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rs822336 binding to C/EBP3 and NFIC @
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Abstract

Efficient predictive biomarkers are needed for immune checkpoint inhibitor (ICl)-based immunotherapy in
non-small cell lung cancer (NSCLC). Testing the predictive value of single nucleotide polymorphisms (SNPs) in
programmed cell death 1 (PD-T1) or its ligand 1 (PD-L1) has shown contrasting results. Here, we aim to validate the
predictive value of PD-LT SNPs in advanced NSCLC patients treated with ICls as well as to define the molecular
mechanisms underlying the role of the identified SNP candidate. rs822336 efficiently predicted response to anti-
PD-1/PD-L1 immunotherapy in advanced non-oncogene addicted NSCLC patients as compared to rs2282055 and
rs4143815. rs822336 mapped to the promoter/enhancer region of PD-L1, differentially affecting the induction of
PD-L1 expression in human NSCLC cell lines as well as their susceptibility to HLA class | antigen matched PBMCs
incubated with anti-PD-1 monoclonal antibody nivolumab. The induction of PD-L1 expression by rs822336 was
mediated by a competitive allele-specificity binding of two identified transcription factors: C/EBPR and NFIC. As

a result, silencing of C/EBPB and NFIC differentially regulated the induction of PD-L1 expression in human NSCLC
cell lines carrying different rs822336 genotypes. Analysis by binding microarray further validated the competitive
allele-specificity binding of C/EBP{ and NFIC to PD-LT promoter/enhancer region based on rs822336 genotype in
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human NSCLC cell lines. These findings have high clinical relevance since identify rs822336 and induction of PD-L1
expression as novel biomarkers for predicting anti-PD-1/PD-L1-based immunotherapy in advanced NSCLC patients.

Keywords Immunotherapy, NSCLC, PD-1, PD-L1, Predictive biomarker, SNP, rs822336

Background
Non-small cell lung cancer (NSCLC) is the leading cause
of cancer-related death worldwide with an average 5-year
survival rate of 18% [1]. Current treatment options for
advanced NSCLC patients include chemotherapy, tar-
geted therapy and immunotherapy. Platinum-based
chemotherapy still plays an important role but, so far, it
provides a modest clinical benefit [2]. Targeted therapy
with tyrosine kinase inhibitors (TKIs) in addition to other
types of small molecules, has led to a major advance in
the management of NSCLC patients. Nevertheless, this
type of therapy is only applicable to the small subset of
patients who carry specific actionable oncogene altera-
tions, defined as oncogene addicted [3-15]. Recently,
immunotherapy with immune checkpoint inhibitors
(ICIs) such as programmed cell death-1 (PD-1)- and pro-
grammed death-ligand 1 (PD-L1) monoclonal antibod-
ies (mAbs) has revolutionized the treatment algorithm
of several types of cancer including NSCLC [16-23]. In
advanced non-oncogene addicted NSCLC, ICIs with or
without chemotherapy have clearly shown to significantly
improve progression-free survival (PFS) and overall sur-
vival (OS) of treated patients as compared to standard
chemotherapy [18-20, 22, 24—27]. However, the efficacy
of this novel immunotherapeutic strategy is limited to
up to 40% of treated patients and there is still the need
to identify predictive biomarkers of treatment response.
Several biomarkers have been investigated including
PD-L1 tumor expression, tumor mutational burden
(TMB), human leukocyte antigen (HLA) class I and II
expression, (2-microglobulin (f2m) mutations, tumor
microenvironment (TME) composition, gene expression
profiles (GEPs) and gut microbiome composition [28—
31]. So far, PD-L1 expression by both cancer and intra-
tumoral immune cells is the most widely explored. It is
currently utilized to select patients who are more likely
to benefit from anti-PD-1/PD-L1-based immunotherapy.
Indeed an increased expression of PD-L1 by both can-
cer and intra-tumoral immune cells is associated with
an increased likelihood of response to anti-PD-1/PD-
L1-based immunotherapy [26, 27, 30, 32]. Nevertheless,
not all high PD-L1 positive tumors respond to the treat-
ment while some PD-L1 negative tumors benefit too [29,
30, 32, 33]. As a result, PD-L1 expression is currently not
considered an efficient predictive biomarker [29, 30, 32,
33].

Genetic variants can influence multiple aspects of
different types of disease including cancer. To date,
over seventy thousand genetic variants (mainly, single

nucleotide polymorphisms (SNPs)) have been associated
with specific cancer features, survival outcomes, treat-
ment response and drug related toxicity [34—36]. These
genetic variants are mostly located in non-coding regions
of DNA such as gene promoters or enhancers. The latter
represent binding sites for transcription factors (TFBSs)
that regulate gene expression [37-39]. As a result, SNPs
localized in TFBSs can affect transcription factor (TF)
binding affinity that in turn modifies target gene expres-
sion [37-39]. In the present study we investigated the
predictive value of PD-L1 SNPs in advanced NSCLC
patients treated with ICIs, defining the molecular mecha-
nisms of SNP mediated gene expression changes.

Materials and methods

Study population

Two cohorts of patients were included. In the first, Cau-
casian patients with confirmed advanced NSCLC were
recruited from July 2017 to December 2021 at “San
Giovanni di Dio e Ruggi D’Aragona” University Hospital.
The study was performed without interfering with clini-
cal practice. Selection of patients to be included in the
study was performed based on: (i) signed informed con-
sent for clinical-pathological data acquisition; (ii) age>18
years; (iii) treatment with anti-PD-1/PD-L1 therapy as
a second line following platinum-based chemotherapy
failure; (iv) treatment with baseline prednisone equiva-
lent dose<10 mg/day; (iv) absence of symptomatic brain
metastases; (v) informed consent for blood sample col-
lection and analysis. Patients with epidermal growth fac-
tor receptor (EGFR), anaplastic lymphoma kinase (ALK)
or ROS1 tumor alterations were excluded from the study.
Evaluation of EGFR, ALK and ROSI alterations was per-
formed on tumor samples (when available) or liquid
biopsy according to national pathology guidelines. Clin-
ical-pathological characteristics including age, sex, East-
ern Cooperative Oncology Group (ECOG) performance
status (PS), smoking status, comorbidities, tumor histol-
ogy, presence/absence of asymptomatic brain metastases,
were collected. After collecting individual data, response
rate, median PFS, median OS and rate of immune-
related adverse events (irAEs) were calculated. Patient
privacy and personal data were preserved by assigning
a progressive anonymous identification number. PD-L1
scoring was performed on tumor samples as clinically
indicated when tumor tissue was available. PD-L1 was
reported as tumor proportion score (TPS) [20] accord-
ing to European Society for Medical Oncology (ESMO)
guidelines. Patients received anti-PD-1 (nivolumab or
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pembrolizumab) or anti-PD-L1 (atezolizumab) mAbs
according to ESMO guidelines. irAEs were reported
according to Common Terminology Criteria for Adverse
Events (CTCAE) v 4.0 [40]. Radiographic imaging was
performed every 8 weeks. Response rate was deter-
mined according to Response Evaluation Criteria in Solid
Tumours version 1.1 (RECIST v1.1) [41] and reported
as complete response (CR), partial response (PR), stable
disease (SD) and progressive disease (PD). Objective
response rate (ORR) was defined as the proportion of
patients with a CR or PR. PFS was defined as the time
from the start of treatment to the first documented PD
or death by any cause. OS was defined from the start of
treatment to death by any cause or last follow-up date.
Patients died from COVID-19 were excluded from the
study. In the second cohort, Caucasian patients with
confirmed advanced NSCLC, expressing PD-L1<50%
(TPS), were recruited from April 2021 to September 2023
at same Institution. All patients were treated as first line
with anti-PD-1 pembrolizumab and platinum-based che-
motherapy, according to clinical practice. Patients with
EGFR, ALK, ROS1, BRAF V600, neurotrophic tyrosine
receptor kinase 1 and 2 (NTRKI and 2), rearranged dur-
ing transfection (RET), mesenchymal epithelial transition
factor (MET) and human epidermal growth factor recep-
tor 2 (HER2) tumor alterations were excluded from the
study. The study was approved by the local ethics com-
mittee (prot./SCCE n.85,275), in accordance with the
Declaration of Helsinki and its amendments.

Chemical reagents and antibodies

Interferon gamma (IFN-y) was purchased from PeproT-
ech EC (London, UK). Nivolumab was purchased from
Thermo Fisher (Waltham, MA, USA). mAb LGIII-147.4.1
which recognizes p2m-associated HLA-A heavy chain,
excluding -A23, -A24, -A25, -A32 [42]; mAb B1.23.2
which recognizes f2m-associated HLA-B and -C heavy
chains [43]; mAb TP25.99.8.4 which recognizes p2m-
associated HLA-A, -B and -C heavy chains [44]; mAb
NAMB-1 which recognizes f2-microglobulin [45]; mAb
LGII-612.14 which recognizes HLA-DR, DQ, DP [46]
and anti-idiotypic (anti-id) mAb MK2-23 [47] were all
kindly provided from Prof. Soldano Ferrone (Massachu-
setts General Hospital, Harvard Medical School, Boston,
MA, USA). Allophycocyanin (APC) anti-PD-L1 IgG2b
Ab (catalog on. 329,708), APC anti-mouse IgG2b Ab
(catalog on. 406,712) and purified human IgG4 isotype
control (catalog on. 403,402) were purchased from BioLe-
gend (San Diego, CA, USA). Fluorescein isothiocyanate
(FITC) anti-mouse IgG Ab (catalog on. 115-095-146) was
purchased from Jackson Immuno Research (Philadelphia,
PA, USA). PD-L1- (catalog on. 13,684), STAT1- (catalog
on. 14,994), p-STAT1- (catalog on. 9167), GAPDH- (cat-
alog on. 5174), NFIC- (catalog on. 11,911) specific Abs,
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horseradish peroxidase (HRP) anti-rabbit Ab (catalog on.
7074), HRP anti-mouse Ab (catalog on. 7076) were pur-
chased from Cell Signaling (Danvers, MA, USA). C/EBP
specific Ab (catalog on. GTX100675) was purchased
from Genetex (Irvine, CA, USA). FITC anti-CD107a
(LAMP-1) IgG1l Ab (catolog on. BD555800) was pur-
chased from BD Pharmingen (San Jose, CA, USA). Poly-
meric nanomatrix conjugated to humanized CD3 and
CD28 agonist (T Cell TransAct human; catalog on. 130-
111-160) was purchased from Miltenyi Biotec (Bergisch
Gladbach, Germany).

PD-L1 SNP genotyping

Three previously reported PD-L1 SNPs related to auto-
immunity, cancer predisposition and cancer prognosis
were selected to be genotyped [48-50]. PBMCs were
obtained from NSCLC patients before starting treatment
with anti-PD-1/PD-L1 therapy and isolated as described
[51]. Isolated PBMCs were stored at -80 °C. PD-L1 SNPs
were genotyped from DNA extracted from both isolated
PBMCs and NSCLC cell lines (HCC827, H1975, PC-9,
H460, A549, H1299, H1703, and H1437) utilizing the
Maxwell® 16 blood DNA purification kit (Promega, Mad-
ison, WI, USA) according to the manufacturer’s proto-
col. Quantity and quality of purified DNA were assessed
in every sample using a NanoDrop spectrophotometer
(Thermo Scientific, Wilmington, DE, USA). Genotyp-
ing of PD-L1 SNPs was performed using TagMan geno-
typing assay (PD-LI gene: C_ 1348559 10 for rs822336,
C_1409286_1 for rs2282055 and C_31941235_10 for
rs4143815) as described [52].

HLA class | typing

HLA class I genotyping on NSCLC cell lines and PBMCs
isolated from healthy donors was performed at the Trans-
plant Hematological Unit of “San Giovanni di Dio e Ruggi
D’Aragona” University Hospital. Specifically, PBMCs
were obtained from healthy donors following informed
consent acquisition for blood sample collection and iso-
lated as described [51]. Genomic DNA was obtained
from all nucleated cell using QIAamp DNA Mini Kit
(Qiagen). After DNA quantification using a BioSpectrom-
eter (Eppendorf, Hamburg, Germany), the concentration
of DNA was adjusted to 50—150 ng/ul. HLA typing was
carried out in accordance with the European Federation
of Immunogenetics (EFI) international standards using
molecular genetic typing methods. HLA typing was per-
formed at the basic resolution level. Allele groups of HLA
genes (loci A, B, C) were determined using polymerase
chain reaction (PCR) with sequence-specific primers
(SSP) approved for clinical use produced by Protrans
(Hockenheim, Germany) according to manufacturers’
protocol. The primer sets amplified the alleles described
by the WHO international nomenclature committee
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(http://www.anthonynolan.org.uk/HIG/index.html). The
primer mixes also contain a non-allelic amplification
control primer pair which amplifies either a part (89 bp)
of the beta-globin gene (HLA class I) or a part (440 bp) of
the C-reactive-protein gene (HLA class II). The amplified
DNA was visualized by agarose gel (2%) electrophoresis.
The PCR amplification results in the gel were analyzed by
the Software Helmberg SCORE. HLA class I genotyping
of NSCLC cell lines was validated using TRON Cell Line
Portal (http://celllines.tron-mainz.de/). Isolated PBMCs
were cultured in RPMI 1640 medium (Euroclone, Milan,
Italy) supplemented with 10% fetal bovin serum (FBS;
Euroclone) and 1% penicillin-streptomycin (Euroclone),
at 37 °C in a humidified incubator containing 5% CO,.

Cell cultures

Human NSCLC cell lines carrying EGFR mutations
(EGFR™") (HCC827, H1975, PC-9) and EGFR wild
type (EGFR™) (H1299, H1703, H1437, H460 and A549)
were obtained from American Type Culture Collection
(ATCC; Manassas, VA, USA). Cancer cells were cultured
in RPMI 1640 or DMEM medium (Euroclone, Milan,
Italy) supplemented with 10% fetal bovin serum (FBS;
Euroclone) and 1% penicillin-streptomycin (Euroclone).
Cells were cultured at 37 °C in a humidified incuba-
tor containing 5% CO,. NSCLC cell lines were regularly
tested for mycoplasma contamination with the use of a
MycoAlert Mycoplasma Detection Kit (Lonza, Basel,
Switzerland) following the manufacturer’s instructions.

