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Abstract

The HIV pandemic is a pressing threat to global public health; HIV vaccine development is critical. Clinical evaluation of HIV
vaccine candidates differs from the standard therapeutics trial framework primarily due to the fact that healthy individuals are
studied. We present an early stage evaluation program developed for the HIV Vaccine Trials Network (HVTN) motivated by
characteristics unique to the vaccine setting. The program consists of 3 prototypical stages (Phase I, Ib, II) that provide a unified yet
flexible approach to the safety and immunogenicity evaluation of diverse vaccine regimens. The goal of these early trials is to
narrow the number of candidate vaccines to the most promising candidates worthy of further study in efficacy trials.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The HIV pandemic represents a monumental challenge to global public health with almost 40 million people living
with HIVand over 95% of the 5 million annual incident infections occurring in low or middle income countries where
access to treatment is often extremely limited or non-existent [1]. As a result, an estimated 3.1 million deaths were
attributed to AIDS in 2004 [1]. Improved access to treatment and prevention is critical, as is the need for an affordable
preventive HIV vaccine with proven safety and efficacy to prevent acquisition of HIV or to delay progression and
reduce infectiousness of the virus after HIV infection [2,3]. Recent HIV vaccine research initiatives have led to an
increase in the number of HIV vaccine products entering clinical trials testing. There are now at least 13 different
products at various stages of clinical trials [4] due in part to product development from pharmaceutical companies (e.g.
Merck, Chiron) and organizations such as the Vaccine Research Center at the National Institute of Allergies and
Infectious Disease (NIAID), National Institutes of Health (NIH) and the International AIDS Vaccine Initiative (IAVI).

Vaccine trials differ from the therapeutic trials and call for a different approach to design and analysis. Vaccine trial
participants are drawn from a population of healthy volunteers; recruitment, retention, and follow-up can be more
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challenging than in therapeutic treatments trials, where volunteers may be more motivated to participate. Another
deterrent to participation is that vaccine trial volunteers may subsequently test positive for HIV due to receiving
vaccine in the trial. Out of concern that the vaccine will instill a false sense of protection in participants, risk reduction
counselling and blinding via placebo arms play essential roles in the trial.

The scientific questions addressed in HIV vaccine trials are complex. HIV vaccine researchers face eminently
larger challenges than those of many other vaccine researchers in that genetic mutation and recombination lead to
the continual evolution of the virus. At least 10 genetic subtypes of HIV-1 exist within a single group and viruses
within subtypes are highly diverse; whether this genetic diversity translates into multiple immunotypes is unknown.
Contrast this with the polio virus, which has only three different serotypes. The significance of strain variation
within individuals and among populations must be estimated both to develop vaccines and to design trials,
particularly later stage trials. Ideally, a preventive vaccine will generate immune responses that protect against all
genetic variants of HIV to which an individual might be exposed. Thus research is being done to identify
immunogenic conserved regions of HIV genes that are common to all or most subtypes. If these do not exist, a
vaccine may need to contain multiple proteins or peptides (i.e., sequences of two or more amino acids) from
different HIV isolates. Unlike certain viruses with successful vaccines (e.g., polio, rabies, yellow fever), HIV can
exist in the host as free virus as well as within infected cells [5]. This represents one of the most difficult
challenges; HIV targets the immune system itself, incorporating its genetic material into that of the host cell such
that upon reproduction each new cell also contains HIV genes [6]. Thus the virus can hide its genetic material for a
lengthy period of time. In addition, HIV reservoirs in other cells harbor intact viruses that can remain undetected by
the immune system [7].

Given these challenges, a fully effective HIV vaccine may not be found. There is an urgent drive to evaluate and
optimize many different vaccine regimens in Phase I and II trials to move the most promising forward to efficacy
evaluation. As the mode of action of a successful HIV vaccine is still uncertain, early trials must assess multiple types
of immunologic endpoints. HIV vaccine trials require standardized, focused, yet flexible methods to adapt to new
scientific findings, such as novel technologies for measurement of immune response endpoints or insights on viral
diversity. Evaluation of several vaccines in parallel can hasten progress.

The HIV Vaccine Trials Network (HVTN) is an NIH-funded, international clinical trials cooperative group that
provides a common evaluation platform for HIV vaccine candidates developed in diverse settings ranging from
academic laboratories to large pharmaceutical companies. The statistical group within the HVTN is responsible for the
design and analysis of all HVTN trials and hence has defined a common evaluation platform to streamline trial design
and facilitate analysis and cross-protocol summaries. In this paper, we describe prototypic designs for early clinical
trials testing of HIV vaccines. These designs have become the standard for the HVTN's clinical trials' evaluation
program. We begin by briefly highlighting different types of HIV vaccines that might be evaluated in early trials
followed by a description of the clinical trials' endpoints typically used in the evaluation of HIV vaccines. Next, we
outline the objectives, proposed designs and statistical considerations of Phase I and II HIV vaccine clinical trials and
conclude with a discussion of our approach.

2. Vaccine candidates

A multitude of HIV vaccine candidates – varying by type of product, subtype of inserts, and mode of delivery–are
now entering or about to enter clinical trials. Recombinant subunit protein vaccines were the first class of HIV
immunogen to be tested in humans. Other approaches developed subsequently include viral and bacterial vector-based
vaccines, DNA vaccines, peptide-based vaccines, pseudovirions and replicons, and combinations of these.
Additionally, both traditional and novel adjuvants, including cytokine-based approaches, are more recent critical
variables in multiple trials.

