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Abstract

An HIV vaccine will be a critical tool for ending the epidemic, yet the next vaccine efficacy
trial is likely five or more years away as the field focuses on the early-phase evaluation and
optimization of vaccines that induce broadly neutralizing antibodies. At the same time, the
HIV prevention landscape has evolved substantially, with the discovery of highly effective
means of preventing HIV, challenging the identification of HIV prevention trial designs that
are ethically sound and scientifically robust. We explore a population-based, individually
randomized, proof-of-concept trial design for evaluating the efficacy of a future candidate
vaccine to prevent HIV acquisition and to validate the neutralizing antibody marker as an
immune correlate. The design is intended to lay the foundation for a subsequent licensure
trial and the development and refinement of future HIV vaccine regimens. Key design
features include broad, population-based eligibility criteria; the incorporation of external
data; decentralized approaches to recruitment, specimen, and data collection; and strong
community partnerships. We compare the approach with alternative trial designs and
outline their limitations. The population-based design represents a compelling option
for generating credible and generalizable evidence, while enabling future HIV vaccine
licensure and development.

Keywords: HIV; vaccines; HIV prevention; bnAbs; clinical trials

1. Introduction

The HIV epidemic continues: an estimated 1.3 million people newly acquired HIV
globally in 2024, almost unchanged from the prior year [1]. Major disruptions in HIV
treatment and prevention in 2025 due to changes in US foreign aid assistance [2] threaten
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to reverse the reductions in incidence seen over the last decade [3]. Globally, the field
is off track to meet the 2030 goals set by UNAIDS targeting the elimination of HIV [1,4].
This is despite dramatic advances in the biomedical prevention of HIV. First oral and now
long-acting injectable antiretrovirals used as pre-exposure prophylaxis (PrEP) have been
demonstrated to be highly effective for preventing acquisition when used as directed [5-10].
Yet there are numerous barriers to the usage of these products including awareness, stigma,
cost, logistics, and cultural, geographic, socio-economic, behavioral and lifestyle factors [11].
Even when available, access may be limited to pregnant and/or breastfeeding women
or key populations most impacted by HIV—sex workers, men who have sex with men,
transgender women, and people who inject drugs and their sex partners—and require indi-
viduals to self-identify as vulnerable to HIV which further limits initiation and continued
use in settings where these specific features drive stigma. Data suggest that most adoles-
cents, pregnant women, and young adults acquiring HIV did not perceive themselves to
be especially vulnerable [12-15]. Moreover, globally, an estimated 45% of new HIV acqui-
sitions occur outside of key populations [16]. The figure is even higher in high-incidence
regions including eastern and southern Africa where an estimated 77% of new HIV ac-
quisitions occur outside the populations targeted for PrEP services. A low-cost vaccine,
even one with modest efficacy, has the potential to reduce HIV incidence sustainably and
cost-effectively [17-19]. Ending the HIV epidemic will ultimately require an effective
HIV vaccine in addition to other highly effective, readily available and affordable HIV
prevention and treatment strategies [20,21].

The HIV vaccine field has investigated numerous approaches, beginning with the
VAX003 and VAX004 trials of a recombinant HIV envelope gp120 protein subunit vaccine
that demonstrated that antibodies alone—in particular non-neutralizing strain-specific
antibodies—were insufficient for protection [22,23]. The STEP and Phambili trials of the
MRKAdAS5 HIV-1 Gag/Pol/Nef vaccine demonstrated that T cells with limited breadth
could not prevent acquisition [24,25]. Then came the turning point: in 2009, the RV144
trial in Thailand provided the first proof-of-concept that an HIV vaccine could work, with
the ALVAC-HIV (vCP1521) prime and recombinant gp120 protein AIDSVAX B/E boost
conferring a modest but significant 31.2% efficacy; the high initial efficacy of 60% waned
over 12 months [26,27] and failed to replicate when studied in a different population, with
a different adjuvant, and redesigned for a Clade C epidemic [28].

Two foundational studies have paved the path forward for HIV vaccine develop-
ment. First, the RV144 trial demonstrated that IgG antibodies targeting the V1V2 loop of
gp120 correlated with the level of protection; Fc-mediated effector functions, especially
Antibody-Dependent Cellular Cytotoxicity (ADCC) in the absence of Env-specific IgA
antibodies, as well as CD4+ T cells also contributed, but protection waned rapidly [29,30].
Second, the AMP studies (HVTN 703/HPTN 081, HVTN 704 /HPTN 085), which evaluated
the passively infused VRCO01 antibody, provided proof of concept that broadly neutral-
izing antibodies (bnAbs) can prevent HIV acquisition [31] and demonstrated that serum
neutralizing antibodies predict the level of protection [32], establishing quantitative bench-
marks for a bnAb-inducing vaccine. Given that most circulating viruses detected in the
AMP trials were found to be resistant to VRCO01, the data suggest that a single bnAb is
not enough; combination bnAbs that target different epitopes on the HIV envelope likely
will be needed, either induced by active vaccination or passive infusion. Informed by
these insights, numerous vaccine strategies are under investigation that seek to induce
HIV bnAbs. Lineage-based vaccines and germline-targeting vaccines are advancing from
pre-clinical phases to phase 1 clinical trials, conducted domestically and internationally,
to evaluate vaccine safety and the induction of precursors of bnAbs targeting conserved
epitopes on the HIV envelope [29,33]. Different vaccine dosing and delivery strategies are
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being investigated, including fractionated and bolus delivery, slow-release formulations,
and novel adjuvants. Given that these bnAb vaccines are in the discovery phase, an efficacy
trial is likely five or more years in the future.

