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1 year was 40·8% (31·6–49·7; fi gure 3B). At the time of 
analysis, 72 (62%) of 117 participants had died.

We obtained pretreatment archival tumour samples 
for 86 (74%) of 117 participants, 76 (88%) of which could 
be assessed for PD-L1 expression. Median time from 
biopsy to start of nivolumab treatment for all collected 
tumour samples was 1·3 years (IQR 0·8–2·1). 25 (33%) 
of 76 patients had PD-L1-positive tumours (≥5% 
expression). Patients with PD-L1-positive tumours and 
those with PD-L1-negative tumours achieved an objective 
response, with more objective responses in patients with 
PD-L1-positive tumours (table 2). Almost a third of 
patients with unevaluable PD-L1 expression had an 

objective response (table 2). The appendix shows 
objective response by PD-L1 status using other cutoff s. 
Reductions in target tumour lesion burden were more 
common in patients with PD-L1-positive tumours 
(13 [52%] of 25 patients) than in those with PD-L1-
negative tumours (15 [38%] of 40; appendix).

32 (27%) of 117 patients had a dose delay, most often 
because of an adverse event, with 21 (66%) of 32 having 
only one delay. Most dose delays lasted less than 15 days. 
Accordingly, 99 (85%) of 117 patients received at least 
90% of their planned dose intensity.

Almost three-quarters of patients reported a 
treatment-related adverse event of any grade; most 
commonly, fatigue, decreased appetite, and nausea 
(table 3). Grade 3–4 treatment-related adverse events 
occurred in about a sixth of patients, most commonly 
fatigue, pneumonitis, and diarrhoea (table 3). Most 
treatment-related immune-mediated adverse events 
were of low grade, with skin disorders and 
gastrointestinal events most prevalent (appendix). Three 
patients had treatment-related grade 3 diarrhoea, which 
resolved with either corticosteroid treatment (one 
patient) or supportive care. Six patients had treatment-
related pneumonitis (none grade 4 or 5); one additional 
grade 3 pneumonitis was reported between 30 and 
100 days after the last dose of nivolumab. All patients 
with pneumonitis were treated with corticosteroids, 
with a median time to resolution of 3·4 weeks (range 
1·6–13·4). Four low-grade, treatment-related, renal 
adverse events were reported, none of which were 
grade 3–4. Treatment-related adverse events led to 
discontinuation for 14 (12%) of 117 patients: fi ve (4%) for 
pneumonitis, two (2%) for fatigue, and one (1%) for 
each of anaphylactic reaction, hypersensitivity, adrenal 
insuffi  ciency, diarrhoea, polyneuropathy, rash, and 
sensory neuropathy in both hands. At time of analysis, 
15 (13%) of 117 patients were on treatment.

Two deaths were attributed, by the investigator, to 
nivolumab. One patient died of hypoxic pneumonia 
28 days after the last dose of nivolumab. This patient had 
rapid tumour progression and bronchial obstruction 
with possible associated opportunistic infection. 
Although this condition was distinct from pneumonitis, 
the investigator reported the adverse event as possibly 
related to nivolumab as an infl ammatory component 
could not be ruled out, and no bronchoscopy or autopsy 
was done. A second patient died of ischaemic stroke 
41 days after the fi rst and only nivolumab dose. Both 
patients had multiple comorbidities and progressive 
disease (appendix).

Discussion
Our fi ndings show that nivolumab monotherapy provides 
clinically meaningful activity and an acceptable safety 
profi le for patients with advanced refractory squamous 
non-small-cell lung cancer. The prognosis for patients 
who have progressed after treatment with two or more 

Figure 3: Kaplan-Meier analysis of progression-free survival (A) and overall survival (B)
Progression-free survival was IRC assessed.
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0

Partial 
response

Stable 
disease

Progressive 
disease

<5% (n=51) 7 (14%) 10 (20%) 25 (49%)

≥5% (n=25) 6 (24%) 6 (24%) 11 (44%)

Unevaluable (n=10) 3 (30%) 4 (40%) 2 (20%)

Data are n (%). Patients with indeterminate best overall response (n=7), and best 
overall response not reported by the IRC (n=5) are not included. PD-L1 expression 
was evaluable in all these patients, except one with best overall response not 
reported.

Table 2: Best overall response by PD-L1 expression status
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•  Expression de PDL1 dans le CBNPC 
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Events

PD-L1 Positive PD-L1 Negative Odds Ratio
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of Patients
No. of

Events
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of Patients

Weight
(%)
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Subtotal
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Hamid et al24
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Weber et al21

4.08 (1.70 to 9.77)118 364 6 57 3.1
1.45 (0.26 to 8.01)4 15 3 15 1.1

5.33 (1.16 to 24.60)8 18 3 23 1.4
1.92 (1.14 to 3.24)46 80 86 208 5.1
2.03 (1.06 to 3.89)51 193 14 93 4.3
2.25 (1.26 to 4.02)39 74 45 136 4.7
0.61 (0.39 to 0.94)154 446 47 101 5.8
3.03 (1.53 to 6.02)34 77 18 87 4.1

359 277

Total events
Heterogeneity: W2 = 0.42; F2 = 31.39, df = 7 (P  < .001); l2 = 78%
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Fig 2. Forest plots
representing odds ratios of
objective response in
programmed cell death
ligand 1 (PD-L1) –positive
patients compared with
PD-L1–negative patients
across different cancer
types.NSCLC, non–small-
cell lung cancer; RCC,
renal cell cancer; SCLC,
small-cell lung cancer.
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•  Expression	de	PDL1	dans	les	tumeurs	solides	et	
réponses	aux	ICI	:	méta-analyse	
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type of IHC platform (Dako or Ventana for PD-L1) may not be
available in some pathology laboratories. Thus, in an effort to
evaluate the potential use of LDT, our study simultaneously eval-
uated the largest number of PD-L1 LDT to date using the most
commonly used PD-L1 antibodies and IHC platforms available.
Given that the Dako 28-8, Dako 22C3 and Ventana SP263 assays

are considered to have sufficient analytical concordance, we
defined that LDT should be able to achieve a similar concordance
(e.g. based on the same statistical criteria) with one of these three
assays for tumor cell staining. Since PD-L1 is expressed as a con-
tinuum of percentage and intensities, we have chosen to study the
concordance based on the most clinically relevant thresholds to
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Figure 2. Summary of comparison of laboratory-developed tests (LDTs) and reference PD-L1 assays (Ref.) selected among standardized kits
(orange boxes) for tumor cells staining (weighted kappa values for the <1%, 1–49% and !50% categories). LDTs with a weighted kappa con-
cordance coefficient !0.75 are considered as concordant with reference PD-L1 assays (green boxes), whereas other tests had insufficient
concordance (red boxes).

Table 1. Comparison of laboratory developped tests to selected assays according to !1% and !50% thresholds

Dako Ventana Leica Reference

Center 1 Center 2 Center 3 Center 4 Center 5 Center 6 Center 7

(A) TC 1%
28-8 Reference 97.6% 95.1% 92.7% 92.7% 78.0% 78.1% 28-8 (center 1)

[87.1; 99.9] [83.4; 99.4] [80.1; 98.5] [80.1; 98.5] [62.4; 89.4] [60.0; 90.7]
22C3 Reference 97.6% 92.7% 97.6% 90.2% 78.0% 82.9% 22C3 (center 1)

[87.1; 99.9] [80.1; 98.5] [87.1; 99.9] [76.9; 97.3] [62.4; 89.4] [67.9; 92.8]
SP263 90.2% 92.7% 90.2% 87.8% Reference 95.1% 92.7% SP263 (center 5)

[76.9; 97.3] [80.1; 98.5] [76.9; 97.3] [73.8; 95.9] [83.4; 99.4] [80.1; 98.5]
SP142 90.2% 72.5% 82.9% 78.0% 73.2% 90.2% 90.2% SP263 (center 5)

[76.9; 97.3] [56.1; 85.4] [67.9; 92.8] [62.4; 89.4] [57.1; 85.8] [76.9; 97.3] [76.9; 97.3]
E1L3N 85.4% 82.5% 90.0% 82.9% 87.8% 87.8% 87.8% SP263 (center 5)

[70.8; 94.4] [67.2; 92.7] [76.3; 97.2] [67.9; 92.8] [73.8; 95.9] [73.8; 95.9] [73.8; 95.9]

(B) TC 50%
28-8 Reference 97.6% 87.8% 90.2% 85.4% 85.4% 84.4% 28-8 (center 1)

[87.1; 99.9] [73.8; 95.9] [76.9; 97.3] [70.8; 94.4] [70.8; 94.4] [67.2; 94.7]
22C3 Reference 95.1% 92.7% 87.8% 92.7% 80.5% 85.4% 22C3 (center 1)

[83.4; 99.4] [80.1; 98.5] [73.8; 95.9] [80.1; 98.5] [65.1; 91.2] [70.8; 94.4]
SP263 95.1% 92.7% 97.6% 95.1% Reference 87.8% 90.2% SP263 (center 5)

[83.4; 99.4] [80.1; 98.5] [87.1; 99.9] [83.4; 99.4] [73.8; 95.9] [76.9; 97.3]
SP142 82.9% 72.5% 82.9% 73.2% 78.0% 90.2% 92.7% SP263 (center 5)

[67.9; 92.8] [56.1; 85.4] [67.9; 92.8] [57.1; 85.8] [62.4; 89.4] [76.9; 97.3] [80.1; 98.5]
E1L3N 82.9% 87.5% 90.0% 82.9% 95.1% 90.2% 92.7% SP263 (center 5)

[67.9; 92.8] [73.2; 95.8] [76.3; 97.2] [67.9; 92.8] [83.4; 99.4] [76.9; 97.3] [80.1; 98.5]

Selected reference assays across PD-L1 assays are provided in italics. Overall percentage of agreement and 95% confidence intervals are reported. PD-L1
tests with an overall percentage of agreement !90% are considered as concordant with reference PD-L1 assays (bold), whereas other tests had insufficient
concordance.
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•  Harmonisation du test PDL1 dans différents centres avec différents 
tests. 

•  Les tests 28-8, 22C3 et SP263 ont des performances proches.  
•  Possibilité de développer des tests locaux. 

 

Adam J, Annals Oncol 2018 



Biomarqueurs : expression de PD-L1 
•  Harmonisation du test PDL1 dans différents centres avec différents 

tests. 

 

Adam J, Annals Oncol 2018 

Results

Tumor cell staining

Staining of tumor cells with the standardized 22C3 Dako
pharmDx, 28-8 Dako pharmDx and SP263 Ventana assays was
compared. For each assay individually, we found a very high con-
cordance (weighted kappa coefficient: 0.79–0.94) between centers
(Figure 1). To compare results across these three assays and to
compare with LDT, we selected for each assay the results from a
single center, based on the highest mean percentage of stained
tumor cells. When comparing these three assays, we found a
high correlation (weighted kappa coefficient: 0.71–0.89, Figures 1
and 2).

The results from the 27 LDT performed in the study were each
compared with one of the standardized PD-L1 assays. LDTs with
clones 22C3, 28-8 and SP263 were compared with the selected
standardized assay with the corresponding antibody on dedicated
platform. The other LDTs performed with clone E1L3N and
SP142 were compared with the SP263 assay, which had the high-
est mean value for the percentage of staining in tumor cells. To
evaluate the analytical performance of LDTs, we considered that
they should achieve at least a similar concordance with one of
these three assays when compared with these three assays
together. Based on this rule, we defined a weighted kappa con-
cordance coefficient of at least 0.75 as a sufficient concordance
for selection and further validation of the test. We found that 14/
27 (51.8%) of PD-L1 LDT were concordant with one of the refer-
ence assays (Figure 2 and supplementary Figures S1 and S2, avail-
able at Annals of Oncology online). The overall percentage of
agreement for the !1% and the !50% positivity thresholds was
very similar to these results (Table 1). The results for the !5%,
!10% and !80% thresholds are mentioned in supplementary
Table S2, available at Annals of Oncology online. In our experi-
ence, low concordance was mainly related to insufficient sensitiv-
ity in PD-L1 expression detection by some LDT.

Immune cell staining

Staining of immune cells was scored by pathologists trained on
the 22C3 and/or 28-8 assays but not SP142 assay, which includes
the evaluation of immune cells. The overall percentage of agree-
ment for the !1%, !5% and !10% positivity thresholds was
poor when comparing 28-8, 22C3 and SP263 assays as well as
when comparing LDT to these assays (supplementary Table S3,
available at Annals of Oncology online).

Discussion

PD-L1 expression by IHC has been assessed in all clinical trials
evaluating efficacy of anti-PD-1 and anti-PD-L1 agents. Our
study and others [11–14] have shown that the Dako 28-8
pharmDx, Dako 22C3 pharmDx and Ventana SP263 assays have
a very close analytical performance for the staining of tumor cells
in NSCLC samples. This finding is very important since it indi-
cates that these three tests may be interchangeable for PD-L1 test-
ing on tumor cells and that a single PD-L1 test could be
performed for the three drugs associated with these assays in clin-
ical trials (nivolumab, pembrolizumab and durvalumab, respec-
tively). In particular, given the high proportion of pathology
laboratories using Ventana platform across many countries, the
SP263 assay may be used as a complementary diagnostic test for
nivolumab and companion diagnostic test for pembrolizumab as
approved by the FDA. We did not study the Ventana SP142 assay,
but several of these studies [11, 14] have shown that it stained a
significantly lower proportion of tumor cells.

The introduction of ready-to-use, highly standardized, assays
has been in past years an improvement in the quality of predictive
IHC, for instance for HER2 testing. Even if these assays were used
in clinical trials, several issues may prevent pathologists from
using them and lead to development of LDT instead. In particu-
lar, these assays are much more expensive, reimbursement for
PD-L1 testing is insufficient in many countries and the adequate
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Figure 1. Comparison of tumor cells staining with the selected 22C3, 28-8 and SP263 assays.
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Les biomarqueurs en immunothérapie 

Antigènes tumoraux 
(TMB, MSI, néo-

antigènes,..) 

Inflammation  
(gene signature, TILS, 

LIPI, MDSC,…) 

Suppression 
immunitaire 

(PDL1, CTLA4,…) 

TUMEUR 

HOTE 
(microbiote) 



Microenvironnement 

Les trois phénotypes histologiques 
observés dans les cancers

INFLAMMATOIRE
Cellules-T CD8+ 

infiltrées mais non-
fonctionnelles

EXCLUSION IMMUNE
Cellules-T CD8+ 

accumulées mais n’ont 
pas infiltré la tumeur

DESERT IMMUN
Cellules-T CD8+ 

absentes de la tumeur 
et de sa périphérie

Hegde et al. CCR 2016



Statut immunologique 

(Fehrenbacher L, Lancet 2016) 

•  Etude IMPower Chimio + Beva +/- atezo 
•  Intérêt du Teff: The T-effector (Teff) gene signature is 

defined by expression of PD-L1, CXCL9 and IFNγ. 

Reck M, et al. IMpower150 PFS analysis. 8 
The T-effector (Teff) gene signature is defined by expression of PD-L1, CXCL9 and IFNγ and is a surrogate of both  
PD-L1 IHC expression and pre-existing immunity (Kowanetz M, et al. WCLC, 2017).  

