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• Where we stand in cancer immunotherapy: lung carcinoma
as an illustrative case

• NGS to predict response to cancer immunotherapy

• NGS to enable the next generation of immunotherapeutics

NGS in oncology impact on current 
and future cancer immunotherapies
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cancer immunotherapy
à vaccination
à adoptive T-cell therapy
à immune checkpoint blockade

tumor bed

T-cells

NGS in oncology impact on current 
and future cancer immunotherapies
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lymph node tumor bed
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anti-CTLA4 anti-PD1 anti-PDL1

ipilimumab
tremelimumab

nivolumab
pembrolizumab

atezolizumab
durvalumab
avelumab

Immunotherapy in thoracic cancers 
basics of immune checkpoint blockade
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anti-PDL1 heavily pretreated non-
small cell lung cancer patients

Immunotherapy in thoracic cancers 
changing the rules of the game?
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Gettinger et al., J Clin Oncol 2015

Phase I, NSCLC IIIB/IV, anti-PD1 (nivolumab)
after up to 5 lines of previous therapy

5 years

Immunotherapy in thoracic cancers 
changing the rules of the game?
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?

2016: where do we go from here?

• how to identify best responders?

• how to improve on immune 
checkpoint inhibition alone?
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Identifying optimal responders to 
PD1/PDL1 blockade in lung cancer



© K. Vermaelen 2016

tumor bed

PD-1 PD-L1

-

IFNγ

PD-L1 expression as a biomarker 
strenghts and weaknesses

Garon et al, NEJM, April 2015
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Figure S4. Prevalence of PD-L1 positivity and objective response rate per RECIST v1.1 by 

central review by quartiles of PD-L1 proportion score in patients whose samples were evaluable 

by the CTA, regardless of the interval between cutting and staining. The prevalence and ORR in 

treated patients are calculated in those who had measurable disease per RECIST v1.1 by central 

review at baseline. The error bars for ORR represent the 95% CIs. 

Abbreviations: CI, confidence interval; CTA, clinical trial assay; ORR, objective response rate; PS, proportion score 

(i.e., percentage of neoplastic cells with membranous PD-L1 staining); RECIST v1.1, Response Evaluation Criteria 

In Solid Tumors, version 1.1. 
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outcome on the basis of these factors support 
the analysis as conducted.

Current or former smoking status was associ-
ated with an increased response to treatment, an 
association that was also observed by other in-
vestigators and is hypothesized to be based on a 
higher mutational burden in these patients.30,31 
However, when assessed according to PD-L1 sub-
group, the response rate was similar according 
to smoking status. This finding, along with the 
much higher response rate among patients with 
a proportion score of at least 50%, as compared 
with that of current or former smokers, suggests 
that although smoking history may provide in-
sight into a patient profile associated with a 
greater benefit for pembrolizumab, PD-L1 expres-
sion is a better predictor of response.

Evaluation according to the quartile of pro-
portion score suggests a positive correlation be-
tween the response rate and PD-L1 expression, 
although the analysis was limited by the small 
sample size in some groups and large confi-
dence intervals for response. These data in com-
bination with responses among patients with a 
proportion score of less than 1% suggest that 
tumor PD-L1 expression is not associated with 
the ideal test characteristics of approved geneti-
cally based biomarkers.32-34 We did not seek to 
identify a PD-L1 cutoff that would capture all 
patients with a possible response but rather one 
that would identify patients with a greater likeli-
hood of response. Although responses that were 
observed in patients for whom responses would 
not have been predicted by PD-L1 staining could 
result merely from tumor heterogeneity, it is 
more likely that tumor PD-L1 expression alone 
does not accurately assess the dynamic immune 
microenvironment. Additional diagnostic ap-
proaches, including assessment of the genomic 
landscape and the presence of preexisting CD8+ 
T cells and cytokines in tumor samples, could 
supplement PD-L1 expression as a means of iden-
tifying patients who might have a response to 
pembrolizumab.17,35-37
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Figure 4. Overall Survival.

Shown are Kaplan–Meier estimates of overall survival 
according to the proportion score for 356 patients in 
the training and validation groups who had slides that 
were sectioned within 6 months before staining (Panel 
A), including 294 previously treated patients (Panel B) 
and 62 previously untreated patients (Panel C).
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Pembrolizumab vs. Chemother apy for PD-L1–Positive Lung Cancer

respect to progression-free survival was evident 
in all subgroups examined (Fig. 1B).

