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Abstract 

Background: Therapy resistance, which leads to the development of loco‑regional relapses and distant metasta‑
ses after treatment, constitutes one of the major problems that head and neck squamous cell carcinoma (HNSCC) 
patients currently face. Thus, novel therapeutic strategies are urgently needed. Targeted drug delivery to the 
chemokine receptor 4 (CXCR4) represents a promising approach for HNSCC management. In this context, we have 
developed the self‑assembling protein nanotoxins T22‑PE24‑H6 and T22‑DITOX‑H6, which incorporate the de‑immu‑
nized catalytic domain of Pseudomonas aeruginosa (PE24) exotoxin A and the diphtheria exotoxin (DITOX) domain, 
respectively. Both nanotoxins contain the T22 peptide ligand to specifically target CXCR4‑overexpressing HNSCC cells. 
In this study, we evaluate the potential use of T22‑PE24‑H6 and T22‑DITOX‑H6 nanotoxins for the treatment of HNSCC.

Methods: T22‑PE24‑H6 and T22‑DITOX‑H6 CXCR4‑dependent cytotoxic effect was evaluated in vitro in two differ‑
ent HNSCC cell lines. Both nanotoxins cell death mechanisms were assessed in HNSCC cell lines by phase‑contrast 
microscopy, AnnexinV/ propidium iodide (PI) staining, lactate dehydrogenase (LDH) release assays, and western blot‑
ting. Nanotoxins antitumor effect in vivo was studied in a  CXCR4+ HNSCC subcutaneous mouse model. Immunohisto‑
chemistry, histopathology, and toxicity analyses were used to evaluate both nanotoxins antitumor effect and possible 
treatment toxicity. GSMDE and CXCR4 expression in HNSCC patient tumor samples was also assessed by immunohis‑
tochemical staining.

Results: First, we found that both nanotoxins exhibit a potent CXCR4‑dependent cytotoxic effect in vitro. Impor‑
tantly, nanotoxin treatment triggered caspase‑3/Gasdermin E (GSDME)‑mediated pyroptosis. The activation of this 
alternative cell death pathway that differs from traditional apoptosis, becomes a promising strategy to bypass therapy 
resistance. In addition, T22‑PE24‑H6 and T22‑DITOX‑H6 displayed a potent antitumor effect in the absence of systemic 
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Background
One of the main problems of head and neck squamous 
cell carcinoma (HNSCC) therapy is that up to 60% of 
patients develop loco-regional relapses and up to 30% 
distant metastases after treatment, dramatically affect-
ing their survival. Currently, these HNSCC patients are 
no longer candidates for a curative therapy and the main 
goals are palliation and prolongation of patient survival 
[1, 2]. Thus, the development of drug resistance, which 
leads to treatment failure and relapses, constitutes a 
major issue in current HNSCC treatment, highlighting 
the urge for novel therapeutic strategies [3–6].

In this context, targeting the chemokine receptor 4 
(CXCR4) has emerged as a promising approach in can-
cer treatment. CXCR4 overexpression in HNSCC pri-
mary tumors associates with a higher risk of developing 
loco-regional recurrences and distant metastases after 
treatment and worse overall survival [7, 8]. Moreover, 
preclinical and clinical data suggest that this chemokine 
pathway contributes to a resistant phenotype [8]. Thus, 
targeted drug delivery to CXCR4-overexpressing cells 
represents a promising antitumor strategy in HNSCC 
treatment.

In the last years, different protein toxins have gained 
relevance as moieties of antitumor drugs because of their 
interesting properties that can be exploited in clinical 
oncology [9–11]. Toxins display a great cytotoxicity in 
a wide range of cancer cells, presenting mechanisms of 
action capable of killing not only proliferating, but also 
quiescent cells [10]. In addition, toxins can be recom-
binantly produced enabling large scale production and 
purification. All these facts make them ideal candidates 
to replace current chemotherapeutic drugs. However, 
to prevent undesired off-target toxicities, targeted drug 
delivery specifically to tumor cells is key for the transla-
tion of toxin-based drugs to the clinic. In this context, 
different antibody-drug conjugates (ADCs) and immu-
notoxins have exploited this strategy. An example is the 
immunotoxin denileukin diftitox, that incorporates the 
interleukin-2 (IL-2) fused to the diphtheria exotoxin 
domain to target T cell lymphoma cells that overexpress 
the IL-2 receptor. However, it was withdrawn from the 
market in 2014 due to life-threatening toxicity in patients 
[12, 13]. In fact, immunotoxin translation to the clinic 

has been jeopardized by severe off-target toxicities, espe-
cially because of their high immunogenicity and reduced 
targeting capacity, which limits their long-term use in 
patients [12, 13]. On the other hand, different ADCs have 
also been tested for the treatment of HNSCC, such as 
ABBV-321, an EGFR-targeting antibody conjugated to a 
pyrrolobenzodiazepine (PBD) dimer cytotoxic molecule 
[14]. Nevertheless, ADCs present important drug leakage 
during circulation, also limiting their clinical use [15–17]. 
Altogether, ADCs and immunotoxins present severe off-
target toxicities, which dramatically narrow down their 
therapeutic window.

In this context, we have developed self-assembling 
protein nanoparticles which incorporate the de-immu-
nized catalytic domain of Pseudomonas aeruginosa 
(PE24) exotoxin A or the diphtheria exotoxin (DITOX) 
domain from Corynebacterium diphtheriae, that spe-
cifically target CXCR4-overexpressing  (CXCR4+) cancer 
cells through the T22 peptide ligand. These nanotoxins, 
named T22-PE24-H6 and T22-DITOX-H6 respectively, 
are recombinantly produced in Escherichia coli, where 
they self-assemble into multimeric nanoparticles. This 
fact enables a greater payload capacity while increasing 
the number of ligands per nanoparticle, which endows 
superselectivity [18]. Moreover, both nanotoxins are pro-
duced in a single step process, avoiding chemical conju-
gation steps, which allows a straightforward production 
and purification while preventing drug leakage [19].

