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ABSTRACT
◥

Purpose: Combinations of immune-checkpoint inhibitors (ICI)
with other cancer therapies have been approved for advanced
cancers in multiple indications, and numerous trials are under way
to test new combinations. However, the mechanisms that account
for the superiority of approved ICI combinations relative to their
constituent monotherapies remain unknown.

Experimental Design: We analyzed 13 phase III clinical trials
testing combinations of ICIs with each other or other drugs in
patients with advanced melanoma and lung, breast, gastric, kidney,
and head and neck cancers. The clinical activity of the individual
constituent therapies, measured in the same or a closely matched
trial cohort, was used to compute progression-free survival (PFS)
curves expected under a model of independent drug action. To
identify additive or synergistic efficacy, PFS expected under this null
model was compared with observed PFS by Cox regression.

Results: PFS elicited by approved combination therapies with
ICIs could be accurately predicted from monotherapy data using
the independent drug action model (Pearson r ¼ 0.98, P < 5 �
10�9, N ¼ 4,173 patients, 8 types of cancer). We found no
evidence of drug additivity or synergy except in one trial in
which such interactions might have extended median PFS by
9 days.

Conclusions: Combining ICIs with other cancer therapies
affords predictable and clinically meaningful benefit by providing
patients with multiple chances of response to a single agent.
Conversely, there exists no evidence in phase III trials that other
therapies interact with and enhance the activity of ICIs. These
findings can inform the design and testing of new ICI combination
therapies while emphasizing the importance of developing better
predictors (biomarkers) of ICI response.

Introduction
The introduction of immunotherapy is one of the most important

recent developments in oncology. Immune-checkpoint inhibitors
(ICI) directed against PD-1, PD-L1, and CTLA-4 have improved
survival for many but not all types of cancer (1). To increase rates
and durability of responses to ICIs, thousands of combination
clinical trials are under way (2). A key motivation for these trials
is the hypothesis that chemotherapies, targeted drugs, and immu-
notherapies themselves can enhance the activity of ICIs by increas-
ing tumor immunogenicity or through other mechanisms (3, 4).
The clinical success of ICI combinations has been widely inter-

preted as evidence of interaction-based mechanisms, but phase III
trials do not address such hypotheses. Thus, the superiority of
combination ICI therapies to monotherapy in multiple indications
does not resolve whether “synergy” is involved, or necessary. It is
nonetheless well recognized that investigating this issue has impli-
cations for the development of new treatments and trials, as well as
practical matters such as prioritization of concurrent versus sequen-
tial therapy, and whether combination therapy is necessary for all
patients (5–7).

When two ormore active therapies are combined, they each provide
some probability of response. In general, the probability that either one
of two concurrent events A andBwill occur (e.g., response to therapyA
or therapy B) is the sum of their individual probabilities minus the
probability that both occur (P(A and/or B) ¼ P(A) þ P(B) � P(A
and B) (Fig. 1). This “addition law of probability” was first applied to
remission rates from monotherapy or combination therapy by the
acute leukemia group B (ALGB) in 1961, and led to the conclusion that
the therapeutic advantage of combining 6-mercaptopurine (6MP) and
methotrexate (MTX) in the treatment of acute lymphoblastic leukemia
arose from two drugs acting independently (8). Specifically, ALGB
Protocol 2 observed that some patients responded to therapy 6MP but
not therapy MTX, and vice versa, allowing the combination to benefit
patients in both groups. Moreover, the observed combination therapy
response rate was remarkably close to that predicted by the addition
law of probability. Thus, it has long been known that tolerable
combinations of active therapies can provide a clinically meaningful
benefit to patient populations (as measured by population-averaged
outcomes, such as response rate) without a requirement for pharma-
cologic additivity or synergy in individual patients (note that phar-
macologic additivity as commonly defined using Bliss or Loewe null
models is different from addition of probabilities; ref. 9).

