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Abstract

Background Non-Small Cell Lung Cancer (NSCLC) is the leading cause of cancer death worldwide. Although
immune checkpoint inhibitors (ICls) have shown remarkable clinical efficacy, they can also induce a paradoxical can-
cer acceleration, known as hyperprogressive disease (HPD), whose causative mechanisms are still unclear.

Methods This study investigated the mechanisms of ICl resistance in an HPD-NSCLC model. Two primary cell cultures
were established from samples of a NSCLC patient, before ICl initiation (“baseline’, NSCLC-B) and during HPD (“hyper-
progression’, NSCLC-H). The cell lines were phenotypically and molecularly characterized through immunofluores-
cence, Western Blotting and RNA-Seq analysis. To assess cell plasticity and aggressiveness, cellular growth patterns
were evaluated both in vitro and in vivo through 2D and 3D cell growth assays and patient-derived xenografts
establishment. In vitro investigations, including the evaluation of cell sensitivity to interferon-gamma (IFN-y) and cell
response to PD-L1 modulation, were conducted to explore the influence of these factors on cell plasticity regulation.

Results NSCLC-H exhibited increased expression of specific CD44 isoforms and a more aggressive phenotype, includ-
ing organoid formation ability, compared to NSCLC-B. Plastic changes in NSCLC-H were well described by a deep
transcriptome shift, that also affected IFN-y-related genes, including PD-L1. IFN-y—-mediated cell growth inhibition
was compromised in both 2D-cultured NSCLC-B and NSCLC-H cells. Further, the cytokine induced a partial activa-

tion of both type I and type Il IFN-pathway mediators, together with a striking increase in NSCLC-B growth in 3D cell
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culture systems. Finally, low IFN-y doses and PD-LT modulation both promoted plastic changes in NSCLC-B, increasing

CD44 expression and its ability to produce spheres.

Conclusions Our findings identified plasticity as a relevant hallmark of ICl-mediated HPD by demonstrating that ICls
can modulate the IFN-y and PD-L1 pathways, driving tumor cell plasticity and fueling HPD development.

Keywords Non-Small Cell Lung Cancer, Immune checkpoint inhibitors, Tumor plasticity, Hyperprogressive disease,

IFN-y, PD-L1

Introduction
Lung cancer is the leading cause of cancer-related death
worldwide [1]. Non-Small Cell Lung Cancer (NSCLC)
represents the most common histological subtype,
accounting for approximately 85% of all lung cancer diag-
noses [1]. The presence of nonspecific clinical symptoms
and the paucity of effective screening programs lead to
delayed NSCLC diagnosis and reduced survival rates for
these patients [1]. The clinical management of NSCLC
appears even more difficult if we consider that only about
one third of cases harbor a druggable driver alteration
[2]. The approval in clinical practice of monoclonal anti-
bodies targeting immune checkpoint molecules, includ-
ing PD-1 (Programmed Cell Death Protein-1) and PD-L1
(Programmed Cell Death Ligand 1), able to restore anti-
tumor immunity, led to a paradigm shift in the treat-
ment of non-oncogene-addicted advanced NSCLC [3].
Immune checkpoint inhibitors (ICIs) have indeed dem-
onstrated unprecedented durable responses and sig-
nificant improvement in patients’ survival in a variety
of tumor types, becoming the standard of care for the
treatment of several malignancies, including NSCLC [4].
Nevertheless, despite the impressive breakthrough pro-
vided by ICIs, only 20—-30% of NSCLC patients derive a
long-term survival benefit from these drugs due to the
development of both primary and acquired resistance [5].
In addition, the success of ICI therapy is hindered by the
development of atypical patterns of tumor response of
which hyperprogressive disease (HPD) is the most con-
troversial and detrimental one [6]. The phenomenon of
hyperprogression was first assessed in retrospective stud-
ies involving patients affected by different tumor types,
who showed a paradoxical acceleration of tumor growth,
reduced survival and early fatality under ICI therapy [6,
7]. Evidence suggests an incidence rate of HPD in NSCLC
ranging between 8 and 21% [7]. Even though several fac-
tors associated with hyperprogression have been pointed
out [8-10], effective predictive biomarkers of HPD
occurrence are not yet available and whether the mecha-
nisms regulating this phenomenon are tumor-dependent
or not has to be still clarified [7].

In this paper, we investigated the roles of interferon-
gamma (IFN-y) signaling pathway and PD-L1 modula-
tion in the development of HPD in advanced NSCLC

undergoing ICI therapy. For this purpose, we established
two NSCLC cell lines from tumor biopsies of an HPD
patient, obtained before treatment initiation (NSCLC-B
cell line) and at the time of evidence of hyperprogressive
disease (NSCLC-H cell line). The two cell models showed
deep phenotypic differences, evidencing how plastic-
ity drove tumor evolution from NSCLC-B to the more
aggressive NSCLC-H model. Additionally, we proved the
involvement of IFN-y and PD-L1 in the modulation of
tumor plasticity, suggesting a possible, intriguing tumor-
dependent mechanism of survival and “self-empower-
ment” in tumors of HPD patients undergoing ICI therapy.

Materials and methods

Clinical setting and human cell lines

A 64-year-old, former light smoker (10 pack/year) woman
was diagnosed with stage IVA NSCLC. At the time of
hyperprogression under pembrolizumab (Keytruda,
Merck) treatment, the tumor was classified as a poorly
differentiated, stage IVB NSCLC. Tumor samples were
collected before and after treatment initiation, at three
different time points. Two samples were obtained before
treatment: one sample at the diagnosis (time of diagnosis,
Tdx) and the other one a month after the diagnosis (time
of baseline, Tb). The third sample was obtained three
months after treatment initiation, at the time of radio-
logical evidence of HPD (time of hyperprogression, Thy).

NSCLC-B cell line (B: “baseline”) was derived from the
pleural effusion of the treatment-naive patient at the Tb
point, while NSCLC-H cell line (H: “hyperprogression”)
was established from a subcutaneous thoracic tumor
biopsy collected at the Thy point.

NSCLC-B primary cell culture was established after
centrifugation of the pleural effusion of the patient, as
previously described [11], while NSCLC-H primary cell
culture was derived as follows: tumor biopsy was dis-
sected with a sterile surgical scalpel. The obtained frag-
ments were then placed into a 25 cm? PRIMARIA tissue
culture flask (Corning Life Science, Tewksbury, MA,
USA).

NSCLC-H2 and NSCLC-H3 cell lines were derived
from tumor biopsies of two additional patients with stage
IV NSCLC, who developed HPD after receiving immu-
notherapy or chemo-immunotherapy, respectively. The
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cell lines were established following the same protocol
used for the NSCLC-H cell line.

The two clinical cases in which we evaluated the
expression of CD44 in tumor biopsies taken at base-
line (T0) and at the time of the development of ICI
resistance (T1), involve two patients with stage IV
NSCLC who developed resistance to ICIs following
chemo-immunotherapy.

All the cell lines were established and cultured in RPMI
medium (Thermo Fisher Scientific, Monza, Italy) supple-
mented with 10% fetal bovine serum (FBS, Thermo Fisher
Scientific), 100 U/mL penicillin and 10 pug/mL strepto-
mycin (Thermo Fisher Scientific). Cells were cultured at
37°C in a humidified 5% CO, atmosphere and were split
once or twice a week according to density.

Murine cell line

The BoLC.8M3 lung adenocarcinoma cell line was
derived from the spontaneous lung tumor of a BALB/c
transgenic mouse model in our laboratory. This trans-
genic model harbored the oncogenic KRASS?P mutation
and a heterozygous knockout of the p53 gene.

The cell line was established and cultured in DMEM
medium (Thermo Fisher Scientific, Monza, Italy) sup-
plemented with 20% FBS, 100 U/mL penicillin and 10 pg/
mL streptomycin (Thermo Fisher Scientific). Cells were
cultured at 37°C in a humidified 5% CO, atmosphere and
were split once or twice a week according to density.

In vivo treatment with anti-PD-L1 monoclonal antibody
The experiments involving BoLC.8M3 cells were con-
ducted in immunocompetent, 7-8-week-old male
syngeneic BALB/c mice. The mice were randomized
into an untreated group and a group treated with anti—
PD-L1 antibody atezolizumab (Tecentriq, Genentech).
BoLC.8M3 cells were subcutaneously (s.c.) injected at
the dose of 10° cells in a hind leg (n=15 for each group).
Starting from one day after cell injection, treated mice
received intraperitoneal (i.p.) administrations of atezoli-
zumab 10 mg/Kg bi-weekly, every 3 or 4 days, for the
entire duration of the experiment. The control group
received no treatment. Animals were checked weekly,
and tumors were measured with calipers. Tumor volume
was calculated as described previously and mice were
sacrificed as described in the previous section.