Here, we describe the cytotoxic and antitumor effect 
of these two novel nanotoxins, T22-PE24-H6 and 
T22-DITOX-H6 that specifically target  CXCR4+ cells, for 
the treatment of HNSCC. First, we evaluate the CXCR4-
dependent cytotoxic effect of both nanotoxins in two 
different HNSCC cell lines. Moreover, we analyze the 
mechanisms of cell death induced by both T22-PE24-
H6 and T22-DITOX-H6, finding that they are capable 
of activating caspase-3/Gasdermin E (GSDME) medi-
ated pyroptosis. Since the activation of anti-apoptotic 
pathways is a main mechanism of resistance to both 
chemotherapy and radiotherapy in HNSCC [3, 5, 6, 20], 
the development of drugs capable of triggering cell death 
pathways alternative to apoptosis is an important ave-
nue of research that could increase cure rate in HNSCC 
patients. Importantly, T22-PE24-H6 and T22-DITOX-H6 

toxicity in a  CXCR4+ subcutaneous HNSCC mouse model. Lastly, GSDME was found to be overexpressed in tumor tis‑
sue from HNSCC patients, highlighting the relevance of this strategy.

Conclusions: Altogether, our results show that T22‑PE24‑H6 and T22‑DITOX‑H6 represent a promising therapy for 
HNSCC patients. Remarkably, this is the first study showing that both nanotoxins are capable of activating caspase‑3/
GSDME‑dependent pyroptosis, opening a novel avenue for HNSCC treatment.
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also present a potent antitumor effect in the absence of 
systemic toxicity in a  CXCR4+ subcutaneous HNSCC 
mouse model. Lastly, we incorporate clinical data show-
ing that GSDME (also named DFNA5) is overexpressed 
in tumor tissue of HNSCC patients, highlighting the 
relevance of this strategy. Thus, activating caspase-3/
GSDME-dependent pyroptosis specifically in  CXCR4+ 
HNSCC tumor cells may represent a novel and enticing 
approach for the treatment of HNSCC patients. Remark-
ably, this is the first study showing that T22-PE24-H6 and 
T22-DITOX-H6 activate caspase-3/GSDME mediated 
pyroptosis in oncotherapy.

Methods
Nanoparticles production, purification, 
and characterization
T22-PE24-H6 and T22-DITOX-H6 production, purifica-
tion, and characterization have been previously described 
[19]. T22-PE24-H6 nanoparticles self-assemble into 
~ 60 nm nanoparticles, whereas T22-DITOX-H6 form 38 
and 90 nm nanoparticles.

Cell lines and cell culture
UM-SCC-22A (22A) and UM-SCC-74B (74B) human 
papillomavirus negative  (HPV−) HNSCC cell lines [21] 
were kindly provided by Dr. R. H. Brakenhoff and Dr. 
Gregory Oakley respectively. 22A mock, 74B mock, 
22A-CXCR4+, and 74B-CXCR4+ were obtained by lenti-
viral transduction with the plasmids pLenti-III-UbC-luc 
and pLenti-III-UbC-CXCR4-2A-luc (abm, Vancouver, 
Canada) respectively, as already described in previous 
work [22]. HNSCC cell lines were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM) (Gibco, Life Technol-
ogies) supplemented with 10% Fetal Bovine Serum (FBS), 
100 U/mL penicillin/ streptomycin, and 2 mM glutamine 
(Life Technologies) and incubated at 37 °C and 5%  CO2 
in a humidified atmosphere. CXCR4 expression in 22A 
mock, 74B mock, 22A-CXCR4+, and 74B-CXCR4+ has 
been already evaluated in previous work [22].

575 and 909 patient-derived cell cultures were obtained 
from two HNSCC patient tumor samples with high 
CXCR4 tumor expression. Tumor samples were disaggre-
gated by incubation in Trypsin-EDTA 0.25% (Gibco, Life 
Technologies) for 2 h at 4 °C, followed by further incuba-
tion with collagenase type II (200 mg/mL, Life Technolo-
gies) and DNase (20 mg/mL, Sigma-Aldrich) for 2 h at 
37 °C. After some mechanical disruption, samples were 
filtered through a 40 μm mesh, and cultured. Epithelial 
cell enrichment was performed by differential trypsiniza-
tion and maintaining the cells in Defined Keratinocyte-
SFM medium (Gibco, Life Technologies). 575 and 909 
cell cultures were maintained Dulbecco’s Modified Eagle 
Medium: Nutrient Mixture F-12 (DMEM/F-12) (Gibco, 

Life Technologies) supplemented with 10% Fetal Bovine 
Serum (FBS), 100 U/mL penicillin/ streptomycin, 2 mM 
glutamine, and 400 ng/ml hydrocortisone (Life Technolo-
gies) at 37 °C and 5%  CO2 in a humidified atmosphere.

Patient samples
HNSCC patient samples were obtained by the Otorhi-
nolaryngology Department of the Hospital de la Santa 
Creu i Sant Pau (Barcelona, Spain) in accordance with 
the Institutional Review Board of the institution. Writ-
ten informed consent was acquired from all the patients 
involved in this study.

Cell viability assays
Cell viability upon T22-PE24-H6 and T22-DITOX-H6 
exposure was assessed with the Cell Proliferation Kit II 
(XTT) (Roche) according to the manufacturer’s instruc-
tions. Cells were seeded in 96-well plates (5000 cells/
well for 22A and 2500 cells/well for 74B) and treated 
with either buffer (166 mM  NaCO3H pH 8) or differ-
ent concentrations of T22-PE24-H6 or T22-DITOX-H6 
(0–50 nM) for 48 h. For AMD3100 blocking experiments, 
1 μM AMD3100 was added 1 h prior to the addition of the 
nanotoxins. For the zVAD pre-treatment, 100 μM zVAD 
(Calbiochem) was added to the plates and incubated at 
37 °C for 2 h before nanotoxin treatment. After 48 h, XTT 
reagent was added to the plate and further incubated 
at 37 °C for 4 h, then absorbance, which directly corre-
lates to the number of viable cells, was measured using a 
multi-well spectrophotometer (FLUOstar Optima, BMG 
Labtech). All experiments were performed in triplicate.

Flow cytometry
Cell death induced by T22-PE24-H6 and T22-DITOX-H6 
was further assessed using the Annexin V-FITC / propid-
ium iodide (PI) detection kit (Merck Millipore) following 
manufacturer’s instructions. 74B-CXCR4+ cells were cul-
tured in 6-well plates (25,000 cells/well) and exposed to 
50 nM of either of the two nanotoxins for different times 
(15 h, 24 h, and 48 h). Cells were analyzed by MACS-
Quant analyzer flow cytometry with the MACS Quantify 
version 2.3 software (Miltenyi Biotech). The experiment 
was performed in triplicate.

