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ABSTRACT
With rapid advances in our understanding of cancer, there 
is an expanding number of potential novel combination 
therapies, including novel–novel combinations. Identifying 
which combinations are appropriate and in which 
subpopulations are among the most difficult questions in 
medical research. We conducted a Preferred Reporting 
Items for Systematic Reviews and Meta- Analyses 
(PRISMA)- guided systematic review of trials of novel–novel 
combination therapies involving immunotherapies or 
molecular targeted therapies in advanced solid tumors. 
A MEDLINE search was conducted using a modified 
Cochrane Highly Sensitive Search Strategy for published 
clinical trials between July 1, 2017, and June 30, 2020, 
in the top- ranked medical and oncology journals. Trials 
were evaluated according to a criterion adapted from 
previously published Food and Drug Administration 
guidance and other key considerations in designing trials 
of combinations. This included the presence of a strong 
biological rationale, the use of a new established or 
emerging predictive biomarker prospectively incorporated 
into the clinical trial design, appropriate comparator arms 
of monotherapy or supportive external data sources and 
a primary endpoint demonstrating a clinically meaningful 
benefit. Of 32 identified trials, there were 11 (34%) trials 
of the novel–novel combination of anti- programmed 
death 1 (PD-1)/programmed death ligand 1 (PD- L1) and 
anti- cytotoxic T lymphocyte- associated antigen-4 (CTLA-
4) therapy, and 10 (31%) trials of anti- PD-1/PD- L1 and 
anti- vascular endothelial growth factor (VEGF) combination 
therapy. 20 (62.5%) trials were phase II trials, while 12 
(37.5%) were phase III trials. Most (72%) trials lacked 
significant preclinical evidence supporting the development 
of the combination in the given indication. A majority of 
trials (69%) were conducted in biomarker unselected 
populations or used pre- existing biomarkers within the 
given indication for patient selection. Most studies (66%) 
were considered to have appropriate comparator arms or 
had supportive external data sources such as prior studies 
of monotherapy. All studies were evaluated as selecting 
a clinically meaningful primary endpoint. In conclusion, 
designing trials to evaluate novel–novel combination 
therapies presents numerous challenges to demonstrate 
efficacy in a comprehensive manner. A greater 

understanding of biological rationale for combinations 
and incorporating predictive biomarkers may improve 
effective evaluation of combination therapies. Innovative 
statistical methods and increasing use of external data to 
support combination approaches are potential strategies 
that may improve the efficiency of trial design. Designing 
trials to evaluate novel–novel combination therapies 
presents numerous challenges to demonstrate efficacy 
in a comprehensive manner. A greater understanding of 
biological rationale for combinations and incorporating 
predictive biomarkers may improve effective evaluation of 
combination therapies. Innovative statistical methods and 
increasing use of external data to support combination 
approaches are potential strategies that may improve the 
efficiency of trial design.

INTRODUCTION
With rapid advances in our understanding 
of cancer genomics and immunobiology, an 
expanding number of novel therapies are 
being evaluated in clinical trials.1 As a conse-
quence, there is an exponentially increasing 
number of mathematically possible drug 
combinations,2 including novel–novel combi-
nations, in which two or more drugs are 
investigational and are not yet approved stan-
dards of care. Concordantly, there has been 
an increase in the number of clinical trials 
evaluating combination therapies.3 The use 
of combination therapies to improve effi-
cacy has traditionally been a central tenet 
of medical oncology ever since the initial 
use of combination chemotherapy regimens 
in hematological malignancies and breast 
cancer.4 The underlying rationale is anchored 
in the synergistic or additive effects of drugs 
with differing and potentially complementary 
mechanisms of action to increase the likeli-
hood of response, forestall or overcome resis-
tance and minimize overlapping toxicities. 
However, patient- to- patient variability and 
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the independent action of drugs may also confer benefit 
for combination therapies without additive or synergistic 
interactions.5

Multiarm, ‘pick- the- winner’ or factorial trial designs 
may often be used to evaluate more than one novel treat-
ment individually and in combination in a single trial.6 
However, it may be impractical to conduct such trials 
due to finite resources, particularly with an increasing 
number of novel therapies and potential combinations. 
Identifying which combinations are appropriate in which 
patient subpopulations are among the most difficult ques-
tions in medical research. Garnering regulatory approval 
requires demonstrating that each component of a combi-
nation contributes to its benefit. This creates numerous 
challenges for clinicians, industry and regulatory bodies 
alike in designing, conducting and interpreting trials 
of novel–novel combination therapies. Therefore, the 
rational, efficient and effective evaluation of novel–novel 
drug combinations is crucial. Regulatory agencies, such 
as the US Food and Drug Administration (FDA), have 
recognized these challenges and have released formal 
guidance for trial sponsors.7 Nevertheless, a fine balance 
between the level of evidence required to obtain regula-
tory approval of a novel–novel combination versus the 
practicality of conducting such trials is needed. Further-
more, as the drug development landscape in oncology 
continues to evolve, such as the advent of immunothera-
peutic strategies, capabilities to adapt clinical trial design 
remain crucial.8

We sought to conduct a focused systematic review of clin-
ical trials of novel–novel combination therapies involving 
immunotherapies or molecular targeted therapies in 
advanced solid tumors in order to identify opportunities 
to improve paradigms for the drug development pathway 
and clinical trial evaluation of the efficacy of rational 
combination therapies. Selected studies were evaluated 
and assessed according to a set of criteria adapted from 
the aforementioned FDA guidance and other key consid-
erations in designing trials of novel–novel combination 
therapies. This included the underlying biological ratio-
nale for the combination, the incorporation of an estab-
lished or emerging predictive biomarker, and the clinical 
trial design in terms of comparator arms and the primary 
endpoint.

METHODS
Search strategy
The search strategy was conducted in MEDLINE 
according to a modified Cochrane Highly Sensitive 
Search Strategy to identify published clinical trials that 
evaluated novel combination therapies in advanced solid 
tumors. In order to maintain contemporary relevance 
and focus on the most innovative/promising agents, our 
search covered the time period from July 1, 2017, to June 
30, 2020, and was restricted to articles published in eight 
selected high- tier peer- reviewed journals (New England 
Journal of Medicine, Lancet, Journal of the American Medical 

Association, Lancet Oncology, Journal of Clinical Oncology, 
Cancer Discovery, JAMA Oncology, and Annals of Oncology). 
These journals were selected as the top- ranked general 
medical or general oncology journals by impact factor 
that publish oncology clinical trials according to the 
Journal Citation Reports 2019.

Study selection
A priori inclusion criteria were established. To be eligible 
for inclusion, studies had to be primary research arti-
cles reporting the outcomes of a phase II or III clinical 
trial evaluating novel–novel combination therapy with 
programmed death 1 (PD-1)/programmed death ligand 
1 (PD- L1) or cytotoxic T lymphocyte- associated antigen-4 
(CTLA-4) immune checkpoint targeting agents or molec-
ularly targeted agents. Novel–novel combination therapy 
was defined as two or more investigational drugs, of which 
none were approved or recommended by treatment 
guidelines for the given indication. Exclusion criteria 
included pediatric studies (subjects<18 years of age), 
observational studies, meta- analyses, publications using 
pooled data from two or more trials, dose finding or phase 
I trials, early stage or locally advanced solid tumor studies, 
and hematological studies. In cases of updated analyses 
after initial study publication, studies were included in 
this analysis only if prespecified additional analysis for 
mature data of primary endpoints was being reported. 
Board- certified or equivalent oncologists (ACT and MK) 
reviewed the articles for final eligibility, and disagreement 
was resolved by discussion and consensus.

Data extraction
Data extracted for each study included (1) study name/
clinical trial ID; (2) journal; (3) authors; (4) trial sponsor; 
(5) tumor type and study population (newly diagnosed 
vs recurrent); (6) drugs studied; (7) treatment arms; 
(8) trial phase; (9) treatment regimens; (10) Common 
Terminology Criteria for Adverse Events version used; 
(11) biomarker selection criteria; (12) trial endpoints; 
(13) response data including objective response rate 
(ORR); (14) survival data including progression- free 
survival (PFS) and overall survival (OS); (15) adverse 
event data, including number of total and severe adverse 
events and mortality; (16) FDA approval for the combina-
tion therapy as of September 2020.

Study evaluation and statistical analysis
The trial design of each study was evaluated according 
to a set of criteria adapted from the criteria outlined by 
the FDA in their guidance on the development of novel 
combination therapies.7 As this review consisted only of 
studies involving patients with advanced cancer, it was 
accepted that all studies fulfilled the first FDA criteria, in 
that studies were evaluating a combination treatment for 
a serious disease or condition. Further general criteria in 
the FDA guidance included (1) a strong biological ratio-
nale for use of the combination and (2) the combina-
tion may provide a significant therapeutic advance over 
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available therapy and is superior to the individual agents. 
In addition, factors which contribute to the efficiency of 
trial design and subsequent clinical impact, such as the 
use of external data sources and clinically meaningful 
primary endpoints, were also evaluated.

Trial designs were assessed according to the following 
criteria:
1. A strong biological rationale, defined as any published 

in vitro or in vivo preclinical data demonstrating ac-
tivity specifically for the combination therapy with 
class- specific agents over the individual agents alone 
in the given indication. The presence of a biological 
rationale was considered ‘limited’ if published preclin-
ical data were conducted only in a single experimental 
model system.

2. Use of a new established or emerging predictive bio-
marker prospectively incorporated into the clinical 
trial design to define eligible patients for the combi-
nation therapy and for which there are no approved 
or recommended therapeutic options for the given 
biomarker.

3. Appropriate comparator arms where applicable, allow-
ing for an evaluation of the efficacy and safety of the 
individual agents alone, or supportive external data 
sources such as prior studies of monotherapy.

4. Primary endpoint which demonstrates a clinically 
meaningful benefit in the given indication and ac-
cording to the phase of trial, such as ORR, PFS and/
or OS.

RESULTS
Study selection and characteristics
We identified 160 potentially eligible studies. After full- 
text review and applying the selection criteria, 32 studies 
were included in the final analysis (figure 1). The char-
acteristics of the studies are listed in table 1. Studies were 
broadly classified based on the drug–target combination 
for further in- depth analysis according to the evaluation 
criteria (see online supplemental appendix for additional 
results).

Inhibition of PD-1/PD-L1 and CTLA-4 combination therapy
There were 11 trials of the novel–novel combination of 
anti- PD-1/PD- L1 and anti- CTLA-4 therapy, as shown 
in figure 2, table 2 and online supplemental appendix, 
including six (55%) phase II and five (45%) phase III 
trials. There were four studies conducted in non- small 
cell lung cancer (NSCLC), with a range of other tumor 
types in the remaining studies (figure 2).

