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Immunomodulation and chronic inflammation are important mechanisms utilized by
cancer cells to evade the immune defense and promote tumor progression. Therefore,
various efforts were focused on the development of approaches to reprogram the immune
response to increase the immune detection of cancer cells and enhance patient response
to various types of therapy. A number of regulatory proteins were investigated and
proposed as potential targets for immunomodulatory therapeutic approaches including
p53 and Snail. In this study, we investigated the immunomodulatory effect of disrupting
Snail-p53 binding induced by the oncogenic KRAS to suppress p53 signaling. We
analyzed the transcriptomic profile mediated by Snail-p53 binding inhibitor GN25 in
non-small cell lung cancer cells (A549) using Next generation whole RNA-sequencing.
Notably, we observed a significant enrichment in transcripts involved in immune response
pathways especially those contributing to neutrophil (IL8) and T-cell mediated immunity
(BCL6, and CD81). Moreover, transcripts associated with NF-kB signaling were also
enriched which may play an important role in the immunomodulatory effect of Snail-p53
binding. Further analysis revealed that the immune expression signature of GN25 overlaps
with the signature of other therapeutic compounds known to exhibit immunomodulatory
effects validating the immunomodulatory potential of targeting Snail-p53 binding. The
effects of GN25 on the immune response pathways suggest that targeting Snail-p53
binding might be a potentially effective therapeutic strategy.
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INTRODUCTION

The complexity of the tumor micro-environment is attributed to
various factors including the different types of cells residing
within the tumor micro-environment (i.e. tumor, stromal, and
tumor-associated immune cells) (1). These different cell types
interact reciprocally, gradually modulating the micro-environment
and promoting tumor progression. For instance, the tumor
microenvironment modulates the immune response by selectively
attracting and repolarizing immune cells (e.g. macrophages and
neutrophils) from an anti-tumorigenic to a pro-tumorigenic
phenotype (2, 3).

As non-small cell lung cancer (NSCLC) is one of the most
common causes of cancer-related death world-wide, targeted and
immune therapy strategies are being exhaustively explored for
the treatment of this disease (4). Immune-checkpoint inhibitors
(ICIs) showed promising results in a group of lung cancer
patients (5); however, their efficiency largely depends on the
priming and activation state of the immune cells (6). For
example, only 14–20% of NSCLC patients were found to
benefit from anti-PD-1/PD-L1 therapy (7), as a consequence of
the lack of proper immune response dynamics and T-cells
priming. Therefore, it is critical to develop immunomodulatory
strategies to regulate the activation state of the immune effectors
and enhance the efficiency of ICIs (7).

Multiple proteins and signaling pathways were proposed to
induce immunomodulatory reciprocal signaling networks between
tumor, stromal and immune cells, including p53 and Snail.
Inactivation of the tumor suppressor p53 was shown to contribute
to tumor progression by augmenting immunotolerance, reducing
the infiltration of cytotoxic T-cells and increasing the infiltration of
FoxP3+ regulatory T cells (8). In addition, in the absence of
functional p53, tumor cells promote chronic inflammation and
inflammatory cytokines production (e.g. G-CSF, IL6, and CXCL1)
through regulation ofNF-kB signaling (8, 9). The exacerbation of the
chronic inflammation mediated by p53 inactivation promotes the
activation of myeloid-derived suppressor cells (e.g. precursors of
dendritic cells, macrophages and granulocytes that inhibit T cell
response), shifting the nature of the tumor microenvironment
further towards a pro-tumorigenic phenotype (10).

Snail on the other hand was found to modulate the secretion
of chemokines, such as CXCL2, resulting in the increased
infiltration of neutrophils into the tumor micro-environment
(11). Moreover, through interacting with CREB-binding protein
(CBP), Snail can transcriptionally upregulate the production of
various cytokines including TNF-a, CCL2, and CCL5; hence,
recruiting tumor-associated macrophages (12). Additionally, Snail
was found to induce regulatory T cells differentiation and impair the
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infiltration of anti-tumor effector cells, through TSP1 and TGF-b
production resulting in the resistance to immunotherapy (13).

In 2009, Lee et al. discovered a novel p53 inhibition
mechanism instigated by the oncogenic KRAS through
inducing Snail-p53 binding and p53 clearance through
exocytosis or degradation (14). The compound GN25 was
shown to effectively target this binding and, consequently,
restore p53 levels and activity in the KRAS mutant cancer cells
(15). Therefore, we aimed at investigating the effect of disrupting
Snail-p53 binding using GN25 on the modulation of the immune
response using systems immunology. To achieve this aim, we
analyzed the whole transcriptome of GN25 treated non-small cell
lung cancer cell line (A549) using next-generation RNA-seq
followed by functional clustering and pathway analysis.
MATERIALS AND METHODS

Cell Culture and Treatment
A549 cells were cultured in RPMI-1640 media supplemented
with 10% FBS and 1% penicillin–streptomycin (Sigma) and
maintained at 37°C and 5% CO2. The cells were treated with
20 µM GN25 or DMSO vehicle control (NTC) for 24 h and
harvested for RNA extraction using RNeasy Mini Kit (Qiagen).

Quantitative Real-Time PCR Analysis of
Gene Expression
Gene-specific cDNA was synthesized using the High-Capacity
cDNA Reverse Transcription Kit for RT PCR (Applied
Biosystems). qRT-PCR was performed in triplicates with the
Maxima SYBR Green/ROX qPCR Master Mix (Thermoscientific)
using QuantStudio3 Real-Time PCR instrument (Applied
biosystems). qRT-PCR were performed using primers for
18SrRNA, IL8, DUSP1, and CXCL2 as per the sequences in
Table 1. Gene expression results are presented as mean ±
standard error of triplicates.
Whole Transcriptome Analysis
1 ng of RNA extracted from vehicle-treated and GN25-treated
A549 cells was analyzed using targeted whole RNA-seq with
AmpliSeq whole transcriptome on S5 system (Thermo Fisher
Scientific). The SuperScript VILO cDNA synthesis kit
(Invitrogen) was used to synthesize barcoded CDNA libraries;
which were further amplified using Ion AmpliSeq transcriptome
human gene expression kit (Thermo Fisher Scientific). Taqman
library quantitation kit (Applied Biosystems) was used to
TABLE 1 | Details of primers used for qRT-PCR validation of gene expression.