Recently, we and others have shown that the concept of independent
drug action can also be applied to analyzing progression-free survival
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(PFS) in contemporary oncology trials (10–12). Independent drug
action is the null hypothesis that therapyAdoes not change the activity
of therapy B and vice versa; “activity” can be quantified in multiple
ways, and here we consider probability of PFS. The probabilities of
response to two agents may be correlated, due to partial drug cross-
resistance or prognostic factors affecting responses to both drugs. The
greater the correlation coefficient r, the greater the fraction of patients
are either responsive or resistant to both drugs. Accounting for
correlated response probabilities can be addressed using a computa-
tional algorithm we described previously (10), but a more elegant
analytical solution was recently derived by Chen and colleagues (12).
Specifically, let P(A, t) and P(B, t) be the PFS probabilities of

therapies A and B at time t, and r be the correlation between these
probabilities. If therapies A and B act independently when com-
bined [meaning that they exhibit no pharmacologic interaction and
P(A, t) is not affected by the presence of B or P(B, t) by the presence
of A], then the expected PFS for the combination is

P combination; tð Þ ¼ P A and=or B; tð Þ
¼ P A; tð Þ þ P B; tð Þ � P A; tð Þ P B; tð Þ
� r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P A; tð Þ 1� P A; tð Þð Þ P B; tð Þ 1� P B; tð Þð Þ

p
EQ1

When r¼ 0, this equation is identical to the one used by Frei and his
ALGB colleagues in the 1960s (8, 13). Evidence for pharmacologic
additivity or synergy is obtained when the null model in EQ1 can be
rejected. Specifically, P(combination) must surpass P(A and/or B) as
calculated from single-agent activities at a specific confidence level
using Cox regression; conversely, if P(combination)¼ P(A and/or B),
then the null model cannot be rejected and additivity or synergy is not
demonstrated.

An inability to reject a null hypothesis of drug independence is not
incompatible with a complex process of time-varying drug response
and resistance—albeit one hidden from view; nonadditive effects on
the molecular states of cells are common when therapies are
combined. However, if efficacy as measured in a clinical trial is
insufficient to reject the null hypothesis of drug independence, then
the quantitative implication is that the PFS time for each patient
depends on whichever constituent of the combination was most
effective for that individual, and has not been significantly altered
by the presence of less effective agents or underlying molecular
mechanisms. It has long been established that null models used to
assess drug interaction should be mechanism-agnostic in both cell
lines and trials, or else statements about synergy would vary
depending on changing ideas about how drugs work rather than
empirical data on efficacy (14). In the discussion of this paper, we
consider the implications of the apparent discrepancy between
preclinical studies on ICIs and phase III trial results.

We previously tested the model of independent drug action
using data from multiple phase III clinical trials, and hundreds of
patient-derived tumor xenografts. We found that many approved
combination therapies produce a PFS benefit that is fully accounted
for by independent action. Some combinations exhibit additivity or
synergy by this definition, such as bevacizumab plus chemotherapy
for metastatic ovarian or colorectal cancers (10, 15, 16). These
findings in solid tumors are similar to those reported by ALGB
from multiple trials in leukemia in the 1960s (8, 13). Benefit from
independent action arises when drugs are active as monotherapies,
patients vary substantially in their sensitivities to individual drugs,
and drugs in the combination are not cross-resistant (weakly
correlated; ref. 10), criteria that are met by most contemporary
combination therapies. Our previous analysis primarily involved
combinations of targeted therapies and chemotherapies (10) as
phase III data were available at the time for only one ICI com-
bination: ipilimumab (a CTLA-4 mAb) plus nivolumab (a PD-1
mAb) in metastatic melanoma. We found that PFS as well as
changes in tumor volume were precisely consistent with indepen-
dent action. Additional evidence for independent action in PD-1
inhibitor combinations was recently reported by Schmidt and
colleagues (17) based on analysis of objective response rates. Here,
we analyze PFS data from all clinical trials of ICI combination
therapies as of April 2020 for which data on single-agent and
combination arms are available and look for evidence of additive or
synergistic drug interaction.

P(B) > P(A and B)

P(A and/or B) > P(A)

If

Combination therapy can
be superior to monotherapy
via independent drug action
[where combining A and B
 does not increase P(A), P(B)]

P(A) P(B)

P(A and B)P(A and/or B)

Figure 1.

The addition law of probability and its implication for combination therapy. This
Venn diagram represents a cohort of patientswith cancer and their probabilities
of being responsive to therapy A and/or therapy B. The mathematical formu-
lation of this concept, P(combination) ¼ P(A) þ (1 – P(A))�P(B), was given by
Frei and colleagues in 1961 (8), and recent work has adapted the concept to PFS
and to account for correlations in probabilities.