Flow cytometry analysis

NSCLC cell lines were seeded into 6-well plates at a den-
sity of 2x10° cells per well and incubated with TFN-y
(100ng/ml). Untreated cells were used as a control. Fol-
lowing a 48 h incubation at 37 °C in a 5% CO, atmo-
sphere, cells were harvested and cell surface stained
with either APC anti-PD-L1 IgG2b Ab or indicated HLA
class I/II antigen- and P2m-specific mAbs. APC anti-
mouse IgG2b and mAb MK2-23 were used as a specific-
ity control for PD-L1 and HLA class I/II/f2m staining,
respectively. HLA class I/II/f2m staining was detected
by FITC anti-mouse IgG Ab. Staining was performed as
described [51]. Stained cells were analyzed using a FAC-
SVerse flow cytometer (BD Biosciences, Swindon, UK).
Data, expressed as MFI, are representative of the results
obtained in three independent experiments.

cDNA synthesis and quantitative real-time (RT)-PCR

NSCLC cell lines were seeded into 24-well plates at a
density of 2x10° cells per well and incubated with TFN-y
(100ng/ml). Untreated cells were used as a control. Fol-
lowing a 24 h incubation at 37 °C in a 5% CO, atmo-
sphere, total RNA was extracted using TRIzol (Thermo
Fisher) according to the manufacturer’s protocol. The
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quantity and quality of RNA samples were assessed
using NanoDrop spectrophotometer (Thermo Scientific).
c¢DNA was transcribed using the SensiFAST ¢cDNA Syn-
thesis Kit (Bioline, Memphis, TN, USA) according to the
manufacturer’s protocol. Reverse transcription reactions
were performed in a T100 Thermal Cycler (Bio-Rad Lab-
oratories Inc., Hercules, CA, USA) according to the man-
ufacturer’s protocol. mRNA expression levels of PD-L1,
C/EBPP and NFIC mRNA were evaluated by RT-PCR.
GAPDH was used as internal reference gene. RT-PCR
was performed in duplicate using SensiFAST SYBR No-
ROX Kit (Bioline) according to the manufacturer’s proto-
col. PCR reactions were carried out in LightCycler 480 II
(Roche, Basel, Switzerland). Primer sets were PD-L1fw:
AAATGGAACCTGGCGAAAG, PD-Llrv: GCTCCCT
GTTTGACTCCATC; C/EBPB fw: GACAAGCACAGC
GACGAGTA, C/EBPB rv: AGCTGCTCCACCTTCTTC
TG; NFICfw: GGACAGGGATGGGCTCTG, NFICrv: C
GTTCTTCTGAGGCCAGTGC; GAPDHfw: CTGACT
TCAACAGCGACACC, GAPDHrv: TAGCCAAATTC
GTTGTCATACC. Gene expression profile analysis was
performed using the 2-AACq method [53]. Data are rep-
resentative of the results obtained in three independent
experiments.

Western blot analysis

NSCLC cell lines were seeded into 6-well plates at a den-
sity of 2x10° cells per well and incubated with IFN-y
(100ng/ml). Untreated cells were used as a control. Fol-
lowing a 48 h incubation at 37 °C in a 5% CO, atmo-
sphere, cells were harvested and lysed as described [54].
Cell lysates were analyzed by western blot with PD-L1-,
C/EBPp - and NFIC-specific Abs. GAPDH was used as
a loading control. Data are representative of the results
obtained in three independent experiments.

Cell morphology and trypan blue exclusion test

NSCLC cell lines were seeded into 6-well plates at a
density of 2x10° cells per well and incubated with
IFN-y (100ng/ml). Untreated cells were used as a con-
trol. Following a 48 h incubation at 37 °C in a 5% CO,
atmosphere, three random regions from both untreated
and treated cells were captured (bars: 50 mm) with an
inverted microscope Leica DM IL LED (Leica, Wetzlar,
Germany). Cell viability was evaluated by 0.2% trypan
blue exclusion test. Live cells were counted in duplicate
with Automated Cell Counter (Thermo Fisher). Data are
representative of the results obtained in three indepen-
dent experiments.

Co-culture of NSCLC cell lines with HLA-matched PBMCs

NSCLC cell lines were seeded into 24-well plates at a
density of 2x10° cells per well. HLA-matched PBMCs
were activated for 1 h before co-culturing with an
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anti-CD3 (1 pg/mL) and anti-CD28 (1 pg/mL) T Cell
Trans Act (T-Act). Following a 24 h incubation at 37 °C
in a 5% CO, atmosphere, PBMCs were added to can-
cer cells (10:1 ratio) and incubated with 10 pg/ml of
nivolumab. The dose of nivolumab was selected based on
anti-tumor activity tested in vitro on NSCLC cell lines
[57]. Non-activated HLA-matched PBMCs were used as
a control. Purified human IgG4 was used as a control for
nivolumab.

Cytotoxicity assays

Following a 48 h co-culture of cancer cells with HLA-
matched PBMCs, cancer cells were isolated with
phosphate-buffered saline (PBS) washing. Cancer cell
viability was determined by cell counting kit-8 (CCK-
8) assay (Dojindo Laboratories, Rockville, MD, USA)
according to manufacturers’ protocol. In addition, fol-
lowing a 48 h co-culture of cancer cells with HLA-
matched PBMCs, cancer cytotoxicity was determined
from the harvested medium utilizing the Lactate Dehy-
drogenase (LDH) activity assay kit (Elabscience, Wuhan,
Hubei, China) according to manufacturers’ protocol. The
absorbances at 450 nm were determined by the Sunrise
microplate reader (TECAN, Minnedorf, Switzerland).
Apoptosis induction was detected by annexin V and
propidium iodide (PI; BD Bioscience) cytometric stain-
ing as described [55]. All experiments were performed in
triplicate and repeated three times.

PBMC cytotoxicity assays

Following a 48 h co-culture of cancer cells with HLA-
matched PBMCs, the medium and PBMCs were har-
vested. IFN-y and TNFa levels on harvested medium
were analysed using ELISA Max Deluxe Set Human
IFN-y (BioLegend) and Human TNFa ELISA (Diaclone,
Besancon Cedex, France) assays according to the manu-
facturers’ protocols. The absorbance at 450 nm was
determined by the Sunrise microplate reader (TECAN,
Minnedorf, Switzerland). Degranulation assay on har-
vested PBMCs was performed utilizing CD107a staining
by flow cytometry by analysing the percentages of stained
cells. All experiments were performed in triplicate and
repeated three times.

In silico analysis

PD-L1 SNPs were mapped using NCBI dbSNP (http://
www.ncbi.nlm.nih.gov/SNP) and ENSEMBL v58 (http://
www.ensembl.org/) databases. Analysis of putative TFs
that bound to rs822336 was performed using TRANS-
FAC v6.4 bioinformatic tool by PROMO v3.0.2 soft-
ware (https://alggen.lsi.upc.es). The sequences carrying
each allele were loaded as the query sequence to search
for potential TFs. The prediction included only human
binding sites and TFs. The GO-based classification of
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the proteins identified in the DNA pull-down assay was
performed using the PANTHER classification system
(http://www.pantherdb.org/). The Cancer Genome Atlas
(TCGA) data analysis was performed considering the
dataset Lung adenocarcinoma (TCGA, Firehose Legacy)
available in cBioPortal website (https://www.cbioportal.
org/), that was used to obtain the list of samples with
and without EGFR mutation status and to download the
CD274 expression values associated to these samples.
For selected samples, and where available, WGS data
were downloaded from GDC data portal (https://portal.
gdc.cancer.gov/) in bam format and converted in fastq
format using samtools [56]. Raw sequences were aligned
against human genome (assembly hg38) using BWA [57]
with default parameters while the presence of the SNP
rs822336 was assessed using VarScan2, setting the default
parameters [58]. ENCODE Transcription Factor Targets
was used to analyze target genes of TFs on DNA-binding
by ChIP-seq (https://maayanlab.cloud/Harmonizome/
dataset/ENCODE+Transcription4Factor4Targets).

DNA pull-down assay and proteomic analyses by LC-MS/
MS

NSCLC cell lines were seeded into T75 flasks at a den-
sity of 5x10° cells. Nuclear extraction was performed as
described [59]. Three different double-stranded oligos
of 51 bp with 5’ biotinylated were designed by Primer3
v4.1.0 software (https://primer3.ut.ee/) and synthesized
by Thermo Fisher (Supplementary file 1). The first set
of primers consisted of the region containing rs822336
G +/- 25 bp (X-Y) in the forward oligo (wt). The second
set of primers consisted of X-Y region containing a G—C
mutation in the forward oligo (mut). The last one was a
scrambled set of primers utilized as a control to exclude
non-specific binding proteins. DNA pull-down proce-
dure was performed for each biotinylated oligo with
nuclear extract obtained from each cell line as described
[59] utilizing (i) a DNA binding buffer containing HEPES
pH 8.0 (10mM), NaCl (10mM), EDTA (10mM) and
NP40 (0.05%); (ii) 500 pg of nuclear extract incubated
with Streptavidin-coated beads (Dynabeads™ M-280,
Thermo Fisher) according to the manufactures’ protocol;
and (iii) a protein binding buffer containing HEPES pH
8.0 (50mM), NaCl (150mM), NP40 (0.1%), DTT (1mM)
and complete protease inhibitors EDTA-free (Thermo
Fisher). Obtained streptavidin-coated beads, binding
the interactors of each oligo, were suspended in 10 mM
ammonium bicarbonate containing 1.5 ng/ul of trypsin
(Promega). The mixture was incubated at 37 °C overnight
and the obtained peptides were subjected to NanoUPLC-
hrMS/MS analyses as described [60].
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RNA interference transfection

A gene-specific package containing a siRNA-control
and three preselected C/EBPP (SR300760A, SR300760B,
SR300760C) and NFIC (SR303158A, SR303158B,
SR303158C) siRNAs were purchased from Ori-
Gene (Rockville, MD, USA; catalog on. SR300760 and

Table 1 Baseline clinical-pathological characteristics of patients
included in the study

Median age 69 years (48-83 years)
Sex:
Male 37 (84.00%)
Female 7 (16.00%)
ECOG PS:
0 12 (27.30%)
1 19 (43.20%)
2 13 (29.50%)
Smoking status:
Never smoker 2 (4.55%)
Previous smoker 31 (70.45%)
Current smoker 11 (25.00%)
Comorbidities:
Hypertension 31 (70.45%)
Dyslipidemia 17 (38.64%)
Diabetes 11 (25.00%)
COPD 8(18.18%)
HF 6 (13.64%)
CRF 0 (0.00%)
Immune disorder 0 (0.00%)
Histology:
Adenocarcinoma 25 (58.14%)
Squamous cell carcinoma 18 (41.86%)
Asymptomatic brain
metastases:
Yes 8 (18.60%)
No 35 (81.40%)
PD-L1TPS:
Available 23(52.27%)
—-0% 4 (17.39%)
->1% < 50% 19 (82.61%)
Not Available 21 (47.73%)
Type of mAb:
Nivolumab 28 (63.64%)
Pembrolizumab 9 (20.45%)
Atezolizumab 7 (15.91%)
Type of response:
CR 2 (4.55%)
PR 8(18.18%)
SD 9 (20.45%)
PD 25 (56.82%)
ORR 10 (22.73%)

Survival outcomes:

41.46 months (12.56-53.20 months)
3.52 months

8.53 months

Median follow-up
Median PFS
Median OS
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SR303158, respectively). NSCLC cell lines were seeded
into 6-well plates at a density of 2x10° cells per well
and transiently transfected with siRNAs using Lipo-
fectamine RNAIMAX Transfection Reagent (Thermo
Fisher) according to the manufacturer’s protocol. Follow-
ing a 48 h transfection, cells were incubated with IFN-y
(100 ng/ml). Functional assays, RNA and protein analy-
ses were performed within 24/48 h from transfection,
respectively.

Statistical analysis

All data were collected using Microsoft Excel. Statisti-
cal analyses were performed using STATA v13 software
released by StataCorp LP (College Station, TX, USA) or
GraphPad Prism v6.0 released by GraphPad Software
(La Jolla, CA, USA). Continuous data were expressed
as medians and ranges, whereas categorical data were
expressed as frequencies and percentages. PFS and OS
were calculated using the Kaplan-Meier method. Cor-
relation between clinical-pathological characteristics
and ORR, PD-L1 SNPs or EGFR status was performed
using the Fisher’s exact test, Mann—Whitney U test and
the Kruskal-Wallis method, as appropriate. Correla-
tion between clinical-pathological characteristics or
PD-L1 SNPs and survival outcomes (PFS and OS) was
performed using log-rank test. Multivariate survival anal-
yses were performed using the Cox proportional hazards
model. The difference between groups was calculated
using the two-sided, unpaired t test or one-way ANOVA.
The difference between groups was considered signifi-
cant when the P value was <0.05.

