N

N

Proposal for a Combined Histomolecular Algorithm to
Distinguish Multiple Primary Adenocarcinomas from
Intrapulmonary Metastasis in Patients with Multiple
Lung Tumors
Audrey Mansuet-Lupo, Marc Barritault, Marco Alifano, Aurélie
Janet-Vendroux, Makmoud Zarmaev, Jérome Biton, Yoan Velut, Christine Le

Hay, Isabelle Cremer, Jean-Francois Régnard, et al.

» To cite this version:

Audrey Mansuet-Lupo, Marc Barritault, Marco Alifano, Aurélie Janet-Vendroux, Makmoud Zarmaev,
et al.. Proposal for a Combined Histomolecular Algorithm to Distinguish Multiple Primary Adenocar-
cinomas from Intrapulmonary Metastasis in Patients with Multiple Lung Tumors. Journal of Thoracic

Oncology, 2019, 14, pp.844 - 856. 10.1016/j.jtho.2019.01.017 . hal-03486393

HAL Id: hal-03486393
https://hal.science/hal-03486393v1
Submitted on 20 Dec 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-03486393v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S1556086419300930
Manuscript_6b38ef26b7dc09bedf926903ba51d9d3

© 00 N O o~ WDN P

W W W wWwNRNNRNNDRDNDRNNNRNRNIRIERIERERERRE R PR R
W N P O © 0 N o 00 WNPFP O © 0N O 00 M W DN B O

Title:
Proposal for a combined histo-molecular algoritho distinguish multiple primary

adenocarcinomas from intrapulmonary metastasistilets with multiple lung tumors.
Short title: Multiple lung adenocarcinomas classification

Audrey Mansuet-Lugt*, MD, PhD; Marc Barritauft®, MD, PhD; Marco AlifanS, MD,
PhD; Aurélie Janet-Vendrofi& MD, Makmoud Zarmaely PharmD, Jéréme Bitén PhD;
Yoan Veluf, Christine Le Ha$§; Isabelle Crem&r PhD; Jean-Frangois RégnardvD;
Ludovic Fournél, MD; Bastien Randg PhD; Marie Wisle%® MD, PhD; Pierre Laurent-
Puig®. MD, PhD; Ronald Herb$tMD, PhD, Diane Damotf®, MD, PhD; Héléne Blorig,
PharmD, PhD.

* authors contributed equally to the work

Affiliations:

@Department of Pathology, Hopitaux Universitairei®&entre, Cochin Hospital, Assistance
Publique - Hopitaux de Paris, Paris, France.

P INSERM UMRS 1138, Team cancer, Immune Control, Bsdape, Centre de Recherche
des Cordeliers; Université Paris Descartes-Paris 5, Paris, France

¢ Department of Biochemistry, Unit of Pharmacogenetid Molecular Oncology, Georges
Pompidou European Hospital, Assistance Publiquépitdux de Paris, Paris, France.

4 INSERM UMR-S1147, Paris Sorbonne Cite Univerdigris, France.

¢ Department of Thoracic Surgery, Hopitaux Univeriséé Paris Centre, Cochin Hospital,
Assistance Publique - Hopitaux de Paris, Parig)daa

"Department of Medical Informatics, University HospiGeorges Pompidou, HEGP, AP-HP,
Paris, France.

9 Department of pneumology, Hopitaux Universitairari® Centre, Cochin Hospital,
Assistance Publique - Hopitaux de Paris, Parig)daa

"Department of Oncology Research, Medimmune, LLGth@esburg, Maryland, USA.

Corresponding author: Pr Diane Damotte, Centre de Recherche des CorsleléviRS
U1138, 15 Rue de I'Ecole de Médecine, 75006, Faaace. Email: diane.damotte@aphp.fr

1

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


http://www.elsevier.com/open-access/userlicense/1.0/
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S1556086419300930
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S1556086419300930

© 00 N O o0~ W N P

Funding information: This work was supported by the Institut Natiodalla Santé et de la
Recherche Médicale (INSERM), Paris Descartes-Patimiversity, Pierre et Marie Curie-
Paris 6 UniversitySite de Recherche Intégrée sur le Cancer SIRIC CAncer Research for
PErsonnalized Medicine (CARPEM), LabEx Immuno-oncology, the Institut Nat&d du
Cancer (2011-PLBIO-06-INSERM 6-1), and MedImmune.

Disclosure: The authors declare no conflict of interest esdab this manuscript.



© 00 N O o~ W DN B

W N N D DN D N DN DN DNDNN PP P PP PR RP R RP e
o © 0o N o oA W N EFP O © 0N O O~ W DN B O

Abstract

Introduction: Multiple nodules in lung are diagnosed with anr@asing frequency due to
high quality CT-scan imaging. In patients sufferfrgm lung cancer, this situation represents
up to 10% of operated patients. For clinical managd, it is important to classify the disease
as intra-pulmonary metastasis or multiple primagng carcinomas to define TNM
classification and optimize therapeutic options. the present study, we evaluated the
respective and combined input of histological aradetular classification in order to propose
a classification algorithm for multiple nodules.

