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Abstract

We investigated longitudinal viral clustering among and within subjects in a highly networked 

cohort of people who inject drugs (PWID). All subjects had estimated dates of infection and two 

or more E1 sequences (bp 943-1288 relative to H77) with 1 to 14 years of follow up. Two methods 

(HIV-TRACE and PhyloPart) were used to determine clusters. Genetic distance thresholds were 

determined by comparing intra-and inter-host distances. Additional phylogenetic analysis was 

performed on subjects with complicated viral histories. At the optimal threshold of 3.9%, HIV-

TRACE found 77 clusters and PhyloPart found 63 clusters, of which 27 and 32 contained multiple 

subjects, respectively. Furthermore, 1/3 of the subjects had sequences in different clusters over the 

course of the study, including some cases in which a later-sampled sequence matched a cluster 

detected much earlier in the infection, despite being separated by RNA-negative lab visit and 

detection of sequences in different clusters. A detailed phylogenetic analysis of four subjects with 

such patterns showed that in all four cases, the earlier and later variants grouped closely on the 

tree, and did not group with concurrent sequences from any other subject. These observations 

suggest that subjects are either experiencing rapid and recurring infection-clearance-reinfection 

cycles from the same source, or a single transmission event produces a chronic infection that may 

go undetected and/or co-circulate with different viruses from separate transmission events. 

Furthermore, our results show the utility of using longitudinal sampling to obtain a more 

comprehensive view of the viral linkages in high-risk populations.
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1. INTRODUCTION

Hepatitis C virus (HCV) causes more mortality in the United States than 59 other reportable 

infectious diseases combined (1). Moreover, there is an epidemic of acute HCV infection 

linked to the nationwide opioid epidemic (2). Thus, despite widely publicized new effective 

treatments, HCV remains a major public health problem (3). The epidemic is particularly 

devastating in populations of people who inject drugs (PWID), in which an estimated 2/3 of 

individuals are HCV positive (4), although extensive research is lacking (5).

According to a recent report from the National Academies of Science, Engineering, and 

Medicine, assessing HCV epidemiological dynamics in populations is important to both 

design and evaluate HCV control strategies (6). The identification of transmission clusters 

can support self-reported transmission events, identify putative transmission chains, and 

reveal mixing between key risk groups and geographic sub-populations (7). Such approaches 

are commonly used in molecular epidemiological studies of HIV (8-12) and HCV (13-20).

However, tracing HCV transmission events, particularly in high-risk population such as 

PWID, is more complicated than for HIV for several reasons. One, intra-host HCV evolves 

in highly structured populations where multiple lineages persist through time (21) although 

may only be sporadically detected (22, 23). Thus, the viral variants taken from a single time 

point do not necessarily reflect the true composition of the population (21), even when using 

high-throughput sequencing (23). Second, unlike HIV, individuals can spontaneously clear 

HCV infection. Individuals can then become re-infected, either with a different strain, or 

with a highly similar strain as the initial infection. Either scenario is likely among a highly-

networked group participating in high risk behaviors. Concurrent infections with different 

strains are also possible, although they may be transiently detected. Additionally, in PWID 

populations, individuals may cease the high-risk behavior and/or experience re-lapse, so that 

the risk of re-infection is not constant (5).

Some studies may attempt to avoid such complications by using a single time point per 

individual taken soon after initial seroconversion (15, 17, 19), and longitudinal studies 

typically only track infection only over a short time frame (e.g. less than 2 years) (14, 20). 

However, these approaches limit the understanding of the viral dynamics over time within 

PWID populations.

In this study, we investigated viral patterns among a highly-networked cohort of PWID 

followed from July 1997 to July 2016. All subjects had at least 2 samples spaced at least one 

year apart. Our goal was to determine the appropriate definitions of linkage and describe the 

complex nature of HCV viral evolution in this highly networked population.

2. METHODS

2.1 Ethics Statement

This study was approved by the Institutional Review Board of the Johns Hopkins University 

(IRB# NA_00046368, Title: CD8 + T cells and the Outcome of viral hepatitis- Monthly 

Blood Sampling). This study of stored samples and previously collected data and the parent 
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cohort study was conducted according to the ethical standards set forth by the institutional 

review board of Johns Hopkins University and the Helsinki Declaration of the World 

Medical Association. All participants were adults who provided written informed consent.