Gene Symbol Forward Primer sequence Reverse Primer sequence Amplicon Size (bp) Template gene accession number

18S TGACTCAACACGGGAAACC TCGCTCCACCAACTAAGAAC 114 NR_003286
IL8 GAGAGTGATTGAGAGTGGACCAC CACAACCCTCTGCACCCAGTTT 112 NM_001354840
DUSP1 TCCTGCCCTTTCTGTACCTG GGACAATTGGCTGAGACGTT 103 NM_004417.4
CXCL2 GGCAGAAAGCTTGTCTCAACCC CTCCTTCAGGAACAGCCACCAA 127 NM_002089.4
Decembe
r 2020 | Volume 11 | Article 569671

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hammoudeh et al. Immunomodulatory Effect of Snail-p53 Binding
evaluate the quality of the libraries. Pooled libraries were then
amplified using emulsion PCR on Ion One Touch2 instruments
(OT2) and enriched using Ion One Touch ES as per
manufacturer’s instructions. RNA-sequencing of the libraries
was done using Ion S5 XL Semiconductor sequencer on Ion
540 Chip (Life Technologies).

Bioinformatics Analysis
RNA-seq data was analyzed using the Ion Torrent Software Suite
version 5.4. Alignment was carried out using the Torrent Mapping
Alignment Program (TMAP). TMAP is optimized for aligning the
raw sequencing reads against reference sequence derived from
hg19 (GRCh37) assembly. To maintain specificity and sensitivity,
TMAP was used to implement a two-stage mapping approach.
First, four alignment algorithms, BWA-short (BWA, http://bio-
bwa.sourceforge.net) (16), BWA-long (17), SSAHA (18), and
super-maximal exact matching (19) were employed to identify a
list of candidate mapping locations. A further alignment process is
performed using the Smith-Waterman algorithm (20) to find the
final best mapping. Raw read counts of the targeted genes were
performed using samtools (samtools view –c –F 4 –L bed_file
bam_file). The quality control including the number of expressed
transcripts is checked after Fragments per Kilobase Million
(FPKM) normalization. Differentially expressed gene analysis
was carried out using a modification of the NOISeq algorithm
(21) with raw read counts from RNASeq data. The cut-off chosen
for NOISeq is q = 0.8 based on the noise content of the samples.

In Silico Functional Analysis
Over and under expressed genes were subject to functional
analysis using unsupervised hierarchical clustering based on
Gene Ontology analysis. We analyzed the functional clustering
of the differentially expressed genes using Metascape (22) and
Ingenuity pathway analysis (IPA) platforms (23) annotation
tools. To identify the specific effect of GN25 on the different
types of immune cells, we cross matched the differential
transcriptome with gene ontology sets retrieved using AmiGO
2 database (Table S1). Heatmap and bar plot representations
were generated using R (version 3.6.0). We queried our
differential immune expression signature for overlap with other
immunomodulatory compounds through the L1000 Characteristic
Direction Signature Search Engine (https://amp.pharm.mssm.
edu/L1000CDS2) developed by the Mount Sinai Center for
Bioinformatics (24).

Western Blot
Cells were lysed with RIPA lysis buffer containing 50 mMTris Base,
150 mM NaCl, 1% sodium deoxycholate, 0.1% SDS, 1% Triton X-
100, and supplemented with 1X protease inhibitor cocktail (Sigma).
Protein concetration was then quantified using Pierce™ BCA
Protein Assay Kit (ThermoFisher). 20µg of each sample sample
were separated on 12.5% SDS polyacrylamide gel and transblotted
onto polyvinylidene difluoride (PVDF) membrane (Biorad).
Membranes were blocked with 5% Bovine Serum Albumin
prepared in 1X TBST then incubated with the primary antibodies
overnight at 4°C. Anti-p53 rabbit polyclonal antibody (A0263,
abclonal) and anti-b-actin mouse monoclonal antobody (A5441,
Frontiers in Immunology | www.frontiersin.org 3
Sigma) were applied at a dilution of 1:1,000. The secondary
antibodies, Anti-mouse IgG, HRP-linked Antibody #7076 (Cell
Signaling, 1:3,000) and Anti-rabbit IgG, HRP-linked Antibody
#7074 (Cell signling, 1:3,000), were applied to the membranes for
1 hour at room temperature. Chemiluminescence was detected
using Pierce™ ECL Western Blotting Substrate (ThermoFisher
Scientific) and developed using the ChemiDoc™ imaging system
(Biorad). Quantification of bands was analyzed by Image LabTM
software (Biorad).

PBMC Isolation, Co-Culture, and Flow
Cytometry
Peripheral blood mononuclear cells (PBMCs) were isolated from
fresh blood samples collected from four healthy donors following
the approval of the ethical committee at University Hospital
Sharjah. The research ethics approval code for this study is
UHS-HERC-033-02042020. The PBMCs were isolated using
histopaque gradient separation (Sigma). PBMCs were labeled
with 4 µM carboxyfluorescein succinimidyl ester (CFSE,
Invitrogen, USA) for 8 min at room temperature and washed
with ice cold RPMI 1640 medium (completed with 10% FBS and
1% penicillin-streptomycin). PBMCs were then directly co-
cultured with a monolayer of A549 cells treated with 0, 5, and
10 µM of GN25 in complete RPMI 1640 medium at a seeding ratio
of 1:1 (5×104 cells per well in a 12-well cell culture plate). PBMCs
were harvested on the third day of culture and stained with anti-
Human CD3-AlexaFluor 700 (clone OKT3, eBiosciences,
Invitrogen, USA). Stained PBMCs were then acquired using BD
FACS Aria III flow cytometer (BD Biosciences, USA) and BD
FACS Diva software.

Statistical Analysis
Two-tailed t-test was conducted to statistically analyze the
significance of the gene expression data and T-cell activation
data; the significance was taken to be p <0.05. All statistical
analyses were performed using GraphPad Prism (version 5.01).
RESULTS

Validation of GN25 Effect on Cell Cycle
and Cytoskeleton Reorganization
Our initial aim was to examine the effects of disrupting Snail-p53
binding using GN25 on the gene expression profile of the NSCLC
cell line A549. The transcriptome of GN25 treated NSCLC cells
was enriched for transcripts implicated in cell cycle regulation,
phase transition, cell division, and DNA damage and repair
(Figure 1A). Furthermore, many of these transcripts belong to
p53 signaling cascade, involved in the regulation of cell cycle and
DNA repair (Table S2). The upregulation and enrichment of
these transcripts confirms the restoration of p53 activity in
response to disrupting its binding to Snail by GN25.

On the other hand, GN25 treatment resulted in the
downregulation of transcripts involved in cell projection
organization, cell morphogenesis and differentiation,
extracellular matrix organization, and regulation of cell
December 2020 | Volume 11 | Article 569671
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A

B

C

FIGURE 1 | Validation of Snail inhibition and p53 restoration in GN25 treated cells. The top 20 enriched pathways and functional clusters in (A) the upregulated
genes and (B) downregulated genes in the GN25 treated cells analyzed using Metascape annotation tool (C). Top 20 pathways enriched in the differentially
expressed genes in GN25 treated cell (both up- and down-regulated genes) using IPA. Green arrows indicate cell cycle related pathways; black arrows indicated cell
morphogenesis related pathways; and black arrows indicate immune response related pathways.
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adhesions (Figure 1B). The downregulation of these transcripts
is a potential consequence of Snail inhibition exerted by GN25, in
concordance with previous findings (25).