IMpower150 study populations and objectives 

ITT 
All randomised 

patients 

Teff-high WTa 
High T-effector gene signature expression 

Teff-low WTa 
Low T-effector gene signature expression 

Co-primary objectives 
• Investigator-assessed PFS in ITT-WT 
• Investigator-assessed PFS in Teff-high WT 
• OS in ITT-WT 

1 
EGFR/ALK + 

(13% of patients) 

ITT-WTa 

(87% of patients) 
a WT refers to patients without EGFR 

or ALK genetic alterations. 



Statut immunologique 

(Fehrenbacher L, Lancet 2016) 

•  Intérêt du Teff: The T-effector (Teff) gene signature is 
defined by expression of PD-L1, CXCL9 and IFNγ. 

Reck M, et al. IMpower150 PFS analysis. 16 
INV, investigator. 
Data cutoff: September 15, 2017 

INV-assessed PFS in Teff-high WT (Arm B vs Arm C) 

6.8 mo  
(95% CI: 5.9, 7.4)  

11.3 mo 
(95% CI: 9.1, 13.0)  

HR, 0.505 (95% CI: 0.377, 0.675) 
P < 0.0001 

Minimum follow-up: 9.5 mo 

Landmark PFS, % Arm B:  
atezo + bev + CP 

Arm C:  
bev + CP 

6-month 72% 57% 

12-month 46% 18% 



Statut immunologique 

Reck M, ESMO-IO 2017 

•  Intérêt du Teff: The T-effector (Teff) gene signature is 
defined by expression of PD-L1, CXCL9 and IFNγ. 

Reck M, et al. IMpower150 PFS analysis. 18 

a ITT, EGFR/ALK mutants, and ITT-WT % prevalence out of ITT (n = 800);  
Teff % prevalence out those tested in ITT-WT (n = 658); PD-L1 IHC % prevalence out of ITT-WT (n = 692).  
b Patients with a sensitising EGFR mutation or ALK translocation must have disease progression  
or intolerance of treatment with one or more approved targeted therapies. 
c Stratified HRs for ITT, ITT-WT and Teff-high WT populations; unstratified HRs for all other subgroups. 
Data cutoff: September 15, 2017 

PFS in key biomarker populations  

0.25

Population n (%)a 

ITT (including EGFR/ALK mutant +) 800 (100%) 
EGFR/ALK mutant + onlyb 108 (14%) 
ITT-WT 692 (87%) 

Teff-high (WT) 284 (43%) 

Teff-low (WT) 374 (57%) 

PD-L1 IHC TC2/3 or IC2/3 (WT) 244 (35%) 
PD-L1 IHC TC1/2/3 or IC1/2/3 (WT) 354 (51%) 
PD-L1 IHC TC0 and IC0 (WT) 338 (49%) 

PD-L1 IHC TC3 or IC3 (WT) 135 (20%) 
PD-L1 IHC TC0/1/2 or IC0/1/2 (WT) 557 (80%) 

Median PFS, mo 

1.0 

In favour of Arm C: 
bev + CP 

Hazard Ratioc 
In favour of Arm B: 

atezo + bev + CP 

0.61 
0.59 

0.76 

0.48 
0.50 

0.77 

0.51 

0.62 

1.25 

0.39 
0.68 

Arm B Arm C 
8.3 6.8 
9.7 6.1 
8.3 6.8 

11.3 6.8 
7.3 7.0 

11.1 6.8 
11.0 6.8 
7.1 6.9 

12.6 6.8 
8.0 6.8 



Statut immunologique 

Mezquita L, JAMA Oncol 2018 

•  LIPI score (Lung Immune Prognostic Index) : dLNR 
(Leucocytes/Leuco-Neutro et LDH) 

data were missing for 7% and 3% of the population, respec-
tively. Overall, PD-L1 status was positive in 96 patients (21%),
negative in 33 (7%) and not available in 337 patients (72%). The
high rate of missing PD-L1 status was due to the fact that it was
not mandatory for ICI prescription. The median number of prior
lines of therapy administered before ICI therapy was 1 (range,
0-11). The overall response rate with ICI was 27% (n = 126 pa-
tients), and 32 patients (7%) had additional atypical or disso-
ciated response patterns.

The LIPI was evaluable for 431 patients, giving 63 pa-
tients (15%) in the poor group, 206 (48%) in the intermediate
group, and 162 (38%) in the good LIPI group. Median OS was
10.1 months (95% CI, 9.0-11.7 months) and median PFS was 4.0
months (95% CI, 3.4-5.0 months).

Median OS was 4.8 (95% CI, 3.6-7.7) vs 10.0 (95% CI,
7.3-12.6) vs 16.5 (95% CI, 11.4-34.0) months for the poor,
intermediate, and good LIPI groups, respectively (Figure,
A), and median PFS was 2.0 (95% CI, 1.7-4.0) vs 3.7 (95% CI,
3.0-4.8) vs 6.3 (95% CI, 5.0-8.0) months (both P < .001)
(Figure, B).

The role of dNLR greater than 3 and LDH greater than ULN
were further validated with a resampling bootstrap proce-
dure (1000 replications) in which all statistical analyses were
replicated on each bootstrapped sample (Table 1), with this in-
ternal validation procedure reflecting the robustness of the fi-
nal model. A dNLR greater than 3 and LDH greater than ULN
were associated with significantly shorter OS (HR, 1.70; 95%
CI, 1.27-2.28; P < .001 and HR, 1.36; 95% CI, 1.02-1.83; P = .04,
respectively). No differences were observed in our cohort ac-
cording to PD-L1 expression (positive/negative/unknown)
in terms of PFS and OS.

The LIPI was also correlated with response rate (P < .001).
In a multivariate analysis, the intermediate and poor groups
were associated with progressive disease, with an OR of 2.20
(95% CI, 1.26-3.84; P = .005) and 3.04 (95% CI, 1.46-6.36;
P = .003), respectively (Table 2).

Analysis of OS according to population subgroups re-
vealed significant correlations with the LIPI group, regard-
less of histologic subtype (eFigure 4 in the Supplement) and
age (eFigure 5 in the Supplement). In the smoker population,

Figure. Overall Survival (OS) and Progression-Free Survival (PFS) According to Lung Immune Prognostic Index (LIPI) Groups,
in the Immunotherapy Pooled Cohort and in the Chemotherapy Cohort

OS in the immunotherapy pooled cohortA PFS in the immunotherapy pooled cohortB
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Immunothérapie 
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Statut immunologique 

Krieg C, Nature Medicine 2018 

•  Analyse single-cell et prédiction de la réponse aux anti 
PD1 

•  Caractérisation de l’infiltrat immunitaire dans le sang périphérique 
•  Réponse au niveau du compartiment lymphocytaire  

A R T I C L E S
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Figure 5 Patient stratification based on myeloid cell markers and expansion of classical monocytes in responders. (a) Cell population composition in  
the PBMCs of healthy donors (HD, n = 20), nonresponders (NR, n = 18) and responders (R, n = 22) before and after the initiation of anti-PD-1 therapy.  
(b) Heat map for patient stratification on the basis of normalized median marker expression, with dendrograms for expression markers (rows) and 
samples (columns). Bars at the top of the heat map represent individual samples from responders (green) and nonresponders (pink) from the two time 
points i.e., before or after therapy (n = 39; one baseline sample with a cell count <50 was excluded from further differential expression analysis).  
(c) Heat map of normalized median expression of markers that were significantly (adjusted p-value < 0.05) differentially expressed between responders 
and nonresponders before and 12 weeks after therapy initiation, as in Figure 1c, in the myeloid compartment (CD3−CD19−) (n = 39). Bars at the top of 
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Statut immunologique 

Delaunay M, ASCO-SITC 2018 

•  Cellules myéloïdes circulantes: m-MDSC 

High M-MDSC 

Low m-MDSC 
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 M-MDSC 

 e-MDSC 

Low e-MDSC 

High e-MDSC 

 PMN-MDSC 

Low PMN-MDSC 

High PMN-MDSC 

%	e-MDSC	at	baseline	(Cox	proportional	hazards	model	for	continuous	
variables	)	

Overall	survival		 HR	[95%	CI]	0.97	[0.80;	1.17]		 P=0.74		

Progression	free-survival	 HR	[95%	CI]	0.94	[0.80;	1.10]		 P=	0.45		

%	PMN-MDSC	at	baseline	(Cox	proportional	hazards	model	for	continuous	
variables	)	

Overall	survival		 HR	[95%	CI]	1.01	[0.85;	1.21]		 P=0.89		

Progression	free-survival	 HR	[95%	CI]	1.03	[0.90;	1.19		 P=	0.64	

%	M-MDSC	at	baseline	(Cox	proportional	hazards	model	for	continuous	
variables	)	

Overall	survival		 HR	[95%	CI]	[1.01;	1.14]		 P=0.02		

Progression	free-survival	 HR	[95%	CI]	08 [1.03; 1.15] 	 P=	0.004	

Marvel and Gabrilovich, J clin invest 2015 



Statut immunologique 

Delaunay M, ASCO-SITC 2018 

•  Cellules myéloïdes circulantes: m-MDSC 
•  Faible taux de m-MDSC associé à une meilleure survie 

des patients traités par immunothérapie 
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%	e-MDSC	at	baseline	(Cox	proportional	hazards	model	for	continuous	
variables	)	

Overall	survival		 HR	[95%	CI]	0.97	[0.80;	1.17]		 P=0.74		

Progression	free-survival	 HR	[95%	CI]	0.94	[0.80;	1.10]		 P=	0.45		

%	PMN-MDSC	at	baseline	(Cox	proportional	hazards	model	for	continuous	
variables	)	

Overall	survival		 HR	[95%	CI]	1.01	[0.85;	1.21]		 P=0.89		

Progression	free-survival	 HR	[95%	CI]	1.03	[0.90;	1.19		 P=	0.64	
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Microenvironnement 

•  Importance de la présence de lymphocytes CD8 à proximité de la 
tumeur (Exemple dans le mélanome traité par pembrolizumab) 

the response group, pSTAT1 expression was also found to be significantly
higher during treatment when compared to baseline (P 5 0.007) (Ex-
tended Data Fig. 3e). These findings prompted us to investigate the as-
sociation between CD81-, CD41-, PD-11- and PD-L11-cell densities
in baseline biopsies in regards to response to treatment (Fig. 3a). The re-
sponse group was associated with significantly higher numbers of CD81,
PD-11 and PD-L11 cells at both the invasive margin and the tumour
centre when compared to the progression group (CD8, P , 0.0001; PD-1,
P 5 0.0002; PD-L1, P 5 0.006). However, CD4 expression at baseline was
not found to correlate with treatment outcome. No relationship was found
between previous treatment history with ipilimumab (anti-CTLA4) and
CD8 expression or treatment outcome (Extended Data Table 3).

We next determined the relative proximity of PD-1 and PD-L1 as
evidence of a physical interaction between PD-11 and PD-L11 cells, a
presumptive requisite for adaptive immune resistance. Figure 3b shows
representative examples of chromogenic PD-1 and PD-L1 expression
in serially cut tissue sections as well as multiplexed PD-1 3 PD-L1 immu-
nofluorescence in pre-treatment samples according to treatment outcome.
Using quantitative multiplexed PD-1 3 PD-L1 immunofluorescence,
we found a significant correlation between proximity of PD-1 and PD-
L1 and response to therapy (Fig. 3c; P 5 0.005).

We next investigated the relationship between CD8 and PD-L1 using
a Spearman’s correlation analysis and found the two markers to corre-
late in both the tumour (Spearman r 5 0.598, P , 0.001) and the invasive
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Figure 1 | Immunohistochemical analysis of CD8 1 T cells in samples
obtained before and during pembrolizumab treatment. a, b, Examples of
CD8 expression in melanoma tumours serially biopsied before PD-1 blocking
treatment (Tx) and 20–60 days after treatment began (Days 120–60) from a
patient in the response (a) and progression (b) groups. Red line separates
tumour parenchyma (below line) and invasive margin (above line).

Magnification, 320. c, d, CD81-cell density at the tumour parenchyma and
invasive margin in samples from all responders (c; n 5 13) and progressors
(d; n 5 12) who received a biopsy before and during treatment. Filled circle
indicates complete response; open circle indicates partial response; triangle
indicates delayed response.
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Figure 2 | Regressing tumours during treatment are associated with
proliferating CD8 1 T cells that localize to the tumour. a, Representative
example of CD8/Ki67 chromogenic double staining from a sample obtained
during tumour regression shows double-positive T cells localized to the tumour
parenchyma. The red line separates the invasive margin (above line) and

tumour (below line). b, Top, representative single-positive quiescent
CD81 brown cells (no Ki67 labelling) from the invasive margin. Bottom,
representative double-positive cells (red, labelled Ki67 nucleus; brown, labelled
CD8 membrane) with characteristic chromatin patterns associated with
sub-phases of mitosis. Magnification, 340.
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the response group, pSTAT1 expression was also found to be significantly
higher during treatment when compared to baseline (P 5 0.007) (Ex-
tended Data Fig. 3e). These findings prompted us to investigate the as-
sociation between CD81-, CD41-, PD-11- and PD-L11-cell densities
in baseline biopsies in regards to response to treatment (Fig. 3a). The re-
sponse group was associated with significantly higher numbers of CD81,
PD-11 and PD-L11 cells at both the invasive margin and the tumour
centre when compared to the progression group (CD8, P , 0.0001; PD-1,
P 5 0.0002; PD-L1, P 5 0.006). However, CD4 expression at baseline was
not found to correlate with treatment outcome. No relationship was found
between previous treatment history with ipilimumab (anti-CTLA4) and
CD8 expression or treatment outcome (Extended Data Table 3).

We next determined the relative proximity of PD-1 and PD-L1 as
evidence of a physical interaction between PD-11 and PD-L11 cells, a
presumptive requisite for adaptive immune resistance. Figure 3b shows
representative examples of chromogenic PD-1 and PD-L1 expression
in serially cut tissue sections as well as multiplexed PD-1 3 PD-L1 immu-
nofluorescence in pre-treatment samples according to treatment outcome.
Using quantitative multiplexed PD-1 3 PD-L1 immunofluorescence,
we found a significant correlation between proximity of PD-1 and PD-
L1 and response to therapy (Fig. 3c; P 5 0.005).

We next investigated the relationship between CD8 and PD-L1 using
a Spearman’s correlation analysis and found the two markers to corre-
late in both the tumour (Spearman r 5 0.598, P , 0.001) and the invasive
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Figure 1 | Immunohistochemical analysis of CD8 1 T cells in samples
obtained before and during pembrolizumab treatment. a, b, Examples of
CD8 expression in melanoma tumours serially biopsied before PD-1 blocking
treatment (Tx) and 20–60 days after treatment began (Days 120–60) from a
patient in the response (a) and progression (b) groups. Red line separates
tumour parenchyma (below line) and invasive margin (above line).

