4d appear to be actively transmitted across HIV-positive MSM populations attending clinical centres in different cities. Targeted research on the HCV3a in PWID in Belgium is necessary to characterize the dynamics of transmission of this key population specifically.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v15122391/s1; Figure S1: Maximum likelihood phylogeny overview of every cohort sequence qualifying for phylogenetic analysis; Figure S2: Phylogenetic tree of HCV1b; Figure S3: Phylogenetic tree of HCV3a.





Author Contributions


Conceptualization, K.T.C., L.C. and K.V.L.; Methodology, K.T.C., L.C., K.V.L. and T.D.; Software, K.T.C. and F.P.; Validation, T.D., L.C. and K.V.L., Formal analysis K.T.C. and L.C.; Investigation K.T.C. and Y.S.; Resources, D.B. (Dana Busschots), G.R., E.F., F.N., E.V.W., R.B., D.B. (David Bonsall), E.B., M.A.A., D.N., M.d.C. and P.S.; Data curation K.T.C. and D.B. (Dana Busschots); Writing—original draft preparation, K.T.C.; Writing—review and editing, L.C., T.D. and K.V.L.; Visualization, K.T.C.; Supervision, L.C., T.D. and K.V.L.; Project administration K.V.L. and A.-M.V.; Funding acquisition: K.T.C., L.C. and K.V.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research and Kasper Thorhauge Christensen was funded by grants from the Fonds Wetenschappelijk Onderzoek Vlaanderen (FWO) (G069214, G0B2317N and 1S38819N). Lize Cuypers acknowledges FWO travel grant for a research visit at the University of Oxford (V431117N). Core funding to the Wellcome Centre for Human Genetics was provided by the Wellcome Trust (award 203141/Z/16/Z). The authors acknowledge the STOP-HCV consortium that was funded by a grant from the Medical Research Council, United Kingdom (MR/K01532X/1).




Institutional Review Board Statement


This study was approved by the Ethical Committee Research UZ/KU Leuven (S61339).




Informed Consent Statement


Patient consent was waived due to the secondary use of data and samples that were obtained for diagnostic and therapeutic purposes.




Data Availability Statement


The 224 open reading frames of HCV obtained here, including the 207 sequences used in the generation of the phylogenies, are publicly available on GenBank (OR497849—OR498072). The clinical data on the patients in our cohort cannot be shared.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



World Health Organization HCV Fact Sheet. Available online: https://www.who.int/news-room/fact-sheets/detail/hepatitis-c (accessed on 11 August 2022).

	



Kuo, G.; Choo, Q.L.; Alter, H.J.; Gitnick, G.L.; Redeker, A.G.; Purcell, R.H.; Miyamura, T.; Dienstag, J.L.; Alter, M.J.; Stevens, C.E.; et al. An Assay for Circulating Antibodies to a Major Etiologic Virus of Human Non-A, Non-B Hepatitis. Science 1989, 244, 362–364. [Google Scholar] [CrossRef] [PubMed]

	



Busschots, D.; Kremer, C.; Koc, Ö.M.; Heyens, L.; Bielen, R.; Apers, L.; Florence, E.; Messiaen, P.; Van Laethem, K.; Van Wijngaerden, E.; et al. The Hepatitis C Cascade of Care in the Belgian HIV Population: One Step Closer to Elimination. Int. J. Infect. Dis. 2021, 105, 217–223. [Google Scholar] [CrossRef]

	



Busschots, D.; Kremer, C.; Bielen, R.; Koc, Ö.M.; Heyens, L.; Dercon, E.; Verrando, R.; Windelinckx, T.; Maertens, G.; Bourgeois, S.; et al. Identification and Treatment of Viral Hepatitis C in Persons Who Use Drugs: A Prospective, Multicenter Outreach Study in Flanders, Belgium. Harm. Reduct. J. 2021, 18, 54. [Google Scholar] [CrossRef]

	



Urbanus, A.T.; Van De Laar, T.J.; Stolte, I.G.; Schinkel, J.; Heijman, T.; Coutinho, R.A.; Prins, M. Hepatitis C Virus Infections among HIV-Infected Men Who Have Sex with Men: An Expanding Epidemic. Aids 2009, 23, F1–F7. [Google Scholar] [CrossRef] [PubMed]

	



