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Abstract
Immunotherapies are now considered as a pillar of non-small cell lung cancer (NSCLC) treatment.
The main targets of immune-checkpoint inhibitors (ICI) are programmed cell death 1 (PD-1) /
programmed cell death ligand 1 (PD-L1) and cytotoxic T-lymphocyte antigen 4 (CTLA-4), aiming

at restoring antitumor immunity. Despite durable responses observed in some patients, all the



patients do not benefit from the treatment and almost all responders ultimately relapse after some
time. In this review, we discuss the biomarkers that could be used to predict response to ICI, the
current indications of ICI in NSCLC, the mechanisms inducing tumor-cell intrinsic or extrinsic

resistance to ICI and finally, the potential treatment response monitoring.
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I- Introduction

Lung cancer remains a leading cause of cancer death worldwide with more than a million deaths
per year. Treatment of non-small cell lung carcinoma (NSCLC) mainly depends on the presence of
somatic oncogenic drivers. Tumors harboring EGFR / BRAF activating mutations or ALK / ROS
rearrangement may benefit from targeted therapy, which significantly prolongs survival. In
contrast, therapeutic approaches for advanced NSCLC without oncogenic drivers have been limited
for a long time to chemotherapy. In the past decade, cumulative evidence supporting the key role
of the immune system in NCSLC development in conjunction with genomic and molecular
pathways analyses has led to the development of immunotherapies (IT). IT are now considered as
a pillar of NSCLC treatment. Different molecular targets have been reported (Table I). Among
them, the immune checkpoint receptor cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
negatively regulates T-cell activation in NSCLC and represents a target of choice in IT.
Programmed death-ligand 1 (PD-L1) also plays a key role in immune-regulation. It inhibits the
CD8" cytotoxic immune response through its receptor (PD-1) binding. PD-L1 could be over-
expressed in tumor cells, such as lung cancer cells. Targeted therapies aiming at blocking the PD-
L1/PD-1 signaling pathway are now commonly used in daily practice for NSCLC. However,
despite the important potential impact on survival, only a small proportion of patients benefit from
IT. Moreover, different intrinsic and/or extrinsic mechanisms that confer resistance to IT have been
identified in the last few years. In this review, we will focus on the different predictive biomarkers
of response to IT, summarize the current indications of ICI in NSCLC and describe the mechanisms

of IT resistance.



II - Update on predictive biomarkers for ICI and emerging novel targets

The most well-known and validated immune checkpoints are CTLA-4 and PD-1, which are
negative regulators of T-cells in distinct immune microenvironments. They prevent autoimmunity
and limit immune activation. They are non-redundant in the co-inhibitory pathways [1,2].
Comparisons showed that PD-1 engagement interferes with more T-cell signaling pathways than
CTLA-4 engagement does [3]. T-cells are activated by the interaction between B7 ligands of
antigen-presenting cells (APC) and CD28 on T-cells. CTLA-4 outcompetes CD28 with a
competitive and stronger binding to B7, and then suppresses T-cell activation. Cancer Immune
Checkpoint Inhibitors (ICI) using anti-CTLA-4 antibodies block this CTLA-4/B7 interaction. T-
cell activation is also suppressed by the interaction between PD-1 and PD-L1. PD-1 is homologous
to CD28 and has two ligands: PD-L1 and PD-L2, both detected on antigen-presenting cells, but
otherwise expressed by different somatic cells [2,5]. Cancer cells and tumor-infiltrating immune
cells (such as macrophages) also express PD-L1. Tumor cells frequently express high PD-L1 levels
to decrease T-cell activation. ICI block the PD-1/PD-L1 interaction and promote anti-tumor
activity [1,4]. IFN-y can regulate PD-L1 expression and different J4K-3 mutations also increase

PD-LI expression in NSCLC [5-7].

Despite the high impact of ICI, variable clinical outcomes have been described. Many patients are
non-responders in daily practice. In NSCLC, PD-L1 expression is the only approved predictive
marker for PD-1/PD-L1 blockade. PD-L1 expression is evaluated using immunohistochemistry.
Nevertheless, anti-PD-L1 or PD-1 ICI will mainly benefit patients harboring high PD-LI
expression tumors [7]. Additional cancer biomarkers, as predictors of IT response, are essential to

distinguish responders from non-responders before IT treatment [8]

In NSCLC, anti-CTLA-4 and -PD-L1 ICI are also described to be more effective in tumors
harboring high TMB (Tumor Mutational Burden) or MSI (MicroSatellite Instability) phenotype
[5]. TMB is the number of non-synonymous somatic mutations in the coding genome. Frameshift
or indel mutations have been described to be more immunogenic than missense mutations. TMB
is associated with smoking and 7P53 mutations. TMB is negatively associated with EGFR
mutations and clinical outcomes in patients with EGFR-mutant advanced lung cancer treated with

EGFR Tyrosine Kinase Inhibitors (TKI). More recently, a significant association between somatic



RYR?2 (ryanodine receptor 2) mutations and high TMB was defined as a potential prognostic marker
for lung adenocarcinoma [9]. Other authors have developed a 25 miRNA-based signature classifier,
involved in immune-related biological processes and in cancer-related pathways, as a potential
biomarker to predict TMB levels in lung adenocarcinoma [10]. High TMB can increase neo-antigen
expression linked to T-cell recruitment [4]. A higher migratory capacity of CD8" T-cells has been
described in patients classified as responders before IT [12]. Correlations have been found between
high TMB and increased tumor-infiltrating lymphocytes (TILs), expression of cytokines and
immune-related genes, though the impact on clinical outcome needs to be better understood [7].
Moreover, TMB is described as a potential predictor of IT response for lung tumors [11], but TMB
alone seems insufficient to predict response to ICI in NSCLC [7]. Willis’s recent meta-analysis of
patients receiving IT for lung cancer reported that a high TMB (> 10 mut/Mb) was associated with
greater benefits, notably ORR (Overall Response Rate) and PFS (Progression Free Survival).
Nevertheless, the association between PD-L1 expression and TMB is inconsistent and appear as
independent factors of ICI response [11]. At this time, WES (Whole Exome Sequencing) remains
the gold standard for the evaluation of TMB. However, WES is not available in all laboratories at
this time. The use of large comprehensive panels (more than 350 genes) appears to be a good
alternative to WES for TMB evaluation. The exact threshold that defines high TMB remains
unclear at this time. This lack of standardization limits the comparison between the different

clinical trials and the use of TMB in daily practice.

