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Résumé : Le cancer du poumon est un probleme
majeur de santé publique au niveau mondial. Malgré
des avancées thérapeutiques récentes avec
I'avénement des inhibiteurs de point de controle
immunitaire (ICls) de type anticorps anti-PD1/PD-L1,
le pronostic demeure sombre. Au stade
métastatique, une majorité de patients vont
présenter une résistance primaire ou acquise aux ICls.
[l est donc nécessaire de développer de nouveaux
biomarqueurs prédictifs de réponse a
I'immunothérapie afin de mieux sélectionner les
patients qui vont en bénéficier, et d'autre part,
découvrir de nouvelles voies de signalisation
biologiques ciblables afin de développer de
nouvelles stratégies thérapeutiques personnalisées.
Nos objectifs pour la réalisation de ce travail sont
superposables a ces deux problématiques.
Premiérement, nous avons effectué un travail de
découverte de biomarqueurs plasmatiques en
utilisant une technique de screening par ELISA
multiplex. Deuxiémement, nous avons poursuivi
notre étude autour du PD-L1 soluble (sPD-L1) afin de
mieux caractériser son role de biomarqueur potentiel
chez les patients présentant un cancer bronchique
non a petites cellules (CBNPC) traité par ICls seuls ou
en association a la chimiothérapie (CT) en premiére
ligne thérapeutique. Enfin, nous avons analysé par
immunofluorescence quantitative multiplexée (mQIF)
les composants du complexe de chargement des
peptides (CCP). En effet, il est connu que la
machinerie de présentation des antigénes est une
cible préférentielle utilisée par les cellules
cancéreuses afin de se soustraire a I'immunité anti-
tumorale adaptative. Notre approche de découverte
de biomarqueurs a été réalisée chez 35 patients
traités par ICls en premiére ou en deuxieme ligne
thérapeutique pour un CBNPC de stade avancé. Un
échantillon de plasma prélevé avant initiation du
traitement a été soumis a une analyse par ELISA
multiplex analysant 48 cytokines. L'analyse a mis en
évidence I'hepatocyte growth factor (HGF) comme
biomarqueur prédictif de réponse aux ICls. En effet,
des taux élevés étaient associés a l'absence de
bénéfice clinique, une progression précoce, une
survie sans progression (SSP) et une survie globale

(SG) plus courtes.

Nous avons ensuite poursuivi notre étude du sPD-
L1 chez des patients présentant un CBNPC de stade
avancé traités par ICls seuls ou en association a la
CT en premiére ligne thérapeutique. Cette étude
multicentrique a analysé trois cohortes de patients
dont une traitée par CT seule. Notre analyse a pu
confirmer le réle pronostic du sPD-L1. En effet, les
patients avec des taux élevés avant initiation du
traitement présentaient un moins bon pronostic. En
outre, nous avons montré que la variation du sPD-
L1 pendant le traitement jouait en réle majeur en
termes de survie. Les patients avec un sPD-L1
augmentant entre l'initiation du traitement et la
premiére évaluation tumorale avaient une SG
significativement plus courte et ce, quelle que soit
la modalité thérapeutique.

Enfin, nous avons analysé par mQIF I'expression de
tapasin, calreticulin et ERp57 dans de multiples
échantillons de patients représentés dans des
tissue microarrays (TMAs) dans des cohortes
prédéfinies en  fonction des  modalités
thérapeutiques. Nous avons montré que la
régulation négative par les cellules cancéreuses
d'un ou plusieurs de ces composants est un
événement fréquent, en particulier l'atteinte de
tapasin seule ou en association avec d'autres
composants. Nous avons montré que tapasin
impacte l'infiltration lymphocytaire TCD8+ et que
la régulation de tapasin semble étre épigénétique.
Nous avons montré que l'intelrleukin-8 (IL-8)
semble jouer un rb6le potentiel dans cette
régulation et qu'il a la capacité d'inhiber I'action
d'interféron gamma sur I'expression en surface de
HLA-A/B/C suggérant l'existence d'une voie de
signalisation cytokino-médiée.

L'ensemble de ces résultats ont un potentiel impact
translationnel et apportent des données
pertinentes pour la prise en charge future des
patients atteints de CBNPC de stade avancé.




Title: Soluble and tissue-based biomarkers in advanced non-small cell lung cancer treated with immunotherapy

Keywords : non-small cell lung cancer, immunotherapy, biomarkers

Abstract: Lung cancer is a major global public health
issue. Despite recent therapeutic advances with the
advent of immune checkpoint inhibitors (ICls) such as
anti-PD1/PD-L1 antibodies, the prognosis remains
bleak. At the metastatic stage, most patients exhibit
primary or acquired resistance to ICls. Therefore, it is
necessary to develop new predictive biomarkers for
immunotherapy response to ICls and better select
patients who will benefit, as well as to discover new
targetable biologically relevant signaling pathways to
develop personalized therapeutic strategies.

Our objectives for this work overlap with these two
issues. First, we conducted a biomarker discovery
study using a multiplex ELISA assay. Second, we
continued our investigation of soluble PD-L1 (sPD-
L1) to better characterize its potential role as a
biomarker in patients with non-small cell lung cancer
(NSCLC) treated with ICls alone or in association with
chemotherapy (CT) as first-line therapy. Finally, we
analyzed the components of the peptide loading
complex (PLC) using multiplexed quantitative
immunofluorescence (mQIF). It is known that the
antigen presentation machinery is a preferred target
exploited by cancer cells to evade adaptive anti-
tumor immunity.

Our biomarker discovery study was conducted in 35
patients treated with ICls in the first or second line
setting for advanced NSCLC. Pre-treatment plasma
samples were analyzed using multiplexed ELISA
assessing 48 cytokines. The analysis identified
hepatocyte growth factor (HGF) as a predictive
biomarker for ICI response. High HGF levels were
associated with a lack of clinical benefit, early
progression, shorter progression-free survival (PFS),
and overall survival (OS).

We then continued our study of sPD-L1 in patients
with advanced NSCLC treated with ICls alone or in
combination with CT in the first-line setting. This
multicenter study analyzed three cohorts, one of
which was treated with CT alone. Our analysis
confirmed the prognostic role of sPD-L1. Patients
with high levels before treatment initiation had a
worse prognosis. Moreover, we demonstrated that
the variation of sPD-L1 during treatment played a

major role in terms of survival. Patients with
increasing sPD-L1 levels between treatment
initiation and  first tumor evaluation had
significantly shorter OS, regardless of the treatment
modality.

Finally, we analyzed the expression of tapasin,
calreticulin, and ERp57 by mQIF in multiple patient
samples represented in tissue microarrays (TMASs)
in predefined cohorts based on treatment
modalities. We showed that cancer-cell specific
downregulation of one or more of these
components is a frequent event, particularly the
loss of tapasin alone or in combination with other
components. We demonstrated that tapasin
impacts CD8+ T-cell infiltration and that the
regulation of tapasin appears to be epigenetic. We
showed that interleukin-8 (IL-8) may play a
potential role in this regulation and has the
capacity to inhibit the action of interferon-gamma
on the cell-surface expression of HLA-A/B/C,
suggesting the existence of a cytokine-mediated
signalling pathway.

Overall, these findings have potential translational
impact and provide relevant data for the future
management of patients with advanced NSCLC.
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INTRODUCTION

I- Le cancer pulmonaire

1. Epidémiologie

Le cancer représente la deuxieme cause de mortalité dans le monde apres les maladies cardio-
vasculaires avec autour de 10 millions de morts annuels estimés en 2019

[ourworldindata.org/cancer].

a. Incidence du cancer du poumon

A I'échelle mondiale, il est estimé en 2020, tous sexes confondus, que le cancer du poumon
représente le deuxiéme cancer le plus incident derriére le cancer du sein avec 2 206 771
nouveaux cas annuels, soit 11,4% des nouveaux cas de cancer. Le cancer du sein demeure le
cancer le plus incident avec 2 261 41 nouveaux cas annuels soit 11,7% des nouveaux cas.

Il s’agit du cancer le plus incident chez I’'homme (14,3% des nouveaux cas) et le troisieme plus
incident chez la femme (8,4% des nouveaux cas) derriere le cancer du sein (24,5%) et le cancer
colorectal (9,4%).

En France, le cancer du poumon représente le deuxiéme cancer le plus incident chez 'lhomme
derriére le cancer de la prostate avec respectivement 59 800 (estimation 2018, estimation
2023 non disponible) et 33 000 (estimation 2023) nouveaux cas annuels. Chez la femme, il
s’agit du troisieme cancer le plus incident avec 19 000 nouveaux cas annuels, derriere le
cancer du sein et le cancer colorectal avec 61 000 et 21 000 nouveau cas annuels,

respectivement [santépubluquefrance.fr].
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b. Mortalité du cancer du poumon

Le cancer du poumon représente la premiére cause de mortalité par cancer dans le monde
tous sexes confondus avec 1796 144 déces estimés en 2020. Cela représente 18% de la
mortalité de tous les cancers, loin devant le cancer colorectal qui représente 9,4% de
I'ensemble des déces, soit 935 173 déces annuels.

Chez 'homme, il s’agit de la premiere cause de mortalité par cancer avec 1 188 679 décés
annuels soit 21,5% de tous les déces par cancer. Chez la femme, il s’agit de la deuxieme cause
de mortalité par cancer avec 607 465 décées annuels soit 13,7% de tous les décés par cancer,
derriére le cancer du sein (684 996 déces annuels soit 15,5% de tous les décés par cancer)
[gco.iarc.fr].

En France, il s’agit de la premiére cause de mortalité par cancer chez I’homme avec 23 000
décés annuels et la deuxieme cause de mortalité par cancer chez la femme, derriere le cancer
du sein avec respectivement 10 000 et 12 000 décés annuels.

Le cancer du poumon demeure un probleme majeur de santé publique aussi bien a I’échelle
nationale que mondiale. En effet, malgré une survie a 5 ans qui s’"améliore : 3% en 1989-1993,
17% en 2005-2010 et 20% en 2010-2015, le pronostic du cancer du poumon reste sombre.
Plusieurs facteurs doivent étre pris en compte pour I'expliquer, d’'une part le caractere
intrinsequement agressif des cancers pulmonaires, I'absence de programme de dépistage de
masse organisé et standardisé entrainant, de fait, des diagnostics plus tardifs avec 70-80% des
cancers diagnostiqués a des stades avancés. Cela s’explique aussi par I'évolution souvent
insidieuse de ces tumeurs du fait de I'absence d’innervation nociceptive du parenchyme
pulmonaire. Ces éléments contribuent a retarder le diagnostic initial de cancer pulmonaire et
rendent son traitement plus complexe et difficile.

Une autre source d’inquiétude est la forte progression de l'incidence et de la mortalité du
cancer du poumon chez la femme depuis 1990 alors qu’elles se stabilisent chez 'homme. Aux
Etats-Unis, et dans de nombreux pays européens, la mortalité par cancer du poumon a
dépassé la mortalité par cancer du sein [Siegel et al. 2023] avec 59 910 (21%) et 43 170 (15%)
déces annuels pour les cancers du poumon et du sein, respectivement en 2023. Cette
tendance est la méme en France.

La Figure 1. récapitule I'évolution de I'incidence et de la mortalité du cancer du poumon en

France entre 1990 et 2018.
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Figure 1. Taux d’incidence et de mortalité du cancer du poumon en France entre 1990 et

2018 chez les hommes et les femmes (échelle logarithmique) [Defossez et al. 2019]
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2. Anatomopathologie du cancer du poumon

L’Organisation Mondiale de la Santé (OMS) publie de maniére réguliere une classification des
tumeurs pulmonaires. La derniere édition, datant de 2015 a été mise a jour en 2021. Cette
classification repose sur l'analyse morphologique, I'immunohistochimie (IHC) et, enfin,
I'analyse moléculaire.

Le cancer bronchique se divise de maniéere classique en deux grandes catégories, a savoir le
cancer bronchique non a petites cellules (CBNPC) et le cancer bronchique a petites cellules
(CBPC). Pour notre description, nous adopterons la distinction entre CBNPC et les néoplasies

neuroendocrines dont le CBPC fait partie.

a. Le CBNPC

Le CBNPC représente la forme histologique la plus fréquente de cancer pulmonaire (85 % des
cas). On décrit plusieurs sous-types histologiques de CBNPC.

- L’adénocarcinome bronchique représente 40% des cas de CBNPC. Il correspond a une
tumeur maligne épithéliale présentant une différenciation glandulaire, sécrétant des
mucines ou exprimant un marqueur pneumocytaire (thyroid transcription factor 1,
TTF1). Les adénocarcinomes invasifs sont par ailleurs divisés en adénocarcinomes
avec invasion minime, adénocarcinomes invasifs non mucineux, adénocarcinomes
invasifs mucineux, adénocarcinomes colloides, adénocarcinomes foetaux et
adénocarcinomes de type entérique. Les lésions glandulaires précurseurs
(anciennement pré-néoplasiques), sont I’hyperplasie adénomateuse atypique (HAA)
et 'adénocarcinome in situ (AIS).

- Le carcinome malpighien (ou épidermoide) représente 30% des cas de CBNPC. I
correspond a une tumeur maligne épithéliale caractérisée par la présence de
kératinisation, de ponts d’union intercellulaires, ou par la présence de marqueurs
immunohistochimiques de différenciation malpighienne (comme p40). Il regroupe
plusieurs sous-types histologiques tels que le carcinome malpighien kératinisant, non

kératinisant ou basaloide.
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- Le carcinome a grandes cellules représente entre 5 - 10% des cas de CBNPC. Lors de
la révision de la classification en 2015, cette catégorie avait connu des modifications
majeures. Selon la définition en vigueur, le carcinome a grandes cellules correspond a
un carcinome non a petites cellules qui ne présente pas de critéres cytologiques,
architecturaux ou immunohistochimiques de différenciation neuroendocrine,
glandulaire ou malpighienne.

- Le carcinome sarcomatoide est une tumeur rare qui représente moins de 1% des
tumeurs malignes pulmonaires. Les carcinomes sarcomatoides comportent les
carcinomes pléomorphes, eux-mémes divisés en carcinomes a cellules fusiformes et
carcinomes a cellules géantes, le carcinosarcome et le blastome pulmonaire.

- Les autres sous-types histologiques sont encore plus rares et correspondent au
carcinome adénosquameusx, au carcinome mucoépidermolde, aux tumeurs
thoraciques indifférenciées SMARCA4 (SWI/SNF Related, Matrix Associated, Actin
Dependent Regulator Of Chromatin, Subfamily A, Member 4) déficientes et aux

carcinome NUT (Nuclear protein in testis).

b. Les néoplasies neuroendocrines

Les néoplasies neuroendocrines pulmonaires sont, depuis 2021, regroupées comme un
unique groupe de tumeurs, qui comprend d’une part les tumeurs neuroendocrines,
comportant les tumeurs carcinoides typiques (de bas grade) et les tumeurs carcinoides
atypiques (de grade intermédiaire), et d’autre part les carcinomes neuroendocrines,
comportant les carcinomes neuroendocrines a grandes cellules et les carcinomes
neuroendocrines a petites cellules.

- Le carcinome neuroendocrine a petites cellules représente 15% des cancers
pulmonaires. Il s’agit d’une prolifération en nappes de cellules de petite taille, au
cytoplasme indistinct, sans limites nettes. Ces cellules n’excédent pas en taille celle
de trois lymphocytes. Les noyaux sont typiques, allongés ou ovalaires,
hyperchromatiques, a chromatine poivre et sel, sans nucléole proéminent. On
dénombre en moyenne 10 mitoses par champ au grandissement 40 et les corps

apoptotiques sont nombreux. On retrouve souvent de vastes plages de nécrose.
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L’analyse immunohistochimique montre une expression des cytokératines, une
différentiation neuroendocrine (chromgranine A, synaptophisine) et une positivité
pour TTF1.

- Le carcinome neuroendocrine a grandes cellules est un carcinome non a petites
cellules de morphologie endocrine dont I'index mitotique est supérieur a 10
mitoses/2 mm? et qui exprime un ou plusieurs marqueurs neuroendocrines. ||
comporte une morphologie endocrine définie par les caractéristiques architecturales
suivantes : agencement organoide d’amas, ilots, travées, cordons ou pseudoglandes,
présence de rosettes, agencement palissadique de noyaux. Les caractéristiques
cytologiques sont proches de celles des carcinomes neuroendocrines non a petites
cellules, avec des cellules de grande taille (> 3 lymphocytes), un nucléole
généralement proéminent (mais parfois absent), une chromatine le plus souvent
fine/granulaire (parfois vésiculeuse), et un cytoplasme abondant éosinophile avec
fréguemment une membrane cytoplasmique bien visible. En immunohistochimie, ils
peuvent exprimer les marqueurs neuroendocrines standards (chromogranine A,
synaptophysine, CD56). L'expression de TTF1 est positive dans environ 50% des cas.

- Le carcinome mixte correspond a un carcinome neuroendocrine a grandes cellules
qui présente une composante non neuroendocrine, fréquemment un
adénocarcinome mais tous les sous-types histologiques peuvent s’observer
(carcinome épidermoide, carcinome sarcomatoide). |l peut également exister une
composante neuroendocrine de type carcinome neuroendocrine a petites cellules,
on parle alors de carcinome a petites cellules combiné si ce contingent représente au
moins 10 % de la tumeur.

- Les tumeurs carcinoides sont des tumeurs rares qui représentent moins de 2 % des
tumeurs pulmonaires neuroendocrines ayant une architecture bien différenciée,
organoide dont il existe deux sous-types : les tumeurs carcinoides typiques et les

tumeurs carcinoides atypiques.

Une avancée majeure du début du XXI®™¢ siécle correspond a la découverte et |utilisation
systématique de I'analyse moléculaire, dans les CBNPC de type non-épidermoide, afin de
proposer des traitements ciblés et personnalisés. L’analyse moléculaire des
adénocarcinomes bronchiques a permis de mettre en évidence un grand nombre
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d’altérations moléculaires dont certaines sont tres spécifiques des adénocarcinomes
bronchiques comme les mutations d’Epidermal Growth factor (EGFR) (de type délétion de
I’exon 19 ou les mutations ponctuelles situées au niveau de I’exon 21), et les translocations
EML4-ALK. De nombreuses altérations moléculaires peuvent étre ciblées par des thérapies
spécifiques, comme les altérations d’EGFR, ALK, BRAF, RET, ROS1, MET, KRAS (G12C). Ces
anomalies (a minima EGFR, ALK, ROS1, RET, mais extension rapide des indications
thérapeutiques pour les autres anomalies moléculaires qui sont de plus en plus souvent
recherchées d’emblée) doivent étre recherchées systématiquement au diagnostic dans les
CBNPC de stade avancé, dans les histologies non épidermoides, ou dans les rares
épidermoides chez le sujet petit ou jamais fumeur. La recherche de mutation EGFR doit
également étre réalisée pour les stades précoces, car des inhibiteurs de tyrosine-kinase (ITK)
sont disponibles en péri-opératoire dans ces indications. D’autres anomalies moléculaires ne
sont actuellement pas la cible de thérapies spécifiques comme les mutations de TP53, STK11
ou KEAP1, mais sont associées a un mauvais pronostic. Il est recommandé de réaliser une
recherche de ces altérations moléculaires par séquencage de nouvelle génération (NGS) ADN
et ARN.

Il est par ailleurs courant de réaliser une IHC pour évaluer I’expression de Programmed
Death-Ligand 1 (PD-L1) (tumour proportion score, TPS) des cellules tumorales et de

rechercher une surexpression des kinases ALK et ROS1 par la méme technique.

3. Classification TNM du cancer du poumon

La classification TNM (pour Tumour, Node, Metastasis ou Tumeur, Ganglions lymphatiques,
Métastases), est une classification utilisée pour évaluer I'étendue de la propagation d’un
cancer chez un patient. L’association des trois éléments permet de définir un stade qui guide
la prise en charge thérapeutique.

L’International Association for the Study of Lung Cancer (IASLC) met régulierement a jour la
classification pour les différents sous-types histologiques de cancer. L’évaluation clinoco-
radiologique initiale permet de fournir une classification cTNM. En cas de chirurgie thoracique,
les tumeurs seront classées en pTNM pour le rendu des résultats anatomopathologiques et

en ypTNM en cas de traitement néo-adjuvant. L'IASLC a publié cette derniere mise a jour en
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2021 (8¢ classification TNM) et une proposition de neuvieme édition a été publiée en 2023
[Rami-Porta et al. 2024]. La huitieme édition de la classification TNM ainsi que les stades

tumoraux sont représentés dans le Tableau 1.
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Tableau 1. Classification TNM du cancer pulmonaire (8™ édition)

A. Classification TNM

B. Stade TNM [Couraud et al. 2024]

T (primary tumor)

TO No primary tumor
Tis Carcinoma in situ (squamous or adenocarcinoma)
T1 Tumor <3 cm

Tlmi Minimally invasive adenocarcinoma

Tla Superficial spreading tumor in central airways™

Tla Tumor <1 cm

Tlb Tumor =1 but <2 cm

Tle Tumor =2 but <3 cm
T2 Tumor >3 but <5 cm or tumor involving: visceral pleura,f main bronchus (not carina), atelectasis to hilumf

T2a Tumor =3 but <4 cm

T2b Tumor =4 but <5 cm
T3 Tumor >5 but <7 cm or invading chest wall, pericardium, phrenic nerve; or separate tumor nodule(s) in the same lobe
T4 Tumor >7 cm or tumor invading: mediastinum, diaphragm, heart, great vessels, recurrent laryngeal nerve, carina, trachea, esophagus,

spine; or tumor nodule(s) in a different ipsilateral lobe
N (regional lymph nodes)
NO No regional node metastasis
N1 Metastasis in ipsilateral pulmonary or hilar nodes
N2 Metastasis in ipsilateral mediastinal or subcarinal nodes
N3 Metastasis in contralateral mediastinal, hilar, or supraclavicular nodes
M (distant metastasis)

MO No distant metastasis
Mla Malignant pleural or pericardial effusion: or pleural or pericardial nodules or separate tumor nodule(s) in a contralateral lobe
MIlb Single extrathoracic metastasis
Mlc

Multiple extrathoracic metastases (1 or >1 organ)

A A
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4. Facteurs de risque et facteurs pronostiques

a. Tabagisme

Le tabagisme est le principal facteur de risque de cancer du poumon. Selon les estimations, il
est responsable de prés de 90% des cancers du poumon. Le tabagisme augmente le risque de
développer un cancer du poumon d’un facteur de 10 et ce risque est corrélé a la durée
d’exposition au tabac, a I'age de début de l'intoxication tabagique, et a la quantité de tabac
consommé [Doll et al. 1994]. La fumée issue de la combustion du contenu d’une cigarette
contient un grand nombre de produits chimiques connus pour leur caractere cancérigéne : 4-
(N-méthylnitrosoamino)-1-(3-pyridyl)-1-butanone, arsenic, benzéne, Benzo[a]pyrene,
Cadmium, chromium héxavalent, formaldéhyde, nickel...) [Smith et al. 2003] expliquant la
relation de cause a effet entre tabagisme et apparition de cancer, en particulier pulmonaire.
Cette exposition chronique a des carcinogenes connus entraine des mutations somatiques,
des inactivations de génes suppresseurs de tumeurs et enfin le développement progressif de
cellules cancéreuses.

Le tabagisme passif, définit comme une exposition aux fumées de tabac dans son
environnement, constitue également un facteur de risque de développer un cancer du
poumon et serait la cause d’environ 25% des cancers pulmonaires du non-fumeur avec une
augmentation du risque de 30% de développer un cancer bronchique. [Besaratinia et al.2008].
On notera que le cannabis constitue un facteur de risque surajouté au tabagisme. Lors de sa
combustion, le cannabis émet une fumée dont la concentration en hydrocarbures
aromatiques polycycliques et en carcinogénes est plus importante que la fumée émise par la
combustion du tabac. A tabagisme égal, le cannabis multiplie par deux le risque de cancer
pulmonaire avec un age de survenue plus précoce et une association fréquente a
I’emphyséme pulmonaire témoignant d’une toxicité majeure pour les structures alvéolaires [

Callaghan et al. 2013]

b. Expositions environnementales et professionnelles
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Des expositions environnementales, liées ou non a la pratique d’'un métier constituent
également des facteurs de risque de développer un cancer bronchique. Au niveau
professionnel, I'amiante est le carcinogene le plus fréquemment retrouvé. L'exposition a
I’'amiante seule augmente le risque relatif de développer un cancer pulmonaire de 7 et de 99
en cas d’association au tabagisme [Klebe et al. 2019] Il existe d’autres expositions
professionnelles, moins fréquentes mais que |'on doit également rechercher comme
I’exposition a certains métaux lourds (oxyde de fer, nickel, arsenic, houille) ou aux radiations
ionisantes. [Marant Micallef et al. 2018]. Hors du cadre professionnel, il existe également de
nombreux carcinogénes environnementaux comme les particules fines liées a la pollution
atmosphérique, le radon ou les radiations ionisantes thérapeutiques. Il a en effet été montré
une association entre le niveau de pollution de l'air et la survenue de cancers pulmonaires

présentant des addictions oncogéniques telles que des mutations d’EGFR [Hill et al. 2023].

c. Facteurs pronostiques

On distinguera les facteurs pronostiques liés au patient tels que I'age physiologique, le sexe,
les comorbidités, et les facteurs pronostiques liés au cancer tel que le stade et les
caractéristiques histo-moléculaires. Deux facteurs liés au patient constituent des facteurs
pronostiques majeurs. Il s’agit de I'état nutritionnel et de I'état général. La dénutrition,
évaluée cliniqguement par une perte de poids récente (et notamment supérieure a 5% en
moins de 6 mois), ou biologiquement par un dosage bas de I'aloumine et/ou de la pré-
albumine plasmatiques, constitue un facteur de mauvais pronostic. L'état général du patient
est habituellement évalué par deux échelles : I'Eastern Cooporative Oncology Group-
Performance Status (ECOG-PS) et I'indice de Karnofsky (Tableau 2.). Ces échelles permettent
d’évaluer la capacité fonctionnelle de chaque patient a un instant donné. L'échelle ECOG-PS
est utilisée de maniére courante et s’échelonne de 0 a 4 (5 étant le déces). Plus le score est
élevé moins le patiente présente un état général conservé et plus un traitement anti-
cancéreux présente des risques de toxicité et de mauvaise tolérance clinique et biologique.
De maniére habituelle, un traitement sans limitation est proposé aux patients présentant un
PS 0 — 1 alors que les patients présentant un PS 3- 4 se voient proposer une prise en charge

palliative. Les patients présentant un PS intermédiaire, a 2, peuvent se voir proposer un
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traitement dont on adaptera les modalités.
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Tableau 2. ECOG-PS et indice de Karnofsky
A. ECOG-PS [ECOG-ACRI]

B. Indice de Karnofsky [santé.gouv.fr]

GRADE ECOG PERFORMANCE STATUS
0 Fully active, able to carry on all pre-disease performance without restriction

Restricted in physically strenuous activity but ambulatory and able to carry out work of a light or

sedentary nature, e.g., light house work, office work

Ambulatory and capable of all selfcare but unable to carry out any work activities; up and about
more than 50% of waking hours

3 Capable of only limited selfcare; confined to bed or chair more than 50% of waking hours
4 Completely disabled; cannot carry on any selfcare; totally confined to bed or chair
5 Dead

100 % |normal, pas de signe de maladie

Capable de mener une activité normale peut mener une activité normale, symptdmes mineurs de la maladie, totalemen
90 %
autonome

t

peut mener une activité normale, mais avec effort, symptémes ou signes
80 % |mineurs,

totalement autonome

peut se prendre en charge, incapable de mener une activité normale, autonome
Incapable de travailler, capable de vivre 70 %
mais a stimuler

nécessite une aide occasionnelle mais peut prendre en charge la plupart des
chez lui et d’assumer ses besoins personnels, | 60 %
besoins, semi-autonome

une assistance variable est nécessaire 50 % |nécessite une aide suivie et des soins médicaux fréquents, semi-autonome

40 % |handicapé, nécessite une aide et des soins particuliers

Incapable de s’occuper de lui-méme, 30 % |sévérement handicapé, dépendant

20 % |trés malade soutien actif, absence totale d’autonomie

nécessite des soins hospitaliers ou
10 % |moribond, processus fatal progressant rapidement
I’équivalent
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5. Modalités thérapeutiques du CBNPC

Le traitement du cancer du poumon a connu des modifications rapides avec plusieurs
avancées majeures au cours du début du XXI®™e siécle. Le type de traitement que l'on
proposera au patient se base sur le type histologique de la tumeur et ses caractéristiques
immunohistochimiques et moléculaires. On prendra également en compte le stade issu de la
classification TNM et les facteurs pronostiques intrinseques au patient, et en particulier son
état général évalué selon le score ECOG-PS. Le but de cette évaluation initiale est de proposer

une prise en charge adaptée et la plus personnalisée possible pour chaque patient.

a. Chirurgie

Le traitement chirurgical demeure le traitement curatif de référence pour le cancer
bronchique de stade | de petite taille (<3cm). Des données récentes de stratégie péri-
opératoire que I'on expose ci-aprés sont venues modifier la stratégie thérapeutique a partir
du stade IB (classification TNIM 8°™e édition) présentant un caractére résécable.

La lobectomie, associée a un curage ganglionnaire médiastinal, reste le geste optimal
lorsqu’elle est techniquement et fonctionnellement réalisable. La survie a 5 ans en cas de
résection compléte est de 70%. Dans un souci de réduction de la morbi-mortalité liée a la
chirurgie thoracique, I'efficacité de techniques chirurgicales permettant une épargne du
parenchyme pulmonaire ont été évaluées dans les stades précoces [Altorki et al. 2013]. La
segmentectomie montre des résultats similaires a la lobectomie sous réserve que la tumeur
soit de petite taille et périphérique (inférieure a 2cm et distance de la paroi inférieure a 2cm).
Il est encore légitime de proposer une chimiothérapie adjuvante chez les patients présentant
une tumeur de stade pll ou plll, et en état physiologique de la recevoir. Il faut néanmoins noter
gue le bénéfice de ce traitement reste modeste avec un gain de survie globale (SG) et de survie

sans maladie (SSM) a 5 ans de 5% [Arriagada et al. 2004, Arriagada et al. 2009].
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b. Radiothérapie stéréotaxique

La radiothérapie stéréotaxique est une option alternative a la chirurgie dans certaines
conditions, en particulier en cas d’impossibilité de réaliser un traitement chirurgical du fait de
comorbidités importantes, notamment respiratoires ou cardiaques. En effet, un VEMS post-
opératoire prédit inférieur a 30% ou 1 000mL, une cardiopathie ischémique non équilibrée,
une insuffisance cardiague avec une FEVG < 40% ou un état général altéré avec un PS
supérieur a 2 sont autant de contre-indications a une prise en charge chirurgicale. La
radiothérapie stéréotaxique permet de délivrer une dose allant jusqu’a 60 Grays (Gy) dans un
petit volume et a un objectif curatif avec des effets secondaires minimes. Plusieurs essais ont
comparé la radiothérapie stéréotaxique a la chirurgie dans le CBNPC de stade | résécable
[Chang et al. 2015, Ball et al. 2019, Chang et al. 2021] et ont montré que la radiothérapie est

une option efficace et slire dans cette situation clinique.

c. Immunothérapie

L'immunothérapie est un terme générique qui englobe plusieurs modalités thérapeutiques
dont font partie les inhibiteurs de point de contréle immunitaires (ICls). Il existe actuellement
deux classes d’ICls, les inhibiteurs de programmed death 1 (PD-1)/programmed death-ligand
1 (PD-L1) et les inhibiteurs de cytotoxic T lymphocyte-associated antigen-4 (CTLA-4). Les
lymphocytes T activés expriment a leur surface PD-1 dont les ligands sont PD-L1 et PD-L2.
Lorsque le PD-1 exprimé par les lymphocytes T se lie a PD-L1 exprimé par les cellules
tumorales, cela entraine une inhibition des lymphocytes et empéche leur action cytotoxique.
Cette liaison a un effet négatif sur I'immunité anti-tumorale en empéchant la prolifération, la
production de cytokines et la capacité cytotoxique des lymphocytes T activés. Les ICls sont des
anticorps monoclonaux humanisés qui vont interagir avec PD-1, PD-L1 ou CTLA-4. Cette liaison
va empécher la liaison PD-1-PD-L1/PD-L2 et CTLA4-CD80/CD86. Ainsi, I'effet inhibiteur créé
par PD-L1 est levé et les lymphocytes TCD8+ vont retrouver leurs caractéristiques
prolifératives, cytotoxiques et de sécrétion de cytokines permettant d’obtenir une réponse

anti-cancéreuse efficace (Figure 2.).
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Figure 2. lllustration des points de contréle immunitaires CTLA-4/B7 et PD-L1/PD-1 et leur

inhibition par des inhibiteurs de points de contréle immunitaires [cancer.gov].
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c. Traitement péri-opératoire

De nouvelles modalités thérapeutiques dites péri-opératoires et associant immunothérapie
+/- chimiothérapie et chirurgie ont récemment été évaluées dans le CBNPC.
Des stratégies d'immunothérapie adjuvante ont d’abord été testées. On pourra citer |'essai
IMpower010 [Felip et al. 2021, Felip et al. 2023] qui a évalué I'efficacité de I'atezolizumab
apres chimiothérapie adjuvante chez des patients présentant un CBNPC de stade IB-IIIA
(classification TNM, 7¢™e édition) opéré. Il a été montré un bénéfice en termes de SSM en
faveur de I'atezolizumab comparativement aux meilleurs soins de support dans les tumeurs
de stade II-llla (critéres de jugement principal) : HR=0.79, p=0.020. Les données de SG matures
n‘ont pas été rapportées. L'essai KEYNOTE-091 [O’Brien et al. 2022] a évalué l'efficacité du
pembrolizumab comparativement au placebo chez des patients présentant un CBNPC de
stade IB-IIIA (classification TNM, 7¢™¢ édition) opéré. Le pembrolizumab a également montré
sa supériorité par rapport au placebo aprés chimiothérapie adjuvante en termes de SSM : HR
=0.76, p=0.014. On notera que la chimiothérapie adjuvante n’était pas obligatoire dans cette
étude. Enfin, I'essai BR31 évaluant le durvalumab en adjuvant comparativement au placebo
chez des patients présentant un CBNPC de stade IB-IlIIA (classification TNM, 78 édition)
opéré, était négatif pour son critére de jugement principal, a savoir, la SSM [Goss et al. 2024]
L’essai Checkmate 816 [Forde et al. 2022] a évalué I’association d’un doublet a base de sels de
platine au nivolumab en néoadjuvant chez des patients présentant un CBNPC résécable de
stade IB a IlIA (TNM 78™me édition). Dans cet essai international randomisé de phase Il les
patients étaient randomisés en 1 :1 :1 et recevaient soit une chimio-immunothérapie soit une
chimiothérapie seule soit une double immunothérapie. Ce dernier bras a été fermé
précocement et ne fait pas partie de I’'analyse définitive. Les patients recevaient trois cures
de traitement a 3 semaines d’intervalle puis étaient opérés. Deux criteres de jugements ont
été établis : la survie sans événement et la réponse histologique compléte. Les résultats, apres
une durée de suivi de 21 mois, ont montré une médiane de survie sans événement de 31,6
mois (intervalle de confiance [IC] 95%, 30,2 - non atteinte (NA)) avec |’association nivolumab-
chimiothérapie et 20,8 mois (IC 95%, 14,0 — 26,7) avec la chimiothérapie seule (hazard ratio
pour la progression, la rechute ou le décés, 0,63 ; IC97,38%, 0,43 — 0,91, P=0,005). Concernant
la réponse histologique compléete, celle-ci était de 24,0% dans le groupe nivolumab-
chimiothérapie (IC 95%, 18,0 — 31,0) et de 2,2% (IC 95% 0,6 — 5,6) dans le groupe
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chimiothérapie seule (odds ratio, 13,94 ; IC 95%, 3,49 — 55,75 ; P<0,001).

L’essai Checkmate 77T [Cascone et al. 2024] était une étude de phase lll randomisée en double
aveugle internationale évaluant une association nivolumab chimiothérapie (doublet a base de
sels de platine) suivie par une chirurgie et un traitement adjuvant par nivolumab comparé a
une association placebo chimiothérapie (doublet a base de sels de platine) suivie par une
chirurgie et un traitement adjuvant par placebo chez des patients présentant un CBNPC
résécable de stade lla a lllb selon la 8¢me classification TNM. Durant |la période néoadjuvante,
les patients recevaient une association nivolumab chimiothérapie ou placebo chimiothérapie
toutes les 3 semaines pour 4 cycles au total. Les patients étaient par la suite opérés et
recevaient dans les 90 jours suivants la chirurgie un traitement adjuvant par nivolumab a la
dose de 480 mg ou placebo toutes les 4 semaines pendant 1 an. Le critére de jugement
principal était la survie sans événement. Aprés un suivi médian de 25,4 mois, le pourcentage
de patients présentant une survie sans événement de 18 mois était de 70,2 % dans le groupe
nivolumab et 50 % dans le groupe de chimiothérapie, hazard ratio 0,58; IC 97,36%, 0,42 —
0,81; P<0,001).

D'autres essais de phase Ill ont évalué I'efficacité de molécules comme le pembrolizumab et
le durvalumab dans des contextes similaires. L'essai Keynote 671 [Wakelee et al. 2023, Spicer
et al. 2024] a montré un bénéfice en termes de survie sans événement et de maniére notable,
en termes de SG en faveur du pembrolizumab par rapport au placebo : HR 0,72, p=0,0052 pour
la SG. L'essai AEGEAN [Heymach et al. 2023] a montré un bénéfice en termes de survie sans
événement en faveur du durvalumab selon une stratégie péri-opératoire (HR = 0,68, p=0,004).
L’ensemble de ces résultats ont conduit I'HAS a donner un avis favorable au remboursement

du nivolumab :

« en association a une chimiothérapie a base de sels de platine, dans le traitement
néoadjuvant des patients adultes, atteints d'un cancer bronchique non a petites cellules
résécable a haut risque de récidive, dont les tumeurs expriment PD-L1 au seuil 21 % et dont
les tumeurs ne présentent pas de mutation sensibilisante de I'EGFR connue, ni de

translocation ALK connue » [HAS-santé.fr].

Néanmoins, la demande d’acces précoce d’utilisation du nivolumab selon les modalités de

I’essai Checkmate 77t n’a pas été retenu par I’ANSM [HAS-santé.fr]
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d. Radio-chimiothérapie concomitante

La question de I'opérabilité des patients est maintenant devenue une question essentielle de
la prise en charge des patients présentant des stades localement avancés. En effet, les essais
de stratégies péri-opératoires ont inclus les patients présentant des pathologies
potentiellement accessibles a une radio-chimiothérapie concomitante. La question de
I'opérabilité a priori du patient avant de débuter toute stratégie thérapeutique est donc
centrale. Le but de la chimio-immunothérapie n’est pas de rendre le patient opérable. Un
traitement par radio-chimiothérapie concomitante est recommandé chez les patients
présentant une tumeur non résécable de stade IlIA, 1lIB ou IlIC ou chez les patients non
médicalement opérables. Il est recommandé de réaliser une association de chimiothérapie et
de radiothérapie suivie d’'une immunothérapie de consolidation par durvalumab, si I'état du
patient le permet. La chimiothérapie doit comporter 2 a 4 cures a base de sels de platine,
associée a une radiothérapie a une dose comprise entre 60 et 66Gy en fractions de 2 Gy par
fraction, 5 fractions par semaine. Un traitement de consolidation par durvalumab toutes les 4
semaines pendant 12 mois est recommandé selon les données de I’assai PACIFIC [Spigel et al.
2022]. Il est également possible de proposer un traitement par chimio-radiothérapie

séquentielle chez les patients présentant PS > 1 et/ou agés et/ou fragiles.

e. Traitement de premiére ligne des CBNPC de stade avancé sans addiction oncogénique

Plusieurs essais randomisés internationaux multicentrique de phase Ill ont montré I'efficacité
de I'immunothérapie seule ou en association avec la chimiothérapie en premiére ligne
thérapeutique dans différents sous types histologiques. L’essai KEYNOTE-024 [Ref. Reck et al.
2016] réalisé chez les patients présentant un CBNPC avec une expression de PD-L1 > 50% a
montré un bénéfice en termes de SSP et de SG en faveur du pembrolizumab en comparaison
a la chimiothérapie a base de sel de platine. Les essais KEYNOTE-189 et KEYNOTE-407 [Gandhi
et al. 2018, Paz-Ares et al. 2018] ont évalué l'association pembrolizumab-chimiothérapie
comparé a la chimiothérapie seule chez des patients présentant un CBNPC avancé avec une
histologie non épidermoide et épidermoide, respectivement. Ces essais ont également

montré un bénéfice en termes de SSP et de SG en faveur de |'association pembrolizumab-
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chimiothérapie. Le cemiplimab, un autre anticorps monoclonal anti-PD-1 a lui aussi montré
son efficacité en termes de SSP et SG. Il a été comparé, en premiere ligne thérapeutique, en
monothérapie a la chimiothérapie chez les patients présentant un PD-L1 > 50 % [Sezer et al.
2021], et en association a la chimiothérapie versus chimiothérapie [Gogishvili et al. 2022] quel
gue soit I'expression de PD-L1 et le sous-type histologique. Enfin, I'atezolizumab a lui aussi
montré un bénéfice en termes de SG et de SSP par rapport a la chimiothérapie seule, en
particulier chez les patients présentant un PD-L1 > 50% [Herbst et al. 2020].

En prenant en compte I'ensemble de ces éléments, il est possible de résumer la prise en charge

du CBNPC éligible a un traitement systémique de la maniére suivante.

Chez les patients présentant un CBNPC non épidermoide métastatique PS 0 — 1 sans addiction
oncogénique, deux stratégies thérapeutiques peuvent étre proposées. Chez les patients
présentant un PD-L1 supérieur a 50 %, un traitement par immunothérapie en monothérapie
peut étre proposé. Les immunothérapies suivantes sont actuellement disponibles en France :
atezolizumab 1200mg J1/J22 (ou 840mg J1/J14 ou 1680mg J1/J28), cemiplimab 350 mg J1/)22,
pembrolizumab 200mg IV J1/J22 (ou 400mg/6 semaines).

Une association chimio-immunothérapie par sels de platine (cisplatine 75 mg/m? ou
carboplatine AUC 5) associé au pemetrexed (500 mg/m?) et au pembrolizumab 200mg par
voie IV tous les 21 jours pour 4 cycles suivis d'une maintenance par pemetrexed +
pembrolizumab pour une durée totale de 2 ans ou jusqu’a progression ou de toxicité

inacceptable peut étre proposée quel que soit le niveau de PD-L1.

Chez les patients présentant un CBNPC de type épidermoide, la stratégie thérapeutique est
également guidée par le taux de PD-L1 évalué par IHC. En cas de PD-L1 supérieur a 50 %, un
traitement par immunothérapie en monothérapie peut étre proposé avec la possibilité de
choisir parmi les molécules suivantes : atezolizumab 1200mg J1/J22 (ou 840mg J1/J14 ou
1680mg J1/128), cemiplimab 350 mg J1/J22, pembrolizumab 200mg IV J1/J22 (ou 400mg/6
semaines). Une association chimio-immunothérapie par sels de platine (carboplatine AUC 6),
paclitaxel (200mg/m?2), et pembrolizumab (200mg IV) J1/J22 pour 4 cycles suivi d’une
poursuite du pembrolizumab 200mg/3 semaines ou 400mg/6 semaines pour un total de 2 ans,
ou jusqu’a progression, ou toxicité inacceptable peut étre proposée quel que soit le niveau de

PD-L1.
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Il est nécessaire de prendre en compte les contre-indications ou les non-indications a
I'utilisation de I'immunothérapie. En effet, certains éléments doivent mener a une discussion
multidisciplinaire et avec le patient afin de juger de la balance bénéfice-risque de tout
traitement. Par exemple, la présence d’une pathologie auto-immune préexistante, traitée ou
non qui pourrait se développer ou s’exacerber lors de linitiation d’un traitement par
immunothérapie. D’autres éléments a prendre en compte sont la présence d’une pathologie
virale chronique active non contrélée (VIH, VHB, VHC) ou la prise de traitements
immunomodulateurs ou immunosuppresseurs comme la corticothérapie systémique a fortes
doses.

Dans ces situations, il est possible de proposer un traitement par chimiothérapie seule. Chez
les patients présentant un carcinome non épidermoide, un doublet a base de sels de platine
associé a une molécule de troisieme génération et au bevacizumab est indiqué. L’association
cisplatine/carboplatine pemetrexed (500mg/m?) et bevacizumab toutes les 3 semaines
pendant 4 cycles puis maintenance par pemetrexed bevacizumab est largement utilisé. Chez
les patients présentant un carcinome épidermoide, les associations cisplatine/carboplatine
(AUC 6) paclitaxel (200mg/m?) toutes les 3 semaines ou cisplatine (75 mg/m?2) docetaxel (75

mg/m?) toutes les 3 semaines peuvent étre proposées.

