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ABSTRACT

Background Understanding how cancer signaling pathways
promote an immunosuppressive program which sustains
acquired or primary resistance to immune checkpoint blockade
(ICB) is a crucial step in improving immunotherapy efficacy.
Among the pathways that can affect ICB response is the
interferon (IFN) pathway that may be both detrimental and
beneficial. The immune sensor retinoic acid-inducible gene |
(RIG-I) induces IFN activation and secretion and is activated

by actin cytoskeleton disturbance. The actin cytoskeleton
regulatory protein hMENA, along with its isoforms, is a

key signaling hub in different solid tumors, and recently

its role as a regulator of transcription of genes encoding
immunomodulatory secretory proteins has been proposed.
When hMENA is expressed in tumor cells with low levels of the
epithelial specific hMENA'" isoform, identifies non-small cell
lung cancer (NSCLC) patients with poor prognosis. Aim was to
identify cancer intrinsic and extrinsic pathways regulated by
hMENA'"? downregulation as determinants of ICB response in
NSCLC. Here, we present a potential novel mechanism of ICB
resistance driven by hMENA'"® downregulation.

Methods Effects of hMENA'"® downregulation were tested by
RNA-Seq, ATAC-Seq, flow cytometry and biochemical assays.
ICB-treated patient tumor tissues were profiled by Nanostring
10 360 Panel enriched with hMENA custom probes. OAK and
POPLAR datasets were used to validate our discovery cohort.
Results Transcriptomic and biochemical analyses
demonstrated that the depletion of hMENA'" induces IFN
pathway activation, the production of different inflammatory
mediators including IFNJ via RIG-1, sustains the increase of
tumor PD-L1 levels and activates a paracrine loop between
tumor cells and a unique macrophage subset favoring an
epithelial-mesenchymal transition (EMT). Notably, when we
translated our results in a clinical setting of NSCLC ICB-treated
patients, transcriptomic analysis revealed that low expression
of hMENA'™ high expression of IFN target genes and high
macrophage score identify patients resistant to ICB therapy.
Conclusions Collectively, these data establish a new function
for the actin cytoskeleton regulator hAMENA'" in modulating
cancer cell intrinsic type | IFN signaling and extrinsic

12,13
)

WHAT IS ALREADY KNOWN ON THIS TOPIC

= The epithelial hMENA'" isoform when downreg-
ulated triggers a partial epithelial-mesenchymal
transition and identifies non-small cell lung cancer
(NSCLC) patients with poor prognosis.

= Immune checkpoint blockade (ICB) has achieved
remarkable success in NSCLC treatment although
major challenges still remain for broadening pa-
tients benefit.

WHAT THIS STUDY ADDS

= Here, we used multiple methodologies to define
how the disturbance of actin cytoskeleton related to
hMENA'"® downregulation induces type | IFN secre-
tion and PD-L1 expression in tumor cells via RIG-I
and activates a detrimental paracrine loop between
tumor cells and macrophages.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our findings identify key features that may charac-
terize tumors responsive or not to ICB treatment and
demonstrate how the cancer cell actin cytoskeleton
disturbance may influence immune-related path-
ways and in turn ICB efficacy.

mechanisms that promote protumoral macrophages and
favor EMT. These data highlight the role of actin cytoskeleton
disturbance in activating immune suppressive pathways that
may be involved in resistance to ICB in NSCLC.

BACKGROUND

Immunotherapy has determined remark-
able advances in the management of non-
small cell lung cancer (NSCLC). However,
rates of relapse after immune checkpoint
blockade (ICB) are high among patients with
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lung cancer.' Thus, the understanding of mechanisms
underlying resistance to therapy and the identification of
molecular determinants and biomarkers to guide patient
selection represent an urgency for this still deadly disease.
The phenotype of tumor microenvironment (TME),
including T and B cells organized in tertiary lymphoid
structures, has been linked to clinical response, although
only programmed death-ligand 1 (PD-L1) status drives
the selection of patients to be treated with ICB.?

Type I IFNs have been largely involved in antitumor
immunity,” although the advance in the field highlighted
a divergent impact in both cancer development and
resistance to therapy.*” Indeed type I IFNs may sustain
both cancer intrinsic and extrinsic suppressive networks
responsible of the failure of the anticancer therapies,
including ICB.'""*

Among the immunosuppressive networks, epithelial-
mesenchymal transition (EMT) has been identified as a
crucial program that deregulates tissue architecture'” and
leads to functional changes in cell migration and inva-
sion, through cytoskeleton reorganization.'* Noteworthy
EMT favors an immune suppressive TME, fundamental
for therapy resistance.'” '°

EMT also relies on a defined alternative spliced tran-
scriptome'” critical in shaping the process with central
coordinators such as epithelial splicing regulatory
proteins 1 and 2 (ESRP1 and ESRP2). Among the ESRP1-2
regulated genes, ENAH,'" codes for the actin binding
protein hMENA that belongs to ENA/VASP family." We
have reported two tissue-specific isoforms, the epithelial
hMENA'" and the mesenchymal hMENAAv6® which
differently contribute to cancer progression and associate
to patient prognosis, with hMENA'* identifying pancre-
atic ductal adenocarcinoma (PDAC) and NSCLC patients
with better prognosis.” ™ The epithelial-associated
isoform hMENA'"? sustains cell-cell junction integrity in
epithelial tumors® where its expression is regulated by
ESRP1-2. Differently TGFf, the master regulator of EMT
and of an immunosuppressive TME,** downregulates
both ESRP and hMENA' ##

All the actin cytoskeleton dynamics also occurring
during EMT are sensed by the immune system, as recently
reported for RIG-I-like receptor (RLR)-mediated innate
immunity.?® Indeed, the innate viral nucleotide sensor
retinoic acid-inducible gene-I (RIG-I) protein is associ-
ated with the actin cytoskeleton in epithelial cancer cells,
where actin depolymerization is sufficient to induce RIG-I
activation and in turn IFNJ3 secretion.?’

