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Abstract

Purpose: By unlocking antitumor immunity, antibodies

targeting programmed cell death 1 (PD-1) exhibit impressive

clinical results in non–small cell lung cancer, underlining the

strong interactions between tumor and immune cells. How-

ever, factors that can robustly predict long-lasting responses

are still needed.

Experimental Design:Weperformed in-depth immune pro-

filing of lung adenocarcinoma using an integrative analysis

based on immunohistochemistry, flow-cytometry, and tran-

scriptomic data. Tumor mutational status was investigated

using next-generation sequencing. The response to PD-1 block-

ers was analyzed from a prospective cohort according to tumor

mutational profiles and PD-L1 expression, and a public clinical

database was used to validate the results obtained.

Results: We showed that distinct combinations of STK11,

EGFR, and TP53 mutations were major determinants of the

tumor immune profile (TIP) andof the expression of PD-L1 by

malignant cells. Indeed, the presence of TP53 mutations

without co-occurring STK11 or EGFR alterations (TP53-mut/

STK11-EGFR-WT), independently of KRAS mutations, identi-

fied the group of tumors with the highest CD8 T-cell density

andPD-L1 expression. In this tumor subtype, pathways related

to T-cell chemotaxis, immune cell cytotoxicity, and antigen

processing were upregulated. Finally, a prolonged progres-

sion-free survival (PFS: HR ¼ 0.32; 95% CI, 0.16–0.63, P <

0.001) was observed in anti–PD-1-treated patients harboring

TP53-mut/STK11-EGFR-WT tumors. This clinical benefit was

even more remarkable in patients with associated strong PD-

L1 expression.

Conclusions: Our study reveals that different com-

binations of TP53, EGFR, and STK11 mutations, together

with PD-L1 expression by tumor cells, represent robust

parameters to identify best responders to PD-1 blockade.

Clin Cancer Res; 24(22); 5710–23. �2018 AACR.

Introduction

The landscape of cancer therapy is currently being transformed

by the recent clinical success of immunotherapies, and more

particularly of those targeting the so-called immune checkpoints

(ICP; refs. 1–3). In non–small cell lung cancer (NSCLC), anti-

bodies targeting programmed cell death 1 (PD-1) have shown

unprecedented durable clinical responses, even in patients with

advanced metastatic disease (4, 5). Unfortunately, only a sub-

group of patients had long-lasting responses, highlighting the

urgent need to identify biomarkers that will robustly predict the

effectiveness of ICP blockade. To efficiently predict clinical

response to ICP inhibitors and to be routinely used in clinical

practice, these biomarkers will have to meet two main criteria: a

reliable and precise identification of responders and nonrespon-

ders, associatedwith an acceptable technical feasibility in terms of

time and of cost.

In the field of oncoimmunology, extensive efforts have been

made recently to identify predictive markers of the therapeutic

response to anti–PD-1-targeted therapies. Several markers had
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beenproposed, including tumormutational burden (TMB; ref. 6),

DNAmismatch-repair deficiency (7), PD-L1 expression by tumor

cells (4, 5, 8), and gene signature reflecting preexisting adaptive

immunity (9, 10). Nevertheless, the implementation of pre-

dictive parameters like immune gene signatures and TMB

requires reliable but expensive genomic platforms, in addition

to heavy whole exome sequencing (WES) experiments in the

case of TMB analysis. To bypass these limitations, novel meth-

ods have been developed to predict TMB from targeted cancer

gene next-generation sequencing panels. However, in order to

be accurate, and properly correlated to WES, it was shown that

gene panels needed to encompass at least 1 to 2 Mb (11, 12).

The expression of PD-L1 by tumor cells currently used to

predict the response to PD-1 blockade, also encounters several

issues. These include the lack of consensus regarding the anti-

PD-L1 antibodies used in IHC, the threshold used to determine

the positivity during quantification, and the potential discre-

pancies between primary and metastatic biopsies stained. Addi-

tionally, only a fraction of tumors expressing PD-L1 respond to

PD-1 inhibition. Oncogenic pathways (13) versus immune-

induced PD-L1 expression (14) may account for the latter

point. Importantly, the main limitation of such strategy is

linked to the choice of an optimal cutoff for clinical decision

making. Indeed, currently, tumors below this cutoff may

respond to anti–PD-1, although this is less likely. To overcome

these obstacles, and considering that oncogenic drivers (EGFR

and KRAS) and mutations in tumor suppressor genes (TP53

and STK11) may have a major impact on the immune micro-

environment of lung tumors (15–17), a recent study reported

increased sensitivity to PD-1 blockade in patients with TP53

and/or KRAS mutations (18). However, not all patients with

TP53 and/or KRAS-mutated tumors responded to this ICP

blockade (18). Common to these different strategies for patient

selection is the aim to identify tumors that show the presence of

an adaptive immune response, together with upregulation of

mechanisms of immune evasion, such as expression of PD-L1

(6, 7, 10, 15, 18). Therefore, the identification of even more

accurate predictive markers probably involves a better under-

standing of mechanisms involved in the shaping of the tumor

immune microenvironment.

In this context, to study the interplay between malignant cells

and their immune microenvironment, we performed from lung

adenocarcinomasamples an integrative analysis that incorporated

IHC, gene expression, mutational and flow-cytometry data. We

identified threemain tumor immuneprofiles (TIP) and found that

co-occurringgenetic alterations, especiallyTP53,EGFR, andSTK11

mutations, are major determinants of the tumor immune com-

position and of PD-L1 expression by malignant cells. Moreover,

we found that distinct combinations of TP53, EGFR, and STK11

mutations were able to identify best responders to PD-1 blockers.