Overall Survival
At the time of the second interim analysis, 108 
deaths had occurred. The estimated percentage 
of patients who were alive at 6 months was 
80.2% (95% CI, 72.9 to 85.7) in the pembroli-
zumab group and 72.4% (95% CI, 64.5 to 78.9) 
in the chemotherapy group (Fig. 2); median over-
all survival was not reached in either group. 
Overall survival was significantly longer in the 
pembrolizumab group than in the chemotherapy 
group (hazard ratio for death, 0.60; 95% CI, 0.41 
to 0.89; P = 0.005).

Objective Response Rate
The objective response rate, assessed according 
to RECIST, was 44.8% (95% CI, 36.8 to 53.0) in 
the pembrolizumab group and 27.8% (95% CI, 
20.8 to 35.7) in the chemotherapy group (Table 2). 
The median time to response was 2.2 months in 
both groups. The median duration of response 
was not reached (range, 1.9+ to 14.5+ months) 
in the pembrolizumab group and was 6.3 months 
(range, 2.1+ to 12.6+) in the chemotherapy 
group. (Plus signs in the ranges indicate the re-
sponse was ongoing at cutoff.)

Adverse Events
During treatment with the initially assigned ther-
apy, treatment-related adverse events occurred in 

73.4% of the patients in the pembrolizumab 
group and in 90.0% of the patients in the chemo-
therapy group (Table 3). Grade 3, 4, or 5 treat-
ment-related adverse events occurred in twice as 
many patients in the chemotherapy group as in 
the pembrolizumab group (53.3% vs. 26.6%). 
Serious treatment-related adverse events occurred 
in a similar percentage of patients in the pem-
brolizumab group and the chemotherapy group 
(21.4% and 20.7%, respectively). Discontinuation 
of treatment because of treatment-related adverse 
events occurred in 7.1% of patients in the pem-
brolizumab group and in 10.7% of patients in 
the chemotherapy group. Treatment-related ad-
verse events that led to death occurred in one 
patient in the pembrolizumab group (sudden 
death of unknown cause on day 2) and three 
patients in the chemotherapy group (one death 
due to pulmonary sepsis on day 25, one death 
due to pulmonary alveolar hemorrhage on day 
112, and one death of unknown cause on day 8).

The most common treatment-related adverse 
events were diarrhea (in 14.3% of the patients), 

Figure 2. Overall Survival in the Intention-to-Treat Population.

Shown are Kaplan–Meier estimates of overall survival, according to treatment 
group. Tick marks represent data censored at the last time the patient was 
known to be alive. The intention-to-treat population included all patients 
who underwent randomization.
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Figure 1 (facing page). Progression-free Survival  
in the Intention-to-Treat Population.

Panel A shows Kaplan–Meier estimates of progression-
free survival, according to treatment group. Tick marks 
represent data censored at the last time the patient 
was known to be alive and without disease progression. 
Panel B shows the analysis of progression-free survival 
in key subgroups. Progression-free survival was assessed 
according to Response Evaluation Criteria in Solid Tu-
mors (RECIST), version 1.1, by means of blinded, in-
dependent, central radiologic review. The intention-to-
treat population included all patients who underwent 
randomization. Eastern Cooperative Oncology Group 
(ECOG) performance-status scores range from 0 to 5, 
with 0 indicating no symptoms and higher scores in-
dicating increasing disability. The subgroups for the 
platinum-based chemotherapy regimen are based on 
the regimen chosen before the patient was randomly 
assigned to treatment with either pembrolizumab or 
platinum-based chemotherapy.
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BACKGROUND
Pembrolizumab is a humanized monoclonal antibody against programmed death 1 
(PD-1) that has antitumor activity in advanced non–small-cell lung cancer (NSCLC), 
with increased activity in tumors that express programmed death ligand 1 (PD-L1).

METHODS
In this open-label, phase 3 trial, we randomly assigned 305 patients who had previ-
ously untreated advanced NSCLC with PD-L1 expression on at least 50% of tumor cells 
and no sensitizing mutation of the epidermal growth factor receptor gene or trans-
location of the anaplastic lymphoma kinase gene to receive either pembrolizumab (at 
a fixed dose of 200 mg every 3 weeks) or the investigator’s choice of platinum-based 
chemotherapy. Crossover from the chemotherapy group to the pembrolizumab group 
was permitted in the event of disease progression. The primary end point, progres-
sion-free survival, was assessed by means of blinded, independent, central radiologic 
review. Secondary end points were overall survival, objective response rate, and safety.

