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Abstract: (1) Background: The first line of treatment for recurrent/metastatic Head and Neck Squa-
mous Cell Carcinoma (HNSCC) has recently evolved with the approval of immunotherapies that
target the anti-PD-1 immune checkpoint. However, only about 20% of the patients display a long-
lasting objective tumor response. The modulation of cancer cell immunogenicity via a treatment-
induced immunogenic cell death is proposed to potentially be able to improve the rate of patients
who respond to immune checkpoint blocking immunotherapies. (2) Methods: Using human HNSCC
cell line models and a mouse oral cancer syngeneic model, we have analyzed the ability of the EX-
TREME regimen (combination therapy using the anti-EGFR cetuximab antibody and platinum-based
chemotherapy) to modify the immunogenicity of HNSCC cells. (3) Results: We showed that the
combination of cetuximab and cisplatin reduces cell growth through both cell cycle inhibition and
the induction of apoptotic cell death independently of p53. In addition, different components of
the EXTREME regimen were found to induce, to a variable extent, and in a cell-dependent manner,
the emission of mediators of immunogenic cell death, including calreticulin, HMGB1, and type I
Interferon-responsive chemokines. Interestingly, cetuximab alone or combined with the IC50 dose of
cisplatin can induce an antitumor immune response in vivo, but not when combined with a high dose
of cisplatin. (4) Conclusions: Our observations suggest that the EXTREME protocol or cetuximab
alone are capable, under conditions of moderate apoptosis induction, of eliciting the mobilization of
the immune system and an anti-tumor immune response in HNSCC.

Keywords: head and neck squamous cell carcinoma; cetuximab; cisplatin; apoptosis; immunogenic
cell death

1. Introduction

Head and neck cancer squamous cell carcinoma (HNSCC) are cancers that arise from
the mucosal epithelium of the oral cavity, larynx, and pharynx [1]. The principal risk
factors for HNSCC are alcohol and tobacco consumption on the one hand, and Human
Papillomavirus (HPV) infection on the other hand. They are the sixth most frequent
malignancies with ~700,000 new cases being diagnosed worldwide each year [2]. Due to the
fact that most tumors are diagnosed at locally-advanced stages [1], as well as to treatment
failure despite recent medical progressions [3], the five-year overall survival of patients with
HNSCC is poor (<40–50%) [4]. The management of the majority of patients with HNSCC
relies on a multimodal approach that involves surgery (in amenable patients), followed by
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adjuvant radiotherapy or platinum-based (e.g., cisplatin or carboplatin, and 5-fluorouracil)
chemoradiotherapy [1]. Cetuximab was FDA-approved in 2006 as a targeted therapy for
the management of locally advanced recurrent/metastatic (R/M) HNSCC. The rationale of
this therapy relies on the overexpression of the Epidermal Growth Factor Receptor (EGFR)
in >90% of HNSCC tumors. The EXTREME phase III clinical trial evaluated the efficacy
of the combination of cetuximab and platinum-based chemotherapy (using cisplatin or
carboplatin,) as a first-line treatment in patients with R/M HNSCC. This clinical trial
showed that the combination in the EXTREME protocol of cetuximab with platinum-based
chemotherapy improves both disease-free and overall survival [5–7]. Based on this positive
outcome, the EXTREME regimen was FDA-approved and became a therapeutic option for
the management of patients with R/M HSNCC. The efficiency of the EXTREME protocol
could be rationalized by the fact that cells from various molecular subtypes of HNSCC have
shown a different degree of response to EGFR blockade [8,9], and that EGFR overexpression
has been shown to reduce the cytotoxicity of metal-based drugs [10].

More recently, several immune check-point blocking immunotherapies, which aim to
reactivate an anti-tumor immune response, have been approved [11]. Unfortunately, resis-
tance mechanisms to cisplatin and cetuximab are common. They include the overexpression
of factors involved in DNA repair or the constitutive, ligand-independent activation of the
EGFR pathway, which reduce the benefits of treatments [12]. Furthermore, only a small
proportion of patients (<20%) show a tumor response to immune checkpoint-blocking
immunotherapies used as monotherapies [13,14]. The immune landscape of the microen-
vironment (i.e., the nature of immune cells in the microenvironment and their respective
proportions) has been proposed to play a role in the tumor response to immune checkpoint
inhibiting immunotherapies [15]. Understanding and detecting the variations in the im-
mune cell landscape that can account for a response to immunotherapy is a major goal to
improve patient care [16].

The evolution of the cancer immune landscape during tumor progression was pre-
viously described by the three Es (Elimination; Equilibrium; Escape) of the cancer immu-
noediting model [17]. During the “Elimination” phase (when tumor cells are eliminated
by the immune cells), tumor-associated antigens (or neoantigens) are up-taken by anti-
gen presenting cells (APCs) like dendritic cells or macrophages phagocyte, which are
further cross-presented to cytotoxic CD8+ T lymphocyte (TL) [18,19]. Cytotoxic TLs are
the main actors of the anti-cancer immune response: they infiltrate tumors and trigger
targeted cell death via the expression perforin and granzymes. Therefore, an “inflamed”
or “immuno-suppressive” tumor microenvironment with high infiltration by cytotoxic
CD8+ LT is associated with a better patient outcome [20]. Yet, several mechanisms are
known to dampen this anti-tumor cytotoxicity and are responsible for the transition from
the “Elimination” to the “Equilibrium” and eventually “Escape” phases (during which
cancer cells are progressively maintained and escape the immune system). One of these
mechanisms relies on the enrichment of the tumor microenvironment with immunosup-
pressive immune cells (e.g., regulatory T cells (Treg) [21]; pro-tumoral M2 macrophages [22];
myeloid-derived suppressor cells [23]). The microenvironment of HNSCC is known to
be frequently “immuno-tolerant” (presence of pro-tumoral M2 macrophages and/or Treg
cells) and associated with a poor outcome [11,24]. In addition, cancer cells highjack immune
checkpoints to induce cytotoxic LT anergy: for example, the expression of Programmed
Death-Ligand 1 (PD-L1) by cancer cells inhibits TLs’ cytotoxic activity upon binding with
the Programmed Death-1 (PD-1) receptor and allow immune evasion [17]. Increasing tumor
immunogenicity and favorizing an immune-suppressive microenvironment to restore anti-
tumor activity is therefore proposed to be an interesting option to improve the efficiency
of immunotherapies.

One attractive possibility to achieve this could be to trigger an immunogenic cell death
(ICD), which is known to induce an immune response [25]. This particular death cell is
characterized by the emission of danger-associated molecular patterns (DAMPs) by dying
cells, the activation of APCs upon binding of DAMPs to specific receptors as well as tumor
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neoantigens uptake, the subsequent activation of a CD8+ TL-based immune response, and
the establishment of an immune memory, which eliminates tumor cells [25]. DAMPs are
danger signals that are either expressed on the cell surface and act as “eat me” signals
for APCs, like the calreticulin (CRT) chaperone protein, or factors that are released in the
extracellular space and act as pro-inflammatory chemoattractant signals, like the histone
group mobility box (HMGB1) protein [26]. In addition, the secretion of type I interferons
also acts as a DAMP and results in the production of the CXCL10 chemokine which is a
chemoattractant for cytotoxic TL [27]. It has been shown that several anticancer treatments
can induce ICD, such as specific chemotherapies (i.e., oxaliplatin) [28], radiotherapy [28], or
even photodynamic therapy [28,29]. In the clinic, inducing ICD in patients could activate an
anti-tumor immune response, provoke tumor elimination and provide protection against
relapse through an immune memory. Interestingly, cetuximab was shown to induce ICD in
colon cancer cells [30].

While cisplatin used alone was previously proposed to modestly induce ICD in
HNSCC cell lines [31], the ICD-inducing ability of cetuximab, used either alone or in
combination with cisplatin in head and neck cancers, remains to be determined. Therefore,
while the protocol EXTREME is used in clinical routine to treat HNSCC patients, its precise
impact on the modulation of immunogenicity of HNSCC cells has never been investigated.
Based on previous findings showing that cetuximab can elicit ICD in colon cancer [30], we
hypothesized that it has similar effects in HNSCC. In addition, we wanted to investigate
the precise impact of the EXTREME protocol (i.e., the combination of cetuximab and
cisplatin) on cell proliferation and apoptotic cell death, and how this correlates with the
induction of ICD. Hence, we first analyzed the biological impact of cetuximab and cisplatin
cotreatment on HNSCC cell line models through the analysis of cell cycle and apoptotic
cell death. Secondly, we demonstrated the capacity of cetuximab (alone or combined with
cisplatin) to induce DAMPs emission. Finally, using prophylactic vaccination of HNSCC
syngeneic mouse models, we show that the treatment with cetuximab provides animals
with anti-tumor immune protection.