Enfin, des stratégies thérapeutiques particuliéres s’appliquent chez les sujets agés de plus de
70 ans. Dans cette situation, il est courant de proposer une chimiothérapie par carboplatine
(AUC 6 J1/)29) paclitaxel (90 mg/m? J1, 18, J15). D’autres thérapeutiques peuvent étre
proposées, a savoir une immunothérapie en monothérapie en cas de PD-L1 > 50% et un PS a
0 - 1. Les molécules suivantes sont alors disponibles : atezolizumab 1200mg J1/J22 (ou 840mg
J1/J14 ou 1680mg J1/J28), cemiplimab 350 mg J1/J22 jusqu’a 2 ans, pembrolizumab 200mg IV
J1/)22 jusqu’a 2 ans (ou 400mg/6 semaines). Dans de rares situations, chez des patients ne
présentant que peu ou pas de comorbidités avec un état général parfaitement conservé, on
peut proposer chez les non-épidermoides : carboplatine (AUC 5) - pemetrexed (500 mg/m?) —
pembrolizumab 200mg IV J1/J22 ; suivi d’'une maintenance par pemetrexed et pembrolizumab
aux méme doses jusqu’a 35 cycles, ou progression, ou toxicité inacceptable et chez les
épidermoides : pembrolizumab 200mg IV carboplatine (AUC 6) paclitaxel (200mg/m?) J1/J22

suivi d’'une poursuite du pembrolizumab a la méme dose jusqu’a 2 ans, ou progression, ou
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toxicité inacceptable. La Figure 3. résume les options thérapeutiques de premiére ligne du

CBNPC de stade avancé sans addiction oncogénique.
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Figure 3. Algorithme de prise en charge de premiére ligne des patients présentant un CBNPC
métastatique sans addiction oncogénique [Couraud et al. 2024].
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e. Traitement des CBNPC avec addiction oncogénique

Bien que I'immunothérapie ait constitué une évolution indéniable et a contribué a améliorer
la prise en charge des patients, la découverte d’altérations moléculaires et de la possibilité de
les cibler constitue elle aussi une réelle révolution en oncologie thoracique. En effet, de
nombreuses altérations moléculaires pré- et post-transcriptionnelles sont actuellement
connues et de nombreuses molécules les ciblant sont disponibles. Il est a noter que ces
altérations concernent essentiellement les CBNPC de type non-épidermoide chez les patients
non ou petits fumeurs mais elles peuvent étre mises en évidence, pour certaines d’entre elles,
chez des patients fumeurs.

On notera que les mutations d’EGFR surviennent de maniere préférentielle chez les femmes
et dans les populations asiatiques alors qu’il n’est pas observé de préférence ethnique pour
les fusions ALK et ROS1. Les mutations KRAS et MET surviennent dans les populations plus
agées, tabagiques et présentant un adénocarcinome. En ce qui concerne les mutations KRAS,
on note une préférence pour les populations caucasiennes, et une association avec le
tabagisme pour certaines (G12C). Les mutations BRAF peuvent survenir chez les fumeurs sans
prédominance ethnique. La mutation BRAF V600E survient de maniere préférentielle chez les
femmes alors que les autres mutations BRAF surviennent de préférence chez les hommes. Les
mutations HER2 surviennent de préférence chez les femmes non fumeuses. [Galffy et al.
2024, Fois et al. 2021]

La Figure 4. résume la fréquence des altérations moléculaires et leur répartition dans les

populations asiatiques et non asiatiques.
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Figure 4. Fréquence des altérations moléculaires dans le CBNPC de type adénocarcinome

[Ref . Tan et al. 2022].
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EGFR

Epidermal growth factor receptor (EGFR), encore appelé HER1 (Human EGFR Related) est
encodé par le gene ErbB1 (erythroblastic leukemia viral oncogene). |l s’agit d’un récepteur de
tyrosine kinase, membre de la famille de quatre récepteurs a tyrosine kinase ErbB/HER. Il s’agit
d’une glycoprotéine transmembranaire monomérique de 170 kD composé d’'un domaine N-
terminal extracellulaire ou se fixent les ligands, une région transmembranaire et un domaine
intracellulaire C-terminal qui comprend un domaine kinase et de multiples sites de
phosphorylation. Les ligands d’EGFR sont EGF et le TGF qui sont les deux ligands
extracellulaires endogénes majeurs I'activant, mais aussi I'amphiréguline, et I'épigéne (EPG),
ces quatre molécules étant spécifiques de I'EGFR tandis que la bétacelluline, I'heparin binding
EGF (HBEGF) et I’épiréguline sont des ligands de EGFR et de HERA4. La fixation des ligands sur
le récepteur entraine un changement de conformation conduisant a I’homo-dimeérisation ou
a I’hétéro-dimerisation avec d’autres membres de la famille HER, phénomene permettant
I'activation du domaine intrinseque tyrosine kinase. Cette activation entraine une cascade de
phosphorylation activant les voies de signalisation de la phospholipase C, Ras/MAP-kinase,
PI3K/PTEN/Akt, Jak/Stat, et STATs. Ces voies de signalisation sont des régulateurs potentiels
de lI'oncogenese et de la croissance tumorale, de l'invasion, de I'angiogenéese et de la
formation de métastases.

Les possibilités thérapeutiques en cas de présence de mutation d'EGFR se sont récemment
élargies. Chez les patients présentant une maladie avancée, il est possible de proposer en
premiére ligne thérapeutique un traitement par osimertinib, ITK de troisieme génération.
L'essai FLAURA [Soria et al. 2018] comparant l'osimertinib a un traitement par ITK de
premiére génération de type erlotinib ou afatinibo en premiére ligne chez les patients
présentant une délétion de I'exon 19 ou une mutation L858R de |'exon 21 a montré une
prolongation significative de la SSP et de la SG en faveur de I'osimertinib. La tolérance du
traitement est également bonne avec une meilleure sélectivité sur le récepteur muté que sur
les récepteurs sauvages.

Plus récemment, I’essai FLAURA 2 [Planchard et al. 2023] a comparé I'association osimertinib-
chimiothérapie (pemetrexed associé a une molécule a base de sels de platine) a I'osimertinib
seul chez les patients présentant une délétion de I'exon 19 ou une mutation L858R de I'exon
21 d’EGFR. Cet essai a montré un bénéfice en termes de SSP en faveur de I'association chimio-

osimertinib, les données de SG étant immatures. La SSP médiane était de 25,5 mois dans le
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groupe chimio-osimertinib vs 16,7 mois dans le groupe osimertinib (hazard ratio 0,62 ; IC 95%,
0,49 -0, 79; P<0,001).

L'essai MARIPOSA [Cho et al. 2024] a comparé l|’association amivantamab-lazertnib a
I’'osimertinib chez des patients présentant un adénocarcinome bronchique avec mutation
EGFR de type délétion de I’exon 19 ou mutation L858R de I’exon 21. Le critére de jugement
principal était la SSP. L’essai a montré un bénéfice en termes de SSP en faveur de I'association
amivantamab-lazertnib : 23,7 mois vs 16,6 mois (hazard ratio, 0,70 ; IC 95%, 0,58 — 0,85;
P<0,001).

On notera I'existence d’autres mutations d’EGFR, plus rares, avec notamment des mutations
de type insertion de I’exon 20 pour lesquelles les ITK sont habituellement peu efficaces. Dans
ce contexte, I'association amivantamab-chimiothérapie a monté un bénéfice en termes de SSP
comparativement a la chimiothérapie seule [Zhou et al. 2023].

Des essais ont également montré l'intérét de l'utilisation des ITKs dans des stades plus
précoces. L'essai ADAURA [Wu et al. 2020, Herbst et al. 2023] a évalué l'osimertinib en
adjuvant chez des patients opérés d’un adénocarcinome bronchique muté EGFR (délétion de
I’exon 19, mutation L858R de I’'exon 21) de stade IB-IlIA. Les résultats finaux ont été rapportés
chez les patients présentant un stade II-lllIA. Les patients avaient la possibilité de recevoir une
chimiothérapie adjuvante. Aprés un suivi médian de 44,2 mois, la SSM était significativement
plus longue dans le groupe osimertinib que dans le groupe placebo : 65,8 mois (IC 95%, 54.4 -
NA) vs 21,9 mois (IC 95%, 16,6 — 27,5), HR 0,23 (IC 95% , 0,18 — 0,30). On notera enfin les
résultats de I'essai LAURA [Lu et al. 2024] qui a évalué I'osimertinib en consolidation chez les
patients présentant un adénocarcinome bronchique de stade Il muté EGFR et traité par radio-
chimiothérapie concomitante. Cet essai a montré des résultats positifs en termes de SSP en
faveur de l'osimertinib : 39,1 mois vs 5,6 mois (hazard ratio 0,16 (IC 95%, 0,10 — 0,24);
P<0,001.

ALK

Le réarrangement NPM1-ALK a initialement été décrit chez des patients atteints de
lymphome anaplasique a grandes cellules. Dans un second temps, le réarrangement EML4—
ALK a été décrit chez des patients présentant un CBNPC. Depuis cette description initiale, plus

de 90 partenaires de fusion ALK ont été identifiés. Le CBNPC présentant ce réarrangement
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reste une tumeur relativement rare car elle représente 3 a3 7 % de tous les CBNPC. Les
réarrangements ALK entrainent une activation constitutive de la kinase ALK et des voies de
signalisation cellulaire en aval associées, telles que RAS—MAPK, PI3K—AKT et JAK-STAT,
conduisant a une prolifération et une survie cellulaire dysrégulées. De nombreux ITK de
premiere, deuxieme, troisieme et de nouvelle génération ont été développés pour le
traitement des CBNPC de stade avancé présentant un réarrangement ALK. Les données
récentes ont permis de montrer une supériorité de I'alectinib (600 mg x 2/j) par rapport au
crizotinib (250 mg x 2/j) en premiére ligne en termes de SSP et un bénéfice numérique en
termes de SG mais les données de survies étaient non matures lors de la publication [Mok et
al. 2020]. Le brigatinib (90 mg x1/j pendant 7 jours puis 180 mg x1/j) a également été comparé
au crizotinib (250 mg x2/j) [Camidge et al. 2021] et a monté sa supériorité en termes de SSP
et de SG avec de nouveau des données non matures rendant l'interprétation de la SG
incompleéte. Enfin, le lorlatinib, ITK d’ALK de troisieme génération a lui également été comparé
au crizotinib avec des données mises a jour de maniéere récente [Solomon et al. 2024] qui
montrent, a 5 ans, un bénéfice en termes de SSP avec une SSP non atteinte dans le groupe
lorlatinib. On notera également que le temps jusqu’a progression intra-cranienne était
également non atteint dans le groupe lorlatinib. Ces résultats positionnent le lorlatinib comme
ITK de choix de premiere ligne chez les patients présentant un CBNPC de stade IV avec une
translocation ALK. Des ITK de nouvelle génération sont en cours de développement et les
résultats des essais de phase précoce sont déja encourageants [Lin et al. 2024].

De la méme maniere que pour les mutations EGFR avec I'osimertinib, I'alectinib a été évalué
chez des patients présentant un CBNPC avec réarrangement ALK de stade IB-IlIA opéré.
L’alectinib en adjuvant a monté un bénéfice en termes de SSM comparé a la chimiothérapie
adjuvante [Wu et al. 2024]. Cette situation clinique demeure néanmoins rare voire
exceptionnelle avec I'immense majorité des patients présentant une maladie avancée lors du

diagnostic.

ROS1
En premiére ligne métastatique, le crizotinib dispose d’'une AMM sans remboursement et est
actuellement le traitement de choix. De nombreuses autres molécules ont été évaluées et ont

montré une efficacité en premiere ligne ou aprés progression sous crizotinib. Toute la
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difficulté réside dans le caractere rare de cette anomalie moléculaire (1% des CBNPC environ),
rendant les essais thérapeutiques de grande ampleur difficiles a réaliser. On pourra citer
I'efficacité en premiere ligne thérapeutique de plusieurs molécules comme I’entrectinib
[Drillon et al. 2019, Peters et al. 2024], le ceritinib [Lim et al. 2017], le lorlatinib [Baldacci et al.
2022, Shaw et al. 2019] ou encore le repotrectinib [Drilon et al. 2024]. Ce dernier est un pan-
ITK de nouvelle génération qui cible ROS1, TRK et ALK et qui a donné des résultats prometteurs
en premiére ligne thérapeutique. Actuellement, la prise en charge thérapeutique repose sur
un traitement par crizotinib (250mg x 2/j) avec une possibilité de proposer un traitement par
repotrectinib en accés compassionnel chez les patients prétraités par crizotinib. Il est
également souhaitable d’inclure ces patients autant que possible dans les essais

thérapeutiques.

BRAF

Chez les patients présentant un CBNPC métastatique présentant une mutation BRAF V600E,
un traitement associant dabrafenib (ciblant BRAF, 150 mg x2/j) et trametinib (ciblant MEK, 2
mg x 1/j) est disponible et a montré son efficacité en premiere et en deuxiéme ligne dans des
essais de phase Il non contrélés [Planchard et al. 2016, Planchard et al. 2017]. L’association
encorafenib + binimetinib [Riely et al. 2023] montre également des résultats encourageants
et dispose d’'une AMM européenne et se présente comme une option thérapeutique

supplémentaire dans cette situation.

Mutations dans I'exon 14 de MET

Plusieurs molécules ont également été évaluées dans la prise en charge des mutations de
I'exon 14 de MET. Actuellement en France, seul le crizotinib dispose de la possibilité d’une
prescription compassionnelle suite aux résultats de I'essai ACSé crizotinib [Moro-Sibilot et al.
2019]. Des inhibiteurs spécifiques ont également été développés avec des résultats
encourageants comme le tepotinib [Paik et al. 2020] ou le capmatinib [Wolf et al. 2020] Ces
deux molécules disposent d'une AMM européenne en deuxiéme ligne thérapeutique chez ces
patients mais ne sont actuellement pas accessibles en France. Le seul recours thérapeutique

repose sur le crizotinib en deuxieme ligne et I'inclusion dans les essais thérapeutiques.
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Mutation HER2 (mutation ou insertion dans I'exon 20)
L’anticorps conjugué trastuzumab-deruxtecan a montré son intérét dans cette indication [Li
et al. 2022] En outre, le zongertinib, un ITK qui lie HER2 de maniere irréversible a montré des

résultats préliminaires intéressants [Heymach et al. 2023, Wilding et al. 2024].

KRAS G12C

La mutation G12C est une mutation fréquente qui est habituellement retrouvée chez les
patients fumeurs présentant un CBNPC. Plusieurs inhibiteurs spécifiques pour les mutations
KRAS G12C ont récemment été développés, comme le sotorasib [de Langen et al. 2023] ou
I’'adagrasib [Janne et al. 2022]. Actuellement, le sotorasib n’est plus accessible en France et
I’'adagrasib est en cours d’évaluation dans des essais de phase lll. Il est néanmoins accessible
en acces compassionnel chez les patients ayant échappé a une seconde ligne par docetaxel ou

inéligibles a un traitement par docetaxel en seconde ligne.
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ll- Les mécanismes de résistance a 'immunothérapie

Comme évoqué ci-dessus, I'immunothérapie constitue une modalité thérapeutique utilisée
dans de nombreuses situations clinques, aussi bien au stade localisé, localement avancé que
métastatique chez les patients présentant un CBNPC.

Définir, organiser et classer les différents mécanismes de résistance constitue un réel défi, et
plusieurs classifications ont été proposées. Sharma et al. [Sharma et al. 2017] ont proposé de
distinguer la résistance primaire, adaptative et acquise. Actuellement, une classification
simplifiée distinguant la résistance primaire et acquise est largement employée [Schoenfeld

et al.2020].

1. Définition des mécanismes de résistance a I'immunothérapie

La Society for Immunotherapy of Cancer (SITC) a récemment publié un consensus de la
définition de résistance a I'immunothérapie ou a la combinaison d’immunothérapie [Kluger et
al. 2023]. La résistance primaire concerne les patients ayant recu au moins deux cycles
complets de traitement et qui présentent une progression tumorale ou une stabilité tumorale
durant moins de 6 mois. La résistance acquise y est définie comme une progression survenant
apres 6 mois d’exposition au traitement et une réponse partielle, une réponse compléte ou
une stabilité durant au moins 6 mois. Il est noté que, pour les cancers agressifs comme le
CBNPC, cette définition peut étre raccourcie a 3 mois. Les mécanismes de résistance a

I'immunothérapie sont résumés dans la figure 5.
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Figure 5. Mécanisme de résistance primaire et acquise a I'immunothérapie.
A. Mécanismes de résistance primaires et acquis [Sharma et al. 2017]

B. Classification biologique des mécanismes de résistance [Karasarides et al. 2022]
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Dans le CBNPC de stade avancé traité par immunothérapie seule ou en association avec la
chimiothérapie, le taux de résistance primaire reste approximatif. Dans I'essai Keynote-189
[Gandhi et al. 2018], le TRO était de 47,6% dans le groupe expérimental, suggérant que plus
de la moitié des patients ont présenté une résistance primaire a 'immunothérapie. Ce taux
correspond a une estimation car il ne prend pas en compte les patients non-répondeurs mais
qui présentent une stabilité radiologique et un bénéfice clinique qui peut durer parfois
plusieurs mois. D’autres auteurs rapportent des taux de résistance primaire plus bas, allant de
7 a 44% selon les modalités thérapeutiques (deuxieme ligne et plus, premiere ligne seule,
premiére ligne en association avec la chimiothérapie).

Il existe un mécanisme de progression particulier que I'on a nommé hyperprogression (HP)
[Champiat et al. 2016]. Dans cette situation clinique, la tumeur connait une accélération
brutale et rapide de sa croissance suite a I'exposition a une immunothérapie. Ce contexte
clinique présente un pronostic tres sombre et peut toucher jusqu’a 10-15% des patients
présentant un CBNPC de stade avancé traités par immunothérapie seule. Les mécanismes
biologiques menant a I’HP peuvent nous renseigner sur les mécanismes de résistance primaire
et acquise a l'immunothérapie. Li et al. [Li et al. 2022] ont montré que les patients qui
présentent une HP ont une augmentation de I’expression tumorale de fibroblast growth factor
2 (FGF2) et une dérégulation de la voie de signalisation B-caténine. La dérégulation de cette
voie de signalisation serait secondaire a la sécrétion d’interféeon-gamma (IFNG) par les
lymphocytes T (modeéle animal) qui pourrait promouvoir la signalisation médiée par FGF2.
D’autres auteurs ont montré le role délétere des cellules T régulatrices effectrices exprimant
PD-1 [Kamada et al. 2019]. En effet, les cellules T régulatrices effectrices exprimant PD-1 sont
fortement activées et proliférantes dans le contexte d’HP et jouent un réle inhibiteur sur
I'immunité anti-tumorale. Les macrophages associés aux tumeurs (macrophages M2-like
CD163*CD33*PD-L1*) [Lo Russo et al. 2019] jouent également un réle dans I’'HP et semblent
pouvoir étre reprogrammés suite a linteraction avec le fragment Fc de I'anticorps
monoclonal. Enfin, Du et al. [Du et al. 2018] ont souligné le role délétére d’une forte
expression du PD-1 par les cellules tumorales. Les mécanismes biologiques restent néanmoins
encore mal connus, et sont certainement multiples et intriqués.

La résistance acquise correspond a la situation clinique ou les patients présentent une réponse
initiale a 'immunothérapie suivie d’une progression dans un deuxiéme temps. De la méme

maniére que pour la résistance primaire, les taux de résistance acquise ne sont pas connus de
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maniére précise. lls ont été estimés par Schoenfeld et al. [Schoenfeld et al. 2020] entre 32%
et 64%. D’autres auteurs [Zhou et al. 2023] ont estimé le taux de résistance acquise entre 32%
et 78%.

Les principaux mécanismes biologiques de résistance acquise aux ICls sont : les défauts de
présentation antigénique, les perturbations de la signalisation liée a I'lFNG, la déplétion en
néo-antigénes, I'immunosuppression/immunoexclusion médiée par la tumeur et I'action
d’autres points de contréle immunitaires [Schoenfeld et al. 2020].

Les défauts de présentation antigénique seront détaillés ci-apres. La perturbation de la
signalisation liée a IFNG peut survenir suite a I'acquisition de mutations au niveau des genes
encodant Janus kinase (JAK) 1 ou JAK2, ce qui entraine une perte de sensitivité des cellules
cancéreuses a la signalisation IFNG [Zaretsky et al.2016, Sucker et al. 2017] La déplétion en
néo-antigénes peut survenir suite a la perte de mutations somatiques qui encodent pour des
néo-antigenes anti-tumoraux potentiels. Cette perte peut étre la conséquence d’une sélection
clonale, d’une répression épigénétique ou d’une perte du nombre de copies. L'ensemble de
ces mécanismes menant a une évasion des cellules tumorales [Anagnostou et al. 2016]. La
perte de PTEN est un autre mécanisme de résistance acquise qui entraine I'augmentation de
I'expression de cytokines immunosuppressives et diminue la sécrétion d’IFNG par les
lymphocytes T effecteurs. Ainsi, l'infiltration immunitaire médiée par les lymphocytes T est
inhibée ce qui conduit a I'’échappement tumoral [Trujillo et al. 2019]. L’activation de la voie
Wingless-integration stie (WNT)-B-catenin a été liée a la production de cytokines
immunosuppressives, a I'altération du priming des cellules dendritiques, a la promotion de
cellules T régulatrices et a une faible infiltration lymphocytaire T, et est également un
mécanisme de résistance aux ICls [Yaguchi et al.2012, Zhao et al. 2017]. Enfin, I'augmentation
de l'activité d’autres inhibiteurs de point de contréle immunitaires comme LAG3 ou TIM3

peuvent également contribuer a la résistance acquise [Gettinger et al. 2017].

2. Altérations de la présentation antigénique

Les cellules cancéreuses ont la capacité de réduire I'expression des protéines HLA a leur
surface et donc d’échapper a I'immunité adaptative. Il s’agit d’'un mécanisme majeur de

résistance primaire et acquise a I'immunothérapie [Garrido et al. 2019, Jhunjhunwala et al.
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2021]. Plusieurs mécanismes peuvent induire un défaut d’expression d’HLA :

mutations au niveau des genes codant pour beta-2-microglobuline (32M) telle qu’une
perte bi-allélique, une perte d’hétérozygotie ou mutations par décalage du cadre de
lecture.

mécanismes de régulation épigénétique. Par exemple I'hyperméthylation de
promoteurs des génes de complexe majeur d’histocompatibilité (CMH) de classe |
survient fréquemment et cela entraine une inactivation des loci HLA-A, -B ou —C. De
maniere indirecte, des méthyltransférases des histones au sein de la machinerie de
remodelage de la chromatine peut impacter l'infiltration lymphocytaire TCD8+, la
réponse a TNF alpha, I’expression de PD-L1 et I’expression du CMH-I [Zingg et al. 2017].
En outre, les facteurs de transcription DUX4 controle en partie I'expression des genes
HLA-A/B/C et f2M. Une dérégulation de I'expression de DUX4 entraine une réduction

de la réponse a IFNG et une expression CMH-I réduite [Chew et al. 2019].

L’ensemble de ces mécanismes sont mal connus et mal documentés, notamment dans le

CBNPC.

Une partie de nos travaux s’est donc focalisée sur la machinerie de présentation antigénique

et plus particulierement sur les composants du complexe de chargement des peptides (CCP).

45



lll- La présentation antigénique liée au complexe majeur d’histocompatbilité (CMH) de

classe |

1. Laformation des peptides

La présentation antigénique liée au CMH de classe | permet aux lymphocytes T CD8+
d’identifier les cellules qui produisent des protéines du non-soi. Les peptides présentés a la
surface cellulaire sont générés dans le cadre du catabolisme habituel des protéines cellulaires.
De maniére physiologique, I'ensemble des protéines synthétisées de maniere endogéne sont
dégradées en oligopeptides par la voie ubiquitine-protéasome [Rock et al. 1999]. Celle-ci
permet les clivages initiaux, en particulier la coupure C-terminale qui est nécessaire pour la
génération de la majorité des peptides présentés par le systtme CMH de classe | [Rock et al.
1994, Michalek et al. 1993, Shen et al. 2004, Wei et al. 2017].

Le protéasome est un complexe enzymatique multiprotéiques qui est localisé, dans les cellules
eucaryotes, au niveau du cytosol et est associé au réticulum endoplasmique (RE) [Peters et al.
1994]. Sa fonction principale consiste en la dégradation ciblée de protéines mal repliées,
dénaturées ou devenues obsolétes. La dégradation se fait par protéolyse et permet d’obtenir
des peptides longs de 7 a 9 acides aminés. |l existe plusieurs formes de protéasomes, connues
sous les noms de protéasomes, immunoprotéasomes et thymoprotéasomes [Murata et al.
2018]. Les immunoprotéasomes sont composés de trois versions alternatives de sous-unités
du site actif des protéasomes. Ces versions alternatives présentent des propriétés catalytiques
différentes ce qui donne aux immunoprotéasomes la possibilité de générer une grande variété
de peptides différents, souvent mieux adaptés pour la présentation antigénique de type CMH
de classe | [Ref. Rock et al. 1999, Kincaid et al. 2011]. Une fois les peptides produits par
I'immunoprotéasome, une partie est transférée dans la lumiére du RE par le transporteur
Transporter associated with Antigen Processing (TAP). La machinerie de présentation des

antigenes est représentée dans la Figure 6.
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Figure 6. Représentation schématique de la machinerie de présentation antigénique dans

les cellules tumorales [Yang et al. 2023]
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2. Le complexe de chargement des peptides

Le complexe de chargement des peptides (CCP) est un complexe multi-protéique composé de
plusieurs protéines chaperones. Son role est la stabilisation de I’ensemble chaine lourde de
CMH-I, chaine légere CMH-I ou B2M et peptide. Les protéines chaperones qui le constituent
sont tapasin, calreticulin (un homologue soluble de calnexin), ERp57 (une thiol oxido-
réductase). Le CCP complet est donc formé des protéines tapasin, calreticulin, ERp57, du
complexe chaine lourde de CMH-1/B2M sans peptide et des deux transporteurs TAP (TAP 1 et

2). La Figure 7. montre la composition et I'architecture d’'un CCP humain.

La séquence de chargement des peptides commence par le pliage de la chaine lourde de CMH-
I. Ce pliage est facilité par la protéine chaperone calnexin. La chaine lourde s’associe ensuite
avec B2M pour générer un hétérodimere apte a accueillir un peptide. Cet ensemble est
ensuite intégré au CCP. Afin de permettre un chargement optimal des peptides sur le
complexe chaine lourde de CMH-1/B2M, un CCP intact et fonctionnel et nécessaire. Une fois
le peptide chargé de maniére stable, le CCP libére le complexe chaine lourde de CMH-
I/B2M/peptide qui sort du RE, traverse I'appareil de Golgi et rejoint la surface cellulaire afin
de présenter le peptide au lymphocytes TCD8+ et aux cellules NK.

La structure précise du CCP a été déterminée par cryo-microscopie électronique (cryo-ME) et
décrite par Blees et al. [Blees et al. 2017]. D’aprées leur description, le CCP se compose de deux
modules d’édition étroitement liés. Deux molécules de tapasin opposées, inclinées de 30°
l'une vers l'autre, forment un échafaudage central. Erp57 se présente avec une conformation
en forme de U et est complexé a tapasin via les domaines a et a’ 12 catalytiquement actifs. En
outre, il existe une disposition croisée des deux modules tapasin—ERp57 permettant de
stabiliser le CCP. Tapasin se lie également a la chaine lourde de CMH de classe | par des résidus
présents dans la boucle entre les brins B 17 et 18 du domaine immunoglobulinique de type C-
terminal qui s'accrochent a la boucle de reconnaissance CD8 du domaine a3 des chaines
lourdes. Au second site de liaison, les brins B 6 et 7 et I'hélice a2-1 des chaines lourdes de
CMH-I sont agrippés par des résidus dans les boucles reliant les brins B 1-2 et 9-10 de tapasin,
positionnant les résidus critiques R187 de tapasin et T134 de la chaine lourde de CMH-I
proches I'un de l'autre. Calreticulin posséde un domaine lectine globulaire qui contient un site

de liaison au glycane. Ce site de liaison détecte les motifs monoglucose des glycanes N-core
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de la chaine lourde CMH-I avant qu'il ne s'associe avec tapasin. La branche monoglucosylée
du glycane N-core, issue de N86 de la chaine lourde de CMH-I, est fixée a la surface de liaison
au glycane de la calreticulin, tandis qu'une autre branche mannose s'insére probablement
parmi les résidus situés au bord du sandwich B de la lectine. La queue C-terminale de
calreticulin pointe vers la membrane luminale du RE, ou elle est située prés du domaine
immunoglobulinique de type C-terminal de tapasin. Le domaine bras de calreticulin forme une
ceinture elliptique discontinue autour du module d'édition et connecte la chaine lourde de
CMH-1 a ERp57. La région centrale du domaine bras surplombe la fente de liaison au peptide
de la chaine lourde CMH-I. La pointe du domaine bras repose sur I'hélice H12 du domaine b'
d'ERp57. Cette proposition de structure, met en évidence le réle central du domaine
immunoglobulinique de type C-terminal de tapasin, qui agit comme un centre d'interaction
multivalent essentiel pour les autres sous-unités du CCP. Les auteurs précisent enfin que la
présence d’une cavité centrale reliant la sortie du chemin de translocation des peptides de
TAP avec la lumiére du RE via deux fenétres latérales pourrait servir de panier moléculaire
pour les peptides transportés avant qu'ils ne soient modifiés par les aminopeptidases

résidentes du RE.
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Figure 7. Composition et architecture du CCP humain [Blees et al. 2017]
A. Structure générale du PLC totalement assemblé

B. Densité cryo-ME des deux modules d’édition pseudo-symétrique
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a. Transporter associated with antigen processing (TAP)

TAP est un membre de la super-famille des transporteurs ABC. Les membres de cette famille
transportent de nombreuses molécules (ions, grandes protéines) a travers les membranes
cellulaires de maniére ATP-dépendante. Les transporteurs ABC partagent deux domaines
cytoplasmiques capables de lier I'ATP et deux domaines hydrophobes composés de 5-10
segments transmembranaires. TAP est composé de deux sous-unités, TAP1 (748 acides
aminés) et TAP2 (686 acides aminés et 653 pour TAP2 iso). Les genes pour TAP1 et TAP2 sont
localisés dans le locus du CMH-II du chromosome 6 et sont formés de 8-12 kb chacun. Les
sous-unités TAP1 et TAP2 se dimérisent afin de former le transporteur TAP. Il a été montré
qgue TAP1 a la capacité de former des homodimeéres mais il n’a pas été mis en évidence
d’homodimeéres composés exclusivement de sous-unités TAP2 [Antoniou et al. 2002]. Le

transporteur TAP permet le transport des peptides du cytosol vers la lumiére du RE.

b. Tapasin

Tapasin est une glycoprotéine transmembranaire de 48 kDa encodé par le géne TAPBP. Elle
joue un role essentiel dans la sélection des peptides et dans la stabilisation du complexe
chaine lourde de CMH-1/B2M/peptide.

Il s’agit d’une protéine chaperone spécifique qui joue un réle essentiel dans la stabilisation et
le chargement de peptides sur des molécules chaine lourde CMH-I vides. Tapasin se trouve au
sein du RE, dans une conformation stable, liée avec un site cystéine actif de la thiol oxido-
réductase ERp57 [Dick et al. 2002, Peaper et al. 2005]. L’hétérodimeére tapasin/ERp57 recrute
les molécules du CMH-I ainsi que la chaperone calereticlulin au sein du CCP [Wearsch et al.
2007]. Tapasin se lie également a TAP en s’y associant via son domaine transmembranaire ce
qui permet aux chaines lourdes CMH-I de se rapprocher des peptides qui entrent dans le RE.
Ainsi, I'expression de TAP est augmentée et la quantité de peptide présente dans la lumiére
du RE augmente [Bangia et al. 1999, Garbi et al. 2003]. Tapasin permet également de retenir
les molécules CMH-I vides dans le RE et favorise leur chargement avec des peptides de haute
affinité. Enfin, tapasin permet de stabiliser les complexes chaine lourde de CMH-I/B2M vides.

Tapasin permettrait également de catalyser la liaison entre chaine lourde de CMH-1/B2M et le
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peptide. Parmi les autres réles de tapasin, il a été suggéré qu’il a la possibilité d’éditer la

longueur des peptides mais il semblerait qu’il ne soit plus un facilitateur [Zarling et al. 2003].

c. ERp57

ERp57, également nommé protéine disulfide isomérase 3 (PDIA3), est une thiol oxido-
réductase de 58 kDa, membre de la famille des protéines disulfides isomérase (PDI). Les PDls
sont un ensemble d’enzymes caractérisées par la présence de domaines thiredoxines. Erp57
se situe essentiellement au niveau du RE, mais il a été montré qu’il peut se trouver au niveau
du noyau ou encore au niveau de la membrane cellulaire. En lien avec la présentation
antigénique liée au CMH-I, ERp57 joue un réle central. Tout d’abord, la chaine lourde CMH-I
glycosylée se lie a calnexin et ERP57. La formation de ce complexe permet de catalyser la
formation de liens disuflides au sein de la chaine lourde ce qui permet son assemblage avec
B2M. Dans un second temps, les deux domaines catalytiques d’ERp57 forment un
hétérodimere stable avec tapasin, essentiel pour le chargement des peptides [Dong et al.
2009, Coe et al. 2010].

La présence d’ERp57 en dehors du RE a également été mise en évidence avec sa présence
retrouvée au niveau du noyau, du cytosol et de la membrane cellulaire. ERp57 semble jouer
un réle de régulation génique en interagissant directement avec I’ADN, sur la signalisation de
réparation de I’ADN et sur la voie de signalisation STAT3. Par ailleurs, ERp57 joue un réle dans
la mort cellulaire immunogénique. L'exposition de calreticulin a la surface des cellules
déclenche la réponse immunitaire et facilite la reconnaissance et la destruction des cellules
apoptotiques. ERp57 joue un réle essentiel afin de permettre la translocation de calreticulin a
la surface cellulaire [Panaretakis et al. 2009]. De maniére intéressante et contradictoire, il a
également été montré qu’ERp57 joue un role dans la dégradation de la matrice extra-cellulaire

[Ros et al. 2020] soulignant le caractére ambivalent de cette chaperone.

d. Calreticulin

Calreticulin est une protéine chaperone de 46 kDa composée de 417 acides aminés. Sa
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localisation principale se situe dans lumiere du RE. Elle se compose d’un domaine lectine N-
terminal qui permet son interaction avec intégrines a, et qui contient un site de liaison a I'ADN
de type récepteur stéroidien impliqué dans les fonctions de chaperonnage, un domaine
central riche en proline avec une affinité élevée et une faible capacité de liaison au Ca?*, qui
participe a I'activité de chaperonnage et enfin une région C-terminale hautement acide avec
une faible affinité et une grande capacité de liaison au Ca?*, impliquée dans les fonctions de
tamponnement du Ca?* suivie d'un domaine KDEL C-terminal qui assure le retour de
calreticulin de I'appareil de Golgi vers le RE. Calreticulin joue plusieurs roles, d’une part, elle
participe, au sein du cycle calnexin/calreticulin, au contréle de qualité pour les protéines et
glycoprotéines nouvellement synthétisées. Ce systeme empéche I'exportation prématurée
hors du RE de protéines mal repliées. Calreticulin, du fait de sa capacité de liaison au Ca?*, joue
également un réle central dans la signalisation liée au Ca®* et au maintien de ’lhoméostasie
calcique [Milner et al. 1991]. Cela permet aussi d’opitmiser la signlisation liée aux intégrines
et donc des processus d’adhésion cellulaire [Coppolino et al. 1995, Coppolino et al. 1997].
Comme détaillé plus haut, calreticulin joue un réle central au sein du CCP. Il interagit d’une
part avec ERp57 de maniére glycane-dépendante ce qui permet de conserver des niveaux
adéquats de tapasin et de chaine lourde CMH-I a un état de stabilité. D’autre part, elle peut
récupérer dans des compartiments post-RE, des molécules CMH-I mal assemblées. Enfin,

calreticulin jour un réle dans la mort cellulaire immunogénique [Fucikova et al. 2021].

3. Présentation antigénigue de type CMH-| et cancer

De nombreux types histologiques différents de cancer présentent des altérations de
I’expression de molécules du CMH-I, y compris dans le cancer pulmonaire.

Le Tableau 3 résume les résultats des principales études ayant étudié I'expression du
complexe HLA dans les CBNPC, par des techniques d’IHC. Il ressort de ces travaux qu’une
majorité de patients présentant un CBNPC présentent des déficits de I'expression de HLA de
classe-l. En effet, les auteurs ont tous trouvé des déficits plus ou moins marqués en HLA-A/B/C,
B2M, TAP1 ou encore tapasin dans les CBNPC. Le nombre de patients présentant un déficit en
chaine lourde de HLA de classe-I va ainsi de 33% a presque 100% des échantillons analysés. Il

est rapporté 24% de déficit en TAP1 et jusqu’a 78,2% de déficit en f2M et proche de 100% de
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déficit en tapasin (sur un échantillon de tres petite taille).

Tableau 3. Résumé des études évaluant les composants de la machinerie de présentation

des antigenes dans le cancer pulmonaire.

Technology)

Etude, année N Contexte Cible (anticorps) Proportion de cas
patients | clinique considérés comme
négatifs
Passlick et al. | 91 CBNPC opéré | Complexe HLA-A/B/C- B2M (W6/32) | 33%
1994
Korkolopoulou | 93 CBNPC opéré | Complexe HLA-A/B/C- B2M (W6/32) | 40%
et al. 1996 (1-11) B2M (BBM-1)
HLA-A2/B17 (MA2.1)
Chaine lourde HLA-A libre (HCA2)
TAP1 (AKI-7) 24%
Lou etal. 2005 | 9 CBPC HLA-I (HC-10) 100%
10 CBNPC B2M (Dako) 100%
(Stade I-1l) | TAP1 (148.3) 95%
Tapasin (TO-3) 89%
Ramnath et al. | 190 CBNPC opéré | HLA-I (HC-10) 93%
2005 (Stade I- IV)
Kikuchi et al. | 161 CBNPC opéré | Chaine lourde HLA-I (EMR8-5) 68.9%
2007 B2M (EMR-B6) 78.2%
Hanagiri et al. | 136 CBNPC opéré | Chaine lourde HLA-I (EMR8-5) 64%
2013 (Stade 1)
Shionoya et al. | 85 CBNPC opéré | Tapasin (TO-3) 72.9%
2017 (Stade I-111)
Datar et al.| 186 CBNPC HLA-I (HC-10) 12.1%
2021 273 (Stade I-1V) HLA-A/G libre (HC-A2) 9.0%
342 B2M (clone D8P1H, Cell Signaling | 9.0%

Concernant I'expression spécifique de tapasin, il a été montré une perte d’expression

fréquente de cette protéine dans de nombreuses histologies de cancers, comme le mélanome,

le carcinome épidermoide ORL, le carcinome rénal, le carcinome colo-rectal, le glioblastome,

le neuroblastome et le cancer bronchique [Dissemond et al. 2003, Krishnakumar et al. 2033,

Ogino et al. 2003, Ogino et al. 2006, Seliger et al. 2003, Atkins et al. 2004, Facoetti et al. 2005,

Raffaghello et al. 2005]. Dans le CBNPC, Shionoya et al. [Shionoya et al. 2017.] ont évalué
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I’expression de tapasin chez 85 patients présentant un CBNPC opéré. L’expression de tapasin
était évaluée en fonction du pourcentage de cellules tumorales positives, a savoir, supérieur
a 75%, de 25% a 75% et inférieur a 25% donnant un score de 2, 1 et O, respectivement. Les
patients présentant un score de 0 ou 1 étaient considérés comme ayant une expression
réduite de tapasin. Seuls 27,1% des échantillons présentaient une expression normale de

tapasin alors que 72,9% des cas présentaient une perte d’expression de celle-ci.

La grande majorité de ces études ont utilisé I'lHC classique pour analyser I'expression des
différentes protéines analysés. Datar et al. [Datar et al. 2021.] ont analysé I’expression de HLA-

A et de la chaine lourde de HLA-A/B/C ainsi que de B2M, par immunohistochimie multiplex

guantitative (mQIF). Cette technique présente I'avantage de permettre une analyse

guantitative objective de chaque marqueur étudié, et de permettre une analyse spatiale en
créant des secteurs tumoraux et stromaux (micro-environnement tumoral). L'utilisation de
logiciel de « machine learning » permet en outre des analyses spatiales fines sur le rapport
des cellules entre elles ou la distance entre les cellules. Trois cohortes de patients (n=186, 273
et 342) présentant des CBNPC et dont les prélevements étaient représentés dans des tissue
microarrays (TMAs) ont été analysées. Les auteurs ont évalué I’expression des chaines lourdes
libres (non liées a B2M) de HLA-A/B/C et de B2M en utilisant les anticorps HC-A2, HC-10 et
D8P1H. A travers I’ensemble des cohortes, 30,4% des tumeurs présentaient une régulation
négative au niveau des cellules cancéreuses d’'un ou de plusieurs marqueurs. Plus
spécifiguement, 9,8% des prélévements présentaient une régulation négative de p2M, 9,0%

de HLA-A et 12,1% de HLA-B/C.

L'ensemble de ces résultats montrent que les cancers, et en particulier le cancer bronchique,
régule de maniére négative I'expression des protéines de la machinerie de présentation
antigénique. Cette régulation négative a un impact sur linfiltration lymphocytaire, en
particulier TCD8+ et sur la survie des patients [Datar et al. 2021, Shionoya et al. 2017]. Cette
observation est cruciale car aujourd’hui, la majorité des patients présentant un CBNPC, quel
gue soit le stade, sera exposée a une molécule d'immunothérapie. Or, en |'absence de
présentation antigénique adaptée, I'efficacité de ces traitements reste limitée. Il est donc

pertinent d’analyser de maniére précise I'expression de I'ensemble des composants de la
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machinerie de présentation antigénique, et en particulier les membres du CCP afin d’évaluer
leur impact sur l'infiltration lymphocytaire TCD8+ et sur la survie des patients. Il est également
nécessaire de découvrir des voies de signalisation méconnues potentiellement ciblables afin

de proposer de nouvelles stratégies thérapeutiques chez les patients présentant un CBNPC.
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IV- Biomarqueurs solubles

Dans le cadre du traitement des cancers bronchiques par anticorps anti-PD-1/PD-L1,
I’évaluation de [I'expression de PD-L1 a la surface des cellules tumorales par
immunohistochimie reste le seul biomarqueur largement employé pour sélectionner les
patients qui vont présenter une réponse prolongée aux ICls. Cette technique permet aussi de
proposer des modalités thérapeutiques particulieres chez certains patients, notamment ceux
qui présentent un TPS > 50% et qui peuvent bénéficier d’un traitement par immunothérapie
seule en premiere ligne thérapeutique (voir partie Modalités thérapeutiques du CBNPC). Par
ailleurs, il a été montré de maniere réguliére a travers les essais cliniques que les patients avec
une expression de PD-L1 > 50% sur les cellules tumorales présentent un meilleur pronostic.
Néanmoins, ce biomarqueur demeure imparfait car des patients qui présentent une
expression de PD-L1 basse peuvent présenter un bénéfice clinique et certains patients
présentant une expression de PD-L1 élevée vont présenter une survie courte. Par ailleurs, il
est connu qu’il existe une hétérogénéité spatiale de I’expression de PD-L1 au sein d’un méme
prélevement et entre deux sites tumoraux distincts [Kim et al. 2015, Ilie et al. 2016, Li et al.
2017, Casadevall et al. 2017, Uruga et al. 2017, Pinato et al. 2016, Mansfield et al. 2016], ainsi
gu’une variation temporelle de PD-L1, en particulier au cours de traitements a base de
chimiothérapie [Sheng et al. 2016, Lim et al. 2015]. Il est donc nécessaire de développer de
nouveaux biomarqueurs qui pourront venir enrichir et compléter I'utilisation du PD-L1
déterminé par IHC. Dans ce contexte, des biomarqueurs solubles se sont développés. lls
présentent I'avantage d’étre facilement accessibles sans procédure invasive, contrairement
aux prélévements tissulaires qui nécessitent une biopsie. Il est également possible de répéter
ces prélevements au cours de la prise en charge du patient et d’évaluer leur évolutivité au

cours du traitement.

