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Abstract
During the last decade, the treatment for many cancer indications has evolved due to intensive clinical research into anti-
tumor agents’ combination. In most instances, new combination treatments consist of an add-on to the standard of care 
(SOC), which then demonstrate a substantial gain in efficacy and no detrimental effect in tolerability. In the era of targeted 
therapies, for which maximum tolerated dose (MTD)-based dosing strategies are no longer applicable, early stage studies 
exploring new combinations are often conducted in the population of interest, expediting the collection of preliminary safety 
data, to be promptly expanded to collect preliminary efficacy data. Nevertheless, rule-based dose-finding studies are still a 
prevailing approach for early stage cancer, especially for chemotherapy (CT)-containing combinations. Pharmacokinetic (PK) 
assessments play a key role throughout the clinical development of drug combinations, informing potential PK interactions. 
But most importantly, they allow the development of innovative exposure–response (E–R) models aimed at exploring the 
contribution of each agent to the overall effect of the combination therapy. This review identifies 81 new drug combinations 
approved by the United States Food and Drug Administration (FDA) for hemato-oncology during the 2011–2021 period and 
summarizes the main design features of clinical trials and the role of PK assessments.

Keywords Clinical trial · Combination · Oncology · Pharmacokinetics · Pharmacometrics · US food and drug 
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Introduction

Drug combinations are important foundations for the phar-
macotherapy for cancer. As a result of evolving mutations 
and altered molecular pathways in tumor cells resulting in 
multiple mechanisms of drug resistance, drug combinations 
are necessary to provide long-term tumor control for most 
patients.

The first successful drug combinations appeared in the 
early 1960s, when the quadruple combination programs 
VAMP (vincristine, amethopterin, 6-mercaptopurine, and 
prednisone) and MOMP (nitrogen mustard, vincristine, 
methotrexate, and prednisone) demonstrated efficacy in 
acute childhood leukemia and advanced Hodgkin’s disease 
[1, 2]. Since then, drug combinations have been used to treat 
many types of solid and hematologic tumors; some were 
empirically implemented, and are being used since then, 
while others entered in clinical practice and gained United 
States (US) Food and Drug Administration (FDA) approval 
through pivotal clinical trials. Today, over 350 drug com-
binations are used to treat solid tumors and hematologic 
malignancies [2], and the number of new FDA-approved 
combinations significantly increases every year.

Despite evidence of the improved benefit when antican-
cer agents are combined, the majority are still developed 
as monotherapy, which may underlie the substantial failure 
rates observed as they are unlikely to demonstrate significant 
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benefit over standard of care (SOC) at late phases of the 
disease. In this sense, the FDA recently issued a guidance 
document on regulatory policies specific to combination 
regimes composed of experimental drugs [3].

The design of clinical trials of new combination therapies 
carries many practical challenges. One of these is the inclu-
sion and extent of pharmacokinetic (PK) assessments, since 
patient’s venipuncture, sample logistics, and bioanalysis 
add complexity and expense to clinical studies, while their 
short- and long-term utility may not always become appar-
ent. Nevertheless, PK data become even more relevant when 
drugs are part of a combination treatment.

Therefore, our objectives were to evaluate first the extent 
of recently FDA-approved hemato-oncology drug combina-
tions, and second their main features of clinical develop-
ment, with a focus on PK assessments. This study may help 
drug developers in general, and clinical pharmacologists, 
when deciding on the design of future combination studies 
in oncology, and the usage of PK assessments to enhance 
clinical development.

Methods

Search strategy

A comprehensive list of FDA approvals related to new com-
bination therapies for hemato-oncology granted between 
2011 and 2021 was assembled from several sources. The 
FDA’s Hematology/Oncology (Cancer) Approvals & Safety 
Notifications website was cross-checked against Center-
Watch, a database that allows searching of FDA-approved 
drugs by therapeutic area (here, oncology) [4, 5]. Addition-
ally, US labels of innovative drugs (i.e., drugs owned by the 
primary commercial sponsor of the pivotal study) from each 
combination were downloaded from Drugs@FDA to verify 
approval status [6].

Information about the clinical development of selected 
combinations was extracted from the corresponding Clini-
cal Pharmacology and Biopharmaceutics (CP&B) Review 
published on the FDA’s Approved Drug Products website 
[7]. However, these reviews are made publicly available 
only when the innovative drug is a new molecular entity 
(NME)- or a new biological entity (NBE)-containing com-
bination. If FDA reviews were not available, information 
was extracted from published articles corresponding to 
clinical studies retrieved from PubMed (filtering by article 
type = Clinical Trial) or from Clinicaltrials.gov. Generic 
names of combined agents and/or NCT study code, as shown 
in the FDA’s Approvals Notifications website, were used 
as search terms. For pharmacometric studies, “population 
pharmacokinetic” and “exposure–response” (E–R) were 
used as search terms, without language, date, or publication 

status restrictions. Data not found by any of these sources is 
referred to throughout the ‘Results’ section as ‘unknown’.

Classification of clinical trials and agents

Since clinical trials could be amended throughout their dura-
tion, the clinical trial phase (e.g., I, Ib, Ib/II) at Clinicaltrials.
gov did not always match that of the corresponding publica-
tion. However, this review classified clinical studies accord-
ing to their final role in regulatory approval, as dose-finding 
(evaluation of optimal dose and appropriate schedule), proof 
of concept (PoC) (initial test of a therapy of interest in a 
defined population or indication [8]), or pivotal (adequate 
and well-controlled investigation, which is the basis for 
reaching a conclusion that there is substantial evidence of 
effectiveness to decide whether to approve a drug [9]).

The system of classifying agents into therapeutic classes 
was taken from Lu et al. [10]: small molecules (SM) were 
classified into chemotherapy (CT) agents, kinase inhibitors 
(KIs), and non-KI small molecule-targeted agents (non-KI 
targeted agents), while large molecules (LM) were sub-clas-
sified into monoclonal antibodies (mAbs), immunotherapy 
(IO) agents, antibody drug conjugates (ADCs), and fusion 
proteins.