High Microsatellite instability (MSI-H) and dMMR (DNA mismatch repair deficiency) are
hallmarks of tumor genome instability. These tumors are frequently associated with increased TMB
[8]. However, many high TMB tumors do not exhibit AIMMR/MSI-H phenotype and may still
benefit from IT. Willis et al. suggested that IMMR/MSI-H status used in conjunction with PD-L1
expression level and TMB evaluation may be used to identify IT responders. In 2017, the US FDA
approved pembrolizumab for use in adult and pediatric patients with unresectable or metastatic
solid tumors with positive MSI-H or AIMMR biomarkers. This was first “tissue-agnostic” biomarker
to receive FDA approval though additional trials are needed and experimental verification is
ongoing [4,8,11].

Other clinical challenges to address include the impact of tumor microenvironment on tumor

evolution. Tumor microenvironment modulates immune and stromal cell functions, and influence



tumor heterogeneity [ 13]. For example, increased chemokine synthesis (such as [FN-y and CXCL9)
could be evaluated before treatment as micro-environmental immunity biomarkers [6]. IFN-y
released by infiltrating immune cells (T cells, NK cells) can upregulate PD-L1 expression and
seems to be associated with better prognosis [5—7]. In NSCLC patients treated with nivolumab,
high IFN-y mRNA expression was associated with improved median PFS [7]. However, JAK1/2
mutations limit the positive effect of IFN-y [2]. Both PD-1 and CTLA-4 blockades are more
effective in tumors infiltrated by T-cells. In melanoma and NSCLC, the efficacy of pembrolizumab
is improved by increased tumor T-Cell immune infiltrate [4]. In a meta-analysis of NSCLC, Zeng
et al. [7] reported that CD8" T-cell infiltrate was the best predictor of survival. Future validation
of TIL composition in NSCLC could help to develop treatment strategies, (e.g. the stromal
expression analysis of PD-L1, CD3", CD4" and CD8") [7]. In melanoma, Krieg et a/ found that the
frequency of classical monocytes with up-regulation of PD-L1, may predict responsiveness to anti-
PD-1 IT [12]. Peranzoni et al. on the other hand suggested improving cancer IT efficacy by
targeting macrophages, which impedes T cells and limits the efficacy of anti-PD-1 treatment [14].
Another approach uses the levels of tumor microenvironment inflammation, for example the tumor
inflammation signature (TIS), to predict the clinical benefit of IT. TIS scores for the 18-gene tumor
inflammation signature were significantly associated with complete or partial response to anti-PD1
treatment in a cohort including NSCLC patients [15]. The role of myeloid cells in inflammation
and cancer is the source of ongoing debate. Krieg ef al. described that in melanoma, the increased
number of tumor-infiltrating lymphocytes in responders is indicative of an increase in myeloid cell
frequency when T cells move from the blood to the tumor.

In regard to host-related biomarkers, the microbiome in the gut may modulate and improve ICI
therapies [5,16], but more experimental settings are needed. High serum LDH (Lactate
Dehydrogenase) levels have been detected in cancer cells consuming high levels of glucose and
are associated with poor prognosis in solid tumors including lung tumors. Larger studies are needed
to assess the prognostic impact of elevated LDH on NSCLC treated with ICI [7].

The need for alternative treatments to replace PD-1/PD-L1 and CTLA-4 blockades and reduce the
risk of patient relapse of patients has led to the identification of alternative inhibitory receptors:
LAG-3 (Lymphocyte activation gene-3), TIGIT (T cell immunoglobulin and ITIM domain), TIM3
(T cell immunoglobulin-3) [17,18], VISTA (V-domain Ig-containing suppressor of T-cell

activation) [19] and many others are currently under investigation. Of particular interest is LAG-



3, an inhibitor of immune response that prevents autoimmunity and is the third inhibitory receptor
to be targeted in clinical trials [18]. A promising synergy has been found between LAG-3 and PD1
blockade and different clinical trials are exploring LAG3-based immune checkpoint blockades
[18]. TIM-3 positive tumor-infiltrating lymphocytes co-express PD-1, suggesting a potential
synergistic effect between these two checkpoint co-inhibitors [20]. VISTA, an immune checkpoint
gene that inhibits anti-tumor immune responses, was studied in malignant pleural mesothelioma,
which displays the highest expression of VISTA among all cancers studied [19]. Muller et al.
reported frequent expression of VISTA and infrequent expression of PD-L1 with favorable and
unfavorable survival correlations, respectively. These findings may explain the poor responses to
anti-PD-L1, and suggest VISTA as a potential novel target in pleural mesothelioma. New studies
are pending.

Along with tumor histogenesis classification, biomarker-based disease classification is now a
requirement in the design of new therapies, notably to better target immune checkpoints. Sequential
or combination blockades are currently under investigation. Recent structural studies have provided
explanations about molecular interactions of ICI and will improve the design of combination IT

with synergistic antitumor effects [1].

III - Current indications of ICI in NSCLC

Accumulative evidence has revealed that immune evasion is one of the hallmarks of malignant
cells to escape antitumor immune responses. Therefore, ICI now plays a key role in the treatment
of advanced NSCLC, both in first and second lines of therapy. Hence, different clinical trials have
evaluated anti-PD-1, -PD-L1 and/or -CTLA-4 antibodies as a single therapeutic agent or in
combination with chemotherapy and/or another ICI in advanced NSCLC. In this section, we will
only focus on the main clinical trials which have led to FDA (Food and Drug Administration) or
EMA (European Medicines Agency) approval of ICI for the treatment of non-squamous NSCLC
(Table II).