Falade-Nwulia, O.; Suarez-Cuervo, C.; Nelson, D.R.; Fried, M.W.; Segal, J.B.; Sulkowski, M.S. Oral Direct-Acting Agent Therapy for Hepatitis C Virus Infection: A Systematic Review. Ann. Intern. Med. 2017, 166, 637–648. [Google Scholar] [CrossRef]

	



Poordad, F.; Felizarta, F.; Yao, B.B.; Overcash, J.S.; Hassanein, T.; Agarwal, K.; Gane, E.; Shaw, D.; Waters, M.; Krishnan, P.; et al. Durability of Sustained Virological Response to Glecaprevir/Pibrentasvir and Resistance Development: A Long-Term Follow-up Study. Liver Int. 2022, 42, 1278–1286. [Google Scholar] [CrossRef] [PubMed]

	



Lens, S.; Miralpeix, A.; Gálvez, M.; Martró, E.; González, N.; Rodríguez-Tajes, S.; Mariño, Z.; Saludes, V.; Reyes-Urueña, J.; Majó, X.; et al. HCV Microelimination in Harm Reduction Centres Has Benefits beyond HCV Cure but Is Hampered by High Reinfection Rates. JHEP Rep. 2022, 4, 100580. [Google Scholar] [CrossRef]

	



Coppola, C.; Kondili, L.A.; Staiano, L.; Cammarota, S.; Citarella, A.; Aloisio, M.P.; Annunziata, A.; Bernardi, F.F.; D’Avino, A.; D’Orazio, M.; et al. Hepatitis C Virus Micro-Elimination Plan in Southern Italy: The “HCV ICEberg” Project. Pathogens 2023, 12, 195. [Google Scholar] [CrossRef]

	



Akiyama, M.J.; Kronfli, N.; Cabezas, J.; Sheehan, Y.; Thurairajah, P.H.; Lines, R.; Lloyd, A.R. Hepatitis C Elimination among People Incarcerated in Prisons: Challenges and Recommendations for Action within a Health Systems Framework. Lancet Gastroenterol. Hepatol. 2021, 6, 391. [Google Scholar] [CrossRef]

	



Jachs, M.; Binter, T.; Chromy, D.; Schalk, H.; Pichler, K.; Bauer, D.; Simbrunner, B.; Hartl, L.; Schmidbauer, C.; Mayer, F.; et al. Outcomes of an HCV Elimination Program Targeting the Viennese MSM Population. Wien. Klin. Wochenschr. 2021, 133, 635–640. [Google Scholar] [CrossRef]

	



Mangia, A.; Cotugno, R.; Cocomazzi, G.; Squillante, M.M.; Piazzolla, V. Hepatitis C Virus Micro-Elimination: Where Do We Stand? World J. Gastroenterol. 2021, 27, 1728. [Google Scholar] [CrossRef]

	



Falade-Nwulia, O.; Hackman, J.; Mehta, S.H.; McCormick, S.D.; Kirk, G.D.; Sulkowski, M.; Thomas, D.; Latkin, C.; Laeyendecker, O.; Ray, S.C. Factors Associated with Phylogenetic Clustering of Hepatitis C among People Who Inject Drugs in Baltimore. BMC Infect. Dis. 2020, 20, 815. [Google Scholar] [CrossRef]

	



Deng, X.; Liang, Z.; Cai, W.; Li, F.; Li, J.; Hu, F.; Lan, Y. Transmission Networks of Hepatitis C Virus among HIV/HCV-Coinfected Patients in Guangdong, China. Virol. J. 2022, 19, 117. [Google Scholar] [CrossRef] [PubMed]

	



Rose, R.; Lamers, S.L.; Massaccesi, G.; Osburn, W.; Ray, S.C.; Thomas, D.L.; Cox, A.L.; Laeyendecker, O. Complex Patterns of Hepatitis-C Virus Longitudinal Clustering in a High-Risk Population. Infect. Genet. Evol. 2018, 58, 77–82. [Google Scholar] [CrossRef] [PubMed]

	



Bartlett, S.R.; Wertheim, J.O.; Bull, R.A.; Matthews, G.V.; Lamoury, F.M.J.; Scheffler, K.; Hellard, M.; Maher, L.; Dore, G.J.; Lloyd, A.R.; et al. A Molecular Transmission Network of Recent Hepatitis C Infection in People with and without HIV: Implications for Targeted Treatment Strategies. J. Viral Hepat. 2017, 24, 404. [Google Scholar] [CrossRef] [PubMed]