Materials and Methods

Cohorts

A retrospective consecutive cohort of 221-untreated patients

with primary lung adenocarcinoma seen between June 2001 and

December 2005 at the department of Thoracic Surgery of Hôtel-

Dieuhospital (Paris, France)wasused tostudyby IHCthe immune

composition of the tumor microenvironment. All patients under-

went complete surgical resectionof their tumor. The secondcohort

was a consecutive selection of 24 patients with untreated primary

lung adenocarcinoma who underwent surgery between March

2015 and June 2017 and for whom fresh tumor samples were

obtained. These samples were used to perform flow-cytometry

experiments. The third cohortwas composedof32advanced-stage

lung adenocarcinoma patients enrolled by the Cochin Immuno-

modulatory Therapies Multidisciplinary Study group (CERTIM)

from February 2015 through August 2016 and treated with nivo-

lumab (anti–PD-1, Bristol Myers Squibb) at a dose of 3 mg per

kilogram of body weight every 2 weeks. RECIST 1.1 criteria were

usedtomonitor responsetonivolumab.Written informedconsent

was obtained from all patients. The protocol was approved by the

local ethics committee (CPP Ile de France II, no. 2008-133, and

2012 06-12) in agreement with article L.1121-1 of French law.

Additional details are provided in the Supplementary Methods.

Clinical and mutational data from 31 NSCLC patients treated

with pembrolizumab (anti–PD-1, Merck) were collected from

cbioPortal (http://www.cbioportal.org/study?id¼luad_mskcc_

2015#summary). Additional details are provided in the Sup-

plementary Methods.

IHC and cell quantification

Formalin-fixed, paraffin-embedded (FFPE) lung tumor sam-

ples were selected and stained as previously described (19, 20)

using polyclonal anti-CD3 (Dako), anti–MHC-I (EMR8-5,

Abcam), anti-CD8 (SP16, Spring-Bioscience), anti–DC-Lamp

(1010.01, Dendritics), anti-CD66b (G10F5, BD Biosciences),

anti–PD-L1 (E1L3N, Cell Signaling Technology) or anti-CD68

(PG-M1, Dako). Calopix software (Tribvn) was used to count

CD66bþ and CD68þ cells in the whole tumor section; CD8 T cells

were counted separately in the tumor nests and in tumor stroma.

DC-Lampþ cells were counted manually in the whole tumor

section. Areas of thewhole tumor section, tumor nests, and tumor

stroma were determined by using Calopix software. For CD66bþ,

CD68þ, CD8þ, and DC-Lampþ cells, results are expressed as

absolute number of positive cells/mm2. The proportion of

Translational Relevance

Antibodies targeting the PD-1/PD-L1 pathway brought an

unprecedented hope to cure lung cancer. However, complete

responses are seen in a minority of patients and are still not

completely predictable. Recently proposed predictive biomar-

kers encountered multiple challenges, including imperfect

identification of responders, and/or limited technical feasibil-

ity. We found that distinct combinations of STK11, EGFR, and

TP53 mutations, independently of KRAS alterations, were

associated with different tumor microenvironments in terms

of immune cell composition and of PD-L1 expression by

tumor cells. Indeed, the presence of TP53 mutations without

alterations in STK11 or in EGFR genes designated tumors with

the strongest adaptive immune response together with the

presence of tumor immune evasion, and thus allowed iden-

tification of patients with the highest sensitivity to anti–PD-1

therapies. Our study provides evidence that routine next-

generation sequencing of three commonly mutated genes,

together with the evaluation of PD-L1 expression, represents

robust biomarkers to identify best responders to PD-1

blockade.

TP53, STK11, and EGFR Mutations Predict Response to Anti–PD-1
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MHC-Iþ and PD-L1þ cells among tumor cells was determined

manually by at least two independent observers (J. Biton, A.

Mansuet-Lupo, orD.Damotte). The positivity thresholdwas fixed

at �1%. Additional details are provided in the Supplementary

Methods.

Molecular analysis

DNAwas extracted fromFFPE tumor samples selected based on

the highest percentage of tumor cells, using the illustra Nucleon

BACC2 genomic DNA extraction kit (GE Healthcare Life

Sciences). In the retrospective cohort of 221 lung adenocarcino-

ma, samples were characterized using NGS and a custom Ampli-

Seq panel (AmpliSeq Ion Torrent; Life Technologies) that includ-

ed EGFR (exons 18–21), TP53 (exons 2–11), KRAS (exons 2–6),

BRAF (exons 11–15), NRAS (exons 2–5), HER2 (exons 18–21),

and STK11 (exons 1–9) as previously described (19). In the

prospective cohort of 24 lung adenocarcinoma and in theCERTIM

cohort, samples were characterized using Ion AmpliSeq Colon

and Lung Cancer Research Panel v2 that included 22 mutations

(for more details see manufacturer's notice; Thermo Fisher Sci-

entific). The sequencing reads were processed using Ion Torrent

Suite V4.0 software (Life Technologies). Regarding the classifica-

tion of TP53, STK11, and EGFR mutation subtypes, additional

details are provided in the Supplementary Methods.

Flow cytometry

Multiple stainings on isolated mononuclear cells from tumors

were performed using various antibodies (see Supplementary

Table S1), as previously described (21). Additional details are

provided in the Supplementary Methods.

NanoString-based gene expression profiling

Total RNA was isolated from FFPE tumor samples using the

Recover All Total Nucleic Acid Isolation Kit (Invitrogen) accord-

ing to the manufacturer's protocol. The RNA concentration and

purity was estimated on NanoDrop 2000 spectrophotometer

(Thermo Fisher Scientific). NanoString Technologies-based

gene expression profiling was performed on 50 ng of total

RNA from each sample according to the manufacturer's instruc-

tions. Tumor RNA samples were subjected to analysis by

nCounter PanCancer Immune Profiling Panel (NanoString

Technologies) consisting of 770 human genes. The mRNA

hybridization, detection, and scanning were realized following

the NanoString protocol. Normalization of raw data was per-

formed using the nSolver software (NanoString Technologies)

based on the 10 most relevant housekeeping genes. Heatmaps

were generated with Genesis software (Institute of Genomics

and Bioinformatics).

