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Abstract

Background

RV144 is to date the only HIV vaccine trial to demonstrate efficacy, albeit
rapidly waning over time. The HVTN 702 trial is currently evaluating in South
Africa a similar vaccine formulation to that of RV144 for subtype C HIV with ad-
ditional boosters (pox-protein regimen). Using a detailed stochastic individual-
based network model of disease transmission calibrated to the HIV epidemic,
we investigate population-level impact and maximum cost of an HIV vaccine to
remain cost-effective.

Methods

Consistent with the original pox-protein regimen, we model a primary series of

five vaccinations meeting the goal of 50% cumulative efficacy 24 months after the
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first dose and include two-yearly boosters that maintain durable efficacy over 10
years. We simulate vaccination programs in South Africa starting in 2027 under
various vaccine targeting and HIV treatment and prevention assumptions.
Results

Our analysis shows that this partially effective vaccine could prevent, at catch-
up vaccination with 60% coverage, up to 941,000 (15.6%) new infections between
2027 and 2047 assuming current trends of antiretroviral treatment. An impact
of up to 697,000 (11.5%) infections prevented could be achieved by targeting age
cohorts of highest incidence. Economic evaluation indicates that, if treatment
scale-up was achieved, vaccination could be cost-effective at a total cost of less
than $385 and $62 per 10-year series (cost-effectiveness thresholds of $5,691 and
$750).

Conclusions

While a partially effective, rapidly waning vaccine could help to prevent HIV
infections, it will not eliminate HIV as a public health priority in sub-Saharan
Africa. Vaccination is expected to be most effective under targeted delivery to
age groups of highest HIV incidence. Awaiting results of trial, the introduction
of vaccination should go in parallel with continued innovation in HIV preven-
tion, including studies to determine the costs of delivery and feasibility and
further research into products with greater efficacy and durability.

Keywords: HIV vaccine,, agent-based modeling, cost-effectiveness

1. Introduction

With an estimated global prevalence of 36.7 million infected people as of

2015, HIV remains a public health priority in many countries [I]. Despite con-
tinued efforts to scale up treatment, resulting in 18.2 million people receiving

s antiretroviral therapy [2], an estimated 2.1 million people (including 150,000
children) were newly infected in 2015. Reaching the ambitious goal of 90-90-
90 by 2020 (90% of people infected with HIV should know their status, with

90% of people diagnosed with HIV infection to be receiving antiretroviral treat-
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ment and 90% of people receiving treatment to have viral suppression) would
10 not only diminish a substantial treatment gap but also prevent new infections.
However, recent analyses suggest that the majority of 127 countries (including
South Africa) are unlikely to meet the 90-90-90 target [3]. This, and the diffi-
culty in rolling out existing methods of HIV prevention (such as medical male
circumcision, and oral pre-exposure prophylaxis) to key populations, highlight

15 the need for a preventative vaccine [4].

October of 2016 marked the launch of the first trial in seven years to test
the preventative efficacy of an HIV vaccine in humans. HVTN 702 is a phase
2b/3 trial [B], supported by the Pox-Protein Public-Private Partnership (P5)

2 [6]. Tt is testing a modified version of the only HIV vaccine to date that has
shown evidence of efficacy in humans. In 2009, RV144 showed partial reduction
in HIV acquisition among community-based, predominantly heterosexual par-
ticipants in Thailand using a modified intent-to-treat analysis (vaccine efficacy
of 31.2% (95% CI: 1.1% - 52.1%) at month 42 after the first vaccination) [7].

»s Though the efficacy of the vaccine appeared to be greatest shortly after the last
dose and then waned rapidly, a recent follow-up study [8] in which a sample of
RV144 participants were re-vaccinated up to six years after enrollment reported
anamnestic responses to the vaccine regimen, offering hope that an extended
immunization schedule could potentially increase vaccine durability.

30

The ongoing HVTN 702 study is a multi-site, randomized, double-blinded,
placebo-controlled clinical trial designed to test a regimen adapted to HIV Clade
C exposed populations in South Africa. In addition to the six-month series
tested in RV144, its original protocol comprises a booster dose at month 12, as

s well as a change in adjuvant (from alum to MF59) to the gp120 protein compo-
nent of the vaccine, and a recently amended 18-month booster dose. Preliminary
results of HVTN 100 [9], a small-scale clinical trial evaluating the ALVAC-HIV
(vCP2438) + Bivalent Subtype C gp120/MF59 (short: ALVAC-HIV-C+gp120)

vaccine, suggest good safety, tolerability, and immunogenicity of the modified
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2 product and regimen.

If this or an improved pox-protein HIV vaccine regimen is proven to be
sufficiently efficacious and licensable, timely and efficient scale-up will require
an evidence-based vaccine access plan that defines expectations and outlines

s commitments essential to making a licensed vaccine available to priority pop-
ulations in South Africa and potentially beyond. To inform the development
of an access plan, the P5 Global Access Committee (short: GAC, comprised of
representatives from the Bill & Melinda Gates Foundation, National Institutes
of Health (DAIDS/NIAID), Sanofi Pasteur, GlaxoSmithKline and the South

so African Medical Research Council) has engaged in a variety of preparatory
analyses -including commissioning the modelling work detailed in this article- to
identify the populations that would benefit most from the vaccine. Here, target
populations for vaccination were solely defined based on age and sex, although
other key populations (e.g. commercial sex workers) could have similar benefits

55 from vaccination should the product prove efficacious.