Figure 1 Selection of studies evaluating a novel–novel combination therapy with a targeted therapy and/or immune checkpoint 
inhibitor.

https://dx.doi.org/10.1136/jitc-2021-002459
https://dx.doi.org/10.1136/jitc-2021-002459
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Rationale for combinations
We first assessed for the presence of a strong biolog-
ical rationale for the combination approach, according 
to preclinical data supporting superior efficacy of the 
combination compared with the individual agents alone, 
in the given indication. The combination of nivolumab 
and ipilimumab was first approved in unresectable or 
metastatic melanoma in 2015, while there is currently no 
approved indication for the combination of durvalumab 
and tremelimumab. Preclinical models in melanoma 
demonstrated the enhanced antitumor activity for 
combination checkpoint blockade,9 and development 
of the combination was also supported by synergistic 
activity observed in murine colorectal and ovarian tumor 
models.10 11 Anti- CTLA-4 therapy impacts the lymphoid 
compartment, resulting in an increase in the number as 
well as breadth of specificity of tumor antigen reactive 
T cells, whereas anti- PD-1 impacts the immunosuppres-
sion within the tumor microenvironment. Clinical activity 
was subsequently seen in a phase I trial of nivolumab 
and ipilimumab in patients with advanced melanoma.12 
As a result, trials of combination checkpoint blockade 
were evaluated in numerous other cancers. Of the 11 
trials investigating inhibition of PD-1/PD- L1 and CTLA-4 
combination therapy included in this review, there was a 
distinct absence of a strong biological rationale in most 
studied indications, with limited in vitro or in vivo data 
supporting the combination, although in many cases 

Table 1 Study characteristics

Characteristics (n=32) n (%)

Trial phase

  II 20 (62.5)

  III 12 (37.5)

Trial sponsor

  Academic 10 (31)

  Industry 22 (69)

Tumor type

  Breast 1 (3)

  Colorectal 4 (13)

  Endometrial 1 (3)

  HCC 1 (3)

  HNSCC 1 (3)

  Melanoma 1 (3)

  Mesothelioma 1 (3)

  Multiple, including basket 2 (6)

  NSCLC 5 (16)

  Ovarian 2 (6)

  Pancreatic 1 (3)

  RCC 7 (22)

  Salivary 1 (3)

  Sarcoma 3 (9)

  Thyroid 1 (3)

Journal

  Annals of Oncology
  

4 (13)

  Cancer Discovery 0 (0)

  JAMA 0 (0)

  JAMA Oncology 7 (22)

  Journal of Clinical Oncology 5 (16)

  Lancet 1 (3)

  Lancet Oncology 8 (25)

  New England Journal of 
Medicine

7 (22)

Combination therapy

  Immunotherapy 13 (41)

  Targeted therapy 8 (25)

  Both immunotherapy and 
targeted therapy

11 (34)

Drug targets

  PD-1/PD- L1+CTLA-4 11 (34)

  PD-1/PD- L1+VEGF 10 (31)

  BRAF+MEK (±EGFR) 4 (13)

  HER2 2 (6)

  Other* 5 (16)

Biomarker selection

  Selected 15 (47)

Continued

Characteristics (n=32) n (%)

  Unselected 17 (53)

Primary endpoint

  Phase II trials (n=36)

  ORR 15 (75)

  PFS 3 (15)

  OS 1 (5)

  DCR 1 (5)

  Phase III trials (n=12)

  PFS 2 (17)

  OS 3 (25)

  PFS and OS 6 (50)

*Chemotherapy+VEGF, chemotherapy+PARP, PD-1+HPV16 
vaccine, PD-1+oncolytic virus, PD- L1+MEK.
CTLA-4, cytotoxic T lymphocyte- associated antigen-4; DCR, 
disease control rate; EGFR, epidermal growth factor receptor; 
HCC, hepatocellular carcinoma; HER2, human epidermal 
growth factor receptor 2; HNSCC, head and neck squamous 
cell carcinoma; JAMA, The Journal of the American Medical 
Association; MEK, mitogen- activated protein kinase kinase; 
NSCLC, non- small cell lung cancer; ORR, objective response rate; 
OS, overall survival; PARP, poly(ADP- ribose) polymerase; PD-1, 
programmed death 1 
; PD- L1, programmed death ligand 1 
; PFS, progression- free survival; RCC, renal cell carcinoma; VEGF, 
vascular endothelial growth factor.

Table 1 Continued



5Tan AC, et al. J Immunother Cancer 2021;9:e002459. doi:10.1136/jitc-2021-002459

Open access

there were preliminary signs of efficacy in early- phase 
trials, including phase I trials, emphasizing the need for 
better preclinical models to select rational combination 
immunotherapy approaches.13

Utility of biomarkers
Next, we assessed the incorporation of a newly established 
or emerging predictive biomarker into the trial design 
that may suggest efficacy of the combination superior to 
monotherapy. Of the 11 trials, 6 (55%) were conducted in 
unselected patient populations. Four (44%) trials selected 
patients based on PD- L1 status, a previously established 
but somewhat controversial biomarker to select patients 
for anti- PD-1/PD- L1 monotherapy. Only one (9%) trial 
incorporated a new established or emerging biomarker, 
with the CheckMate 227 trial including a coprimary 
endpoint of PFS in patients with high tumor mutation 
burden (TMB) for nivolumab plus ipilimumab versus 
chemotherapy.14

Comparator arms
The use of appropriate comparator arms that would allow 
for the comparison of the efficacy and safety of the indi-
vidual agents alone versus the combination was also crit-
ically examined. This was evaluated in the context of the 
presence or absence of supportive external data sources, 
such as prior studies of monotherapy. Of the phase III 
trials, one trial was conducted in first- line renal cell carci-
noma (RCC), with the remaining trials conducted in 
NSCLC. CheckMate 214 evaluated nivolumab plus ipili-
mumab versus sunitinib as first- line therapy in advanced 
RCC.15 There was prior monotherapy data for ipilim-
umab in a phase II trial that allowed pretreated and treat-
ment naïve patients.16 Nivolumab monotherapy, already 
approved in the treatment resistant setting,17 had also 
been evaluated in treatment- naïve patients in a multi-
cohort phase Ib expansion study.18 CheckMate 227 was 
an open- label phase III randomized trial in untreated 
advanced NSCLC.14 19 The trial was designed to test 
multiple nivolumab- based regimens in different patient 
populations. Nivolumab monotherapy had been previ-
ously evaluated in treatment- naïve advanced NSCLC in 
the phase III CheckMate 026 study in patients with PD- L1 
expression of 5% or more,20 while ipilimumab mono-
therapy had been evaluated in a previous phase II trial.21 
Durvalumab plus tremelimumab was evaluated in two 

phase III trials for NSCLC, with the MYSTIC trial22 as first- 
line therapy and the ARCTIC trial23 as third- line or later 
line therapy. Durvalumab monotherapy had been investi-
gated in the treatment- refractory setting in NSCLC,24 but 
neither durvalumab or tremelimumab monotherapy had 
been previously evaluated in the first- line setting.

Overall, the phase II and III trials of combination anti- 
PD-1/PD- L1 and anti- CTLA-4 therapy were appropriately 
designed with comparator arms of either individual agent 
alone and where there were no prior studies in the given 
indication.

Primary endpoints
The primary endpoints of the selected studies were also 
evaluated. In general, the phase II studies used ORR or 
DCR, while the phase III studies used PFS and/or OS. 
The primary endpoints were assessed overall as appro-
priate and clinically meaningful in all studies.

Inhibition of PD-1/PD-L1 and VEGF combination therapy
There were 10 trials of the novel–novel combination of 
anti- PD-1/PD- L1 and anti- vascular endothelial growth 
factor (VEGF) therapy, as shown in figure 3, online 
supplemental table 1 and online supplemental appendix.

Rationale for combinations
The combination of antiangiogenic therapy and immune 
checkpoint inhibitor therapy is based on evidence 
demonstrating that aberrant angiogenesis is a hallmark 
of many solid tumors, resulting in immune evasion.25 
Therefore, normalization of abnormal tumor vascula-
ture with antiangiogenic therapy may improve immune 
effector cell function by decreasing hypoxia, acidosis and 
nutrient deprivation and may increase the infiltration 
of immune effector cells into the tumor microenviron-
ment in order to enhance the efficacy of immunotherapy. 
VEGF also has pleotropic immunosuppressive effects 
including impairment of dendritic cell function, as well 
as mobilization of immunosuppressive cells such as tumor 
associated macrophages, regulatory T cells, and myeloid- 
derived suppressor cells.26 Consequently, this has led to 
a proliferation of studies of novel–novel combinations 
of therapeutics from these two classes. Improved effi-
cacy with combination inhibition of VEGF and immune 
checkpoint blockade has been shown in animal models 
for melanoma,27 colorectal cancer,28 breast cancer and 

Figure 2 Characteristics of combination anti- PD-1/PD- L1 and anti- CTLA-4 therapy trials. (A) Combination therapy regimen, 
(B) tumor type, and (C) trial phase. HNSCC, head and neck squamous cell carcinoma; NSCLC, non- small cell lung cancer; RCC, 
renal cell carcinoma.

https://dx.doi.org/10.1136/jitc-2021-002459
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pancreatic neuroendocrine tumors.29 Specifically, lenva-
tinib plus anti- PD-1 therapy has also been evaluated 
in murine hepatocellular, colorectal and melanoma 
models.30 31 However, preclinical data demonstrating the 
efficacy of other specific drug combinations are sparse. 
For example, the combination of axitinib plus avelumab 
in RCC had not been published in preclinical models, 
and the rationale for the combination as first- line therapy 
was based on the toxicity profile for axitinib, with lower 
hepatotoxicity compared with sunitinib.32 There were 
also no preclinical data published for the remaining 
combination therapies in the given studied indications.

Utility of biomarkers
Of the 10 trials evaluating combination anti- PD-1/PD- L1 
and anti- VEGF therapy, a majority (80%) were conducted 
in biomarker unselected populations of patients. The 
two (20%) trials, which included biomarker selection 
criteria, selected patients on the basis of PD- L1 IHC for 
avelumab33 and atezolizumab,34 respectively, in advanced 
RCC. PD- L1 IHC had not been previously established as 
a biomarker for patient selection for anti- PD-1/PD- L1 
therapy in advanced RCC and therefore represented a 
new predictive biomarker in this patient population. No 
robust biomarkers for anti- VEGF therapy have been iden-
tified, and consequently, no trial attempted to select a 
biomarker for this class of agents.