Given the difficulty in obtaining strong, durable immune responses with single modality vaccines, combination
approaches to HIV immunization have attracted increasing attention. Immune responses to DNA alone have been
relatively weak in humans but prime-boost approaches including adjuvants and recombinant viral vectors have resulted
in appreciable HIV-specific CD8+ T cell responses [8]. Combination vaccine regimens generally consist of two
components, each seeking to elicit a different type of immune response: cellular or humoral or, less commonly,
mucosal. The Food and Drug Administration (FDA) generally requires the establishment of safety of each vaccine
component before allowing testing of both components in combination [9].
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HIV vaccine candidates within a given class often differ by the subtype and number of their HIV gene inserts. Some
manufacturers have focused on genes of different subtypes (e.g., Merck's clade B Gag adenovirus vaccine [8]) while
others have included genes of different subtypes (e.g., VRC's multiclade Env/clade B Gag–Pol adenovirus vaccine
[10]). Comparative data are not yet available to establish whether an approach which targets a single subtype is more or
less immunogenic than a broader approach involving antigens from multiple subtypes.

Vaccination schedules, routes of administration, and modes of delivery are additional variables undergoing
evaluation in clinical trials. The number and timing of injections varies depending on the vaccine mechanism of action
and its anticipated immunogenicity. The most common route of administration is traditional intramuscular delivery,
however intradermal and subcutaneous routes are sometimes considered. Additionally, intramuscular injection by
needle is currently being compared to a needle-free intramuscular injection system for DNA-based vaccines (due to
evidence with malaria vaccines of improved transgene-specific T cell responses with this approach [11–14]).

With such diversity of vaccine candidates, both across and within classes, a standardized approach is clearly needed
to assess and compare the merits of each. Certain HIV vaccine categories, such as DNA vaccines and viral vector
vaccines, are represented by a large number of candidates that are similar in their basic structure and mechanism of
action. They are being developed and tested concurrently and standardized assessments are required to assess
differences across multiple candidates within a particular class, as well as to make comparisons across classes. The next
section describes the endpoints used by the HVTN to evaluate the performance of vaccine regimens in early stage
clinical trials.

3. Endpoints in Phase I/II trials

Endpoints must be clearly defined and similar across trials to facilitate cross-trial data summary. In Phase I and II
trials of HIV vaccine candidates, the primary and secondary objectives focus on standardized safety, social impact, and
immunogenicity endpoints. See Ref. [15] for a discussion of endpoints used in Phase III vaccine trials.

3.1. Safety endpoints

Safety data guide decisions about a trial (for example, enrollment in a trial might be halted if safety concerns with
the product are observed) and provide information for future trials. The use of standardized safety endpoints and a
common reporting format aid in aggregating and comparing information on products across trials.

Safety endpoints fall into two main categories: reactogenicity events and adverse experiences. Reactogenicity
events are defined prior to the start of the trial as events that are assumed, due to their nature and timing, to be
directly related to vaccine or control administration. They are recorded by clinical staff through questionnaires
immediately following vaccine administration until three to seven days afterwards. Reactogenicity events are
classified as local events (pain, tenderness, erythema, induration at the injection site) or systemic events (malaise,
myalgia, headache, fever, nausea, vomiting, arthralgia). Each sign or symptom is graded on a four-point scale of
mild, moderate, severe, potentially life-threatening, based on the NIAID Severity Grades' definition.

Adverse experiences consist of other unfavorable or unintended changes in body structure, body function, or lab
result temporally associated with the study vaccine. They may or may not be related to vaccination, and hence are
assigned a value for relationship to study product (not, probably not, possibly, probably, or definitely related) in addition
to a severity grade. Severity grades are based on a five-point scale (mild, moderate, severe, serious or life-threatening, or
death) as defined by the NIAID Severity Grades. Adverse experiences include illnesses, accidents, injuries, or abnormal
laboratory values, e.g., blood and urine measurements of various chemical and hematological parameters monitored at
regular intervals throughout the trial. Laboratory values falling outside the range of normal are listed as adverse
experiences if not associated with a clinical diagnosis. HVTN clinical staff code adverse events into MedDRA lower
level terms, which are then linked to MedDRA body system and preferred terms for reporting. A comprehensive
summary of safety events in NIAID-sponsored Phase I and II HIV-1 vaccine trials can be found in Ref. [16].

3.2. Social impact endpoints

Social impact endpoints are collected to highlight any social difficulties associated with participation in an HIV
vaccine trial, which may carry a stigma. These endpoints include problems with family, friends, travel, work, school,
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insurance, housing, or the military. Power of the trial is not typically driven by these endpoints, but they are an
important part of trial monitoring.