In South Africa, HIV incidence varies considerably by age and sex. The
highest HIV incidence rates are observed in young women aged 15-24. In 2012,
the estimated incidence in this age group was 2.54 % per year (95% 2.04-3.04%),

o0 which is five times the rate of HIV incidence in young men aged 15-24 [0, [IT].
Recent results from an observational HIV study in rural KwaZulu-Natal sug-
gest the highest risk of infection among women aged 18 to 28, and men aged
23 to 33 [12, [13]. These epidemic patterns imply that prioritizing high levels of
vaccination among young women and a slightly older age group of men would

es most efficiently reduce new HIV infections.

However, determining the optimal use of an HIV vaccine based on age pat-
terns of incidence has several complications. First, an optimal vaccination sched-
ule should account for any waning efficacy, recommendations for booster dose

o frequency, and rate of attrition from the recommended series of HIV vaccine
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doses. Second, a licensed vaccine may take up to a decade before being ap-
proved for widespread use in South Africa. In the interim, nationally repre-
sentative HIV epidemiologic patterns are likely to change from current data,
which dates back to 2012. Forecasting changes in incidence patterns is needed
7 to predict the likely impact of implementation scenarios under consideration
and design a relevant and effective scale-up strategy. Finally, the patterns of
HIV transmission must be accounted for in order to fully capture the potential
population-level impact of a vaccine. Effective vaccination will prevent HIV in-
fections not only in the direct recipients, but also in their sexual partners within

s the contact network.

Several modeling studies [3| [14] [15] 16 (17, 18], 19, 20} 2T 22] have estimated
impact and cost-effectiveness of an RV144-like vaccine, but all have assumed
either a constant level of efficacy or exponentially waning immunity after a sin-

s gle course of vaccination. In addition to bridging these gaps, the present work
offers additional improvements such as application of an age-structured HIV net-
work model, more realistic date of vaccine introduction, and complex booster
schedules. Here, we estimate the impact of a 10-year vaccine regimen (primary
series and boosters) within a 20-year vaccination program on the HIV epidemic

o in South Africa using an individual-based network model of HIV transmission
structured by age, sex and risk. We model the efficacy profile associated with
the 5-dose regimen following the original HVTN 702 protocol and include pos-
sible booster doses following the primary series (beginning at 36 months from
the first vaccination). The present analysis evaluates and compares the impact

s and cost-effectiveness of implementation strategies initiating HIV vaccination
based on targeted age groups, coverage goals, booster attrition, roll-out, HIV

treatment scale-up, and oral pre-exposure prophylaxis (PrEP) availability.

To ensure that our analysis reflected the realities of the HIV epidemic and
wo the health system in South Africa, we iteratively engaged South African govern-

ment, academic and community stakeholders through one-on-one interviews, a
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vaccine access planning summit and a public health impact modelling workshop
during which preliminary results of this work were presented and discussed. This
stakeholder engagement process helped us understand perspectives on the future
w5 HIV prevention landscape, benefits of and challenges to reaching specific target
populations and the economic factors that will influence vaccine access, all of
which were incorporated into our analysis and considerations. Results from the
present modelling analysis will help to inform ongoing vaccine access planning
elements, including priority populations for whom the pox-protein HIV vac-
uo  cine would be expected to have the greatest and/or most efficient public health

impact.

2. Methods

We developed an agent-based model of the South African population to
forecast HIV infections, disability-adjusted life-years (DALYs), and healthcare

us  costs from a government payer perspective over a 30-year time horizon, from year
2018 to 2047. As compared to a reference case with no HIV vaccine, we evaluate
implementation of strategies for initiation of HIV vaccination. The economic
evaluation aligns closely with recommendations from the Second Panel on Cost-
Effectiveness in Health and Medicine [23], Gates Reference Case [24] 25], WHO

120 Guide to Cost-Effectiveness Analysis [26], and fulfills the Consolidated Health
Economic Evaluation Reporting Standards (CHEERS) statement [27]. Health
burden in DALYs and costs in 2015 US$ were discounted 0, 3 or 5% annually.

Model set-up and calibration. We modified EMOD-HIV v2.5, an age-stratified
and individual-based network model of HIV of South Africa, to incorporate HIV
s vaccination according to pox-protein HIV vaccine regimens (such as the regimen
currently being tested in HVTN 702). Because EMOD is an individual-based
model, interventions such as a time-varying course of vaccine efficacy can be
applied to each individual according to his or her own timing of vaccination
and adherence to the booster series. This renders the model well suited for a

130 nuanced analysis of the anticipated time-dependent efficacy of the pox-protein
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HIV vaccine regimen.

The parameters, model input values, sources, projections, and sensitivities of

the epidemic projection without vaccine, used as the reference group for compar-

155 ison, have been described previously [28] 29] [30]. A detailed model description,
user tutorials, model installer, and source code are available for download at
http://idmod.org/software. Table [I| summarizes parameters for economic
evaluation used in this study. EMOD-HIV is an individual-based model that
simulates transmission of HIV using an explicitly defined network of hetero-

1o sexual relationships that are formed and dissolved according to age- and risk-
dependent preference patterns [36]. The synthetic population was initiated in
1960, and population recruitment and mortality was assumed to be proportional
following age- and gender-stratified fertility and mortality tables and projections
from the 2012 UN World Population Prospects [37]. Since the population size of

us  South Africa exceeds the computational limit of simulated agents, we assumed
that one simulated agent corresponds to 300 real-world individuals. The model
was calibrated to match retrospective estimates of age-stratified, national-level
prevalence, incidence, and ART coverage from four nationally representative
HIV surveys in South Africa [I0] [38] 39, [40, 41]. For each simulated vaccine

150 scenario, we used the 50 most likely parameter sets obtained from the gradient-
descent based calibration process. The age patterns of sexual mixing were con-
figured to match those observed in the rural, HIV-hyperendemic province of
KwaZulu-Natal, South Africa [42]. Recently, a validation study showed that
self-reported partner ages in this setting are relatively accurate, with 72% of

155 self-reported estimates falling within two years of the partners actual date of
birth [43]. Further, the transmission patterns observed in EMOD [2§] are con-
sistent with those revealed in a recent phylogenetic analysis of the age/gender

patterns of HIV transmission in this setting [13].