2. Materials and Methods
2.1. Cell Lines and Reagents

The SQ20B cells originate from a laryngeal tumor, express mutated TP53, and are
a kind gift from Dr. Pierre Bischoff. The CAL27 cell line originates from a carcinoma of
the tongue, expresses mutated TP53, and is a kind gift from Dr. Sophie Pinel. SQ20B
and CAL27 cells were maintained at 37 ◦C with 5% CO2 and 90% humidity in Dulbecco’s
modified Eagle’s medium (DMEM; PAN Biotech, Aidenbach, Germany) supplemented with
10% fetal calf serum (FCS; Gibco, Thermofisher, Waltham, MA, USA). The human monocytic
leukemia THP-1 cell line was a kind gift of Elisabeth Martin (UMR1113, Strasbourg), and
was maintained at 37 ◦C with 5% CO2 and 90% humidity in Roswell Park Memorial Institute
(RPMI) medium supplemented with 10% fetal bovine serum (Gibco, Waltham, MA, USA).
The murine oral carcinoma MOC2 cell line was purchased from Kerafast, Inc, (Boston,
MA, USA), and was maintained at 37 ◦C with 5% CO2 and 90% humidity in Dulbecco’s
modified Eagle’s medium (DMEM; PAN Biotech, Aidenbach, Germany) supplemented
with 10% fetal calf serum (FCS; Gibco, Waltham, MA, USA).

2.2. In Vitro Cell Survival Analysis

A total of 1 × 104 cells were seeded per well in 96–well microplates (Falcon Multiwell,
Thermofisher, Waltham, MA, USA), and different concentrations of cisplatin (Mylan: 0; 0.1;
0.5; 1; 2.5; 7.5; 15; 30; 100 µM), cetuximab (Merck; 5 mg/mL) or PRIMA MET were applied
for 48 h in 100 µL of fresh medium. For co-treatments, 2.5 µg/mL of cetuximab and/or
50 µM of prima were added to the different concentrations of cisplatin. MTT assay was
performed as previously described by replacing the cisplatin solution with fresh medium
supplemented with 5 mg/L MTT (Sigma, Saint-Louis, MO, USA) for 1 h [32]. Cells were
lysed in DMSO 100% (100 µL/well). Absorbance measurements were performed at 550 nm
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with the LB942 Tristar2 Multimode Reader (Berthold Technologies, Bad Wildbad, Germany).
The calculation of the IC50, IC75, and IC90 was performed with the GraphpadPrism V5.02
software (Graphpad, Software, San Diego, CA, USA) using non-linear regression.

2.3. Annexin V and PI Flow Cytometry

Cell apoptosis analysis was carried out using FITC-Annexin V and propidium iodide
(apoptosis detection kit, BD Biosciences, Franklin Lake, WI, USA) according to the man-
ufacturer’s instructions. Briefly, cells were seeded in 10 cm Petri dishes and treated with
cetuximab +/- cisplatin for 24 h or 48 h. Cells were harvested and counted, diluted in
annexin buffer (BD Biosciences, Franklin Lake, WI, USA) at a concentration of 1 × 106 cells
per 100 µL, and stained with 10 µL of propidium iodide and 5 µL of FITC-Annexin V. After
15 min of incubation, cells were analyzed in flow cytometer on a BD LSRFortessaTM (BD
Biosciences, Franklin Lake, WI, USA) after satisfying QC using CST beads. Acquisition and
data analyses have been performed using the BD FACSDivaTM Software.

2.4. Gene Expression Assays

Gene expression assays on cultured cells were performed by extracting total RNA
from pelleted cells using a standard TRIZol procedure (TRI Reagent®: TR 118 Molecular
Research Center, Cincinnati, OH, USA), according to the manufacturer’s instructions.
RNA was retro-transcribed using the High-Capacity cDNA reverse transcription system
(Applied BiosystemsTM, Thermofisher, Waltham, MA, USA), and real-time quantitative PCR
was performed using the QuantStudio 3 Real-Time PCR system (Applied BiosystemsTM,
Thermofisher, Waltham, MA, USA). DDB2, FDRX2, RPS27L, and ZMAT3 expression was
measured with pairs of specific primers (see Table S1), and CXCL9 and CXCL10 expression
was measured with TaqMan probes (see Table S2). The expression of genes of interest was
normalized to the expression of TBP, used as a reference gene, with the 2−∆∆Ct method.

2.5. SDS-PAGE and Western Blot Analysis

Total protein extraction was carried out by homogenizing 1 × 106 cells in 100 µL of 1X
Laemmli lysis buffer 6.25 mM Tris (pH 6.8), 1%SDS, 1%DTT, protease, and phosphatase
inhibitors, Sigma. A total of 20 or 30 µg of proteins were resolved by 6%–15% SDS-PAGE
(depending on protein molecular weight) according to standard methods. For the anal-
ysis of HMGB1 release in the extracellular medium, 40 µL of cells culture supernatant,
diluted in SDS-PAGE sample buffer (2X Laemmli lysis buffer, 2X DTT), were resolved by
10% SDS-PAGE. Proteins were detected with primary antibodies raised against cleaved
Caspase-3, Calreticulin, EGFR, HMGB1, p63, p53, and p73 (see Table S3 for clones, providers,
and concentrations). Depending on the host species, blots were probed with secondary anti-
bodies (1/10,000 anti-mouse IgG-HRP linked antibody, Cell Signaling 7076S;
1/10,000 anti-rabbit IgG-HRP linked antibody, Cell Signaling 7074S) Proteins were vi-
sualized with enhanced chemiluminescence using the Clarity™ ECL Western blotting
Substrate Bio-Rad reagent, according to the manufacturer instructions. Protein-related
signals were acquired on a Pxi Imager (Syngene®, Cambridge, United Kingdom). Protein
expression (e.g., cleaved Caspase-3, CRT, and HMGB1) was quantified by measuring the
SDS-PAGE gel bands using the ImageJ software. In short, and according to the manufac-
turer’s recommendations, a box was drawn in lanes around gel-band signals using the
rectangle tool, making sure to include some of the empty gel between lanes and white
space outside of the band. The same box was used for all gel-bands on the same blot.
Signal acquisition of pixels was converted into peaks by the ImageJ software, and the area
of each peak (which correlates with the gel-band signal intensity) was recovered. Each
recovered value was normalized to their respective loading control in the same lane (cell
“housekeeping” proteins (actin or GADPH) in the case of cleaved caspase-3 or intracellular
HMGB1; cell-culture medium Bovine Serum Albumin (BSA) in the case of extracellular
expression of released HMGB1). Finally, the protein of interest to loading control ratios
were further normalized by setting the value of this ratio to 1 in the negative control
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(e.g., non-treated cells). Enrichment of CRT in the membrane protein fraction was eval-
uated by normalizing the quantification value in a given condition to the quantification
value from the same condition in the input.

2.6. Biotinylation and Immunoprecipitation of Cell Surface Proteins

Biotinylation and recovery of cell surface proteins were performed with a method
adapted from Gottardi et al. [33], Hanwell et al., and T. Panaretakis et al. [34]. Briefly,
cells were grown and treated in 10 cm Petri dishes, were washed three times with ice-cold
PBS-Ca2+−Mg2+ (PBS with 0.1 mM CaCl2 and 1 mM MgCl2), and placed on ice. Membrane
proteins were then biotinylated with 1.25 mg/mL NHS-SS-biotin (Pierce) freshly diluted
in biotinylation buffer (10 mM triethanolamine, 2 mM CaCl2, 150 mM NaCl, pH7.5) for
30 min incubation at 4 ◦C under gentle agitation. Cells were then rinsed and washed in
with PBS-Ca2+−Mg2+-glycine (100 mM) buffer at 4 ◦C to quench unreacted biotin. Cells
were further rinsed three times with PBS-Ca2+−Mg2+, scraped in cold PBS, and pelleted by
centrifugation (800 rpm at 4 ◦C) and total protein was harvested for 45 min in 500 µL of lysis
buffer (1%Triton X-100, 150 mM NaCl, 5 mM EDTA, 50 mM Tris pH7.5) containing protease
inhibitors. A total of 500 µg of total proteins were incubated for 1 h at 4 ◦C with packed
streptavidin-agarose beads to bind to biotinylated proteins. Beads were then pelleted by
centrifugation and aliquots of supernatants were sampled to recover unbound, intracellular
proteins. Biotinylated proteins (representing membrane proteins) were eluted from the
beads by heating to 100 ◦C for 5 min in an SDS-PAGE sample buffer. Whole-cell proteins
(input), the intracellular and membrane protein fractions were further loaded onto a
4–12% gradient gel (Mini protean TGX, Biorad, Marnes-La-Coquette, France) and analyzed
by western blot (see above).