1- ICI monotherapy in the first-line treatment in advanced NSCLC
KEYNOTE-024 clinical trial compared pembrolizumab vs platinum-based chemotherapy in first-
line treatment of patients with PD-L1 >50% advanced NSCLC. Median PFS and OS (Overall

Survival) were significantly longer with pembrolizumab vs chemotherapy (10.3 vs 6.0 months; HR



0.50; p<0.001 and 30.0 vs 14.2 months; HR 0.63; p=0.002, respectively), while the RR was also
higher (44.8% vs 27.8%, respectively). Moreover, 54% of patients initially treated by
chemotherapy were crossed over to receive pembrolizumab [21,22]. FDA and EMA approved
pembrolizumab in first-line treatment of PD-L1 >50% advanced NSCLC.

KEYNOTE-042 phase 3 clinical trial enrolled patients with PD-L1 expression >1% advanced
NSCLC to compare pembrolizumab vs platinum-based chemotherapy in first-line treatment. In
contrast to KEYNOTE-024, PFS was not significantly improved with pembrolizumab treatment,
even in PD-L1 >50% tumors (7.1 vs 6.4 months; HR 0.81; p=0.0170). Nonetheless, OS were
significantly longer with pembrolizumab vs chemotherapy in PD-L1 >1% population (16.7 vs 12.1
months; HR 0.81; p=0.0018). Interestingly, OS seemed to be similar in the PD-L1 expression of
the 1-49% subgroup (13.4 vs 12.1 months; HR 0.92) [23].These results however gave rise to the
FDA approval of pembrolizumab for the first-line treatment of patients with stage III or metastatic
NSCLC and tumor PD-L1 expression >1%. Tumors harboring EGFR activating mutations or ALK
rearrangement must first be treated by specific tyrosine kinase inhibitors before receiving ICIL
Further investigations are needed to explore whether pembrolizumab may be useful in PD-L1 >1%
population.

Unlike pembrolizumab, neither nivolumab nor atezolizumab monotherapy have been approved yet
in first line treatment of NSCLC. CheckMate 026 phase III trial compared nivolumab vs
chemotherapy in first line treatment of patients with PD-L1 >5% tumors. Median PFS and OS were
not significantly longer in the nivolumab group (4.2 vs 5.9 months; HR 1.15; p=0.25 and 14.4 vs
13.2 months; HR 1.02, respectively) [24]. Likewise, IMpower]1 10 included 554 patients to compare
atezolizumab vs chemotherapy in first line treatment of PD-L1 positive stage [V NSCLC. Median
OS was not significantly longer with atezolizumab (17.5 vs 14.1 months; HR 0.83; p=0.15) [25].

2- Combination of ICI and chemotherapy or ICI in the first-line treatment in advanced
NSCLC

Pembrolizumab

Despite an important benefit both in PFS and OS, the ORR of pembrolizumab monotherapy in first
line treatment was only 44% in KEYNOTE-024 clinical trial [21]. To improve this ORR, ICI were
assessed in combination with chemotherapy. KEYNOTE-189 phase 3 trial compared platinum-

based therapy and pemetrexed with or without pembrolizumab in previously untreated advanced



NSCLC. Estimated OS rate at 12 months was 69.2% in the chemotherapy-pembrolizumab-
combination group vs 49.4% in the chemotherapy group (HR 0.49; p<0.001). The OS benefit was
observed across all PD-L1 expression subgroups, even in those with <1% PD-L1 expression (12-
month OS rate 61.7% vs 52.2%; HR 0.59). As expected, an increased expression of PD-L1
improved OS rate. Median PFS was significantly longer with the addition of pembrolizumab
compared with the chemotherapy group (8.8 vs 4.9 months; HR 0.52; p<0.001) [26]. FDA and
EMA approved pembrolizumab in combination with chemotherapy for first-line treatment of
metastatic non-squamous NSCLC. After a 18.7-month median follow up, updated analysis showed
longer PFS and OS with pembrolizumab plus chemotherapy irrespective of PD-L1 tumor
expression (9.0 vs 4.9 months; HR 0.48 and 22.0 vs 10.7 months; HR 0.56; p<0.00001,
respectively) [27].

Nivolumab

CheckMate 227 is a multipart phase 3 trial which enrolled previously untreated patients with
advanced NSCLC. TMB was evaluated by FoundationOne CDx assay and defined as the number
of somatic mutations per megabase of sequenced genome (high TMB: >10 mutations per
megabase). Among patients with high TMB, the 1-year PFS rate and ORR were significantly higher
with nivolumab plus ipilimumab vs chemotherapy (42.6% vs 13.2% and 45.3% vs 26.9%,
respectively). Median PFS was also longer (7.2 vs 5.5 months; HR 0.58; p<0.001) [28]. Regardless
of the PD-L1 expression level, median OS was also longer with nivolumab plus ipilimumab vs
chemotherapy (17.1 vs 13.9 months; HR 0.73). The OS benefit was observed in patients with a PD-
L1 expression >1% or <1% subgroups (17.1 vs 14.9 months; HR 0.79; p=0.007 and 17.2 vs 12.2
months; HR 0.62, respectively) [29]. Based on these results, a FDA priority review was granted to
the combination nivolumab plus ipilimumab in first line treatment of advanced NSCLC.

Different studies recently included TMB as a biomarker of predictive response to ICI. For example,
the B-FIRST phase II study included patients with untreated advanced NSCLC to receive first line
atezolizumab until progression. The ORR, PFS and OS were higher in patients with high blood
based TMB (>16 Mutation/Mb) vs low TMB (28.6 vs 4.4%; 5.0 vs 3.5 months; HR 0.80 and 23.9
vs 13.4 months; HR 0.66, respectively) [30].