When a candidate bnAb-inducing HIV vaccine regimen is ready for efficacy evalu-
ation, designing the efficacy trial is likely to be challenging because of the existence of
highly effective modalities to prevent HIV acquisition. Nonetheless, the burden of HIV
persists in certain geographical areas and populations; determining how to evaluate the
preventive efficacy of a candidate vaccine in this context is of critical importance. The field
of antiretroviral-based PrEP has also wrestled with efficacy trial design challenges [34-37].
However, trial designs that are appropriate for evaluating new PrEP agents are arguably dif-
ferent from those for a vaccine, in part because an HIV vaccine may serve populations that
are not served by PrEP, including those outside key populations who constitute most new
HIV acquisitions in many regions around the world [16]. In addition, an HIV vaccine first
entering a proof-of-concept trial is unlikely to be as effective as long-acting injectable PrEP.

Another distinctive feature of the HIV vaccine field is the emerging consensus around
a likely correlate of protection for a bnAb-inducing HIV vaccine. Evidence from the HIV
field suggests that the vaccine-induced neutralizing antibody response against circulating
strains of HIV is likely to be a strong correlate of protection [32]. This is further supported
by non-human primate challenge studies [38—41] and broader experience in vaccinology,
where neutralizing antibodies often serve as correlates of protection and the basis for
vaccine modification and regulatory approval [42-45]. Accordingly, the magnitude and
breadth of the neutralizing antibody response to relevant circulating HIV strains is highly
likely to form a central basis for go/no-go decisions on advancing a vaccine candidate
to an efficacy trial. The next efficacy trial must be designed to validate the neutralizing
antibody response as an immune correlate to support the further refinement of the vaccine
and, ultimately, the regulatory approval of future vaccines.

This manuscript will consider and evaluate a specific design for a potential HIV vaccine
efficacy trial: a large, population-based trial, similar in concept to the Salk inactivated polio
vaccine trial of 1954 [46]. We describe the trial design and the motivations behind it, evaluate
its operating characteristics, and discuss the challenges with the design and additional
potential design features. We compare the population-based trial design to alternative
trial designs that might be considered, including those that have been used for evaluating
new PrEP agents, carefully articulating their limitations for the HIV vaccine context. We
conclude with a discussion of the steps the field must take to lay the groundwork for the
next HIV vaccine efficacy trial.

2. A Population-Based, Individually Randomized, Placebo-Controlled
Trial Design

We explore a leading potential HIV vaccine efficacy trial design that is developed
under the following premises. Our first premise is that this trial will be a proof-of-concept
trial that evaluates whether the vaccine protects individuals from acquiring HIV. However,
it is likely that the vaccine regimen that is tested will require modification before it can
be licensed and used in public health practice. It may be that the number of vaccine
doses or the mode of delivery must be simplified, the adjuvant needs replacing, or that
multiple immunogens are needed to increase the breadth of protection. The trial will be
pivotal for establishing proof of concept, but will not be the primary basis for vaccine
licensure. Thus, we have designed the trial using a phase 2b design [47], a design that
is large enough to evaluate the preventive efficacy of the vaccine regimen, but not to
determine whether it is efficacious enough for public health impact [47,48]. Our second
premise is that the phase 2b trial will only be conducted following phase 1 and 2a studies
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of the vaccine regimen, wherein these earlier studies will confirm that the vaccine regimen
is safe, well-tolerated, and generates immune responses plausibly predicting efficacy in
preventing HIV acquisition. In particular, a predicted vaccine efficacy of at least 50% will
likely be needed to initiate the phase 2b trial. Finally, we assume that the phase 2b trial will
need to validate the neutralizing antibody marker as an immune correlate of risk (CoR) for
this vaccine and provide strong support that it is also likely a correlate of protection (CoP).
A CoR is a biomarker that is associated with HIV acquisition among vaccine recipients,
whereas a CoP is a biomarker that predicts the level of vaccine efficacy [49,50] such as the
neutralizing antibody titer, which is established as a CoP for a wide array of COVID-19
vaccines [51,52]. This evidence of an immune correlate will provide a critical foundation for
the HIV vaccine field: it will support and inform the modification of the vaccine regimen
leading up to a phase 3 trial and enable decision-making around future HIV vaccines and
their efficacy in new populations [44,53]. We envision that a vaccine modified such that the
predicted vaccine efficacy is 70% or higher, based on the neutralizing antibody response
and a prediction model built using the phase 2b trial data, would support the launch of a
phase 3 trial.

A future vaccine efficacy trial will need to address three primary objectives: 1. evaluate
vaccine safety and tolerability; 2. evaluate vaccine efficacy to prevent HIV acquisition; and
3. validate the neutralizing antibody marker as an immune CoR. Key secondary objectives
are to evaluate the neutralizing antibody marker as a CoP and to estimate a model of
vaccine efficacy as a function of the marker to enable informed decision-making around
improved versions of this vaccine or related vaccines. Importantly, vaccine efficacy must
be measured relative to a placebo, to establish proof of concept that the vaccine works,
noting that the vaccine and placebo are administered on top of a background standard
of prevention. In contrast, establishing the efficacy of the vaccine relative to a proven
intervention, e.g., injectable PrED, is not compelling as it is not anticipated that the vaccine
regimen entering the phase 2b trial will be as effective as injectable PrEP, and the vaccine is
not an alternative intervention to injectable PrEP. Moreover, establishing vaccine efficacy
relative to PrEP would leave considerable uncertainty about the level of efficacy of the
vaccine, and this uncertainty would be a barrier to the future development of the vaccine
regimen. Section 7 discusses additional ethical and clinical challenges with a study design
that would instead evaluate the relative efficacy of the vaccine vs. PrEP.