2.7. Immunofluorescence Staining

CAL27 or MOC2 cells were seeded on coverslips and fixed with PFA 4% for 10 min. In
addition, MOC2 cells (but not CAL27 cells) were permeabilized with 0.1% Triton X-100 for
20 min at room temperature. For both cell lines, a saturation of aspecific sites was achieved
with 5% Normal Goat Serum for 30 min at room temperature. CAL27 were incubated with
anti-CRT antibody (1/400; D3E6 Cell signaling) and MOC2 were incubated with anti-EGFR
(1/400; D38B1 Cell signaling) overnight at 4 ◦C. After 3 washes in 1X PBS, coverslips
were further incubated with 1/1000 solutions of goat anti-rabbit-alexa488 (A11034 Invit-
rogen) secondary antibodies. After 3 washes in 1X PBS, nuclei were labeled with a DAPI
(4′,6-diamidino-2-phenylindole) solution (1/20,000) for 5 min, and coverslips were mounted
in Calbiochem FluorSaveTM reagent (Merck Millipore, Darmstadt, Germany). Pictures were
taken with a Zeiss Axio Imager M2-Apotome2 fluorescence microscope.

2.8. Generation of hEGFR-MOC2 Clones

MOC2 cells were transduced with lentiviral particles carrying the p-BABE-puro-
hEGFR (gift from Dr Di Fiore Pier Paolo) or the empty vectors. Cells were selected with
puromycin (8 µg/mL) and checked for ectopic human EGFR expression by western blot.
The clone selection was realized by high dilution and seeding of isolated cells. Every
clone was then tested by western blot and immunocytofluorecence for the expression of
human EGFR.

2.9. Vaccination Assay

All animal experiments were approved by the local ethic comity and the French
Ministry of Agriculture under the permit APAFiS#29181. C57BL/6 mice (Janvier labs,
Le Genest-Saint-Isle, France) were housed in the certified animal facility (#H-67-482-21).
Female mice (8 weeks old) were inoculated in the right flank with 5× 105 hEGFR-MOC2-C1
cells (treated ex vivo with cisplatin, cetuximab or cotreatment cisplatin plus cetuximab)
in 100 µL of DMEM. The injection of hEGFR-MOC2-C1 cells killed by three successive
freeze/thaw cycles was used a non-immunogenic cell death inducer (negative control).
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After 7 days, a second challenge was carried out by injecting 5× 105 hEGFR-MOC2-C1 cells
in 100 µL of DMEM in the contralateral flank of the same mice. A minimum of 11 animals in
the negative control group (Freeze/thaw cycle group) and a maximum of 12 animals in all
other treatment groups were used. Tumor growth was monitored over time by measuring
the two dimensions with a caliper. Tumor-free survival was analyzed with Kaplan-Meier
survival analysis (see below) and log-rank post-test. Tumors were dissected from mice for
further investigation of marker expression by immunofluorescence (see below).

2.10. Statistical Analysis

MTT assays results were analyzed with a Mann-Whiney test. For all other data sets,
the, the hypothesis of normality (d’Agostino and Pearson test; Shapiro-Wilk test) and
homogeneity of variances (Levene test for equality of variances) of data sets were analyzed.
If the sample did not meet at least one of these conditions, then a non-parametric test was
used (Kruskal Wallis with Dunn post-test). Otherwise, parametric tests were used (Student
t-test; Anova and Tuckey post-test). The tumor-free survival of mice challenged with a
hEGFR-MOC2-C1 cell injection was evaluated with Kaplan-Meier survival analysis (see
below) and log-rank post-test. Statistical tests were performed using GraphPad Prism 8.
For all analyzes, statistical significance is represented in graphs using asterisks: * p < 0.05;
** p < 0.001; *** p < 0.0001.

3. Results
3.1. Cetuximab and Cisplatin Inhibit HNSCC Cell Cycle and Trigger Apoptotic Cell Death

In order to investigate the underlying mechanisms of the cotreatment with cetuximab
and cisplatin used in the EXTREME protocol, we performed cell viability assays using
CAL27 and SQ20B cell lines. Cells were exposed to increasing concentrations of cetuximab
or cisplatin and the cell survival rate was measured with MTT and used to determine
the drugs IC50, IC75 and IC90 (i.e., concentrations that result in 50%, 75% and 90% of the
maximal drug effect, respectively). Survival curves obtained upon cetuximab treatment
showed a maximal drop to ~70% of surviving cells in both cell lines (Figure 1A,B). This
maximum effect was reached at 2.5 µg/mL, and higher concentrations of cetuximab did
not yield more biological effect. Therefore, we performed MTT assays using a co-treatment
with cetuximab (2.5 µg/mL) and increasing concentrations of cisplatin. As expected,
the addition of cisplatin to cetuximab was more cytotoxic than cetuximab alone (Mann-
Whitney p < 0.01 in CAL27 cells and p < 0.05 in SQ20B cells). The cotreatment appeared
slightly more cytotoxic on CAL27 cells compared to cisplatin alone than in SQ20B cells
(IC50 = 2.4 µM vs. IC50 = 3.5 µM, respectively; Figure 1A). Interestingly, in CAL27 cells,
cetuximab seems to mostly favor the activity of cisplatin at lower concentrations (Mann-
Whitney p < 0.001), whereas no difference between cisplatin alone and the combination
were observed at higher concentration (for instance, the IC75 was similar in both con-
ditions (7.9 µM vs. 7.6 µM; Figure 1A). Intriguingly and in contrast to CAL27 cells,
the addition of cetuximab seemed to lower the cytotoxicity of cisplatin in SQ20B cells
(IC50 = 4.35 µM vs. IC50 = 2.9 µM, and IC75 = 10 µM vs. IC75 = 6.3 µM, respectively;
Figure 1B). Consequently, the co-treatment was found to be more effective on CAL27 cells
than on SQ20B cells (Figure 1 A,B).
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Figure 1. (A,B). Analysis of CAL27 (A) and SQ20B (B) cells survival upon treatment with increasing
concentrations of cetuximab (Cx; purple line), of cisplatin (Cis; blue line) and of cisplatin +2.5 µg/mL
cetuximab (green line), using a MTT-based assay. Mean values from three independent experiments
are plotted as sigmoid curves and the cisplatin IC50 (dotted grey lines) and IC75 (plain grey lines)
in the Cis and Cx+Cis conditions are shown. Mann-Whitney p-values: * p < 0.05; ** p < 0.01;
*** p < 0.001. (C,D). Annexin V/Propidium Iodide apoptosis assay of CAL27 (C) and SQ20B
(D) cells treated 24 h and 48 h with cetuximab (Cx), cisplatin (Cis) at the IC50 and IC75 and the
Cx/Cis combination. The histograms show the mean number of percentages of early (annexin V-
positive, Propidium Iodide-negative; purple) and late (annexin V-positive, Propidium Iodide-positive;
purple) cells values from two independent experiments, after 24 h (light colors) and 48 h (dark
colors) of treatment. Each treatment condition was compared to its respective non-treated control:
ANOVA and Tuckey post-test p-values: * p < 0.05; ** p < 0.01. (E,F). Western blot analysis of cleaved
caspase-3 (Casp3) expression in whole protein extracts from CAL27 (E) and SQ20B (F) cells treated
with cetuximab (Cx), cisplatin (Cis) at the IC50, IC75 and IC90, and the Cx/Cis combination for 24 h
(upper panels) and 48 h (lower panels). Signals were quantified respectively to the actin loading
control and normalized with respect to the non-treated control (quantification results are shown).
The blots shown here are representative examples of three independent experiments. Additional
independent biological replicates are shown in supporting documents.
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Next, we wanted to determine whether the cetuximab and/or cisplatin treatments
impact CAL27 and SQ20B cell survival rates by inducing apoptosis or by inhibiting cell
proliferation. To this end, cells were fixed, stained with Propidium Iodide (PI) and ana-
lyzed by flow cytometry. Upon 48 h of treatment, an increase of the proportion of cells
in the G2 phase at the expanse of the G0/G1 phase was observed in both cell lines, and
more particularly at the IC75 of cisplatin (with or without cetuximab), suggesting a cell
cycle halt in G2 (Figure S1A,B). Then, to discriminate between necrosis and apoptosis,
cells were stained with an Annexin V probe (AV) and Propidium Iodide (PI) and ana-
lyzed by flow cytometry. The percentage of IP− AV+ (early apoptosis) and IP+ AV+ (late
apoptosis) cells was determined by flow cytometry, after 24 h and 48 h of treatment with
cetuximab +/− cisplatin. Although a trend for the dose-dependent increase of the pro-
portion of cells in early apoptosis (IP− AV+), no significant difference was detected after
24 h of treatment in both cell lines, except upon treatment of SQ20B cells with the IC75
of cisplatin (Figure 1C,D; p < 0.01). A stronger trend for a dose-dependent increased
rate of cells in late apoptosis (IP+ AV+) was observed in SQ20B cells especially after 48 h
(Figure 1D), and in CAL27 cells after 24 h and 48 h of treatment with cisplatin+/-cetuximab.
Observed differences only reached statistical significance in CAL27 and SQ20B cells treated
with cetuximab and the IC75 of cisplatin compared to non-treated cells. In addition, this
increase was more important in CAL27 cell line (Figure 1C): for instance, the proportions
of CAL27 cells in late apoptosis after 48 h of treatment with the IC50 and IC75 of cisplatin
were ~35% and ~50%, respectively, whereas they reach ~20% and ~35% in SQ20B cells. The
combination of cetuximab did not synergize with cisplatin, since the proportions of cells in
late apoptosis were of the same order of magnitude in both cell lines.