Magnification, 320. c, d, CD81-cell density at the tumour parenchyma and
invasive margin in samples from all responders (c; n 5 13) and progressors
(d; n 5 12) who received a biopsy before and during treatment. Filled circle
indicates complete response; open circle indicates partial response; triangle
indicates delayed response.

Tum
our

Invasive m
argin

K
i6

7 
× 

C
D

8

Prophase Metaphase Anaphase Telophase

a b

0.01 mm

0.01 mm 0.01 mm 0.01 mm 0.01 mm

Figure 2 | Regressing tumours during treatment are associated with
proliferating CD8 1 T cells that localize to the tumour. a, Representative
example of CD8/Ki67 chromogenic double staining from a sample obtained
during tumour regression shows double-positive T cells localized to the tumour
parenchyma. The red line separates the invasive margin (above line) and

tumour (below line). b, Top, representative single-positive quiescent
CD81 brown cells (no Ki67 labelling) from the invasive margin. Bottom,
representative double-positive cells (red, labelled Ki67 nucleus; brown, labelled
CD8 membrane) with characteristic chromatin patterns associated with
sub-phases of mitosis. Magnification, 340.
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Études qualitatives et multiparamétriques

Faible infiltrat lymphocytaire
PD-L1 élevé (rouge)

Carcinome malpighien ORL 

Fort  infiltrat lymphocytaire 
PD-L1 bas (rouge), violet

CD8 jaune, FOXP3 vert, CD79a (B) violet, Macrophages CD163 orange 

Z Feng -  2016Digitalcommons.ohsu.edu/cgi/

Microenvironnement 

•  Co-infiltration de cellules immunitaires dans les tumeurs PDL1 +. 
(Exemple dans le CBNPC traité par atezolizumab) 

•  Exemple K ORL 

Herbst R, Nature 2014 

Four more patients had unconfirmed responses (Table 2, Fig. 2 and Ex-
tended Data Fig. 3a). Responses could also be rapid and durable (Fig. 2b
and Extended Data Fig. 3a), with shrinking or resolving palpable lesions
detected within days in some responders and nearly all responders (es-
pecially patients with NSCLC) continuing to respond and staying on
study. In addition, RECIST may not accurately describe the full spectrum

of responses observed because some patients who had a best response
of progressive disease per RECIST went on to develop durable tumour
shrinkage or prolonged stable disease (pseudoprogression)17. The med-
ian progression-free survival of all patients was 18 weeks. We also per-
formed an exploratory analysis of patients with NSCLC and detected a
potential trend of former/current smokers responding better to MPDL-
3280A versus never smokers (11 of 26 (42%) versus 1 of 10 (10%), re-
spectively; P 5 0.4229 using a Fisher exact test; see the accompanying
paper (ref. 18) for further discussion).

There appears to be an association between response and the expres-
sion of PD-L1 in pre-treatment samples (Fig. 3 and Extended Data Figs 3
and 4). The association of response to MPDL3280A treatment and
tumour-infiltrating immune cell PD-L1 expression reached statistical
significance (NSCLC, P 5 0.015 (Fig. 3a and Extended Data Fig. 4a); all
tumours, P 5 0.007 (Fig. 3b, c and Extended Data Fig. 4b)), while the as-
sociation with tumour cell PD-L1 expression did not (NSCLC, P 5 0.920
(Extended Data Fig. 4c); all tumours, P 5 0.079 (Extended Data Fig. 4d)).

Indication n Percentage of PD-L1 positive (IC) Percentage of PD-L1 positive (TC)

NSCLC 184 26 24 
RCC 88 25 10 
Melanoma 58 36 5 
HNSCC 101 28 19 
Gastric cancer 141 18 5 
CRC 77 35 1 
Pancreatic cancer 83 12 4 

a PD-L1 prevalence determined with a Genentech/Roche anti-PD-L1 IHC assay

b

PD-L1 negative

c PD-L1/CD163 PD-L1/CD11c

PD-L1/CD3 PD-L1/CK

PD-L1 positive (IC) PD-L1 positive (TC) PD-L1 positive (TC and IC)

Figure 1 | Programmed death-ligand 1 (PD-L1) prevalence and expression.
a, PD-L1 prevalence by immunohistochemistry (IHC) in samples collected for
PCD4989g. PD-L1 positivity was defined as $5% of tumour-infiltrating
immune cells (ICs) or tumour cells (TCs) staining for PD-L1 by IHC.
b, Representative images of PD-L1 by IHC (brown) in tumours from patients
with non-small cell lung cancer (NSCLC). The PD-L1-negative image is at
203 magnification, other images at 403 magnification. c, Co-localization
of PD-L1 with selected tumour-infiltrating immune cell and tumour cell
markers by immunofluorescence in NSCLC and melanoma tumours. PD-L1
staining in red; markers of tumour-infiltrating immune cells and tumour
cells in green; and DAPI staining in blue. Areas of overlap are indicated with
white arrowheads. All four images are at 403 resolution. Markers of tumour-
infiltrating immune cells: CD163 (macrophages), CD11c (dendritic cells)
and CD3 (T cells). Marker of tumour cells: cytokeratin (CK). CRC, colorectal
cancer; HNSCC, head and neck squamous cell carcinoma; NSCLC, non-small
cell lung cancer; RCC, renal cell carcinoma.

Table 1 | Adverse events
Treatment-related AEs (n 5 277) AEs regardless of attribution (n 5 277)

Events ($4% of patients) Any grade (n (%)) Grade 3–4 (n (%)) Events ($5% of patients) Any grade (n (%)) Grade 3–4 (n (%))

Any AE 194 (70.0) 35 (12.6) Any AE 263 (94.9) 108 (39.0)
Fatigue 67 (24.2) 5 (1.8) Fatigue 100 (36.1) 9 (3.2)
Decreased appetite 33 (11.9) – Nausea 69 (24.9) 2 (0.7)
Nausea 32 (11.6) 1 (0.4) Dyspnoea 66 (23.8) 11 (4.0)
Pyrexia 32 (11.6) 2 Decreased appetite 64 (23.1) –
Diarrhoea 29 (10.5) 2 Cough 60 (21.7) –
Rash 29 (10.5) 2 Diarrhoea 60 (21.7) –
Pruritus 23 (8.3) 2 Pyrexia 57 (20.6) –
Arthralgia 22 (7.9) 2 Constipation 55 (19.9) –
Headache 21 (7.6) 1 (0.4) Headache 49 (17.7) –
Chills 19 (6.9) 2 Vomiting 46 (16.6) –
Influenza-like illness 16 (5.8) 1 (0.4) Anaemia 44 (15.9) 10 (3.6)
Asthenia 15 (5.4) 2 (0.7) Insomnia 43 (15.5) –
Dyspnea 15 (5.4) 2 (0.7) Back pain 42 (15.2) 4 (1.4)
Pain 15 (5.4) 1 (0.4) Arthralgia 41 (14.8) –
Myalgia 13 (4.7) 2 Rash 40 (14.4) –
Anaemia 12 (4.3) 2 (0.7) Asthenia 34 (12.3) 4 (1.4)
Dry skin 12 (4.3) 2 Pruritus 33 (11.9) –
Night sweats 12 (4.3) 2 Chills 31 (11.2) –
Vomiting 11 (4.0) 1 (0.4) Upper respiratory tract infection 30 (10.8) –
Other grade 3–4 AEs, $2 patients Anxiety 20 (7.2) –
ALT increased 6 (2.2) 3 (1.1) Influenza-like illness 20 (7.2) –
AST increased 4 (1.4) 3 (1.1) Nasal congestion 20 (7.2) –
Hypoxia 4 (1.4) 3 (1.1) Urinary tract infection 20 (7.2) 3 (1.1)
Hyperglycaemia 4 (1.4) 2 (0.7) Dehydration 19 (6.9) 4 (1.4)
Hyponatraemia 4 (1.4) 2 (0.7) Hyperglycaemia 19 (6.9) 7 (2.5)
Cardiac tamponade 2 (0.7) 2 (0.7) Myalgia 19 (6.9) –
Hypophosphataemia 2 (0.7) 2 (0.7) Night sweats 19 (6.9) –
Tumour lysis syndrome 2 (0.7) 2 (0.7) Productive cough 19 (6.9) –

Dry skin 16 (5.8) –
Dry mouth 14 (5.1) –
Hypoxia 14 (5.1) 6 (2.2)
Weight decreased 14 (5.1) –

AE, adverse event; ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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Les biomarqueurs en immunothérapie 

Antigènes tumoraux 
(TMB, MSI, néo-

antigènes,..) 

Inflammation  
(gene signature, TILS, 

LIPI,…) 

Suppression 
immunitaire 

(PDL1, CTLA4, Tregs, 
MDSC,...) 

TUMEUR 

HOTE 
(microbiote) 



Charge mutationnelle et néo-antigènes 

•  Les peptides mutés issus de mutations de l’ADN sont 
reconnus par les lymphocytes T CD8+ et CD4+   

•  La réponse des lymphocytes T à ces néo-antigènes 
contribue à la réponse clinique à l’immunothérapie 

Robbins PF, Nat Med 2013 
Linneman C, Nat Med 2014 

Schumacher TN, Cancer Cell 2015 



Charge mutationnelle et néo-antigènes 

•  Analyse de la réponse au pembrolizumab dans le 
CBNPC selon la charge mutationnelle. 

Rizvi N, Science 2015 

NDB (Mann-Whitney P = 0.01 for both) (fig. S5).
A previously validated binary classifier to identi-
fy the molecular signature of smoking (17) was
applied to differentiate transversion-high (TH,
smoking signature) from transversion-low (TL,
never-smoking signature) tumors. Efficacy was
greatest in patients with tumors harboring the
smoking signature. The ORR in TH tumors was
56% versus 17% in TL tumors (Fisher’s exact P =
0.03); the rate of DCBwas 77% versus 22% (Fisher’s
exact P = 0.004); the PFS was also significantly
longer in TH tumors (median not reached versus
3.5 months, log-rank P = 0.0001) (Fig. 2A). Self-
reported smoking history did not significantly
discriminate those most likely to benefit from
pembrolizumab. The rates of neither DCB nor
PFS were significantly different in ever-smokers
versus never-smokers (Fisher’s exact P = 0.66 and
log-rank P = 0.29, respectively) or heavy smokers
(median pack-years >25) versus light/never smokers
(pack-years ≤25) (Fisher’s exact P = 0.08 and log-
rank P = 0.15, respectively). Themolecular smoking
signature correlated more significantly with non-

synonymous mutation burden than smoking his-
tory (fig. S6, A and B).
Although carcinogens in tobacco smoke are

largely responsible for the mutagenesis in lung
cancers (19), the wide range of mutation burden
within both smokers and never-smokers impli-
cates additional pathways contributing to the
accumulation of somatic mutations. We found
deleterious mutations in a number of genes that
are important in DNA repair and replication. For
example, in three responders with the highest
mutation burden, we identified deleterious mu-
tations in POLD1, POLE, and MSH2 (Fig. 3). Of
particular interest, a POLD1 E374K mutation was
identified in a never-smoker with DCB whose tu-
mor harbored the greatest nonsynonymous muta-
tion burden (n = 507) of all never-smokers in our
series. POLD1 Glu374 lies in the exonuclease proof-
reading domain of Pol d (20), and mutation of
this residue may contribute to low-fidelity repli-
cation of the lagging DNA strand. Consistent with
this hypothesis, this tumor exome had a relatively
low proportion of C-to-A transversions (20%) and

predominance of C-to-T transitions (51%), similar
to other POLD1 mutant, hypermutated tumors
(21) and distinct from smoking-related lung can-
cers. Another responder, with the greatest muta-
tion burden in our series, had a C284Y mutation
in POLD1, which is also located in the exonu-
clease proofreading domain. We observed non-
sense mutations in PRKDC, the catalytic subunit
of DNA-dependent protein kinase (DNA-PK),
and RAD17. Both genes are required for proper
DNA repair and maintenance of genomic integ-
rity (22, 23).
Genes harboring deleterious mutations com-

mon to four or more DCB patients and not present
in NDB patients included POLR2A,KEAP1, PAPPA2,
PXDNL, RYR1, SCN8A, and SLIT3. Mutations in
KRAS were found in 7 of 14 tumors from patients
with DCB compared to 1 of 17 in the NDB group,
a finding that may be explained by the asso-
ciation between smoking and the presence of
KRAS mutations in NSCLC (24). There were no
mutations or copy-number alterations in antigen-
presentation pathway–associated genes or CD274
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Fig. 1. Nonsynonymous mutation burden associated with clinical bene-
fit of anti–PD-1 therapy. (A) Nonsynonymous mutation burden in tumors
from patients with DCB (n = 7) or with NDB (n = 9) (median 302 versus
148, Mann-Whitney P = 0.02). (B) PFS in tumors with higher nonsynony-
mous mutation burden (n = 8) compared to tumors with lower nonsynony-
mous mutation burden (n = 8) in patients in the discovery cohort (HR 0.19,
95% CI 0.05 to 0.70, log-rank P = 0.01). (C) Nonsynonymous mutation
burden in tumors with DCB (n = 7) compared to those with NDB (n = 8) in
patients in the validation cohort (median 244 versus 125, Mann-Whitney
P = 0.04). (D) PFS in tumors with higher nonsynonymous mutation burden
(n = 9) compared to those with lower nonsynonymous mutation burden
(n = 9) in patients in the validation cohort (HR 0.15, 95% CI 0.04 to 0.59,

log-rank P = 0.006). (E) ROC curve for the correlation of nonsynonymous
mutation burden with DCB in discovery cohort. AUC is 0.86 (95% CI 0.66
to 1.05, null hypothesis test P = 0.02). Cut-off of ≥178 nonsynonymous mu-
tations is designated by triangle. (F) Nonsynonymous mutation burden in
patients with DCB (n = 14) compared to those with NDB (n = 17) for the
entire set of sequenced tumors (median 299 versus 127, Mann-Whitney P =
0.0008). (G) PFS in those with higher nonsynonymous mutation burden
(n = 17) compared to those with lower nonsynonymous mutation burden
(n = 17) in the entire set of sequenced tumors (HR 0.19, 95% CI 0.08-0.47,
log-rank P = 0.0004). In (A), (C), and (F), median and interquartile ranges of
total nonsynonymous mutations are shown, with individual values for each
tumor shown with dots.
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[encoding programmed cell death ligand-1 (PD-L1)]
that were associated with response or resistance.