Comparator arms
Overall, the phase II trials of combination anti- PD-1/
PD- L1 and VEGF therapy were appropriately designed 
with comparator arms of either individual agent alone 
and where there were no prior studies in the given indica-
tion. Two phase III trials in patients with treatment- naïve 
metastatic RCC involved axitinib combinations. Axitinib 
monotherapy is approved in the second- line setting35 but 
had not been previously evaluated as first- line therapy.

Primary endpoints
The primary endpoint in five of the six phase II trials 
was ORR, with the remaining trial of pembrolizumab 
plus axitinib in metastatic sarcoma using PFS rate at 3 
months as the primary endpoint. Coprimary endpoints 
of PFS and OS were used in the four phase III trials of 
combination anti- PD-1/PD- L1 and anti- VEGF therapy. 
Overall, these endpoints were considered appropriate 
and clinically meaningful. It should be borne in mind 
that in tumors of the central nervous system, both pseu-
doprogression and pseudoresponse have been identified 

as limiting characteristics of immune checkpoint inhib-
itors and antiangiogenic inhibitors, respectively, and in 
certain extracranial settings, concern regarding post- 
treatment peritumoral inflammatory changes (‘pseudo-
progression’) following checkpoint inhibition has been 
described. These could limit the validity of ORR as an 
endpoint in such studies.

Inhibition of BRAF and MEK combination therapy
There were four trials of the novel–novel combination of 
BRAF and mitogen- activated protein kinase kinase (MEK) 
inhibitor therapy, as shown in online supplemental table 
2 and online supplemental appendix. In addition, the 
BEACON CRC trial evaluated epidermal growth factor 
receptor (EGFR) inhibitor therapy in combination with 
BRAF and MEK inhibition.36

Rationale for combinations
In BRAF- mutated melanoma, the combination of BRAF 
and MEK- pathway inhibition had initially established clin-
ical efficacy and tolerability compared with BRAF- inhibitor 
monotherapy with two combinations (dabrafenib plus 
trametinib, and vemurafenib plus cobimetinib).37 38 
BRAF and MEK inhibitor combinations were originally 
developed based on preclinical data demonstrating that 
the combination could improve efficacy and delay the 
emergence of resistance.39 40 Reactivation of the MAPK 
pathway was a commonly reported mechanism of resis-
tance to BRAF- inhibitor monotherapy.41 42 The combi-
nation of encorafenib and binimetinib was subsequently 
evaluated due to the increased potency of encorafenib 
compared with dabrafenib and vemurafenib, related to 
a greater dissociation half- life and improved pharmaco-
dynamics.43 Furthermore, the combination with binime-
tinib, which ameliorated the toxicity of encorafenib 
monotherapy, allowed for high doses of encorafenib in 
the combination treatment.43

The rationale for the inhibition of BRAF, MEK and 
EGFR in BRAF V600E mutated colorectal cancer was 
developed after extensive preclinical investigations char-
acterizing these pathways. Rapid feedback activation 
through EGFR after BRAF inhibition alone explained the 
poor efficacy of BRAF monotherapy and led to the devel-
opment of BRAF plus EGFR inhibitor combinations.44 45 
Subsequently, the combination of BRAF and MEK inhibi-
tion to improve efficacy compared with BRAF plus EGFR 
inhibition was also demonstrated preclinically.46 47

Figure 3 Characteristics of combination anti- PD-1/PD- L1 and anti- VEGF therapy trials. (A) Combination therapy regimen, (B) 
tumor type, and (C) trial phase. HCC, hepatocellular carcinoma; RCC, renal cell carcinoma.

https://dx.doi.org/10.1136/jitc-2021-002459
https://dx.doi.org/10.1136/jitc-2021-002459
https://dx.doi.org/10.1136/jitc-2021-002459
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Utility of biomarkers
All four combination trials of BRAF plus MEK inhibi-
tion selected patients based on the presence of a BRAF 
mutation. For advanced melanoma, there were already 
approved therapies for patients harboring BRAF muta-
tions. In the remaining tumor types, however, the combi-
nation therapies represented a new genotype- directed 
therapeutic option.

Comparator arms and primary endpoints
COLUMBUS was a three- arm, randomized phase III 
study evaluating combination encorafenib (450 mg daily 
dose) plus binimetinib versus encorafenib monotherapy 
(300 mg daily dose) versus vemurafenib monotherapy.48 
Binimetinib monotherapy had previously been investi-
gated in a phase II study for patients with NRAS or BRAF- 
mutated melanoma.49 BEACON CRC (Binimetinib, 
Encorafenib, and Cetuximab Combined to Treat BRAF- 
Mutant Colorectal Cancer) was also a three- arm, random-
ized phase III study, with study arms consisting of triplet 
therapy (encorafenib, binimetinib and cetuximab), 
doublet therapy (encorafenib and cetuximab) or inves-
tigator’s choice of cetuximab plus irinotecan or cetux-
imab plus FOLFIRI (control group).36 There had been 
no prior trials of encorafenib, binimetinib or cetuximab 
monotherapy in patients with advanced BRAF V600E 
mutated colorectal cancer. Cetuximab monotherapy had 
previously been studied in unselected patients with meta-
static colorectal cancer.50 Retrospective analyses, however, 
suggested responses to cetuximab may be lower in patients 
with BRAF mutations.51 Additionally, vemurafenib mono-
therapy had been investigated in BRAF V600E mutated 
colorectal cancer in a small phase II trial and a basket 
trial.52 53 There was no meaningful clinical activity for 
vemurafenib monotherapy, with only one response out of 
31 patients across the two trials. The primary endpoints in 
COLUMBUS and BEACON CRC were both considered 
clinically meaningful.

Inhibition of HER2 combination therapy
There were two studies reporting the novel–novel combi-
nation of human epidermal growth factor receptor 2 
(HER2) inhibitor therapy with trastuzumab and pertu-
zumab, as shown in online supplemental table 3 and online 
supplemental appendix. Both studies were reports from 
the MyPathway basket trial for patients with colorectal 
cancer54 and salivary gland cancers,55 respectively.

Rationale for combinations
In colorectal cancer, pre- clinical data from HER2- 
amplified colorectal tumor grafts or xenografts, had 
demonstrated limited activity of single agent HER2 
targeted therapy with trastuzumab, pertuzumab or lapa-
tinib.56 57 Anti- tumor activity however, was increased with 
combination HER2 targeting regimens, although with 
trastuzumab plus lapatinib or pertuzumab plus lapa-
tinib. The complementary mechanisms of action of tras-
tuzumab and pertuzumab, and demonstrated efficacy 

in breast cancer,58 provided a strong rationale for this 
combination in HER2- amplified colorectal cancer.

Utility of biomarkers
As HER2 targeted therapies had not been approved in 
either tumor type, both studies were assessed as incorpo-
rating a new established or emerging biomarker.

Comparator arms and primary endpoints
As a phase IIa multiple basket trial of various targeted 
therapies in advanced solid tumors, ORR was considered 
an appropriate and clinically meaningful endpoint for 
the MyPathway trial. Understandably, as a basket trial, 
comparator arms of either trastuzumab or pertuzumab 
monotherapy were not included in this trial.

Other combination therapies
There were five trials evaluating other novel–novel 
combination therapies, including chemotherapy plus 
VEGF inhibitor therapy, chemotherapy plus poly(ADP- 
ribose) polymerase (PARP) inhibitor therapy, anti- PD-1 
plus HPV16 vaccine therapy, anti- PD-1 plus an oncolytic 
virus therapy, and anti- PD- L1 plus MEK inhibitor therapy 
(online supplemental appendix and online supplemental 
table 4).

COTEZO IMblaze 370 was a three- arm randomized 
phase III study of atezolizumab plus cobimetinib versus 
atezolizumab monotherapy versus regorafenib in patients 
with previously treated metastatic colorectal cancer.59 In 
the initial phase I trial of cobimetinib monotherapy, there 
were 41 patients with metastatic colorectal cancer, but no 
responses were seen.60 The combination of anti- PD- L1 
and MEK inhibitor in colorectal cancer was developed on 
the basis of preclinical data, suggesting MEK inhibition 
could affect the immune contexture in the tumor micro-
environment.61 Cobimetinib had been shown to increase 
T- cell infiltration into tumors and downregulate immu-
nosuppressive cytokines and receptors.62 Combination 
therapy of cobimetininb with anti- PD- L1 inhibition also 
resulted in synergistic and durable tumor regression in 
mice models.62

BROCADE was a three- arm phase II trial for patients 
with BRCA1/2- mutated recurrent or metastatic breast 
cancer.63 Patients were randomized to receive veliparib 
plus carboplatin/paclitaxel or veliparib plus temozolo-
mide or carboplatin/paclitaxel. The primary endpoint 
was PFS comparing both veliparib containing arms with 
chemotherapy alone. Veliparib plus temozolomide was 
considered the novel–novel combination for this review. 
Veliparib monotherapy had been evaluated in a single- arm 
phase II trial for patients with germline BRCA1/2 asso-
ciated metastatic breast cancer,64 while temozolomide 
monotherapy had previously shown a lack of activity in an 
unselected population of patients with metastatic breast 
cancer.65 The rationale for the combination of temozolo-
mide and veliparib was from preclinical breast cancer 
models which demonstrated synergistic activity for the 
combination.66 67 At the time the study was developed, 

https://dx.doi.org/10.1136/jitc-2021-002459
https://dx.doi.org/10.1136/jitc-2021-002459
https://dx.doi.org/10.1136/jitc-2021-002459
https://dx.doi.org/10.1136/jitc-2021-002459
https://dx.doi.org/10.1136/jitc-2021-002459
https://dx.doi.org/10.1136/jitc-2021-002459
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there were no targeted therapies approved for patients 
BRCA1/2- mutated breast cancers.68

Overall evaluation of novel–novel combination therapies in 
oncology
The overall assessment and evaluation of trial designs of 
novel–novel combination therapies according to the four 
criteria are shown in figure 4.

Discussion
With an expanding number of novel therapies in clin-
ical development and possible drug combinations, the 
fundamental challenge remains to evaluate rational 
combinations efficiently and effectively. In particular, a 
mechanistic understanding of the contribution of each 
drug to the treatment effect is needed, both from a scien-
tific and regulatory perspective.69 Based on a systematic 
review of the top general medical and oncology journals 
over the past 3 years, we identified 32 recently published 
trials evaluating novel–novel combinations and evaluated 
each trial according to criteria adapted from FDA guid-
ance on the development of novel combination therapies 
(box 1).