Le laboratoire Biomarqueurs et Essais Cliniques en Cancérologie et Onco-Hématologie
(BECCOH) de I’'h6pital Ambroise Paré (APHP), en collaboration avec le service de Pneumologie
et Oncologie Thoracique (Pr. Giroux-Leprieur) dispose d’une large plasmatheque de
préléevements de patients présentant un cancer pulmonaire suivis dans le service. Ainsi, une

des thématiques de recherche principale est celle des biomarqueurs solubles dans le CBNPC
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de stade avancé traité par immunothérapie. L'approche est double, la consolidation et
I’'approfondissement des connaissances autour de certains biomarqueurs déja étudiés au sein
du laboratoire comme le PD-L1 soluble (sPD-L1) [Costantini et al. 2018, Annexe #2], d’'une
part ; et d’autre part, la découverte de nouveaux biomarqueurs pertinents par des techniques
de screening agnostique de biomarqueurs. Cette deuxieme approche a permis de mettre en
évidence le potentiel de HGF comme biomarqueur et comme cible thérapeutique potentielle
(Article #1. Partie Résultats).

Cette thématique m’a également permis de publier une revue de la littérature sur le sujet (1©
auteur) dans Cancers en 2019 [Costantini et al. 2019, Annexe #3], et de co-signer plusieurs
articles originaux sur les biomarqueurs plasmatiques et résistance a I'immunothérapie durant

ma thése [Giroux-Leprieur et al. 2020, Mehlman et al. 2021, Takam Kamga et al. 2024 ].

1. Le PD-L1 soluble (sPD-L1)

La famille d’'immunoglobulines B7 est une super famille d’immunoglobulines dont les
principaux membres sont B7-1, B7-2 et B7-H1 aussi connu sous le nom de programmed death
ligand-1 (PD-L1). Il s’agit d’une famille de protéines transmembranaires impliquées dans la

régulation de la réponse immunitaire.

a. B7-H1 (PD-L1)

B7-H1, renommé PD-L1 dans un second temps du fait de I'identification de PD-1 comme son
récepteur, a été identifié en 1999 par Dong et al. [Dong et al. 1999]. Il a été identifié suite a la
recherche dans la base de données du National Center for Biotechnology Information de
molécules partageant une homologie avec les domaines d’'immunoglobulines V et C de B7-1
et B7-2. Ainsi, B7-H1 (B7-Homolog 1) a été identifié. Cette recherche a été réalisée en utilisant
les données publiées des séquences d’acides aminés de B7-1 et B7-2. Le géne a par la suite pu
étre séquencé en totalité et cloné. Le domaine extra-cellulaire de B7-H1 partage 20%
d’homologie d’acides aminés avec B7-1 et 15% d’homologie avec B7-2. Le domaine

cytoplasmique est quant a lui tres varié. Ainsi, le géne B7-H1 code pour une protéine
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transmembranaire de type | longue de 290 acides aminés avec des domaines
d’'immunoglobulines de type V et C, un domaine transmembranaire hydrophobe et une queue

cytoplasmique de 30 acides aminés.

b. Origine du sPD-L1

Le sPD-L1 a été identifié par Frigola et al. et rapporté en 2011 [Frigola et al. 2011].

Il a été montré que le surnageant collecté aprées culture de lignées de cellules tumorales
présentait du sPD-L1 lorsque lI'immunohistochimie PD-L1 était positive sur les cellules
tumorales suggérant que celles-ci avaient la capacité de la sécréter.

Teramoto et al. [Teramoto et al. 2023.] ont montré, chez des patients atteints de CBNPC
(n=63), gu’il n’existait pas de corrélation entre le taux de sPD-L1 pré-opératoire avec
I'intensité de PD-L1 sur les cellules tumorales (tcPD-L1) ni avec PD-L1 tumor proportion score
(TPS). Ces données suggerent que l'intensité d’expression de PD-L1 par les cellules tumorales
n’intervient pas sur le niveau de sPD-L1, mais ce qui ne remet pas en cause le fait que les
cellules tumorales puissent le sécréter. De maniere intéressante le sPD-L1 n’était pas corrélé
avec la taille de la tumeur, ni avec le stade. Par la suite, une corrélation positive a été mise en
évidence entre le sPD-L1 pré-opératoire et un score combiné associant les cellules PD-L1
positives et les macrophages associés aux tumeurs (TAMs) positifs (combined positive score)
avec un R=0,240 et un P=0,030.

Frigola et al. [Frigola et al. 2011.] ont par la suite évalué la capacité des cellules immunitaires
a sécréter sPD-L1. lls ont montré que suite a une stimulation par du Phytohemagglutinin
(PHA), les PBMCs de sujets sains sécrétent du sPD-L1 alors que les PBMCs non stimulés ne
présentent pas de sécrétion détectable, suggérant qu’une stimulation préalable est
nécessaire. Afin d’affiner ces résultats et détecter quelles sont les cellules qui sécréetent du
sPD-L1, les cellules ont été divisées en cellules adhérant et n’adhérant pas au plastique. Les
cellules adhérentes sont les seules a produire du sPD-L1 apres stimulation par du PHA,
suggérant que ce sont les cellules d’origine myéloides (monocytes, macrophages et cellules
dendritiques) qui sécrétent le sPD-L1. Par la suite, il a été montré que les cellules dendritiques
matures sécrétaient du sPD-L1 et que celui-ci conservait une activité biologique en

provoquant I'apoptose de lymphocytes TCD4+ et TCD8+, contrairement a ce qui avait été
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montré précédemment avec le sPD-L1 d’origine tumorale qui semblait présenter une
spécificité d’activité anti-apoptotique vis-a-vis des TCD4+. Enfin, il a été montré que les

cellules CD3+, activées ou non, ne sécrétaient pas sPD-L1.

¢. Fonction du sPD-L1

Firgola et al. [Firgola et al. 2011.] ont isolé des CD4 et CD8 en utilisant des billes
électromagnétiques (beads) et les ont par la suite stimulés pendant 72 heures avec un
anticorps anti-CD3. L’activation des CD4 et CD8 a été confirmée par la présence de PD-1 a la
surface des cellules. Les cellules ont ensuite été mise en présence de sPD-L1, IgG contréle avec
un blockeur de PD-L1 ou une IgG controle. Les cellules ont été analysées aprés 16 heures et
I'activité apoptotique évaluée. Il a été montré que I'expression de PD-1 était maximale a 72
heures. Le panneau ci-dessous montre |’activité apoptotique évaluée dans les cellules CD4+
et CD8+ en fonction des différentes conditions. La zone grisée représente les cellules non
traitées, le trait plein les cellules avec sPD-L1 et le pointillé les cellules avec blockeurs de PD-
L1. Ces résultats montrent d’'une part que le sPD-L1 semble spécifiquement augmenter
I'apoptose des CD4+ sans avoir d’effet sur les CD8+, et d’autre part qu’un inhibiteur de PD-L1

semble inhiber partiellement 'effet du sPD-L1.
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Figure 8. Le sPD-L1 d’origine tumorale induit I'apoptose des CD4+ et non des CD8+ [Ref.
Frigola et al. 2011]

CD4+ CD8+

Annexin-V -

Une autre étude de Liang et al. [Liang et al. 2023] a analysé par cytométrie de flux chez 26
patients atteints de cancer (carcinome hépatocellulaire, cholangiocarcinome, carcinome
pancréatique), la corrélation entre le taux de sPD-L1 et I'apoptose des lymphocytes T
périphériques (Annexin V). Il a été montré que le taux sPD-L1 avait une corrélation positive
avec I'apoptose des cellules PD1+ CD4+ mais pas avec les cellules PD1+ CD8+ suggérant que
le sPD-L1 joue un réle de déplétion spécifique sur les cellules CD4+. Les auteurs ont ensuite
exposé des PBMCs a du soluble monomeric human PD-L1 (smhPD-L1) ou a du soluble human
PD-L1 (shPD-L1). Les PBMCs étaient stimulés par des anticorps anti-CD3 et anti-CD28 en
présence ou en l'absence de smhPD-L1 et de shPD-L1. Il a été montré que le smhPD-L1 et le
shPD-L1 avaient la possibilité d’inhiber la prolifération des PBMCs.

Il a également été montré dans ce travail que le smhPD-L1 et le shPD-L1 avaient la capacité
d’inhiber la sécrétion de cytokines de la part des lymphocytes activés, en particulier IFNG, IL-
2, TNF-a et IL-10.

En outre, il a été montré que I'activité anti-tumorale des PBMCs était inhibée par le smhPD-
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L1. Enfin, des PBMCs étaient isolés et stimulés par un anticorps anti-CD3 et un anticorps anti-
CD28 et TGFB, avec ou sans smhPD-L1 ou shPD-L1 pendant 5 jours. Il a été montré que le
smhPD-L1 avait la capacité de promouvoir I'expression de FOXP3 au niveau des CD4+ de
maniere dose-dépendante. Cette observation suggére que le smhPD-L1 a la capacité de
promouvoir la conversion des lymphocytes T CD4+ en lymphocytes T régulateurs, réduisant

ainsi la réponse immunitaire de I’'hote.

En résumé, il a été montré que le sPD-L1 peut étre sécrété par les cellules cancéreuses et par
certaines cellules immunitaires, en particulier d’origine myéloide. Sa sécrétion semble étre
indépendante de I'expression de PD-L1 par les cellules tumorales, de la taille tumorale et du
stade, bien que des résultats contradictoires aient été rapportés. Le sPD-L1 joue un réle
immunomodulateur et a la capacité d’inhiber spécifiqguement les lymphocytes T CD4+ en

promouvant leur transformation en lymphocytes TCD4+ FOXP3+, T régulateurs.

d. Le sPD-L1 comme biomarqueur

Le sPD-L1 a montré son potentiel de biomarqueurs a travers de nombreux types de tumeurs
solides différentes comme le mélanome [Mahoney et al. 2022, Machiraju et al. 2021, Oh et al.
2021], le carcinome rénal a cellules claires [Mahoney et al. 2022, Incorvaia et al. 2020,
Larrinaga et al. 2021], le mésothéliome [Chiarucci et al. 2020], le cancer gastrique [Ref. Chivu-
Economescu et al. 2023, Shigemori et al. 2019, Takahashi et al. 2016], le carcinome
épidermoide ORL [Alrehaili et al. 2023, Molga-Magusiak et al. 2023], le cancer du sein [Han et
al. 2021, Li et al. 2022], le gliome [Ding et al. 2020] mais également a travers plusieurs
hémopathies malignes comme le lymphome B diffus a grandes cellules [Fei et al. 2020, Rossille
et al. 2014], le myélome multiple [Wang et al. 2015] et le lymphome de Hodgkin [Guo et al.
2018].

Le role de biomarqueur potentiel de sPD-L1 a également été évalué chez des patients
présentant un CBNPC [Zhang et al. 2015 a Ando et al. 2019]. D’autres études ont évalué la
concentration de sPD-L1 a travers différents sous-types histologiques. Enfin, plusieurs méta-
analyses ont évalué le role du sPD-L1 dans le cancer ou spécifiquement dans le cancer du

poumon. De maniéere générale, ces études ont montré que des niveaux de sPD-L1 plus élevés
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sont délétéres vis-a-vis de la réponse, la SSP, la SG et le bénéfice clinique, a travers de
nombreux sous-types histologiques de néoplasies solides et hématologiques recevant des
modalités  thérapeutiques  variées (chimiothérapie, = immunothérapie, chimio-
immunothérapie). Les principales études évaluant le réle du sPD-L1 sont résumées dans le
Tableau 4. En effet, le réle du sPD-L1 a été évalué au cours de mon année de Master 2 et a fait
I'objet d’'une publication [Ref. Costantini et al.] (Annexe 2). Ainsi, la partie portant sur le sPD-

L1 de ce travail de thése s’inscrit dans la continuité des premiers résultats obtenus sur le sujet.
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Tableau 4. Principales études évaluant le réle du PD-L1 soluble (sPD-L1) dans le CBNPC de

stade avancé

Etude, année

N patients

Contexte clinique

Concentration de sPD-L1

Principaux résultats

Okuma et al. 2016 | 96 Cancer bronchique de | Moyenne: 6950 pg/mL | SG plus longue chez les
stade avancé traité par | Cut-off: 7320 pg/mL patients présentant un
chimiothérapie en L1 ou taux de sPD-L1 plus bas
L2 ou plus (p=0.037

Zhao et al. 2017 126 CBNPC non opérables | Moyenne: 107,2 pg/mL | SG plus longue chez les
traités par radiothérapie | Cut-off: 96,5pg/mL patients présentant un
thoracique taux de sPD-L1 plus bas

(p=0.005)

Okuma et al. 2018 | 39 CBNPC de stade avancé | Moyenne: 2240 pg/mL | SG plus longue chez les
traité par nivolumab L2 | Cut-off: 3357 pg/mL patients présentant un
en ou plus taux de sPD-L1 plus bas

(p=0.040)

Costantini et al. |43 CBNPC de stade avancé | Médiane: 39.81pg/ml SSP plus longue chez les

2018 traité par nivolumab L2 | Cut-off: 33.97pg/ml patients présentant un
ou plus taux de sPD-L1 plus bas au

premier bilan d’valuation
tumoral (p=0.041)

Bonomi et aL. 2019 | 20 CBNPC de stade avancé | NR Absence de différence de
traité par sPD-L1 entre progresseurs
pembrolizumab ou et répondeurs
pembrolizumab +
carboplatin/paclitaxel
hebdomadaire

Tiako Meyo et al. | 51 CBNPC de stade avancé | NR Critere composite (sPD-

2020 traité par nivolumab 1/PD-L1 positif) : SSP et SG

plus longue chez les
patients présentant un
sCombo bas

Mazzaschi et al. | 109 CBNC de stade avancé | Moyenne: 87.04pg/ml | SSP et SG plus longues

2020 traité par | Cut-off: 11.3pg/ml chez les patients
immunothérapie L1 ou présentant un taux de sPD-
plus L1 plus bas (p<0.001 et

p=0.001)

Chmielewska et al. | 120 CBNPC de Ill ou IV traité | NR SG plus longue et taux de

2023 par chimio- controle  tumoral plus
immunothérapie ou important chez les
immunothérapie en L1 patients présentant un
ou L2 taux de sPD-L1 plus bas

(p=0.0006 et p=0.0142)

Brun et al. 2024 80 CBNPC de stade avancé | Médiane: 52pg/mL SG plus longue chez les

traité par
immunothérapie L1 ou
plus

Cut-off: NR

patients présentant un
taux de sPD-L1 plus bas
(p=0.034)
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NR : non rapporté, L1 : premiere ligne, L2 : deuxiéme ligne, CBNPC : cancer bronchique non a

pektites cellules

2. Hepatocye growth factor (HGF)

a. La protéine HGF

HGF, aussi connu sous le nom de scatter factor, a initialement été isolée en 1984 dans du
sérum de rats ayant présenté une hépatectomie partielle [Nakamura et al. 1984]. HGF est le
ligand endogéne naturel du récepteur mesenchymal-epithelial transition (MET, c-MET). Il est
principalement sécrété par les cellules mésenchymateuses sous forme d’un précurseur inactif
(pro-HGF). Pour que HGF soit activé, le pro-HGF est clivé de maniére protéolytique au niveau
de la liaison Arg494-Val495 par des enzymes telles que I'activateur sérique de HGF et les
protéinases a sérine transmembranaires de type Il [Fukushima et al. 2018]. La forme active de
HGF correspond a un hétérodimeére lié par des ponts disulfures. Il est composé d’une chaine
o de 69 kDa et d’'un chaine B de 34 kDa [Organ et al. 2011]. HGF provient soit des cellules
tumorales soit des cellules stromales associées a la tumeur. Dans le cancer bronchique, il est
essentiellement produit par les cellules stromales et agit donc comme un facteur de
signalisation paracrine. Néanmoins, les cellules tumorales peuvent également produire HGF

dans certaines conditions, comme I’hypoxie par exemple [Tokunou et al. 2001].

b. Le récepteur mesenchymal-epithelial transition (MET/c-MET)

Le récepteur MET fait partie de la famille des récepteurs tyrosine kinase. Il est encodé par le
proto-oncogene MET qui est situé sur le chromosome 7 humain. MET est synthétisé sous
forme d'une protéine précurseur a chaine unique de 170 kDa (pro-MET), qui subit un clivage
protéolytique générant une sous-unité extracellulaire o de 50 kDa et une sous-unité
transmembranaire B de 145 kDa. La sous-unité a (peptide N-terminal) est liée a la sous-unité

B par un pont disulfure [Bottaro et al. 1991]. La sous-unité B se compose d'un domaine
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extracellulaire de liaison au ligand, d'un domaine transmembranaire a passage unique, et d'un
segment intracellulaire. Le domaine cytoplasmique comprend un domaine juxta-
membranaire impliqué dans la régulation post-traductionnelle de MET, ainsi qu'un domaine
catalytique, responsable de I'activité tyrosine kinase.

Lors de la liaison HGF/MET, le récepteur se dimérise et phosphoryle ses deux résidus tyrosine,
Tyr1234 et Tyr1235, dans le domaine catalytique de la kinase [Duplaquet et al. 2018, Comoglio
et al. 2018]. Dans un second temps, les résidus du site d’ancrage, Tyr1349 et Tyr1356, sont
également phosphorylés ce qui conduit au recrutement de protéines intracellulaires
adaptatrices et effectrices telles que la phosphoinositide 3-kinase (PI3K), la phospholipase Cc
1 (PLCc1), la protéine liée au récepteur du facteur de croissance 2 (GrB2), la protéine associée
a GrB2 1 (GaB1), et le transducteur de signal et activateur de la transcription 3 (STAT3).
Plusieurs voies de signalisation sont par conséquent activées dont les voies PI3K/Akt, STAT3,
SRC/FAK (FAK, kinase d'adhésion focale) et mitogene-activée (MAPK)/ERK [Weidner et al.
1996, Ponzetto et al. 1994]. Ces différentes voies de signalisation sont impliquées dans des
processus pro-tumoraux tels que la prolifération cellulaire, la survie, I'inhibition de I'apoptose,
la migration, l'invasion et la métastase.

La signalisation HGF/MET est étroitement régulée. L'un des mécanismes de régulation est
I'internalisation et la dégradation du récepteur MET via le recrutement de la proto-oncogéne
casitas B lineage lymphoma (CBL), une ligase ubiquitine-protéine. L'ubiquitination du MET
phosphorylé peut se produire par interaction directe de CBL avec Tyr1003 dans le domaine
juxta-membranaire ou indirectement par sa liaison a Tyr1356 via la protéine adaptatrice Grb2
[Mohapatra et al. 2013]. Un autre mécanisme de régulation négative de MET est fourni par
I'activité des phosphatases spécifiques de la tyrosine, y compris PP2A, DEP-1, SHP2 et PTP1B
[Zhang et al. 2016].

c. La dérégulation de la voie HGF/MET

La voie HGF/Met est une voie intrinséquement pro-oncogéne. En effet, son activation entraine
des phénomenes pro-tumoraux tels que la prolifération, la migration, I'invasion et la survie
cellulaire, l'inhibition de l'apoptose et la métastase. Les cellules cancéreuses emploient

plusieurs stratégies afin d’entrainer une activation permanente de MET comme Ia
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surexpression de MET, I'amplification du gene MET, les mutations par saut de I'exon 14 de
MET ou la présence d’autres mutations ponctuelles somatiques ou germinales de MET.

La surexpression de MET peut étre la conséquence d’une régulation transcriptionnelle positive
causée par l'activation de hypoxia-inducible factor (HIF) [Pennacchietti et al. 2003] ou
d’altérations survenant au niveau d’autres facteurs de transcription comme Ets ou Spl
[Gambarotta et al. 1996]. Un autre mécanisme entrainant la surexpression de MET est la
régulation négative de mRNAs répresseurs tels que miR-1, miR-34 et miR-449a [Gambarotta
et al. 1996]. Ainsi, la présence d’un grand nombre de récepteurs MET a la surface cellulaire
entraine des dimérisations spontanées et donc des phophprylations entrainant I’activation du
récepteur, indépendamment de son ligand (HGF).

L’amplification du gene MET par gain du nombre de copies entraine lui aussi la production
d’un nombre excessif de protéines MET. Les mécanismes sous-tendant I'amplification de MET
sont peu connus. Il semble que cette situation soit délétere dans divers néoplasies solides
dont le CBNPC [Kim et al. 2018].

Les mutations par saut de I’'exon 14 de MET entraine la perte d’une région régulatrice du
récepteur MET qui contient un résidu kinase (Tyr1003) qui est le site de liaison de CBL. Ainsi,
I"'ubiquitinisation de MET est diminuée ce qui entraine I'absence de dégradation et donc une
signalisation de MET prolongée [Trusolino et al. 2010]. Cette dérégulation post-
transcriptionnelle entraine une signalisation de MET aberrante dans les cellules tumorales et
contribue au phénomene d’oncogenése. On notera que cette mutation survient dans entre 3-
5% des cas de cancer pulmonaire avec une large préférence pour le sous-type histologique
des carcinomes sarcomatoides [Vuong et al. 2018].

Les mutations germinales et somatiques de MET ont également été décrites a travers
plusieurs sous-types histologiques différents. Ces mutations peuvent toucher plusieurs
domaines dont les domaines kinases, juxta-membranaire ou extra-cellulaire. Les mutations du
domaine kinase (Thr1191lle, Tyr1248Cys/Asp/His, Tyr1230Cys/Tyr1235Asp, Asp1228Val,
Ala1108Ser) entrainent une activation constitutive de MET qui peut étre ligand-dépendante
ou indépendante [Tovar et al. 2017]. Dans le domaine juxta-membranaire, on note la présence
de mutations non-sens comme Tyr1010lle, Arg988Cys ou Pro1009Ser [Tovar et al. 2017]. Les
mutations du domaine extra-cellulaire (Glu168Asp, Leu299Phe, Ser323Gly, Asn375Ser) n’ont
été que peu étudiées mais il semblerait qu’elles peuvent affecter le site de liaison avec HGF et

la dimérisatoin de MET [Kong-Beltran et al. 2004].
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De maniere plus rare (0,5% des cas), on notera la présence de fusion de MET, qui peuvent
présenter des partenaires de fusion multiples et qui semblent présenter un bénéfice de
I"utilisation de TKI de MET [Riedel et al. 2024].

Enfin, des anomalies au niveau de HGF peuvent aussi entrainer une signalisation de la voie
HGF/MET augmentée. En effet, il a été montré que des cytokines pro-inflammatoire et des
facteurs de croissance (TNF-a, EGF, fibroblast growth factor, platelet derived growth factor)
peuvent réguler de maniére positive I'expression du géne HGF. Par ailleurs, I'interaction avec
d’autres récepteurs tyrosine kinase peut avoir des effets similaires [Weng et al. 1997, Garnett
et al. 2013]. Enfin, il a été montré que le promoteur du gene HGF contient une répétition de
30 desoxyadenosines, appellée DATE (deoxyadenosine tract element) qui agit comme un
régulateur négatif de la transcription. En cas de mutation au sein de DATE, cela peut entrainer
une activation constitutionnelle de HGF.

Les mécanismes de dérégulation de la voie HGF/MET sont illustrés dans la Figure 9.
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Figure 9. lllustration des différentes voies de dérégulation de la voie de signalisation

HGF/MET [Moosavi et al. 2019]
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d. HGF comme biomarqueur

L'utilisation d’"HGF comme biomarqueur a déja été étudié dans le CBNPC. Fang et al. [Fang et
al. 2014] ont évalué le niveau d’HGF pré- et post-chirurgie chez 45 patients présentant un
CBNPC opéré. lls n’ont pas mis en évidence de différence en termes de survie en fonction du
niveau de HGF préopératoire évalué par ELISA.

Hosoda et al. [Hosoda et al. 2011] ont évalué le taux de HGF pré-opératoire chez 25 patients
opérés pour un CBNPC. IIs ont trouvé que les patients présentant des niveaux pré-opératoires
élevés de HGF (supérieur a 7,2ng/mL) avaient une SSM et une SG plus courtes que les patients
avec un bas niveau de HGF.

Dans le contexte de CBNPC au stade avancé, Tsuji et al. [Tsuji et al. 2017] ont évalué le niveau
de HGF chez 81 patients avec un CBNPC de stade avancé traités par chimiothérapie en
premiere ou en deuxiéme ligne thérapeutique. Quatre points temporels étaient choisis : avant
initiation du traitement, lors du premier bilan d’évaluation tumorale, a la meilleure réponse
tumorale et lors de la progression. Ils ont montré qu’un dosage d’HGF positif lors du bilan
d’évaluation prédisait une SSP plus courte aussi bien dans le contexte de la premiere ligne que
la deuxiéme ligne thérapeutique.

De maniére similaire, Naumnik et al. [Naumnik et al. 2016] ont évalué HGF chez 46 patients
avec un CBNPC traité par chimiothérapie et 15 sujets sains. lls ont trouvé que les patients
présentant un CBNPC avaient un niveau de HGF plus élevé que les sujets sains. D’autre part,
en accord avec les résultats précédents, il existait une corrélation négative entre les niveaux
de HGF et la SG.

Dans un contexte clinique différent, HGF a été évalué chez des patients présentant un CBNPC
avec mutation EGFR sous TKI [Umeguchi et al. 2014, Tanaka et al. 2011]. Cette situation est
différente car la dérégulation de la voie HGF/MET apparait sur a une pression thérapeutique
extérieure et correspond donc a une sélection clonale de clones résistants aux ITKs

De maniére intéressante, |'utilisation de HGF semble également jouer un réle prédictif de
réponse a 'immunothérapie. Bien que les données restent préliminaires, des études pilotes
menées chez des patients présentant un mélanome et traités par immunothérapie ont montré
gu’un taux élevé de HGF avant initiation de traitement prédisait une SSP et une SG plus

courtes [Kubo et al. 2019].
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e. Ciblage thérapeutique de la voie HGF/MET

La voie de signalisation HGF/MET, du fait de son caractére pro-oncogéne correspond a une
cible thérapeutique de choix. Cette voie de signalisation peut étre ciblée de différentes
maniéres et les molécules actuellement disponibles peuvent étre classées comme suit :
- les inhibiteurs sélectifs de type | qui se lient a la conformation active (phosphorylée)
du récepteur
- les inhibiteurs non sélectifs de la kinase MET, tels que les inhibiteurs de type Il et IlI,
qui se lient respectivement a la conformation inactive non phosphorylée et au site
allostérique du récepteur
- les anticorps monoclonaux anti-MET

- les anticorps dirigés contre HGF

La stratégie thérapeutique dépend fortement du mécanisme qui entraine la dérégulation de
la voie HGF/MET.

En cas de mutation de type saut de I'exon 14 de MET plusieurs molécules ont été évaluées
comme le crizotinib [Drilon et al. 2020, Moro-Sibilot et al. 2019], ou des inhibiteurs spécifiques
de MET comme le capmatinib [Wolf et al. 2024], le tepotinib [Paik et al. 2020], le savolitinib
[Lu et al. 2021] ou le glumetinib [Ai et al. 2018]. L'ensemble de ces molécules ont montré une
efficacité dans ce contexte clinique avec des arguments indirects suggérant leur intérét de
maniére précoce dans la prise en charge des patients avec mutation de type saut de I'exon 14
de MET. Enfin, d’autres molécules comme les anticorps bispécifiques ont également montré
une activité dans ce contexte. L’'amivantamab est une anticorps monoclonal bispécifique qui
cible EGFR et MET avec une affinité accrue pour MET. Il a également montré une efficacité
dans ce contexte clinque particulier [Krebs et al. 2022] L’ensemble des données ne sont pas
encore publiées ni matures et la stratégie thérapeutique optimale chez ces patients n’est pas
encore connue.

La surexpression de MET n’est pas classiguement considérée comme une addiction
oncogénique. Dans cette situation clinique, on pourra citer le développement du Teliso-V, un
anticorps conjugué, médicament qui est composé de I'anticorps monoclonal humanisé anti-
MET ABT-700 avec un anti-microtubule (le monomethyl auristatin E). Cette molécule a été

évalué dans le contexte de CBNPC présentant une surexpression de MET dans plusieurs essais
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de phase | et Il [Camidge et al. 2024, Wagar et al. 2021]. Les premiers résultats sont
encourageants, mais parfois discordants justifiant la poursuite du développement de la
molécule dans des essais de phase Ill qui sont en cours [clinicaltrials.gov].

Il est également possible de cibler HGF et d’empécher ainsi la liaison entre MET et HGF. Des
anticorps monoclonaux anti-HGF ont été développés et testés a travers plusieurs essais. On
pourra citer par exemple le rilotumumab [Iveson et al. 2014], un anticorps monoclonal
humanisé anti-HGF. Cette molécule a été évaluée dans un essai de phase I-1l dans le cancer du
poumon [Ref. Tarhini et al. 2017] associée a l'erlotinib chez des patients qui pouvaient

présenter ou non une mutation d’EGFR.

Au total, les possibilités de cibler le voie HGF/MET sont multiples [Remon et al. 2023]. En
fonction du mécanisme entrainant la dérégulation de la voie de signalisation, la stratégie
thérapeutique devra étre adaptée. Jusqu’a présent, les anomalies au niveau de MET ont été
exploitées avec des nécessités d’affiner la stratégie thérapeutique a employer. En revanche,
I’exploitation d’anomalies au niveau de HGF en vue d’une thérapeutique personnalisée n’ont

été que tres peu étudiées dans le cancer du poumon.
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OBJECTIFS

Ce travail de these s’est structuré autour de trois objectifs touchant d’'une part la thématique

des biomarqueurs solubles et d’autre part la thématique de biomarqueurs tissulaires.

1. Découverte de nouveaux biomarqueurs solubles (Article #1)

Le premier objectif de ce travail était de réaliser un travail de screening agnostique selon une

technique d’ELISA multiplex afin de découvrir de nouveaux biomarqueurs plasmatiques

potentiels utilisables dans le CBNPC de stade avancé traité par immunothérapie.

2. Poursuite de I’étude du sPD-L1 (Article #2)

Le deuxiéme objectif était de poursuivre I’étude du sPD-L1 dans le cadre du CBNPC de stade

avancé traité par immunothérapie, seule ou en association avec la chimiothérapie afin

d’évaluer son potentiel de biomarqueur dans ce contexte clinique.

3. Analyse des composants du complexe de chargement des peptides (Articles #3 et #4)

Des défauts des composants de la machinerie de présentation antigénique constitue un

mécanisme de résistance a l'immunothérapie. Nous avons cherché a cartographier de

maniére précise les éléments constitutifs du CCP chez des patients présentant un CBNPC traité

par chimiothérapie ou par immunothérapie.
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RESULTATS

Article #1: Plasma biomarkers screening by multiplex ELISA assay in patients with advanced

non-small cell lung cancer treated with immune checkpoint inhibitors. Publié dans Cancers.

Costantini A, Takam Kamga P, Julie C, Corjon A, Dumenil C, Dumoulin J, Ouaknine J, Giraud V,
Chinet T, Rottman M, Emile JF, Giroux Leprieur E.
Plasma Biomarkers Screening by Multiplex ELISA Assay in Patients with Advanced Non-Small
Cell Lung Cancer Treated with Immune Checkpoint Inhibitors. Cancers (Basel). 2020 Dec
31;13(1):97. doi: 10.3390/cancers13010097.PMID: 33396187

L’object du travail présenté dans cet article était de découvrir, par une méthode de screening
agnostgiue d’ELISA multiplex, de nouveaux biomarqueurs pronostique ou prédictifs de
réponse a I'immunothérapie dans le CBNPC de stade avncé traité par ICls.

Dans cette étude pilote, 35 patients atteints de CBNPC de stade avancé et traités par
immunothérapie seule en premiére ligne (pembrolizumab) ou nivolumab en deuxieme ligne
ou plus (nivolumab) ont été inclus. Un échantillon de plasma prélevé avant l'initiation du
traitement par immunothérapie a été analysé selon une technque d’ELISA multiplex
comprenant 48 cytokines.

La cytokine ayant montré les résultats les plus intéressant était HGF. En effet, les patients
présentant une progression précoce avaient des taux significativement pus élevés a |'état
basal que les patients présentant une progression tardive. Par ailleurs, les patients avec un
bénéfice clinique de I'immunothérapie avaient des taux de HGF significativement plus bas que
ceux ne présentant pas de bénéfice clinique (p=0.010). En outre, les patients avec une
concentration basse de HGF avaient une SSP et une SG significativmeent plus longue que les
patients avec une concentratino haute de HGF (p=0.002 et p=0.001, respectivement).

Ces résultats soulignent I'importance de la voie proto-oncogéne HGF/MET dans le cancer
bronchique et présente HGF comme un biomarqueur potentiel permettant de prédire la
réponse a I'immunothérapie dans le CBNPC de stade avancé. Ces résultats ont permis de
débuter des travaux de recherche précliniques spécifiques sur le réle de la voie HGF/MET au
sein d enotre laboratoire, confirmant ce srésultats préliminaires (manuscrit en cours de
révisions pour Cancer Immunology, Immunotherapy, présenté en Annexe 1, dont je suis co-

auteur).
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Simple Summary: There is an unmet need for new predictive biomarkers associated with efficacy
and immune-related toxicity of immune checkpeoint inhibitors (ICls) in non-small cell lung cancer
(NSCLC). In this study, we performed multiplex ELISA screening in plasma from 35 consecutive
patients with advanced NSCLC treated with nivolumab or pembrolizumab, allowing large-scale
screening for 48 cytokines invelved in immune response and tumour proliferation. We found an
association between ICls efficacy and thmee cytokines: soluble hepatocyte growth factor (sHGF),
soluble Fibroblast Growth Factor (sPGF) and interleukine-12 (IL-12). Moreover, TNF-a, IL-16, IL-
12p40 and MCT3 were candidate biomarkers for predicting grade 34 immune-related toxicity: This
explomatory study shows the potential role of new plasma biomarkers in advanced NSCLC treated
with IClIs.

Abstract Immune checkpoint inhibitors (IClIs) are commonly used in patients with advanced non-
small cell lung cancer (NSCLC). An unmet need remains for new biomarkers associated with ICIs.
In this study, consecutive patients with advanoed NSCLC treated with nivolumab or pembrolizumab
were included. Flasma at ICIs initiation was prospectively collected and a multiplex ELISA assay
testing 48 cytokines and growth factors was performed. Exploratory endpoints wene the association
between plasma biomarkers with outcome and grade [I-IV immune related adverse events (irAEs).
Thirty-five patients were included. Patients without clinical benefit (i = 22) had higher pre-ICI
soluble Hepatocyte Growth Factor (sHGF) (210.9 vs. 155.8 pg/mlL, p= (L.010), lower pre-ICI soluble
Fibroblast Growth Factor (sFGF) (4.0 vs. 4.8 pg/ml, p= 0.043) and lower pre-ICl interleukine-12
(IL-12) (L3 ws. 22 pg/ml, p= 0.043) concentrations. Patients with early progression (1= 23) had
higher pre-ICls sHGF (206.2 vs. 155.8 pg/ mL, p = (0L025) concentrations. Patients with low sHGF
levels at ICIs initiation had longer progression-free survival and overall survival than those with high
sHCF levels: respectively 2.5 vs. 8.0 months (p= (L002), and 5.5 vs. 35.0 months (p=0.001). TNF-a,
IL-16, IL-12p40 and MCP3 were associated with high grade itAEs. This study shows the potential
association between several plasma biomarkers with outcome and grade 34 IrAEs in advanced
NSCLC treated with ICIs.

Keywords: non-small cell lung cancer; immune checkpoint inhibitor; biomarker; plasma; resistance;
toicity; hepatocyte growth factor; Fibroblast Growth Factor; interleukine-12
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1. Introduction

Lung cancer is the leading cause of cancer related death worldwide [1]. At the ad-
vanced stage, its prognosis is bleak with limited efficacy of cytotoxic chemotherapy (CT).
Immune checkpoint inhibitors (ICIs), humanised monoclonal antibodies targeting notably
programmed death 1 (PD-1) or programmed death ligand 1 (PD-L1), have recently been
developed. PI-L1 and programmed death-ligand 2 (PD-12) are membranous proteins
expressed by malignant cells that interact with PD-1 ex pressed by T-cells. When PD-L1/PD-
L2and PD-1 bind, the T-cells” ortotosic anti-tumour activity is dow n-regulated. By blocking
the interaction between PI-L1 and PI-1, ICLs restone oy totoxic immune response. 1CIs have
shown their efficacy in advanced non-small cell hung cancer (NSCLC). Nivelumab, an ant-
PI-1 antibody, is currently used for second-line treatment in Anaplastic Lymphoma Kinase
(ALK} and Epidermal Growth Factor Beceptor (EGFR) wild-type advanced NSCLC [2,3].
Pembrolizumab, (ant-PI-1 antibody) is used for first-line treatment in ALK and EGFR
wild-type advanced NSCLC that have a high (>50%) PD-L1 expression on tumour cells
as determined by immunchistochemistry (IHC) [4]. Pembrolizumab can also be used in
the first-line setting in association with platinum-pemetrexed doublet CT independent
of PI-L1 expression determined by THC [5,6]. Other drugs such as atezolizumab or dur-
valumab {ant-PI-L1 monoclonal antibodies) have also shown their efficacy in different
settings [7-9]. However, the use of PI-L1 expression as a predictive biomarker femains
challenging, as some patients experience tumour response with low /negative PD-L1 ex-
pression [2,3,7,9]. Furthermone, PD-1L1 expression as determined by THC can vary within
one tumour sample, between two different locations of the same tumour [10-16] as well
as over Hme, notably after CT [17,18]. There is currently an unmet need for biomarkers
to better select patients who will benefit from ICls. Other than tissue-based biomarkers,
plazma-based biomarkers are being investigated [19,20] as plasma has the advantage of be-
ing easily accessible, allows sequential analysis during follow-up and reflects the different
tumour clones present throughout the body.

In this study, we aimed to perform baseline plasma biomarker screening using a
multiplex ELISA . assay in patients with advanced NSCLC receiving anti-PI>-1 monoclonal
antibodies nivolumab or pembrolizumab. The aim was to perform exploratory analyses
of the potential association between baseline biomarker levels and clinical cutcomes and
towicity. Due to the exploratory nature of the study, no primary endpoint was chosen.

2. Results
2.1. Patients

Between March 2014 and February 2018, 86 patients received nivolumab or pem-
brolizumab for treatment of NSCLC. Thirty-five patients (41%) signed the consent form
and had plasma available for analyses. Their characteristics are presented in Table 1.
Gender was evenly distributed among the patients (51% male), they wene mainly cur-
rent or former smokers (83%) and with adenocarcinoma histology (77%). All patients
were negative for Epidermal Growth Factor Receptor (EGFR) sensitising mutations and
Anaplastic Lymphoma Kinase (ALK) translocation. 1Cls were given as first-line treat-
ment (pembrolizumab, 1 = 8) because of high PD-L1 NSCLC, in the second-line setting
inivolumab, i = 21) or beyvond (nivolumab, n = 6). At the ime of cut-off, median follow-up
was 47.0 months (I0R 36.0-70.0), twenty-four patients (69%) wene deceased due to tumour
progression, seven (20%) had controlled disease under ICls and four (11%) were receiving
further treatment after ICI failure. Objective Response Rate (ORR) under immunotherapy
was 49% with 17 patients presenting with partial response under ICls as best esponse,
5 (14%) presenting with stable disease and 13 (37%) presenting with progressive disease as
best tumour response. Median Progression Free Survival (PFS) under ICIs was 4.0 months
(IQE 2.0-7.0) and median Overall Survival (O5) was 21.0 months (IQR 10.0-35.0). Twenty-
two patients (63%) did not present with clinical benefit whilst receiving immunotherapy,
twelve (34%) presented with clinical benefit and one patient (3%) could not be evaluated.
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Twenty-three patients (66%) presented with early progression and twelve patients (34%)
presented with late progression while receiving 1Cls.

Table 1. Patients’ characteristics.

Characteristics All Patients (n = 35)
Sew
Male n (%) 18 (51%)
Femalen (%) 17 (492
Age at diagnosis, median (range ) 67 (37-84)
Smoking history
Monm-smoker, 1 (%) 6{17%)
Smoker, 1 (%) 24 (83%,)
Histology
MNon squamous 27 (77%)
Squamous 5{14%)
Other 3 (9%)
Stage at diagnosis
FIL 1 (%) 2 (6%)
IV, 1 (%) 33 (4%
PS at ICIs initiation
0-1, 1 (%) 26 (745
2, (%) 9 (26%)
Type of ICIs
Pembrolizumab (1st line) 8 (26%)
Median number of infusions (range) 9({2-37)
Nivolumab (=2nd line) 7 (77
Median number of infusions 8 (1-76)

P3: performance status, ICTs: immune checkpoint inhibitors.

[2.2. Plasma Biomarkers

Amongst the tested oytokines, three seemed to be associated with outcome in our
cohort: soluble HGF (sHGF), soluble FGF (sFGF) and [1-12 (Figure 1). Table 51 shows the
raw data for the measured biomarkers in pg/ml.

At ICT initiation, median sHGF was 171.35 pg/ml (IOR 144.05-210.5). A stepwise ap-
proach was used: first, all biomarkers were tested with regards to progression pattern (earky
vs late progression). Patients who presented with early progression (n = 23) had higher
sHGF levels at ICls initiation than patients with late progression (r = 12): 206.2 pg/mL
vs. 155.8 pg/mL, p= 0,025 (Figure 51). When Benjamini-Hochberg correction for multiple
testing was applied, this did not translate into significant results. Secondly, only biomarke s
with promising results with regards to progression pattern were selected. Patients who
did not present with clinical benefit {n = 22) had higher sHGF levels at immunotherapy
initiation than patients who presented with clinical benefit (r = 12): 210.9 pg/mL versus
ivs.) 155.8 pg/mL, p = 0.010 (Figure 2). When Benjamini-Hochberg correction for multiple
testing was applied using a false discovery rate () of 5%, results remained significant.

This did not translate into ORR with no statistically significant difference in sHGF
levels in patients presenting with stable or progressive disease (n = 18) as compared to
those presenting with response (r = 17): 207.1 pg/mL vs. 137.3 pg/mlL, p = 0.145.

To further determine the effect of sHGF on survival, we used ROC curves to determine
the optimal sHGF cut-off in order to separate our patients into two groups: high and low
baseline sHGF concentrations. Table 2 shows the characteristics of the patients with high
in=16) and low (n = 19) pre-ICI sHGF levels. OFf note, patients with low pre-ICI sHGF
levels had better PS than patients with high sHGF levels (PS5 0-1.89% vs. 59%, p = 0.049).
We found that an sHGF level of 171.35 pg/mL offered a sensitivity of 70% and a specificity
of 83% to determine PFS. The area under the curve (AUC) was 0.73 (Figure 52). Using
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this cut-off, we constructed Kaplan-Meier survival curves and compared PFS and OS5
between patients with high (n = 16) and low (r = 19) baseline sHGF levels. PFS was
significantly shorter in the high baseline sHGF group: median PFS under immunotherapy
was 2.5 months [95% CI{1.0-3.0)] vs. 8.0 months [95% CT (4.0—not reached (NR))], p = 0.002
(Figure 3A). In the same way, 05 was significantly shorter in the high sHGF group: median
05 under immunotherapy was 5.5 months [95% CI (2.0-15.0)] vs. 35.0 months [95% CI
(22.0—NR)], p = 0.001 (Figuse 3B).
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Figure 1. Scatter plot showing pvalues for the 48 chemokines and cytokines with regards to grade
34 immune adverse events (itAEs) (¥ axis) and Progression Free Survival (PF5) or clinical benefit
(v axis). * Indicates biomarkers for which results remain significant after applying correction for
multiple testing.

kL]
p=0.010
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Figure 2 Box plots showing baseline soluble Hepatocyte Growth Factor (sHGF) levels in patients
with and without clinical benefit. The median is indicated by the line within the box, the boundaries
of the box indicate the 25th and 75th percentile and the whiskers the 10th and $0th percentile.
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Table 2. Characteristics of patients with high and low pre-1CI sHGF levels.
Characteristics Patients with Low sHGF (n = 18)  Patients with High sHGF (n= 17) p-Value
Sex
Male n (%) 11 (61%:) 7 (41%) p=0.238
Female i (%) 7 (39%) 10 {59%,)
Ape at diagnosis, median (range) 66,5 (45-84) 70{37-82) p= 0457
Smoking history
Mon-smoker, 1 (%) 1 (A%) 5 (29%) p=0.061
Smoker, 1 (%) 17 (94%) 12 (71%)
Histology
Mon squamous 15 (B3%) 12 (F0%) B
Squamous 2 (11%) 3 (18%) p=0657
Other 1 (6%) 2 (12%)
Stage at diagnosis
EIO, m (%) 2{11%) 0 {07%) p=0157
-1V, | (%) 16 (B9 17 {100%:)
PS at IC] initiation
-1, 1 (%) 16 (892 10 {59%) p=0.042
=21 (%) 2 (11%) 7 (41%)
Typeof ICI
Pembrolizumab (1st line) 4(22%) 4 (24%) p= 0110
MNivolumab (>2nd lime ) 11 (61%) 10 (59%)

P& performance status, ICLs: immune checkpoint inhibitors.

2.3. Fibroblast Growth Factor (FGF)

Patients who did not present with clinical benefit had lower sFGF levels at im-
munotherapy initiation than patients who presented with clinical benefit: 4.0 pg/mL
va 4.8 pg/mL (p = 0.043) and this result remained significant after applying correcion
for multiple testing. This did not translate into significant results with regards to ORR
(4.2 pg/mL for non-responders vs, 4.4 pg/ml for responders, p = 0.380) or progression
pattern (4.0 pg/ mL for early progression ve. 4.8 pg/ mL for late progression, p= 0.056).