All animal procedures were performed in accordance
with European directive 2010/63/UE and Italian Law
(No. DL26/2014). Experimental protocols were reviewed
and approved by the institutional animal care and use
committee of the University of Bologna and by the Italian
Ministry of Health with letter 32/2020-PR.
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Immunohistochemical and molecular analyses on tumor
specimens

From formalin-fixed paraffin-embedded (FFPE) tumor
blocks collected at different time points (Tdx, Tb and
Thy), 3 um-thick sections were cut. Hematoxylin and
eosin (H&E) staining was performed on the FFPE sec-
tions and the immunohistochemistry studies were con-
ducted with the automatic immunohistochemistry
stainer of the instrument, Benchmark Ultra (Ventana/
Roche Group Tucson, AZ, USA). The following pre-
diluted antibodies were used: PD-L1 TPS (clone SP263,
Ventana/Roche), TTF-1 (clone 8G7G3/1, Ventana/
Roche) and Ber-EP4 (clone BER-EP4, Ventana/Roche).
Immunostaining for CD44 was performed by using a
polyclonal antibody (ab157107, AbCam plc, Cambridge,
UK) at dilution 1:1200 and was conducted with antigen
retrieval Cell Conditioning 1 for 40 min at 99°C. The rev-
elation system used is OptiView DAB (12 min linker and
12 min HRP multimer) (Ventana/Roche).

The mutational profile of the sample obtained at the
Tdx point was investigated by using the Oncomine
Focus Assay (Thermo Fisher Scientific), able to identify
35 hotspot genes, including KRAS. Sequencing was per-
formed by using the Ion GeneStudio S5 (Thermo Fisher
Scientific).

Whole transcriptome sequencing of NSCLC-B and NSCLC-H
cell lines

Total RNA was extracted from three different in vitro
passages (between 16th and 31st) of NSCLC-B and
NSCLC-H two-dimensional (2D)-cultured cells using
the GenUP Total RNA Kit (Biotechrabbit GmbH, Berlin,
Germany), according to the manufacturer’s instructions.
RNA integrity was assessed by electrophoretic analy-
sis on a 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA) loaded with an RNA 6000 Nano Chip.
All samples showed an RNA integrity number (RIN) > 8.
RNA concentration was measured by a Qubit 4 fluorom-
eter with a Qubit RNA BR Assay and RNA purity was
assessed with a NanoDrop 8000 Spectrometer (Thermo
Fisher Scientific). Total RNA libraries were prepared by
IIGM-Italian Institute for Genomic Medicine (Turin,
Italy) with the Illumina Stranded Total RNA Prep with
Ribo-Zero Plus kit (Illumina Inc., San Diego, CA, USA),
according to manufacturer’s instructions without proto-
col modifications.

Quality of reads was assessed using the FastQC soft-
ware [12]. STAR aligner (v2.7.9a) was used to identify
differentially expressed isoforms, while gene and iso-
form expression quantification has been performed using
RSEM (v1.3.1) [13] and Salmon (v0.13.1), respectively,
based on the Homo sapiens Ensembl v.110 annotation.
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Gene Ontology (GO) enrichment analysis of differen-
tially expressed genes (DEGs) with p-adj<0.01 and Log2
fold change (Log2FC)>1 and<— 1 has been performed
using ClusterProfiler (v4.6.2) [14].

For single nucleotide variants (SNV) calling, fil-
tered reads were aligned to the Homo sapiens reference
genome (GENCODE release 36) using STAR v2.7.8a in
two-pass mode.

For more details, refer to the additional supporting
information (Additional file 1).

CRISPR/Cas9 genome editing

The silencing of PD-L1 in NSCLC-B cells was performed
by using PD-L1 (CD274) Human Gene non-homology
mediated CRISPR knock-out kit (KN413071; Origene,
Rockville, MD, USA), according to the manufacturer’s
instructions. The kit contained two RNA guides and a
linear donor DNA including genes for puromycin resist-
ance and green fluorescence protein (GFP). TransIT-
X2® Dynamic Delivery System MIR 6004 (Mirus Bio,
Madison, WI, USA) was used for transfection. Cells
were selected and maintained in 1 pg/mL puromycin
(Thermo Fisher Scientific), obtaining the two cell line
clones NSCLC-B CL1 and NSCLC-B CL2, derived from
NSCLC-B cells transfected with guide 1 and guide 2,
respectively. The expression levels of PD-L1 and CD44 on
the clones were measured by flow cytometry.

2D-growth and clonogenic assay

Cells were seeded in a 24-well plate at 0.2x 10° cells/well
in RPMI+10% FBS (for NSCLC-B and NSCLC-H cells)
or RPMI+10% FBS+1 pg/mL puromycin (for NSCLC-B
CL1 and NSCLC-B CL2 cells) for cell growth evaluation.
The clonogenic assay was performed by seeding 400, 800
or 1600 cells/well in 6-well plates. After 7 days, cultures
were fixed in 96% ethanol and stained with 0.05% crystal
violet. Colonies, i.e. groups with more than 10 cells, were
counted under an inverted microscope.

To assess cell sensitivity to IFN-y and PD-L1 inhibition,
NSCLC-B and NSCLC-H cells were seeded at 0.5x 10°
cells/25 cm? cell culture flasks in RPMI+ 10% FBS. After
24 h, cells were treated with recombinant human IFN-y
(kindly provided by G. Garotta, F. Hoffmann-La Roche &
Co., Basel, Switzerland) or anti-PD-L1 monoclonal anti-
body (mAb) atezolizumab (Tecentriq, Genentech), whose
final concentrations are reported in figures or in figure
legends. Cell growth and immunological modulation of
MHC class I complex, PD-L1 and CD44 were assessed
72 h later by vital counting and cytofluorimetric analysis.

Soft-agar colony formation assay
For three-dimensional (3D)-soft-agar clonogenicity
evaluation, NSCLC-B and NSCLC-H cells were seeded
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at 200 cells/well in 24-well plates in semisolid medium
consisting of RPMI+10% FBS+0.33% agar (Sea-Plaque
Agarose, Lonza, Switzerland), with a 0.5% agarose under-
lay. For the assessment of cell line sensitivity to IFN-y
treatment or PD-L1 modulation in 3D culture condi-
tions, NSCLC-B cells were seeded at 0.2x10* cells/
well in 24-well plates in semisolid medium consisting of
RPMI+10% FBS+0.33% agar, containing recombinant
human IFN-y, atezolizumab or only medium, with a 0.5%
agarose underlay.

For the assessment of BoLC.8M3 sensitivity to IFN-y
treatment in 3D culture conditions, cells were seeded at
10 000 cells/well in 24-well plates in semisolid medium
consisting of DMEM +20% FBS+0.33% agar, containing
recombinant mouse IFN-y (kindly provided by Dr. G.R.
Adolf, Ernst-Boehringer Institute, Vienna, Austria), or
only medium, with a 0.5% agarose underlay.

Colonies (diameter >90 um) were counted 2—-3 weeks
later under an inverted microscope in dark-field, as previ-
ously described [15]. NSCLC-B soft-agar colonies, grown
in the presence of the previously described treatments or
medium alone, were picked-up through a sterile pipette
tip and subcultured in the same adherent conditions
described for NSCLC-B and NSCLC-H cell lines. The
derived cell lines were renamed as “bulk agar” cell lines,
followed by the specific treatment that cells had received
in soft-agar.

Sphere-forming assay

For the assessment of NSCLC-B and NSCLC-H sphere
formation ability, cells were seeded at 0.1x10° cells in
4 mL of complete MammoCult medium (STEMCELL
Technologies, Vancouver, Canada) without serum in
6-well Ultra-Low adherence plates (Corning Life Sci-
ences), according to the MammoCult Human Medium
Kit protocol. For the assessment of cell line sensitivity to
IFN-y treatment and PD-L1 modulation in sphere-for-
mation assay, NSCLC-B cells were seeded at 500, 5 000
or 10 000 cells in 4 mL complete MammoCult medium.
Recombinant human IFN-y or atezolizumab were added
to the medium at the concentrations reported in figures
or in figure legends. Cells were incubated at 37°C in a
humidified 5% CO, atmosphere for a week. Spheres, i.e.
multi-cell structures with a diameter larger than 90 pm,
were counted one week after seeding under an inverted
microscope in dark field [11].

Establishment of organoids (tumoroids)

Approximately 0.3x10° cells were resuspended in
Geltrex LDEV-Free Reduced Growth Factor (RGF)
Basement Membrane Extract (BME) (Thermo Fisher Sci-
entific), seeded in low adhesion 48-well plates (Greiner
Bio-One, Kremsmiinster, Austria), and, after domes
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polymerization, an expansion medium was added. For
the composition of the expansion medium, refer to the
additional supporting information (Additional file 1).
Organoids were disaggregated by gentle pipetting and
incubation in cold PBS for 1 h on ice, every 14 days.