RESULTS
Median progression-free survival was 10.3 months (95% confidence interval [CI], 6.7 
to not reached) in the pembrolizumab group versus 6.0 months (95% CI, 4.2 to 6.2) 
in the chemotherapy group (hazard ratio for disease progression or death, 0.50; 95% 
CI, 0.37 to 0.68; P<0.001). The estimated rate of overall survival at 6 months was 
80.2% in the pembrolizumab group versus 72.4% in the chemotherapy group (hazard 
ratio for death, 0.60; 95% CI, 0.41 to 0.89; P = 0.005). The response rate was higher in 
the pembrolizumab group than in the chemotherapy group (44.8% vs. 27.8%), the 
median duration of response was longer (not reached [range, 1.9+ to 14.5+ months] 
vs. 6.3 months [range, 2.1+ to 12.6+]), and treatment-related adverse events of any 
grade were less frequent (occurring in 73.4% vs. 90.0% of patients), as were grade 3, 
4, or 5 treatment-related adverse events (26.6% vs. 53.3%).

CONCLUSIONS
In patients with advanced NSCLC and PD-L1 expression on at least 50% of tumor cells, 
pembrolizumab was associated with significantly longer progression-free and overall 
survival and with fewer adverse events than was platinum-based chemotherapy. 
(Funded by Merck; KEYNOTE-024 ClinicalTrials.gov number, NCT02142738.)

A BS TR AC T

Pembrolizumab versus Chemotherapy for 
PD-L1–Positive Non–Small-Cell Lung Cancer

Martin Reck, M.D., Ph.D., Delvys Rodríguez-Abreu, M.D., 
Andrew G. Robinson, M.D., Rina Hui, M.B., B.S., Ph.D., Tibor Csőszi, M.D., 

Andrea Fülöp, M.D., Maya Gottfried, M.D., Nir Peled, M.D., Ph.D., 
Ali Tafreshi, M.D., Sinead Cuffe, M.D., Mary O’Brien, M.D., Suman Rao, M.D., 

Katsuyuki Hotta, M.D., Ph.D., Melanie A. Leiby, Ph.D., Gregory M. Lubiniecki, M.D., 
Yue Shentu, Ph.D., Reshma Rangwala, M.D., Ph.D., and Julie R. Brahmer, M.D., 

for the KEYNOTE-024 Investigators*  
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expressors enables anti-PD1 
implementation in 1st line setting
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nivolumab, NSCLC non-squamous (CHECKMATE-057)

PD-L1 expression as a predictor
is there a useful cut-off?
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PD-L1 expression as a predictor
is there a useful cut-off?
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Table S5. Clinical Activity of Nivolumab versus Docetaxel by PD-L1 Expression Level. 

 

PD-L1 Expression Level 
Not 

quantifiableb 1%a 5%a 10%a

<1% ≥1% <5% ≥5% <10% ≥10%  

Nivolumab 

n (%) 108 (47) 123 (53) 136 (59) 95 (41) 145 (63) 86 (37) 61 (21) 

Objective response rate,c n (%) 
[95% CI] 

10 (9) 
[5, 16] 

38 (31) 
[23, 40] 

14 (10) 
[6, 17] 

34 (36) 
[26, 46] 

16 (11) 
[6, 17] 

32 (37) 
[27, 48] 

8 (13) 
[6, 24] 

Median DOR, mos 
(95% CI) 
n 

18.3 
(4.2, NE)

10 

16.0 
(8.4, NE)

38 

18.3 
(5.5, NE)

14 

16.0 
(8.4, NE)

34 

18.3 
(7.5, NE)

16 

16.0 
(6.9, NE) 

32 

7.3 
(2.2, NE) 

8 

Docetaxel 

n (%) 101 (45) 123 (55) 138 (62) 86 (38) 145 (65) 79 (35) 66 (23) 

Objective response rate,c n (%) 
[95% CI] 

15 (15) 
[9, 23] 

15 (12) 
[7, 19] 

19 (14) 
[9, 21] 

11 (13) 
[7, 22] 