3.3. Immunological endpoints

Two main objectives are to establish biologic activity (through the use of homologous reagents to the vaccine) and to
assess plausible efficacy (through the use of reagents “homologous” to the viral population targeted for protection).
Current immunological endpoints in HIV vaccine trials are classified by the type of adaptive immune responses
invoked (humoral or cellular) and are measured by various immunologic assays at a select few time points. For the
primary analysis, a single key time point (e.g., 2 weeks post-full vaccination) is typically identified to capture peak
immunogenicity as well as allow expeditious reporting of results once the key endpoints on all participants have been
analyzed. Durability of response may be assessed in a secondary analysis by considering immune response at a later
time point or by combining immune responses over several time points [17]. Binary responses (positive/negative) are
generally used since the continuous responses are often very low and for many assays have not yet been validated; the
lab validation process is simpler for binary outcomes. As vaccine candidates begin to show greater immunogenicity,
continuous responses will draw more interest.

3.3.1. Humoral immune responses
Humoral immunity endpoints rely on assays that measure binding and neutralizing antibodies, including

primary isolate neutralization. Binding antibodies are capable of attachment to the HIV virus but may or may not
hinder it. HIV-specific neutralizing antibodies, however, can prevent infection of host cells by binding to regions
of the HIV enveloped required for viral attachment and entry [18]. The antibody assays currently in use in HIV
vaccine trials include an ELISA assay to detect binding antibodies and a vital dye neutralization antibody assay
[19–21]. For each ELISA assay, duplicate experimental (antigen-containing) and negative control (non-antigen
containing) wells are used. An optical density (OD) reading for each well is produced when colored solution
absorbs transmitted light proportional to the amount of antibody that has bound. A mean OD is calculated for
each pair of replicates and an empirical criterion is used to assess positivity. For example, a sample is declared
positive if the difference in mean OD of the experimental and negative control wells exceeds 0.2. For the vital
dye neutralization antibody assay the readout is a neutralization titer, defined as the reciprocal of the serum
dilution required to produce a 50% reduction in HIV production. Positivity is based on a threshold (e.g., titers
greater than 10 are positive). For either assay, whether the positivity criterion indicates a level of humoral
immune activity that is clinically relevant to protection is unknown and will remain unknown until an efficacious
vaccine is developed.

If the continous OD and titer responses are analyzed, the right-skewness of the data and lower limits of detection
must be taken into account. For log-transformed data and left-censored data, standard inferential methods can be
applied [22,23].

3.3.2. Cellular immune responses
Cellular immunity is studied through assays that measure effector T lymphocyte responses. Enzyme-linked

immunospot (ELISpot) and intra-cellular cytokine staining (ICS) assays are the two most commonly used assays in
current HVTN trials.

The ELISpot assay provides a count of cytokine-secreting T cell after stimulation with HIV-specific antigens. The
assay is performed on 96-well plates coated with anti-cytokine antibodies processed such that, theoretically, each
cytokine-producing cell can be identified by a spot within a well. Raw ELISpot data for statistical analysis consist of
the number of spot-forming cells (SFCs) for each experimental and control well; typically three experimental replicates
and six control replicates. Experimental wells of interest contain cells stimulated with peptide pools of a given HIV-
specific antigen. Each gene-specific response is then categorized as positive or negative based on whether or not the
number of SFCs in the experimental wells is significantly greater than the number in the control wells. Various
approaches to defining a positivity criterion have been taken [24–31]. Currently, the HVTN uses a permutation test to
assess positivity of each antigen-specific response [32]. The test statistic is the difference in means of the experimental
and control well responses. A permutation algorithm for step-down max T adjusted p-values [33] based on Algorithms
2.8 and 4.1 in Westfall and Young [34] is used to adjust for the multiple peptide pools.
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The ICS assay allows a precise characterization of cells by phenotypic lymphocyte markers. The assay specifies the
type of responses (CD4+ or CD8+) more readily than the ELISpot assay and can provide information on the
functionality of each cell. ICS is performed on 96-well plates, with a light intensity reading on a scale of 1 to 1024
given to each labelled phenotypic marker for each cell within a well. The output data for statistical analysis consist of a
proportion of CD4+ or CD8+ Tcells that produce cytokines for each experimental and control well and the total number
of CD4+ or CD8+ cells per well. Each experimental well is run only once for each peptide pool; the control wells are
currently run in duplicate. Similar to ELISpot assay, each peptide pool-specific response is categorized as positive or
negative. As this assay is relatively new, work is ongoing to refine the statistical positivity criterion.

3.4. Accounting for HIV variation in comparing vaccine candidates

To establish biologic activity, standard practice in Phase I and II trials has been to evaluate the immunogenicity of
the tested HIV vaccine primarily by its induction of immune responses to the HIV virus represented in the vaccine. For
humoral responses this has meant studying neutralization of the HIV isolate in the vaccine and for cell-mediated
responses it has meant studying responses to overlapping HIV peptides with sequences that are contained in the vaccine
strain sequence. Focusing on such “homologous” immune responses does not permit head-to-head comparisons of the
immunogenicity of vaccine candidates, and because a successful vaccine must protect against a diverse array of
circulating HIV viruses, it is important to use a set standardized HIV reagents that represent the diversity of HIVs in
contemporary populations. Accordingly, the HVTN is currently developing a standardized set of HIV isolates for
studying neutralization responses and a standardized set of peptides for studying cellular-mediated responses. We
briefly summarize the strategy for constructing these HIV panels.

