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Abstract
Introduction  In contemporary oncology drug development, implementation of novel early-phase designs with the ability to 
address multiple research objectives is needed to better refine regimens. This paper describes an adaptive design strategy for 
identifying a range of optimal regimens based on two endpoints within multiple cohorts. The proposed design was developed 
to address objectives in an early-phase trial of cancer vaccines in combination with agonistic antibodies to CD40 and CD27.
Materials and methods  We describe a model-based design strategy that was developed for a trial evaluating the safety and 
immunogenicity of vaccination with (1) peptides plus CD40 antibody and TLR3 ligand, (2) systemic administration of an 
agonistic CD27 antibody, and (3) to assess immune response from (1) and (2) compared to optimal controls in participants 
with stage IIB-IV melanoma.
Results and conclusions  The proposed design is a practical adaptive method for use with combined immunotherapy regimens 
with multiple objectives within multiple cohorts of interest. Further advances in the effectiveness of cancer immunotherapies 
will require new approaches that include redefining optimal strategies to take multiple regimens forward into later phases, 
incorporating additional endpoints in the dose selection process and testing drug combination therapies to improve efficacy 
and reduce toxicity. Our goal is to facilitate the acceptance and application of more novel designs in contemporary early 
development trials.
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Abbreviations
DLT	� Dose-limiting toxicity
FDA	� Food and drug administration
IFA	� Incomplete Freund’s adjuvant
Mel12.1	� 12 Class I MHC-restricted melanoma peptides 

plus tetanus helper peptide
MTD	� Maximum tolerated dose
OBA	� Optimal biologic adjuvant

OBD	� Optimal biologic dose
UVA	� University of Virginia

Introduction

In recent years, the paradigm of early-phase clinical trial 
design has shifted in an attempt to address the numerous 
challenges offered by the current landscape of oncology drug 
development [1]. Further advances in assessing the safety 
and clinical efficacy of novel agents and combination of 
agents require different design assumptions to appropriately 
determine the maximum tolerated dose (MTD) or optimal 
biologic dose (OBD) in Phase I trials, compared to the his-
torical assumptions made to assess general cytotoxic agents 
(e.g., chemotherapy). The traditional approach to Phase I 
clinical trial design is ill-suited for generalization to more 
contemporary studies [2, 3]. There is an expanding need to 
conduct novel study designs that focus on the clinical issues 
and statistical considerations emerging from new treat-
ment paradigms [4]. Modern early-phase studies are asking 
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multiple research questions that potentially involve simul-
taneously accounting for numerous factors. For instance, it 
may of interest to carry forward into middle development 
a variety of combination regimens in various participant 
cohorts based on multiple endpoints (i.e., toxicity and 
activity). This is a substantial departure from the problem 
of identifying the MTD of a single, cytotoxic agent. In the 
presence of such complexities, it is unlikely that there will 
exist a dose-finding method that is directly applicable to the 
mixture of research questions being studied. Rather than 
attempting to reduce the problem to a setting in which one 
could straightforwardly apply an “off-the-shelf” method, 
potentially missing the opportunity to answer promising and 
relevant research questions, there is an increasing demand 
to tailor early-phase trial designs to the research questions 
being posed to treat study participants as efficiently and 
pragmatically as current information dictates.

This article describes the design of an early-phase, pro-
spective trial evaluating the safety and biologic activity of 
combination regimens in concurrent studies of two cohorts, 
with the goal of recommending a range of regimens for 
further testing in each cohort. The design was motivated 
by a proposed study at the University of Virginia (UVA) 
Cancer Center investigating vaccination with (a) peptides 
plus CD40 antibody and TLR3 ligand, (b) systemic admin-
istration of an agonistic CD27 antibody, and (c) to assess 
immune response from (a) and (b) compared to controls 
in participants with stage IIB-IV melanoma. The clinical 
success of checkpoint blockade agents in multiple cancers 
has established a clear platform on which to build the next 
generation of more potent cancer immunotherapies. Can-
cer vaccines inducing antigen-specific T cell responses are 
emerging as a component of combination immunotherapy. 
After several decades of development and optimization 
[5–9], there is now evidence that some cancer vaccines may 
improve clinical outcomes, in particular in combination with 
other active therapy [10–13]. The frequency and severity 
of adverse events observed in cancer vaccine approaches 
necessitate a change in the way early-phase clinical trials 
of these treatment strategies are designed and conducted 
[14–17]. There are no existing dose-finding methods that 
could directly address the multitude of challenges presented 
by the wide range of study research objectives, so our team 
needed to adapt relevant components of existing methods in 
developing a flexible design strategy. Funding of the clinical 
trial was secured but changes in access to one of the study 
agents ultimately lead to further design modifications with 
a more limited scope. The tailoring of the original design, 
described herein, to the complex research objectives being 
posed in the study provides the framework via example to 
demonstrate how adaptive designs can be modified within 
a single trial to address multiple study specific objectives 
to advance early development of novel treatment regimens. 