Results

Clinical-pathological characteristics of NSCLC patients
treated with ICls

A total of 44 Caucasian patients with a confirmed diag-
nosis of advanced non-oncogene addicted NSCLC from
the “San Giovanni di Dio e Ruggi D’Aragona” University
Hospital were enrolled from July 2017 to December 2021.
All patients were treated with second-line therapy with
anti-PD-1/PD-L1 mAbs following platinum-based che-
motherapy. Baseline medical record information includ-
ing clinical-pathological characteristics of the patients
are summarized in Table 1. Median age was 69 years
(range, 48—83 years). Thirty-seven patients (84.00%) were
male. Thirty-one (70.45%) and 13 (29.55%) had ECOG
PS of 0-1 and 2, respectively. Two patients (4.55%) were
never smokers, while 31 (70.45%) and 11 (25.00%) were
previous and current smokers, respectively. Relevant
comorbidities comprised hypertension (70.45%), dyslip-
idemia (38.64%), diabetes (25.00%), chronic obstructive
pulmonary disease (COPD) (18.18%) and heart failure
(13.64%). Twenty-five tumors (58.14%) were classified
as adenocarcinomas while 18 (41.86%) were squamous
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NSCLC. Asymptomatic brain metastases were pres-
ent in 8 (18.60%) patients. PD-L1 TPS was available for
23 patients (52.27%). A PD-L1 TPS>1% was reported in
82.61% of the analyzed tumors. Most patients (84.09%)
were treated with anti-PD-1 mAbs. Specifically, twenty-
eight (63.64%) and 9 (20.45%) were treated with anti-
PD-1 nivolumab and pembrolizumab, respectively; seven
(15.91%) patients were treated with anti-PD-L1 atezoli-
zumab. The ORR was 22.73%. CRs, PRs, SDs and PDs
were reported in 2 (4.55%), 8 (18.18%), 9 (20.45%) and
25 (56.82%) of treated patients, respectively. At a median
follow-up of 41.46 months (range, 12.56—53.20 months)
8 out of 44 patients (18.18%) were still alive. Median PFS
and OS were 3.52 months and 8.53 months, respectively
(Fig. S1). Grade 1-2 and grade 3—-4 immune-related
adverse events (irAEs) were reported in 30 (69.77%) and
4 (9.3%) treated patients, respectively. No treatment-
related deaths were reported.

Genotyping and mapping of PD-L1 SNPs in NSCLC patients
treated with ICIs

rs822336, rs2282055 and rs4143815 PD-L1 SNPs were
selected and genotyped in the study population. Fre-
quencies of the analyzed PD-L1 SNPs are described in
Table 2. rs822336 was genotyped as G/G, G/C and C/C
in 11 (25.00%), 22 (50.00%) and 11 (25.00%) patients,
respectively. rs2282055 was genotyped as T/T, G/T and
G/G in 25 (56.82%), 15 (34.09%) and 4 (9.09%) patients,
respectively. Lastly, rs4143815 was genotyped as G/G and
G/Cin 29 (65.91%) and 15 (34.09%) patients, respectively.
No patient carried C/C genotype in rs4143815. Mapping
of SNPs to PD-L1 showed that rs822336, rs2282055 and
rs4143815 were localized on its promoter/enhancer (Chr
9: 5448690), intron (Chr 9: 5455732) and 3’ untranslated
regions (3'UTR) (Chr 9: 5,468,257), respectively.

Table 2 Frequencies of PD-L1 SNP genotypes

Genotype Frequency
rs822336:
G/G 11 (25.00%)
G/C 22 (50.00%)
c/C 11 (25.00%)
rs2282055:
/T 25 (56.82%)
G/T 15 (34.09%)
G/G 4(9.09%)
rs4143815:
G/G 29 (65.91%)
G/C 15 (34.09%)
c/C 0 (00.00%)
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Association between clinical-pathological characteristics
and clinical outcomes in NSCLC patients treated with ICls
Age and ECOG PS of the patients significantly correlated
with PFS (P=0.0007 and P=0.0300) and OS (P=0.0008
and P=0.0430). Absence of brain metastases significantly
correlated with ORR (P=0.05). Lastly, smoker status cor-
related with ORR (P=0.0260), PFS (P=0.0140) and OS
(P=0.0126). Specifically, smoker patients displayed the
best ORR, PFS and OS. Among smoker patients, those
who became non-smokers displayed a worse ORR, PFS
and OS as compared to those who were current smokers.
No significant association between irAEs or PD-L1 TPS
and ORR, PFS and OS were found.

Association between PD-L1 SNPs and clinical-pathological
characteristics or clinical outcomes in NSCLC patients
treated with ICls

Presence of allele G in rs822336 was associated with
presence of allele G in rs2282055 (P=0.000). Presence
of allele C in rs822336 was associated with presence
of allele T in rs2282055 (P=0.000). G/C genotype in
rs822336 was associated with a higher risk of hyperten-
sion as compared to homozygosis genotypes (P=0.049).
C/C genotype in rs4143815 was associated with PD-L1
TPS>1% (P=0.033). Presence of allele C in rs822336
was associated with a lower incidence of asymptomatic
brain metastases (P=0.006). Specifically, patients carry-
ing C/C or G/C genotype in rs822336 displayed a signifi-
cant lower presence of asymptomatic brain metastases
as compared to those carrying G/G genotype. T/T geno-
type in rs2282055 was slightly associated with longer PFS
(P=0.08) and OS (P=0.09) as compared to G/T and G/G
genotypes (Fig. S2). Genotype in rs4143815 did not cor-
relate with any of clinical outcomes analyzed (Fig. S2).
In contrast, patients carrying C/C genotype in rs822336
were significantly associated with better ORR (P=0.004),
PFS (P=0.003) (Fig. 1A) and OS (P=0.002) (Fig. 1B) as
compared to those carrying G/C and G/G genotypes.
Specifically, ORR of C/C, G/C and G/G genotypes in
rs822336 were 63.63%, 13.63% and 0%, respectively.
Median PFES of patients carrying C/C, G/C and G/G
genotypes in rs822336 were 15.47 months (range, 3.00-
53.20 months), 2.90 months (range 0.47-42.86 months)
and 3.27 months (range, 1.77-13.3 months), respectively.
Median OS of patients carrying C/C, G/C and G/G geno-
types in rs822336 were 20.00 months (range, 4.37-53.20
months), 5.17 months (range, 0.80-42.86 months) and
7.80 months (1.77-24.00 months), respectively. Six out of
11 patients (54.54%) and 2 out of 22 patients (9.09%) car-
rying C/C and G/C genotypes in rs822336, respectively,
were still alive at time of the analysis. No patient carry-
ing G/G genotype in rs822336 survived. Lastly, no signifi-
cant association were found between any analyzed PD-L1
SNPs and development of irAEs. Multivariate analysis
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Fig. 1 Association between rs822336 and clinical outcomes in advanced NSCLC patients treated with anti-PD-1/PD-L1 therapy. PFS (A) and OS (B) of
NSCLC patients treated with anti-PD-1/PD-L1 therapy were stratified based on PD-L1 rs822336 genotypes. PFS and OS were compared using the Kaplan-
Meier method. Differences in patients’survival were analyzed using a log-rang test. P <0.05 was considered statistically significant

Table 3 Association between C/C genotype in rs822336 and PFS of NSCLC patients treated with anti-PD-1/PD-L1 therapy:

multivariate analysis

Variables HR p-value 95% Cl Univariate p-value
rs822336%C vs. rs822336%/C 01 /6 0.5163762 0.005 0.3241144-0.8226861 0.0030

Current smoker vs. never /previous smoker 03619732 0.015 0.159869-0.8195749 0.0140

Age 0.9743548 0.254 0.9317971-1.018856 0.0007

ECOG PS 0 vs. 1.226831 0.288 0.8413328-1.788963 0.0300

1/2

Table 4 Association between C/C genotype in rs822336 and OS of NSCLC patients treated with anti-PD-1/PD-L1 therapy: multivariate

analysis

Variables HR p-value 95% Cl Univariate p-value
rs822336/¢ 0.5424147 0.010 0.3408916-0.8630712 0.0020

Vs. 158223369/ 06/

Current smoker vs. never/previous smoker 0.3902317 0.016 0.1809386-0.841616 0.0126

Age 0.9963466 0.860 0.9566538-1.037686 0.0008

ECOGPS O vs. 1.211215 0.325 0.8269563-1.774027 0.0430

172

confirmed the significant association between C/C gen-
otype in rs822336 and PFS (P=0.005) (Table 3) or OS
(P=0.010) (Table 4).

To further validate these results, the predictive role of
rs822336 was investigated in advanced non-oncogene
addicted NSCLC patients who were treated in first line
therapy with the combination of pembrolizumab plus
platinum-based chemotherapy. Nineteen patients were
enrolled from April 2021 to September 2023. PD-L1
TPS<1% and 1-49% were reported in 13 (68.42%) and
6 (31.58%) of the tumors analyzed, respectively. In this
patient population, C/C genotype in rs822336 was sig-
nificantly associated with better PFS (P=0.0258) (Fig. 2A)
and OS (P=0.0455) (Fig. 2B) as compared to G/C or G/G
genotypes. Worth of note, PD-L1 expression was not
associated either with survival outcomes (PFS (P=0.8),
OS (P=0.4)) or with rs822336 (P=0.520).

Characterization of PD-L7 SNPs in human NSCLC cell lines

Promoter/enhancer region location on PD-LI may
potentially affect gene expression changes. In addition,
rs822336 efficiently predicted clinical benefit to anti-
PD-1/PD-L1 mAbs in advanced non-oncogene addicted
NSCLC patients. To define the mechanisms underlying
the impact of rs822336 on PD-L1 expression changes as
well as on anti-PD-1/PD-L1 activity, further investiga-
tion was performed in vitro. Human NSCLC cell lines
carrying EGFR mutations (EGFR™") (HCC827, H1975
and PC-9) and EGFR wild type (EGFR"") (H460, A549,
H1299, H1703 and H1437) were characterized for PD-L1I
SNPs (Fig. 3). Besides EGFR, H460, A549, H1299, H1703
and H1437 did not carry any alterations in ALK, ROS],
BRAF V600, NTRK1/2, RET, MET and HER2. EGFR™"
cancer cell lines were used as cancer cells expected to be
resistant to anti-PD-1/PD-L1 therapy [61, 62]. EGFR™"
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Fig. 2 Association between rs822336 and clinical outcomes in advanced NSCLC patients treated with pembrolizumab plus platinum-based chemo-
therapy. PFS (A) and OS (B) of NSCLC patients treated with anti-PD-1 pembrolizumab plus platinum-based chemotherapy were stratified based on PD-L1
rs822336 genotypes. PFS and OS were compared using the Kaplan-Meier method. Differences in patients’ survival were analyzed using a log-rang test.

P<0.05 was considered statistically significant

EGFRmut EGFR™
Celllines  HCC827 H1975 PC-9 H460 A549 H1299 H1703 H1437
PD-L1SNP rs822336°°C  rs822336%°  rs822336%°  1s822336%¢ rs822336 ® rs822336%C  rs822336%C  rs822336%°¢

Fig. 3 Characterization of human EGFR™! and EGFR™ NSCLC cell lines. HCC827, H1975, PC-9, H460, A549, H1299, H1703 and H1437 cells were seeded
into 6-well plates at the density of 2x 10° per well. Following a 24 h incubation at 37 °C in a 5% CO, atmosphere, cells were harvested. DNA was extracted

and genotyped for rs822336 PD-L T SNP utilizing PCR

HCC827, H1975 and PC-9 cell lines as well as EGFR"
H460 and A549 cells carried a G/G genotype in rs822336
(HCC8275/S, H19759/G, PC-99/S, H460%/S, A5495/C). In
contrast, EGFR"' H1299, H1703 and H1437 cell lines car-
ried a C/C genotype (H1299%/¢, H1703%/, H1437°/€). No
cell line carried a G/C genotype. To investigate any cor-
relation between patients with rs822336 genotypes and
EGFR mutation status in lung adenocarcinoma patients,
we utilized data from TCGA, specifically selecting the
Lung Adenocarcinoma Firehose Legacy dataset. Among
the 586 samples, mutation data were available for 230
samples, with 33 exhibiting EGFR mutations. Within this
subgroup, a bioinformatics analysis was conducted on
Whole Genome Sequencing (WGS) data to identify the
genotype of SNP rs822336. Our findings showed that 17
samples displayed the C/C genotype, 11 samples showed
the G/G genotype, while WGS data were unavailable for
5 samples. Fisher’s test was applied, resulting in a no sig-
nificant correlation (P=0.2481) between EGFR status and
rs822336. Further characterization of other two PD-LI
SNPs (rs2282055 and rs4143815) (Fig. S3) in cancer cell
lines validated our previously reported association in
cancer patients between the allele C in rs822336 with the
allele T in rs2282055.