Here, we found a novel role of the actin binding
isoform hMENA'"" that, when downregulated as occurs
in EMT, activates type I IFN signaling by regulating the
immune sensor RIG-I. We observed that the depletion
of hMENA'"™ in tumor cells induces the production
of different inflammatory mediators such as IL6, ILS8,
CXCLI and increases the expression of RIG-I which is
responsible of IFNf secretion and of programmed death-
ligand 1 PD-L1 expression in tumor cells. Notably, we
found that the absence of A(MENA'' activates a paracrine

loop between tumor cells and macrophages which acquire
a peculiar phenotype sustained by IFN-I signaling. These
macrophages in turn secrete factors which favor an EMT
phenotype. Of clinical relevance the low expression of
hMENA'", high expression of IFN target genes and high
macrophage score identify non-responding NSCLC-ICB-
treated patients.

Based on these evidences, we propose a new mecha-
nism of resistance that, starting from actin cytoskeleton
modification, determines an increased expression of the
immune sensor RIG-I, IFNf, PD-L1 in tumor cells and
may contribute to an immune suppressive TME. The
validation of our results in a large cohort of patients will
bring to the forefront the possibility of employing this
signature in stratifying ICB non-responder or responder
NSCLC patients.

MATERIALS AND METHODS

Cell lines

Human NSCLC cell lines were purchased from Amer-
ican Type Culture Collection, and cultured in RPMI 1640
Medium, supplemented with 10% fetal bovine serum
(FBS), 1% (vol/vol) penicillin-streptomycin antibiotics
and 1% (vol/vol) L-glutamine. Cell lines were grown at
37°C. All cell lines were routinely tested for Mycoplasma
(Mycoplasma PCR Reagent set, Euroclone) and authen-
ticated by short tandem repeat (STR) profiling (BMR
Genomics, Italy). Mutational status of NSCLC cell lines is
reported in online supplemental table 1.

Purification and culture of macrophages

Human peripheral blood mononuclear cells were
isolated from healthy donor buffy coats or peripheral
blood samples by Lympholite-H (#CL5020, Euroclone).
Buffy coats were provided by the Immunohematology
and Transfusional Medicine Unit of Regina Elena
National Cancer Institute. Monocytes were purified by
anti-CD14 microbeads (#130-050-201, MiltenyiBiotec)
according to the manufacturer’s instructions. Purified
CD14+ monocytes were incubated for 7days in RPMI
1640 supplemented with 10% inactivated FBS and 50 ng/
mL macrophage colony-stimulating factor (M-CSF, #300-
25, Peprotech) to derive monocyte-derived macrophages
(MO-macrophages). MO-macrophages were treated for 24
hours with conditioned medium (CM) from NSCLC cell
lines diluted in RPMI (CM:RPMI 2:1). M0O-macrophages
were treated with IFN for 24 hours or preincubated with
anti-Interferon-o./ Receptor Chain 2 for 48 hours before
adding CM. Cells were harvested using EDTA 5mmol for
analysis.

Patients and gene expression analysis using Nanostring
Technology

Patients with histologically confirmed NSCLC who
received nivolumab or pembrolizumab treatment at
Regina Elena National Cancer Institute in Rome (IRE),
Humanitas Research Hospital in Rozzano (HUM) and
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San Raffaele Hospital in Milan (HSR) were enrolled.
Patient consentand ethics approval were obtained. Fifteen
patients, whose tumors were available, were selected and
their clinical pathological characteristics are shown in
online supplemental table 2. Patients were classified as
good responders (GRs) in absence of disease progression
at 10 months from the treatment, poor responders (PRs)
in case of disease progression at 3 months.

RNA was extracted from 5pm FFPE sections of tumor
tissues collected at the time of diagnosis with AllPrep
DNA/RNA FFPE kit (Qiagen). The quantity and purity
of the RNA were assessed with the NanoDrop spectropho-
tometer. The quality of the RNA was controlled with the
Bioanalyzer employing the Agilent RNA 6000 Pico or Nano
Kit (Agilent Technologies, Santa Clara, California, USA).
Gene expression was measured using the Nanostring
nCounter PanCancer 10 360 Panel—in collaboration
with Nanostring (Seattle, Washington, USA). As input,
100ng total RNAs were used following the manufactur-
er’s instructions. After the codeset hybridization samples
were washed and loaded on the cartridge within the Prep
Station and analyzed with the nCounter Digital Analyzer.
Along with the 750 genes of the Nanostring nCounter
PanCancer IO 360 Panel, custom probes for different
splicing variants of the ENAH gene (ENAH-a=hMENA'"?,
ENAH-b=hMENAAv6,  ENAH-c=hMENA+hMENAAv6)
were also included in the analysis of NSCLC tissues.

Statistical analysis

For in vitro experiments, data are expressed as the
mean+SEM of at least three different experiments.
Data were analyzed either by Microsoft Excel (Micro-
soft, Redmond, Washington, USA) or GraphPad Prism
V.9 (V.9.4.0, GraphPad Software, San Diego, California,
USA). Statistical significance was determined by either
Student’s t-test (normally distributed paired or unpaired
dataset) or repeated measure analysis of variance, as indi-
cated in the figure legends. For comparison between
matched healthy donor (HD) samples, Wilcoxon U-test,
with Bonferroni correction for multiple comparisons, was
used. Statistical significance was defined as p<0.05.

RESULTS
hMENA'"® depletion activates type I IFN pathways and
increases PD-L1 expression in NSCLC cell lines
hMENA isoform expression pattern has been proposed
to be a prognostic factor, with low hMENA!!? expression,
along with high overall h(MENA, identifying early NSCLC
patients with poor prognosis.21 23

To gain insights into molecular mechanisms accounting
for the poor prognostic value of low levels of hMENA'®,
we sought to analyze molecular changes resulting from
hMENA!!? depletion in NSCLC cell lines, by a whole
transcriptome analysis by RNA-Seq approach of two
lung adenocarcinoma (ADC) cell lines (H1650 and
H2030) with an epithelial phenotype and overexpressing
hMENA"* isoform.

To this aim, we specifically silenced hMENA'' in these
cell lines (hereafter silla cells) by siRNA approach and
compared their transcriptomic profile with the control
cells (transfected with non-targeting siRNA, hereafter
sictr cells), and with the profile of cells silenced in total
hMENA isoforms (obtained by using siRNA targeting
all hMENA isoforms, hereafter sihMENA(t) cells)
(figure 1A,B). Expression levels of different isoforms in
silenced cells are shown in online supplemental figure
SIA.