	



Hochstatter, K.R.; Tully, D.C.; Power, K.A.; Koepke, R.; Akhtar, W.Z.; Prieve, A.F.; Whyte, T.; Bean, D.J.; Seal, D.W.; Allen, T.M.; et al. Hepatitis C Virus Transmission Clusters in Public Health and Correctional Settings, Wisconsin, USA, 2016–2017. Emerg. Infect. Dis. 2021, 27, 480. [Google Scholar] [CrossRef] [PubMed]

	



Sacks-Davis, R.; Daraganova, G.; Aitken, C.; Higgs, P.; Tracy, L.; Bowden, S.; Jenkinson, R.; Rolls, D.; Pattison, P.; Robins, G.; et al. Hepatitis C Virus Phylogenetic Clustering Is Associated with the Social-Injecting Network in a Cohort of People Who Inject Drugs. PLoS ONE 2012, 7, e47335. [Google Scholar] [CrossRef] [PubMed]

	



Table 1—Confirmed HCV Genotypes/Subtypes|ICTV. Available online: https://ictv.global/sg_wiki/flaviviridae/hepacivirus/table1 (accessed on 24 January 2023).

	



Cuypers, L.; Li, G.; Libin, P.; Piampongsant, S.; Vandamme, A.-M.; Theys, K. Genetic Diversity and Selective Pressure in Hepatitis C Virus Genotypes 1–6: Significance for Direct-Acting Antiviral Treatment and Drug Resistance. Viruses 2015, 7, 5018–5039. [Google Scholar] [CrossRef]

	



Cuypers, L.; Perez, A.B.; Chueca, N.; Aldamiz-Echevarria, T.; Alados, J.C.; Martinez-Sapina, A.M.; Merino, D.; Pineda, J.A.; Tellez, F.; Espinosa, N.; et al. Relapse or Reinfection after Failing Hepatitis C Direct Acting Antiviral Treatment: Unravelled by Phylogenetic Analysis. PLoS ONE 2018, 13, e0201268. [Google Scholar] [CrossRef]

	



Lamoury, F.M.J.; Jacka, B.; Bartlett, S.; Bull, R.A.; Wong, A.; Amin, J.; Schinkel, J.; Poon, A.F.; Matthews, G.V.; Grebely, J.; et al. The Influence of Hepatitis C Virus Genetic Region on Phylogenetic Clustering Analysis. PLoS ONE 2015, 10, e0131437. [Google Scholar] [CrossRef]

	



Thomson, E.; Ip, C.L.C.C.; Badhan, A.; Christiansen, M.T.; Adamson, W.; Ansari, M.A.; Bibby, D.; Breuer, J.; Brown, A.; Bowden, R.; et al. Comparison of Next-Generation Sequencing Technologies for Comprehensive Assessment of Full-Length Hepatitis C Viral Genomes. J. Clin. Microbiol. 2016, 54, 2470–2484. [Google Scholar] [CrossRef] [PubMed]

	



Manso, C.F.; Bibby, D.F.; Lythgow, K.; Mohamed, H.; Myers, R.; Williams, D.; Piorkowska, R.; Chan, Y.T.; Bowden, R.; Ansari, M.A.; et al. Technical Validation of a Hepatitis C Virus Whole Genome Sequencing Assay for Detection of Genotype and Antiviral Resistance in the Clinical Pathway. Front. Microbiol. 2020, 11, 2458. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.; Ma, Y.; Chen, H.; Dai, J.; Luo, H.; Jia, M.; Song, Z. Complete Genome Sequencing and Evolutionary Analysis of HCV Subtype 6xg from IDUs in Yunnan, China. PLoS ONE 2019, 14, e0217010. [Google Scholar] [CrossRef] [PubMed]

	



Xu, R.; Wang, H.; Huang, J.; Wang, M.; Liao, Q.; Shan, Z.; Zhong, H.; Rong, X.; Fu, Y. Complete Genome Sequencing and Evolutionary Analysis of Hepatitis C Virus Subtype 6a, Including Strains from Guangdong Province, China. Arch. Virol. 2022, 167, 591–596. [Google Scholar] [CrossRef] [PubMed]

	