Thus, the aim of this article is to provide a blueprint on how 
to approach complex early-phase trials with multiple objec-
tives in various cohorts.

Methods

Design considerations

This paper describes the proposed design of an open-
label, randomized, phase I-II study to test the safety and 
immunogenicity of vaccination with 12 class I major his-
tocompatibility complex–restricted melanoma peptides 
plus tetanus helper peptide (Mel12.1) [18–20] with speci-
fied combinations of the TLR3 agonist polyICLC [21], 
incomplete Freund’s adjuvant (IFA) [22], agonistic CD27 
antibody, and agonistic CD40 antibody. The complex 
design structure is provided in Fig. 1. The term ‘cohort’ 
represents the inclusion or exclusion of CD40 antibody, 
the term ‘group’ represents the inclusion or exclusion 
of CD27 antibody within a cohort, the term ‘dose level’ 
represents the various doses of CD40 antibody (in mcg), 
the term ‘arm’ represents each specified treatment com-
bination, the term ‘adjuvant’ represents control adjuvants 
including IFA alone, polyICLC alone, and IFA + polyI-
CLC, and the term ‘zone’ represents sets of arms in which 
the safety profile ordering is assumed to be unknown. 
Participants in Groups A and B would have received the 
various doses of CD40 antibody (+ Mel12.1 + polyICLC), 
with and without CD27 antibody, respectively, and they 
would have been tested in cohort 1 (Fig. 1). Participants 
in Groups C and D would have received Mel12.1 with 
adjuvants (IFA, polyICLC, or IFA + polyICLC), with and 
without CD27 antibody, respectively, and they would have 
been tested in cohort 2 (Fig. 1). The arms in Fig. 1 are 
grouped into “zones” based on the dose levels (cohort 
1) and the number of adjuvants (cohort 2). The trial was 
designed to find the optimal biologic doses (OBD) of 
CD40 antibody among arms within each set of prede-
fined Groups A and B, and the optimal biologic adjuvant 
(OBA) among arms within each of the control Groups C 
and D. The primary outcomes for determination of the 
OBDs and OBAs included the frequency of treatment-
related dose-limiting toxicities (DLTs) and frequency of 
immunologic response. Although few DLTs are expected 
with these vaccines, we still must monitor for safety and 
protect against the unexpected. Within each group, the 
first goal was to determine the set of possible optimal 
arms, where an optimal arm is one that was estimated to 
have an acceptable toxicity profile as measured by DLTs, 
and a high rate of immunologic response as defined 
below. A DLT is defined as any unexpected adverse 
event that is possibly, probably or definitely related 
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and (1) ≥ Grade 3, (2) ≥ Grade 1 ocular adverse events, 
(3) ≥ Grade 2 allergic/autoimmune reactions. The pri-
mary immunological response of interest was the CD8 + T 
cell response to the defined minimal peptides epitopes 
represented by Mel12.1, assessed primarily by ELIspot 
assay. Assessment of immunologic response was based 
upon a fold-increase over the maximum of the two nega-
tive controls. Evaluation of T cell responses was based 
on the following definitions: Nvax = number CD8 + T 
cells responding to vaccine peptide; Nneg = number 
CD8 + T cells responding to maximum negative con-
trol; Rvax = Nvax/Nneg. A participant was considered 
to have a positive CD8 + T cells response to vaccina-
tion (binary yes/no), only if all of the following criteria 
were met at any post-vaccination time point: (1) Nvax 
exceeded Nneg by at least 20 cells/100,000 CD8 + PBMC, 
(2) (Nvax − 1 SD) ≥ (Nneg + 1 SD), and (3) Rvax after 
vaccination ≥ 2 × Rvax pre-vaccine. Pre-vaccine Rvax 
values less than one (e.g., control counts exceed number 
of responding CD8 + T cells) were set equal to one to 
indicate no response and to prevent overinflating adjusted 
fold-increases due to pre-vaccine ratios less than one, or 
division by zero. A secondary objective was, if more than 
one arm was contained within the range of optimal arms, 
to estimate the difference in immunologic response rates 
among the range of optimal arms.