To confirm the induction of apoptosis upon treatments, we analyzed the level of
cleaved caspase-3 by western blot in whole protein extracts harvested from CAL27 and
SQ20B cells 24 h and 48 h after treatment. Cleaved caspase-3 was observed in CAL27
and SQ20B cells after 24 h treatment with cisplatin at the IC75 and IC90, used alone or in
combination with cetuximab, in a dose dependent manner (Figure 1E,F, upper panels).
After 48 h of treatment of CAL27 cells, the most effective caspase-3 cleavage was observed
upon treatment with the IC75 of cisplatin +/− cetuximab (Figure 1E, lower panels). At both
time points, the cleavage of caspase-3 was similar when cells were treated with cisplatin
alone or combined with cetuximab (Figure 1E). In contrast, in SQ20B cells, cetuximab
increased the level of cleaved caspase-3 when combined to the IC50 of cisplatin for 48 h,
whereas it reduced caspase-3 cleavage when combined with higher cisplatin concentration
(Figure 1F). In both cell lines and in all experimental conditions, cetuximab used alone did
not induce the cleavage of caspase-3 (Figure 1E,F), which is consistent with the low impact
of this treatment on cell growth obtained in MTT assays (Figure 1A,B). Hence, altogether,
these results show that treatment of HNSCC cells with cisplatin alone or with cetuximab
induces caspase-3 cleavage. However, the impact of the addition of cetuximab to cisplatin
on caspase3 dependent apoptosis appears to be complex, since it differs and varies in
intensity according to several parameters including drug dose, treatment time and cell line.

3.2. p53-Independent Induction of Apoptosis

The p53 family of transcription factors, and especially p53, are well documented
mediators of the cytotoxicity induced by DNA damaging drugs, such as cisplatin [35]. Since
CAL27 and SQ20B cells were established are from HPV-negative cancers, they both bear a
mutated form of p53. CAL27 expresses the mutant H193L p53 that is a gain of function
mutant able to interact with YAP [36]. SQ20B harbors a small deletion Tyr126_Lys132del
whose impact on p53 activity remains to be established. To understand the contribution
of p53 in the effect of the combinatory treatment in CAL27 and SQ20B cells, we first
investigated the expression profile of four transcriptional targets of p53 (FDRX2, DDB2,
RPS27L and ZMAT3) [37] upon treatment with cetuximab+/-cisplatin. No significant
impact of the treatments on DDB2, FDRX2, RPS27L and ZMAT3 gene expression was
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observed in CAL27 (Figure 2A) and SQ20B cells (Figure 2B), suggesting that p53 is not
activated by the treatment in those cells.
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Figure 2. (A,B). Analysis of the expression of the FDXR2, DDB2, ZMAT3 and RPS27L genes by
RT-qPCR in CAL27 (A) and SQ20B (B) cells treated for 24 h with cetuximab (Cx), cisplatin (Cis) at
the IC50 and IC75 and the Cx/Cis combination. Data is represented as mean from two independent
experiments +SEM. No significant differences were observed between non-treated cells and each
treated condition (Kruskal-Wallis and Dunn post-test). (C,D). Western blot analysis of p53, p73 and
p63 expression in whole protein extracts from CAL27 (C) and SQ20B (D) cells treated with cetuximab
(Cx), cisplatin (Cis) at the IC50, IC75 and IC90, and the Cx/Cis combination for 24 h. The blots that are
shown are representative examples of three independent experiments.
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We then analyzed the protein level of p53 by western blot. We found the p53 protein
to be expressed at high levels in both cell lines, independently of genotoxic treatments
(Figure 2C,D). The high expression level and absence of induction by chemotherapy can be
explained by the mutation status of p53 in those cells [35].

p53 mutants have deleterious effects on cells and response to chemotherapy by instat-
ing new protein interactions, such as with p63 and p73. These interaction blocks p63 and
p73 proapoptotic activity, including in response to chemotherapy [38]. Hence, therapeu-
tic strategies with small molecules aiming at restoring p53 function and inhibiting those
neo-interactions have been developed [39,40]. Therefore, we wanted to assess whether in
CAL27 and SQ20B cells p63 and p73 were expressed and regulated by the treatment, and
whether the p53 reactivator PRIMA-MET could favor the impact of the EXTREME protocol
in those cells.

p63 and p73 protein levels were analyzed by western blot. Consistently with the fact
that the TP73 gene encodes multiple isoforms (including a full-length isoform with an N-
terminal transactivation domain, called TAp73, and a shorter isoform lacking the N-terminal
domain, called ∆Np73), two bands were observed when membranes were probed with
an anti-p73 antibody [36]. In CAL27 cells, the lower band showed a stronger expression,
which was further increased upon cetuximab and cetuximab/cisplatin treatment. The
upper band was not detected in non-treated cells, and the expression of this isoform was
induced by cetuximab and the cetuximab/cisplatin co-treatment (especially at the IC50 and
IC75), and to a lesser extend upon treatment with cisplatin alone (Figure 2C). Unlike what is
observed in CAL27 cells, the most expressed p73 isoform is represented by the upper band
in non-treated SQ20B cells, although the lower band was observed. Cisplatin treatments at
high doses (i.e., IC75; IC90), alone or combined with cetuximab, decreased the expression of
the upper isoform of p73. The lower isoform was not affected by the treatments (Figure 2D).
We also analyzed the expression of the p63 protein, which is expressed as TA and ∆N
isoforms, similarly to p73. p63 was found to be expressed in both CAL27 and SQ20B
cells, and the p63-related signal appeared as two bands, the upper band being the more
expressed. Strikingly, the expression of both isoforms was strongly downregulated upon
treatments of CAL27 with the IC90 of cisplatin and the cetuximab/cisplatin (IC75 and IC90)
cotreatment (Figure 2C). Similar observations were made in SQ20B cells, where both the
IC75 and IC90 of cisplatin alone or in combination with cetuximab strongly decreased the
expression of the p63 protein (Figure 2D).

To analyze if p53 signaling can be reactivated, SQ20B and CAL27 cell lines were treated
with PRIMA MET (50 µM), a p53 reactivator, in addition to cetuximab and/or cisplatin,
and cell viability was assessed using a MTT cell survival assay. The treatments with
PRIMA +/− cetuximab were found to be more cytotoxic than cetuximab used alone in both
cell lines (Mann-Whitney p < 0.001). However, no significant increase in cytotoxicity was
observed when PRIMA MET was used in combination with cisplatin and/or cetuximab
(Figure 3A,B).