Inclusion and exclusion criteria

The selection was focused on hemato-oncology approved 
combination therapies in which both drugs are active inde-
pendently, but the combination is expected to be more effec-
tive than either agent alone. The resulting list was triaged 
to remove combinations based on the following exclusion 
criteria: a drug combined with radiotherapy, and a drug 
combined with another drug that enhances its activity or 
safety profile but without intrinsic antineoplastic activity 
(e.g., abiraterone is combined with prednisone based on its 
positive effect of reducing hypotension; Inqovi® is a fixed-
dose combination that includes cedazuridine, which acts as 
a pharmacoenhancer for decitabine). Even though ADCs are 
composed of two conjugated antineoplastic drugs, they were 
selected only if combined with an additional drug. Finally, 
FDA approvals consisting of label extensions of already 
approved combinations were excluded from the analyses, 
since they did not entail a full development.

Search features

The following characteristics from each combination were 
used in the search: targeted tumor type, therapeutic classes 
combined, design of main clinical studies (i.e., dose-find-
ing, PoC and pivotal) and dosage used when compared to 
monotherapy, type of PK assessments, PK evaluations of 
potential drug–drug interactions between combined agents, 
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and pharmacometric analyses [i.e., population PK (PopPK) 
and E–R analyses].

Results

Description of the sample

From January 2011 to December 2021, 403 notifications 
were uploaded to the FDA’s Hematology/Oncology website 
[11] (Fig. 1). Of these, 7 corresponded to approvals of diag-
nostics, and 11 to notifications not involving new approvals 
(e.g., updates of prescribing information, granting regular 
approval after an accelerated approval, etc.). The remaining 
385 were cancer therapy approvals, from which 237 were 

single-agent therapies, 26 were supportive therapies, and 
122 were combination therapies. Among the latter, 10 had 
at least one agent with no anti-tumor activity (e.g., pharma-
coenhancers), and 14 were ADCs. Additionally, 5 approved 
combinations were detected while reviewing the label of 
innovative agents from screened combinations. Finally, 22 
were label extensions of already approved combinations.

Therefore, 81 applications related to hemato-oncology 
combination therapies that gained FDA approval for the first 
time from 2011 to 2021 were identified according to the 
selection criteria described in the ‘Methods’ section. These 
are listed in Table 1 and Fig. 2 by year of approval and tumor 
type.

Main features of combinations

Of the approved combinations, 50 out of 81 (62%) were 
indicated for solid tumors (Table 2). The remaining 31 (38%) 
were indicated for hematologic malignancies, mainly (16 
out of 31) for multiple myeloma (MM). The majority (54 
out of 81; 67%) of combinations contained drugs previously 
approved as single agent, while for the remaining 27 out of 
81 (33%), the main agent was an NME/NBE. Of note, one of 
these combinations contained two NMEs: encorafenib and 
binimetinib, co-developed to treat unresectable or metastatic 
melanoma (mM).

These combinations involved 83 different agents: 58 
were SM and 25 were LM (Table S1). SM comprised 21 CT 
agents, 20 KIs, and 17 non-KI targeted agents. LM com-
prised 16 mAbs, 6 IOs, two ADCs and one fusion protein.

Combinations of therapeutic classes

Table 3 summarizes the most frequent combinations of 
therapeutic classes, regardless of the number of agents in 
each combination. According to tumor class (solid vs. hema-
tologic), combinations approved for solid tumors (50 out of 
81; 62%) consisted in most instances of one or more mAbs 
plus one or more CT agent (14 out of 50; 28%), followed 
by an IO plus a CT agent (8 out of 50; 16%). For hemato-
logic malignancies (31 out of 81; 38%), the most common 
combination types were one mAb plus one or more non-KI 
targeted agents (10 out of 31; 32%), followed by two or more 
non-KI targeted agents (7 out of 31; 23%).

The majority of approved combinations were doublets 
(56%), although an important number of combinations con-
sisted of three (triplets) (37%) or 4 (tetraplets) (7%) agents 
(Table 3). Doublets, triplets, and tetraplets contains, in turn, 
one, three, and six pairs of agents combined, respectively. 
Therefore, each doublet, triplet, and tetraplet results in one, 
three, and six pairs of agents, respectively. Accordingly, 
for solid tumors, most frequent pairs of therapeutic classes 
consisted of a CT agent plus a mAb (32%), two CT agents 

Fig. 1  Flowchart of search strategy. Graphics software used: Micro-
soft Visio
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Table 1  List of hemato-oncology drug combinations with date of FDA approval and abbreviated indication. Innovative agent is in bold