Surprisingly, Gene Ontology term enrichment anal-
ysis of RNA-Seq data indicated that a large fraction of
genes that changed their expression profile in response
to hMENA'" silencing was mainly involved in type I IFN-
related pathways and related cellular response, suggesting
that, among the upregulated biological processes in
silla cells, the response to Type I IFN was dominant
(figure 1A,B). In particular, in both cell lines, silla cells
showed the upregulation of key molecules involved in the
antiviral interferon response, such as the IFN-stimulated
genes (ISGs) OASI, OASL, ISG15, ANKRD17, RNASEL,
IRF9. Notably, STATI the crucial mediator of interferon
transcriptional activity was among the upregulated genes
in silla cells compared with sictr cells and sihMENA (t)
cells. Of note, STRING network analysis for predicting
protein—protein interactions indicated ISGI5 as a central
hub node gene in silla cells (figure 1C).

Validation of RNA-Seq results by RI-PCR in three epithe-
lial cancer cell lines confirmed that specific hMENA''"
silencing, but not hMENA(t) silencing, increases ISG
mRNA levels (figure 1D and online supplemental figure
S1B).

Since RNA-Seq analysis indicated that the specific
hMENA'" depletion activates IFN-related pathways
resembling a viral defense response, which typically
culminates with IFNJ production, we analyzed IFNf levels
in cell CM. We found that, while H1650 and HCC2935
sictr cells secrete barely detectable levels of IFNB, silla
cells produce relevant amount of this cytokine, indicating
that hMENA'" silencing per se increases IFNB secretion
(figure 1E and online supplemental figure S1C, left).
Noteworthy, cells silenced for total hMENA isoforms do
not produce IFNB. As expected, we found IFNBI upregu-
lation also at transcriptional level in silla cells (figure 1E
and online supplemental figure S1C, right). Of note,
H1650 sictr cells, as well as sihMENA(t) cells, showed
barely detectable levels of IFNot mRNA, and undetectable
IFNYy. Neither IFNo nor IFNY levels were increased by
hMENA'" silencing (online supplemental figure S1D).

To mimic a viral infection, able to trigger type I inter-
feron pathway, we treated H1650 cells with polyinosinic
acid-polycytidylic acid Poly(I:C), the synthetic dsRNA
analog. As a result, hMENA''* expression was reduced in
parallel with an increase of STAT1 expression and activa-
tion, along with the production of IFNB (online supple-
mental figure S1E).

Treatment of a panel of NSCLC cell lines with TFNf
upregulated PD-L1 expression (figure 2A), indicating
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Figure 1 hMENA'"? silencing upregulates transcripts of genes related to IFN-signaling pathways in NSCLC cell lines. (A,

B) (left) Volcano plot showing statistical significance (qvalue, —log10 scaled) vs fold change (log2 scaled) for genes differentially
expressed after deletion of A(MENA''? in H1650 and H2030: 196 and 930 downregulated (blue) and 158 and 822 upregulated
(red) genes in si11a cells vs sictr cells, respectively (g value <0.05). (A, B) (right) Enrichment analyses (GO Biological Process)
of upregulated genes in si11a cells, H1650 (up) and H2030 (down). (C) Upregulated gene network in H1650 si11a cells revealed
by STRING analysis. (D) gPCR results of mMRNA levels of selected genes in sictr, si11a and sihMENA(t) H1650, H2030 and
HCC2935 cells. (E) Levels of IFN in supernatants evaluated by ELISA (left) and of IFNB1 mRNA by gqRT-PCR (right) expressed
as fold-change relative to control in H1650 sictr, si11a, sSihMENA(t) cells. (D, E) P values were calculated by two-tailed Student’s
t-test. *p<0.05; **p<0.01.
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Figure 2 hMENA'" silencing increases PD-L1 at mRNA and protein levels via JAK/STAT1/IRF1 axis in NSCLC cell lines.

(A) PD-L1 expression levels (MFI) assessed by flow cytometry analysis in a panel of NSCLC cells, untreated or treated with IFNf3
(50ng/mL) for 24 hours. (B) gRT-PCR results of CD274 analyzed in sictr, si11a and sihMENA(t) H1650 cells. (C) PD-L1 expression
levels assessed by flow cytometry analysis in a panel of sictr, si11a, and sihMENA(t) NSCLC cells. (D) CD274 mRNA expression
levels evaluated by qRT-PCR in A549 transfected with empty vector (pMSCV) or hAMENA'"® (pMSCV11a), untreated or treated
with IFNB (50ng/mL) for the indicated hours. (E) gRT-PCR results of CD274 analyzed in sictr, si11a and sihMENA(t) H1650 cells
untreated or treated with JAK inhibitor (5 uM) for 72 hours. (F) Western blotting of cells treated as in (B). (G) Representative
images of immunofluorescence of sictr, si11a and sihMENA(t) H1650 stained with anti-IRF1 antibody (green, left panel). Nuclei
were stained with DAPI. Scale bar: 10 pm. (H) Quantitative analysis of nuclear IRF1 levels. Mean fluorescent intensities were
determined by Imaged and reported as fold changes. More than 100 cells were counted in three independent experiments.