How does increased mutation burden affect tu-
mor immunogenicity? The observation that non-
synonymous mutation burden is associated with
pembrolizumab efficacy is consistent with the
hypothesis that recognition of neoantigens, formed
as a consequence of somatic mutations, is impor-
tant for the activity of anti–PD-1 therapy. We ex-
amined the landscape of neoantigens using our
previously described methods (25) (fig. S7). Briefly,
this approach identifies mutant nonamers with
≤500 nM binding affinity for patient-specific class
I human lymphocyte antigen (HLA) alleles (26, 27),
which are considered candidate neoantigens (table
S6). We identified a median of 112 candidate neo-
antigens per tumor (range 8 to 610), and the quan-
tity of neoantigens per tumor correlated with
mutation burden (Spearman r 0.91, P < 0.0001),
similar to the correlation recently reported across
cancers (28). Tumors from patients with DCB had
significantly higher candidate neoantigen bur-
den compared to those with NDB (Fig. 4A), and
high candidate neoantigen burden was associated
with improved PFS (median 14.5 versus 3.5 months,
log-rank P = 0.002) (Fig. 4B). The presence of sp-

ecific HLA alleles did not correlate with efficacy
(fig. S8). The absolute burden of candidate neo-
antigens, but not the frequency per nonsynony-
mous mutation, correlated with response (fig. S9).
We next sought to assess whether anti–PD-1

therapy can alter neoantigen-specific T cell re-
activity. To directly test this, identified candidate
neoantigens were examined in a patient (Study
ID no. 9 in Fig. 3 and table S3) with exceptional
response to pembrolizumab and available pe-
ripheral blood lymphocytes (PBLs). Predicted
HLA-A–restricted peptides were synthesized to
screen for ex vivo autologous T cell reactivity in
serially collected PBLs (days 0, 21, 44, 63, 256, and
297, where day 0 is the first date of treatment)
using a validated high-throughput major histo-
compatibility complex (MHC) multimer screening
strategy (29, 30). This analysis revealed a CD8+
T cell response against a neoantigen resulting
from a HERC1 P3278S mutation (ASNASSAAK)
(Fig. 4C). Notably, this T cell response could only
be detected upon the start of therapy (level of
detection 0.005%). Three weeks after therapy
initiation, the magnitude of response was 0.040%
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Fig. 2. Molecular smoking signature is significantly
associated with improved PFS in NSCLC patients
treated with pembrolizumab. PFS in tumors char-
acterized as TH by molecular smoking signature
classifier (n = 16) compared to TL tumors (n = 18)
(HR 0.15, 95% 0.06 to 0.39, log-rank P = 0.0001).

Fig. 3. Mutation burden, clinical response, and factors contributing to
mutation burden.Total exonic mutation burden for each sequenced tumor with
nonsynonymous (dark shading), synonymous (medium shading), and indels/
frameshift mutations (light shading) displayed in the histogram. Columns are
shaded to indicate clinical benefit status: DCB, green; NDB, red; not reached
6 months follow-up (NR), blue. The cohort identification (D, discovery; V, valida-

tion), best objective response (PR, partial response; SD, stable disease; PD,
progression of disease), and PFS (censored at the time of data lock) are reported
in the table.Those with ongoing progression-free survival are labeled with ++.The
presence of the molecular smoking signature is displayed in the table with TH
cases (purple) and TL cases (orange). The presence of deleterious mutations in
specific DNA repair/replication genes is indicated by the arrows.
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PFS selon la charge  
mutationnelle  

« non synonyme » 

PFS selon le taux  
de transversion  

(lié au tabagisme) 

•  Mise en évidence d’une signature de néo-épitopes 
prédictive de la survie  

of CD8+ T cells, and this response was main-
tained at Day 44. This rapid induction of T cell
reactivity correlated with tumor regression, and
this T cell response returned to levels just above
background in the subsequent months as tumor
regression plateaued (Fig. 4D). HERC1 P3278S-
multimer–reactive T cells from PBLs collected on
day 44 were characterized by a CD45RA-CCR7-
HLA-DR+LAG-3 phenotype, consistent with an
activated effector population (fig. S10). These data
reveal autologous T cell responses against cancer
neoantigens in the context of a clinical response
to anti–PD-1 therapy.
To validate the specificity of the neoantigen-

reactive T cells, PBLs from days 63 and 297 were
expanded in vitro in the presence of mutant pep-
tide and subsequently restimulated with either
mutant or wild-type peptide (ASNASSAAK versus

ASNAPSAAK), and intracellular cytokines were
analyzed. At both time points, a substantial pop-
ulation of polyfunctional CD8+ T cells [charac-
terized by production of the cytokines interferon
(IFN) g and tumor necrosis factor (TNF) a, the
marker of cytotoxic activity CD107a, and the chemo-
kine CCL4] was detected in response to mutant
but not wild-type peptide (Fig. 4E and fig. S11).
In the current study, we show that in NSCLCs

treated with pembrolizumab, elevated nonsynon-
ymous mutation burden strongly associates with
clinical efficacy. Additionally, clinical efficacy cor-
relates with a molecular signature characteristic
of tobacco carcinogen–related mutagenesis, cer-
tain DNA repair mutations, and the burden of
neoantigens. The molecular smoking signature
correlated with efficacy, whereas self-reported
smoking status did not, highlighting the power

of this classifier to identify molecularly related
tumors within a heterogeneous group.
Previous studies have reported that pretreat-

ment PD-L1 expression enriches for response to
anti–PD-1 therapies (3, 8, 31), but many tumors
deemed PD-L1 positive do not respond, and some
responses occur in PD-L1–negative tumors (8, 31).
Semiquantitative PD-L1 staining results were avail-
able for 30 of 34 patients, where strong staining
represented ≥50% PD-L1 expression, weak rep-
resented 1 to 49%, and negative represented
<1% [clone 22C3, Merck (8)]. As this trial largely
enrolled patients with PD-L1 tumor expression,
most samples had some degree of PD-L1 ex-
pression (24 of 30, 80%) (table S3), limiting the
capacity to determine relationships between
mutation burden and PD-L1 expression. Among
those with high nonsynonymous mutation burden
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Fig. 4. Candidate neoantigens, neoantigen-specific T cell
response, and response to pembrolizumab. (A) Neoantigen
burden in patients with DCB (n = 14) compared to NDB (n = 17)
across the overall set of sequenced tumors (median 203 versus
83, Mann-Whitney P = 0.001). (B) PFS in tumors with higher can-
didate neoantigen burden (n = 17) compared to tumors with lower
candidate neoantigen burden (n = 17) (HR 0.23, 95% CI 0.09 to
0.58, log-rank P = 0.002). (C) (Top) Representative computed
tomography (CT) images of a liver metastasis before and after
initiation of treatment. (Middle) Change in radiographic response.
(Bottom) Magnitude of the HERC1 P3278S reactive CD8+ Tcell
response measured in peripheral blood. (D) The proportion of
CD8+ Tcell population in serially collected autologous PBLs rec-
ognizing the HERC1 P3278S neoantigen (ASNASSAAK) before and
during pembrolizumab treatment. Each neoantigen is encoded
by a unique combination of two fluorescently labeled peptide-

MHC complexes (represented individually on each axis); neoantigen-specific T cells are represented by the events in the double positive position indicated
with black dots. Percentages indicate the number of CD8+ MHC multimer+ cells out of total CD8 cells. (E) Autologous T cell response to wild-type HERC1
peptide (black), mutant HERC1 P3278S neoantigen (red), or no stimulation (blue), as detected by intracellular cytokine staining. Tcell costains for IFNg and
CD8, TNFa, CD107a, and CCL4, respectively, are displayed for the Day 63 and Day 297 time points.
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•  Mutations et néo-antigènes selon les cancers. 

meaningful frequencies and may therefore be
considered patient-specific. Because of this, tech-
nologies to interrogate T cell reactivity against
putative mutation-derived neoantigens need to
be based on the genome of an individual tumor.
With the development of deep-sequencing tech-
nologies, it has become feasible to identify the
mutations present within the protein-encoding
part of the genome (the exome) of an individual
tumor with relative ease and thereby predict
potential neoantigens (9). Two studies in mouse
models provided the first direct evidence that
such a cancer exome–based approach can be used
to identify neoantigens that can be recognized
by T cells (10, 11). In brief, for all mutations that
resulted in the formation of novel protein se-
quence, potential MHC binding peptides were
predicted, and the resulting set of potential neo-
antigens was used to query T cell reactivity. Sub-
sequent studies have demonstrated that cancer
exome–based analyses can also be exploited in a
clinical setting, to dissect T cell reactivity in pa-
tients who are treated by either tumor-infiltrating
lymphocyte (TIL) cell therapy or checkpoint block-
ade (12, 13). Furthermore, following this early
work, the identification of neoantigens on the
basis of cancer exome data has been documented
in a variety of experimental model systems and
human malignancies (10–22).
The technological pipeline used to identify

neoantigens in these different studies has varied
substantially, and further optimization is likely pos-
sible (Fig. 1). Accepting the limitations of probing
themutational profile of a tumor in a single biopsy
(23), the genetic analysis of the tumor itself can be
considered a robust process. Specifically, based on
the analysis of neoantigens previously identified
by other means, the false-negative rate of cancer

exome sequencing is low—i.e., the vast majority of
neoantigens occur within exonic sequence for
which coverage is sufficient (24). At the same time,
it is apparent from unbiased screening efforts—in
which the entire collection of identified muta-
tions was used to query T cell reactivity—that the
vastmajority ofmutationswithin expressed genes
do not lead to the formation of neoantigens that
are recognized by autologous T cells (16, 17). Because
of this, a robust pipeline that can be used for the
filtering of cancer exome data is essential, in par-
ticular for tumors with high mutational loads.
How can such filtering be performed? With

the set of mutations within expressed genes as a
starting point, two additional requirements can
be formulated. First, a mutated protein needs to
be processed and then presented as a mutant
peptide by MHC molecules. Second, T cells need
to be present that can recognize this peptide-
MHC complex. In two recent preclinical studies,
presentation of a handful of predicted neoanti-
gens byMHCmolecules was experimentally dem-
onstrated by mass spectrometry (15, 20), and this
approach may form a valuable strategy to further
optimize MHC presentation algorithms. At the
same time, the sensitivity of mass spectrometry
is presently still limited, thereby likely resulting
in a substantial fraction of false negatives. For this
reason, but also because of logistical issues, imple-
mentation of this approach in a clinical setting is
unlikely tohappen soon.Lackingdirect evidence for
MHC presentation, as can be provided by mass
spectrometry, presentation of neoantigens byMHC
class Imoleculesmay be predicted using previously
established algorithms that analyze aspects such as
the likelihood of proteasomal processing, transport
into the endoplasmic reticulum, and affinity for
the relevant MHC class I alleles. In addition,

gene expression levels (or perhaps preferably
protein translation levels) may potentially also
be used to help predict epitope abundance (25).
Althoughmost neoantigen identification studies

have successfully used criteria for epitope predic-
tion that are similar to those previously estab-
lished for the identification of pathogen-derived
epitopes [e.g., (12, 13)], Srivastava and colleagues
have argued that neoantigens in a transplantable
mouse tumor model display very different prop-
erties from viral antigens and generally have a
very low affinity for MHC class I (14). Although
lacking a satisfactory explanation to reconcile
these findings, we do note that the vast majority
of human neoantigens that have been identified
in unbiased screens do display a high predicted
MHC binding affinity (24, 26). Likewise, minor
histocompatibility antigens, an antigen class that
is conceptually similar to neoantigens, are cor-
rectly identified by classical MHC binding algo-
rithms (27). Moreover, the mutations that were
identified in a recent preclinical study as forming
tumor-specific mutant antigens that could in-
duce therapeutic tumor rejection when used in
tumor vaccines (15) were not predicted to be sig-
nificant using the Srivastava approach. Another
potential filter step that has been suggested
examines whether the mutation is expected to
improve MHC binding, rather than solely alter the
T cell receptor (TCR)–exposed surface of the mu-
tant peptide. However, with examples of both
categories in both mouse models and human
data, the added value of such a filter may be
relatively modest (11, 15, 20, 26). For MHC class
I restricted neoantigens, conceivably the biggest
gain in prediction algorithms can be made with
respect to identification of the subset of MHC
bindingpeptides that can successfully be recognized
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Fig. 2. Estimate of the neoantigen repertoire in human cancer. Data depict the number of somatic mutations in individual tumors. Categories on the right
indicate current estimates of the likelihood of neoantigen formation in different tumor types. Adapted from (50). It is possible that the immune system in
melanoma patients picks up on only a fraction of the available neoantigen repertoire, in which case the current analysis will be an underestimate. A value of 10
somatic mutations per Mb of coding DNA corresponds to ~150 nonsynonymous mutations within expressed genes.
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Mutational signatures associated with
tobacco smoking in human cancer
Ludmil B. Alexandrov,1,2,3* Young Seok Ju,4 Kerstin Haase,5 Peter Van Loo,5,6

Iñigo Martincorena,7 Serena Nik-Zainal,7,8 Yasushi Totoki,9 Akihiro Fujimoto,10,11

Hidewaki Nakagawa,10 Tatsuhiro Shibata,9,12 Peter J. Campbell,7,13 Paolo Vineis,14,15

David H. Phillips,16 Michael R. Stratton7*

Tobacco smoking increases the risk of at least 17 classes of human cancer. We analyzed
somatic mutations and DNA methylation in 5243 cancers of types for which tobacco
smoking confers an elevated risk. Smoking is associated with increased mutation burdens
of multiple distinct mutational signatures, which contribute to different extents in different
cancers. One of these signatures, mainly found in cancers derived from tissues directly
exposed to tobacco smoke, is attributable to misreplication of DNA damage caused by
tobacco carcinogens. Others likely reflect indirect activation of DNA editing by APOBEC
cytidine deaminases and of an endogenous clocklike mutational process. Smoking is
associated with limited differences in methylation. The results are consistent with
the proposition that smoking increases cancer risk by increasing the somatic mutation
load, although direct evidence for this mechanism is lacking in some smoking-related
cancer types.