Solid tumors

Breast cancer
Margetuximab-cmkb + CT Dec. 16, 2020 HER2 + mBC, ≥ 1 prior regimens
Pembrolizumab + CT Nov. 13, 2020 PD-L1, triple negative mBC
Pertuzumab + trastuzumab (fixed dose, Phesgo®) Jun. 29, 2020 HER2 + BC, neoadjuvant, adjuvant
Tucatinib + trastuzumab + capecitabine Apr. 17, 2020 HER2- mBC, ≥ 2 prior regimens
Neratinib + capecitabine Feb. 25, 2020 HER2 + mBC, ≥ 2 prior regimens
Alpelisib + fulvestrant May 14, 2019 HR + , HER2-, PICK3CA-mutated mBC
Pertuzumab + trastuzumab + CT Dec. 20, 2017 HER2 + BC, adjuvant therapy
Abemaciclib + fulvestrant Sep. 28, 2017 HR + , HER2- mBC, progressed to hormonal therapy
Ribociclib + letrozole Mar. 13, 2017 HR + , HER2- mBC, initial hormonal therapy
Palbociclib + fulvestrant Feb. 26, 2016 HR + , HER2- mBC, initial hormonal therapy
Palbociclib + letrozole Feb. 3, 2015 HR + , HER2- mBC, initial hormonal therapy
Everolimus + exemestane Jul. 20, 2012 HR + , HER2- mBC, refractory to hormonal therapy
Pertuzumab + trastuzumab + docetaxel Jun. 8, 2012 HER2 + BC, neoadjuvant therapy
Thoracic tumors
Ramucirumab + erlotinib May 29, 2020 EGFR mutated NSCLC, first line
Durvalumab + etoposide + platinum Mar. 30, 2020 Extensive-stage SCLC, first line
Atezolizumab + nab-paclitaxel + carboplatin Dec. 3, 2019 Metastatic non-squamous NSCLC, first line
Atezolizumab + carboplatin + etoposide Mar. 18, 2019 Extensive-stage SCLC, first line
Atezolizumab + bevacizumab + paclitaxel + carboplatin Dec. 6, 2018 Metastatic NSCLC, after platinum
Pembrolizumab + carboplatin + paclitaxel Oct. 30, 2018 Metastatic squamous NSCLC, first line
Pembrolizumab + pemetrexed + carboplatin May 10, 2017 Metastatic non-squamous NSCLC, first line
Necitumumab + gemcitabine + cisplatin Nov. 24, 2015 Metastatic squamous NSCLC, first line
Ramucirumab + docetaxel Dec. 12, 2014 Metastatic NSCLC, after platinum
Nab-paclitaxel + carboplatin Oct. 11, 2012 Metastatic NSCLC, first line
Gastrointestinal tumors
Nivolumab + CT May 22, 2021 Metastatic gastric or esophageal adenocarcinoma
Atezolizumab + bevacizumab May 29, 2020 Metastatic hepatocellular carcinoma, first line
Encorafenib + cetuximab Apr. 8, 2020 BRAF V600 + metastatic CRC 
Irinotecan liposome + 5FU + leucovorin Oct. 22, 2015 Metastatic pancreatic carcinoma, after gemcitabine
Ramucirumab + FOLFIRI Apr. 24, 2015 Metastatic CRC, second line
Ramucirumab + paclitaxel Nov. 5, 2014 Advanced gastric or GEJ adenocarcinoma
Nab-paclitaxel + gemcitabine Sep. 6, 2013 Metastatic adenocarcinoma pancreas, first line
Ziv-aflibercept + FOLFIRI Aug. 3, 2012 Metastatic CRC, after platinum
Cetuximab + FOLFIRI Jul. 15, 2012 Wild type KRAS metastatic CRC, first line
Gynecological tumors
Olaparib + bevacizumab May 8, 2020 Advanced ovarian carcinoma, first line maintenance
Pembrolizumab + lenvatinib Sep. 17, 2019 Advanced endometrial carcinoma, second line
Bevacizumab + carboplatin + paclitaxel or gemcitabine Jun.  2016a Recurrent ovarian carcinoma, platinum sensitive
Bevacizumab + paclitaxel, doxil or topotecan Nov. 14, 2014 Recurrent ovarian carcinoma, platinum resistant
Bevacizumab + paclitaxel + cisplatin or topotecan Aug. 14, 2014 Metastatic cervical carcinoma
Skin tumors
Atezolizumab + cobimetinib + vemurafenib Jul. 30, 2020 BRAF V600 + mM
Encorafenib + binimetinib Jun. 27, 2018 BRAF V600E/K + mM
Cobimetinib + vemurafenib Nov. 10, 2015 BRAF V600E/K + mM
Nivolumab + ipilimumab Sep. 30, 2015 BRAF V600- mM
Dabrafenib + trametinib Jan. 10, 2014 BRAF V600E/K + mM
Genitourinary tumors
Nivolumab + cabozantinib Jan. 22, 2021 Advanced RCC, first line
Avelumab + axitinib May 14, 2019 Advanced RCC, first line

Pembrolizumab + axitinib Apr. 19, 2019 Advanced RCC, first line
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a Approvals detected in USPI of innovative agent
5FU 5-fluorouracil, AML acute myeloid leukemia, BC breast cancer, BRAF B-Raf proto-oncogene, CLL chronic lymphocytic leukemia, CRC  
colorectal cancer, CT chemotherapy, EGFR epidermal growth factor receptor, FDA Food and Drug Administration, FLT3 fatal liver tyrosine 
kinase 3, FOLFIRI FOLinic acid-Fluorouracil-IRInotecan, GEJ gastroesophageal junction, HER2 human epidermal growth factor receptor 2, 
HNSCC head and neck squamous cell cancer, HR hormone receptor, KRAS Kirsten rat sarcoma virus gene, mBC metastatic breast cancer, mM 
metastatic melanoma, MM multiple myeloma, NSCLC non-small cell lung cancer, PD-L1 programmed death-ligand 1, PICK3CA phosphati-
dylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha, RCC  renal cell cancer, SCLC small cell lung cancer, STS soft-tissue sarcoma, USPI 
United States Prescribing Information

Table 1  (continued)

Solid tumors

Lenvatinib + everolimus May 13, 2016 Advanced RCC, after antiangiogenic therapy
Other solid tumors
Olaratumab + doxorubicin Oct. 19, 2016 STS, anthracycline-sensitive
Pembrolizumab + platinum + 5FU Jun. 10, 2019 Metastatic HNSCC, first line
Dinutuximab + aldesleukin + isotretinoin Mar. 10, 2015 High-risk neuroblastoma, second line
Cetuximab + platinum + 5FU Nov. 7, 2011 Metastatic HNSCC, first line
Hematologic malignancies
Multiple myeloma
Selinexor + bortezomib + dexamethasone Dec. 18, 2020 MM, ≥ 1 prior therapy
Carfilzomib + daratumumab + dexamethasone Aug. 20, 2020 MM, ≥ 1 prior therapy
Isatuximab-irfc + pomalidomide + dexamethasone Mar. 2, 2020 MM, ≥ 2 prior lines
Selinexor + dexamethasone Jul. 3, 2019 MM, first line
Daratumumab + bortezomib + thalidomide + dexamethasone Sep. 2019 MM, first line and eligible for cell transplant
Elotuzumab + pomalidomide + dexamethasone Nov.  2018a MM, ≥ 2 prior lines
Daratumumab + bortezomib + melphalan + prednisone May  2018a MM, first line and ineligible for cell transplant
Daratumumab + bortezomib + dexamethasone Nov.  2017a MM, ≥ 1 prior line
Daratumumab + pomalidomide + dexamethasone Jul.  2017a MM, ≥ 2 prior lines
Daratumumab + lenalidomide + dexamethasone Nov. 21, 2016 MM, ≥ 1 prior line
Carfilzomib + dexamethasone Jan.  2016a MM, ≥ 1 prior line
Elotuzumab + lenalidomide + dexamethasone Nov. 30, 2015 MM, ≥ 1 prior line
Ixazomib + lenalidomide + dexamethasone Nov. 2015 MM, ≥ 1 prior line
Carfilzomib + lenalidomide + dexamethasone Jul. 24, 2015 MM, ≥ 1 prior line
Panobinostat + bortezomib + dexamethasone Feb. 23, 2015 MM, ≥ 2 prior lines
Pomalidomide + dexamethasone Feb. 8, 2013 MM, ≥ 2 prior lines
Leukemias
Ibrutinib + rituximab Apr. 21, 2020 CLL, first line
Venetoclax + a cytidine Nov. 21, 2018 CLL, ≥ 1 prior line
Glasdegib + cytarabine Nov. 21, 2018 AML, first line in patients ≥ 75 years old
Liposomal daunorubicin + cytarabine (fixed dose, Vyxeos®) Aug. 3, 2017 AML, first line
Midostaurin + cytarabine + daunorubicin Apr. 28, 2017 FLT3 + AML, first line
Ofatumumab + fludarabine + cyclophosphamide Aug.  2016a Relapsed CLL
Idelalisib + rituximab Jul. 23, 2014 Relapsed CLL
Ofatumumab + chlorambucil Apr. 17, 2014 CLL, first line when fludarabine not appropriate
Obinutuzumab + chlorambucil Nov. 1, 2013 CLL, first line
Lymphomas
Tafasitamab-cxix + lenalidomide Jul. 30, 2020 Diffuse large B-cell lymphoma, ineligible for cell transplant
Polatuzumab vedotin-piiq + bendamustine + rituximab Jun. 10, 2019 Diffuse large B-cell lymphoma, ≥ 2 prior therapy
Lenalidomide + rituximab May 24, 2019 Follicular lymphoma, ≥ 1 prior therapy
Brentuximab vedotin + CT Mar. 20, 2018 Stage III or IV Hodgkin lymphoma
Dabrafenib + trametinib Nov. 16, 2017 Stage II bulky, III or IV follicular lymphoma
Obinutuzumab + bendamustine Feb. 26, 2016 Follicular lymphoma, after rituximab
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(21%), and a CT agent plus an IO (19%) (Table 3). For 
hematologic malignancies, most frequent pairs consisted of 
two non-KI targeted agents (34%), a non-KI targeted agent 
plus a mAb (30%), and two CT agents (11%). These frequen-
cies are represented in Fig. 3 by the width of bands linking 
sectors of therapeutic classes.