Methods: we studied consecutive patients undergoing surgéh curative intent for lung
adenocarcinoma (n=120) and harboring two tumor2460¥ Histological diagnosis according
to the WHO 2015 classification and molecular pnofjlusing a 22 hotspot genes targeted
NGS allowed classifying samples as multiple primlanyg adenocarcinomas (MPLA) or as
intra-pulmonary metastasis (IPM).

Results: NGS identified molecular mutations in 91% (n=1@® of tumor pairs. Genomic
and histologic classification showed a fair agreetmesing kappa test (K = 0.43). Discordant
cases (n=30/109, 27%) were reclassified using eowd histo-molecular algorithnEGFR
mutations (p=0.03) as well as node involvement (@30 were significantly associated to
IPM, whereasKRAS mutations (p=0.00005) were significantly associatedPLA. EGFR
mutations (p=0.02) and node involvement (p=0.004yenthe only independent prognostic
factors.

Conclusion: We showed that combined histo-molecular algoritiepresents a relevant tool
to classify multifocal lung cancers, which coulddgiadjuvant treatment decisions. Survival
analysis underlines the good prognosisE@FR mutated adenocarcinoma in patients with

intra-pulmonary metastases.

Keywords. multiple lung cancer, intrapulmonary metastasistological and molecular

classification, NGS.
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I ntroduction

The improvement of lung cancer detection by CT-sbas increased the frequency of
multiple pulmonary nodules situation, representipgo 10% of all lung cancets® Multiple
nodules may be synchronous when diagnosed at tme $i@ne, or metachronous since
patients with lung cancer have a 3.5 times higskr of developing a second lung canter.
Patients with independent primary tumors are exgkedb have a better prognosis than
patients with intra-pulmonary metastasis (IPM)Martini and Melamed proposed the first
classification of multiple lung nodules to distifigfu multi-primary carcinoma from IPRI,
based on clinical and pathological data. Howewds, émpirical classification does not take
into account the latest WHO 2015 classification a@wgs not include molecular analysis
which is now routinely performed for lung adenoda@oena’™* Since the previous TNM
classification:>**lung cancer are classified T3 if more than oneuf®is found in the same
lobe, T4 when found in a different but homolatelabe and Mla when found in the
contralateral side. However, it is based on theiragsion that multiple nodules are IPM.
Therefore, classifying multi-nodular lung cancesedise is important because the therapeutic
management may change from no adjuvant treatmenmhutimodal therapy combining
radiotherapy-chemotherapy-immunotherapy. Histolalgadassification and clinical data are
not themselves fully satisfactory to identify IP&hd molecular profiling has been assessed in
this setting. Loss of heterozygosity:’ genomic profiling using CGHand genomic
rearrangement profil&Swere shown to be efficient in classifying tumotg bould be hard to
implement in routine practice. Recently, a concooga of 70% was found between
morphologic and molecular classification in lung eadcarcinoma using 4 drivers
oncogenes? Oncogenic driver mutations appear early in caramegis with a limited intra-
tumor heterogeneit§’ 2 but these frequent alterations might also be shdretween
independent tumors. Thus, the implementation oft-gexeration sequencing (NGS)
enhances the accuracy of molecular testing to ngigish multiple primary lung
adenocarcinoma (MPLA) from IPRf?° Here, we studied 120 patients harboring two
synchronous or metachronous lung adenocarcinomds report a proposal for histo-
molecular algorithm to classify patients as IPMWIPLA.
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M aterials and methods

Patients and tumor selection

Between January 2010 and December 2012, 1173 lamgnoma patients were operated on
at Cochin hospital, Paris, France, 136 (11.6%)hefs¢ patients had more than one lung
carcinoma, including 120 patients who presented &denocarcinomas with sufficient
material for histological and molecular analysisati€hts had synchronous tumors or
metachronous, defined by a second tumor occuringeasdt 6 months after the first one.
Patients who received neo-adjuvant therapies ansetlwith extra-thoracic metastasis were
excluded. Overall survival (OS) was retrospectivayained. This study was approved by the
local ethic committee (CPP lle de France II, n°2038, n°2012 06-12 and 2018 MS1).

Histological assessment

All tumor slides were reviewed (range 1 to 9 acogdo tumor size) by two experienced
lung cancer pathologists (ALM, DD), in order todlassify adenocarcinoma according to the
latest WHO classification (20153,depending on predominant architectural pattern.e@ch
tumor, the percentage of each histological compbrfarchitectural pattern) was semi-
guantitatively recorded with 5% increments for eatide. The predominant pattern was
defined as the pattern with the largest percendéaglewas grouped into low, intermediate and
high prognostic grades, as previously descritfHistological criteria for distinguishing
IPM from MPLA were adapted from Detterbétland Nicholsori! and consisted of: (a)
architectural pattern; (b) cytologic features (cgilte, cuboid or cylindric cells, nuclear
pleomorphism, nuclear inclusion, nucleolar sizeptitg rate, estimated amount of cytoplasm,
guantity of cells with mucin); (c) tumor stroma l{akar or not, estimated number and type of
immune cells); and (d) TTF1 expression (SP24 clblmeocastra). We proposed an algorithm
detailed in Figure 1A to classify, using histolagicriteria, tumor pairs as multiple primitive
lung adenocarcinomas (MPLA) or as intrapulmonary tastatic (IPM). In situ
adenocarcinoma (AIS) and minimally invasive adendoama (MIA) were always
considered as MPLA, as a recent publication sugdhbst they are genetically independént.
Localization (same, different lobe or controlatgraimboli, pleural invasion and lymph node

status were not taken into account to classify snhéstologically.
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Martini and Melamed classification