T
obacco smoking has been associated with
at least 17 types of human cancer (Table 1)
and claims the lives of more than 6 million
people every year (1–4). Tobacco smoke is a
complex mixture of chemicals, among which

at least 60 are carcinogens (5). Many of these are
thought to cause cancer by inducing DNA damage
that, if misreplicated, leads to an increased bur-
den of somatic mutations and, hence, an elevated
chance of acquiring driver mutations in cancer
genes. Such damage often occurs in the form of
covalent bonding of metabolically activated re-
active species of the carcinogen to DNA bases,
termed DNA adducts (6). Tissues directly exposed
to tobacco smoke (e.g., lung), as well as some
tissues not directly exposed (e.g., bladder), show
elevated levels of DNA adducts in smokers and,
thus, evidence of exposure to carcinogenic com-
ponents of tobacco smoke (7, 8).
Each biological process causing mutations in

somatic cells leaves a mutational signature (9).
Many cancers have a somatic mutation in the
TP53 gene, and catalogs of TP53mutations com-
piled two decades ago enabled early exploration
of these signatures (10), showing that lung can-
cers from smokers have more C>A transversions
than lung cancers from nonsmokers (11–14). To
investigate mutational signatures using the thou-
sands of mutation catalogs generated by systematic

cancer genome sequencing, we recently described
a framework in which each base substitution
signature is characterized using a 96-mutation
classification that includes the six substitution
types together with the bases immediately 5′ and
3′ to the mutated base (15). The analysis extracts
mutational signatures frommutation catalogs and
estimates the number of mutations contributed
by each signature to each cancer genome (15).
Using this approach, more than 30 different
base substitution signatures have been identi-
fied (16–18).
In this study, we examined 5243 cancer ge-

nome sequences (4633 exomes and 610 whole
genomes) of cancer classes for which smoking
increases risk, with the goal of identifying mu-
tational signatures and methylation changes as-
sociated with tobacco smoking (table S1). Of the
samples we studied, 2490 were reported to be
from tobacco smokers and 1063 from never-
smokers (Table 1). Thus, we were able to inves-
tigate the mutational consequences of smoking
by comparing somatic mutations and methyla-
tion in smokers versus nonsmokers for lung,
larynx, pharynx, oral cavity, esophageal, bladder,
liver, cervical, kidney, and pancreatic cancers
(Fig. 1 and table S2).
We first compared total numbers of base sub-

stitutions, small insertions and deletions (indels),

and genomic rearrangements. The total number
of base substitutions was higher in smokers
compared with nonsmokers for all cancer types
together (q-value < 0.05) and, for individual can-
cer types, in lung adenocarcinoma, larynx, liver,
and kidney cancers (table S2). Total numbers of
indels were higher in smokers compared with
nonsmokers in lung adenocarcinoma and liver
cancer (table S2). The whole-genome–sequenced
cases allowed comparison of genome rearrange-
ments between smokers and nonsmokers in pan-
creatic and liver cancer, where no differences
were found (table S2). However, subchromo-
somal copy-number changes entail genomic
rearrangement and can serve as surrogates for
rearrangements. Lung adenocarcinomas from
smokers exhibited more copy-number aberra-
tions than those from nonsmokers (table S2).
We then extracted mutational signatures, es-

timated the contributions of each signature to
each cancer, and compared the numbers of mu-
tations attributable to each signature in smokers
and nonsmokers. Increases in smokers compared
with nonsmokers were seen for signatures 2, 4, 5,
13, and 16 [the mutational signature nomencla-
ture is that used in the Catalogue of Somatic
Mutations in Cancer (COSMIC) and in (16–18)].
There was sufficient statistical power to show that
these increases were of clonal mutations (muta-
tions present in all cells of each cancer) for
signatures 4 and 5 (q < 0.05), as expected if
these mutations are due to cigarette smoke ex-
posure before neoplastic change (supplemen-
tary text).
Signature 4 is characterized mainly by C>A

mutations with smaller contributions from other
base substitution classes (Fig. 2B and fig. S1). This
signature was found only in cancer types in
which tobacco smoking increases risk and mainly
in those derived from epithelia directly exposed
to tobacco smoke (figs. S2 and S3). Signature 4 is
very similar to the mutational signature induced in
vitro by exposing cells to benzo[a]pyrene (cosine
similarity = 0.94) (Fig. 2B and fig. S3), a tobacco
smoke carcinogen (19). The similarity extends to
the presence of a transcriptional strand bias in-
dicative of transcription-coupled nucleotide ex-
cision repair (NER) of bulky DNA adducts on
guanine (fig. S1), the proposed mechanism of
DNA damage by benzo[a]pyrene. Thus, signa-
ture 4 is likely the direct mutational consequence
of misreplication of DNA damage induced by
tobacco carcinogens.
Most lung and larynx cancers from smokers

had many signature 4 mutations. Signature 4
mutations occurred more often in cancers from
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SUMMARY

Durable responses and encouraging survival have been demonstrated with immune checkpoint inhibitors
in small-cell lung cancer (SCLC), but predictive markers are unknown. We used whole exome sequencing to
evaluate the impact of tumor mutational burden on efficacy of nivolumab monotherapy or combined with
ipilimumab in patients with SCLC from the nonrandomized or randomized cohorts of CheckMate 032.
Patients received nivolumab (3 mg/kg every 2 weeks) or nivolumab plus ipilimumab (1 mg/kg plus 3 mg/kg
every 3 weeks for four cycles, followed by nivolumab 3 mg/kg every 2 weeks). Efficacy of nivolumab ±
ipilimumabwasenhanced in patientswith high tumormutational burden. Nivolumabplus ipilimumabappeared
to provide a greater clinical benefit than nivolumab monotherapy in the high tumor mutational burden tertile.

INTRODUCTION

Small-cell lung cancer (SCLC) accounts for 10%–15% of all pa-
tients with lung cancer (Alvarado-Luna and Morales-Espinosa,
2016; Herbst et al., 2008), and approximately 75% of patients
present with extensive-stage disease. Standard first-line treat-
ment consists of platinum-based chemotherapy, but patients
who progress have few effective treatment options and a

routinely poor prognosis (Alvarado-Luna and Morales-Espinosa,
2016; National Comprehensive Cancer Network, 2017). In pa-
tients with previously treated SCLC, nivolumab, a fully human
immunoglobulin (Ig) G4 programmed death (PD)-1 immune
checkpoint inhibitor antibody, showed durable responses and
encouraging survival as monotherapy and in combination with
ipilimumab, a fully human IgG1 cytotoxic T lymphocyte anti-
gen-4 (CTLA-4) immune checkpoint inhibitor antibody (Antonia

Significance

The identification of predictors of response to immune checkpoint blockade in small-cell lung cancer (SCLC) has been
elusive. Expression of tumor programmed death ligand 1, a common biomarker in non-small-cell lung cancer, is uncommon
and not predictive in SCLC. We show that efficacy of nivolumab with or without ipilimumab was increased in SCLCs that
have high tumormutational burden. The differential benefit of combination immunotherapy wasmost substantial in patients
with high tumormutational burden. Our results suggest that tumor mutational burden has a role as a biomarker in SCLC and
may help identify patients most likely to benefit from combination immunotherapy. Our findings are a critical contribution in
moving toward greater precision in patient selection for treatments in lung cancer.

Cancer Cell 33, 853–861, May 14, 2018 ª 2018 Elsevier Inc. 853

Figure 4. Progression-Free Survival by Treatment and Tumor Mutational Burden Tertile
CI denotes confidence interval.

Cancer Cell 33, 853–861, May 14, 2018 857

Figure 5. Overall Survival by Treatment and Tumor Mutational Burden Tertile
CI denotes confidence interval. See also Figure S6.
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•  Comment analyser la charge mutationnelle ? 

–  NGS  
•  Whole exome 
•  RNAseq 
•  Panel ciblé de gènes: quantification des mutations 

somatiques après exclusion des drivers oncogéniques et 
des polymorphismes de la lignée germinale. Ex. 
FoundationOne 

–  Etude plus qualitative par analyse  
des épitopes néo-antigéniques 
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•  Analyse modélisée en faveur de panel 300+ genes pour 

la détermination de la TMB  
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•  Le problème du seuil dans le TMB 
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•  Attention au faux positif de l’aneuploidie 
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•  TMB dans le sang circulant ? 
•  TMB sérique et bénéfice clinique dans le CBNPC traité par 

atezolizumab 
•  Lien tissu vs sang 

ARTICLESNATURE MEDICINE

with a high TMB count (> 30 mutations) in both the blood and tissue, 
on average, one-third of the variants were unique to the blood sample 
and one-fourth of the total variants were unique to the tissue sample, 
with the remaining variants identified in both (Fig. 1f,g). Patients with 
> 30 mutations in tissue had a range of concordance between bTMB 
and tTMB. Seven out of 22 patients had very few mutations detected in 
the blood and therefore very little overlap with tissue. By contrast, 68% 
of samples shared the majority of TMB variants between tissue and the 
blood. This shows that the presence of different variants might account 
for a large portion of the difference between tTMB and bTMB.

To determine whether factors associated with the samples them-
selves contributed to the variation we observed in the pairwise 
comparison of tTMB and bTMB in POPLAR and OAK samples, 
we evaluated a series of sample characteristics, including the sam-
ple type (biopsy versus resection), stage at diagnosis, the fraction 
of cfDNA that is ctDNA as measured by the MSAF detected in a 
sample (see the Methods for more details on the MSAF), sample 
collection time (blood versus tissue), the baseline tumor burden as 
determined by Response Evaluation Criteria In Solid Tumors ver-
sion 1.1 (RECIST v1.1) and tumor purity (see the Methods), among 

Blood collection,
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cfDNA extraction
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with a high TMB count (> 30 mutations) in both the blood and tissue, 
on average, one-third of the variants were unique to the blood sample 
and one-fourth of the total variants were unique to the tissue sample, 
with the remaining variants identified in both (Fig. 1f,g). Patients with 
> 30 mutations in tissue had a range of concordance between bTMB 
and tTMB. Seven out of 22 patients had very few mutations detected in 
the blood and therefore very little overlap with tissue. By contrast, 68% 
of samples shared the majority of TMB variants between tissue and the 
blood. This shows that the presence of different variants might account 
for a large portion of the difference between tTMB and bTMB.

To determine whether factors associated with the samples them-
selves contributed to the variation we observed in the pairwise 
comparison of tTMB and bTMB in POPLAR and OAK samples, 
we evaluated a series of sample characteristics, including the sam-
ple type (biopsy versus resection), stage at diagnosis, the fraction 
of cfDNA that is ctDNA as measured by the MSAF detected in a 
sample (see the Methods for more details on the MSAF), sample 
collection time (blood versus tissue), the baseline tumor burden as 
determined by Response Evaluation Criteria In Solid Tumors ver-
sion 1.1 (RECIST v1.1) and tumor purity (see the Methods), among 
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Additional exploratory analyses were conducted at various 
cut-points of bTMB in the OAK study. Overall, there was a clear 
monotonic relationship between an increasing bTMB score and 
PFS outcomes (Fig. 4a). A similar, although less compelling, mono-
tonic trend was observed for OS (Fig. 4b). Unlike PFS, numerical 
decreases in the OS HR were observed relative to the BEP only at the 
highest cut-points (bTMB ≥  24 and bTMB ≥  26; Fig. 4b). We were 
unable to assess the reproducibility of outcomes in these subgroups 
owing to low prevalence. The best overall response rate trended 
towards benefit with atezolizumab (21%) versus docetaxel (10%) in 
patients with bTMB ≥  16 (Supplementary Fig. 5).

Association of bTMB with clinical characteristics and PD-L1 
immunohistochemistry. The clinical characteristics of the bTMB 
subgroups in the OAK study are shown in Supplementary Tables 5  
and 6. Within the OAK BEP, a positive bTMB status (≥ 16) was 

associated with smoking (P =  1.3 ×  10–10), which is consistent with 
heavy mutagen exposure32, the sum of longest distances of target 
lesions at baseline (P =  4.8 ×  10–8), the number of metastatic sites 
(P =  0.0055) and PD-L1 expression (TC1/2/3 or IC1/2/3; that is, 
≥ 1% of tumor cells or tumor-infiltrating immune cells express-
ing PD-L1 (P =  0.0062)) (Supplementary Table 6). Baseline char-
acteristics were balanced between treatment arms above the 
bTMB ≥  16 cut-point (Supplementary Table 5). The mean bTMB 
value in patients with non-squamous histologies was 11.22 (95% CI:  
10.09–12.36) and 12.4 (95% CI: 11–13.8) in those with squamous 
histology (Supplementary Fig. 6).

Previously, we showed in the OAK study that atezolizumab sig-
nificantly improved OS compared to docetaxel in the overall ITT  
study population and across all PD-L1 subgroups. By contrast, a 
significant PFS benefit was observed only in patients with tumors 
expressing the highest levels of PD-L1 (TC3 or IC3; that is, with 

P
F

S
 (

%
)

Time (months)

0

0 2 4 6 8 10 12 14 16 18 20 22

10
20
30
40
50
60
70
80
90

100

Time (months)

0

0 2 4 6 8 10 12 14 16 18 20 22 2624

10
20
30
40
50
60
70
80
90

100
P

F
S

 (
%

)
a b

Atezolizumab (N = 77)
Docetaxel (N = 81)

+

Atezolizumab (N = 216)
Docetaxel (N = 209)

+

Atezolizumab (N = 77)
Docetaxel (N = 81)

+

Atezolizumab (N = 216)
Docetaxel (N = 209)

+

bTMB ≥ 16 bTMB ≥ 16

bTMB < 16

bTMB < 16

0.25 1.0 1.5

HR

Favors atezolizumab Favors docetaxel 

Population N (%)

bTMB ≥ 16 158 (27)

bTMB < 16 425 (73)

BEP 583 (100)

ITT population 850

PFS HR (95% CI)

0.65 (0.47–0.92)

0.98 (0.80–1.20)

0.87 (0.73–1.04)

0.95 (0.82–1.10)

c

0.25 1.0 1.5
HR

Favors atezolizumab Favors docetaxel

Population N (%)

bTMB ≥ 16

bTMB < 16

158 (27)

425 (73)

BEP 583 (100)

ITT population 850

d

e

f g
OS HR (95% CI)

0.64 (0.44–0.92)

0.65 (0.52–0.81)

0.64 (0.53–0.77)

0.73 (0.62–0.87)

5 10 15 20 25

0.8

0.7

0.6

0.5

Minimum bTMB + value

P
F

S
 H

R
O

S
 (

%
)

Time (months)

0

0 2 4 6 8 10 12 14 16 18 20 22 2624

10
20
30
40
50
60
70
80
90

100
O

S
 (

%
)

Time (months)

0

0 2 4 6 8 10 12 14 16 18 20 22 24

10
20
30
40
50
60
70
80
90

100

Censored Censored Censored

Censored
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≥ 50% of tumor cells or ≥ 10% of tumor-infiltrating immune cells 
expressing PD-L1)1. To determine whether the clinical benefit 
observed in the bTMB ≥  16 population might be explained by an 
over-representation of the PD-L1 TC3/IC3-positive population, we 
compared the overlap between bTMB and PD-L1 immunohisto-
chemistry (IHC). We found similar proportions of overlap between 
bTMB and PD-L1 IHC subgroups; the median and maximum bTMB 
values were also similar (Fig. 5a and Supplementary Table 5). A total 
of 229 patients were positive for either bTMB ≥  16 or the highest 
levels of PD-L1 IHC (TC3 or IC3), whereas only 30 patients (19.2% 
of bTMB ≥  16 patients; 29.1% of TC3 or IC3 patients) were found to 
be positive by both assays (not significant, Fisher’s exact test) (Fig. 
5b). The extent of the overlap between bTMB and IHC cut-offs was 
also examined (Supplementary Fig. 7 and Supplementary Table 6). 
These results indicate that bTMB is independent of the high PD-L1 
expression as measured by IHC.

Although no significant correlation was observed between 
high PD-L1 expression and bTMB, we further evaluated the inde-
pendence of their contribution towards the PFS benefit using two 
different approaches: first, we fitted a Cox model for the PFS ben-
efit from treatment adjusted for the PD-L1 status (TC3 or IC3, or 

not), the bTMB status (≥ 16 or not), PD-L1 by treatment interac-
tion and the bTMB status by treatment interaction. The interaction 
HRs were 0.73 (95% CI: 0.46–1.13; P =  0.160) for PD-L1 and 0.66 
(95% CI: 0.45–0.97; P =  0.035) for bTMB. The significant treatment 
interaction suggests that the bTMB status would affect the PFS HR 
while controlling for the PD-L1 status and its interaction with treat-
ment. Second, we examined the PFS benefit in overlapping and 
non-overlapping subsets between the two biomarkers. Patients with 
bTMB ≥  16 and TC3 or IC3 seemed to derive the most clinical ben-
efit from atezolizumab (PFS HR: 0.38 (95% CI: 0.17–0.85); OS HR: 
0.23 (95% CI: 0.09–0.58); Table 1), whereas patients with only TC3 
or IC3 or only bTMB ≥  16 (negative for the other marker) had PFS 
HRs of 0.71 (95% CI: 0.43–1.16) or 0.70 (95% CI: 0.48–1.03), respec-
tively (Supplementary Table 7), compared with a HR of 0.87 (95% 
CI: 0.73–1.04) in the BEP in the OAK study. Notably, patients with 
no or low PD-L1 expression (TC0 and IC0) and bTMB ≥  16 showed 
a trend towards a PFS benefit (HR: 0.68 (95% CI: 0.37–1.25)).