For concreteness, we consider designing an HIV vaccine efficacy trial among young
women (18-35 years old) in southern Africa, where there is one of the highest burdens of
HIV globally [1]. The population-based design enrolls young women vulnerable to acquir-
ing HIV in communities with high HIV burden as depicted by antenatal seroprevalence
surveys and routine HIV testing services. Women in subpopulations with targeted HIV
prevention strategies implemented by their Ministries of Health, e.g., sex workers, are not
enrolled. Rather, the design enrolls young women vulnerable to acquiring HIV by virtue
of living in areas with high HIV prevalence. Eligibility criteria are as broad as possible, to
enhance recruitment and generalizability. At screening, enrollment, and throughout the
trial, women are educated about effective prevention of HIV and linked to PrEP and other
HIV prevention services in the community; thus, it is important that the trial is conducted
in areas in which some form of PrEP is available. These two design elements—recruiting
young women from the general population and leveraging the community standard of pre-
vention, defined in partnership with the community—are aspects of the population-based
design that differentiate it from a traditional HIV prevention efficacy trial (Table 1). Young
women enrolling in the trial are randomized to receive the vaccine or a placebo, where all
trial participants have access to community-based HIV prevention modalities (Figure 1).
The design answers what is arguably the most critical and community-relevant question
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around an HIV vaccine: Can the vaccine reduce HIV incidence further, beyond what has
been achieved with the currently available HIV prevention package? Blinding of trial
participants to the intervention, i.e., the use of a placebo, is critical for reliably evaluating
the ability of the vaccine to protect. Prior experience in HIV [54] and other infectious
disease trials [55] has demonstrated that knowledge of the intervention received may affect
participant behavior and threaten the reliable estimation of vaccine efficacy. Additionally,
experience demonstrates that in an open-label trial, participant retention and compliance
with study visits and procedures are likely to differ across arms [56], thus affecting the
capture of HIV acquisition and safety outcomes.

Table 1. Attributes of a population-based HIV vaccine trial in comparison to a traditional HIV

vaccine trial.

Population-Based Design

Traditional Design

Implications for
Population-Based Design

Trial population

General population, with
broad eligibility criteria in
communities with
high HIV burden

High-risk subpopulation,
e.g., in key population(s) or
with multiple behavioral
risk factors for HIV

Results of a population-based
trial generalize to the general
population instead of
high-risk subpopulation(s)

Background standard of
prevention provided to
all trial participants

Referral to
community-based HIV
prevention services

Trial standard of prevention,
i.e., prevention “package”
provided that may cover the
cost of PrEP or
prescribe/deliver PrEP

Vaccine efficacy is interpretable as
the percentage reduction in HIV
incidence, relative to the
community standard of prevention
instead of the trial standard
of prevention

Participant recruitment
centers

Community health clinics,
community outreach
programs, mobile clinics or

Clinical research sites or
social media

Recruitment of more diverse and
representative participants in
the community

social media

Decentralized via
community health clinics,
mobile clinics, and
self-collection

P A

Community standard prevention*

NS g

Enroliment Peak End of
Immunogenicity follow up

Trial procedures are easier for
participants to access, which may
enhance retention and adherence

Intervention delivery and

. . At clinical research site
specimen collection

Randomize

*Trial educates participants and links them to
community prevention services including PrEP

Figure 1. Schema of a population-based, individually randomized, placebo-controlled HIV vaccine
efficacy trial. Participants are referred to or provided access to community-based standard prevention
throughout follow-up, including linkage to community PrEP services.

To enable the enrollment of a large number of young women, study activities—including
study visits, procedures, specimen collections, and data collections—are as simple as possi-
ble. Study interventions are limited to the delivery of the vaccination series, which may
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occur over four or five visits, and blood is collected at enrollment, at the putative peak
immunogenicity time point—often two weeks after the final vaccination—and at the end
of study follow-up. For concreteness, we consider a vaccine regimen that takes one year to
deliver and assume all participants are followed for safety and regular HIV testing for an
additional year following the last vaccination, using community-based and remote study
procedures as discussed below. Notably, many of the bnAb-inducing vaccine regimens
under evaluation require multiple doses to be administered to guide the immune system
toward bnAb induction. Participants who acquire HIV during the course of the trial are
linked to HIV care, potentially including viral resistance testing and first-line ART regi-
men selection in the context of long-acting injectable PrEP, and are followed for at least
6 months to ensure treatment is initiated and to evaluate potential post-HIV-acquisition
vaccine effects.

The population-based trial design embraces informed personal choice, i.e., different
people will prefer different means of HIV prevention, and their choices are dynamic and
influenced by an array of contextual factors including an expanding set of prevention
options [57,58]. The HIV prevention products available and the manner of access to
them may vary across geographic regions and trial sites, over the course of the trial,
and over time for individual trial participants, and this heterogeneity aids answering the
scientific question.

3. Sample Size and Trial Operating Characteristics of the
Population-Based Design

The statistical power of the HIV vaccine trial design depends on the number of
participants who acquire HIV over the course of the trial. Table 2 shows the number of
HIV acquisitions to ensure 90% power to reject the null hypothesis that vaccine efficacy
(VE) is below 0% under an assumed alternative VE. Here, VE is measured as 1 minus the
ratio of HIV acquisitions in the vaccine vs. placebo groups and is assumed to vary between
50% and 70%; a moderate VE is reasonable to assume for a vaccine regimen first entering
proof-of-concept testing. We focus on a design in which young women are randomized
2:1 to vaccine: placebo because unequal randomization increases power for studying
immune correlates. Power for correlates analysis primarily depends on the number of HIV
acquisitions that accrue in the vaccine arm [50,59]. To ensure adequate power to validate
the neutralizing antibody marker as a CoR, the sample size calculations also require that the
trial accrue at least 30 HIV acquisitions in the vaccine group under the alternative VE; this
benchmark has been used as a guide for powering studies for immune correlates in advance
of information about the properties of markers to be studied, although strong immune
correlates have been discovered with fewer cases [60,61]. Note that if the alternative VE is
below 55%, the number of HIV acquisitions is driven by the primary objective to evaluate
VE, whereas for a higher alternative VE, the number is driven by the primary CoR objective
and at this point the number of HIV acquisitions increases with higher alternative VE
(Table 2). To detect 60% vaccine efficacy, 68 HIV acquisitions provide 90% power and the
expected vaccine:placebo acquisition split is 31:37—remembering that this corresponds to
VE = 60% given the 2:1 randomization ratio.