160 Transmission rates within relationships depend on HIV disease stage, male

circumcision, condom usage, co-infections. Viral suppression achieved through
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Table 1: Modeling scenario parameters

Healthcare costs, adjusted to 2015 US$

Cost of vaccine Wholesale acquisition cost of HIV vaccine
unknown
product product, per dose
Cost of vaccination Distribution, clinic visits, and administration
unknown
implementation of vaccine product, per dose
Cost of PrEP 287 US$
Drugs  Average cost per person-year 172 US$  [15, 3]
Visits, Testing, Labs 115 US$
HIV care cost 419 US$
ART drugs 197 US$
Average cost per person-year [15]
Labs 90 USS$
Salaries 66 US$
Outpatient, others 66 USS$
Health outcomes
Disability Weights for
HIV, given CD4-count
> 350 Unit disability weights per life year 0.053 [321 133 [34]
200 — 349 0.221
< 200 0.547
Other variables
South African GDP
5,691 US$

CET

Cost-effectiveness threshold in 2015 US$/DALY averted

750 US$

per capita in 2015 [35]
HIV/TB investment
case, Table 54 in [31]
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antiretroviral therapy [44] [45] is assumed to reduce transmission by 92%-an
estimate based on observational data of serodiscordant couples in which outside

partnerships could have contributed to HIV acquisition [46].

s HIV Treatment and Prevention. We configured the EMOD health care
system module to follow trends in antiretroviral therapy (ART) expansion in
South Africa. Treatment begins with voluntary counseling and testing (VCT),
antenatal and infant testing, symptom-driven testing, and low level of couples
testing. The model includes loss to follow-up between diagnosis and staging,

w between staging and linkage to ART or pre-ART care, and during ART or
pre-ART care [47]. Projections of South Africa treatment expansion in the no
vaccine reference group are calibrated to reflect a gradual decline of HIV inci-
dence without elimination, so that HIV remains endemic through 2050 [33]. All
scenarios included medical male circumcision [48] at 22% coverage and confer-

s ring 60% reduction in acquisition risk with lifetime durability. Condom usage
was dependent on four relationship types (transitory, informal, marital, com-
mercial), with per act usage probability ramping up to median values of 62%,
39%, 26%, and 85% by 2027 across parameter draws. Based on adherence pat-
terns and efficacy results from the Partners PrEP trial [49], we assumed that

o oral pre-exposure prophylaxis (PrEP) had 74% efficacy in terms of risk reduc-
tion for young adults. Eligibility for vaccination was assumed to be independent
of PrEP usage, and individuals having tested positive for HIV were not eligible

for vaccination.

HIV Vaccine Efficacy. We incorporated a parametric model of time-dependent
15 vaccine efficacy that was hypothesized for the pox-protein regimen based on re-
sults from RV144. We included the time series of efficacy associated with each
dose administered during the study and possible booster doses beyond the 24-
month duration of the first stage of the study. The original pox-protein dosing
schedule administered a series of five immunizations over 12 months (the 18-
wo  month dose recently amended to the protocol was not modeled here). ALVAC-
HIV-C was administered at months 0 and 1, followed by ALVAC-HIV-C+gp120
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at months 3 and 6, and ALVAC-HIV-C+gp120 dose was administered at month
12 (supplementary to RV144 schedule). Time-dependent vaccine efficacy was
interpreted as a per exposure reduction in the probability of acquisition param-

105 eterized by an impulse and exponential decay model.

TimeDependent VaccineEflicacy (t) := Z (a; + by)ewt=itd)
i€Schedule, i<t

where a; is the efficacy increase of immunization with ALVAC-HIV-C, b; is
efficacy increase after ALVAC-HIV-C + gp120 immunization, w is the efficacy
decay rate per month and d is the delay between immunization and initiation
of protective effect in months.

20  Assuming uniformly distributed exposure over a given time span in the trial, we
calculated the cumulative vaccine efficacy (corresponding to the efficacy estimate
from the trial) as the area under the curve of the instantaneous vaccine efficacy

rescaled by the length of the time span.
1 t
VaccineEfficacy(t) := n / TimeDependentVaccineEfficacy(s)ds
0

In anticipation of efficacy results for HVTN 702, we modeled time-dependent
205 vaccine efficacy based on results from statistical models [50] for RV144 study

outcomes using a point-estimate of 58% shortly after the month 6 vaccination,

and cumulative efficacy of 31.2% over 42 months. We adjusted the parameters

of the efficacy function such that the cumulative vaccine efficacy over 24 months

after the first dose is 50% (corresponding to the goal set by the P5) and obtained
20 values a; = 0.08, b; = 0.34, w = 0.065 and d = 0.1.

Booster Schedule and Efficacy. For the purpose of model projections be-
yond the primary trial endpoint, we also implemented up to four two-yearly
boosters starting at month 36 with fixed attrition rates of 0, 20 or 50% per
booster to cover a total of 10 years of vaccine efficacy. We assumed booster effi-
25 cacy to follow the same parameterization as ALVAC-HIV-C + gp120 doses from
the primary immunization series during the first 12 months. Booster eligibility

depended on having received the primary immunization series or the booster

10
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previously. Missing a booster resulted in loss of eligibility for subsequent boost-
ers. Individuals who tested HIV positive were not eligible for future boosters,
20 and we did not add HIV testing to the cost. We assumed that four booster
doses after the primary first-year series were necessary to confer one decade of
protection. For catch-up vaccination scenarios, booster eligibility was limited

by the age range of the vaccinee.