Statistical analysis

Categorical data were compared using c2 test or Fisher exact

test, as appropriate. In flow cytometry experiments, according to

data distribution, a parametric test (ANOVA, Student t test) or a

nonparametric test (Kruskal–Wallis, Mann–Whitney), with

appropriate post hoc comparisonswas used. RegardingNanoString

analysis, the normalizedmRNA counts were log-transformed and

a two-tailed t test was performed to compare gene expression.

False discovery rates (FDR) were calculated using the Benjamini–

Hochberg procedure. Survival analyses were made using both the

log-rank test and a Cox proportional-hazard regression model.

The start of follow-up for overall survival (OS) was the time of

surgery (221 lung adenocarcinoma cohort) or the time of first

anti–PD-1 injection (CERTIM cohort). The start date of follow-up

for progression-free survival (PFS) was the time of first anti–PD-1

injection (CERTIM cohort). For Cox proportional-hazard regres-

sionmodel, immune cell densitieswere log transformed. Analyses

weremade usingGraphPadPrism, Statview (Abacus Systems) and

R (http://www.r-project.org/) software.

Results

Immune cell densities clustering defines three distinct TIPs

To determine whether lung adenocarcinomas could be classi-

fied according to their TIPs, we first used a retrospective cohort of

221 patients. By IHC, we determined in each tumor, the densities

of neutrophils (CD66bþ cells), macrophages (CD68þ cells), CD8

T cells in the tumor nests (CD8Tu), and in the stroma (CD8s), and

ofmatureDCs (DC-Lampþ cells) reflecting the presence of tertiary

lymphoid structures (Fig. 1A–D; ref. 22). As expected, the stron-

gest correlations were observed between CD8Tu cell and CD8S cell

densities, followed by that betweenDC-Lampþ cell and CD8S cell

densities (Supplementary Fig. S1). Then, we performed hierar-

chical clustering of immune cell densities to determine whether

tumor could be classified more precisely according to their

immune profiles. We identified three distinct TIPs (Fig. 1E). The

first one (TIP-1) was characterized by the highest density of CD8 T

cells, indicating a strong adaptive immune response (Fig. 1E, I,

and J). The main feature of TIP-2 was a strong infiltration of

macrophages (Fig. 1E and G). In TIP-3, most tumors could be

classified as immunologically ignored, although some of them

exhibited a high density of neutrophils (Fig. 1E and F–J). More-

over, the clinical parameters did not differ among the TIPs except

an increased proportion of male in the TIP-1 (Supplementary

Table S2). Interestingly, TIP-1 was also composed of two sub-

groups, TIP-1a and TIP-1b, which mainly differed regarding

CD8Tu cell density, with the highest density of CD8Tu cells

observed in TIP-1b (Supplementary Fig. S2A–S2E).

PD-L1 expression affects patients' survival only in TIP-1

In NSCLC, previous works have reported an association

between patient survival and the immune composition of tumors

(20, 21). In this study, patient OS was not significantly different

among TIP-1, TIP-2, and TIP-3 (Fig. 2A). Even when TIP-2 and

TIP-3were combined, only a nonsignificant trend toward a longer

OS in TIP-1 was observed (Fig. 2B). Moreover, OS was not

significantly different between patients belonging to TIP-1a and

TIP-1b (Supplementary Fig. S2F). Together, these results sug-

gested that tumor burden control by CD8 T cells, especially in

TIP-1, could be altered by the development of mechanisms

allowing tumor to escape immune surveillance. The most-

studied mechanism being PD-L1 expression by tumor cells,

we then investigated whether different levels of PD-L1 expres-

sion by tumor cells in the three TIPs could explain this absence

of significant differences in terms of OS (Fig. 2C–E). The mean

percentages of PD-L1þ tumor cells were higher in the TIP-1

group (Fig. 2F). Similarly, when applying a threshold of pos-

itivity�1%, the proportion of PD-L1þ tumors was higher in the

TIP-1 group (Fig. 2F). Interestingly, the frequency of PD-L1þ

tumors was even more increased in the TIP-1b compared with

the TIP-1a group (Supplementary Fig. S2G). Univariate Cox-

regression analysis showed a negative prognostic value for PD-

L1 expression by tumor cells only in TIP-1 (Fig. 2G).

Biton et al.
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TIPs are strongly affected by TP53, STK11, and EGFRmutations

The differential level of PD-L1 expression by tumor cells in the

three identified TIPsmight suggest that malignant cells differed at

the molecular level in each TIP. To determine whether molecular

alterations of tumor cells were involved in the shaping of their

immunemicroenvironment, we investigated the distribution of 7

gene alterations in each TIP, including that of the four most

common mutations in lung adenocarcinoma (TP53, KRAS,

STK11, and EGFR; ref. 23). Only TP53 and STK11mutations were

differentially distributed in the three identified TIPs (Fig. 3A).

TP53 mutations were enriched in TIP-1 (Fig. 3A) and to an even

greater extent in TIP-1b (Supplementary Fig. S2H), while STK11

mutations were enriched in TIP-3 (Fig. 3A). Consequently, TP53-

mutated tumors were characterized by higher CD8s densities and

PD-L1 expression (Fig. 3B; Supplementary Fig. S3A). In contrast,

STK11-mutated tumors were characterized by higher neutrophil

density, lowerCD8s andDC-Lampþ cell density, and lower PD-L1

expression (Supplementary Fig. S3B). EGFRmutations were asso-

ciated with a lower amount of neutrophils, macrophages, CD8Tu
cells, and PD-L1 expression, together with a higher mature DC

density (Supplementary Fig. S3C), while KRASmutations did not

affect the composition of the tumor immune microenvironment.

We then investigated whether TP53, STK11, and EGFR muta-

tion subtypes differed in the three TIPs (see Supplementary

Methods). Most TP53 alterations were missense mutations (Sup-

plementary Fig. S4A), and among the three TIPs, no significant

differences were observed regarding the distribution of TP53

missense mutations, nonsense mutations, deletions resulting in

frameshift and mutations in splicing sites (Supplementary Fig.

S4A). Similarly, the distribution of the different types of TP53

Figure 1.