20 (14) 
[9, 21] 

10 (13) 
[6, 22] 

6 (9) 
[3, 19] 

Median DOR, mos 
(95% CI) 
n 

5.6 
(4.2, 9.9) 

15 

5.6 
(3.0, 5.7)

15 

5.6 
(4.2, 7.1) 

19 

5.6 
(3.0, 7.0) 

11 

5.6 
(4.2, 7.1) 

20 

5.6 
(1.6, 6.2) 

10 

6.6 
(2.8, 14.2) 

6 

Odds ratiod 
(95% CI) 

0.6 
(0.2, 1.5) 

3.2 
(1.6, 6.7) 

0.7 
(0.3, 1.6) 

3.8 
(1.7, 9.0) 

0.8 
(0.4, 1.7) 

4.1 
(1.8, 10.1) 

1.5 
(0.4, 5.6) 

 

Borghaei et al, NEJM 2015 et al CHECKMATE-057, suppl. material
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McLaughlin et al, JAMA Oncol December 2015

PD-L1 expression as a predictor
what is a "PD-L1 negative" patient?
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PD-L1 expression as a predictor
how will pathologists manage?
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1% 50% 100%
PD-L1 IHC score thresholds

?

PD-L1 expression as a predictor
is there a useful cut-off?
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Looking beyond PD-L1 for response 
prediction to checkpoint blockade…
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KEYNOTE-001 Pembrolizumab phase I 
Garon et al, NEJM April 2015 (suppl. fig. 5A)

10.3%
22.5%

Looking beyond PD-L1 for response 
prediction impact of smoking history
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… smoking status and response to PD-1 blockade
in non-squamous NSCLC (CHECKMATE-057)

Looking beyond PD-L1 for response 
prediction impact of smoking history
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PD-L1-based enrichment effect annihilated in never-smokers!
Hellmann et al, WCLC 2015

Looking beyond PD-L1 for response 
prediction impact of smoking history
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immune 
recognition

normal proteins

normal cell
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cancer cell

proteins with 
mutation

peptide with 
mutation

Looking beyond PD-L1 for response 
prediction smoking vs mutation burden

T-cell

genomic 
mutations
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Looking beyond PD-L1 for response 
prediction smoking vs mutation burden

Lawrence et al, Nature, July 2013
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Oncoimmunology, January 2014

Looking beyond PD-L1 for response 
prediction smoking vs mutation burden
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mutational load and a molecular smoking signature are good 
predictors of response to anti-PD1 therapy (Rizvi et al, Science April 2015)

Looking beyond PD-L1 for response 
prediction smoking vs mutation burden
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inactivating mutations in 
DNA-repair enzymes!

Looking beyond PD-L1 for response 
prediction DNA repair defects
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Looking beyond PD-L1 for response 
prediction DNA repair defects

Dung T. Le ASCO 2015

Responses to anti-PD1 (pembrolizumab) in mismatch repair-deficient 
colorectal and non-colorecal cancers
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Looking beyond PD-L1 for response 
prediction DNA repair defects

DNA-mismatch repair-deficient cancers are heavily infiltrated with immune cells

N.J. Llosa et al Cancer Discovery 2014
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mutational load vs survival in cohort of 
64 anti-PD1/PDL1-treated lung cancers

D. Spigel et al, ASCO 2016 abstrac t#9017

12%

Looking beyond PD-L1 for response 
prediction TMB as a usable biomarker?
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Looking beyond PD-L1 for response 
prediction TMB vs mutational diversity
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Articles
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Median overall survival with docetaxel seemed to be 
consistent with that previously reported (9 months),23 
and there was no diff erence in survival with docetaxel 
among patients with a PD-L1 tumour proportion score of 
50% or greater or in the total population. Consistent with 
KEYNOTE-001,9 pembrolizumab effi  cacy was greater in 
patients with a tumour proportion score of 50% or 
greater than in the overall population. Progression-free 
survival with pembrolizumab was superior to that of 
docetaxel in patients with a tumour proportion score of 
50% or greater, but not in the total population. However, 
overall survival with pembrolizumab was superior to that 
of docetaxel in both tumour proportion score strata, 
suggesting that progression-free survival might not 
appropriately capture the true benefi t of pembrolizumab. 
The lack of a benefi t for progression-free survival despite 
a signifi cant overall survival benefi t was also reported in 
the CheckMate 057 study of nivolumab versus docetaxel 
for non-squamous non-small-cell lung cancer.8