Discussion
In this study, we demonstrated that TMB measured from the blood 
is a predictive biomarker for PFS in patients receiving atezolizumab 
monotherapy in NSCLC. This is the first demonstration that TMB can 
be accurately and reproducibly measured in plasma and that bTMB 
is associated with clinical benefit from immune checkpoint inhibitor 
therapy. Analyses performed in POPLAR samples and then confirmed 
in OAK samples demonstrate that bTMB ≥  16 is a clinically meaning-
ful and technically robust cut-point in NSCLC. We further show that 
bTMB is not associated with high PD-L1 expression and is indepen-
dently predictive of the PFS benefit. The use of plasma instead of tis-
sue as a DNA source makes the bTMB assay a particularly attractive 
alternative for patients with metastatic NSCLC who are not amenable 
to biopsy or whose tumor tissue is otherwise unavailable.

We validated the analytic performance of the bTMB assay based 
on accuracy, precision and the limit of detection and performed 
an agreement analysis between the tTMB and the bTMB assays 
using POPLAR and OAK tissue and plasma samples. This analysis 
showed that tTMB and bTMB are positively correlated; however, 
the assays detected overlapping but not identical variants in DNA 
isolated from asynchronous matching plasma and tissue samples. 
An in-depth analysis of technical and biological parameters sug-
gested that the main source of variance between bTMB and tTMB 
originated from the samples themselves, rather than from computa-
tional or analytic factors. More specifically, we showed that the same 
ctDNA samples run on both the bTMB and the tTMB assays gave 
highly concordant results, and that a lower proportion of tumor-
derived plasma DNA (MSAF) and a longer time between tissue and 
plasma collections were associated with higher discordance. It is 
important to note that the POPLAR and OAK studies were second-
line or higher therapy studies. As a result, it is likely that many of the 
tissue samples collected within ~3 months of study entry were prob-
ably obtained from patients after disease progression on first-line 
therapy, whereas the samples collected after 3 months were prob-
ably obtained before first-line platinum-based doublet chemother-
apy. Thus, along with tumor heterogeneity and clonal selection, it is 
reasonable to hypothesize that the intervening therapy with DNA-
damaging agents, such as chemotherapy, may have contributed to 
the relative discordance between bTMB and tTMB.

The identification of a biomarker that enriches for patients 
who may derive PFS benefit has been an important component 
of the development and treatment decision strategy for PD-L1–
PD-1 agents in the first-line setting4,6. The inability to validate 
the improved OS benefit that was observed in the POPLAR study 
with the OAK trial is probably owing to the superior OS benefit 
observed in the OAK BEP (HR: 0.64) relative to the ITT population  
(HR: 0.73). However, the OS will be evaluated as a key second-
ary end point in an ongoing, prospective, first-line NSCLC study 
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(BFAST; NCT03178552) of atezolizumab versus standard-of-care 
doublet chemotherapy in bTMB-positive patients.

The analyses presented here show that a combination of multiple 
biomarkers may be better at predicting outcomes than any single bio-
marker. PFS outcomes were best in patients whose tumors had high 
PD-L1 expression (TC3 or IC3) and bTMB ≥  16 (HR: 0.38). We also 
demonstrated that bTMB and PD-L1 IHC are largely orthogonal to 
one another, and each could identify a unique subgroup that derived 
a PFS benefit from atezolizumab and retained an OS benefit in the 
second-line setting. In addition, the availability of a blood-based assay 
would be particularly advantageous in the ~30% of patients with 
NSCLC who lack tumor tissue for molecular testing. However, it is 
important to note that both the POPLAR and the OAK studies had a 
mandatory tissue requirement, which may have had an effect on fac-
tors that influence the detection of ctDNA (such as tumor burden).

An important limitation of the bTMB assay is that it requires a min-
imum amount of ctDNA to be present in the blood for optimal assay 
performance, meaning that tumors must shed DNA into the blood and 
that this ctDNA must contain mutations with an allele frequency of  
≥ 1% for a bTMB score to be valid. In addition, the likelihood of detecting 
ctDNA is also dependent on the overall tumor burden. Consistent with 
this, among OAK patients whose samples passed sequence coverage  
and contamination quality control, those with a MSAF of < 1% had a 
lower mean baseline sum of longest diameters than those with a MSAF 

of > 1% (62.3 mm versus 80.4 mm, respectively). Another limitation  
of the bTMB assay is that the TMB calculation is based only on SNVs. 
Although this did not affect the concordance between bTMB and 
tTMB in this study, it is conceivable that, in certain rare cases, the assay 
may miss a patient whose tumor has a large number of indels but rela-
tively few SNVs. Future versions of the assay will incorporate indels 
into the bTMB calling algorithm.

In summary, our data show that measuring bTMB is feasible and 
that using a cut-point of ≥ 16 reproducibly identifies patients who 
obtained an increased PFS benefit from atezolizumab. Additional 
work is needed to better understand the dynamics and biology 
of bTMB and its relevance to other indications beyond NSCLC. 
Our data suggest that the integration of this bTMB assay into the 
molecular diagnostic and therapeutic algorithms for patients who 
have progressed on first-line therapy for advanced NSCLC may be 
warranted. Prospective validation of the bTMB assay in first-line 
NSCLC is ongoing in the randomized phase III BFAST trial.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41591-018-0134-3.
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Table 1 | OS and PFS HRs in the OAK BEP with valid bTMB and 
PD-L1 IHC results

N PFS HR  
(95% CI)

OS HR (95% CI)

bTMB!≥ !16 156 0.64 (0.46–
0.91)

0.64 (0.44–
0.93)

TC3 or IC3 103 0.62 (0.41–0.93) 0.44 (0.27–0.71)

bTMB!≥ !16 and TC3 or IC3 30 0.38 (0.17–0.85) 0.23 (0.09–0.58)

N represents the number of patients in each subgroup. TC3 or IC3, ≥ 50% of tumor cells or ≥ 10% 
of tumor-infiltrating immune cells expressing PD-L1.
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(BFAST; NCT03178552) of atezolizumab versus standard-of-care 
doublet chemotherapy in bTMB-positive patients.

The analyses presented here show that a combination of multiple 
biomarkers may be better at predicting outcomes than any single bio-
marker. PFS outcomes were best in patients whose tumors had high 
PD-L1 expression (TC3 or IC3) and bTMB ≥  16 (HR: 0.38). We also 
demonstrated that bTMB and PD-L1 IHC are largely orthogonal to 
one another, and each could identify a unique subgroup that derived 
a PFS benefit from atezolizumab and retained an OS benefit in the 
second-line setting. In addition, the availability of a blood-based assay 
would be particularly advantageous in the ~30% of patients with 
NSCLC who lack tumor tissue for molecular testing. However, it is 
important to note that both the POPLAR and the OAK studies had a 
mandatory tissue requirement, which may have had an effect on fac-
tors that influence the detection of ctDNA (such as tumor burden).

An important limitation of the bTMB assay is that it requires a min-
imum amount of ctDNA to be present in the blood for optimal assay 
performance, meaning that tumors must shed DNA into the blood and 
that this ctDNA must contain mutations with an allele frequency of  
≥ 1% for a bTMB score to be valid. In addition, the likelihood of detecting 
ctDNA is also dependent on the overall tumor burden. Consistent with 
this, among OAK patients whose samples passed sequence coverage  
and contamination quality control, those with a MSAF of < 1% had a 
lower mean baseline sum of longest diameters than those with a MSAF 

of > 1% (62.3 mm versus 80.4 mm, respectively). Another limitation  
of the bTMB assay is that the TMB calculation is based only on SNVs. 
Although this did not affect the concordance between bTMB and 
tTMB in this study, it is conceivable that, in certain rare cases, the assay 
may miss a patient whose tumor has a large number of indels but rela-
tively few SNVs. Future versions of the assay will incorporate indels 
into the bTMB calling algorithm.

In summary, our data show that measuring bTMB is feasible and 
that using a cut-point of ≥ 16 reproducibly identifies patients who 
obtained an increased PFS benefit from atezolizumab. Additional 
work is needed to better understand the dynamics and biology 
of bTMB and its relevance to other indications beyond NSCLC. 
Our data suggest that the integration of this bTMB assay into the 
molecular diagnostic and therapeutic algorithms for patients who 
have progressed on first-line therapy for advanced NSCLC may be 
warranted. Prospective validation of the bTMB assay in first-line 
NSCLC is ongoing in the randomized phase III BFAST trial.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41591-018-0134-3.
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mutations in KRAS occurred predominantly in patients with com-
plete or partial response across multiple cancer types (Fig. 2d). 
Genetic events in PIK3CA and KRAS were too infrequent to fully 
clarify their relationships to response in this study, but these results 
demonstrate that single-gene associations with response to immune 
checkpoint therapy can provide additional information beyond 
mutational burden, in a manner that may be dependent on or inde-
pendent of cancer type.

Despite combining data from multiple studies and cancer types, 
our analyses were still statistically underpowered to detect important 

relationships; thus, we sought to estimate the sample sizes needed 
for discovery of single-gene correlates of response with appropriate 
correction for multiple-hypothesis testing (Methods). We modeled 
statistical significance values for common or rare variants associ-
ated with complete or partial response versus progressive disease 
at various sample sizes (Fig. 2e). In the best-case scenario, where a 
variant is both relatively common (~10% prevalence) and specific to 
responders, sample sizes of around 300 would be adequate to detect 
significant associations. Meanwhile, detection of rare response-
associated variants (~1% frequency), even if highly specific, would 
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•  Et les addictions oncogéniques ? 

Mazieres J, ASCO 2018 

Driver PD SD CR/PR 

BRAF 46% 30% 24% 

MET 50% 34% 16% 

KRAS 51% 23% 26% 

HER2 67% 26% 7% 

EGFR 67% 21% 12% 

ALK 68% 32% 0 

RET 75% 19% 6% 

ROS1 83% 0 17% 

TOTAL 57% 24% 19% 
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•  Impact de STK11-LKB11 
•  Démontré en co-mutation de KRas 

•  Dans les CBNPC PDL1 + 

Skoulidis, Cancer Disc 2018 

STK11/LKB1 genomic alterations promote primary resistance to PD-1/PD-L1 inhibitor monotherapy in non-squamous NSCLC 

0%

34.5%

SU2C cohort

KRAS-mutant LUAC

PD-L1 expressing non-squamous NSCLC
MDACC cohort (N=66)

P=0.026, Fisher’s exact test

Skoulidis F et al., Cancer Discovery, 2018

Ferdinandos Skoulidis M.D., Ph.D., The University of Texas MD Anderson Cancer Center, USA
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•  Score composite avec 5 éléments sur biopsie liquide 

Guibert, ASCO 2018, soumis. 

      PFS 
Training        Inivata Immune High = 14 mos (14 - 14 mos) 

 Inivata Immune Low  =   2 mos (2 - 2  mos) 
Test Set         Inivata Immune High = 10 mos (8 - 24 mos) 

 Inivata Immune Low  = 1.5 mos (1.5 - 2 mos) 

Comparison of survival curves 
 (Logrank test) P = 0.0009 

Hazard Ratio - Training  3.582 (1.50-8.57) 
Hazard Ratio - Test         2.866 (1.22-6.73) 
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BRAF	V600E,	EGFR,	
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Therapy
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Les biomarqueurs en immunothérapie 

Antigènes tumoraux 
(TMB, MSI, néo-

antigènes,..) 

Inflammation  
(gene signature, TILS, 

LIPI, MDSC,…) 

Suppression 
immunitaire 

(PDL1, CTLA4,…) 

TUMEUR 

HOTE 
(microbiote) 



Le microbiote 
Microbiome and response

to anti-PD1/L1

Routy et al, Science 2017
Gopalakrishnan et al, Science 2017

•  Intérêt du microbiome en oncologie: marqueur et ciblé 
thérapeutique 

Routy B, Science 2018 
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Fig. 3. Fecal microbiota transplantation
(FMT) of stool samples from NSCLC and RCC
patients into mice dictates outcome after
PD-1 blockade. (A) Experimental setting: FMT
was performed in germ-free recipients or after
3 days of ATB in SPFmice.Two weeks later,
MCA-205 sarcoma cells were inoculated and
PD-1 mAb was injected intraperitoneally every
3 days starting on D+5. (B) Representative
MCA-205 tumor growth curves after FMT from
NSCLC patients into germ-free (left) or ATB-
treatedmice (right) during therapy with PD-1mAb.
(C) Means ± SEM of tumor sizes after Iso CtrlmAb
(left) or after PD1 mAb (center and right) in MCA-
205–bearing, SPF-reared mice treated with ATB
and then receiving FMT fromeight NSCLCpatients
(n = 4 NR, n = 4 R) before PD1 mAb. Pooled data
from all patients (left and center) or individual
patients (right) are shown; each fecal sample was
transferred into fivemice per group. (D andE) Flow
cytometry analysis of CXCR3 (D) or PD-L1 (E)
expression on tumor-infiltrating lymphocytes
(TILs) (D) or CD3+CD4+ splenocytes (E) in 38 and
80 animals, respectively, analyzed at killing times
corresponding to those in (C). (F) Monitoring of
RENCA progression via bioluminescence imaging
of luciferase activity in ATB-treated mice (n = 133)
after FMTwith feces from threeR and fourNRRCC
patients and treated with a combination of PD-1
and CTLA-4 mAbs. All experiments included five to
seven mice per group and were performed at
least twice in similar conditions yielding similar
results. Data are means ± SEM. *P < 0.05, **P <
0.01, ***P < 0.001 (ANOVA and Student t test).
Dx, last IVIS (bioluminescent imaging)
measurement; D0, day of randomization.
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Le microbiote 

influence the host immune system. The genera-
tion of diagnostic tools and novel therapeutics
will provide a challenge that will require molec-
ular analysis of the microbiome, metabolism, and
immunity cycle via novel “omics” technologies
and subsequent integration through systems bio-
logy methods (Fig. 2).