Association of PD-L1 expression and rs822336 in human
NSCLC cell lines

To explore the association between rs822336 and PD-L1
expression, we determined the levels of PD-L1 mRNA
and protein expression in human NSCLC cell lines carry-
ing different rs822336 genotype, under basal conditions
or following treatment with interferon gamma (IFN-y)
(Fig. 4 and Fig. S4). IFN-y was used to induce PD-L1 up-
regulation [63]. Under basal conditions, cells displayed
different levels of mRNA, total protein and cell surface
protein expression of PD-L1 (Fig. 4 and Fig. S4). Incu-
bation with IFN-y caused morphological changes and
significantly decreased cancer cell proliferation in most
of the cell lines analyzed (except in PC-99/G cells) (Fig.
S5). In addition, IFN-y incubation up-regulated PD-L1
expression in all cell lines, except in EGFR™ PC-9/G
cells. However, the extent of PD-L1 up-regulation dif-
fered based on rs822336 genotype. Specifically, following
treatment with IFN-y, cancer cells carrying C/C geno-
type in rs822336 displayed a significant higher differential
increase (P<0.001) in PD-L1 mRNA and protein expres-
sion as compared to cancer cells carrying G/G genotype,
regardless EGER status (Fig. 4 and Fig. S4).
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Fig. 4 Modulation by IFN-y of PD-L1 expression in NSCLC cell lines carrying different rs822336 genotype. EGFR™! HCC827%/¢, H1975%/6, PC-9%C and
EGFR™ H460%°, A549%C, H1299%C, H1703%C and H1437%C cells were seeded into 6-well plates at a density of 2 x 10° cells per well and incubated with
IFN-y (100ng/ml). Untreated cells were used as a control. Following a 48 h incubation at 37 °C in a 5% CO, atmosphere, cells were harvested and cell
surface stained with Allophycocyanin (APC) anti-PD-L1 IgG2b Ab. APC anti-mouse IgG2b was used as a specificity control. Data, expressed as mean
fluorescence intensity (MFI), are representative of the results obtained in three independent experiments. No changes in MFI were observed in specificity

control following IFN-y incubation (data not shown)

Modulation by rs822336 of the in vitro activity of anti-PD-1
nivolumab on NSCLC cells co-cultured with HLA class |
antigen matched PBMCs

To assess the functional significance of the changes
induced by rs822336 on the clinical activity of anti-
PD-1 based immunotherapy and/or PD-L1 induction
by IFN-y, we investigated the effect of anti-PD-1 mAb

nivolumab on the recognition of NSCLC cells carry-
ing different rs822336 genotypes by activated HLA
class I antigen matched peripheral blood mononuclear
cells (HLA-matched PBMCs). Human NSCLC cell lines
were first characterized for HLA class I haplotype pro-
files as well as expression of HLA class I/II antigens and
B2m (Fig. S6). All cell lines did not show any significant
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alteration of HLA class I, HLA class II antigen and f2m
expression. HLA haplotype of each cell lines is shown
in Fig. $6. EGFR™ HCC827%/¢, H19755/C and EGFR"
H460%/G, A5499/S, H1299“C and H1437°C cells were
selected for further experiments based on their common
histology (adenocarcinoma) and their different status
of EGFR and rs822336. HLA-A*11, HLA-A*01, HLA-
A*24, HLA-A*25, HLA-B*40 and HLA-A*03 haplotypes
were used for matching EGFR™ HCC827%/S, EGFR™*
H1975%/S, EGFR"" H460%/C, EGFR"" A5495/G, EGFR™
H1299%C and EGFR" H1437%/C cells, respectively, with
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PBMC:s. In all cell lines co-culturing of activated HLA-
matched PBMCs with cancer cells significantly (P<0.001)
decreased cancer cell viability (Fig. 5A) and increased
apoptotic cancer cells (Fig. 5B), PBMC-mediated LDH
(Fig. 5C), IFN-y (Fig. 5D), TNFa (Fig. 5E) releases as well
as the percentage of positive CD107a PBMCs (Fig. 5F)
as compared to appropriate control. Treatment with
nivolumab of all cell lines did not influence cancer cell
viability and PBMC activation as well as cancer cell apop-
tosis induction as compared to cells treated with isotype
control, even when cancer cells were incubated with not
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Fig. 5 Modulation by rs822336 allele-specificity of the in vitro activity of anti-PD-1 nivolumab on NSCLC cells co-cultured with HLA-matched PBMCs.
EGFR™' HCC827%/C, H1975%C and EGFR™ H460%C, A549%/C, H1299%C and H1437/ cells were seeded into 24-well plates at a density of 2x 10° cells per
well. Following a 24 h incubation at 37 °C in a 5% CO, atmosphere, cells were co-cultured with HLA-matched PBMCs in a 1:10 ratio and incubated with
nivolumab (10 ug/ml). HLA-A*11, HLA-A*01, HLA-A*24, HLA-A*25, HLA-B*40 and HLA-A*03 haplotypes were used for matching EGFR™ HCC8279%¢,
H1975%C and EGFR™ H460%C, A549%/6, H1299%C and H1437%C cells, respectively, with PBMCs. HLA-matched PBMCs were activated utilizing an anti-CD3
(1 pg/mL) and an anti-CD28 (1 ug/mL) T Cell TransAct (T- Act). Non-activated HLA-matched PBMCs were used as controls. Purified human IgG4 was used
as a control for nivolumab. (A) Following a 48 h incubation, cancer cell viability was determined by cell counting kit-8 (CCK-8) assay. Data are expressed
as mean percentages of the viability of nivolumab treated cells +SD as compared to cells incubated with purified human IgG4. The mean percentage
of cell viability and SD were calculated from three independent experiments; each of them was performed in triplicate. (B) Following a 48 h incubation,
apoptosis induction was determined by Annexin V/Pl assay by flow cytometry. Data are expressed as mean percentages of apoptotic cell population of
nivolumab treated cells+SD as compared to cells incubated with purified human IgG4. The mean percentage of apoptotic cells and SD were calculated
from three independent experiments; each of them was performed in triplicate. (C-E) Following a 48 h incubation, LDH (C), IFN-y (D) and TNFa (E) levels
in the medium harvested from cultures of HLA-matched PBMCs with cancer cells were measured by LDH assay kit, ELISA Max Deluxe Set Human IFN-y
kit and human TNFa ELISA, respectively. Data are expressed as means of LDH, IFN-y and TNFa levels +SD of the results obtained in three independent
experiments; each of them performed in triplicate. (ns: not significant; *P < 0.05; ***P<0.001)
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activated HLA-matched PBMCs. However, treatment
with nivolumab significantly (P<0.001) and differentially
affected the activated PBMC-mediated effects based on
rs822336 genotype. Specifically, in cancer cells carrying
C/C genotype treatment with nivolumab dramatically
decreased cancer cell survival (Fig. 5A) and increased
apoptotic cancer cells (Fig. 5B), PBMC-mediated LDH
(Fig. 5C), IFN-y (Fig. 5D), TNFa (Fig. 5E) releases as well
as the percentage of positive CD107a PBMCs (Fig. 5F) as
compared to cells treated with isotype control and co-
cultured with activated matched PBMCs. In contrast, in a
significant less extent PBMC activation as well as cancer
cell death were detected when EGFR™" or EGFR*' can-
cer cells carrying G/G genotype were co-cultured with
activated matched PBMCs and treated with nivolumab
as compared to cells treated with isotype control and
co-cultured with activated matched PBMCs. This data
validated the role of rs822336 on in vitro sensitivity of
NSCLC cells to anti-PD-1.

Identification of TFs binding to rs822336 based on its
allele-specificity

SNPs localized in TFBSs can affect TF binding affinity
that in turn modifies target gene expression. rs822336
mapped to the promoter/enhancer region of PD-L1. In
order to study the mechanisms underlying the modula-
tion by rs822336 allele-specificity of the in vitro activ-
ity of anti-PD-1 associated to a differential induction
of PD-L1 expression on NSCLC cells we investigated
whether differential TFs binding to rs822336 allele-spec-
ificity might affect PD-L1 expression. The high-quality
transcription factor binding profile databases Promo 3.0,
Expasy, Transfac and Jaspar were used. As reported in
Fig. 6, CCAAT-enhancer-binding protein beta (C/EBPp)
and Nuclear Factor I C (NFIC) TFs were identified to
uniquely bind to rs822336 based on its allele-specificity.
Specifically, both C/EBPP and NFIC bound to rs822336
in presence of C/C genotype (dissimilarity rate by Promo
3.0: 0.0% and 6.79% for C/EBPB and NFIC, respectively)
while C/EBPp alone exclusively bound to rs822336 in
presence of G/G genotype (dissimilarity rate by Promo
3.0: 0.0% for C/EBPp).

Validation of C/EBPf and NFIC binding to rs822336 based
on its allele-specificity

We then validated the role of rs822336 genotype in mod-
ulating a competitive affinity binding of NFIC and C/
EBPp to the TFBS of PD-L1 promoter/enhancer region.
H1975%S and H1299%C were used to perform the DNA-
protein pull-down based proteomic approach using dou-
ble-stranded oligos immobilized on biotinylated spheres,
carrying either the G (wild type) or C (mutant) genotype
on rs822336. Comparison of nuclear extracts of H1975%/¢
or H1299%C¢ cells with obtained immobilized spheres
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identified 315 common proteins as putative interactors
of rs822336 region of PD-L1 (Fig. 7A). More than 70%
of these proteins were classified as those involved in cell
metabolism and DNA/RNA binding proteins (Fig. 7B).
The latter included 11 gene-specific TFs (Table 5). In
addition, comparison of the relative abundance of the
total common proteins identified from the correspond-
ing nuclear extracts of H1299%“ and H1975%/¢ cell lines
with mut (H1299%“+mut and H1975%¢+mut) or wt
oligo (H1299%/“+wt and H1975%%+wt) revealed signifi-
cant difference based on interacting oligos rather than
nuclear extract of the cell lines (Fig. 7C). Specifically,
samples obtained from the interaction of the same oligo
with different nuclear extract obtained from each cell
line displayed high levels of similarity in protein distri-
bution (H1299“+wt vs. H1975%S+wt; H1299“+mut
vs. H1975%%4mut). In contrast, samples obtained from
the interaction of different oligos with nuclear extracts
obtained from each cell line displayed high levels of
difference in protein distribution (H1299%“+mut vs.
H1299%“+wt; H1975%/+mut vs. H1975%/S+wt). The two
pairs of samples obtained with same oligo with two dif-
ferent nuclear extracts differed from the other two since
a different third of the proteins in each pair of samples
showed a greater affinity based on the correspond-
ing oligo. Focusing on two physiological conditions,
the amount of C/EBPB but not of NFIC (abundance
ratio 1.09) significantly differed in the nuclear extract
of HI1299%¢ cells with mut oligo (H1299%“+mut)
as compared to that of H1975%/S cells with wt oligo
(H1975%/S+wt) (H1299““+mut / H1975%/S+wt abun-
dance ratio: 0.32 C/EBPp, 1.09 NFIC) (Fig. 7D and Fig S7)
(Supplementary file 2).

Characterization of the mechanisms underlying differential
induction of PD-L1 expression by C/EBPf and NFIC based
on rs822336 allele-specificity

Three small interfering RNAs (siRNAs) were used to
silence C/EBPJ (SR300760A, SR300760B, SR300760C) or
NFIC (SR303158A, SR303158B, SR303158C) in EGFR™*
H19755¢ and EGFR"* H1299“C cell lines. SR300760B
and SR303158B, respectively, were selected for further
silencing of C/EBPf and NFIC (Fig. S8). To study the reg-
ulation by C/EBPP and NFIC silencing of PD-L1 expres-
sion, EGFR™! H1975%/S and EGFR"" H460%/¢, H1299/¢
and H1437 “/© cells were transduced under basal con-
ditions or following IFN-y incubation. As shown in
Fig. 8 and Fig. S9, C/EBPB and NFIC silencing mark-
edly and differentially changed both PD-L1 protein and
mRNA expression in all cell lines. Specifically, in EGFR"*
H1299%C and H1437%C cells, expected to bind both C/
EBPP and NFIC on rs822336, C/EBPB and NFIC silenc-
ing significantly decreased and increased PD-L1 lev-
els, respectively. In contrast, in EGFR™ H1975%/S and
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A.

Factors predicted within a dissimilarity margin less or equal than 15% :

IGR-beta [T01920] GR [T05076] PEBHNF-3alpha [T02512] [F8WRXR-alpha [T01345]
|4 C/EBPbeta [T00581] C/EBPalpha [T00105] 6 GR-alpha [T00337] 7 POU2F1 [T00641]
Sequence

d rs8223360/
1 25t 50

TTACTAATACGCAAATCACT GAGCAEI:AAGCT GAGCAAATACCCTCAATTC
o 0

I
. [«
7
14 C/EBPbeta [T00581] was predicted in:
Sequence GCAA GCAA GCAA TCAA
1 14 26 29 35 38 45 48
Dissimilarity 0.00% 0.00% 0.00% 1.37%
RE equally 0.39844 0.39844 0.39844 0.39844
RE query 0.57511 0.57511 0.57511 0.55926

Factors predicted within a dissimilarity margin less or equal than 15% :

I GR-beta [T01920] GR [T05076] BZINFICTF [T00094]
4 RXR-alpha [T01345]

POU2F1 [T00641]

3 |HNF-3alpha [T02512]
C/EBPbeta [T00581] 6 C/EBPalpha[T00105] [ 7 GR-alpha[T00337

Sequence
rs822336¢/C

1 25t 50
TTACTAATACGCAAATCACT GAGCAAGCT GAGCAAATACCCTCAATTC
o 0o

P2INFI/CTF [T00094] was predicted in: -CIEBPbeta [T00581] was predicted in:
Sequence CCAA Sequence GCAA CCAA GCAA TCAA

26 29 1 14 26 29 35 38 45 48
Dissimilarity 6,79% Dissimilarity 0.00% 1,64% 0.00% 1.37%
RE equally 0.01868 RE equally 0.39844 0.39844 0.39844 0.39844
RE query 0.04010 RE query 0.58142 0.59909 0.58142 0.59909

Fig.6 Prediction of TF binding to rs822336 based on allele-specificity. The output of the analysis contains the TFs [database accession number] predicted
with a dissimilarity margin less or equal than 15% to the target sequence +/-25 bp to rs822336 G (A) and C (B) genotype. Nucleotide sequence of the
potential binding site as well as the position of each TFBS are illustrated. Tables report a detail of the serum response factor (SRF) binding site prediction
and the random expectation (RE) values for different levels of sequence-matrix similarity. The rate of dissimilarity between the putative and consensus
sequences for TFs is indicated; RE indicates expected occurrences of the match in a random sequence of the same length as the query sequence accord-

ing to the dissimilarity index based on equi-probability for the four nucleotides (RE equally) and nucleotide frequencies in the query sequence (RE query).
NFI/CTF [T00094] also known as Nuclear Factor | C (NFIC)
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Fig. 7 Validation of TFs involved in the regulation of PD-L1 based on rs822336 allele-specificity. H1975%¢ and H1299%¢ cells were seeded into T75 flasks
at a density of 5x 10° cells. Following a 48 h incubation at 37 °C in a 5% CO, atmosphere, DNA-pull down assay was performed with immobilized wt/mut
oligos incubated with nuclear extracts on 4 distinct sample group combinations. Nuclear extract of H1299%¢ cells was incubated with the mut oligo;
nuclear extract of H1299%C cells was incubated with the wt oligo; nuclear extract of H1975%C cells was incubated with the mut oligo; nuclear extract of
H1975%C cells was incubated with wt oligo. Putative TFs of the rs822336 region of PD-L1 based on its allele-specificity were detected by LC-MS/MS. (A)
Venn diagram represents the overlap of 315 TFs detected over the 4 analysed sample groups. (B) Pie chart shows the gene ontology (GO) classification of
TFs detected over the 4 analysed sample groups. (C) Heat map summarises the average amount measured based on the observed label-free quantitation
(LFQ) intensities for each of the 315 proteins detected in the 4 analysed sample groups. (D) Volcano plot shows a proteomic based comparison between
H1299%“+mut and H1975%“+wt. Reported points indicate proteins that display both large magnitude fold-changes (x axis) and high statistical signifi-
cance (y axis). Corresponding points to C/EBP and NFIC are highlighted
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Table 5 Gene-specific transcription factors (TFs) identified by
DNA pull-down assay