For neutralization responses, the current strategy is to compare candidates by three tiers of HIV targets, ranging from
easiest to hardest to neutralize: 1) well-studied laboratory HIV strains that are known to be easy to neutralize; 2) a panel
of 20–40 HIV isolates within the same subtype of the HIV isolate in the vaccine; 3) a panel of 20–40 HIV isolates of a
different subtype than that in the vaccine. For panels 2) and 3) the isolates are selected to represent the spectrum of
neutralization-sensitivities of HIVs in current populations, for example identified through random sampling of incident
HIV infections. To compare candidates by cellular immunogenicity, bioinformatic methods are being used to optimally
select a set of HIV peptides (e.g., of length 15 amino acids) that “cover” the largest number of HIV peptides in
circulating HIV populations that may contain CTL epitopes [35]. The HVTN is pursuing a variety of approaches, the
leading one is described here. A simple approach considers 150 database sequences from each HIV-1 subtype category
A, B, C, and non-ABC; the last category includes circulating recombinant forms and unique circulating forms. A
peptide set for evaluating immunogenicity can be constructed as the minimum set of peptides of length 10 that cover all
“vaccine important peptides (VIPs)” contained in the 600 sequences, where a VIP is defined as a peptide present in at
least 15% of the sequences within a subtype category. The rationale is to make the peptide panel sensitive to detecting T
cell responses to any peptides that circulate at reasonably high frequency and therefore are of public health importance.
A challenge with this approach is obtaining sequences recently sampled so that the VIPs are well-represented in
contemporary circulating HIVs.

4. Statistical considerations in clinical evaluation

The goal of the HVTN is to foster cooperation of researchers worldwide and to help streamline the scientific process
of HIV vaccine development towards the development of a safe, globally effective preventive HIV vaccine. Phase I and
II trials test a range of vaccine candidates with the view of narrowing the number to the best few to move forward to
Phase IIb and Phase III trials. The latter are lengthy, costly undertakings and yet, are the only approach for determining
efficacy of candidate HIV vaccines.

Clinical evaluation of products in a healthy population requires a framework that ensures the safety of participants to
the best extent possible. The HIV vaccine evaluation program begins with a Phase I trial as the first examination of
safety in humans as well as to establish some indication of immunogenicity of the vaccine candidate. Once safety and
immunogenicity have been demonstrated, safety is further characterized in a larger trial and the vaccine regimen is
optimized with respect to immunogenicity endpoints. The safety and immunogencity of the final regimen are then
characterized and possibly compared with other competing regimens with sufficient precision to provide evidence for
or against initiation of an efficacy trial.
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Several elements are common to each stage of trial. Randomization is done in blocks to ensure balance
across arms of the trial. For multi-region trials (e.g., US and Southern Africa), separate blocks are used for each
region. The interim analyses of each stage of trial are also similar. These consist of unblinded safety data
reports prepared at regular intervals for an independent safety monitoring committee. The committee meets
every four months to review the safety data from all ongoing HVTN trials. Interim analyses of immunogenicity
data from a subset of participants are rarely done hence alpha-spending procedures [36–38] are not currently
used.

4.1. Phase I: Initial safety and immunogencity evaluation

Phase I HIV vaccine trials differ from classical Phase I trials that estimate dose–response and maximum tolerated
dose. With HIV vaccines, there is a narrow range of possible doses; many vaccine candidates are limited by production
or manufacturing considerations rather than by a maximum tolerated dose. In the HVTN evaluation framework, a
Phase I trial typically considers three to four different doses of vaccine in a sequential dose-escalation trial with the goal
of reaching the maximum dose. If the pre-specified safety stopping rules are met for a dose group, the trial may be
halted and the problematic doses excluded from further testing. The sample size is limited to the minimum number
needed to quickly assess preliminary safety of the candidate vaccines.
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Fig. 1. Probablity of observing 0 /n or 1+ /n events for various true event rates.



153Z. Moodie et al. / Contemporary Clinical Trials 27 (2006) 147–160
The standard HVTN Phase I trial design enrolls 10 vaccinees and 2 placebos per group. For example, the HVTN 040
trial used this design to evaluate an alphavirus HIV clade C Gag vaccine in the US and South Africa. Placebos are used
primarily for blinding in Phase I trials and are insufficient to adjust for false positive rates, so Phase I trials report crude
safety and immunogenicity rates only. The design is powered to observe safety and toxicity outcomes if they are likely
(prevalence ≥20%), with only a low probability of observing rare safety events (prevalence ≤3.5%). As a result, the
trial design permits the reliable detection only of relatively common serious adverse experiences to assure sufficient
safety to move the candidate to the next level of evaluation. Reliable detection of a true rate of serious adverse
experiences (SAEs) of 20% or more is deemed sufficient. Close safety monitoring in later trials will gather further
safety data to make more precise statements about the safety profile. Prophylactic vaccines require an extremely high
level of safety given their administration to a healthy population [39–41].

Fig. 1 displays examples of the probability of observing zero events (left margin) or more than one event (right
margin) given different prevalence rates. Note that 5 vaccinees are too few to reliably detect even common events. For
example, if the prevalence of a vaccine-related adverse event is 20%, the probability of observing at least one such
event in an arm with 5 vaccinees is less than 0.70. If n=0, the probability is approximately 0.90. There is less gain in
moving from 10 to 15 vaccinees per arm, especially considering the cost of increasing the sample size of each arm by
50%.