Atezolizumab

IMpower150 multipart clinical trial compared atezolizumab in combination with chemotherapy

(carboplatin and paclitaxel), with (ABCP) or without (ACP) bevacizumab vs bevacizumab plus



chemotherapy (BCP) in first line treatment of stage IV non-squamous NSCLC. The addition of
atezolizumab to BCP significantly improved the median PFS and OS (8.3 months vs 6.8 months;
HR 0.62; p<0.001 and 19.2 vs 14.7 months; HR 0.78; p=0.02, respectively). Based on these results,
FDA and EMA approved the association of ABCP in first line treatment of metastatic non-
squamous NSCLC not harboring EGFR or ALK genomic tumor alterations. Moreover, among
patients harboring tumors with EGFR or ALK genomic tumor alterations (n=108), median PFS and
OS were also significantly improved in the ABCP group compared with those in the BCP group
(9.7 vs 6.1 months, HR 0.59 and not reached vs 17.5 months, HR 0.54, respectively) [31] [32]. In
2019, EMA approved ABCP for these patients after failure of appropriate targeted therapies.

In the same way, IMpower130 study compared carboplatin and nab-paclitaxel with or without
atezolizumab in first line treatment of stage IV non-squamous NSCLC. Median PFS and OS were
significantly longer in the atezolizumab plus chemotherapy group vs chemotherapy alone (7.0 vs
5.5 months; HR 0.64; p<0.0001 and 18.6 vs 13.9 months; HR 0.79; p=0.033, respectively) [33].
FDA recently approved atezolizumab plus chemotherapy (carboplatin and nab-paclitaxel) in first

line treatment of NSCLC in patients with no EGFR or ALK genomic tumor aberrations.

3- ICI in previously treated advanced NSCLC

Pembrolizumab

One of the first approvals of ICI in NSCLC was pembrolizumab in 2015. KEYNOTE-010 phase
IIT clinical trial compared pembrolizumab vs docetaxel in previously treated PD-L1 positive
advanced NSCLC. In the overall population, there was no significant difference in PFS between
the two groups. In contrast, OS was significantly longer with pembrolizumab (12.7 vs 8.5 months;
HR 0.61; p<0.0001). In the PD-L1 >50% tumor subgroup, median PFS and OS were significantly
longer with pembrolizumab (5.2 vs 4.1 months; HR 0.59; p<0.0001 and 17.3 vs 8.2 months; HR
0.50; p<0.0001, respectively) [34]. Based on these findings, pembrolizumab was approved as a
monotherapy for the treatment of patients with previously treated metastatic PD-L1 positive (>1%)
NSCLC. After a follow up of 43 months, the updated results were consistent with the first published
conclusions. OS was significantly longer with pembrolizumab (11.8 vs 8.4 months; HR 0.69;
p<0.00001 and 16.9 vs 8.2 months; HR 0.53; p<0.00001, respectively) in both the overall
population and PD-L1 >50% tumor subgroup [35].

Nivolumab



Similarly, CheckMate 57 phase III clinical trial enrolled patients with non-squamous NSCLC that
had progressed after chemotherapy to receive nivolumab or docetaxel. Despite a moderate response
rate of 19% with nivolumab vs 12% with docetaxel (p=0.02), median OS was longer with
nivolumab vs docetaxel (12.2 vs 9.4 months; HR 0.73; p=0.002). In contrast, median PFS was
longer with docetaxel (4.2 vs 2.3 months; HR 0.92; p=0.39, respectively) [36]. These results were
obtained regardless of the PD-L1 tumor status, which may influence the response rate and the
duration of response to ICI. Nivolumab monotherapy was also approved in previously treated
metastatic NSCLC, irrespective of PD-L1 expression.

Atezolizumab

OAK phase III clinical trial compared atezolizumab vs docetaxel in second-line treatment of
advanced NSCLC. OS was significantly improved with atezolizumab vs docetaxel (13.8 vs 9.6
months; HR 0.73; p=0.0003). OS was also improved with atezolizumab both in PD-L1 positive
and PD-L1 negative groups (15.7 vs 10.3 months; HR 0.74; p=0.0102 and 12.6 vs 8.9 months HR
0.75; p=0.0215, respectively). Interestingly, in tumors harboring EGFR activating mutation
subgroup (n=42 and 43, respectively), median OS was not in favor of atezolizumab (10.5 vs 16.2
months; HR 1.24), even though patients recruited in this study with EGFR mutated tumors were
required to have received approved targeted therapy [37]. These data are consistent with those
previously reported for other ICI therapy [36] and suggest a decreased immunogenicity of these
tumors. The long-term survival analyses confirm the benefit of atezolizumab vs docetaxel after >2
years of follow-up [38]. Atezolizumab is approved for the treatment of metastatic NSCLC with
disease progression after chemotherapy.

Durvalumab

PACIFIC phase III clinical trial compared durvalumab vs placebo for consolidation therapy in
patients with unresectable stage III NSCLC that did not progress after concurrent chemo-
radiotherapy, regardless of PD-L1 status. Median PFS was longer with durvalumab vs placebo
(16.8 vs 5.6 months; HR 0.52; p<0.001) while ORR and 24-months OS rate were higher (28.4% vs
16%; p<0.001 and 66.3% vs 55.6%, p=0.005, respectively) [39,40]. Based on these results, FDA
and EMA approved durvalumab as monotherapy for unresectable PD-L1 positive NSCLC that had
not progressed following platinum-based chemoradiation therapy.

Avelumab



Avelumab is an anti-PD-L1 antibody for which the results of the first phase 3 clinical trial were
published in 2018 (JAVELIN 200 Lung trial). Avelumab was evaluated vs docetaxel as second-
line treatment in patients after progression with a platinum-containing doublet (n=792). In patients
with PD-L1 >1% tumors, median OS was not significantly longer between the avelumab and
docetaxel groups (11.4 vs 10.3 months; HR 0.90; p=0.16). In contrast, median OS was longer with
avelumab in the subgroups with PD-L1 >50% or PD-L1 >80% tumors (13.6 vs 9.2 months; HR
0.67; p=0.0052 and 17.1 vs 9.3 months; HR 0.59; p=0.0022, respectively). These results suggest
that avelumab could improve OS in patients harboring a high PD-L1 expression tumor. There is no

FDA or EMA approved indication for avelumab in NSCLC at this time [41].