Few patients assigned to pembrolizumab withdrew 
consent, whereas the incidence in the docetaxel group 
was higher than what is typical in a phase 3 trial. Many of 
the patients allocated to docetaxel who withdrew consent 
probably did so to seek anti-PD-1 treatment. A similarly 
high percentage of patients in the CheckMate 057 trial 
who were assigned to docetaxel did not receive it (22 [8%] 
of 290).8 This fi nding is not surprising given the many 
other studies of PD-1 inhibitors for non-small-cell lung 
cancer that were ongoing during KEYNOTE-010. Patients 
who withdrew and subsequently received another 
immunotherapy could aff ect overall survival. However, 
any bias of this unplanned crossover would likely favour 
the docetaxel group. Therefore, the high dropout rate in 
the docetaxel group does not diminish our confi dence in 
the signifi cant survival benefi t for pembrolizumab. 
Another limitation of this study is the incidence of EGFR 
mutation or ALK translocation, which was lower than 
would be expected in the general non-small-cell lung 
cancer population. Finally, because we excluded patients 
with no PD-L1 tumour expression, we could not do 
statistically meaningful analyses of the interaction 
between PD-L1 expression and outcome by treatment 
allocation.

Our results contribute to the growing evidence that 
supports PD-1 pathway inhibition in non-small-cell lung 
cancer.7,8,10,11,24 Although reports of treatment with 
pembrolizumab and nivolumab have shown a survival 
benefi t for PD-1 inhibition, several aspects of 
KEYNOTE-010 diff erentiate it from the CheckMate 017 
and CheckMate 057 studies of nivolumab.7,8 Whereas 
there were separate nivolumab studies for squamous7 
and non-squamous8 histology, KEYNOTE-010 enrolled 
patients regardless of histology. Our data suggest that, 
like nivolumab, pembrolizumab provides benefi t for 
squamous and non-squamous non-small-cell lung 
cancer (although the diff erence for squamous cell 
disease was not statistically signifi cant, probably partly  

because of the small population size). In addition, 
whereas both CheckMate studies limited enrolment to 
patients who received only one line of previous 
treatment for metastatic disease, almost one-third of 
patients in KEYNOTE-010 received at least two lines of 
previous treatment.

Our data are the fi rst reported for lung cancer 
prospectively showing the utility of PD-L1 as a biomarker; 
all patients derived a survival benefi t from pembro-
lizumab. This fi nding contrasts with the fi ndings of 
studies of unselected populations. The assay used in 
KEYNOTE-010 was rigorously evaluated and validated 
before the study began9 and has been approved by the 
Food and Drug Administration as a companion 
diagnostic test. Our data indicate that assessment of 
PD-L1 in archival samples with this assay is appropriate 
because pembrolizumab provided superior overall 
survival regardless of the age of the sample. Among 
patients with evaluable samples screened for enrolment 
in our study, two-thirds had a PD-L1 tumour proportion 
score of 1% or greater, and more than a quarter had a 
score of 50% or greater. The higher proportion of patients 
with a score of 50% or greater in the enrolled population 
(43%) was a result of the exclusion of patients with 
PD-L1-negative tumours. Whether the benefi t of 
pembrolizumab extends to patients with a tumour 
proportion score of less than 1% will require additional 
study. Ongoing studies are assessing pembrolizumab as 
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tive response rates (Table S5 in the Supplemen-
tary Appendix) than docetaxel at the prespeci-
fied PD-L1 expression levels of 1% or higher, 5% 
or higher, and 10% or higher. Progression-free 
survival across all prespecified PD-L1 subgroups, 
on the basis of data from the database lock for 
the interim analysis, is provided in Figure S8A in 
the Supplementary Appendix. Overall survival 
according to PD-L1 expression level, on the basis 
of data from the July 2, 2015, database lock, is 
shown in Figure S8B in the Supplementary Ap-

pendix; the difference in overall survival be-
tween the two study groups among patients 
whose tumors expressed PD-L1 was still evident 
with additional follow-up. The median duration 
of response was longer with nivolumab than 
with docetaxel across all the PD-L1 expression 
levels (Table S5 in the Supplementary Appendix).