(I) Western blotting of nuclear and cytoplasmic fractions of sictr, si11a and sihMENA(t) H1650 cells. Anti-Lamin A/C and anti-
tubulin antibodies were used as nuclear and cytoplasmic markers, respectively. Immunoreactivity was determined by ImageJ
and numbers indicate the fold changes of IRF1 vs Lamin optical density values. For all western blots, one representative of at
least three experiments is reported. (L) Luciferase assays of IRF1 transcriptional reporter activity in sictr, si11a and sihMENA(t)
H1650 cells. Cells were cotransfected with non-targeting siRNA (sictr), or h(MENA'"@ specific siRNA (si11a) or siRNA targeting
total hAMENA (sihMENA(t)) and with inducible IRF1 responsive construct expressing Renilla luciferase. 48 hours later a luciferase
assay was performed. Graphs represent mean+SEM of three independent experiments. (A-C, E, H, L). P values were calculated
by two-tailed Student’s t-test. (D) P value calculated by repeated measure ANOVA. *P<0.05; **P< 0.01; ***P<0.001. ANOVA,
analysis of variance.
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that IFN is a critical regulator of PD-L1 expression levels
in NSCLC cells, as previously reported for IFNy in mela-
noma cells.*®

Given that h(MENA'® depletion induced IFNB produc-
tion, we investigated whether h(MENA'" silencing affects
PD-L1 expression. PD-L1 transcript levels increase in
NSCLC cell lines after h(MENA''* depletion (figure 2B)
as well as protein levels, as evidenced by flow cytometry
in silla cells (figure 2C). It is noteworthy that the overex-
pression of h(MENA''"* in A549, expressing low basal levels
of PD-L1, counteracts PD-L1 increase mediated by IFNf}
treatment (figure 2D and online supplemental figure
S2A).

To be noticed, ATAC-Seq analysis revealed the exis-
tence of an open chromatin region in the CD274 locus
in H1650 silla cells, further supporting a key role of
hMENA'"? in the regulation of PD-L1 expression (online
supplemental figure S2B). This evidence warrants further
investigation in future studies.

Then, to identify paracrine mechanisms of hMENA!%
mediated PD-L1 regulation, we treated the NSCLC cell
line H1299, not expressing hMENA'™ (online supple-
mental figure S2C), with the CM of H1650 cells, silenced
or not (online supplemental figure S2D), and looked at
STAT1 activation, considering its role in IFN-mediated
PD-L1 regulation.®® We observed that only the silla
cell-derived CM, but not sictr nor sihMENA(t), activates
STAT1, as revealed by the increased phosphorylation in
tyrosine 701, indicative of IFN pathway activation in the
recipient H1299 cell line (online supplemental figure
S2E). Importantly, in parallel we observed an increase
of PD-L1, as detected by flow cytometry (online supple-
mental figure S2F) thus indicating that silla cell-derived
CM is able to induce activation of IFN pathway and to
upregulate PD-L1 expression levels in a paracrine fashion.

Overall, these data show that h(MENA'" silencing per se
activates IFN-related pathways, triggering a viral response
program that culminates with IFNP production and in
turn PD-L1 upregulation.

hMENA'" silencing increases PD-L1 at mRNA and protein
levels via activation of JAK/STAT1 pathway in NSCLG cell lines
Interferon regulatory factor-1 (IRF1) is a key PD-LI
transcription factor,28 thus we investigated whether the
PD-L1 expression mediated by hMENA'" silencing may
be linked to IRF1 activity, which is downstream to IFN/
STAT /JAK axis.

To assess the involvement of JAK/STAT1 axis in PD-L1
increase induced by hMENA!!? silencing, we used an
ATP-competitive JAK inhibitor. The inhibitor completely
suppressed STAT1 activation induced by hMENA'®
silencing (online supplemental figure S2G) and
significantly counteracted PD-L1 mRNA upregulation
(figure 2E), clearly indicating that JAK/STAT1 activation
participates in PD-L1 increase.

Moreover, we revealed that the depletion of hMENA!!2
upregulates STAT1 phosphorylation in all tested NSCLC

celllines (figure 2F and online supplemental figure S2H),
indicative of the activation of JAK/STAT1 pathway.

To gain deeper insight into the mechanism underlying
PD-L1 increase, we analyzed intracellular localization
of IRF1, the positive regulator of PD-L1 transcription.*
Immunoflorescence analysis revealed that IRF1 localizes
in both nuclear and cytoplasmic compartments of sictr
H1650 cells. Differently its nuclear localization appeared
strongly increased in silla cells, while sihMENA(t) cells
showed IRF1 localization comparable to that observed
in sictr cells (figure 2G,H). Accordingly, immunoblot-
ting analysis indicated that nuclear localization of IRF1
increases in silla cells (figure 2I). This was confirmed by
evaluating luciferase activity in an inducible IRF1 respon-
sive reporter assay, where we found higher IRFI activity
in cells depleted of hMENA'"?, compared with sictr and
sihMENA(t) cells (figure 2L). Collectively, these data
indicate that h(MENA'" affects IRF1 subcellular localiza-
tion and transcriptional activity, modulates JAK/STAT1/
IRF1 signaling pathway and in turn PD-L1 expression.

hMENA'"® depletion perturbs cell-cell junction integrity,
activates NF-kB pathway, induces proinflammatory cytokines
but differs from E-cadherin loss for Type | IFN pathway
activation

hMENA'" is expressed in tumor cells with epithelial
phenotype and correlates with E-cadherin expression in
breast, lung and pancreatic cancers.””* On the other
hand, hMENA'"" silencing downregulates E-cadherin
expression, weakening cell-cell adhesion.*

Accordingly, in the current study, we find a significant
downregulation of CDH1I transcripts in H1650 silla cells,
compared with sictr and sihMENA cells (online supple-
mental figure S3A, left). The decrease of E-cadherin
expression in silla but not in sihMENA(t) cells also
occurred at the protein level (online supplemental figure
S3A, right) and was accompanied by a critical delocaliza-
tion of E-cadherin from cell-cell junctions, as observed by
confocal analysis (figure 3A, upper panel).

Furthermore, hMENA'" silencing, along with a crit-
ically disorganization of F-actin, induces an important
delocalization of zonula occludens-1 (ZO-1) at cell junc-
tions, in contrast with the typical honeycomb membrane
staining of ZO-1 in sictr cells (figure 3A, lower panel).

Cell—cell junction perturbation has been associated
with the activation of NF-kB-driven inflammatory path-
ways in different tumors™ *! and accordingly, we found
that hMENA'" silencing robustly induces transcripts rela-
tive to NF-kB-dependent inflammatory cytokines such as
IL6, IL8 and CXCLI (online supplemental figure S3B).

