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Abstract

Global elimination of chronic hepatitis C (CHC) remains difficult without an effective vaccine. Since injection drug use is the leading cause
of hepatitis C virus (HCV) transmission in Western Europe and North America, people who inject drugs (PWID) are an important
population for testing HCV vaccine effectiveness in randomized-clinical trials (RCTs). However, RCTs in PWID are inherently
challenging. To accelerate vaccine development, controlled human infection (CHI) models have been suggested as a means to identify
effective vaccines. To bridge the gap between CHI models and real-world testing, we developed an agent-based model simulating a
two-dose vaccine to prevent CHC in PWID, representing 32,000 PWID in metropolitan Chicago and accounting for networks and HCV
infections. We ran 500 trial simulations under 50 and 75% assumed vaccine efficacy (aVE) and sampled HCV infection status of
recruited in silico PWID. The mean estimated vaccine efficacy (eVE) for 50 and 75% aVE was 48% (SD+12) and 72% (SD+11),
respectively. For both conditions, the majority of trials (~71%) resulted in eVEs within 1 SD of the mean, demonstrating a robust trial
design. Trials that resulted in eVEs >1 SD from the mean (lowest eVEs of 3 and 35% for 50 and 75% aVE, respectively), were more
likely to have imbalances in acute infection rates across trial arms. Modeling indicates robust trial design and high success rates of
finding vaccines to be effective in real-life trials in PWID. However, with less effective vaccines (aVEs~50%) there remains a higher risk
of concluding poor vaccine efficacy due to post-randomization imbalances.

Keywords: hepatitis C virus, vaccine trials, agent-based modeling, controlled human infection models

Significance Statement

Vaccines to prevent hepatitis C virus (HCV) infection offers a promising avenue for reducing transmission and controlling the chronic
hepatitis C epidemic, but clinical trials are challenging and expensive. We developed a detailed model of a two-dose HCV vaccine in
PWID and performed hundreds of clinical trial simulations, each simulated trial lasting almost 3 years. Our model demonstrated ro-
bust trial design but showed that vaccines would need to have an assumed efficacy of >50% to avoid the risk of being found ineffective.
We found that post-randomization imbalances in acute infection rates across arms had a striking effect on outcomes. Since a reduced
number of vaccine candidates are expected to progress to randomized-clinical trials, this agent-based model provides a means to test
additional variables, such as vaccine schedules or virus kinetics in immunized subjects.

Introduction primary mode of hepatitis C virus (HCV) transmission in North

Chronic hepatitis C virus (CHC) is associated with significant mor- ~ America and Western Europe (3), with an estimated 67% of all
bidity and mortality in the United States (1) and around the world ~ HCV infections attributable to injection drug use in the United
(2). Syringe sharing among people who inject drugs (PWID) is the States in 2019 (1). The introduction of highly effective direct-acting

Competing Interest: A.G. is an employee of Loyola University Chicago and Amazon Web Services Inc. (AWS) but AWS had no role in this
study. All other authors declare they have no competing interests.
Received: June 4, 2024. Accepted: November 22, 2024

8,3(55,9 PBEB Published by Oxford University Press on behalf of National Academy of Sciences 2024. This work is written by (a) US Government employee(s) and

is in the public domain in the US.

Gzoz Ainp 21 uo Jasn Aseiqi] meT ojabuy,g obeoaiy) jo Austeniun Aq G/ 1226/2/1950eb6d/ | //a101e/snxauseud/woo dno-olwapese//:sdiy woly papeojumoq


https://orcid.org/0000-0002-7238-5240
https://orcid.org/0000-0002-3324-2220
https://orcid.org/0000-0001-7927-4255
https://orcid.org/0000-0002-2376-4156
https://orcid.org/0000-0002-7120-1673
https://orcid.org/0000-0002-3495-6735
https://orcid.org/0000-0002-3686-8894
https://orcid.org/0000-0003-0874-359X
https://orcid.org/0000-0002-3357-1817
mailto:hdahari@luc.edu
mailto:marian.major@fda.hhs.gov
https://doi.org/10.1093/pnasnexus/pgae564

2 | PNAS Nexus, 2025, Vol. 4, No. 1

Table 1. HCV infection outcomes in simulated vaccine trial analysis with 50 or 75% aVE.