2.2 Subjects

HCV uninfected subjects were enrolled in the “Baltimore Before and After Acute Study of 
Hepatitis” (BBAASH) cohort, as previously described (24). All were classified as people 

who inject drugs (PWID) and had estimated dates of infection after entry into the study. At 

each visit, subjects were counseled to reduce the risk of injection drug use and tested for 

HCV infection. The study followed hundreds of individuals who were tested for HCV in a 

protocol designed for monthly follow up and approved by the Johns Hopkins IRB. At time 

points where HCV RNA testing was positive, HCV sequence data was obtained. The cohort 

included chronically-infected individuals, as well as individuals who cleared infection, some 

of whom were subsequently became re-infected. Summary statistics for the subjects 

analyzed in this study is shown in Table 1.

2.3 Genetic Sequence Data and Analysis

For samples that tested RNA positive in the BBASH cohort, bulk sequencing was performed 

on the HCV E1 gene (H77 nt 943 to 1288 (25). E1 was chosen as it has high variability and 

is a commonly sampled region. Furthermore, the primer sets have a high amplification 

efficiency and efficiently amplify across genotypes 1 to 6 (26). For this study, we included 

89 subjects who had two or more sequences (range 2-31, median = 7 sequences/person) 

sampled over a 1-14-year period (average time span = 4.7 years). The final alignment 

comprised 743 sequences which were generated in real time over a near two-decade period 

(1997-2016). At time points when a subject had a sequence >5% different from the previous 

time point, the sample was re-extracted and re-sequenced. All subjects had estimated dates 

of infection measured as the midpoint between the last negative and first positive HCV 

serological test.

Clusters were assigned using two methods: HIV-TRACE (11) and PhyloPart (27). Pairwise 

distances for HIV-TRACE were generated using the tn93 genetic distance model. Clusters 

were assigned using a range of genetic distance thresholds (1-10%). Phylogenetic trees were 

inferred using the program PhyML v.3.0 (28) using the general-time reversible nucleotide 

substitution model with gamma-distributed rate variation among sites. Branch support was 

assessed using the aLRT method (29). Clusters were assigned with PhyloPart using a range 

of patristic distance thresholds (1-10%) and >70 bootstrap branch support.

The ROC curve and threshold analysis were performed in R (code available on request). 

Cluster visualizations were performed with the Tableau software (version 10).

3. RESULTS

3.1 Genetic distance

From the 89 subjects, there were 743 sequences from which a total of 254,106 bases were 

confidently represented. Overall, the average intra-subject distance ranged from 0%-47%. 
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We then compared the average intra- and inter-subject pairwise distance (Figure 1). The 

distributions were largely overlapping, with peaks in both distributions occurring at 10%, 

35%, 50%, and 65%. The major difference between the two distributions was that <5% 

distance was observed for 50% of the intra-subject comparisons but only 0.2% of inter-

subject comparisons. We then calculated pairwise distances within HCV genotypes or 

subtypes (Figure 1). Within a genotype or subtype, the average genetic distance was 10% for 

the inter-subject comparisons and <5% for the intra-subject comparisons. For subtypes 1a 

vs. 1b, average genetic distance was 35%; 1a/1b vs. 3a was 50%, and 2b vs. any other 

genotype was 65%. These values correspond to the 4 peaks in the distance distributions. 

Within the intra-host dataset, there were different HCV genotypes/subtypes detected that, 

importantly, reflected co- or re-infection.

3.2 Establishing a genetic distance threshold

To determine viral clusters, we used two approaches: HIV-TRACE, which considers only 

genetic distance, and PhyloPart, which uses both tree-topology and patristic (branch) 

distances to assign thresholds. We evaluated the behavior of the two approaches by using a 

series of genetic distance threshold values (1%-10%). For HIV-TRACE, at the 1% threshold, 

90% of sequences fell into a cluster, which quickly increased to 99.6% at 10% 

(Supplemental Figure 1). For PhyloPart, 85% of sequences fell into a cluster at the 1% 

threshold, then initially climbed more quickly than HIV-TRACE, but leveled off at 97%. The 

number of clusters detected by the two programs was similar at the 1% threshold, but fell 

much more quickly for PhyloPart than for HIV-TRACE until 5% (Supplemental Figure 1). 