Safety
The frequencies of adverse events of any grade 
and any cause were similar in the two groups, 

Figure 2. Treatment Effect on Overall Survival, According to Subgroup.

Data are based on a March 18, 2015, database lock. Hazard ratios for death were not computed for subgroups that 
included a treatment group with fewer than 10 patients, including other line of therapy (1 patient in the nivolumab 
group), unreported Eastern Cooperative Oncology Group (ECOG) performance-status score (1 in the docetaxel group), 
and unknown smoking status (3 in the nivolumab group and 3 in the docetaxel group). ECOG performance-status 
scores range from 0 to 5, with higher numbers indicating greater disability; a score of 0 indicates no symptoms, and 
1 mild symptoms. The subgroup of patients with an ECOG performance-status score of 1 included 1 patient in the 
docetaxel group who had a score of 1 at screening, which met the eligibility criteria, but his score worsened after 
randomization owing to grade 3 pericardial effusion. On day 1 of treatment, his ECOG performance-status score 
was 3. This patient was included in our analyses, since he had undergone randomization and was part of the intention-
to-treat population. EGFR denotes epidermal growth factor receptor, and KRAS Kirsten rat sarcoma viral oncogene 
homologue.
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Fig. S6 Relationship of PD-L1 expression to clonal neoantigen burden and ITH 
in (2).  
PD-L1 exhibits significantly stronger expression in tumors harboring a high clonal 

neo-antigen burden (>= 70) and a low neoantigen ITH (<=5%) compared to tumors 

harboring a low clonal neoantigen burden or high subclonal neoantigen fraction.   
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individual breast cancers (13). Taken together,
these results indicate that different cancer types
may have different relative timing of acquisition
of cancer genemutations. Further, the data would
suggest in this subset of lung adenocarcinomas,
there are likely mutations in noncanonical can-
cer genes that drive tumor development and sub-
clonal divergence.
With a median follow-up of 21 months after

surgery at the time of this report, three patients
have had disease relapse. These three patients
had a significantly larger proportion of subclonal
nontrunkmutations (branch plus private branch
mutations) in their primary tumors than patients
without relapse (average 40% in relapsed patients
versus 17% in patients without relapse, P = 0.006
by t test) (Fig. 1). Although the sample size is
small, these findings suggest the possibility that
subclonal mutations may be important for can-
cer progression and that larger subclonal muta-
tion fraction may be associated with an increased
likelihood of postsurgical relapse in this subset of
lung adenocarcinoma patients.
Analysis of NGS data relies heavily on ade-

quate sequencing depth to make high-accuracy
consensus base calls. We compared ourWES data
(average sequencing depth 277×) with deep se-
quencing data (average sequencing depth 863×)
to assess the effect of sequencing depth on de-
tecting known cancer gene mutations. In tumor
499, a canonical KRAS p.G12C mutation was de-
tected in only one of four tumor regions at exome
depth but was detected in all four tumor regions
at increased sequencing depth (table S2). Ex-
tending this analysis, we then compared deep
sequencing data with WES data in defining ITH.
The result showed many branch and private
branch mutations defined by WES were detec-
table in all regions of individual tumors with
increasing sequencing depth (Fig. 2). Taken to-
gether, these results indicate that considerable
depth of sequencing will be necessary to detect
cancer gene mutations and to accurately char-
acterize ITH of lung adenocarcinomas.
Next, we analyzed the mutational spectrum of

these 11 lung adenocarcinomas. Consistent with
previous studies (18–20, 25), different mutation
spectra were observed in smokers and non-
smokers. Three never-smokers (cases 292, 339,
and 356) showed C>T-predominant mutation
profiles. Three former smokerswho had quitmore
than 20 years before (cases 270, 472, and 4990)
and one former smoker who had a 25 pack-year
(pack-year = number of packs per day × number
of years) history of smoking and quit 6 years ago
(case 283) also showed C>T-predominant muta-
tion profiles, as in nonsmokers. Two former smok-
ers who had a >50 pack-year history of smoking
and had quit 5 years before (cases 317 and 499)
and one former smoker, who had a 25 pack-year
history of smoking and had quit only 2.5 years
before (case 330) showed C>A-predominant muta-
tion profiles consistent with the mutation profile
of cigarette smoke exposure. The only current
smoker, who had a 20 pack-year history of smok-
ing but had cut down to two cigarettes a day at
the time of cancer diagnosis (case 324), showed