Measure aVE =50% aVE=75%

Study Placebo Study Placebo
number recruited per trial 1,604 1,603 800 799
mean number entered 1,545 1,546 771 770
mean HCV incidence (min-max) 3.80/100 py (2.77-4.80) 3.97/100 py (2.87-5.47)
mean HCV prevalence 5.82% 5.79% 6.05% 6.06%
mean CHC prevalence 1.98% 3.82% 1.08% 3.98%
mean CHC incidence (per 100 person years) 1.3 2.5 0.7 2.6
mean duration of non-CHC (months) 14.8 14.8 14.8 14.7

Outcomes of 500 sims

Mean (95% CI)® Mean (95% CI)?

eVE (1-IRR, ITT)

Exact P-value >0.05 (power)

eVE among infected

Cox eVE (1-HR)

HR time to viral clearance (resolved cases)

0.48 (0.47-0.49) 0.72 (0.71-0.73)
16.6% (83.4%) 4.6% (95.4%)
0.57 (0.56-0.57) 0.78 (0.77-0.79)
0.49 (0.48-0.50) 0.72 (0.71-0.73)
0.997 (0.97-1.02) 1.01 (0.98-1.04)

aVE, assumed vaccine efficacy; eVE, estimated vaccine efficacy based on in silico trial simulation results; IRR: incidence rate ratio; ITT: intention to treat; HR, hazard

ratio; CHC, chronic hepatitis C infection.
*Means and confidence intervals from meta-summary.

antivirals (DAAs) paved the way to the ambitious World Health
Organization (WHO) goal of viral hepatitis elimination by 2030 (4).
However, deficits in the screening and diagnosis and linkage to
care, high costs, restricted access, the ongoing opioid epidemic
that continues to fuel the HCV epidemic, and significant HCV re-
infection rates among PWID have curtailed the impact of this strat-
egy (5, 6). In addition, DAA therapy does not lead to protective
immunity, leaving treated people susceptible to reinfection (7).
Given these conditions, a safe and efficacious vaccine is an import-
ant component for a successful strategy to eliminate HCV (8). It
should be noted that effective action plans have been introduced
in several countries through price negotiations, community engage-
ment, and education programs (9-11), and there is evidence of suc-
cess in reaching the WHO elimination goal (12). The United States is
still behind on elimination targets, partly due to funding, the ab-
sence of a national registry of HCV-positive people and systems to
track those treated (9). Overall, the WHO elimination targets con-
tinue to be debated in most countries of the world, regardless of in-
come level (13), highlighting the importance of other prevention
measures, which would include vaccines.

The recently reported randomized-clinical trial (RCT) was the
first phase I/1I trial of a prophylactic vaccine for reducing CHC in
PWID (14). However, the trial did not result in lower levels of
CHC in immunized subjects and additional clinical trials will be
needed. Since RCTs in PWID are challenging, long, and expensive
to perform, it is imperative to identify good vaccine candidates
through experimental studies that would include the qualitative
analysis of immune responses induced in animal models and
phase 1 studies coupled with theoretical studies using ABMs
that can contribute to the design of robust RCTs. Recent discus-
sions to examine candidate vaccines using a controlled human in-
fection (CHI) model (15) could potentially identify vaccines with
high efficacy, as previously done for malaria vaccines (16), to be
tested in RCTs in PWID. However, there are no theoretical tools
to simulate the effect of variables on vaccine outcome, such as
post-randomization differences or the frequency of HCV testing
post-vaccination.

HCV vaccine development efforts are focused on producing a
prophylactic vaccine that would induce immune mediated clear-
ance, preventing CHC, rather than eliciting sterilizing immunity
(17-19). This is an acceptable public health goal as only ~25% of
primary infections result in spontaneous clearance (20) and

morbidity and mortality are associated with CHC, rather than
acute, infection (21). We previously showed through mathematic-
al modeling that even with transient viral replication in vaccines
after exposure through injection drug use, HCV transmission
among people sharing syringes could be reduced through vaccin-
ation (17). Modeling studies have indicated that targeted vaccin-
ation (e.g. risk-targeted or sero-targeted), with vaccines of only
moderate efficacy (<60%), especially in combination with treat-
ment, could have a significant impact on transmission and CHC
rates (22-24).