Vaccination Strategies for Evaluation. Based on consultations with the P5
25 GAC, we evaluated 30 implementation strategies for HIV vaccine targeting and
implementation. Strategies included a wide range of age- and gender-specific
targeting scenarios at low (30%), medium (50%) and high (80%) coverage using
two distinct roll-out approaches starting in 2027, the earliest realistic date of
introduction: Cohort vaccination, aiming for immunization and follow-up boost-
20 ing of a pre-specified proportion (coverage) of individuals at a particular target
age every year over the period between 2027 and 2047 (Table S1), and catch-up
vaccination scenarios (Table S2) were implemented for individuals within a pre-
specified age range starting in 2027 with a linearly increasing coverage to reach
the ramp-up coverage in 2032, followed by cohort-like vaccination from 2032
25 onwards for individuals aging into the target range at a maintenance coverage
which was 20% higher than the ramp-up coverage. For both roll-out scenarios,

we assumed no coverage attrition for the primary immunization series.

ART and PrEP Scale-Up Scenarios. To account for uncertainty in predict-
ing the next decade of the HIV epidemic, we varied the scale-up of treatment
20 in terms of ART and oral PrEP coverage and considered three scenarios. In the
most pessimistic scenario (Status Quo without PrEP), we stipulated that guide-
line changes have no impact on ART initiation. We excluded any use of oral
PrEP. These assumptions were consistent with the 60% ART coverage under
current guidelines assumed in the HIV/TB Investment Case Report for South
s Africa [3T] and reflect to some extent recent pessimistic results on treatment
linkage and scale-up in South African settings [3], [51]. A moderately optimistic

scenario ('Status Quo with PrEP') maintained ART linkage assumptions of Sta-

11
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tus Quo without PrEP, but assumed reaching oral PrEP coverage of 30% by
2027 and maintained this level for high risk men and women under 30 years of
0 age. In the most optimistic scenario (Fast Track with PrEP), we kept the same
PrEP coverage as in scenario 'Status Quo with PrEP', increased testing and
linkage to ART and decreased lost-to-follow-up which results in close to 90%
ART coverage in 2047. We did not incorporate behavior change into the Fast
Track with PrEP scenario, as detailed in the Fast Track UNAIDS goals [52].

s Metrics for population-level health impacts. Epidemic impact was es-
timated in terms of the number of HIV infections prevented over the period
between 2027 and 2047, calculated as differences between the total number of
infections given a vaccination strategy and the reference with no HIV vaccine,
over the 20-year time period. The fraction of cumulative infections prevented

%0 was calculated as the ratio of new infections averted to the number of new in-
fections accumulated between 2027 to 2047 in the reference case (covering thus
the period of vaccination). For each implementation policy strategy evaluated,
we sampled with replacement from 50 simulation results (corresponding to the
50 most likely parameter sets obtained from the calibration process described

25 above) to obtain bootstrap mean estimates. The 2.5 and 97.5 percentiles of
the sample mean distribution formed the lower and upper bounds of the boot-
strapped confidence intervals [53]. This accounts for parameter uncertainty
within a neighborhood where likelihood is maximal. We report infections pre-
vented by rounding to thousands.

270

We also estimated the number needed to vaccinate (NNV) per infection
prevented, defined as the ratio of the average number of vaccine regimens dis-
tributed to the average number of new infections prevented. The number of vac-
cine regimens distributed was defined as the number of primary series completed.

s Health impact was summarized in disability-adjusted life years (DALYs), calcu-
lated as the present discounted value of years of healthy life lost to disability and

years of life lost to premature death over a 20-year horizon of vaccination [54].

12


https://doi.org/10.1101/459909

bioRxiv preprint doi: https://doi.org/10.1101/459909; this version posted November 2, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Disability weights for HIV health states differed by CD4-count category (Table
1)[33]. DALYs averted were calculated by subtracting cumulative DALYs with

20 vaccine from those without vaccine for each of the three treatment and preven-
tion scale-up scenarios. We measured health outcomes in DALYs to capture
changes in both the length and quality of life for individuals in the population.
DALYs were discounted 0, 3 or 5% annually.

Costs. The model accounted for HIV-related healthcare costs from a govern-
25 ment payer perspective. Future costs were discounted 0, 3 or 5% annually and
costs were adjusted to a common currency of 2015 USD. The average annual
unit costs of HIV care in South Africa were applied to HIV patients in care,
based on the HIV Modelling Consortium estimates prepared for the WHO revi-
sion of HIV treatment guidelines 2013 (see Table 1) [I5, 33, 55]. To inflate 2012
20 South African unit costing data to 2015 USD, we first converted the 2012 USD
values into South African Rand (ZAR) using the July 2012 exchange rate, then
multiplied by the ratio of the 2015 to 2012 ZAR inflation indexes, and finally
converted from ZAR back to USD using the July 2015 exchange rate [I5] 56} [57].

2s  Maximum Vaccine Costs. The launch price and implementation cost of an
HIV vaccine in South Africa are unknown. Following a value-based pricing
framework for medicines [58, B9, [60], a threshold analysis varied the vaccine
cost parameter value to identify potential maximum cost-effective HIV vaccine
costs (including both wholesale acquisition and implementation cost), as an av-

w0 erage across persons receiving different numbers of doses.

Based on strategy-dependent changes in total discounted healthcare costs
and DALYs, as compared to the reference with no vaccine, we estimated the
maximum vaccination cost level for a vaccination strategy to be cost-effective.