Microbial interventions
as a cancer therapeutic

If patients lack colonizationwith a community of
commensal microbes that support endogenous
T cell priming against tumor antigens, it is some-
what intuitive to consider FMT from a donor pa-
tient who has a favorable microbiome. Impressive
results of FMT (up to 81% response rate) are well
known to be effective for the treatment of re-
fractory Clostridium difficile diarrhea (29). How-
ever, there are multiple critical parameters to
consider for this approach, most notably the se-
lection of the ideal donor. In principle, it should
be an individual with a diverse microbial com-
position that includes bacteria associated with
favorable treatment outcomes. One consideration

could be to usematerial from cancer patients that
had a major clinical response to mAbs to PD-1.
However, there are reasons to approach this strat-
egy with caution. In addition to modulating im-
mune responses, the composition of commensal
microbiota has been linked to chronic diseases,
with a theoretical risk of transferring obesity from
donor to recipient (30). Transfer of pathogens is
also a potential concern—either bacterial, viral,
or parasitic—necessitating careful screening. In
addition, some bacteria appear to contribute to
inflammation-induced carcinogenesis. FMT from
colorectal patients into germ-free mice can elicit
dysplasia and polyp formation, which did not occur
with transplantation from normal donors (31).
Additional variables are whether to use fresh or
frozen donor fecal material, identification of op-
timal storage conditions, andwhether a single FMT
is sufficient, or multiple will be required (32).
A desirable alternative to transfer of a mixed

population of commensal bacteria from a given
donor is to use defined bacteria, either singly or
in combination. This strategy will depend on
identification of the precise bacterial isolates

capable of supporting improved antitumor immu-
nity in the human host, combined with culture
conditions that can support their expansion
in vitro and encapsulation protocols that preserve
biologic activity upon oral administration. The
current 16S rRNA and shotgun sequencing strat-
egies are likely preferentially detecting the most
abundant bacteria correlatedwith favorable clin-
ical outcome. However, it is conceivable that less
abundant bacterial entities that coexist with the
more abundant species are functionally impor-
tant. Therefore, careful culture, isolation, andmech-
anistic testing of rare species (some ofwhichmay
reside in the small intestine and be less abundant
in stool samples) will need to be considered.
Communities of bacteria also may be involved in
the immune-potentiating effects of gut microbes,
rather than a singlemajor species. For protection
against vancomycin-resistant Enterococci feacium,
a consortium of five bacteria was identified that
functioned together in vivo (33). Because only a
minority of bacterial entities identified through
sequencing appear to be culturable with standard
methods, improvement of protocols for optimal

Zitvogel et al., Science 359, 1366–1370 (2018) 23 March 2018 4 of 5

Toxicity
Efficacy

Microbiome therapy 
Fecal microbial transplantation

Biomarkers
Sequencing stool samples

Precision medicine
Computational biologist

Therapy optimization
Immunotherapeutic effects

Drug discovery
Microbiome-derived compounds or 
microbiome -targeted drugs

Fig. 2. Harnessing the microbiome for the discovery of diagnosis and
therapeutic tools in cancer.The complex interplay between cancer,
immunity, and microbiota may be partially elucidated by novel “omics”
technologies: metagenomics, metatranscriptomics, culturomics,
metabolomics, co-occurrence analyses, and three-dimensional crypt
stem cell–derived enteroid in contact with distinct species of the microbiome
and immune subsets, all integrated through computational biology. Such
an apothecary of omics technologies will generate diagnosis tools for
dysbiosis, for drug screening and novel therapeutics, such as artificial
ecosystems or new microbial species, as well as small bioactives that either
act on the microbiota to induce favorable shifts in its composition or mimic

desirable microbial effects on the host. Microbial intervention as a
cancer therapeutic includes prebiotics, probiotics or live bacteria (and
associated phages), and natural products (autologous or allogeneic fecal
microbial transplantation). These interventions will have to be adapted
according to the patient’s life style, comorbidities, comedications, and
genetic inheritance for an optimized personalization of his or her therapy.
Building on pioneering studies (14, 19, 20), new biomarkers based on
microbial composition of the stool will likely emerge. Monitoring the
microbiome will also be essential as a pharmacokinetic and dynamic
parameter, longitudinally on new interventional studies aimed at
targeting the intestinal ecosystem.
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•  Intérêt du microbiome en oncologie: marqueur et ciblé 
thérapeutique 



Le microbiote 

  

 

 

Figure 1: Best overall response (A), progression-free survival (B), and overall survival (C) in patients with 
RCC treated with ICI, stratified by use of ATB within 30 days of initiating ICI. Best overall response (D), 

progression-free survival (E), and overall survival (F) in patients with NSCLC treated with ICI, stratified by 
use of ATB within 30 days of initiating ICI. P-values calculated with chi-squared and log rank tests.  
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•  Impact de la prescription d’antibiotiques sur la 
réponse aux ICI 

•  Effet négatif sur la PFS et la survie globale de patients 
traités par immunothérapie 

Derosa L, Annals Oncol 2018 
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QUIZZ 1 

•  Question 1: Quels tests ont montré leur intérêt dans 
un essai clinique d’immunothérapie en oncologie 
thoracique. 

1.  Charge mutationnelle 
2.  LIPI score 
3.  Expression de PDL1 
4.  Lymphocyte T gene signature (Teff) 
5.  Microbiote digestif 
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Charge mutationnelle et néo-antigènes 

•  Analyse de la réponse au pembrolizumab dans le 
CBNPC selon la « signature » mutationnelle. 

Rizvi N, Science 2015 

[encoding programmed cell death ligand-1 (PD-L1)]
that were associated with response or resistance.

How does increased mutation burden affect tu-
mor immunogenicity? The observation that non-
synonymous mutation burden is associated with
pembrolizumab efficacy is consistent with the
hypothesis that recognition of neoantigens, formed
as a consequence of somatic mutations, is impor-
tant for the activity of anti–PD-1 therapy. We ex-
amined the landscape of neoantigens using our
previously described methods (25) (fig. S7). Briefly,
this approach identifies mutant nonamers with
≤500 nM binding affinity for patient-specific class
I human lymphocyte antigen (HLA) alleles (26, 27),
which are considered candidate neoantigens (table
S6). We identified a median of 112 candidate neo-
antigens per tumor (range 8 to 610), and the quan-
tity of neoantigens per tumor correlated with
mutation burden (Spearman r 0.91, P < 0.0001),
similar to the correlation recently reported across
cancers (28). Tumors from patients with DCB had
significantly higher candidate neoantigen bur-
den compared to those with NDB (Fig. 4A), and
high candidate neoantigen burden was associated
with improved PFS (median 14.5 versus 3.5 months,
log-rank P = 0.002) (Fig. 4B). The presence of sp-

ecific HLA alleles did not correlate with efficacy
(fig. S8). The absolute burden of candidate neo-
antigens, but not the frequency per nonsynony-
mous mutation, correlated with response (fig. S9).
We next sought to assess whether anti–PD-1

therapy can alter neoantigen-specific T cell re-
activity. To directly test this, identified candidate
neoantigens were examined in a patient (Study
ID no. 9 in Fig. 3 and table S3) with exceptional
response to pembrolizumab and available pe-
ripheral blood lymphocytes (PBLs). Predicted
HLA-A–restricted peptides were synthesized to
screen for ex vivo autologous T cell reactivity in
serially collected PBLs (days 0, 21, 44, 63, 256, and
297, where day 0 is the first date of treatment)
using a validated high-throughput major histo-
compatibility complex (MHC) multimer screening
strategy (29, 30). This analysis revealed a CD8+
T cell response against a neoantigen resulting
from a HERC1 P3278S mutation (ASNASSAAK)
(Fig. 4C). Notably, this T cell response could only
be detected upon the start of therapy (level of
detection 0.005%). Three weeks after therapy
initiation, the magnitude of response was 0.040%
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Fig. 2. Molecular smoking signature is significantly
associated with improved PFS in NSCLC patients
treated with pembrolizumab. PFS in tumors char-
acterized as TH by molecular smoking signature
classifier (n = 16) compared to TL tumors (n = 18)
(HR 0.15, 95% 0.06 to 0.39, log-rank P = 0.0001).

Fig. 3. Mutation burden, clinical response, and factors contributing to
mutation burden.Total exonic mutation burden for each sequenced tumor with
nonsynonymous (dark shading), synonymous (medium shading), and indels/
frameshift mutations (light shading) displayed in the histogram. Columns are
shaded to indicate clinical benefit status: DCB, green; NDB, red; not reached
6 months follow-up (NR), blue. The cohort identification (D, discovery; V, valida-

tion), best objective response (PR, partial response; SD, stable disease; PD,
progression of disease), and PFS (censored at the time of data lock) are reported
in the table.Those with ongoing progression-free survival are labeled with ++.The
presence of the molecular smoking signature is displayed in the table with TH
cases (purple) and TL cases (orange). The presence of deleterious mutations in
specific DNA repair/replication genes is indicated by the arrows.
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Charge mutationnelle et néo-antigènes 

•  Combien de gènes doit comporter le test TMB ? 

Garofalo et al. Genome Medicine. 2016 



ARTICLESNATURE GENETICS

response (Figs. 2a,b and 5f, and Supplementary Fig. 13). Other 
mutations that have previously been described in association with 
acquired resistance to immune checkpoint therapies include JAK–
STAT pathway mutations and alterations in antigen-presentation 
machinery (for example, β 2-microglobulin and tapasin)40,41. Loss-
of-function mutations and deletions in these pathways were rare in 
this cohort (Supplementary Fig. 14a–c), perhaps reflecting differ-
ences in genetic mechanisms of intrinsic versus acquired resistance, 
and further work is required to determine the functional signifi-
cance of these variants.

Neoantigens associated with response to immune checkpoint 
therapy. Given the complexities of computationally assessing the 
impact of oncogenic pathway alterations and tumor mutational 
burden on response to immune checkpoint therapy, we lastly exam-
ined mutations that could more directly influence tumor–immune 
interactions by generating tumor-specific neoantigens that induce 
a T cell–mediated antitumor response42. We inferred neoantigens 
in silico (Methods and Supplementary Table 10) and found that, on 
average, each nonsynonymous mutation generated 2.24 predicted 
neoantigens, with extremely high correlation between nonsynony-
mous mutational burden and neoantigen burden across patients 
(R2 =  0.99, P <  0.00001) (Fig. 6a), making it difficult to disentangle 
the effects of mutational versus neoantigen burden on response 
using in silico methods alone.

Recent studies have demonstrated that personalized cancer vac-
cines targeting neoantigens specific to an individual’s tumor can 
lead to durable clinical benefit alone or in concert with immune 

checkpoint blockade therapies43,44. More than 99% of the predicted 
neoantigens in this study arose from passenger mutations, which 
occur throughout the exome, are frequently found in subclonal 
tumor populations, and are largely unique to each patient’s tumor. 
However, 871 predicted neoantigens were generated by driver 
mutations, and 8 of these ‘driver’ neoantigens occurred recurrently 
in patients with complete or partial response but not in patients 
with progressive disease, in a human leukocyte antigen (HLA)-
dependent manner (Fig. 6b,c). Additionally, as expected given the 
known oncogenic effects of the mutations yielding these neoanti-
gens, these eight neoantigens were clonal in all samples, suggesting 
that a T cell–mediated response, if present, would target all can-
cer cells14. Thus, driver alterations can generate tumor neoantigens 
and may contribute to provoking an effective immune response to 
checkpoint blockade therapy in HLA-matched patients, although 
further experimental study is required to clarify the biological sig-
nificance of these putative neoantigens.

Discussion
WES and analysis of 249 tumors from patients treated with anti-
PD-1/PD-L1 or anti-CTLA-4 therapies suggest that genomic fea-
tures beyond mutational burden, including genetic driver events, 
intratumoral heterogeneity, and mutational signatures, may affect 
response to immune checkpoint blockade. In this work, we com-
bined data from multiple institutions using a standardized compu-
tational pipeline and applied a uniform and well-accepted definition 
of radiographic response to cancer therapy to more robustly assess 
genetic predictors of response to immune checkpoint therapy.
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Fig. 6 | Response-associated in silico–predicted neoantigens. a, Relationship between predicted neoantigen burden (y axis) and nonsynonymous 
mutational burden (x axis). Linear regression excludes one outlier (Pat110) (n!= !249 biologically independent samples). b, Prioritization of clinically 
actionable predicted neoantigens by presence in cancer driver genes and exclusive presence in CR/PR samples. c, Response-associated predicted 
neoantigens generated by cancer driver mutations.
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initially hypothesized that TMB in patients with NSCLCs would
not impact response to PD-1 plus CTLA-4 blockade therapy. In
an analogous scenario, the impact of PD-L1 expression is
abated in patients with melanoma treated with PD-1 plus
CTLA-4 blockade (Wolchok et al., 2017), and in a report of 17 pa-
tients with melanoma treated with combination immunotherapy,
TMB did not correlate with response (Goodman et al., 2017). In
contrast, we found that TMB is the strongest predictor of efficacy
identified in our dataset of patients with NSCLC. Similar results
were seen in a recent report of patients with small cell lung can-
cer treated with PD-1 plus CTLA-4 blockade (Hellmann et al.,
2018), suggesting the importance of TMB as biomarker for com-
bination immunotherapy across lung cancers.
Given the correlation between TMB and efficacy, it is tanta-

lizing to consider how TMB may be applied prospectively as a
biomarker. One criticism of determining TMB by WES, as we
have in this study, is that WES is currently challenging to perform

in an expeditious time frame and at adequate scale needed for
general use in patients with advanced NSCLC. Emerging inde-
pendent sets of data have demonstrated that targeted next-gen-
eration sequencing (NGS) panels, which are already being used
routinely in clinic, may provide a reasonable estimate of exonic
mutation burden (Chalmers et al., 2017; Rizvi et al., 2018; Zehir
et al., 2017). We found that estimated TMB using only genes
covered in US Food and Drug Administration-approved targeted
NGS panels MSK-IMPACT (Zehir et al., 2017) and Foundatio-
nOne (Frampton et al., 2013) were similarly predictive to the
TMB derived from WES. These currently available assays may
provide a practical platform for clinical practice now. Further-
more, although the technology is still being optimized, use of
cell-free DNA in plasma to estimate TMB has recently been
shown to be feasible and, when detectable, to correlate with
TMB estimated from tumor tissue (Fabrizio et al., 2017; Gandara
et al., 2017).

Figure 2. Summary of Clinical and Molecular Features Associated with Response or Non-response in Patients with NSCLC Treated with
Nivolumab Plus Ipilimumab
Individual patients are represented in each column, organized by those with objective response on the left (blue) and those with no objective response on the right

(red). Categories of histology (squamous or non-squamous) and smoking status (never or ever) are characterized. PD-L1 expression is stratified as 0%, 1%–49%,

orR50%. PFS is shown in months, with the color of each bar representing those who are censored (dark blue) or have progressed (light blue). The NSCLC TCGA

percentile rank for each case is described from 0% to 100% in light to dark purple. Nonsynonymous TMB andmutation burden quantified using genes including in

theMSK-IMPACT targeted next-generation sequencing panel are shown in histograms. The percent of transitions (light green) and transversions (dark green) are

shown. Candidate neoantigen burden is quantified in histograms, stratified by predicted patient-specific HLA binding affinity 0–50 nM (orange) or 50–500 nM (light

yellow). The occurrences of selected genes in each case are represented in the oncoprint, with the percent frequency in responders or non-responders shown.