All multiple lung adenocarcinoma patients were sifeesd as MPLA and as IPM with the
reference Martini and Melamed classification puigis in 1975 This classification is based
on histological type, ie adenocarcinoma or squamueik carcinoma but the histological
subtyping of adenocarcinoma, as described in theO¥WWHtlassification was not taken into
account since it has been defined recently. In iMiarand Melamed classification,
synchronous tumors exhibiting similar histologidgpe with no lymphatic or systemic
metastases were classified as MPLA when they weoatéd in different segments.
Metachronous tumors were classified as MPLA wheretiapse between tumors was over 2
years; as IPM when time lapse between tumors vessthan 2 years with both tumors in the
same lobe as IPM when time lapse between tumordesaghan 2 years and tumors were in

different lobes with lymph node involvement or €ystc metastasis.

Molecular analysis

For each tumor, DNA was extracted from the FFPEllmontaining the highest percentage
of tumor cells (at least 30%). DNA extraction an@8lanalysis was performed as previously
described® using the (lon AmpliSeq™ Colon-Lung Cancer ReseaRanel v2 (Life
Technologies™, France), covering more than 500pebtsutations within 22 geneKRAS,
EGFR, BRAF, PIK3CA, AKT1, ERBB2, PTEN, NRAS STK11l, MAP2K1, ALK, DDR2,
CTNNB1, MET, TP53, SMAD4, FBXW?7, FGFR3, NOTCH1, ERBB4, FGFR1 and FGFR2),
using Ampliseq technology (lon ampliseq library kiR, lon library equalizer kit, Life
Technologies™), then clonal amplification on tha Bhef™ System (ION P1 HI-Q CHEF,
ION PI CHIP KITV3) and sequencing (lon Proton sysfeTorrent Suite 5.0.4 was used to
analyze data. VCF files from the variant caller avannotated using the Safir2report tool.
Quality criteria used as end-points were a detedtioeshold of 2% and a minimum coverage
depth of 300X. For each patient, concordance oymotphisms between all tumors was
verified. A minimum coverage depth of 300X was lieeg to validate the variants. NGS
coverage depth data were used to identify gene ificagibns using an algorithm locally
developed based on the identification of outlietsf the expected coverage mean + 3%D.
As, gene amplifications were not taken into accdarntdlassify tumors because they might be
missed by targeted NGS when heterogeneous or mightacquired during tumor
progressiorf: Thus, the link between both adenocarcinomas wasrdimed according to the

concordance of somatic molecular mutations as vaio-1- multiple primary lung

6
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adenocarcinoma (MPLA) when tumors had no mutatmrcommon or when tumors had
different driver mutations IrEGFR, KRAS BRAF, ERBB2, NRAS or MET genes ; -2-
metastatic tumor (IPM) when all alterations werenomon between tumors ; -3- IPM with
additional alteration (IPM w AA) when at least anetation was shared between tumors with
one or more additional alterations in one of thendas, including amplification; -4-
undeterminated when both tumors were wild typeeri(n=13), amplification (N=24) and
intronic alterations (n=9) were not considered dassifiers. Tumors were classified

independently from the histological analysis andichl data.

Proposed algorithm for classifying multiple lung tumors

This algorithm, based on integrated clinical anstdimolecular criteria (Figure 1B) defines
the final classification. Firstly, tumors were ddi®d as MPLA when one nodule presented as
either anin situ adenocarcinoma or a minimally invasive adenocaroem We chose a
threhold of 5 years to consider metachronous nedateMPLA. Secondly, tumor pairs were
classified as MPLA or as IPM according to moleculesults, except for tumor pairs that
harbored the same frequent mutatiorKiRAS (p.G12X) orEGFR (del19 or p.L858R) genes
that were classified according to the histologiclaissification, defined by the histological
algorithm (Figure 1A). Wild type tumor pairs, witlioAIS or AIM in one tumor and/or
metachronous >5 years, were classified undetermifieel final classification was compared

with Martini’'s one.”

Satistical analyses

Clinical, pathological and molecular characterstieere collected using Research Electronic
Data Capture (REDCap).Variables were compared using a Student’s t-tsttinuous) or
chi-squared test (categorical). Level of agreenimitveen classifications was assessed by
Cohen’s kappa! Kaplan-Meier plots, log-rank and Cox proportiohakards regression were
used to describe the effect of variables on suhivanivariate analysis. Multivariate analysis
was performed using a Cox model for variables §icamtly associated with OS (p-
value< 0.05) except for Martini’s classification, whichdependent on nodal status. Analyses

were performed with R softwarént{p://www.r-project.orgy (R version 3.4.3) using the

‘survival’ (version 2.41-3) and the ‘survminer’ ¢&ion 0.4.2) packagés.
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Results

Patient and histological characteristics

A total of 120 patients, predominantly men (71; 5%d smokers (105; 87%) were included
in this study (Table 1), 86 patients (72%) had &yacous tumors and 34 metachronous
tumors. Forty-two patients (35%) had a lymph nodsHpve disease (19 N1 and 23 N2).
Among synchronous patients, 43 (50%) had both tanmiorthe same lobe, 35 (41%) in
another ipsilateral lobe and 30 (35%) had a lymptienpositive disease (18 N2 and 12 N1).
Among metachronous patients, 17 (50%) were on dhgesside among which 7 in the same
lobe; and 6 (18%) had lymph node-positive diseaseahe first tumor. The three most
frequently predominant architectural pattern wearbutar (N=91, 38%), papillary (N=59,
25%), and solid (N=48, 20%) (Table 1). Tumor embadre found in 124 tumors (52%) and
87 had pleural infiltration (36%).