Half of the combinations (41 out 81; 51%) contained at 
least one CT, more frequently for solid (29 out of 50; 58%) 
than for hematologic malignancies (12 out of 31; 39%). For 
these, most combinations (21 out of 31; 68%) included non-
KI targeted agents.

Dosage of combined agents as compared 
with monotherapy

In most combinations (75 out of 81; 93%), at least one agent 
was approved as monotherapy for the same tumor type. In 
60 of these 75 combinations (80%), dose/s were the same 
for monotherapy, while in the remaining 15 out of 75 (20%) 
combinations, either the innovative agent (one out of 15) or 
the secondary agent (14 out of 15) was given at a lower dose. 
These were mainly CT agents (8 out of 14), but also two 
KIs, a non-KI targeted agent, an IO, and a mAb (Table S2).

Main clinical development strategy features

Studies were designed according to the classical paradigm 
(phase I, II, and III) to most recent streamlined approaches, 
such as multiple extension phases, seamless studies, etc. In 
fact, PoC studies were mostly conducted as phase I–II stud-
ies or as expansion phases of an amended phase I study. In 
such cases, they were split based on their role for approval 
(i.e., dose-finding, PoC, and pivotal studies), as shown below 
and in Fig. 4. Nevertheless, Supplementary spreadsheet lists 
them individually.

Dose definition studies

Among the 81 combination approvals, 21 (26%) did not 
include a dose-finding study. Of note, the innovative agent 
was an LM in 16 of these 21 (76%) combinations, either 
already approved (11 out of 16; 69%) or an NBE (5 out of 
16; 31%). The remaining 5 out of 21 (24%) combinations 

with no dose-finding study corresponded to: (i) olaparib 
plus bevacizumab for advanced ovarian cancer; a previous 
phase II study in relapsed platinum-sensitive ovarian can-
cer had already explored the addition of an antiangiogenic 
agent to a poly-ADP-ribose polymerase (PARP) inhibitor 
(niraparib) [11], (ii) selinexor plus dexamethasone for fifth 
line MM; the single arm pivotal study in penta-refractory 
MM included an initial part, in which the dose regimen 
of dexamethasone was optimized [12], (iii) lenalidomide 
plus rituximab for follicular lymphoma; lenalidomide is 
approved at 25 mg day 1–21 every 4 weeks (q4wk) for 
other hematologic tumors; however, the phase II study 
ALLIANCE (NCT00238238) of the lenalidomide/rituxi-
mab combination included an intrapatient dose escalation 
of lenalidomide from 15 mg on cycle one, 20 mg on cycle 
two and 25 mg on cycle three and beyond, depending on 
tolerability [13]; finally, the dose selected for the pivotal 
study was 20 mg, (iv) everolimus–exemestane, and (v) 
palbociclib-fulvestrant; the dose of everolimus and pal-
bociclib in combination with another estrogen antagonist 
(letrozole) had been already defined in early phase studies 
[14, 15].

For the 60 out of 81 (74%) combinations with a dose-find-
ing study, 48 out of 60 (80%) were phase Ib (in the intended 
tumor type). Twenty-one out of 60 (35%) did not include 
an escalation but just used the dose levels of the agents as 
monotherapy; in most of these (16 out of 21; 76%), the inno-
vative agent was an LM. In the 39 out of 60 65%) studies 
with escalation, this was mostly sequential (34 out of 39; 
87%), either traditional (e.g., 3 + 3) in 28 studies, or with 
an adaptive (e.g., Bayesian) design in 6 studies. One study 
(nivolumab/cabozantinib combination (NCT02496208) used 
a rolling 6 escalation design [16]. Finally, in 5 out of 39 
(13%) studies with escalation, a parallel design was used.

Proof of concept studies

One-third (28) of the approved combinations included a PoC 
study, either as part of a phase I–II, 12 out of 28 (43%) or as 
a stand-alone, 16 out of 28 (57%) (Fig. 4). Thirteen out of 28 
(46%) were single arm studies, while the remaining 15 out 
of 28 (54%) were randomized studies, with one of the com-
bined agents as monotherapy, 10 out of 15 (67%), or with 
two or more dose levels, 5 out of 15 (33%). One PoC study 
included three arms: two dose levels of the combination and 
one with one agent in monotherapy (phase II part of study 
COMBI-d (NCT01072175) with dabrafenib plus trametinib 
for melanoma) [17]. Finally, one PoC study (phase II part of 
study NCT01719380 [18]) in colorectal cancer compared the 
triplet encorafenib plus cetuximab plus alpelisib defined in 
the phase I study with the doublet encorafenib plus cetuxi-
mab, that was finally approved.

