Cancer Immunology, Immunotherapy (2022) 71:2791-2799
https://doi.org/10.1007/500262-022-03206-4

ORIGINAL ARTICLE q

Check for
updates

Gene expression profile of high PD-L1 non-small cell lung cancers
refractory to pembrolizumab

JamilaTalb'2 . Paul Takam Kamga® - Marie Mayenga® - Adrien Costantini'= - Catherine Julié** . Coraline Dumenil’ -
Jennifer Dumoulin’ - Julia Ouaknine’ - Violaine Giraud' - Cécile Dujon? - Reza Azarian? - Claire Glaser® -
Jean-Francois Emile** . Etienne Giroux Leprieur'?

Received: 28 February 2022 / Accepted: 7 April 2022 / Published online: 18 April 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Background Despite high expression of PD-L1, around half of advanced non-small cell lung cancer (NSCLC) will not
experience tumor response with pembrolizumab. There is an need for a better understanding of the resistance mechanisms
in this setting.

Methods This bi-centric retrospective study included all consecutive patients with PDL1 >50% advanced NSCLC treated
with pembrolizumab in first-line treatment between 2016 and 2020. We compared the clinical characteristics of patients
with early progression (refractory) vs others. We performed a comprehensive gene expression profile screening by RNAseq
capture on tumor samples.

Results We included 46 patients. Twenty-two patients were refractory to pembrolizumab, mainly women, with poor per-
formance status and lower albumin concentration. RNAseq analysis was performed on 19 samples. Hierarchical clustering
allowed the identification of 3 clusters with various proportion of refractory tumors: intermediate (C1: 57%), high (C2: 71%)
and low proportion (C3: 40%). Comparative analysis between C2 and C3 allowed the identification of overexpressed (n=137)
and underexpressed (n=40) genes. Among the genes of interest, C2 exhibits higher activation of pathways associated with
stemness phenotype (Hedgehog, Notch and Hippo pathways) and pathways associated with loss of PTEN and JAK2. In
C2, genes associated with PD-1, toll-like receptor-9 (TLR-9), major histocompatibility complex (MHC) and interferon-y
pathways were underexpressed.

Conclusion This study gives an overview of activated and downregulated pathways in high PD-L1 NSCLC refractory to
pembrolizumab. These tumors showed activation of pathways associated with cancer stem cells, loss of PTEN and JAK?2,
and inhibition of both priming and effector phases of the immune response.
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Ligand 1 (PD-L1) is a membranous protein mostly expressed
by cancer cells. Its ligand, programmed death-1 (PD-1), is
expressed on the surface of activated T cells. PD-L1-PD-1
interaction inhibits T cell activity and downregulates the
immune response against cancer cells, inducing tumor pro-
liferation. Pembrolizumab is a monoclonal antibody directed
against PD-1, thus able to restore cytotoxic T-cells activity
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in NSCLC tumors with high PD-L1 expression (>50% in
immunohistochemistry), that pembrolizumab given in
first-line treatment was more effective than platinum-based
chemotherapy, providing an overall response rate (ORR) of
45% and a median overall survival (OS) of 26,3 months vs.
13,4 months with chemotherapy [1]. However, around half of
the high PD-L1 NSCLC patients will not experience tumor
response with pembrolizumab, and 25% of these patients
will have an acceleration of tumor growth, defining a hyper-
progressive pattern [2]. The association of pembroliuzmab
with chemotherapy is also an effective treatment in advanced
NSCLC treatment, whatever the PD-L1 expression, with,
however, higher toxicity events and similar ORR than pem-
brolizumab given alone [3, 4]. A better comprehension of
primary resistance mechanisms is therefore urgently needed
in order to improve our ICI treatment strategies. We aimed in
this study to describe the clinical, molecular and gene expres-
sion patterns of NSCLC with high PD-L1 expression and
primary resistance (refractory tumors) to pembrolizumab.