Thus, to in depth define the pattern of cytokines modu-
lated by A(MENA'", we screened a panel of 40 cytokines/
chemokines by a Bio-Plex assay in different NSCLC cell
lines. H1650 cells produced high levels of different
cytokines/chemokines, the highest being IL6. Impor-
tantly, the analysis of CM of silla cells revealed a strong
increase of IL6, IL8 and CXCL1 ws sictr H1650 cells
(online supplemental figure S3C). We further confirmed
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Figure 3 hMENA'" depletion perturbs cell-cell junction, induces proinflammatory cytokines via NF-kB. E-cadherin loss does
not activate IFN-I pathway. (A) Representative immunofluorescence images of sictr and si11a, sihMENA(t) H1650 cells stained
with anti-E-Cadherin antibody (green) (upper panel) or with phalloidin (red) and anti-ZO-1 antibody (green) (lower panel). Nuclei
were stained with DAPI. Scale bar: 20 pym. (B) ELISA for the indicated cytokines in supernatants of sictr, si11a and sihMENA(t)
H1650 cells. (C) NF-kB transcriptional reporter activity was assessed by luciferase assays in sictr, si11a and sihMENA(t)

H1650 cells. Cells were cotransfected with specific siRNAs and with inducible NF-kB responsive construct expressing Renilla
luciferase. Forty-eight hours later, a luciferase assay was performed. (D) Western blotting of sictr, si11a and siE-Cadherin
H1650 cells. Anti-HSP70 was used as loading control. (E) IFN expression at mRNA level (IFNB1, gRT-PCR, left) and protein
level detected by ELISA in supernatants (right) of H1650 sictr, si11a, sSihMENA(t) and siE-Cadherin cells. Graphs represent
mean+SEM of three independent experiments. (B, C, E). P values were calculated by two-tailed Student’s t-test. *P< 0.05; **P<
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by ELISA the increase of CXCLI, IL6 and IL8 levels in
silla cell-derived CM (figure 3B), compared with sictr
and sihMENA(t) cells. Inflammatory cytokine regula-
tion has been ascribed to NF-kB activity and accordingly
we observed that hMENA'" silencing induced a strong
activation of NF-kB in H1650 cells, compared with sictr
and sihMENA(t) cells as evidenced by luciferase assay
(figure 3C).

Secretion of inflammatory cytokines and chemok-
ines by silla cells does not depend on cell senescence
(senescence-associated secretory phenotype™). Long-
term cultured cancer associated fibroblasts were used as
senescence positive control (online supplemental figure
S3D).

E-cadherin loss has been reported to be associated
with NF-kB activation and inflammatory cytokine produc-
tion.” ¥ To exclude that the pathways activated by
hMENA'" silencing are not related to its effects on E-cad-
herin down regulation, we analyzed the direct effects of
E-cadherin depletion in H1650. As expected we found
that levels of mRNAs of the two NF-kB target genes,
IL6 and IL8, were increased in H1650 cells depleted
of E-cadherin compared with sictr cells (online supple-
mental figure S3E), but notably we observed that STAT1
phosphorylation at Tyr 701 is not affected by E-cadherin
silencing in H1650 cells (figure 3D). More importantly,
IFNB levels were unchanged in E-cadherin depleted cells
(figure 3E).

These data evidence that h(MENA'"* depletion perturbs
cell-cell junction integrity, activates NF-kB pathway,
induces proinflammatory cytokines but differently from
E-cadherin loss specifically activates Type I IFN pathway,
indicating that this effect is not related to cell—cell junc-
tion deregulation but likely to actin cytoskeleton distur-
bance occurring in the absence of hMENA''?,

hMENA'"® depletion induces an increase of RIG-1 which
sustains STAT1 activation, PD-L1 upregulation and IFNp
secretion

Then, since Type I IFN production is activated by nucleic
acid sensors,” we focused on the pattern recognition
receptor RIG-I,” associated with the actin cytoskeleton
and reported as colocalized with ZO-1, which is funda-
mental for its localization and activation for innate
immune signaling. On cytoskeleton rearrangements,
RIG-I delocalizes and activates type I interferon.?’

We observed that hMENA'"* silencing, along with a crit-
ically disorganization of F-actin, induced an important
delocalization of ZO-1 at cell junctions (figure 3A, lower
panel). We hypothesized a role for RIG-I in IFN signaling
activation observed in hMENA!? silenced cells, also indi-
cated by increased DDX58 (RIG-I) transcriptlevelsinsilla
cell lines, compared with relative sictr cells (figure 1D).
Furthermore, RIG-I expression also increases at protein
level in all the silla cell lines, compared with sictr cells
(figure 4A,B and online supplemental figure S4A). It is
important to note that, differently from hMENA'"?, E-cad-
herin silencing does not increase RIG-I levels (online

supplemental figure S4B), indicating that a mecha-
nism specifically related to actin dynamics, rather than
cell junction integrity, may account for RIG-I signaling
regulation.

To determine whether RIG-I has a role in sustaining
IFN activation downstream to hMENA'' silencing, we
first analyzed the effects of RIG depletion in our cell lines
(figure 4A,B), then, to demonstrate that RIG-I signaling
is functional in our cells, we treated cells with M8, RIG-I
agonist,36 that, as expected, increased RIG-I levels and
induced STAT1 activation (online supplemental figure
S4C). We observed that si-RIG-1 per se does not affect
STAT1 expression and phosphorylation (figure 4A,B,
online supplemental figure S4D and E). Differently,
when we presilenced cells for RIG-I and then, 24 hours
later, silenced also for hMENAHa, we inhibited STAT1
phosphorylation, IFN and PD-L1 increase, indicating
that RIG-I is crucial in sustaining the STAT1 pathway
activation we identified in silla cells (figure 4A,B, online
supplemental figure S4D and E). Collectively these data
indicate, in a panel of NSCLC cell lines, independently
of their genomic alterations, that hMENA!!? regulates
STAT1 activation, PD-L1 upregulation and IFNP secre-
tion via RIG-I.