24, Interlenkine-12 (IL-12)

Patients who did not present with clinical benefit had lower I1-12 levels at im-
munotherapy initiation than patients who presented with clinical benefit: 1.3 pg/mL
va 2.2 pg/mL (p = 0.043) and this result remained significant after applying correction
for multiple testing. This did not translate into significant results with regards to ORR
(1.9 pg/mL for non-responders vs. 1.9 pg/ml for responders, p = 0.572) or progression
pattern (1.4 pg/ mL for early progression vs. 2.2 pg/ mL for late progression, p= 0.080).

2.5, Immune-Related Adverse Events (irAEs)

Six patients (17%) presented with grade IT-IV tosdcity whilst receiving immunother-
apy: auto-immune kidney failure /nephritis (r = 1), auto-immune cholangitis (n = 1),
interstitial pneumonia,/ preumonitis (1 = 2), one patient with multiple toxicities (encephali-
tis, skin, arthro-myalgia), arthro-myalgia (7 = 1). Of the tested biomarkers, higher levels
of TNF-x (p = 0.036), IL-16 (p = 0.040), IL-12p40 (p = 0.015) and MCP3 (p = 0.025) were
significantly associated with grade 34 irAEs under immunotherapy. When correction for
multiple testing was applied, results did not remain significant.
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Figure 3. Kaplan-Meier curves showing progression free survival (PFS) (A) and overall survival (B)
according to baseline sHGF levels.

3. Discussion

Although ICls have transformed patient care across numerous cancer types, their
efficacy remains sub-optimal and the need for biomarkers in order to better select patients
who will benefit from them is essential. In this pilot study, we performed large baseline
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plasma biomarker screening using a multiplex ELISA assay in patients with advanced
MNSCLC treated with nivolumab or pembrolizumab. We were able to show a significant
association between clinical bene fit under ICIs and levels of sHGE sFGF and I1-12. Results
with regards to the progression pattern were promising but significance was lost when
corfection for multiple testing was applied. Similarly, we found a potential association
high immune toxicities and levels of I1-16, TNF-o, Il_.—lzpdﬂ and MCP3.

HGF is a polypeptide growth factor that belongs to the plasminogen family. It is a
disulfide-linked o heterodimer consisting of a 69 kDDa e-chain and a 34 klDa f-chain
HGF is produced by mesenchymal cells (stromal cells and fibroblasts) in an inactive single-
chain precursor of 728 amino acids (pro-HGF), which is then activated by posttranslational
conversion by a serine protease in areas of tissue injury. The MET gene encodes for o
MET, a high-affinity receptor of HGF [21,22] that is, in a physiological setting, expressed
on epithelial cells. HGF specifically activates ¢-MET receptor tyrosine kinase activity.
The HGF/c-MET pathway can induce epithe lial-to-mesenchymal transition (EMT), motility,
proliferation and is involved in regeneration and tissue repair [23,24].

In cancer, c-MET activation promotes communication between mesenchymal cells
and epithelial cells, tissue infiltration, cancer cell proliferation, and the induction of
angiogenesis [25].

This is the first study to report results regarding pre-ICI sHGF levels and outcomes in
patients with advanced NSCLC treated with ICIs. We found that patients who presented
with clinical benefit and late progression had lower pre-ICI sHGF levels than patients
who did not. Furthermore, patients with low pre-ICI sHGF levels as determined by ROC
curves presented with significantly longer PFS and O6 than patients with high pre-1CI
sHGF levels.

This result is in line with what has been shown in previous studies investigating sHGE
In resectable NSCLC, sHGF levels were associated with survival [26,27]. In patients with
advanced NSCLC receiving cytotoxic CT, sHGF levels were evaluated at different time-
points during follow-up (pre-treatment, response-evaluation 1-2 months after treatment
initiation, best tumour response and disease progression) in 55 patients [28]. Positive-sHGF
at mesponse-evaluation predicted poor PFS compared with negative-sHGF in first-line
(median, 153.5 va. 288.0; p < 0.05) and second-line treatment (87.0 vs. 219.5; p = 0.01).
Multiple Cox proportional hazards models showed significant independent assodations
between poor PFS and positive-sHGF at response-evaluation (hazard ratio, 4.24; 95%
CI, 2.05 to 9.46; p < 0.01) and positive-sHGF at pre-treatment or at response-evaluation
predicted poor PFS (35.0 vs. 132.0; p < 0,01, 50.0 vs. 215.0; p < 0.0, respectively).

Soluble HGF has also been extensively investigated in patients with EGFR mutant
advanced NSCLC treated with EGFR tyrosine kinase inhibitors (TEls). Preclinical and
clinical studies have shown that sHGF is associated with poor outcome with EGFR TKls,
notably through the activation of the MET pathway [29-32]. Some recent reports have
evaluated sHGF levels in patients receiving [Cls. Kubo et al. [33] published a retrospective
study on 29 patients with metastatic melanoma treated with pembrolizumab or nivolumab.
Patients without tumour response had higher baseline sHGF levels than patients with
tumour response (p = 0.00124). Furthermore, patients with low sHGF levels showed longer
05 (p = 0.039; HE 0.3125, 95% CI 0.1036-0.9427) and I'FS (p = 0.0068; HR 0.2087, 95% CI
0.06525-0.6676) than those with kigh sHGF levels.

The interaction between the HGF/e-MET pathway and anti-tumour immune-response
is complex and yet to be fully understood. It has been shown [34,35] that PI-L1 expression
occurs more frequently with MET activation. In fact, PIF L1 expression was positively
associated with MET gene amplification in 389 NSCLC samples and, in a separate study of
155 resected NSCLC tumour samples. There is evidence that the HGF/ e-MET axis interacts
with immuno-modulation: HGF treated monocytes have immuno-suppressive phenoty pes,
HGF promotes immuno-tolerant CD4+ response, C-MET+ CD 8 + T cells produce more
inflammatory cytokines and HGF treated antigen presenting cells attenuate oytokine pro-
duction and memory T cell formation. Also, it is established that HGF induces macrophage
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transition to the M2 phenoty pe, which is pro-generative. However, several studies have
suggested that HGF could also have a pro-immune robe [36,37] and further research is
needed to better understand the exact role of HGF in anti-tumour immune respornse.

Amongst the other tested biomarkers, statistically significant results were found with
sFGF and 11-12 with regards to clinical benefit. Patients with higher baseline sFGF levels
presented with clinical benefit as compared to those with lower baseline sFGF levels.
Although FGF signalling is associated with cellular proliferation, survival, migration and
differentiation, there is also evidence that the FGF pathway can act in a tumour suppressive
manner in some circumstances [35].

Finally, we found that patients who did not present with clinical benefit had lower
IL-12 levels at immunotherapy initiation than patients who presented with clinical benefit
This finding can be explained by the fact that [L-12 has a clear anti-tumour activity through
the activation of T and natural killer (NK) lymphocytes leading to the production of
interferon gamma (IFNy) [39].

The onset of irAEs is difficult to predict, and although grade 3-4 adverse events
remain relatively infrequent, they can be severe, impacting quality of life, sometimes life-
threatening, and can lead to treatment interruption. Predicting the onset of the irAEs is a
major challenge and the use of soluble biomarkers has already been partly explored in a
previous study [20] finding that low sPD-L2, low IL-2 and high IFN-g levels in patients with
advanced NSCLC treated with nivolumab were associated with grade 34 toxicities. In this
study, we found several candidate biomarkers to predict irAEs. Higher levels of TNF-a
(p = 0.036), IL-16 (p = 0.040), IL-12p40 (p = 0.015) and MCP3 (p = 0.025) wene all seemingly
associated with grade 3-4 irAEs under immunotherapy. If confirmed, these results could
help predict which patients are at risk for high-grade toxicity as early as the beginning of
treatment, leading to closer follow-up of such patients.

Char work has several limitations. This was a small exploratory monocentric pilot
study, with a possibility of lack of power for some statistical analyses. However, when cor-
rection for multiple testing was applied some relevant results remained significant. Finally,
it is difficult to differentiate the prognostic and the predictive role of these biomarkers,
as no validation cohort with a control group was used and further studies are needed to
confirm these preliminary results.

4. Materials and Methods
4.1. Experimental Design

This study was an exploratory study, based on the analysis of consecutive patients
in the Department of Respiratory Medicine and Thoracic Oncology (APHP—A mbroise
Pare Hospatal) treated by nivolumab or pembrolizumalb for stage 111 (non-irradiable) or IV
MNSCLC between 2014 and 2018, and for whom plasma samples at diagnosis were available.
Exploratory endpuoints were ORR, PFS, O5, clinical benefit, early or late progression and
grade 34 toxicity, according to plasmatic concentrations of a panel of potential biomarkers,

4.2, Patients and Plasma

Tumour response was evaluated every eight (nivolumab) or nine (pembrolizumab)
weeks using iIRECIST criteria [40]. Medical records were reviewed and data retrospectively
extracked on clinical and pathological features as well as treatment history. Plasma samples
were drawn before initiating immunotherapy (C1). Briefly, two 10 mL-EDTA tubes of
peripheral blood were taken, plasma was isolated after centrifugation within one hour and
immediately stored at —80 "C.

4.3, Ethical Considerations

Allincluded patients signed an informed consent allowing blood to be drawn and
stored within the Centre de Ressources Biologiques (CEB) of the Ambroise Paré Univer-
sity Hospital during their follow-up and treatment. The protocol was approved by the
Institutional Review Board CPP IDF n_& (1D CRB 2014 A00157-40).
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4.4, Ontcomes

ORR was defined as the proportion of patients who presented with partial or complete
response whilst receiving ICIs. Clinical benefit was defined as complete response, partial
response or stability, according to iIRECIST [40], lasting 6 months or mone after initiation
of immunotherapy. PFS was defined as the time between ICI initiation and tumour
progression or death. (005 was defined as the ime between IC] initiation and death. Patients
were defined as presenting with early progression as opposed to late progression if disease
progression occurred within six months of initiating 1CIs.

Immune related adverse events (irAEs) were assessed using Common Terminology
Criteria for Adverse Events (CTCAE v4.0).

4.5, Multiplex ELISA Technigue

Multiplex ELISA was performed on the patients” plasma samples using a commercial
kit and according to the manufacturer’s guidelines {Bio-Plex-Pra™ Human Cytokines
Assay, Bio-Rad). This assay allows testing of 48 chemokines, cytokines and grow th factors
in plasma samples. The assay principle is that of a sandwich ELISA: capture antibod-
ies directed against the desined biomarker are covalently coupled to fluorescently dyed
magnetic microsphenes (beads) each with a distinct colour code or spectral address. After
several wash series, the final detection complex is formed with the addition of streptavidin-
phycoerythrin (SA-PE) conjugate with phycoerythrin serving as a fluorescent indicator
Data are drawn using an automated reader, a red and green laser illuminates the fluorescent
dyes within each bead allowing to provide bead classification and PE excitation, which
is detected by a photomultiplier tube (PMT). Data are presented as median fluonescence
intensity (MFI) as well as concentration in pg/mL. The concentration of analyte bound to
each beach is proportional to the MFI of the reporter signal. All samples, standards and
negative controls were tested in duplicate. For all the 48 tested oytokines, the related mean
intra-assay CV (coefficient of variation) ranged from 1.7 to 5.0%, and inter-assay CV from
1.2 to 7.9%.

The following proteins were tested in this assay: Interleukin-la (IL-1a), IL-1b, IL-
Tra IL-2ra IL-2 IL-3, IL-4 IL-5,IL-6,IL-7, IL-8,11-9,11-10,IL-12, 1L-12p40,11-13,11-15,IL-17,
IL-16,IL-18, Eotaxin, Fibroblast Growth Factor (FGF), Granulocyte-Colony Stimulating
Factor (G-C5F), Granulocyte Macrophage—Colony Stimulating Factor (GM-CSF), Interferon
gamma (IFN-g), IP-10, Monocyte chemoattractant protein 1 (MCP-1), MCP-3 Macrophage
Inflammatory Protein 1 alpha (MIP-1a),MIP-1b, Platelet Derived Growth Factor-bb (PDGE-
bb), Regulated upon Activation, Normal T Cell Expressed and Presumably Secreted
(RANTES), Tumour Necrosis Factor—alpha (TMF-a), Vascular Endothelial Growth Factor
(VEGF), Cutareous T-cell-A ttracting Chemokine (CTACK), Growth Regulated Cncogene-
alpha (GRO-a), Hepatocyte Growth Factor (HGF), Interferon-alpha 2 (IFN-a2), Leukemia
inhibitory factor (LIF), Monocyte-Colony Stimulating Factor (M-CSF), Macrophage migra-
tion Inhibitery Factor (MIF), Monokine Induced by Gamma interferon (MIG), beta-Nerve
Growwth Factor (b-NGF), Stem Cell Factor (SCF), Stem Cell Growth Factor-beta (SOGE-b),
Stromal Cell-Derived Factor-1 (SDFE-1a), Tumour Necrosizs Factor-beta (TWF-b), TNE-nelated
apoptosis-inducing ligand (TRAIL).

4.6. Statistical Analysis

Median soluble concentrations of all the tested biomarkers were analysed according
to ORR, PFS, 05, clinical benefit, early or late progression response profile and grade
34 towicity.

The comparison of median biomarker levels between groups was performed using
the Mann-Whitney test and interquartile range (IQR) is given for each value.

A stepwise approach was adopted. First, all biomarkers were tested with regards to
PFS. Biomarkers who presented with significant or closely significant p-values wene then
tested in a second stkep with regards to clinical benefit. In both cases, correction for multiple
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testing was applied using the Benjamini-Hochberg [41] method correction for multiple
testing and setting a false discovery rate ((2) at 5%.

The Receiving Operating Curve (ROC) method was used to determine a cut-off level
for each biomarker with a significant difference for endpoints with the Mann-Whitney
test. The Kaplan-Meier method was used to determine 05 and PF5. Comparison between
survival curves was performed using a log-rank method. Data analysis was computed
using XLStat v 19.4 (Addinsoft). p-values wene considered significant if <0.05.

5, Conclusions

This is the first study to show the prognostic value of sHGF in patients with ad-
vanced NSCLC treated with ICls. This finding is in line with previous data seported in
localised NSCLC, EGFR mutated NSCLC and advanced NSCLC treated with CT. Further
more, this study brings original data with regards to the use of FGF or IL-12 as potential
biomarkers of ICI efficacy, and IL-16, TNF-g, IL-12p40 and MCP3 as biomarkers of irAEs.

These preliminary results need to be validated in a large prospective population,
including patients treated with ICI-CT combo treatment.

Supplementary Materials: The following are available online at https:/ fwww.mdpi.com /2072-6
694,/13/1/497 /1, Figure 51: Box plots showing baseline soluble HGF levels in patients with early
and late progmression. The median is indicated by the line within the box, the boundaries of the box
indicate the 25th and 75th percentile and the whiskers the 10th and 90th percentile, Figure 52 ROC
curve used to determine the sHGF cut-off level, Table 51: Raw values of the different measured
biomarkers.
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Article #2: Soluble PD-L1 (sPD-L1) as a biomarker of durable response and survival for first-
line immune checkpoint inhibitor (ICI) treatment in advanced non-small cell lung cancer

(NSCLC). En cours de revue dans ERJ Open Research.

Costantini A, Takam Kamga P, Elvire Pons-Tostivint E, Delphine Fradin D, Jean-Francois Emile
JF, Etienne Giroux-Leprieur E. Soluble PD-L1 (sPD-L1) as a biomarker of durable response and
survival for first-line immune checkpoint inhibitor (ICI) treatment in advanced non-small cell
lung cancer (NSCLC). ERJ Open Res. 2024. Under Review.

Des premiers résultats évaluant le réle de sPD-L1 dans le CBNPC de stade avancé traité par
nivolumab en deuxiéme ligne ou plus ont été obtenus au cours de mon année de Master 2 et
ont été publiés dans Oncoimmunology (Annexe #2, premier auteur). Au cours de mes travaux
de These, nous avons cherché a poursuivre et a mieux caractériser le role de biomarqueur
potentiel de sPD-L1 dans le contexte de patients présentant un CBNPC de stade avancé et
traités par immunothérapie seule ou en association avec la chimiothérapie en premiéere ligne
thérapeutique.

En ce sens, nous avons réalisé une étude multicentrique composée de plusieurs cohortes de
patients (n=110) : une cohorte de patients traités par chimiothérapie et deux cohortes de
patients traités par immunothérapie seule ou associée a la chimiothérapie. Malgré des
résultats non complétement homogeénes a travers les cohortes, nous avons confirmé le réle
délétére du sPD-L1 chez les patients présentant une concentration élevée de sPD-L1 avant
initiatoin du traitement. Nous avons également souligné le réle prédictif de réponse a
I'immunothérapie du sPD-L1 mesuré avant l'initiation du traitement et mis en évidence
I'importance de la variation du sPD-L1 lors des premieres semaines de traitement en vue
d’anticiper la SG.

Enfin, par des analyses in vitro, nous avons montré que les cellules tumorales et immunitaires
peuvent sécréter le sPD-L1 et que le plasma de patient peut inhiber la prolifération

lymphocytaire.
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Abstract

Introduction

There is a need for biomarkers to predict response and survival to ICls in patients with
advanced non-small cell lung cancer (NSCLC). Soluble PD-L1 (sPD-L1) has shown biomarker
potential. The objective of this study was to evaluate sPD-L1 in patients with advanced NSCLC
treated with first-line ICls.

Methods

We constructed three prospective cohorts of patients with advanced NSCLC treated with first-
line chemotherapy (CT), (Cohort #1), ICls, or CT-ICls (Cohort #2 and #3). Plasma was collected
at baseline and at first tumour evaluation. sPD-L1 levels were measured by ELISA and
compared to response and survival metrics.

Results

Patients were mostly male smokers with adenocarcinomas. Baseline sPD-L1 was lower in
responders vs non-responders in Cohort #2 (p=0.0233). Patients with low baseline sPD-L1 had
longer OS in Cohorts #2 and #3: median OS 18.0 months vs 4.0 months, (p=0.0277) and not
reached (NR) vs 13.0 months (p=0.0360). First tumour evaluation sPD-L1 was lower in
responders in Cohorts #1 (p=0.0138) and #2 (p=0.0009). Patients with low sPD-L1 at first
tumour evaluation had longer OS in Cohort #2: 45.0 months vs 12.5 (p=0.0041). Patients with
stable/decreasing sPD-L1 had longer OS throughout the Cohorts: median OS of 15.5 vs 6.0
months, 45.0 vs 14.0 months and not reached (NR) vs 17.0 months in Cohorts #1, #2 and #3.
In vitro studies confirmed that cancer and immune cells secreted sPD-L1 and that NSLC patient
plasma has the capacity to inhibit lymphocyte proliferation.

Conclusion

sPD-L1 has prominent biomarker potential in advanced NSCLC treated with first-line ICls.
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Introduction

Lung cancer is the leading cause of cancer-related death worldwide [1]. The use of immune
checkpoint inhibitors (ICls), humanised monoclonal antibodies that target immune
checkpoints such as the programmed death-1 (PD-1)/programmed death ligand 1 (PD-L1)
pathway have changed the treatment landscape of lung cancer. In the advanced stage, first-
line strategies including ICIs alone or in association with chemotherapy have become the
standard of care [2-9].

However, robust biomarkers to predict response to ICls are lacking. Tissue based markers such
as the expression of PD-L1 on the surface of cancer cells (tumour proportion score, TPS) as
determined by immunohistochemistry (IHC) is imperfect. PD-L1 can be expressed by cancer
cells as well as by immune cells [10]. Furthermore, PD-L1 expression is heterogeneous within
one sample, between primary and metastatic sites and over time [11-13]. Finally, inter- and
intra-observer discrepancies have also been reported [14, 15].

There is currently an unmet need to develop new reliable biomarkers in order to predict
response to ICls in solid tumours and especially in advanced NSCLC.

Plasma-based soluble biomarkers have several advantages. They are easy to access, as they
only require a blood sample whereas tissue sample can be difficult to obtain and cause
discomfort, pain and anxiety due to the procedures needed to obtain them. Blood-based
biomarkers can be monitored during anti-cancer treatment, which is not the case with tissue-
based markers as repeat biopsies are only rarely performed outside of clinical research
settings. Finally, blood based-biomarkers have the capacity to encompass the entirety of the
tumour burden and its clonality.

Plasma-based soluble PD-L1 (sPD-L1) is actively being explored as a potential prognostic and
predictive biomarker in the context of advanced non-small cell lung cancer (NSCLC). The aim
of this study was to evaluate the potential role of sPD-L1 as a prognostic and predictive
biomarker in different cohorts of patients with advanced NSCLC, treated in the first-line

setting with chemotherapy (CT) alone, ICls alone or ICls in association with CT.
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Methods

Patients and samples

We performed a multi-centric non-interventional study that enrolled consecutive patients
with advanced NSCLC, prospectively included in the Department of Respiratory Medicine and
Thoracic Oncology (APHP—Ambroise Pare Hospital) and in in the Department of Medical
Oncology (CHU Nantes). Several cohorts were constructed; Cohort #1 (APHP—Ambroise Pare
Hospital) was comprised of patients who received CT alone as first-line treatment between
May 2015 and August 2020 with a data lock performed on the 14t of June 2021. Cohort #2
(APHP—Ambroise Pare Hospital) was comprised of patients who received ICIs alone or in
association with CT as first-line treatment between October 2017 and April 2021, with a data
lock performed on the 30%" of September 2021. Cohort #3 (CHU Nantes), was comporised of
patients with advanced NSCLC treated with ICls alone or in association with CT as first-line
treatment between May 2021 and December 2022 with a data lock was performed on the 28t
of May 2024.

All patients continued treatment until disease progression evaluated by RECIST 1.1 criteria,
unacceptable toxicity or death.

Plasma samples were collected at diagnosis (baseline sample), and at first tumour evaluation
(on treatment sample). Two 10ml-EDTA tubes of peripheral blood were taken, and plasma

was isolated within one hour after and immediately stored at -80°C

Enzyme-linked immunosorbent assay (ELISA) technique

sPD-L1 concentrations were calculated by ELISA. ELISA tests were performed using a
commercially available kit (ab214565 Human SimpleStep PD-L1 [28-8] ELISA Kit, Abcam)
according to manufacturer’s instructions. Corresponding recombinant proteins were used for
each test at pre-specified concentrations to build standard curves. The results were obtained
using a spectrophotometer (reading at 450nm), and concentrations were calculated according
to the standard curves. All samples, standards and negative controls were tested in duplicate.
We defined sPD-L1 variation as a 5% increase or decrease of sPD-L1 levels compared to
baseline. In case of a change of less than 5%, sPD-L1 was considered as stable. sPD-L1 levels

are expressed in pg/ml [16].
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Cell culture

The cell lines used were A545 and NCI-H596 (H596). A549 is a lung adenocarcinoma cell line
presenting with KRAS G12S mutation. H596 is a lung adenosquamous carcinoma presenting
with PIK3CA, Rb1l and TP53 mutations. Cells were cultured in DMEM culture medium
supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin antibiotic

cocktails. Cells were incubated in a humidified incubator supplied with 5% CO2.

PBMCs

PBMC were isolated from human blood by density gradient centrifugation using Lymphoprep
(Stemcells Technologies). Isolated PBMC, stained or not with Carboxyfluorescein succinimidyl
ester (CFSE, for proliferation assays), were maintained in complete RPMI or IMDM media for
monoculture or coculture assays respectively. PBMC were activated with 10 pg/mL
phytohemagglutinin, Lymphocyte activation/proliferation was assessed either through MTS

colorimetric assay or CFSE staining assay.

MTS proliferation assay

Lymphocyte proliferation was assessed using MTS proliferation assays as previously
described. Briefly, at the end of cell culture, 10 uL of MTS reagent (Abcam, ab197010) was
added into each well and kept in incubator for 2 hours. Metabolically active, viable cells
convert MTS into a colored formazan. The product was then measured at 490 nm in a
spectrophotometric microplate reader (Bio rad PR 3100 EIA PhD software). The viability was
expressed as the percentage of optical density of treated cells compared to optical density of

cells treated with the specific vehicle.

Outcomes

We evaluated the following endpoints in this exploratory analysis. Progression free survival
(PFS) defined as the time between treatment initiation and disease progression as evaluated
by RECIST 1.1 criteria. Overall survival (OS) defined as the time between treatment initiation
and death. Overall response rate (ORR) defined as the proportion of patients presenting with
partial (PR) or complete response (CR). Durable clinical benefit (DCB) defined as patients
presenting with stable disease (SD) or PR lasting 6 months or more. Patients with progressive

disease (PD), and SD or PR lasting less than 6 months were considered as not presenting with
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durable clinical benefit (NDB).

Statistical analysis

Median soluble concentrations of sPD-L1 was analysed according to ORR, clinical benefit. The
comparison of median biomarker levels between groups was performed using Mann-Whitney
test and the standard error of the mean (SEM) is given for each value. Kaplan-Meier method
was used to determine OS and PFS. Comparison between survival curves was performed using
log-rank method. High and low sPD-L1 levels was determined using quartiles. In a consistent
manner for all cohorts, the highest quartile was defined as high sPD-L1 and the three lowest
quartiles as low sPD-L1. Data analysis was computed using GraphPad Prism (Version 10.0). P-

values were considered as significant if<0.05.

Ethical considerations

All patients signed an informed consent allowing blood to be drawn and stored within the
Centre de Ressources Biologiques (CRB) of the Ambroise Paré University Hospital during their
follow-up and treatment. The protocol was approved by the following Institutional Review
Boards: CPP IDF n 8 (ID CRB 2014-A00187-40) and CHU de Nantes (DC-2011-1399, DC-2017-
2987).
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Results

Patient characteristics and outcomes

Cohort #1 was comprised of 32 patients who received CT alone as first-line treatment for
advanced NSCLC. Cohort #2 and Cohort #3 were comprised of respectively 45 and 33 patients
who received ICls alone or in association with CT as first-line treatment for advanced NSCLC.
Across the cohorts, the patients were mostly male (72%, 60%, 58%), with a median age at
diagnosis of 68.5, 65 and 63 years, current or former smokers (94%, 93%, 100%) and presented
with lung adenocarcinoma histology (69%, 71%, 64%), respectively in Cohorts #1, #2 and #3.
The patients’ characteristics are summarised in Tables 1-3.

The ORR to first-line treatment was 34% in Cohort #1, 52% in Cohort #2 and 67% in cohort #3.
After respectively 29.0, 30.0 and 23.0 months of median follow-up in Cohorts #1, #2 and #3,
median OS was 11.0 months, 16.0 months and 31.0 months and median PFS was 4.0 months,
7.0 months and 13.0 months.

Patients in the high and low sPD-L1 groups had similar baseline characteristics.

Baseline sPD-L1 predicts durable response and survival to ICls

In Cohort #1, median baseline sPD-L1 levels were 15.16 pg/ml in non-responders versus (vs)
15.87 pg/ml (p=0.4487) in responders (Figure 1.A). Patients with NDB had median baseline
sPD-L1 levels of 15.16 pg/ml vs 16.25 pg/ml (p=0.8883) for patients who presented with DCB
(Figure 1.B). Survival analysis found that patients with low baseline sPD-L1 levels had a median
OS of 8.0 months vs 19.0 months, hazard ratio (HR) 1.79 95% CI [0.71 — 4.47], p=0.2623 in the
high baseline sPD-L1 group (Figure 2.A).

In Cohort #2, median baseline sPD-L1 levels were 59.65 pg/ml vs 30.40 pg/ml (p=0.0233) in
non-responders and responders, respectively (Figure 1.A). Patients with NDB had median
baseline sPD-L1 levels of 53.65 pg/ml vs 31.17 pg/ml (p=0.4813) for patients who presented
with DCB (Figure 1.B). Survival analysis showed that patients with low baseline sPD-L1 levels
had a median OS of 18.0 months vs 4.0 months, HR 0.42 95% CI [0.15 — 1.14], p=0.0277 in
patients with high baseline sPD-L1 (Figure 2.B).

In Cohort #3, median baseline sPD-L1 levels were 79.88 pg/ml vs 79.88 pg/ml (p=0.5098) in
non-responders and responders, respectively (Figure 1.A). Patients with NDB had a median
baseline sPD-L1 value of 72.11 pg/ml vs 81.34 pg/ml for patients who presented with DCB
(p=0.9850) (Figure 1.B). Patients with low baseline sPD-L1 levels had a median OS of 31.0 vs
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not reached (NR), HR 1.71 95% CI [0.46 - 6.27), p=0.4781 in patients with high baseline sPD-L1

levels. (Figure 2.C.)

sPD-L1 measured at first tumour evaluation maintains its predictive value of response and

survival to ICIs

In Cohort #1, median sPD-L1 measured at first tumour evaluation was 14.74 pg/ml vs 4.45
pg/ml (p=0.0138) in non-responders and responders, respectively (Figure 1.A). Furthermore,
patients with NDB had a median sPD-L1 value of 13.91 pg/ml vs 10.16 pg/ml (p=0.0531) for
patients with DCB. (Figure 1.B.). Patients with low sPD-L1 evaluated at first tumour evaluation
had a median OS of 13.0 months vs 11.0 HR 0.91 95% CI [0.34 — 2.44], p=0.8439 for patients
with high sPD-L1 levels measured at the same time-point. (Figure 2.A.)

In Cohort #2, median sPD-L1 measured at first tumour evaluation was 79.65 pg/ml vs 29.40
pg/ml (p=0.0009) in non-responders and responders, respectively (Figure 1.A). Similarly,
patients with NDB had a median sPD-L1 value of 65.59 pg/ml vs 31.97 pg/ml (p=0.0477) for
patients with DCB. (Figure 1.B.). Patients with low sPD-L1 evaluated at first tumour evaluation
had a median OS of 45.0 months vs 12.5 HR 0.28 95% CI [0.08 — 0.91], p=0.0041 for patients
with high sPD-L1 levels measured at the same time-point. (Figure 2.B.).

In Cohort #3, median sPD-L1 measured at first tumour evaluation was 79.22 pg/ml vs 68.39
pg/ml (p=0.8143) in non-responders and responders, respectively (Figure 1.A). Patients with
NDB had a median sPD-L1 value of 79.22 pg/ml vs 68.39 pg/ml (p=0.3307) in patients with
DCB. (Figure 1.B.). Patients with low sPD-L1 evaluated at first tumour evaluation had a median
OS of 31.0 months vs NR HR 1.71 95% CI [0.47 — 6.27], p=0.6031 for patients with high sPD-L1

levels measured at the same time-point (Figure 2.C).

The decrease of sPD-L1 between baseline and first tumour evaluation is prognostic in

advanced NSCLC

In Cohort #1, responders had significantly higher sPD-L1 levels at baseline than at first tumour
evaluation: 15.87pg/ml vs 4.45pg/ml (p=0.0284) whereas non-responders had similar levels
of sPD-L1 at baseline and at first tumour evaluation: 13.36pg/ml vs 16.37 pg/ml (p=0.4116).
Responders had a decrease of sPD-L1 levels between baseline and first tumour evaluation in
87.5% of cases and non-responders in 47% of cases (p=0.0858). Patients with increasing sPD-

L1 levels between baseline and first tumour evaluation were non-responders in 89% of cases
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whilst patients with stable/decreasing sPD-L1 levels were responders in 50% of cases (Figure
3.A).

In Cohort #2, responders and non-responders had similar baseline and on-treatment sPD-L1
levels: 30.40pg/ml vs 29.40pg/ml (p=0.7331) and 59.65pg/ml vs 79.65pg/ml (p=0.2014). Only
17% of non-responders had stable/decreasing sPD-L1 levels between baseline and first
tumour evaluation compared to 59% of responders (p=0.0535). Patients with
stable/decreasing sPD-L1 levels between baseline and first tumour evaluation were
responders in 83% of cases whilst 59% of patients with increasing sPD-L1 levels were non-
responders (Figure 3.B).

In Cohort #3, responders and non-responders had similar baseline and on-treatment sPD-L1
levels: 159.1 pg/mL and 179.9 pg/ml (p=0.3190) and 217.7pg/ml vs 174.4pg/ml (p=0.5737).
Responders had stable/decreasing sPD-L1 levels between baseline and first tumour evaluation
in 64% of cases whilst non-responders did so in 54% of cases (p=0.7136). Patients with
stable/decreasing sPD-L1 levels between baseline and first tumour evaluation were

responders in 74% of cases

sPD-L1 variation between baseline and first tumour evaluation is associated with survival

In Cohort #1, median OS was 15.5 months vs 6.0 months in the stable/decreasing and
increasing groups, respectively, HR 0.34 95% ClI [0.12 — 0.98], p=0.0082. Median progression
free survival (PFS) was 5.5 months vs 3.0 months in the stable/decreasing and increasing
groups, respectively, HR= 0.55 95% Cl [0.22 - 1.40], p=0.0941.

In Cohort #2, patients with stable/decreasing sPD-L1 levels between baseline and first tumour
evaluation had a median OS of 45.0 months vs 14.0 months in the increasing group, HR 0.38
95% ClI [0.13 -1.07], p=0.1158. Median PFS was 15.0 months vs 6.0 months in the
stable/decreasing and increasing groups, respectively, HR 0.77 95% Cl [0.32 -1.89], p=0.560.
In Cohort #3 median OS was NR vs 31.0 months in the stable/decreasing and increasing
groups, respectively, , HR=0.55 95% Cl (0.18 -1.73), p=0.2980. Median PFS was 13.0vs 13.5 in
the stable/decreasing and increasing groups, respectively, p=0.4694, HR= 1.244 95% Cl (0.57
-2.70), p=0.5777.

We performed an exploratory analysis by combining Cohort #2 and Cohort #3 in order to
increase the power of our analysis. We found that patient with stable/decreasing sPD-L1

between baseline and first tumour evaluation had significantly longer OS: median OS 45.0 vs
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16.0 months HR 0.38 95% Cl [0.1714 — 0.8386], p=0.0166 (Figure 4).. Results for PFS did not
show a significant difference with a median PFS of 13.0 vs 11.0 months HR 0.92 95% CI[0.5175
— 1.646], p=0.7749 for the stable/decreasing and increasing groups, respectively

These results are summarised in Figure 4.

sPD-L1 produced by cancer and immune cells inhibits lymphocyte proliferation

We aimed to evaluate whether PBMCs obtained from a healthy donor had the capacity to
secrete sPD-L1. Untreated PBMCs and PBMCs stimulated with PHA for 24 hours were cultured.
The supernatant was collected and we found that stimulated PBMCs produced significantly
more sPD-L1 than un treated PBMCs at the same time point: 46.59 pg/ml vs 115.7pg/ml ,
p=0.0040 (Figure 5. A.).

Cancer cell lines also consistently produced sPD-L1 regardless of their histological sub-type.
We collected the supernatant of A549 (lung adenocarcinoma) and H596 (lung
adenosquamous) cancer cell line and observed consistent sPD-L1 levels suggesting that cancer
cells, regardless of their histology, have the ability to secrete sPD-L1 (Figure 5.B)..

To evaluate the functional role of sPD-L1 on lymphocyte proliferation, we exposed PBMCs
stimulated with PHA to control plasma and to plasma from NSCLC patients. We found that
NSCLC plasma inhibited lymphocyte proliferation to a greater degree than control plasma
(Figure 5.C). Interestingly, we found that plasma containing high and low levels of sPD-L1
inhibited lymphocytes proliferation to the same extent. These results suggest complex and
multi-molecular interactions between the cancer cells and immune cells within the tumour

micro-environment (Figure 5.D).
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Discussion

In this study, we further examined the potential of sPD-L1 as a prognostic and predictive
biomarker in patients with advanced NSCLC.

We examined baseline and on treatment sPD-L1 levels in three cohorts of patients with
advanced NSCLC exposed to different treatment modalities that were received in the first-line
setting (CT alone, ICIs alone or ICls in association with CT). We found that baseline sPD-L1
levels were significantly lower in responders than in non-responders in Cohort #2, with a
similar trend in Cohort #3 but not in Cohort #1. We also found that lower baseline sPD-L1
levels were associated with OS and PFS in the ICl cohorts but not the CT cohort suggesting a
predictive role of sPD-L1.

sPD-L1 evaluated at first tumour evaluation was significantly lower in responders than in non-
responders in two of our cohorts (Cohort #1, patients treated with CT and Cohort #2, patients
treated with ICls alone or in association with CT). Furthermore, patients with DCB had lower
on treatment levels of sPD-L1, consistently throughout our Cohorts and significantly so in
Cohort #2. Lower sPD-L1 levels measured at first tumour evaluation were also associated with
OS and PFS in the ICI cohorts.

Next, we evaluated the dynamic change of sPD-L1. Throughout the Cohorts, the majority of
responders had stable/decreasing sPD-L1 levels between baseline and first tumour evaluation
whilst a majority of non-responders had increasing sPD-L1 levels (Cohort #1 and #2).

In terms of survival, patients with stable/decreasing sPD-L1 levels between baseline and first
tumour evaluation had longer OS throughout the cohorts and significantly so in Cohort #1.
The trend was similar in Cohorts #2 and #3 but our analysis lacked power to uncover any
statistically significant differences. When combining Cohorts #2 and #3 in an exploratory

analysis, we found that patients with stable/decreasing sPD-L1 had significantly longer OS.

We have previously shown that sPD-L1 levels measured at first tumour evaluation in patients
with advanced NSCLC treated with nivolumab in the second-line setting or more was
significantly higher in non-responders and in patients with NDB compared to responders and
patients with DCB. Furthermore, we found that patients with stable/decreasing sPD-L1 levels
between baseline and first tumour evaluation had significantly longer PFS and OS than
patients with increasing sPD-L1 levels [16].

Here, we confirm the predictive role of baseline sPD-L1 with regards to response to ICls.
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Interestingly, sPD-L1 variation seems to predict response, benefit and survival regardless of
the treatment modality with however a strong indicator of benefit in case of stable/decreasing

sPD-L1 in patients receiving ICls.

The use of sPD-L1 as a potential prognostic and predictive biomarker is actively being explored
in solid tumours such as melanoma [17-19], clear cell renal cell carcinoma [17, 20-21],
mesothelioma [22], gastric cancer [23-25] head and neck squamous cell carcinoma [26, 27],
breast cancer [28, 29], glioma [30] as well as in haematological malignancies such as diffuse
large B-cell lymphoma [31, 32], multiple myeloma [33] and hodgkin lymphoma [34]. The role
of sPD-L1 has also been extensively evaluated in patients with NSCLC [16, 35-59]. Other
authors have analysed sPD-L1 concentrations simultaneously in different cancer types [60,
61]. Finally, several meta-analyses have evaluated the role of sPD-L1 in cancer [62, 63], or
specifically in lung cancer [64-67]. Some authors have reported contradictory results. Geiger
et al. [68] evaluated soluble PD-1 (sPD-1) and sPD-L1 in a cohort of 243 patients with advanced
NSCLC treated with platinum (carboplatin or cisplatin) in association with paclitaxel. Baseline
levels of the analysed biomarkers as well as the change in concentration under treatment
overlappedin responders and non-responders. Furthermore, none of the analysed biomarkers
showed prognostic value with regards to OS. Kurosaki et al. [69] evaluated the use of sPD-1
and sPD-L1 in a cohort of 171 patients with solid tumours (head and neck cancer, urothelial
cancer, renal cell cancer, gastric cancer, oesophageal cancer, malignant pleural mesothelioma,
or microsatellite instability-high tumors) treated with nivolumab or pembrolizumab at any
time during their treatment. They did not find a relation between OS/PFS and sPD-L1 levels
but found that patients with low sPD-1 and high sPD-L1 concentrations had a significantly
shorter PFS (HR of 1.79 [95% Cl, 1.13-2.83], p= 0.01) and a tendency toward shorter OS (HR
of 1.70 [95% Cl, 0.99-2.91], p= 0.05) compared with all other patients.

Shimizu et al. [70] performed a meta-analysis in order to evaluate the impact of sPD-L1
variation in patients with advanced NSCLC receiving ICls. They did not find that changes in sPD-
L1 levels during PD-1 inhibitor treatment significantly influenced the prognosis of advanced
NSCLC patients; however, the two studies included in the meta-analysis were of small size [42,
71] (total n=26) and patients did not all receive ICls in the first-line setting. Due to the small
size of this analysis, these results seem difficult to extrapolate and need further validation.

The general common finding from these numerous studies Is that higher sPD-L1 levels is
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deleterious with regards to outcome (response, PFS, OS, clinical benefit) across different solid
and haematological malignancies and across different treatment modalities (chemotherapy,
ICls). Although some opposing results have been reported and refinement is still needed, the
bulk of the data supports the use of sPD-L1 as a biomarker in solid tumours and specifically in

advanced NSCLC.

Our findings are original as we used the dynamic change of sPD-L1 between baseline and first
tumour evaluation to evaluate the use of sPD-L1 as a biomarker in advanced NSCLC treated in
the first-line setting with and without ICls. Only few studies have evaluated the dynamics of
sPD-L1 and the results have been heterogeneous. We bring a further degree of originality as
all our patients had sPD-L1 measured before any treatment was received and at first tumour
evaluation. Finally, we evaluated three cohorts in a mutli-centric fashion with cohorts

constructed depending on treatment modalities.

There is currently a host of data supporting the use of sPD-L1 as a prognostic marker in solid
tumours and its use as a predictive marker in response to ICls in NSCLC and other solid
tumours. We further confirm this role and especially the potential for using sPD-L1 variation
as a marker for anticipating prognosis and have uncovered a predictive role of sPD-L1 for
response to ICls.

We propose using sPD-L1 as a marker in combination with radiological response criteria. In
patients presenting with PR or SD but with increasing sPD-L1 levels compared to baseline, an
early switch to second-line therapy or an intensification of the first line treatment could be
beneficial rather than pursuing first line ICls. We propose to craft a clinical trial wherein
patients with increasing sPD-L1 levels between baseline and first tumour evaluation and P or
SD on imaging would be randomized to receive either early second-line treatment or continue
first-line treatment until disease progression. The hypothesis being that sPD-L1 is a surrogate
marker of anti-cancer treatment efficacy with an increased detection capability when
compared to imaging. Thus, combining imaging modalities and sPD-L1 would lead to earlier

treatment modifications and potentially clinical benefit and prolonged survival.

To understand the functional role of sPD-L1, we performed several in vitro experiments. We

confirmed that sPD-L1 can be secreted by cancer as well as immune cells [72, 73] and found
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that lung cancer patient plasma has the ability to inhibit T-cell proliferation to a greater extent
that control plasma. The knowledge surrounding the origin and function of sPD-L1 has greatly
increased. sPD-L1 seems to originate from alternate splicing creating an mRNA coding for sPD-
L1 [74, 75]. It also seems that sPD-L1 can be shed from cancer cells upon apoptosis.
Furthermore, sPD-L1 seems to play an immunosuppressive role in the tumour micro-
environment by interacting with T-cells expressing PD-1 and could also serve as a decoy for
ICIs [76]. Finally, CDK12 seems to regulate the alternate splicing of PD-L1 mRNA with the
potential for using CDK12 inhibitors in order to inhibit sPD-L1 production [77].

Despite these advances, challenges remain to uncover the underlying biological mechanisms
leading to differing sPD-L1 secretion levels and to fully harness the biomarker potential of sPD-

L1 in the clinical setting.

Limitations

Our study is not without limitations. Although we were able to construct three cohorts of
patients to perform our analysis the total number of patients was relatively small leading to a
lack of power for some analyses. Furthermore, sPD-L1 levels were heterogeneous between
our cohorts leading to difficulties in determining an optimal cut-off for sPD-L1. These
differences could be explained by the fact that two different centers with potentially differing
pre-analytical treatment of the samples participated in the study. Furthermore, some older
samples that could have gone through several freeze-thaw cycles were included which could
have an impact on sPD-L1 levels. However, to limit these variations and render the results
interpretable, all samples were tested in duplicate. Furthermore, the analysis of
decreasing/stable versus increasing sPD-L1 levels was performed by pooling two Cohorts as

the absolute level of sPD-L1 would not impact this analysis.

Strengths

Our study also displays several strengths. The cohorts were prospectively constructed, well
characterized and allow to compare baseline and samples taken at first tumour evaluation of
patients treated with CT alone or an association with ICls for advanced NSCLC. In our cohort,
all patients who received ICls did so in the first line setting which is original with regards to
other trials published evaluating sPD-L1 levels.

We also bring original in vitro analysis data showing that plasma of patients presenting with
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cancer interferes with lymphocytes but that the level of sPD-L1 measured in the plasma does
not impact this. This suggests that other more complex mechanisms are at work causing

lymphocytes dysfunction.
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Conclusion

There is currently a wealth of data suggesting the biomarker potential of sPD-L1 across
different cancer types including NSCLC. We bring further evidence of its potential use as a
predictive biomarker in patients with advanced NSCLC treated with ICls with an emphasis on
the utility of the variation of sPD-L1 under treatment. As we have shown, the variation of sPD-
L1 under treatment with ICls has the ability to predict response and OS.