GENE ID GENE

P08651 Nuclear factor 1 C-type (NFIC)

P17676 CCAAT/enhancer-binding protein beta (CEBPB)
Q00577 Transcriptional activator protein Pur-alpha (PURA)
Q03701 CCAAT/enhancer-binding protein zeta (CEBPZ)
Q15650 Activating signal cointegrator 1 (TRIP4)

Q16666 Gamma-interferon-inducible protein 16 (IFI16)
Q8WU90 Zinc finger CCCH domain-containing protein 15
Q96HQ2 CDKN2AIP N-terminal-like protein (CDKN2AIPNL)
Q96NXV6 CDKN2A-Interacting protein (CDKN2AIP)
Q96QRS8 Transcriptional activator protein Pur-beta (PURB)
Q9H147 Deoxynucleotidyltransferase terminal-interacting

protein 1 (DNTTIP1)

EGFR"! H460%/S cells, expected to bind C/EBPP alone on
rs822336, PD-L1 levels were significantly decreased by C/
EBP silencing but were not increased by NFIC silencing.
In line with previous experiments, incubation with IFN-y
of cancer cells more markedly increased the expression
levels of PD-L1 in EGFR"" H1299%/“ and H1437/C cells
as compared to EGFR™* H1975%/S and EGFR"* H460%/¢
cells. This effect was associated with a marked increase
of C/EBPP. No changes in NFIC in all cell lines were
detected following IFN-y incubation. Increased levels of
STAT1 phosphorylation at Ser-727 in cancer cells incu-
bated with IFN-y indicated IFN-y pathway activation
[64] (Fig. S10). However, a differential effect on IFN-y-
mediated PD-L1 up-regulation based on allele-specific-
ity of rs822336 was detected in cancer cells silenced for
C/EBPP and/or NFIC (Fig. 8 and Fig. S9). Specifically,
in all cell lines, IFN-y incubation did not overcome C/
EBPPB silencing-mediated PD-L1 decrease. In con-
trast, in EGFR" H1299“/“ and H1437%C cells but not
in EGFR™" H1975%/¢ and EGFR"" H460%/C cells, NFIC
silencing more markedly increased IFN-y-mediated
PD-L1 up-regulation. Lastly, in EGFR™* H1975%S and
EGFR" H460/C cells, the concurrent application of C/
EBPp-specific and NFIC-specific siRNAs underscored
the heightened influence of C/EBPP activity on PD-L1
expression when compared to NFIC, in both baseline
conditions and post-IFN-y incubation. Conversely, in
EGFR"' H1299C and H1437°C cells, dual targeting
emphasized the more pronounced impact of NFIC activ-
ity on PD-L1 expression in contrast to C/EBPP. These
results validated the influence of C/EBPJ and NFIC on
both expression and IFN-y mediated induction of PD-L1
in presence of C/C genotype as well as the lack of influ-
ence of NFIC on PD-L1 in presence of G/G genotype.
In addition, these results validated C/EBPB and NFIC
as activator and repressor, respectively, of PD-L1 based
on rs822336 allele-specificity, regardless of IFN-y path-
way activation. Worth of note, NFIC silencing decreased
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CEBPp expression in both cell lines even in presence
of IFN-y as compared to siRNA control. Analysis of
ENCODE Transcription Factor Dataset demonstrated
that C/EBP{ is a target of NFIC.

Discussion

Anti-PD-1/PD-L1 therapy has revolutionized the thera-
peutic management of several types of cancer including
NSCLC [16-22, 65]. This novel therapy has been shown
to improve the survival of patients with advanced non-
oncogene addicted NSCLC as compared to standard
chemotherapy [18-20, 22, 24-27]. Unfortunately, only
13-16% of patients achieve long term benefit from this
therapy and there is still the need to identify efficient pre-
dictive biomarkers of treatment response. PD-L1 tumor
expression has been widely explored as a predictive bio-
marker. Several studies have shown a significant associa-
tion between PD-L1 tumor expression and an increased
likelihood of tumor response [26, 27, 30, 32]. Neverthe-
less, many others have also shown that patients who do
not express PD-L1 in the tumor microenvironment may
also benefit from anti-PD-1/PD-L1-based immunother-
apy [29, 30, 32, 33]. In addition, clinical response to PD-1
blockade has been also linked to IFN-y-related mRNA
profile. The latter utilized a T cell inflamed GEPs as a
marker of IFN-y—induced genes including PD-L1 [66].
However, even in this case anti-PD-1/PD-L1 clinical ben-
efits are not efficiently predicted. Overall, PD-L1 tumor
expression is considered an inefficient biomarker, cur-
rently used as a “surrogate” for predicting cancer patients
who are more likely to benefit from anti-PD-1/PD-L1
therapy [29, 30, 32, 33, 67].

In the past few years, PD-L1 SNPs have been investi-
gated for their potential role as predictive biomarkers of
tumor response to anti-PD-1/PD-L1 therapy with con-
trasting results [52, 68]. In the present work, we show
that not all PD-L1 SNPs have clinical significance for
anti-PD-1/PD-L1 therapy since only rs822336 signifi-
cantly correlates with treatment response and survival
outcomes. Specifically, C/C genotype in rs822336 is asso-
ciated with better ORR, PFS and OS as compared to G/C
and G/G genotypes, identifying patients long surviving.
In contrast, all and most of patients carrying GG and
GC genotypes, respectively, are not survived. Worth of
note, PD-L1 tumor expression does not correlate with
rs822336 as well as with survival outcomes. As a result,
even in our case PD-L1 expression (TPS) does not iden-
tify patients long surviving.

Currently, advanced non-oncogene addicted NSCLC
patients are treated in first line either with the com-
bination of anti-PD-1/PD-L1 mAbs and chemother-
apy or with anti-PD-1/PD-L1 mAbs alone, based on
PD-L1 tumor expression<50% or >50% [26, 27]. As a
result, those with a PD-L1 tumor expression<50% are
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Fig. 8 Regulation by C/EBPR and NFIC silencing of PD-L1 expression in NSCLC cell lines carrying different rs822336 genotype under basal conditions or
following IFN-y incubation. EGFR™ H1975%C and EGFR"t H460%/C cells (upper panel) as well as EGFR*tH1299% and EGFR*t H1437%C cells (lower panel),
transduced with C/EBPB- and NFIC-specific siRNAs or siRNA-controls, were seeded into 6-well plates at a density of 2x 10° cells per well and incubated
with IFN-y (100ng/ml). Untreated cells were used as a control. Following a 48 h incubation at 37 °C in a 5% CO, atmosphere, cells were harvested and
lysed. Cell lysates were analyzed by western blot with NFIC, C/EBPB and PD-L1-specific Abs. Representative results are shown. The levels of NFIC and C/
EBPB, normalized to GAPDH and relative to untreated siRNA-control as well as levels of PD-L1, normalized to GAPDH and relative to treated siRNA-control,
are plotted on the right, and expressed as mean +SD of the results obtained in three independent experiments

most likely to display less benefit from immunotherapy
alone. Our patient populations included non-oncogene
addicted NSCLC patients carrying tumors with a PD-L1
expression of less than 50%, who were treated with either
immunotherapy alone as second line or anti-PD-1 pem-
brolizumab and platinum-based chemotherapy in front
line. In these patients, prediction by rs822336 identifies a
high percentage of patients long surviving.

rs822336 has already been reported to display a prog-
nostic role for NSCLC patients. For instance, a significant
correlation between C/C genotype and OS in NSCLC
patients is reported by Zhao et al. as well as by Kang et
al. [69, 70]. In contrast, no significant difference in sur-
vival outcomes based on rs822336 genotype is reported
[48, 71, 72]. Here, we do not analyze the prognostic role
of PD-L1 SNPs. We show for the first time that rs822336
in PD-L1 efficiently predicts long term clinical benefit
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Fig. 9 Graphical representation of the influence of rs822336 genotype on PD-L1 induction and increased sensitivity of NSCLC cells to anti-PD-1/PD-L1

based therapy

from ICI-based immunotherapy in advanced non-onco-
gene addicted NSCLC patients. The representative-
ness of the patient populations included in our analysis
is validated by the percentage of long surviving patients
following treatment with anti-PD-1/PD-L1 therapy,
being in line with data reported in the literature [73-75].
Besides rs822336, other two PD-L1 SNPs (rs4143815 and
rs2282055) were included in our analysis. All three SNPs
were selected based on their reported role in autoimmu-
nity, cancer predisposition and cancer prognosis [48—50].
However, to the best of our knowledge, no clear evidence
about the predictive role as well as the functional sig-
nificance of these PD-L1 SNPs is available in the litera-
ture. In the present work, a C/C genotype in rs4143815
significantly correlates with PD-L1 tumor expression
(TPS=1%) but not with OS or PFS. Similar results were
also obtained by M.-K. Yeo et al. [71]. In contrast, both

C/C and G/C genotypes in rs4143815 were reported by
Nomizo et al. to be significantly associated with bet-
ter ORR and PFS as compared to G/G genotype. In the
same work, presence of allele G in rs2282055 correlated
with better ORR and PFS as compared to allele T. In
the present study, T/T genotype in rs2282055 is slightly
correlated with longer PFS and OS as compared to G/T
and G/G genotypes, not reaching statistical significance.
Many reasons might underlie these differences. First, the
clinical-pathological characteristics of the study popula-
tion as well as the allele frequencies of analyzed PD-L1
SNPs differ between the studies. Comparison of allele
frequency distribution of PD-L1 SNP with that of Cau-
casian (Italian) patients obtained from 1000 Genomes
Project (https://www.ensembl.org) analysis corroborated
the validity of our patient population. Second, we find
a significant association between presence of allele C in
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rs822336 and that of allele T in rs2282055. As a result,
the slight clinical significance of allele T in rs2282055
might reflect the statistical clinical significance of allele
C in rs822336. Lastly, mapping of PD-LI1 SNPs shows
that rs822336 and rs2282055 are localized on PD-L1
promoter/enhancer and intron region, respectively.
Promoter/enhancer regions, more than intron regions,
play a crucial role in gene expression since they repre-
sent a binding site for TFs involved in gene expression
regulation [37-39]. As a result, rs822336 is expected to
affect TF binding affinity that in turn can modify target
gene expression [37-39]. To validate this hypothesis,
we demonstrate for the first time that rs822336 modu-
lates PD-L1 expression and even more importantly that
induction of PD-L1 expression more than its basal levels
is associated to an increased sensitivity of cancer cells to
immune cells. Specifically, we show in vitro that basal
levels of PD-L1 in NSCLC cells carrying C/C genotype in
rs822336 are lower as compared to those of G/G geno-
type including EGFR™" cells. The latter expressing G/G
genotype have been used as cancer cells expected to be
resistant to anti-PD-1/PD-L1 therapy. Indeed, oncogene
addicted NSCLC patients such as those carrying EGFR
alterations are shown to be resistant to anti-PD-1/PD-L1
mAbs [76] although there is also data suggesting that
activating EGFR mutations led to PD-L1 upregulation in
NSCLC as well as animal models showing increase sur-
vival after PD-1 therapy in EGFR driven adenocarcinoma
[77-80]. In our case all cancer cells, including EGFR™"
and EGFR" cells, carrying a G/G genotype in rs822336
expressed higher basal levels of PD-L1 as compared to
cells carrying a C/C genotype. However, treatment with
IFN-y induced a significant higher differential increase
in PD-L1 expression only in cancer cells carrying C/C
genotype as compared to those with G/G genotype,
including both EGFR™" and EGFR"" cells. IFN-y is uti-
lized to mimic the state of the tumor microenvironment
as well as to induce PD-L1 expression [63]. The correla-
tion between PD-L1-mRNA expression and rs822336
genotype has already been reported by Zhao et al. in
PBMC obtained from cancer patients carrying differ-
ent rs822336 genotype [70]. However, to the best of our
knowledge, no study has shown that a differential induc-
tion of PD-L1 expression in NSCLC cells is influenced by
PD-L1 SNPs. Whether this represents a general phenom-
enon should be further investigated. It is worth of note
that we also investigated whether a correlation exists
between rs822336 genotype and G/G status in EGFR™"
NSCLC. Our data shows that no significant correlation
exists. However, we did not investigate whether a C/C
genotype in rs822336 in EGFR™" cell line is also associ-
ated with an increased induction of PD-L1 by IEN-y. As a
result, further investigation in this type of cancer cells is
required.
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To study the mechanisms underlying the clinical sig-
nificance of rs822336 genotypes on the induction of
PD-L1 more than on its basal level of expression, we
first identify C/EBPP and NFIC as the TFs of PD-L1 pro-
moter/enhancer region whose binding site is affected by
allele-specificity of rs822336. Specifically, we show that in
presence of allele C in rs822336, PD-LI transcription is
regulated by the binding of both C/EBPP and NFIC. In
contrast, only C/EBPJ regulates PD-LI transcription in
presence of allele G. C/EBPf is a TF that promotes the
expression of many genes involved in several cellular
processes such as apoptosis, cell differentiation, inflam-
mation and tumorigenesis [81, 82]. In contrast, NFIC is
a TF involved in chromatin remodeling and epigenetic
modulation by acting as activator or repressor of gene
expression [83]. Consistent with these results, our data
demonstrates that C/EBPP and NFIC play a major role as
activator and repressor, respectively, of PD-L1 expression
based on allele-specificity of rs822336 genotype. Spe-
cifically, silencing of C/EBP, even in presence of IFN-y
incubation, decreases the levels of PD-L1 in both NSCLC
cells carrying different rs822336 genotypes, regardless of
EGER status. In contrast, silencing of NFIC increases the
levels of PD-L1 in NSCLC cells carrying C/C genotype
but not in those with G/G genotype, including EGFR™"
and EGFR"' cells. In the latter cells, the lack of PD-L1
regulation by NFIC silencing is likely to reflect the inabil-
ity of NFIC to bind the allele G in rs822336. To validate
these results, we demonstrate that among all common
proteins binding PD-L1 promoter/enhancer region on
rs822336, there is a high abundance of C/EBPJ alone and
not of NFIC in presence of G/G genotype. In contrast,
both C/EBPP and NFIC are found in presence of C/C
genotype. It is worth of note that in presence of IFN-y
incubation induction of PD-L1 expression is associated
to a significant high increase of C/EBP but not of NFIC,
regardless of rs822336 genotype. As a result, in cancer
cells carrying C/C genotype the significant higher differ-
ential increase in PD-L1 induction is likely to reflect the
unbalanced competitive binding induced by IFN-y on
C/EBPpP and NFIC. The latter function as activator and
repressor, respectively, of PD-L1. In contrast in cancer
cells carrying G/G genotype the lack of a marked PD-L1
induction is likely to reflect the already high levels of
PD-L1 because of binding of C/EBPp alone that functions
as activator.