Material and methods
Patients and demographic comparisons

Consecutive patients with PDL1 > 50%, EGFR/ALK/ROS1
wild-type, advanced NSCLC treated with first-line pembroli-
zumab at Hospital Ambroise Paré or Hospital André Mignot
between 01/01/2016 and 30/06/2020 were retrospectively
included. Patients received intravenous 200 mg pembroli-
zumab every 3 weeks, until progression or unacceptable tox-
icity. CT scan of brain, chest and abdomen was performed
every 9 weeks for tumor response assessment. Patients with
progression as best tumor response or death within the first
month of treatment were considered as refractory patients.
Other patients were considered as non-refractory patients.
Censoring date was September 1, 2020. Statistical tests used
to compare the two patients ‘groups (refractory vs others)
were Chi square, Student and Fisher tests.

Molecular screening
Molecular screening was performed as part of the clinical

practice for advanced NSCLC. All included patients had
negative EGFR, ALK and ROS1 testing.

Gene expression profiling
RNA extraction

RNA was extracted from the tumor areas of formalin-fixed
and paraffin-embedded tissue (FFPE) after selection by a
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pathologist, with the guidance of the hematoxylin—eosin-
stained section. Extraction was performed as previously
described, using the AS1480 Maxwell RSC Simply RNA
tissue kit (Promega, USA) according to manufacturer’s
instructions [13]. Each RNA sample extracted by Maxwell
RSC was eluted with 50 pl of the Tris EDTA (TE) buffer.
Then, RNA purity and concentrations were calculated
using Multiscan GO reader, V.1.01.10 (ThermoFisher
Scientific, France).

Sequencing

RNA-Seq libraries were performed with NEBNext®
Ultra™ II Directional RNA Library Prep Kit for Illumina
according to supplier recommendations (NEB). The cap-
ture was then performed on cDNA libraries with the Twist
Human Core Exome + Custom IntegraGen Enrichment
System according to supplier recommendations (Twist
Bioscience). First of all, a RNA quality control was per-
formed on Fragment Analyzer (AATI) with the RNA kit
(DNF-489) to check the integrity of the RNA profile and to
assess the RNA concentration. For degraded samples the
DV200 (% of fragments > 200nt) was extracted to define
the correct input for the process. The input was 15 ng for
a DV200> 70%, 30 ng for a DV200 between 50 and 70%
and 75 ng for a DV200 between 30 and 50%. The process
was not recommended for a DV200 < 30%. The protocol
permitted to convert total RNA into a library of template
molecules of known strand origin. Then a capture of the
coding regions of the transcriptome was performed, and
the resulting library was suitable for subsequent cluster
generation and sequencing. Briefly, the RNA was frag-
mented into small pieces using divalent cations under ele-
vated temperature. cDNA was generated from the cleaved
RNA fragments using random priming during first and
second strand synthesis, and sequencing adapters were
ligated to the resulting double-stranded cDNA fragments
and enriched by 7 PCR cycles. The coding regions of the
transcriptome were then captured from this library using
sequence-specific probes to create the final library. For
that purpose 500 ng of purified libraries were hybridized
to the twist oligo probe capture library for 16 h in a sin-
gleplex reaction. After hybridization, washing and elution,
the eluted fraction was PCR-amplified with 8 cycles, puri-
fied and quantified by QPCR to obtain sufficient DNA tem-
plate for downstream applications. Each eluted-enriched
DNA sample was then sequenced on an Illumina NovaSeq
as Paired End 100b reads. Image analysis and base calling
were performed using Illumina Real Time Analysis (3.4.4)
with default parameters.
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Quantification of gene expression

STAR was used to obtain the number of reads associated
to each gene in the Gencode v31 annotation (restricted to
protein-coding genes, antisense and lincRNAs). Raw counts
for each sample were imported into R statistical software.
Extracted count matrix was normalized for library size and
coding length of genes to compute FPKM expression levels.