Strategy-based clinical trials with original designs are needed in order to harness the potential

use of sPD-L1 variation as a biomarker in advanced NSCLC.
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Tables

Table 1. Baseline patient characteristics for Cohort #1

Cohort #1 Total Low  baseline | High  baseline
(n=32) | sPD-L1 (n=23) sPD-L1 (n=7)

Gender

Female 9 (28%) 6 (26%) 2 (29%)

Male 23 (72%) 17 (74%) 5(71%)
Smoker

Yes 30 (94%) 22 (96%) 6 (86%)

No 2 (6%) 1 (4%) 1 (14%)
Age at diagnosis (median) 68.5 69 65
Histology

Adenocarcinoma 22 (69%) 16 (70%) 5((71%)

Squamous cell carcinoma 6 (19%) 5 (22%) 0 (0%)

Other 4 (12%) 2 (9%) 2 (29%)
PS at treatment initiation

0-1 27 (84%) 18 (78%) 7 (100%)

2-4 5(16%) 5(22%) 0 (0%)
Metastatic sites at diagnosis

Liver 3 (9%) 3 (13%) 0 (0%)

Central nervous system (CNS) 9 (28%) 7 (30%) 2 (29%)

Bone 12 (38%) 10 (43%) 2 (29%)
Treatment

Platinum pemetrexed 20 (63%) 15 (65%) 5(71%)

Platinum weekly paclitaxel 5(16%) 2 (9%) 1 (14%)

Platinum pemetrexed 2 (6%) 1 (4%) 1 (14%)
bevacizumab 2 (9%) 0 (0%)

Platinum paclitaxel 2 (6%) 2 (9%) 0 (0%)

Platinum gemcitabine 2 (6%) 1 (4%) 0 (0%)

Gemcitabine 1 (3%)
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Table 2. Baseline patient characteristics for Cohort #2

Cohort #2 Total Low  baseline | High  baseline
(n=45) sPD-L1 (n=31) sPD-L1 (n=10)

Gender

Female 18 (40%) 11 (35%) 4 (40%)

Male 27 (60%) 20 (65%) 6 (60%)
Smoker

Yes 42 (93%) 29 (94%) 9 (90%)

No 3 (7%) 2 (6%) 1 (10%)
Age at diagnosis (median) 65 64 79
Histology

Adenocarcinoma 32 (71%) 23 (74%) 6 (60%)

Squamous cell carcinoma 8 (18%) 4 (13%) 3 (30%)

Other 5(11%) 4 (13%) 1 (10%)
PS at treatment initiation

0-1 35 (78%) 27 (87%) 5 (50%)

2-4 10 (22%) 4 (13%) 5 (50%)
Metastatic sites at diagnosis

Liver 5(11%) 2 (6%) 3 (30%)

Central nervous system (CNS) | 10 (22%) 8 (26%) 2 (20%)

Bone 19 (42%) 12 39%) 5 (50%)
Treatment

Pembrolizumab 28 (62%) 16 (52%) 9 (90%)

Chemo-immunotherapy 17 (28%) 15 (48%) 1(10%)
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Table 3. Baseline patient characteristics for Cohort #3

Cohort #3 Total Low  baseline | High  baseline
(n=33) sPD-L1 (n=25) sPD-L1

Gender

Female 14 (42%) 11 (56%) 5 (63%)

Male 19 (58%) 14 (44%) 3 (38%)
Smoker

Yes 33 (100%) 25 (100%) 8 (100%)

No 0 (0%) 0 (0%) 0 (0%)
Age at diagnosis (median) 63 64 61.5
Histology

Adenocarcinoma 21 (64%) 16 (64%) 5 (63%)

Squamous cell carcinoma 5 (15%) 4 (16%) 1(13%)

Other 7 (21%) 5 (20%) 2 (25%)
PS at treatment initiation

0-1 27 (82%) 19 (76%) 8 (100%)

2-4 6 (18%) 6 (24%) 0 (0%)
Metastatic sites at diagnosis

Liver 3 (9%) 3 (12%) 0 (0%)

Central nervous system (CNS) 9 (27%) 7 (28%) 2 (25%)

Bone 9 (27%) 5(20%) 4 (50%)
First line treatment

Pembrolizumab 13 (39%) 10 (40%) 3 (38%)

Chemo-immunotherapy 20 (61%) 15 (60%) 5 (63%)
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Figures

Figure 1. Baseline and on treatment sPD-L1 levels across the cohorts in responders and
non-responders (NR) (A), and in patients with durable clinical benefit (DCB) and non
durable benefit (NDB) (B). Results are expressed as median with standard error of the

mean (SEM).
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Figure 2. Overall survival (OS) depending on high/low sPD-L1 levels at baseline and
first tumour evaluation in Cohort #1 (A), #2 (B) and #3 (C).
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Figure 3. The variation of sPD-L1 in paired patient samples and the proportion of
responders and non-responders presenting with increasing or stable/decreasing sPD-
L1 levels between baseline and first tumour evaluation in Cohorts #1 (A), #2 (B) and #3
Q).
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Figure 4. Overall survival (OS) in patients presenting with increasing versus
stable/decreasing sPD-L1 levels between baseline and first tumour evaluation in
Cohorts #1 (A), #2 (B), #3 (C) and #2 and #3 combined (D).
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Figure 5. sPD-L1 secretion evaluated by ELISA in PBMCs (A) and lung cancer cell lines
(B). Lympocyte proliferation evaluated after exposure to control and lung cancer
patient plasma (C) and lung cancer patient plasma with high and low sPD-L1 evaluated
by ELISA (D).
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Article #3: Role of HLA class-l antigen peptide loading complex (PLC) components in immune
evasion and treatment sensitivity in human lung cancer. Manuscrit en cours de soumission a

Clinical Cancer Research.

Article #4: A brief report evaluating the role of IL-8 on MHC class-I molecule expression.

Manuscrit en cours de preparation.

Dans un premier temps, nous avons évalué les composants du complexe de chargement des
paptides (CCP) dans le CBNPC. Cette analyse a été effectuée par mQIF a travers plusieurs
cohortes de patients bien caractérisées et dont les échantillons étaient représentés dans des
TMAs. Cette premiere analyse a permis de montrer que la présence de défauts d’expression
des composants du CCP était une occurrence fréquente, ainsi que la régulatoin négative de
tapasin au sein des cellules cancéreuses. Nous avons ensuite cherché a comprendre la cause
de cette régulatoin négative de tapasin et avons d’abord montré une association négative
entre le taux de mRNA d’IL-8 et de tapasin selon des données disponibles publiqguement. Dans
un second temps, nous avons montré par Western Blot et par mQIF qu’lL-8 a la capacité de
réduire I'expression de tapasin au niveau de lignées de cellules cancéreuses de cancer
bronchique. Ces travaux ont été réalisés au sein du Schalper Lab (Yale University, USA) au

cours de ma deuxieme et troisieme année de thése, et sont présentés dans I’Article #3.

En se basant sur ces réulstas, nous avons ensuite poursuivi notre étude du réle d’IL-8 au sein
de I'EA 4340 (quatrieme année de these), et avons cherché a évaluer son impact sur
I’expression de HLA-A/B/C au niveau de la surface cellulaire. Nous avons d’abord confirmé
qu’IL-8 a la capacité de diminuer I'expression d’"HLA A/B/C au niveau de la surface cellulaire.
Ensuite, nous avons montré qu’lL-8 inhibe en partie I'effet stimulateur d’IFNG. Enfin, nous
avons montré qu’IL-8 a la capacité de réduire I'activité anti-tumorale de lymphocytes T dirigés
de maniére spécifique contre les cellules cancéresues. Ces résultats préliminaires, qui sont en

attente de données complémentaires, sont présentés dans |'Article #4.
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Introduction

Immune checkpoint inhibitors (ICIs) targeting the Programmed Death-1 (PD-1)/Programmed
Death Ligand-1 (PD-L1) axis and Cytotoxic T-Lymphocyte Antigen-4 (CTLA-4) have transformed
lung cancer care, benefiting patients across stages and histological subtypes [Ref Zhou et al].
However, the clinical efficacy of ICls in patients with non-small cell lung cancer (NSCLC) varies
considerably with only a subset of patients presenting with prolonged benefit and a majority
experiencing primary or acquired resistance to ICls [Passaro et al. JCO].

For CD8+ T-cells to effectively recognize and eliminate cancer cells, an intact Human Leukocyte
Antigen (HLA) Class-I/Major Histocompatibility Complex (MHC) Class-I antigen processing and
presentation machinery (APM) is necessary [Jhunjhunwala et al.]. Cell-surface expression of
HLA-A, -B and -C has been shown to be downregulated in a subset of patients with NSCLC [Ref
Datar et al.]. Beta-2-microglobulin (32M), an essential component of peptide trafficking to the
cell surface has also been found to be downregulated in NSCLC but also across other tumor
types [Ref Datar et al.]. However, the mechanisms leading to HLA-A/B/C and B2M
downregulation are unclear as DNA sequencing data revealed that deleterious mutations
leading to B2M loss of function are exceptional affecting between 1.4% and 3.4% of patients
[Ref Datar et al.]. The peptide loading complex (PLC) is an intricate multi-chaperone system
located within the endoplasmic reticulum (ER). It is comprised of Transporter Associated with
Antigen Processing (TAP) which has two sub-units (1 and 2), Tapasin (Tpn), Calreticulin (CRT)
as well as Endoplasmic Reticulum Protein 57 (ERp57). The PLC allows for optimal peptide
selection and stable loading onto MHC Class-I heavy chain/B2M complexes [Ref Thomas etal.].
Tpn is an ER-resident protein chaperone that plays an essential role in MHC class-I antigen
presentation. Tpn allows for optimal peptide selection and loading onto MHC Class-I heavy
chain/B2M complexes and MHC stabilization by binding with TAP and ERp57. It has been
shown that several cancer types such as maxillary sinus squamous cell carcinoma [Ogino et
al.], laryngeal squamous cell carcinoma [Ogino et al.], renal cell carcinoma [Seliger et al.], high
grade intraepithelial neoplasia and colorectal carcinoma [Atkins et al.], oral squamous cell
carcinoma [Koike et al.] as well as melanoma [Dissemond et al.] present with alterations to
Tpn levels and that lower Tpn levels correlate with shorter survival. In lung cancer, it has been
shown that up to 72.9% of cases (n=85) present with heterogeneous lack of Tpn expression

[Ref Shionoya et al.].
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CRT is an ER-resident protein chaperone and Ca?*-buffer that helps with correct protein
folding, adhesion and integrin signaling. It also plays a role in immunogenic cell death (ICD) by
promoting the uptake of cells to whose surface it has migrated [Ref Fucikova et al.].
Furthermore, in cohorts of patients treated with radiation therapy, surgery and chemotherapy
or chemotherapy alone, higher CRT correlated with improved overall survival (OS) and
advanced stage [Ref Liu et al. Fucikova et al Cancer Res, Garg et al.]

ERp57, also known as PDIA3, is part of the Protein Disulfide Isomerase (PDI) family that are
cellular oxidoreductase enzymes. ERp57 is an ER resident but can also be found in several sub-
cellular or even extra-cellular locations. ERp57 plays a role in optimal protein folding by
facilitating disulfide bond isomerization and forms a disulfide bridge with Tpn allowing the
stabilization of the PLC. Other roles of ERp57 include redox activation of protein kinase RNA-
like ER kinase (PERK) in response to protein unfolding, participating in the signal transduction
processes of STAT3 pathways (nucleus localization), ICD in complex with CRT (cell surface
localization)as well as matrix degradation by tumor cells [Ref Ros et al, Chichiarelli et al].
These observations raise several questions and challenges. First, if deleterious mutations to
APM components are uncommon, what are the epigenetic or post-translational alterations
commanding these alterations? Second, effectively predicting response and efficacy of ICls
remains a challenge and the discovery of novel predictive biomarkers is an unmet need. Third,
and most challengingly, there is a need to develop novel targetable immunological pathways
and the APM appears as an excellent target as its potential has not been exploited
therapeutically.

To address these queries, we performed multiplexed quantitative immunofluorescence
(mQIF) to simultaneously, spatially and quantitively analyze the components of the PLC Tpn,
CRT and ERp57 in baseline biopsy samples of human NSCLC from patients who received
chemotherapy or ICls. This allowed us to uncover cancer-cell specific Tpn downregulation as
a frequent event leading to decreased CD8+ T-cell infiltration, immune evasion, and resistance
to ICls. We further uncovered an unknown interleukin-8 (IL-8) driven mechanism leading to

epigenetic downregulation of Tpn in human NSCLC.
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Results

Cancer-cell selective downregulation of Tpn in human NSCLC

We established an mQIF panel for simultaneous detection of the markers 40 ,6-diamidino-2-
phenylindole (DAPI) for all cells, cytokeratin (CK) for tumor epithelial cells, and members of
the PLC Tpn, CRT and ERp57 to analyze formalin-fixed paraffin embedded (FFPE) tumor
specimens.

Using this assay, we analyzed baseline/pre-treatment tumor samples from five independent
retrospective cohorts of patients treated for NSCLC all of which were represented in tissue
microarrays (TMAs). Cohorts #1-3 were comprised of patients treated with chemotherapy,
patients in Cohort #4 had received ICls and Cohort #5 was comprised of patients presenting
with EGFR and KRAS mutations or wild-type tumors for KRAS and EGFR. Table 1. summarizes
the baseline patient characteristics from Cohorts #1-4. It is relevant to underline that Cohorts
#1 and #2 present with similar baseline characteristics: mostly female smokers with early-
stage adenocarcinoma. Cohort #3 is comprised essentially of male smokers presenting with
early-stage squamous cell carcinoma and Cohort #4 has an equal amount of male and female
smokers presenting with advanced stage adenocarcinoma all of whom received ICls during
treatment.

Figure 1A. shows the staining pattern obtained, with the proteins of interest having a peri-
nuclear cytoplasmic staining pattern. Both CK-negative stromal cells and CK-positive cancer
cells had this similar staining pattern. In Figure 1A. we show two extreme phenotypes that
could be observed after staining: unaltered expression of the PLC components with equal
expression within the tumor and the stroma (left) and cancer cell-specific downregulation of
all the components of the PLC (right). We observed all other combinations with a large
proportion of patients presenting with cancer cell specific Tpn downregulation alone or in
association with other members of the PLC in 57-65% of cases (Figure 2B.). More specifically,
Tpn cancer-cell specific downregulation alone was observed in 28-36% of cases, Tpn-CRT
associated cancer-cell specific downregulation in 20-29% of cases and CRT cancer-cell specific
downregulation alone in 9-13% of cases. Cancer cell specific downregulation of ERp57 alone
or in association with other components was a rare occurrence and only 19-32% of patients
presented with unaltered expression of all PLC components. The specific proportion of each

phenotype is detailed in Supplementary Figure XX.
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Next, we evaluated the QIF score of each protein within the total, tumor and stromal
compartments across the cohorts. Consistent with our previous findings, we found that Tpn
levels were numerically higher in the stroma compared to the tumor compartment across all
cohorts and significantly so in Cohorts #2 and #4. CRT levels were consistently numerically
higher in the tumor compartment across all cohorts, but the difference was not significant.
ERp57 was consistently and significantly higher in the tumor compartment than in the stromal
compartment across all cohorts.

We hypothesized that PLC component levels would decrease with advancing disease stage as
more advanced tumors would have an increased probability of presenting with APM
deficiencies due to increased mutational load. As shown in Supplementary Figure XX. We
found that Tpn levels in the total tissue area were significantly higher in stage IV tumors
compared to stage |, Il and lll. Results were similar when analysis was performed in tumor
compartment and in the stromal compartment. CRT levels were not influenced by stage and
ERp57 was also significantly higher in stage IV compared to stages |, Il or Il in the total
compartment with similar results when analyzing only tumor or stromal compartments.
These results show that cancer-cell specific Tpn downregulation alone or in association with
other members of the PLC is a frequent occurrence in baseline samples of human NSCLC.
Second, a wide variety of phenotypes exist with one or several PLC members having the
potential for being downregulated specifically in cancer-cells. Finally, the analysis by
compartment confirms these findings showing higher stromal Tpn QIF scores across all
cohorts. ERp57 also presents a pattern of consistently higher scores in the tumor

compartment.
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Figure 1. Cancer-cell selective downregulation of Tpn in human NSCLC

A. mQIF image showing the simultaneous detection of DAPI (blue), CK (green), Tpn (red), CRT (magenta) and
ERp57 (gray) in NSCLC tissues. The left panel shows unaltered expression of the PLC components with equal
staining in the tumor (CK+) and stromal (CK-) compartments. The right panel shows cancer-cell specific
downregulation of all the components of the PLC. B. Pie charts showing the proportion of patients presenting
with each specific observed phenotype across 4 NSCLC cohorts. Cohorts #1-3 were comprised of patients not
treated with ICls and patients in Cohort #4 had received ICls.C. Bar graphs showing the mean + SEM mQIF score
for Tpn, CRT and ERp57 in each cohort and in each compartment. Total score (mQIF of marker of interest in all
nucleated cell) in blue, tumor compartment (mQIF score of marker of interest in CK+ cells) in green and stromal
compartment (mQIF score of of marker of interest in CK- cells) in yellow.
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Cancer-cell specific Tpn dowregulation is associated with lower tumor infiltrating lymphocytes

(TILs) and worse outcome

We aimed to evaluate the consequence of cancer-cell specific Tpn downregulation on CD8+
TILs levels. As shown in Figure 2A. patients presenting with high (left) Tpn levels present with
a higher CD8+ T-cell infiltration than patients presenting with low (right) Tpn levels.

Patients were then stratified as Tpn high/low based on the median Tpn mQIF score in each
cohort. As shown in Figure 2B. CD8 QIF scores were significantly and consistently higher across
all compartments and all cohorts in the Tpn high group, showing a strong and consistent link
between Tpn and CD8+ infiltration.

Survival analysis showed that patients presenting with lower baseline Tpn levels presented
with shorter overall survival (OS). Figure 2C. summarizes the hazard ratios (HR) and p-values
with regards to Tpn levels and OS. Lower Tpn levels were detrimental in Cohorts #1, #3 and
#4 but not in cohort #2. Figure 2D. shows the Kaplan Meier survival curves with regards to OS
depending on low or high Tpn levels in the tumor compartment. Tpn cut-off was determined
using the optimal cut-off method and the same cut-off was then applied to all cohorts allowing
for a homogeneous and consistent analysis.

In Cohort #4, survival was significantly longer in patients presenting with higher Tpn levels
than in patients with lower Tpn levels: median OS 21.00 months vs 12.08 months, respectively,
HR 0.581, 95% CI [0.346-0.976], p=0.034. The trend was similar in Cohort #1 with median OS
of not reached (NR) vs 32.35 months, HR 0.626, 95% Cl [0.379-1.036], p=0.069 and Cohort #3
with median OS of NR vs NR, HR 0.589, 95% Cl [0.318-1.091], p=0.109. In Cohort #2, Tpn did
not seem to correlate with survival. We performed the same analysis for CRT and ERp57
(Supplementary Figure XX.) and did not find any significant correlation with survival. Of note,
higher CRT levels seemed to be beneficial in the chemotherapy treated cohorts (Cohorts #1
and #2) whereas lower CRT levels seemed to be beneficial in the ICI treated cohort (Cohort

#4). There was no clear association between ERp57 and OS.
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Figure 2. Cancer-cell specific Tpn dowregulation is associated with lower tumor infiltrating
lymphocytes (TILs) and worse outcome

A. mQIF image showing the simultaneous detection of DAPI (blue), CK (green), Tpn (red), CD8 (gray) in NSCLC
tissues. The top panel shows high Tpn levels and high CD8 infiltration. The bottom panel low Tpn levels and low
CD8 infiltration. B. Bar graphs showing the mean + SEM mQIF score for CD8 depending on Tpn levels across the
cohorts and compartments. C. Forest plot summarizing the HR and p-values for OS depending on Tpn levels in
each cohort. The dotted line indicates the limit of 1 for HR. HR lower than one are in favor of higher Tpn levels
whereas HR higher than 1 or in favor of lower Tpn levels. The circle indicates the HR and the whiskers the 95%
Cl for each cohort. D. Kaplan-Meier survival curves showing OS depending on Tpn levels.
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Cancer-cell specific Tpn downregulation is epigenetically modulated by IL-8

We aimed to assess the mechanisms leading to cancer-cell specific Tpn downregulation and
accessed the publicly available datasets at chioportal.org. We included the following cohorts
in our analysis: Lung adenocarcinoma (Tumor Cancer Genome Atlas (TCGA), Firehose Legacy,
n=582) Lung Squamous Cell carcinoma (TCGA, Firehose Legacy, n=481). We observed that
mutations (missense, splice, truncating, deep deletion) to the TAPBP, CalR or PDIA3 genes
were an extremely rare occurrence observed in less than 2% of cases throughout these two
cohorts and suggesting epigenetic or post-translational modifications could result in
decreased protein levels and especially of Tpn (Figure 3A.). To explore these hypotheses, we
accessed the bulk RNA sequencing data openly available at cbioportal.org for the two previous
cohorts (Lung adenocarcinoma and lung squamous cell carcinoma, TCGA, Firehose Legacy)
and plotted Tpn, CRT and ERp57 mRNA expression depending on cytokine levels with the
hypothesis of a cytokine mediated effect on these proteins. The cut-off used to determine
high and low cytokine levels was the median. Figure 3B. shows the association between TAPBP
MRNA and /FNG mRNA and TAPBP mRNA and CXCL8 mRNA. Interferon-gamma (IFN-y)
mediated Tpn upregulation is a known and demonstrated mechanism and this was confirmed
on the RNA sequencing data serving as a positive control. Out of all the evaluated cytokines,
CXCL8 mRNA was the only one to show a significantly negative correlation with TAPBP mRNA
levels. The other cytokines (Supplementary Figure XX.) showed either no (/L4, IL6) or positive
correlations (/IL10, IL17A).

To functionally assess this observation obtained from bulk RNA sequencing, we performed
immunoblotting to evaluate Tpn levels after IL-8 treatment in human A549, PC9 and H1703
cancer cell lines. Cells were treated with 20ng/mL of IL-8 for 6, 12, 24, 48 hours or left
untreated for 48 hours. As illustrated and quantified in Figure 3C. IL-8 caused early and
significant decrease in Tpn levels in A549 and H1703 human lung cancer cell lines with a peak
effect observed between 6 and 12 hours of IL-8 treatment. Effect of IL-8 on Tpn on PC9 is
reported in Supplementary Figure XX.

To further evaluate this phenomenon, we performed mQIF for Tpn on A549 cells treated with
IL-8 20ng/mL for 6 hours or left untreated. We confirmed that IL-8 treatment caused a
significant decrease in Tpn protein levels compared to untreated cells (Figure 3C.)

These results show that mutations to TAPBP are uncommon and do not account for the

prominent Tpn cancer-cell specific downregulation observed in NSCLC cohorts. Tpn
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downregulation might be post-translational or epigenetic. We then showed through two
independent methods (immunoblotting and mQIF) that IL-8 has a prominent and negative
effect on Tpn protein levels in human NSCLC cell lines. This effect is most prominent between

6 and 12 hours after IL-8 treatment.
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Figure 3. Cancer-cell specific Tpn downregulation is epigenetically mediated by IL-8

A. Pie charts showing the proportion of patients presenting with no (green) or deleterious mutation to TAPBP
(yellow), CalR (cyan) or ERP57 (purple). B. Graphs obtained from bulk RNA sequencing from two cohorts of
human NSCLC (Lung adenocarcinoma and lung squamous cell carcinoma, TCGA, Firehose Legacy),
cbioportal.org, showing TAPBP mRNA expression depending on IFNG mRNA and CXCL8 mRNA expression. C.
Representative immunoblotting image and quantification of Tpn protein in human A549 (top) and H1703
(bottom) cell lines left untreated or treated with 20ng/mL of IL-8 for up to 48 hours. D. Representative mQIF
images (left) of A549 cells left untreated or treated with IL-8 20ng/mL for 6 hours. Bar graphs (right) show
mean + SEM Tpn QIF score in untreated and treated cells.
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IL-8 impacts cell-surface HLA expression

To further evaluate the impact of IL-8 on the antigen presenting machinery, we exposed
cancer cell lines to IL-8 and evaluated the cell surface expression of HLA-A/B/C by flow
cytometry.

First, we performed a time course to evaluate the optimal impact of IL-8 on HLA-A/B/C cell-
surface expression. We found that the effect of 20ng/mL of IL-8 was strongest after 48 hours
of exposure as compared to untreated cells. The level of HLA-A/B/C in untreated cells was
considered as the baseline expression of HLA-A/B/C. The results are shown in Figure XX.
HLA-A/B/C cell surface expression is known to be increased after exposure to IFNG. Next, we
aimed to evaluate whether IL-8 had the capacity to inhibit IFNG mediated signalling. A549 and
H596 cells were left untreated, treated with IFNG alone for 48 hours, or treated with IL-8
followed by IFNG for 48 hours. We found that IL-8 has the ability to inhibit IFNG-mdiated HLA-
A/B/C cell surface expression.
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Discussion

Using spatially resolved mQJF analysis of human NSCLC samples represented in independent
cohorts as well as in vitro functional studies we identified cancer-cell selective Tpn
downregulation as a dominant mechanism of adaptive immune evasion and immunotherapy
resistance in NSCLC. Our results show that cancer-cell specific Ton downregulation results in
lower CD8+ T-cell infiltration in affected tumors as well as shorter survival specifically in
patients treated with ICls suggesting a predictive biomarker potential for Tpn. Our study also
reveals a yet unknown regulatory pathway in which IL-8 epigenetically modulates the TAPBP
gene resulting in reduced Tpn protein levels. These results are significant and have potential
implications for the development of biomarkers as well as for developing novel therapeutic
strategies such as direct IL-8 blockade using monoclonal antibodies or pharmacological
inhibition of the IL-8 receptors CXCR-1 and CXCR-2. This approach could be combined with PD-
L1/PD-1 axis blockers to further improve treatment efficacy.

Our approach to map out the PLC using mQlF is, to our knowledge, the first to be reported.
Our technique allows for highly detailed spatially resolved analysis of the cancer cells and their
micro-environment. The objective quantification of scores allows for robust and consistent
analysis across samples.

The evaluation of Tpn levels by IHC has been performed in several cancer types including
NSCLC showing that patients can present between 72.9% (n=85) [Ref Lou et al.] and up to
89.5% (n=19) [Ref Shionoya et al.] of low Tpn levels in tumor samples. These studies did not
use mQIF and Tpn levels were scored by eye by evaluating the percentage of positive cells.
This approach can be error prone due to difficulties linked with tumor/stroma differentiation
and identification, subjective evaluation by a pathologist and cell counting. Patients were then
classified as follows: score 2 (> 75% positive cells), score 1 (25-75% positive cells), and score
0 (< 25% positive cells), with score 0 and 1 usually combined to produce the Tpn low group
thus loosing the resolution a continuous score could bring. Furthermore, the number of
patients in these studies was relatively small and the study by Lou et al. grouped different
histological subtypes (NSCLC, SCLC) rendering the interpretation difficult. Using mQlF, we
found that baseline cancer-cell specific Tpn downregulation affected between 57% and 65%
of patients in four independent cohorts. Taken together, these results seem consistent and

underline the fact that alterations to Tpn within cancer cells are frequent.
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Tpn levels were associated with CD8+ T-cell infiltration and survival and we confirmed this by
showing consistently higher CD8+ levels throughout the compartments in case of higher Tpn
levels. We also found longer OS in 3 out 4 cohorts in case of higher Tpn levels, but interestingly
the most prominent effect seemed to be in the ICl treated cohort offering a potential role to
Tpn as a predictive biomarker to ICl response.

In the updated 5-year outcomes in the Keynote-189 study [Ref. Garassino et al.], evaluating
the association of platinum-pemetrexed doublet chemotherapy associated with
pembrolizumab, the five-year OS rate in the study arm was 19.4% (11.3% in the control arm)
and the five-year PFS rate was 7.5% vs 0.6% in the intervention and control arms respectively.
These results underline the fact that although the addition of anti-PD-1 therapy does improve
outcome, primary and acquired resistance to ICls affects a vast majority of patients.
Interestingly, we found that patients had unaltered expression of PLC components within
cancer cells in 19-32% of cases, remarkably close in some cohorts to the five-year OS rate of
the Keynote-189 study.

Tpn plays a role as an ER-retaining signal for empty MHC-class | proteins. In absence of Tpn,
empty MHC-class | peptides are trafficked to the cell surface but are unstable and rapidly
degraded. These previous findings are in line with our results that show that cases presenting
with cancer-cell specific Tpn downregulation have lower CD8+ T-cell infiltration and shorter
survival due to impaired cell-surface antigen presentation. Further complexifying our
understanding, it has been shown that some HLA class-I peptides such as HLA-B2705 have the
ability of stably loading peptides and trafficking to the cell surface in the absence of Tpn,
whereas others do not. It is also relevant to note that peptide selection could occur as only
more abundant and/or more stable peptides would be presented in the case of Tpn absence.
These results further support the fact that although Tpn is not always indispensable for
appropriate peptide loading, it plays a key role in this process and restoring it is a major
challenge of modern precision immuno-oncology. [Ref. Peh et al.].

CRT is a Ca%*-binding ER resident chaperon protein that is involved in several cell processes.
Other than assisting in peptide loading along with Tpn and ERp57, CRT participates in Ca?*-
dependent processes, such as adhesion and integrin signalling. During immunogenic cell death
(ICD), a type of cell death that results in an antigen specific immune response, CRT is exposed
to the cell-surface of cancer cells and facilitates the uptake of the dying cells or their corpses

by antigen presenting cells (APCs) leading to more effective anti-cancer antigen-specific
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adaptive immunity. CRT’s multiple and complex roles are underlined by the sometimes-
conflicting results found across several studies. In NSCLC, it seems that higher CRT correlate
with longer OS as well as a higher density of mature DCs but not for CD8+ T-cells, B-cells or
macrophage. This was in fact the trend we observed in our chemotherapy treated cohorts.
Interestingly, although the result was not statistically significant, the role of CRT seemed to be
different in the ICI treated cohort. These results remain preliminary and would need to be
further validated in an independent cohort of ICl treated patients.

To our knowledge, no study of ERp57 by IHC has been performed in lung or other histologies.
ERp57 has several roles apart from its role in peptide folding in the PLC. The most interesting
of these seems to be extra-cellular matrix-degradation [Ref. Ros et al.], in line with our
observation that cancer cells all highly express ERp57 suggesting that extra-cellular matrix-
degradation, allowing cells to metastasize, is functionally more important that the role played
in peptide folding. Once again, more studies are necessary to explore this in depth.

The mechanism leading to cancer-cell specific Tpn downregulation is unknown. Using publicly
available datasets accessed at chioportal.org, we confirmed that mutations to the TAPBP gene
are extremely uncommon, hinting that Tpn modulation is regulated by epigenetic or post-
translational mechanisms. We observed a negative correlation between /L-8 and TAPBP mRNA
levels that led us to further investigate the possibility of a novel cytokine-mediated epigenetic
regulation of Tpn by IL-8 in cancer cells. We show, using two independent methods
(immunoblotting and mQIF) that IL-8 can downregulate Tpn protein levels in human NSCLC
cell lines with a prominent affect appearing between 6 and 12 hours after IL-8 treatment.
Although our proposed model is original, fast-acting cytokine modification of protein levels is
a known phenomenon. IFNG has the potential of increasing TAPBP mRNA and Tpn protein
levels in mouse primary embryonic fibroblasts in as little as 3 hours [Ref Abarca-Heifeman et
al. Seliger et al.]. It has also been shown that cytokines such as IL-4 have the possibility of
increasing TAPBP mRNA expression after 24 hours of treatment [Ref Seliger et al.].

To further evaluate the impact of IL-8 on the antigen processing machinery, we exposed
cencer cell lines to IL-8 and evaluated the cell-surface expression of HLA-A/B/C using flow
cytometry. First, we found that IL-8 negatively affects HLA-A/B/C cell surface expression with
an optimal effect after 48 hours. Furthermore, we found that IL-8 has the ability to inhibit
IFNG-mediated HLA-A/B/C upregulation.

IL-8, a member of the CXC chemokine family was originally identified as a chemotactic factor
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for neutrophils [Ref Walz et al.]. IL-8 has a pro-tumoral role through the action of angiogenesis,
inflammation and tumor-cell migration and invasion thus promoting metastases. It has been
shown [Ref Schalper et al. Sanmamed at al.] that serum IL-8 levels are inversely correlated
with response to ICls and that cancer cells can produce IL-8. In a mouse model of glioma [Ref
Liu et al.], IL-8 blockade using monoclonal antibodies (mAbs) or a pharmacological inhibitor of
CXCR1/CXCR2 increased the efficacy of immune checkpoint blockade. Furthermore, several
cells seem to produce IL-8 such as CD4+ T-cells, myeloid as well as tumor cells. Clinical trials
are ongoing using IL-8 blockade [Ref Rossi et al.]. An anti-IL-8 mAb has been tested in a Phase
| study [Ref Bilusic et al.] in unselected patients affected by solid tumors. Fifteen patients with
metastatic heavily pre-treated tumors were enrolled. The treatment was considered as safe
and 73% of patients had stable disease with median treatment duration of 24 weeks.
Treatment also seemed effective as it caused IL-8 serum levels to decrease at day 3. Trials are
still ongoing but our findings seem to effectively explain the potential anti-cancer activity of
this IL-8 mAb.

Several other trials are ongoing testing IL-8 blockade in different settings across different
tumor types such as myelodysplaic syndrome, hormone sensitive prostate cancer, NSCLC,
HCC, colon cancer, adenocarcinoma of the pancreas [NCT05148234, NCT03689699,
NCT04123379, NCT04572451, NCT03400332, NCT03026140, NCT02451982]. Published data
shows that IL-8 blockade led to stable disease in 73% of heavily pre-treated, unselected
patients across different tumor types, with no dose-limiting toxicities and in general positive
safety signals.

We hypothesize that optimal efficacy of IL-8 blockade would be observed in patients
presenting with high serum IL-8 levels as well as low cancer-cell levels of Tpn protein.
Combining double IL-8 and PD-1/PD-L1 axis blockade in this population could lead to enhanced
and prolonged anti-tumor response.

Our study is not without limitations. Although we analysed a large number of patient samples,
this was performed using TMAs exposing us to tumor heterogeneity with the risk of certain
markers being over or under-represented in the analyzed samples. We did address this
guestion by performing an independent staining experiment on another block from the same
cohort and showing correlation between the marker scores suggesting our results are
reproducible in different biopsy samples. Furthermore, our in vitro studies were performed

using cell lines and we do not have in vivo work to support our findings. However, murine
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work involving IL-8 is complex as mice do not express IL-8. Finally, we acknowledge that we
have not functionally shown that Tpn levels affect antigen presentation, although this has
been shown previously, nor that differing Tpn levels impact CD8+ T-cell mediated cancer cell
killing. These experiments are currently ongoing. Finally, although we have shown that IL-8
impacts Tpn and HLA-A/B/C cell-surface expression, we can only speculate as to the direct link
between these two observations. We plan to perform further studies with direct Tpn
inhibition using shRNA to create Tpn KD cell lines. These cell lines will then be used in order to
evaluate HLA-A/B/C expression and perform co-culture experiments with tumor Kkilling
experiments.

To conclude, we have shown that cancer-cell specific Tpn downregulation occurs frequently
in NSCLC, it affects CD8+ T-cell infiltration and impacts survival. Mutations to the TAPBP gene
are rare and an epigenetic IL-8 driven autocrine signaling pathway leads to early-onset Tpn
downregulation that could be effectively inhibited using IL-8 mAbs or CXCR1/2 blockade in
combination with ICls. Further studies or ongoing to better understand this novel potential

therapeutic target.
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Materials and methods

Patients and samples

Formalin-fixed paraffin-embedded (FFPE) tumor tissue samples from retrospective collections
of human NSCLCs represented in tissue microarrays (TMA) were analyzed. TMAs were
constructed including 2—4 individual 0.6 mm (diameter) cores from each tumor sample.

Five Cohorts were analyzed in this study, Cohort #1 included 191 patients (225 samples) with
primary NSCLC treated at Yale New Haven Hospital (New Haven, CT) between 1988 and 2003.
Cohort #2 included 373 patients (374 samples) with primary NSCLC from Greece collected
between1990 to 2007. Cohort #3 included 220 patients (287 samples) with primary NSCLC
treated at Yale New Haven Hospital (New Haven, CT) between 2011 and 2016. Cohort #4
included 191 patients (195 samples) with primary NSCLC treated at Yale New Haven Hospital
(New Haven, CT), between 2014 and 2019. Cohort #5 included 129 patients (139 samples)
with primary lung adenocarcinoma from Yale New Haven Hospital (New Haven, CT) clinically
tested for activating mutations in EGFR and KRAS.

Patients in Cohorts #1-3 had not received immune checkpoint inhibitors (ICls) whilst patients
in Cohort #4 had received ICls. Cohort #4 initially included baseline but also biopsies
performed during treatment. In order for our analysis to be homogeneous throughout the
cohorts, only baseline biopsy samples obtained before any type of treatment was initiated
were considered.

The actual number of samples analyzed for each cohort/study was lower, due to unavoidable
loss of tissue or lack of malignant cells in some spots as is commonly seen in TMA studies.
Clinicopathologic information was available for all cohorts including but not restricted to age
at diagnosis, gender, stage, histology, smoking status, and survival. The baseline features are

summarized in Table 1.

This study was carried out in accordance with the principles of the Declaration of Helsinki and
all tissue and clinical information were used in a deidentified fashion after approval from the
Yale Internal Review Board (Yale Human Investigation Committee) protocols #9505008219
and #1608018220 or local institutional protocols, which approved the patient consent forms

or waiver of consent.
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Cell lines

The cell lines used included A545, PC-9 and NCI-H1703 (H1703). A549 is a lung
adenocarcinoma cell line presenting with KRAS G12S mutation. PC-9 is a lung adenocarcinoma
cell line presenting with a p.Glu746_AIa750 deletion in exon 19 of the EGFR gene. H1703 is a
lung squamous cell carcinoma cell line. Cells were cultured in DMEM (A549) or RPMI (PC-9,
H1793) culture medium supplemented with 10% fetal bovine serum (FBS) and penicillin-
streptomycin antibiotic cocktails. Cells were incubated in a humidified incubator supplied with

5% CO2.

Multiplexed quantitative immunofluorescence

A multiplexed quantitative immunofluorescence (mQIF) panel was standardized for
simultaneous and spatially resolved measurement of Tpn, CRT, ERp57, 40 ,6-diamidino-2-
phenylindole (DAPI) and CK.

Multiplexed QIF was performed as reported previously [Ref. Porciuncula el a.]. TMA sections
were deparaffinized, rehydrated, and processed for antigen retrieval with 1 mmol/L EDTA, pH
8.0 (Sigma-Aldrich) in a pressure-boiling module (PT module, Lab Vision) at 97°C for 20
minutes. Slides were then incubated with dual endogenous enzyme block buffer (Dako, No.
$2003) at room temperature for 10 minutes and subsequently in blocking solution containing
0.3% BSA and 0.05% Tween 20 at room temperature for 30 minutes.

Primary antibodies included: anti-Tapasin Rabbit 1gG mAb, clone E6P2Z (Cell Signaling
Technology), concentration: 2.1ng/mL incubated at 4°C overnight; anti-Calreticulin Mouse
IgG1 mAb, clone FMC75, (Abcam), concentration 100ng/mL, incubated at 4°C overnight ; anti-
ERp57 Rabbit IgG mAb, clone EPR10678(B), (Abcam), concentration 146ng/mL, incubated at
room temperature for 1 hour. Tumor epithelial cells were stained for cytokeratin (CK) by
incubating all slides with anti-pan-cytokeratin mouse IgG1 mAb, clone AE1/AE3 (eBioscience,
Invitrogen), concentration 5ng/mL, incubated at room temperature for 1 hour. Nuclei were
stained with 40 ,6-diamidino-2- phenylindole (DAPI) incubated at room temperature for 10
minutes.

Secondary antibodies were incubated at room temperature for 1 hour: anti-rabbit Envision
(Dako), anti-mouse Envision (Dako), goat anti-rabbit IgG conjugated with horseradish
peroxidase, (Abcam), concentration 100ng/mL, incubated at room temperature for 1 hour.

Fluorophore-conjugated reagents were added sequentially after each primary—secondary
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antibody pair: Cy3-tyramide (Akoya Biosciences), Cy5-tyramide (Akoya Biosciences), and
biotinylated tyramide (Akoya Biosciences) followed by streptavidin conjugated with Alexa
Fluor 750 (Thermo Fisher Scientific).

Residual HRP activity was quenched between incubations with secondary
antibodies/fluorophores by treating the slides twice at room temperature for 7 minutes with
a solution of DPBS containing 0.136mg of benzoic hydrazide and 50 pL of hydrogen peroxide.
Washes were performed for 30 seconds at room temperature after each reagent application
with TBS followed by TBST (TBS with 0.1% Tween 20).

Anindex TMA used for initial antibody validation and containing positive and negative controls
for each marker of interest was included during each experiment in order to control for inter-

experimental variations.

QIF analysis and scoring

The TMA slides were scanned using an automated Vectra Polaris microscope (Akoya
Biosciences) using pre-defined and fixed exposure times for each fluorophore.

Quantitative measurement and analysis of the fluorescence signal was performed using the
AQUA method (Navigate Biopharma) that enables objective and sensitive measurement of
targets within user-defined compartments [Ref. Porciuncula et al.]. Compartments were
defined on the basis of CK positivity (tumor cells), CK negativity (stromal cells), and DAPI
positivity (total, all nucleated cells). QIF scores were calculated by dividing the signal intensity
of markers in a given compartment by the area of the compartment. Scores were normalized
by exposure time and bit depth. A cancer-cell/stromal cell ratio of the markers <1 was
considered as cancer cell-selective marker downregulation. The specific marker staining

patterns and cancer cell-specific loss was confirmed by visual inspection by trained personnel.

Immunoblotting

Protein from flash frozen cells was extracted using RIPA buffer (50mM Tris [pH 8], 150mM
NaCl, 5mM MgCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with
a protease and phosphatase inhibitor cocktail (Thermo Scientific #78440).

Protein quantification was performed and 20ug of protein was loaded into each well (A549
and PC-9 cell lines) and 5 pg of protein was loaded for H1703 cell line. Protein extract was

subjected to SDS-PAGE and transferred onto PVDF membranes (Bio-Rad). Membranes were
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blocked for one hour in 5% BSA in TBS-T followed by incubation with the following antibodies:
recombinant anti-tapasin rabbit mAb, clone [EPR25083-20] (Abcam), concentration
0.501ng/mL, incubation overnight at 4°C, goat anti-rabbit 1gG (HRP conjugated) (CST),
incubation 1 hour at room temperature, anti-GAPDH mouse mAb, clone 6C5 (EMD Millipore),
concentration 0.53ng/mL, incubation 1 hour at room temperature, goat anti-mouse IgG (HRP
conjugated), incubation 1 hour at room temperature. Chemiluminescent Signal detection was
performed on the ChemiDoc XRS+ system (BioRad) using SignalFire Plus ECL reagent (CST) for
Tapasin revelation and SignalFire ECL reagent (CST) for GAPDH revelation.