Gededzha, M.P.; Selabe, S.G.; Blackard, J.T.; Kyaw, T.; Mphahlele, M.J. Near Full-Length Genome Analysis of HCV Genotype 5 Strains from South Africa. Infect. Genet. Evol. 2014, 21, 118–123. [Google Scholar] [CrossRef] [PubMed]

	



Ishida, Y.; Hayashida, T.; Sugiyama, M.; Tsuchiya, K.; Kikuchi, Y.; Mizokami, M.; Oka, S.; Gatanaga, H. Full-Genome Analysis of Hepatitis C Virus in Japanese and Non-Japanese Patients Coinfected with HIV-1 in Tokyo. J. Acquir. Immune Defic. Syndr. 2019, 80, 350–357. [Google Scholar] [CrossRef] [PubMed]

	



Ishida, Y.; Hayashida, T.; Sugiyama, M.; Uemura, H.; Tsuchiya, K.; Kikuchi, Y.; Mizokami, M.; Oka, S.; Gatanaga, H. Full-Genome Analysis of Hepatitis C Virus in HIV-Coinfected Hemophiliac Japanese Patients. Hepatol. Res. 2020, 50, 763–769. [Google Scholar] [CrossRef]

	



Koopsen, J.; Matthews, G.; Rockstroh, J.; Applegate, T.L.; Bhagani, S.; Rauch, A.; Grebely, J.; Sacks-Davis, R.; Ingiliz, P.; Boesecke, C.; et al. Hepatitis C Virus Transmission between Eight High-Income Countries among Men Who Have Sex with Men: A Whole-Genome Analysis. Lancet Microbe 2023, 4, e622–e631. [Google Scholar] [CrossRef]

	



Bonsall, D.; Ansari, M.A.; Ip, C.; Trebes, A.; Brown, A.; Klenerman, P.; Buck, D.; STOP-HCV Consortium; Piazza, P.; Barnes, E.; et al. Ve-SEQ: Robust, Unbiased Enrichment for Streamlined Detection and Whole-Genome Sequencing of HCV and Other Highly Diverse Pathogens. F1000Research 2015, 4, 1062. [Google Scholar] [CrossRef]

	



Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinformatics 2014, 30, 2114–2120. [Google Scholar] [CrossRef]

	



Trim Galore. Available online: https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/ (accessed on 13 March 2018).

	



Hunt, M.; Gall, A.; Ong, S.H.; Brener, J.; Ferns, B.; Goulder, P.; Nastouli, E.; Keane, J.A.; Kellam, P.; Otto, T.D. IVA: Accurate de Novo Assembly of RNA Virus Genomes. Bioinformatics 2015, 31, 2374–2376. [Google Scholar] [CrossRef] [PubMed]

	



Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; Pham, S.; Prjibelski, A.D.; et al. SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-Cell Sequencing. J. Comput. Biol. 2012, 19, 455. [Google Scholar] [CrossRef] [PubMed]

	



Wymant, C.; Blanquart, F.; Golubchik, T.; Gall, A.; Bakker, M.; Bezemer, D.; Croucher, N.J.; Hall, M.; Hillebregt, M.; Hoe Ong, S.; et al. Easy and Accurate Reconstruction of Whole HIV Genomes from Short-Read Sequence Data with Shiver. Virus Evol. 2018, 4, vey007. [Google Scholar] [CrossRef]

	



Li, H.; Durbin, R. Fast and Accurate Short Read Alignment with Burrows-Wheeler Transform. Bioinformatics 2009, 25, 1754–1760. [Google Scholar] [CrossRef]

	



Katoh, K.; Misawa, K.; Kuma, K.I.; Miyata, T. MAFFT: A Novel Method for Rapid Multiple Sequence Alignment Based on Fast Fourier Transform. Nucleic Acids Res. 2002, 30, 3059–3066. [Google Scholar] [CrossRef]

	



Nguyen, L.T.; Schmidt, H.A.; Von Haeseler, A.; Minh, B.Q. IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, H.A.; Strimmer, K.; Vingron, M.; Von Haeseler, A. TREE-PUZZLE: Maximum Likelihood Phylogenetic Analysis Using Quartets and Parallel Computing. Bioinformatics 2002, 18, 502–504. [Google Scholar] [CrossRef]

	