Agent-based models (ABM) can simulate HCV epidemics
among the PWID population (25-27) and have the potential to
simulate HCV vaccine trials. In this study, we report the develop-
ment of an ABM to perform in silico simulations of HCV vaccine
RCTs for a two-dose vaccine designed to prevent CHC using vari-
ous assumed vaccine efficacies (aVE) to evaluate the impact of
two parameters, viral sampling and imbalanced acute infection
rates between trial arms, on vaccine success. We hypothesized
thatincreased monitoring of clinical trial recruits has the poten-
tial to improve detection rates, provide outcomes closer to the
aVE and possibly allow reduced sampling sizes. However, mon-
itoring of PWID in clinical trials is challenging and costly, there-
fore, understanding if increasing the frequency will improve
results is important to determine using an ABM before applying
it to real-world studies. Post-randomization events, such as
loss-to-follow-up or changes in behavior, are an important con-
sideration of vaccine trials and can have an impact on outcomes
(28). Imbalances in infection rates between the vaccine and pla-
cebo groups is a post-randomization event that can also impact
outcomes but has not been widely studied, therefore we wished
to analyze this in the context of our in silico trials. Our study uti-
lizes extensive field data on Chicago-area PWID to construct an
in silico PWID population and accounts for geographic distribu-
tion, injection behaviors, syringe sharing network, and new HCV
infections, as well as details of the trial such as regular HCV test-
ing, loss to follow-up and statistical analysis. We ran 500 trial
simulations under conditions of 50 and 75% aVE. These aVEs
were chosen to represent a vaccine with efficacy that would be
considered suitable for an RCT (75%) and an efficacy that may
be the minimum acceptable for a vaccine to progress to an
RCT (50%).
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Fig. 1. Distribution of eVE in 500 trial simulations. A) Model aVE at 75% and monthly testing, B) aVE 50% with monthly testing, (C) comparison of aVE 50%

with monthly and biweekly testing.

Results

Simulation outcomes indicate a robust

trial design

For clinical trial simulations, we set aVE at 50 and 75% by increas-
ing the probability of viral clearance for vaccinated agents. For the
placebo group, the probability of viral clearance was assumed
different between women and men with average 34.6% (range
30-40%) and 12.1% (range 10-14%) rates of spontaneous clear-
ance, respectively (Table S3). Just as in a real-world clinical trials,
in the in silico trials we sampled HCV infection status of each en-
rolled PWID monthly. We ran 500 trial simulations under each
condition, with different random number seeds. For each trial,
we computed outcome measures including the incidence rate ra-
tio (IRR) of CHC under intention to treat (ITT), IRR of CHC among

only those in the clinical trial that were infected, hazard ratio
(HR) for CHC (Cox proportional hazards model), and HR for time
to viral clearance among cases that resolved. Summary statistics,
including estimated vaccine efficacy (eVE), for the 500 simulations
under each aVE condition are shown in Table 1. As expected from
the model design, HCV incidence (3.8-3.97/100 person years [py])
and prevalence (5.82-6.06%) were similar across simulation con-
ditions and treatment arms, while CHC incidence and prevalence
were lower in the study arm compared with the placebo arm in
both simulation conditions. The average duration of infection
among cases that resolved (non-CHC) was about 15 months and
did not differ between conditions, also as expected from the soft-
ware design. Under aVE 50%, the average eVE based on the IRR
under ITT was 0.48 (95% CI 0.47-0.49) (Table 1), while under aVE
75%, the average eVE was 0.72 (95% CI 0.71-0.73) (Table 1). The
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analysis of only infected cases tended to overestimate the VE
(shown as eVE among infected in Table 1) (eVE 0.57 and 0.78 for
aVE 50 and 75%, respectively) while Cox regression (Cox eVE)
yielded estimates very similar to IRR estimates (eVE 0.49 and
0.72 for aVE 50 and 75%, respectively) (Table 1).

Trial simulations demonstrate the risk of low
eVE outcomes

The distribution of the eVE in the 500 trial simulations is shown
for monthly testing with both aVE conditions in Figs. 1A (aVE
75%) and B (aVE 50%) and descriptive statistics for the simulations
are shown in Table 2. The distribution was moderately negatively
skewed for both conditions, but both sets of simulations were ap-
proximately normally distributed with SD of ~10% (SD + 12 and +
11, for aVE of 50 and 75%, respectively) (Table 2). The majority of
trials (~71%) resulted in outcomes within 1 SD of the mean eVE
(means of 48% for 50% aVE and 72% for 75% aVE) (Table 2).
Despite this robustness in the trial outcomes, there were simula-
tions with outcomes substantially higher than 1 SD from the
mean. For aVE 50%, outcomes ranged from 3 to 75%, while for
aVE 75%, outcomes ranged from 35 to 96% (Fig. 1 and Table 2).