LDH release assay
LDH release from 22A-CXCR4+ and 74B-CXCR4+ cells 
upon nanotoxin exposure was studied using the CytoTox 
96 Non-Radioactive Cytotoxicity Assay (Promega). Cells 
were seeded in 96-well plates (5000 cells/well for 22A 
and 2500 cells/well for 74B) and exposed to the nano-
toxins (5 nM for T22-PE24-H6 in 22A-CXCR4+ cell line, 
50 nM in the rest of conditions). zVAD (Calbiochem) 
pre-treatment was performed at a 100 μM concentration 
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and incubated at 37 °C for 2 h prior to nanotoxin addi-
tion. After 48 h of treatment, cytotoxicity assay reagents 
were added according to the manufacturer’s instructions, 
and the absorbance at 492 nm was measured using a 
multi-well spectrophotometer (FLUOstar Optima, BMG 
Labtech). All experiments were performed in triplicate.

Western blotting
T22-PE24-H6 and T22-DITOX-H6 cell death mecha-
nisms were further studied by western blotting (WB). For 
that, 22A-CXCR4+ and 74B-CXCR4+ cells were treated 
with either of the nanotoxins (5 nM for T22-PE24-H6 in 
22A-CXCR4+ cell line, 50 nM in the rest of conditions) 
for different times (15 h, 24 h, and 48 h). In the zVAD 
conditions, the pan-caspase inhibitor (Calbiochem) was 
added at 100 μM and incubated for 2 h before nanotoxin 
treatment. WB was also used to evaluate the GSDME 
expression in two patient-derived cultures (575 and 909). 
Cells were lysed in RIPA buffer (Sigma) containing pro-
teinase inhibitors (Roche) and phosphatase inhibitors 
(Roche). The protein extracts (50 μg) were subjected to 
SDS-PAGE and transferred to a nitrocellulose blotting 
membrane (GE Healthcare life sciences). After blockage 
with 5% skim milk in TBS-T for 1 h at room temperature, 
membranes were incubated overnight at 4 °C with the 
primary antibodies: anti-human caspase-3 (1:1000, BD 
Biosciences), cleaved caspase-3 (1:1000, Cell Signaling), 
PARP (1:2000, BD Biosciences), GSDME (1:1000, abm), 
and α/β-tubulin (1:1000, Cell Signaling). After washing 
with TBS-T to remove nonspecific antibody binding, 
membranes were incubated with the corresponding sec-
ondary antibodies (1:10,000, Jackson Immune Research) 
for 1 h at room temperature. Finally, membranes were 
further washed with TBS-T and visualized with the 
SuperSignal™ West Pico Chemiluminescent Substrate 
and SuperSignal™ West Femto Maximum Sensitivity 
Substrate (Thermo Scientific) using the ChemiDoc XRS+ 
imaging system (Biorad). Pro-caspase-3, cleaved cas-
pase-3, cleaved PARP, and cleaved GSDME levels were 
quantified using Fiji, ImageJ software. The densitomet-
ric analysis was performed by dividing the value of each 
nanotoxin-treated sample by the buffer-treated sample 
and normalized by the loading control (α/β-tubulin). All 
experiments were performed at least in triplicate.

In vivo experiments
Four-week-old female Swiss nude mice (NU (Ico)-
Foxn1nu) weighing 18–25 g were purchased from Charles 
River (France). Animals were housed in a specific patho-
gen-free (SPF) environment with sterile food and water 
ad  libitum. All animal experiments were approved by 
the Hospital de la Santa Creu i Sant Pau Animal Ethics 
Committee.

The subcutaneous tumor model was generated by 
subcutaneous injection of 10 million 74B-CXCR4+ cells 
in both flanks of the animal. To assess T22-PE24-H6 
and T22-DITOX-H6 antitumor effect, animals bearing 
tumors around 60–100  mm3 were randomized into three 
groups (n = 10 per group). Animals were intravenously 
administered buffer (166 mM  NaCO3H pH 8), or 10 μg of 
either T22-PE24-H6 or T22-DITOX-H6 every day up to 
8 doses. Animal body weight and tumor size were meas-
ured with a caliper (tumor volume =  width2 x length/2) 
through the time course of the treatment. Animals were 
euthanized 48 h after the last dose, when tumors were 
weighted and collected together with different organs for 
later analysis. Plasma was also obtained by centrifugation 
of total blood, extracted from the animals by intracardiac 
puncture.

To evaluate the possible long-term toxicity of the 
nanotoxins treatment, four-week-old female non-tumor 
bearing Swiss nude mice (NU (Ico)-Foxn1nu) were 
intravenously administered buffer or 10 μg of either 
T22-PE24-H6 or T22-DITOX-H6 daily up to 8 doses, 
similarly to the antitumor effect experiment. Animals 
were weighted twice a week during the study. After the 
last dose, blood samples were collected from the tail 
every week to assess cell blood count (CBC). Animals 
were euthanized 4 weeks after the end of the treatment 
and different organs were collected for histopathological 
analysis.

Histopathology, DAPI staining, and immunohistochemical 
analysis
4 μm paraffin-embedded sections obtained from tumor 
patient samples collected at the Hospital de la Santa Creu 
i Sant Pau, as well as tumors and organs extracted from 
the animals were used to performed different histopatho-
logical analysis. Organ sections were stained with H&E 
and analyzed by two independent observers (one section 
of the whole organ/tumor). Cell death in tumor tissues was 
assessed by DAPI staining, paraffin-embedded sections 
were dewaxed, rehydrated, and permeabilized with 0.5% 
Triton X-100. Then, slides were stained with DAPI mount-
ing medium (ProLong™ Gold Antifade Mountant, Thermo 
Scientific) and visualized by fluorescence microscopy. Rep-
resentative pictures were taken using an Olympus DP73 
digital camera and the number of dead cells was quantified 
by counting the number of condensed nuclei per 10 high-
power fields (magnification 400x). Immunohistochemical 
(IHC) staining of animal tumors was performed to study 
the cytotoxic effect of the nanotoxin treatment. CXCR4 
(1:200, Abcam. Retrieval pH high, Dako) and F4/80 (ready 
to use, Dako) IHC were performed in a DAKO Autostainer 
Link48 following the manufacturer’s instructions. Similarly, 
GSDME IHC staining (1:300, Abcam. Retrieval pH high, 
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Dako) was assessed in patient tumor samples. Representa-
tive images were captured using an Olympus DP73 digital 
camera and processed with the Olympus CellD Imaging 
3.3 software. CXCR4 and F4/80 expression levels in tumors 
were quantified as mean gray values using Fiji, ImageJ 
software.