Statistical analysis

QIF score comparisons were performed using Mann—-Whitney test for two groups.
Relationships between continuous scores were analyzed by Spearman correlation. Survival
functions were compared using Kaplan—Meier estimates and statistical significance was
determined using the log-rank test. Associations between the markers and statistical
significance were determined using JMP Pro. vl1l and GraphPad Prism v7.0a software.
Significance was assessed using two-tailed Student’s t-test. Differences were considered to be

statistically significant when P < 0.05.
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Tables

Table 1. Patient characteristics across Cohorts #1-4

Cohort #1 (n=191)

Cohort #2 (n=373)

Adenocarcinoma

Gender
Female 101 (53%)
Male 88 (46%)
Missing 2 (1%)
Age at diagnosis (median) 65
Histology

112 (59%)

Gender
Female 43 (12%)
Male 308 (83%)
Missing 22 (6%)
Age at diagnosis (median) 64
Histology

Adenocarcinoma
Squamous cell carcinoma

138 (37%)
167 (45%)

Large cell carcinoma 3(1%)
Adenosgquamous carcinoma 4 (1%)
Other* 38 (10%)
Missing 23 (6%)
Smoking status
Smoker 281 (75%)
Non-smoker 29 (8%)
Missing 63 (17%)

Squamous cell carcinoma 28 (15%)
Large cell carcinoma 18 (9%)
Adenosquamous carcinoma 15 (8%)
Other* 3(2%)
Missing 15 (8%)
Smoking status
Smoker 169 (88%)
Non-smoker 14 (7%)
Missing 8 (4%)
Stage at diagnosis
I 95 (50%)
Il 25 (13%)
1] 35 (18%)
\Y 15 (8%)
Missing 21 (11%)

Stage at diagnosis
I
Il
11
v
Missing

109 (29%)
93 (25%)
101 (27%)
42 (11%)
28 (8%)
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Cohort #3 (n=220)

Cohort #4 (n=191)

Gender Gender
Female 135 (61%) Female 80 (42%)
Male 85 (39%) Male 86 (45%)
Missing 0 (0%) Missing 25 (13%)
Age at diagnosis (median) 68 Age at diagnosis (median) 67.5
Histology Histology
Adenocarcinoma 153 (70%) Adenocarcinoma 112 (59%)
Squamous cell carcinoma 56 (25%) Squamous cell carcinoma 36(19%)
Large cell carcinoma 5 (2%) Large cell carcinoma 4 (2%)
Adenosquamous carcinoma 1 (<1%) Adenosquamous carcinoma 3 (2%)
Other 2 (1%) Other 11 (6%)
Missing 3 (1%) Missing 25(13%)
Smoking status Smoking status
Smoker 190 (86%) Smoker 146 (76%)
Non-smoker 30 (14%) Non-smoker 19 (10%)
Missing 0 (0%) Missing 26 (14%)
Stage at diagnosis Stage at diagnosis
[ 151 (69%) I 1 (<1%)
[ 50 (23%) [ 6 (3%)
1l 16 (7%) 1l 14 (7%)
\Y 1 (<1%%) \Y% 145 (76%)
Missing 2 (<1%%) Missing 25(13%%)

* Carcinosarcoma, Non-small cell carcinoma not otherwise specified, carinoid, sarcomatoid, Non-small
cell lung cancer, neuroendrocrine carcinoma, LCNEC and SCC, small cell carcinoma, giant cell carcinoma
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Introduction

Lung cancer is the leading cause of cancer-related death in the world. Despite recent
therapeutical advances, the prognosis remains bleak with a majority of patients at the
advanced stage experiencing either primary or acquired resistance [Passaro et al.]. Cancer
cells have developed numerous strategies to resist immune checkpoint inhibitors [Schoefeld
et al.] (ICIs) such as

- alterations within the interferon-gamma (IFNG) signalizing pathway

- neo-antigen depletion

- PTEN loss

- activation of the Wingless-integration site (WNT)-B-catenin pathway

- activation of other checkpoint inhibitors

- defects in antigen processing and presentation within the major histocompatibility

complex (MHC) class-1 antigen processing and presentation machinery (APM)

In order to mount an effective anti-tumoral immune response, an intact APM is essential
[Garrido et al. Jhunjhunwala et al.]. The peptide loading complex (PLC) is a multi-chaperone
structure comprise of tapasin, carleticulin, ERp57, TAP1/2, MHC class-I heavy chain and beta-
2-microglobuline (32M) [Blees et al.]. The PLC plays a central role in optimal peptide loading
onto MHC- class-I heavy chain/B2M peptides and has roles in editing and stable loading. In
lung cancer, several studies have evaluated the impact of HLA-A/B/C cell surface loss as well
as the impact of alterations to calreticulin, TAP1, tapasin or f2M, showing that the loss of one
or more of these components is frequent and impacts outcome [Ref. Lou, Korkolopoulou,
Hanagiri, Ramnath, Passlick, Shionoya, Datar, Kikuchi].
Recently, we have shown using mQIF that patients affected with lung cancer frequently lose
the expression of PLC components such as tapasin [Ref. Costantini et al.] or TAP2 [Ref. Ranjan
et al.]. We also found evidence of original cytokine-mediated signalling that could lead to
cancer-cell specific downregulation of PLC members. Specifically, we found that IL-8 has a
negative effect on tapasin with a prominent effect observed after 6 hours. Interestingly,
elevated serum leels of IL-8 have shown to be deleterious in lung cancer patients treated with
ICIs [Ref. Sanmamed et al. Schalper et al.].
Here, we aimed to further evaluate the role of IL-8 in cancer-cell immune evasion by analysing

the impact IL-8 has on cell-surface expression of HLA-A/B/C and subsequently evaluate the
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effect on specific cancer-cell killing by HLA-matched T cells.

Materials and methods

Cell lines

Human NSCLC lines (A549 and H596) were purchased from the American Type Culture
Collection (ATCC). A549 is a human lung adenocarcinoma cell line presenting with a KRAS
G12S, TP53 and STK11 mutations. H596 is a human lung adenosquamous carcinoma cell-line
presenting with PIK3CA, RB1 and TP53 mutations. Cells were maintained in complete
DMEM/F12 medium (DMEM/F12 supplemented with 10% foetal bovine serum (FBS), 1% L-
Glutamine (I-Glu) and 1% Penicillin/Streptomycin (P/S)). Cells were incubated in a humidified
incubator supplied with 5% CO2. Exponentially grown cells were used in this study. Cells were
also periodically tested for mycoplasma contamination. Cells were chosen based on HLA-
A/B/C cell surface expression according to publicly available RNA data (Human protein Atlas).
A549 cells present with reltatively low HLA-A/B/C levels, wheras H596 present with higher

HLA-A/B/C levels.

Evaluation of HLA-A/B/C cell-surface expression

To evaluate the impact of IL-8 and determine its potential maximum efficacy, cells were
cultured in a 6-well plate and exposed to IL-8 (20ng/mL) for incremental different durations:
6 hours, 12 hours, 24 hours, 48 hours. Post-incubation, cells were collected and stained with
HLA-A/B/C and cytokeratin and analyzed by flow cytometry.

Next, cells were left untreated, stimulated with IFNG alone or with IL-8 followed by IFNG. In

all cases, the total incubation time was 48 hours. Post-incubation, cells were collected and
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stained with cytokeratine and HLA-A/B/C and analyzed by flow cytometry. In all cases,
subsequent analysis following Flow cytometry was performed using FlowJo software

(TreeStar).

In vitro tumor killing assay

Cells were either treated with IFNG or left untreated and were then exposed to anti-HER2/neu
T cells (Cellero, Cat# ASTC-1126; specifically recognize 369-377 amino acid region of the HER2
protein) alone or in association with IL-8. Annexin V staining assay was carried out using FITC
Annexin V Apoptosis Detection Kit (Biolegend, Cat# 640922) as per manufacturer instruction
and analyzed by flow cytometer (). Subsequent analysis was performed by using FlowJo

software (TreeStar).

Statistical analysis

Statistical analyses were conducted using GraphPad Prism version 5 software (La Jolla, CA,

USA). Statistical comparisons were conducted using one-way Anova and Student's t-test.

Differences were considered significant for p-values < 0.05.

Results

Cell surface HLA-A/B/C expression is sensitive to IL-8

A549 cells were exposed to IL-8 for 6, 12, 24 and 48 hours or left untreated for 48 hours. Cell-
surface HLA-A/B/C expression was evaluated by flow cytometry in order to determine:

- whether IL-8 has an impact on cell-surface HLA-A/B/C expression.

- at what time-point the effect of IL-8 on cell-surface HLA-A/B/C expression is the most

important.

Compared to untreated cells that we considered as having baseline HLA-A/B/C cell-surface
expression, we found that IL-8 (20ng/ml) started to cause HLA-A/B/C cell-surface expression
decrease after 12 hours of exposure, with a maximal effect observed at 48 hours and, reaching

statistical significance at this time-point (p=0.0010) (Figure 1. A).
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IL-8 inibits IFNG mediated HLA-A/B/C cell surface upregulation

After showing that IL-8 can reduce cell-surface HLA-A/B/C expression, we aimed to evaluate
whether IL-8 had the capacity to inhibit IFNG-mediated stimulation and to what extent. We
observed that cells treated with IFNG alone for 48 hours had a steep increase in HLA-A/B/C
cell-surface expression and that IL-8 had the capacity to partially inhibit this upregulation. Cells
exposed to IL-8 followed by IFNG had reduced HLA-A/B/C cell-surface expression. Statistical
analysis showed statistical significance using the one-way Anova test (p=0.0003). A t-test was
then used on the most visually significant difference in order to limit the use of statistical tests.
We found that HLA-A/B/C cell-surface expression was significantly lower in the IL-8-IFNG
treated A549 cells compared to the IFNG treated cells (p=0.0055). The trend was strong and
similar in the H596 cell line with a positive Anova (p=0170) and a t-test tranding towards

significance (p=0.0815) but the analysis probably lacked power (Figure 1.B).

IL-8 reduces CD8+ mediated cancer-cell killing

Finally, we set-up a co-culture model wherein cancer-cell lines were exposed to HLA-matched
T-cells to simulate cancer-cell specific T-cell mediated apoptosis. Cancer cells were exposed to
T-cells with and without prior IFNG stimulation, and to IL-8 and T-cells with or without prior
IFNG stimulation. We observed that exposure to T-cells increased cancer-cell apoptosis
evaluated by Annexin V staining. When IL-8 was introduced to the co-culture model, we found
that apoptosis decreased. One-way Anova was significant for bothA549 and H596 cells. We
then proceeded with performing t-tests to compare our conditions with and without IL-8 and
found that IL-8 significantly reduced Annexin V expression and thus apoptosis of cancer-cells

in both A549 (p=0.0462) and H596 (p=0.0406) cells (Figure 1.C).

Discussion

In this brief report, we have shown the IL-8 has the ability to modulate HLA-A/B/C cell-surface
expression. First, we observed that IL-8 can negatively regulate HLA-A/B/C cell-surface
expression with effects observed after 12 hours and maximal effect observed at 48 hours. The
difference compared to untreated cells reached statistical significance at this time-point. This

effect was observed on A549 cells. Several points can be discussed. First, according to RNA
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data, A549 present with relative low levels of cell-surface HLA-A/B/C, thus, finding an effect
of IL-8 suggests that the effect is strong and could be more significant in cells presenting with
high baseline levels of cell-surface HLA-A/B/C. Second, in order for IL-8 to have an effect, the
target cells would need to possess the IL-8 receptors CXCR1 and CXCR2. Although we did not
evaluate this specifically, published data has already reported that this cell-line does present
with the adequate receptors [Ref. Khan et al. Zhu et al.].

We have previously shown that IL-8 has a negative effect on tapasin as early as after 6 hours
of exposure. Thus, we hypothesize that the negative effect of IL-8 on HLA-A/B/C cell-surface
expression is the result of cancer-cell specific tapasin downregulation. Although we have not
specifically shown this correlation in this report, we plan to further evaluate this role by
creating stable tapasin KD cell lines using small hairpin (sh) RNAs. Using this cell line, we will
be able to evaluate cell-surface HLA-A/B/C expression and immune-cell evasion.

Next, we evaluated the capacity of IL-8 to inhibit IFNG-mediated HLA-A/B/C cell-surface
upregulation. IFNG is a pleiotropic cytokine that plays a role in various domains such as
promoting antiviral activity, facilitating macrophage activation, controlling Th1/Th2 balance,
and regulating cellular apoptosis and proliferation [Ng et al.]. IFNG is primarily produced by
cells of the immune system such as natural killer (NK) cells and innate lymphoid cells (ILCs),
and adaptive immune cells, such as T helper 1 (Tul) cells and CD8* cytotoxic T lymphocytes
(CTLs). In the context of cancer, IFNG can have anti-tumour as well as pro-tumour effects:
cytotoxic effect of IFNG on tumour cells, but also the promotion of inhibitory molecules such

as programmed cell ligand 1 (PDL1), PDL2, indoleamine 2,3-dioxygenase 1 (IDO1), inducible

nitric oxide synthase (iNOS), FAS and FAS ligand (FASL), all of which limit antitumour immunity
[Gocher et al.]. Of note, it has been shown that IFNG can induce HLA class-I expression [Yano
et al.] as well as tapasin (mouse) in a time-dependant manner [Abarca-Heidemann et al.]. First,
our results confirm that IFNG has the capacity to induce HLA-A/B/C cell-surface expression in
A549 and H596 cells. Second, we found that IL-8 has the ability to inhibit IFNG-mediated HLA-
A/B/C cell-surface expression. Finally, we aimed to evaluate the functional impact the
decrease of the cell-surface expression of HLA-A/B/C could have on the effect on cancer-cell
specific T-cell mediated apoptosis. We found that both A549 and H596 cells exposed to T-cells
presented with increased apoptosis as compared to unexposed cells. When 1I-8 was added to
the media, both A49 and H596 cells presented with decreased apoptosis rates as compared

to non-IL-8 treated cells. These observations suggest that cancer cells have the ability to evade
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T-cell killing through IL-8 signalling. Furthermore, it is probable that this evasion results from
tapasin downregulation, leading to decreased cell-surface HLA-A/B/C expression.

Taken together, these results bring more evidence on the role played by IL-8 in cancer-cell
immune-evasion. We hypothesize that cancer-cells have the ability to secrete II-8, causing
autocrine and paracrine signalling pathways, induced tapasin downregulation, leading to

decreased HLA-A/B/C cell-surface expression and immune escape.

Conclusion

We bring further evidence that IL-8 signalling plays a role in cancer-cell immune escape by
negatively impact tapasin and HLA-A/B/C cell-surface expression. These results highlight IL-8
as a reasonable therapeutic target, preferentially with patients presenting with high IL-8
plasma levels as well as low tapasin expression on cancer-cells.

Work is ongoing to further understand and better characterize the mechanisms of action of

IL-8, and the best IL-8 targeted inhibition strategy.
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Figure

A. IL-8 reduces HLA-A/B/C cell-surface expresion on A549 cancer cells in a time-dpendant

manner. B. IL-8 partialy inhibitis IFNG-mediated HLA-A/B/C cell-surface upregulation in A549

and H596 cancer-cell lines. C. IL-8 reduces the specific T-cell cancer-cell killing in A549 and

H596 cancer cell lines.
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DISCUSSION GLOBALE

A travers ce travail, nous avons cherché a aborder plusieurs problématiques actuelles en
oncologie thoracique. Nous avons effectué une étude de screening de biomarqueurs afin de
chercher a découvrir de nouveaux biomarqueurs d’intérét dans le CBNPC traité par
immunothérapie et avons mis en évidence le role potentiel d’'HGF (Article #1.). Ce premier
travail a servi de fondation a d’autres travaux au sein du laboratoire, confirmant I'importance
potentielle d’'HGF (Annexe 1.). En paralléle, nous avons poursuivi nos travaux sur le sPD-L1 et
avons évalué son role de biomarqueur dans le CBNPC de stade avancé traité par
immunothérapie seule ou en assocation avec la chimiothérapie en premiére ligne
thérapeutique (Article #2.). Enfin, nous avons exploré par mQJF, les composants du CCP afin
d’élucider les mécanismes de résistance primaire et acquise a l'immunothérapie. Cette
analyse a permis de mettre en évidence une voie de signalisation cytokino-induite originale et

potentiellement ciblable thérapeutiquement (Articles #3 et #4).

I- La voie HGF/MET dans le CBNPC de stade avancé

Dans un premier temps, par une analyse ELISA multiplex, nous avons cherché a mettre en
évidence de nouveaux biomarqueurs potentiels dans le CBNPC de stade avancé traité par
immunothérapie. Nous avons identifié I’'HGF comme potentiel biomarqueur prédictif de
réponse a I'immunothérapie.
Nous avons montré que les patients présentant une résistance primaire a I'immunothérapie
présentaient, avant l'initiation du traitement, des taux plus élevés de HGF que les patients
présentant une résistance acquise. En outre, nous avons montré que le taux de HGF avant
I'initiation du traitement était significativement plus élevé chez les patients ne présentant pas
de bénéfice clinique par rapport a ceux présentant un bénéfice clinique : 210,9 pg/mL vs 155,8
pg/mL, p = 0.010. Nous avons par la suite montré que les patients avec un taux élevé de HGF
avant initiation du traitement présentaient une SSP et une SG significativement plus courte
gue les patients avec un taux bas de HGF : 2,5 mois [IC 95% (1,0 — 3,0)] vs 8,0 mois [IC 95%
(4,0 = NA)], p = 0.002 et 5,5 mois [IC 95% (2,0 — 15,0)] vs 35,0 mois [IC 95% (22,0 - NA)], p =
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0,001, respectivement pour Is SSP et la SG.

Cette premiere étude apporte des résultats pertinents et originaux sur le potentiel role de
biomarqueur de HGF chez les patients présentant un CBNPC de stade avancé traités par
immunothérapie. Il s’agit de la premiére étude a montrer le réle de biomarqueur dans ce
contexte clinique. Elle vient par ailleurs confirmer des résultats similaires obtenus dans
d’autres histologies comme le mélanome. Ce travail présente néanmoins des limites. Il s’agit
d’une étude pilote de screening réalisée de maniere mono-centrique et sur un nombre limité
d’échantillons. On pourra par ailleurs noter que le groupe de patients était hétérogene car il
comprenait des patients traités en premiére ligne par immunothérapie seule et en deuxiéme
ligne apres progression sous chimiothérapie.

D’autres points peuvent également étre discutés comme la sélection du cut-off pour définir
les patients présentant un taux élevé ou un taux bas de HGF. Enfin, du fait de la multitude de
biomarqueurs évalués, la multiplication des tests statistiques peut mener a un résultat erroné.
Nous avons néanmoins limité I'impact de cette multiplication de tests en appliquant une
correction statistique pour la réalisation de tests multiples. Ces premiers résultats ont permis
de développer d’autres projets de recherche et ont conduit a la réalisation de I'article présenté
en Annexe 1. Ce travail a cherché a évaluer de maniere plus précise le réle de la voie HGF/MET
dans la résistance a I'immunothérapie chez les patients présentant un CBNPC de stade avancé
traités par ICls seuls ou en association avec la chimiothérapie en premiere ligne thérapeutique.
Il a été montré que HGF semble jouer un réle prédictif de réponse chez les patients traités par
immunothérapie. En effet, les concentrations élevées de HGF étaient associées a un taux élevé
de progression. Par ailleurs, il a été montré que le surnageant de cellules de CBNPC sécrétaient
de I'HGF, que la prolifération des lymphocytes CD3+CD8+, dans un modeéle de co-culture avec
cellules tumorales de CBNPC, était inhibée en présence d’HGF recombinant, méme en
présence de pembrolizumab et qu’un inhibiteur d’HGF/MET permettait de restaurer
I'activation lymphocytaire et induisait la production d’IFNG.

Ces résultats pré-cliniques pourraient servir de fondation pour développer des essais
thérapeutiques a la structure originale. Le rationnel biologique semble étre assez fort pour
proposer une stratégie thérapeutique ciblée en fonction du taux de HGF. En effet, nos
résultats ont motré que les patients avec des taux élevés de HGF présentaient une résistance
accrue a 'immunothérapie. On pourrait alors sélcetionner les patients en fonction du taux de

HGF et proposer, aux patients avec un taux élevé, une inhibition de la voie HGF/MET soit par
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anticorps monoclonal anti-HGF, soit par inhibition de MET, associé a une immunothérapie
voire une chimio-immunothérapie. Cette proposition offrirait une thérapie adaptée a un sous-
groupe particulier de patients. Il serait également pertinent de prendre en compte |’existence
d’une altération de MET, que ce soit une amplification, une surexpression ou la présence

d’une mutation ponctuelle ou d’'une mutation de type saut de I'exon 14 de MET.

ll- Le sPD-L1 dans le CBNC de stade avancé traité par immunothérapie

Nous avons poursuivi notre évaluation du sPD-L1 chez les patients présentant un CBNPC de
stade avancé traités par immunothérapie seule ou en association a la chimiothérapie en
premiere ligne thérapeutique. Nous avons montré de maniére multi-centrique que des
niveaux élevés de sPD-L1 sont déléteres. Nous avons par ailleurs montré que la variation de
sPD-L1 entre l'initiation du traitement et le premier bilan d’évaluation tumoral semble jouer
un role prépondérant pour prédire la réponse chez les patients traités par un traitement
contenant de I'immunothérapie.

Ce travail a été réalisé de maniere multi-centrique dans deux centres académiques ce qui
constitue une de ses forces. On pourra néanmoins souligner certaines limites et discuter
plusieurs éléments.

D’une part, les taux de sPD-L1 ne sont pas homogénes a travers les différentes cohortes de
patients. Cela peut provenir de plusieurs causes. D’une part, le conditionnement pré-
analytique peut varier d’'un échantillon a I'autre mais surtout d’un centre a l'autre. Cette
raison peut certainement expliquer les différences observées entre les cohortes. On
remarquera également une variation intra-centre, cela peut survenir du fait que certains
échantillons soient plus anciens et aient déja subis de cycles de décongélantion/recongélation
ayant pu alterer en partie les protéines présentes. Néanmoins, les différentes cohortes ont
été analysées de maniére indépendante ce qui a permis une analyse adéquate de la valeur de
sPD-L1. L’analyse de la variation de sPD-L1, étant donné qu’elle s’affranchit de la valeur
absolue de sPD-L1, a pu étre réalisée en combinant plusieurs cohortes afin d’augmenter la
puissance de I'analyse. On pourra noter que les résultats ne sont pas parfaitement homogéenes
a travers toutes les cohortes de patients. Il existe probablement une réalité biologique sous-

jacente avec un réle prédictif du sPD-L1 chez les patients traités par immunothérapie. Il est
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également possible qu’il existe un manque de puissance en particulier dans une des cohortes
qui dispose d’un nombre limité d’échantillons. Finalement, ces résultats confirment nos
résultats précédents et un grand nombre d’études publiées dans le CBNPC et dans d’autres
histologies de cancers solides, soulignant le r6le du sPD-L1 comme biomarqueur. Les données
initiales nous ont également montré qu’il est produit par les cellules tumorales et certaines
cellules immunitaires myéliodes, et qu’il a la capacité d’inhiber les lymphocytes TCD4+ de
maniére préférentielle. On soulignera aussi que le sPD-L1 semble indépendant de I’expression
de PD-L1 a la surface des cellules tumorales objectivé par IHC et de la taille tumorale.

La question actuelle est donc la maniéere d’utiliser de maniére optimale ce biomarqueur. Cela
pourrait s’envisager de plusieurs manieres. D’une part, un taux de sPD-L1 élevé avant
initiation du traitement semble prédire un mauvais pronostic sous immunothérapie, mais
cette donnée est difficile a exploiter en clinique. En revanche, on pourrait se servir de la
variation de sPD-L1 en cours de traitement. En effet, les patients qui présentent une
augmentation du taux de sPD-L1 en début de traitement présentent une survie plus courte
sous immunothérapie. Dans une situation clinique ou le taux de sPD-L1 augmente
précocemment, avant la progression clinique ou radiologique, on pourrait proposer une
intensification du traitement ou un changement de ligne précoce. Cela permettrait d’offrir
une possibilité thérapeutique supplémentaire et anticipée.

Ainsi, le sPD-L1 pourrait se présenter comme un test compagnon, dynamique, dont
I'utilisation pourrait rentrer dans un faisceau d’arguments associant I'état clinique et les

résultats radiologiques.

lll- Le r6le des composants du complexe de chargement des peptides (CCP) dans la résistance

a 'immunothérapie chez les patients présentant un CBNPC de stade avancé

Notre troisieme axe de recherche s’est focalisé sur I'analyse des composants du CCP sur des
préléevements histologiques de patients présentant un CBNPC traité par chimiothérapie ou par
immunothérapie. Cette analyse a été réalisée par mQIF qui permet une analyse spatiale et
guantitative des marqueurs d’intérét. Elle permet également de définir des compartiments
spécifiques (cellules cancéreuses, stroma) et d’analyser I'expression des protéines dans ces

compartiments.
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Cette analyse a été réalisée sur plusieurs cohortes de patients, présentant des caractéristiques
cliniques et de survie bien définies et représentées dans des TMAs.

Cette étude comprend plusieurs points positifs. Outre les avantages de la mQIF décrits ci-
dessus, I'analyse a été effectuée avec des anticorps rigoureusement validés en vue de cette
utilisation spécifique. En résumé, chaque anticorps a été titré en utilisant des TMAs de
référence afin de déterminer la concentration optimale d’utilisation en utilisant des courbes
signal/bruit permettant de déterminer un ratio signal/brui optimal. Par ailleurs, le marquage
des cohortes a été réalisé lors de la méme expérience limitant les variations inter-cohortes.
Enfin, lors de la réalisation du marquage des cohortes, une lame TMA utilisée pour la
validation des anticorps a égalemetn été marquée afin de s’assurer de la repoductibilité de
I’expérience.

L'utlisation de TMAs présente également plusieurs avantages. Elle permet de regrouper un
grand nombre d’échantillons sur une lame ce qui nous a permis d’analyser un grand nombre
de patients en parallele. Néanmins, il faut souligner que I’échantillon tumoral utilisé est de
petite taille et expose donc au risque de ne pas prendre en compte parfaitement
I’'hétérogénéité tumorale. Afin de pallier cette limite, une autre lame de chaque cohorte a été
marquée et des corrélations réalisées avec les résultats initiaux montrait une bonne
corrélation entre les différents échantillons.

Nous avons pu montrer que les altérations des composants du CCP sont fréquentes dans le
CBNPC et homogenes a travers les différentes cohortes analysées. Nous avons en outre
montré que la régulation négative de tapasin par les cellules cancéreuses est un phénnomene
fréquent qui impacte la survie en particulier chez les patients traités par immunothérapie. En
outre, nos avons montré que l'infiltration lymphocytaire T CD8+ est négativement impactée
en cas de baisse de tapasin, ce qui pourrait en partie expliquer la moindre survie chez ces
patients.

Apreés cette premiere observation, nous avons cherché a analyser le mécanisme expliquant la
régulation négative de tapasin. Nous avons mis en évidence |'existence d’une potentielle voie
de signalisation cytokino-médiée avec un role d’IL-8. En effet, la présence d’altérations du
géne TAPBP restent rares. L’hypothése d’une régulation épigénétique de tapasin est ainsi au
premier plan. Notre approche a permis de mettre en évidence, en utilisant plusieurs méthodes
(Western Blot, mQlF), qu’lL-8 a un effet de régulation négative sur tapasin. A notre

connaissance, c’est la premiére fois que le role potentiel d’IL-8 sur tapasin est décrit.
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Dans un second temps, nous avons cherché a évaluer par cytométrie de flux I'impact d’IL-8
sur I'expression au niveau de la surface cellulaire de HLA-A/B/C et nous avons montré que
I'effet d’IL-8 est maximal apres 48 heures d’exposition et qu’lL-8 peut inhibier I'action
stimulatrice d’IFNG. L'ensemble de ces résultats sont originaux mais présentent encore
certaines limites. Nous avon montré de maniére indépendante qu’lL-8 module, d’une part
tapasin et, d’autre part HLA-A/B/C, mais n’avons pas montré que cette régulation est
concomittante. Des analyses complémentaires sont prévues pour étayer cela. Par ailleurs,
I’expression en surface de HLA-A/B/C est une expression globale, et il a été montré que des
peptides vides peuvent se rendre a la surface cellulaire sans l'intervention de tapasin. Une
analyse plus fine avec des peptides chargés devra étre faite. Enfin, nous prévoyons de
poursuivre notre analyse en mettant en place des cellules présentant un knock-down pour
tapasin en utilisant des shRNA. Cette technique permettra de mettre en place une lignée
cellulaire stable de cellules tapasin knocked-down (KD) et d’évaluer I'expression de HLA-A/B/C
et de réaliser des expériences de co-culture.

Ces premiers résultats sont pertinents et encourageants, mais il existe encore des éléments a
affiner, en particulier le mode d’action d’IL-8 pour inhiber I'expression de tapasin. On peut
néanmoins imaginer des applications cliniques de I'utilisation de I'expression d’IL-8 et de
tapasin. En effet, des patients présentant une expression basse de tapasin et élevée d’ll-8
seraient potentiellement des candidats intéressants pur une stratégie thérapeutique
d’inihbition d’IL-8 par un anticorps monoclonal anti-IL-8 associé a une immunothérapie anti-

PD1/PD-L1.
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PERSPECTIVES

L'ensemble de ces résultats vont nous permettre de prévoir et développer de nouveaux
projets de recherche translationnelle.

Nous allons poursuivre notre analyse de I'impact d’IL-8 sur tapasin avec plusieurs expériences
prévues. D’une part, nous allons chercher a créer une lignée cellulaire stable présentant un
knock down (KD) de tapasin en utilisant des small hairpins RNAs (shRNAs). Cette lignée
cellulaire pourra ensuite étre utilisée afin d’analyser I'expression de HLA-A/B/C et réaliser de
nouvelles expériences de co-culture. En outre, nous souhaiterions développer des expériences
de pulse-chase afin de suivre une protéine de tapasin marquée et de connaitre sa localisation
cellulaire dans un contexte physiologique et dans des conditions expérimentales différentes
comme apres exposition a I'lFNG ou a I'lL-8 par exemple.

Nous avons également pour projet de poursuivre I'analyse de composants du CCP dans le
CBNPC et le CBPC de stade avancé. Nous avons a notre disposition dans le laboratoire des
biopsies couplées prélevées avant initiation de I'immunothérapie et lors de la progression
(essai REBIMMUNE, NCT04300062). Nous avons pour objectif de constituer une cohorte qui
pourrait étre representée dans un TMA et qui comprendrait les échantillons pré-
thérapeutiques et a progresssion de patients présenant une résistance primaire d’'une part, et
acquise d’autre part ainsi que des échantillons pré-thérapeutiques de patients trés longs
répondeurs et patients rapidement progresseurs. L’analyse par mQIF de composants du CCP
pourra nous informer sur les mécanismes de résistance primaires et acquis a
I'immunothérapie.

Afin de développer et maintenir I'expérience acquise en mQIF, nous avons pour projet
d’effectuer les analyses translationnelles de plusieurs études de I'IFCT ayant testé
I'immunothérapie dans les CBNPC. On pourra en particulier prévoir une analyse de
I'infiltration lymphocytaire T et des compsants du CCP.

En outre, dans le cadre de notre intégration au sein du laboratoire BioMaps nous avons pour
projet de mettre en place des expériences de pulse-chase avec une molécule de tapasin
marquée radioactivement afin de la suivre en conditions physiologiques et aprés expositions
a des cytokines telles que IFNG ou IL-8.

Enfin, on envisage a terme d’extrapoler ces résultats précliniques a la clingiue, en mettant en

place des essais thérapeutiques innovants (d’escalade ou désescalade thérapeutique basé sur

164



les biomarqueurs ; utilisant des inhibiteurs sélectifs de HGF/MET ou d’IL-8 en association avce

les ICls...) pour améliorer I'efficacité des ICls dans les CBNPC.
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CONCLUSION

La prise en charge du cancer pulmonaire a connu des modifications majeures depuis le début
du XXI®me siécle avec d’une part la découverte d’addictions oncogéniques donnant accés a des
thérapies ciblées, et d’autre part I'utilisation d’ICIs comme les anticorps anti-PD-1/PD-L1 qui
sont actuellement utilisés a tous les stades de la maladie.

Malgré ces avancées majeures, des obstacles et des limites a I'efficacité du traitement
demeurent. En effet, la grande majorité des patients présentant un CBNPC de stade avancé
traité par immunothérapie, va présenter une résistance primaire ou acquise a plus ou moins
long terme. Nous manquons actuellement de biomarqueurs fiables pour prédire la réponse a
I'immunothérapie et surtout pour anticiper celle-ci en cours de traitement. Nous manquons
également de connaissance sur les mécanismes de résistance a I'immunothérapie et en
particulier les altérations touchant la voie de présentation antigénique. Enfin, il est nécessaire
de mettre en évidence de nouvelles voies de signalisations cliniqguement pertinentes afin de
proposer de nouvelles stratégies thérapeutiques basées sur des rationnels biologiques forts.
En ce sens, nous avons souligné dans ce travail de thése I'importance de la voie de signalisation
potentiellement ciblable HGF/MET, confirmé le réle du sPD-L1 comme biomarqueur prédictif
de réponse a 'immunothérapie et I'importance de de sa varation en cours de traitement, et
enfin, apporté des données originales sur la régulation cytokino-induite des composants du

CCP.

Des travaux sont encore en cours pour affiner et améliorer notre compréhension et nos
connaissances de ces différents éléments. La mise en place d’essais cliniques ou
translationnels novateurs sont maintenant nécessaires pour proposer des stratégies

thérapeutiques innovantes et adaptées a chaque situation clinique individuelle.
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ANNEXES

Annexe #1: article “Role of the HGF/c-MET pathway in resistance to immune checkpoint

inhibitors in advanced non-small cell lung cancer “(co-auteur).

Annexe #2: article “Predictive role of plasmatic biomarkers in advanced non-small cell lung

cancer treated by nivolumab” (1e auteur), travail de Master 2 sur le sPDL1.

Annexe #3: article “Plasma Biomarkers and Immune Checkpoint Inhibitors in Non-Small Cell
Lung Cancer: New Tools for Better Patient Selection?” (1e auteur), revue de la littérature sur

les biomarqueurs plasmatiques et immunothérapie.
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Annexe #1. Role of the HGF/c-MET pathway in resistance to immune checkpoint inhibitors
in advanced non-small cell lung cancer. En cours de revue dans Cancer Immunology,

Immunotherapy.
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ABSTRACT

Most of advanced non-small cell lung cancer (NSCLC) patients will experience tumor
progression with immunotherapy (10). Preliminary data suggested an association between high
plasma HGF levels and poor response to 10 in advanced NSCLC. Our study aimed to evaluate
further the role of the HGF/MET pathway in resistance to 10 in advanced NSCLC. We included
retrospectively 82 consecutive NSCLC patients from two Academic Hospitals. Among them,
49 patients received ICls alone or in combination with chemotherapy (CT), while 33 patients
received chemotherapy alone as the control group. We analysed plasma HGF levels by ELISA
and expression of PD-L1, MET/phospho-MET, and CD8+ T-Cell infiltration on lung tumour
tissue by immunohistochemistry. We investigated the contribution of HGF/MET to 10 response
by culturing peripheral blood mononuclear cells (PBMC) with or without pembrolizumab, with
recombinant HGF, or co-cultured with NSCLC patients-derived explants. Additionally, cMET
inhibitors were used to evaluate the contribution of MET activation in NSCLC-mediated
immunosuppression. High HGF levels were associated with high progression rate with 10 (p =
0.0092), but not with CT. ELISA analysis of supernatants collected from cultured NSCLC cells
showed that HGF was produced by tumor cells. Furthermore, when activated PBMCs were
cultured in the presence of recombinant HGF or on NSCLC monolayer, the proliferation of
CD3+CD8+ lymphocytes was inhibited, even in the presence of pembrolizumab. The addition
of HGF/MET inhibitors restored lymphocyte activation and induced IFNy production. In
conclusion, inhibiting the HGF/MET signaling pathway could be a promising approach to

enhance the efficacy of immunotherapy.
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1. Introduction

Lung cancer is the first cause of cancer deaths worldwide. Most of the cases are diagnosed at a
metastatic stage with a survival of less than 5% at 5 years *(1). Immune checkpoint inhibitors
(ICls) are able to restore an anti-tumor immunological response. They are the corner stone of
the first-line treatment of advanced non-small cell lung cancer (NSCLC) without oncogenic
addiction, either in monotherapy in case of high Programmed Death-Ligand-1 expression (PD-
L1 > 50%) by tumor cells or in combination with platinum-based chemotherapy?“. However,
nearly 50% of patients do not experience tumor response with ICIs®. The identification of

biomarkers related to treatment resistance remains a major challenge.

HGF (Hepatocyte growth factor) is a growth factor secreted by stromal mesenchymal cells and
by neutrophils. MET (Mesenchymal Epithelial Transition) is a pro-oncogene encoding the
epithelial MET receptor. The MET receptor is a member of the tyrosine kinase receptor family.
HGF is the ligand of MET, inducing homo- or heterodimerization of MET with other receptors
with tyrosine kinase activity thereby activating several downstream signaling pathways (Ras-
Map kinase, PI-3K-AKT-mTOR, JAK-STAT pathways)®. Physiologically, the HGF/MET
pathway plays a key role in "invasive growth"’ involving mechanisms of migration,
differentiation, proliferation, and cell survival. Activation of MET by HGF promotes
"epithelial-mesenchymal transition” (EMT) by disruption of intercellular contacts, detachment,

and then migration of cells.

Recently, we performed a pilot study that analyzed the expression levels of 48 plasma
biomarkers in 35 consecutive patients with advanced NSCLC treated with ICls, using ELISA
Multiplex assay®. We showed a significant association between circulating Hepatocyte Growth
Factor (HGF) levels at the beginning of ICI therapy and treatment efficacy. Progression-free

survival (PFS) and overall survival (OS) were significantly shorter in the group with high HGF
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levels at baseline.

Therefore, we hypothesize that the activation of the HGF/MET pathway is associated with
resistance to ICIs given in first-line treatment in advanced NSCLC. We performed translational

and in vitro studies to investigate this hypothesis.

2. Material and Methods

2.1  Patients and samples

All consecutive patients with a treatment-naive stage IlIb, Ilic or IV (according to 8"
classification) NSCLC from the Department of Pulmonology and Thoracic Oncology of two
academic centers (APHP — Ambroise Paré Hospital and APHP-Bicétre Hospital), and receiving
a first line treatment by chemotherapy, immunotherapy or a combination of chemotherapy and
immunotherapy, between September 2017 and January 2022, were included. Plasma samples
were prospectively collected from NSCLC patients treated at Ambroise Paré Hospital, after
signature of an informed consent (CPP IDF n°V11I). Tumor biopsies were collected at diagnosis
at the Ambroise Paré Hospital and Bicétre Hospital, and stored as Formalin-fixed paraffin-
embedded tissue blocks. PBMC (Peripheral Blood Mononuclear Cells) were obtained from
peripheral blood samples of healthy donors. We have evaluated the overall response rate at the
first tumor evaluation, PFS and OS, according to plasma concentration of the circulating
biomarkers, and histologic expression of tissue biomarkers. Tumor response was evaluated

every two months using RECIST 1.1 criteria.

2.2  Reagents and antibodies

ELISA assay Kits for HGF (ab275901) and interferon-y (IFN-y, ab100537) were provided by

ABCAM (Cambridge, UK). Phytohemagglutinin (00-4977-03) for PBMC activation was from
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Thermofischer Scientific (Paris, France). The antibodies used for Flow cytometric analysis of
lymphocytes, including mouse anti-huCD45- BV421 (HI30, 563879), mouse anti-CD3-PE-Cy7
(SK7, 557851), and anti-huCD8-APC were all from Thermofischer Scientific (Paris, France).
For IHC, anti-hu-phospho-Met ((Tyr1234/1235) was provided by Thermofischer Scientific
(Paris, France). CFSE for cell proliferation assays was from Thermofischer Scientific (C34554,
France). MTS colorimetric (ab197010) assay was acquired from ABCAM (Cambridge, UK).
Pembrolizumab was a kind gift of the Pharmacy Unit of APHP-Ambroise Paré Hospital
(Boulogne-Billancourt, France). c-MET/HGF inhibitors, Crizotinib (PZ0191) and SGX-523
(S1112), were acquired from Sigma-Aldrich (Darmstadt, Germany) and Selleckchem (Munich,

Germany) respectively.

2.3  ELISA assay

ELISA assay to quantify soluble HGF and IFN-y in plasma samples and media collected from
NSCLC culture, was performed according to the manufacturer’s instructions (ab275901 and
ab100537 respectively). Briefly, standards protein and plasma samples diluted at least at 1 / 2
ratio in sample buffers were added in ELISA well plates, then probed both with streptavidin
conjugated primary antibodies and HRP conjugate secondary antibody for 90 minutes. The
assays were revealed through the addition of HRP substrate. The plates were analyzed using a
spectrophotometric plate reader (Bio rad PR 3100 EIA PhD software), set at a wavelength of
450 nm. Protein concentrations were calculated from their optical density using the standard

curve. All samples standards and negative controls were tested in duplicate.

2.4  Immunohistochemistry (IHC)

Treatment-naive tumor sections (3 um) were probed with anti-Pho-cMet/c-MET antibodies
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through an automated technique (LEICA, BOND-III). Slides were read with optical microscope
in blinded by a thoracic pathologist (CJ). Percentage of positive cells were obtained by cell
counting. Tumor membrane labeling for pMET was expressed according to the number of
positive tumor cells, classifying the samples in two groups: low expression (no labeling to low
intensity labeling <10% of tumor cells) and high expression (moderate 10-50% of tumor cells
to high intensity labeling >50% of tumor cells)®. Epithelial and alveolar macrophages cells on

the same slide were considered as negative and positive controls, respectively.

2.5  Cell cultures and co-cultures

2.5.1 NSCLC cell lines

Human NSCLC lines (A549 and H596) were obtained from ATCC and were maintained in
complete DMEM/F12 medium (DMEM/F12 supplemented with 10% foetal bovine serum
(FBS), 1% L-Glutamine (I-Glu) and 1% Penicillin/Streptomycin (P/S)). Cells were grown in 96

well plates as confluent monolayer for co-culture experiments.

2.5.2 Primary NSCLC cultures

Primary NSCLC cells were isolated from immunohistochemically confirmed fresh lung cancer
samples obtained at the time of NSCLC surgery. The resected fresh lung cancer tissues were
collected and rinsed in RPMI medium, then cut into small size and rinsed with sterile phosphate-
buffered saline (PBS), then sample were digested in Trypsin-EDTA for 1h at 37°C. Digested
sampled were then washed and cultured in DMEM/F12 containing 10% FBS, 1% Glutamax,
10 mM HEPES, and Primocyn. At passage 2, cells were used for culture and coculture

experiments.
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2.5.3 PBMC isolation and Culture/Co-culture

PBMC were isolated from human blood by density gradient centrifugation using Lymphoprep
(Stemcells Technologies). Isolated PBMC, stained or not with Carboxyfluorescein
succinimidyl ester (CFSE, for proliferation assays), were maintained in complete RPMI or
IMDM media for monoculture or coculture assays respectively. PBMC were activated with 10
ug/mL phytohemagglutinin, and cultured in the presence of HGF or on an established primary
NSCLC cells monolayer. To evaluate the contribution of HGF to lymphocyte activation or ICls-
mediated activation of lymphocytes, culture media were supplemented with pembrolizumab
(20 nM corresponding to 3 pg/mL) and/or c-MET/HGF inhibitors (Crizotinib (1 pM) and SGX-
523 (0.5 pM). Lymphocyte activation/proliferation was assessed either through MTS

colorimetric assay or CFSE staining assay.

2.6 MTS proliferation assay

Lymphocyte proliferation was assessed using MTS proliferation assays as previously
described™®. Briefly, at the end of cell culture, 10 uL of MTS reagent (ABCAM, ab197010) was

added into each well and keeping in incubator for 2 hours. Metabolically active, viable cells
converted MTS into a colored formazan. The product was then measured at 490 nm in a
spectrophotometric microplate reader (Bio rad PR 3100 EIA PhD software). The viability was
expressed as the percentage of optical density of treated cells compared to optical density of

cells treated with the specific vehicle.

2.7  CFSE staining and flow cytometry.

To assess immunomodulatory properties of CSF-1, Pembrolizumab or NSCLC cells, PBMC
were stained before each experiment with 1 uM carboxyfluorescein succinimidyl ester (CFSE;
Life Technologies). The proliferation was assessed by flow cytometry on viable CD45pos cells

CD3pos cells and/or CD3posCD8pos cells by using FlowJo software (TreeStar) as relative
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CSFE dilution of treated cells compared to cell treated with specific vehicle as previously

described®,

2.8  Statistical analysis

All statistical analyses were conducted using Excel (Microsoft Office), XLSTAT (Addinsoft,
2023), and GraphPad Prism version 5 software (La Jolla, CA, USA). Statistical comparisons
were conducted using Student's t-test and one-way Anova respectively, or the Mann-Whitney
and the Kruskal-Wallis methods for non-parametric distribution. Associations between
variables were tested using Pearson's Chi-square or Fisher's exact test. Survival curves were
generated based on HGF levels using the Kaplan-Meier method, followed by the Log Rank test.
Multivariate analyses were performed using logistic regression and Cox proportional hazards
for drug response and patient survival, respectively. Differences were considered significant for
p-values < 0.05. Subsequently, the expression values were categorized as high (above the first
quartile, >Q1) or low (below the first quartile, <Q1) based on the distribution of HGF

expression values.

3. Results

3.1 Clinical characteristics of NSCLC patients

We enrolled 82 consecutive NSCLC patients. Among them, 49 patients received ICls alone or
in combination with chemotherapy, while 33 patients received chemotherapy alone as the
control group. All patients had at least one pretreatment sample available, either plasma or

tissue, obtained from a pre-treatment biopsy. Table 1 provides a summary of the patients'
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characteristics. Most patients were male (70%) and had a history of smoking or were former
smokers (95%). Adenocarcinoma was the most prevalent histological type (68%). The median
age at diagnosis was 66 years, ranging from 37 to 91 years. Finally, most patients (65%) had a
performance status (PS) of 0-1 at the start of treatment. After 10.9 months of median follow-
up, 25 (51%) patients treated with ICIs had died, including 37 (76%) patients who had

experienced tumor progression.