The total sample size of the trial depends on the number of HIV acquisitions for 90%
power, as well as the underlying HIV incidence in the population (Table 3). HIV incidence
among young women in recent HIV prevention efficacy trials in southern Africa has been
approximately 3—4% annually [62]. We vary the assumed HIV incidence between 0.75%
and 2.0% to be conservative, allowing for declining HIV incidence at a population level
and the enrollment of young women outside populations targeted for HIV prevention. We
also allow for a conservative 15% annual loss to follow-up (LTFU), approximately 50-100%

https:/ /doi.org/10.3390/vaccines14090794


https://doi.org/10.3390/vaccines14090794

Vaccines 2026, 14, 794

7 of 20

higher than that seen in recent trials among young women in southern Africa [8,28,31,63]
given the enrollment of a population-based cohort that may have a lower retention rate.
Finally, we assume that the primary VE and immune correlates analyses count acquisi-
tions that accrue two or more weeks after the final vaccination to allow vaccine-induced
immunity to mount, and we assume that follow-up continues through 24 months for all
participants. Thus, the design is a hybrid of an event-driven design and a fixed follow-up
design; the sample size is selected to ensure that sufficient events accrue, but all participants
are followed for 24 months for maximal information.

Table 2. Number of HIV acquisitions for 90% power to detect the specified level of vaccine
efficacy (VE), rejecting Hy: VE < 0% using a 1-sided 0.025-level log-rank test, 2:1 randomization
vaccine:placebo, and with at least 30 HIV acquisitions expected in the vaccine group under the
alternative VE to ensure adequate power for immune correlates.

VE = 50% VE =55% VE = 60% VE = 65% VE =70%

No. HIV acquisitions
(vaccine:placebo)

99 (50:49) 75 (36:39) 68 (31:37) 73 (31:42) 80 (30:50)

Table 3. Total trial sample size for 90% power to detect the specified level of vaccine efficacy (VE),
rejecting Hy: VE < 0% using a 1-sided 0.025-level log-rank test, 2:1 randomization vaccine:placebo,
and with at least 30 HIV infections expected in the vaccine group under the alternative VE to
ensure adequate power for immune correlates analyses. Calculations assume a 1-year vaccina-
tion series, 15% annual loss-to-follow-up, and that the primary analysis counts infections 2 weeks
post-last-immunization through Month 24.

Annual Placebo-Group

HIV Incidence VE =50% VE =55% VE = 60% VE = 65% VE =70%
0.75% 26,111 20,822 19,927 22,650 26,374
1.0% 19,652 15,671 14,997 17,046 19,849
1.5% 13,193 10,520 10,067 11,443 13,325
2.0% 9964 7945 7603 8642 10,063

Continuing to follow participants once sufficient events have accrued maximizes the
contribution of each participant and the resources invested in standing up the trial and is
also advantageous for evaluating how VE varies over time and as a function of the immune
response. As shown in Table 3, 10,067 participants are required to detect 60% vaccine
efficacy assuming a 1.5% placebo-group HIV incidence.

The total duration of the trial depends on the sample size and the enrollment rate
(Table 4). A trial enrolling 10,067 participants to detect 60% vaccine efficacy with 90%
power under a 1.5% placebo-group HIV incidence would take 5.9 months to enroll and
extend 29.9 months in total, assuming an enrollment rate of 1700 participants per month,
e.g., 34 participants per site per month with 50 sites, or 85 per month with 20 sites (Figure 2).
Note that the primary driver of trial duration in this context is the duration of the vaccine
regimen; here, we assume it extends over 1 year. A shortened vaccine regimen would
reduce trial duration and likely enhance participant retention.

The COVID-19 pandemic demonstrated the feasibility of rapidly enrolling large num-
bers of participants in vaccine efficacy trials, albeit in the context of a global pandemic.
Trials of 14,000-50,000 participants were enrolled in several months with estimated enroll-
ment rates of 30-130 participants per site per month in South Africa [64-68]. Decentralized
recruitment strategies, discussed below, may enhance recruitment [69,70].
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Table 4. Expected duration of trial enrolling 10,067 participants, designed for 90% power to de-
tect 60% VE, rejecting Hy: VE < 0% using a 1-sided 0.025-level log-rank test, 2:1 randomization
vaccine:placebo, requiring at least 30 HIV infections expected in the vaccine group under the alterna-
tive VE to ensure adequate power for immune correlates analyses, and assuming 1.5% placebo-group
HIV incidence. Assumes 1 year vaccination series, 15% annual loss-to-follow-up, and that primary
analysis counts infections 2 weeks post-last-immunization through Month 24.

Enrollment Rate . Trial Duration
(Participants/Month) Enrollment Duration (Months) (Months)

1400 7.7 31.7
1700 5.9 29.9
2000 5.0 29.0
2300 4.4 28.4
2600 3.9 27.9

Stucy timeline e e e

Month oI I 4: 8 12 16 20 24 28

Staggered

participant

timelines

Figure 2. Timeline for a trial enrolling 10,067 participants at a rate of 1700 per month, designed
for 90% power to detect 60% VE, rejecting Hy: VE < 0% using a 1-sided 0.025-level log-rank test,
2:1 randomization vaccine:placebo, requiring at least 30 HIV infections expected in the vaccine group
under the alternative VE to ensure adequate power for immune correlates analyses, and assuming
1.5% placebo-group HIV and 15% annual loss-to-follow-up. Assumes a 1-year vaccination series
and 24 months of follow-up per participant. An expected 5.9 months of enrollment and total trial
duration of 29.9 months are expected.

4. Anticipated Challenge: Uncertain HIV Incidence

A major challenge with the population-based design is the uncertainty surrounding
the population HIV incidence rate, especially in the context of a dynamic and expanding
HIV prevention portfolio. A trial that accrues too few HIV acquisitions risks being un-
derpowered. To address this, the design is event-driven: the sample size is selected to
safeguard that the number of HIV acquisitions ensuring 90% power is accrued over the
course of the study. Dried blood spots could be collected in a subset of trial participants,
with real-time testing for ARVs used to provide an early read on the usage of PrEP in the
trial population. In addition, interim monitoring of HIV incidence in the trial population
is conducted to allow the sample size to be expanded if early evidence suggests that HIV
incidence is lower than anticipated.