IFNp derived from si11a cells induces a unique macrophage
phenotype and a paracrine loop which favors an EMT
phenotype
Tumor cell intrinsic modifications may result in distinct
immune responses, with macrophages being one of the
key orchestrators of the TME. Type I IFN signaling acti-
vation characterizes a peculiar macrophage subtype,
IFN-tumor-associated macrophage (TAMs), identified
in different patients with cancer, including patients with
lung cancer.”” We then reasoned that the secretoma and
the signaling pathways activated by hMENA'"* downreg-
ulation may influence macrophage polarization. Thus,
we treated human monocyte-derived MO macrophages
(M®s) for 24hours with the CM collected from sictr,
silla and sihMENA(t) H1650 cells. The exposure of M®s
to tumor CM induced a M2-like phenotype, as shown
by the modulation of typical M2-like markers, such as
CD163, CD206 and IL10 (figure 5A,B and online supple-
mental figure S5A) and their morphology (online supple-
mental figure S5B).* Notably, macrophages treated with
CMssilla (thereafter silla-M®s) exhibited a unique
phenotype compared with CM-ictr and CM-siMENA-
polarized M®s, with high levels of CD16, HLA-DR and
CD163 and low level of CD206 receptor but also higher
expression of the M1-like costimulatory molecules CD80
and CD86, (figure 5A,B and online supplemental figure
S5A). Interestingly, we found higher levels of PD-L1
and PD-L2 in silla-M®s with respect to sictr and siME-
NA-M®s and increased levels of IL10 and TGFp cytokines
(figure 5A,B and online supplemental figure SHA).
Considering that IFNB has been reported to upregu-
late CD80 and CD86™ ** as well as IL.10,* we hypothesized
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Figure 4 hMENA'"? depletion induces an increase of RIG-1 which sustains IFNB production, STAT1 activation and PD-L1
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of H1650 (A) and HCC2935 (B). Graphs represent the mean+SEM of three independent experiments. (A, B) P values were

calculated by two-tailed Student’s t-test.

that IFN, found at high levels in CM-silla, may have a
role in this unique M® polarization.

IFNB treatment (24 hours) on monocyte-derived
MO-macrophages determined a M® polarization status
that significantly resembles the phenotype observed after
CMssilla exposure (online supplemental figure S5D).
To investigate whether IFNP signaling is required for
the CM-silla-mediated polarization of M®s, we blocked
IFN-of-receptor (IFNAR) for 48 hours with anti-IFNAR
Chain 2 Antibody (figure 5C and online supplemental
figure S5C). Noteworthy, the upregulation of IL10, TGFp,
PD-L1 and PD-L2 is abrogated in silla-M®s. Conversely,
we observed that IFNAR blockade counteracts the
CM-silla-mediated CD206 downregulation (figure 5C).
Overall, secretome of hMENA''? depleted cancer cells,
via IFNP signaling, forces the macrophages toward a
peculiar polarization, characterized by co-expression of
both M1-like and M2-like markers.

To identify whether hMENA'"™ loss activates a paracrine
loop between tumor cells and macrophages, favoring an
EMT phenotype in cancer cells, we treated A549 cells with
CM derived from macrophages cultured with tumor super-
natants (CM-TUM/M®-s). Interestingly, tumor cells treated
with CM-TUM/M®s=illa expressed higher levels of the
EMT marker vimentin, compared with cells cultured with
CM-TUM/M®sictr, indicating that soluble mediators
produced by macrophages polarized by cancer cells depleted
of hMENA"? can favor EMT of the surrounding cells, likely
affecting tumor cell invasiveness (figure 5D).

These data indicate that the secretoma and signaling
pathways activated by hMENA''* downregulation activates
a paracrine loop resulting in a peculiar polarization of
macrophages that favors an EMT phenotype in cancer
cells.
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hMENA'"? expression, IFN and macrophage scores stratify GR
or PR ICB-treated NSCLC patients

To translate our experimental findings into the clinical
setting, we profiled tumor tissues of 15 NSCLC patients
treated with ICB therapy (nivolumab or pembrolizumab)
by Nanostring nCounter PanCancer IO 360 Panel, inte-
grated with custom probes for hMENA splicing vari-
ants. We compared the gene expression profile of seven
patients classified as PRs, with eight patients classified as
GRs.

The differential gene expression analysis between GR
and PR patients evidenced that 318 genes were modu-
lated in the two groups (58 genes upregulated and 260
downregulated in GRs wvs PRs) (online supplemental
file 2). In line with our previous data on the role of
hMENA'" as prognostic factor in NSCLC, we found that
hMENA'" transcripts (ENAHa) were downregulated in
PR patients, suggesting that low expression of hMENA''"
identify patients with poor response to ICB. In line with
our experimental results, genes belonging to the Type
I IFN pathway, namely IRF1, IRF2, STAT1, OASL, were
upregulated in PR patients (figure 6A), again supporting
that hMENA'" loss activates IFN signaling pathway. Note-
worthy, we found statistically significant higher levels of
‘IFN Response Signature’ included in IO 360 Panel in
PRs than GRs (figure 6B, upper panel, left), indicating
that IFN-related gene expression correlates with poor
clinical response to checkpoint therapy in our patient
setting. This was confirmed by the analysis of ‘Interferon
Response’ module expression, recently identified among
recurring gene modules across diverse cancer typf:s42
(figure 6B). Notably, we observed that this module is more
expressed in our PR patients, further supporting that
interferon signaling may be linked to a poor prognosis.
Considering our data on the paracrine-loop between
cancer cells and macrophages, we then analyzed the
NanoString macrophage score (CD68, CD84, MS4A4A,
CD163) in our patients and we observed an enrichment
in PR patients as indicated in figure 6B, upper panel, left.
Recently the IFN-TAM subset, resembling M1-like macro-
phages, but with immunosuppressive functions, has been
reported.‘%7 Notably this gene signature was higher in our
non-responder patients (figure 6B, upper panel, right),
further supporting our experimental data (figure 5) and
suggesting a crucial role of IFN-TAMs in ICB response
in NSCLC patients. Then, to exclude the involvement
of dendritic cells (DCs) as other immune cells related
to ICB response mediated by hMENA'"® downregulation
and Type I IFN activation, we looked at NanoString DC
score (CCL13, CD209, HSD11B1) and, differently from
macrophages, we did not evidence significant differences
between GR and PR patients (online supplemental figure
S7A).