Tumor molecular characteristics

A total of 340 genetic mutations were identifiedtiese 240 tumors (Supplementary-Figure
1). At least two mutations were found in 90 tum(@8%) and no mutation was identified in
39 tumors (16%). Frequently mutated genes W&%3 (n=91),KRAS (n=90; p.G12C n=38)
EGFR (n=31; exon 19 deletion n=15; p.L858R n=10; exon i@fertion n=2 and rare
mutations n=4)STK11 (n=17) andBRAF (n=16) KRAS mutations were not associated with
EGFR, ERBB2 or MET activating alterations. Five tumors harbored dwedr mutations
involving BRAF with another potential driver. Gene amplificatiofsg. EGFR, KRAS
FGFR1 andERBB2) were identified in tumor samples from 20 patidmis were only present

in paired tumors for 4 patients.

Classification of patients into intra-pulmonary metastatic (IPM) or multi-primitive lung
adenocarcinoma (MPLA)

Histological classification identified 56 IPM and 8PLA patients, while 39 IPM, 70 MPLA
and 11 undetermined cases (both tumors being wle) twere defined by molecular analysis
(Supplementary-Figure 2). Molecular and histolofickassifications were concordant for
79/109 (72%) patients (29 IPM and 50 MPLA) and didant for 30 cases (10 MPLA-
histology/IPM-molecular and 20 IPM-histology/MPLAatecular) with a final kappa score of
0.43 (Figure 2). Among the 10 MPLA-histology/IPM-tecular discordant patients, IPM

8
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molecular classification relied on the presenca shared hotspot mutation KRAS p.G12X)

for 6 patients, and two shared alterations for tBepts. Among the 20 IPM-histology/MPLA-
molecular discordant patients all, except one,d&@quent predominant architectural pattern
either tubular, papillary or solid. The combinedtbimolecular classification based on the
algorithm proposed in Figure 1 allowed the clasatfon of 111/120 patients with 33 IPM
and 78 MPLA. IPM and MPLA patients differed sigodntly for: smoking history (p=0.007),
time lapse between tumors (p=0.03), tumor locafm+0.0001), node involvement (p=0.03)
and mutational status f&GFR (p=0.03) andKRAS (p=0.00005) (Table 3, Supplementary-
Figure 3).

Using Martini and Melamed classification, we idéaetl 57 IPM and 63 MPLA. We
compared our histo-molecular classification to tbatMartini and Melamed and found
discordance for 37 patients (Kappa score 0.31).pEdients were MPLA-Martini/IPM-histo-
molecular due to time to relapse >2 years (N=3ation in different segment (N=3) or lobes
(N=4) and NO; 27 patients were IPM-Martini/MPLA-tosmolecular due to N+ disease
(N=15) and to nodules located in the same lobe/satjiN=12).

Follow-up and survival

Survival information was available for 119 patier8 (49%) had died at the time of the
study and among them one patient died within periajve period (18 days after surgery)
and was excluded from the survival analysis. Timeeath was measured from the time of
the first surgery in metachronous diseases. Theameirvival was 57.5 months [1.6-152.9].
In univariate analysis, OS was significantly asated with nodal status (p=0.0001), vascular
tumor emboli (p=0.008)GFR mutations (p=0.03) and Martini classification (p&D (Table

4, Supplementary-Figure 4). Survival did not difeagnificantly between MPLA and IPM
(molecular, histological and combined histo-molecutlassification) (Table 4). Median
survival times for MPLA and IPM patients, using dusto-molecular classification, were
62.5 months [range: 1.6-152.9] and 56.5 months ggan6.3-104.5], respectively. In
multivariate analysidGFR status (p=0.02) and nodal status (p=0.004) rerdamdependent

prognostic factors.
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Discussion

In the era of precision oncology, the context ofltiple lung nodules has to be revisited.
Here, we proposed an algorithm to classify multipleg adenocarcinomas according to histo-
molecular data to accurately define tumor stageaataght therapeutics. Surgical samples from
the patients of our study were analyzed at histoddg@nd molecular levels, and compared to
Martini’s classification. The studied populationshsimilar histology and molecular profiles
to that already described in adenocarcinoma regssdbf the presence of multiple nodules.
Interestingly, only 11 wild type paired tumors (3%oall patients) were found and therefore
inconclusive for molecular classification using &8l lung panel, whereas, up to 34 patients
(28%) would have been classified “undeterminedi/éf had only looked at the 5 theranostic
genes KRAS, EGFR, ERBB2, BRAF, MET). In a previous study analyzing only 4 drivers
(KRAS, EGFR, BRAF, ALK), the frequency of inconclusive cases was 24%. Dineardance
between histological and molecular classificatiaaswnoderate with a kappa score of 0.55, in
agreement with our finding. This moderate agreertexy@l is mainly due to frequent patterns
in both classifications that are not robust claassf tubular, papillary and solid pattern in
IPM-histology/MPLA-molecular andKRAS mutations p.G12X in MPLA-histology/IPM-
molecular.