See also Figures S2 and S3; Tables S3 and S4.
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EGFR Mutations and ALK Rearrangements Are
Associated with Low Response Rates to PD-1
Pathway Blockade in Non–Small Cell Lung Cancer:
A Retrospective Analysis
Justin F. Gainor1, Alice T. Shaw1, Lecia V. Sequist1, Xiujun Fu2, Christopher G. Azzoli1,
Zofia Piotrowska1, Tiffany G. Huynh2, Ling Zhao2, Linnea Fulton1, Katherine R. Schultz1,
Emily Howe1, Anna F. Farago1, Ryan J. Sullivan1, James R. Stone2, Subba Digumarthy3,
Teresa Moran4, Aaron N. Hata1, Yukako Yagi2, Beow Y.Yeap1, Jeffrey A. Engelman1, and
Mari Mino-Kenudson2

Abstract

Purpose: PD-1 inhibitors are established agents in the man-
agement of non–small cell lung cancer (NSCLC); however, only a
subset of patients derives clinical benefit. Todetermine the activity
of PD-1/PD-L1 inhibitors within clinically relevant molecular
subgroups, we retrospectively evaluated response patterns among
EGFR-mutant, anaplastic lymphoma kinase (ALK)-positive, and
EGFR wild-type/ALK-negative patients.

Experimental Design: We identified 58 patients treated with
PD-1/PD-L1 inhibitors. Objective response rates (ORR) were
assessed using RECIST v1.1. PD-L1 expression and CD8þ

tumor-infiltrating lymphocytes (TIL) were evaluated by IHC.
Results:Objective responses were observed in 1 of 28 (3.6%)

EGFR-mutant or ALK-positive patients versus 7 of 30 (23.3%)
EGFR wild-type and ALK-negative/unknown patients (P ¼
0.053). The ORR among never- or light- (#10 pack years)
smokers was 4.2% versus 20.6% among heavy smokers (P ¼
0.123). In an independent cohort of advanced EGFR-mutant

(N¼ 68) and ALK-positive (N¼ 27) patients, PD-L1 expression
was observed in 24%/16%/11% and 63%/47%/26% of pre–
tyrosine kinase inhibitor (TKI) biopsies using cutoffs of $1%,
$5%, and $50% tumor cell staining, respectively. Among
EGFR-mutant patients with paired, pre- and post-TKI–resistant
biopsies (N ¼ 57), PD-L1 expression levels changed after
resistance in 16 (28%) patients. Concurrent PD-L1 expression
($5%) and high levels of CD8þ TILs (grade $2) were observed
in only 1 pretreatment (2.1%) and 5 resistant (11.6%) EGFR-
mutant specimens and was not observed in any ALK-positive,
pre- or post-TKI specimens.

Conclusions:NSCLCs harboring EGFRmutations or ALK rear-
rangements are associated with low ORRs to PD-1/PD-L1 inhi-
bitors. Low rates of concurrent PD-L1 expression and CD8þ TILs
within the tumor microenvironment may underlie these clinical
observations. Clin Cancer Res; 22(18); 4585–93. !2016 AACR.

See related commentary by Gettinger and Politi, p. 4539

Introduction
Two major treatment paradigms have recently emerged in the

management of non–small cell lung cancer (NSCLC): targeted
therapies and immunotherapy. The former relies on stratification
and treatment based upon genetic alterations in oncogenic dri-
vers, such as EGFR and anaplastic lymphoma kinase (ALK).
Despite the impressive activity of tyrosine kinase inhibitors (TKI)

in these subgroups (1, 2), resistance almost invariably develops
(3). Furthermore, a significant proportion of patientswithNSCLC
do not have genetic alterations that are currently targetable with
FDA-approved therapies (4).

More recently, mAbs targeting the programmed death 1 (PD-1)
receptor and its ligand (PD-L1) have demonstrated impressive
antitumor activity in NSCLC (5–7). Furthermore, in randomized
phase III trials, the PD-1 inhibitors nivolumab and pembrolizu-
mab have produced significant improvements in overall survival
comparedwith single-agent docetaxel delivered in the second-line
setting, effectively establishing a new standardof care (8–10). This
has culminated in the regulatory approvals of nivolumab and
pembrolizumab in the United States for NSCLC patients with
disease progression on or after platinum-based chemotherapy.

Despite the promise of PD-1/PD-L1 inhibitors in NSCLC, it is
noteworthy thatmost patients donot respond to therapy (ORRs¼
20%), underscoring the need for better predictive biomarkers
(8, 9). In analyses to date, increased PD-L1 expression has gen-
erally been associated with higher ORRs to PD-1/PD-L1 blockade
(5–7). Studies have also shown a strong association between
PD-L1 expression and improved clinical outcomes with PD-1/
PD-L1 inhibition compared with chemotherapy (9, 11).
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smokers was 4.2% versus 20.6% among heavy smokers (P ¼
0.123; Fig. 1B). As this analysismay have been confounded by the
association between a lack of smoking and the presence of EGFR
mutations andALK rearrangements, we also investigated response
rates to PD-1/PD-L1 inhibitors as a function of smoking within
each molecular subgroup. Among EGFR-mutant or ALK-positive
patients, one unconfirmed partial response was observed among
22 never-/light-smokers (ORR 4.5%), and no responses were seen
among six heavy smokers. Within the EGFR WT and ALK-nega-
tive/unknown group, seven partial responses were seen among 28
heavy smokers (25%). Only two never-/light-smokers were in the
EGFR WT and ALK-negative cohort, neither of whom responded
to PD-1/PD-L1 inhibitors. Further assessments of smoking status
independent of EGFR and ALK status were limited by sample size.

Altogether, our data suggest that patients with EGFRmutations
and ALK rearrangements have a significantly shorter PFS (Fig. 1C)
and a trend toward lower response rates to PD-1/PD-L1 inhibitors
compared with EGFR WT/ALK-negative patients.

PD-L1 expression in EGFR-mutant and ALK-positive patients:
Baseline

In light of the low antitumor activity of PD-1/PD-L1 inhibitors
in our EGFR-mutant and ALK-positive cohorts above, we sought
to investigate patterns of PD-L1 expression and levels of TILs in
these molecular subgroups. Amajority of EGFR-mutant and ALK-
positive patients who received PD-1 inhibitors above had been
treated previously with TKIs. Thus, wewished to determine PD-L1
expression and levels of CD8þ TILs in both treatment-na€"ve and
TKI-resistant cancer. Because of tissue availability, our analyses
were limited to a separate cohort of 95patientswith EGFR-mutant
(N ¼ 68) or ALK-rearranged (N ¼ 27) NSCLC. Baseline clinico-
pathologic characteristics are summarized in Supplementary

Table S1. Of note, this population consisted largely of patients
who did not receive PD-1/PD-L1 inhibitors during their disease
course.

We first evaluated PD-L1 expression in EGFR-mutant patients
(N ¼ 62) using tissue samples obtained prior to EGFR TKI
treatment. PD-L1 expression was observed in 15 (24%), 10
(16%), and 7 (11%) patients using cutoffs of #1%, #5%, and
#50% tumor cell staining, respectively (Table 2). To contextualize
these findings, we next identified a cohort of 65 patients with
advanced, KRAS-mutant NSCLC and performed PD-L1 expres-
sion analysis. KRAS-mutant lung cancer was used as a comparator
to have a homogeneous control population. Moreover, KRAS
mutations are the most frequent oncogenic driver in NSCLC (4).
Among KRAS-mutant patients, we observed PD-L1 expression in
23 (35%), 20 (31%), and 11 (17%) patients using cutoffs for
positivity of #1%, #5%, and #50%, respectively (Table 3).
Although these rates were consistently higher than those among
EGFR-mutant specimens, the numerical differences were not
statistically significant due to limited power.

Recently, PD-L1 expression and the presence of TILs have been
shown to be associated with clinical outcomes to PD-1/PD-L1
inhibitors (6, 17). Therefore, we next performed CD8 IHC and
quantitative, image-based CD8 TIL analysis in our cohorts of
EGFR-mutant and KRAS-mutant patients (Tables 2 and 3). By
IHC, CD8þ TILs were present in 31 of 48 (65%) evaluable, EGFR-
mutant cases, but only 2 (4.2%) showed high levels (grade #2).
Moreover, only 1 (2.1%) treatment-na€"ve EGFR-mutant patient
exhibited both PD-L1 expression (#5%) and high-level CD8þ

TILs in the same specimen. When CD8þ TILs were quantified
using a digital imaging platform, similar findings were observed
(Table 2). Only 2 of 46 (4.3%) EGFR-mutant specimens had
concurrent PD-L1 expression and highCD8þ TILs (#330.1/mm2).
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Figure 1.
A, unconfirmed/confirmed ORRs to
PD-1/PD-L1 inhibitors comparing
EGFR-mutant (Mut) or ALK-positive
NSCLC patients with EGFR wild-
type and ALK-negative/unknown
patients. B, ORRs to PD-1/PD-L1
inhibitors of never- or light-smokers
versus heavy smokers (>10 pack
years). C, PFS on PD-1/PD-L1
inhibitors based upon EGFR mutation
or ALK rearrangement status.
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specimens (Table 3), the numerical differences were not statisti-
cally significant (P¼ 0.195 and P¼ 0.274, respectively), likely due
to limited power.

Collectively, these results suggest that only a subset of
TKI-na€"ve, EGFR-mutant, and ALK-positive lung cancers express
PD-L1 andhaveCD8þTILs, and it is rare for anyof these tumors to
contain both.

Acquired TKI resistance and PD-L1 expression
To determine whether targeted therapies affect PD-L1 expres-

sion, we analyzed repeat biopsies obtained from patients at the
time of acquired resistance to EGFR or ALK TKIs. Among EGFR-
mutant patients, we observed PD-L1 expression in 19 (31%), 18
(29%), and 9 (14%) post-TKI specimens using cutoffs of #1%,
#5%, and #50%, respectively (Table 2). Concurrent PD-L1
expression (#5%) and CD8þ TILs were present in 9 (21%)
post-EGFR TKI specimens using IHC. Only 5 (12%) specimens
demonstrated both PD-L1 expression and high-level (grade #2)
CD8þ TILs. Similar findings were observed using quantitative
CD8þ TIL analysis (Table 2). Notably, paired pre- and post-TKI
biopsies were available in 57 EGFR-mutant patients (Fig. 2). The
degree of PD-L1 expression was consistent in both biopsies in
41 (72%) patients but varied upon the development of resistance
in 16 (28%),with 12 showing higher levels of PD-L1 expression in
the resistant biopsy.

Among 12 ALK-positive, resistant biopsies, we observed PD-L1
expression in 5 (42%), 3 (25%), and 2 (17%) specimens using
cutoffs of#1%,#5%, and#50%, respectively (Table 2), but none
showed high levels of CD8þ TILs using either IHC or quantitative
CD8þ TIL analysis. Thus, like pre-TKI specimens, resistant biop-
sies from EGFR-mutant and ALK-positive patients rarely showed
concomitant PD-L1 expression and CD8þ TILs.

Evaluating heterogeneity of PD-L1 expression
To evaluate whether changes in PD-L1 staining in serial biop-

sies were due to tumor heterogeneity and/or different biopsy sites

over time, we analyzed a series of autopsy specimens obtained
from EGFR-mutant (N ¼ 3) and ALK-positive (N ¼ 1) patients.
Multiple distinct sites of metastatic disease were sampled in each
patient. The median number of autopsy sites examined was 4
(range 3–8). All three EGFR-mutant patients demonstrated
homogeneity of PD-L1 expression across sites. Two EGFR-mutant
patients exhibited diffuse PD-L1 expression (#50%) in all sites
examined (N ¼ 5 and 8; Fig. 3). Both patients had 1 to 2þ CD8þ

TILs in the corresponding sites of disease. A third EGFR-mutant
patient was PD-L1 negative in 3 of 3 examined sites. Finally, one
patient with ALK-positive NSCLC demonstrated PD-L1 expres-
sion in all examined sites, but the degree of PD-L1 expression was
heterogeneous (Supplementary Fig. S5) with low-level (5%–

49%) expression in some sites and diffuse (#50%) expression
in others. None of these sites showed increased levels of CD8þ

TILs. Collectively, across of all of these autopsies, PD-L1 staining
was relatively consistent across synchronous sites of disease.

Discussion
In this retrospective analysis, we evaluated the efficacy of

PD-1/PD-L1 inhibitors according to molecular genotype, focus-
ing on patients with EGFR mutations and ALK rearrangements.
Importantly, we observed a statistically significant shorter
PFS and borderline significant lower ORR for EGFR-mutant/
ALK-positive patients treated with PD-1/PD-L1 inhibitors com-
pared with a cohort of EGFR WT and ALK-negative/unknown
patients. Such findings are consistent with recent prospective
data from the CheckMate 057 and KEYNOTE 010 trials (9, 10).
In both studies, PD-1 inhibitors produced significant improve-
ments in overall survival compared with docetaxel in the
overall intention-to-treat populations. However, in subgroup
analyses, there was no difference between study arms among
EGFR-mutant patients.

PD-L1 expression has been associated with improved response
rates to PD-1 pathway blockade in NSCLC (6, 18). To date, two
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Figure 2.
PD-L1 expression levels in paired, pre- and post-TKI
biopsies among EGFR-mutant patients along
with representative PD-L1 immunohistochemical
images. A majority of EGFR-mutant patients (72%)
exhibited consistent PD-L1 staining across both
specimens, but 16 (28%) patients demonstrated
variable staining across biopsies.
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Mutations de résistance aux IO 

•  Analyse de la résistance au pembrolizumab dans le CBNPC 
selon la « signature » mutationnelle (mélanome). 

Zaretsky, NEJM 2016 

•  Apparition de néo-
mutations 

•  Acquisition de la mutation 
JAK1/JAK2 

•  Induction de la résistance 
à l’interféron gamma et la 
présentation antigénique 



Mutations de résistance aux IO 

•  Rôle prédictif de la SERPIn B3 et B4 dans la réponse 
aux anti-CTLA4 (mélanome). 

•  Serpin: homologues de l’antigène ovalbumine (auto-immunité) 

Riaz, Nature Genetics 2016 



Statut immunologique 

•  Analyse de différents marqueurs de la réponse 
immunologique (présentation des Ag, priming et 
activation) 

–  Cytokines proinflammatoires (e.g., TNF-α, IL1, IFN-α) 
–  Cofacteurs cellulaires: CD40L/CD40  
–  Adjuvants endogènes libérés par les tumeurs: CDN (STING 

ligand), ATP, HMGB1  
–  Produits du microbiomes digestif: TLR ligands 
–  Interleukines : IL-10, IL-4, IL-13 
–  Prostaglandines  
–  Maturité des cellules dendritiques 



Statut immunologique 

(Fehrenbacher L, Lancet 2016) 

•  Analyse de biomarqueurs sériques dans le sang 
•  Etude de phase 2 atezolizumab vs docetaxel 
•  Intérêt de l’interféron gamma 



« The cancer immunogram » 

Blank C, Science 2016 



« The cancer immunogram » 

Blank C, Science 2016 





Immunothérapie en oncologie thoracique 

PDL1 dans le sang: CTC 
 
 
 

Guibert N, ASCO-SITC 2018 
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