Identification of three distinct TIPs

in a retrospective cohort of lung

adenocarcinoma. A and B, CD66bþ

cells (red cells in A) and CD68þ cells

(red cells in B) were counted in the

whole tumor section. C, Tertiary

lymphoid structures (TLS) are

composed of T-cell–rich areas

comprising DC-Lampþ DCs (in red)

forming clusters with CD3þ T cells (in

blue). DC-Lampþ cellswere counted in

the whole tumor section. D, CD8þ T

cells (red cells) were counted

selectively in pan-cytokeratinþ tumor

nests (blue cells) stained with AE1/

AE3 and in the stroma. E, Immune cell

densities clustering from 221 lung

adenocarcinomas. F–J, Distribution of

CD66bþ, CD68þ, CD8Tu
þ, CD8S

þ, and

DC-Lampþ cell density in the three

identified TIPs. In F–J, data were

expressed as mean and a

nonparametric test (Kruskal–Wallis

test followed by a post hoc Dunn test)

was applied based on Shapiro

normality test. � , P < 0.05; �� , P < 0.01;

and ��� , P < 0.001.

TP53, STK11, and EGFR Mutations Predict Response to Anti–PD-1
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pointmutations was similar in the three TIPs (Supplementary Fig.

S4B). Moreover, the proportion of each TP53missense mutation

subtypes, classified according to their impact on the transcrip-

tional activity of p53 (Supplementary Fig. S4C) (24), was similar

among the three TIPs. Regarding EGFRmutations in lung cancer,

deletion in exon 19 (Del 19) and L858R mutation in exon 21

represented approximately 90% of all EGFR alterations (25), and

their proportions were not significantly different among the three

TIPs, despite a trend toward an enrichment of TIP-1 in DEL19

(Supplementary Fig. S4D). Finally, STK11 mutations can either

result in a potential gain of oncogenic function (GOF) or be

associatedwith tumor-suppressive function (TSF) (19, 26). Again,

the frequencies of STK11-GOF and of STK11-TSF mutations were

not significantly different in the TIP-1, TIP-2, and TIP-3, even if as

opposed to TIP-2 and TIP-3, no STK11-GOF mutations were

detected in TIP-1 (Supplementary Fig. S4). However, GOF and

TSF-STK11 mutations did not differentially affect the composi-

tion of the tumor immune microenvironment (Supplementary

Fig. S4F).

TIPs are strongly influenced by distinct combinations of TP53,

STK11, and EGFR mutations

NSCLC tumors have a high mutational burden with frequent

co-occurring mutations, including co-occurring TP53 and STK11

mutations or TP53 and EGFR mutations (27). To go further, we

then investigated whether distinct combinations of TP53, STK11,

Figure 2.

Higher expression of PD-L1 by tumor cells in TIP-1 negatively affects patients' survival. A, Kaplan–Meier curves of OS in patients belonging to TIP-1, -2, and -3.

B,Kaplan–Meier curves of OS in patients belonging to TIP-1 and TIP-2þ3.C–E, Example of tumorswith no expression of PD-L1 (%PD-L1þ tumor cells <1%; N, negative;

C), weak expression (%PD-L1þ tumor cells �1% and <50%; W, weak; D), and strong expression (%PD-L1þ tumor cells �50%; S, strong; E). F, PD-L1 expression

by tumor cells in TIP-1 to -3. G, Forest plots of univariate Cox regression analysis showing the impact of PD-L1 expression by tumor cells on OS in patients

belonging to TIP-1 to -3. In A, B, and G, P values <0.05 were considered statistically significant. In F, data were expressed as mean and a nonparametric test (Mann–

Whitney) was applied based on Shapiro normality test. � , P < 0.05 and ��� , P < 0.001.

Biton et al.
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Figure 3.

Molecular alterations of tumor cells are differentially distributed in the three identified lung adenocarcinoma immune profiles. A, Percentages of TP53,

KRAS, STK11, EGFR, BRAF, HER2, and NRAS-mutated tumors in each TIP. B–D, Radar plots showing the density of CD68þ, CD66bþ, CD8Tu
þ, CD8S

þ, and DC-Lampþ

cells and the percentages of tumor cells expressing PD-L1 in TP53-mutated tumors (B), KRAS-mutated tumors (C), STK11-mutated tumors (D), and EGFR-mutated

tumors (E), compared with their wild-type counterparts. In A, data were compared using c2 tests. In B–D, data were expressed as mean and a nonparametric

test (Mann–Whitney) was applied based on Shapiro normality test. � , P < 0.05; �� , P < 0.01; and ��� , P < 0.001.
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and EGFR mutations differentially affected the immune compo-

sition of the tumor microenvironment. The highest densities of

CD8Tu andCD8S cells, togetherwith the highest expression of PD-

L1 by malignant cells, were observed in TP53-mutated tumors

unaffected by additional STK11 nor EGFRmutations (TP53-Mut/

STK11-EGFR-WT; Fig. 4D–F). In the TP53-mutated subgroup, an

additional mutation of STK11 was significantly associated with a

reduced expression of PD-L1 and a lower CD8S cell density (Fig.

4E and F). Additionally, the highest density of neutrophils was

found in STK11-mutated tumors without mutations of TP53 (Fig.

4A). In the two predominant groups of patients, TP53-Mut/

STK11-EGFR-WT tumors (n ¼ 92) and tumors without TP53,

STK11 nor EGFR mutations (TP53-STK11-EGFR-WT; n ¼ 45), an

additional alteration ofKRAS did not affect immune cell densities

nor PD-L1 expression (Supplementary Fig. S5). This result con-

firmed the lack of impact of KRASmutations on the TIP. Remark-

ably, the frequency of TP53-Mut/STK11-EGFR-WT tumors was

higher in TIP-1 (60%), and to a greater extent in TIP-1b (73%),

than in TIP-2 (42.4%) and TIP-3 (28.8%; Fig. 4G). Finally, STK11-

mutated tumors without EGFR or TP53 alterations were nearly

restricted to TIP-3.