Immunofluorescence of organoids

NSCLC-H organoids were stained for Ki-67 and CD44.
The organoids were gently removed from their matrix
by incubation in cold PBS for 1 h and then fixed in cold
4% paraformaldehyde for 40 min at 4°C. Subsequently,
cell structures were resuspended in PBS containing 0.1%
Tween20 (Applichem, Darmstadt, Germany) for 10 min
at 4°C and blocked for 1 h at room temperature in PBS
containing 0.1% Triton X-100 and 2% bovine serum albu-
min (BSA) solution to minimize background non-specific
staining. Then, the primary antibodies CD44 (clone IM?7,
1:250, BioLegend, San Diego, CA, USA) and Ki-67 (clone
SP6, 1:250, Thermo Fisher Scientific) diluted in PBS con-
taining 0.1% Triton X-100 and 0.5% BSA were incubated
overnight at 4°C on a shaker. After washing, 1 h incuba-
tion with the secondary antibodies (1:500, Thermo Fisher
Scientific) goat anti-rat IgGAF555 (for CD44 staining)
and goat anti-rabbit AF647 (for Ki-67 staining) was per-
formed. Hoechst 33342 (1:8000, Thermo Fisher Scien-
tific) was incubated for 20 min at room temperature in
a dark room to counterstain nuclei. Confocal images
were captured on a Leica SP8 inverted confocal micro-
scope. To quantify the levels of CD44 and Ki-67 proteins,
Image]/FIJI software was used. A total of 4-5 random
images for each organoid structure were used for the
quantification and the calculation of the mean and stand-
ard error of the mean (SEM).

Cytofluorimetric analysis

Harvested cells were analyzed by immunofluorescence
and cytofluorimetric analysis, as previously described
[15]. The following antibodies were used for direct and
indirect immunofluorescence: anti-human PD-L1 (5 pg/
mL, atezolizumab, Tecentriq, Roche or Selleck Chemi-
cals, Houston, TX, USA), anti-human MHC class I (clone
W6/32, 1:80, Sera-Lab), anti-mouse CD44PE or BV711
(clone IM7, 1:10, BioLegend), goat anti-human IgG sec-
ondary antibody FITC or AF674 (1:20, Thermo Fisher
Scientific) and anti-mouse IgGAF488 (1:100, Thermo
Fisher Scientific). Cell cycle analysis was performed by
using the Phase-FlowT Alexa Fluor 647 BrdU Kit (Bio-
Legend), according to the manufacturer’s instructions,
only performing the staining with 7-Aminoactinomycin
D. Data were acquired by using CyFlow Space (Sysmex
Partec, Gorlitz, Germany) and BD FACS Lyric cytometer
and analyzed by using FCS Express (De Novo Software,
Glendale, CA, USA).
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Western blot analysis

Protein extraction, quantification and Western blotting
were performed as previously reported [16]. The effect
of IFN-y (Proteintech, Rosemont, IL, USA) or anti-PD-
L1 mADb (atezolizumab, Selleck Chemicals) on NSCLC-B
cells was evaluated after exposing cells to the treatment
for 6 h. An untreated sample ran in parallel as a control. A
sample of untreated NSCLC-H cells was also included in
the analysis. The list of primary and secondary antibodies
used for Western blot analyses is reported in Additional
file 2: Table S1. Proteins were detected by the digital
imaging system Azure C600 (Azure Biosystems, Dublin,
CA, USA) and quantified through densitometric analysis
of bands by Azure Spot software (Azure Biosystems).

Statistical analysis
Experimental in vitro conditions analyzed with statistical
measures were repeated two times, at least. The number
of samples and replicates is reported in figure legends.
The two-tailed unpaired Student’s ¢-test or One sample
t test were performed according to assumptions of the
tests and to the variance between the compared groups.
For One sample t test, the mean of each analyzed group
was compared to the hypothetical mean of 100. The sig-
nificance of differences between in vivo growth curves
was assessed by using the analysis of variance (ANOVA)
and the post-hoc Bonferroni’s multiple comparison tests,
according to assumptions of the tests and the variance
between the compared groups. Statistical analyses were
performed with Prism 10 software (GraphPad software,
LaJolla, CA, USA).

For additional details about Materials and Methods,
refer to the additional supporting information described
in Additional file 1.

Results

Patient clinical history and molecular data

A 64-year-old, former light smoker (10 pack/year)
woman was diagnosed with stage IVA adenocarcinoma
of the lung (pleura and pericardium). Tumor cells derived
from pleural effusion at the time of diagnosis (Tdx) were
positive for PD-L1 (tumor proportion score, TPS: 70%)
and CD44 (31% of tumor cells were 2+ positive) (Fig. 1A).
KRASS™?Y mutation was detected from the tumor sam-
ple obtained at Tdx through next generation sequenc-
ing (NGS) analysis. A second sample collected before
treatment (baseline, Tb), consisting of pleural effusion
and parietal pleura, was analyzed. On this second sam-
pling obtained at the Tb point, CD44 expression was
not identified in tumor cells but only in stromal com-
ponents, while PD-L1 TPS staining was confirmed to be
70% (Fig. 1A). Additionally, tumor cells at both Tdx and
Tb points were positive for TTF-1 and Ber-EP4 (data not
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Fig. 1 Clinical features of patient’s tumor before and after ICl treatment. Time points: Tdx, time of the diagnosis; Tb, time of baseline; Thy, time

of hyperprogression. A Hematoxylin and eosin staining (H&E) and CD44 and PD-L1 immunohistochemical staining of tumor samples. Tdx: pleural
effusion; Tb: pleural biopsy; Thy: subcutaneous lesion. Left: H&E, black line from top to bottom: 313.30 um, 204.97 um and 92.60 um; middle:
membrane CD44 expression on neoplastic cells, black line from top to bottom: 313.30 um, 120.01 um, 80.01 um; right: PD-L1 expression on tumor
cells by double stain for PDLT and CD68 (PD-L1: brown, CD68: red), black line from top to bottom: 139.24 pm, 300 um and 61.73 pm. B Imaging
findings at the time of diagnosis (Tdx) (i.—iv.) and of progression to immunotherapy (Thy) (v.—viii.). Small right paratracheal lymph node (i.)
progressed on immunotherapy (v., red arrow). Left pleural effusion (ii.) and left pleurodesis signs associated with the appearance of subcutaneous
metastatic site (vi., red arrow). Left pleural effusion (iii.) and left pleurodesis signs associated with the appearance of a metastatic site at the left
thoracic wall (vii., red arrow). Small right paraortic lymph node (iv.) progressed on immunotherapy (viii., red arrow). ICl: immune checkpoint

inhibitors

shown). A first-line treatment with pembrolizumab was
administered for 5 cycles. Radiological tumor assessment
through computed tomography scans showed evidence of
HPD, with metastatic tumor dissemination in soft tissue
and thoracic wall other than in abdominal and thoracic
lymph nodes (Fig. 1B). At this time, tumor cells collected

from a new subcutaneous biopsy (hyperprogression, Thy)
maintained the expression of TTF-1 and Ber-EP4 (data
not shown), together with PD-L1 (TPS: 65%) and CD44
(58% of tumor cells were 2+ positive) (Fig. 1A). Second-
line treatment consisting of pembrolizumab, carboplatin
and pemetrexed was administered, without any clinical
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improvement. A third-line treatment with docetaxel was
initiated without any clinical benefit and the patient died
of further progressive tumor disease.

Establishment and characterization of NSCLC-B

and NSCLC-H cell lines

To investigate the behavior of cancer cells at the time of
baseline and at the time of hyperprogression, two pri-
mary cell cultures were established from tumor samples,
obtained before ICI-based treatment initiation at the Tb
point (NSCLC-B cell line) and at the time of radiologi-
cal evidence of HPD under ICI treatment, i.e. Thy point
(NSCLC-H cell line). KRAS®?Y mutation, previously
identified in the tumor at the Tdx point, was also identi-
fied in both cell lines (Additional file 3: Table S2).

In adherent culture conditions, cell lines showed differ-
ent morphology and behavior: while NSCLC-B formed a
compact homogeneous monolayer of cells with polygo-
nal morphology, NSCLC-H showed a less organized,
stratified layer of cells (Fig. 2A). In addition, NSCLC-H
cells showed the ability to generate organoids which,
on the contrary, was not observed in NSCLC-B cell line
(Fig. 2A). Of note, organoids were positive for CD44 and
Ki-67 expression (Fig. 2B).