We tested the impact of increasing sampling from monthly to
biweekly on the distribution of outcomes for the aVE 50% group.
With biweekly testing the results were very similar to those ob-
tained with monthly testing (Fig. 1C and Table 2). The mean eVE
was 0.486 (95% CI 0.475-0.496) (Table 2), although the distribution
was slightly less negatively skewed (Fig. 1C), and 70% of trials were
within 1 SD of the eVE mean. A similar range of outcomes for eVE
(9 to 79%) (Table 2) was obtained when biweekly testing was ap-
plied compared with monthly testing.

Meta-regression analysis demonstrates
imbalance in acute infection rates
impact outcomes

We performed a meta-regression analysis to understand the
cause of outcomes that deviated substantially from the eVE
mean for both sets of conditions. The results showed that out-
comes significantly higher or lower than the aVE were due to an
imbalance in infection rates across arms. Figure 2 shows the rela-
tionship between the infection risk ratio (RR) for the study vs. pla-
cebo arm and predicted VE for both aVE conditions. The aVE is
indicated by the solid blue line. Areas of statistically significant
over- and under-estimation are located between the dashed
blue lines (30 and 60% for aVE of 50% and 55 and 80% for aVE of
75%). An RR> 1.0 indicates fewer HCV infections in the placebo
group compared with the study arm. As shown by the negative
slope of the curves, as the RR increases, predicted VE decreases,
indicating that VE is more likely to be underestimated. Under
aVE 50%, with a 20% greater risk of infection in the study arm
(RR=1.20), the marginal predicted IRR increases from 0.51 (with
RR=1.0) to 0.62 and the predicted VE decreases from 49 to 38%
(Fig. 2A). RRs between 0.75 and 1.33 (indicated by vertical lines
in Fig. 2A) were not detected as significantly different from an
RR of 1 (P<0.05). The effect of imbalanced infections between
the arms under aVE 75% was less pronounced, with predicted
VE decreasing from 73% under ideal conditions (RR=1.0) to 67%
with RR =1.20 (Fig. 2B). Conversely, as the acute infection RR de-
creased below 1.0 (more acute infections in the study arm vs.
the control arm) the predicted VE increases above the aVE for
both vaccine conditions (Fig. 2).

Table 2. Descriptive statistics for the 500 simulations run under
50 and 75% aVE.

Parameter Statistic
aVE =50% aVE=75% aVE =50%
(Monthly (Monthly (biweekly
testing) testing) testing)
Mean 0.477 0.723 0.486
95% CI Lower  0.466 0.714 0.475
bound
Upper bound  0.488 0.733 0.496
Median 0.500 0.73 0.500
IQR (25, 75) 0.40, 0.56 0.66, 0.80 0.40, 0.57
SD 0.123 0.11 0.124
Minimum 0.03 0.35 0.09
Maximum 0.75 0.96 0.79

IQR, interquartile range; aVE, assumed vaccine efficacy; eVE, estimated vaccine
efficacy; CI, Confidence interval.

Discussion

Vaccines for HCV are critical to the WHO goal of elimination of vi-
ral hepatitis, particularly in challenging populations such as
PWID (29). To inform the design of clinical trials to test these vac-
cines, our study performed 1,500 in silico simulations of vaccine
RCTs. Such an analysis would not be feasible in the real-world en-
vironment and our model offers the opportunity to identify varia-
bles that may impact clinical trial outcome. Overall, our model
produced estimates that ~70% of trials under both simulation
conditions resulted in outcomes within 1 SD (~10%) of the aVE.
The effect was also observed with biweekly instead of monthly
HCV testing, indicating robust trial design and suggesting that
under the vaccine parameters applied in this model the return
on investment for increased frequency of testing is likely to be
negligible.

We observed ~30% of outcomes with eVE >1SD from the mean
and as expected from a normal distribution 5% (aVE 50%) and
3.2% (aVE 75%) with outcomes >2SD. Of note, 5.8% of trial
simulations run under aVE 50% resulted in outcomes with eVE
<25%, with one as low as 3%, while under aVE 75% the lowest eVE
was 35% (Table 2). Our modeling results demonstrated that
hard-to-control random variation in HCV infections can account
for a significant portion of these extreme outcomes, having a signifi-
cant undesirable effect on the eVE in a vaccine RCT. It is assumed
that thisis occurring due to a greater number of infections becoming
chronicin the vaccine arm, which results in a downward shift of the
eVE, although this does not occur with every simulation. Hence a
number of simulations do not show any decrease in eVE when the
incidence RR is 1 (Fig. 2) and the variability explains the tails of
the distribution seen for both simulation conditions (Fig. 1). A simi-
lar scenario could occur in real-world clinical studies, where, by
chance, there is an increased number of infections in the vaccine
arm, resulting in a larger proportion of chronic infections than
might otherwise be expected, despite the immune response induced
by the vaccine. As shown in our in silico studies, this would not oc-
curin every clinical study, but our data indicate that any imbalance
in infections between the vaccine and control arm should be care-
fully assessed for impact on outcome. Alternatively, an imbalance
in infection rates favoring the vaccine arm could result in overesti-
mating VE, resulting in failure to reject a candidate vaccine with lim-
ited efficacy.