4- Discussion on the current indications of ICI

There is now a significant place for immunotherapy both in first- and second-line treatment of
advanced NSCLC. ICI should be used as soon as possible in the therapeutic sequence, even in first
line treatment in all FDA/EMA approved indications. However, a tumor molecular analysis has to
be performed prior to starting treatment to identify the oncogenic driver. It is now clearly
established that mutated EGFR or ALK-rearranged tumors may benefit from targeted therapy (i.e.
EGFR tyrosine kinase inhibitors and ALK inhibitors). These tumors are associated with a cold
tumor immune microenvironment despite a high rate of increased PD-L1 expression, and will not
benefit from ICI treatment. ICI remains an option for these patients after progression with targeted
therapy and standard chemotherapies. Moreover, ICI in first line treatment of tumors harboring
targetable oncogenic drivers such as BRAF mutation, ERBB2 exon 20 duplication, MET exon 14
skipping or ROSI and RET rearrangement should be discussed by the tumor advisory board (TAB).
Different studies have shown that first line ICI alone or ICI - chemotherapy combos significantly
enhance PFS and OS compared with standard chemotherapy. In KEYNOTE-024 clinical trial (i.e.
pembrolizumab vs chemotherapy in PD-L1 >50% tumors), the ORR in the pembrolizumab group
was 44.8% whereas ORR was 61.4% in KEYNOTE-189 (i.e. pembrolizumab plus chemo in PD-
L1 >50% tumors). Median OS has not yet been reached for KEYNOTE-189 trial and could
therefore not be compared to the 30 months evaluated in the KEYNOTE-024 results. Nevertheless,
the best therapeutic approach still remains unclear. Further clinical trials are needed to compare

these two therapeutic approaches. In case of rapid disease progression, the ICI - chemotherapy



combo could be the best choice in first line treatment, due to the faster speed of action of

chemotherapy as compared with ICI.

IV - Molecular ICI resistance profile

Despite durable response rates observed with ICI therapies, the majority of patients fail to benefit
from the treatment (primary resistance) and some responders ultimately relapse after initially
responding to therapy (acquired resistance). Interactions between cancer cells and the immune
system are dynamic and constantly evolving. As a consequence, adaptive resistance consists of
mechanisms that lead to the protection of the tumor by facilitating its adaption to the immune
response [42]. Although resistance to ICI may manifest clinically at different times, in many cases
similar or overlapping mechanisms are involved. Here we present known resistance mechanisms
categorized as tumor-intrinsic (markers present at the tumor-cell level) or tumor-extrinsic
mechanisms (markers present at the immune system level or at the microenvironment level) (figure
1). Various tumor-intrinsic mechanisms have recently been identified in IT resistance: 1) lack of T
cell responses due to the loss of tumor antigen expression; ii) loss of MHC class I expression; iii)
loss of interferon-gamma (IFN-vy) signaling; iv) modulation of canonical signaling pathways such
as WNT/B-catenin, PI3K/Akt/mTOR and/or mitogen-activated protein kinase (MAPK) pathways
v) STK11/KRAS co-mutations. Extrinsic resistance mechanisms involve components other than
tumor cells within the tumor microenvironment: immune cells such as regulatory T cells (Tregs),
myeloid derived suppressor cells (MDSCs), M2 macrophages; angiogenesis; exosomes and

microbiomes.

Tumor-cell intrinsic mechanisms of ICI resistance

Tumor-cell intrinsic mechanisms may exist at ICI treatment onset or may evolve later. These
mechanisms include the absence of antigenic protein, of antigen presentation or signaling pathway
regulation in tumor cells.

One of the main causes of ICI resistance is a low DNA mutation rate leading to low neo-antigen
generation with a lack of T-cell recognition [43]. In contrast, it is now well established that tumor
instability (i.e. MSH-H phenotype) triggers neo-antigen generation and is asociated with a higher
response rate in ICI treatment. Moreover, tumor instability may lead to POLD 1 or POLE mutations,

especially in the exonucleasic domain, which cause the acquisition of the recently describe ultra-



hypermutated tumor phenotype. These tumors remain rare in NCSLC but are described as notably
sensitive to ICI therapy.

Genetic deletions, mutations or epigenetic changes leading to loss of expression of the mutational
neo-antigens presented by MHC molecules, may result in acquired resistance to ICI therapy.
Alternatively, loss of MHC class I expression will affect the T-cell recognition of tumor antigens.
One important mechanism is the reduced expression or function loss of f2-microglobulin (B2M),
which is an essential factor of class 1 MHC folding and transport to the tumor cell surface. B2M
mutations or loss of heterozygosity (LoH) could then lead to the loss of MHC class I and to
subsequent defective antigen processing [44]. Epigenetic events have also been found to modify
MHC expression on tumor cell surface, and could play a critical role in modifying the tumor cell
immunogenicity [45].

The loss of IFN-y sensitivity of cancer cells results in the decreased expression of MHC, PD-L1
and chemokines. This in turn results in a reduced T-cell recognition of cancer cells and decreases
further antitumor T-cell recruitment, ultimately leading to tumor cells escaping. One mechanism
of tumor insensitivity to interferons could be a genetic or epigenetic defect in IFN-y receptors
JAK1/JAK2 (e.g. truncating mutation JAK! p.(GIn503%*) or splice variant JAK2 c.1641+2T>G
p.(Phe547 splice)), in transcription factor STAT or in other genes involved in the IFN-y signaling
pathway [46].