Hackman, J.; Falade-Nwulia, O.; Patel, E.U.; Mehta, S.H.; Kirk, G.D.; Astemborski, J.; Ray, S.C.; Thomas, D.L.; Laeyendecker, O. Correlates of Hepatitis C Viral Clustering among People Who Inject Drugs in Baltimore HHS Public Access. Infect. Genet. Evol. 2020, 77, 104078. [Google Scholar] [CrossRef]

	



Christensen, K.T.; Pierard, F.; Beuselinck, K.; Bonsall, D.; Bowden, R.; Lagrou, K.; Nevens, F.; Schrooten, Y.; Simmonds, P.; Vandamme, A.M.; et al. Full-Genome next-Generation Sequencing of Hepatitis C Virus to Assess the Accuracy of Genotyping by the Commercial Assay LiPA and the Prevalence of Resistance-Associated Substitutions in a Belgian Cohort. J. Clin. Virol. 2022, 155, 105252. [Google Scholar] [CrossRef]

	



De Maeght, S.; Henrion, J.; Bourgeois, N.; de Galocsy, C.; Langlet, P.; Michielsen, P.; Reynaert, H.; Robaeys, G.; Sprengers, D.; Orlent, H.; et al. A Pilot Observational Survey of Hepatitis C in Belgium. Acta Gastroenterol. Belg. 2008, 71, 4–8. [Google Scholar]

	



Wiessing, L.; Ferri, M.; Grady, B.; Kantzanou, M.; Sperle, I.; Cullen, K.J.; EMCDDA DRID Group; Hatzakis, A.; Prins, M.; Vickerman, P.; et al. Hepatitis C Virus Infection Epidemiology among People Who Inject Drugs in Europe: A Systematic Review of Data for Scaling up Treatment and Prevention. PLoS ONE 2014, 9, e103345. [Google Scholar] [CrossRef] [PubMed]

	



Matheï, C.; Wollants, E.; Verbeeck, J.; Van Ranst, M.; Robaeys, G.; Van Damme, P.; Buntinx, F. Molecular Epidemiology of Hepatitis C among Drug Users in Flanders, Belgium: Association of Genotype with Clinical Parameters and with Sex- and Drug-Related Risk Behaviours. Eur. J. Clin. Microbiol. Infect. Dis. 2005, 24, 514–522. [Google Scholar] [CrossRef] [PubMed]

	



Micalessi, M.I.; Gérard, C.; Ameye, L.; Plasschaert, S.; Brochier, B.; Vranckx, R. Distribution of Hepatitis C Virus Genotypes among Injecting Drug Users in Contact with Treatment Centers in Belgium, 2004–2005. J. Med. Virol. 2008, 80, 640–645. [Google Scholar] [CrossRef] [PubMed]

	



Dilbaz, N.; Kuloğlu, M.; Evren, E.C.; Paltun, S.C.; Bilici, R.; Noyan, C.O.; Kulaksizoglu, B.; Karabulut, V.; Umut, G.; Unubol, B.; et al. HCV Genotype Distribution among People Who Inject Drug in Turkey: Findings from Multicenter and Cross-Sectional Study. Subst. Abus. 2023, 17. [Google Scholar] [CrossRef] [PubMed]

	



Heinsbroek, E.; Glass, R.; Edmundson, C.; Hope, V.; Desai, M. Patterns of Injecting and Non-Injecting Drug Use by Sexual Behaviour in People Who Inject Drugs Attending Services in England, Wales and Northern Ireland, 2013–2016. Int. J. Drug Policy 2018, 55, 215–221. [Google Scholar] [CrossRef]

	



Schroeder, S.E.; Wilkinson, A.L.; O’Keefe, D.; Bourne, A.; Doyle, J.S.; Hellard, M.; Dietze, P.; Pedrana, A. Does Sexuality Matter? A Cross-Sectional Study of Drug Use, Social Injecting, and Access to Injection-Specific Care among Men Who Inject Drugs in Melbourne, Australia. Harm. Reduct. J. 2023, 20, 9. [Google Scholar] [CrossRef]

	



Krueger, E.A.; Fish, J.N.; Upchurch, D.M. Sexual Orientation Disparities in Substance Use: Investigating Social Stress Mechanisms in a National Sample. Am. J. Prev. Med. 2020, 58, 59–68. [Google Scholar] [CrossRef]

	