Translational Relevance

Use of immune-checkpoint inhibitors (ICI) targeting PD-1, PD-
L1, and CTLA-4 has dramatically improved survival for several
previously difficult-to-treat solid cancers. Activation of immune
surveillance is potentially relevant to any type of cancer, and
thousands of ICI clinical trials are therefore under way, many
pairing ICIs with chemotherapies, targeted drugs, and immu-
notherapies themselves as a means to enhance ICI activity or
increase tumor immunogenicity. The superiority of some combi-
nations relative to monotherapy in clinical trials has been widely
interpreted as evidence of synergistic drug interaction; many
preclinical studies are under way to understand such synergy.
However, our finding that all 13 FDA-approved ICI combinations
for which a test is possible conform closely to a null model of drug
independence means that there is no evidence that ICIs are
synergistic or even additive with each other or other drugs in
humans; instead, combinations provide patients with multiple
opportunities for a meaningful response to monotherapy. This
makes it possible to predict the likely activity of a new combi-
nation from survival data for the constituent monotherapies, an
observation of immediate utility in the design of new trials.
It also raises questions about concurrent versus sequential
therapy or the need for drug combinations in all patients. More
generally, our findings suggest that the focus of translational
research into ICIs needs to shift from studying drug interaction
in atypically sensitive animal models to understanding why
response is so variable in humans and how it can be predicted
at the level of individual patients.
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Figure 2.

PFS for combination therapies as observed in clinical trials and as predicted from independent activity of the therapies comprising the combination (part 1).
PFS observed for each combination therapy (blue) was compared with that expected from the PFS distributions of the constituents of the combination (green
and magenta) under the null hypothesis of independent drug action (black line and gray range, which reflects uncertainty in response correlation (r ¼ 0.3 �
0.2). Data from patients treated at second line or later are indicated by 2L and 2Lþ; all other data are from patients previously untreated for metastatic or
advanced cancer. CPS, PD-L1 combined proportion score; TPS, PD-L1 tumor proportion score. Combination therapy data from (A) CheckMate 067 (31), (B)
KEYNOTE-189 (32), (C) KEYNOTE-407 (33), (D) IMpassion130 (36), (E) KEYNOTE-426 (35), (F) JAVELIN Renal 101 (34), (G) IMpower133 (18) and
CASPIAN (21), (H) IMpower130 (38), (Continued on the following page.)
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Materials and Methods
Data sources

We sought published data for all combination therapies with ICIs
that were FDA approved as of April 2020. We required Kaplan–Meier
plots of PFS for the combination therapy and for the constituents of the
combination in matching patient cohorts. In some trials the control

arm was itself a combination, which we treat as one entity (e.g.,
etoposide plus platinum in IMpower133; ref. 18); we did not assess
drug interactions within control arms because the necessary data are
rarely available. Hereafter “single agent” in most cases refers to a single
drug and in other cases a control arm combination (this distinction is
clear in Figs. 2 and 3). Some trials were lacking at least one
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Figure 2.

(Continued. ) (I) KEYNOTE-048 (37), (J) KEYNOTE-062 (22), (K) IMpower150 (ref. 39; note the difference between expected and observed PFS is significant for left
panel and not for right panel; see Supplementary Fig. S1), (L) NCT00324155 (23), and (M) KEYNOTE-022 (24, 40). Data sources, patient characteristics, and
limitations are described in Supplementary Tables S1 and S2.
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monotherapy arm, in which case we searched publications and
conference proceedings for a clinical trial of that therapy meeting the
following criteria: (i) patients had the same type and stage of disease,
(ii) patients were treated at the same or near-identical dose, and (iii)
treatments involved the same line of therapy. For all combinations
analyzed in this paper, treatment was first line, but for 5 of 26
monotherapy arms, data were available only in previously treated
patients (second or third line). The potential impact of this difference is
addressed explicitly in the results.With regard to thismethodology, we
note that in general, historical controls are not appropriate for trials
intended to be practice-changing (19) but are acceptable for trial
simulations, including those used in adaptive trials (20). Inmany cases,
historical controls represent the only way to evaluate drug interaction
for a new combination because contemporaneous data on mono-
therapies is not collected. Complete treatment details and patient
characteristics for the trials analyzed are presented in Supplementary
Tables S1 and S2.