an equivalent portion of C>T (26%) versus C>A
(21%) substitutions in her tumor (Fig. 3A). These
results indicate that tumor mutation spectra in
former smokers reflect not only quantity of smoking
exposure but also time since smoking cessation.
We next compared themutational spectrum of

trunk versus nontrunk mutations to explore the
relative contribution of mutational processes over
time. Significant differences in mutational spec-
trum were observed in six tumors, which indi-
cated that specific mutational processes were

likely operative at different times during devel-
opment of these tumors (Fig. 3, B and C). Of in-
terest, two former smokers (cases 317 and 330)
and the current smoker (case 324) showed sig-
nificant differences between trunk and nontrunk
mutation spectrum with a shift from smoking-
associated C>A transversions in trunkmutations
to nonsmoker-associated C>T transitions in non-
trunk mutations.
Recent evidence has suggested that APOBEC ac-

tivity is a major source for C>T and C>Gmutations
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Fig. 2. Distribution of trunk, branch, and private branch mutations defined by exome sequencing
(average sequencing depth of 277×) versus deep sequencing (average sequencing depth of 863×).
Only validated mutations meeting the following criteria are included: total counts in tumor DNA ≥ 100;
total counts in germline DNA ≥ 50; variant allele frequency (VAF) of ≥5% in tumor DNA, and VAF = 0 in
germline DNA.

Fig. 3. Mutation spectrum of the 11 lung adenocarcinomas. (A) Mutation spectrum of all validated
mutations. (B) Mutation spectrum of trunkmutations. (C) Mutation spectrum of nontrunkmutations.The
difference of mutation spectrum between trunk and nontrunk mutations in each patient was evaluated
with Fisher’s exact test, and significant P values are shown as *P < 0.05 and **P < 0.01. (D) APOBEC
mutation signature enrichment odds ratio for trunk and nontrunkmutations.The 95%confidence intervals
for Fisher’s exact test are indicated. PY, pack-year. ¶ indicates that the patient had cut down to two
cigarettes a day at the time of cancer diagnosis.
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melanocyte differentiation antigens, a prominent
class of self-antigens in melanoma, shows a rel-
atively modest clinical effect that is accompa-
nied by substantial on-target toxicity against
healthy melanocytes (43). Because this toxicity is
relatively infrequent in TIL therapy, these data
strongly suggest that T cell reactivity against the
melanocyte differentiation antigens is not a
major driver of the antitumor activity of this
therapy. At the same time, there is data showing
that T cell products directed against NY-eso-1,
one of the nonmutant self-antigens from the
family of cancer/germline antigens that show very
limited expression in healthy tissue, can display
substantial antitumor activity (44, 45). Thus, al-
though the available data support the notion that
T cell recognition of neoantigens contributes sub-
stantially to the effects of the currently used
immunotherapies, it would not be justified to
dismiss a potential contribution of T cell re-
sponses against a subset of nonmutant antigens.
A direct comparison of the antitumor activity of
neoantigen-specific and self-antigen–specific T
cells obtained from individual patients would be
useful to further address this issue.

Therapeutic use of the patient-specific
neoantigen repertoire

Based on the fact that, at least in tumors with
high mutational loads, the amount of DNA dam-
age is sufficient for the immune system to see
one ormultiple epitopes as foreign, it becomes of
interest to stimulate neoantigen-specific T cell
responses in cancer patients. Such stimulation
can obviously only be of value if the strength of
the neoantigen-specific T cell response is other-
wise a limiting factor in tumor control. Human
data on this important issue are lacking. However,
in mouse models, vaccination with defined neoan-
tigens has been shown to result in increased tumor
control (10, 14, 15,20), providing sufficient rationale
for the clinical development of neoantigen-directed
therapeutics. Because the majority of possible
neoantigens are specific to the individual being

treated (Fig. 3), such therapeutic approaches will
in most cases entail personalized immunothera-
pies that exploit either the antigen repertoire in
the tumor cells themselves or information on
that repertoire, as obtained by tumor sequencing
(Fig. 4). As a first approach, a combination of
checkpoint-blocking antibodies with therapeutic
interventions—such as tumor radiotherapy, onco-
lytic viruses, or autologous tumor cell vaccines—
that can increase neoantigen exposure to the T
cell–based immune system may be synergistic
(Fig. 4A). As a downside, as compared to molec-
ularly defined vaccines, the neoantigens released
by such strategies will be diluted by the large
amount of nonmutant peptides that are also
present. In addition, control over the maturation
signals received by antigen-presenting cells is rela-
tively limited. Nevertheless, because of the relative
ease of clinical development of some of these com-
bination therapies, extensive testing of such ther-
apies is warranted.
To allow a more defined targeting of the neo-