Molecular classification is based on the preserice @dmmon driver as a marker of similar
origin. This assumption may be discussed, partiulahen a frequent driver alteration is
used as a unique classifier. Indeed in our studgatéents had paired tumors wiKRAS
(p-G12C or p.G12V) oEGFR (p.L858R) mutations but we reclassified them asLMP
thanks to differences in the histological pattdmsmokers, tobacco injury may favor the
development of multiple de novo primary cancerwinidependenkKRAS mutations. This is

in line with our observation of a significant asstion betweenKRAS mutations and
MPLA.* In contrastEGFR mutations were statistically related to IPM, sisjiygy that tumor
cells may spread locally and/or form local clonatastasis, which is already kno#rThe
TP53 gene mutation was an interesting discriminatirdiadue to its frequent involvement
in lung cancer and to the absence of hotspot variah' *°>*TP53 mutation was the only
classifier in 4 IPM patients and in 6 MPLA patientgowever, TP53 gene mutations were
also reported to be implicated in clonal evolutiithin tumors® In our analysisamong the
14 metastatic tumors with additional molecular ratiens, 4 werelP53 mutated. Similarly,

gene amplifications may be heterogeneous and achdinring tumor progressién.In our

10
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study, we detected gene amplifications in 8 IPMguas among which 4 were present in
tumor pairs. Concordant gene amplifications couddam additional argument to diagnose
tumors as IPM. In case of gene amplification dideoce, as seen in 4 IPM pairs, the
amplification was probably acquired during progr@ssFinally, rare alterations represented
an interesting and an additional way to differaetil®PM from MPLA, and we classified as
IPM 4 tumors harborin@RAF, NRAS, ERBB2 or ERBB4 mutations.

Morphological assessment of architectural pattesn mostly contributive when the
predominant patterns are rare, but tubular, papilba solid patterns are so frequent that they
can be observed even in different primary tumadngrdfore it impairs some histological
classification. Interestingly, different predomingattern paired-tumors turned out to be IPM
in 3 patients (Table 2), strengthening the fact tmalecular assessment is mandatory to
distinguish MPLA to IPM. We used standard of caretmds for histological diagnosis and
for molecular profiling in order to propose a “réié¢ algorithm” for therapeutic guidance. In
contrast to other publications which focused eitlwer genetics or morphology?®
comparison of histo-molecular classification to Wais showed poor agreement and may
indicate the limits of Martini classification in \seral situations, as previously reportéd’
Indeed, clinical data such as nodal involvement &astrong impact on classifying IPM
samples in Martini's. Nevertheless, the lymph naetitus was not consistently helpful to
classify MPLA. Here, we showed that 20 MPLA patg&ehave node invasion and 13 IPM are
NO. Moreover, like previous studféave showed, that metachronous cancers could be IPM
even when relapses occurred after 2 years, but iaftes 5 years.

Survival analysis showed that node and vasculaphmvnents andEGFR mutations were
statistically linked to OS. There are discrepancescerning the prognostic value BGFR
mutation in patients with resected lung adenocaroii™ In our study, we analyzed a subset
of operated patients having two lung nodules \EGFR mutations and this specific situation
has not been clearly analyzed previously. Howewee limitation of our study is the
interpretation of the positive prognostic valueEs3FR mutated tumors. Indeed, we found
that among the 13 patients wlHGFR mutated tumors with available clinical data, 6eieed
post-operative EGFR-TKI. This treatment may intexfewith final EGFR mutations
prognostic even if there is no OS significant digigce for patients treated or not with EGFR-
TKI (p=0.8). In contrast to Martini's classificatipwhich relies on nodal status, in our cohort
neither histological nor molecular nor combined tdusiolecular classifications were

associated with OS. This deserves some discudsideed, our results suggest that patients

11
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with surgical resection for multifocal MPLA or IPkMimors have similar prognosis and that
OS is mainly impacted by nodal status. This is meferred to as “oligo-metastatic” disease
with patient reported to have similar survival asmetastatic onés.>° It may also reflect a
bias in our study because only highly selectedep&ti underwent surgical resection of
multiple pulmonary nodules (PS 0-1). In agreemeiith vothers, we did not find any
differences of OS between metachronous and synohsotumors.In a previous publication,
Roepmaret al showed a trend toward improved prognosis in MPlafignts but they did not
mention disease stage or node involvement, andttlty analyzed squamous cell carcinoma
and adenocarcinoma histology together which mayifydae survival®®

Our study shows that molecular screening leads io@eased detection of MPLA compared
to previous classifications mainly relying on histpy, and could help to better classify
patients with multiple lung tumors. When tumorskpdiare classified as IPM in absence of
lymph node metastasis, thus T3NO or T4ANO accorthrtpe location, patients should receive
an adjuvant treatment which is not the case wheots are classified as MPLA tumors (T1-
2N0). But large prospective studies are needed s®ess the clinical value of this

classification.