Estimation

Within cohort, it assumed that, as the dose level of CD40 
antibody increases (cohort 1) or the number of adjuvants 
increases (cohort 2), the probability of DLT does not 
increase. Thus, arms in higher zones are assumed to have 
probabilities of DLT that are higher than or equal to prob-
abilities of arms in lower zones. Whether arms within the 
same zone have higher or lower DLT probabilities than one 
another is assumed to be unknown. For instance, in cohort 
1, it may be that arm A2 < arm B1 or that arm B1 < arm A2 
with respect to their true probability of DLT. The relation-
ship between arm A2 and arm B1 corresponds to a decrease 
in the dose of CD40 antibody but increase of CD27 antibody. 
Similar statements could be made about the relationship 
between other arms, such as arms C3 and D2, for example. 
Multiple one-parameter models that convey various possible 
relationships among the probabilities of DLT were used to 
account for the toxicity uncertainty among arms. A model 
selection procedure was employed to sequentially choose 
the model that is most consistent with the accumulating 
data [23]. One of the models recommended by the continual 
reassessment method (CRM; [24]) is expressed through a 
set of pre-specified constants, termed the ‘skeleton’ of the 
model, raised to an exponent exp(a) , where a is a param-
eter to be adaptively estimated by the accumulating data 

Randomization

Cohort 1: 
Mel 12.1 + Poly + 
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Fig. 1   Schema of illustrating the proposed trial design. Cohort, 
group, arm, and zone designation for the proposed study to test safety 
and immunogenicity of vaccination with the 12 class I major histo-

compatibility complex-restricted melanoma peptides (Mel12.1) with 
specified combinations of polyICLC (poly), incomplete Freund’s 
adjuvant (IFA), CD40 antibody, and with/without CD27 antibody (±)
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[25]. The method described in Lee and Cheung [26] was 
used to produce the skeleton values for each model, which 
were chosen to generate robust operating characteristics in a 
wide spectrum of scenarios. Estimation of DLT probabilities 
relied upon a selected set of working models corresponding 
to possible “shifts” between the arms that define the accept-
able set in each group within each cohort [27, 28]. Based on 
assumed DLT probability relationships between arms, the set 
of arms that is considered “acceptable” in one group within 
a cohort may be shifted zero (Model 1), one (Model 2), or 
two (Model 3) dose levels or adjuvants away from those 
considered acceptable in the other group within that cohort. 
Table 1 illustrates shifts models for cohort 1, and Table 2 
illustrates the shift models for cohort 2. The shift models 
for cohort 2 are constructed under two possible adjuvant-
toxicity relationships; (1) IFA is more toxic than polyICLC, 
or (2) polyICLC is more toxic than IFA. Based on data 
from previous studies, it is assumed that the combination of 

polyICLC and IFA does not have a lower DLT probability 
than each adjuvant alone [29]. Therefore, we set up models 
that represented the three possible shifts under each of these 
possible relationships. Upon accrual of each participant into 
the trial, the model with the largest likelihood, indicating 
that it best fits the data, within each cohort, is selected and 
DLT probability estimates are estimated for each arm using 
this model. A set of “acceptable” arms, defined as any arm 
with estimated DLT probability less than or equal to 33%, 
is specified based on these estimates.

Randomization and arm allocation

There were two planned levels of randomization, among 
cohorts and within cohorts. The first level of randomiza-
tion (among cohorts) allows for a more efficient study of the 
research objectives within the two cohorts, concurrently in a 
single trial, rather than sequentially in two separate studies. 