Unsupervised analysis

The Bioconductor edgeR package was used to import raw
counts into R statistical software and compute normalized
log2 CPM (counts per millions of mapped reads) using the
TMM (weighted trimmed mean of M-values) as normaliza-
tion procedure. The normalized expression matrix from the
1000 most variant genes (based on standard deviation) was
used to classify the samples according to their gene expres-
sion patterns using principal component analysis (PCA),
hierarchical clustering and consensus clustering. PCA was
performed by FactoMineR::PCA function with “ncp =10,
scale.unit=FALSE” parameters. Hierarchical clustering
was performed by stats::hclust function (with distance and
method). Consensus clustering was performed by Consensu
sClusterPlus::ConsensusClusterPlus function to examine the
stability of the clusters. We established consensus partitions
of the data set in K clusters (for K=2, 3,..., 8), on the basis
of 1000 resampling iterations (80% of genes, 80% of sample)
of hierarchical clustering, with distance and method. Then,
the cumulative distribution functions (CDFs) of the con-
sensus matrices were used to determine the optimal number
of clusters (K=3 for instance), considering both the shape
of the functions and the area under the CDF curves. tSNE
analysis was performed with the Bioconductor Rtsne pack-
age applied to the PCA object (theta=0.0, perplexity =,
max_iter=1000).

Differential expression analysis

The Bioconductor edgeR package was used to import raw
counts into R statistical software. Differential expression
analysis was performed using the Bioconductor limma pack-
age and the voom transformation. To improve the statistical
power of the analysis, only genes expressed in at least one
sample (FPKM >) were considered. A g-value threshold
of <0.05 and a minimum fold change of 1.2 were used to
define differentially expressed genes.

Pathway enrichment analysis—ORA
Hypergeometric tests were used to identify gene sets from

the MSigDB v7.4 database overrepresented among the
lists of up- or downregulated genes, correcting for multiple

testing with the Benjamini—Hochberg procedure. Gene sets
from MSigDB v7.4 database were selected among the C2_
curated, C5_GO, C6_oncogenic, Hallmark classes, keeping
only gene sets defined by 10-500 genes.

Pathway enrichment analysis—GSEA

Gene list from the differential analysis was ordered by
decreasing log2 fold change. Gene set enrichment analy-
sis was performed by clusterProfiler:: GSEA function using
the fgsea algorithm. Gene sets from MSigDB v7.4 database
were selected among the C2_curated, C5_GO, C6_onco-
genic, C7_immunologic, Hallmark classes, keeping only
gene sets defined by 10-500 genes.

Results
Clinical data

We included 46 consecutive patients who received at least
one course of pembrolizumab as first line treatment for
NSCLC (squamous cell subtype: n="7; non-squamous cell
subtype: n=139). Sixteen patients (34.8%) had tumors with
very high PD-L1 expression (>90%).

Twenty-four patients (52%) had refractory tumors,
whereas others (n=22) had tumor response or stability. We
compared the clinical characteristics of the patients between
the two groups (Table 1). Patients with refractory tumors
were more frequently women (58.3 vs. 27.3%, p=0.034),
with poorer performance status score (PS 2: 45.9 vs. 13.7%,
p=0.017), with lower albumin rate (p =0.031).

Other variables did not significantly differ between the
two groups of patients. Notably, we did not show any statisti-
cal difference concerning comorbidity score, liver or brain
metastasis prevalence, antibiotic use before the beginning
of the treatment, or use of proton pomp inhibitor between
the two groups.

Molecular profile

Molecular screening was available for 40 samples (87%):
for all non-squamous cell carcinoma except three (n=36),
and for 4 squamous cell carcinomas, as part of clinical rou-
tine. KRAS mutations were observed in 15 samples (37.5%).
Additional DNA next-generation sequencing was performed
for 27 samples: STK1I mutation, V600 BRAF mutation and
skip exon 14 MET mutation were observed respectively in
one sample (3.7%) each, and MET amplification in two sam-
ples (7.4%).
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Table 1 Comparison of clinical
data between refractory and

non-refractory patients

Gene expression profile

Twenty tumor samples were available with enough material
for RNA extraction and RNAseq analysis. After quality con-
trol (Qc) and data normalization, one sample was excluded
due to poor quality. Gene expression profiling was therefore

Fig. 1 Hierarchical clustering
according to RNAseq analysis

(n=19)