Lastly, the functional significance of the changes
induced by rs822336 on the induction of PD-L1 expres-
sion as well as the predictive value of rs822336 on
the sensitivity to anti-PD-1/PD-L1-based immuno-
therapy is demonstrated by the in vitro differential rec-
ognition of NSCLC cells carrying different rs822336
genotypes utilizing HLA-matched PBMCs, and incuba-
tion with anti-PD-1 nivolumab. PBMCs were obtained
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from HLA-matched healthy donors to reduce the HLA
unmatched-cytotoxic PBMC-mediated effects on co-
cultured NSCLC cells [84]. Studies of the integrity of
HLA class I and II expression as well as of p2m expres-
sion in analyzed NSCLC cell lines excluded other poten-
tial mechanisms of immune escape. Nivolumab slightly
increased the PBMC recognition and destruction of
NSCLC cells carrying G/G genotype in both EGFR™"
and EGFR"" cells. These cells were expected to have a low
increase of IFN-y-mediated induction of PD-L1 expres-
sion because of binding of C/EBPP alone to the pro-
moter/enhancer region of PD-LI which in turn causes
an already high PD-L1 basal expression. In contrast,
nivolumab dramatically increases the PBMC recognition
and destruction of NSCLC cells carrying C/C genotype,
markedly increasing IFN-y-mediated PD-L1 expression
because of modulation of the competitive binding of both
C/EBPP and NFIC to PD-LI promoter/enhancer region
(Fig. 9). We did not investigate whether in EGFR™" cells
carrying C/C genotypes there is also an increased sus-
ceptibility to anti-PD-1/PD-L1 therapy. Several mecha-
nisms can impair the susceptibility of EGFR™" cells to
anti-PD-1/PD-L1 therapy such as a low tumor mutation
burden as well as CD73/adenosine pathway activation
[85, 86]. As a result, whether rs822336 genotype can also
influence the susceptibility to anti-PD-1/PD-L1 therapy
in EGFR™* NSCLC should be further investigated.

This study presents some limitations such as the small
sample size of the study populations, the limited avail-
ability of PD-L1 TPS and the partial characterization of
specific actionable oncogene alterations in all tumor sam-
ples. TPS evaluation as well as oncogene alterations were
obtained from available pathological data obtained from
patients treated without interfering with clinical practice.
However, confirmation of major prognostic factors such
as age, ECOG PS, absence of asymptomatic brain metas-
tases and smoking status further supports the validity of
the study population included. Lastly, in our study, we do
not investigate the potential mechanisms underlying the
clinical significance of rs4143815 and rs2282055. Further
studies are needed to investigate their potential role in
anti-PD-L1-mediated immune response.

Conclusion

Overall, we believe that our findings have high clinical
relevance since identify rs822336 and induction of PD-L1
expression as novel and efficient predictive biomarkers of
tumor response to anti-PD-1/PD-L1 therapy in patients
with advanced non-oncogene addicted NSCLC.
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Additional file 1: supplementary file 1 Sequences of double-stranded
oligos utilized (biotinylation at the 5’-end).

Additional file 2: figure S1 PFS and OS of advanced NSCLC patients treat-
ed with anti-PD-1/PD-L1 therapy. At a median follow-up of 41.46 months
(range, 12.56-53.20 months) median PFS and OS were 3.52 months (A)
and 8.53 months (B), respectively. PFS and OS analysis was performed
using the Kaplan-Meier method.

Additional file 3: figure S2 Association between rs2282055 or rs4143815
and clinical outcomes in advanced NSCLC patients treated with anti-PD-1/
PD-L1 therapy. PFS (A) and OS (B) of NSCLC patients treated with anti-
PD-1/PD-L1 therapy were stratified based on PD-L1 rs2282055 (upper
panel) or rs4143815 (bottom panel) genotypes. PFS and OS were
compared using the Kaplan-Meier method. Differences in patients'survival
were analyzed using a log-rang test. P<0.05 was considered statistically
significant.

Additional file 4: figure S3 Characterization of human EGFR™ " and EGFR™
NSCLC cell lines. HCC827, H1975, PC-9, H1299, H1703 and H1437 cells
were seeded into 6-well plates at the density of 2x 10° per well. Following
a 24 h incubation at 37 °Cin a 5% CO, atmosphere, cells were harvested.
DNA was extracted and genotyped for rs2282055 or rs4143815 PD-LT SNPs
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utilizing PCR.

Additional file 5: figure S4 Modulation by IFN-y of PD-L1 expression

in NSCLC cell lines carrying different rs822336 genotype. (A) EGFR™"
HCC827%C, H1975%¢, PC-9%/C and EGFR™ H1299Y¢, H1703%¢ and
H1437%C cells were seeded into 24-well plates at a density of 2x 10° cells
per well and incubated with IFN-y (100ng/ml). Untreated cells were used
as a control. Following a 24 h incubation at 37 °Ciin a 5% CO, atmosphere,
expression levels of PD-LT mRNA were evaluated by Real-Time (RT)-PCR.
The levels of PD-L1, normalized to GAPDH and relative to HCC827/° cells,
are plotted and expressed as mean =+ SD of the results obtained in three in-
dependent experiments. (**£<0.01; ***P<0.001). (B) EGFR™ ' HCC827%/C,
H1975%6, PC-9C and EGFR* H1299%¢, H1703““ and H1437C cells
were seeded into 6-well plates at a density of 2x 10° cells per well and
incubated with IFN-y (100ng/ml). Untreated cells were used as a control.
Following a 48 h incubation at 37 °Ciin a 5% CO, atmosphere, cells were
harvested. Cell lysates were analyzed by western blot with PD-L1-specific
Ab. GAPDH was used as a loading control. Data are representative of

the results obtained in three independent experiments (left panel). The
levels of PD-L1, normalized to GAPDH and relative to HCC827%C cells,

are plotted and expressed as mean =+ SD of the results obtained in three
independent experiments (**P<0.01; ***P<0.001) (right panel).

Additional file 6: figure S5 Morphological changes and inhibition of prolif-
eration by IFN-y in NSCLC cell lines carrying different rs822336 genotype.
EGFR™ ' HCC827%6, H1975%C, PC-9%C and EGFR™ H1299Y, H1703%“ and
H1437%C cells were seeded into 6-well plates at a density of 2x 10° cells
per well and incubated with IFN-y (100ng/ml). Untreated cells were used
as a control. Following a 48 h incubation at 37 °C in a 5% CO, atmosphere,
(A) three random regions from both untreated and treated cells were
captured with inverted microscope (Bars: 50 mm); (B) cells were harvested
and counted by 0.2% trypan blue exclusion test. Data are expressed as
mean +SD of the results obtained in three independent experiments.

Additional file 7: figure S6 Characterization of HLA and 32m in NSCLC cell
lines. EGFR™ ' HCC827%/¢, H1975%6, PC-9%/6 and EGFR™ H460%/6, A549°/C,
H1299%C, H1703“C and H1437%C cells were seeded into 6-well plates at
the density of 2x 10° per well. Following a 24 h incubation at 37 °Cin a 5%
CO, atmosphere, cells were harvested. (A) DNA was extracted and geno-
typed for HLA class | haplotypes utilizing PCR. (B) Cells were stained with
HLA class I/Il antigen- [mAD LGIII-147.4.1 (HLA-A), mAb B1.23.2 (HLA-B,Q),
mAb TP25.99.8.4 (HLA-A,B,C)], and B2m-specific (mAb LGII-612.14) mAbs.
mAb MK2-23 was used as a specificity control. Cell staining was detected
by Fluorescein isothiocyanate (FITC) anti-mouse IgG Ab by flow cytometry
analysis. Data, expressed as mean fluorescence intensity (MFI), are repre-
sentative of the results obtained in three independent experiments.

Additional file 8: figure S7 Validation of TFs involved in the regulation

of PD-LT gene expression based on rs822336 allele-specificity. H1975%/¢
and H1299%C cells were seeded into T75 flasks at a density of 5x 10° cells.
Following a 48 h incubation at 37 °Ciin a 5% CO, atmosphere, DNA-pull
down assay was performed with immobilized wt/mut oligos incubated
with nuclear extracts on 4 distinct sample group combinations. Nuclear
extract of H1299%¢ cells was incubated with the mut oligo; nuclear
extract of H1299%C cells was incubated with the wt oligo; nuclear extract
of H1975% cells was incubated with the mut oligo; nuclear extract of
H1975%° cells was incubated with wt oligo. Putative TFs of the rs822336
region of the PD-LT gene based on its allele-specificity were detected by
LC-MS/MSVolcano plot shows a proteomic based comparison between
different samples. Reported points indicate proteins that display both
large magnitude fold-changes (x axis) and high statistical significance (y
axis). Corresponding points to C/EBPR and NFIC are highlighted.

Additional file 9: supplementary file 2 List of the proteins identified by
DNA pull-down assay and LC MS/MS performed incubating the H1975%¢
nuclear extract with wt oligo or H1299%“ nuclear extract with mut

oligo. The abundance ratio of the proteins in the two samples are also
reported. *Abundance ratio of 100 indicates a protein detected only in
H1299““+mut whereas a value of 0.01 indicates a protein detected only
in H1975%C+wt.

Additional file 10: figure S8 Silencing of C/EBPR and NFIC in EGFR™
H1975%¢ and EGFR™ H1299% cell lines. Cells were seeded into 6-well
plates at a density of 2 x 10° cells per well. Following a 48 h of transfection

at 37 °Cin a 5% CO, atmosphere with C/EBP - and NFIC-specific SiRNAs
cells were harvested and lysed. A siRNA-control was used as a control. Cell
lysates were analyzed by western blot with C/EBPR and NFIC-specific Abs.
GAPDH was used as a loading control. Representative results are shown.

Additional file 11: figure S9 EGFR™ H1975%6 and EGFR" H1299%¢ cells
transduced with C/EBPB- and NFIC-specific siRNAs or siRNA-controls
were seeded into 24-well plates at a density of 2 x 10° cells per well and
incubated with IFN-y (100ng/ml). Untreated cells were used as a control.
Following a 24 h incubation at 37 °Ciin a 5% CO, atmosphere, expression
levels of NFIC, C/EBPB and PD-L1T mRNA were evaluated by Real-Time
(RT)-PCR. The levels of NFIC, C/EBPB and PD-L1, normalized to GAPDH
and relative to untreated siRNA-control of each analysed gene, are plotted
and expressed as mean + SD of the results obtained in three independent
experiments (***P<0.001).

Additional file 12: figure S10 Activation of IFN-y pathway in NSCLC cell
lines transfected with siRNAs. EGFR™ H1975%C (left panel) and EGFR"
H1299%C (right panel) cells were seeded into 6-well plates at a density of
2% 10° cells per well and incubated with IFN-y (100ng/ml). Untreated cells
were used as a control. Following a 48 h of incubation at 37 °Ciin a 5% CO,
atmosphere, cells transfected with the indicated siRNAs were harvested
and lysed. Cell lysates were analyzed by western blot with p-STAT1 and
STAT1-specific Abs. Representative results are shown. The levels of STATT,
normalized to GAPDH and relative to untreated siRNA-control as well as
levels of p-STAT1 normalized to STATT, are plotted below and expressed
as mean +SD of the results obtained in three independent experiments
(**P<0.001).

Acknowledgements

The authors wish to gratefully acknowledge Prof. S. Ferrone for his
excellent advice as well as the patients for participating in this study. The
results < published or shown > here are in whole or part based upon data
generated by the TCGA Research Network: https://www.cancergov/tcga.

Author contributions

Conceptualization: GF, VC, FS.Methodology: GP, VM, ML, MDM, JDC, GM,

GG, GF, FDP, FS.Investigation: GP, LL, AC, GD, GS, FDA, AO, FP, GM, GG,
FS.Visualization: GP, LL, VM, GD, PZ, GF, FDP, VC, FS. Funding acquisition: GP, LL,
VM, AC, FDP,VC, FS.Project administration: VC, SP, FS.Supervision: AF, SP, FS.
Writing — original draft: GP, LL, FDP, FS. Writing - review & editing: GP, LL, GC,
MC, VC, SP, FS.