Table 1   Shift models for the 
DLT probabilities in Cohort 1

For each model, the highest acceptable arm in each group is denoted in bold

Mel12.1 and poly + Model 1 (shift = 0) Model 2 (shift = 1) Model 3 (shift = 2)

CD27 (−) CD27 (+) CD27 (−) CD27 (+) CD27 (−) CD27 (+)

CD40 dose 50 0.08exp(a1) 0.08exp(a1) 0.08exp(a2) 0.15exp(a2) 0.08exp(a3) 0.24exp(a3)

200 0.15exp(a1) 0.15exp(a1) 0.15exp(a2) 0.24exp(a2) 0.15exp(a3) 0.33���(a3)

600 0.24exp(a1) 0.24exp(a1) 0.24exp(a2) 0.33���(a2) 0.24exp(a3) 0.43exp(a3)

1200 0.33���(a1) 0.33���(a1) 0.33���(a2) 0.43exp(a2) 0.33���(a3) 0.53exp(a3)

↓
Group A

↓
Group B

↓
Group A

↓
Group B

↓
Group A

↓
Group B

Table 2   Shift models for the DLT probabilities in cohort 2

For each model, the highest acceptable arm in each group is denoted in bold

Mel12.1 + Model 1 (shift = 0) IFA < PolyICLC Model 2 (shift = 1) IFA < PolyICLC Model 3 (shift = 2) IFA < PolyI-
CLC

CD27 (−) CD27 (+) CD27 (−) CD27 (+) CD27 (−) CD27 (+)

IFA 0.15exp(a1) 0.15exp(a1) 0.15exp(a2) 0.24exp(a2) 0.15exp(a3) 0.33���(a3)

Poly 0.24exp(a1) 0.24exp(a1) 0.24exp(a2) 0.33���(a2) 0.24exp(a3) 0.43exp(a3)

Poly + IFA 0.33���(a1) 0.33���(a1) 0.33���(a2) 0.43exp(a2) 0.33���(a3) 0.53exp(a3)

↓
Group C

↓
Group D

↓
Group C

↓
Group D

↓
Group C

↓
Group D

Mel12.1 + Model 4 (shift = 0) IFA > PolyICLC Model 5 (shift = 1) IFA > PolyICLC Model 6 (shift = 2) IFA > Pol-
yICLC

CD27 (−) CD27 (+) CD27 (−) CD27 (+) CD27 (−) CD27 (+)
IFA 0.24exp(a4) 0.24exp(a4) 0.24exp(a5) 0.43exp(a5) 0.24exp(a6) 0.33���(a6)

Poly 0.15exp(a4) 0.15exp(a4) 0.15exp(a5) 0.33���(a5) 0.15exp(a6) 0.43exp(a6)

Poly + IFA 0.33���(a4) 0.33���(a4) 0.33���(a5) 0.53exp(a5) 0.33���(a6) 0.53exp(a6)

↓
Group C

↓
Group D

↓
Group C

↓
Group D

↓
Group C

↓
Group D
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The second level of randomization (to zones within cohorts) 
allows for adequate exploration of the regimens to obtain 
information more broadly in determining the optimal regi-
mens. In general, eligible participants were to be randomized 
2:1 among cohorts 1 and 2, with the initial allocation con-
straint that the first three study participants were randomized 
with equal allocation to regimens in zone 1. Randomization 
within cohort was planned based upon the following alloca-
tion rules. Arm allocation was to occur in two stages.

Within group allocation The initial stage was planned to 
accrue eligible participants in sets of one in each escalating 
zone until a participant experiences a DLT. The escalation 
plan for the first stage was based on the grouping of arms into 
“zones” as previously described. With this dose-escalation 
design participants could have been accrued and assigned 
to other open arms within a zone but escalation would not 
have occurred outside the zone until the minimum follow-
up period was observed for the first participant accrued to 
an arm and all arms within a zone were tried or a DLT was 
observed. The overall strategy was to monitor safety data 
continuously to adaptively update a set of acceptable (safe) 
arms in each group, with which to make allocation decisions 
based on immune response. The second stage was designed 
to accrue eligible participants in sets of one and to use the 
estimation procedure described above to estimate DLT prob-
abilities in each arm. Randomization was based on equal 
allocation among allowable arms unless a weighted alloca-
tion scheme was triggered. A weighted allocation scheme 
was to be triggered if late responses were observed or to bal-
ance arms by participants with tumor accessible for biopsy 
at study entry. Participants were required to be observed for 
a minimum of 3 weeks after the initial vaccine for initial 
escalation between zones, and between the 1st and 2nd par-
ticipants within an arm. In the absence of DLTs, participants 
could continue to be entered onto acceptable arms until a 
DLT occurs (upon which the modeling stage begins), or until 
at least three participants were treated at every arm in the 
cohort, at which point allocation was to be based on which 
arm had the highest immune response.