Altogether, these results suggest that mutated p53 has no significant impact on the
cytotoxicity induced by the cotreatment. Hence, the apoptosis observed in CAL27 and
SQ20B cells is independent of p53. In contrast, p63 and p73 isoforms might be involved,
but additional investigations are required to precisely identified which isoforms and their
respective function.
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Figure 3. (A,B). Analysis of CAL27 (A) and SQ20B (B) cells survival upon treatment with growing
concentrations of cetuximab (Cx) +/− 50 µM PRIMA (Pm; dark and light purple lines, respectively),
growing concentrations of cisplatin (Cis) +/− 50 µM PRIMA (dark and light blue line, respectively),
growing concentrations of cisplatin + 2.5 µg/mL cetuximab +/− 50 µM PRIMA (dark and light
green line, respectively), and 50 µM PRIMA alone, using a MTT-based assay. Mean values from
2 independent experiments are plotted as sigmoid curves. The 50% and 25% survival thresholds are
shown as a dotted red and plain green lines, respectively. Mann-Whitney p-values: *** p < 0.001.

3.3. Danger-Associated Molecular Patterns Are Emitted by HNSCC Cells upon Cetuximab and/or
Cisplatin Treatment

Using colorectal cancer cell line models, Pozzi and collaborators showed that cetux-
imab is able to induce an ICD [30]. To explore the capacity of cetuximab to induce ICD in
HNSCC, we analyzed the emission of several DAMPs by CAL27 and SQ20B cells upon
treatment with cetuximab +/− cisplatin. We first assessed the plasma membrane relo-
calization of the Calreticulin (CRT) chaperone in CAL27 and SQ20B cells treated with
cetuximab, cisplatin or the cetuximab/cisplatin co-treatment. First, based on the literature
that describes CRT translocation as an early and essential event of ICD, we chose to assess
its expression after 4 h of treatment using the detection of membrane proteins using a non-
permeant reactive biotin. Cells were incubated with Sulfo-NHS-SS-Biotin to biotinylate
plasma membrane proteins, and streptavidin beads were used to separate membrane-
associated proteins from intracellular proteins. Both protein fractions were resolved with
SDS-PAGE and analyzed by western blot. Membranes were probed with an anti-EGFR
and an anti-GAPDH antibodies, used as positive and negative controls for the membrane
fraction, respectively. Probing the blots with an anti-GAPDH antibody was also used as
positive control for both the total input and intracellular fraction. Signals corresponding
to the EGFR were observed in the three fractions, whereas no signal corresponding to
GAPDH were observed in the membrane fraction, both in CAL27 (Figure 4A) and in SQ20B
cells (Figure 4B). Membranes were also probed with a specific anti-CRT antibody, and
signals corresponding to CRT in the membrane fraction were normalized to CRT signals
in the input. Interestingly, the CRT was found to be ~3 and times ~5 more present in the
membrane protein fraction of cells treated with cetuximab or the cetuximab/cisplatin IC90
combination, in CAL27 and SQ20B cells, respectively (Figure 4A,B). Considering that no
changes in CRT expression are observed in the input, this suggest that CRT is translo-
cated from the endoplasmic reticulum to the plasma membrane upon cetuximab treatment.
This observation was further confirmed by an immunocytofluorescence analysis of the
expression of CRT in non-permeabilized CAL27 cells (Figure 4C). Altogether, these results
show that cetuximab used either alone or in combination with cisplatin induce the plasma
membrane translocation of CRT in both SQ20B and CAL27 cells.



Cells 2022, 11, 2866 12 of 24Cells 2022, 11, x FOR PEER REVIEW 12 of 24 
 

 

 

Figure 4. (A,B). Membrane protein purification and western blot analysis of EGFR, Calreticulin 

(CRT) and GAPDH expression in the input (left panels), intracellular (middle panels) and extracel-

lular protein fractions of CAL27 (A) and SQ20B (B) cells treated with cetuximab (Cx), cisplatin (Cis) 

at the IC50, IC75 and IC90, and the Cx/Cis combination for 4 h. The enrichment of CRT in extracellular 

fractions is shown. The blots that are shown are representative examples of three independent ex-

periments. Additional independent biological replicates are shown in supporting documents. (C). 

Immunocytofluorescent staining analysis of the expression of CRT in non-treated (NT) CAL27 cells 

(left panel), and CAL27 treated with cisplatin (Cis) at the IC90 (middle panel) or cetuximab (Cx; right 

panel). Nuclei are stained with DAPI. Magnification: X64. 

We also investigated the expression of HMGB1, which is known to be released from 

the nucleus to the extracellular environment at later ICD stages [41]. CAL27 and SQ20B 

cells were treated with cetuximab +/− cisplatin, and both whole cell proteins and proteins 

in the cell culture medium were harvested 48 h after treatment, resolved with SDS-PAGE 

and analyzed by western blot. The level of BSA was used as a loading control of samples 

of supernatant protein and for normalization. In the CAL27 cell line, HMGB1 was present 

in the supernatant upon treatment, in all conditions, with the most important signal 

Figure 4. (A,B). Membrane protein purification and western blot analysis of EGFR, Calreticulin (CRT)
and GAPDH expression in the input (left panels), intracellular (middle panels) and extracellular
protein fractions of CAL27 (A) and SQ20B (B) cells treated with cetuximab (Cx), cisplatin (Cis) at
the IC50, IC75 and IC90, and the Cx/Cis combination for 4 h. The enrichment of CRT in extracellular
fractions is shown. The blots that are shown are representative examples of three independent
experiments. Additional independent biological replicates are shown in supporting documents.
(C). Immunocytofluorescent staining analysis of the expression of CRT in non-treated (NT) CAL27
cells (left panel), and CAL27 treated with cisplatin (Cis) at the IC90 (middle panel) or cetuximab (Cx;
right panel). Nuclei are stained with DAPI. Magnification: X64.

We also investigated the expression of HMGB1, which is known to be released from
the nucleus to the extracellular environment at later ICD stages [41]. CAL27 and SQ20B
cells were treated with cetuximab +/− cisplatin, and both whole cell proteins and proteins
in the cell culture medium were harvested 48 h after treatment, resolved with SDS-PAGE
and analyzed by western blot. The level of BSA was used as a loading control of samples of
supernatant protein and for normalization. In the CAL27 cell line, HMGB1 was present in
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the supernatant upon treatment, in all conditions, with the most important signal observed
after treatment with cetuximab and with cetuximab/cisplatin IC50, with an induction fold
compared to the untreated control of 8.5 and 8.4, respectively (Figure 5A). The induction
of HMGB1 level was higher upon treatment with the IC50 of Cisplatin compared to the
IC75 (Figure 5A). On the contrary, HMGB1 level in the supernatant of SQ20B cells was
only triggered with treatments involving cisplatin and, in a concentration-dependent
manner (i.e., cisplatin alone and the cisplatin/cetuximab with similar expression patterns;
Figure 5B).
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Figure 5. (A,B) Western blot analysis of the HMGB1 expression in the supernatant from CAL27
(A) and SQ20B (B) cell cultures harvested 48 h after with cetuximab (Cx), cisplatin (Cis) at the IC50

and IC75 and the Cx/Cis combination. Signals were quantified respectively to the actin loading control
and normalized with respect to the non-treated control (quantification results are shown). The blots
that are shown are representative examples of two independent experiments. Additional independent
biological replicates are shown in supporting documents. (C,D). Analysis of the expression of the
CXCL9 and CXCL10 by RT-qPCR in CAL27 (C) and SQ20B (D) cells treated for 24 h with cetuximab
(Cx), cisplatin (Cis) at the IC50 and IC75 and the Cx/Cis combination. Data is represented as mean
from two independent experiments +SEM. Kruskal-Wallis and Dunn post-test p-values: * p < 0.05;
** p < 0.01; *** p < 0.001.
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Finally, we analyzed the expression of type I interferon-responsive cytokines using
RT-qPCR 24 h after treatment, and namely CXCL9 and CXCL10, that are known to be
upregulated by type I interferons [42]. In CAL27 cells, the expression of both CXCL9 and
CXCL10 was strongly upregulated: a significant ~10-fold induction of CXCL10 (compared
to non-treated control) was observed upon treatment with cisplatin alone. Treatment
of CAL27 cells with the cetuximab/cisplatin IC75 combination triggered a ~20-fold and
~45-fold induction of CXCL9 and CXCL10, respectively (Figure 5C). Conversely, no statisti-
cally significant impact of the treatments on CXCL9 and CXCL10 expression was observed
in SQ20B cells (Figure 5D). However, the biological impact on treatments of these cytokine
gene expression appears more complex. Indeed, a gene expression assay was also carried
out 48 h after treatment, and we observed that CXCL9 and CXCL10 are downregulated in
both cell lines upon cisplatin treatment compared to other conditions (Figure S2B).