First, we assessed the strength of the biological rationale 
according to the presence of published preclinical data. 
Most trials (72%) lacked significant preclinical evidence 
supporting the development of the combination in the 
given indication. This was particularly evident in studies 
evaluating combination immune checkpoint blockade, 
for which there were only two studies with limited preclin-
ical data in colorectal and ovarian cancers. This could, in 
part, be attributed to difficulties in developing preclinical 
animal models for immunotherapy, due to the inability of 
immunocompetent animal models to fully recapitulate 

the human immune system.70 Phase I studies were also 
excluded from our analysis, for which preclinical data may 
be especially relevant in the initial decision to evaluate a 
combination. Notably, however, significant clinical efficacy 
in tumor types such as NSCLC14 19 and RCC15 has been 
seen, despite the lack of supportive preclinical data. For 
some of these tumors (such as RCC), evidence of single 
agent activity or early efficacy in phase I trials served as 
the rationale for subsequent combination phase II and 
III studies. Coupled with the initial outcomes of trials in 
melanoma,12 this has resulted in a rapid increase in the 
number of combination immunotherapy trials.3 Neverthe-
less, the value of numerous trials with overlap and duplica-
tion in the combination partner targets, being conducted 
in unselected patients can be questioned,3 particularly in 
cancers for which single- agent immunotherapy has no 
activity. This observation highlights the importance of a 
greater understanding of tumor- specific immunity and the 
need to develop more effective biomarkers.71 Given the 
expanding number of potential combinations, rational 
selection of combinations based on mechanistic evidence 
and robust biological rationale is crucial.72 Additionally, 
for many trials in our review, preclinical data supporting 
the combination may have been demonstrated in other 
tumor types outside the given trial’s studied indication. 
Particularly for targeted therapies, there can be significant 
diversity across tumor types in the actionability of onco-
genic driver mutations.73 BRAF V600E mutations are a 
prominent example, with a spectrum of activity for combi-
nation BRAF and MEK inhibition across histologies.74 This 
diversity is also exemplified in colorectal cancer, with the 
role for combined BRAF plus EGFR inhibition demon-
strated elegantly in preclinical studies.44

Figure 4 Overall evaluation of novel–novel combination therapies of immune checkpoint inhibitors or molecular targeted 
agents in solid tumor oncology. (A) Strong biological rationale, (B) new biomarker, (C) comparator arms of monotherapy, and (D) 
clinically meaningful primary endpoint.
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We then evaluated the use of a newly established or 
emerging predictive biomarker incorporated into the 
clinical trial design. Similarly, we found that a majority 
of trials (69%) were conducted in biomarker unselected 
populations or used pre- existing biomarkers within 
the given indication for patient selection. No studies 
included separate novel predictive biomarkers for both 
novel agents. Biomarker- driven clinical trial designs and 
analysis plans present additional challenges and require 
careful consideration of the biomarkers’ performance 
and clinical utility.75 However, the use of biomarker- 
selected patients has the potential to both improve 
patient care and accelerate drug development with 
greater efficiency.76 CheckMate 227,14 which incorpo-
rated association of TMB with OS as a second coprimary 
endpoint after an amendment prior to the initial analysis, 
demonstrated the flexibility of a large phase III trial to 
adapt to the emerging science. The biomarker was also 
investigated as a subset of the overall trial population—
an important consideration in prospective biomarker- 
driven clinical trial design. Ultimately, the role for TMB 
as a predictive biomarker in NSCLC remains unclear.77 
Furthermore, despite tissue agnostic approval for TMB of 
≥10 as a biomarker for pembrolizumab,78 there remains 
controversy over its use with numerous biological and 
practical considerations across tumor types.79 80 This illus-
trates the difficulties in identifying predictive biomarkers, 
which may lag behind the development of novel therapeu-
tics.81 Dynamic biomarkers, which may change over time 
as tumors evolve, and the cost of developing biomarkers 
further complicate the development process. Neverthe-
less, particularly for immunotherapies, different agents 
may have pleiotropic effects on a variety of different cells 
and compartments where they are operational. There 
may also be heterogeneity in the relative contribution of 

Box 1 What is specifically learned about combinations of 
novel–novel agents?

Summary: We searched MEDLINE according to a modified Cochrane 
Highly Sensitive Search Strategy to identify published clinical trials 
that evaluated novel combination therapies in advanced solid tumors. 
Our search covered the period from July 1, 2017, to June 30, 2020. 
We restricted our search to articles published in eight selected peer- 
reviewed journals (New England Journal of Medicine, Lancet, Journal of 
the American Medical Association, Lancet Oncology, Journal of Clinical 
Oncology, Cancer Discovery, JAMA Oncology and Annals of Oncology). 
We identified 160 potentially eligible studies. After full- text review and 
applying the selection criteria, 32 studies were included in the final 
analysis (figure 1). Studies were broadly classified based on the drug–
target combination for further in- depth analysis. Below is a summary of 
the key messages and recommendation.
A. Key Messages
1. Combinations are the future of clinical trials and this is so in most 

diseases.
2. Identifying which combinations are appropriate and in which pa-

tient subpopulations are among the most difficult questions in 
medical research.

3. In 72% of the analyzed studies, there was no significant preclinical 
evidence supporting the development of the specific combination 
in the given indication. This was especially true in studies with 
combination immune checkpoint blockade. This, in part, may be 
due to difficulties in developing immunocompetent animal models 
to fully recapitulate the human immune system.

4. In 69% of the analyzed studies, trial populations were unselected 
and did not use pre- existing predictive biomarkers for the given 
indication for patient selection.

5. Sixty- six per cent of the trials analyzed had appropriate comparator 
arms or had supportive external data sources such as monother-
apy prior studies.

6. A greater understanding of the biological rationale for the combi-
nation and incorporating novel biomarkers can improve the prac-
tical evaluation of novel–novel combination therapies. However, 
biomarker- driven clinical trials using combination therapies pres-
ent additional challenges and require careful consideration of the 
biomarkers’ performance and clinical utility.

7. Actionability of oncogenic driver mutations and utility of a specific 
biomarker in one cancer type does not predict similar outcomes 
in other cancers, for example, EGFR in NSCLC versus CRC, TMB in 
NSCLC versus gliomas. Therefore, preclinical and clinical rationales 
for biomarker- driven combination therapies in one cancer cannot 
justify a combination trial in another histology.

8. There were no prior activity data for monotherapy in specific tumor 
cohorts in many basket trials (eg, MyPathway and ROAR).

9. Garnering regulatory approval requires demonstrating that 
each component of a combination contributes to its benefit. 
Such demonstrations may entail factorial designs and require 
interacting closely with regulators.

10. Partial factorial designs in adaptive clinical trials are likely to 
be the best and most efficient solutions for the future, espe-
cially in the context of precision medicine where biomarker- 
defined subpopulations are becoming the norm.

B. Recommendations
1. Avoid duplication in partner targets in unselected patients, par-

ticularly in cancers for which single- agent immunotherapy has no 
activity.

Continued

Box 1 Continued

2. In the design of a combination, consider whether other monotherapy 
arms are required when trial designs are conceived.

3. Consider if randomized arms of monotherapy are ethical; for ex-
ample, if based on the mechanism of action, no clinical activity of 
monotherapy is expected.

4. Consider use of milestone survival or response endpoints to more 
efficiently generate early evidence.

5. Consider the incorporation of real- world evidence and novel hybrid 
designs, including in regulatory decision making.

6. Consider using (historical) data on single- agent efficacy, ideally to 
be obtained from multiple datasets and for all agents within the 
combination.

7. Consider introducing experimental therapies, including novel–novel 
combinations, into the trial at any time, allowing for rational combi-
nations based on new biological or clinical insights.

8. Consider innovative but sound statistical methods, including 
use of historical or external data sources to support combination 
approaches.

CRC, colorectal cancer; EGFR, epidermal growth factor receptor; NSCLC, non- 
small cell lung cancer; TMB, tumor mutational burden.
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the various elements among patients. Therefore, without 
relevant biomarker selection- driven trial design, clinical 
efficacy may not be gleaned with an all- comers approach.

Trial design with appropriate comparator arms of mono-
therapy was also assessed for each trial. Most studies (66%) 
were considered to have appropriate comparator arms 
or had supportive external data sources such as prior 
studies of monotherapy. Noticeably, in basket trials, such 
as MyPathway54 55 and ROAR (Rare Oncology Agnostic 
Research),82 there were no data for monotherapy in certain 
tumor cohorts. However, basket trials in rare tumor types 
or uncommon molecular subsets clearly face practical 
challenges in terms of statistical design and patient recruit-
ment. This emphasizes the need for a comprehensive 
understanding of tumor biology to identify optimal combi-
nations.83 There is also increasing use and acceptance of 
real- world evidence in regulatory decision making.84 Histor-
ical data on single- agent efficacy would ideally come from 
multiple datasets and for all agents within the combina-
tion.85 There may also be situations in which randomized 
arms of monotherapy may be unethical, for example, if 
no clinical activity of monotherapy is expected based on 
the mechanism of action. This heightens the importance 
of careful consideration to determine whether additional 
arms of monotherapy are required when trial designs are 
conceived.

Finally, all studies were evaluated as selecting a primary 
endpoint, which demonstrated a clinically meaningful 
benefit. Nonetheless, there can be complexities in deter-
mining the validity of surrogate endpoints particularly for 
early- phase combination immunotherapy trials. Milestone 
survival or response endpoints are increasingly used86 to 
more efficiently generate early evidence. KEYNOTE-14687 
for example, had a primary endpoint of ORR at 24 weeks, 
and ultimately was the basis of FDA approval for the combi-
nation of pembrolizumab plus lenvatinib in endometrial 
cancer.88 This trial also provides important insights into 
the use of historical data to evaluate the treatment effect 
of lenvatinib and pembrolizumab monotherapy.89 90 Addi-
tional exploratory post hoc analyses using propensity score 
approaches were also conducted by the FDA to evaluate the 
contribution of each agent.88 Importantly though, confir-
matory randomized trials evaluating the combination are 
still ongoing.