TP53-Mut/STK11-EGFR-WT tumors are characterized by an

upregulation of gene signatures associated with T-cell

chemotaxis, cytotoxicity, and antigen presentation by MHC-I

Within a prospective cohort of 24 patients with lung adeno-

carcinomas, we investigated more precisely by flow cytometry

whether effector functions of CD8 TILs were modified according

to the tumor mutational status (Supplementary Figs. S6 and S7).

In this cohort, 20 patients had at least one mutation in KRAS,

TP53, EGFR, or STK11. Among them, 58% had a KRASmutation,

33% a TP53 mutation, 8% an EGFR mutation, and 4% a STK11

mutation (Supplementary Fig. S7A). Importantly, among TP53-

mutated tumors, none had an additional STK11 or EGFR muta-

tion. Based on above results, we compared CD8 TIL phenotypes

between TP53-WT tumors and TP53-Mut/STK11-EGFR-WT

tumors. Similarly, as described above, a higher CD8Tu cell density

and PD-L1 expression by tumor cells were observed in the TP53-

Mut/STK11-EGFR-WT group (Supplementary Fig. S7B–S7D). In

addition, frequencies of TIM-3þ and of granzyme-Bþ cells among

CD8 TILs were higher in TP53-Mut/STK11-EGFR-WT patients as

compared with the TP53-WT group (Supplementary Fig. S7E–

S7L). A similar nonsignificant trend was observed for PD-1

expression (P ¼ 0.1), but no differences regarding the percentage

of IFNgþ cells among CD8 TILs could be observed (P ¼ 0.4)

(Supplementary Fig. S7E–S7L).

In the same prospective cohort, we compared gene expression

profile related to the immune response in cancer between TP53-

WT tumors and TP53-Mut/STK11-EGFR-WT tumors. Twenty-one

genes were upregulated in the TP53-Mut/STK11-EGFR-WT group

(fold change >2 and P < 0.01; Fig. 5A and B). These upregulated

genes were associated with three main pathways, T-cell chemo-

taxis (CCL5, CXCL9, CXCL10, CXCL11, and CXCL13), immune

cell cytotoxicity (GNLY, GZMA,GZMB, and PRF1), and a pathway

related to antigen processing and peptide presentation by MHC-I

(TAP1, PSMB8, PSMB9, HLA-A, and -B; Fig. 5C). Interestingly, a

higher expression of C1QA and C1QB was found in TP53-Mut/

STK11-EGFR-WT group, signaling an activation of the classical

complement pathway. The expression profile of the most upre-

gulated genes in the TP53-Mut/STK11-EGFR-WT group, meaning

fold change >2 and FDR �0.1, were shown in Fig. 5D–G. To

determine whether tumors from the TP53-Mut/STK11-EGFR-WT

group could be more immunogenic, we evaluated by IHC on the

corresponding FFPE tumor sections, MHC-I expression by malig-

nant cells (Supplementary Fig. S8A–S8C). A higher percentage of

tumor expressing MHC-I was found in the TP53-Mut/STK11-

EGFR-WT group than in the TP53-WT group (Supplementary Fig.

S8D).Moreover,MHC-I expression bymalignant cells was strong-

ly associated with a higher PD-L1 expression and a higher CD8Tu
cell density (Supplementary Fig. S8E–S8G). These last results

suggested that TP53-Mut/STK11-EGFR-WT tumors were charac-

terized by stronger immunogenicity, which could then result in

more efficient recruitment of cytotoxic CD8 TILs.

Clinical benefit to anti–PD-1 is strongly influenced by distinct

combinations of TP53, STK11, and EGFR mutations

Based on above results, we hypothesized that the different

combinations of TP53/STK11/EGFR mutations could be used to

predict the response to anti–PD-1. In our center, the Cochin

Immunomodulatory Therapies Multidisciplinary Study group

(CERTIM) prospectively treated 32 patients with advanced-stage

lung adenocarinoma with the anti–PD-1 antibody nivolumab.

We first compared the impact of each mutation separately on

patient survivalwithin thisCERTIM cohort.OnlyEGFRmutations

were significantly associated with a reduced OS, while a trend

toward a reduced PFS was observed in STK11-mutated tumors

(Supplementary Fig. S9A–S9H; Table S3). We then compared the

response with nivolumab in three groups of patients: TP53-Mut/

STK11-EGFR-WT tumors, TP53-STK11-EGFR-WT tumors, and

STK11(or)EGFR-Mut tumors. Again, a higher percentage of tumor

cells expressing PD-L1, but also a higher number of smoking pack-

years were observed in patients with TP53-Mut/STK11-EGFR-WT

tumors (Supplementary Table S4). Remarkably, a higher frequen-

cy of patients alive was found in the group of TP53-Mut/STK11-

EGFR-WT tumors (Supplementary Table S4). Moreover, a signif-

icant longer PFS (Fig. 6A) and OS (Supplementary Fig. S10A;

Table S3) were observed in patients with TP53-Mut/STK11-EGFR-

WT tumors compared with those with STK11(or)EGFR-Mut

tumors. Importantly, in the retrospective cohort of 221 lung

adenocarcinomas, meaning among patients not treated with

anti–PD-1, a trend toward a reduced OS was observed in patients

with TP53-Mut/STK11-EGFR-WT tumors (Supplementary Fig.

S10B). To further validate the results obtained using the CERTIM

cohort, we reanalyzed publicly available clinical data set used in

the study performed by Rizvi and colleagues (6). A total of 31

patients with advanced NSCLC were included in our analysis and

all of them had been treated with an anti–PD-1 antibody (pem-

brolizumab) following NCT01295827 protocol. The Rizvi cohort

confirmed that the longer PFSwas observed in patientswith TP53-

Mut/STK11-EGFR-WT tumor (Fig. 6B) and showed that the higher

TMB and neoantigen burden were also found in this group

(Supplementary Fig. S10C and S10D). Importantly, when the

CERTIM and Rizvi cohorts were combined, a significant higher

proportion of patients without progression and a longer PFS (HR

¼ 0.32; 95% CI, 0.16–0.63, P < 0.001) were observed in patients

belonging to the TP53-Mut/STK11-EGFR-WT tumor group as

compared with the two other groups (Fig. 6C and D).