Table 1 illustrates the precision with which safety and immunogenicity event rates can be estimated for various
sample sizes. For example, if we observe a 0 out of 10 immune response rate in a vaccine arm, the 95% confidence
interval for the true response rate includes 30%. While this does not provide precise information in the context of safety,
an upper bound of approximately 30% for the true immunogenicity response rate may be sufficiently low to exclude a
vaccine from further testing at least in its current formulation.

The power calculations for safety described thus far refer to vaccine-related adverse events. In practice, numerous
safety events are measured (see Section 3.1). If safety endpoints between groups are compared, one might consider a
multiplicity adjustment [34,42–47]. Mehrotra and Heyse proposed a two-step false discovery rate approach to balance
potential over-adjustment and no adjustment, applying the methodology to adverse event data from three vaccine trials
[48]. However, the HVTN prefers a conservative approach that detects all safety concerns at the risk of an overinflated
false positive rate [49,9]. Good judgment is then exercised in interpreting the unadjusted p-values to avoid discarding a
safe vaccine.

4.1.1. Initial evaluation of combination vaccines
Combination vaccines refer to vaccination regimens composed of two or more immunogens delivered sequentially

or simultaneously. The evaluation of combination HIV vaccine candidates will become increasingly important as none
of the currently available single agents generate a full complement of immune responses thought to be important for
protection. Two aspects of early clinical evaluation of combination vaccines merit attention here. First is the design of
dose-escalation trials. The current standard for dose-escalation of combination vaccine regimens is to first complete
Table 1
Exact two-sided 95% confidence intervals for the response probability given 0, 1, or 2 events are observed for a sample size n

n Exact two-sided 95% CI

0 events
5 [0.00, 0.52]
10 [0.00, 0.31]
15 [0.00, 0.22]
20 [0.00, 0.17]

1 event
5 [0.01, 0.72]
10 [0.00, 0.45]
15 [0.00, 0.32]
20 [0.00, 0.25]

2 events
5 [0.05, 0.85]
10 [0.03, 0.56]
15 [0.02, 0.40]
20 [0.01, 0.32]
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dose-escalation of each component immunogen separately and then proceed with dose-escalation of the combination.
For regimens that are delivered by multiple administrations over a six-month period (as is common with the current
HIV vaccine candidates) this dose-escalation design is quite time consuming and can require well over a year to
complete. A slightly less conservative approach to this design would be to initiate each step in the dose-escalation of the
combination immediately after the safety of the single agents is evaluated at the specific doses to be delivered in the
combination. Although the dose-escalation of the combination would not be informed by data from the entire dose-
escalation of each of the component immunogens, it would be informed by safety of each component at the particular
doses being considered in the combination.

A second issue in evaluating combination vaccine regimens involves optimization and characterization of
immunogenicity. A natural tendency for clinical researchers is to consider factorial designs for the evaluation of
immunogenicity of combination regimens. Such factorial designs target the marginal effects of component
immunogens averaged over all other component immunogens with which it could be delivered. The utility of factorial
designs typically hinges on an assumption of minimal interaction effects. However, most combination regimens are
motivated precisely because of the potential for interaction between the component immunogens and, as such, the
marginal effects of the components are rarely the true effects of interest. In addition, detailed discussions with
vaccinologists often reveal that only a subset of all possible combinations are of true interest for evaluation. For these
reasons, we consider the immunogenicity of combination regimens to be best evaluated in multiarm designs that
include only those combinations of particular interest and that are sized to evaluate all pairwise comparisons of
regimens of interest.

4.2. Phase Ib: Regimen optimization/selection

Once preliminary safety and some indication of immunogenicity of a candidate HIV vaccine regimen at the desired
dose and/or number of injections have been demonstrated in a Phase I trial, the regimen advances to further evaluation
of immunogenicity and additional safety testing where factors that enhance immunogenicity are considered. When
many vaccine candidates are tested in a single trial and there are clear criteria for moving one or more forward to the
next level of evaluation, selection designs are attractive options. Under these circumstances, selection designs are more
efficient at screening multiple regimens compared to traditional superiority or non-inferiority trials although the
distinctions between these should be made clear. A traditional design is powered to compare pairs of vaccine arms and
hence requires a large total sample size to detect even moderate sized differences when there are many vaccines. The
selection design requires a smaller sample size since the trial is powered to rank vaccine arms and then select the top
ranked vaccine. The HVTN has made a programmatic decision to defer non-inferiority questions to later stages of trial.
A selection design can be used appropriately to select among various doses of a vaccine product or the timing of
various schedules of the same length of duration. Statistical methods for selection designs are described in detail in
Bechhofer et al. [50]. Liu et al. [51] proposed the use of a selection design for a cancer clinical trial of multiple new
regimens.

For Phase Ib trials with binary immunogenicity outcomes as primary endpoints, the HVTN often considers a
selection design that employs the single-stage procedure described in Chapter 7 of Bechhofer et al. [50]. The procedure,
proposed by Sobel and Huyett [52], ranks the response rates of k treatment groups and selects the treatment with the
largest observed response rate regardless of the magnitude of the difference between it and the other groups,
randomizing in the case of ties. Sample size calculations for the procedure are driven by δ, the smallest difference of
interest between the best and next best treatment, and P(CS), the minimum acceptable probability of correct selection.
Simulations can be used to calculate the sample size for a given δ and P(CS) to ensure that if the true response rate of
the best vaccine exceeds all others by at least δ, the probability of selecting that vaccine is sufficiently high— P(CS) is
typically set at 0.90. After ranking the outcomes and selecting the treatment with the largest response, one can assert
with confidence of at least P(CS) that the selection is correct whenever the true difference in probabilities is at least as
large as δ.