Conclusion

Our results showed that in standard care settiogis,combined histo-molecular algorithm
allows classification of multiple lung adenocaremas as IPM or MPLA. The absence of
significant survival impact suggests that surgeryrobably the best option when possible,
even in oligo-metastatic situation. Classificatioould find its major application in post-
surgical adjuvant treatment decisions with the egxion that some MPLA patients may not
benefit from adjuvant chemo-radiotherapy and tlahes IPM patients may benefit from

surgery and adjuvant therapy.

12
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1

Tables

Variable N (%)
Patients Sex
(N=120) Female 49 (41%)
Male 71 (59%)
Age at first resection, mean [range] 63.5 [40-85]
Smoking history
No 12 (10%)
Yes 105 (87%)
Unknown 3 (3%)
Number of patients with different tumor chronology
Synchronous 86 (72%)
Metachronous 34 (28%)
Interval between resections, (months) mean [range]
Synchronous tumors 0.3 [0-10.9]
Metachronous tumors 26 [6-80,3]
Distribution of tumors
Ipsilateral (same lobe) 5a2%)
Ipsilateral (other lobe) 45 (37%)
Contralateral 25 (21%)
Tumors Type of resection
(N=240) Non-anatomic resection (wedge resection) 1 (28%)
Segmentectomy 60 (25%)
Lobectomy 100 (42%)
Extended lobectomy (bilobectomy and pneumonectomy29 (12%)
Side
Right 148 (62%)
Left 92 (38%)
Tumor size (cm) median [range] 1.8 [0.2-11]
<3 180
3-5 41
5-7 12
>7 7
Adenocarcinoma subtype
Low grade
AIS 2 (<1%)
MIA 10 (4%)
Intermediate grade
Lepidic 7 (3%)
Tubular 91 (38%)
Papillary 59 (25%)
High grade
Solid 48 (20%)
Mucinous 11 (4.5%)
Cribriform 11 (4.5%)
Micropapillary 1 (<1%)
Nodal status
NO 146 (60%)
N1 30 (13%)
N1 + N2 19 (8%)
N2 without N1 15 (6%)
NX 30 (13%)
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Table 1: Clinical and histological characteristafs120 patients operated for multiple lung
adenocarcinomas.

Lung adenocarcinomas are classified into 3 histovpstic grades according to the 2015
WHO classification. Metachronous tumors were defibg a second tumor occuring at least 6
months after the first one. AIS: adenocarcinoma situ; MIA: minimally invasive

adenocarcinoma; Nx: regional lymph nodes not asgess
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Histological . Chronology )
Martini Final  Surv.
T pattern Molecular alterations (m) and
class. ) class (m)
(predom.) locations
MPLA histology-IPM molecular (N=10)
1 MIA KRAS p.G12C NO Alive
MPLA MPLA
T2  Tubular KRAS p.G12C NO | (other lobe) (81)
T1 Papillary EGFR p.L858R NO Alive
MPLA MPLA
T2 tubular EGFR p.L858R NO (79)
Tl solid KRAS p.G12C // TP53 p.R337L NO Dead
) MPLA MPLA
T2 mucinous KRAS p.G12C | (other lobe) (1)
T1 papillary KRAS p.G12V // CTNNBL1 p.S37C NO Alive
MPLA MPLA
T2 MIA KRAS p.G12V | (same lobe) (63)
T1 solid KRAS p.G12C // TP53 p.G245C N2 M (70) Alive
MPLA MPLA
T2 tubular KRAS p.G12C // STK11 p.M51fs Nx (124)
T1 papillary KRAS p.G12C NO Dead
IPM MPLA
T2 tubular KRAS p.G12C NO | (same lobe) (58)
T1 solid (CC) STK11 p.Y60*// ampl KRAS NO PM M (20) Dead
T2 solid STK11 p.Y60* // ampl KRAS N1 | (other lobe) (43)
T1 papillary TP53 p.Y236C // PTEN c.635-99G>A //@rBRBB2 NO PM S Dead
T2 solid TP53 p.Y236C // PTEN c.635-99G>A N1 | (same lobe) (58)
T1 tubular KRAS p.G12D // TP53 p.R273L NO PM M (13) Dead
T2 solid KRAS p.G12D // TP53 p.R273L // DDR2 p.ERL6 N1 | (same lobe) (31)
T1 papillary BRAF p.G469A // TP53 p.R273L // ERBBZ882A Nx PM S Alive
T2 solid BRAF p.G469A // TP53 p.R273L NXx | (same lobe) (51)
IPM histology-MPLA molecular (N =20)
T1 tubular KRAS p.G13C NXx Alive
MPLA MPLA
T2 tubular WT Nx (78)
T1 solid STK11 p.M51fs // TP53 p.V157F /| TP53 pAZ2 NO M (20) Alive
MPLA MPLA
T2 solid WT Nx (96)
T1 solid NRAS p.Q61L M (62) Alive
) MPLA MPLA
T2 solid KRAS p.G12C // TP53 p.R249S NXx | (other lobe) (139)
Tl solid (CC) KRASPp.G13C M (52) Alive
MPLA MPLA
T2 tubular (CC)KRAS p.G12C Nx | (other lobe) (121)
T1 solid TP53 p.E204* NO Dead
) MPLA MPLA
T2 solid PIK3CA p.E545K /| FBXW7 p.N592S NO | (other lobe) a7
T1 tubular KRAS p.G12A // TP53 p.M237I NO Alive
) MPLA MPLA
T2 tubular EGFR p.N771_P772insNV // TP53 p.G302fs N | (other lobe) (64)
Tl mucinous KRAS p.G12V Alive
) MPLA MPLA
T2 mucinous TP53 p.H214L (75)