Activation of oncogenic intracellular pathways such as Wnt/B-catenin signaling can lead to genetic
T-cell exclusion, and correlate with non-inflamed tumors with low CD8" infiltrate. B-catenin
signaling activation may be due to various mechanisms including gene mutations, amplification or
the DNA methylation of molecules related to this pathway. Molecular alterations in this pathway
mostly involve CTNNBI exon 3 (i.e. mutation of phosphorylation sites or deletions), APC, AXINI
or GSK3-. This results in a stabilization of -catenin complex and an activation of Wnt/p-catenin
pathway. Among Wnt proteins, Wntl has been described as inversely correlated with T cell
abundance in NSCLC. The subsequent mechanism may be linked to the tumor cell secretion of
Wntl that may suppress dendritic cell chemokine secretion [47]. Thereby, the activation of -
catenin signaling disrupts the T-cell responses that make up the ICI resistance mechanism [48].
The oncogenic PI3K-Akt-mTOR signaling pathway activation plays a role in the regulation of PD-
L1 both in-vitro and in-vivo in NSCLC [49]. Activating mutations of PIK3CA (e.g.
p.(His1047Arg), p.(Glu542X), p.(Glu545X)) or loss of PTEN expression through deletion,



truncating mutations and LoH) are involved in the resistance to ICI therapy. These mutations
increase the expression of immunosuppressive cytokines and is also associated with a reduced
CD8" infiltrate in different tumor models [50-52]. PTEN alterations are commonly found in the
molecular profile of NSCLC but not all alterations have the same clinical impact. PTEN expression
is regulated at multiple genetic and epigenetic levels, which are not yet all evaluated in daily
practice [53]. Moreover, activating AKT mutations remain uncommon in NSCLC but have also
been described to activate the downstream pathway [49]. This provides the rationale to combine
ICI with inhibitors of upstream PI3K or downstream VEGF, to enhance anti-tumor efficacy [31].
MAPK is a major signaling pathway involved in NSCLC carcinogenesis through regulation of cell
proliferation, migration, differentiation and survival. Some studies have shown that the activation
of MAPK pathway could promote immune-evasion [54] and that the combination of ICI with
MAPK pathway inhibitors could be useful [55].

STK11 (LKBI) alterations are not uncommon in NSCLC, especially in association with KRAS
mutations [56]. KRAS/STK11 co-mutations showed significantly lower ORR to ICI as compared
with KRAS mutated tumors in lung adenocarcinoma (7.4% vs 28.6%, p<0.001). Moreover,
KRAS/STK 11 co-mutations showed shorter PFS and OS as compared with KRAS or STK 11 mutated
tumors (1.8 and 6.4 months vs 2.7 and 16.0 months; HR 1.87, p<0.001 and HR 1.99, p=0.0015,
respectively) in a cohort of 174 patients [57]. STK 11 impairment appears as an important predictive
cause of primary resistance to ICI in NSCLC [58] and seems associated with a decreased expression

of PD-L1 in tumor cells [57].

Tumor-cell extrinsic mechanisms of resistance to ICI

Tumor-cell extrinsic mechanisms may also account for primary and/or acquired resistance to ICI.
These mechanisms involve the lack of molecules essential for T-cell induction within the tumor
environment or the presence of immunosuppressive cells. T-cell absence with tumor antigen
specific TCRs infiltrating the tumor (T-cell non inflamed) could be due to a defect in the T-cell
induction pathway, caused by insufficient immunogenic tumor antigens due to low tumor mutation
burden [59]. Insufficient chemokines or cytokines arising from gene deletion or reduced gene
expression may also lower the antigen-presenting cell recruitment into tumors and subsequent T-

cell effector expansion.



Immunosuppressive TGF-f inhibits the induction of tumor-antigen specific CD8" in lymph nodes
and in subsequent CD8" infiltration of the tumor through dendritic cell function impairment and
the recruitment of immunosuppressive cells such as myeloid derived suppressor cells (MDSC) and
Tregs [60]. TGF-B may induce a mesenchymal tumor microenvironment, characterized by a gene
expression pattern related to angiogenesis, wound healing and epithelial-to-mesenchymal
transition [61].

Tumor immune escape is also related to tumor angiogenesis, which depends on
immunosuppressive microenvironment. VEGF and its receptor VEGFR2 are predominant targets
for the development of anti-angiogenic agents in NSCLC. Anti-angiogenic therapies targeting
vascular endothelial growth factor VEGF receptors (VEGFR) can significantly improve efficacy
of ICIL. Preclinical and clinical studies demonstrate the synergistic effects of anti-angiogenic agents
and ICI therapy [62].

ICI resistance is associated with a release of exosomal PD-L1 that inhibits IFN-y secretion cells
and impairs immune functions by reducing cytokine production and inducing apoptosis in CD8" T
cells [63].

Finally, alterations in the gut microbiome have been associated with resistance to ICI [64]. The
immune system could be modulated by the microbiome, through innate immunity activation [65].
Microbiome-induced immunomodulatory could be used to enhance ICI efficacy.

These results all confirm the importance of the molecular analysis of tumor samples in diagnosing
advanced NSCLC, but their potential use before and during ICI therapy. Identifying these
molecular patterns in canonical pathways may be essential for monitoring and adaptating targeted

therapy in case of IT resistance.

VY — Outlook on resistance prediction to ICI

Predicting ICI resistance remains a challenge, as there is a lack of validated biomarkers to monitor
treatment response. Preliminary data suggest that serial liquid biopsies for monitoring cell-free
DNA (cfDNA), circulating tumor DNA (ctDNA), circulating tumor cells (CTC) and/or exosomes
dynamics could serve as non-invasive useful markers of response to treatment, including ICI [66].
Liquid biopsies represent an important source of cfDNA/ctDNA. Detection of targeted mutations
in cfDNA/ctDNA, assessment of blood tumor mutation burden (bTMB), quantification of

cfDNA/ctDNA or copy number instability are currently under investigation for the monitoring of



ICI sensitivity/response and promising results have been obtained. For example, the identification
of STK11 or PTEN mutations in cfDNA/ctDNA may help to identify ICI non-responding patients
at treatment initiation [67]. A high bTMB has been demonstrated to be predictive of
immunotherapy sensitivity in NSCLC patients [68]. NGS analysis with a comprehensive cancer
gene panel could be an interesting indicator to identify clonal evolution and to detect early relapse
[69].