The HVTN often employs a selection design with three to five groups, each containing 30 vaccinees and 6 controls.
For example, a selection design will be used in HVTN 055 to select the combination regimen with the highest
cumulative HIV-specific T cell response as measured by the ELISpot assay. Table 2 lists the range of response rates,
samples sizes (n), and number of treatment groups for which the probability of correct selection is at least 0.90. For
trials with at most three treatment groups, n=30 per group ensures the probability of correct selection of the vaccine



Table 2
Range of sample sizes, response rates, smallest differences (δ), and number of regimens (k) for which the probability of correct selection of regimen
with highest response rate=90%

n Highest rate 2nd highest rate δ Power (two-sample test)

k=2
20 0.70 0.50 0.20 0.32
30 0.66 0.50 0.16 0.24
40 0.64 0.50 0.14 0.26
50 0.63 0.50 0.13 0.27

k=3
20 0.74 0.50 0.24 0.41
30 0.70 0.50 0.20 0.35
40 0.67 0.50 0.17 0.35
50 0.65 0.50 0.15 0.34

k=4
20 0.76 0.50 0.26 0.47
30 0.72 0.50 0.22 0.41
40 0.69 0.50 0.19 0.42
50 0.67 0.50 0.17 0.42

k=5
20 0.78 0.50 0.28 0.52
30 0.73 0.50 0.23 0.44
40 0.70 0.50 0.20 0.46
50 0.68 0.50 0.18 0.46

For kN2, all groups except the highest group had response rates equal to the second highest rate shown in column 2. Contrast with the power to
compare the highest and second highest response rates with a standard two-sample test.
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that induces the highest response rate is greater than or equal to 0.90 when the difference between the highest and
second highest response rate is at least 0.20. Trials with more than three treatment groups should consider larger sized
groups so that δ can be set at a value of 0.20 or less. This would call for sample sizes of 40 per group when there are four
or five groups under consideration. Choice of δ is a programmatic decision driven by the desire to quickly select a
vaccine candidate based on response rate to move forward to characterization and further evaluation in a Phase II trial.
Table 2 also illustrates the sample size economy of a selection design over a standard superiority trial design. The last
column of the table lists the power of a two-sample t-test to detect various differences in response rates across sample
sizes. Power is unacceptably low for all of the scenarios listed in the table; for example, there is only 24% power to
detect a difference of 0.16 in the response rates of two vaccine groups with 30 participants in each.

Research is ongoing to refine the basic selection design to the HIV vaccine trials' setting. For example, two new
components can be added to the selection rule: (i) an absolute minimum response probability threshold that a vaccine
must exceed and (ii) a rule for advancing all candidates that are indistinguishable from the best. A minimum threshold
can be incorporated into the selection rule by requiring that the selected candidate(s) have a two-sided (1−α1) percent
confidence interval about the response probability p that exceeds a fixed probability plow. The error rate α1 and
threshold plow should be chosen such that all vaccines that would be predicted to meet the efficacy trial qualifying
objective (i.e., pN0.30 with ≥95% confidence) are advanced. In addition, a rule can be added that advances all
candidates for which the (1−α2) percent confidence interval about |p−pbest| includes 0. The error rate α2 is based on
simulations such that vaccines with p within a tolerance distance Δ1 of pbest (e.g., Δ1=0.1) are advanced with high
probability and vaccines with p further than some clinically relevant distance Δ2 from pbest (e.g., Δ2=0.2) are not
advanced with high probability. For α1=0.1, plow=0.2, and Δ1=0.1, Table 3 shows incorrect and correct selection
probabilities for a three arm Phase Ib trial for different values of (α2, Δ2). Research is also being directed towards the
use of continuous and multivariate endpoints in selection designs.

Other variations on the selection design might be considered to increase efficiency, if information is available on the
magnitude of expected response rates of the best and the next best treatments. An alternative design that places bounds
on the theoretical response rates can be used to decrease the required sample size for a given level of power [50]. To date,
however, there is insufficient immunogenicity data to make use of this design. Adaptive sequential sampling designs
[53] are currently impractical due to the complexity of implementing multisite HIV vaccine trials; they are also hindered
by the length of enrollment, the time from enrollment to full vaccination, and the time needed to measure and report key



Table 3
Evaluation of selection designs with n=30 vaccinees per arm based on three operating characteristics IS1, IS2 and CS

True response rates Δ2=0.1 Δ2=0.2

α2=0.1 α2=0.3 α2=0.1 α2=0.3

p1 p2 p1 IS1 IS2 CS IS1 IS2 CS IS1 IS2 CS IS1 IS2 CS

0.2 0.2 0.5 0.22 0.22 0.68 0.04 0.04 0.86 0.22 0.22 0.69 0.04 0.04 0.86
0.2 0.2 0.8 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00
0.2 0.5 0.5 0.08 0.08 0.91 0.01 0.01 0.98 0.08 0.08 0.91 0.01 0.01 0.98
0.2 0.8 0.8 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00 1.00 0.00 1.00
0.1 0.1 0.1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.2 0.2 0.2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.5 0.5 0.5 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00
0.8 0.8 0.8 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00