T1 tubular BRAF G466V // TP53 p.G154V /| TP53 p.6Z3 Nx S Alive

MPLA MPLA

T2 tubular KRAS p.G12R // TP53 p.M246V NXx | (other lobe) (60)

T3 papillary KRAS p.G12C NO S Alive
] MPLA MPLA

T4  papillary KRAS p.Q61H NO | (other lobe) (57)

T1 papillary KRAS p.G12V Nx S Alive
] MPLA MPLA

T2 papillary KRAS p.G12C NXx | (other lobe) (57)

Tl solid KRAS p.G12V // STK11 p.P281fs NO S Alive
. MPLA MPLA

T2 solid BRAF p.V600E // ERBB4 p.G599W // TP53 p6BY NO | (other lobe) (51)

T1 tubular ampl PIK3CA NO S Dead
IPM MPLA

T2 tubular KRAS p.G12D NO | (same lobe) (22)

T1 papillary KRAS p.G12C N1 S Dead
IPM MPLA

T2 papillary SMAD4 p.G352R N1 | (other lobe) ()

T1 solid KRAS p.G12A N2 S Dead

) IPM MPLA
T2 solid WT N2 | (other lobe) 2

T1 tubular TP53 p.D281Y Nx S Dead
IPM MPLA

T2 tubular TP53 p.H179L NX | (same lobe) a7)

T1 papillary KRAS p.G12Vv NO S Alive
IPM MPLA

T2 papillary STK11 p.Y49_L50fs NO | (same lobe) (76)

T1 tubular KRAS p.G12C N1 M (29) Dead
IPM MPLA

T2 tubular KRAS p.G12A N1 C (50)

T1 tubular EGFR p.K745_A750del // CTNNB1 p.S37C N1 S Alive
IPM MPLA

T2 tubular EGFR p.L858R N1 | (other lobe) (33)

T1 apillar KRAS p.G12V // DDR2 p.R105C NO M (19 Alive
p P. y p p PM 19) MPLA

T2 papillary WT N1 C (55)

T1 papillary TP53 p.G245V N2 S Dead
IPM MPLA

T2 papillary TP53 p.G105V // KRAS p.G12C // SMAD&R93D N2 | (other lobe) (33)

© 00 N O o b~ W N P

Table 2: Final classification of the 30 discordpatients according to the proposed algorithm
(Figure 1). Ampl: amplification; C: contralateraGC: clear cells; class: classification; fs:
frameshift; IPM: intra pulmonary metastasis; MPLAultiple primary lung adenocarcinomas;
MIA: minimally invasive adenocarcinoma; M: metachoois (months), m: month; N: Nodal
status; predom: predominant; S: synchronous; Ssuwival, Tumor locations (I: ipsilateral,

C:contralateral); WT: wild type.



Variables IPM (N=33) MPLA (N=78) p-value
Sex

Female 12 36

Male 21 42 04
Age at first resection, median [range] (years) 8%82] 62 [45-85] 0.7
Smoking history

Yes 24 73

No 9 c 0.007
Tumors chronology

Synchronous tumors 24 55

Metachronous tumors (< 5 years) 9 16 0.2

Metachronous tumors (> 5 years) 0 7
Interval between resections, median [range] (mont)1.1 [5.9-45.9] 35.7[7.2-79.2] 0.03
Type of resection

Sublobar resection (both tumors) 11 29 07

Supralobar resection (at least one tumor) 22 49
Side

Ipsilateral (same lobe) tumors 23 22

Ipsilateral (other lobe) tumors 8 32 0.0001

Contralateral tumors 2 24
Tumor size median [range] (cm) 2[0.1-11] 1.6 [@(]- 0.07
Tumor grade

Low or intermediate grade (both tumors) 21 46 0.8

High grade (at least one tumor) 12 32
Node involvement

NO or Nx (both tumors) 17 57

N+ (at least one tumor) 16 21 003
Pleural invasion

No (both tumors) 11 36 00

Yes (at least one tumor) 22 42
Vascular involvement

No (both tumors) 5 26

Yes (at least one tumor) 28 52 0.09
EGFR status

WT (both tumors) 23 69

Mut (at least one tumor) 10 9 003

KRAS status
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WT (both tumors) 24 24

Mut (at least one tumor) 9 54

0.00005

Table 3: Clinical, pathologic and molecular chagastics of 111 patients with multiple lung

adenocarcinomas based on final classification d¢insblecular). Among the 120 patients
included, 11 were wild type on both tumors and agntive later 2 were finally reclassified as
MPLA since one of their tumors was a minimally iexe adenocarcinoma), MPLA: multiple

primary lung adenocarcinomas; IPM: intra pulmonamgtastasis. Significant p-value < 0.05 are
highlighted in bold.