Our results suggest that vaccine candidates identified in CHI
studies with >75% VE will be more robust under post-
randomization imbalances and have a higher chance of success
in real-world studies. Importantly, large deviations from the aVE
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Fig. 2. Predicted vaccine efficacy from meta-regression on eVE by acute HCV RR (vaccinated vs. unvaccinated). A) Model aVE 50%, B) aVE 75%. The region
between the vertical lines represents risk ratios that were not detected as significantly different from 1 (P > 0.05). Dashed horizontal lines indicate areas of

significant over- and under-prediction.

occurred even when the imbalance was not detected as signifi-
cant, especially when the vaccine arm was disadvantaged. We
propose that when acute infection rates are even moderately un-
balanced across trial arms (e.g. P < 0.20), investigators should take
steps to correct for bias, such as using Cox regression to adjust for
variables associated with infection. An alternative measure,
namely estimating the vaccine effect only among persons in the
trial that were infected, could also be useful. Our data indicated
that this approach resulted in a slight overestimate of efficacy
for the population (Table 1). Despite this, it might be considered
an appropriate method to measure efficacy of a vaccine to prevent
CHC.

Our study’s main limitation is that in silico methods cannot
fully capture the complexity of PWID population and vaccine
RCTs, and additional factors might affect the vaccine outcome
in real-world trials. For example, the immune response induced
by the vaccine may be fundamentally different in some individu-
als due to the extent of drug use, genetic diversity, or underlying

conditions that are not recognized at the time of recruitment.
We used data from the Chicago area PWID population, but we be-
lieve that our findings would generalize to other sites. Higher
clearance rates have been reported in younger people (30), but
we did not consider age in the current model. However, this could
be incorporated into future models. We also did not consider the
kinetics of the viral infection in vaccinated individuals (i.e. in
host viral load) and did not assume vaccination would result in
more rapid clearance of the virus, as demonstrated by similar
times to clearance for both arms (Table 1). Data have shown
that secondary infections in humans and chimpanzees that
have spontaneously cleared an HCV infection are cleared more
frequently and more rapidly and result in lower viral load (31-
33). If a vaccine induces immune responses that reduce the dur-
ation of acute infection from 77 to 127 days to 8 to 48 days
(Table S3), rapid clearance could be missed during monthly
follow-up testing such that more frequent testing would be war-
ranted. Our model has the capability to test this hypothesis using
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Fig. 3. PWID network visualization. The figure shows the syringe-sharing relationships between individual PWID in the synthetic population, which are
colored by geographic location: suburban (red) and urban (blue). The number of individual PWID shown in this figure (9,731) represent 30% of the total
PWID population who are part of the most highly connected section of the network and who have more than one network connection. The inset shows a
single highlighted PWID and the individuals to whom they are directly connected in the syringe-sharing network. This is a snapshot of a network that

changes in time.

different patterns of viral load and viral clearance that have been
previously demonstrated in reinfected subjects (32). In the long
term, vaccine aspects such as possible waning of VE over time
(34) could also be incorporated into our model and evaluated.

In summary, we have developed a unique ABM for studying
RCTs for HCV vaccines in PWID. Overall, our results demonstrate
that in silico simulations can provide an important tool to design
RCTs for future vaccines and test parameters that may impact
outcome. Specifically, for CHC, we showed that imbalances in in-
fection rates across study arms threaten the accuracy of esti-
mates of vaccine efficacy. Using simulation to explore the
properties of various matching strategies could help to inform
best practices for achieving balance in HCV vaccine trials.