The behavior of NSCLC-B and NSCLC-H cell lines
was further evaluated for comparison, both in vitro
and in vivo. In general, NSCLC-H cells exhibited a sig-
nificantly higher 2D and 3D-soft-agar clonogenicity
and sphere-forming ability compared to NSCLC-B cells
(Table 1). Furthermore, the NSCLC-H cell line was char-
acterized by faster 2D-growth capacity, showing a signif-
icant decrease of cells in the G1 phase of the cell cycle
compared to NSCLC-B cells (Table 1). Finally, patient-
derived xenografts (PDX) derived from the tumor biopsy
at the Thy point (NSCLC-H tumor) showed a faster
growth compared to the PDX established from the tumor
sample at the Tb point (NSCLC-B tumor) (Table 1).

Transcriptome analysis showed profound differences
between NSCLC-H and NSCLC-B cells (PC1: 96% vari-
ance, Additional file 5: Figure S1A), evidencing 3525
genes differentially expressed between the two cell lines
(p-adj<0.01 and Log2FC>1 or<—1), of which 1732 up-
regulated and 1793 down-regulated in NSCLC-H cell line
as compared to NSCLC-B (Fig. 2C). According to over
representation analysis, up-regulated genes were involved
in a plethora of biological processes (GO terms BP). Spe-
cifically, the top-20 GO terms BP evidenced enrichment
in pathways of different cell types/tissues, including neu-
ral, epithelial, bone, muscle and connective tissues, sug-
gesting a less differentiated status of NSCLC-H tumor
cells compared to the NSCLC-B ones (Additional file 5:
Figure S1B-i). On the other hand, down-regulated
genes in NSCLC-H cell line were associated with the
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differentiative status of epithelial cells, supporting evi-
dence of a partial epithelial-to-mesenchymal transi-
tion (EMT) in NSCLC-H cells (Additional file 5: Figure
S1B-ii.). Up-regulated genes were enriched in molecu-
lar functions (GO terms MF), including channel activity
and ion transportation, insulin-like growth factor bind-
ing and, in general, growth factors activity, carbohydrate
and glycosaminoglycan binding (Additional file 5: Figure
S1B-iii.). Down-regulated genes were enriched in molec-
ular functions associated with cell—cell interactions and
cytoskeletal binding, including actin filaments, laminin
binding and DNA binding (Additional file 5: Figure S1B-
iv.). GSEA analysis revealed clusters of genes, mainly up-
regulated in the NSCLC-H cell line, involved in plasticity,
tumor invasiveness and cell cycle (Fig. 2D).

In summary, phenotypical and functional characteri-
zation of our cell lines revealed more aggressive traits in
the NSCLC-H model, compared to NSCLC-B. Transcrip-
tome analysis of the cell lines also revealed a markedly
different gene expression profile between the cell lines,
evidencing the modulation of genes able to induce plas-
ticity traits in the NSCLC-H cell model.

CD44 and CD44 isoforms

Among the differentially expressed genes, we focused our
attention on CD44, a transmembrane glycoprotein with
pleiotropic functions, which has been implicated in can-
cer progression, invasiveness, and plasticity [17]. Notably,
CD44 was more expressed by NSCLC-H cells compared
to NSCLC-B cells (Log2FC: 2.882, p-adj: 6.20E-49)
(Fig. 2E and Additional file 6: Figure S2A). Moreover, the
protein expression profile assessment of two additional
NSCLC patient-derived cell lines, established from two
ICI-treated patients at the time of HPD development
(NSCLC-H2 and NSCLC-H3), also revealed elevated
CD44 expression, consistent with the findings observed
in the NSCLC-H cell line (Additional file 7: Figure S3A).
In line with these observations, the assessment of CD44
expression changes in tumor samples from two further
immunotherapy-resistant patients across the time points
TO (baseline) and T1 (resistance onset), also highlighted
an evident increase in CD44 expression at T1 in both the
clinical cases (percentage of CD44-positive tumor cells,
case 1, TO: 38%, T1: 63%; case 2, T0: 13%, T1: 28%) (Addi-
tional file 7: Figure S3B).

These findings led us to hypothesize an association
between CD44 expression and the development of resist-
ance to immunotherapy, prompting us to further investi-
gate CD44 in the context of ICI resistance.

Since, together with the standard isoform of CD44
(CD44s), multiple isoforms of CD44 have been reported
in both normal and malignant cells [18], we specifically
investigated the transcriptional profile of both the cell
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Fig. 2 Phenotypical, functional and transcriptomic characterization of NSCLC—B and NSCLC-H cell lines. A Morphology of NSCLC-B and NSCLC-H
cells cultured under 2D conditions (up), or in matrigel with appropriate organoid medium (down), observed through an inverted microscope.
White line corresponds to 100 um. B Representative confocal images of NSCLC-H cell line-derived organoids stained for CD44 (yellow)

and the nuclear antigen Ki-67 (red) proteins. Nuclei were counterstained with Hoechst 33342 (blue). Scale bar: 20 um. Leica TCS SP8 Microscope,
HC PL APO CS2 40x/1.30 OIL optical zoom 2.5x (left) or 2x (right) were used. Pixel-based quantification of CD44 and Ki-67 intensity in NSCLC-H cell
line-derived organoids: left, CD44: 51.43 +4.37 pixels, Ki-67: 13.77 £ 2.09 pixels; right, CD44: 21.24 +3.79 pixels, Ki-67: 9.00+ 1.73 pixels. C Heatmap
showing the z-score of normalized expression values (RLOG) of differentially expressed genes (DEG, p-adj<0.01 and Log2FC>1 or<— 1) in NSCLC-H
vs NSCLC-B cells. D GSEA enrichment plots of curated lists related to plasticity, cell cycle and invasiveness. E Left: normalized expression (RLOG)

of the CD44 gene, as identified by RNAseq analysis; right: CD44 protein expression quantified by flow-cytometry (NSCLC-B, grey: unstained control,
black: stained sample; NSCLC-H, orange: unstained control, red: stained sample). F Normalized expression (RLOG) of CD44 transcript isoforms,

as identified by RNAseq analysis. Log2FC and p-adj of each transcript isoform in NSCLC-H vs NSCLC-B are reported in Additional file 4: Table S3. 2D:
two-dimensional



Angelicola et al. Journal of Translational Medicine (2025) 23:2

Table 1 Growth-related features of NSCLC-B and NSCLC-H cell
lines or tumors

NSCLC-B NSCLC-H p-value
2D-growth 292+0.04 4.01+0.16 <0.01
(cell population dou-
blings-168 h)
2D-clonogenicity 1+1% 29+1% <0.001
(%)
3D-soft-agar clonogenicity 0.15+0.05% 18.15+0.50% <0.001
(%)

Sphere formation ability 5112 82+5 <0.05
(number of spheres)

Cells in the G1 phase of the cell 63+3% 47 +2% <0.01
cycle

(%)

PDX tumor growth rate 1430£0.154 0.562+0.104 <0.05

(doubling time-weeks)

Statistical analysis: Student’s t-test (n =2-3)

lines for CD44 variants, evidencing a different pattern of
CD44 transcript expression between the cell line models.
CD44 transcript isoforms showed differential abundance
in NSCLC-H vs NSCLC-B cell line (Fig. 2F, Additional
file 8: Figure S4A) and their level of expression ranged
from low (Transcripts Per Kilobase Million, TPM<3)
to high (TPM>10) levels (Additional file 4: Table S3).
NSCLC-H cell line mainly showed increased levels of the
short transcript isoforms CD44-201 (CD44s), CD44-205,
CD44-209, CD44-222 and CD44-230 (Fig. 2F). Other
transcript isoforms more abundant in NSCLC-H cells
compared to NSCLC-B cells included CD44-204, CD44-
211, CD44-220 and CD44-224. In addition, NSCLC-H
cell line also showed increased levels of two transcripts
with a premature translation termination codon (CD44-
207 and CD44-210) and three transcripts unable to be
translated due to intron retaining (CD44-215, CD44-
225 and CD44-232), compared to NSCLC-B cell line
(Fig. 2F). Interestingly, although total CD44 transmem-
brane protein was more highly expressed in NSCLC-H
cells compared to NSCLC-B cells, longer transcripts of
the protein, such as CD44-206 (CD44v6) and CD44-208
(CD44v2-v10), were more abundant in NSCLC-B cell line
than NSCLC-H (Fig. 2F). As a complementary approach,
we also performed differential exon usage analysis, which
confirmed the higher usage of exons belonging to the
short isoforms (e2, e5-e6, €20-e23 and e25) in NSCLC-H
cells as compared to NSCLC-B cells, which, in contrast,
utilized more e7-€9 and el11-e19 exons, which are present
in the long CD44 isoforms (Additional file 8: Figure S4B).