Arm recommendation Based on the set of acceptable 
arms, the number of participants accrued to the study at 
the time a decision is to be made determines the recom-
mended arm for the next participant. The recommended arm 
for the next participant accrued to the study was chosen at 
random from the acceptable arms if less than three partici-
pants had been treated on any acceptable combination. The 
recommended arm for the next accrued participant was the 
acceptable combination with the highest observed immune 
response rate if at least three participants had been treated 
on every acceptable arm. The procedure for recommending 
and allocating an arm for a participant was repeated for the 
accrual of each new participant and the study was designed 
to terminate once the stopping rules described below were 

triggered and enough data about the optimal range of regi-
mens was acquired.

Sample size and accrual

Maximum sample size was driven by the goal of obtain-
ing an adequate amount of data to evaluate the objective 
of selecting the arm with the highest immune response rate 
within a group for comparisons, assuming at least one opti-
mal arm had been found. Maximum sample size was set 
at 105 participants, but the study would have been stopped 
and the OBD and OBA chosen in a group when a 13th par-
ticipant was assigned to an arm that has already accrued 12 
participants. This decision rule allowed for 12 participants 
to be accrued to the OBD and OBA within each group. For 
comparisons between groups, the minimum of 12 was based 
upon being able to detect at least a fivefold improvement in 
peak magnitude of immune response on the log scale assum-
ing a coefficient of variation of 1.8 from our historical data 
[18] (peak magnitude of response � = 8.4, � = 15.2) with at 
least 80% power and a 2-sided 2.5% level test. Alpha was set 
at 2.5% to adjust for the main paired comparisons of CD40 
versus CD27, and each versus control.

Results

We illustrate the behavior of the design described in this arti-
cle under a set of hypothesized DLT and immune response 
probabilities, which serve as Scenario 1 in our simulation 
studies (Supplementary Table S1). They indicate arms A3 
and B3 to be the OBDs in Groups A and B, respectively, and 
they indicate arms C3 and D3 to be the OBAs in Groups C 
and D, respectively. These arms all have true DLT prob-
abilities under the 33% safety threshold and maximize the 
immune response rate. The true underlying DLT probabili-
ties are consistent with a shift of 0 between the groups in 
each cohort. For the sake of brevity, only the data from the 
first 13 participants in the simulated trial are provided in 
Table 3. The first eligible participant is randomized to arm 
C1 (i.e., Mel12.1 + IFA without CD27 antibody) in Group 
C of cohort 2, and he/she does not experience a DLT. The 
second eligible participant is randomized to arm A1 in 
Group A of cohort 1, and he/she does not experience a DLT. 
Within each cohort and group, escalation proceeds without 
DLT until participant 6 in cohort 2 (overall participant 10) 
experiences a DLT on arm C3 in Group C. At this point in 
the study, the observed data in cohort 2 consist of at least 
one DLT and one non-DLT, so the modeling stage begins 
in cohort 2. In Group C, the observed DLT data at arms 
C1–C3, respectively, are (0/1, 0/1, 1/1). In Group D, the 
observed DLT data at arms D1–D3, respectively, are (0/1, 
0/1, 0/1). Based on these data, the shift models in Table 2 
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are fit, and Model 4 (shift = 0; polyICLC < IFA) is indicated 
to be most consistent with the data. Based on this model, the 
estimated DLT probabilities for both Group C and Group D 
are 

(

0.24exp(0.306), 0.15exp(0.306), 0.33exp(0.306)
)