Altogether, our observations show that treatment of HNSCC cells with cetuximab
induced the emission of DAMPs in a cell-dependent manner: CAL27 cells treated with
cetuximab alone or combined with cisplatin appear to be more prone to the emission
of DAMPs (CRT plasma membrane translocation; HMGB1 release; induction of type I
interferon response) than SQ20B cells. Interestingly, platinum-based chemotherapy alone
does not trigger CRT exposure and appears to repress CXCL9 and CXCL10 expression 48
after treatment.

3.4. Cetuximab +/− Cisplatin Trigger DAMPs Emission in Murine Head and Neck Carcinoma Cells

To confirm that the cetuximab +/− cisplatin treatment modifies the immunogenicity
of HNSCC cells, anti-cancer prophylactic immunizations of mouse syngeneic models
were carried out. To this end, we used the MOC2 mouse head and neck carcinoma cell
line to generate a stable murine cell line expressing the human EGFR (hEGFR). After
retroviral transduction of MOC2 cells using an hEGFR expression plasmid and selection on
puromycin, several clones were obtained, one of which (MOC2-phEGFR-C1) was found
to express the hEGFR protein (Figure S3). An immunocytofluorescent staining of hEGFR
of MOC2-phEGFR-C1 cells showed that the expression of hEGFR is homogeneous in the
cell population (Figure 6A). Consistently with what was observed in CAL27 and SQ20B
cells, treatment with cisplatin alone or in combination with cetuximab induced caspase-3
cleavage, 24 h (Figure 6B) and 48 h (Figure S4A) after treatment.

Interestingly, the same treatments were also found to trigger the relocalization of
CRT to the plasma membrane (Figure 6C). However, unlike CAL27 and SQ20B, the cetux-
imab/cisplatin co-treatment was able to induce a more robust expression of CRT at the
plasma membrane of MOC-2-phEGFR-C1 cells compared to treatment with cetuximab
alone (Figure 6C, right panels). Finally, we observed that HMGB1 was released in the
extracellular medium, 24 h, and 48 h after treatment with cisplatin alone or in combina-
tion with cetuximab, in a dose-dependent manner (Figure 6D), whereas the expression of
intracellular HMBG1 was not affected by treatments (Figure S4B).

3.5. Induction of Bona Fide ICD by Cetuximab +/− IC50 of Cisplatin

To assess whether the treatment of MOC2-phEGFR-C1 cells by cetuximab and/or
cisplatin was able to induce an anti-tumor immune response in vivo, MOC2-phEGFR-C1
cells were first treated ex vivo, and dead cells were injected in the right flank of immuno-
competent C57BL/6 mice. The same mice were then challenged seven days after the first
immunization, by injecting non-treated living MOC2-phEGFR-C1 cells on the left flank,
and the mice progression-free survival was evaluated. An injection of MOC2-phEGFR-C1
cells killed by three consecutive freeze/thaw cycles was used as a non-immunogenic cell
death control. Expectedly, tumor progression was observed within 26 days in 11/11 mice
that were injected with MOC2-phEGFR-C1 cells killed by freeze/thaw cycles (Figure 7A,B).
A similar observation was made for mice in the IC75 cisplatin (tumor growth in 10/12 mice)
and cetuximab + IC75 cisplatin (tumor growth in 12/12 mice) treatment groups. Strikingly,
the injection of cells treated with cetuximab, the IC50 of cisplatin, or the combination was
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able to prevent tumor progression, which was observed in only 1/12, 4/12, and 2/12 mice,
respectively (Figure 7A,B). Thus, these observations suggest that the injection of MOC2-
phEGFR-C1 cells treated with cetuximab and/or the IC50 of cisplatin provides protection
against a subsequent tumor challenge.
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Figure 6. (A). Immunocytofluorescent staining analysis of the expression of EGFR in MOC2 cells
that were stably transfected with the empty pBABE (left micrograph) and pBABE-hEGFR (right
micrograph, MOC2-phEGFR C1 clone) expression plasmid. Nuclei are stained with DAPI. X40.
(B). Western blot analysis of cleaved caspase-3 (Casp3) expression in whole protein extracts from
MOC2-phEGFR C1 cells treated with cetuximab (Cx), cisplatin (Cis) at the IC50 and IC75, and the
Cx/Cis combination for 24 h. Signals were quantified respectively to the actin loading control and
normalized with respect to the non-treated control (quantification results are shown) (C). Membrane
protein purification and western blot analysis of EGFR, Calreticulin (CRT) and Actin expression in the
input (left panels), intracellular (middle panels) and extracellular protein fractions of MOC2-phEGFR
C1 cells treated with cetuximab (Cx), cisplatin (Cis) at the IC50 and IC75, and the Cx/Cis combination
for 4 h. The enrichment of CRT in extracellular fractions is shown. (D). Western blot analysis of the
HMGB1 expression in the supernatant from MOC2-phEGFR C1 cell cultures harvested 24 h (left
panels) and 48 h (right panels) after with cetuximab (Cx), cisplatin (Cis) at the IC50 and IC75 and the
Cx/Cis combination. All blots shown in this figure are representative examples of three independent
experiments. Additional independent biological replicates are shown in supporting documents.
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4. Discussion

HNSCC is a particularly deadly cancer, with approximately 400,000 cancer-related
deaths in 2018 [2]. Cetuximab, which targets EGFR, is the only approved targeted therapy
for the management of locally advanced R/M HNSCC. However, Cetuximab is not used as
a monotherapy, but is associated with either radiotherapy [1] or platinum-based chemother-
apy (EXTREME regimen) [7]. To the best of our knowledge, the molecular mechanisms
underlying the cytotoxicity of the EXTREME regimen have not been investigated in detail
in HNSCC.

Here we showed that the cetuximab/cisplatin combined treatment displays higher
toxicity than both treatments provided alone in the CAL27 cell line. These in vitro observa-
tions are consistent with clinical trials, where the EXTREME protocol results in a 3-month
increase in the overall survival of patients with HNSCC compared to monotherapies [6]. In
addition, similar observations were also made in nasopharyngeal cancer [43] and in colon
cancer models [44]. More specifically, the cetuximab/cisplatin combination was shown
to block the EGFR pathway via the inhibition of EGRF and ERK phosphorylation in the
HCT116 and SW480 human colon cancer cell lines [44]. ERK is a kinase of the MAP Kinase
pathway downstream of the EGFR, whose activation leads to cell proliferation. Most inter-
estingly, ERK inhibition seems to be critical for the synergic effect of the cetuximab/cisplatin
treatment, since it plays a role in the resistance to cetuximab, which can be overcome by a
dual blockade of EGFR and HER3 [44,45]. However, no improved cytotoxicity of the cetux-
imab/cisplatin was observed in SQ20B cells. We previously have shown that the high basal
and cetuximab-induced expression of the Hypoxia Inducible Factor-2α transcription factor
in SQ20B cells is responsible for resistance to EGFR-blockage [8]. This could explain the lack
of benefit from treatment with cetuximab. In addition, additional unidentified molecular
disorders in SQ20B cells could account for the absence of synergy between cisplatin and
cetuximab. Thus, the differential cytotoxicity of the cisplatin/cetuximab combination in
CAL27 and SQ20B cell lines illustrates that different genetic and molecular backgrounds
are likely to dictate cell response to the therapy. Key molecular differences between the
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two cell lines that are likely to include the TP53 mutational status (CAL27 and SQ20B
harbor different TP53 gene mutations, of unknown functional consequences), which might
influence the induction of apoptosis upon genotoxic stress, as well as the basal and induced
expression level of the Hypoxia Inducible Factor-2 (HIF-2) transcription factor (CAL27
express the lower basal level of HIF-2 that are unaffected by cetuximab treatment, whereas
SQ20B expresses higher levels of HIF-2, that is upregulated upon cetuximab treatment),
which is responsible for resistance to EGFR blockade in SQ20B cells [8]. These observations
also highlight that the response of patients to the EXTREME protocol is likely to vary
depending on tumor-specific molecular signatures.