Collectively, our data heavily suggest an associa-
tion between CD44 expression and resistance to ICls.
Moreover, transcriptomic data also evidenced a differ-
ent expression pattern of CD44 transcripts between
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NSCLC-B and NSCLC-H cell lines, highlighting an
association between the short CD44 isoforms and
immunotherapy resistance.

Cellular response to immune components

The tumor microenvironment (TME) plays a relevant
role in the therapeutic response to ICIs. Thus, we indi-
rectly evaluated the interaction of cancer cells with
immune components of the TME by analyzing the activa-
tion of immune-related pathways and the expression of
molecules involved in ICI response.

PD-L1 is a transmembrane glycoprotein involved in
immune response inhibition and tumor immune eva-
sion, representing one of the most common targets for
immune checkpoint blockers [3] The evaluation of key
proteins involved in tumor-immune interactions evi-
denced a down-modulation of PD-L1 expression in
NSCLC-H cell line compared to NSCLC-B (Fig. 3A,
Additional file 6: Figure S2B). Moreover, GSEA analy-
sis showed that the “inflammatory response” Hallmark
gene set was significantly up-regulated in the NSCLC-H
model, compared to the NSCLC-B one (Fig. 3B). Fur-
thermore, a subgroup of enriched score genes associated
to GSEA analysis and related to the cellular response to
IEN-y and interferon-alpha (IFN-a) was down-regulated
in NSCLC-H cells compared to NSCLC-B cells (Fig. 3C).
On the contrary, genes associated with interferon-beta
(IEN-B) cellular responses were up-regulated in NSCLC-
H cells, together with genes involved in IL-6/JAK/STAT3
signaling (Fig. 3C, Additional file 5: Figure S1C).

Additionally, two molecules that have been associated
with reduced T cell responsiveness, namely NDRG1 and
ADORALI [19, 20], resulted to be significantly overex-
pressed by the NSCLC-H cell line, compared to NSCLC-
B cells (Additional file 5: Figure S1D).

Investigating the activation of molecular pathways
associated with response to inflammatory stimuli and
cell proliferation, we observed an increased activation
of STAT1, JAK2 and IRF3 in NSCLC-H compared to
NSCLC-B cells, while, on the contrary, a reduced tyrosine
phosphorylation of STAT3 was observed in NSCLC-H
cell line (Fig. 3D, Additional file 9: Figure S5). Interest-
ingly, the ERK/MAPK pathway was more activated in the
hyperprogressive cell line compared to the baseline one
(Fig. 3D, Additional file 9: Figure S5). Moreover, IENGR1
resulted to be overexpressed in the NSCLC-H cell line
compared to the NSCLC-B one (Fig. 3D). Of note, vari-
ant calling from RNAseq data revealed the presence of
38 genes with pathogenic or predicted pathogenic single
nucleotide variants (SNV) shared by both NSCLC-B and
NSCLC-H cells (Additional file 3: Table S2). These SNV
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affected TP53 and JAK2 genes, known to be involved in  signaling and cell growth as compared to NSCLC-B cells,

the mechanisms of ICI resistance.

together with up-regulation of genes involved in the inhi-

In summary, NSCLC-H cell line showed increased bition of T-cell-mediated immune response.

activation of pathways related to inflammation, IFN-
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In vitro response of NSCLC-B and NSCLC-H cell lines

to IFN-y

The mechanism of action of ICIs is based on the
enhancement of T-cell activation and reversal of T-cell
exhaustion through the targeting of immune check-
points. IEN-y, which exerts antiproliferative, cytostatic,
pro-apoptotic and immunogenic effects on tumor cells,
is believed to mediate the antitumor effect of cytotoxic
T-cell populations, restored by ICI therapy [21]. Thus,
we evaluated the effect of IFN-y on NSCLC-B cells
in vitro, mimicking the interaction between the base-
line tumor cells and the anti-tumor cytokine released
by reactivated cytotoxic T cells occurred in the patient
at the moment of ICI treatment initiation. In adherent
culture conditions, NSCLC-B cells were resistant to the
antiproliferative effect of IFN-y (Table 2). Furthermore,
IFN-y did not up-regulate the expression of PD-L1 or
IFNGR1, while retaining its ability to induce MHC class
I expression in NSCLC-B cells (Table 2). Similar effects
were also observed on NSCLC-H cells in the presence
of IFN-y (Table 2). Western blot analysis of NSCLC-
B cell line grown in adherent conditions in the pres-
ence of IFN-y revealed increased activation of STAT1,

Table 2 Response of NSCLC-B and NSCLC-H cell lines to IFN-y in
2D culture conditions

NSCLC-B NSCLC-H
2D-growth 100+3 88+9
(% over control)

PD-L1 expression 11417 109+17
(% over control)

MHC-I expression 210+3 155+39
(% over control)

IFNGRT1 expression 83+3 84+2

(% over control)

IFN-y: 7-10 ng/mL. For each cell line, n=2

(See figure on next page.)
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STAT2, JAK1, IRF9 and MAPK (Fig. 4A, Additional
file 9: Figure S5).

In 3D culture conditions, IFN-y surprisingly exerted a
growth stimulating effect on NSCLC-B cells, inducing a
significant increase in the number of soft-agar colonies
(Fig. 4B). “Bulk agar” cell lines were established from
2D-subcultered soft-agar colonies (Fig. 4C). Interestingly,
only "bulk agar” cells derived from colonies grown in
the presence of low-dose IFN-y showed increased CD44
expression, which was also accompanied by a partial
change in cell morphology (Fig. 4C). Accordingly, sphere
formation assay showed a significant increase of sphere
production only in the presence of a low dose of IFN-y
(Fig. 4D).

Considering the atypical response of the NSCLC-B cell
model to IFN-y under 3D culture and the critical role
that the KRAS mutation and p53 knockout have been
reported to exert in ICI resistance [22], we also assessed
the behavior of a transgenic murine lung adenocarci-
noma cell line, namely BoLC.8M3, harboring the human
KRASS!?P mutation and that was knock-out for p53,
under the same conditions. Interestingly, the BoLC.8M3
cell line not only demonstrated increased proliferation in
the presence of IFN-y under 3D culture conditions, con-
sistent with the behavior of the NSCLC-B cell model, but
it also exhibited partially accelerated tumor growth when
injected into immunocompetent mice treated with the
anti-PD-L1 monoclonal antibody (mAb) atezolizumab
(Fig. 5A,B).

Collectively, these data suggest a hypo-functioning
of canonical IFN-y signaling in both NSCLC-B and
NSCLC-H cell lines, as demonstrated by the absence of
an IFN-y—dependent antiproliferative effect in 2D culture
conditions and PD-L1 induction on these cells. Rather,
in vitro evidence suggests a pro-growth effect exerted
by IFN-y on 3D-cultured NSCLC-B cells, together with
a direct regulation of CD44 expression, observed only in

Fig. 4 In vitro response of NSCLC-B cell line to IFN-y. A Western blot analysis for proteins involved in IFN signaling and in cell growth on NSCLC-B
cells treated with different doses of IFN-y in 2D culture conditions (n=3-5, except for p-STAT3(Tyr)/t-STAT3, in which n=2). *p <0.05 by One Sample
t test (each group vs theoretical mean of 100). Each bar represents mean with SEM. B NSCLC-B soft-agar colony formation in the presence of low
(0.1 ng/mL) and high (100 ng/mL) doses of IFN-y (n=6, three experiments—circle, triangle, square—each one with two technical replicates). *p < 0.05
by One sample t test (each group vs theoretical mean of 100). Each bar represents mean with SEM. Each dot represents a replicate. C Morphological
and phenotypical characterization of NSCLC-B “bulk agar”cell lines obtained from 2D-subcultered agar colonies grown in the presence

of IFN-y. First line: representative pictures of NSCLC-B soft-agar colonies grown without any treatment or in the presence of IFN-y, observed
through an inverted microscope in dark-field. To improve the visual appearance of the images, photos were converted into grayscale; second

line: morphologies of NSCLC-B “bulk agar”cell lines cultured under 2D-adherent conditions, observed through an inverted microscope. White

line corresponds to 100 um. To improve the visual appearance of the images, photos were converted into grayscale and contrast and brightness
were enhanced (+40% and + 10%, respectively); expression of CD44 (third line) and percentage of CD447 cells (bottom) on NSCLC-B“bulk agar”
celllines cultured under 2D-adherent conditions, measured by cytofluorimetric analysis (M1: marker) (n=3). **p <0.001 by Student’s t-test.