We cross-validated these enrichment results analyzed using
Metascape with those analyzed using Ingenuity Pathway Analysis
(IPA) (Figure 1C). Analysis results from both tools confirmed the
significant effect of GN25 treatment on cell cycle and cell
projections organization, subsequently to Snail inhibition and p53
restoration. Intriguingly, multiple immune pathways were enriched
in both analyses, suggesting a potential effect of the disruption of
Snail-p53 binding on the immune response (Figure 1C).

We next carried out in vitro validation to confirm the
restoration of p53 in response to GN25 treatment at the
protein level. In concordance with the findings of Lee at al.
(15), we observed a significant upregulation (F.C.) of p53 levels
in A549 cells treated with 20 µM GN25 (Figure S1A). Moreover,
we observed a reduction in the proliferation of A549 cells in
response to GN25 treatment (Figures S1B, C).

Enrichment in Immune Response
Genes and Pathways in GN25
Treated NSCLC Cells
We next focused our analysis on the enriched immune response
transcripts and pathways to further examine the effects of
disrupting Snail-p53 binding on the immunomodulatory
potential of NSCLC cell line, A549. Targeted Enrichment of
our pathway analysis results from Metascape and IPA for
immune response pathways, uncovered a significant effect of
GN25 treatment on signaling pathways mediated by cytokines
(e.g. IL-8, IL-1, IL-17), immune receptors (e.g. TCR, BCR, and
FcϵR), and NF-kB (Figures 2A, B).

To further investigate the specific effect of GN25 on the
immune response, we examined the overlap between the
differential transcriptome of GN25 treated NSCLC cells and
gene ontology sets linking to the regulation and activation of the
different arms of the immune system. Our analysis showed a
substantial overlap with T-cell, B-cell and Monocyte gene sets
from the Immunome gene ontology set (26–28) (Figure 2C).
Enrichment of T cell regulatory transcripts was further confirmed
through the substantial overlap with the T cell activation and
chemotaxis gene sets retrieved from AmiGO 2 database (Figures
2D, E). Overlap, although less substantial, was observed as well
with the activation and chemotaxis gene sets of other immune cells
including neutrophils, monocytes, and NK cells. These results
suggest a potential effect of Snail-p53 binding disruption on the
immunomodulatory capacity of NSCLC cells on immune
responsemediated by different immune effectors, including T cells.

GN25 May Increase the
Immunomodulatory Effect of NSCLC Cells
on Myeloid Cells, Neutrophils, T-Cells
Mediated Immune Response
Despite the marked effect of GN25 treatment on the enrichment
of T cell regulatory transcripts, the effect of GN25 encompassed
transcripts implicated in the regulation of other elements of the
immune response (e.g. neutrophils, Monocytes, and NK cells).
Frontiers in Immunology | www.frontiersin.org 5
To further assess the significance of the effect of GN25 on the
remaining elements of the immune response, we filtered the
differentially expressed genes (fold change >2 or <0.5) that
overlapped with the immune response gene ontology sets for
functional clustering analysis, including IL8, CD81, BCL6, and
DUSP1 (Figure 3A; example of the filtered genes).

Although the results of the functional clustering analysis
showed a general enrichment of leukocytes activation,
migration and regulation pathways, a significant enrichment
was observed for myeloid leukocytes (GO:0002274), neutrophil
(GO:0042119) and T cell (GO:0050870 and GO:0046649)
regulatory pathways in comparison to the other immune cell
types (Figure 3B). The constitutive enrichment of T cell
regulatory pathways at the different levels of analysis as well as
the enrichment of the neutrophil and myeloid leukocyte
regulatory IL-8 signaling pathway suggest a substantial effect of
Snail-p53 binding disruption of myeloid leukocytes, neutrophils
and T cells mediated immunity.

Intriguingly, the suppression of some of the identified
immune response genes, including CD81, might contribute to
the suppression of cancer cells migration and invasive capacity
(29). Moreover, treatment with GN25 is suppressing BCL6 which
was shown to alternatively promote cancer cells survival through
exerting a suppressive effect on DNA damage sensing proteins
including p53 (30).

Direct Immunomodulatory Effect of GN25
Treated A549 Cells on CD3+ Lymphocytes
We next carried out in vitro validation of the suggested
immunomodulatory effect of GN25 treated NSCLC cells on
T and B cells. We directly co-cultured freshly isolated PBMCs
with GN25 treated A549 cells and monitored CD3+ PBMCs for
proliferation using CFSE as a marker of cell activation. We
observed a significant upregulation of cell proliferation in
response to the co-culture with A549 cells treated with 10 µM
GN25 (Figures 3C, D). These findings support the enhancement
of the immunomodulatory capacity of NSCLC cells in response
to the disruption of Snail-p53 binding as suggested by the in
silico analysis of the RNA-seq data.

Snail-p53 Signaling Modulates the Immune
Response Potentially Through NF-kB
Signaling and Related Regulatory Pathways
The functional clustering and pathway analysis of the differentially
expressed immune-related genes revealed an enrichment for
transcripts contributing to major regulatory signaling pathways
such as ERK1/2, AP1, Notch, JAK-STAT, NF-kB, and MAPK
signaling pathways. Henceforth, the observed immunomodulatory
effects of Snail-p53 binding disruption could be an end result of
targeting these regulatory signaling pathways. Therefore, we aimed
at further analyzing our differentially expressed immune genes for
potential regulatory networks using String functional protein
association networks analysis (Figure 4).

In concordance with the enrichment of NF-kB signaling
pathway (hsa04064), we observed that the NF-kB pathway
active subunit RELA, occupies a central node in the functional
December 2020 | Volume 11 | Article 569671
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network connecting p53 to cytokines-mediated signaling and
leukocytes activation. The transcription factor ATF3 appears to
be induced by p53 signaling as well to regulate cytokine-
mediated signaling and leukocytes activation.