However, not all patients with TP53-Mut/STK11-EGFR-WT

tumors had a durable response to PD-1 blockade. Moreover, it

was suggested that tumors with co-occurring TP53/KRAS muta-

tions showed a remarkable clinical benefit to PD-1 blockers (18).

Consequently, we investigated whether an additional KRAS
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Figure 4.

Differential impact of distinct combinations of TP53, STK11, and EGFRmutations on the tumor immune composition. A–E, CD66bþ (A), CD68þ (B), DC-Lampþ (C),

CD8Tu
þ (D), and CD8S

þ (E) cell density according to distinct combinations of TP53, STK11, and EGFR mutations. F, Percentage of PD-L1 expressing tumor

cells according to distinct combinations of TP53, STK11, and EGFR mutations. G, Distribution of each combination of TP53, STK11, and EGFR mutations in

each TIP. In A–F, data were expressed as mean and a nonparametric test (Kruskal–Wallis test followed by a post hoc Dunn test) was applied based on Shapiro

normality test. In G, data were compared using c2 tests. � , P < 0.05; �� , P < 0.01; and ��� , P < 0.001.
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Figure 5.

Gene expression profile in TP53-Mut/STK11-EGFR-WT tumors versus TP53-WT tumors. A, Volcano plot of differentially expressed genes between TP53-Mut/STK11-

EGFR-WT tumors (n ¼ 8) and TP53-WT tumors (n ¼ 16). Genes with a fold change >2 and a P < 0.01 (Student t test) are indicated in white circles. Genes

with a fold change >2 and an FDR �0.1 (Benjamini–Hochberg correction) are indicated in blue circles. B, Histogram showing the log2 fold changes of the

genes shown in blue and in white circles in A. C, Heatmap representation of genes differentially expressed (fold change >2 and P < 0.01) between

TP53-Mut/STK11-EGFR-WT and TP53-WT tumors. D–G, Histograms showing the expression profile (mRNA counts) of genes most differentially expressed

(fold change >2 and FDR �0.1) between TP53-Mut/STK11-EGFR-WT and TP53-WT tumors.
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mutation could improve the accuracy of the identifiedmutational

signatures to predict the response to anti–PD-1. Regarding

STK11(or)EGFR-Mut tumors, KRAS and EGFR mutations being

mutually exclusive, we investigated the impact of KRAS only in

STK11-Mut/TP53-EGFR-WT tumors. KRAS mutations did not

affect PFS from patients having a STK11-Mut/TP53-EGFR-WT

tumor, or a TP53-STK11-EGFR-WT tumor, while in the TP53-

Mut/STK11-EGFR-WT group a nonsignificant trend toward a

longer PFS was observed in patients with an additional KRAS

alteration (Supplementary Fig. S11).

Then, we investigated whether PD-L1 expression by malignant

cells could provide an additional signal to better identify patients

with long-term responses. We segregated patients (CER-

TIMþRizvi cohorts) according to three levels of PD-L1 expression

using the methodology used in the study by Rizvi and colleagues

(6), meaning no expression of PD-L1 (% of PD-L1þ tumor cells

<1%, N), a weak expression of PD-L1 (% of PD-L1þ tumor cells

�1% and <50%,W) and a strong PD-L1 expression (% of PD-L1þ

tumor cells �50%, S). In accordance with above results, a higher

proportion of patients had a strong PD-L1 expression in the TP53-

Mut/STK11-EGFR-WT group, and a longer PFS was observed in

those with the highest expression of PD-L1 (Supplementary Fig.

S12A and S12D). Finally, in patients with a TP53-STK11-EGFR-

WT tumor or a STK11(or)EGFR-Mut tumor, we did not detect any

impact of PD-L1 expression by tumor cells on the PFS (Supple-

mentary Fig. S12B and S12C).

Discussion

Our aimwas to better understand the interplay between tumor

cells and their immune microenvironment in order to identify

new parameters able to predict the response to anti–PD-1 block-

ade. To achieve this objective, we first performed immune pro-

filing of lung adenocarcinoma using an original approach, mean-

ing unsupervised hierarchical clustering of immune cell densities.

We uncovered three main TIPs, respectively characterized, by a

strong CD8 T-cell density (TIP-1), a strong macrophage density

(TIP-2), and a weak immune infiltrate suggesting immune

Figure 6.

Anti–PD-1 efficacy in advanced-stage NSCLC patients according to distinct combinations of TP53, EGFR, and STK11 mutations. A–C, Kaplan–Meier curves

of PFS in patients with TP53-Mut/STK11-EGFR-WT tumors, in patients with TP53-STK11-EGFR-WT tumors, and in patients with STK11(or)EGFR-Mut tumors in the

CERTIM cohort (n ¼ 8, n ¼ 13, and n ¼ 11, respectively; A), in the Rizvi cohort (n ¼ 13, n ¼ 13, and n ¼ 5, respectively; B), and in the Rizvi-cohort þ CERTIM-cohort

(n ¼ 21, n ¼ 26, and n ¼ 16, respectively; C). D, Characteristics of the response to anti–PD-1 treatments according to distinct combinations of TP53, STK11,

and EGFR mutations. Mu, mutated tumor; WT, wild-type tumor; NA, not available; Ce, patients from the CERTIM cohort; Ri, patients from the Rizvi cohort;