Toxicity analyses in plasma and total blood samples
To further evaluate the toxicity of T22-PE24-H6 and 
T22-DITOX-H6 treatment in mice, plasma glutamic 
oxaloacetic transaminase (GOT) and glutamic pyruvic 
transaminase (GPT) enzyme activities, as well as creatinine 
and uric acid levels were assessed in plasma samples using 
commercial kits (Roche) in a COBAS 6000 autoanalyzer 
(Roche).

Cell blood count (CBC) from buffer and nanotoxin-
treated animals was analyzed using the Mindray BC-5000 
Vet hematology analyzer.

Statistical analysis
Data was represented as mean ± Standard error (SEM). 
Statistical analyses were performed using the GraphPad 
Prism 5 software (GraphPad Software, San Diego, Cali-
fornia USA). Results were analyzed by Student t-test. Dif-
ferences were considered statistically significant when 
p-values < 0.05.

Results
T22‑PE24‑H6 and T22‑DITOX‑H6 exhibit a potent 
CXCR4‑dependent cytotoxicity in HNSCC cell lines
T22-PE24-H6 and T22-DITOX-H6 cytotoxic effect was 
evaluated in vitro in two HNSCC cell lines, 22A mock and 
22A-CXCR4+; and 74B mock and 74B-CXCR4+. Both 22A 
mock and 74B mock cell lines were negative for the recep-
tor, whereas 22A-CXCR4+ and 74B-CXCR4+ displayed 
a strong CXCR4 membrane expression, as it has been 
already studied by flow cytometry and immunocytochem-
istry in previous work [22]. Cells were exposed to different 
concentrations of either of the two nanotoxins (0–50 nM) 
for 48 h before assessing their viability. Both T22-PE24-
H6 and T22-DITOX-H6 were able to induce cell death in 
22A-CXCR4+ and 74B-CXCR4+ cells, which express high 
levels of CXCR4 in their membranes (Fig. 1A-D). Remark-
ably, nanotoxins present a potent cytotoxic effect, as they 
were capable of inducing cell death at low concentrations 
(nM range) (Fig.  1A-D).  IC50 values were calculated for 

both nanotoxins, ranging between 1 and 5 nM, further sup-
porting T22-PE24-H6 and T22-DITOX-H6 potent cyto-
toxicity (Fig. 1A-D). On the other hand, neither 22A mock 
nor 74B mock (CXCR4 negative cells) cell viability was 
altered upon nanoparticle exposure, suggesting a CXCR4-
dependent cytotoxic effect (Fig. 1A-D).

T22-PE24-H6 and T22-DITOX-H6 CXCR4-dependent 
cytotoxicity was further corroborated by pre-incubat-
ing both 22A-CXCR4+ and 74B-CXCR4+ cells with the 
CXCR4 antagonist AMD3100, 1 h prior to the addition 
of the nanotoxins. Treatment with AMD3100 blocked 
nanotoxin binding to CXCR4, leading to a practically 
complete remission of their cytotoxic effect in both 
 CXCR4+ cell lines (Fig. 1E and F).

Thus, both T22-PE24-H6 and T22-DITOX-H6 display 
a potent CXCR4-dependent cytotoxic effect in  vitro in 
both HNSCC cell lines.

T22‑PE24‑H6 and T22‑DITOX‑H6 nanotoxins induce 
pyroptosis in HNSCC cell lines
The aforementioned potent CXCR4-dependent cytotoxic 
effect prompted us to investigate the mechanism of cell 
death induced by both T22-PE24-H6 and T22-DITOX-
H6 nanotoxins. Interestingly, upon nanoparticle expo-
sure, we observed a balloon-like morphology of the 
cells, which clearly differ from classic apoptotic blebbing 
(Fig. 2A). These swelling cells were especially noticeable 
in the 22A-CXCR4+ cultures treated with either of the 
two nanotoxins, although they could also be observed 
in the 74B-CXCR4+ cell line (Fig. 2A). Remarkably, this 
balloon-like shape is a characteristic of pyroptotic cell 
morphology.

In addition to these observations, we performed an 
Annexin V/ Propidium iodide (PI) assay by flow cytom-
etry to further study the type of cell death induced by 
T22-PE24-H6 and T22-DITOX-H6. In classic apoptosis, 
cells first undergo an early apoptosis phase (Annexin  V+/
PI−), followed by a late apoptosis phase (Annexin  V+/
PI+), characterized by plasma membrane rupture and 
leakage. However, in this case we did not observe these 
phases, revealing a lytic type of cell death, as Annexin V/
PI double-positive stained cells increased upon treatment 
with both nanotoxins (Fig. 2B).

To further elucidate the mechanism of cell death 
induced by both nanotoxins, we evaluated the LDH 
released from cells 48 h after nanoparticle treatment, 

Fig. 1 T22‑PE24‑H6 and T22‑DITOX‑H6 CXCR4‑dependent cytotoxic effect in HNSCC cell lines. A and B) T22‑PE24‑H6 (A) and T22‑DITOX‑H6 (B) 
cytotoxic effect (0‑50 nM) after 48 h of exposure in 22A mock and 22A‑CXCR4+ cell lines represented as percentage of cell viability and  IC50 values. C 
and D) T22‑PE24‑H6 (C) and T22‑DITOX‑H6 (D) cytotoxic effect (0–50 nM) after 48 h of exposure in 74B mock and 74B‑CXCR4+ cell lines represented 
as percentage of cell viability and  IC50 values. E and F) AMD3100 blocking assay (1 μM) in 22A‑CXCR4+ and 74B‑CXCR4+ cell lines treated with 
T22‑PE24‑H6 (E) (5 nM for 22A‑CXCR4+ and 50 nM for 74B‑CXCR4+) and T22‑DITOX‑H6 (F) (50 nM) for 48 h. ** p < 0.01; *** p < 0.001. Each column 
represents the mean value of three biological replicates. Statistical analysis performed by Student t‑test. Error bars indicate SEM

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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which correlates with cell membrane disruption and 
leakage. In agreement with the previous findings, nano-
toxin treated cells showed an increase in LDH release, 
further corroborating a lytic form of cell death (Fig. 2C).