At that point, the number of clusters for PhyloPart plateaued around n=50, while the number 

of clusters for HIV-TRACE continued to decline. This trend was explained by the maximum 

number of subjects in any one cluster for each threshold: for PhyloPart, the maximum size 

showed a distinct increase between 4% and 5%, but stabilized at n=21 subjects. For HIV-

TRACE, the maximum number of subjects began to increase exponentially at 4% reaching a 

high of 77 subjects.

Next, we conducted a receiver operator curve (ROC) analysis to determine the optimal 

genetic threshold that separated the intra-subject comparisons from the inter-subject 

comparisons. We performed the analysis for each genotype/subtype separately. The optimal 

thresholds for the four subtypes were 3.9% (1a), 5.2% (1b), 5.3% (2b), and 5.8% (3a). The 

area under the curve (AUC) for each subtype was 0.90 (1a), 0.90 (1b), and 0.98 (for both 2b 

and 3a).

3.3 Composition of viral clusters

We then calculated clusters for each of the four datasets using the optimal genetic distance 

threshold defined in the ROC analysis for each subtype, as well as using the 1a threshold of 

3.9%. We found no difference in cluster assignment between the two thresholds. The only 

difference found was that 3 and 2 sequences from subtypes 2b and 3a, respectively, were 

unassigned to any cluster at 3.9%, although those sequences clustered with the rest of the 

sequences from the same subject at the higher threshold. We therefore combined all 

sequences and used the threshold of 3.9% in the remaining analysis.
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We assigned clusters designations to all sequences using two approaches, HIV-TRACE and 

PhyloPart. In the first instance, we found 77 clusters, 27 of which contained multiple 

subjects (Figure 2a). For PhyloPart, we found 63 clusters, 32 of which contained multiple 

subjects. Slightly fewer sequences were placed in clusters with HIV-TRACE versus 

PhyloPart (n=710 and 715, respectively).

We then investigated how these viral clusters changed over time within an individual (Figure 

2b). About two-thirds of the subjects (64% for HIV-TRACE, 58% for PhyloPart), belonged 

to a single cluster throughout the study. The rest of the subjects belonged to anywhere from 

2-6 different clusters over time.

The most common of these scenarios was that a subject belonged to Cluster A at the 

beginning of infection, and switched to Cluster B later in infection (14/89 and 12/89 for 

HIV-TRACE and PhyloPart, respectively). The remaining patterns were more complex, 

including those in which subjects belonging to one cluster early in infection returned to that 

same cluster much later, and where subjects belonged to two clusters simultaneously. The 

patterns of infection were largely consistent between the two programs, although PhyloPart 

tended to detect more clusters for a given subject than did HIV-TRACE.

3.4 Detailed analysis of four subjects

We then examined four subjects in whom an early viral variant re-appeared at a later time 

point and for whom both programs detected the same pattern (subjects 48, 831, 14, and 403). 

Each sequence from the four subjects is plotted by the time of the visit for each of the four 

subjects (Figure 3A-D). Different clusters are separated on the y-axis. Samples plotted at 

y=0 indicate that no virus was detected at that visit. Interestingly, for three of the four 

subjects, multiple instances of no detected virus were followed by a subsequent positive 

sample. However, these instances did not necessarily correspond to a new variant being 

detected. In subject 48, (Figure 3A) sequences 10 and 11 were separated by a negative 

sample, but both were in Cluster 10. This pattern was also detected for subject 403 (Figure 

3B), in which negative samples were detected between sequences 10 and 11, and between 12 

and 13, although sequences 4-15 were all in Cluster 20. For subject 14 (Figure 3C), again 

negative samples were detected between sequences 2 and 3, both in Cluster 2, and 7 and 8, 

both in Cluster 44. For the last subject, 831, virus was found at all visits (Figure 3D). In 

some cases, sequences from consecutive visits were in different clusters (e.g. 403, sequences 

15 and 16; 831, sequences 4 and 5). Interestingly as well, the time between detection of 

different clusters was only weeks or months.