Visseaux, B.; Hué, S.; Le Hingrat, Q.; Salmona, M.; Lebourgeois, S.; Delaugerre, C.; Descamps, D.; Chaix, M.L.; Ghosn, J. Phylogenetic Investigation of HCV-4d Epidemic in Paris MSM HIV Population Reveals a Still Active Outbreak and a Strong Link to the Netherlands. Clin. Microbiol. Infect. 2020, 26, 785.e1–785.e4. [Google Scholar] [CrossRef]

	



Vogel, M.; van de Laar, T.; Kupfer, B.; Stellbrink, H.J.; Kümmerle, T.; Mauss, S.; Knecht, G.; Berger, A.; Bruisten, S.; Rockstroh, J.K. Phylogenetic Analysis of Acute Hepatitis C Virus Genotype 4 Infections among Human Immunodeficiency Virus-Positive Men Who Have Sex with Men in Germany. Liver Int. 2010, 30, 1169–1172. [Google Scholar] [CrossRef]

	



Murphy, D.; Dion, R.; Simard, M.; Vachon, M.; Martel-Laferrière, V.; Serhir, B.; Longtin, J. Outbreaks: Molecular Surveillance of Hepatitis C Virus Genotypes Identifies the Emergence of a Genotype 4d Lineage among Men in Quebec, 2001–2017. Can. Commun. Dis. Rep. 2019, 45, 230. [Google Scholar] [CrossRef]

	



Chan, D.P.; Lin, A.W.; Wong, K.H.; Wong, N.S.; Lee, S.S. Diverse Origins of Hepatitis C Virus in HIV Co-Infected Men Who Have Sex with Men in Hong Kong. Virol. J. 2015, 12, 120. [Google Scholar] [CrossRef]

	



Vanhommerig, J.W.; Bezemer, D.; Molenkamp, R.; Van Sighem, A.I.; Smit, C.; Arends, J.E.; Lauw, F.N.; Brinkman, K.; Rijnders, B.J.; Newsum, A.M.; et al. Limited Overlap between Phylogenetic HIV and Hepatitis C Virus Clusters Illustrates the Dynamic Sexual Network Structure of Dutch HIV-Infected MSM. Aids 2017, 31, 2147–2158. [Google Scholar] [CrossRef]

	



Kouyos, R.D.; Rauch, A.; Böni, J.; Yerly, S.; Shah, C.; Aubert, V.; Klimkait, T.; Kovari, H.; Calmy, A.; Cavassini, M.; et al. Clustering of HCV Coinfections on HIV Phylogeny Indicates Domestic and Sexual Transmission of HCV. Int. J. Epidemiol. 2014, 43, 887–896. [Google Scholar] [CrossRef] [PubMed]

	



Paraschiv, S.; Banica, L.; Nicolae, I.; Niculescu, I.; Abagiu, A.; Jipa, R.; Pineda-Peña, A.C.; Pingarilho, M.; Neaga, E.; Theys, K.; et al. Epidemic Dispersion of HIV and HCV in a Population of Co-Infected Romanian Injecting Drug Users. PLoS ONE 2017, 12, e0185866. [Google Scholar] [CrossRef] [PubMed]

	



Popping, S.; Cuypers, L.; Claassen, M.A.A.; van den Berk, G.E.; De Weggheleire, A.; Arends, J.E.; Boerekamps, A.; Molenkamp, R.; Koopmans, M.P.G.; Verbon, A.; et al. Persistent Transmission of HCV among Men Who Have Sex with Men despite Widespread Screening and Treatment with Direct-Acting Antivirals. Viruses 2022, 14, 1953. [Google Scholar] [CrossRef] [PubMed]

	



Van Baelen, L.; Plettinckx, E.; Antoine, J.; Gremeaux, L. Prevalence of HCV among People Who Inject Drugs in Brussels—A Respondent-Driven Sampling Survey. Harm. Reduct. J. 2020, 17, 11. [Google Scholar] [CrossRef]

	



Boerekamps, A.; van den Berk, G.E.; Lauw, F.N.; Leyten, E.M.; van Kasteren, M.E.; van Eeden, A.; Posthouwer, D.; Claassen, M.A.; Dofferhoff, A.S.; Verhagen, D.W.M.; et al. Declining Hepatitis C Virus (HCV) Incidence in Dutch Human Immunodeficiency Virus-Positive Men Who Have Sex with Men after Unrestricted Access to HCV Therapy. Clin. Infect. Dis. 2018, 66, 1360–1365. [Google Scholar] [CrossRef] [PubMed]