PD-L1 expression: S, strong (�50%); W, weak (�1% and <50%); N, negative (�50%). PFS was defined as the time from the start date of treatment to the date

of the first documented event of tumor progression. Tick marks indicate censoring events. In D, a c2 test was used to compare the proportion of patients

with and without progression in each group. P values <0.05 were considered statistically significant and appear in bold.
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ignorance (TIP-3). Interestingly, we did not observe a longerOS in

patients from TIP-1, suggesting that in this group, tumor control

by CD8 T cells could be altered by the development of mechan-

isms allowing tumor to escape immune surveillance. In agree-

ment, PD-L1 prognostic value was restricted to TIP-1, in which

IFNg secreted by TILs may have induced PD-L1 expression on

tumor cells, thus allowing malignant cells to evade from the

control exerted byCD8TILs. In TIP-2 and TIP-3, PD-L1 expression

was probably rather driven through oncogenic pathways (28),

explaining why its impacts on patients' survival was lower. More-

over, we recently identified that CD8 TIL exhaustion was globally

restricted to highly CD8 T-cell–infiltrated tumors in NSCLC (29),

meaning that in TIP-1, PD-1 expression by CD8 T cells was

probably higher than in TIP-2 and TIP-3. This last point might

also participate in the fact that PD-L1 prognostic value was

restricted to TIP-1.

Remarkably, the proportions of TP53-mutated and of STK11-

mutated tumors were enriched in the TIP-1 and TIP-3 groups,

respectively. The immune microenvironment of STK11-mutated

tumors was mainly characterized by a higher density of neutro-

phils, a lower density of CD8 T cells in the stroma, and lower

expression of PD-L1 by malignant cells. In agreement, in a KRAS-

driven murine model of NSCLC, genetic ablation of STK11

resulted in the accumulation of neutrophils with T-cell suppres-

sive capacities (30).Moreover, STK11-mutated tumors, inmurine

model of NSCLC and in human cell lines, overproduced pro-

inflammatory cytokines (IL6, G-CSF, and CXCL-7) which might

contribute to this accumulation of neutrophils (30). Mechanisms

explaining the lower expression of PD-L1 in STK11-mutated

tumors are not fully understood. However, this point could be

indirectly related to a weaker T-cell activity in STK11-mutated

tumors, and thus to a lower amount of IFNg secreting T cells, a

cytokine known to induce PD-L1 expression (31). Concerning

TP53 alterations, mutated tumors were previously shown to be

associated with an increased TMB, probably responsible for

higher tumor immunogenicity, thus promoting the establishment

of a strong adaptive immune response, including an active

recruitment of CD8 T cells (18). The present work validated these

results, and also highlighted the higher frequency of tumor cells

expressing PD-L1 in TP53-mutated tumors. Part of the link

between PD-L1 expression and TP53 mutations was probably

due to the fact that wild-type p53 protein is able to increase the

expression of miR-34, an miRNA involved in the downregulation

of PD-L1 expression through its binding to the 30 untranslated

regions of PD-L1 mRNA (16).

Despite their important impact on the composition of the

tumor immune microenvironment, TP53, STK11, and EGFR

mutations were not exclusive to a given TIP, and no association

could be observed between the different TIPs and particular

subtypes of TP53, STK11, or EGFR mutations. Consequently, the

differential distribution of TP53 and STK11 mutations in the

identified TIPs cannot fully explain the major differences of the

tumor immune composition observed in these three groups.

Therefore, we then investigated the impact of different combina-

tions of mutations that individually affected (TP53, STK11, and

EGFR mutations) the immune composition of the tumor micro-

environment. Interestingly, we determined that TP53-Mut/

STK11-EGFR-WT tumors identified a subtype of TIP (TIP-1)

enriched in CD8 T cells and in malignant cells expressing PD-

L1. Indeed, in TP53-mutated tumor, an additional STK11 alter-

ation was associated with a dramatic decreased of CD8 T-cell

density in the stroma and of PD-L1 expression by tumor cells,

indicating that for these parameters, the effects associated with

STK11mutation dominate over those resulting from TP53muta-

tion. Rather than a direct impact on the regulation of PD-L1

expression in TP53-mutated tumors, additional STK11mutations

could favor the establishment of an inflammatory environment

(30), less prone to recruit T cells and consequently to induce PD-

L1 expression on malignant cells. Moreover, TP53-Mut/STK11-

EGFR-WT tumors were associated with an immune environment

characterizedby theupregulationof chemokineswell described to

attract T cells (CXCL9, 10, and 11), together with a stronger

expression of genes involved in antigen processing and MHC-I

presentation, indicating higher tumors' immunogenicity. Co-

occurring genetic alterations in KRAS-mutant lung adenocarcino-

ma were already shown to be associated with different tumor

immune patterns, including a paucity of CD8 TILs in tumors with

additional gene alterations of STK11 compared with those with

additional TP53 mutations (15). This pioneering work of Skou-

lidis and colleagues (15), mostly based on gene expression

experiments, is in full agreement with our results but is only

partly informative due to its restricted analysis to KRAS-mutated

tumors. This strategy had prevented Skoulidis and colleagues

from observing the lack of impact of KRAS mutations on the

immune microenvironment of lung adenocarcinoma. Moreover,

KRAS and EGFRmutations being mostly mutually exclusive (32)

studies performed only on KRAS-mutated lung adenocarcinoma

could not investigate the immune microenvironment of EGFR-

mutated tumor (15, 33). Despite work showing that EGFR altera-

tions increased PD-L1 expression (34), we observed here that

these mutations were prone to induce a weaker immunogenic

microenvironment associated with lower expression of PD-L1.

Moreover, TIP-1b was the group with the lowest percentage of

EGFR-mutated tumors. In full agreement, a recent study reported

lowest TMB in patient harboring EGFR mutations (18). Beyond

the scope of the present work, additional dedicated studies are

needed to better understand themechanisms linking EGFRmuta-

tions to the presence of a particular tumor immune microenvi-

ronment, characterized by a lower amount of CD8 cells, macro-

phages, neutrophils, and PD-L1 expression by tumor cells, togeth-

er with a higher DC-Lamp density.