Collectively, our review has identified that improvements 
in the effective evaluation of novel–novel combination ther-
apies are clearly needed. Many of these findings may also 
be applicable to other combination therapies, including a 
new combination of two previously approved agents or the 
addition of a new agent to an existing approved therapy. 
In box 1, we provide a series of recommendations on the 
efficient design of future clinical trials evaluating novel 
combination therapies. Novel adaptive trial designs repre-
sent one approach that may enhance the efficiency of 
trials. GBM AGILE, a phase II/III adaptive platform trial 
(NCT03970447), is an example which incorporates statistical 
innovations such as Bayesian Adaptive design in a seamless 
registration trial.91 Candidate biomarkers may be identified 

and validated under this single platform master protocol. 
Furthermore, experimental therapies, including novel–
novel combinations, may be introduced into the trial at any 
time, allowing for rational combinations based on advances 
in our biological understanding of tumors. Pharmaceutical 
platforms are also increasingly using multiarm random-
ized trials, for example, MORPHEUS (NCT03193190, 
NCT03281369, NCT03280563, NCT03424005, and 
NCT03337698), with multiple combination therapy arms 
compared against a single standard- of- care control arm, 
and allow for the introduction of novel–novel combina-
tions at any time.92 Additionally, seamless phase I/II trials 
are becoming more commonly used93 and highlight that 
many of the considerations we have outlined previously 
may become increasingly important in the strategic design 
of early- phase studies as well. In particular, this includes the 
introduction of experimental rational combinations based 
on emerging biological or clinical insights—to establish 
appropriate dosing and characterize safety.

There are several limitations to our review, including the 
restricted time period (July 2017–June 2020) and journal 
selection, which may have introduced inherent publication 
bias into the studies included in our review. However, there 
were still 6/32 (19%) trials, which did not meet the primary 
endpoint included, and our evaluation criteria were not 
dependent on the trial’s primary outcome. In selecting only 
published trials, which was required to assess our evaluation 
criteria, contemporary trials such as the aforementioned 
adaptive platform trials will have been excluded. Broader 
evaluation of ongoing and unpublished trials is therefore 
also warranted, although outside the scope of this study. 
The included trials also represent the data known at the 
time of initial publication, not necessarily the data known at 
the time of trial design, and may therefore not completely 
reveal the historical sequence of events at the time of 
study conception. Ultimately though, there also needs to 
be inherent flexibility to adapt to rapidly evolving clinical 
paradigms. Lastly, there is significant heterogeneity of the 
included trials, particularly with regard to tumor types, trial 
design and mechanism of action of drug combinations. 
Nevertheless, the primary focus of this review was to identify 
guiding principles to improve trial efficiency in evaluating 
novel–novel drug combinations. Our analysis provided key 
insights into the published literature with recommenda-
tions (box 1) to improve paradigms for drug development 
and future trial design.

CONCLUSIONS
Designing trials to evaluate novel–novel combination 
therapies presents numerous challenges to demon-
strate efficacy in a comprehensive manner. Critically, 
a greater understanding of the biological rationale for 
the combination and incorporating novel predictive 
biomarkers may further improve the effective evalua-
tion of novel–novel combination therapies. Innovative 
statistical methods and increasing the use of histor-
ical or external data sources to support combination 
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approaches are potential strategies that may improve 
the efficiency of trial design.

Author affiliations
1Division of Medical Oncology, National Cancer Centre Singapore, Singapore
2Duke- NUS Medical School, National University of Singapore, Singapore
3Abramson Cancer Center and Perelman School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania, USA
4Center for Neuro- Oncology, Dana- Farber Cancer Institute, Boston, Massachusetts, 
USA
5Department of Neurosurgery, Stanford University, Stanford, California, USA
6Department of Neurology, Heidelberg University Hospital, Heidelberg, Germany
7DKTK CCU Neuroimmunology and Brain Tumor Immunology, German Cancer 
Research Centre, Heidelberg, Germany
8Huntsman Cancer Institute, University of Utah, Salt Lake City, Utah, USA
9Duke Cancer Institute, Duke University, Durham, North Carolina, USA
10Department of Neurological Surgery, University of California San Francisco, San 
Francisco, California, USA
11Division of Medical Oncology, Mayo Clinic Rochester, Rochester, Minnesota, USA
12Department of Neurosurgery, Penn State Cancer Institute, Hershey, Pennsylvania, 
USA
13Division of Medical Oncology, University of North Carolina at Chapel Hill School of 
Medicine, Chapel Hill, North Carolina, USA
14Department of Radiation Oncology, Miami Cancer Institute, Miami, Florida, USA
15Department of Neurosurgery, Northwestern University, Chicago, Illinois, USA
16Department of Neurooncology, The University of Texas MD Anderson Cancer 
Center, Houston, Texas, USA
17Department of Neuro- oncology, H. Lee Moffitt Cancer Center and Research 
Institute, Tampa, Florida, USA
18NHMRC Clinical Trials Centre, University of Sydney, Camperdown, New South 
Wales, Australia
19Department of Biostatistics, University of Texas MD Anderson Cancer Center, 
Houston, Texas, USA

Twitter Michael Platten @platten_michael, Solmaz Sahebjam @SolmazSahebjam 
and Mustafa Khasraw @mkhasraw

Contributors ACT, SJB, PYW, DB and MK conceived of the study and performed the 
data analysis. All authors performed data interpretation, contributed to the writing of 
the manuscript, and read and approved the final manuscript.

Funding The authors have not declared a specific grant for this research from any 
funding agency in the public, commercial or not- for- profit sectors.

Competing interests ACT reports consultant or advisory roles for Amgen. SJB 
reports research grants from Incyte, Eli Lilly, Novocure, GSK; consultant or advisory 
roles for Bayer and Novocure; and US patent for 'Combination therapies of 
EGFRvIII chimeric antigen receptors and PD-1 inhibitors'. PYW reports consultant 
or advisory roles for Agios, Astra Zeneca, Bayer, Boston Pharmaceuticals, CNS 
Pharmaceuticals, Elevate Bio Immunomic Therapeutics, Imvax, Karyopharm, 
Merck, Novartis, Nuvation Bio, Vascular Biogenics, VBI Vaccines, Voyager and QED; 
research funding from Agios, Astra Zeneca/Medimmune, Beigene, Celgene, Eli Lily, 
Genentech/Roche, Kazia, MediciNova, Merck, Novartis, Nuvation Bio, Oncoceutics, 
Vascular Biogenics and VBI Vaccines; is an editor for UpToDate and Elsevier. ML 
reports consultant or advisory roles for Tocagen, SQZ Technologies, VBI, InCephalo 
Therapeutics and Pyramid Bio; non- research consulting roles for Stryker; research 
support from Arbor, Bristol- Myers Squibb, Accuray, DNAtrix, Tocagen, Biohaven and 
Kyrin- Kyowa; and has patents for focused radiation+checkpoint inhibitors and local 
chemotherapy+checkpoint inhibitors. MP reports consultant or advisory roles for 
non- financial support from Roche, personal fees and non- financial support from 
Bayer, personal fees from Novartis, personal fees from Apogenix, non- financial 
support from Pfizer, personal fees from Affiris outside the submitted work. In 
addition, MP has a patent EP2753315B1 licensed to Bayer, a patent EP2800580B1 
issued, a patent US20180155403A1 pending, a patent US20180246118A1 pending, 
a patent US20170254803A1 pending, a patent WO2018146010A1 licensed to 
Bayer, a patent WO2019101643A1 licensed to Bayer, a patent WO2019101647A1 
licensed to Bayer, a patent WO2019101641A1 licensed to Bayer, and a patent 
WO2019101642A1 licensed to Bayer. HC reports consultant or advisory roles for 
Best Doctors/Teladoc, Karyopharm Therapeutics, Private Health, Orbus, Bayer, 
Forma Therapeutics and Adastra Pharmaceuticals; research funding (Inst) from 
Newlink Genetics, Plexxikon, Kadmon, Orbus, Merck, DNATrix, Abbvie, Beigene, 
Forma Therapeutics, GCAR, Array BioPharma, Karyopharm, Nuvation Bio, Bayer and 

Bristol Meyer Squibb. DMA reports stock and other ownership interests in Diverse 
Biotech; consulting or advisory roles for Istari Oncology and Jackson Laboratory 
for Genomic Medicine; patents, royalties, other intellectual property for 'Methods 
for predicting tumor response to immunotherapy, U.S. Provisional application 
no. 62/787' and 'Methods for predicting tumor response to immunotherapy, U.S. 
Provisional application no. 62/620,577'; and expert testimony for Tanoury, Nauts, 
McKinney & Gabarino, PLLC. WW reports consultant or advisory roles (Inst) for 
Agios, Bayer, MSD, Novartis and Roche; research funding (Inst) from Apogenix, 
Boehringer Ingelheim, Pfizer and Roche. SMC reports research funding (Inst) from 
Agios. EG reports consultant or advisory roles (Inst) for MedImmune, Inc., Agios 
Pharmaceuticals and Karyopharm; consultant or advisory roles for Gradalis, Inc. and 
Kiyatec, Inc.; research funding (Inst) from MedImmune, Inc., Tracon, Genentech and 
Bristol- Myers Squibb. MPM reports consultant or advisory roles for Zap, Mevion, 
Karyopharm, Tocagen and Astra- Zeneca; and Board of Directors options from 
Oncoceutics. ABH reports consultant or advisory roles for Caris Life Sciences and 
WCG Oncology; royalties on licensed intellectual property from Celldex Therapeutics 
and DNAtrix; research funding from Celularity, Carthera, Codiak, and Moleculin. 
DAR reports consultant or advisory roles for Abbvie, Advantagene, Agenus, Amgen, 
Bayer, Bristol- Myers Squibb, Celldex, DelMar, EMD Serono, Genentech/Roche, 
Imvax, Inovio, Medicenna Biopharma, Inc., Merck, Merck KGaA, Monteris, Novocure, 
Oncorus, Oxigene, Regeneron, Stemline, Sumitono Dainippon Pharma and Taiho 
Oncology, Inc.; honoraria from Abbvie, Advantagene, Agenus, Bristol- Myers Squibb, 
Celldex, EMD Serono, Genentech/Roche, Imvax, Inovio, Medicenna Biopharma, Inc., 
Merck, Merck KGaA, Monteris, Novocure, Oncorus, Oxigene, Regeneron, Stemline, 
Sumitono Dainippon Pharma and Taiho Oncology, Inc.; research funding (Inst) 
from Acerta Phamaceuticals, Agenus, Celldex, EMD Serono, Incyte, Inovio, Omniox 
and Tragara. SS reports consultant or advisory roles for Merck and Boehringer 
Ingelheim; research funding from Merck, Bristol- Myers Squibb, and Brooklyn 
ImmunoTherapeutics. RJS reports research funding (Inst) from Bayer, Astra Zeneca, 
Pfizer, Astella, Roche, Merck, Abbvie and Amgen. SJA reports consultant or advisory 
roles for Achilles, Amgen, AstraZeneca, Bristol- Myers Squibb, Caris Life Sciences, 
CBMG, Celsius Therapeutics, G1 Therapeutics, GlaxoSmithKline, Memgen, Merck, 
Nektar, RAPT Therapeutics, Venn, Glympse and Samyang; data review committee 
for EMD Serano. DB is co- owner of Berry Consultants, LLC, a company that designs 
adaptive Bayesian clinical trials for pharmaceutical and medical device companies, 
NIH cooperative groups, patient advocacy groups, and international consortia. MK 
reports consultant or advisory roles for Janssen, AbbVie, Ipsen, Pfizer Roche, and 
Jackson Laboratory for Genomic Medicine; research funding from AbbVie, Bristol- 
Myers Squibb, and Specialized Therapeutics. AM, SK and VKP report no conflicts of 
interest.