Funding

The work was supported by Ministero dell’Universita e della Ricerca, Progetti
di Rilevante Interesse Nazionale (PRIN) 2017-COD. 2017PHRC8X_003 (to SP)
and PRIN 2020-COD. 2020ESS3F2_003 (to SP).

Data availability

All data are available in the main text or the supplementary information. Any
raw data supporting the conclusions of this article will be made available by
the authors, without undue reservation.

Declarartions

Consent for publication
All authors have agreed with publishing this manuscript.

Competing interests
The authors declare no competing interests.

Author details

'Oncology Unit, Department of Medicine, Surgery and Dentistry,
University of Salerno, Baronissi 84081, Italy

“Oncology Unit, Department of Medicine, Surgery and Dentistry,
University of Naples “Federico Il Naples 80131, Italy

*Clinical Pharmacology Unit, Department of Medicine, Surgery and
Dentistry, University of Salerno, Baronissi 84081, Italy

“University Hospital “San Giovanni di Dio e Ruggi d’Aragona’,
Salerno 84131, Italy


https://www.cancer.gov/tcga

Polcaro et al. Molecular Cancer (2024) 23:63

°Department of Experimental Medicine, University of Campania “Luigi
Vanvitelli’, Naples 80138, Italy

Department of Medicine, Surgery and Dentistry, University of Salerno,
Baronissi 84081, Italy

’Pathology Unit, Department of Medicine, Surgery and Dentistry,
University of Salerno, Baronissi 84081, Italy

8Pathology Unit, Istituto Nazionale Tumori IRCCS Fondazione G. Pascale,
Naples 80131, Italy

“Hematology and Transplant Unit, University Hospital “San Giovanni di
Dio e Ruggi d’Aragona’; Salerno 84131, Italy

1%Department of Translational Medical Sciences, University of Naples
"Federico I Naples 80131, Italy

""Division of Innovative Therapies for Abdominal Metastases, Istituto
Nazionale Tumori IRCCS Fondazione G. Pascale, Naples 80131, Italy
2Unit of Anesthesiology, Intensive Care Medicine, and Pain Medicine,
Department of Medicine, Surgery and Dentistry, University of Salerno,
Baronissi 84081, Italy

"3Medical and Experimental Head and Neck Oncology Unit, Istituto
Nazionale Tumori IRCCS Fondazione G. Pascale, Naples 80131, Italy
‘4Laboratory of Molecular Medicine and Genomics, Department of
Medicine, Surgery and Dentistry, University of Salerno, Baronissi
84081, Italy

'>Clinical Microbiology Unit, Department of Medicine, Surgery and
Dentistry, University of Salerno, Baronissi 84081, Italy

Received: 3 November 2023 / Accepted: 29 February 2024
Published online: 25 March 2024

References
1. Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA Cancer J Clin.
2014;64:9-29.

2. Scagliotti GV, Parikh P, von Pawel J, Biesma B, Vansteenkiste J, Manegold C, et
al. Phase Il study comparing cisplatin plus gemcitabine with cisplatin plus
pemetrexed in chemotherapy-naive patients with advanced-stage non-
small-cell lung cancer. J Clin Oncol. 2008;26:3543-51.

3. Jénne PA Riely GJ, Gadgeel SM, Heist RS, Ou S-HI, Pacheco JM, et al. Adagra-
sib in Non-small-cell Lung Cancer harboring a KRASG12C mutation. N Engl J
Med. 2022;387:120-31.

4. Peters S, Camidge DR, Shaw AT, Gadgeel S, Ahn JS, Kim D-W, et al. Alectinib
versus Crizotinib in untreated ALK-Positive non-small-cell Lung Cancer. N
EnglJ Med. 2017,377:829-38.

5. WolfJ, Seto T, Han J-Y, Reguart N, Garon EB, Groen HJM, et al. Capmatinib in
MET exon 14-Mutated or MET-Amplified non-small-cell Lung Cancer. N Engl J
Med. 2020;383:944-57.

6. Shaw AT, Ou S-HI, Bang Y-J, Camidge DR, Solomon BJ, Salgia R, et al.
Crizotinib in ROS1-rearranged non-small-cell lung cancer. N Engl J Med.
2014;371:1963-71.

7. Planchard D, Smit EF, Groen HJM, Mazieres J, Besse B, Helland A, et al.
Dabrafenib plus Trametinib in patients with previously untreated BRAFV600E-
mutant metastatic non-small-cell lung cancer: an open-label, phase 2 trial.
Lancet Oncol. 2017;18:1307-16.

8. Drilon A, Tan DSW, Lassen UN, Leyvraz S, Liu Y, Patel JD, et al. Efficacy and
safety of Larotrectinib in patients with tropomyosin receptor kinase Fusion-
positive lung cancers. JCO Precis Oncol. 2022;6:e2100418.

9. Drilon A, Oxnard GR, Tan DSW, Loong HHF, Johnson M, Gainor J, et al. Efficacy
of Selpercatinib in RET Fusion-positive non-small-cell Lung Cancer. N Engl J
Med. 2020;383:813-24.

10. Doebele RC, Drilon A, Paz-Ares L, Siena S, Shaw AT, Farago AF, et al. Entrectinib
in patients with advanced or metastatic NTRK fusion-positive solid tumours:
integrated analysis of three phase 1-2 trials. Lancet Oncol. 2020,21:271-82.

11. Drilon A, Siena S, Dziadziuszko R, Barlesi F, Krebs MG, Shaw AT, et al. Entrec-
tinib in ROS1 fusion-positive non-small-cell lung cancer: integrated analysis
of three phase 1-2 trials. Lancet Oncol. 2020,21:261-70.

12. Soria J-C, Ohe Y, Vansteenkiste J, Reungwetwattana T, Chewaskulyong B, Lee
KH, et al. Osimertinib in untreated EGFR-Mutated Advanced Non-small-cell
Lung Cancer. N Engl J Med. 2018;378:113-25.

13. Gainor JF, Curigliano G, Kim D-W, Lee DH, Besse B, Baik CS, et al. Pralsetinib
for RET fusion-positive non-small-cell lung cancer (ARROW): a multi-cohort,
open-label, phase 1/2 study. Lancet Oncol. 2021,22:959-69.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

Page 21 of 23

Skoulidis F, Li BT, Dy GK, Price TJ, Falchook GS, Wolf J, et al. Sotorasib for Lung
cancers with KRAS p.G12C mutation. N Engl J Med. 2021;384:2371-81.

Paik PK, Felip E, Veillon R, Sakai H, Cortot AB, Garassino MC, et al. Tepotinib in
Non-small-cell Lung Cancer with MET exon 14 skipping mutations. N Engl J
Med. 2020;383:931-43.

Postow MA, Callahan MK, Wolchok JD. Immune Checkpoint Blockade in
Cancer Therapy. J Clin Oncol. 2015;33:1974-82.

Sharma P, Siddiqui BA, Anandhan S, Yadav SS, Subudhi SK, Gao J, et

al. The Next Decade of Immune Checkpoint Therapy. Cancer Discov.
2021;11:838-57.

Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et al.
Nivolumab versus Docetaxel in Advanced Nonsquamous Non-small-cell
Lung Cancer. N EnglJ Med. 2015;373:1627-39.

Brahmer J, Reckamp KL, Baas P, Crino L, Eberhardt WEE, Poddubskaya E, et al.
Nivolumab versus Docetaxel in Advanced squamous-cell non-small-cell Lung
Cancer. N EnglJ Med. 2015;373:123-35.

Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Cs6szi T, Fulop A, et al.
Pembrolizumab versus Chemotherapy for PD-L1-Positive non-small-cell Lung
Cancer. N Engl J Med. 2016;375:1823-33.

Rittmeyer A, Barlesi F, Waterkamp D, Park K, Ciardiello F, von Pawel J, et al.
Atezolizumab versus Docetaxel in patients with previously treated non-
small-cell lung cancer (OAK): a phase 3, open-label, multicentre randomised
controlled trial. Lancet. 2017;389:255-65.

Antonia SJ, Villegas A, Daniel D, Vicente D, Murakami S, Hui R, et al. Dur-
valumab after Chemoradiotherapy in Stage Ill Non-small-cell Lung Cancer. N
EnglJ Med. 2017;377:1919-29.

Sezer A, Kilickap S, Giimis M, Bondarenko |, Ozgtroglu M, Gogishvili M, et al.
Cemiplimab monotherapy for first-line treatment of advanced non-small-cell
lung cancer with PD-L1 of at least 50%: a multicentre, open-label, global,
phase 3, randomised, controlled trial. Lancet. 2021,397:592-604.

Paz-Ares L, Ciuleanu T-E, Cobo M, Schenker M, Zurawski B, Menezes J, et

al. First-line nivolumab plus ipilimumab combined with two cycles of
chemotherapy in patients with non-small-cell lung cancer (CheckMate
9LA): an international, randomised, open-label, phase 3 trial. Lancet Oncol.
2021;22:198-211.

Herbst RS, Baas P, Kim D-W, Felip E, Pérez-Gracia JL, Han J-Y, et al. Pembro-
lizumab versus Docetaxel for previously treated, PD-L1-positive, advanced
non-small-cell lung cancer (KEYNOTE-010): a randomised controlled trial.
Lancet. 2016;387:1540-50.

Gandhi L, Rodriguez-Abreu D, Gadgeel S, Esteban E, Felip E, De Angelis F, et
al. Pembrolizumab plus Chemotherapy in Metastatic Non-small-cell Lung
Cancer. N EnglJ Med. 2018;378:2078-92.

Paz-Ares L, Luft A, Vicente D, Tafreshi A, Gimus M, Mazieres J, et al. Pembroli-
zumab plus Chemotherapy for squamous non-small-cell Lung Cancer. N Engl
J Med. 2018;379:2040-51.

Gt G, LmW, Mb A. Predictive biomarkers for checkpoint inhibitor-based
immunotherapy. The Lancet Oncology [Internet]. 2016 [cited 2023 Mar
12];17. Available from: https://pubmed.ncbi.nlm.nih.gov/27924752/.

Lm S. Biomarkers of response to checkpoint inhibitors beyond PD-L1 in
lung cancer. Modern pathology: an official journal of the United States and
Canadian Academy of Pathology, Inc [Internet]. 2022 [cited 2023 Mar 12];35.
Available from: https://pubmed.ncbi.nlm.nih.gov/34608245/.

Sp P.RK. PD-L1 Expression as a Predictive Biomarker in Cancer Immunother-
apy. Molecular cancer therapeutics [Internet]. 2015 [cited 2023 Mar 12];14.
Available from: https:.//pubmed.ncbi.nlm.nih.gov/25695955/.

Sabbatino F, Liguori L, Polcaro G, Salvato |, Caramori G, Salzano FA, et al. Role
of human leukocyte Antigen System as a predictive biomarker for check-
point-based immunotherapy in Cancer patients. Int J Mol Sci. 2020,21:7295.
H, U.M M-K. Predictive biomarkers for response to immune checkpoint
inhibitors in lung cancer: PD-L1 and beyond. Virchows Archiv: an interna-
tional journal of pathology [Internet]. 2021 [cited 2023 Mar 12];478. Available
from: https://pubmed.ncbi.nim.nih.gov/33486574/.

O'Brien M, Paz-Ares L, Marreaud S, Dafni U, Oselin K, Havel L, et al. Pembro-
lizumab versus placebo as adjuvant therapy for completely resected stage
[B-IlIA non-small-cell lung cancer (PEARLS/KEYNOTE-091): an interim analysis
of a randomised, triple-blind, phase 3 trial. Lancet Oncol. 2022;23:1274-86.
de With M, Hurkmans DP, Oomen-de Hoop E, Lalouti A, Bins S, El Bouazzaoui
S, et al. Germline variation in PDCD1 is Associated with overall survival in
patients with metastatic melanoma treated with Anti-PD-1 monotherapy.
Cancers (Basel). 2021;13:1370.


https://pubmed.ncbi.nlm.nih.gov/27924752/
https://pubmed.ncbi.nlm.nih.gov/34608245/
https://pubmed.ncbi.nlm.nih.gov/25695955/
https://pubmed.ncbi.nlm.nih.gov/33486574/

Polcaro et al. Molecular Cancer

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

(2024) 23:63

Kula A, Dawidowicz M, Kiczmer P, Prawdzic Serikowska A, Swietochowska E.
The role of genetic polymorphism within PD-L1 gene in cancer. Rev Exp Mol
Pathol. 2020;116:104494.

Kobayashi M, Numakura K, Hatakeyama S, Muto Y, Sekine Y, Sasagawa H, et al.
Severe Immune-related adverse events in patients treated with Nivolumab
for metastatic renal cell Carcinoma are Associated with PDCD1 polymor-
phism. Genes (Basel). 2022;13:1204.

Deplancke B, Alpern D, Gardeux V. The Genetics of transcription factor DNA
binding variation. Cell. 2016;166:538-54.

Abramov S, Boytsov A, Bykova D, Penzar DD, Yevshin |, Kolmykov SK, et

al. Landscape of allele-specific transcription factor binding in the human
genome. Nat Commun. 2021;12:2751.

Reddy TE, Gertz J, Pauli F, Kucera KS, Varley KE, Newberry KM, et al. Effects of
sequence variation on differential allelic transcription factor occupancy and
gene expression. Genome Res. 2012;22:860-9.

Common Terminology Criteria for Adverse Events (CTCAE). | Protocol
Development | CTEP [Internet]. [cited 2023 Mar 19]. Available from: https.//
ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.
htm#ctc_40.%200pens%20in%20new%20tab.

Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R, et al.
New response evaluation criteria in solid tumours: revised RECIST guideline
(version 1.1). Eur J Cancer. 2009:45:228-47.

Wang X, Liang B, Rebmann'V, Lu J, Celis E, Kageshita T, et al. Specificity and
functional characteristics of anti-HLA-A mAbs LGIII-147.4.1 and LGIII-220.6.2.
Tissue Antigens. 2003;62:139-48.