Moreover, the network analysis suggests that histone
deacetylase 5 (HDAC5) propagates p53 and Snail signaling to
regulate leukocytes and complement activation, confirming
Frontiers in Immunology | www.frontiersin.org 6
thereby the enrichment of the histone modification pathways
in our previous analysis (e.g. GO:0031056: regulation of histone
modification). Snail-p53 binding may potentially regulate
endocytosis, transport across the plasma membrane, and
membrane receptors signaling through NOTCH1, an element
of the NOTCH signaling pathway enriched in our previous
analysis (GO:0007219: NOTCH signaling pathway).
A

B

D EC

FIGURE 2 | Immunomodulatory effect of Snail-p53 binding inhibition. Enriched representation of the top 20 immune response pathways and functional clusters
identified in analysis conducted using (A) Metascape and (B) IPA. The count of intersecting genes from the GN25 treated cells with the (C) Immunome set (D),
immune cells activation gene ontology sets, and (E) immune cells chemotaxis gene ontology sets.
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Altogether, these findings suggest that Snail-p53 binding
disruption displays an immunomodulatory role pertaining to
its upstream effect on regulatory signaling pathways such as NF-
kB signaling.

Immunomodulatory Genes Are Enriched in
the Top 20 Up- and Down-Regulated
Genes in GN25 Treated A549 Cells
To further confirm the substantiality of the immunomodulatory
potential of Snail-p53 binding disruption, we examined the top
20 upregulated and downregulated genes, for overlap with the
differential immune expression profile of GN25 treated NSCLC
Frontiers in Immunology | www.frontiersin.org 7
cells. We found that 25% of the top 20 upregulated and
downregulated genes overlapped with the queried immune
signature (Figures 5A, B).

GN25 treatment resulted in the significant upregulation of
important regulatory hubs of adaptive and innate immunity,
such as ATF3 and DUSP1, which play critical roles in processing
upstream signals from various stimuli, to regulate downstream
inflammatory and immune response pathways (31–33).
Moreover, GN25 appears to upregulate the expression of the
nuclear receptor subfamily 4 group A member 1 (NR4A1), an
anti-inflammatory protein that regulates NF-kB signaling and
inflammatory cytokines production (e.g. IL-12) (34). These
A B

D

C

FIGURE 3 | Most significantly enriched immune pathways within the immunomodulatory signature of GN25 (A). The differentially expressed genes (Fold changes
cut-off >2 and <0.5) enriched in the gene ontology data sets for the activation and chemotaxis of each immune cell type (B). Pathway analysis of Differentially
expressed genes enriched in the Immunome and activation/chemotaxis Gene ontology sets of each immune cell type. Pathway analysis done using Metascape (C).
Representative FACS plots showing the percent of CFSE+ CD3+ cells co-culture with A549 cells treated with 5 and 10 µM GN25 as well as vehicle control (D).
dotplot representation of mean percentage ± SEM of CD3+ cells proliferation in response to co-culture with A549 cells treated with 5 and 10 µM GN25 as well as
vehicle control. Data shown are from four healthy individuals. * represents p-value <0.05.
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results further confirm the considerable effect of GN25 on the
modulation of immune-related pathways and processes.

Despite the inhibitory effect of GN25 on various immune
response elements, we observed the significant upregulation of
some pro-tumorigenic immune modulators potentially as a
compensatory feedback mechanism. For instance we observed
the upregulation of the carcinoembryonic antigen-related cell
adhesion molecule 6 (CEACAM6), an emerging target for anti-
cancer therapies due to its important pro-tumorigenic role in
lung cancer (35). Moreover, CXCL2, a chemokine that
contributes to cancer metastasis as well as pro-tumorigenic
immunomodulation (36), is upregulated in our GN25 treated
samples. The upregulation of these genes suggests that the lung
cancer cells are employing backup mechanisms to offset the
inhibitory effects Snail-p53 inhibition on the immune response
and cell movement.
Frontiers in Immunology | www.frontiersin.org 8
The significant upregulation of some of these genes (IL8,
DUSP1, and CXCL2) in GN25 treated A549 NSCLC cells was
further validated in vitro using qRT-PCR (Figure 5C).
Partial Correlation of GN25 Immune
Expression Profile to Those of
Compounds With Immunomodulatory
Effects
We next aimed at assessing the potential of employing the
disruption of Snail-p53 binding as an immunomodulatory
therapeutic strategy. We queried the immune expression
profile of GN25 treated NSCLC cells against the expression
signatures in the L1000 Characteristic Direction Signature
Search Engine L1000CDS2 (24) to identify compounds with
concordant immunomodulatory effects (Table 2).
FIGURE 4 | String functional protein association networks analysis in all the differentially expressed genes (FC >2 or <0.5) enriched in the immune gene ontology
sets. Red arrows indicate elements of our target molecules, p53 and Snail; black arrows indicate potential regulatory nodes induced by Snail-p53 binding to
modulate immune response pathways.
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A B

C

FIGURE 5 | Immune genes enrichment in the top differentially expressed genes. heatmap representation of the log2 Read counts of the (A) top 20 upregulated
genes and the (B) top 20 downregulated genes in GN25 treated cells in comparison to the vehicle negative control. Green arrows indicate genes that intersect with
the differentially expressed genes enriched in the immune gene ontology gene sets (C). Gene expression validation using qRT-PCR of immune response genes
identified in the RNA-seq analysis including IL8, CXCL2, and DUSP1. *** represents p-value <0.005.
Frontiers in Immunology | www.frontiersin.org December 2020 | Volume 11 | Article 5696719
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The top two query candidates were the MEK1/2 inhibitors,
PD-0325901 and selumetinib, reported to modulate interferon
signaling and chemokines production to reduce inflammation
(37). Another candidate found to overlap with the queried
immune signature is the heat shock protein 90 (Hsp90)
inhibitor radicicol; established to reduce inflammation by
suppressing cytokines and IFN-gamma production and
macrophages stimulation (38, 39). The PI3Kg inhibitor
AS-605240, another top candidate, was found to suppress
lung carcinoma inflammation and the secretion of pro-
inflammatory cytokines (e.g. IL-17, IFN-g, IL-22, GM-CSF, IL-
6, IL-4, and IL-13) (40–43).

The immunomodulatory signature of GN25 was found to
overlap with multiple additional compounds which similarly
possess immunomodulatory effects such as gefitinib, erlotinib
(44), JAK2 inhibitor TG101348 (45), and mTOR inhibitor GSK-
2126458 (46). The concordance in the immune expression
patterns of GN25 and these compounds, supports the potential
utility of targeting Snail-p53 binding as a potential
immunomodulatory therapeutic strategy.
DISCUSSION

The tumor microenvironment gradually undergoes modulations
to promote tumor growth through the reciprocal signaling
between the different cell types (i.e. tumor, stromal, and
immune cells) encapsulated within the tumor vicinity.
Oncogenic reprogramming of signaling pathways expands the
tumor cells’ capacity to modulate the immune response and
induce pro-tumorigenic chronic inflammation (47). Therefore,
reprogramming the immune response is being heavily investigated
as a therapeutic strategy. A number of regulatory proteins are
currently being studied for their immunomodulatory effects,
including p53 and Snail. In this paper, we aimed at exploring
the immunomodulatory potential of disrupting the Snail-p53
binding induced by oncogenic KRAS in NSCLC cells.