KRAS alterations are the most frequent oncogenic driver muta-

tions inNSCLC (35), but the development of targeted strategies to

treat patients harboring these mutations was hampered by the

phenotypic heterogeneity of KRAS-mutated tumors. Indeed, co-

occurring alterations inTP53, STK11, andCDKN2A/Bwere shown

to identify three major subgroups of KRAS-mutant lung adeno-

carcinoma with distinct biology and patterns of immune system

engagement (15). Recently, a higher TMB was observed in KRAS-

mutated tumors (18). Moreover, TP53/KRAS-comutated tumors

showed a higher expression of PD-L1 and CD8a mRNA than

tumorswith a singlemutation ofTP53orKRAS (18). In our cohort

of 221 lung adenocarcinomas, the composition of the tumor

immunemicroenvironment was not affected by KRASmutations,

whatever the group of patients considered. The study from Dong

and colleaguesmentioned above (18) compared the composition

of the tumor immune microenvironment of TP53/KRAS-comu-

tated tumors to that of tumors with a single mutation of TP53 or

KRAS,without taking into account co-occurring EGFR alterations

(14). Asmentioned above, EGFR alterations reflect the presence of

a tumor immune desert. Moreover, KRAS and EGFR mutations

being mostly mutually exclusive, a lower proportion of EGFR

Biton et al.
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mutations in patients with co-occurring TP53/KRAS alterations as

compared with tumors only mutated in TP53 might be strongly

responsible of the observed effects.

Recent studies investigated independently the impact of each

mutation, meaning EGFR, KRAS, and TP53, on the response to

PD1/PD-L1 blockade (4, 18, 36–38). We confirmed in our

CERTIM cohort that the presence of EGFR mutations was

associated with a reduced OS, but as opposed to the report of

Dong and colleagues (18), we showed here that KRAS and TP53

alterations separately did not statistically affect patient survival.

At the time of manuscript preparation, a study performed in

KRAS-mutant lung adenocarcinoma confirmed the lack of

impact of TP53 mutations on the survival of patients receiving

an anti–PD-1 (37). Because these different works did not fully

integrate in their analysis, the impact of coexisting mutations,

different proportions of STK11 and/or EGFR alterations in TP53

or KRAS mutated tumors in each study could again explain the

contradictory results obtained. Indeed, the work of Dong and

colleagues also used the Rizvi cohort in which half of the KRAS-

mutated patients belonged to the TP53-Mut/STK11-EGFR-WT

tumor group, while only one patient belonged to the STK11(or)-
EGFR-Mut tumor group (18). Moreover, in the CERTIM cohort,

KRAS mutations were not associated with a longer survival

probably because no tumors with KRAS alterations belonged to

the TP53-Mut/STK11-EGFR-WT tumor group. Thus, the impact

of KRAS mutations on the response to anti–PD-1 might be

rather linked to co-occurring alterations than to a direct impact

of this mutation. In agreement, our study strongly suggested

that KRAS mutation did not significantly affect the response to

PD-1 blockers in patients harboring a TP53-STK11-EGFR-WT

tumor, nor a STK11-Mut/EGFR-TP53-WT tumor. Nevertheless,

studies involving higher numbers of anti–PD-1 treated patients

are needed to determine whether an additional KRAS mutation

may affect patients' survival in the group of TP53-Mut/STK11-

EGFR-WT tumors.

Finally, patients with TP53-STK11-EGFR-WT tumors, includ-

ing those with KRAS mutations, seemed to have an interme-

diate response (OS) to nivolumab in the CERTIM cohort.

Additional markers to identify responders in this last group

will probably be mandatory. In KRAS mutants, comutations in

KEAP1/NFE2L2 were recently shown to be associated with

reduced survival in patients treated with PD-1 inhibitors

(37), while the presence of EML4–ALK fusion gene was asso-

ciated with a higher expression level of PD-L1 in NSCLC (39).

Regarding p53, its function can be lost independently of TP53

mutations, through genetic or epigenetic alterations of

p16INK4 that can lead to the loss of p14ARF (40, 41). Because

p14ARF is an inhibitor of mdm2, an ubiquitin-protein ligase

promoting p53 degradation, the loss of p14ARF indirectly

promotes p53 degradation. Consequently, additional studies

are mandatory to investigate the potential impact of the loss of

p53 function, which occurred independently of TP53 muta-

tions, on the immune profile of tumors. Overall, some addi-

tional gene rearrangements, genetic or epigenetic alterations

might be helpful to distinguish even more precisely responders

among nonresponders in anti–PD-1-treated patients.

The originality of our work relies on the fact that we inves-

tigated the impact of each distinct combination of mutations

on the TIP. This methodology showed that the evaluation of

different combinations of TP53, EGFR, and STK11 mutations

had a superior capacity to predict TIPs and the response to anti–

PD-1 than that of each individual mutation. It leads us to reveal

that the presence of TP53 mutations without alterations of

STK11 and of EGFR was associated with a longer survival in

anti–PD-1-treated patients. Moreover, our results suggested

that the predictive potential of PD-L1 expression on the

response to PD-1 blockers was restricted to TP53-Mut/STK11-

EGFR-WT tumors and thus could provide an additional signal

to better identify patients with long-term responses. It should

be noted that one of the limitations of our study was that we

did not compare the performance of the combinations of TP53/

EGFR/STK11 mutations to predict the response to PD-1 block-

ers to that of the TIPs. Indeed, as opposed to the 221 untreated

lung adenocarcinoma cohort, in the CERTIM cohort, patients

did not benefit from complete surgical resection, and only

small tumor biopsies were available for analysis. Consequently,

exhaustive immune cell characterization was not possible and

not reliable for these patients. A potential additional limitation

was that the anti–PD-L1 antibodies used to perform IHC

experiments were not the same in the CERTIM (E1L3N) and

the Rizvi cohort (22C3). However, our recent work (42) and

another study (43) indicated that these two antibodies

appeared to be interchangeable from an analytic perspective.

Finally, by deciphering the immune network of lung adeno-

carcinoma, this study provided evidence that routine NGS testing

commonmutations, associatedwith the level of PD-L1 expression

by tumor cells, represent robust biomarkers to identify best

responders to PD-1 blockade.
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