Patient consent for publication Not required.

Provenance and peer review Not commissioned; externally peer reviewed.

Supplemental material This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer- reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non- commercial. See http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

ORCID iDs
Aaron C Tan http:// orcid. org/ 0000- 0001- 7292- 1114
Michael Platten http:// orcid. org/ 0000- 0002- 4746- 887X
Amy B Heimberger http:// orcid. org/ 0000- 0002- 9970- 8695
Mustafa Khasraw http:// orcid. org/ 0000- 0003- 3249- 9849

REFERENCES
 1 Scarlett UK, Chang DC, Murtagh TJ, et al. High- Throughput testing 

of Novel- Novel combination therapies for cancer: an idea whose time 
has come. Cancer Discov 2016;6:956–62.

https://twitter.com/platten_michael
https://twitter.com/SolmazSahebjam
https://twitter.com/mkhasraw
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-7292-1114
http://orcid.org/0000-0002-4746-887X
http://orcid.org/0000-0002-9970-8695
http://orcid.org/0000-0003-3249-9849
http://dx.doi.org/10.1158/2159-8290.CD-16-0440


13Tan AC, et al. J Immunother Cancer 2021;9:e002459. doi:10.1136/jitc-2021-002459

Open access

 2 Al- Lazikani B, Banerji U, Workman P. Combinatorial drug therapy for 
cancer in the post- genomic era. Nat Biotechnol 2012;30:679–92.

 3 Tang J, Shalabi A, Hubbard- Lucey VM. Comprehensive analysis of 
the clinical immuno- oncology landscape. Ann Oncol 2018;29:84–91.

 4 DeVita VT, Chu E. A history of cancer chemotherapy. Cancer Res 
2008;68:8643–53.

 5 Palmer AC, Sorger PK. Combination cancer therapy can confer 
benefit via Patient- to- Patient variability without drug additivity or 
synergy. Cell 2017;171:1678–91.

 6 Freidlin B, Korn EL. Two- by- Two factorial cancer treatment trials: is 
sufficient attention being paid to possible interactions? J Natl Cancer 
Inst 2017;109:djx146. doi:10.1093/jnci/djx146

 7 Food US, Administration D. Guidance for industry: codevelopment of 
two or more new investigational drugs for use in combination. Silver 
Spring, MD: FDA, 2013.

 8 Friends of Cancer Research. Opportunities for combination drug 
development: data sources and innovative strategies to assess 
contribution of components, 2019. Available: https:// frie ndso fcan 
cerr esearch. org/ sites/ default/ files/ Combo_ Drug_ Development_ 
Whitepaper_ 1. pdf

 9 Curran MA, Montalvo W, Yagita H, et al. PD-1 and CTLA-4 
combination blockade expands infiltrating T cells and reduces 
regulatory T and myeloid cells within B16 melanoma tumors. Proc 
Natl Acad Sci U S A 2010;107:4275–80.

 10 Selby MJ, Engelhardt JJ, Johnston RJ, et al. Preclinical development 
of ipilimumab and nivolumab combination immunotherapy: mouse 
tumor models, in vitro functional studies, and cynomolgus macaque 
toxicology. PLoS One 2016;11:e0161779.

 11 Duraiswamy J, Kaluza KM, Freeman GJ, et al. Dual blockade of PD-1 
and CTLA-4 combined with tumor vaccine effectively restores T- cell 
rejection function in tumors. Cancer Res 2013;73:3591–603.

 12 Wolchok JD, Chiarion- Sileni V, Gonzalez R, et al. Overall survival with 
combined nivolumab and ipilimumab in advanced melanoma. N Engl 
J Med 2017;377:1345–56.

 13 Melero I, Berman DM, Aznar MA, et al. Evolving synergistic 
combinations of targeted immunotherapies to combat cancer. Nat 
Rev Cancer 2015;15:457–72.

 14 Hellmann MD, Ciuleanu T- E, Pluzanski A, et al. Nivolumab plus 
ipilimumab in lung cancer with a high tumor mutational burden. N 
Engl J Med 2018;378:2093–104.

 15 Motzer RJ, Tannir NM, McDermott DF, et al. Nivolumab plus 
ipilimumab versus sunitinib in advanced renal- cell carcinoma. N Engl 
J Med 2018;378:1277–90.

 16 Yang JC, Hughes M, Kammula U, et al. Ipilimumab (anti- CTLA4 
antibody) causes regression of metastatic renal cell cancer 
associated with enteritis and hypophysitis. J Immunother 
2007;30:825–30.

 17 Motzer RJ, Rini BI, McDermott DF, et al. Nivolumab for metastatic 
renal cell carcinoma: results of a randomized phase II trial. J Clin 
Oncol 2015;33:1430–7.

 18 Choueiri TK, Fishman MN, Escudier B, et al. Immunomodulatory 
activity of nivolumab in metastatic renal cell carcinoma. Clin Cancer 
Res 2016;22:5461–71.

 19 Hellmann MD, Paz- Ares L, Bernabe Caro R, et al. Nivolumab plus 
ipilimumab in advanced non- small- cell lung cancer. N Engl J Med 
2019;381:2020–31.

 20 Carbone DP, Reck M, Paz- Ares L, et al. First- Line nivolumab in 
stage IV or recurrent non- small- cell lung cancer. N Engl J Med 
2017;376:2415–26.

 21 Lynch TJ, Bondarenko I, Luft A, et al. Ipilimumab in combination 
with paclitaxel and carboplatin as first- line treatment in stage IIIB/IV 
non- small- cell lung cancer: results from a randomized, double- blind, 
multicenter phase II study. J Clin Oncol 2012;30:2046–54.

 22 Rizvi NA, Cho BC, Reinmuth N, et al. Durvalumab with or without 
tremelimumab vs standard chemotherapy in first- line treatment 
of metastatic non- small cell lung cancer: the MYSTIC phase 3 
randomized clinical trial. JAMA Oncol 2020;6:661–74.

 23 Planchard D, Reinmuth N, Orlov S, et al. ARCTIC: durvalumab with 
or without tremelimumab as third- line or later treatment of metastatic 
non- small- cell lung cancer. Ann Oncol 2020;31:609–18.

 24 Garassino MC, Cho B- C, Kim J- H, et al. Durvalumab as third- 
line or later treatment for advanced non- small- cell lung cancer 
(ATLANTIC): an open- label, single- arm, phase 2 study. Lancet Oncol 
2018;19:521–36.

 25 Fukumura D, Kloepper J, Amoozgar Z, et al. Enhancing cancer 
immunotherapy using antiangiogenics: opportunities and challenges. 
Nat Rev Clin Oncol 2018;15:325–40.

 26 Yang J, Yan J, Liu B. Targeting VEGF/VEGFR to modulate antitumor 
immunity. Front Immunol 2018;9:978.

 27 Ott PA, Hodi FS, Buchbinder EI. Inhibition of immune checkpoints 
and vascular endothelial growth factor as combination therapy for 

metastatic melanoma: an overview of rationale, preclinical evidence, 
and initial clinical data. Front Oncol 2015;5:202.

 28 Yasuda S, Sho M, Yamato I, et al. Simultaneous blockade of 
programmed death 1 and vascular endothelial growth factor receptor 
2 (VEGFR2) induces synergistic anti- tumour effect in vivo. Clin Exp 
Immunol 2013;172:500–6.

 29 Allen E, Jabouille A, Rivera LB, et al. Combined antiangiogenic 
and anti- PD- L1 therapy stimulates tumor immunity through HEV 
formation. Sci Transl Med 2017;9. doi:10.1126/scitranslmed.aak9679. 
[Epub ahead of print: 12 04 2017].

 30 Kato Y, Tabata K, Kimura T, et al. Lenvatinib plus anti- PD-1 antibody 
combination treatment activates CD8+ T cells through reduction 
of tumor- associated macrophage and activation of the interferon 
pathway. PLoS One 2019;14:e0212513.

 31 Kimura T, Kato Y, Ozawa Y, et al. Immunomodulatory activity 
of lenvatinib contributes to antitumor activity in the Hepa1-6 
hepatocellular carcinoma model. Cancer Sci 2018;109:3993–4002.

 32 Choueiri TK, Larkin J, Oya M, et al. Preliminary results for avelumab 
plus axitinib as first- line therapy in patients with advanced clear- cell 
renal- cell carcinoma (javelin renal 100): an open- label, dose- finding 
and dose- expansion, phase 1b trial. Lancet Oncol 2018;19:451–60.

 33 Motzer RJ, Penkov K, Haanen J, et al. Avelumab plus axitinib 
versus sunitinib for advanced renal- cell carcinoma. N Engl J Med 
2019;380:1103–15.

 34 Rini BI, Powles T, Atkins MB, et al. Atezolizumab plus bevacizumab 
versus sunitinib in patients with previously untreated metastatic renal 
cell carcinoma (IMmotion151): a multicentre, open- label, phase 3, 
randomised controlled trial. Lancet 2019;393:2404–15.

 35 Rini BI, Escudier B, Tomczak P, et al. Comparative effectiveness of 
axitinib versus sorafenib in advanced renal cell carcinoma (axis): a 
randomised phase 3 trial. Lancet 2011;378:1931–9.

 36 Kopetz S, Grothey A, Yaeger R, et al. Encorafenib, Binimetinib, and 
Cetuximab in BRAF V600E- Mutated Colorectal Cancer. N Engl J Med 
2019;381:1632–43.

 37 Long GV, Stroyakovskiy D, Gogas H, et al. Combined BRAF and MEK 
inhibition versus BRAF inhibition alone in melanoma. N Engl J Med 
2014;371:1877–88.

 38 Larkin J, Ascierto PA, Dréno B, et al. Combined vemurafenib 
and cobimetinib in BRAF- mutated melanoma. N Engl J Med 
2014;371:1867–76.

 39 Paraiso KHT, Fedorenko IV, Cantini LP, Munko AC, et al. Recovery of 
phospho- ERK activity allows melanoma cells to escape from BRAF 
inhibitor therapy. Br J Cancer 2010;102:1724–30.