Fig. 2  FDA-approved combinations from 2011 to 2021, organized 
by chronological order and tumor type. Color of boxes denote the 
therapeutic class of main agent (in bold), as shown in bottom legend. 
Chemotherapeutic agents are in white letters. Blue curved lines link 
label extensions or new indications of approved combinations. 5FU 
5-fluorouracil, CTX Cyclophosphamide, FDA Food and Drug Admin-
istration, FOLFIRI FOLinic acid-Fluorouracil-IRInotecan, HNSCC 
head and neck squamous cell cancer, STS soft-tissue sarcoma. 
*Including immunomodulators, proteasome inhibitors, and hormonal 
therapy. Graphics software used: Microsoft Visio

◂
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Pivotal studies

The study design is about 81 pivotal studies. Among them, 
77 (95%) were randomized controlled studies. Most com-
binations consisted of an add-on therapy to the SOC. As a 
result, 61 out of the 77 (79%) randomized pivotal studies 
compared the innovative agent (A) of the combination when 
added to a secondary agent/s (B) vs. the secondary agent/s 
(A + B vs. B) (Fig. 4). In 9 out of the 77 (12%) randomized 
studies, the innovative agent (A) was replacing another 
agent (C) of an already approved combination (A + B vs. 
C + B). In 5 out of 77 (7%) studies, none of the combined 
agents were part of the SOC (A + B vs. C). The remaining 
two out of 77 (3%) randomized pivotal trials corresponded 
to packed-formulation combinations; study NCT01696084 
CLTR0310-301 compared CPX-351 (cytarabine and dauno-
rubicin) liposome vs. cytarabine plus daunorubicin (A + B vs. 
A + B) [19], and study ASCERTAIN (NCT03306264) com-
pared ASTX727 tablet on cycle one and decitabine on cycle 
two vs. the reverse sequence (A + B → A vs. A → A + B) [20].

When an agent was present at both arms of a pivotal 
study (i.e., A + B vs. B or A + B vs. C + B), it was given 
at the same dose in most instances, 64 out of 71 (90%). 
This provided unarguably evidence that the superior efficacy 
observed in the experimental arm was driven by the innova-
tive agent. However, there were 7 out of 71 (10%) studies 
in which the dose of one agent was different, thus compro-
mising the assessment of the contribution of each agent 
to the overall anti-tumor effect (Table S3). Interestingly, 
study COLUMBUS (NCT01909453) in melanoma initially 

compared encorafenib 450 mg od plus binimetinib 45 mg 
vs. encorafenib 300 mg, since encorafenib in combination 
resulted in a higher maximum tolerated dose than in mono-
therapy [21]. Consequently, the FDA requested to amend 
the protocol and use the same dose of encorafenib (300 mg) 
in both arms, so that the contribution of binimetinib to the 
overall effect of the combination could be isolated.

Finally, there were 4 out of 81 (5%) combinations 
approved based on single arm pivotal studies: STORM 
(NCT02336815) with selinexor plus dexamethasone for 
penta-refractory MM [22], L-MIND (NCT02399085) with 
tafasitamab-cxix plus lenalidomide for large B-cell lym-
phoma [23], EQUULEUS (NCT01998971) with daratu-
mumab plus pomalidomide plus dexamethasone for MM 
[24], and KEYNOTE-146 (NCT02501096) with pembroli-
zumab plus lenvatinib for endometrial carcinoma [25].

Main features of pharmacokinetics 
and pharmacometrics analyses

Blood sampling for PK assessment was performed in 44 out 
of 60 (73%), 14 out of 28 (50%), and 55 out of 81 (68%) of 
dose-finding, PoC, and pivotal studies, respectively. Type of 
sampling (intensive vs. sparse) and agents (innovative and/
or secondary) involved in PK assessment Evaluations of the 
effect of the innovative agent over are described in Table 4.

A PopPK model of the innovative agent with PK data 
when given in combination was found for 51 of the 81 (63%) 
approved combinations; in the remaining 30 combinations, a 
PopPK model was either not performed (26%) or unknown 
(11%) (Table 5). Most PopPK models (26 out of 51; 51%) 
pooled PK data from studies in which the innovative agent 
was given as single agent and in combination, while 18 
PopPK models pooled combination studies, and 7 were lim-
ited to the pivotal study.

E–R analyses for efficacy and/or safety of the innova-
tive agent in combination were available in half (48%) of 
the approved combinations, being more prevalent in NME/
NBE-containing combinations (20), than in combinations of 
already approved agents (19). In the other half (42 out 81; 
52%), E–R analyses were either not done (35%) or not found 
(17%). This is the case of panobinostat, bortezomib, and 
dexamethasone combination as third line for MM, in which 
PK exposure data was available for the escalation study only. 
Due to the lack of dose–response (D–R)/E–R data for effi-
cacy from the pivotal study, and the increased rate of serious 
adverse events and deaths in the experimental arm, it was not 
possible to determine if a lower dose of panobinostat would 
provide a better benefit–risk profile [26]. The FDA finally 
recommended the Sponsor to conduct a dose-finding trial as 
a post-marketing requirement to adequately characterize the 
D–R relationship of panobinostat.

Table 2  Summary of tumor types

AML acute myeloid leukemia, CLL chronic lymphocytic leukemia, 
CRC  colorectal cancer, HNSCC head and neck squamous cell can-
cer, MM multiple myeloma, NSCLC non-small cell lung cancer, RCC  
renal cell cancer, SCLC small cell lung cancer, STS soft-tissue sar-
coma

Tumor types n %

Solid tumors 50 62
Breast 13 17
Thoracic (eight NSCLC and two SCLC) 10 12
Gastrointestinal (four CRC, two pancreatic, two 

gastric, and one hepatic)
9 11

Gynecologic (three ovarian, one cervical, and one 
endometrial)

5 6

Skin (melanoma) 5 6
Genitourinary (RCC) 4 5
Other (HNSCC, STS, neuroblastoma) 4 5
Hematologic malignancies 31 38
MM 16 20
Leukemias (five AML and four CLL) 9 11
Lymphomas 6 7



293Cancer Chemotherapy and Pharmacology (2022) 90:285–299 

1 3

Pharmacokinetic evaluation of interactions 
between combined agents

Evidence regarding the assessment of potential PK inter-
actions between the innovative (A) and secondary agent/s 
(B) could be retrieved for 46 out of 81 (57%) combinations 
only, since they were rarely available before the FDA CP&B 
Review was released.