	



Castry, M.; Cousien, A.; Bellet, J.; Champenois, K.; Pialoux, G.; Yazdanpanah, Y.; Costagliola, D.; Grabar, S.; Deuffic-Burban, S. Hepatitis C Virus (HCV) Incidence among Men Who Have Sex with Men (MSM) Living with HIV: Results from the French Hospital Database on HIV (ANRS CO4-FHDH) Cohort Study, 2014 to 2017. Eurosurveillance 2021, 26, 2001321. [Google Scholar] [CrossRef]

	



World Health Organization. Combating Hepatitis B and C to Reach Elimination by 2030: Advocacy Brief; World Health Organization: Geneva, Switzerland, 2016.

	



Busschots, D.; Ho, E.; Blach, S.; Nevens, F.; Razavi, H.; Van Damme, B.; Vanwolleghem, T.; Robaeys, G. Ten Years Countdown to Hepatitis C Elimination in Belgium: A Mathematical Modeling Approach. BMC Infect. Dis. 2022, 22, 397. [Google Scholar] [CrossRef]








[image: Viruses 15 02391 g001] 





Figure 1. A maximum-likelihood tree was constructed based on HCV1a ORFs using MAFFT and IQ-Tree 2 with automatic substitution model detection (TVM + F + R10) and 1000 ultra-fast bootstrap replicates and was rooted using an HCV1b outgroup. Blue, red, and green branches correspond to samples originating from Leuven, Antwerp, and Genk, respectively. Clusters based on bootstrap and genetic distance thresholds of 90% and 4 and are highlighted in grey. Pictograms indicate the characteristics of each cluster. 
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Figure 2. A maximum-likelihood tree was constructed based on HCV4d ORFs using MAFFT and IQ-Tree 2 with automatic substitution model detection (TVM + F + R10) and 1000 ultra-fast bootstrap replicates and was rooted using a HCV1b outgroup. Blue, red, and green branches correspond to samples originating from Leuven, Antwerp, and Genk, respectively. Clusters based on bootstrap and genetic distance thresholds of 90% and 4 and are highlighted in grey. Pictograms indicate the characteristics of each cluster. 
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Table 1. Rows contain information on the combined cohort and the three constituent cohorts of the participating clinical centres for sequences where ≥90% of the ORF was covered to a depth >30, and the subtype was confirmed using both BLAST and Genome Detective.
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	Cohort

(# of

ORFs)
	Subtype
	Gender
	Gender of

Attraction
	HIV

Status
	IVDU

History
	Country of Origin
	Iatrogenic

Infections
	Year of Birth

(IQR)
	Year

of Diagnosis

(IQR)
	Year

of Sampling

(IQR)





	Total

(n = 224)
	[image: Viruses 15 02391 i001]
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	1959

(1966–1973)
	2000

(2008–2012)
	2013

(2015–2016)



	Leuven

(n = 111)
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	2014
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	Antwerp

(n = 42)
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(1967–1972)
	2009

(2011–2013)
	2009

(2011–2013)



	Genk

(n = 71)
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[image: Viruses 15 02391 i043] No data
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[image: Viruses 15 02391 i048] Russia and Asia

[image: Viruses 15 02391 i049] Other

[image: Viruses 15 02391 i050] No data
	[image: Viruses 15 02391 i051] Iatrogenic

[image: Viruses 15 02391 i052] Not iatrogenic
	
	
	










 





Table 2. Characteristics of the sequences committed to a phylogenetic analysis.






Table 2. Characteristics of the sequences committed to a phylogenetic analysis.