We identified suitable combination and control monotherapy data
for 11 of the 14 ICI combinations approved by the FDA (Supplemen-
tary Table S3, which also describes data limitations precluding con-
clusions for the three remaining combinations, including advanced
endometrial cancer; Supplementary Fig. S3). Two trials in small cell
lung cancer of etoposide plus platinum with or without PD-L1
blockade were merged for analysis (18, 21). We also included three
ICI combination therapies lacking FDA approval where complete
combination and monotherapy data were available for analysis: (i)
pembrolizumab plus chemotherapy for advanced gastric and gastro-
esophageal junction cancers (22), (ii) ipilimumab plus dacarbazine for
metastatic melanoma (23), and (iii) pembrolizumab plus dabrafenib
and trametinib for metastatic BRAF-mutant melanoma (24). The
latter trial did not meet our criteria for similar dosing across control
and experimental arms but was included because a comparison with
the predictions of independent action illustrated the negative con-
sequences of dose reductions and interruptions.

Data extraction
Published Kaplan–Meier functions of PFS were imported into

Adobe Illustrator to produce one image per treatment arm. If raster-
ized, figures were digitally traced in Adobe Photoshop. Kaplan–Meier
curves were digitized in Wolfram Mathematica 12 using published
algorithms (10). For hazard ratio calculations, individual participant
data were imputed from Kaplan–Meier functions and at-risk tables

using published methods (25). Supplementary code provided software
and source data.

Simulation of independent action
The expected PFS distribution, under the null hypothesis of

independence, was computed by two equivalent methods, being a
published algorithm (10) and a published equation [ref. 12; EQ1;
Supplementary code shows their consistency]. Censoring is already
accounted for in the “input” data, which is Kaplan–Meier plots of PFS
probability versus time. Analysis of PFS is not affected by cross-over or
post-protocol therapy. As previously reported (10), our use of partial
positive correlation in simulations (r ¼ 0.3 � 0.2) was empirically
supported by a large database of drug responses in patient-derived
tumor xenografts, and is consistent with clinical observations from
sequential monotherapy trials and from comparing response rates at
first and second line (8, 26–30). Partial correlations in drug response
could in principle arise both from tumor-intrinsic properties, highly
related mechanisms of drug action, or patient status such as age and
comorbidities (i.e., prognostic factors). A conclusion that a combina-
tion involves additivity or synergy is supported if PFS is significantly
superior to PFS expected from independent action (by the propor-
tional hazards model). No current method, including those described
here, can make the further distinction between additivity or synergy as
pharmacologically defined based on clinical trial data.

The analysis presented here is applicable to PFS in advanced
cancers. As presently formulated, this method is not applicable to
adjuvant therapy or indolent tumors, scenarios in which “survival” can
be strongly influenced by factors other than systemic therapy, includ-
ing curative surgery or an intrinsic lack of tumor proliferation. Similar
concerns apply to overall survival, as postprogression survival could be
affected by subsequent lines of therapy and other factors (Supple-
mentary Note and Supplementary Fig. S5).

Data availability
Complete source data (digitized PFS distributions) are provided in

the Supplementary Code.

Results
We analyzed 13 recently reported phase III trials of drug

combinations involving ICIs in melanoma, squamous and non-
squamous non–small cell lung cancers (NSCLC), small cell lung

A Analysis of PFS
at 12 months

B Analysis of PFS
at all measured times

Ind
ep

en
de

nt
Sup

eri
or

Inf
eri

or Ind
ep

en
de

nt
Sup

eri
or

Inf
eri

or

0 25 50 75
0

25

50

75

Expected PFS at 12 months (%)

O
bs

er
ve

d
PF

S
at

12
m

on
th

s 
(%

)

0 25 50 75 100
0

25

50

75

100

Expected PFS (%)
O

bs
er

ve
d

PF
S 

(%
)

BRAFV600
melanoma

R 2 = 0.96 R 2 = 0.98

BRAFV600
melanoma

Figure 3.

Trials combining ICIs with other can-
cer therapies are consistent with, or
inferior to, independent drug action.
Observed PFS has a strong linear
correlation with PFS expected under
the null hypothesis of independent
drug action, both at (A) a landmark
of 12 months (R2 ¼ 0.96; Pearson r¼
0.98, P < 10�8) and (B) over all mea-
sured times (R2 ¼ 0.98; Pearson r ¼
0.99), except for pembrolizumab
plus dabrafenib and trametinib for
BRAFV600 melanoma (24), which
involved substantial dose reductions
and interruptions that violated mod-
el requirements (green points).
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cancer, renal cell cancer, triple-negative breast cancer, gastric
and gastroesophageal junction cancer, and head and neck squa-
mous cell carcinoma, and one phase II trial in BRAF-mutant
melanoma (18, 21–24, 31–40). We also updated our published
analysis of ipilimumab plus nivolumab (10) in metastatic mela-
noma with longer follow-up data (42 months; ref. 31).