Finally, we studied different cell death markers by west-
ern blotting to determine the exact mechanisms of cell 
death activated by T22-PE24-H6 and T22-DITOX-H6. 
We found an activation of caspase-3, PARP, and GSDME 
in both HNSCC cell lines treated with either of the two 
nanotoxins (Fig. 2D). 22A-CXCR4+, which has shown a 
greater sensitivity to both nanotoxins, presented cleaved 
caspase-3 at 15 h and 24 h, leading to the activation of 
PARP and GSDME also at 15 h and 24 h. On the other 
hand, activation of caspase-3, PARP, and GSDME in the 
74B-CXCR4+ cell line was only observed at 48 h (Fig. 2D, 
Supplementary Fig.  1). In the last years, different stud-
ies have determined that pyroptosis, a lytic form of cell 
death, can be triggered by GSDME N-terminal domain 
which is activated by cleaved caspase-3, also responsible 
for the proteolytic activation of PARP during apoptosis 
[23, 24]. Interestingly, we observed the simultaneous acti-
vation of both PARP and GSDME upon nanotoxin treat-
ment, which has also been described in other molecular 
therapies [25–28].

T22‑PE24‑H6 and T22‑DITOX‑H6 activate caspase‑3/
GSDME‑mediated pyroptosis in HNSCC cell lines
In order to validate the previous findings which suggested 
that the caspase-3/GSDME pathway would be responsi-
ble for nanotoxin cytotoxic effect, we exposed the cells to 
the pan-caspase inhibitor zVAD prior to the nanotoxin 
treatment. Pre-treatment with zVAD clearly abrogated 
balloon-like morphology of the nanotoxin treated cells, 
showing a decrease in cell swelling (Fig.  3A). Conse-
quently, cell viability was also protected by pre-treating 
the cell with the pan-caspase inhibitor, further indicat-
ing a caspase-dependent cell death mechanism (Fig. 3B). 
In agreement, zVAD pre-treatment led to a reduction of 
LDH release in nanotoxin treated cells (Fig. 3C). Moreo-
ver, western blotting analysis revealed that as expected, 
caspase-3 proteolytic activation was inhibited by zVAD 
pre-treatment. Hence, PARP and GSDME activa-
tion were also abolished in the zVAD pre-treated cells 
(Fig.  3D, Supplementary Fig.  2). Thus, pre-treatment 
of the cells with zVAD prior to nanotoxin exposure led 

to an inhibition of cell death, further corroborating the 
involvement of caspase-3/GSDME pathway in nano-
toxin cytotoxicity. Remarkably, this is the first time that 
we describe the activation of this pathway by T22-PE24-
H6 and T22-DITOX-H6, which opens a novel avenue for 
HNSCC treatment.

Nanotoxins repeated dosage potently inhibits tumor 
growth in a  CXCR4+ subcutaneous HNSCC mouse model 
in the absence of systemic toxicity
The potent cytotoxic effect induced by both T22-PE24-
H6 and T22-DITOX-H6 nanotoxins in the HNSCC cell 
lines encouraged us to evaluate their antineoplastic effect 
in  vivo. For that, we generated a CXCR4-overexpress-
ing subcutaneous mouse model. One week after the 
implantation, animals were intravenously administered 
buffer or 10 μg of either T22-PE24-H6 or T22-DITOX-
H6 daily up to 8 doses. Tumor volume and body weight 
were measured on alternate days. Animals were eutha-
nized 48 h after the last dose, and tumors were weighed 
and collected for later analysis, as well as different organs 
(Fig. 4A).

Treatment with T22-PE24-H6 and T22-DITOX-
H6 nanotoxins clearly impaired tumor growth in the 
CXCR4-overexpressing subcutaneous tumors, as tumors 
from the buffer-treated animals reached bigger vol-
umes compared to their nanotoxin-treated counterparts 
(Fig.  4B). Remarkably, treatment with T22-DITOX-H6 
practically inhibited tumor growth, as tumor volumes 
did not significantly vary throughout the treatment. Con-
sequently, tumor weight at the endpoint of the experi-
ment was significantly higher in the tumors derived from 
buffer-treated mice compared to the nanotoxin-treated 
animals, especially the ones treated with T22-DITOX-H6 
(Fig. 4C). In addition, nanotoxin treatment did not affect 
animal body weight in the time course of the experiment, 
suggesting a lack of systemic toxicity for the treatment 
(Fig. 4 D).

Tumor histology was also studied to further evaluate 
nanotoxin antineoplastic effect. Tumors after nanotoxin 
repeated treatment maintained their undifferentiated 
phenotype (Supplementary Fig.  3A). CXCR4 expression 
in tumor tissue was also maintained upon nanotoxin 
treatment, as no differences in percentage of positive 
cells were observed between groups (Supplementary 

(See figure on next page.)
Fig. 2 T22‑PE24‑H6 and T22‑DITOX‑H6 nanotoxins induce tumor cell pyroptosis. A Phase‑contrast imaging of 22A‑CXCR4+ and 74B‑CXCR4+ 
cells treated with T22‑PE24‑H6 or T22‑DITOX‑H6 for 48 h exhibiting pyroptotic cell morphology (magnification 200x). B Flow cytometry analysis 
of 74B‑CXCR4+ after 15 h, 24 h, and 48 h of exposure to T22‑PE24‑H6 or T22‑DITOX‑H6 stained with Annexin V‑FITC and propidium iodide (PI). 
Percentage of stained cells is represented in the column graph. C LDH release from 22A‑CXCR4+ and 74B‑CXCR4+ exposed to either T22‑PE24‑H6 or 
T22‑DITOX‑H6 for 48 h. D Representative images of pro‑caspase‑3, cleaved caspase‑3, PARP, GSDME, and tubulin immunoblotting in protein extracts 
from 22A‑CXCR4+ and 74B‑CXCR4+ cell lines treated with T22‑PE24‑H6 and T22‑DITOX‑H6 for 15 h, 24 h, and 48 h. * p < 0.05. Each column represents 
the mean value of three biological replicates. Statistical analysis performed by Student t‑test. Error bars indicate SEM
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Fig. 3B). Besides, nanotoxin treatment induced cell death 
in the tumor cells as detected by condensate DNA (DAPI 
staining) (Fig. 5A). The number of DAPI stained cells was 
found to be higher in tumor treated with either of the 
two nanotoxins as compared to the control group, sup-
porting nanotoxin antitumor effect (Fig.  5A). Last but 
not least, we wanted to assess immune cell recruitment 
to the tumor site, as it is described that tumor leakage 
from pyroptotic cells enhances the number and activity 
of tumor-associated macrophages (TAMs) that phago-
cyte tumor cells [23]. For that, we performed a F4/80 
immunohistochemistry, a well-known macrophage cell 
marker, finding an increase in the percentage of tumor-
infiltrating macrophages in nanotoxin-treated tumors as 
compared to the buffer-treated ones (Fig. 5B). Altogether, 
these results corroborate nanotoxin potent antitumor 
effect, suggesting that the activation of pyroptosis in 
tumor cells also enhances immune cell recruitment to the 
tumor site, further contributing to the antitumor effect.