To distinguish whether these represented a new infection from the same virus pool (e.g. a 

group of PWIDs), we inferred a phylogenetic tree using all 743 sequences from the 89 

subjects (Figure 3E). The sequences from the four subjects are plotted on the tree. In all 

cases, sequences from the same subject in the same cluster were highly similar, in some 

cases identical, even when separated by a negative viral load, detection of a different variant, 

and/or separated by years in between sampling. The clusters to which subjects belonged at 

different times were spread out on the tree, and in some cases, were different subtypes, 

confirming the high genetic distance between those clusters. In some cases, a subjects’ later 

sequences were part of an earlier detected cluster, although a different cluster was detected 
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in the intervening time (e.g. subject 48, Cluster 8; subject 831, Cluster 6; subject 403, 

Cluster 20). For both subject 48 and subject 831, all of their sequences were on the same 

branch excluding any other subject. For subject 403, all Cluster 20 sequences also grouped 

on the same branch, although with another subject. However, that subject’s sequences were 

much earlier (2004-2007) than those of subject 403 (2008-2013), thus making re-infection 

from that other subject less likely (although still possible).

4. DISCUSSION

We investigated a cohort of highly-networked PWID who acquired HCV with estimated 

dates of infection and had viral sequences from at least two distinct time points over 1 to 14 

years. We initially sought to determine a genetic distance threshold for the E1 region of 

HCV that would efficiently separate intra- and inter-subject distances. Interestingly, the 

intra- and inter-subject genetic distance distributions largely mirrored each other, with 

multiple peaks that corresponded to inter-genotype comparisons, reflecting the high genetic 

diversity within the population as well as multiple infections within the same individual. The 

major difference was that the bulk of the intra-subject distribution abutted zero, while the 

bulk of the inter-subject distribution was more evenly distributed among the various peaks. 

Importantly, this reflects that some subjects are infected with multiple viruses over time, and 

thus all HCV variants within an individual do not necessarily share a common ancestor. The 

ROC analysis was consistent with a visual analysis of the overlapping point of the two 

distributions. Our method, while similar to other studies that use pairwise distances to 

determine thresholds (20), differs from these in two ways: first, we included samples with a 

range of up to 14 years apart, taking into consideration longer periods of intra-subject 

variation. Second, we use a method that produces an exact threshold value.

The intra- and inter-subject HCV pairwise distributions are also noticeably different than 

those for HIV, in which there is a clear separation in the distributions of intra- and inter-host 

distances (30). This reflects the higher frequency of multiple infections within the HCV-

infected population, and the higher complexity of HCV infection dynamics in populations 

(21-23).

The difference between the two clustering approaches, namely that HIV-TRACE generates 

very large clusters at thresholds >4% as compared to PhyloPart, was similar to a trend we 

previously reported when comparing HIV-TRACE to a different phylogeny-based clustering 

algorithm (30).

About 1/3 of subjects fell into multiple viral clusters over the course of this infection, which 

is not unexpected given that patients frequently clear infections and are at high risk for re-

infection due to their behavior. One of the most interesting observations, however, was that 

in some subjects, sequences from an early and late time point were part of the same cluster, 

with either negative lab results and/or detection of sequences belonging to a different cluster 

occurring in between them. An important question from a public health perspective is 

whether this “reappearance” of clusters represents a de novo infection from a similar source 

(e.g. a drug-injection partner), or whether the subject never cleared the first infection. We 

attempted to distinguish between these possibilities by investigating the phylogenetic tree. 
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No instance showed evidence of re-infection, i.e. there were not contemporaneous sequences 

from another subject. Clearly, this could be the result of under-sampling individuals, wherein 

the transmitting partner was not part of the cohort. However, all subjects were encouraged to 

refer their injecting partners to the study, thus increasing the chances that direct transmission 

events would be detected. Furthermore, the time between detection of different clusters was 

often only a few weeks or months, which would imply an almost immediate re-infection 

event. In addition, the E1/E2 region reverts to a wildtype phenotype before accumulating 

mutations specific to the new host immune system (31-33). If these cases were a reinfection 

from the same source (e.g. needle-sharing partner), it would be expected that the re-infecting 

virus would be distinct, given the cycle of adapting to different individuals.