We further analyzed the impact of the EXTREME regimen on both cell cycle dereg-
ulation and the induction of apoptotic cell death, which both contribute to cell growth,
by using specific markers (iodide propidium/annexin V; cleaved caspase-3). Our obser-
vations suggest that the co-treatment induces both a cell cycle arrest in the G2 phase, as
well as apoptotic cell death. More particularly, we observed that cisplatin +/− cetuximab
triggered caspase-3 cleavage in both CAL27 and SQ20B cells, as well as in MOC2-phEGFR
C1 cells. The induction of caspase-3 cleavage and upon cetuximab/cisplatin cotreatment
was previously reported in the HCT116 and SW480 colon cancer cell lines, where both
molecules seem to synergize [44]. However, the benefit of adding cetuximab to cisplatin
with respect to caspase-3 cleavage and the extent of the synergy appears to depend on
drug concentration, treatment timing, and treated cell line. Indeed, a mild synergy was
observed in CAL27 and SQ20B after 24 h of treatment with the combination of the IC50
of cisplatin and cetuximab, whereas a stronger synergy was observed only in SQ20B cells
after 48 h of treatment with cetuximab and cisplatin at the IC75. Strikingly, the combination
using high doses of cisplatin performed more poorly in SQ20B cells than drugs used alone.
This suggests that SQ20B might undergo caspase-3-independent cell death upon treatment
with high doses of cisplatin. This also highlights that cell response to genotoxic stress is
likely to vary according to both the dose and the duration of treatment, with the induction
of different signaling pathways. The level of activation of these pathways is probably
dependent on the molecular and genetic background of each cell line. Further detailed
analyses of these mechanisms are required to shed more light on the molecular basis of
these phenomenon.

The p53 family of transcription factors is involved in DNA damage repair and apopto-
sis induction upon platinum-derived compound treatment [46]. Importantly, the TP53 gene
is mutated in >80% of HNSCC and plays a major role in tumor initiation and progression
and resistance to platinum-based chemotherapy [47]. Interestingly, the role of p53 in the
modulation of the tumor immune microenvironment and response to immunotherapy
has recently emerged in the literature [48,49]. In addition, it was shown the pharmaco-
logical reactivation of p53 by Nutlin-3a induces the release of DAMPs and the activation
of ICD [50]. Therefore, in order to gain further insight into the molecular mechanisms
associated with the induction of apoptosis by the EXTREME protocol, and its potential
correlation to the induction of ICD, we analyzed the expression of the three members of
the p53 family (i.e., p53, p63, and p73). The CAL27 and SQ20B cell lines have mutated
p53 and consequently, non-treated cells expressed a high level of the p53 protein. Our
western blot analysis did not show any modification of the p53 protein expression level
upon treatment with cetuximab and cisplatin, alone or combined, and the expression of
known p53 target genes was not induced upon treatment, suggesting that p53 might not
be involved in the apoptosis of CAL27 and SQ20B cells. The crosstalk between the p53
and the EGFR signaling pathway, and its consequence on therapeutic EGFR blockade
has been shown in other cancer models. For instance, both wild-type and mutant p53
have been proposed to regulate EGFR transcription [51,52], and inhibition of p53 results
in EGFR downregulation in prostate cancer cells [53]. Resistance to cetuximab has been
correlated to a loss of p53 expression and an increase of p-ERK expression in H226 lung
cancer cells and SCC6 HSNCC [54]. Consistently, p53 was shown to functionally impact
the response of H226 cells to EGFR blockade [54], and the restoration of p53 function in p53
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null prostate cancer cells stimulates EGFR and Akt phosphorylation and restores sensitivity
to cetuximab [55]. We attempted to restore p53 function by treating SQ20B and CAL27 cells
with the PRIMA MET reactivator but did not observe any consequences in terms of cell
response to cetuximab and/or cisplatin. We cannot rule out that p53 reactivation was not
achieved in our hands due to the nature of the mutations present in both cell lines, and
additional functional studies about the role of p53 in the response of HNSCC cells to the
EXTREME protocol are required.

The TP73 and TP63 genes encode two isoforms: one longer isoform called TA, which
contains the N-terminal translational domain and displays pro-apoptotic function, and
one shorter isoform called ∆N, which lacks the translational domain and has oncogenic
activity [56]. Very scarce data is available on the expression and role of p73 in HNSCC. It
has been reported to be expressed at lower levels compared to the other member of the p53
family (i.e., p53 and p63) [57]. Two bands were observed in a western blot analysis of p73
and p63 expression in whole protein extracts from CAL27 and SQ20B cells. ∆Np73, which
could correspond to the lower band, seems to be the dominant p73 isoform in CAL27 cells.
However, a higher band, which could correspond to TAp73, is induced by cetuximab +/−
cisplatin at the IC50. This might suggest a modification of the ratio of the p73 isoforms
in CAL27 cells, with the induction of the expression of the pro-apoptotic TAp73 isoform
(possibly the upper band) upon treatment. Interestingly, a modification of the TA/∆Np73
(possible the upper and lower band, respectively) ratio is also observed in SQ20B cells, with
a reduced expression of the TAp73 isoform upon treatment with higher doses of cisplatin
(IC75 and IC90). However, formal identification of the bands is required to confirm this
hypothesis. TAp73 can induce apoptosis by indirectly regulating p53 target genes [11].
Most interestingly, EGFR signaling blockade by cetuximab has been shown to inhibit AKT
and ERK, thus relieving p73 inhibition and subsequent transactivation of PUMA and
the induction of mitochondrial stress-related apoptosis [58]. ∆Np63 is the dominant p63
isoform in HNSCC and is known to play a critical role in carcinogenesis and tumor cell
survival [57,59]. In our hands, the expression of ∆Np63 was downregulated by high doses
of cisplatin, and treatment with cetuximab increased this effect. The effect of the cisplatin
+/− cetuximab treatment was found to be more important in SQ20B cells, where it resulted
in total inhibition of the expression of ∆Np63. Importantly, ∆Np63 is known to inhibit p73-
related apoptosis on HNSCC cells through direct physical interaction and direct binding
on response elements if the promoter of PUMA [59,60]. Our observations are therefore
consistent with the downregulation of ∆Np63 and subsequently lifted inhibition on p73
expression and/or activity upon treatment with cetuximab+/−cisplatin, which might
participate in the induction of apoptotic cell death by the EXTREME protocol. Additional
functional data are required to test this hypothesis.

In addition to the role that the EXTREME protocol might play in apoptosis, we also
investigated whether it was able to induce ICD. Indeed, Pozzi and colleagues have shown
that cetuximab is capable to trigger the emission of DAMPs as well as the activation of anti-
tumor immunity in colon cancer cells [30]. Consistently with their findings, we found that
cetuximab alone or in combination with cisplatin-induced the relocalization of CRT to the
plasma membrane in both SQ20B and CAL27 cell lines as early as 4 h after treatment. The
CRT chaperone is known to translocate from the ER to the cell surface early during ICD [61],
where it is recognized by the CD91 receptor on antigen-presenting (APC) cells and acts as an
“eat me” signal [27]. Consistently with the fact that cisplatin is not an ICD-inducer [62], we
did not observe CRT relocalization upon treatment with cisplatin. The extracellular release
of HMGB1 was triggered upon all treatments in CAL27 cells, and upon treatment with the
combination only, in a dose-dependent manner, in SQ20B cells. The extracellular release of
the chromatin-associated HMGB1 protein has an immunomodulatory function, including
cytokine activity and pro-inflammatory activity, that depends on its oxidation state [63].
In the frame of ICD, HMGB1 is recognized by TLR4 and induces dendritic cell activation,
increasing phagocytosis of tumors antigen liberated by dying cells [41]. Although, the
mechanism allowing the release of HMGB1 is unknown [27], we observed a correlation



Cells 2022, 11, 2866 19 of 24

between the presence of HMGB1 in the extracellular medium and the percentage of CAL27
and SQ20B cells in late apoptosis 48 h after treatment, suggesting a potential link between
the intrinsic sensitivity of HNSCC cells to the EXTREME protocol and HMGB1 emission.
The production of type I interferons (IFNs) is also a feature of cells undergoing ICD. The
secretion of type I IFNs activates signaling pathways through their interaction with the
Interferon Alpha and Beta Receptor Subunit 1, in an autocrine and paracrine manner, which
ultimately triggers the expression of T-cell chemoattractant chemokines CXC motif ligand
CXCL9 and CXCL10 [27,64]. Interestingly, the expression of CXCL9 and mainly CXCL10
was found to be increased in the CAL27 cell line, upon treatment by cetuximab and/or
cisplatin in a dose-dependent manner. This shows that the EXTREME protocol can trigger
the secretion of immunomodulatory cytokines in HNSCC cells, although our observation
suggests that this effect is likely to be cell-dependent. In conclusion, and consistently
with what was shown by Pozzi and collaborators in colon cancer cells [30], we found that
cetuximab, alone or with cisplatin, can trigger the emission of several DAMPs (including
CRT, HMGB1, and type I IFN response) in HNSCC cell lines, according to different patterns
and/or intensity. Further studies will be required to assess whether this heterogeneity
of response is also found in human tumors, as well as the relevance it might have with
response to the treatment and patient outcome.