@ Springer

Characteristic non-refractory Refractory p-value
patients (N=22) patients (n=24)
Sex (female), n (%) 6(27.3) 14 (58.3) 0.034
Age (years), median (range) 66.8 (36-89) 67.0 (40-89) 0.94
Comorbidity Score Charlson (range) 10.2 (7-14) 10.2 (7-15) 0.97
ECOG PS, n (%)
0-1 19 (86.3) 13 (54.1) 0.017
2 3(13.7) 11 (45.9)
Past or current smoker, n (%) 21 (95.5) 20 (83.3) 0.35
Tobacco (PY) 42 46 0.61
Albumin, g/l (mean) 35.7 31.6 0.031
CRP, mg/l (mean) 45.1 52.1 0.73
Neutrophils (G/1) (mean) 6.52 7.57 0.25
Lymphocytes (G/1) (mean) 1.49 1.67 0.34
Weight loss (% from baseline) (mean) -5.9 -7.5 0.53
Pretreatment Proton pump inhibitor use, n (%) 9 (40.9) 10 (41.7) 0.95
Pretreatment Steroids, n (%)* 209 8 (33) 0.074
Antibiotics within 2 months before pembrolizumab, n 8 (36.3) 11 (50.0) 0.36
(%)
Brain metastases, n (%) 3 (13.6) 2(8.3) 0.66
Liver Metastases, n (%) 3(13.6) 4(16.7) 1.00

*Maximum dose < 10 mg per day for all patients

feasible for 19 NSCLC samples (11 refractory samples, 8
samples with response to pembrolizumab), corresponding
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C1: intermediate proportion
of refractory tumors (57%)

C2: high proportion
of refractory tumors (71%)

C3: low proportion
of refractory tumors (40%)

to 16 adenocarcinomas and 3 squamous cell carcinomas.
Unsupervised hierarchical clustering allowed the separation
of three different clusters of samples, with various propor-
tions of refractory tumors: intermediate (57%) for C1, high

refractory
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for C2 (71%) and low for C3 (40%) (Fig. 1). Then we per-
formed differential analysis between C2 (high proportion
of refractory tumors) versus C3 (low proportion of refrac-
tory tumors). We observed a significant numbers of overex-
pressed (n=137) and underexpressed (n=40) genes in C2
in comparison of C3. Using GSEA enrichment analysis, we
were able to determine several over- and underexpressed
genes of interest in C2 (Fig. 2).

Among overexpressed genes (Fig. 3), stem cell-related
pathways were activated in C2 (g-value =8.34e-3). Notably,
Hedgehog (g-value =8.78e—3) and Notch (g-value =5.24e-
2) genes were overexpressed. We found also a signifi-
cant activation of Hippo pathway (g-value =4.98e-2)
and pathways associated with downregulation of PTEN
(g-value =3.34e-3) and JAK?2 (g-value =9.42¢-3).

Among underexpressed genes in C2 (Fig. 4), pathways
associated with interferon-gamma (IFN-y) and major his-
tocompatibility complex (MHC) were downregulated in C2
compared to C3 (g-value=1.57e-7 and g-value =4.20e-7,
respectively). Genes related to PD-1 and toll-like recep-
tor-9 (TLR-9) pathways were also underexpressed in C2
(g-value =1.64e-5 and g-value =3.40e-2, respectively).

Discussion

Our study gives an extensive overview of the pathways
and phenotypes associated with early resistance to pem-
brolizumab in first-line treatment of high PD-L1 advanced

Fig. 2 Differential analysis of
gene expression between C2

and C3 clusters
254
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-log10(qval)
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NSCLC. To our knowledge, this is the first study that gives
gene expression profiles of this specific NSCLC population.

Cancer stem cells (CSCs) are poorly differentiated cells,
known to be insensitive to cytotoxic chemotherapy and
radiotherapy [5]. Stemness phenotype seems to be also
associated with ICI resistance [6—8]. Several pathways
are closely associated with CSCs and stemness feature, as
Hedgehog (Hh) and Notch pathways. Hh pathway is asso-
ciated with epithelial-mesenchymal transition (EMT) [9]
and with resistance to chemotherapy [10, 11]. Concern-
ing ICI, in a medulloblastoma mice model, the activation
of Hh pathway induced resistance to treatment [12]. In our
study, Hh pathway was overexpressed in refractory tumors
to pembrolizumab. We have shown recently that Hh pathway
activation, reflected by Glil expression in cancer cells in
IHC, was closely associated with tumor response and early
progression with ICI given in monotherapy in advanced
NSCLC [13]. Altogether, previous preclinical and transla-
tional results suggest that Hh pathway activation is associ-
ated with early progression and primary resistance to ICIL.
Notch pathway is another pathway associated with CSCs and
resistance to cancer treatment [14]. We found an overexpres-
sion of Notch pathway in C2 cluster compared to C3 cluster.
Notch signaling is also a master developmental signaling
involved in the development and activation of immune cells.
Several preclinical and clinical data suggested an interaction
between Notch signaling, immune response and IO efficacy
in solid tumors [15—17]. Recent studies provided evidence
that high mutated NOTCH signaling in NSCLC patients