35 This cost level included both the ALVAC and the protein component, as well
as implementation cost (e.g. personnel cost of vaccine delivery, facility-level

costs, supply-chain management). Since we assumed complete primary series,

13
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wasted doses could potentially originate only from missed two-yearly boost-
ers. South Africa does not have an established cost-effectiveness threshold per

a0 DALY-averted to determine value for money, although some recent estimates
are now available [3T], [61} [62]. The cost-effectiveness threshold should represent
the opportunity costs of committing scarce health system resources to an inter-
vention [61]. To aid with interpretation, we assumed a threshold of 1x the 2015
gross domestic product (GDP) per capita in South Africa as a cost-effectiveness

a1 threshold as well as a threshold of approximately 750 USD per DALY averted,
as determined by the South African HIV/TB investment case study group (see
Table 54 in [31]).

HIV Vaccine Price Thresholds. For a given nominal vaccine costyaccine and
vaccination strategy, we calculated the net DALY burden relative to the no

20 vaccine reference case for a given cost-effectiveness threshold (CET):

net DALY burden(costvaccine) = (DALYSwith vaccine DALYSno vaccine)

+{(costwith vaccine (ART, PrEP) + 08t yaccine Vaccinated) — costyith vaccine(ART, PrEP)} /CET
(1)

Cost and DALY, accumulated between 2017 and 2047, were averaged across
stochastic replicates, treatment scale-up scenarios and booster attrition levels,
and discounted annually at a fixed rate of 0, 3 or 5%. The strategy-specific
maximum vaccine cost that remains cost-effective was defined as the maximum
s regimen cost such that net DALY burden would remain negative, indicating a
reduction in population burden of disease (i.e. health gain) from vaccine and
improvement in societal welfare. Bootstrapped confidence intervals for vaccine
cost were obtained by the same method as described above in the section on

population-level impact.

14


https://doi.org/10.1101/459909

bioRxiv preprint doi: https://doi.org/10.1101/459909; this version posted November 2, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

0 3. Results

Incidence given no HIV wvaccine

Varying assumptions about linkage to and drop-out from ART and uptake of
oral PrEP between 2016 and the presumed start of vaccination in 2027 results in
distinct future ART coverage and incidence estimates. For the scenarios Status

35 Quo without PrEP, Status Quo with PrEP and Fast Track with PrEP, the
average percentage of HIV-diagnosed individuals on ART would be 56, 55 and
85% respectively in 2027, compared to 54% in 2016 (Figure S4). Likewise, for
the same scenarios, annual HIV incidence in women aged 15 to 49 is projected
to decline from 1.6% in 2016 to 1.21% for Status Quo without PrEP, 1.17%

a0 for Status Quo with PrEP, and 0.76% for Fast Track with PrEP by the year
2027. During the same time period, annual HIV incidence in men aged 15 to
49 is projected to decline from 0.9% to 0.7%, 0.68% and 0.41% respectively
(Figure . The gender discrepancy in incidence is maintained, with a male-to-
female incidence ratio between 0.57 and 0.54 in 2027 regardless of the scale-up
us  assumptions. For a general population aged 15-49, the average incidence rate in

2027 across all three scale-up and prevention scenarios is projected to be 0.81%.

Without the vaccine, model projections predict an average of 0.84%, 0.76%

and 0.48% annual HIV incidence in a general population aged 15-49 by 2047

0 for 'Status Quo without PrEP', Status Quo with PrEP and Fast Track with
PrEP respectively. This indicates that introduction of oral PrEP for high-risk
groups starting in 2016 will have a smaller impact on overall HIV incidence as

compared to ART scale-up.

Time-dependent and cumulative vaccine efficacy

355 Fitting the impulse and exponential decay model to known time-dependent
vaccine efficacy estimates [50] for the first six months of the RV144 regimen,
and adjusting the model parameters such that the goal of 50% efficacy at the

month 24 endpoint is met, results in a time-dependent efficacy curve (Figure
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Figure 1: Averaged incidence rates projected under three different treatment and prevention
scale-up scenarios starting in 2016, without vaccination: 'Status Quo without PrEP' in blue,
'Status Quo with PrEP' in red, 'Fast Track with PrEP' in green, and the average across all
three scale-up scenarios in grey. The agent-based model EMOD has been fitted to 2012 gender-
stratified HIV incidence estimates for the sexually active population in South Africa between
15 and 49 years of age (in black). At the start of the vaccination program in 2027, difference
in incidence between men and women is maintained regardless of the scale-up scenario: With
an average male incidence of 0.7%, 0.68% and 0.41%, and average female incidence of 1.21%,
1.17%, and 0.76% for 'Status Quo without PrEP', 'Status Quo with PrEP'and 'Fast Track
with PrEP'respectively. The male-to-female incidence ratio is 0.57, 0.57 and 0.54. In 2027, the
average incidence rate across scenarios for men and women is projected to be 0.81%. Without
vaccine, model results predict an average of 0.84%, 0.76% and 0.48% incidence in a general
population by 2047 for 'Status Quo without PrEP', 'Status Quo with PrEP' and 'Fast Track
with PrEP' respectively.

red curve) peaking at 80% shortly after the additional month 12 booster.
0 Exponential waning rates are estimated at 0.065 per month, and with each dose
of ALVAC-HIV-C+gp120, incremental efficacy increases by 34%. Two-yearly
boosters starting at month 36 will sustain durability with a maximum of 29.6%
cumulative efficacy over one decade of vaccination, whereas discontinuing boost-

ers after the first-year series yields a reduced cumulative efficacy of 14.8% (Fig-
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35 ure 2| green curve). For the latter case, estimated efficacy of 40% at month 39
coincides with predictions from recently developed statistical approaches using

immune correlates of protection [63].
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Figure 2: Time-dependent vaccine efficacy (red) is modeled by a parametric impulse and ex-
ponential decay model. Cumulative vaccine efficacy at a given endpoint (green) is interpreted
as the area under the time-dependent vaccine efficacy curve (shaded red) normalized by the
length of the considered time period. We first fit to RV144 point estimates at month 6 and
the 3 years endpoint of cumulative efficacy (red and green cross in the small panel). Then
we optimize the time-dependent vaccine efficacy curve to the P5 regimen schedule such that
the goal of 50% efficacy at the 24 month endpoint is met. At the 10 year endpoint, full
booster administration results in 29.6% cumulative efficacy (green solid), whereas missing all

two-yearly boosters (green doted) results in only 14.8% cumulative efficacy.