Each bar represents mean with SEM. D NSCLC-B sphere formation in the presence of low (0.1 ng/mL) and high (100 ng/mL) doses of IFN-y
(untreated and IFN-y 0.1 ng/mL: n=14, seven experiments—different symbols—, each one with two technical replicates; IFN-y 100 ng/mlL: n=12, six
experiments, each one with two technical replicates). *p <0.05 by One sample t test (each group vs theoretical mean of 100). Each bar represents
mean with SEM. Each dot represents a replicate. SEM: standard error of the mean



Angelicola et al. Journal of Translational Medicine (2025) 23:2

Page 12 of 20

A ] Untreated 3 IFN-y (0.1 ng/mL) [ IFN-y (100 ng/mL)
p-STAT1/t-STAT1 p-STAT2/t-STAT2 p-STAT3 (Tyr)/t-STAT3
1500+ . 5007 2007
5 = 12501 § 5 4001 * s "5
2 S 100 = 281 .
g g 95’_ S 3004 . 2T 125
g° 750 3 g2 100
c$ £ 3 2007 c 2 5]
‘@ © 500 © © K
s 2= 10 B 5
o~ 250 ’l‘ [-n a 25.]
P I — o o
p-JAK1/t-JAK1 IRF9 p-MAPK/t-MAPK
I * *
800 600 . 600
< 700 c s
= £ _ 500 = 5001
z g 600 _g § % S
g E s00 gg 400 g2 400 .
& 5 400 %; 300 %; 3001
< -
3 5 ;:z §5 200 § 3 200
= ] o o
£ 400] Ijll & =~ 100 ’—I a =~ 100 ,—\
B C IFN-y IFN-y
[ Untreated Untreated (0.1 ng/mL) (100 ng/mL)
[ IFN-y (0.1 ng/mL) e
[ IFN-y (100 ng/mL)
3D-soft-agar
* .
5001 colonies
£ _ 400
[ E 350 .
3 § 300
< 5 2501 2D “pulk agar”
8 £ 200 .
23 i A A cells
& X 150 o0
3
S < 100
D 50+
0
D [ Untreated
3 IFN-y (0.1 ng/mL) ot - - - o \ - - ol . - . )
B 1FN (100 ngiml) D
200+ * L
ook
175 60 I —
= 41504 9 $ [ Bulk agar cells “untreated”
_9_, o ,e = 50 [ Bulk agar cells “IFN-y 0.1 ng/mL”
3 § 125+ o3y o % 40 B Bulk agar cells “IFN-y 100 ng/mL”
% s 100 ay " 3 20
N3 757 . g 80
g 509 5 s ﬁ
0 0.0
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the presence of low doses of the cytokine. Preliminary
studies conducted on the BoLC.8M3 murine transgenic
cell line further support the association between atypical
tumor responses to IFN-y and ICI resistance.

PD-L1 modulation on NSCLC-B cell line

PD-L1 is known to have pro-tumoral functions not
necessarily dependent on its interaction with the PD-1
receptor [23]. Several studies have indeed demonstrated
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Fig. 5 Response of the BoLC.8M3 cell line to different doses of IFN-y or atezolizumab. A BoLC.8M3 soft-agar colony formation in the presence

of different doses of IFN-y (n=2). *p <0.05 by One sample t test (each group vs theoretical mean of 100). Each bar represents mean and SEM. Right:
representative pictures of BoLC.8M3 soft-agar colonies grown without any treatment or in the presence of IFN-y, observed through an inverted
microscope in dark-field. White line corresponds to 100 pm. B Tumor growth of subcutaneously (s.c.) injected BoLC.8M3 cells in BALB/c mice
treated with atezolizumab 10 mg/Kg, starting 1 day after cell injection (n=15), or in untreated mice (n=15). Two-way ANOVA was used to compare
the groups (interaction, p <0.01; treatment, p=0.07). Day 32nd after cell injection: **p <0.01 by Bonferroni's post-test (comparison between group
means). Each point represents mean and SEM. SEM: standard error of the mean

the existence of a PD-1-independent intracellular signal-
ing of PD-L1 in tumor cells [24—27]. Hence, we evaluated
the effect of PD-L1 modulation on the NSCLC-B cell line.
First, PD-L1 was targeted by the mAb atezolizumab in
3D culture conditions. The blockade of PD-L1 showed
no significant effect on NSCLC-B growth in 3D-soft-
agar assay (Fig. 6A). Despite this, the inhibition of PD-L1
not only promoted a change in cell morphology in col-
ony-derived “bulk agar” cells, but it also significantly
increased CD44 expression on tumor cells, compared to
control (Fig. 6B). Accordingly, atezolizumab also signifi-
cantly increased NSCLC-B capacity of forming spheres

(Fig. 6C). Preliminary studies of intracellular pathways
influenced by PD-L1 blockade in NSCLC-B cells were
carried out through Western blot analyses, highlighting
an increase in the activation of MAPK in the presence of
atezolizumab (Fig. 6D and Additional file 9: Figure S5).
To further explore the role of PD-L1 modulation in cell
behavior, we isolated two clones (NSCLC-B CL1 and
NSCLC-B CL2) from NSCLC-B cells, previously trans-
fected with a CRISPR/Cas9 guide designed to silence
PD-L1 encoding gene. Both clones showed a decrease
in PD-L1 expression compared to the NSCLC-B paren-
tal cell line (Additional file 10: Figure S6A). Surprisingly,
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not only decreased expression of PD-L1 resulted in
increased expression of CD44, leading to an expression
profile similar to that of NSCLC-H cells, but a change in
cell morphology, which became more similar to that of
NSCLC-H cells, was also observed in the clones (Fig. 6E).
In addition, NSCLC-B CL1 and CL2 cells also showed an
evident increase in in vitro growth rate, which was com-
parable or even higher than the one of NSCLC-H cells
(Fig. 6F and Additional file 10: Figure S6B).

Together, these data suggested that PD-L1 on NSCLC-
B cells directly regulates CD44 expression and that its
inhibition leads to increased tumor cell growth, both in
3D anchorage-independent and 2D cell culture assays,
suggesting a relevant role of PD-L1 in both cancer cell
stemness modulation and tumor growth.

Discussion

Despite the significant breakthrough provided by ICIs
in the landscape of NSCLC treatment, the development
of primary and secondary resistance highly hinders the
therapeutic efficacy of ICI-based therapy [5]. Hyperpro-
gressive disease (HPD) is a paradoxical acceleration of
tumor growth induced by ICI-based treatment [6], whose
molecular mechanisms and predictive biomarkers under-
lying this phenomenon are still unknown [7].

In this paper, we present a unique HPD preclinical
model based on two cell lines established from NSCLC
samples of the same patient collected before initiation of
any treatment (NSCLC-B) and at the time of HPD occur-
rence on ICI therapy (NSCLC-H). NSCLC-H cells not
only showed a profound transcriptome shift, but also
exhibited increased stemness-like and pro-growth traits,
together with increased expression of factors known to

(See figure on next page.)
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be involved in tumor cell plasticity and stemness, includ-
ing CD44 [28, 29]. This was particularly noteworthy since
elevated expression of this protein was also observed on
two additional patient-derived cell lines (NSCLC-H2 and
NSCLC-H3), both established from tumor samples of
two distinct ICI-treated patients who developed hyper-
progression. Notably, an increase in CD44 expression
was also observed on tumor samples of two further ICI-
resistant patients across the time points of diagnosis and
resistance development. In accordance with our observa-
tions, in their enlightening work, Li and colleagues also
reported increased expression of CD44 in the ICI-treated
tumors of their HPD syngeneic murine model, con-
firming an association between increased tumor CD44
expression and HPD onset [30].

Of note, the presence of several CD44 isoforms has
been well documented in cancer and Gaiteiro and col-
leagues recently characterized the CD44 splicing code
associated with bladder cancer, combining splicing
analysis with glycome analysis [18, 31]. Our prelimi-
nary data, which still warrant definitive confirmation by
other methods, revealed distinct transcriptional profiles
for CD44 isoforms between NSCLC-H and NSCLC-
B cell lines. While NSCLC-H showed an enrichment
of short transcripts lacking several exons of the vari-
able region of the protein, NSCLC-B showed instead
increased presence of long isoform transcripts, includ-
ing CD44v6 (CD44-206), CD44v2-vi0 (CD44-208),
and CD44s (CD44-201) variants [32]. Unfortunately,
the role and impact of these distinct CD44 isoforms on
tumor progression and therapeutic response are not well
defined and hugely vary between different tumor types
[17]. Hence, the different expression patterns of CD44