Lessons learned around oral PrEP and its impact on HIV incidence have some rele-
vance. Evidence of oral PrEP efficacy was first established in 2010, and daily dosing was
recommended for people at substantial HIV risk by the World Health Organization in
2015 [71]. Tenofovir disoproxil fumarate/emtricitabine (TDF-FTC) was licensed as oral
PrEP in South Africa in 2015 and introduced to the public sector in 2016; annual HIV inci-
dence among 15-59-year-olds declined by 45-73% across regions of South Africa over the
following decade [72], which may have been largely due to the roll-out of treatment prevent-
ing transmissions. The dapivirine vaginal ring, licensed in South Africa in 2022, has been
found to have lower rates of uptake among adolescents and young women relative to oral
PrEP [73,74]. Despite these advances, HIV incidence remains unacceptably high, at 3—4%
annually among young women in placebo groups of recent HIV prevention efficacy trials
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in southern Africa [62]. Oral PrEP demonstration projects—even while conducted among
populations with a stated interest in PrEP-have found low rates of PrEP persistence [75-77].
Numerous lines of evidence point to a variety of socio-behavioral, cultural, and economic
factors influencing the levels of oral PrEP uptake and persistence [78,79].

The extent to which the lessons around oral and ring PrEP apply to injectable PrEP is
unclear. In theory, long-acting injectable PrEP should address the challenges in terms of
inadequate persistence with oral PrEP which requires frequent dosing. However, injectable
PrEP has different implementation challenges including injection site pain for cabotegravir
and common, visible, and long-lasting injection-site nodules for lenacapavir [80], and the
high cost of injectable PrEP may prohibit widespread access, especially in resource-limited
settings. Generic versions of cabotegravir and lenacapavir could become available in low-
and middle-income countries as soon as 2027. As injectable PrEP becomes more accessible,
lessons will be learned about its real-world use. Key questions are: What is short- and
long-term adherence? How do different populations embrace it? And how effective is
injectable PrEP as drug levels wane? This last question is critical for understanding HIV
incidence in populations with varying adherence to injectable PrEP. The extraordinarily
high efficacy of PrEP in the context of clinical trials has posed challenges to understanding
how efficacy varies as a function of drug levels. At the same time, PrEP regimens will
continue to evolve, likely becoming less expensive and employing dosing strategies that
address barriers to use. Understanding the uptake of these regimens, their persistence
patterns, and their efficacy as a function of adherence, will be critical to refining the
trial design.

An additional feature of the population-based design could be considered to further
mitigate the risk posed by uncertain HIV incidence. Advances in statistical methodology
support pursuing secondary analyses of vaccine efficacy that augment the trial data with
external control data [81,82] such as recency tests among those screened for trial participa-
tion and historical or concurrent observational HIV incidence data applicable to the target
population. Importantly, these augmented analyses are best viewed as secondary analyses,
i.e., they would support the interpretation of primary vaccine efficacy analyses that are
imprecise if HIV incidence is unexpectedly low in the trial population.

To illustrate this concept, suppose, for example, that HIV recency tests are given to all
individuals screened for the population-based trial. With the recency testing data, the HIV
incidence in the population from which participants are recruited can be estimated [83-85].
Consider the population-based design with 10,067 participants to detect 60% vaccine effi-
cacy with 90% power under a 1.5% placebo-group HIV incidence. The power to evaluate
VE is 94.5%, exceeding the target of 90% but additionally satisfying the requirement of at
least 30 acquisitions in the vaccine group for immune correlates analysis. This design will
be underpowered if incidence is in fact 0.75%, i.e., 50% lower than anticipated. Figure 3
demonstrates this by considering the properties of confidence intervals at the end of the trial,
whereas power is relevant in advance of the trial. For the 10,067-person trial, the probability
that a one-sided 97.5% confidence interval excludes the null of VE = 0% is 71.6% if the
placebo-group incidence is 0.75%. In contrast, this probability is 82.1%, 83.8%, or 86.9% if the
trial is augmented with HIV recency data for those screened for trial participation, assuming
10%, 8%, or 5% of those screened are positive for HIV and recency test performance as as-
sumed for the Purpose 1 trial in adolescent girls and young women [10] (recent acquisition if
the normalized optical density from the Sedia Limiting Antigen Avidity Enzyme Immunoas-
say (LAg-EIA) is below 1.5 and HIV-1 RNA viral load > 1000 copies/mL; mean duration
of recent acquisition = 184 days, relative standard error = 7%; false recency rate = 1.5%,
relative standard error = 70%; 70% of those HIV-negative at screening enroll). For compar-
ison, the probability is 82.6% for a much more resource-intensive approach of expanding
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the trial sample size by one-third, for a total of 13,390 participants. Notably, these calcu-
lations assume that the external control provides an unbiased estimate of placebo HIV
incidence, and thus its intended use in the population-based design is to enhance secondary,
rather than primary, estimates of vaccine efficacy. In summary, augmentation with external
control data is a resource-efficient approach to increasing the precision of vaccine efficacy
estimation which is especially important if trial incidence is lower than expected.

2

[} o

2 24 "_._Lg_tt-‘-t‘-"“*“*
o 2

3

a <@

T o

o

X 9 |

n o

~

o A

o ~ ./'

-8 o ‘r.