Impact of targeting and durability

To determine vaccination age-targeting of highest impact, we compare cohort

s vaccination at age 18 to age 15, with or without a 5-year age off-set between
men and women (Figure3)) at a relatively high coverage of 80%, averaged across

the treatment and prevention scale-up scenarios (see Figure S1 for 50% coverage

outcomes). Vaccine eligibility at 15 years of age with full retention for one decade

17
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prevents between 321,000 (95% CI: 312,000 — 329,000) and 504,000 (95% CI:
ws 494,000 — 516, 000) new infections over twenty years, assuming 'Fast Track with
PrEP' and 'Status Quo without PrEP' respectively. This corresponds to 8.28%
(95% CI: 8.11 — 8.45%) and 8.34% (95% CI: 8.17 — 8.52%) of new infections
prevented respectively. We note that the difference in percent new infection
prevented between the two scale-up scenarios is negligible, since the number of
s0 new infections in the counter-factual (i.e. without vaccine) for 'Fast Track with

PrEP' is substantially lower than in the 'Status Quo without PrEP' scenario.

A difference in vaccination age between men and women of 5 years pro-

vides additional benefit with up to 402,000 (95% CI: 392,000 — 412,000) and

s 642,000 (95% CI: 632,000 — 652,000) of new infections prevented for the two
scale-up scenarios respectively. High booster attrition at 50% would decrease
these numbers to 176,000 (95% CI: 168,000 — 185,000) and 309,000 (95%
CI: 296,000 — 320,000) resp. for same-age vaccination and 256,000 (95% CI:
247,000 — 265, 000) and 434,000 (95% CI: 426,000 — 443, 000) resp. for five-year

a0 offset vaccination.

Further impact can be achieved by targeting 18-year-olds resulting in 426, 000

(95% CI: 416,000—435, 000) and 604, 000 (95% CI: 593, 000—615,000) infections
prevented respectively at 0% booster attrition. Echoing the age difference in

w5 the peak of HIV incidence, vaccinating 18-year-old women and 23-year-old men
would increase the impact to up to 501,000 (95% CI: 491,000 — 512,000) and
697,000 (95% CI: 687,000 — 707,000) infections prevented respectively, given

full booster retention.

400 The impact of age off-setting and vaccination age is also highlighted by the
number needed to vaccinate (NNV) to prevent a new infection. When vacci-
nating at age 15 without versus with age off-set the NNV decreases from 55.7
to 43.9 and from 34.6 to 27.0 respectively. Likewise, vaccinating 18-year-olds
requires 41.0 and 28.5 NNV respectively, a five-year age off-setting would de-
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Figure 3: Impact of cohort vaccination at 80% coverage for different treatment scale-up sce-
narios measured by (A) average number of new infections, (B) percent of new infections
prevented, and (C) number needed to vaccinate (NNV) between 2027 and 2047 at 50% vac-
cine efficacy and varying levels of booster attrition (0%, 20% and 50%). Average and 95%

confidence intervals are relative to summary statistics across stochastic replicates.
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ws crease these numbers to 34.2 and 24.3 NNV. To illustrate the importance of
continued boosting for long-term impact, simulating the latter scenario under
50% (instead of 0%) attrition after each booster dose results in a rise to 45.4

and 32.7 NNV.

410 Catch-up vaccination appears to be particularly impactful, i.e. by targeting
age ranges between 15 to 32 at the beginning of the roll-out at 60% coverage and
maintaining cohort coverage of 80% thereafter, the number of new infections pre-
vented increases from 321, 000 to 689,000 (95%CI: 679, 000 — 699, 000) (or 18.1%
(95%CI:17.9—18.3%)) and from 504, 000 to 941, 000 (95%CI: 932,000—951, 000)

as  (or 15.6% (95%CI: 15.5 — 15.7%)) for 'Fast Track with PrEP' and 'Status Quo
without PrEP' scenarios respectively (Figure S2). Shifting the age range for
catch-up vaccination to 18 to 35 years would have a similar impact of 695,000
(95%CI: 686,000 — 704,000) (or 18.3% (95%CI: 18.1 — 18.5%)) and 935,000
(95%CI: 924,000 — 945,000) (or 15.5% (95%CI: 15.3 — 15.6%)) infections pre-

20 vented respectively.