 40 King AJ, Arnone MR, Bleam MR, et al. Dabrafenib; preclinical 
characterization, increased efficacy when combined with trametinib, 
while BRAF/MEK tool combination reduced skin lesions. PLoS One 
2013;8:e67583.

 41 Rizos H, Menzies AM, Pupo GM, et al. BRAF inhibitor resistance 
mechanisms in metastatic melanoma: spectrum and clinical impact. 
Clin Cancer Res 2014;20:1965–77.

 42 Van Allen EM, Wagle N, Sucker A, et al. The genetic landscape of 
clinical resistance to RAF inhibition in metastatic melanoma. Cancer 
Discov 2014;4:94–109.

 43 Delord J- P, Robert C, Nyakas M, et al. Phase I Dose- Escalation 
and -Expansion Study of the BRAF Inhibitor Encorafenib 
(LGX818) in Metastatic BRAF- Mutant Melanoma. Clin Cancer Res 
2017;23:5339–48.

 44 Prahallad A, Sun C, Huang S, et al. Unresponsiveness of colon 
cancer to BRAF(V600E) inhibition through feedback activation of 
EGFR. Nature 2012;483:100–3.

 45 Mao M, Tian F, Mariadason JM, et al. Resistance to BRAF inhibition 
in BRAF- mutant colon cancer can be overcome with PI3K inhibition 
or demethylating agents. Clin Cancer Res 2013;19:657–67.

 46 Corcoran RB, Dias- Santagata D, Bergethon K, et al. BRAF gene 
amplification can promote acquired resistance to MEK inhibitors 
in cancer cells harboring the BRAF V600E mutation. Sci Signal 
2010;3:ra84.

 47 Corcoran RB, Ebi H, Turke AB, et al. EGFR- Mediated re- activation 
of MAPK signaling contributes to insensitivity of BRAF mutant 
colorectal cancers to RAF inhibition with vemurafenib. Cancer Discov 
2012;2:227–35.

 48 Dummer R, Ascierto PA, Gogas HJ, et al. Encorafenib plus 
binimetinib versus vemurafenib or encorafenib in patients with 
BRAF- mutant melanoma (COLUMBUS): a multicentre, open- label, 
randomised phase 3 trial. Lancet Oncol 2018;19:603–15.

 49 Ascierto PA, Schadendorf D, Berking C, et al. MEK162 for patients 
with advanced melanoma harbouring NRAS or Val600 BRAF 
mutations: a non- randomised, open- label phase 2 study. Lancet 
Oncol 2013;14:249–56.

 50 Jonker DJ, O'Callaghan CJ, Karapetis CS, et al. Cetuximab for the 
treatment of colorectal cancer. N Engl J Med 2007;357:2040–8.

http://dx.doi.org/10.1038/nbt.2284
http://dx.doi.org/10.1093/annonc/mdx755
http://dx.doi.org/10.1158/0008-5472.CAN-07-6611
http://dx.doi.org/10.1016/j.cell.2017.11.009
http://dx.doi.org/10.1093/jnci/djx146
http://dx.doi.org/10.1093/jnci/djx146
https://friendsofcancerresearch.org/sites/default/files/Combo_Drug_Development_Whitepaper_1.pdf
https://friendsofcancerresearch.org/sites/default/files/Combo_Drug_Development_Whitepaper_1.pdf
https://friendsofcancerresearch.org/sites/default/files/Combo_Drug_Development_Whitepaper_1.pdf
http://dx.doi.org/10.1073/pnas.0915174107
http://dx.doi.org/10.1073/pnas.0915174107
http://dx.doi.org/10.1371/journal.pone.0161779
http://dx.doi.org/10.1158/0008-5472.CAN-12-4100
http://dx.doi.org/10.1056/NEJMoa1709684
http://dx.doi.org/10.1056/NEJMoa1709684
http://dx.doi.org/10.1038/nrc3973
http://dx.doi.org/10.1038/nrc3973
http://dx.doi.org/10.1056/NEJMoa1801946
http://dx.doi.org/10.1056/NEJMoa1801946
http://dx.doi.org/10.1056/NEJMoa1712126
http://dx.doi.org/10.1056/NEJMoa1712126
http://dx.doi.org/10.1097/CJI.0b013e318156e47e
http://dx.doi.org/10.1200/JCO.2014.59.0703
http://dx.doi.org/10.1200/JCO.2014.59.0703
http://dx.doi.org/10.1158/1078-0432.CCR-15-2839
http://dx.doi.org/10.1158/1078-0432.CCR-15-2839
http://dx.doi.org/10.1056/NEJMoa1910231
http://dx.doi.org/10.1056/NEJMoa1613493
http://dx.doi.org/10.1200/JCO.2011.38.4032
http://dx.doi.org/10.1001/jamaoncol.2020.0237
http://dx.doi.org/10.1016/j.annonc.2020.02.006
http://dx.doi.org/10.1016/S1470-2045(18)30144-X
http://dx.doi.org/10.1038/nrclinonc.2018.29
http://dx.doi.org/10.3389/fimmu.2018.00978
http://dx.doi.org/10.3389/fonc.2015.00202
http://dx.doi.org/10.1111/cei.12069
http://dx.doi.org/10.1111/cei.12069
http://dx.doi.org/10.1126/scitranslmed.aak9679
http://dx.doi.org/10.1371/journal.pone.0212513
http://dx.doi.org/10.1111/cas.13806
http://dx.doi.org/10.1016/S1470-2045(18)30107-4
http://dx.doi.org/10.1056/NEJMoa1816047
http://dx.doi.org/10.1016/S0140-6736(19)30723-8
http://dx.doi.org/10.1016/S0140-6736(11)61613-9
http://dx.doi.org/10.1056/NEJMoa1908075
http://dx.doi.org/10.1056/NEJMoa1406037
http://dx.doi.org/10.1056/NEJMoa1408868
http://dx.doi.org/10.1038/sj.bjc.6605714
http://dx.doi.org/10.1371/journal.pone.0067583
http://dx.doi.org/10.1158/1078-0432.CCR-13-3122
http://dx.doi.org/10.1158/2159-8290.CD-13-0617
http://dx.doi.org/10.1158/2159-8290.CD-13-0617
http://dx.doi.org/10.1158/1078-0432.CCR-16-2923
http://dx.doi.org/10.1038/nature10868
http://dx.doi.org/10.1158/1078-0432.CCR-11-1446
http://dx.doi.org/10.1126/scisignal.2001148
http://dx.doi.org/10.1158/2159-8290.CD-11-0341
http://dx.doi.org/10.1016/S1470-2045(18)30142-6
http://dx.doi.org/10.1016/S1470-2045(13)70024-X
http://dx.doi.org/10.1016/S1470-2045(13)70024-X
http://dx.doi.org/10.1056/NEJMoa071834


14 Tan AC, et al. J Immunother Cancer 2021;9:e002459. doi:10.1136/jitc-2021-002459

Open access 

 51 De Roock W, Claes B, Bernasconi D, et al. Effects of KRAS, BRAF, 
NRAS, and PIK3CA mutations on the efficacy of cetuximab plus 
chemotherapy in chemotherapy- refractory metastatic colorectal 
cancer: a retrospective consortium analysis. Lancet Oncol 
2010;11:753–62.

 52 Kopetz S, Desai J, Chan E, et al. Phase II pilot study of vemurafenib 
in patients with metastatic BRAF- mutated colorectal cancer. J Clin 
Oncol 2015;33:4032–8.

 53 Hyman DM, Puzanov I, Subbiah V, et al. Vemurafenib in multiple 
nonmelanoma cancers with BRAF V600 mutations. N Engl J Med 
2015;373:726–36.

 54 Meric- Bernstam F, Hurwitz H, Raghav KPS, et al. Pertuzumab 
plus trastuzumab for HER2- amplified metastatic colorectal cancer 
(MyPathway): an updated report from a multicentre, open- label, 
phase 2a, multiple basket study. Lancet Oncol 2019;20:518–30.

 55 Kurzrock R, Bowles DW, Kang H, et al. Targeted therapy for 
advanced salivary gland carcinoma based on molecular profiling: 
results from MyPathway, a phase IIA multiple basket study. Ann 
Oncol 2020;31:412–21.

 56 Leto SM, Sassi F, Catalano I, et al. Sustained inhibition of HER3 
and EGFR is necessary to induce regression of HER2- amplified 
gastrointestinal carcinomas. Clin Cancer Res 2015;21:5519–31.

 57 Bertotti A, Migliardi G, Galimi F, et al. A molecularly annotated 
platform of patient- derived xenografts ("xenopatients") identifies 
HER2 as an effective therapeutic target in cetuximab- resistant 
colorectal cancer. Cancer Discov 2011;1:508–23.

 58 Baselga J, Cortés J, Kim S- B, et al. Pertuzumab plus trastuzumab 
plus docetaxel for metastatic breast cancer. N Engl J Med 
2012;366:109–19.

 59 Eng C, Kim TW, Bendell J, et al. Atezolizumab with or without 
cobimetinib versus regorafenib in previously treated metastatic 
colorectal cancer (IMblaze370): a multicentre, open- label, phase 3, 
randomised, controlled trial. Lancet Oncol 2019;20:849–61.

 60 Rosen LS, LoRusso P, Ma WW, et al. A first- in- human phase I 
study to evaluate the MEK1/2 inhibitor, cobimetinib, administered 
daily in patients with advanced solid tumors. Invest New Drugs 
2016;34:604–13.

 61 Liu L, Mayes PA, Eastman S, et al. The BRAF and MEK inhibitors 
dabrafenib and trametinib: effects on immune function and in 
combination with immunomodulatory antibodies targeting PD-1, PD- 
L1, and CTLA-4. Clin Cancer Res 2015;21:1639–51.

 62 Ebert PJR, Cheung J, Yang Y, et al. Map kinase inhibition promotes 
T cell and anti- tumor activity in combination with PD- L1 checkpoint 
blockade. Immunity 2016;44:609–21.

 63 Han HS, Diéras V, Robson M, et al. Veliparib with temozolomide or 
carboplatin/paclitaxel versus placebo with carboplatin/paclitaxel in 
patients with BRCA1/2 locally recurrent/metastatic breast cancer: 
randomized phase II study. Ann Oncol 2018;29:154–61.

 64 Somlo G, Frankel PH, Arun BK, et al. Efficacy of the PARP Inhibitor 
Veliparib with Carboplatin or as a Single Agent in Patients with 
Germline BRCA1- or BRCA2- Associated Metastatic Breast Cancer: 
California Cancer Consortium Trial NCT01149083. Clin Cancer Res 
2017;23:4066–76.