Eleven trials exhibited PFS distributions statistically indistinguish-
able from the prediction of the independencemodel (Fig. 2A–J). In the
case of the IMpower150 trial in nonsquamous NSCLC (39), observed
PFS exceeded the prediction of independence, and in the KEYNOTE-
022 trial in BRAF-mutant melanoma (24), which had extensive dose
reductions and interruptions, it was worse. For the KEYNOTE-048
trial in head and neck squamous cell carcinoma (37) and KEYNOTE-
062 trial in gastric and gastroesophageal junction cancers (22), pub-
lished data made it possible to analyze cohorts with or without
enrichment for PD-L1 expression; both cohorts conformed to the
predictions of drug independence (Fig. 2I and J). Concordance or
deviation from independence was quantified by computing a hazard
ratio for the comparison of observed combination therapy PFS and
expected combination therapy PFS. Once again, all combination
therapy trials but IMpower150 were consistent with, or inferior to,
the null hypothesis of independent action, with no statistically signif-
icant difference in PFS from expectation (Supplementary Fig. S1).
Moreover, observed PFS and expected PFS under the assumption of
independence exhibited a strong correlation at a “landmark” of
12 months after randomization (Fig. 3A; Pearson correlation r ¼
0.98, P < 10�8, n ¼ 13 trials; with time-series data, a P value can be
calculated only at a single time). When observed and expected PFS
were compared at all observed times, Pearson correlationwas 0.99, and
the mean absolute error for the independence model was less than 3%
(Fig. 3B). Thus, in nearly all trials, P(combination, t) was indistin-
guishable from P(A and/or B, t) as computed frommonotherapy data,
and the nullmodel could not be rejected. Consequently, there is little to
no evidence that combining therapies A and B has increased P(A, t) or
P(B, t). These findings constitute strong evidence that the dominant
mode of benefit provided by approved ICI combinations is explainable
by the null model of independent drug action.

A possible case of additive or synergistic drug interaction in
nonsquamous NSCLC

IMpower150 evaluated first-line treatment of nonsquamous
NSCLC by bevacizumab, carboplatin, and paclitaxel, with or without
the PD-L1 inhibitor atezolizumab (39). In this trial, published in 2018,
PFS in the ICI combination arm surpassed the expectation of inde-
pendence with a hazard ratio of 0.84 (P ¼ 0.01, n ¼ 356; median PFS
surpassed expectation by 9 days; Fig. 2K and Supplementary Fig. S1).
IMpower150 did not evaluate atezolizumab alone and our initial
assessment therefore used data from the 2019 OAK trial on
atezolizumab monotherapy in nonsquamous NSCLC without PD-
L1 preselection (41). However, this trial enrolled patients receiving
atezolizumab as second-line or third-line therapy. The BIRCH trial,
also published in 2018, tested atezolizumab inNSCLC of all histologies
(72%nonsquamous, all tumors≥5%PD-L1 positive; ref. 26) and found
that atezolizumab was more active as first-line than as second-line or
third-line therapy, consistent with the general phenomenon that
previously treated tumors are less responsive to therapy. This suggests
that our initial test of independence underestimated atezolizumab’s
single-agent activity at first line. To address this, we used clinically
observed differences in atezolizumab activity by line of therapy (26) to
construct a synthetic arm—as recently discussed for NSCLC (42)—of
atezolizumab for first-line treatment of nonsquamous NSCLC

(Fig. 2K; Supplementary Fig. S2). Under these conditions, we found
that IMpower150 closely matched the expectation of independence
(hazard ratio 1.04, P ¼ 0.46, n ¼ 356; Supplementary Fig. S1). Two
competing hypotheses are therefore possible to explain the results of
IMpower150: (i) atezolizumab is slightly less active at second line than
first line, and independent action explains the benefit of adding
atezolizumab to combination chemotherapy, and (ii) atezolizumab is
equally active across first and subsequent lines of therapy, and a
conclusion of drug additivity or synergy is supported. The measured
differences in atezolizumab activity by line of therapy in the BIRCH
trial (26) provide direct evidence for hypothesis (i). We conclude that
PFS in IMpower150 is most likely consistent with the expectation of
independent drug action. A more exact test of independence in cases
such as this is unlikely to be possible because it would require the
ethically questionable step of withholding first-line chemotherapy.