Importantly, no off-target toxicity was observed upon 
nanotoxin treatment, neither in the T22-PE24-H6 nor in 
the T22-DITOX-H6 group. We assessed nanotoxin toxic-
ity by histopathology (H&E staining) in liver and kidneys 
tissue, organs involved in the metabolism and elimina-
tion of drugs. As it could be observed by two independ-
ent observers, no histological alterations were detected 
in either of the two organs, which presented their nor-
mal architecture and morphology (Fig. 6A). Moreover, to 
further corroborate treatment’s lack of toxicity, hepatic 
and renal function were studied by hepatic transami-
nases activity, as well as creatinine and uric acid levels in 
plasma. Results showed no statistically significant differ-
ences in transaminases activity, nor in creatinine or uric 
acid concentrations in plasma between control and nano-
toxin treated animals (Fig. 6B-E). In addition, these val-
ues were between the normal range of a healthy animal 
[29]. Thus, T22-PE24-H6 and T22-DITOX-H6 nanotoxin 
treatment at the chosen administration conditions, does 
not induce off-target toxicity in the  CXCR4+ HNSCC 
subcutaneous mouse model.

Moreover, to evaluate the long-term toxicity induced 
by nanotoxin treatment, animals received the same dos-
age as in the antitumor effect experiment, but were fur-
ther maintained for 4 weeks after the end of the treatment 

(Supplementary Fig.  4A). Importantly, non-tumor bear-
ing mice were utilized, as the lack of tumor and conse-
quently the absence of nanotoxin uptake by tumor tissue, 
will potentially increase nanotoxin concentration in the 
bloodstream, thus providing a better evaluation of their 
potential off-target toxicity. Remarkably, none of the 
nanotoxins, neither T22-PE24-H6 nor T22-DITOX-
H6, shortly after their administration at repeated doses 
or 4 weeks after the end of the treatment, induced any 
changes in animal body weight (Supplementary Fig. 4B). 
In addition, cell blood count (CBC) analyses were per-
formed weekly to assess treatment derived toxicity. No 
differences between buffer and nanotoxin-treated ani-
mals were observed in terms of white blood cells (white 
blood cell count (WBC), neutrophils, lymphocytes, 
monocytes, eosinophils, and basophils), red blood cells 
(red blood cell count (RCB), hemoglobin (HGB), hema-
tocrit (HCT), mean cell volume (MCV), mean corpuscu-
lar hemoglobin (MCH), mean corpuscular hemoglobin 
concentration (MCHC), and red blood cell distribution 
width (RDW)), or platelets (platelet count, mean plate-
let volume (MPV), platelet distribution width (PDW), 
and plateletcrit (PCT)) (Supplementary Fig.  5). Moreo-
ver, these values were between the normal range for a 
healthy Swiss nude mouse. Lastly, no histopathological 
alterations were observed in liver, kidneys, spleen, or 
bone marrow, implying that nanotoxin treatment did not 
induce any long-term toxic effects in the animals (Sup-
plementary Fig.  4C). Thus, the lack of change in mouse 
body weight, together with unaltered CBCs, and the 
absence of histological alterations in non-tumor tissues, 
indicate a lack of long-term toxicity by the nanotoxins 
when administered at a dosage that achieves a highly sig-
nificant antitumor effect.

GSDME and CXCR4 expression in HNSCC and clinical 
implications
Taking into consideration these findings, we wanted to 
evaluate the clinical relevance of GSDME activation in 
HNSCC patients. Given that GSDME presents a tumor 
suppressive role, it has been reported that GSDME inac-
tivation is a strategy developed by cancer cells to avoid 
cell death. However, both  HPV− HNSCC cells lines used 
in this study expressed GSDME, and this protein was able 

Fig. 3 zVAD pre‑treatment of 22A‑CXCR4+ and 74B‑CXCR4+ cells shows T22‑PE24‑H6 and T22‑DITOX‑H6 activation of caspase‑3/GSDME‑mediated 
pyroptosis. A Phase‑contrast imaging of 22A‑CXCR4+ and 74B‑CXCR4+ cell lines with and without zVAD pre‑treatment (100 μM) 1 h prior to the 
addition of T22‑PE24‑H6 or T22‑DITOX‑H6 (magnification 200x). zVAD clearly inhibits pyroptotic cell morphology in both cell lines. B Cell viability 
of 22A‑CXCR4+ and 74B‑CXCR4+ cells either pre‑treated or not with zVAD before the addition of T22‑PE24‑H6 and T22‑DITOX‑H6 nanotoxins. C 
LDH release from 22A‑CXCR4+ and 74B‑CXCR4+ treated with T22‑PE24‑H6 or T22‑DITOX‑H6 for 48 h, with and without zVAD pre‑treatment. D 
Representative images of pro‑caspase‑3, cleaved caspase‑3, PARP, GSDME, and tubulin western blots of samples from 22A‑CXCR4+ and 74B‑CXCR4+ 
cell lines exposed to the inhibitor zVAD before nanotoxin treatment for 48 h. * p < 0.05; ** p < 0.01. Each column represents the mean value of three 
biological replicates. Statistical analysis performed by Student t‑test. Error bars indicate SEM

(See figure on next page.)
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to exert its activity upon nanotoxin treatment. Moreo-
ver, two patient-derived samples obtained from  CXCR4+ 
tumors maintained in  vitro also expressed the protein 
(Fig.  7A). Thus, to further investigate GSDME expres-
sion in HNSCC, we conducted an analysis using data 
from The Cancer Genome Atlas (TCGA) with the UAL-
CAN analysis software [30]. First, we found that CXCR4 
is overexpressed in tumoral tissue compared to healthy 
tissue (Supplementary Fig.  6). Similarly, DFNA5 (gene 
encoding GSDME) was also overexpressed in tumors 
compared to non-tumor tissue (Supplementary Fig. 7A). 
Moreover, DFNA5 was more expressed in  HPV− tumors 
compared to the  HPV+ ones (Supplementary Fig.  7B). 