Fig. 6 Response of NSCLC-B cell line to PD-L1 modulation in 2D and 3D culture conditions. A NSCLC-B soft-agar colony formation in the presence
of atezolizumab 10 pg/mL (n=6, three experiments—circle, triangle, square—, each one with two technical replicates). Each bar represents

mean with SEM. Each dot represents a replicate. B Morphological and phenotypical characterization of NSCLC-B "bulk agar”cell lines obtained
from 2D-subcultered agar colonies grown in the presence of atezolizumab 10 pg/mL. First line: representative pictures of NSCLC-B soft-agar
colonies grown without any treatment or in the presence of atezolizumab, observed through an inverted microscope in dark-field. To improve

the visual appearance of the images, photos were converted into grayscale; second line: morphologies of NSCLC-B “bulk agar” cell lines cultured
under 2D-adherent conditions, observed through an inverted microscope. White line corresponds to 100 um. To improve the visual appearance
of the images, photos were converted into grayscale and contrast and brightness were enhanced (+40% and + 10%, respectively); expression

of CD44 (third line) and percentage of CD44" cells (bottom) on NSCLC-B“bulk agar” cell lines cultured under 2D-adherent conditions, measured
by cytofluorimetric analysis (M1: marker) (n=4). **p <0.01 by Student’s t-test. Each bar represents mean with SEM. C NSCLC-B sphere formation

in the presence of atezolizumab 10 ug/mL (n= 18, nine experiments—different symbols—, each one with two technical replicates). ***p <0.001

by One sample t test (group vs theoretical mean of 100). Each bar represents mean with SEM. Each dot represents a replicate. D Assessment

of MAPK activation in NSCLC-B cells treated with atezolizumab (5 ug/mL) in 2D-adherent culture conditions, as measured by Western blot analysis
(n=4). Each bar represents mean with SEM. E Comparison of morphological and phenotypical features between NSCLC-B CRISPR-engineered

cell lines (NSCLC-B CL1 and NSCLC-B CL2), NSCLC-B and NSCLC-H cell lines. Up: representative photos of NSCLC-B, NSCLC-B CL1, NSCLC-B CL.2

and NSCLC-H cell lines, observed through an inverted microscope in dark-field. White line corresponds to 100 um; bottom: expression of CD44
on NSCLC-B (black), NSCLC-B CL1 (green), NSCLC-B CL2 (dark green) and NSCLC-H (red) cell lines cultured under 2D-adherent conditions, measured
by cytofluorimetric analysis. F Comparison of 2D-clonal efficiency between NSCLC-B, NSCLC-B CL1, NSCLC-B CL2 and NSCLC-H cell lines (n=6).
***5<0.001 by Student’s t-test. Each bar represents mean with SEM. 2D: two-dimensional, SEM: standard error of the mean
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transcript isoforms in NSCLC-B and NSCLC-H will
deserve further investigations.

The major role played by IFN-y, released by reinvigor-
ated T cells, and PD-L1 in tumor response to ICI ther-
apy, encouraged us to investigate the in vitro response of
NSCLC-B to IFN-y and to PD-L1 modulation. PD-L1 is
currently the only validated predictive biomarker used
for the selection of patients eligible for anti-PD-(L)1
therapy [33]. Beyond the established immunosuppres-
sive role of the PD-L1/PD-1 interaction, a PD-L1 activ-
ity independent of PD-1 binding has been reported and
associated with cancer survival, as an ambivalent player
[23, 24, 34—-36]. Moreover, the involvement of PD-L1 in
plasticity modulation and CD44 expression of both can-
cer cells and macrophages has also been documented and
associated with epigenetic changes [37—43]. In our cell
line model, PD-L1 showed a role in tumor plasticity regu-
lation: the modulation of PD-L1 expression in NSCLC-B
cells not only increased CD44 cell surface expression, but
also resulted in alterations in cellular morphology and
increased in vitro growth properties.

For what concerns IFN-y tumor response, previous
studies reported that the dose of 10 ng/mL of IFN-y
was able to induce a strong antiproliferative effect
(cell survival rate <30%) and PD-L1 induction in vitro
in human cancer cells classified as highly sensitive to
IEN-y [44, 45]. NSCLC-B cell model showed no inhibi-
tion in cell growth and no induction of PD-L1 expres-
sion when treated with a similar dose of IFN-y. Notably,
the disruption of the IFN-y signaling pathway in tumor
cells has been increasingly recognized as a significant
mechanism contributing to the resistance to ICIs [46].
Moreover, the NSCLC-B cell line also exhibited a highly
atypical response to IFN-y, consisting of the cross-acti-
vation of mediators of the type-I IFN pathways—includ-
ing STAT2 and IRF9-, increased cell proliferation in 3D
culture settings and induction of CD44 expression. On
the other hand, NSCLC-H showed a down-regulation
of genes involved in the cellular response to IFN-y and
increased activation of genes involved in IFN-p signal-
ing pathway. While there is a notable interplay between
the IFN-y signaling pathway and type I-IFN pathways,
due to the sharing of common mediators including
STAT1 and JAK2, each pathway is characterized by its
own distinct mediators and functions, contributing to
the complex regulation of immune responses [47, 48].
Of note, an increased activity of the IFN-related tran-
scription factor STAT1 has also been reported in tumor
samples of ICI-resistant patients and in the B16 cell
model in the presence of persistent stimulation of IFN-y
signaling [49, 50]. Accordingly, we observed increased
STAT1 activation in the NSCLC-H cell line model,
compared to NSCLC-B cells. The atypical activation of
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type I-IFN pathway mediators by IFN-y in the NSCLC-
B model may suggest an unexplored crosstalk between
these pathways, which, to the best of our knowledge,
has not been previously documented in the literature in
the context of tumor resistance to ICIs. In fact, existing
reports have highlighted the ability of IFN-y to induce
non-canonical transcriptional complexes that resemble
the ones of type I-IFN pathways [51, 52]. Interestingly,
the activation of type I-IFNs signaling pathways have
been reported to reduce cell responsiveness to IFN-y
by reducing the expression of cell surface IFNGR1 [53,
54]. In line with these data, IFNGR1 was not induced
in NSCLC-B cells after IFN-y treatment. In addition,
the exposure of NSCLC-B cells to IFN-y also signifi-
cantly activated the pro-proliferative MAPK pathway,
which has been reported to be triggered by both IFN-y
and type I IFNs, and to promote the induction of CD44
expression [55-57]. Lastly, consistently with our find-
ings, evidence of an involvement of type I-IFN signal-
ing in tumor resistance to immunotherapy has also
been reported [49, 50]. Alterations of both type I and
type II-IFN signaling pathways have been indeed docu-
mented in NSCLC patients who developed ICI resist-
ance [58]. All this evidence supports our findings and
suggests the presence of an uncanonical IFN-y signal-
ing pathway overlapping with the one of type I IFNs,
able to modulate cancer stemness and plasticity, lead-
ing to ICI resistance. This is demonstrated by the
atypical response to IFN-y observed in the NSCLC-B
model, and further corroborated by the unexpected,
pro-growth effect of IFN-y on our preclinical model
of ICI resistance, represented by the transgenic KRAS-
mutated and p53 knock-out BoLC.8M3 murine cell
line.

Regarding IFN-y—mediated CD44 expression, it is
important to mention that only low-doses of the cytokine
induced the expression of this marker in the NSCLC-B
model. These data are in accordance with the findings of
Song and colleagues, who demonstrated that low doses
of IFN-y trigger the activation of an alternative signal-
ing pathway mediated by ICAM1 in NSCLC cell lines,
subsequently leading to increased cancer stemness [59].
Although the mechanisms underlying the behavior of
NSCLC-B model in the presence of IFN-y are not yet
understood and require further investigation, it is pos-
sible to hypothesize that IFN-y may activate alterna-
tive pathways depending on the dose, including ICAM1
pathway, resulting in a modulation of tumor plasticity, as
demonstrated by Song and colleagues [59]. Indeed, some
evidence suggesting that IFN-y might modulate tumor
stemness and plasticity in different tumor types already
exists in the literature [44, 60]. Of note, cancer plastic-
ity may not only enhance tumor aggressiveness, but also
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promote an immune-suppressive tumor microenviron-
ment (TME), further fueling cancer cell proliferation
[61].

The observation that PD-L1 modulation could elicit
effects similar to those induced by IFN-y in NSCLC-B
cells, both in terms of cell growth stimulation and CD44
increased expression, is particularly intriguing, as it sug-
gests the existence of an unknown molecular circuit
between IFN-y and PD-L1 that converges on the modu-
lation of CD44 expression and tumor plasticity. Nota-
bly, CD44 is a downstream component of the IL6/JAK/
STAT3 pathway, which has been commonly associated
with tumor progression, immune evasion, metastasis,
and resistance to therapies [62]. Remarkably, both IFN-y
and PD-L1 signaling pathways have been reported to
stimulate the activation of the IL6/JAK/STAT3 pathway
in tumor contexts through various mechanisms of feed-
back loop, and a strong crosstalk between these pathways
have been reported in literature [63—66]. Considering
the increased expression of genes involved in the IL6/
JAK/STAT3 pathway detected in the NSCLC-H model
compared to the NSCLC-B one, we hypothesize that the
concomitant activation of this signaling circuit by IFN-y
and PD-L1 might contribute to HPD development. In
reference to this, the reduced activation of STAT3 in
the NSCLC-H model compared to the NSCLC-B model
may be due to a transient activation of this mediator,
which has been documented in the literature, or to the
phosphorylation of a different amino acid residue than
tyrosine [67, 68]. Clearly, these hypotheses require vali-
dation through further studies, in which we will also
investigate the effect of IFN-y and PD-L1 in presence of
a compromised IL6/JAK/STAT3 pathway. In parallel, fur-
ther investigations will be conducted to assess the impact
of NSCLC-H cells on patient-derived immune cells,
either through direct interactions or secreted factors, in
order to assess the CD44-mediated immunosuppressive
potential.