antigen repertoire in human tumors, two alter-
native approaches should be considered, in both
cases relying on sets of potential neoantigens as
identified by sequencing of tumor material (Fig. 4,
B andC). First, synthetic vaccinesmay be produced
that contain or encode a set of predicted neoan-
tigens. Although still a substantial departure from
the classical pharmaceutical model, clinical devel-
opment of such personalized vaccines is within
reach (46–48). Mouse model data support the
clinical translation of this approach, and the two
most pressing questions appear to be (i) whether
our ability to predict the most relevant neoan-
tigens is already sufficiently advanced and (ii)
how such vaccines may best be administered.
Second, the information obtained from tumor
sequencing may be used to create neoantigen-
specific T cell products in vitro. This may involve
either the expansion of neoantigen-specific T cell
populations that can already be detected within
tumor tissue or in blood or the de novo induction
of such cells.

Regardless of the strategy used to enhance
neoantigen-specific T cell reactivity, it will likely
prove important to target multiple neoantigens
simultaneously in order to prevent tumor escape
by editing of the mutated epitope concerned (1).
In addition, it may be prudent to avoid the
targeting of mutations in gene products that are
seen by the immune system in autoimmune
disease to avoid induction of or exacerbation of
cancer-associated autoimmune disease (49).

Concluding remarks

Based on data obtained over the past few years,
it is plausible that neoantigen-specific T cell
reactivity forms a major “active ingredient” of
successful cancer immunotherapies. In other
words, the genetic damage that on the one hand
leads to oncogenic outgrowth can also be targeted
by the immune system to control malignancies.
Based on this finding, it will be important to
engineer therapeutic interventions by which
neoantigen-specific T cell reactivity is selectively
enhanced. Because of the tumor-restricted expres-
sion of the antigens that are being targeted, these
personalized cancer immunotherapies offer the
promise of high specificity and safety. Conceiv-
ably, the boosting of neoantigen-specific T cell
reactivity that can be achieved with such person-
alized immunotherapies will further increase the
spectrum of human malignancies that respond to
cancer immunotherapy.
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Observed T-cell frequencies were similar
to the frequencies induced by the
immunodominant Trp2180–88 epitope,
demonstrating that many of the muta-
tions are immunodominant epitopes of
B16 melanoma. This is the first experi-
mental data establishing the breadth
of the immunogenicity of the tumor
mutanome. Our findings match previous
in silico predictions suggesting 30 to
50% of non-synonymous mutations are
immunogenic.8

We examined whether immunization
with mutation-coding peptides would
translate into a tumor survival benefit.

By prophylactic vaccination complete
tumor protection in 40% of the mice
was achieved. In therapeutic models, we
observed a remarkable growth inhibition
induced by mutation-coding peptide
immunization. These results demonstrate
that vaccination against a single mutation
encoding sequence is able to induce
substantial anti-tumoral effects. To avoid
tumor escape due to evolution under
immunoediting pressure,9 multiple muta-
tions could be targeted. Noteworthy,
we found no correlation between
immunogenicity and potential oncological
function, structural features or subcellular

localization of the encoded protein. Thus,
regardless of whether the mutation is a
“driver” or “passenger” mutation, its
utilization in a vaccine appears to provide
an anti-tumor benefit.

In conclusion, in a pre-clinical model,
we successfully demonstrate a blueprint
process to identify somatic mutations,
select mutations for an individual thera-
peutic vaccine, and immunize to provide
an anti-tumor impact. Our data shows
that the T cell druggable mutanome is
substantial and can be exploited for patient
benefit using individualized therapeutic
cancer vaccines.
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Figure 1. Discovery and characterization of the “T-cell druggable mutanome.”
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• NGS technology is improving our understanding of
immunotherapy mechanism of action

• NGS workflows for therapeutic prediction not ready yet for
implementation into patient management

àwill be within reach through technological innovation

• NGS is enabling a revival of personalized cancer vaccines
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