Our analysis of the differential transcriptome induced by the
disruption of Snail-p53 binding confirmed the enrichment of
transcripts contributing to various immune response pathways,
including signaling pathways mediated by cytokines, immune
Frontiers in Immunology | www.frontiersin.org 10
receptors, and NF-kB. Moreover, the disruption of Snail-p53
binding exerted a substantial effect of the regulation, activation,
and chemotaxis of multiple immune effectors. The effect of
targeting Snail-p53 binding was most significantly observed on
the expression of transcripts contributing to neutrophils- and T
cell- mediated immunity, such as IL-8, BCL6, and CD81.
Previous studies revealed that p53 and Snail , each
independently, plays an important role in regulating tumor
infiltration of T-cell and neutrophil, respectively (8, 11). Our
findings that GN25 modulated neutrophils and T-cells tumor
responses may result from the combination of p53 activation and
Snail inhibition and suggest that GN25 might be as effective as
combined treatment with p53 activators and Snail inhibitors
in NSCLC.

Moreover, analysis of the differential transcripts implicated
in immune response pathways showed an enrichment for
multiple major regulatory pathways including ERK1/2, AP1,
Notch, JAK-STAT, NF-kB, and MAPK signaling pathways.
Elements of these pathways (e.g. RELA and NOTCH1) act as
central nodes that propagate changes in Snail and p53 activity to
the different arms of the immune response. Henceforth, we
speculate that the disruption of Snail-p53 binding exhibits
immunomodulatory effects in NSCLC cells as an end result of
modulating upstream regulatory signaling pathways. These
findings are concordant with the previously observed p53-
media ted regula t ion of cytok ines product ion and
inflammation through the modulation of NF-kB signaling (8,
9). However, further functional studies are required to identify
the precise signaling cascades targeted by the disruption of
Snail-p53 binding to modulate the different components of
the immune response.

We further validated the potential of targeting Snail-p53
binding as a potential immunomodulatory therapeutic strategy
by confirming the concordance in the immune expression
patterns of GN25 and well-documented immunomodulatory
compounds (e.g. PD-0325901, selumetinib and radicicol).
Some of these compounds such as selumetinib and radicicol,
were found to complement and sensitize tumors to immune
checkpoint inhibitors such as anti-CTLA4 and anti-PD1
therapies (48–50). Therefore, we speculate that targeting Snail-
p53 binding using GN25 would similarly potentiate the
antitumor activities of ICIs.

Cancer cells exhibit high capacity in maintaining their
oncogenic state by utilizing an extensive network of feedback
loops and compensatory mechanisms, resulting in the
development of drug resistance (51, 52). We observed evidence
of these compensatory mechanisms in our studies. For instance,
we observed the upregulation of pro-metastatic genes
(e.g. CEACAM6) to compensate for the GN25 treatment.
Moreover, GN25 treatment upregulated CXCL2 expression as a
potential mechanism to recover the pro-tumorigenic immune
microenvironment by recruiting tumor promoting myeloid cells
(36). These findings provide an elaborate example on the intricate
plasticity and adaptability of cancer cells to resist external
influences resulting in the inefficiency of various therapeutic
approaches, including immunomodulatory treatments.
TABLE 2 | Compounds with signatures overlapping with the immunomodulatory
signature of GN25.

Compound/Drug Overlap score Cell-line Dose Time

PD-0325901 0.1223 A375 0.04 um 24 h
selumetinib 0.1223 MCF10A 10 um 24 h
WZ-4-145 0.1223 MCF10A 10 um 24 h
radicicol 0.1223 MCF10A 1.11 um 24 h
AS-605240 0.1151 A375 3.33 um 24 h
afatinib 0.1151 MCF10A 3.33 um 24 h
gefitinib 0.1151 MCF10A 10 um 24 h
TG101348 0.1079 A549 11.1 um 6.0 h
PLX-4720 0.1007 A375 0.37 um 24 h
GSK-2126458 0.1007 MCF10A 1.11 um 24 h
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However, since our investigations are mostly based on systems
immunology analysis of transcriptomic data, the outcomes
described in this paper are mostly speculations on the
immunomodulatory role of Snail-p53 binding. Further
mechanistic and functional validation in vitro and in vivo is
required to substantiate our claims on the immunomodulatory
potential of disrupting Snail-p53 binding; to comprehensively
understand the dynamics and mechanism of action of this
potential therapeutic strategy; and to investigate the potential
mechanisms of compensatory resistance that may develop against
this approach. Moreover, whilst other studies showed the p53
restorative effect of GN25 on p53 wild type cells, future work is
needed to assess the replicability of our findings in other NSCLC
cells lines as well as primary cells. The differentially expressed
immune biomarkers in our data (e.g. IL-8, BCL6, and CD81) can
be further investigated as potential biomarkers for the prediction of
patients’ response to the proposed chemotherapeutic approach and
the potential acquisition of drug resistance.

In conclusion, we used a systems immunology approach to
investigate the immunomodulatory potential of the disruption
of Snail-p53 binding using GN25. Our analysis of the whole
transcriptome data confirmed the enrichment of transcripts
implicated in immune response signaling pathways, especially
the concomitant regulation of neutrophils- and T cell- mediated
immunity, as indicated by the differential expression of IL8,
BCL6, and CD81. The data presented in the study suggests that
the disruption of Snail-p53 binding could be further
investigated as an immunomodulatory therapeutic strategy to
sensitize immune effectors for enhanced patient response to
immune therapies (e.g. ICIs such as anti-CTLA-4 and anti-PD-
1/PD-L1).
DATA AVAILABILITY STATEMENT

The datasets presented in this study are provided in the
Supplementary Material (Table S3) for GN25- and vehicle-
treated samples.
Frontiers in Immunology | www.frontiersin.org 11
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by University Hospital Sharjah (Ethical approval
number UHS-HERC-033-02042020). The patients/participants
provided their written informed consent to participate in
this study.
AUTHOR CONTRIBUTIONS

SH and RH were responsible for the conception, design, and
development of the methodology. SH, TV, and AA were
responsible for the practical application of the methodology
and data acquisition. SH and RH were responsible for the
bioinformatics analysis and data interpretation. SH, MR, RB,
QH, and RH were responsible for the writing and reviewing the
manuscript. RH, MR, QH, and RB were responsible for the
supervision of the study. All authors contributed to the article
and approved the submitted version.
FUNDING

This project is funded by Al-Jalila Foundation (Grant No:
AJF201741 and AJF2018090), Boehringer Ingelheim (Grant
No: 120102) and Sheikh Hamdan Award for Medical Science
Research (Grant No: MRG/108/2018). The funder bodies were
not involved in the study design, collection, analysis,
interpretation of data, the writing of this article or the decision
to submit it for publication.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.
569671/full#supplementary-material
REFERENCES