IS1 is the estimated probability that the trial will incorrectly select an arm with true response rate pbplow≤0.2; IS2 is the estimated probability that the
trial will incorrectly select an arm with true response rate pbpbest−Δ1 where Δ1=0.1; and CS is the estimated probability that the trial will correctly
advance all arms with true response rate p within Δ2 of pbest and pNplow.
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immunogenicity endpoints to the statistical center. Primary endpoints for standard immunogenicity outcomes are
usually measured two to four weeks after full vaccination and may not be available for months, depending on the length
of the vaccination schedule under study and the time required to batch test the samples. Therefore adaptive designs based
on immunologic endpoints will be challenging in our setting, where rapid evaluation is highly valued.

In addition to selecting a vaccine regimen, Phase Ib trials also seek to estimate rates of safety and immunogenicity
endpoints. If no vaccine-related SAEs are observed in a group of 30 vaccinees, the upper bound on the true rate of
SAEs of an exact two-sided 95% confidence interval is 0.12; for n=50, the upper bound is 0.07. These are deemed
sufficient to expand evaluation to several hundred individuals in a Phase II trial. To illustrate the precision with which
Phase Ib trials can estimate immune response rates, Table 4 lists exact two-sided 95% confidence intervals for various
sample sizes and observed response rates. Note, for n=30 the width of a 95% confidence interval for various observed
response rates is between 0.38 and 0.25. The confidence interval is still wide (0.32 to 0.21) if the sample size is
increased by 10. Hence if the trial size is limited to vaccine groups of n≤50 and the placebo group is too small to
accurately estimate the rate of false positives, the primary objectives of Phase Ib trial should not include precise
estimation of response rates. A placebo group may even be omitted if the primary objective is selection based on crude
response rates.

The above discussion of selection designs and sample size calculations refers to decision-making on the basis of a
single immune response. In practice, numerous immunological endpoints are of interest with little or no information
about which of these, if any, is most predictive of protection from HIV infection or progression to disease. However,
investigators may be capable of establishing a hierarchy of key endpoints prior to trial initiation; this is crucial to avoid
post hoc data-driven decisions. Furthermore, once quantitative assay outcomes are validated for use as primary
endpoints, power calculations may result in different sample size estimates.

4.3. Phase II: Comparison and characterization

The main objective of a Phase II trial of HIV vaccine candidates is to characterize the immune profile of a candidate
vaccine to move forward to efficacy testing based on the endpoints described in Section 3.3. A Phase II trial differs
Table 4
Exact two-sided 95% confidence intervals for the response rate given various observed immune response rates and sample sizes

n Observed immune response rate

0.5 0.6 0.7 0.8 0.9

20 [0.27, 0.73] [0.36, 0.81] [0.46, 0.88] [0.56, 0.94] [0.68, 0.99]
30 [0.31, 0.69] [0.41, 0.77] [0.51, 0.85] [0.61, 0.92] [0.73, 0.98]
40 [0.34, 0.66] [0.43, 0.75] [0.53, 0.83] [0.64, 0.91] [0.76, 0.97]
50 [0.36, 0.64] [0.45, 0.74] [0.55, 0.82] [0.66, 0.90] [0.78, 0.97]
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from a Phase I in that it is done in a high risk population likely to be used in a Phase III trial. This is not necessarily true
of Phase I trials, which might be restricted to low-risk volunteers. An efficacy trial requires substantial clinical evidence
that the vaccine is safe and has shown sufficient immunogenicity to warrant a full-scale efficacy evaluation. Regulatory
bodies such as the FDA often require that vaccines tested in efficacy trials must first have been administered to a large
number of participants in Phase I and II trials to demonstrate a tolerable safety profile. Hence a Phase II trial of a
vaccine candidate that has not been extensively studied in Phase I trials may be larger than what is described here. The
sample size of each group may be inflated mainly to increase the total number of participants who will have received
the product prior to an efficacy trial with the added benefit of an increase in the precision of the overall safety and
immunogencity characterization.

The standard HVTN Phase II design for characterizing the safety and immunogenicity of each vaccine candidate
consists of two to four groups, each of which has a vaccine arm of 90 to 150 participants. The total size of the placebo
group might be set equal to the size of a single vaccine arm, to allow sufficient precision to adjust the immunogenicity
response rates to account for false positive responses and to collect background rates of safety events in populations of
interest for Phase III trials. In contrast, the much smaller placebo arms in Phase I and IIb trials serve primarily to blind
the trial. A key component of Phase II trials is the demonstration of a stringent safety profile. The larger sample size
allows a tighter bound on the rate of vaccine-related SAEs; e.g., the upper bound of an exact two-sided 95% confidence
interval is 0.036 for n=100. If the earlier phase trial data are pooled with the Phase II safety data, the upper bound is
0.026 for n=140 and 0.018 for n=200.