Inferiority to independent action in a combination therapy for
melanoma

The KEYNOTE-022 trial tested PD-1 inhibition (pembrolizumab)
plus BRAF and MEK inhibition (dabrafenib plus trametinib) for
BRAF-mutant melanoma, and nearly all patients receiving this “triple
combination” required dose reduction, interruption, or discontinua-
tion due to treatment-related adverse events (24). Dose reductions or
interruptions can compromise the efficacy of individual agents
[lowering P(A, t) and P(B, t)], which is expected to produce combi-
nation activity inferior-to-independent action as calculated assuming
no dosage compromise. This may explain why PFS observed with the
dabrafenib plus trametinib plus pembrolizumab combination was
substantially worse than independence (hazard ratio ¼ 1.63, P ¼
0.005, n¼ 60). Notably, patients commenced combination therapy at
full dose, and initial responses in terms of volume change were
approximately as good as independence would predict (Supplemen-
tary Fig. S4;method from ref. 10).Dose interruptionswere increasingly
required over time due to toxicity, which is consistent with inferior
efficacy observed in durability of PFS. However, the benefits expected
of this combination therapy by independent action could in principle
be achieved by optimally assigning patients to either PD-1 inhibition
only, or BRAF plus MEK inhibition only, making development
of a predictive biomarker(s) for responsiveness to PD-1 inhibition a
priority in BRAF-mutant melanoma.

Limitations in the analysis
This report is not a meta-analysis, and it is emphatically not

intended to affect current clinical practice. Instead, the work aims to
illuminate the mechanistic basis for the clinical efficacy of ICI com-
bination therapies and inform future clinical trials. Retrospective
analysis as performed here has inherent methodological limitations.
First, the benefit conferred by drug combinations exhibiting indepen-
dence varies with the correlation in response to individual agents; we
have used a range that accounts for partial cross-resistance (10) based
on data obtained on many drugs in patient-derived xenografts (PDX)
models (albeit not ICIs), and clinical evidence suggesting low cross-
resistance between ICIs and other therapies. Specifically, among
patients who have progressed on non-ICI first-line therapy, second-
line ICI therapy is slightly less effective when compared with first-line
ICI (26–29), whereas strong cross-resistance would imply a large
reduction in efficacy. Using a range of correlation values to account
for uncertainty in the correlation parameter r produced a range of
expected PFS, with mean width �2% (Fig. 2, gray range).

Second, although aggregate demographics were similar across
matched monotherapy and combination therapy trial arms
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(Supplementary Table S2), the impact of patient demographics on our
analysis is unknown because demographically linked individual
response data are generally not published and cannot be imputed
from published data. We encourage trial sponsors to investigate
demographic factors themselves, as recently described by investigators
from Merck (12).

A third limitation is that some of the trials we studied did not
include an ICI monotherapy arm, requiring the use of data from
another trial testing the same ICI in a comparable patient cohort
(Supplementary Tables S1 and S2). In these cases, we matched the line
of therapy and dosing to the greatest extent possible. Crucially, we
permitted no imperfections that could bias against the discovery of
additivity or synergy (such as monotherapy data at higher doses or in
healthier cohorts), and only tolerated biases in an opposite direction,
which could produce false evidence of synergy. For theKEYNOTE-407
trial in squamous NSCLC (Fig. 2C; ref. 33), monotherapy data are not
available for PD-1 antibody pembrolizumab, but data in this disease
are available for PD-1 antibody nivolumab, fromCheckMate-017 (43).
A meta-analysis of 1,887 patients with NSCLC observed no significant
difference in PFS or overall survival between pembrolizumab and
nivolumab (44). Nivolumab is therefore justified as a noninferior
comparator for pembrolizumab. In the renal cell carcinoma trials
KEYNOTE-426 (35) and JAVELIN Renal 101 (Fig. 2E and F; ref. 34),
the PDGFR/VEGFR/c-Kit receptor tyrosine kinase inhibitor axitinib
was used in the combination arm and the PDGFR/VEGFR/c-Kit
receptor tyrosine kinase inhibitor sunitinib was used in the mono-
therapy arm. The assumption that axitinib is not inferior to sunitinib is
supported by real-world data (45). In five cases, ICI monotherapy data
were obtained from previously treated (rather than untreated) patients
(arms labeled “2L”). This biases us to overestimate the likelihood of
additivity or synergy, because cancer treatments are generally less
active in second line than in first line. Finally, some of the trials
analyzed have fewer than 2 years of follow-up, and in these cases, it
may be difficult to observe drug additivity or synergy in the subset of
patients expected to exhibit long-lasting responses (11). We judge this
concern to be most applicable to renal cell carcinoma and PD-L1–
positive NSCLC: follow-up analysis will be required as additional
trial data become available. However, 2 to 3 years of follow-up was
available for most of the trials analyzed, and in these cases the longer
follow-up was not able to reject the independent action model.