Furthermore, the possibility that the same infection lingered over time despite going 

undetected is supported by previous studies of intra-host HCV that showed that lineages may 

disappear and re-appear at later time points, even persisting through a liver transplant (34), 

producing complex phylogenetic trees (13-15). The virus can show a highly structured viral 

population both phylogenetically (22, 23) and within the liver itself (35-37) and thus the 

sampled blood virus at a given time point does not necessarily reflect the entirety of the 

infection (21). Because the present study was not designed to investigate in-depth intra-host 

evolution, the number of sequences available are not sufficient to exhaustively investigate 

the population structure within individuals. However, the patterns of viral clustering that we 

describe are consistent with such structure underling the infections.

To more firmly distinguish among the possibilities, deep sequencing would likely be 

required. Given that the sequencing methodology used here, Sanger sequencing, is standard 

in molecular epidemiological studies, our findings have direct relevance to surveillance 

studies of similar high-risk populations. Ours finding puts into question the results of cross-

sectional approaches to assigning clusters based on solely genetic distance, since there could 

be a good deal of variation that is undetected, thus masking true transmission events. If the 

observed patterns are instead caused by rapid repeating clearance and reinfection from the 

same source, this too would have significant implications for public health.

5. CONCLUSION

In high-risk cohorts, such as the cohort of PWID described here, there are numerous 

opportunities for acute-on-acute infections, co-infections and superinfections. Coupled with 

the complex intra-host dynamics, inferences of transmission events are far from 

straightforward. Longitudinal sampling provides a higher degree of resolution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• About 1/3 of the subjects had sequences in different clusters over the course 

of the study.

• In some cases a later-sampled sequence matched a cluster detected much 

earlier in the infection, despite being separated by RNA-negative lab visit and 

detection of sequences in different clusters.

• This study demonstrates the importance of longitudinal sampling to obtain a 

more comprehensive view of the viral linkages in high-risk populations.
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Figure 1. 
Distributions of intra- (red, right axis) and inter- (blue, left axis) subject genetic distance (x-

axis). Measurements are for all pairwise comparisons among 743 sequences of 89 subjects. 

The subtype comparisons represented by each peak are noted.
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Figure 2. 
(a) Clusters of 743 sequences at 3.9% genetic distance threshold using HIV-TRACE (top) 

and PhyloPart (bottom). Each large rectangle represents a cluster that are separated by a 

thick white line. Smaller rectangles represent the division of clusters into subjects, separated 

by a thin white line. Sizes of rectangles are scaled by number of sequences contained 

therein. (b) Longitudinal clustering patterns for 89 subjects. Each colored human figure 

represents a cluster. The order in which cluster membership was detected is shown 

schematically. Note that the number of figures is not necessarily equivalent to the total 

number of samples (i.e. one red figure may represent one or more time points belonging to 

that cluster). The number next to each set of figures indicates the number of subjects 

detected as having this pattern by HIV-TRACE (HT) and PhyloPart (PP).
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Figure 3. 
Four subjects are shown: 48 (a), 403 (c) and 14 (c), and 831 (d). Each different cluster is 

plotted on the y-axis, and the time at which the sample was taken on the x-axis. S=sequence. 

Dots plotted at 0 on the y-axis indicates a negative viral load at that time. Maximum 

likelihood phylogenetic tree (e) of all 89 subjects included in the analyses. Colored dots 

represent sequences of subjects in panels (a)-(d), with one color per subject. Branch lengths 

are scaled in substitutions per site according to the scale bar at the bottom of the tree. The 

dotted branch was re-scaled for clarity and actually has a much longer branch length.
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Table 1

Description of population evaluated

Characteristic Number of subjects

89

% Female 42

Race (%)

 African American 16 (17%)

 Caucasian 70 (78%)

 Other 3 (3%)

Mean age at seroconversion (IQRa) in years 27 (24, 29)

Mean year of HCV seroconversion (IQR) 2003 (2001, 2006)

Follow up post HCV seroconversion Av. (range) in years 4.7 (1, 14)

Total C/E1 sequences 743

Average number of sequences / subject 8.3

a
IQR inter quartile range
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