Evaluation of PK interactions varied largely according to 
the specificities of each combination. Within-study evalua-
tions of the impact of the secondary agent/s on the PK of 
the innovative agent (B → A) were performed in 19 out of 
46 (41%) combinations; 8 of them in crossover dose-finding 
studies and 11 in parallel (dose-finding, PoC or pivotal) stud-
ies (Fig. 5). Historically controlled evaluations were identi-
fied for 27 out of 46 (59%) combinations; in most instances 
involving pooled PopPK analyses.

Evaluation of the effect of the innovative agent over 
the PK of secondary agent/s (A → B) was found for 26 

combinations. Of these, 21 were within-study evaluations 
(14 in parallel and 7 in crossover studies), and 5 were histori-
cally controlled evaluations.

Nevertheless, evaluation of PK interactions were not 
necessarily restricted to one approach (within-study or his-
torical). A noteworthy example is bevacizumab plus atezoli-
zumab plus CT (carboplatin and paclitaxel); the phase study 
IMpower150 included three parallel arms and intensive PK 
sampling for all agents, allowing the PK effects to be charac-
terized among each of the agents of the tetraplet. Addition-
ally, a PopPK model of atezolizumab explored the potential 
impact of CT with or without bevacizumab coadministration 
on the PK of atezolizumab [27].

B → A interactions were more often evaluated/reported 
than A → B interactions (57% vs. 33%), with the exception 
of parallel evaluations conducted in phase III studies; since 
most of these studies had a parallel A + B vs. B design, they 
could easily explore A → B interactions. Additionally, PK 

Table 3  Most frequent (≥ 5% in all tumors) combinations of therapeutic classes (upper rows), and pairs of therapeutic classes (lower rows). Fre-
quency of doublets, triplets, and tetraplets (middle rows)

a One doublet implies one pair of therapeutic classes, one triplet three pairs, and one tetraplet six pairs
ADC antibody drug conjugates, CT chemotherapy, IO immunotherapy, KI kinase inhibitor, mAb monoclonal antibody

All tumors (%)
n = 81

Solid (%)
n = 50

Hematologic (%)
n = 31

Combinations of therapeutic classes
 ≥ One mAb plus ≥ one CT 20 (25) 14 (28) 6 (19)
One mAb plus ≥ two non-KI targeted agents 12 (15) 2 (4) 10 (32)
 ≥ Two non-KI targeted agents 8 (10) 1 (2) 7 (23)
One IO plus one CT 8 (10) 8 (16) 0 (0)
One KI plus one non-KI targeted agent 6 (7) 6 (12) 0 (0)
Other combinations 27 (33) 19 (38) 8 (26)
Number of agents in the combination
Doublets (two agents) 45 (56) 31 (62) 14 (45)
Triplets (three agents) 30 (37) 16 (32) 14 (45)
Tetraplets (four agents) 6 (7) 3 (6) 3 (10)

All tumors (%)
n = 171

Solid (%)
n = 97

Hematologic (%)
n = 74

Pairs of therapeutic classesa

CT plus mAb 39 (23) 31 (32) 8 (11)
Two CTs 28 (16) 20 (21) 8 (11)
Two non-KI targeted agents 27 (16) 2 (2) 25 (34)
Non-KI targeted agent plus mAb 24 (14) 2 (2) 22 (30)
CT plus IO 18 (10) 18 (19) 0 (0)
CT plus non-KI targeted agent 10 (6) 3 (3) 7 (9)
Non-KI targeted agent plus KI 6 (4) 6 (6) 0 (0)
CT plus ADC or fusion protein 5 (3) 2 (2) 3 (4)
KI plus mAb 5 (3) 4 (4) 1 (1)
KI plus IO 5 (3) 5 (5) 0 (0)
Two KIs 4 (2) 4 (4) 0 (0)
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interactions were more frequently explored when agents 
were either two SM or two LM (63%), than when one was 
an SM, and the other was an LM (37%).

Discussion

The past decade has witnessed prolific research into clinical 
hemato-oncology. Among other achievements, a significant 
number of new drug combinations were demonstrated to 
have substantial benefit over the SOC, and thus were granted 
US FDA approval. The search for common patterns or even 
trends among these combinations is challenging, based on 

Fig. 3  Circos plots of frequencies of pairs of therapeutic classes 
combined, by type of malignancy. Bands linking therapeutic class 
are duplicated, although with different color depending on class. 
Width of bands are indicative of the frequencies of pairs of thera-

peutic classes combined. One doublet implies one pair of therapeutic 
classes, one triplet three pairs, and one tetraplet six pairs. Graphics 
software used: R Studio

Fig. 4  Summary of main design features of clinical trials. *One study 
included additional agent in the control arm (A + B vs. A + B + C); 
** One study also included one arm with one of the agents as mono-

therapy. A: innovative agent; B: secondary agent; C: Other second-
ary agent; SOC: standard of care. Graphics software used: Microsoft 
Visio
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the heterogeneity of the therapeutic classes combined and 
the tumor types at several line settings. Added to this are the 
evolving strategies of clinical research, which result in many 
different clinical trial designs, and PK and pharmacometric 
evaluations. Nevertheless, this review identified some of 
these patterns.

First, CT-containing combinations were the most preva-
lent approvals. CT remains the backbone of treatment to 
achieve durable responses in many tumor types at early 
and late stages, despite the low rate of FDA approvals 
of new agents in this therapeutic class during the same 
period of time. There were 4 first-time approved agents: 
liposomal vincristine (Marqibo®) for acute lymphoblastic 

leukemia in August 2012, omacetaxine mepesuccinate 
(Synribo®) for chronic myeloid leukemia in October 2012, 
and lurbinectedin (Zepzelca®) for metastatic small cell 
lung cancer in June 2020. In addition, three marketed CTs 
received approval for new tumor types: trabectedin (Yon-
delis®) for metastatic liposarcoma or leiomyosarcoma 
in October 2015, mitomycin (Jelmyto®) for upper tract 
urothelial cancer in April 2020, and azacitidine tablets 
(Onureg®) for continued treatment of acute myeloid leu-
kemia in September 2020.