@ ¢ Baseline design

=~ © _| — — Sample size +33%

g =) A Recency-based bHIV (Prev = 5%)
£ * Recency-based bHIV (Prev = 8%)
g 0 | H ®  Recency-based bHIV (Prev = 10%)
Q o :

o I | T T I T [
o

0.005 0.0075 0.010 0.0125 0.015 0.0175 0.020
Incidence (cases per 100 person-years)

Figure 3. Probability that a one-sided 97.5% confidence interval for VE excludes VE = 0% based on
analyses that augment the population-based design with external control data, as a function of the
placebo-group HIV incidence. The black curve is the probability for the “baseline” population-based
design that enrolls 10,067 participants to detect 60% vaccine efficacy with 90% power under
2:1 randomization and 1.5% placebo incidence. The red curves represent the probability for the
baseline design that also applies HIV recency testing to all individuals screened for trial participation,
assuming 5%, 8%, or 10% HIV prevalence among screened individuals. The black dashed curve is
a reference and shows the probability for a design that is one-third larger than the baseline design:
it enrolls 13,390 participants who are randomized 1:1 to vaccine:placebo. All calculations assume a
one-year vaccination series, a 15% annual loss to follow-up, and that the primary analysis counts
infections 2 weeks post-last-immunization through month 24.

5. Optimizing Compliance and Recruitment

Decentralization, e.g., using mobile vans, buses, and temporary “pop-up” clinics to
deliver the vaccine, is a key attribute of the population-based design (Table 1). Widely
implemented for routine immunization programs and supplementary immunization activi-
ties in low-resource and geographically dispersed settings, decentralized approaches have
consistently demonstrated their value in reaching populations that are otherwise missed
by facility-based services, including rural communities, informal urban settlements, mobile
populations, and individuals facing structural barriers such as transport costs or time
constraints [86,87]. Applying these strategies to an HIV vaccine efficacy trial is anticipated
to substantially reduce participant burden by bringing trial services closer to where people
live and work, thereby improving recruitment and enhancing the representativeness of
the study population. Importantly, these approaches can also foster community trust and
engagement when implemented in partnership with local leaders and health workers, and
trust is especially critical for an HIV vaccine trial where stigma and hesitancy may affect
trial participation.

Experience from outreach vaccination campaigns also highlights the operational fea-
sibility of delivering complex interventions outside traditional clinical settings, provided
that systems are carefully designed [88,89]. Mobile teams have successfully administered
vaccines, conducted screening, and collected biological specimens in field conditions, often
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supported by standardized protocols, task-shifting to trained mid-level providers, and
strong supervisory structures. For the population-based HIV vaccine trial, this could sug-
gest a hybrid model wherein initial screening and consent are conducted at the community
level, with mobile units facilitating follow-up visits, specimen collection, and data collection
and adverse event monitoring. Digital tools—such as electronic data capture, real-time
monitoring dashboards, and mobile communication platforms—can further strengthen
decentralization by enabling timely data transmission, participant tracking, and adap-
tive management of field operations. Self-collection of HIV status using self-testing or
self-collection of blood (e.g., using the Tasso devices) that are mailed and tested in a central
lab may provide additional resolution on the timing of HIV acquisition, which is important
for immune correlates analyses. Central lab testing is preferred for vaccines that may cause
vaccine-induced seroreactivity (VISR)- a determination that will be made in prior phase 1
and 2 studies of the vaccine; the central laboratory will use a specialized diagnostic algo-
rithm to differentiate HIV infection from VISR. While VISR rates have been low in recent
phase 1 trials of candidate bnAb-inducing vaccines (J. Hural, personal communication,
26 August 2026), VISR likely needs to be entirely ruled out in order for home testing to be
employed. The HIV diagnostic algorithm that is employed will also need evaluation in the
context of the evolving state of knowledge around accurate HIV infection diagnosis in the
context of long-acting injectable PrEP [90].

However, decentralization introduces important risks that must be proactively mit-
igated. Maintaining cold-chain integrity for investigational products is more complex
in mobile settings and requires robust solutions, including validated portable cold-chain
equipment, continuous temperature monitoring devices, and contingency plans for equip-
ment failure. Similarly, ensuring data quality and protocol adherence across dispersed sites
necessitates rigorous standard operating procedures, comprehensive staff training, and
frequent quality assurance checks, potentially supported by remote monitoring technolo-
gies. Another consideration is the standard practice for HIV prevention trials to provide
comprehensive sexual health care to trial participants—including contraceptive counseling
and screening for STIs. Mobile services could be designed to incorporate these services
as well. Participant retention, often a challenge in decentralized trials [91,92], can be
addressed through strategies proven in immunization programs, such as appointment
reminders, community-based follow-up, and flexible scheduling aligned with participants’
daily routines. The population-based design may also have lower compliance with study
procedures than a trial conducted in a high-incidence subpopulation due to competing life
challenges. The sample size calculations above anticipate this: a substantially lower rate
of retention is used than that seen in recent HIV prevention efficacy trials among young
women in southern Africa. Secondary analyses must be prospectively planned to address
potential bias caused by lower retention rates for specific populations (i.e., informative
censoring) and to evaluate vaccine efficacy in a hypothetical world in which all individuals
receive the full vaccination series. Overall, while mobile and outreach approaches introduce
logistical complexity, the experience from immunization programs suggests that, when
well-executed, they can substantially enhance equity, feasibility, and external validity in
large-scale vaccine trials [69,86,92].

Adherence to the vaccine regimen may be a challenge for a bnAb-inducing vaccine
regimen that likely requires four or more doses to protect. Large, population-based vaccine
trials most often evaluate simpler vaccine regimens, and many take place when there
is already evidence of vaccine efficacy based on prior randomized trials. Attention to
minimizing the number of vaccine doses will be needed to maximize adherence in the
efficacy trial.
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Given that the population-based design seeks to enroll young women in the general
population, screen-to-enroll rates may differ from those seen in previous HIV prevention tri-
als conducted in high-risk subpopulations. At the same time, adopting community-based
recruitment practices used by outreach vaccination campaigns, including through commu-
nity health clinics, community outreach programs, and using mobile clinics, is expected to
increase the reach of recruitment strategies. Employing broad eligibility criteria obviates
the need for risk-based screening practices common in traditional HIV prevention trials
in high-risk subpopulations, thus enhancing the efficiency of screening. These features of
the population-based design support the feasibility of enrolling large numbers of young
women in the general population, while enhancing the generalizability of trial results.