Careful consideration of these potential limitations supports the
conclusion that drug independence is almost always the more con-
servativemodel, not only from the perspective of parsimony (observed
monotherapy activity explains observed combination activity; no
additional hypotheses need be invoked), but also when real limitations
in available data are considered. Specifically, limitations in mono-
therapy data “tilt the scales” in favor of synergy, and yet it is still found
lacking. If we consider only trials with ideallymatched data sets (line of
therapy, dosage, and compounds), the correlation between data and
themodel of independence remained r¼ 0.97 overall and P¼ 3�10�4

for PFS at 12 months. Thus, our findings are reproducible and
significant under multiple scenarios of data inclusion and exclusion.

Discussion
Based on retrospective analysis of 13 combination immunotherapy

phase III trials in eight types of cancer (all of the combination ICI trials
published up to April 2020 for which an analysis of independence is
possible), we conclude that there is no clinical evidence of synergistic
or additive interaction among ICIs or ICIs and other drugs. Thus, there
is no evidence in human trial data that priming immune responses

with chemotherapies or other drugs increases the activity of ICIs, as has
been observed in mouse models. This must not be confused with
criticism of the clinical trial results, because the conclusion that
published PFS benefits are as expected is a finding that affirms the
results of these trials. This includes many combinations that have
established new first-line standards of care. The key conclusion from
this study is instead that independent drug action is sufficient to
confer the PFS benefits required for a practice-changing therapy. The
fact that this benefit can be predicted from monotherapy data is of
immediate use in design of future trials, as suggested by a series of
recent papers from the Merck oncology group (12, 17, 46). It remains
to be seen to what extent our findings in advanced solid cancers will
generalize to more varied neoplasms such as hematologic malignan-
cies, in which drug additivity does appear to be critical (47), or to
adjuvant therapies for early-stage cancers. Analysis of adjuvant ther-
apy trials will require modification of our approach.

Single-agent ICIs have been remarkable in achieving long-lasting
“treatment-free survival” for subsets of patients (31, 48). Consequent-
ly, synergistic interaction is unnecessary for ICIs to elevate long-term
survival when added to established therapies, provided they have
single-agent activity in the disease of interest. This explains why ICIs
have partnered most effectively with different other drugs in different
diseases: it presently appears that the best “partner” therapy to ICIs are
whichever non-ICI regimen is itself most effective in a given indica-
tion, subject to tolerability. The corollary to this is that the success of a
given ICI combination (e.g., PD-1 plus axitinib in renal cell carcinoma)
cannot be expected to transfer to a different disease unless each
constituent is individually active in that disease.

Widespread evidence of drug independence in human clinical trials
would appear to conflict with data frommouse studies, many of which
report that ICIs synergize with a wide range of agents including
established and investigational cancer therapies, immune modulators,
repurposed drugs, and diet (49–53).Whymight this be true? Themost
obvious difference between preclinical analysis of ICIs and clinical
trials is that the former studies are performed primarily in one of a
small number of syngeneic and genetically engineered mouse
models, each of which is homogeneous genetically (or nearly so). In
contrast, patient populations are genetically heterogeneous and exhibit
high variability in drug response. Interpatient heterogeneity strongly
impacts the efficacy of combination therapy in human popula-
tions (8, 10, 13), but this phenomenon is largely inaccessible to mouse
models except in the case of panels representing (at least approx-
imately) the diversity of patient populations. This has become
possible in the case of PDXs and targeted anticancer therapies (54).
However, animals used for traditional PDX modeling are immu-
nocompromised and cannot be used to evaluate ICIs. Thus, even if
drug interactions identified in unusually sensitive preclinical mod-
els do occur in humans, we speculate that interpatient heterogeneity
is sufficient that too few patients receive benefit from both drugs for
additivity or synergy to be evident at the population level (10). A
corollary is that understanding the molecular basis of patient-to-
patient heterogeneity should make it possible to identify patient
subgroups with higher monotherapy response rates and more
opportunity for favorable drug interaction.