Interestingly, high DFNA5 expression in tumor tissue 
correlated with worse overall survival (OS) (Supple-
mentary Fig. 7C). These results prompted us to perform 
a IHC analysis of GSMDE expression in a cohort of 17 
HNSCC patients (Fig. 7B). First, we assessed the CXCR4 
expression in the HNSCC samples finding that 88.2% 
were positive for the receptor (Fig. 7C). Moreover, 94.1% 
of these patient samples presented positive GSDME 
staining, independently of their prognosis (Fig.  7C). 
Importantly, 87.5% of the patient samples expressing 
GSDME were also positive for CXCR4 immunostaining 
(Fig. 7C). This subset of patients could potentially benefit 
from a CXCR4-targeted treatment capable of activating 

Fig. 4 T22‑PE24‑H6 and T22‑DITOX‑H6 antitumor effect in a  CXCR4+ HNSCC subcutaneous mouse model. A) Schematic representation of the 
experimental design followed in this study. B Variation of the tumor volume in each group (buffer, T22‑PE24‑H6, and T22‑DITOX‑H6) in the time 
course of the experiment. C Tumor weight registered at the end point of the experiment for the three experimental groups. D Body weight of 
buffer, T22‑PE24‑H6, and T22‑DITOX‑H6 treated animals along the study. * p < 0.05; ** p < 0.01; *** p < 0.001; n = 10 per group (total animal number 
30). Statistical analysis performed by Student t‑test. Error bars indicate SEM
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GSDME, such as the nanotoxins T22-PE24-H6 and 
T22-DITOX-H6. Thus, we found that GSDME is widely 
expressed in HNSCC patients highlighting the relevance 
of GSDME-dependent pyroptosis in disease course and 
opening a novel avenue for future treatments.

Discussion
In this study (which rationale is summarized in Sup-
plementary Fig. 8), we report for the first time that tar-
geted toxin delivery to CXCR4-overexpresing  (CXCR4+) 
human HNSCC cells, achieved by the T22-PE24-H6 
and T22-DITOX-H6 nanotoxins, activates caspase-3/
GSDME-dependent pyroptosis in  CXCR4+ cancer cells. 
Consequently, nanotoxin treatment leads to a potent 
blockade of tumor growth in a HNSCC model, without 
inducing systemic toxicity. Importantly, activation of this 
cell death mechanism alternative to apoptosis is expected 
to overcome the low response rate to chemotherapy and 
radiotherapy in HNSCC patients [5, 31].

We meticulously demonstrate that both nanotox-
ins activate caspase-3/GSDME-dependent pyroptosis 
in  CXCR4+ human HNSCC cell lines. First, we have 
reported that, upon nanotoxin treatment, HNSCC cell 
lines displayed distinctive pyroptotic features, includ-
ing balloon-like morphology, increase in LDH release, 
and lytic cell death. These observations associated 
with caspase-3 activation followed by GSDME cleav-
age to generate the pyroptotic effector pore inductor 
GSDME N-terminus, as detected by immunoblotting. 

Importantly, pre-treatment with the pan-caspase inhib-
itor zVAD blocked all the above described pyroptotic 
features. Thus, the selective bacterial exotoxin release 
in  CXCR4+ HNSCC cells activate caspase-3/GSDME 
switch from apoptosis to pyroptosis, as described for 
different untargeted and targeted drugs in other cancer 
types [24, 25, 32–34].

In addition, and according to the potent cytotoxic-
ity (low nanomolar  IC50) observed in  vitro, repeated 
intravenous administration of each nanotoxin in 
a subcutaneous  CXCR4+ HNSCC mouse model, 
induced a potent blockade of tumor growth, flatten-
ing the growth curves, especially for the T22-DITOX-
H6 nanotoxin, in the absence of systemic toxicity or 
adverse effects. This high therapeutic window is most 
likely due to the strict CXCR4-dependent killing 
achieved by the nanostructured toxins. T22-PE24-
H6 and T22-DITOX-H6 internalize exclusively in 
 CXCR4+ cells, releasing their toxin domains by 
furin cleavage upon cell internalization, leading to 
EF-2 inactivation and protein synthesis inhibition 
that results in cell death [19]. This effect was dem-
onstrated in vitro in two different HNSCC cell lines, 
showing that only  CXCR4+ cells are killed by the 
nanotoxins and also by the demonstration of a com-
plete cell death blockade by AMD3100 (CXCR4 
antagonist) exposure prior to nanotoxins treatment.

Consistently, our previous work supports the selec-
tive biodistribution of the nanotoxins to the high 

Fig. 5 Cytotoxic effect of T22‑PE24‑H6 and T22‑DITOX‑H6 in tumor tissue. A Detection of dead cells by condensate DNA staining (DAPI) in the 
buffer, T22‑PE24‑H6 or T22‑DITOX‑H6 treated. Quantification of the number of DAPI positive stained cells in tumor tissue represented as fold‑change 
respect to the buffer. B IHC analysis of tumor infiltrated macrophages in tumors from buffer, T22‑PE24‑H6 or T22‑DITOX‑H6 treated animals detected 
by F4/80 immunostaining. Quantification of the percentage of F4/80 positive stained cells in tumor samples from each group. Scale bars = 50 μm. 
F4/80 expression was quantified as mean gray value and represented as mean ± SEM. ** p < 0.01; *** p < 0.001. Statistical analysis performed by 
Student t‑test
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CXCR4-overexpressing tumor tissue, avoiding the accu-
mulation and off-target toxicity in normal organs with 
low or negligible CXCR4 expression. In this context, we 
have recently reported this high tumor selectivity using 
a CXCR4-targeted fluorescent nanocarrier, that dis-
plays the exact self-assembling nanoparticle structure of 
the nanotoxins, in HNSCC, colorectal cancer [35], and 
lymphoma [36] models. Their size above the 7 nm renal 
filtration cut-off allows a high recirculation in the blood-
stream, while the multivalency derived from the display 
of multiple T22 peptide domains enables superselectivity 

[18] regarding  CXCR4+ target cell internalization, which 
exploits the CXCR4 overexpression in tumor compared 
to normal tissue.