Table 1: Clinical characteristics of the patients

Overall Chemotherapy Immunog]ﬁrapy "

population=82 n= 33 4
Age (years) (range) 66 (37-91) 67 (42-91) 65 (37-84)
Sex
Man 57 (70) 24 (73) 33 (67)
Woman 25 (30) 9 (27) 16 (33)
Smoking status
Active or former smoker 75 (91) 30 (91) 45 (92)
Never-smoker 7(9 3(9) 4 (8)
Histology
adenocarcinoma 56 (68) 24 (73) 32 (66)
squamous cell carcinoma 14 (17) 6 (18) 8 (16)
other 12 (15) 3(9) 9 (18)
PS
0-1 65 (79) 26 (79) 39 (80)
> 17 (21) 7 (21) 10 (20)
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Stade / TNM

1B or I1IC 5 (6) 2 (6) 3 (6)
v

77 (94) 31 (94) 46 (94)
PD-L1
< 50% 26(32) 13(39) 13(27)
> 50% 41(50) 5 (15) 36(73)
Non available (NA) 15(18) 15 (45) 0 (0)

Number of metastatic

sites
1 34 (41) 16 (48) 18 (37)
2 or more 48(59) 17 (52) 31(53)

All variables are expressed as n (%), unless otherwise specified.

3.2.  Expression of phospho-MET, HGF and correlation with demographics

To investigate the impact of HGF/MET pathway expression in NSCLC patients treated with
ICIs or chemotherapy, we assessed the expression of markers of this pathway: phospho-MET
(PMET, activated form of the MET receptor) and HGF. pMET was assessed through IHC of
tumor biopsies collected before treatment initiation in both groups (IClIs treated patients n=22
patients; CT treated patients n=8 patients). (Figure 1A-B). In patients treated with ICIs, p-MET
was highly expressed in 19 out of 21 patients (90%) and weakly expressed in 2 patients (10%).
Besides, all 8 patients in the CT-treated group exhibited high pMET expression (100%) (n=8/8;

100%) (Figure 1B).

We next analyzed the expression of HGF in plasma samples collected from patients at the

diagnostic, first evaluation and progression. The median HGF expression level in the total
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population was 1153 pg/ml (IQR 545 - 2300) at diagnosis. In the ICls-treated population (ICls
alone or in combination with chemotherapy), the median HGF level before treatment was 892
pg/ml (IQR 376.8 - 1580). For patients treated with ICIs alone, the median HGF level before
treatment was 891pg/ml (IQR 379.4 -1488). For patients treated with combination therapy (ICls
+ CT), the median HGF level was 1092 pg/ml (IQR 375 -1661) before treatment. The median
expression level for the CT group was 1530pg/ml (IQR 1009-2681) before treatment. We also
analyzed longitudinal HGF levels according to the time, demonstrating a significant decrease
in HGF levels between diagnosis and first tumor evaluation during treatment (Figure 1). We
did not find any correlation between pMET expression and plasma HGF levels. Next, we
analyzed the association between plasma HGF levels and demographic data, including age,
gender, PS, tumor stage and number of metastatic sites (Table S1). Except for tumor histology
type, there was no significant association between HGF levels and demographic or tumor
aggressiveness factors including age, sex, smoking status, number of metastatic sites and PD-
L1 (Table S1). For patients treated with CT, there was no significant association between pre-

treatment plasma HGF levels and patient demographics.

3.3 Correlation with patient’s outcomes for ICIs therapy

For patients treated with ICIs (alone or in combination with chemotherapy), the objective
response rate at the first evaluation (ORR) was 57% (n=28/49), and 16 out of 49 patients (33%)
experienced early tumor progression. Patients with stable disease and tumor progression were
classified as non-responders. HGF levels at treatment initiation were higher in non-responders
(1611 £ 432.7) and progressing patients (1888 = 555.0) compared to responders (1128 + 232.8)
and non-progressing patients (1076 £ 202.6) (Table S2). These differences were more significant

in patients treated with IClIs alone including non-responders vs responders (2061 vs 790.8; p =
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0.0287) and progressing vs non-progressing patients (2408 + 786.9 vs 811.1 + 167.7; p =

0.0093) (Figure 1A; Table S2)

A ICIs alone B Chemotheraphy
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Figure 1: Plasma HGF levels at baseline and first evaluation according to patient’s outcomes.
Plasma samples were obtained from NSCLC patients at baseline and during the first evaluation.
ELISA assays were utilized to quantify HGF levels. Subsequently, expression values were
categorized based on drug response and disease progression, with Panel A representing the
group receiving ICls alone and Panel B representing the group receiving chemotherapy alone.

Data are presented as mean = SEM. *p < 0.05; **p < 0.01.

Then, we analyzed the potential correlation between HGF levels and patients’ progression. In
patients treated with ICls (alone or in combination with chemotherapy), we observed that low
HGF levels at baseline correlated with lower progression rate (Relative risk, RR =0.2143; 95%
C1(0.03138 - 1.463); p =0.024) (Table 2A). In patients treated with ICls alone, no progression
was observed in patients displaying lower HGF levels (RR = 0 (infinity); p = 0.0092) (Table

2B). To ascertain if HGF levels in plasma samples were predictive of immunotherapy response,
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we also analyzed the correlation with tumor progression in patients treated with chemotherapy
alone. In these patients, no association nor correlation between HGF rate and tumor progression
were observed (Figure 1B and Table 2C-D), confirming that HGF levels predict drug response
only in patients treated with immunotherapy. Univariate analyses revealed that, in addition to
HGF levels, the progression rate of patients treated with ICIs alone were also related to
adenocarcinoma histology (RR = 0.2679 (0.08934 - 0.8031); p= 0.0137) (Table S3).
Multivariate analysis based on logistic regression confirmed that adenocarcinoma histology
(Hazard ratio, HR = 0.020 (0.00068 - 0.614); p = 0.025) and low baseline HGF levels (HR =

0.999 (0.998 ; 1); p = 0.041) were both predictors of low progression rate (Table 3).
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A) Immunotherapy (ICls alone and ICls + Chemotherapy)

Parameters Response | Relative risk (RR) ; 95% CI; p-value Progression | Relative risk (RR) ; 95% ClI; p-value
Rate (%) rate (%)

HGF Baseline (pg/mL) Low (12) 75 1.421 (0.9063 - 2.228); p = 0.0881 8 0.2143 (0.03138 - 1.463); p = 0.024

High (36) 53 39
HGF First Evaluation Low (9) 78 0.7875 (0.4110 - 1.509); p =0.227 11 0.375 (0.05402 - 2.603); p = 0.133
(pg/mL) High 27) | 56

30
B) ICls alone

HGF Baseline (pg/mL) 85 2,143 (1.157 - 3.968); p = 0,0186 0 0(infinity); p = 0,0092

<2 (6)

>2(21) |33 50
HGF First Evaluation 83 1,944 (1.056 - 3.579); p = 0,0401 0 O(infinity); p = 0,0166
(pg/mL) Yes (7)

43 48
No (21)
C) COMBO ( ICIs + Chemotherapy)

HGF Baseline (pg/mL) Low (5) |60 1.309 (0.7383 - 2.321); p =0.2164 20 0.8 (0.1140 - 5.613); p =0.4094

High (16) |69 25
HGF First Evaluation|Low (5) |80 1.28 (0.7167 - 2.286); p =0.2344 20 0.8 (0.1140 - 5.613); p = 0.4094
(pg/mL) High (16) |63

0
D) Chemotherapy (CT)

HGF Baseline (pg/mL) Low (10) |40 30

High (22) | 36 1.1 (0.4300 - 2.814); p =0.4219 23 1.320 (0.3893 - 4.475); p =0.3298
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HGF First
(pg/mL)

Evaluation

Low (7)

43

High (17)

47

0.9107 (0.3373 - 2.459): p = 0.4255

14

24

0.5313 (0.07017 - 4.022); p =0.2601

Table 2: Response rate and patients’ progression in univariate analysis
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Table 3: Logistic regression analysis of response and progression rate in the ICls alone group

Response Progression
Parameters H;?Ord 95% ClI p-value Hr?;[?(;d 95% CI p-value
PDL1 1.035 (0.97-1.1) 0.292 0.966 | (0.892 - 1.046) 0.395
HGF baseline (1.0002 -
(pg/ml) 0.999 (0.998 - 1) 0.041 1.002 1.003) 0.030
HGF first (0.993 -
evaluation 0.998 1.002) 0.312 0.1 0.995- 1.005 0.896
(0.144 - (0.0022-
PS<1 4.733 155.47) 0.383 0.373 64.12) 0.707
(0.00068 - (1.056 -
Adenocarcinoma 0.020 0.614) 0.025 31.66 949.12) 0.046
(0.274-
Metastasis <2 6.840 170.929) 0.242 8.984 | (0.17-473.93) 0.278
Presence of a (0.00083 - (0.187-
mutation 0.023 1.769) 0.089 173.47 161045.95) 0.139

3.4 Correlation with patient’s survival

In patients treated with ICls (alone and in combination with chemotherapy), very low HGF (below

the first quartile) concentrations at baseline were associated with longer PFS (HR= 3.048; 95% CI

(1.325 - 7.013); p = 0.0103). In the group of patients treated with ICIs alone, lower levels of HGF

correlated with prolonged survival (both PFS and OS) (Figure 3A; Table S4). In this patients’

group, we found that performance status (PS) <1 and adenocarcinoma histology correlated with

longer PFS and OS (Table S5). The COX proportional hazard models revealed that only

adenocarcinoma histology and low baseline HGF levels were predictors of longer PFS and OS
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(Table 4). There was no correlation between HGF levels and patient survival in either the

chemotherapy group or the combination (COMBO) group, supporting that HGF levels were

predictive of patient survival only in the ICls alone group (Figure 3B-C).

Table 4: Cox proportional hazard analysis of patients’s survival

PFS (O]
. Relative Risk 0 Relative Risk 0
Variable (RR) 95% ClI p-value (RR) 95% ClI p-value

HGF diag (1.0003- (1.0003-

c (pg/ml) 1.0009 1.0013) 0.0001 1.00061 1.0009) 0.0001
(0.998 - (0.999-

HGF 1ére rééval 1.0003 1.002) 0.751 1.0002 1.001) 0.7924
(0.069 -

PS<1-1 0.373 2.0196) 0.252 0.774 (0.27-2.218) | 0.633
(0.000 - (0.000 -

ADK-1 0.119 0.467) 0.002 0.192 0.538) 0.002
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Figure 3: Patient’s survival according to HGF expression levels.

Kaplan-Meier analyses of patient survival (PFS and OS) were conducted based on baseline HGF

levels (low or high) within each treatment group, including Immunotherapy alone (A),
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Immunotherapy associated with Chemotherapy (B), and Chemotherapy alone (C). The log-rank

test was utilized to compare survival within each subgroup.

3.5 HGF suppresses lymphocyte proliferation and interferes with immunotherapy.

We conducted a series of in vitro and ex vivo experiments to investigate the impact of the
HGF/MET pathway on the modulation of ICI-mediated lymphocyte activation. Specifically, we
analyzed the influence of HGF on the immune properties of immune cells in the presence and
absence of pembrolizumab. First, we investigated whether NSCLC cells were a source of HGF
production. Therefore, we analyzed the supernatants from A549 and H596 cell line cultures, as
well as primary NSCLC cultures. Our data confirmed the production of high levels of HGF by
NSCLC cells (Figure 4A). HGF production by primary samples was comparable to HGF levels
measured in plasma samples from NSCLC patients (see 3.2), highlighting the relevance of our
primary culture model in replicating HGF production in the tumor microenvironment. Then, we
activated PBMC with PHA (10 pM) and cultured them on a monolayer of primary NSCLC cells.
Our findings indicated that pembrolizumab (20 nM) enhanced lymphocyte activation mediated by
PHA. When lymphocytes were co-cultured with primary NSCLC cells, pembrolizumab-mediated
lymphocyte activation was reduced. Furthermore, the addition of crizotinib (a MET inhibitor) into
the culture medium partially restored T-cell proliferation in 3/5 of the coculture (Figure 4B). These
experiments suggest that HGF produced by primary NSCLC cells can hinder the ability of

pembrolizumab to restore LT immune activation.

To validate the immunosuppressive properties of HGF, we treated stimulated PBMC with
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recombinant HGF. We compared the proliferation of LT cells in the presence of recombinant HGF
and MET inhibitors (crizotinib, SGX-523). Following the administration of recombinant HGF, we
observed a significant inhibition of PBMC proliferation and a decrease in IFN-y production
compared to the control group stimulated with PHA alone (Figure 5A-B). These findings indicated
that the presence of HGF suppressed PBMC proliferation and hampered the production of IFN-y,
which is associated with the anti-tumor lymphocyte response. To further investigate this
hypothesis, we performed flow cytometric analysis of the activated population of PBMC. The
results revealed that recombinant HGF suppresses CD8+ activation, even in the presence of
pembrolizumab. The CD8+ LT activation was restored using MET inhibitors (Figure 5C-D).
These findings provide strong support for the notion that the release of HGF in the tumor
microenvironment plays a significant role in immune evasion and contributes to resistance to
immune checkpoint inhibitors. Consequently, the use of HGF/MET inhibitors has the potential to

prevent immunosuppression and enhance the effectiveness of ICls in the treatment of NSCLC.
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Figure 4: HGF production by NSCLC cells and inhibition of lymphocyte activation in the presence
of pembrolizumab (“Pembro”) A) expression levels of HGF in NSCLC cell cultures were assessed
using an ELISA assay. B) Peripheral blood mononuclear cells (PBMCs) were stained with CFSE
and activated with phytohemagglutinin (PHA, 10 pg/ml). These cells were then cultured either

alone or on a primary NSCLC monolayer in the presence of Pembrolizumab and/or Crizotinib.
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After 96 hours of incubation, CFSE-stained cells were collected and further stained with PE-Cy7-
conjugated anti-CD3, BV421-conjugated anti-CD45, and APC-conjugated anti-CD8 antibodies.

The cells were analyzed using flow cytometry (B). The presented data are representative of at least

6 patients.
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Figure 5 : MET inhibitors suppresses the immunosuppressive capabilities of recombinant HGF.
A-B) Peripheral blood mononuclear cells (PBMCs) activated with phytohemagglutinin (PHA, 10
pg/ml) were cultured either alone (A) or in the presence of hepatocyte growth factor (HGF, 75

ng/mL) and/or MET inhibitors (Crizotinib, SGX-523). The MTS proliferation assay was employed
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to quantify lymphocyte/PBMC proliferation at 72 hours, while cell supernatants were collected at
24 hours for interferon-gamma (IFNy) quantification. C-D) Activated PBMCs were stained with
CFSE and treated for 96 hours with HGF (75 ng/mL.) alone or in combination with Pembrolizumab
(20 nm) and/or MET inhibitors (Crizotinib, SGX-523). The stained cells were collected, probed
with PE-Cy7-conjugated anti-CD3, BV421-conjugated anti-CD45, and APC-conjugated anti-CD8
antibodies, and analyzed using flow cytometry. Data are presented as mean = SEM of at least four

independent experiments. *p < 0.05 and ***p < 0.001.

4. DISCUSSION

Identification of predictive biomarkers of 10 resistance remains a significant challenge in lung
cancer. In this study, we investigated the role of the HGF/MET pathway in immunotherapy
resistance among NSCLC patients undergoing first-line treatment with IClIs, either alone or in
combination with chemotherapy. Our data support the association of higher levels of plasma HGF

with poor ORR and reduced survival among patients treated with ICls.

The MET activation pathway plays a pivotal role in supporting the growth, survival, and drug
resistance of various cancer types. Consequently, the predictive potential of HGF/MET expression
has been explored across multiple malignancies*?. Within the context of lung cancer, elevated
MET expression and/or increased circulating HGF levels have been identified as signatures for
both NSCLC and SCLC samples'®'* MET overexpression is associated with the activation of its
receptor, the phosphorylated form of MET (pMET). Consistent with this pattern, we observed
robust and consistent expression of pMET across most patients in the analyzed cohorts, including

those treated with I1Cls and chemotherapy (CT). However, as discussed by Moosavi et al.'®, the
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widespread and consistent expression of pMET observed across samples, while distinguishing
tumor samples from normal tissues, cannot be used to stratify patients based on pMET levels,
complicating the assessment of its influence on drug response and patient survival. Therefore, our
investigation focused on plasma HGF levels, revealing that low levels of plasma HGF were
associated with a favorable response to ICI treatment and a reduced progression rate. Similarly,
patients with low HGF levels experienced significantly extended survival. These correlations were
not observed in the CT group. Consequently, our results suggest that high baseline levels of HGF
may not only serve as a prognostic factor, as previously suggested®®’, but also as a predictive

factor for resistance to ICls when used as first-line therapy in NSCLC.

HGF is primarily secreted by stromal cells, often through paracrine secretion, including
mesenchymal cells. However, it can also be secreted directly by tumor cells, indicating autocrine
secretion. This is highlighted by the presence of high levels of HGF in the supernatant of NSCLC
primary cells and cell lines. The adverse prognostic significance of elevated serum HGF levels in
cancer is substantiated by the fact that the activation of MET receptors located on cancer cells
promotes tumor cell growth, survival, and metastatic spread*®8. In the context of the immune
response and ICI therapy, the HGF/MET pathway has been reported as a mechanism of immune
suppression. Through the modulation of dendritic cells, activation of regulatory T-cells, and the
control of cytotoxic CD8+ T-cells'®?° MET activation in tumor cells promotes various tumor
properties, including the EMT, which may consequently enhance the immunosuppressive
characteristics of tumor cells???, Notably, MET activation induces an increase in PD-L1
expression?. Interestingly, PD-L1 expression is also elevated after HGF administration, and there
is a correlation between high MET activation and high PD-L1 expression?*. Therefore, inhibiting

MET-induced signaling could potentially block the HGF-induced PD-L1 expression?®, thus
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enhancing the efficacy of ICIs. Consistently, we present evidence in our work that the inhibition
of MET activity using crizotinib interferes with NSCLC-mediating inhibition of CD8+ activation
in the context of ICI inhibition, confirming the contribution of MET signaling in immune
suppression as a mechanism of tumor-mediating resistance to ICls. However, despite variations in
HGF levels among patients, the levels of active MET in cancer cells did not differ significantly
among patients, implying that MET activation in cancer cells may not be the main mechanism of
immunosuppression mediated by HGF in NSCLC. In fact, it has been observed that CD8+
cytotoxic T lymphocytes (CTLs), when primed with specific antigens or exposed to the immune
environment, express MET. Consequently, HGF could directly interfere with CTLs. We validated
this hypothesis by demonstrating that recombinant HGF suppresses CTL activation and the

production of IFN-y, even in the presence of pembrolizumab.

Our study supports a scenario in which HGF/MET pathway could participate in a concerted
immunosuppressive mechanism within the tumor microenvironment, by enhancing the
immunosuppressive properties of the microenvironment components and interfering with CTL
activation. We provided evidence that the use of two MET pathway inhibitors, crizotinib and SGX-
523, interferes with HGF-mediated suppression of CTL activation. Thus, the use of MET inhibitors
appears to be an interesting therapeutic approach to enhance the efficacy of ICls in patients with
advanced NSCLC. Currently, various HGF/MET inhibitors are available or under development in
clinical trials, including monoclonal antibodies (e.g., rilotumumab), drug-conjugated antibodies
(e.g., Telisotuzumab vedotin), bi-specific antibodies (e.g., amivantamab)?®, and MET-selective

tyrosine kinase inhibitors (e.g., Tivantinib capmatinib, tepotinib or salvotinib).

Overall, despite the limitation in our study due to the insufficient number of available samples,

notably for IHC, we managed to overcome this challenge by conducting a prospective collection
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of plasma samples throughout the disease follow-up. This approach allowed us to perform a
comparative analysis and longitudinally monitor the patients. Concurrently, we implemented
functional in vitro and ex vivo studies using a model of primary cultures derived from surgical
explants, providing a valuable representation of the tumor microenvironment. The results of these
efforts collectively support the proposition that the HGF/MET pathway may serve as a potential

predictive factor for the response to ICIs in advanced NSCLC.

CONCLUSION

Our study's overall experiments emphasize the significant role of the HGF/MET pathway in
inhibiting lymphocyte activation mediated by ICI in advanced NSCLC. In the ICI-treated patient
group, we observed a correlation between high plasma HGF levels and criteria indicating tumor
aggressiveness, a less favorable therapeutic response, and shorter survival. However, no such
correlation was found in the group of patients treated with CT, suggesting a unique predictive role
of this pathway in ICI resistance. As a result, assessing the expression of the HGF/MET pathway
at the time of diagnosis, particularly through elevated plasma HGF levels, may serve as a predictive
factor for a less favorable response to ICIs. Considering this, exploring the combination of
HGF/MET inhibitors with ICIs in this context appears promising and warrants dedicated clinical

trials for evaluation.

S. ETHICS, FUNDING AND DISCLOSURE
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ABSTRACT

Immune chedpoint inhibitors, a5 nivolumab, are used in advanced non-small cell lung cancer (MSCLCL
However, no assodated blomarker i validated in clinical practice with this drug. We investigated herein
immumne-related blood markers in patients with advanced NSOLC treated with nivolumab. Plasma of 43
consecutive patients were prospectively collected at time of the diagnosis of cancer, at the initlation of
nivolumab and at the first tumouwr evaluation (2 months). Concentrations of PD-L1 (sPD-L1), soluble PD-L2
(sPD-LY), Interleubdne-2 [sl-2), Interferon-gamma (sIFN-y), and Granzyme B (sGranB) were quantified by
ELSA. Cell free RMA was quantified by Reverse Transoriptase -PCR) and plasmatic microRMAs (miRNAs)
were evaluated by targeted sequencing. Expression of POHL1 on tumour blopsies was performed by
imimunohi stochemistry using E13LM. High sPOHL1 at 2 months and increase of sPD-L1 concen tratlons wene
amoclated with poor response and absence of dinlcal benefit inivolumab treatment less than & maonths)
The variation of sPD-L1 concentrati ons were confirmed by RMA quantification. sPD-L1 concen tratlons were
not comelated with PD-L1 expression on corresponding tumouwr samples. Low sGranB at nivolumab
Iinitiation was also asoclated with poor regponse. High sPD-L1 and low sGranB were assoclated with poor
progression-free surdval [PFS) and overall survival (05, Low sPD-L2, low sll-2 and high PN were
asociated with grade 3—4 towsicities. Finally, miRNA screening showed that patients with dinical benefit
{n = 9) had down-expresion of miRNA-320b and -375 compared to patients with early progresion at
2 months (m = 9). In conclusion, our resullts highlight the interest of circulating biomarkers in patients
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Introdu ction

Lung cancer is the leading canse of cancer related death world-
wide.' Its prognosis, especially at the adwanced stage, & poor
with limited efficacy of optotoxic chemotherapy (CT). Immune
checkpoint inhibitors (IC1s), humanised monoclonal antibodies
targeting programmed death 1 (PD-1) or programmed death-
ligand 1 (PD-L1), hawe recently been developed PD-L1 and
programmed death-ligand (PD-L2) are membranous proteins
expressed by malignant cells that interact with PI)-1 expressed
by T-cells. When PD-L1L/PD-12 and PD-1 hind, the T-cell’
cytotoxic anti-tumour activity is down-regulated By blocking
the interaction between PD-L1 and PD-1, ICIs restore optotoxic
immune response. The Type 1 T helper (Thl)-related optotoic
lymphocyte activation is mainly mediated by two effectors,
interleukine-2 (IL-2) and interferon-gamma (IFN-p.*" After
recognition of tumour antigens, activated CD8+ ymphocytes
secrete perforing and granzymes (mainly Granzyme B) that
induce tumour cell death.”

ICIs have shown their efficacy in advanced non-small cell
lung cancer (MSCLC). Mivolumab, an anti-FD-1 antibody, is

currently used for second-line treatment in ALK- and EGFR-
wild type advanced NSCLC** There i& however no hiomarker
predictive of nivolumab efficacy validated for clinical practice
in this setting. In the two pivotal Chedmate studies™ FD-L1
immunohistochemistry (IHC) was performed on the tumour
specimens obtained at the time of diagnosis. This analysis
found that patients with non-squamouns histology and high
PI+-L1 expression determined by IHC had longer progression-
free survival (PFS) and overall survival (08) than those with
low PD-L1 expression.” These findings were not replicated in
the squamous histology setting.” Patients were not stratified at
randomisation according to PD-L1 THC, which was performed
retrospectively, rendering the interpretation of these results dit-
ficult. In addition, THC was performed on the diagnostic
tumour specimens whereas FD-L1 expression varies with time
and espedally after CT 5" Moreover, PD-LL THC interpretation
can be difficult, as there is a spatial heterogeneity of PD-L1
expression, within one same tumour region or between two dif-
ferent tumour regions (primary and metastatic)*™* There is
therefore an unmet need for developing new biomarkers to
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predict nivolumab efficacy. Tumowr mutation load or IFHN-y
signature have recently been evaluated, "' but their use in din-
ical practice is still challenging.

Compared with tumour specimens, plasma has the advan-
tage of being easily accessible, allowing sequential analysis dur-
ing follow-up. Flasmatic binmarkers also have the advantage of
reflecting different tumour dones present throughout the body.
Circulating tumour DNA (tDMNA) has shown to be a good pre-
dictive marker of HIs eFE-:a-q,r.""""" However, no study has been
dedicated so far to other circulating hiomarkers such as ICI-
related proteins or dronlating microRNA (miRMNA). The pres-
ence of soluble FI-L1 (sPD-L1) has already been established in
patients with NSCLC with a prognostic impact of sPD-L1 con-
centrations."™** Its prognostic and predictive impact with 1Cks
is however still unknown.

In this stmdy, we propose to evaluate new plasmatic bio-
muarkers as putative predictive biomarkers associated with nivo-
lumah efficacy and toxicity in advanced NSCLC: sPD-L1, sPD-
L2, sGrmanzyme B (sGran B), sl, dFN-p , and crculating
miRMA,

Results

Characteristics of the 43 patients are presented in Table 1.
Patients were mostly male (67%), current or former smokers
(88%) and with adenocarcinoma histology (65%) They had
advanced stage disease at diagnosis (93%) and mainly without
EGFR-, KRAS- mutations or ALK -rearrangement [63%).

Table 1. Patients” charactesistics.

Patient chas steristics Paients fn = 43)
Sex W)

Mal= a7

Famals 14 {33%)
Smuoking histary

Camrent 14 {33%)

Fosmes 24 [ 55%)

Mor-smolker S{12%)
Histology

A enocadnoms 28 | E5%)

Sopumionr-oell cainoma Q%)

Sammaiod cerdnoma 112%]

Large o=l cardinama 4 (%)

D= o=l caminoma 11x%)
Stage & disgnesis

HI 3w

- 40 {93
EGFR mutation 1(2%)
KRAS matation 15 {35%)
ALK ressmamg sment 0 )
Oher” 410%)
Wild type 13 {53%)
Humber of Ines before nivalumak nitistion

1 2 aT%)

2 10 {13%)

3 (5%

i (5%
Median age a1 nivokumab initiaion &8 R &2 - 71.5)
PS5 at nivolumisd iniation

a-1 5 | 5E)

2 17 )

3 112

EGH: Epidesmal Growth Factor Recepton, ALK : Anapletic Lymphomas Knsg P55
Perfosmanoe Statue
"Other mutstion: HER 2 in = 1; 2], BRAF in = I 7L

Mivolumab was given as second-line treatment in 67 % of cases
(further line in 33%), and patients had good PS (0 - 1) at nivo-
lumab initiation in 58% of cases.

Objective Response Rate (ORE) with nivolumab in the
global population was 40% (n = 17), and 35% (n = 15) had
clinical benefit under nivolumab (as defined as still receiving
nivolumab at 6 months). With a median follow-up of
16.3 months (IQR 11.7 - 21.1), 24 patients ( 56%) were deceased
at the time of cut-off due to tumour progression, 11 patients
(26%) had controlled disease, 5 (12%) were still receiving fur-
ther treatment after nivolumab progresdon and 3 (6%) were
lost during follow-up. The median nivolumab progression-free
survival (PFS) was 30 months (IQR 16 - 101) and median
overall survival (O8) was 6.2 months (IQR 2.2 - NR).

At initial diagnoss, nivolumab initistion and first tumour
evaluation (2 months of treatment), median sFD-L1 concentra-
tions were 39.81 pg/ml (IQR 2975 — 59.21), 49.86 pg/ml (IR
36.11 - 65.91) and 51.57 pg/ml (IQR 31.91 - 72.06), respectively;
median sPD-L2 concentrations were 1639000 pg/ml (IQR
1118500 — X2335.50), 18250000 ]:ng.-'rnl (1396300 - 21750,00) and
1756700 pg/ml (1438450 — 2216650), respectively; median
sliranfl concentrations were 1406 ]:lg,n'l.'n] (IQR 984 - 21.13),
1324 pgiml (KR 853 - 1895) and 17.24 pg/ml ()R 863 -
25.79), respectively; median sIL-2 concentrations were 188.00 pg'
ml (IQR 113.00 - 227.50), 16200 ]:lg.n'm] (IR 9675 — 242.00)
and 15200 pg/ml (IR 9150 - 176.50), respectively ; median
slFM-p concentrations were 0.13 ]:ng,n'm] (IQR 003 - 029),
005 pg'ml (IOR -0.03 - 0.20) and 0.11 pg/m] (IR -0.06 - 0.27),
respectively.

ORR, clinical benefit and survival

sSPO-LT
At initial diagnosiz and at nivalumab initiation, there was no
statistical difference in sFD-L1 concentrations in patients who
were mresponders compared to non-responders to nivolimab
(Supplementary Fig. 1A and 1B), and in patients presenting
with clinical benefit compared to patients who did not present
with dinical benefit (Supplementary Fig. 1C and 1)), However,
at first tumour evaluation under nivolamab, sFD-L1 concentra-
tions were significantly higher in non-responders with a
median value of 6764 pg'ml (IQR 4636 - 75.14) compared to
32594 pgiml (IQR 2489 - 56.91) in responders (p = 0.031)
(Fig. 1A). In the same way, median sPD-L1 concentrations
were significantly higher in patients without clinical benefit
with a median value of 67.64 pgiml (IR 42.74 - 7545) com-
pared to 34.14 pgiml (IR 2467 - 5648) in patients with clini-
cal benefit (p = 0.024) (Fig. 1 B). Moreover, in case of increase
of sPD-L1 concentrations between the initiation of nivolimah
and first tumowr evaluation (n = 12), OFR was 17% (n = 2)
versis 68% (n = 13) in case of decrease or stability of sFD-L1
concentrations (n = 19) (p = 0.005). The dinical benefit rate
was 10% (n = 1) in case of increase of sPD-L1 concentrations,
versus 47% (n = 8) in case of decrease or stability of sFD-L1
concentrations (n= 17) (p= 0.049).

Using ROC curves, we found a sPD-L1 cut-off concentration
of 3397 pg/m assodated with a sensitivity of 94%, a specificity
of 56%, a positive predictive value (PFV) of 70% and a negative
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Figure 1. sPIHL and tumour response, dinical bensfil, progression-free surdhasl (P735) and ovessll surdival (05 A sPDHL concentestions st first lumour evauation in
patients with tumour response and patients without tumour response. & sPDHL] coneentrdtions at first umour esshustion in patients with cinical benefit and paients
without dinical benefit Cand Ot P75 (0 and 05 (D) aording tosFDAL1 concentration a1 fist tumowr svadustion_E and E PFS () and 05 (F) acond ing to <PO-L1 saristion
htwessn nivalumah initistion and fist tumowr svshustion P-wabues wees aloulted by Mann-Whiney =t (A and B) or bog -rank test (G0

predictive value (NPV) of %0% to predict response at firs
tumor evalmation. Using this cut-off, we determined that
patients with low sPD-L1 (n = 10) had an ORR of 90% whils
patients who had high sPD-L1 concentrations (n = 23) had an
ORE of 30% (p= 0.002). In the same way, we found a aat-off
congentration of 3636 pg'ml assodated with a sensitivity of
B4%, a specificity of 57%, a PPV of 73% and an NPV of 73% to
predict dinical benefit. Using this cut-off, we determined that
patients with low sPD-L1 concentrations (n = 11) had clinical
benefit in 73% of cases, whereas patients who had high sFD-L1
concentrations (n = 22) had clinical benefit in 38% of cases
(p=0013).

We confirmed the variation of sPD-L1 by performing KT-
PCR amalysiz on circulating FMA. Selecting the patients with
the most important increase (n = 5; ranging from +78% to
+101%) and decrease (n = 5; ranging from -3%% to -69%) of
sPD-L1 concentrations evaliated by ELISA, we showed that
patients with sPDL-L1 increase in ELISA had a sgnificant

increase of PO-L1 expression (n = 3; 2 patients without evalu-
ahle RT-PCR results). In the same way, patients with sFI-L1
decrease in ELISA had a significant decrease of PD-L1 expres-
sion (n = 2; 3 patients without evahahle BT-PCR results)
(Tahle 2).

High sPDL-L1 concentrations at the first tumour evaluation
and increase of sPD-L1 concentrations were assodated with
warse PFS and 05 (Fig. 1 C-F). Patients with low sPD-L1 con-
centration at first tumour evalmation had a median PFS of
118 months (K)R 65 — NE) and median 05 NR (KR 136 -
MR, versis median PFS of 22 months (K)R 16 - 9.1) and
median 05 of 6.2 months (KR 24 -NR) for patients with high
sPI-L1 concentrations at first tumour evaluation (p = 0041
for PFS comparson and p = Q087 for 05 comparison)
(Fig. 1C and 1I}). Patients presenting with an increase of sPI-
Ll concentrations had a median PFS of 1 8 months ()R 09 -
3.0), versus 6.5 months (IR 3.0 - NE) in patients presenting
with a decrease or a stability of sFD-L1 concentrations (p =
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Table 2. Relstive PDHL1 gene smpe=wion in plems jevalustsd by AT-PR) in
patients with the lrgest incesase or deoreme of sPDHL coneen rations {evaluatsd

Table 4. Multivafiste maysk (O mode] on oversll sureal

by ELSA) betwesn niwalumal initigion and fist tumour swhustion. Vil Headrafio(HR)  K35%  pedue
patiens  lates change of sPD- relatve PO gene PE =1 3649 45629176 00l
11 concentration {ELISA]  expression in plema SPOHLT @t fist tumor svalusion i ] 095101 iR ]
(IR | mnuous wastabis)
sGosnzyme B 2t nhaobumab 100 024107 0985
patients with the  paen! 143% WA imitisgion joonnuous vasisbie)
lasgestsPD-LY #1 Increme af SPOHLY 45 QEd-27.03 LR E]
ncmmane concentations
pai! 101% 5600 LT7H) Increme sGransyme B 150 0366137 asr
2 concentrations
patent Tk ERTTEN R IHC PO-L1 positie 043 010-190 0268
3
patin % i
M
paatiemt TEN 05 14 (6 was ohserved between IHC positivity and sPD-L1 expresion in
i 5 THC at the time of diagnosds: median sPD-L1 was 3086 pgiml
ey e i (HOR 2213 - 48.23) in patients with positive IHC and 36.68 pgl
decmmans ml (IR 26, 10 - 55.34) in patients with negative IHC (p = 0.604).
patent 1% ZASE-1T7 4 G95E19) There was no correlation between sPD-LL concentrations at
2 ) - i i i )
patient . 1S0E-19 14 6 SBE2T) d.lagm:auan:] level of expression of PD-L1 in IHC according to
i1 different cut-offs (Supplementary Fig. 3).
paten! A% ik
4
P"";“ A% M sGranzyme B

Relatve change of sPIHLY mnoemration {ELEA) & betwesn nivalumal inifaion
and first lumour ewshustion. Relative POHLT gene expesssion in plaama (RT-PCR)
at fist tumow sashustion i evausted aoonding to gene expesssion & nivolu-
mish initistion. MA-non amplifshie RRA

0.008). (Fig. 1E). Median 0% was 5.4 months (IJR 11 - NR)
in patients with increasing sPD-L1 concentrations, versus MR
(60 - NF) in patients with stable or decreasing sFD-L1 concen-
trations (p = 0.028). (Fig. 1F). Multivariate analyss on PFS
(Tahle 3) confirmed the independent role of the ncrease of
sPD-L1, with a hazard ration (HR) at 4.85 (JC95% 1.02-NE; p
= 0LME). The only significant factor for 08 in multivariate
analysis was P5 (PS5 maore than 1 assodated with a HR = 36.4%;
09 5% 4 56-291.76; p = 0.001) (Tahle 4).

Finally, we analysed the outcome in patients with stable dis-
ease as best tumour respons according to iRECIST (n = 5).
Interestingly, the two patients who had decreasing sPD-L1 levels
had longer PFS (551 and 21.08 months) than patients who had
increasing sPD-L1 levels (374, 233 and 207 months). Two
examples of stable patients with differential cutcome according
to sPD-L1 measurements are shown in Supplementary Fig. 2.

Ofthe 43 patients induded in the stdy, FD-L1 THC was per-
formed in 34 cases (79%) on diagnostic samples. Twenty-four
patients [71%) had a positive FID-L1 expression. Mo association

Table ¥ Mubfvariste snabysk {(Goe Made]) on progression-fess susdval

Viriahis Hazard rafia {HH) IC95% ol

PS=1 485 125-1835 QO

<DL ot first umor eabustion i) asF-10 Q6T
oot imiou s wariah =]

sGranzyme B & nivolumak o 54104 413
mitistion jcontinuous variabis]

Inc e of sPDHL 485 102-MR Al ]
mnceEntrations

Inc pma= slaran zyme B 142 O61-543 [
oneEntraions

IHC PTHLY positive ar il el ] aaEa1

There was no statistical difference in siiran B concentrations
measured at initial diagnosis and at first tumor evalmation in
patients who were responders compared to non-responders
[Supplementary Fig. 4 A and 4B) and in patients presenting with
clinical benefit compared to patients who did not present with
clinical benefit (Supplementary Fig. 4C and 4D). However, at
nivolimab initiation, responders had significantly higher median
simnzyme B concentrations than non-responders: 1844 pgiml
(R 1171 - 33.92) versus 1188 pg/m] (IOR 794 - 1541) (p=
0.039) (Fig. 24). In the same way, median sGran B concentra-
tions tended to be higher in patients with dinical benefit with a
median value of 6764 pg'ml (IQR 4274 - 7545) compared to
34.14 pg/ml (B)R 2467 - 5648 in patients withont clinical ben-
efit (p=0.116) (Fig. 2B). There was also a trend towards a differ-
ential evolution of =Gran B concentrations acoording to tumour
response and dinical benefit: ORR was 29% (n = 4) in case of
increase of sGran B concentrations (n = 14), versus 63% (n =
10 in case of decrease or stability of sGran B concentrations (n
= 16) (p = 0.063). In case of increase of sCGran B concentrations
(n = 14), the dinical benefit mate was 21% (n = 3), versus 56%
(n = 9) in case of decrease or a stability of sGran B concentra-
tions (n = 16) (p = 0.052).

Using ROC curves, we found a mt-off concentration of
1824 pg/ml associated with a sensitivity of 53%, a specificity
of 7%, a PPV of 73% and an NPV of 74% to predict tumaour
response at nivolumab initiation. Using this out-off, we
determined that patients with high sGran B concentrations
(n =11) had an ("R of 73%, whereas patients who had low
sCiran B concentrations (n = 27) had an ORR of 26% (p =
0.007).

Low aliran B concentrations at nivolumab initiation and
increase of sGran B concentrations were also associated with
waorse PFS and 05 (Fig. 2C-F). Patients with high sGran B con-
centrations at nivolumab nitiation had a median PFS of
8.8 months (IOR 3.7 -NR) and median 08 NR (I0R 9.0 - NR),
versus median PFS of 1.8 months (BOR 1.1 -3.7) and median (5
of 45 months ()R L& - NR) for patients with low sGran B
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between

concentrations at nivolumah initiation (p = 0018 for PFS com-
parison, and p = 009 for 08 comparison) (Fig. 3C and 3D).
Patients presenting with an increase in sGran B concentrations
had a median PF$ of 20 maonths (IQR L6 - 4.1), versus
£.8 months (IR L& -NE) in patients presenting with a decrease
or a stability of sGran B concentrations (p = 0.019) (Fig. 2E).
Median (% was 4.5 months (IQR 22 - NE) in patients with
increasing sGiran B concentrations, versus WE (IQR 6.2 - NE) in
patients with stable or decreasing sGranzyme B concentrations
(p =10.043) (Fig. 2F).

sPD-12, siL-2 and siFN-y

There was no impact of sPD-L3, sIL-2 and sIFN-) concentra-
tions and variations on ORR, clinical benefit, PFS or 08, at any
time of analysis (Supplementary Figs 5 and ).

rralumal inifaion and first mour svalustion. P-alues were alobated by Mamn-Whitney test (A and B) or bgrmnk et (CF)

Immune related adverse events [irAEs)

Eight patients (19%) experienced grade 3 - 4 irA Es whilst receiv-
ing nivolimab: hypophystis (n = 1), arthm-myalga (n = 1),
anto-immune cholangitis (n = 1), auto-immune hepatitis (n =
1), auto-immune kidney failure (n = 1), interstitial pneumonia
(n = 1), skin toxicity (n = 1}, auto-immune colitis (n = 1).

Of all the tested biomarkers, sPD-12 at initial diagnosis and at
nivolumab initiation, sIL-2 at nivolomab initiation and sIFMN-y at
first tumar evaluation were significantly assodated with grade 3-
4 irA Eswith nivolimab (Fig. 3 and Supplementary Fig. 7).

miRNA
We performed miRMA screening on plasma at nivolumab initi-
ation, and compared the miRNA profile between patients with
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dinical benefit (n = ¥) and patients with early progression (at
first tumour evaluation) under nivolumab (n = 9). We showed
a differential expression of 2 miFNA between the 2 groups af
patients [Supplementary Fig. 8), corresponding to miRMA-
320b and miRNA-375 Patients with clinical benefit had a
down-expression of both miFNA-320b (fold change -3.1) and
-375 (fold change -3.2), compared to patients with early pro-
gression (p<005 for both miRMA). When anabyzing target
genes using mifecords, miR TarBase and TarBase databases, we
found that miRMNA-320b was notably associated with prolifera-
tion (MY, TUBBI) genes, while miRNA-375 was notably
asodated with immune-related genes (JAK2 TGF-P2), Wnt
pathway (FZDM, FZD8), proliferation (MYC), Hippo pathway
[YAPI) and tumor migration [ NCAM 1, CDHZ) genes.

Discussion

This study reparts tor the first time the predictive role of plas-
matic immune-related biomarkers and circulating miENA in
MSCLC patients treated with nivolumab, We showed that sPD-
Ll and sGran B were associated with outcome, whereas sPD-
L2, sIL-2 and sIFMN-y were associated with nivolumab-related
grade 3 — 4 toxicity. Finally, we observed that the plasmatic
mikMNA profile at the beginning of treatment was different
between patients with objective response and patients with
early progression under nivohimah.