IO has been one of the undoubted landmark break-
throughs in the fight against cancer of the past decade. Nev-
ertheless, IO alone, and in particular anti programmed cell 
death protein-1 (PD-1) or anti programmed death-ligand 1 
(PD-L1) mAbs used as single agents, generally provides 
insufficient responses or nonsignificant therapeutic advan-
tages [28]. A major benefit is being attained from these 
agents combined with other therapeutic classes and, in par-
ticular, with CT as it boosts anti-tumor immunogenicity, 
sensitizing cancer cells to IO.

For hematologic malignancies, the most common combi-
nation approvals consisted of two non-KI targeted agents or 
one non-KI targeted agent plus one mAb. This finding is def-
initely related to the high proportion of approvals for MM, 
nearly half for hematologic malignancies, while that disease 
only accounts for 29.5% of them [29]. Indeed, most combi-
nations for MM consisted of three types of non-KI targeted 
agents: a proteasome inhibitor (bortezomib or carfilzomib), 

Table 4  Summary of PK assessments, per type of clinical study

PK pharmacokinetic, PoC Proof of concept

Dose-finding
n = 60

PoC
n = 28

Pivotal
n = 81

Studies including PK assessment 44 (73) 14 (50) 55 (68)
Type
Intensive 31 8 0
Sparse 9 5 55
Not specified 4 1 0
Agents involved in PK assessment
Innovative & secondary agent/s 22 6 21
Innovative agent 20 8 33
Secondary agent/s 1 0 0
Not specified 1 0 1
PK assessment not performed 9 (15) 9 (32) 16 (20)
Unknown 7 (12) 5 (18) 10 (12)

Table 5  Summary of pharmacometric studies related to combination 
approvals; n (over 81 combination approvals) and percentages

E−R: exposure–response; NBE: new biological entity; NME: new 
molecular entity; PK: pharmacokinetic; popPK: population PK

Pharmacometric studies n %

PopPK models
Performed 51 63
Pooled monotherapy and combination studies 26 32
Pooled combination studies 18 22
Pivotal (combination) study 7 9
Not performed 21 26
Unknown 9 11
E–R analyses of efficacy and/or safety
Performed 39 48
Innovative agent previously approved 19 23
Innovative agent is a NME/NBE 20 25
Not performed 28 35
Unknown 14 17

A →  BB → A

60 40 20 0 0 10 20 30 40

Not evaluated
or unknown

Inter-study
evaluation

Intra-study
evaluation

≥1 small molecule plus ≥1 large molecule

≥2 small molecules

Two large molecules

Fig. 5  Summary of PK evaluations of interactions between combined 
agents; number of A → B (innovative agent over secondary agent) and 
B → A (secondary agent/s over innovative agent) evaluations, either 
as intra-study (crossover or parallel) or as inter-study (historical and/
or population PK) Graphics software used: R Studio
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an immunosuppressant (pomalidomide or lenalidomide), and 
a corticosteroid (dexamethasone), with or without a mAb 
(daratumumab or elotuzumab). The longer survival as com-
pared to other hematologic malignances likely explain the 
investigations using so many similar combinations of agents 
being characterized by a favorable tolerability.

On the one hand, dose regimens of agents when given in 
combination and as monotherapy usually matched, although 
to a lesser extent that of CTs. Targeted therapies, although 
far from being toxicity free, usually display a non-linear rela-
tionship between dose and toxicity, so efficacy may occur 
at doses that do not induce clinically significant toxicity, at 
least during earlier cycles of treatment. In fact, model-based 
(D–R or E–R) approaches are deemed more appropriate than 
conventional rule-based (3 + 3) approaches for dose selec-
tion. As a result, the recommended doses in the labels of 
half of SM-targeted oncology drugs are lower than the MTD 
defined in the first in-human (FIH) study [30]. The recom-
mended dose of these agents as monotherapy, which is based 
on optimal target engagement rather than on MTD, will 
more likely be tolerated also when given in combination.

On the other hand, CTs are usually given at their MTD 
defined in FIH studies by conventional 3 + 3 design, assum-
ing that both efficacy and toxicity increase directly with 
dose. When given in combination, concomitant toxicities, 
either overlapping or not, may require dose reductions. This 
does not necessary entail a loss of efficacy, as demonstrated 
by those approved combinations with lower doses than when 
agents are given as monotherapy, in which the additive effect 
could overcome the dose reduction.

Furthermore, dose-finding studies were more intensive 
when the innovative agent was an SM. For these combina-
tions, escalation studies were more abundant and thorough 
in their design, aiming at identifying the optimum dose regi-
mens to be used thereafter. By contrast, early phase studies 
when the innovative agent was an LM rarely explored more 
than one dose level. This may be explained by the fact that 
doses of mAbs selected in early phases coincide less fre-
quently with the MTD, and poorly predict the dose used 
in pivotal trials [31]. Indeed, conventional phase I studies 
with mAbs cannot capture their medium- and long-term tox-
icity, so alternative designs including a longer time frame 
for endpoint assessment at selected doses are deemed more 
appropriate for LMs.

This new dose-finding paradigm is currently being 
addressed by FDA’s Project Optimus [32], aimed at setting 
up expectations, enhance communication with developers, 
and develop new strategies for dose optimization for targeted 
agents.

Regardless of therapeutic class, an upward trend in the use 
of more innovative dose-escalation (e.g., adaptive) designs 
in early phase combination studies was not detected, despite 
efforts to promote adaptive approaches among statisticians 

and clinicians. The underlying reasons should be explored, 
since these designs claim to reach the MTD faster and treat 
most patients at or near the MTD in phase I single agent 
[33], and combination studies [34, 35].

Nevertheless, the design of early phase studies has gained 
complexity over this decade; in particular, phase I combi-
nation studies restricted to the definition of MTD are now 
infrequent, whereas expansion cohorts involving several 
hundred patients, building on an initial dose-escalation study 
that may have no more than 20 or 30 patients, are becoming 
more frequent.