Univariate analysis Multivariate analysis

Variable estimate of survival p-value HR[95% CI] p- HR [95%
at 5years[95% CI] value CI]
Age at first resection * 0.08 1[1-1.1]
Smoking histor
No 71% [51%-99%)] 0.1 2.1[0.8-5.8]
Yes 55% [46%-66%)]
Tumors chronology
Metachronous 66% [52%-84%] 0.3 1.4[0.8-2.5]
Synchronous 54% [44%-66%]
Interval between resections * 0.08 0.9[0.7-1]
Location
Different lobes 63% [53%-75%] 0.2 1.4[0.8-2.5]
Same lobe 47% [34%-65%)]
Patient's largest tumor size * 0.6 1[0.98-1]
Grade status
Low or Intermediate Grade  62% [51%-75%] 0.1 1.5[0.9-2.6]

(both tumors)
High Grade (at least one 50% [37%-67%)]

tumor)

Nodal status
NO or Nx 69% [59%-80%)] 0.0001 2.7[1.6-4.5] 0.004 25[1.4-5]
N+ 36% [24%-54%)]

Pleural invasion
No (both tumors) 61% [49%-77%)] 0.5 1.2[0.7-2.1]
Yes (at least one tumor) 54% [43%-67%]

Vascular involvement
No (both tumors 76% [62%-93%)] 0.008 25[1.2-5.2] 0.2 1.8[0.63.9]
Yes (at least one tumor) 50% [40%-62%]

EGFR status
WT (both tumors) 52% [43%-63%] 0.03 0.3[0.1-0.9] 0.02 0.3[0.1-0.8]
Mut (at least one tumor) 83% [67%-100%]

KRAS status
WT (both tumors 58% [46Y-73%)] 0.¢ 1[0.€-1.6]
Mut (at least one tumor) 57% [45%-71%]

TP53 status
WT (both tumors) 55% [44%-69%] 0.4 0.8[0.5-1.3]
Mut (at least one tumor) 60% [48%-75%]

Histological classification
MPLA 59% [48%-72%)] 0.9 1[0.6-1.8]
IPM 56% [44%-71%)]

Martini classification
MPLA 70% [59%-82%)] 0.01 2[1.1-34]
IPM 43% [32%-59%]

Molecular classification
MPLA 61% [51%-74%)] 1 1[0.6-1.8]
IPM 52% [38%-71%)]

Final classification
MPLA 62% [51%-74%)] 0.5 1.3[0.7-2.2]
IPM 50% [35%-71%)]

Table 4: Five years overall survival, univariate anultivariate analyses. For discrete variables a

Kaplan-Meier method with a log-rank test was pemfed; for continuous variables* a cox
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proportional-hazards model with Wald-test was pentd. Hazard ratios (HR) with 95%
confidence interval (Cl) were obtained using a G&odel. Significant p-value < 0.05 and their
HR are highlighted in bold.
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Figureslegends

Figure 1: 1A: Histological algorithm for classifgmmultiple lung adenocarcinomas into MPLA
or IPM, based on 2015 WHO classification. This coshgnsive histologic assessment involves
evaluation of relative percentage of each architattpattern defining predominant and minor
patterns, cytologic and stromal features and T Tétession.

1B: Proposed algorithm for classifying multiple ¢uadenocarcinomas, based on histo-molecular
criteria. AIS: adenocarcinoma in situ; MIA: minirhalinvasive adenocarcinoma; MPLA:
multiple primary lung adenocarcinomas; IPM: intr@monary metastasis. Rare mutations are
defined as nof=GFR (del 19 or p.L858R) and nddRAS (p.G12X).

Figure 2: Contingency table for the comparison istdiogical and molecular classifications of
tumors. Eleven tumors out of 120 are not includechlnise they are not conclusive for molecular
classification (both tumors were wild type). Arutration for each situation is shown.

The Kappa test (K = 0.43) shows a fair agreementvden both molecular and histological

classifications.

Supplementary-Figure 1: Global distribution of genmtations in the 240 studied lung
adenocarcinomas.

Supplementary-Figure 2: Molecular classification patients with multiple lung tumors
according to gene mutations. Both tumors (T1 angdar@ classified into 3 groups (MPLA, IPM
and IPM w AA). MPLA: multiple lung primary adenocamoma is defined by the absence of
common molecular mutation between both tumors ({id B2), or different driver mutations in
EGFR, KRAS, BRAF, ERBB2, NRAS or MET genes. Intrapulmonary metastasis (IPM) is defined
by a common molecular profile. Intrapulmonary metsis with additional alterations (IMP w
AA) is defined by at least one common alteration{#gh additional alteration(s) in one of the

samples, including amplification. U: undetermin@dyp: amplification; Mut: mutation.

Supplementary-Figure 3: Repartition TP53, KRAS and EGFR mutations according to MPLA
and IPM final classification (histo-molecular) fibre 111 patients.



Supplementary-Figure 4: Overall survival by KapMaeier curves (log-rank test) of patients with
multiple lung adenocarcinomas, according to EGFRust(A) and to Nodal-status (B). Survival

was calculated from the resection of the first tumo
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109 Histological Classification

patients
K=0.43 IPM : 49 patients MPLA : 60 patients
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