Calculating the benefits expected from drug independence provides
a sound strategy for the design of ICI combinations; prediction is
desirable as the number of possible combinations grows (12, 46). If the
predicted benefits of independence are insufficient for a new combi-
nation to exceed standard of care, then based on available data, the
combination is likely to fail. These observations are of immediate use in
helping trialists and drug developers prioritize regimens entering trials.
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As monotherapy data become available for stratified subgroups (e.g.,
PD-L1 status, prior treatment, and patient demographics), it may also
be possible to predict the activity of combination therapies in specific
patient subsets. Of course, users of the theory presented here must also
use appropriate criteria in selecting monotherapy data with regard to
patient cohorts, line of therapy, etc. Adverse effects remain the primary
unknown, and bettermethods for predicting, preventing, ormitigating
toxicity are therefore a priority. If a combination is poorly tolerated, as
may be apparent in a phase I trial (55), then it is ground to anticipate
“inferior-to-independent” efficacy in subsequent trials. This likely
explains the negative result for triple BRAF–MEK–PD1 inhibitor
combination in the KEYNOTE-022 trial (24). Future research could
test whether the independent action model can predict adverse
responses from combinations following collection or publication of
demographically linked data on adverse events to monotherapies and
their correlation.

The analysis presented addresses two clinical questions left unre-
solved by trial reports themselves (5–7). First, for diseases where an ICI
combination therapy is approved, is combination therapy optimal
for all patients?Ourfindings imply that the benefits of ICIs in approved
combination therapies apply to a subset of patients no larger than
those responsive to single-agent ICIs. Use of ICI combination therapy
is therefore justified as a “bet hedging” strategy because sufficiently
accurate biomarkers of ICI response are lacking. In the future,
development of more accurate biomarkers would support two types
of clinical trials. For indications in which unstratified populations do
not exhibit a significant benefit from an ICI combination (e.g.,
pembrolizumab plus chemotherapy in gastric cancer; ref. 22), ICI
combinations might still be tested in subgroups with the highest
responsiveness to single-agent ICIs, as identified by appropriate
biomarkers. This is a circumstance in which benefit from indepen-
dent action is simply more likely. For indications in which ICI
combinations are approved, noninferiority trials could test whether
ICI (and accompanying toxicities) can be spared for subgroups
identified as resistant to that ICI.

Second, can sequential use of drugs in approved combinations
provide treatment benefits similar to those of using the drugs
simultaneously? For drugs acting by independent action, the answer
is likely to be yes, but only if patients are consistently able to switch to a
second line of therapy. In cancers such as NSCLC, an overriding
consideration is that patients with rapidly progressing disease may be
unable to receive a second-line therapy, which is a compelling reason
for use of first-line combination therapy irrespective of mechanism of

action (synergy or independence; ref. 7). In clinical settings in which
patients are routinely able to receive a second line of therapy, inde-
pendent drug action supports testing “sequential combinations”
involving switching from a first agent to the second upon progression.
This hypothesis was tested directly by ECOG1193 (56), which estab-
lished sequential chemotherapy for metastatic breast cancer as non-
inferior to upfront combination chemotherapy, while imposing less
toxicity on patients and so improving quality of life.

Is it possible to move beyond independent drug action and
improve patient outcomes using drugs that enhance ICI activity?
As mentioned above, we hypothesize that the key to achieving drug
additivity or synergy is increasing rates of response to the constit-
uent monotherapies via patient stratification. If we can identify
patients who respond to all or the majority of drugs in a combi-
nation (57), we are likely to enrich for favorable interaction, which
may not occur to a statistically detectable degree in unstratified
populations. Thus, our findings emphasize the importance of
achieving greater precision in cancer immunotherapy based on
discovery and validation of response biomarkers.
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