In order to validate the immunogenic nature of the treatment of HNSCC cells by
cetuximab +/− platinum-based chemotherapy, we performed a vaccination assay using
immunocompetent syngeneic models, which is considered to be the gold standard to
demonstrate ICD in vivo [26]. To this end, a MOC2 cell line stably expressing the human
EGFR was generated. The parental MOC2 cells were derived from a tumor in the oral cavity
of a C57BL/6 mouse, and generated aggressive tumors within an immunosuppressive
environment [65]. Similar to what was observed in CAL27 and SQ20B cells, MOC2-phEGFR-
C1 cells incubated with cisplatin and/or the cisplatin/cetuximab combination displayed
apoptosis features (caspase-3 cleavage), and the plasma membrane translocation of CRT
and extracellular release of HMGB1. Interestingly, ex vivo treatment of MOC2-phEGFR-C1
cells with either cetuximab, the IC50 of cisplatin, or their combination provided mice an
anti-tumor protection against a second tumor challenge, whereas treatment with the IC75 of
cisplatin +/− cetuximab did not. Our results suggest therefore that cetuximab can induce
ICD of HNSCC cells, which is consistent with previous observations on murine lung cancer
cell line [66] and on murine colon cell line expressing a human EGFR [30]. Surprisingly, we
found the immunization effect provided by cisplatin treatment to be depending on drug
concentration and does not correlate with the dose-dependent effect we observed in vitro
on the emission of DAMPs. This could be explained by the fact that caspase-3 cleaved is
induced at higher levels upon treatment with the IC75 of cisplatin. Indeed, the activation
of caspase-3 stimulates the exposure of phosphatidylserine (PS) on the outer leaflet of
cells’ plasma membrane. The recognition of PS by specific PS receptors stimulates the
uptake of apoptotic corpses by phagocytes of the immune system together while delivering
an anti-inflammatory signal (see [67] and references therein). In addition, caspase-3 is
known to stimulate the expression of prostaglandin E2, which has immunosuppressive
functions [67]. Finally, caspase-3 inhibits signals known as DAMPs, including the IL-33
cytokine as well as intracellular signals that lead to the expression of type I IFNs [67].
Thus, our observations suggest that the induction of the immunogenicity of cancer cells
upon cytotoxic treatment could correlate inversely with the intensity of the induction of
caspase-3-related cell death, through the number of cells that undergo apoptosis and/or
the level of induction of caspase-3 protein.

The lack of correlation between cisplatin concentrations and the immunogenic effect
of the treatment in vivo is consistent with clinical data showing that cytotoxic anti-cancer
drugs delivered at lower doses with metronomic treatment schedules rather than adminis-
trated at their maximum tolerated dose influence the infiltration of treated tumors with
immune cells (for review see [68] and references therein): indeed, drugs used at their
maximum tolerated dose in order to provide a high cytotoxic effect, whereas lower sub-
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optimal doses have been shown to stimulate an anti-tumor effect through the stimulation
of the immune system. Interestingly, the intra-tumor deliverance of nano-doses of con-
ventional chemotherapeutic drugs has also been reported to make up the tumor immune
landscape [69]. Altogether, this highlights the relative importance of the drug-related in-
duction of apoptotic cell death vs. the emission of ICD mediators, which is more desirable
to stimulate the immune system and possibly synergize with immunotherapies. Thus,
there might be a subtle balance between treatment-induced stress, which could result in
the improvement of cancer cell immunogenicity, and treatment-induced cell death, which
potentially hinders cancer cell immunogenicity via immunomodulatory signals.

In conclusion, we have shown that cetuximab (either alone or in combination with
cisplatin) is able to enhance murine and human HNSCC cells’ immunogenicity through the
exposure of CRT, which is known to provide a strong “eat-me” signal to phagocytes of the
immune system. However, the impact of cetuximab alone on the release of HMGB1 varies in
a cell-dependent manner, while cisplatin (alone or in combination with cetuximab) appears
to stimulate HMGB1 release from apoptotic cells. Finally, cisplatin +/− cetuximab appears
to trigger a type I IFN response that elicits the expression of CXCL9 and CXCL10 in a
cell-line-dependent manner. Interestingly, only ex vivo cell treatment conditions that allow
the release of DAMPs and moderate cleavage of caspase-3 (i.e., cetuximab and/or cisplatin
at the IC50) appear to be able to elicit an anti-tumor immune response in immunocompetent
animals. Further studies are warranted to evaluate whether variations of the EXTREME
protocol including the dose of cisplatin are able to trigger ICD and provide a similar effect,
and to what extent this can be synergistic with immunotherapies in HNSCC patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11182866/s1: Figure S1. Quantification of the cell cycle
distribution data of CAL27 (A) and SQ20B (B) cells treated 24 h (upper histograms) and 48 h (lower
histograms) with cetuximab (Cx), cisplatin (Cis) at the IC50 and IC75 and the Cx/Cis combination. The
histograms show the mean number of percentages of cells in S, G2, G1/G0, and early apoptosis (EA;
i.e., sub-G1); Figure S2. (A) Western blot analysis of the HMGB1 expression in the supernatant from
CAL27 (left panels) and SQ20B (right panels) cell cultures harvested 68 h after with cetuximab (Cx),
cisplatin (Cis) at the IC50 and IC75 and the Cx/Cis combination. Signals were quantified respectively
to the actin loading control and normalized with respect to the non-treated control (quantification
results are shown). The blots that are shown are re Apresentative examples of three independent
experiments. Additional independent biological replicates are shown in supporting documents. (B)
Analysis of the expression of CXCL9 and CXCL10 by RT-qPCR in CAL27 (left histographs) and SQ20B
(right histographs) cells treated for 48 h with cetuximab (Cx), cisplatin (Cis) at the IC50 and IC75 and
the Cx/Cis combination. Data are represented as the mean from one independent experiment +SEM;
Figure S3. Western blot analysis of EGFR expression in whole-cell protein extracts from MOC-2 cells
transduced with a pBABE-hEGFR expression plasmid after selection of clones on puromycin. EGFR
expression is observed in the MOC2-phEGFR C1 clone. The blots that are shown are representative
examples of three independent experiments; Figure S4. (A) Western blot analysis of p53 and cleaved
caspase-3 (Casp3) expression in whole protein extracts from MOC2-phEGFR C1 cells treated with
cetuximab (Cx), cisplatin (Cis) at the IC50, IC75, and IC90, and the Cx/Cis combination for 24 h (left
panels) and 48 h (right panels). Casp3 signals were quantified respectively to the actin loading control
and normalized with respect to the non-treated control (quantification results are shown). (B) Western
blot analysis of the HMGB1 expression in whole protein extracts from MOC2-phEGFR C1 cell cultures
treated for 24 h (left panels) and 48 h (right panels) with cetuximab (Cx), cisplatin (Cis) at the IC50,
and IC75 and the Cx/Cis combination. Signals were quantified respectively to the actin loading
control and normalized with respect to the non-treated control (quantification results are shown).
Blots. shown are representative examples of two independent experiments. Additional independent
biological replicates are shown in supporting documents; Table S1. List of oligonucleotides primers
used for RT-qPCR gene expression assays: Gene names, forward and reverse primer sequences are
shown; Table S2. List of TaqMan assays used for RT-qPCR gene expression assays: Gene names
and TaqMan gene expression assay ID are shown; Table S3. List of antibodies used for western blot
analysis; Protein names, antibody providers and used antibody dilutions are shown.
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