Cohort vaccination at 80% or 50% coverage would require approximately

8.4 million or 5.5 million vaccine regimens over 20 years (Table . Catch-

up vaccination would require substantially more vaccine regimens in the early

w5 years of the vaccination program, with reduced demand in later years (Figures
S6), totaling 15.2 million regimens over 20 years (Table [2]). Because of limited
durability of vaccine efficacy, the fraction of the sexually active population with
partial protection remains small, in spite of high coverage for target populations

(Figure S7).

w0 Vaccination Cost Thresholds

For economic evaluation of vaccine cost per regimen (including delivery
costs), we calculated the maximum cost at which vaccination would remain cost-
effective, referred to as maximum vaccine cost in what follows. Cost-effectiveness

thresholds are relative to the 2015 gross domestic product (GDP) of South Africa
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Table 2: Economic evaluation

Targeting Vaccine regimens®9 DALYs averted®P Vaccine cost® ART cost saving®P
(coverage, gender, age) (in million) (in million) (in USS) (in million US$)
50% men & women age 15 5.61 0.07 (0-0.16) 105 (0-236) 486.33
50% men age 20 & women age 15 5.57 0.18 (0.1-0.26) 272 (166-388) 1158.21
B | 80% men & women age 15 8.69 0.19 (0.11-0.26) 176 (103-248) 1181.60
E 80% men age 20 & women age 15 8.64 0.19 (0.11-0.28) 186 (106-266) 1255.39
'g 50% men & women age 18 5.55 0.21 (0.11-0.29) 307 (187-437) 1286.80
é 50% men age 23 & women age 18 5.48 0.26 (0.16-0.35) 383 (240-527) 1592.42
i 80% men & women age 18 8.60 0.29 (0.19-0.39) 277 (193-370) 1810.46
7
& | 80% men age 23 & women age 18 8.50 0.37 (0.27-0.45) 354 (261-444) 2286.89
60% men & women age 15-32 15.52 0.74 (0.65-0.82) 361 (320-401) 4543.12
60% men & women age 18-35 15.14 0.77 (0.69-0.85) 385 (349-426) 4705.41
50% men & women age 15 5.53 0.37 (0.24-0.49) 533 (352-724) 2176.25
A, 50% men age 20 & women age 15 5.50 0.54 (0.41-0.67) 786 (613-968) 3192.02
E 80% men & women age 15 8.57 0.53 (0.4-0.68) 500 (371-617) 3177.77
"g 80% men age 20 & women age 15 8.52 0.7 (0.56-0.83) 659 (541-782) 4158.92
§ 50% men & women age 18 5.45 0.41 (0.27-0.54) 604 (394-807) 2448.40
; 50% men age 23 & women age 18 5.36 0.51 (0.36-0.66) 763 (556-989) 3022.80
g 80% men & women age 18 8.45 0.62 (0.5-0.74) 589 (481-689) 3700.01
% 80% men age 23 & women age 18 8.32 0.81 (0.68-0.95) 787 (657-915) 4833.93
% | 60% men & women age 15-32 15.15 1.45 (1.32-1.59) 718 (652-795) 8634.57
60% men & women age 18-35 14.69 1.47 (1.33-1.6) 749 (679-810) 8665.38

All numbers are averaged over 50 simulations, with full booster retention. 95% confidence intervals, if provided, are

in parentheses.

2 Cumulative sum 2027-2047

b 5% annual discount starting in 2018

¢ Maximum vaccine cost at a cost-effectiveness threshold of 1x GDP. This takes ART cost saving into account, it is not

an additional benefit.

d Number of primary series of five vaccinations administered
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s or $5,691 USD per capita [35]. Since future HIV incidence and booster attrition
rates remain highly speculative, cost and DALY estimates are averaged across
simulations with 0% booster attrition, such that the resulting vaccine cost is
an upper bound in terms of durability. For cohort vaccination at 80% coverage
with a cost-effectiveness threshold of 1x per-capita GDP per DALY averted, the

w0 average maximum vaccine cost (for both vaccine product and implementation
of a 10-year vaccine series) ranges from $176 (95% CI: $103 — $248) to $354
(95% CT: $261-$444) (Table [2) in 'Fast Track with PrEP' scenarios. Under
the same scale-up assumption, at 60% catch-up vaccination, maximum cost-
effective vaccine cost ranges from $361 (95% CI: $320-3401) to $385 (95% CI:

ws  $349-$426). Although the catch-up strategy requires substantially more vac-
cine regimens, it also offers higher ART cost savings (Table . For the 'Status
Quo without PrEP' scenario, maximum vaccine cost would more than double,
ranging between $500 (95% CI: $371 — $617) and $749 (95% CI: $679 — $810)
for cohort and catch-up vaccination respectively at 80% coverage. Lowering the

0 annual discount rate to emphasize present value to society [64] would increase
estimated maximum vaccine costs (Figure [4)) from 176 US$ and 385 US$ to up
to $480 and $548 for cohort at 80% coverage and catch-up vaccination at 60%
coverage respectively under 'Fast Track with PrEP' assumptions.

Among the simulated vaccination strategies, catch-up vaccination age 18-35

ss5 18 the most efficient when compared to cohort vaccination, since ART cost sav-

ings as well as averted DALYs are high, despite very similar maximum vaccine

cost. Sensitivity analyses shows that maximum vaccine cost is proportional to

the CET, e.g. at a threshold of approximately 750$ per DALY averted (see

Discussion for details), maximum vaccine cost would range between $22 and

w0 $60 under 'Fast Track with PrEP' assumptions and $74 and $115 in the 'Status
Quo without PrEP' scenario (Figure S3).
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Figure 4: Maximum vaccine cost by targeting strategies and treatment scale-up assumption,

at full booster retention and annual discount rates of 0,3 and 5%.