1. Balkwill FR, Capasso M, Hagemann T. The tumor microenvironment at a
glance. J Cell Sci (2012) 125(23):5591–6. doi: 10.1242/jcs.116392

2. Allavena P, Sica A, Garlanda C, Mantovani A. The Yin-Yang of tumor-
associated macrophages in neoplastic progression and immune
surveillance. Immunol Rev (2008) 222:155–61. doi: 10.1111/j.1600-
065X.2008.00607.x

3. Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L, et al. Polarization of
tumor-associated neutrophil phenotype by TGF-beta: “N1” versus “N2” TAN.
Cancer Cell (2009) 16(3):183–94. doi: 10.1016/j.ccr.2009.06.017

4. Sharma P, Allison James P. Immune Checkpoint Targeting in Cancer
Therapy: Toward Combination Strategies with Curative Potential. Cell
(2015) 161(2):205–14. doi: 10.1016/j.cell.2015.03.030

5. Blons H, Garinet S, Laurent-Puig P, Oudart J-B. Molecular markers and
prediction of response to immunotherapy in non-small cell lung cancer, an
update. J Thorac Dis (2019) 11(Suppl 1):S25–36. doi: 10.21037/jtd.
2018.12.48
6. Verma V, Shrimali RK, Ahmad S, Dai W, Wang H, Lu S, et al. PD-1 blockade
in subprimed CD8 cells induces dysfunctional PD-1+CD38hi cells and anti-
PD-1 resistance. Nat Immunol (2019) 20(9):1231–43. doi: 10.1038/s41590-
019-0441-y

7. Zheng H, ZeltsmanM, Zauderer MG, Eguchi T, Vaghjiani RG, Adusumilli PS.
Chemotherapy-induced immunomodulation in non-small-cell lung cancer:
a rationale for combination chemoimmunotherapy. Immunotherapy (2017)
9(11):913–27. doi: 10.2217/imt-2017-0052

8. Guo G, Marrero L, Rodriguez P, Del Valle L, Ochoa A, Cui Y. Trp53
inactivation in the tumor microenvironment promotes tumor progression
by expanding the immunosuppressive lymphoid-like stromal network.
Cancer Res (2013) 73(6):1668–75. doi: 10.1158/0008-5472.can-12-3810

9. Cui Y, Guo G. Immunomodulatory Function of the Tumor Suppressor p53 in
Host Immune Response and the Tumor Microenvironment. Int J Mol Sci
(2016) 17(11):1942. doi: 10.3390/ijms17111942

10. Meyer C, Sevko A, Ramacher M, Bazhin AV, Falk CS, Osen W, et al. Chronic
inflammation promotes myeloid-derived suppressor cell activation blocking
antitumor immunity in transgenic mouse melanoma model. Proc Natl Acad
Sci U S A (2011) 108(41):17111–6. doi: 10.1073/pnas.1108121108
December 2020 | Volume 11 | Article 569671

https://www.frontiersin.org/articles/10.3389/fimmu.2020.569671/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.569671/full#supplementary-material
https://doi.org/10.1242/jcs.116392
https://doi.org/10.1111/j.1600-065X.2008.00607.x
https://doi.org/10.1111/j.1600-065X.2008.00607.x
https://doi.org/10.1016/j.ccr.2009.06.017
https://doi.org/10.1016/j.cell.2015.03.030
https://doi.org/10.21037/jtd.2018.12.48
https://doi.org/10.21037/jtd.2018.12.48
https://doi.org/10.1038/s41590-019-0441-y
https://doi.org/10.1038/s41590-019-0441-y
https://doi.org/10.2217/imt-2017-0052
https://doi.org/10.1158/0008-5472.can-12-3810
https://doi.org/10.3390/ijms17111942
https://doi.org/10.1073/pnas.1108121108
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hammoudeh et al. Immunomodulatory Effect of Snail-p53 Binding
11. Faget J, Groeneveld S, Boivin G, Sankar M, Zangger N, Garcia M, et al.
Neutrophils and Snail Orchestrate the Establishment of a Pro-tumor
Microenvironment in Lung Cancer. Cell Rep (2017) 21(11):3190–204.
doi: 10.1016/j.celrep.2017.11.052

12. Hsu Dennis S-S, Wang H-J, Tai S-K, Chou C-H, Hsieh C-H, Chiu P-H, et al.
Acetylation of Snail Modulates the Cytokinome of Cancer Cells to Enhance
the Recruitment of Macrophages. Cancer Cell (2014) 26(4):534–48.
doi: 10.1016/j.ccell.2014.09.002

13. Kudo-Saito C, Shirako H, Takeuchi T, Kawakami Y. Cancer Metastasis Is
Accelerated through Immunosuppression during Snail-Induced EMT of
Cancer Cells. Cancer Cell (2009) 15(3):195–206. doi: 10.1016/j.ccr.
2009.01.023

14. Lee SH, Lee SJ, Jung YS, Xu Y, Kang HS, Ha NC, et al. Blocking of p53-Snail
binding, promoted by oncogenic K-Ras, recovers p53 expression and function.
Neoplasia (2009) 11(1):22–31. doi: 10.1593/neo.81006

15. Lee SH, Shen GN, Jung YS, Lee SJ, Chung JY, Kim HS, et al. Antitumor effect
of novel small chemical inhibitors of Snail-p53 binding in K-Ras-mutated
cancer cells. Oncogene (2010) 29(32):4576–87. doi: 10.1038/onc.2010.208

16. Li H, Durbin R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics (2009) 25(14):1754–60. doi: 10.1093/
bioinformatics/btp324

17. Li H, Durbin R. Fast and accurate long-read alignment with Burrows-Wheeler
transform.Bioinformatics (2010)26(5):589–95.doi: 10.1093/bioinformatics/btp698

18. Ning Z, Cox AJ, Mullikin JC. SSAHA: a fast search method for large DNA
databases. Genome Res (2001) 11(10):1725–9. doi: 10.1101/gr.194201

19. LiH. Exploring single-sample SNPand INDEL callingwithwhole-genomedenovo
assembly. Bioinformatics (2012) 28(14):1838–44. doi: 10.1093/bioinformatics/
bts280

20. Smith TF, Waterman MS. Identification of common molecular subsequences.
J Mol Biol (1981) 147(1):195–7. doi: 10.1016/0022-2836(81)90087-5

21. Tarazona S, Furio-Tari P, Turra D, Pietro AD, Nueda MJ, Ferrer A, et al. Data
quality aware analysis of differential expression in RNA-seq with NOISeq R/
Bioc package. Nucleic Acids Res (2015) 43(21):16. doi: 10.1093/nar/gkv711

22. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O,
et al. Metascape provides a biologist-oriented resource for the analysis of
systems-level datasets. Nat Commun (2019) 10(1):1523. doi: 10.1038/s41467-
019-09234-6

23. Kramer A, Green J, Pollard J Jr., Tugendreich S. Causal analysis approaches in
Ingenuity Pathway Analysis. Bioinformatics (2014) 30(4):523–30.
doi: 10.1093/bioinformatics/btt703

24. Duan Q, Reid SP, Clark NR, Wang Z, Fernandez NF, Rouillard AD, et al.
L1000CDS(2): LINCS L1000 characteristic direction signatures search engine.
NPJ Syst Biol Appl (2016) 2:16015. doi: 10.1038/npjsba.2016.15

25. Azmi AS, Bollig-Fischer A, Bao B, Park B-J, Lee S-H, Yong-Song G, et al.
Systems analysis reveals a transcriptional reversal of the mesenchymal
phenotype induced by SNAIL-inhibitor GN-25. BMC Syst Biol (2013) 7:85–.
doi: 10.1186/1752-0509-7-85

26. Ortutay C, Vihinen M. Immunome: a reference set of genes and proteins for
systems biology of the human immune system. Cell Immunol (2006) 244
(2):87–9. doi: 10.1016/j.cellimm.2007.01.012

27. Ortutay C, Siermala M, Rannikko K, Vihinen M. Immunome, Immtree and
Immunity: Databases for Systems Biology of Immune System. IEEE: 2007
IEEE International Workshop on Genomic Signal Processing and Statistics,
Tuusula (2007). doi: 10.1109/GENSIPS.2007.4365844

28. Zalocusky KA, Kan MJ, Hu Z, Dunn P, Thomson E, Wiser J, et al. The 10,000
Immunomes Project: Building a Resource for Human Immunology. Cell Rep
(2018) 25(2):513–22. doi: 10.1016/j.celrep.2018.09.021

29. Zhang Y, Qian H, Xu A, Yang G. Increased expression of CD81 is associated
with poor prognosis of prostate cancer and increases the progression of
prostate cancer cells in vitro. Exp Ther Med (2020) 19(1):755–61. doi: 10.3892/
etm.2019.8244

30. Cardenas MG, Oswald E, Yu W, Xue F, MacKerell ADJr., Melnick AM. The
Expanding Role of the BCL6 Oncoprotein as a Cancer Therapeutic Target.
Clin Cancer Res (2017) 23(4):885–93. doi: 10.1158/1078-0432.ccr-16-2071

31. Hai T, Wolford CC, Chang Y-S. ATF3, a hub of the cellular adaptive-response
network, in the pathogenesis of diseases: is modulation of inflammation a
unifying component? Gene Expr (2010) 15(1):1–11. doi: 10.3727/
105221610x12819686555015
Frontiers in Immunology | www.frontiersin.org 12
32. Abraham SM, Clark AR. Dual-specificity phosphatase 1: a critical regulator of
innate immune responses. Biochem Soc Trans (2006) 34(Pt 6):1018–23.
doi: 10.1042/BST0341018

33. Hoppstädter J, Ammit AJ. Role of Dual-Specificity Phosphatase 1 in
Glucocorticoid-Driven Anti-inflammatory Responses. Front Immunol
(2019) 10:1446. doi: 10.3389/fimmu.2019.01446

34. Ipseiz N, Uderhardt S, Scholtysek C, Steffen M, Schabbauer G, Bozec A, et al.
The nuclear receptor Nr4a1 mediates anti-inflammatory effects of apoptotic
cells. J Immunol (2014) 192(10):4852–8. doi: 10.4049/jimmunol.1303377

35. Hong KP, Shin MH, Yoon S, Ji GY, Moon YR, Lee O-J, et al. Therapeutic effect
of anti CEACAM6 monoclonal antibody against lung adenocarcinoma by
enhancing anoikis sensitivity. Biomaterials (2015) 67:32–41. doi: 10.1016/
j.biomaterials.2015.07.012

36. Feliciano P. CXCL1 and CXCL2 link metastasis and chemoresistance. Nat
Genet (2012) 44(8):840–. doi: 10.1038/ng.2379

37. Yang L, Ding JL. MEK1/2 Inhibitors Unlock the Constrained Interferon
Response in Macrophages Through IRF1 Signaling. Front Immunol (2019)
10:2020. doi: 10.3389/fimmu.2019.02020

38. Zhu FG, Pisetsky DS. Role of the heat shock protein 90 in immune response
stimulation by bacterial DNA and synthetic oligonucleotides. Infect Immun
(2001) 69(9):5546–52. doi: 10.1128/IAI.69.9.5546-5552.2001

39. Ichiyanagi T, Imai T, Kajiwara C, Mizukami S, Nakai A, Nakayama T, et al.
Essential Role of Endogenous Heat Shock Protein 90 of Dendritic Cells in
Antigen Cross-Presentation. J Immunol (2010) 185(5):2693–700.
doi: 10.4049/jimmunol.1000821

40. Schmid Michael C, Avraamides Christie J, Dippold Holly C, Franco I, Foubert
P, Ellies Lesley G, et al. Receptor Tyrosine Kinases and TLR/IL1Rs
Unexpectedly Activate Myeloid Cell PI3Kg, A Single Convergent Point
Promoting Tumor Inflammation and Progression. Cancer Cell (2011) 19
(6):715–27. doi: 10.1016/j.ccr.2011.04.016

41. Fougerat A, Gayral S, Gourdy P, Schambourg A, Rückle T, Schwarz MK, et al.
Genetic and pharmacological targeting of phosphoinositide 3-kinase-gamma
reduces atherosclerosis and favors plaque stability by modulating
inflammatory processes. Circulation (2008) 117(10):1310–7. doi: 10.1161/
CIRCULATIONAHA.107.720466

42. Roller A, Perino A, Dapavo P, Soro E, Okkenhaug K, Hirsch E, et al. Blockade
of Phosphatidylinositol 3-Kinase (PI3K)d or PI3Kg Reduces IL-17 and
Ameliorates Imiquimod-Induced Psoriasis-like Dermatitis. J Immunol
(2012) 189(9):4612–20. doi: 10.4049/jimmunol.1103173

43. Rodrigues DH, Vilela MC, Barcelos LS, Pinho V, Teixeira MM, Teixeira AL.
Absence of PI3Kgamma leads to increased leukocyte apoptosis and
diminished severity of experimental autoimmune encephalomyelitis.
J Neuroimmunol (2010) 222(1-2):90–4. doi: 10.1016/j.jneuroim.2010.02.016

44. Galluzzi L, Zitvogel L, Kroemer G. Immunological Mechanisms Underneath
the Efficacy of Cancer Therapy. Cancer Immunol Res (2016) 4(11):895–902.
doi: 10.1158/2326-6066.cir-16-0197