 65 Trudeau ME, Crump M, Charpentier D, et al. Temozolomide in 
metastatic breast cancer (MBC): a phase II trial of the National 
Cancer Institute of Canada - Clinical Trials Group (NCIC- CTG). Ann 
Oncol 2006;17:952–6.

 66 Donawho CK, Luo Y, Luo Y, et al. ABT-888, an orally active 
poly(ADP- ribose) polymerase inhibitor that potentiates DNA- 
damaging agents in preclinical tumor models. Clin Cancer Res 
2007;13:2728–37.

 67 Murai J, Zhang Y, Morris J, et al. Rationale for poly(ADP- ribose) 
polymerase (PARP) inhibitors in combination therapy with 
camptothecins or temozolomide based on PARP trapping versus 
catalytic inhibition. J Pharmacol Exp Ther 2014;349:408–16.

 68 Isakoff SJ, Puhalla S, Domchek SM, et al. A randomized phase II 
study of veliparib with temozolomide or carboplatin/paclitaxel versus 
placebo with carboplatin/paclitaxel in BRCA1/2 metastatic breast 
cancer: design and rationale. Future Oncol 2017;13:307–20.

 69 Rationalizing combination therapies. Nat Med 2017;23:1113.
 70 Olson B, Li Y, Lin Y, et al. Mouse models for cancer immunotherapy 

research. Cancer Discov 2018;8:1358–65.

 71 Hegde PS, Chen DS. Top 10 challenges in cancer immunotherapy. 
Immunity 2020;52:17–35.

 72 Day D, Monjazeb AM, Sharon E, et al. From famine to feast: 
developing early- phase combination immunotherapy trials wisely. 
Clin Cancer Res 2017;23:4980–91.

 73 Schneider G, Schmidt- Supprian M, Rad R, et al. Tissue- Specific 
tumorigenesis: context matters. Nat Rev Cancer 2017;17:239–53.

 74 Turski ML, Vidwans SJ, Janku F, et al. Genomically driven tumors 
and Actionability across histologies: BRAF- mutant cancers as a 
paradigm. Mol Cancer Ther 2016;15:533–47.

 75 Hu C, Dignam JJ. Biomarker- Driven oncology clinical trials: key 
design elements, types, features, and practical considerations. JCO 
Precis Oncol 2019;3. doi:10.1200/PO.19.00086. [Epub ahead of 
print: 24 10 2019].

 76 Freidlin B, Korn EL. Biomarker enrichment strategies: matching trial 
design to biomarker credentials. Nat Rev Clin Oncol 2014;11:81–90.

 77 Addeo A, Banna GL, Weiss GJ. Tumor mutation Burden- From hopes 
to doubts. JAMA Oncol 2019;5:934–5.

 78 Marabelle A, Fakih M, Lopez J, et al. Association of tumour 
mutational burden with outcomes in patients with advanced solid 
tumours treated with pembrolizumab: prospective biomarker analysis 
of the multicohort, open- label, phase 2 KEYNOTE-158 study. Lancet 
Oncol 2020;21:1353–65.

 79 Chan TA, Yarchoan M, Jaffee E, et al. Development of tumor 
mutation burden as an immunotherapy biomarker: utility for the 
oncology clinic. Ann Oncol 2019;30:44–56.

 80 Strickler JH, Hanks BA, Khasraw M. Tumor mutational burden as a 
predictor of immunotherapy response: is more always better? Clin 
Cancer Res 2021;27:1236-1241.

 81 Smith AD, Roda D, Yap TA. Strategies for modern biomarker and 
drug development in oncology. J Hematol Oncol 2014;7:70.

 82 Subbiah V, Kreitman RJ, Wainberg ZA, et al. Dabrafenib and 
trametinib treatment in patients with locally advanced or metastatic 
BRAF V600- mutant anaplastic thyroid cancer. J Clin Oncol 
2018;36:7–13.

 83 Renfro LA, Sargent DJ. Statistical controversies in clinical research: 
basket trials, umbrella trials, and other master protocols: a review 
and examples. Ann Oncol 2017;28:34–43.

 84 Baumfeld Andre E, Reynolds R, Caubel P, et al. Trial designs using 
real- world data: the changing landscape of the regulatory approval 
process. Pharmacoepidemiol Drug Saf 2020;29:1201-1212.

 85 Foster JC, Freidlin B, Kunos CA, et al. Single- Arm phase II trials of 
combination therapies: a review of the CTEP experience 2008-2017. 
J Natl Cancer Inst 2020;112:128–35.

 86 Anagnostou V, Yarchoan M, Hansen AR, et al. Immuno- oncology trial 
endpoints: capturing clinically meaningful activity. Clin Cancer Res 
2017;23:4959–69.

 87 Makker V, Rasco D, Vogelzang NJ, et al. Lenvatinib plus 
pembrolizumab in patients with advanced endometrial cancer: an 
interim analysis of a multicentre, open- label, single- arm, phase 2 
trial. Lancet Oncol 2019;20:711–8.

 88 Arora S, Balasubramaniam S, Zhang W, et al. Fda approval summary: 
pembrolizumab plus lenvatinib for endometrial carcinoma, a 
collaborative international review under project Orbis. Clin Cancer 
Res 2020;26:5062-5067.

 89 Ott PA, Bang Y- J, Berton- Rigaud D, et al. Safety and antitumor 
activity of pembrolizumab in advanced programmed death ligand 
1- positive endometrial cancer: results from the KEYNOTE-028 study. 
J Clin Oncol 2017;35:2535–41.

 90 Vergote I, Powell MA, Teneriello MG, et al. Second- Line lenvatinib 
in patients with recurrent endometrial cancer. Gynecol Oncol 
2020;156:575–82.

 91 Alexander BM, Ba S, Berger MS, et al. Adaptive global innovative 
learning environment for glioblastoma: GBM AGILE. Clin Cancer Res 
2018;24:737.

 92 Chau I, Haag GM, Rahma OE, et al. MORPHEUS: A phase Ib/II 
umbrella study platform evaluating the safety and efficacy of multiple 
cancer immunotherapy (CIT)- based combinations in different tumour 
types. Ann Oncol 2018;29:viii439–40.

 93 Hobbs BP, Barata PC, Kanjanapan Y, et al. Seamless designs: current 
practice and considerations for early- phase drug development in 
oncology. J Natl Cancer Inst 2019;111:118–28.

http://dx.doi.org/10.1016/S1470-2045(10)70130-3
http://dx.doi.org/10.1200/JCO.2015.63.2497
http://dx.doi.org/10.1200/JCO.2015.63.2497
http://dx.doi.org/10.1056/NEJMoa1502309
http://dx.doi.org/10.1016/S1470-2045(18)30904-5
http://dx.doi.org/10.1016/j.annonc.2019.11.018
http://dx.doi.org/10.1016/j.annonc.2019.11.018
http://dx.doi.org/10.1158/1078-0432.CCR-14-3066
http://dx.doi.org/10.1158/2159-8290.CD-11-0109
http://dx.doi.org/10.1056/NEJMoa1113216
http://dx.doi.org/10.1016/S1470-2045(19)30027-0
http://dx.doi.org/10.1007/s10637-016-0374-3
http://dx.doi.org/10.1158/1078-0432.CCR-14-2339
http://dx.doi.org/10.1016/j.immuni.2016.01.024
http://dx.doi.org/10.1093/annonc/mdx505
http://dx.doi.org/10.1158/1078-0432.CCR-16-2714
http://dx.doi.org/10.1093/annonc/mdl056
http://dx.doi.org/10.1093/annonc/mdl056
http://dx.doi.org/10.1158/1078-0432.CCR-06-3039
http://dx.doi.org/10.1124/jpet.113.210146
http://dx.doi.org/10.2217/fon-2016-0412
http://dx.doi.org/10.1038/nm.4426
http://dx.doi.org/10.1158/2159-8290.CD-18-0044
http://dx.doi.org/10.1016/j.immuni.2019.12.011
http://dx.doi.org/10.1158/1078-0432.CCR-16-3064
http://dx.doi.org/10.1038/nrc.2017.5
http://dx.doi.org/10.1158/1535-7163.MCT-15-0643
http://dx.doi.org/10.1200/PO.19.00086
http://dx.doi.org/10.1200/PO.19.00086
http://dx.doi.org/10.1038/nrclinonc.2013.218
http://dx.doi.org/10.1001/jamaoncol.2019.0626
http://dx.doi.org/10.1016/S1470-2045(20)30445-9
http://dx.doi.org/10.1016/S1470-2045(20)30445-9
http://dx.doi.org/10.1093/annonc/mdy495
http://dx.doi.org/10.1158/1078-0432.CCR-20-3054
http://dx.doi.org/10.1158/1078-0432.CCR-20-3054
http://dx.doi.org/10.1186/s13045-014-0070-8
http://dx.doi.org/10.1200/JCO.2017.73.6785
http://dx.doi.org/10.1093/annonc/mdw413
http://dx.doi.org/10.1002/pds.4932
http://dx.doi.org/10.1093/jnci/djz193
http://dx.doi.org/10.1158/1078-0432.CCR-16-3065
http://dx.doi.org/10.1016/S1470-2045(19)30020-8
http://dx.doi.org/10.1158/1078-0432.CCR-19-3979
http://dx.doi.org/10.1158/1078-0432.CCR-19-3979
http://dx.doi.org/10.1200/JCO.2017.72.5952
http://dx.doi.org/10.1016/j.ygyno.2019.12.039
http://dx.doi.org/10.1158/1078-0432.CCR-17-0764
http://dx.doi.org/10.1093/annonc/mdy288.110
http://dx.doi.org/10.1093/jnci/djy196

	Systematic review of combinations of targeted or immunotherapy in advanced solid tumors
	Abstract
	Introduction
	Methods
	Search strategy
	Study selection
	Data extraction
	Study evaluation and statistical analysis

	Results
	Study selection and characteristics
	Inhibition of PD-1/PD-L1 and CTLA-4 combination therapy
	Rationale for combinations
	Utility of biomarkers
	Comparator arms
	Primary endpoints

	Inhibition of PD-1/PD-L1 and VEGF combination therapy
	Rationale for combinations
	Utility of biomarkers
	Comparator arms
	Primary endpoints

	Inhibition of BRAF and MEK combination therapy
	Rationale for combinations
	Utility of biomarkers
	Comparator arms and primary endpoints

	Inhibition of HER2 combination therapy
	Rationale for combinations
	Utility of biomarkers
	Comparator arms and primary endpoints

	Other combination therapies
	Overall evaluation of novel–novel combination therapies in oncology
	Discussion

	Conclusions
	References