Conclusions

In conclusion, our results suggest that immunother-
apy may deeply modify cancer cell phenotype, leading
to tumoral plasticity and stemness features that could
be responsible for the development of HPD. Using
our patient-derived cell line models, we demonstrated
the existence of intrinsic tumoral responses to both
the exposure of cancer cells to IFN-y and the modula-
tion of PD-L1 expression, which both converge to the
modulation of tumoral CD44 expression, tumor plas-
ticity and cell growth alterations. Despite our findings
are strongly supported by existing literature, pointing
out pro-tumor roles of both IFN-y and PD-L1 signaling
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pathways, together with the role of CD44 as a stemness
marker, the mechanisms underlying this circuit are not
yet fully understood and will be therefore the focus of
future research. Although analyzing the mechanisms
underlying HPD development based on a single patient
model represents a limitation of this study, the estab-
lishment of both a baseline and a hyperprogressive cell
line from the same patient provides a unique and valu-
able opportunity. This is particularly important given
the challenges in obtaining patient-derived models that
exhibit hyperprogression, a phenomenon that typically
occurs at a low frequency [7]. Furthermore, the ability
to compare two distinct cell lines without the need to
select in vitro resistant clones offers a distinct advan-
tage over previously published studies on HPD. Despite
this limitation, our findings pave the way for under-
standing the intrinsic tumoral mechanisms underlying
the phenomenon of HPD and for identifying novel drug
targets to prevent cancer progression in patients with
ICI resistance. The use of preventive strategies, includ-
ing mRNA vaccines against markers overexpressed in
the NSCLC-H model (e.g., CD44 isoforms, NDRG1 or
ADORAL1), exosome membrane-coated nanosystems,
or drugs acting on epigenetic remodeling (e.g., bromo-
domain inhibitors) may significantly improve the clini-
cal management of the subset of patients who develop
detrimental responses to ICIs. Additionally, given the
limitations of PD-L1 as a predictive biomarker for ICI
therapy [33], we believe that the validation of strate-
gies utilizing surrogate markers to assess PD-L1 and
IEN-y tumor signalosomes—such as mutations or phos-
phorylation status of mediators involved in canonical
or alternative IFN-y pathways—or early tumor plastic
changes—for instance, the levels of CD44 expression on
circulating tumor exosomes—would be essential for the
selection of patients eligible for ICI therapy.
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Additional file 1: Supplementary Materials and Methods.

Additional file 2: Table S1. List of antibodies used for Western Blot analy-
ses. Primary antibodies by Cell Signaling Technology, except anti-actin
AC-40 by Merck; secondary antibodies by Bio-Rad Laboratories.

Additional file 3: Table S2. Single nucleotide variants detected in both
NSCLC-B and NSCLC-H cell lines.

Additional file 4: Table S3. CD44 gene isoform analysis. Detected iso-
forms, NSCLC-H vs NSCLC-B. TPM: Transcripts Per Kilobase Million.

Additional file 5: Figure S1. Transcriptomic and molecular characteriza-
tion of NSCLC-B and NSCLC-H cell lines. A Scatter plots showing the com-
bined projections of the first two components of a principal component
analysis considering the whole transcriptome expression of NSCLC-H and
NSCLC-B cells. Each cell line was analyzed in triplicate. B i. — ii.: top-20

GO term Biological Processes enriched in up-regulatedand down-reg-
ulatedgenes, identified by over representation analysis of DEG; iii. — iv.:
top-20 GO term Molecular Functions enriched in up-regulatedand down-
regulatedgenes, identified by over representation analysis of DEG. C GSEA
enrichment plots of curated lists associated to IFN response and IL6/JAK/
STAT3 pathway. D NDRG1T and ADORA1 transcript and protein expression.
Left: normalized expression of NDRGT in NSCLC-H and NSCLC-B cells, as
identified by RNAseq analysis; middle: western blotting picture of two
distinct biological replicates and densitometric quantification of NDRG1
protein normalized on GAPDH. Expression is reported as percentage

of NSCLC-H protein expression. **, p <0.01 by One Sample t test. Bar repre-
sents mean with SEM; right: normalized expression of ADORAT in NSCLC-
Hand NSCLC-B cells, as identified by RNAseq analysis. DEG: differentially
expressed genes. SEM: standard error of the mean.

Additional file 6: Figure S2. Immunostaining of NSCLC-B and NSCLC-H
adherent cells. A CD44 and DAPI staining. White line corresponds to

20 um. Leica widefield system, equipped with an inverted Leica DMi8
microscope, a Leica DFC9000GT cMOS camera and driven by Leica Appli-
cation Suite X, working with a 40 x dry objective. B PD-L1 and DAPI stain-
ing. White line corresponds to 10 pm. Leica TCS SP8 confocal microscope
equipped with a Leica DMi8 inverted microscope, a tunable excitation
laser sourceand driven by Leica Application Suite X, working with a 63 x oil
immersion objective.

Additional file 7: Figure S3. CD44 expression in patient-derived cell lines
and tumor samples from ICl-resistant patients. A Representative histo-
grams depicting the expression of CD44, quantified by flow-cytometry,

in two NSCLC patient-derived cell lines established from biopsies of two
ICl-treated patients at the moment of HPD onset, compared to CD44
expression in NSCLC-H cells. Empty histograms: unstained controls. B
Hematoxylin and eosin staining and CD44 and PD-L1 immunohistochemi-
cal staining of tumor samples from two ICl-resistance patients, assessed in
two distinct time points. Left: H&E; middle: CD44 staining; right: PD-L1/
CD68 staining. Clinical case 1,T0: lung resection of adenocarcinoma at the
time of diagnosis. CD44 staining: 37.97%, PD-L1/CD68 staining: 15%; T1:
skin metastasis, CD44 staining: 62.65%, PD-L1/CD68 staining: 10%. Clinical
case 2, TO: pleural effusion of adenocarcinoma at the time of diagnosis.
CD44 staining: 13.10%, PD-L1/CD68 staining: 0%; T1: lymph-node metasta-
sis, CD44 staining: 28.16%, PD-L1/CD68 staining: 0%.

Additional file 8: Figure S4. CD44 gene and CD44 transcript isoforms
expression in NSCLC-B and NSCLC-H cell lines. A Graphical representation
of the investigated CD44 transcript isoforms. Transcript isoforms in cyan
were found in at least one cell line, while transcript isoforms in red were
not detected. B Result of differential exon usage analysis using DEXSeq.
The plot shows the expression of constitutive and variable exons of the
CD44 gene in NSCLC-B and NSCLC-H cells. The bars below the x-axis repre-
sent exons, which are connected by lines representing the introns. The
numbers at the bottom are genomic locations of CD44. The exons in pink
indicate a significant differential exon usage.
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Additional file 9: Figure S5. Levels of total and phosphorylated proteins
involved in response to inflammatory stimuli and cell proliferation in
NSCLC-B and NSCLC-H cells, in the presence or not of IFN-y or atezoli-
zumab treatment, as detected by Western blot analysis.

Additional file 10: Figure S6. Comparison of cell phenotype and cell
behavior between NSCLC-B, NSCLC-B CL1, NSCLC-B CL2 and NSCLC-H
celllines in 2D culture conditions. A Expression of GFP and PD-L1 on
NSCLC-B, NSCLC-B CL1T, NSCLC-B CL2 and NSCLC-H cell lines, measured
by cytofluorimetric analysis. Up, PD-L1 MFI: NSCLC-B, 2210; NSCLC-B CL1,
361; NSCLC-H, 501; bottom, PD-L1 MFI: NSCLC-B, 1600; NSCLC-B CL2, 990;
NSCLC-H, 657. B Comparison of cell growth curves. Bars represent mean
with SEM. Cell population doublings during 168 h of culture in 2D-growth
adherent conditions were reported in the table. *, p<0.05, **, p<0.01 by
Student's t-test. GFP: green fluorescence protein, SEM: standard error of
the mean.
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