4. Discussion

The results of this study highlight the need to exploit different vaccination
targeting and roll-out scenarios to maximize the population-level impact of a

w5 partially effective HIV vaccine in South Africa. Even under high attrition rates,
providing additional booster doses for up to one decade after the primary series
can increase public health impact, as long as gender-specific age ranges of high-

est incidence are covered by vaccination. Although adolescent HIV vaccination

has the potential of reaching high coverage in South Africa through school-based

s programs (such as Human Papilloma Virus routine vaccination [65]), our model-
ing results (see Table and Table S3) do not make a strong case for vaccinating
before the age of sexual debut, estimated at a median of 18 years of age [60].
The time-dependent course of vaccine efficacy necessitates aligning vaccination
such that the times of highest efficacy are within the ages of highest HIV inci-

a5 dence in 2027 — projected to be 20-25 years of age for women, and five to ten
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years older for men (Figure S5). Specifically, our results indicate that, of the
gender/age combinations we compared, the greatest public health impact of the
pox-protein HIV vaccine would be achieved by vaccinating cohorts of 18-year-
old women and 23-year-old men.
480
Long-term economic evaluation of vaccination suffers, in part, from the un-
certainty of whether HIV treatment and prevention scale-up could be achieved
between now and 2027. We derived estimates for the maximum vaccine cost
(10-year regimen, including product and delivery costs) to remain cost-effective
w5 averaging across three different treatment and prevention scale-up projections.
Also, estimated vaccine cost comprises product, delivery and implementation
costs, which may vary across the simulated strategies, making cost compar-
isons difficult. Although the estimated maximum vaccine cost accounts for
possible resource displacement (e.g. ART cost saving), further additional in-
a0 vestment might be necessary to maintain treatment and prevention programs
with concurrent vaccine roll-out. Our analysis suggested an estimated maxi-
mum cost of $105 —$787 at which vaccination with a full 10-year regimen would
be cost-effective based on a 1xGDP per capita threshold [26]. Measuring op-
portunity cost from a government perspective and deriving cost-effectiveness
a5 thresholds for health care interventions for particular countries is an area of
active research and debate [67]. Instead of using the WHO cost-effectiveness
thresholds, the South African HIV/TB investment case study group developed
its own CE threshold in determining the cost-effectiveness of new HIV interven-
tions in South Africa. Using an iterative optimization approach for all existing
so0 treatment and prevention options, the group concluded that a cost-effectiveness
threshold of approximately $750 per life-year saved would be an appropriate
upper bound for the incremental cost to South Africa's HIV program compared
to the baseline scenario (maintained coverage of all interventions at 2014 levels).
This reflects the fact that HIV treatment and prevention uptake is already satu-
sos rated in South Africa, and suggests that only a limited number of interventions

should be scaled up to avoid detrimental population health outcomes resulting
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from budget funds being displaced from other interventions.

There are several major limitations to this analysis. The time-dependent

s vaccine efficacy curves are based on limited data from RV144 and goals for the
pox-protein vaccine regimen, and we did not consider any primary series at-
trition. Additional sources of uncertainty include differences in regimens and
study populations between RV144 and the ongoing trial, statistical uncertainty

in the RV144 results, and translation of cohort efficacy data to an individual-

si5. based model in the absence of HIV exposure information for the cohort under
study. We did not model the impact of possible changes in voluntary medical
male circumcision scale-up on vaccination, nor did we model the recently added
18-month dose in the amended trial protocol. Since available data on the dis-
tribution of earnings, non-healthcare consumption costs, and patient time costs

s0 in South Africa were insufficient to be included in this analysis, we adopted a
government payer instead of a societal perspective. The economic evaluation of

the vaccine does not account for indirect economic implications (e.g. produc-
tivity effects). Furthermore, different target populations may be more or less
challenging to reach. This is difficult to know a priori and was not included in

sss the analysis, and therefore remains an area important to explore in close col-
laboration with implementers of HIV prevention programs. We did not model
risk compensation [I4] [68] i.e. increases in risky behavior by vaccine recipients,
bearing in mind that a partially effective vaccine might necessitate additional
counseling to prevent the false impression of full protection. Vaccine-induced

s seropositivity [69] is likely to add substantial additional cost [70] due to the
need to use nucleic acid based HIV testing to distinguish HIV infections from

the presence of vaccine-induced HIV antibodies. Finally, we likely underestimate

the long-term benefits of vaccination. DALY calculations were truncated at the
vaccination endpoint in 2047, i.e. vaccination could add at most 20 additional

s35  years of life from the start of vaccination to the endpoint.
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5. Conclusion

Taken together, our model suggests that, averaged across different treat-
ment scale-up settings, vaccinating population cohorts aligned with the ages of
highest HIV incidence (i.e. 18-year-old women and 23-year-old men) including

s continued boosting for up to 10 years could avert up to 13.1% and 11.5% of
HIV infections in the coming decades (for 'Fast Track with PrEP' and 'Status
Quo without PrEP' respectively). If durability of vaccine efficacy proves to
be better than observed in the RV144 trial, the benefit could be appreciably
larger. Adult catch-up vaccination and efforts to ensure continued boosting,

ses  could further increase the impact of the vaccination to possibly just over 18.3%
(or 694,000) and 15.5% (or 935,000) of new infections prevented (for 'Fast
Track with PrEP' and 'Status Quo without PrEP' respectively). However, we
recognize that identifying optimal vaccine implementation platforms and de-
ployment channels to deliver this complex vaccine regimen at high coverage

sso - will be a significant challenge-especially when vaccinating 18 year-old women
instead of adolescent girls who may be more easily reached through a school-
based program. Therefore, improving deployability of HIV vaccine regimen by
optimizing vaccine performance characteristics (e.g. increased vaccine efficacy,
longer duration of protection, fewer required doses) should be ultimate goal of
sss  future vaccine research. Hopefully, such optimization would be supported by
the identification of immune correlates of protection in HVTN 702. Although
the maximal impact of 18.3% of new infection prevented is appreciable, the roll-
out of a partially effective, rapidly waning vaccine alone will not eliminate HIV
as a public health priority in South Africa. Therefore, vaccination should be

sso  performed in parallel with continued innovation in HIV prevention technologies.
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