6. Community Partnership: A Necessity of a Population-Based Design

Community engagement will be essential for trial success, which depends on dedi-
cated participation, community trust, and alignment with community priorities [93,94].
Sustained community advisement throughout all stages of the design, implementation, and
dissemination process will be essential. Early and substantive engagement with diverse
community representatives to evaluate this design relative to other options discussed
below will ensure that the trial design concept is feasible and responsive to local concerns.
Incorporating community input early in development and continuously throughout the
trial design process will foster transparency between the researchers and the community,
address potential misconceptions, and foster mutual learning and shared ownership of
the research. Community partnership is part of the stakeholder engagement needed in
advance of the trial, including with regulatory partners.

The trial’s approach to PrEP is a critical component of this population-based concept,
and community, regulatory, and ethics input will be essential. The proposed approach is to
leverage community services to implement HIV prevention and for the study to educate
and link participants to these services. However, through community partnerships, it will
be important to evaluate the perceptions of PrEP and barriers to it, e.g., based on stigma
or social harms. Previous HIV prevention efficacy trials have, in some instances, covered
the costs of PrEP and delivered it to participants to reduce financial and logistical barriers
(see e.g., [95]), or offered PrEP to participants after completion of the trial (e.g., [8]). These
strategies do not align with the concept of a population-based design; the provision of
PrEP does not reflect the real-world standard of prevention, which likely varies across
regions, and such provision changes the question the trial is answering. Furthermore, the
provision of PrEP may reduce trial HIV incidence to levels at which the study objectives
cannot be addressed. This issue will require considerable community advisement to
ensure alignment.

The language used to describe the trial design must be explored through community
partnerships. In particular, it is essential that participants clearly understand what a placebo
is, why it is used, and that all participants are offered access to all available HIV prevention
modalities, including long-acting agents, throughout trial follow-up. Information about the
placebo must be provided in the local language and framed using locally meaningful terms
or analogies to support understanding [96]. Providing clear and transparent information
about the use of a placebo is critical for building trust and maintaining the integrity of
the trial.

Ongoing community engagement throughout trial implementation will be essential
for recruitment and retention efforts, as community members will be able to advise on
strategies for maximizing both. Community-led information sessions will be critical to
allow potential trial participants to engage on the specifics of the study design and will be
crucial in supporting dissemination of trial results.
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7. Alternative Trial Designs and Their Limitations

A variety of additional trial designs have been put forward in the HIV prevention
field, including trial designs used to evaluate the efficacy of new PrEP products. Table 5
lists these alternative designs and their key limitations relative to the population-based
design. The limitations of the alternative designs fall into several distinct areas. First,
several alternative designs face greater challenges in terms of feasibility. For example, a
population-based, cluster-randomized trial that randomizes clinics or geographical regions
to deliver the HIV vaccine or a placebo would share all the challenges of the individually
randomized, population-based design. In addition, it would require a larger sample size
by virtue of the within-cluster correlation and reduced vaccine efficacy that is typical of
cluster-randomized designs [97]. Another alternative design, an individually random-
ized trial in a population of unmet need (similar to the MOSAICO design used to study
the efficacy of the Ad26.Mos4.HIV vaccine [98]), incorporates additional uncertainty in
recruitment speed and feasibility, given the need to specifically recruit individuals who
choose not to take up existing HIV prevention modalities despite linkage to low /no-cost
options. While such an ‘enrichment” approach may work for some pathogens with defined
high-attack-rate populations [99], it is challenging to use for HIV, for which there may
exist highly effective means of prevention. The population-based design does not exclude
participants using existing means of HIV prevention, e.g., oral, topical, or injectable PrEP.

Another recurring theme among the alternative designs is the presence of ethical
concerns related to equipoise and differential access to effective HIV prevention. While
the population-based design provides access to effective prevention to all trial partici-
pants, an active-controlled design, such as the HPTN 083 and HPTN 084 double-blind,
double-dummy designs used to establish the efficacy of long-acting cabotegravir [7,8],
would randomize trial participants to the HIV vaccine or a proven HIV prevention modality
as active control, e.g., oral or injectable PrEP. Thus, under an active-controlled, double-blind
double-dummy design, only a portion of trial participants—those in the active control
arm—would receive access to prevention known to be effective. Not only does this pose
ethical questions, but it also makes the clinical management of trial participants challenging
if the trial is blinded; clinicians and participants will not know if they are already receiv-
ing effective prevention. Therefore, the vaccine-arm participants will not have access to
PrEP, should they desire it, because they will not know if they are already receiving PrEP.
Equipoise may also be in question when randomizing participants to a vaccine first entering
proof-of-concept testing vs. injectable PrEP. Operationalizing the trial in a double-blind
fashion, i.e., with placebo versions of both the vaccine and the active control, would create
complex and burdensome clinic visits and procedures and would limit trial participation to
those who are willing to receive both a vaccine and PrEP. In practice, the target population
for a vaccine may be those not willing to take or not currently using PrEP.

Reduced reliability of trial results is another limitation of several alternative designs.
An active-controlled trial may be augmented with external control data used to estimate
a ‘counterfactual placebo” HIV incidence, as was done for the Purpose 1 and Purpose 2
trials establishing the efficacy of injectable lenacapavir for HIV prevention [9,10]. The
primary analysis would compare HIV incidence in the vaccine arm with the counterfactual
placebo HIV incidence. This approach suffers from the same ethical considerations as
the active-controlled trial previously described and is less rigorous and less convincing
to the community and regulators than an internally randomized control group; bias in
the counterfactual placebo HIV incidence estimate may result in an incorrect conclusion
around the level of vaccine efficacy. While this is not a major threat for an injectable PrEP
agent for which there is considerable pre-trial evidence supporting plausible high-level
efficacy, and for which the observed HIV incidence in the injectable PrEP arm is nearly
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zero, this is a major issue for an early vaccine prototype anticipated to have modest

efficacy. The impact of bias in the counterfactual placebo is much greater for a product

with modest efficacy. As illustrated above, while a counterfactual placebo may improve

precision in secondary vaccine efficacy analyses, its use as the basis for primary efficacy

evaluation entails considerable risk. An even more extreme design, a single-arm trial in

which participants all receive the candidate HIV vaccine, would be much less credible to

the community and regulators than a trial with an internally randomized control.