A PoC study was not conducted for the majority of 
approved combinations. Despite the wide criteria used 
in this review that considered both efficacy extensions of 
phase I studies and stand-alone phase II studies, PoC studies 
were the exception rather than the rule. The use of futility 
analyses in pivotal studies was likely the preferred option to 
obtain substantial evidence of effectiveness instead of PoC 
studies, to speed up clinical development while paving the 
way toward new drug application (NDA) submission. This 
review could not capture which type of approved combina-
tions were more likely to include a PoC study, either ran-
domized controlled or single arm using historical data to 
estimate the SOC response rate.

Most approved combinations for hemato-oncology con-
sisted of an add-on to SOC. Either NMEs/NBEs or already 
approved agents added to a backbone therapy were, by far, 
the most efficient approaches to reaching positive outcomes 
in pivotal studies over the comparator arm. Consequently, 
combination therapies have become the SOC for many can-
cer types and line settings, and more innovative approaches 
will be needed to add benefit to the SOC. In this sense, in 
2013, the FDA released guidance to assist sponsors in the 
co-development of NMEs for use in combination, aimed at 
affecting multiple therapeutic targets to improve treatment 
response, minimize development of resistance, or minimize 
adverse events [3]. Although only a marginal proportion 
of the approved hemato-oncology combinations have fol-
lowed this path, since then, it may become in the future the 
most promising approach to achieving superior outcomes 
over SOC, when certain criteria are met (i.e., serious dis-
ease, strong biological rationale, preclinical characterization 
suggesting a therapeutic advance, and reduction of activity 
if one or both agents are given as monotherapy). In terms 
of clinical pharmacology studies (e.g., assessment of bio-
availability, characterization of PKs, mass balance, etc.), the 
guidance states that they should be done for each individual 
drug as if they were being developed separately, while stud-
ies to evaluate effects of intrinsic and extrinsic factors on 
PK and PD, and E–R, could be conducted either with the 
individual drugs or the combination [3].

Most studies involved PK assessments, although more 
restricted to the innovative agent the later the phase. Since 
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a drug combination constitutes a unique therapy on its 
own, sponsors should carefully consider whether or not 
to include PK assessment of the secondary agent in the 
experimental and the control arm of late phase studies. 
Specifically, pivotal randomized studies with an A + B vs. 
B design, by far the most frequent, provide the ideal sce-
nario to evaluate potential effects of the innovative agent 
over the PK of the secondary agent. But most importantly, 
they allow the development of innovative E–R models 
aimed at exploring the contribution of each agent to the 
overall effect of the combination therapy, especially when 
the dose regimen of any of the agents varies between arms. 
A paradigmatic case occurred in the area of immunosup-
pression, where an E–R model was successfully applied 
to derive the effect size of a noninferiority margin of the 
everolimus–tacrolimus combination in an otherwise nega-
tive pivotal study [36]. FDA members stated that they were 
not aware of any examples where E–R analysis was uti-
lized to derive the effect size in the case of oncology drug 
combination approvals, although that example in trans-
plant medicine can shed light on the utility of E–R analy-
sis in other therapeutic areas [37]. Indeed, E–R analyses 
identified in this review were all limited to the innovative 
agent, and were dedicated to provide supportive evidence 
about the effectiveness of the innovative agent and to jus-
tify the adequacy of the selected dose (either by detect-
ing an E–R relationship where most patients treated at the 
selected dose achieve active exposures, or by showing a 
the lack of meaningful relationship between a wide range 
of exposures and efficacy and/or safety).

Finally, performing PK assessments in all patients can 
be invaluable, since, as documented in numerous FDA 
reviews, these analyses are often leveraged to answer ques-
tions and support labeling when clinical pharmacology 
studies are not available [30].

Evaluations of PK interactions between combined 
agents were not routinely performed, especially when 
an SM and an LM were combined. This finding aligns 
with a review regarding the utility of PK studies in dose-
finding studies of two oncology drugs over a previous 
5-year period (2007–2011), which disregarded dedicated 
PK evaluations when a mechanistic basis was absent, in 
spite of the narrow therapeutic window, steep dose-toxic-
ity profile and high interindividual variability in PK and 
pharmacodynamic (PD) on antineoplastics [38]. Never-
theless, evaluations of PK interactions, based on within-
study, historically controlled, or PopPK analyses, were still 
reported for a large number of combinations, reflecting 
the awareness of drug developers and regulators to the 
risk of overexposure. Within-study evaluations, either as 
a crossover or parallel study, are the type of PK evaluation 
that provides more reliable information about potential 

interactions, since patients are randomized to sequence 
and/or treatment, thus ensuring the absence of selection 
bias. In any of the identified PK evaluations in this review, 
either within-study, historical or PopPK-based, no PK 
drug–drug interactions that could be ultimately used to 
guide dosing recommendations, were reported.

Conclusions

This review outlines the main clinical development fea-
tures of drug combinations that have become part of the 
current armamentarium for hemato-oncologists during the 
past decade, based on a substantial amount of evidence of 
effectiveness over the SOC, according to FDA criteria.

CT-containing combinations were the most prevalent 
approvals, highlighting the role of these agents as the 
backbone therapy in cancer. Dose regimens of agents 
when given in combination and as monotherapy usually 
matched, although to a lesser extent for CTs.

When the innovative agent was an SM, dose-finding 
studies were more intensive. However, classical escalation 
is still the preferred option for phase I, despite claims of 
superiority of adaptive designs to find the recommended 
doses of combined agents. PoC studies were not con-
ducted for the majority of combinations, which was likely 
to shorten development time. Most pivotal studies con-
sisted of an add-on to the SOC versus the SOC, enabling 
the demonstration of a substantial gain in efficacy and no 
detrimental effect in tolerability.

Inclusion and design of PK assessments were largely 
determined by the specificities of each combination, even 
though their utility is deemed greater than for monother-
apies, as they can inform about PK interactions. Most 
importantly, they can provide evidence about the contri-
bution of each agent to the overall anti-tumor effect.

Looking toward the next decade, more effective and 
tolerable treatments combining either existing or next-
generation drug types and cells (e.g., bispecific antibodies, 
CAR-T cells, etc.), will hopefully be meriting regulatory 
approval, as a result of dose optimization, and streamlined 
and flexible studies supported by E–R analyses, enabling 
both the definition of the best dosing regimens, and the 
accurate description of each agent’s effect size.
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