45. Betts BC, Abdel-Wahab O, Curran SA, St Angelo ET, Koppikar P, Heller G,
et al. Janus kinase-2 inhibition induces durable tolerance to alloantigen by
human dendritic cell-stimulated T cells yet preserves immunity to recall
antigen. Blood (2011) 118(19):5330–9. doi: 10.1182/blood-2011-06-363408

46. Khadir F, Shaler CR, Oryan A, Rudak PT, Mazzuca DM, Taheri T, et al.
Therapeutic control of leishmaniasis by inhibitors of the mammalian target of
rapamycin. PloS Negl Trop Dis (2018) 12(8):e0006701–e. doi: 10.1371/
journal.pntd.0006701

47. Grivennikov SI, Greten FR, Karin M. Immunity, inflammation, and cancer.
Cell (2010) 140(6):883–99. doi: 10.1016/j.cell.2010.01.025

48. Poon E, Mullins S, Watkins A, Williams GS, Koopmann J-O, Di Genova G,
et al. The MEK inhibitor selumetinib complements CTLA-4 blockade by
reprogramming the tumor immune microenvironment. J Immunother Cancer
(2017) 5(1):63–. doi: 10.1186/s40425-017-0268-8

49. Choi H, Deng J, Li S, Silk T, Dong L, Brea EJ, et al. Pulsatile MEK Inhibition
Improves Anti-tumor Immunity and T Cell Function in Murine Kras Mutant
Lung Cancer. Cell Rep (2019) 27(3):806–19. doi: 10.1016/j.celrep.2019.03.066

50. Mbofung RM, McKenzie JA, Malu S, Zhang M, Peng W, Liu C, et al. HSP90
inhibition enhances cancer immunotherapy by upregulating interferon response
genes. Nat Commun (2017) 8(1):451–. doi: 10.1038/s41467-017-00449-z

51. Bell CC, Gilan O. Principles and mechanisms of non-genetic resistance in
cancer. Br J Cancer (2020) 122(4):465–72. doi: 10.1038/s41416-019-0648-6
December 2020 | Volume 11 | Article 569671

https://doi.org/10.1016/j.celrep.2017.11.052
https://doi.org/10.1016/j.ccell.2014.09.002
https://doi.org/10.1016/j.ccr.2009.01.023
https://doi.org/10.1016/j.ccr.2009.01.023
https://doi.org/10.1593/neo.81006
https://doi.org/10.1038/onc.2010.208
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1101/gr.194201
https://doi.org/10.1093/bioinformatics/bts280
https://doi.org/10.1093/bioinformatics/bts280
https://doi.org/10.1016/0022-2836(81)90087-5
https://doi.org/10.1093/nar/gkv711
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1038/npjsba.2016.15
https://doi.org/10.1186/1752-0509-7-85
https://doi.org/10.1016/j.cellimm.2007.01.012
https://doi.org/10.1109/GENSIPS.2007.4365844
https://doi.org/10.1016/j.celrep.2018.09.021
https://doi.org/10.3892/etm.2019.8244
https://doi.org/10.3892/etm.2019.8244
https://doi.org/10.1158/1078-0432.ccr-16-2071
https://doi.org/10.3727/105221610x12819686555015
https://doi.org/10.3727/105221610x12819686555015
https://doi.org/10.1042/BST0341018
https://doi.org/10.3389/fimmu.2019.01446
https://doi.org/10.4049/jimmunol.1303377
https://doi.org/10.1016/j.biomaterials.2015.07.012
https://doi.org/10.1016/j.biomaterials.2015.07.012
https://doi.org/10.1038/ng.2379
https://doi.org/10.3389/fimmu.2019.02020
https://doi.org/10.1128/IAI.69.9.5546-5552.2001
https://doi.org/10.4049/jimmunol.1000821
https://doi.org/10.1016/j.ccr.2011.04.016
https://doi.org/10.1161/CIRCULATIONAHA.107.720466
https://doi.org/10.1161/CIRCULATIONAHA.107.720466
https://doi.org/10.4049/jimmunol.1103173
https://doi.org/10.1016/j.jneuroim.2010.02.016
https://doi.org/10.1158/2326-6066.cir-16-0197
https://doi.org/10.1182/blood-2011-06-363408
https://doi.org/10.1371/journal.pntd.0006701
https://doi.org/10.1371/journal.pntd.0006701
https://doi.org/10.1016/j.cell.2010.01.025
https://doi.org/10.1186/s40425-017-0268-8
https://doi.org/10.1016/j.celrep.2019.03.066
https://doi.org/10.1038/s41467-017-00449-z
https://doi.org/10.1038/s41416-019-0648-6
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hammoudeh et al. Immunomodulatory Effect of Snail-p53 Binding
52. Trusolino L, Bertotti A. Compensatory Pathways in Oncogenic Kinase
Signaling and Resistance to Targeted Therapies: Six Degrees of Separation.
Cancer Discov (2012) 2(10):876–80. doi: 10.1158/2159-8290.cd-12-0400

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Frontiers in Immunology | www.frontiersin.org 13
Copyright © 2020 Hammoudeh, Venkatachalam, Ansari, Bendardaf, Hamid,
Rahmani and Hamoudi. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
December 2020 | Volume 11 | Article 569671

https://doi.org/10.1158/2159-8290.cd-12-0400
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Systems Immunology Analysis Reveals an Immunomodulatory Effect of Snail-p53 Binding on Neutrophil- and T Cell-Mediated Immunity in KRAS Mutant Non-Small Cell Lung Cancer
	Introduction
	Materials and Methods
	Cell Culture and Treatment
	Quantitative Real-Time PCR Analysis of Gene Expression
	Whole Transcriptome Analysis
	Bioinformatics Analysis
	In Silico Functional Analysis
	Western Blot
	PBMC Isolation, Co-Culture, and Flow Cytometry
	Statistical Analysis

	Results
	Validation of GN25 Effect on Cell Cycle and Cytoskeleton Reorganization
	Enrichment in Immune Response Genes and Pathways in GN25 Treated NSCLC Cells
	GN25 May Increase the Immunomodulatory Effect of NSCLC Cells on Myeloid Cells, Neutrophils, T-Cells Mediated Immune Response
	Direct Immunomodulatory Effect of GN25 Treated A549 Cells on CD3+ Lymphocytes
	Snail-p53 Signaling Modulates the Immune Response Potentially Through NF-κB Signaling and Related Regulatory Pathways
	Immunomodulatory Genes Are Enriched in the Top 20 Up- and Down-Regulated Genes in GN25 Treated A549 Cells
	Partial Correlation of GN25 Immune Expression Profile to Those of Compounds With Immunomodulatory Effects

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