Rebai N, Malissen B. Structural and genetic analyses of HLA class | molecules
using monoclonal xenoantibodies. Tissue Antigens. 1983,22:107-17.

Desai SA, Wang X, Noronha EJ, Zhou Q, Rebmann V, Grosse-Wilde H, et al.
Structural relatedness of distinct determinants recognized by monoclonal
antibody TP25.99 on beta 2-microglobulin-associated and beta 2-microglob-
ulin-free HLA class I heavy chains. J Immunol. 2000;165:3275-83.

Pellegrino MA, Ng AK, Russo C, Ferrone S. Heterogeneous distribution of the
determinants defined by monoclonal antibodies on HLA-A and B antigens
bearing molecules. Transplantation. 1982,34:18-23.

Temponi M, Kekish U, Hamby CV, Nielsen H, Marboe CC, Ferrone S. Charac-
terization of anti-HLA class Il monoclonal antibody LGII-612.14 reacting with
formalin fixed tissues. J Immunol Methods. 1993;161:239-56.

Zj MKTK. C, S F. Characterization of syngeneic antiidiotypic monoclonal
antibodies to murine anti-human high molecular weight melanoma-asso-
ciated antigen monoclonal antibodies. Journal of immunology (Baltimore,
Md: 1950) [Internet]. 1989 [cited 2023 Mar 19];143. Available from: https://
pubmed.ncbi.nim.nih.gov/2584721/.

Hashemi M, Karami S, Sarabandi S, Moazeni-Roodi A, Matecki A, Ghavami S,
et al. Association between PD-1 and PD-L1 polymorphisms and the risk of

Cancer: a Meta-analysis of case-control studies. Cancers (Basel). 2019;11:1150.

Lee SY, Jung DK, Choi JE, Jin CC, Hong MJ, Do SK, et al. Functional polymor-
phisms in PD-L1 gene are associated with the prognosis of patients with
early stage non-small cell lung cancer. Gene. 2017,599:28-35.

Ma, Liu X, Zhu J, LiW, Guo L, Han X, et al. Polymorphisms of co-inhibitory
molecules (CTLA-4/PD-1/PD-L1) and the risk of non-small cell lung cancer in
a Chinese population. Int J Clin Exp Med. 2015;8:16585-91.

Puca AA, Lopardo V, Montella F, Di Pietro P, Cesselli D, Rolle IG, et al. The Lon-
gevity-Associated variant of BPIFB4 reduces senescence in Glioma cells and
in patients'lymphocytes favoring chemotherapy efficacy. Cells. 2022;11:294.
Nomizo T, Ozasa H, Tsuji T, Funazo T, Yasuda Y, Yoshida H, et al. Clinical impact
of single nucleotide polymorphism in PD-L1 on response to Nivolumab for
Advanced Non-small-cell Lung Cancer patients. Sci Rep. 2017,7:45124.

Pfaffl MW. A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res. 2001,29:e45.

ColangeloT, Carbone A, Mazzarelli F, Cuttano R, Dama E, Nittoli T, et al. Loss
of circadian gene timeless induces EMT and tumor progression in colorectal
cancer via Zeb1-dependent mechanism. Cell Death Differ. 2022,29:1552-68.
Vermes |, Haanen C, Steffens-Nakken H, Reutelingsperger C. A novel assay
for apoptosis. Flow cytometric detection of phosphatidylserine expression
on early apoptotic cells using fluorescein labelled annexin V. J Immunol
Methods. 1995;184:39-51.

Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, et al. Twelve
years of SAMtools and BCFtools. Gigascience. 2021;10:giab008.

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinformatics. 2009;25:1754-60.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Page 22 of 23

Koboldt DC, Zhang Q, Larson DE, Shen D, McLellan MD, Lin L, et al. VarScan 2:
somatic mutation and copy number alteration discovery in cancer by exome
sequencing. Genome Res. 2012,22:568-76.

Singh B, Nath SK. Identification of proteins interacting with single nucleo-
tide polymorphisms (SNPs) by DNA pull-down assay. Methods Mol Biol.
2019;1855:355-62.

DellAnnunziata F, llisso CP, Dell’Aversana C, Greco G, Coppola A, Martora F, et
al. Outer membrane vesicles derived from Klebsiella pneumoniae influence
the miRNA expression Profile in Human bronchial epithelial BEAS-2B cells.
Microorganisms. 2020;8:1985.

Gainor JF, Shaw AT, Sequist LV, Fu X, Azzoli CG, Piotrowska Z, et al. EGFR
mutations and ALK Rearrangements Are Associated with low response rates
to PD-1 pathway blockade in Non-small Cell Lung Cancer: a retrospective
analysis. Clin Cancer Res. 2016,22:4585-93.

Lee CK, Man J, Lord S, Cooper W, Links M, Gebski V, et al. Clinical and
molecular characteristics Associated with Survival among patients treated
with checkpoint inhibitors for Advanced Non-small Cell Lung Carcinoma: a
systematic review and Meta-analysis. JAMA Oncol. 2018;4:210-6.

Dong H, Strome SE, Salomao DR, Tamura H, Hirano F, Flies DB, et al. Tumor-
associated B7-H1 promotes T-cell apoptosis: a potential mechanism of
immune evasion. Nat Med. 2002;8:793-800.

Varinou L, Ramsauer K, Karaghiosoff M, Kolbe T, Pfeffer K, Muller M, et al. Phos-
phorylation of the Stat1 transactivation domain is required for full-fledged
IFN-gamma-dependent innate immunity. Immunity. 2003;19:793-802.
Sabbatino F, Liguori L, Pepe S, Ferrone S. Immune checkpoint inhibitors for
the treatment of melanoma. Expert Opin Biol Ther. 2022,22:563-76.

Ayers M, Lunceford J, Nebozhyn M, Murphy E, Loboda A, Kaufman DR, et al.
IFN-y-related mRNA profile predicts clinical response to PD-1 blockade. J Clin
Invest. 2017;127:2930-40.

Sabbatino F, Marra A, Liguori L, Scognamiglio G, Fusciello C, Botti G, et al.
Resistance to anti-PD-1-based immunotherapy in basal cell carcinoma: a case
report and review of the literature. J Immunother Cancer. 2018;6:126.

Minari R, Bonatti F, Mazzaschi G, Dodi A, Facchinetti F, Gelsomino F, et al.
PD-L1 SNPs as biomarkers to define benefit in patients with advanced NSCLC
treated with immune checkpoint inhibitors. Tumori. 2022;108:47-55.

Kang MK, Lee SY, Choi JE, Do SK, Cho M-J, Kim J-S, et al. Prognostic implica-
tion of PD-L1 polymorphisms in non-small cell lung cancer treated with
radiotherapy. Cancer Med. 2021;10:8071-8.

Zhao M, Zhang J, Chen S, Wang Y, Tian Q. Influence of programmed death
ligand-1-Gene polymorphism rs822336 on the prognosis and safety of
postoperative patients with NSCLC who received platinum-based adjuvant
chemotherapy. Cancer Manag Res. 2020;12:6755-66.

Yeo M-K, Choi S-Y, Seong I-O, Suh K-S, Kim JM, Kim K-H. Association of PD-L1
expression and PD-L1 gene polymorphism with poor prognosis in lung
adenocarcinoma and squamous cell carcinoma. Hum Pathol. 2017,68:103-11.
Grenda A, Krawczyk P, Kucharczyk T, Bfach J, Reszka K, Chmielewska |, et al.
Impact of copy number variant and single nucleotide polymorphism of the
programmed death-ligand 1 gene, programmed death-ligand 1 protein
expression and therapy regimens on overall survival in a large group of cau-
casian patients with non-small cell lung carcinoma. Oncol Lett. 2021;21:449.
Antonia SJ, Borghaei H, Ramalingam SS, Horn L, De Castro Carpefio J, Plu-
zanski A, et al. Four-year survival with nivolumab in patients with previously
treated advanced non-small-cell lung cancer: a pooled analysis. Lancet
Oncol. 2019;20:1395-408.

Borghaei H, Gettinger S, Vokes EE, Chow LQM, Burgio MA, de Castro Carpeno
J, et al. Five-year outcomes from the Randomized, phase Il trials CheckMate
017 and 057: Nivolumab Versus Docetaxel in previously treated non-small-
cell Lung Cancer. J Clin Oncol. 2021;39:723-33.

Mazieres J, Rittmeyer A, Gadgeel S, Hida T, Gandara DR, Cortinovis DL, et

al. Atezolizumab Versus Docetaxel in Pretreated patients with NSCLC: final
results from the Randomized phase 2 POPLAR and phase 3 OAK clinical trials.
JThorac Oncol. 2021;16:140-50.

Velez MA, Burns TF. Is the game over for PD-1 inhibitors in EGFR mutant non-
small cell lung cancer? Trans| Lung Cancer Res. 2019;8:5339-42.

Zhang N, Zeng Y, Du W, Zhu J, Shen D, Liu Z, et al. The EGFR pathway is
involved in the regulation of PD-L1 expression via the IL-6/JAK/STAT3
signaling pathway in EGFR-mutated non-small cell lung cancer. Int J Oncol.
2016;49:1360-8.

Akbay EA, Koyama S, Carretero J, Altabef A, Tchaicha JH, Christensen CL, et
al. Activation of the PD-1 pathway contributes to immune escape in EGFR-
driven lung tumors. Cancer Discov. 2013;3:1355-63.


https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#ctc_40.%20opens%20in%20new%20tab
https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#ctc_40.%20opens%20in%20new%20tab
https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#ctc_40.%20opens%20in%20new%20tab
https://pubmed.ncbi.nlm.nih.gov/2584721/
https://pubmed.ncbi.nlm.nih.gov/2584721/

Polcaro et al. Molecular Cancer

79.

80.

81.

82.

83.

(2024) 23:63

Chen N, Fang W, Zhan J, Hong S, Tang Y, Kang S, et al. Upregulation of PD-L1
by EGFR activation mediates the Immune escape in EGFR-Driven NSCLC:
implication for Optional Immune targeted therapy for NSCLC patients with
EGFR Mutation. J Thorac Oncol. 2015;10:910-23.

Azuma K, Ota K, Kawahara A, Hattori S, lwama E, Harada T, et al. Association of
PD-L1 overexpression with activating EGFR mutations in surgically resected
nonsmall-cell lung cancer. Ann Oncol. 2014;25:1935-40.

Kowenz-Leutz E, Twamley G, Ansieau S, Leutz A. Novel mechanism of C/EBP
beta (NF-M) transcriptional control: activation through derepression. Genes
Dev. 1994,8:2781-91.

Lee JH, Sung JY, Choi EK, Yoon H-K, Kang BR, Hong EK; et al. C/EBPB is a
Transcriptional Regulator of WeeT at the G¥M phase of the cell cycle. Cells.
2019;8:145.

Ag MFLH. S, M P. Nuclear factor one transcription factors as epigenetic regula-
tors in cancer. International journal of cancer [Internet]. 2017 [cited 2023 May
71;140. Available from: https://pubmed.ncbi.nim.nih.gov/28076901/.

84.

85.

86.

Page 23 of 23

Bettens F, Calderin Sollet Z, Buhler S, Villard J. CD8 +T-Cell repertoire in human
leukocyte Antigen Class I-Mismatched Alloreactive Immune Response. Front
Immunol. 2020;11:588741.

Lin A, Wei T, Meng H, Luo P, Zhang J. Role of the dynamic tumor microenvi-
ronment in controversies regarding immune checkpoint inhibitors for the
treatment of non-small cell lung cancer (NSCLC) with EGFR mutations. Mol
Cancer. 2019;18:139.

Allard D, Chrobak P, Allard B, Messaoudi N, Stagg J. Targeting the CD73-
adenosine axis in immuno-oncology. Immunol Lett. 2019;205:31-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://pubmed.ncbi.nlm.nih.gov/28076901/

	﻿rs822336 binding to C/EBPβ and NFIC modulates induction of PD-L1 expression and predicts anti-PD-1/PD-L1 therapy in advanced NSCLC
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Study population
	﻿Chemical reagents and antibodies
	﻿﻿PD-L1﻿ SNP genotyping
	﻿HLA class I typing
	﻿Cell cultures
	﻿Flow cytometry analysis
	﻿cDNA synthesis and quantitative real-time (RT)-PCR
	﻿Western blot analysis
	﻿Cell morphology and trypan blue exclusion test
	﻿Co-culture of NSCLC cell lines with HLA-matched PBMCs
	﻿Cytotoxicity assays
	﻿PBMC cytotoxicity assays
	﻿In silico analysis
	﻿DNA pull-down assay and proteomic analyses by LC-MS/MS
	﻿RNA interference transfection
	﻿Statistical analysis

	﻿Results
	﻿Clinical-pathological characteristics of NSCLC patients treated with ICIs
	﻿Genotyping and mapping of ﻿PD-L1﻿ SNPs in NSCLC patients treated with ICIs
	﻿Association between clinical-pathological characteristics and clinical outcomes in NSCLC patients treated with ICIs
	﻿Association between ﻿PD-L1﻿ SNPs and clinical-pathological characteristics or clinical outcomes in NSCLC patients treated with ICIs
	﻿Characterization of ﻿PD-L1﻿ SNPs in human NSCLC cell lines
	﻿Association of PD-L1 expression and rs822336 in human NSCLC cell lines
	﻿Modulation by rs822336 of the in vitro activity of anti-PD-1 nivolumab on NSCLC cells co-cultured with HLA class I antigen matched PBMCs
	﻿Identification of TFs binding to rs822336 based on its allele-specificity
	﻿Validation of C/EBPβ and NFIC binding to rs822336 based on its allele-specificity
	﻿Characterization of the mechanisms underlying differential induction of PD-L1 expression by C/EBPβ and NFIC based on rs822336 allele-specificity

	﻿Discussion
	﻿Conclusion
	﻿References