	
	1a (n = 78)
	1b (n = 83)
	3a (n = 29)
	4d (n = 17)





	Male
	70 (89.74%)
	57 (68.67%)
	28 (96.55%)
	15 (88.24%)



	Year of birth (IQR)
	1965 (1961–1971)
	1961 (1950–1970)
	1967 (1965–1979)
	1968 (1966–1973)



	Year of diagnosis (IQR)
	2009 (2006–2012)
	2004 (1998–2011)
	2009 (2002–2013)
	2011 (2010–2013)



	Year of sampling (IQR)
	2014 (2011–2015)
	2015 (2014–2016)
	2015 (2014–2017)
	2013 (2011–2017)



	IVDU
	24 (30.77%)
	6 (7.23%)
	15 (51.72%)
	4 (23.53%)



	HIV + MSM
	39 (50.00%)
	3 (3.61%)
	2 (6.90%)
	13 (76.47%)



	Iatrogenic infection
	5 (6.41%)
	24 (28.92%)
	3 (10.34%)
	1 (5.88%)



	Migrant
	13 (16.67%)
	31 (37.35%)
	13 (44.83%)
	6 (35.29%)



	Viral Load (IQR)
	1.9 M (0.53 M–2.57 M)
	1.2 M (0.44 M–1.90 M)
	1.4 (0.43 M–1.90 M)
	0.9 M (0.29 M–4.60 M)










 





Table 3. Transmission clusters of the four major subtypes in our cohort were defined in Cluster Picker using a constant bootstrap threshold of 90% with four genetic distances from 2 to 8 per subtype. Odds ratio and p-values were calculated using Bonferroni-corrected Fisher’s exact test with p < 0.0125 considered statistically significant.
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Genetic Distance

	
No. of

Clusters

	
In Cluster

	
IVDU

Odds Ratio

(p-Value)

	
HIV + MSM

Odds Ratio

(p-Value)

	
Iatrogenic

Odds Ratio

(p-Value)

	
Migrant

Odds Ratio

(p-Value)






	
1a




	
2

	
9

	
28/78 (35.9%)

	
0.25 (p = 0.022)

	
37.00 (p = 0.000)

	
0.43 (p = 0.649)

	
0.27 (p = 0.119)




	
4

	
10

	
42/78 (53.85%)

	
0.63 (p = 0.461)

	
18.33 (p = 0.000)

	
0.20 (p = 0.175)

	
0.20 (p = 0.030)




	
6

	
13

	
49/78 (62.82%)

	
0.59 (p = 0.319)

	
10.88 (p = 0.000)

	
0.13 (p = 0.061)

	
0.12 (p = 0.003)




	
8

	
14

	
57/78 (73.08%)

	
1.15 (p = 1.000)

	
6.76 (p = 0.002)

	
0.08 (p = 0.017)

	
0.10 (p = 0.001)




	

	

	

	
1b

	

	

	




	
2

	
0

	
-

	
-

	
-

	
-

	
-




	
4

	
1

	
2/83 (2.41%)

	
0.00 (p = 1.000)

	
0.00 (p = 1.000)

	
0.00 (p = 1.000)

	
0.00 (p = 0.526)




	
6

	
3

	
6/83 (7.23%)

	
2.88 (p = 0.372)

	
0.00 (p = 1.000)

	
0.47 (p = 0.667)

	
0.83 (p = 1.000)




	
8

	
8

	
18/83 (21.69%)

	
1.91 (p = 0.606)

	
0.00 (p = 1.000)

	
1.80 (p = 0.379)

	
0.26 (p = 0.054)




	
3a




	
2

	
0

	
-

	
-

	
-

	
-

	
-




	
4

	
0

	
-

	
-

	
-

	
-

	
-




	
6

	
1

	
3/29 (10.34%)

	
2.00 (p = 1.000)

	
0.00 (p = 1.000)

	
0.00 (p = 1.000)

	
2.73 (p = 0.573)




	
8

	
1

	
4/29 (13.79%)

	
0.92 (p = 1.000)

	
0.00 (p = 1.000)

	
0.00 (p = 1.000)

	
1.27 (p = 1.000)




	
4d




	
2

	
4

	
9/17 (52.94%)

	
0.00 (p = 0.029)

	
4.80 (p = 0.294)

	
0.00 (p = 0.471)

	
0.08 (p = 0.050)




	
4

	
3

	
13/17 (76.47%)

	
0.18 (p = 0.219)

	
5.50 (p = 0.219)

	
0.00 (p = 0.235)

	
0.44 (p = 0.584)




	
6

	
4

	
15/17 (88.24%)

	
0.25 (p = 0.426)

	
inf (p = 0.044)

	
inf (p = 1.000)

	
inf (p = 0.515)




	
8

	
4

	
15/17 (88.24%)

	
0.25 (p = 0.426)

	
inf (p = 0.044)

	
inf (p = 1.000)

	
inf (p = 0.515)
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