Materials and methods

Incorporating HCV vaccine trial features

in HepCEP

We previously developed the Hepatitis C Elimination in PWID
(HepCEP) ABM model to simulate the PWID population in metro-
politan Chicago, including their social interactions that result in
HCV infection (25, 26, 35). Model features of HepCEP were previ-
ously described (25, 26, 35), and are briefly provided herein as

follows: attributes of the PWID synthetic population (Table S1),
parameters for the generation of the CNEP+ synthetic population
(Table S2), geographical environment and syringe-sharing net-
work (Fig. 3), HCV infection parameters (Table S3) and model val-
idation (see Supplementary Material). On the basis of this
validated model, we developed a prototype ABM simulation that
included our previous infection stage progression with enhance-
ments for the vaccine trial simulations (Fig. 4) and design charac-
teristics of a recent HCV vaccine trial (NCT01436357, Table 3) (14).
The ABM represents an RCT of a two-dose vaccine (doses at 0 and
2 months) with a specified aVE in preventing CHC but no effect on
acute HCV infections (i.e. does not induce sterilizing immunity) or
on viral kinetics (i.e. does not result in rapid viral clearance or re-
duced acute-phase viral titers). The effect of the vaccine is intro-
duced by increasing the probability of viral clearance for agents
assigned to the study condition.

Enrollment into the trial occurred over 365 days and was simu-
lated by sampling PWIDs from the in silico Chicago-area PWID
population. To achieve a higher likelihood of exposure to HCV
we recruited only PWID having at least one receptive syringe shar-
ing injection partner and at least one injection per 30 days. All
PWID aged 18 to 59 who tested negative for both HCV RNA and
HCV antibodies were eligible for enrollment. To simulate refusal
or loss of contact, 20% of the enrollees were dropped from the trial
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Fig. 4. Schematic diagram of the Hepatitis C Elimination in PWID (HepCEP) simulation model. The model includes enhancements for vaccine trial
simulations: randomization into placebo and vaccine arms, immunizations at 0 and 2 months and regular testing to determine HCV viral RNA and
antibody status. The synthetic model population from the Enhanced Community Outreach Intervention Projects (CNEP+) dataset is linked in a
syringe-sharing network. After the model burn-in period of 365 days, the main model loop begins and each individual PWID agent executes their step

behavior. More information is provided in the Supplementary Material.

Table 3. Parameters of simulated HCV vaccine trial.

Parameters Values (Range)
Number of vaccine/placebo injections 2

Duration of FU1 (to detect any viremia) 18 months
Duration of FU2 (for persons with viremia) 9 months
Annual attrition 20% (15-30%)
Number of persons enrolled per arm 1,603 or 799
Duration of recruitment 12 months
Timing of doses after enrollment 0, 2 months
Trial duration 1,400 days

FU1, duration of testing during initial follow-up period; FU2, duration of testing
following detection of HCV RNA, to define clearance or chronicity.

each year. The vaccine and placebo injections were given at 0 and
2 months (Table 3). After the second injection subjects entered the
primary follow-up period of 18 months (to avoid calendar com-
plexity, each month in the simulations refers to exactly 28
days). During this period, subjects were tested for HCV RNA and
HCV antibodies every 4 weeks (or every 2 weeks in the biweekly
schedule). If HCV RNA was detected subjects entered the second-
ary follow-up phase lasting 9 months to determine whether the
infection became CHC or resolved. The trial simulation ended
1,400 days after the first enrollment and any active follow-ups
were discontinued.

Vaccine trial simulations

The prototype model was implemented with the Repast Simphony
modeling toolkit (2021-06 version), in which each trial simulation
takes about 30 min. The Extreme-scale Model Exploration with
Swift framework was used for running simulations in a high-
performance computing environment (36).

Data collection and analysis

To achieve aVE =50%, the probability of viral clearance in the vac-
cinated group was set to 60%; to achieve aVE=75%, the

probability of viral clearance in the vaccinated group was set to
80%. Just as in a real-world clinical trial, in the in silico trial we
sampled HCV infection status of each enrolled PWID monthly.
In an additional simulation of aVE 50% we adjusted the HCV test-
ing schedule to biweekly (i.e. every 14 days). We ran 500 trial sim-
ulations under each condition, with different random number
seeds. For each trial, we computed outcome measures including
the IRR of CHC under ITT, IRR of CHC among only those in the clin-
ical trial that were infected, HR for CHC (Cox proportional hazards
model), and HR for time to viral clearance among cases that re-
solved. We then used meta-analysis to summarize the outcomes
over the 500 simulated trials and conducted random effects meta-
regression analyses to test the associations between CHC IRR out-
come and HCV infection incidence rate and risk ratio between
study arms. The outcome point estimates and confidence inter-
vals were log-transformed for analysis. Analyses were conducted
in Stata (StatCorp 17ed).

Supplementary Material

Supplementary material is available at PNAS Nexus online.
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