C2vs C3

137 overexpressed, 40 underexpressed

@ not significant
® over-expressed
® under-expressed
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Fig.3 Overexpressed genes of interest in C2 compared to C3 using
GSEA enrichment analysis. a stemness maintenance-associated path-
ways; b Hedgehog signaling pathway; ¢ Notch signaling pathway; d

treated with IClIs is related to inflammatory immune micro-
environment and correlated with treatment outcomes and
prognosis [17, 18]. Hippo pathway is a signaling cascade
involved in tissue patterning and development. The pathway
consists in a cascade of protein kinases activation, which
finally leads to the phosphorylation and inactivation of cyto-
plasmic transcription factors Yes-associated protein (YAP)
and the transcriptional coactivator with PDZ-binding motif
(TAZ). YAP activation is frequently observed in many solid
tumors and associated with chemoresistance [19]. Emerging
data suggest also a role of Hippo signaling in resistance to
ICIs. YAP acts indeed as a regulator of PD-L1 expression
in tumor cells [20, 21].
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Hippo signaling pathway; e pathways associated with loss of PTEN; f
pathways associated with loss of JAK2

Other overexpressed pathways in C2 cluster concerned
pathways associated with downregulation of PTEN and
JAK2. Loss of PTEN is a well-known resistance mecha-
nism to ICIs, through upregulation of PI3-kinase (PI3K)
and STAT3 activation, leading to the release of immuno-
suppressive cytokines and chemokines by the tumor (nota-
bly 11-6, I1-10 and VEGF) [22]. Loss of PTEN is associated
with lower tumor lymphocyte infiltration and poor tumor
response to ICIs in melanoma [23]. Silencing mutations of
JAK? induce loss of interferon-gamma (IFN-y) receptor and
loss of IFN-y signaling in tumor cells and negate adaptive
PD-L1 expression on cell surface [24]. In melanoma, JAK2
mutations are associated with secondary resistance to ICIs
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Fig.4 Underexpressed genes of interest in C2 compared to C3 using GSEA enrichment analysis. a MHC-associated pathway; b pathways asso-
ciated with response to IFN-y; ¢ PD-1-associated pathway; d toll-like receptor-9-associated pathway

[25]. Similarly, we found in our study a downregulation of
IFN- v signaling pathway in NSCLC with early resistance
to pembrolizumab, consistent with these results. Pathways
associated with MHC protein complex were also downregu-
lated in C2 cluster. Loss of MHC can occur notably through
loss of beta-2 microglobuline (B2M) expression (through

mutations or loss of expression). Loss of B2M has been
found to be associated with poor response to ICIs, including
NSCLC with secondary resistance to ICIs [26]. In a whole
exome sequencing analysis on ctDNA of advanced NSCLC
with secondary late resistance to ICIs, we have also shown a
high rate of mutations of PTEN, HLA and B2M genes [27].
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In the present study, we confirmed the frequent downregula-
tion of these pathways in high PD-L1 NSCLC refractory to
pembrolizumab. Finally, we observed in C2 a downregula-
tion of pathways associated with both priming (TLR-9) and
effector (PD-1) immune phases, suggesting that all the steps
of the antitumor immune response are inhibited in refractory
tumors.

In conclusion, our work is the first to our knowledge to
give the gene expression profile of high PD-L1 advanced
NSCLC refractory to pembrolizumab in first-line treat-
ment. Stemness phenotype, with activation of Hh, Notch
and Hippo pathways, along with downregulation of PTEN-
and JAK-related pathways, are frequent in this population.
Combined treatment strategies targeting these pathways are
therefore needed in order to improve response to ICI in first-
line treatment.
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