 = (0.14, 0.08, 
0.22), indicating that all arms have estimated DLT probabili-
ties under the 33% threshold and are acceptable in terms of 
safety. The minimum number of participants (i.e., n = 3) has 
not yet been accrued to each available arm; so, the next par-
ticipant accrued to cohort 2 will be randomized with equal 
probability among the acceptable arms. In cohort 1, escala-
tion proceeds without DLT until participant seven (overall 
participant 13) experiences a DLT on arm A4 in Group A. 
At this point in the study, the observed data in cohort 1 con-
sist of at least one DLT and one non-DLT, so the modeling 
stage begins in cohort 1. In Group A, the observed DLT 
data at arms A1–A4, respectively, are (0/1, 0/1, 0/1, 1/1). 
In Group B, the observed DLT data at arms B1–B4, respec-
tively, are (0/1, 0/1, 0/1, 0/0). Based on these data, the shift 
models in Table 1 are fit, and Model 1 (shift = 0) is indicated 
to be most consistent with the data. Based on this model, 
the estimated DLT probabilities in Groups A and B are 
(

0.08exp(0.251), 0.15exp(0.251), 0.24exp(0.251), 0.33exp(0.251)
)

 = (0.04, 
0.09, 0.16, 0.24), indicating that all arms have estimated 
DLT probabilities under the 33% threshold and are accept-
able in terms of safety. The minimum number of partici-
pants has not yet been accrued to each available arm, so 
the next participant accrued to cohort 1 will be randomized 
with equal probability among the acceptable arms. Once at 
least three participants have been treated at every accept-
able arm, the recommended combination for the next par-
ticipant entered is defined as the “acceptable” combination 
with the highest observed immune response rate. This pro-
cess of estimation and allocation continues until the stop-
ping rules described above are triggered. Simulation results 

demonstrating the operating characteristics of this design 
based on 1000 simulated trials are provided in Supplemen-
tary Tables S1–S4.

Discussion

More complex research questions are being posed in early-
phase oncology clinical trials, which necessitate design strat-
egies that are tailored to the multiple objectives of the study. 
Rule-based methods intended for MTD-based dose-finding 
are inflexible and lack the ability to account for additional 
complexity presented by contemporary early development 
trials [30, 31]. We have presented an adaptive design strat-
egy for a proposed early-phase trial of novel vaccination 
strategies for participants with melanoma, with the aim of 
identifying a range of combination regimens to carry for-
ward in multiple cohorts based on two binary endpoints. 
Although the design is presented using cancer vaccines as 
an illustrative example, the approach described is not spe-
cific to early-phase vaccination trials and could be applied to 
other multiple cohort combination studies with well-defined 
binary toxicity and activity endpoints. The use of more inno-
vative approaches is being encouraged by the FDA and by 
others [2, 3, 32, 33]. The description of the general design 
strategy and thought-process for implementation is the type 
of information that improves understanding, acceptance, and 
approval of novel designs [34, 35]. Details of study designs 
often are not found on sites such as clinicaltrials.gov, there-
fore, current clinical trials lack the transparency needed to 
support the timely implementation of novel designs. The 
aim of this article is to bring to light published examples of 
novel design strategies that address current study objectives 
as a means of augmenting the implementation of innovative 
designs in the future and to demonstrate the flexibility of 
adaptive designs in satisfying changing design conditions. 
Display and publication of current or proposed trials that 
use novel designs are needed to overcome barriers of infre-
quent implementation of innovative design strategies in early 
phase trials, so we believe that the current work can aid in 
the uptake of novel design use. In addition, given the often 
lengthy timeline between study concepts to protocol comple-
tion it is valuable to present design considerations that have 
a broad application. It is worth noting that even after study 
completion, journals do not require complete protocols as 
supplemental material for dose-finding trials, and final clini-
cal trial publications do not have sufficient room to describe 
the details of novel designs. The proposed study adds to a 
growing number of trials that have recommended adaptive 
design strategies to address specific research objectives pre-
sented by contemporary early-phase cancer trials [36–38]. 
This support for adaptive designs will augment efficient 
early-phase trial design in drug combination studies [30]. 

Table 3   Simulated data for the first 13 participants illustrating the 
described design

Participant Cohort Group Arm DLT Rsp

1 2 C C1 No No
2 1 A A1 No No
3 2 D D1 No Yes
4 2 C C2 No No
5 1 B B1 No No
6 1 A A2 No No
7 2 D D2 No No
8 2 D D3 No Yes
9 1 B B2 No Yes
10 2 C C3 Yes Yes
11 1 A A3 No Yes
12 1 B B3 No Yes
13 1 A A4 Yes No
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Well-performing dose-finding designs can have a tremen-
dous impact on the drug development process [39].
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