CTC are presumably derived from all tumor sites and should consequently give a better global
representation of PD-L1 expression than one tissue sample. Detection of PD-L1 expression on CTC
has been shown to correlate with PD-L1 status on tumor tissue and could be a potential marker to
monitor ICI response [70]. However, contradictory results have been reported and several technical
pitfalls must be overcome, mostly related to CTCs usually being very rare and the use of different
isolation methods (antigen-dependent or -independent), leading to enrichment of different CTC
populations [71,72]. The use of CTC detection as a biomarker in clinical practice needs further
standardization.

In recent studies, exosomes were isolated from plasma and their PD-LL1 mRNA level was reported
to be associated with response to ICI therapy in melanoma and NSCLC patients [73]. Patients
responding to nivolumab and pembrolizumab had higher exosomal PD-L1 mRNA expression at
the beginning of the treatment compared with patients that did not respond. Moreover, a decreased
exosomal PD-L1 mRNA expression was observed after 2 months of treatment for the responders
while it remained unchanged in non-responders. PD-L1 mRNA level in exosomes isolated from

bio-fluids may represent a reliable predictive biomarker of immunotherapy sensitivity.

V - Conclusion

IT use in NSCLC is growing. The administration of ICI in daily practice has notably increased PFS
and OS in patients with advanced NSCLC, while maintaining a good quality of life. This has given
rise to many potential targets being extensively studied to enhance the number of available
therapies. However, IT does not benefit the majority of patients, which suggests the existence of
resistance mechanisms. Numerous studies have shown that specific molecular patterns could be
involved in IT resistance mainly through the alteration of the canonical cell signaling pathways.
Tremendous efforts in translational research are needed to examine the various parameters

involved, either at the tumor-cell level or the microenvironment level (macrophages, fibroblasts,



microbiota and etc.). Molecular analysis of tumors or liquid biopsies could highlight molecular
profiles predicting a part of the IT response, in addition to the commonly used PD-L1 expression.
For resistant ICI patients, other IT could target or use cytokines, tumor-directed antibodies,
antibody-drug conjugates, chimeric antigen receptor (CAR) T cells therapy, cancer vaccines,

oncolytic viruses or rotavirus vaccines [18,74,75].



Table I: Current and promising targets of IT in NSCLC

gene

Target Therapeutic agents Reference

ATP synthase beta subunit (ATPB) 4E7 (McAD4E7) [76]
CD317 HM1,24 [77]

Cytotoxic T-lymphocyte associated antigen 4 (CTLA-4) Ipilimumab [78,79]
Cystein-rich angiogenic inducer-61 (CYR-61) Anti-CR-61 [80]
EGF CIMAvaxEGF [79]
Folate receptor alpha (FRA) [81]
IL-17-Th1/Th17 [82]
LUNX [83]
Melanoma-associated-antigen A3 (MAGE-A3) MAGRIT [79]

MUC1 (mucin-1) Tecemotide (BLP-25), TG4010 [78,79,84]

NeuGc-containing gangliosides Racotumomab [85]

New York esophageal squamous cell carcinoma 1 (NY-ESO-1) [86,87]

PD-1 (CD279) Nivolumab, pembrolizumab, lambrolizumab [78,79]

BMS-9365559 (MDX-1105), atezolizumab, avelumab,
PD-L1 (B7-H1/CD274) envafolimab, CK-301, CS-1001, BGB-A333 [74,78,88,89]

scavenger receptor MARCO [90]
Survivin-2B [91]
VEGF Bevacizumab [92]
VEGFR-2 Ramucirumab [92]
VISTA protein [93]
Whole cell vaccine transfecting tumor cells with a TGF-2 Belagenpumatucel-L{Lucanix) [79]




Table II: Summary of the main clinical trial and FDA/EMA approved ICI in non-squamous NSCLC

Study Ref. Purpose N Results Approved treatment
option
PEMBROLIZUM
AB
Median PFS was 10.3 months with pembrolizumab vs 6.0
KEYNOTE-024 o . months with chemothergp y (p<0.00.1). . Pembrolizumab in first line
First line pembrolizumab vs The RR was 44.8% with pembrolizumab vs 27.8% with
NCT02142738 [21,22] h h PD-L1 >50% 305 hemoth treatment of advanced NSCLC;
(2016) chemotherapy >50% chemotherapy. . . PD-L1>50%
Median OS was 30.0 months with pembrolizumab vs 14.2
months with chemotherapy (p<0.002).
Median PFS was 7.1 months with pembrolizumab vs 6.4
months with chemotherapy in PD-L1 >50% population.
KEYNOTE-042 First line pembrolizumab vs 11\1/1[3;11:1?2 \Sifhvi?lsegé‘Zhre?Z;;h(sngl(l)g Tgbiiloglz)u-ril?ll\lliﬁlz.l Pembrolizumab in first line
NCT02220894 [23] o 1274 . ' - treatment of advanced NSCLC;
(2019) chemotherapy PD-L1 >1% popqlatlon. ‘ . PD-L1>1%
Median OS was 13.4 months with pembrolizumab vs 12.1
months with chemotherapy in PD-L1 expression of 1-49%
population.
Estimated OS rate at 12 months was 69.2% in the
chemotherapy- pembrolizumab group vs 49.4% in the
emothers) 81 <0501 e bl 2001 | it - e
KEYNOTE-189 First line pemetrexed and platinum- . ? /platinum-based chemotherapy
NCT02578680 [26,27] based chemotherapy +/- 616 expression (61.7% vs 52j2%; HR 0.59). in first line treatment of
(2018) pembrolizumab After a 18.7-month Ipedlan follow up, PFS and OS were advanced non-squamous
longer with pembrolizumab plus chemotherapy NSCLC
irrespective of PD-L1 tumor expression (9.0 vs 4.9
months; HR 0.48 and 22.0 vs 10.7 months; HR 0.56;
p<0.00001, respectively).
Median PFS and OS were longer with pembrolizumab vs
chemotherapy (5.2 vs 4.1 and 17.3 vs 8.2 months, p<0.0001,
KEYNOTE-010 Pembrolizumab vs docetaxel for respectively) in PD-L1 >50% population. Pembrolizumab in previously
NCTO01905667 [34,35] previously treated PD-L1 positive 1034 | In PD-L1 21% population, no significant difference was | treated advanced NSCLC; PD-
(2016) (>21%) NSCLC noticed in PFS between the two groups. L1=21%

OS was significantly longer with pembrolizumab (12.7 vs
8.5 months; HR 0.61; p<0.0001).