To validate findings from our discovery cohort we eval-
uated the IFN and Macrophage gene signatures in two
large cohorts of advanced NSCLC patients treated with
ICB in second or third line, the OAK (NCT02008227)*
and POPLAR (NCT01903993)44 datasets. Since the

expression levels for transcript variants are not available
in these datasets, we used ESRP1, the splicing regulator of
11a exon inclusion, and ENAH gene expressions as proxy
to estimate hMENA'* expression® after validating its
robustness on TCGA Lung data as shown in online supple-
mental methods and figure S6. Notably, we were able to
confirm that patients classified as having low expression
of the hMENA" transcript and showing poor response
exhibited elevated levels of both IFN and Macrophages
gene signatures (figure 6C).

A mechanistic link sustaining tumor immune evasion
has been reported between TAM abundance and CD8"
T cell exhaustion, on prolonged residence in the TME.*°
Thus, we have looked at CD8" T cells and CD8" exhausted
cells in the three datasets of ICB-treated patients (online
supplemental figure S7A-D). Of note, PRs (hMENA'"
low, Type I IFN high) in Nanostring cohort display a
higher exhausted CD8" Tcell score. This was confirmed
also in validation cohorts (online supplemental figure
S7D), suggesting that T cell exhaustion is linked to macro-
phage abundance, as recently reported.*’

Similarly to our discovery cohort, DC abundance
obtained by deconvolution analysis performed with two
different computational tools, did not differ among GR
and PR patients in OAK and POPLAR cohorts (online
supplemental figure S7B,C).

Collectively these data strongly suggest that actin cyto-
skeleton modification related to hMENA'"* loss may
influence the interferon response, activate a loop with
macrophages, likely contributing to an immunosuppres-
sive TME which hampers the response to ICB.

DISCUSSION

Growing evidence highlights that, among different
biological processes, cellular cytoskeleton components
and actin cytoskeleton dynamics may also modulate host
immunity,2 7 *3

We have previously demonstrated that the splicing
of hMENA, which accompanies dramatic cytoskeleton
modifications,” activates crucial pathways with an impact
on patient prognosis.”* * However, no data are available
on how actin cytoskeleton disturbance can contribute
to both cancer cell intrinsic and extrinsic mechanisms
involved in resistance to ICB.

Here, we delineate a novel role for the epithelial-
associated hMENA''? isoform, that when low expressed
is able to modulate Type I IFN pathway, secretion of
different inflammatory mediators, and IFN via the viral
sensor RIG-I, regulating tumor PD-L1 expression in a
panel of NSCLC cell lines, regardless of their molecular
context. Moreover, we demonstrated that the secretome
of tumor cells with low expression of A(MENA'' results in
a macrophage peculiar polarization and activates a para-
crine loop which favors EMT in cancer cells. Of clinical
relevance we found that low hMENA'* expression, high
IFN and macrophage scores identify PRs among ICB-
treated NSCLC patients.
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Figure 6 Low hMENA'" expression, high IFN pathway and Macrophage score identify poor responder ICB treated NSCLC
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(ENAHa for h(MENA'"3). (A) Volcano plot showing statistical significance (q value, —log10 scaled) vs Fold Change (log2 scaled)
for genes differentially expressed in good responder cohort (GRs) vs poor responder cohort (PRs). Genes with —log10 (qvalue)
<0.1 were considered significantly modulated. Log2 (Fold Change) positive values indicate higher expression in GRs (orange),
log2 (Fold Changes) negative values indicate higher expression in PRs (blue). Selected genes are reported. The complete list

of differentially expressed genes between GRs and PRs is reported in online supplemental file 2. (B) Boxplots showing the
comparison of scores (log2 scaled) of four reported signatures between GRs and PRs in our internal cohort. IFN-Nano: IFN
Response Signature Pathway included in 10 360 Panel by NanoString (t-test p<0.01); IFN-Barkley: Interferon Response Module
reported by Barkley et al*? (t-test p<0.01); Macro-Nano: Macrophage signature genes included in |0 360 Panel by NanoString
(t-test p<0.05); Macro-Ma: signature genes of IFN-TAM cluster reported by Ma et al*’ (t-test p<0.05). (C) Boxplots showing

the comparison of scores (log2 scaled) of the signatures reported in (B) between GRs and PRs in the OAK (39 vs 35 patients)
and POPLAR (11 vs 7 patients) datasets. Shown in the boxplots are the medians (horizontal lines), 25th-75th percentiles (box
outlines), and highest and lowest values within 1.5 times the interquartile range (vertical lines). T test OAK dataset: IFN-Nano:
P=0.0024; IFN-Barkley: P=0.0021; Macro-Nano: P<0.00001; Macro-Ma: P<0.00001. T test POPLAR dataset: IFN-Nano:
P=0.0035; IFN-Barkley: P=0.0025; Macro-Nano: P=0.003; Macro-Ma: P=0.0018. * P < 0.05; ** P < 0.01; *** P < 0.0001. ICB,
immune checkpoint blockade; NSCLC, non-small cell lung cancer.

Searching for mechanisms occurring when hMENA''"
is depleted in NSCLC cell lines and underlying a viral
mimicry with an upregulation of transcripts related to
IFN pathways, we found the induction of IFNB secre-
tion and the activation of JAK/STAT1 pathway and in
turn PD-L1 expression, ascribed to the increase of IRF-1

localization in the nucleus. This in accordance with the
involvement of JAK/STAT1 pathway to an axis which
includes IRF-1 and PD-L1* and in line with the findings
that, after persistent IFN stimulation, STAT1 increases
and sustains the expression of a subset of ISGs.* Although
often associated with tumor-suppressive activities due to
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its pro-apoptotic function, IRF1 is necessary for PD-L1
upregulation in tumor cells and sustains cancer progres-
sion in vivo, by inhibiting antitumor immunity.”’ Note-
worthy, our ATAC-seq analysis identified an unknown
regulatory region in PD-L1 promoter in hMENA'?
silenced cells. Although further studies are needed to
identify transcription factors binding these regions, this
data support the concept that hMENA-related actin cyto-
skeleton modifications link cytoarchitecture and gene
activity, as we and others have suggested.” °' Indeed
recently, it has been described that hMENA has a role in
the nuclear membrane where controls the LINC (Linkers
of the nucleoskeleton and cytoskeleton) complex, chro-
matin organization and cancer specific immune genes
(ie, PTXS and IL-1B).”!