Moreover, innate antitumor immunity may have con-
tributed to the anticancer activity based on the dramatic 
increase in tumor-infiltrating macrophages (TAM) found 
in nanotoxin-treated animals. It has been reported that 
GSDME activation enhances antitumor effect by stimu-
lating TAM phagocytosis, as well as NKs and  CD8+ T 
lymphocytes activation [6, 23, 37]. Although preliminary, 
these findings may suggest an activation of the pyroptotic 

Fig. 6 T22‑PE24‑H6 and T22‑DITOX‑H6 toxicity assessment. A Histopathological analysis by H&E staining in liver and kidneys samples from buffer, 
T22‑PE24‑H6 or T22‑DITOX‑H6 treated animals. B, C, D, and E Oxaloacetic transaminase (GOT) (B), and glutamic pyruvic transaminase (GPT) (C) 
enzyme activities, as well as creatinine (D) and uric acid (E) levels in plasma samples from buffer, T22‑PE24‑H6 or T22‑DITOX‑H6 treated animals. 
Scale bars = 100 μm and 50 μm (zoom in). Statistical analysis performed by Student t‑test. Error bars indicate SEM
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pathway in vivo upon treatment, leading to an enhanced 
immune cell recruitment to the tumor site.

Importantly, different studies have described that 
conventional chemotherapy threatening off-target 

toxicities are induced by the activation of GSDME 
mediated pyroptosis in non-tumor cells, as these 
agents lack tumor targeting capacity [24, 38, 39]. 
In contrast, our CXCR4-targeted nanotoxins, 

Fig. 7 GSDME expression levels in HNSCC patient samples. A GSDME expression analysis by western blotting in two patient derived tumor 
samples (909 and 575) maintained in vitro. Phase‑contrast imaging of 909 and 575 cultures showing their morphology (magnification 400x). B 
Representative IHC images of GSDME expression in HNSCC patient tumor samples presenting different levels of expression. C Representative IHC 
images of CXCR4 receptor expression in patient tumor samples. D Percentage of CXCR4 and GSDME positive and negative stained samples in the 
HNSCC patient cohort. Percentage of  GSDME+ samples that were also positive for CXCR4 IHC. Scale bars = 200 μm
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administered at a repeated dosage schedule, did not 
induce acute systemic toxicity (at the end of treat-
ment) nor long-term toxicity (4 weeks after treat-
ment), in the HNSCC mouse model, displaying 
undetectable markers of toxicity in plasma, unaltered 
cell blood count and lack of histological alterations 
in non-tumor organs, at a dosage that achieves a 
potent antitumor effect. Thus, a strict targeted drug 
delivery to cancer cells is crucial to prevent GSDME 
activation in healthy tissues.

Regarding the clinical relevance of our results, it is 
important to highlight that apoptosis avoidance is the 
main mechanism of resistance to radiotherapy, cispl-
atin, 5-flourouracil or docetaxel/paclitaxel, leading to 
treatment failure and patient death [3, 5, 6, 20]. More-
over, CXCR4 overexpression, in HNSCC and other 
neoplasias, also associates with resistance, relapse 
and metastatic potential [7, 8, 40]. Thus, our nano-
toxin approach aims to overcome tumor resistance 
and increase cure rates in HNSCC, by switching cell 
death induction from apoptosis to caspase-3/GSDME-
dependent pyroptosis, as pursued in other cancer types 
[34, 37, 41].

Interestingly, a large percent of HNSCC patients could 
be candidates to targeted nanotoxin therapy since in our 
17-patient cohort, 88.2% were positive for the CXCR4 
receptor, 94% of them expressed GSDME in tumor tis-
sue, whereas 87% of  GSDME+ tumors also co-expressed 
CXCR4. Moreover, we have also studied CXCR4 expres-
sion in two different cell cultures derived from HNSCC 
patient tumor samples, named as 575 and 909. Interest-
ingly, although both patient samples presented a strong 
CXCR4 expression, when cultured in vitro, 575 and 909 
cell cultures lost their CXCR4 expression with succes-
sive culture passages. Remarkably, when re-inoculated 
in vivo in immunodeficient mice, the generated tumors 
expressed again CXCR4 (Supplementary Fig.  9). These 
results demonstrate that CXCR4 expression is downreg-
ulated in vitro, suggesting that CXCR4 regulation plays 
an important role in tumor progression in vivo. In addi-
tion, our TGCA analysis of HNSCC samples showed 
that GSDME overexpression in tumor compared to 
normal tissue, correlates with worse OS, which may be 
explained by the reported lack of tumor infiltrated lym-
phocytes in  GSDME+ HNSCC tumors by other authors 
[42]. Consistently with our results, GSDME overexpres-
sion in tumor tissue has also been reported in different 
cancer types [25, 32, 43, 44], which contrasts with the 
assumption that GSDME is silenced in tumors given its 
tumor suppressor role [23, 24, 45–49]. In any case, it is 
clear that CXCR4 and GSDME markers could be used 
to select HNSCC patients that might benefit from our 
nanotoxin therapy.

So far, most of the targeted drugs to treat resist-
ant HNSCC have failed at early stages. Immunotoxins 
based on Pseudomonas exotoxin that target mesothelin 
in HNSCC stopped development in early clinical trials 
[50]. Similarly, ADCs targeting different surface mark-
ers (EGFR, c-MET, HER2, etc.) conjugated to the PBD 
toxin or the microtubule inhibitor Auristatin, did not 
progress due to toxicity concerns [14]. Only the EGFR 
inhibitor cetuximab and the PD-1/PD-L1 immune 
checkpoint inhibitors pembrolizumab, nivolumab, and 
durvalumab, improve survival in recurrent or meta-
static HNSCC [51]. We believe that T22-PE24-H6 and 
T22-DITOX-H6 nanotoxins present important features 
that will exceed the performance of current immuno-
toxins and ADCs. These nanotoxins are formed by self-
assembly of multiple monomers, displaying numerous 
targeting ligands that confer superselectivity, and the 
ability to incorporate multiple cytotoxic domains into 
a single nanotoxin (Supplementary Fig.  8). These facts 
contrast with immunotoxins or ADCs, that display only 
one ligand per molecule, a lower cytotoxic payload, and 
show drug leakage during circulation inducing off-tar-
get effects [12, 13, 15–17].

Conclusions
In summary, the activation of caspase-3/GSDME-
dependent pyroptosis by nanostructured toxins tar-
geting CXCR4 opens a novel and virtually unexplored 
therapeutic approach for HNSCC or other cancer 
types. Thus, T22-PE24-H6 and T22-DITOX-H6 
nanotoxin treatments may turn sensitive the recur-
rent or metastatic HNSCC because of their ability to 
trigger a cell death mechanism alternative to apopto-
sis, since apoptosis blockade is the main mechanism 
of resistance to currently used chemotherapy and 
radiotherapy in HNSCC patients [5, 6]. Addition-
ally, the nanotoxin switch from non-inflammatory 
apoptosis to the inflammatory pyroptosis may also 
engage immune cells that could enhance anti-tumor 
immunity.
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