NIVOLUMAB




CheckMate 227

Multipart first-line phase 3 trial:
- PD-L1 > 1%: nivolumab plus
ipilimumab vs nivolumab

In high TMB subgroup, the 1-year PFS rate and median
PFS were longer with nivolumab plus ipilimumab vs
chemotherapy (42.6% vs 13.2% and 7.2 vs 5.5 months

NCT02477826 [28,29] monotherapy vs chemotherapy 1739 | respectively; HR 0.58 p<0.001). Regardless of the PD-L1
(2018) - PD-L1 <1%: nivolumab plus expression level, median OS was also longer with
ipilimumab vs nivolumab plus nivolumab plus ipilimumab vs chemotherapy (17.1 vs 13.9
chemotherapy vs chemotherapy months; HR 0.73).
Median PFS was 2.3 months with nivolumab vs 4.2
. months with docetaxel.
CheckMate 57 N.|volumab vs docetaxel for Median OS was 12.2 months with nivolumab vs 9.4 Nivolumab in previously
NCT01673867 [36] previously treated non-squamous 582 . d d
(2015) NSCLC months with docetaxel (p=0.002). treated advanced NSCLC
RR was 19% with nivolumab vs 12% with docetaxel
(p=0.02).
ATEZOLIZUMA
B
Multipart first-line phase 3 trial in . l\}/fedlan PFS and OS were longer in the ABCP group vs
metastatic nonsquamous NSCLC: ACP: | the BCP group . .
. ’ 348 (8.3 vs 6.8 months, p<0.001 and 19.2 vs 14.7 months, Atezolizumab + bevacizumab +
IMpower 150 - ACP: atezolizumab plus _ . . : :
. . BCP: | p=0.02, respectively) carboplatin + paclitaxel in first
NCT02366143 [31] carboplatin plus paclitaxel . . . . .
. 336 In patients with EGFR or ALK genetic alternation line treatment of advanced non-
(2018) - BCP : bevacizumab plus ) _ . .
. . ABCP: | subgroup (n=108), median PFS was also longer in the squamous NSCLC
carboplatin plus paclitaxel
) . 356 ABCP group vs the BCP group (9.7 vs 6.1 months,
- ABCP: atezolizumab plus BCP : N
respectively, HR=0.59).
Median PFS was 7.0 months in the atezolizumab plus
IMpower 130 chemotherapy group vs 5.5 months with chemotherapy Atezolizumab + carboplatin +
NC¥023 67781 [33] First-line carboplatin + nab- 793 alone (HR 0.64; p<0.0001) nab-paclitaxel in first line
(2019) paclitaxel +/- atezolizumab Median OS was 18.6 months in the atezolizumab plus treatment of advanced non-
chemotherapy group vs 13.9 months with chemotherapy squamous NSCLC
alone (HR 0.79; p=0.033)
OS was 13.8 months with atezolizumab vs 9.6 months
OAK with docetaxel (HR 0.73; p=0-0003).
Atezolizumab vs docetaxel for OS was improved both in PD-L1 positive and negative Atezolizumab in previously
NCT02008227 [37,38] . 850 .
previously treated NSCLC populations. treated advanced NSCLC
(2017) . . .
OS was similarly improved in squamous and non-
squamous histological subgroups.
DURVALUMAB
Durvalumab vs placebo in . .
PACIFIC unresectable stage III NSCLC that Median PES was 16.8 months w1th.durva1umab Vs 3.6 Durvalumab in PD-L1 positive
NCT02125461 [39,40] did not progress after concurrent 709 months with placebo (p<0.001) while the 18-month PFS NSCLC that had not proeressed
(2017) Prog rate was 44.2% vs 27%, respectively. prog

chemo-radiotherapy




The ORR was higher with durvalumab than with placebo
(28.4% vs. 16.0%; P<0.001)

The 24-month OS rate was 66.3% with durvalumab vs
55.6% with placebo (p=0.005). OS was longer with
durvalumab vs placebo (HR 0.68; p=0.0025).

following platinum-based
chemoradiation therapy

AVELUMAB

JAVELIN Lung In patients with PD-L1 >1% tumors, median OS was not
200 [41] Avelumab vs docetaxel for 792 significantly longer between the avelumab and docetaxel

NCT02395172 previously treated NSCLC & yong

(2018)

groups (11.4 vs 10.3 months; HR 0.90; p=0.16)
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Figure Legend

Figure 1: Mechanisms of ICI resistance in NSCLC.

Genetic alterations and epigenetic modifications alter components of the antigen presentation
system. Loss of f2-microglobunin expression results in the impaired cell surface expression of
MHC class I, which in turn impairs antigen presentation to cytotoxic T cells. The mutational
activation of phosphatidylinositol 3-kinase (PI3K) or the loss of PTEN is associated with the
activation of the PI3K-Akt-mTOR signaling pathway leading to cell proliferation, survival and
invasion. Loss of PTEN also increases VEGF levels. Mutations resulting in the loss of function of
JAK1 and JAK2 impair the IFN-yR signaling pathway, resulting in the loss of IFN-y anti-tumor
effects. Activating mutations in Wnt/B-catenin pathway result in cell proliferation and survival.
Activated mutations of EGFR or HER-2 induce Akt/mTOR and MAPK pathways resulting in cell
proliferation, survival and invasion. Keap1/Nrf2 pathway promotes survival in the presence of
multiple inhibitors targeting the RTK/Ras/MAPK pathway. Loss of Keapl increases Nrf2 level
and favored cell survival. ICI resistance increases exosome release by tumor cell, leading to a
decrease in IFN-y, and impairs immune functions by reducing cytokine production and inducing

apoptosis in CD8" T-cells.
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