Table 5. Alternative potential study designs for a future HIV vaccine efficacy trial and their

key limitations.

Alternative Trial Design

Key Limitations Relative to Population-Based,
Individually Randomized Design

1. Population-based, cluster-randomized trial

Larger than an individually randomized design, by virtue of
within-cluster correlation

With few clusters, there is a risk of imbalance in cluster
characteristics between arms and potential confounding

A smaller vaccine effect size is expected

2. Placebo-controlled RCT in population with
unmet need, i.e., MOSAICO-like design enrolling
only those who actively decline PrEP despite
having access to low /no cost PrEP.

The size of the population with unmet need who can be
recruited to the trial is uncertain; the trial may become
infeasible as the population becomes small or difficult to
identify and recruit

The study provision of highly effective prevention may be
necessary, thus reducing HIV incidence to a level at which
objectives cannot be assessed

Study results may not generalize to the population served by
the vaccine

3. Active-controlled, double blind double
dummy trial, e.g., HPTN 083/084 design

A potential lack of equipoise allowing randomization to the
vaccine vs. highly effective prevention

Only some study participants—those in the control
arm-receive highly effective prevention. Participants in the
vaccine arm are unable to use highly effective prevention,
even if they desire it

A complicated study schedule to administer both products in
double-blind fashion

If the active control is a moderately effective prevention
method (e.g., oral PrEP in young African women), highly
effective prevention must still be available. Clinical
management is challenging under double-blinded design,
i.e., participants and clinicians do not know if they are
already receiving effective prevention.

4. Active-controlled trial augmented with
counterfactual placebo, e.g., Purpose 1&2 designs

Limitations of Design 3, in addition to:

The efficacy of the vaccine relative to a counterfactual
placebo is less reliable given the comparison of
non-randomized groups; this is especially true for a vaccine
with modest efficacy

5. Single-arm trial with counterfactual placebo

Unlikely to be acceptable to regulators or the scientific
community

High risk: no ‘plan B’ in the event that the counterfactual
placebo yields unexpectedly low or high incidence
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8. Future Directions

Much preparatory work is needed to enable a future efficacy trial of a bnAb-inducing
HIV vaccine. Beyond optimizing the regimen for high preventive efficacy, it will be essential
to simplify the vaccination schedule and ensure high tolerability—requirements that are
central to the feasibility of a population-based trial design. Investments in these areas
will not only strengthen trial implementation but also facilitate the eventual translation
of an effective HIV vaccine into public health practice. Furthering knowledge of vaccine
immune responses and potential correlates of vaccine efficacy will support the rational
downselection and qualification of regimens for efficacy testing, while also informing
the design of immune correlate analyses in the efficacy trial. Adapting and evaluating
decentralized approaches for the population-based design will necessitate targeted pilot
testing, stress-testing of decentralized outcome ascertainment and follow-up systems, and
logistical and infrastructure analyses. In parallel, deepening our understanding of the
barriers to and facilitators of HIV vaccine uptake, alongside existing prevention modalities,
is critical to ensure that the trial is conducted in the appropriate population and that
prevention strategies reflected in the study design are informed by community needs.
Collecting and synthesizing data around the uptake, persistence patterns, and efficacy
as a function of adherence to contemporary PrEP regimens will sharpen assumptions
about HIV incidence that undergird the trial design. Early and sustained community,
regulatory, and ethical engagement will be essential to achieving alignment on trial design
and implementation.

Vaccine development is a long and resource-intensive process. Recent work has
highlighted several strategies that may be employed to shorten the path to licensure for
investigational vaccines [99]. While many of the derisking strategies described—such
as human challenge studies and reliance on non-human efficacy data—are generally not
applicable to HIV vaccines given the limited predictive value of preclinical systems, the
concept of leveraging an established immune correlate of protection to advance vaccine
development does apply. The neutralizing antibody marker, while not yet a validated
correlate of protection for an HIV vaccine, is highly likely to perform well as a surrogate
outcome, based on evidence from the HIV field and the broader vaccine field. The current
challenge is that investigative HIV vaccines do not yet generate levels of broadly neu-
tralizing antibodies that would be predicted to confer high protection from acquisition.
And yet, having the neutralizing antibody marker as an arbiter of candidate vaccines and
delivery strategies serves to focus the field and rationally refine and select vaccines for
further testing. As the vaccines advance, the neutralizing antibody marker can form the
basis for informed go/no-go decisions at each phase of research, with levels predicting at
least 50% vaccine efficacy likely needed to support launching a phase 2b trial. It is critical to
ensure that the phase 2b trial is large enough to validate the neutralizing antibody marker
as a correlate of risk and a likely correlate of protection, thus enabling a phase 3 design to
be justified for a vaccine that induces high enough levels of this biomarker to predict 70%
efficacy or more. In addition, the strategic overlap of phase 1, 2a, 2b, and 3 evaluations of
an HIV vaccine, with prespecified go/no-go decisions built in at each stage, may shorten
the development pathway, while limiting opportunities for iterative reassessment and
requiring advancement decisions reliant on criteria defined in advance of complete safety,
immunogenicity, and proof-of-concept data.

9. Conclusions

A population-based, individually randomized trial design represents a compelling
option for a future phase 2b trial of a candidate bnAb-inducing HIV vaccine. Anticipated
challenges, including uncertainty in HIV incidence and participant adherence and retention,
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can be addressed through a combination of complementary strategies, of which decen-
tralized trial design features are an important component. With these elements in place,
the population-based design is well-positioned to generate results that are credible and
persuasive, while also generating the data needed to validate the neutralizing antibody
marker as an immune correlate, thereby laying the foundation for eventual HIV vaccine
licensure and future HIV vaccine development.
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