The perturbation of the epithelial barrier, as occur-
ring when E-cadherin is lost, a primary event in the EMT
program, results in NF-kB activation via an intrinsic
mechanism not linked to infection and able to promote
the secretion of inflammatory cytokines. EMT has been
reported to be immunosuppressive in breast cancer.'®
Our results revealed that hMENA'' depletion perturbs
cell-cell junction integrity and downregulates E-cad-
herin, activates NF-kB pathway and promotes secretion of
inflammatory cytokines and chemokines. However, differ-
ently from E-cadherin downregulation, hMENA'"* deple-
tion also induces IFNB production, resembling a sterile
inflammation. The transcriptional induction of IFN-Is
is mediated by the activation of (RIG-I)-like receptors
(RLRs), key players in the recognition of viral RNA. The
observation that RIG-I sustains IFNP transcription and
secretion in h(MENA'" silenced cells supports the hypoth-
esis that AMENA'"-related actin cytoskeleton disturbance
may affect innate immunity. Likewise, in viral infections
the actin cytoskeleton structure affects proper activation
of antiviral response, by acting as tracks that direct RIG-I
to mitochondria,” or by affecting the activation status of
viral signaling components.”® Similarly, in cancer RIG-I
has been reported to associate with actin cytoskeleton
in epithelial cancer cells, where actin depolymerization
is sufficient to induce RIG-I activation and in turn IFNJ
production.?” Although the mechanism involved in RIG-I
activation after hMENA!® loss has still to be clarified, we
hypothesize that AMENA'"* depletion releases RIG-I from
actin cytoskeleton, determining its activation. Further
studies are needed to identify whether actin cytoskeleton
disturbance mediated by hMENA''* downregulation may
activate nucleic acid sensors other than RIG-I. According
to these data, diverse actin cytoskeleton related proteins
have been reported as a scaffold for immune sensors.
In mouse embryonic fibroblasts, focal adhesion kinase
(FAK), key component of focal adhesions, linking extra-
cellular matrix to actin cytoskeleton, relocalizes from FAs
to the mitochondrial membrane, where it colocalizes with
MAVS, critical component of RIG-I antiviral signaling,
potentiating MAVS-mediated antiviral ~signaling.”
Noteworthy we have previously reported that tyrosine
phosphorylation of FAK at Y397, determinant of FAK

localization,” is affected by hMENA isoform expression
in breast cancer cells.”

Although numerous studies have reported a tumor
suppressive role of RIG-, there is a growing body of
evidence in favor of its protumor behavior, evidencing a
context-dependent function of RIG-1.”** Wolf et al report
a correlation of RIG-I expression with poor ovarian cancer
survival and found that tumors with high RIG-I expres-
sion were markedly enriched in PD-L1 and FoxP3 expres-
sion, suggestive of a RIG-I-related immunosuppressive
TME.” The activation of RIG signaling in breast cancer
cells, mediated by activated stromal cells has been linked
to tumor growth, metastasis, and therapy resistance.”

Although the role of macrophages in tumors has been
extensively explored and inflammatory IFN-I signaling
promotes macrophage maturation and stimulatory
capacity,” the negative impact of IFN-I is less well under-
stood. Our data reveal that the secretome and activated
signaling pathways related to hMENA'* downregulation
are able to polarize macrophages (silla-M®), toward a
peculiar phenotype. We can speculate that this peculiar
phenotype of macrophages may resemble IFN-TAMs,
one of the functional TAM subsets identified across many
tumor types, including NSCLC, and characterized by the
high expression of IFN-regulated genes, including CD86
and immune checkpoint molecules, such as PD-L1.%
Noteworthy, in our experimental settings, blocking
macrophage IFN receptor impedes the increase of PD-L1
and CD86 levels observed when macrophages are treated
with silla-derived CM, supporting the critical role of
IFNB in dictating the peculiar macrophage phenotype.
The attempts to relate macrophage phenotype to func-
tion have evidenced the importance of various external
cues derived from the heterogeneous TME, including
signals from neighbor cancer cells, in determining TAM
functional diversity.”

Noteworthy, IFN-TAMs, although resembling M1l-like
macrophages, have been associated to immune suppres-
sive functions by different studies.”’

Of relevance, we demonstrated that our conditioned
silla-M®s are able to induce an increase of vimentin
expression in tumor cells, indicating that this macro-
phage subtype may favor EMT in neighboring tumor cells
as recently highlighted.” These data suggest that cancer-
related actin modification and in turn IFNB production
induce a protumor behavior in macrophages. Of clinical
relevance, Nanostring analysis on tumor tissues of NSCLC
patients classified as PRs or GRs based on their response
to ICB, revealed higher expression of hMENA'" in GR
patients, characterized by low expression of several IFN-I
related genes. Notably computed IFN score as well as
macrophage score was higher in PRs, while DC score was
similar in GRs and PRs. Of note, an increase of exhausted
CD8 was found in PRs, in agreement with recent findings
highlighting the link of TAM and exhausted CD8 T cells
in the TME.*The validation of these data in two large
clinical studies (OAK and POPLAR) paves the way for
the likelihood of considering these associated molecular
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signatures as a hallmark of a TME subtype related to
resistance to ICB, although further studies are needed
to support these findings and their clinical translation
toward precision immuno-oncology.

Taken together, our data imply that the hMENA''%
mediated IFNB signaling and secretion sustain an
immune suppressive TME and likely represent a mecha-
nism of resistance to ICB-based therapy.

This detrimental, rather than beneficial effect of intra-
tumoral IFN signature, is still largely debated. Recently,
it has been attributed to chronic Type I IFN signaling
that we could speculate may occur when disturbance of
cytoskeleton related to hMENA''* downregulation acti-
vates a chronic inflammation. As soon as more datasets of
ICB-treated patients will be available also in early clinical
setting, they throw light on the effects of actin cytoskel-
eton and type I IFN activation, bringing to the forefront
the possibility of novel robust signatures to stratify ICB
responder or not responder patients.
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