Within the HVTN, characterization of immunogenicity is particularly important in Phase II trials, since some
minimum level of immunogenicity of the candidate regimen is likely to be a criterion for beginning an efficacy trial.
HVTN 203, the HVTN's first Phase II trial, specified that the lower bound of the confidence interval for the net point
prevalence cellular response rate must exceed 0.20 or the net cumulative cellular response rate must exceed 0.30 at the
key six-month time point. The primary immunogenicity endpoints were cellular responses to Env, Gag, Pol, or Nef as
measured by the chromium release and ELISpot assays. The trial's ability to achieve its immunogenicity milestone
depended on the false positive rate of the assays, estimated from previous AIDS Vaccine Evaluation Group studies to
be 0.02 for point prevalence and 0.06 for cumulative prevalence. Based on these estimates, the 203 trial had over 90%
power to detect the point prevalence outcome and approximately 80% power to detect the cumulative prevalence
outcome for crude response rates of 0.38 (point prevalence) and 0.54 (cumulative prevalence). Because the
immunogenicity milestone was not met, a proposed efficacy trial was called off.

When the false positive rate of an assay is high, detecting a given response rate becomes more challenging (see
Table 5). For example, in a trial with n=90 per group, there is less than 40% power to detect a net rate of 0.30 in a
vaccine group with a true immune response rate of 0.50 and a false positive rate of 0.10. With such a high false positive
rate, the true response rate would have to be closer to 0.60 for n=90 to allow over 90% power to detect a net response
rate of 0.30. These calculations highlight the importance of accurate estimation of the false positive rate of assays used
to measure primary immunogenicity endpoints prior to the design of a Phase II trial when immune characterization is a
primary objective. The Phase II trial can then in turn provide data on the false positive rate of endpoint assays on blood
samples collected from international sites, if this has not yet already been well estimated. Such information will be
helpful in planning later stage trials that seek to address immune correlates of protection.

The discussion of immunogenicity endpoints up until this point has focused primarily on response rates. However
when the assay being used reliably outputs a quantitative value, the magnitude of response as well as the breadth of
response are arguably of greater interest for the comparison of potential vaccine candidates. The measurement of
magnitude and breadth cannot be separated; therefore one approach to joint evaluation is to measure magnitude of
response to each HIV target in a set (e.g., neutralization titers are measured to each of N=30–40 HIV isolates). For a
Table 5
Power to detect a 0.30 net immune response rate for different sample sizes, true response rates, and false positive rates in Phase II trials

True rate 0.40 0.50 0.50 0.50 0.60 0.60
False positive rate 0.01 0.01 0.05 0.10 0.05 0.10
n:

90 0.38 0.94 0.72 0.39 0.99 0.91
100 0.46 0.97 0.79 0.40 0.99 0.93
120 0.52 0.99 0.86 0.47 0.99 0.97
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Fig. 2. Magnitude–breadth curves for 3 vaccinees from group 1 and 3 vaccinees from group 2.
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given magnitude threshold, k, one can determine the percentage of the N isolates with neutralization titerNk. Magnitude
and breadth can then be summarized for each participant with a curve (see Fig. 2 for an example). Differences between
vaccine groups can be tested by two-sample statistics that contrast summary measures of the curves; for example, a
Wilcoxon rank sum test could be used to compare the distributions of the areas under the magnitude–breadth curves.

5. Conclusions

The program outlined in this paper describes an evaluation platform focused on rapidly obtaining results
critical to the evaluation of an HIV vaccine regimen for potential success in an efficacy trial. This determination
can be made quickly, providing answers to a limited set of key questions using a standardized approach.
Flexibility is not lost, as information necessary for further optimization of future vaccine regimens is collected
along the way.

The decision to proceed from the first Phase I trial of a given vaccine product to a Phase Ib trial is primarily based on
safety endpoints, although lack of any observed immunogenicity may discourage investigators and manufacturers from
further study of the vaccine construct. The primary objective of the Phase Ib trial is to narrow the number, while
optimizing the regimen, of vaccine products moving into Phase II trials. Further administrative efficiency can be
achieved by combining Phase I and Phase Ib trials into a single trial with two distinct parts: dose-escalation and



Table 6
Summary of key features of the typical design for each trial phase

Phase Primary endpoints Sample size: V/P 95% CI UB on vaccine safety when 0 SAEs are observed

I Safety 10/2 31%
Ib Safety and immunogenicity 30/6 12%
II Safety and immunogenicity 100/50 3.6%
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optimization. Establishment of safety in the first part of the trial would lead directly into the second part without the
additional operational burden of implementing a separate protocol. HVTN 065 uses this type of approach to evaluate a
DNA vaccine prime with a recombinant modified Vaccinia Ankara boost. Ideally, the subsequent Phase II trial will
further narrow the vaccine candidates to a single vaccine regimen that will be moved to testing in a Phase III trial,
although this may require a large Phase II trial. Key features of the typical HVTN designs for each trial phase are
summarized in Table 6.

The HVTN program is highly standardized for efficiency and facilities cross-trial comparison of vaccine candidates.
It is tuned to emphasize rapid evaluation of safety and to optimize a regimen for further evaluation once it meets certain
safety and immunogenicity criteria. The issues described in this paper pertain mainly to HIV vaccines but may also
apply to other vaccines under development, especially in settings where no efficacious vaccine exists and there are
multiple vaccine candidates to evaluate.
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