Chur results suggest that &P L1 may play an important part
in evaluating response, survival and dinical benefit under nivo-
lumah, sPD-L1 concentrations at fird tumowr evaluation and
the variation of sPD-L1 concentrations at the beginning of
treatment were associated with ORR and clinical benefit at six
months. sPD-L1 also strongly impacted PFS and (05, with lon-
ger median FFS and 08 in case of low sPD-L1 concentrations
at first tumour evaluation or in case of decrease or stahility of
sPD-L1 concentrations between initiation of nivolimab and
first tumour evalmation. sPD-L1 has already been studied in
WSCLC, with results showing a higher sPD-L1 expression in
patients with MSCLC than in healthy controls, and that patients
had a better prognosis in case of higher sPD-L1 concentra-
tions """ However, patients did not receive ICIs treatment in
these studies. Furthermore, the patients did not have multiple
sPD-L1 measurements and no dymamic analysis was per-
formed Finally, the moment of sampling was not specified
beforehand with samples taken at different times (diagnosis,
during treatment) rendering comparisons diffimlt. Another
report studied the variation of sPD-L1 in patients with locally
advanced or inoperable NSCLC undergoing radiotherapy.™
This study showed that sPD-LL levels meamured after 2 and
4 weeks of radiotherapy significantly decreased compared to
pre-radiotherapy levels and that patients with lower haseline
sPD-L1 levels had longer 08 than those with higher sPD-L1
levels,

We did not show a correlation between the sPD-L1 concen-
trations and the expression of PD-L1 in IHC performed on the
initial biopsy. This can in part be exphined by the nse of two
different antibodies for ELISA (28-8% done) and for THC
(E13LM clone). However, recent publications have shown a
good concordance between these two antibodies for FD-L1
expression in tumour cells™ The difference between ELISA
and IHC could also be explained by the fact that plasma reflects
the entire tumour heterogeneity, whereas PD-L1 expression
can be heterogeneous within one tumour site, but also between
different tumour sites®"* Finally, sPD-LI could also be
secreted by cells other than tumour cells, such as immune cells
Interestingy, we confimned the variation of sPD-L1 concentra-
tions by RT-PCR from circulating RNA in patients with the
largest variations of sPD-L1 concentmations. Cinculating RMA
i a mix of ENA from tumour cells and from other cells
(immune cells, stroma cells.. ), 20 our results cannot predisely
determine the source of sPD-L1. Little data is currently avail-
able on the origin and function of sPD-L1. The first hypothesis
is that sP-L1 concentrations reflect the tumour mass and that
its presence in peripheral blood is due to the bysis of tumour
cells. A high level of sFD-L1 would be the reflection of high
tumour mass and the increase of sFD-L1 concentrations under
nivolumab associated with poorer response could simply reflect
the increase of the tumour volume. The second hypaothesis is
that sPD-L1 has its own hiological effect. It conld interfere with
nivolumab by hinding with PD-1 expressed by T lymphocytes
and induce a competing effect with nivolumab. The low sPD-
L1 concentrations at the beginning of treatment associated
with better efficacy of nivolumab is compatible with such a
hypothesis. & study & corrently underway to try to determine
which celk produce sPD-LL in varions  malignancies
[NCTOL6607 76).
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Granzyme B i a serine pmtease that is a mediator of target-
cell apoptosis by cells such as NE celk and cytotoxic CDE+ T
cells. Granzymes are delivered to the target cells via optotoxic
granules and are responsible for  caspase-dependant
apoptosis.*** Soluble Granzyme B has aready been explored
in the context of auto-immune diseases, showing that high lev-
ek of sGran B were associated with rthenmatoid arthritis, myo-
cardial infarction and lipid-rich carotid plagues*™* To our
knowledge, this is the first time that sGran B concentrations
hawe been evalnated in the plasma of MSCLC patients treated
with nivolumah. We found that patients who presented with an
objective response to nivolumab had significantly higher =Gran
B concentrations at mivolumab initition than patients who
were non-responders This could reflect the activation of the
CD¥+ optotoxic immune response, known to be associated
with better response with ICIs, When analysing the variation of
sliran B concentrations between nivolumab initiation and first
tumour evaluation we found a tendency favouring patients
with stable or decreasing concent rations for ORR, dinical bene-
fit, 0% and PFS. As for sPD-L1, an increase of sGran B at the
beginning of the treatment could be the reflection of the persis-
tence of a high tumour volume, with persistent CDE lymphao-
cytes activation and Granzyme B secretion. However, these
hypotheses need to be validated in further studies.

The prediction of sevene adverse events with 1CEs remains a
daily challenge. Even if grade 3 - 4 adverse events are rare with
nivolumabh, they can be severe, impacting quality of life,
sometimes life-threatening, and can lead to treatment interrup-
tion. We found that several immune-related plasmatic bio-
markers were associated with grade 3 - 4 toxicity. Patients
presenting grade 3 - 4 toxicity under nivolumab had lower
sPD-12 concentrations at initial diagnosis and at nivolimah
initiation, lower sIL-2 concentrations at nivolimab initition,
and higher dFN-p concentrations at first tumour evahation. It
confimed, these results could help predict which patients are
at risk for high-grade toxicty as early as the beginning of treat-
ment, leading to close follow-up of such patients.

mifNA are non-coding RNA fragments with hiological
activity. Their role in solid cancers has been widely studied,
and they have been shown to be involved in chemo-resis-
tance™® Some publications have suggested an implication of
miBMA in immune response regulation as well as PD-L1 and
PD-1 expression regulation.”™ We report for the first time
the assodiation of down-regulation of droulating miRMNA-320b
and -375 expression and response to HCls. miRMA-320b is
down-regulated in various cancers, and it is assodated with
tumaorigeness and poor prognosis in glioma™® miRNA-375
was also shown to be often down-regulated in NSCLCH
breast cancer® colorectal cancer** pesophageal cancer, !
gastric cancer,”** and pancreatic cancer™* It is associated
with tumow proliferation and metastases *#455 5255 1
NSCLC, miRNA-375 is associated with poor prognosis ®445°
Interestingly, miRNA-375 i strongly associated with the Wnt/
f-catenine pathway™ and the I-I'L)E:']:u pathway,”™**! known to
be involved in ICIs resistance. ™" Moreover, miRMNA-375 tar-
gets the JAK2 gene,**"" involved in the IFN-y and THF-a path-
ways, key-regulators of cptotoxic CD8+4 immune response.™
Taken together, these data, highlighted by our results, sugges
an implication of both miRMNA-320b and miENMA-375 in anti-
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tumour immune response with Bz, and the potential utility of
screening for these miBMA in plasma before beginning nivolu-
muab to select patients who will hawe response and clinical bene-
fit with this treatment.

Thiz study has several limitations. It is a monocentric
study of small size, with a possibility of lack of power for
some statistical analyses, espedally for multivariate analyses.
Mevertheless, despite this small population, we observed sig-
nificant results on ORR, clinical benefit, survival and toxic-
ity. Finally, to confirm the predictive value of sPD-L1 and
sCran B it would be necessary to use a validation cohart
with a control group. This stdy also has several strengths.
We used a prospective cohort of patients with plasma zam-
ples. These samples were well characterised beforehand and
underwent rigorous pre-analytical conditioning. Further-
maore, our study presents multiple samples for each patient
allowing dynamic anabyses.

In condusion, sPD-L1 and sGran B seem to be promis-
ing biomarkers associated with tumour response and clini-
cal benefit with nivolumab, while sPD-L2, sIL-2 and sIFN-
¥ were effective in predicting immune-related toxicities.
Furthermaore, the screening of circulating miEMNA  also
seems to be an excting research possibility. If confirmed,
our results suggest that an approach integrating plasmatic
immune-related biomarkers such as sFD-L1, sGran B or dr-
culating miRNA could help us to rapidly detect patients
who truly benefit from immunotherapy and, on the con-
trary, consider a rapid change of strategy in case of no
antidpated clinical benefit. Further studies are needed, for
validation of these biomarkers in a different cohort of
patients and evaluation in other ICIs treatment settings
(first-line treatment, combination of IIs, ICIs and chema-
therapy combined treatment).

Materials and methods

Experimental design

This study was an exploratary study, based on the analysis
of consecutive patients  prospectively induded in the
Diepartment of Respiratory Medicine and Thoracic Oncal-
ogy (APHP - Ambroise Pare Hospital) between July 2015
and September 2017, Exploratory endpaints were ORR,
dinical benefit (ie complete response, partial response ar
stahility, according to iRECIST, lasting & months or more
after initiation of nivolumab treatment), PES, 05, grade 3 -
4 toeicity (according to CTCAE vw40), according to plas-
matic concentrations of various circulating biomarkers. Dif-
ferential analysis of plasmatic miRNA profils between
responders and patients with early progression with nivolu-
mab was also planned.

Patients and plasma

Tumour response was evaluated every two months using iRE-
CIST criteria. Medical records were reviewed, and data retro-
spectively extracted on dinical and pathological features as well
as treatment history. Flasma samples were taken at diagnosis,
just before the first injection of nivolumab (C1), and at the first
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tumour evaluation (at 2 months, M2) (Supplementary Fig. 9).
Two 10ml-EDTA tubes of peripheral blood were taken, and
plasma was isolated within one hour after and immediateby
conserved at —80°C,

Ethicol considerations

All patients signed an informed consent allowing blood to be
drawn and stored within the Centre de Ressources Biologigues
(CRE) of the Ambroise Paré University Hospital during their
follow-up and treatment. The pmtocol was approved by the
Institutional Review Board CPF IDF n°8 (D CRE 2014-
ADDLET-40).

ELI5A technigue

sPD-L1, sPD-L2Y, airan B, sIL-2, sIFN-y concentrations were
caloulated by ELISA. ELISA tests were performed using com-
miercial kits (ah214565 Human PD-L1 [28-8] ELISA Kit,
Abcam; BMS 2215 Human PD-12 Platinum ELISA, Thermao
Fisher Scientific; BMS 2027 Human Granzyme b Coated ELISA
Kit, Thermo Fisher Sdentific; abl 74443 Human IFI gamma
ELISA Kit, Abcam; abl74444 Human -2 ELISA Eit, Abcam)
according  to  manufacturer’s  ingructions. Corresponding
recombinant proteins were used for each test at pre-specified
concentrations to build gandard curves. The results were
obtained using a specrophotometer (reading at 450nm), and
concentrations were calmlated according to the standard
curves, All samples, standards and negative controks wene tested
in duplicate.

IHC technigue

IHC was performed using an automated method (Leica) and
the E13LN anti-PD-L1 antibody (Cell sigralling Technology)
diluted to the 1/80th on 4 m-slides from the treatment-naive
diagnostic samples. The asay was performed using human
amygdala as positive control, and IgG as Eotype negative con-
trol. The IHC was considered as being positive if at least one
tumour cell out aof 100 analysed tmowr cell was positively
stained.

Quantitative reverse-transcriptase poly merase chain
reaction (RT-PCR)

Flasmatic BN A s were extracted nsng miRNeasy Serum/Flasma
kit (Cyiagen), according to manufacturer’s instructions. RMA
concentrations were evaluated by Manodrop. cDNA was syn-
thesized using iScript cDMNA Synthesis Kit (Bio-Rad) according
to the manufacturer's instructions. RT-PFCR for PD-L1 gene
expression was performed using specific Tagman primers and
probes (HeD0204257 _ml, ThermoFisher) on 7900HT Fast
Real-Time PCR System (Applied Bisosystems). Gene expres-
sion analysis was callated with the delta-delta T method
normalized to an endogenous control (RPLPO). All samples
wene tested in triplicate.

miRNA screening

Flazsmatic mifNA were extracted using mifNeasy Serum/
Flasma kit (Qagen), according to manufacturer’s instructions
miFMNA concentrations were evalnated by BioAnalyzer. Screen-
ing of plasmatic miENA was performed by targeted sequending
uzing TruSeq Small RMA kit (Ilumina). Brietly, after a ligation
step of miENA with specific Illumina adapters, a RT-PCR was
run. Banks of sequences were then analysed on Hi%eq2500 (sn-
gle read mode), with reading of 50 nucleotides (enough to cover
the 19 to 22 hases of miRMNA). After normalization and a
trimmed mean calcultion step,” a differential analysis of
expressed miBN A between patients with dinical benefit and
patients with early progression with nivolumab was per-
formed ™7 After identification of miRNA differentially
expressed, comesponding target genes were identified using
miRecords, miRTarBase and TarBase databases™

Statistical analysis

Median soluble concentrations of all the tested hiomarkers were
analysed according to ORR, dinical benefit, grade 3-4 toxic-
ities. The comparison of median biomarker levels between
groups was performed using Mann-Whitney test and inter-
quartile range (IQR) is given for each value. Receiving Operat-
ing Curve (RCHC) method was used to determine a cut-off level
tor each biomarker with a significant difference for endpoints
with the Mann-Whitney test. Kaplan-Meier method was used
to determine 05 and PFS. Comparison between survival corves
was performed using log-rank method. Multivariate anabysis
was performed wsing Cox proportional hazards model (PFS,
05), integrating experimental variables with sgnificant result
in univariate ahalyses, and known prognostic and predictive
associated with ICIs (PS5, FD-L1 THC). Diata analysis was com-
puted using XLStat v 194 (Addinsoft). P-values were consid-
ered as sgnificant if <005,
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Abstract: Immune checkpoint Inhibitars (ICTs) have transformed the treatment landscape for patients
with non-small cell lung cancer (NSCLC). Although some patients can expenence impaortant response
rates and improved survival, many others do not benefit from [Cls developing hyper-progressive
disease or immune-related adverse events. This undedines the need bo select blomarkers for ICTs
use in order to better select patients. There is currently no universally validated robust biomarker
for daily wse of ICIs. Programmed death-ligand 1 (PFD-L1) or tumor mutational burden (TME) are
sometimes used but stll have several mitations. Plasma blomarkers are a promising approach in 1C1
treatment. This review will describe the development of novel plasma biomarkers such as soluble
proteins, cireulating bumor DNA (ctDNA), blood TMB, and blood microbiome in NMSCLC patients
treated with ICls and their potential use in predicting response and toxieity

Keyworda: non-small cell lung cancer; plasma; biomarkers; immune checkpoint inhibikos

1. Introduction

Imrnune checkpodnt inhibitors (IC]s) are humanized monoclonal antibodies that mainly target
programmed death 1 (PD-1}, programmed death-ligand 1 (FD-L1), or cytotoxic T-lymphocyie-assocated
protein 4 (CTLA-4). They are currently transforming treatment strategies across NUMenos cancer
types amd especially advanced non-small eell lung cancer (NSCLC) [1-7].

PD-L1 and programmed death-ligand 2 {PD-12) are membranows proteins expressed by malignant
cells that interact with FD-1 expressed by T-cells. When PD-L1/PD-L2 and PD-1 bind, the T-cells’
cvitotoxic anb-tumaor activity s down-regulated. By blocking the interaction between PD-L1 and PD-1,
anti-FD-1 and anti-PD-L1 antibodies restore cytotoxic immune response.

Although this approach has changed the treatment sirategy in advanced NSCLC (first-line setfing,
second-line setting, and beyond) as well as in locally advanced NSCLC (consolidation setting after
chemo-radiotherapy) [ 1-5], a large proportion of patients will ot benedit from BCls and patient selection
is still a challenge. At the moment, immunohistochemistry (IHC) is the standard biomarker used to
evaluate PD-L1 expression on tumor cells and not only informs reatment decizions but also regulatory
approval, with a threshold at 5% of positive turmor cells for pembrolizumab in first-line treatment for
advanced NSCLC, and 1% for pembrolizumab in second-line or durvalumab in consolidation after
chemo-radiotherapy in locally advamced MSCLC.

However, the use of PD-L1 as a predictive biomarker remains challenging, as some pabients
experience tumor response with low/negative FD-L1 THC expression [1,2,4,5). There is also a spatial
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intra-tumor and inter-tumor heterogenetity [9-15] as well as temporal varation of PD-L1 expression,
especially after chemotherapy [16,17).

There is currently an unmet need for new biomarkers in order to better select patients who will
benefit from ICs. Research is currently focusing on tissue-based blomarkers such as PD-L1 THC or the
tissue tumor mutatonal burden (FTMB) but alzo on plasma biomarkers. The advantages of plasma
biomarkers are numerous: plasma is easily accessible, less invasive than tissue blopsies, and represents
the entire tumor burden present within the patient.

The aim of this review is to describe the development of novel plasma biomarkers such as soluble
proteins, crculating tumor DNA (etDNA), blood TMB (bTME), and blood microblome in NSCLC
patients treated with ICls, and their potential use in predicting response and toxkeity.

2. Circulating FD-L1

PD-1 is an immunoglobulin superfamily type 1 transmembrane glycoprotein consisting of
288 amino aclds. It s expressed on tumor cells and different immune cells such as T cells [15]. PD-L1 is
a ligand of PD-1 and can be expressed in two forms: membrane-bound (mPD-L1) and in a soluble form
(sP-L1), which is present in the peripheral blood of patients with solid tumors. It has been shown
that patients affected with lung cancer have higher levels of sPD-L1 than healthy conteals [19].

2.1. Prognostic Role of sPD-L1 in NSCLC

Several studies have described the prognostic role of sPFDL-L1 in NSCLC. Zhang et al. included
109 patients with advanced NSCLC and 65 healthy controls. Ensyme-linked immunosorbent assay
determination (ELISA) was used to measure aPD-L1 levels [19]. The authors determined a sPD-L1
cut-off at 0.636 ng/ml to distinguish patients with high (n = 61) and low (n = 48) sPD-L1 concentrations.
When comparing overall survival (5] between these bwo groups, it was found that patients with low
sPDL-L1 concentrations had longer median O5: 26,8 months va. 187 months for patients with high
sPD-L1 concentrations (g < 0.001). Finally, when comparing sPD-L1 levels and clinical-pathologlcal
features it was found that sPD-L1 was associated with abdominal organ metastasis ip = 0.004). No other
statistically significant association was observed.

Another study [20] included 96 patients with advanced or post-surgleal recurrent lung cancer.
ELIZA was used to measure sSPD-L1 levels (mean sPD-L1 concentration of 6.95 ng/mL). A cut-off
was determined at 7.23 ng/mL to separate patients into high (n = 40) and low (n = 58) sPFD-L1
concentrations. Again, patients with high sPD-L1 concentrations had shorter OS5 than patients with
low sPD-L] concentrations: 13.0 months va. 2004 months (p = 0.037). No correlation was noted between
sPD-LA levels and clindcal-pathological features. However, when multivariate analysis was performed,
patient age, performance status (PS), use of steroids, and sPD-L1 levels were independently associabed
with survival.

These two studies bring relevant data: sPD-L1 is present in the plasma of healthy controls
and at higher levels in patients with advanced N3CLC. Higher sPD-L1 concentrations seerm o be
associated with worse survival. However, these studies were performed before the immunotherapy
era and although patient treatment was not specified it s likely that they recelved chemotherapy.
Furthermore, we do not have the detail as to when the plasma sample was drawn (at diagnosis or
during chemaotherapy) rendering the interpretation of these findings difficult.

Two reviews, both associated with a meta-analysis [21,22], assessed the prognestic significance of
sPD-L1 im 1102 and 1040 patients respectively with advanced solid tumors. The two meta-analyses did
not include the same studies and different cancer bypes were present (hepatocellular carcinoma, diffuse
large B cell lvmphoma, NSCLC, gastric adenocarcinoma, biliary tract cancer, multiple myeloma, renal
cell carcinoma). However, both studies showed that patients with high sPD-L1 levels had shorter 05
than patients with low sPD-L1 levels: hazard ratio (HE) at 160 (95% CL: 1.21-1.99, p < 0u01) and 2.26
(95% CL 183280, p = 0.001}, respectively.
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2.2, sPD-L1 in NSCLC Patients Treated with Radioterapy

sPD-L1 has also been evaluated in patients with locally advanced or inoperable NSCLC treated
with thoracic radiotherapy (TRT) alone or with concurrent chemo-radiotherapy [23]. Zhao et al.
performed dynamic measures of sPD-L1, at diagnosis (before initiating TRT), during TRET (week 2
and week 4), and after radiotherapy treatment (within three months of the last TRET treatment day).
The study included 126 patients and found that sPD-L1 levels were significantly lower at week 2
and week 4 when compared to baseline (p < 0.001 and p < 0.001). As had been previously reported,
low sPD-L1 concemtrations at diagnosis were associated with longer OS5 as compared to high sPD-L1
concentrations. In this study, the optimal cut-off for sSPD-L1 at diagnesis was 0.0965 ng/ml and the
median OF5 for patients with low sPD-L1 levels was 278 months vs. 155 months (p = 0.005) for
other patients.

2.3, sPD-LT in NSCLC Pabients Treated itk [C1s

Several recent publications have focused on sPD-L1 in patients treated with ICls. Okuma et al.
included 39 Japanese patients with stage IV or recurrent NSCLC treated with an anti-PD-1 antibody
(nivolumaly, 3 mgikg every two weeks) in the second-line setting or more [24). Flasma samples were
drawn at baseline and sPD-L1 levels were measured by ELISA. The median sPD-L1 concenteation
was 224 ng/mlL and the sPD-L1 cut-off to differentiate low and high sPD-L1 concentrations was
3.357 ng/mlL. Patients with high sPD-L1 concentrations had shorter 05 and shorber Hme o treatment
fallure (TTF) compared to patients with low sPD-L1 concentrations: respectively 7.20 months vs. not
reached (p = 0040} for OS5 and 148 months vs. 536 months (p = 0082} for TTE. Furthermore, the overall
response rate (ORR) with nivolumab was greater in the group with low sPD-L1 concentrations
compared to high sPD-L1 concentrations (5%% va. 25%, p = 0.0069). In univariate analysis, there was
a statistically significant difference In sSPD-L1 concentrations bebween patients achieving CRFR/SD
compared to patients presenting with progressive disease (FD (p = 0.0068), no other difference with
regards to clinkcal-pathological features was found. In multivariate analysis, sSPD-L1 levels (low vs.
high) remained assoclated with TTF (HR: 037, p = 0.041).

We recently reported [25] a single-center study that included 43 patients with advanced N5CLC
treated with nivolumab (3 mg'ke every two weeks) in second-line treatment ar more. Plasma was not
only drawn before nivolumab initation but also at the first tumor evaluation (bwo months), giving
a dynamic view of sPD-L1 varations during treatment. ELISA was performed on plasma samples
drawn at different Hime points during nivolumab. sPD-L1 concentrations at the first tumor evaluation
were significantly higher in non-responders with a medlan value of 67.64 pgfml IOR 46.36-75.14)
compared to 32.94 pg/mL (IOR 24.80-55 91} in responders (p = 0.031). In the same way, it was found
that patients who had a clinical benefit from aivolumab (CR, PR, or stability according to RECIST
lasting six months or more after nivolumab initiation) had significantly lower sPD-L1 concentrations at
the first tumor evaluation under nivolumab (median value of 0.06764 pg/mL) than patients without
dlinical benefit (median value of 0.03414 pgfmL, p = 0.024). A cut-off level of sSPD-L1 concentration at
the first tumor evaluation was determined at 003397 ngfml. Patients with high sPD-L1 concentrations
at two months of ndvolumab had a significantly shorter median PFS (2.2 months vs. 11.8 months,
p = 0.041) and shorter median 05 (6.2 months va. MR, p=0087) than other patients. Moreover, patients
who had an increase in sPD-L1 concentrations between nivolumab inttlation and fiest tumor evaluation
had worse ORR (17% va. 68%, p = (L005), lower rates of clinical benefit (10% vs. 47%, p = 0047),
shorter median PFS (1.8 months vs. 6.5 months, p = 00008), and shoster median O5 (5.4 months vs. NR,
p = 0.02E) than patients who had decreasing or stable sPD-L1 concentrations.

These different studies bring consistent data relative to the value of sSPD-L1 as a prognostic
biomarker, at first in patients treated with CT but now also in patients recelving ICIs. Furthermore, some
results suggest that sSPD-L1 could be used to mondtor the efficacy of ICIs and might help to anticipate
which patients will benefit from the treatment. These different studles are summarized in Table 1.
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A major lmdtation in the translation to clindes for sPPD-L1 35 the current absence of standardization of

4 oof 14

sPD-L1 measurerment, with several ELISA kits used in the studies, with differemt thresholds.

Table 1. Comparizon of the different studies testing soluble programmeed death-ligand 1 (sID-L1).
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24. Sowrce and Biological Activity of sPD-L1

The studies presented above have shown that a soluble form of PD-L1 can be detected in the
blocd/plasma of healthy controls as well as in that of patients affected with NSCLC. However, several
questions reemain, such as the blological origin and activity of sPD-L1.

Frigola et al. [15] demonstrated that sPD-L1 was detected in the culture supernatants of FD-L1
positive tumor cell limes but not in that of PO-L1 negative tumor cell lines. This result, obtained
in witro, shows that tumor cells release sPD-L], but the release mechandsm remaing unclear. sPD-L1
could be actively shed by tumor cells or could be released by dyving tumor cells.  Although little
data is currently available, we can hypothesize that sSPD-L1 s actively shed by tumor cells as it was
found that patients with decreasing sPD-L1 levels after nivolumab initiation presented with better
outcomes [25]. The profein sequence of sSPD-L1 has also been studled [18] by performing affinity
chromatography using cell culture supematanis of PO-L1 positive tumor cells. The eluted fractions
were tested with ELISA and the fractions with the highest sPD-L] concentrations were pooled and
subjected to protein electrophoresis and immunoblotted revealing a 45kDa band. Protein sequencing
of this band revealed that it corresponded to the N-terminus part of PD-L1 and contained the Iz-V
ligand-binding domain required for interaction with PD-1 on T-cells and delivering immunoinhibibory
signala. Chher studies [26] have shown that human peripheral bBlood mononuclear cells (PEMC),
challenged with the mitogen PHA, released sPD-L1, suggesting that immune cell activation might be
needed in order to produce sSPD-L1. To further determine which cells seceeted sPD-L1, PEMC were
separated indo plastic and non-plastic adherent cell. Plastic adherent cells (monocyites, macrophages,
and DCs) released sPD-L1, but non-plastic adherent ones (T cells) did not.  Moreover, activated
CD3+ T-cells expressed mPD-L1 but did not release sPD-L1. These in vitro resulls strongly suggest
that, among lmmune cells, sPD-L1 is secreted by monocytes, macrophages, and DCs, but not by T
Iymphocytes. Functional analyses showed that sPD-L1 increased the apoptotic activity of activated
CM T cells and, ko a lesser degree, of CDE T cells. This suggests that sPD-L1 has biological activity
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and can deliver immunosuppressive signals to activated T cells [18]. Furthermore, as sPD-L1 has
similar structural points to mPD-L1, we can hypothesize that it could bind with anti-FD-L1 drugs
and, thus, exert a competing effect, explaining why patients with high levels of sPD-L1 have waorse
outcomes. Data to support this hyvpothesis has been reported by Gong et al. [27]. They found that
patients who were resistant to ICIs had sPD-L1 variants that were secreted. These variants lacked
the transmembrane domain usually present and cause IC1 inefficacy by binding to the monoclonal
antibodies and inhibiting their wswal activity. These results are of the utmost interest and further
studies are neaded to confirm and validate them.

3, Dther Soluble Proteins

31. Granzyme B

Granzyme B i3 a serine protease secreted by NK cells and cyvtotoxic CD8+ T cells, with a key
role for immune-induced apoptosis. Granzyme proteins are delivered to the target cells via cytotoxic
graniiles and are responsible for caspase-dependent apoptosis [28,29]. Several studies [30,31] have
evaluated granzyme B activity through dedicated PET imaging in pre-clinical models showing that
granzyme B activity can be used to predict response to ICTs and that tumors classified as high-signal
with regards to granzyme B uptake presented with good response to ICls.

Costantini et al. [25] found that soluble granzyme B (sGranzvme B) concentrations at nivalumalb
iniiation in NSCLC patients were higher in patients who were responders than in non-responders
(1E.44 pg/ml vs. 11868 pgiml, p = 0.039). Significant results were alao found when analyzing the
variation of sGranzyme B during nivolumab treatment: patients with increasing concentrations of
sGranzyme B between nivolumab inifiation and the first tumor evaluation had worse outcomes with
lower rates of ORR, shorter PFS (2.0 months va. 5.8 months, p= 00019), and OS5 (4.5 months vs. NR,
p= 0.043) than patients with stable or decreasing concentrations. At aivolumab initiation, patients
with high sGranzymeB concentrations had a non-reached median % and a median PFS of .8 months,
versus 4.5 months (p = (L096) and 1.8 months (p = 0L018) respectively, for patents with low sGranzymell
concentrations. We hypothesize that high levels of pre-treatment sGranzyme B reflect an activated and
efficient CDM+ cytotoxic immune response. The increase in sGranzyme B could be the reflecton of
an increasing vet ineffective T-cell response leading to T-cell exhaustion.

.2 PD-L2, IL-2, IFN-Catremira

There is little data available on other soluble immune-related bomarkers, such as sPD-L2,
interleukine (IL), or interferon-gamema (IFMN-v). Wewere not able to find any impact of the concentrations
or dynamic evolution of these soluble proteins during nivelumab treatment on the efficacy of ICTs [25].
However, we showed that sPD-LZ, sIL-2, and sIFN-y concentrations at the early stages of nivolumalb
treatment were assoclated with the occurrence of an immune grade 3—1 toxicity with nivolumab.
Another study [32] included 34 patients with advanced NSCLC who had failed at least one prior
chemotherapy regimen and subsequently received nivolumab monotherapy (3 mg'kg every bwo weeks).
Blood samples were collected at baseline, at week four, eight, twelve, and at the time of progression.
Serum proteing wene quantified by Milliplex MAP assay using human cytokine/chemokine panel 1,
human angiogenesis growth factor panel 1, and a multi-species TGE-f panel (Millipore, Billerica, MA,
USA) At week four, three proteins had different levels of expression between patients with irAEs
and patients without irAEs: G-CSFE, leptin, and RANTES. Multivariate analysis revealed that only the
levels of RANTES were assoclated with irAEs. [t was also shown that RANTES levels decreased after
corticosteroid indHation, RANTES, also known as CCLS (Chemokine ligand 5), plays an active role in
recruiting leukocytes into inflammatory sites. It can also induce the proliferation and activation of
natural killer (NEK) cells using cyvtokines such as IL-2 or IFN-y secreted by T-cells. Finally, IL-8 has
been studied in melanoma and advanced NCLC patients [33]. Nineteen patients with NSCLC treated
with nivolumab or pembrolizumab were included and it was found that responders had significantly
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decreasing levels of IL-8 between baseline and the first tumor evaluation while non-responders had
significantly increasing levels of IL-8. Furthermaore, an early decrease in IL-8 levels was associated
with losger 05 (not reached va. 8.0 months 95% CL: (=197, p = 0.015) compared to patients with early
increasing levels of [L-8.

These results are mostly exploratory. However, the high levels of RANTES measured al week four
in the study by Ovanagi et al. found to be associated with irAFs and the elevated concentrations of
sIFN-y found to be associated with irAEs by Costanting et al. are coberent results. In fact, an excessive
T-cell reacton via a RANTES-mediated mechanism could lead to the excessive secretion of cytokines
such ag IL-2 and IFN-y. The relatively high incidence of high-grade ieAEs with Kl {(around 10-15%),
sometimes associated with severe morbi-mortality or the interruption of ICT treatment underlines the
necessity for the early detection of patients at risk for such complications,

4. Circulating Tumor DMA (ctDNA)

Circulating cell-free DN As (cieDNA) are short DN A fragments that are derived from dving cells.
These fragments are present in healthy subjects where they are mostly derived from hematopoetic cells
as well as in patients with cancer where a fraction can be derived from cancer cells [34]. In this case,
the DMA fragments are called circulating tumor DNA (cdDMNA). ctDNA can be explored by different
ways: a quantitative approach in which ctDNA concentration is meeasured; a targeted sequencing
approach (mostly by digital droplet PCE, ddPCR), to determine specific mutation profile as epidermal
growth factor recepior (EGFR) mutations for example, or large ctlDNA sequencing (next-generation
sequencing, whole-exome sequencing) to have an extended view on miutational tumor profile and
evaluate the mutational burden, also defined as blood tumor mutational burden (BTWE).

4.1. ctDNA Quuantitative Approach and ICHs in NSCLC

A study by Cabel et al. [35] investigated whether ctDNA changes were correlated with outoormes in
patients treated with anti-FD-1 therapy. This small study included 15 patients (10 treated for metastatic
MECLC, three treated for metastatic uveal melanoma and two treated for metastatic micro-satellite
instable colorectal cancer) all receiving either nivolumab (3 mgikg every 2 weeks) or pembrolizumakb
(2 mgkg every three weeks). Plasma samples were prospectively collected at week 0 and week 8.
In the case of a detectable mutation available in the patients’ record, it was used as the target to
manitor plasma ctDMNA wsing ddPCR or Bi-PAP depending on the mutation tvpe. If no mutation
was known, cfieDMNA was submitted to targeted NGS. At baseline, ctiDMNA was detected in 10 out
of the 15 patients (67%) and no association was found between baseline cEDMN A levels and clinical
characteristics. When analyzing ctDMNA levels and tumor size change between week 0 and week 8,
a statistically significant association was found [Spearman correlation r = 0.86, p = (L2). Furthermore,
patients with undetectable ctDNA at week 8 had significantly longer PFS than patients with detectable
cADMA (median PFS 11 ve. 2 months HR = 102, 95% CL: 2541, p = 0,001} and O5 (HR =15, 95% CL:
2595, p = 0L004). At baseline, patients with undetectable tDMNA levels had significantly longer 05
durations (HR = 6.8, 95% Cl: L1410, p = 0,03} but no difference was found in terms of PFS.

These results were confirmed in another study where 49 patients with metastatic NSCLC treated
with ICls were included [35]. Plasma was drawn at baseline and then regularly throughout the
follow-up period. Somatic mutations within cfeDNA were identified and quantified using a deep
sequencing method and ctDNA was quantified using the allelic fraction of mutant tumor-derived
DMNA within total cfeDNA. I two mutants were detected, the one with the highest allelic fraction was
used. Included in the study were 28 patients that had somatic mutations identified in their baseline
plasma. ctDNA response was defined as a drop in ctDMA level to <5 of baseline confirmed by
a second successive measurement. A strong correlation was found between ctDMNA response and best
radiographic response (Cohen's kappa statistic [k = 0.753; 95% confidence interval (CT): 0.501-1.000,
pro= 0.001]). Out of the 24 patients achieving PR, 10 had a tDNA response. The magnitude of the
decrease in ciDMNA levels was also greater in responders compared to non-responders (p = 0L.00Z).
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OFf interest, cADMA response seemed to be achieved earlier than radiclogical response (24.5 days since
the start of treatment va. 725 days for radiologlcal assessment). Finally, ciDNA responders had
a longer duration of immunotherapy treatment (2055 va. 69 days, p < 0N} and presented with
a significantly lower risk of disease progression (HR = 0.29, 95% Cl: 0.09-0.89, p = .03) and a lower,
bt not significantly, risk of death (HE = 022 95% CL 0.05-1.02, p = 0.053).

Finally, bwo studies have focused on patients with advanced NSCLC treated with nivolumab.
The first study [37] caleulated tumor volume (TV) by summing the diameter of five target lesions.
Tumor Hssue was obtained for all 14 patients included and plasma was drawn at baseline and at 1, 2,
4, 6, and & weeks after iniHation of nivolumab treatment. The study found a significant correlation
between TV and ctDMNA levels (p = 0.02) and showed that ctDMNA levels in responders usually decreased
during follow-up whereas A DN A in nof-responders remained high after treatment initiation. The final
study [3E] included 20 patients with plasma drawn at initial diagnesis, at nivolumab iniHation, and
at first tumor evaluation. At baseline, dADNA concentrations were not different between patients
with objective response (OF) and patients withowt OR and were not correlated with baseline tumor
burden. At first tumor evaluation, patients with OR had lower ciDNA concenirations than patients
without OR (p = 00032). Furthermore, responders all had decreasing ctDMNA levels whereas aF% of
mon-responders had increasing ctDMA levels (p = (L025). Finally, a ciDNA cub-off was determined at
first burmor evaluation (0006 ng/ul) with significantly longer PFS (p = 0003} and 05 (p = 0,044} in
patients with lower ctDMNA levels.

Taken together, these results support the fact that ctDINA could be a useful blomarker to predict
response bo ICIs in patients with advanced NSCLC. However, larger dedicated prospective trials are
urgently needed, as so far data has only been collacted from very amall cohorts of patients, mostly in
a retrospective way. Some technical limitations remain as ctDNA is not detected in all patients with
advanced MSCLC and there is a need for standardization of the different ctDNA detection bechndqgues.
Finally, there seems to be little data [39] on the behavior of ctDMA in cases of parficular progression
patterns such as pseudo-progression or hyper-progressive disease.

4.2, Tiemior Mubetiormtd Burden {TMB)

Tumor mutational burden can be defined as the number of somatic missense mutations present
in a tumor sample. The optimal tool for measuring TMB is whole-exome sequencing (WES). As this
is expensive and not widely available, NGS using cancer-gene panels (CGF) has also been used.
Sewveral CGFP currently exist, such as Memorial Sloan Kettering Cancer Center’s Integrated Mutation
Profiling of Actionable Cancer Targets (MSE-IMPACT), Foundation One CDx (FICDx), Guardant 360,
PlasmaSELECT &4, and Foundation ACT.

TME has revealed itself as a potential Momarker in melanoma, urothelial carcinoma, and lung
canger [40-43]. TMB was notably analyred in an explosatory analysis of the Checkmate-026 study [41]
which compared nivolumab o platinum-based immunotherapy in patients with PD-L1 positive
advanced MSCLC. The study was negative on PFS (primary objective) among patients with a PD-L1
expression level of 5% or more (median PFS of 4.2 months with nivolumab versus 5.9 months with
chematherapy, p = 0.25). However, patients with high TMB (=243 mutations as determined by
WES) had improved PFS and ORR when they received nivolumab, compared to patients treated with
chemotherapy. In Checkmate-227, NSCLC patients received either nivolumab-ipilimumab combination
therapy or platinum-based chemotherapy in first-line treatment [42]. PFS was used as an endpodnt in
patients with high TME [defined as =10 mutations/megabase determined by the FoundationOne CDx
assay). In this population, immunotherapy combination was superior to chemotherapy with regards
to PFS: HRE = (.58 (97.5% C1, 0.41-0.81), p < 0001, However, analyses on TMB was not pre-defined,
patients were not stratified on TMB, and only 57.7% of patients had TMB resulis available, making
definttive condusions on these results difffcult.
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Although promising, the clinical use of Hssue TMB (1TMB) remains currently challenging, as it
requires large amounts of Hssue in order o perform effective sequencing, and there s stll no
standardization in term of technics or thresholds.

Less invasive methods have been sought, such as measuring TMEB on ciDNA (blood TMB or
bTME). Wang et al. [44] evaluated bTME in patients with NSCLC using an NGS cancer gene panel.
The study contained four sections: panel design, virtual validation, technical validation, and clinical
validation. The OGP used was called NCG-GP150 and was designed by selecting cancer-related genes.
In order to create the CGF, WES data from 9205 samples from The Cancer Genome Atlas (TCGA) were
used and genes were randomly extracted to generate panels for TMEB extraction. The more genes
included, the higher the correlation between the CGP and the WES-based TMEB. When 150 genes were
used {NOC-GF150), a plateau was reached when evaluating the correlation between the CGF and the
WES-based TME. A validation cohort was used on 48 patients with advanced NSCLC and treated
with anti-FD-1 ICI, showing a good correlation bebween NCOC-GP150 and WES results, and a bTMEB
cut-off of six or higher for an optimal Youden index of 0.59 (088 sensitivity and (.71 specificity). Finally,
o evaluate the clinical significance of NOC-GP150, an independent cohort of 50 patients with advanced
MECLC and treated with anti-FD-1 or PD-L1 agents was analyzed. 1t was found that patients with
high bTMB {=8) had longer PFS when compared to patients with low BTMB: median not reached va.
29 months (HE = 0.3, 95% CL 018084, p = 0.01).

Another study [45] reported bTME results using more than 1000 prospectively collected plasma
samples from patients of the POPLAR [46] and QAK [4] studies. POPLAR was a phase I study
that compared atezolizumab and docetaxel in the second-line setting for patients with previously
treated advanced NSCLC. The OAK study was a randomized phase 1 trial with a similar setting,
Both studies showed the superiority of atezolizumab versus docetaxel, in terma of 05 regardless of
PD-L1 expression or histology. tTMB and bTMB were evaluated by FoundationOne CDx NGS assay.
Exploratory analyses from a subset of POPLAR and OAK samples showed a positive correlation
between BTME and tTME (Spearman rank correlation = 0.64; 95% confidence interval (CT): 0.56-0.71).
Patients with higher BTME had improved FFS and OS5 benefit. For example, in the POPLAE study
(n = 273}, at the bTMB cut-off of 16 mutation/megabase, the median FFS in patients with bTMB =16
was 4.2 months in the atezolizumab arm and 2.9 months in the docetaxel arm with a HE of 0.57 (95% CL:
0.33-0.99). Similar resulis were found when using data from the OAK study

4.3. Current Limilations for clDNA and FTME Use as Biomerkers for ICIs in NSCLC

Using ctDNA or bBTMB to predict and track early response to ICIs is a promising approach.
The studies described above and summarized in Table 2 have shown that the quantitative approach to
ciDMA can help to predict responses to 1015 as early as the baseline and, mavbe even maore importantly,
the early variation of ctDN A precisely predicts the respanse to immunotherapy. bTMB has also broaght
promising resulis, showing good correlation with ITMB and helping to predict response to IC]s in
patients with high BTME. However, these methods still present several limitations. First, ctDMA
needs to be detected in the patients” plasma. Furthermore, there are currently several panels used
to determine bTME, all using different gene targets, sequences, and thresholds leading to a lack of
harmonization of research results. This is also an expensive technique and most data available to date
is retrospective. Efforts are needed to improve the ctDNA detection rate, harmonize the different assays
used, and to build clinical trials that will prospectively evaluate ctlDNA and bTME a3 a biomarker in
lung cancer patients treated with 1CIs.
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Table 2. Comparison of the different studies testing crculating tumor DNA (ctDNA) and blood tumor
mutational burden (bFTMB).

Vasriable Cual-O#f Used

Study Patients (n) M 4 for bTMB Tecatment Positive Findings
NSCLC, uveal
' CtDONA nivolumab
Cabel etal |33) mdanama, MSI NA 7 PFS, 08
coloswctal cancer (10) concentrations pembralizaamb
Al FD.1,
Coldbery ot al. Metastatic NSCLC ADNA NA amti-'D-L1 Time on treatment,
135) (25) concentrations alone or in PFS, 08
combiration
Advanced NSCLC ADNA
ligimna et al |36} (38) = trations NA nivelumab Durable response
ctDNA
Glowus-Leprieur  Advanced NSCLC PFS, clinscal
etal. {37] (15) concentrations NA nivolumab beneit
by NCS
A Advanoed NSCLC NCCLP150 Anti-PDa Prs
Warg et ab_ [47] (S0) (150 genes) bIMB 26 Ans-PO.LI ORR
Candara et al Advanoed NSCLC Atexolizumab
[54) 273 NGS bTMB > 16 (ant-PDL1) Prs

PFS: Progressiondree survival. NSCLC: Nonsmall cell lung cancer. ORR: Objective response rate. bTMBE: Blood
tumor mutational burden. NA: Not applicable.

5. New Plasma Biomarkers: Blood Microbiome and Plasma Marker of the Intestinal Barrier

It has been shown that gut microbiome influences the efficacy of PD-1-based immunotherapy
in epithelial tumors [47]. As with the previous biomarkers reviewed, the blood microbiome is easily
accessible and manageable as compared to fecal microbiome measurement [45-50]. Moreover, early
use of antibiotics (EUA) has been proven to be associated with worse outcomes with ICls, probably
due to alteration in the intestinal barrier, modification of fecal microbiota, bacterial translocation,
and modification of the anti-tumor immune response.

A recent pilot study described the plasma evaluation of the intestinal barrier and blood microbiome
in a cohort of NSCLC patients treated with nivolumab. Ouaknine et al [51] included 72 consecutive
patients with advanced NSCLC treated with nivolumab in a second-line setting or more. EUA was
defined as oral or intravenous anti-biotherapy given two months before until one month after the
beginning of nivolumab. Plasma citrulline, secreted by enterocytes and proven to be a biomarker
of the intestinal barrier [52] was prospectively evaluated at months (M) MO, M1, M2, M4, and M6.
The blood microbiome was assessed at baseline. It was found that patients with EUA had a shorter
median OS (5.1 months vs. 13.4 months, p = 0.03) compared to patients without EUA. High baseline
citrulline rates (=20 uM) were associated with clinical benefit (p = 0.002), longer PFS (p < 0.0001), and
longer OS (p < 0.0001). Patients with EUA had lower citrulline concentrations. Finally, different blood
microblome compaositions were determined according to the tumor response and clinical benefit with
nivolumab. For example, the presence of Gemmatimonadaceae DNA was associated with both low
response rates (14% vs. 500 for other patients, p = 0.09) and high rates of progression at M2 (86% vs.
29% for other patients, p = 0.006). In multivariate analysis, low citrulline concentrations (HR =38,
95%Cl: 1.4-99.9, p = 0.008) was associated with worse PFS, and the presence of Gemmatimonadaceae
DNA (HR = 16.4, 95% CI: 3.9-685, p < 0.001) and EUA (HR =22, 95% CL: 1.1-4.8, p = 0.038) were
associated with worse OS. Finally, a response-associated blood microbiome profile was more frequent
in patients who did not receive EUA.

These preliminary results need to be confirmed in a prospective way, but open exciting new
perspectives in ICl-related plasma biomarkers.
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6. Future Directions and Conclusions

Throughout this review, we have covered potential new plasma biomarkers such as soluble
proteins, ctDNA, bBTMB, citrulline, and blood microbiome (Figure 1). These biomarkers can help to
better select patients who might respond to immunotherapy, they can help to determine an early
response, prior to clinical or radiological evaluation and might even help in anticipating adverse
events. Most of the available results are preliminary and cannot be implemented into daily clinical
practice. The next step will be to develop prospective clinical trials testing different biomarkers, alone
or in combination, in order to determine thresholds and different strategies to adopt. Challenges
remain, as with PD-L1 [HC, a harmonization process will be needed for all biomarkers. As things
stand, good quality biopsies are still required to choose the optimal treatment options. Available data
suggest a comparable efficacy of issue-based biomarkers for predicting ICI efficacy [53]. However,
it is plausible that soluble biomarkers will soon be used as tools to help dinicians treating patients
with advanced NSCLC receiving immunotherapy.

Blood
ctDNA
x Quantitative monitaring
brva
NSCLC tumor cells @
Circulating proteins
X sPD-L1, sPO-L2, sGranzymeB, I,
@ IFN-y, RANTES .
Plasma citeulline

Figure 1. Plasma biomarkers and immune checkpoint inhibitors in non-small cell hung cancer.
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