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Background: Colorectal cancer (CRC) has traditionally been treated with genotoxic chemotherapy to activate pro-apoptotic proteins
to induce anticancer effects. However, cancer cells develop resistance to apoptosis, which leads to recurrence and poor prognosis.
Moreover, this kind of therapy has been shown to be highly toxic to healthy tissues and, therefore, to patients. To overcome this issue,
we developed a self-assembly tumor-targeted nanoparticle, T22-DITOX-H6, that incorporates the T22 peptide (a CXCR4 ligand) to
selectively target cells overexpressing CXCR4, fused to the catalytic domain of diphtheria toxin, that exhibits a potent cytotoxic effect
on these CXCR4+ cancer cells that exhibits potent cytotoxic effects on CXCR4-overexpressing cancer cells through the activation of
pyroptosis, an immunogenic type of cell death.

Methods: Colorectal CXCR4-expressing tumor cells (CT26-CXCR4+) were implanted subcutaneously into immunocompetent mice to
study the effects of T22-DITOX-H6 treatment on tumor growth, cell death and innate immune cell recruitment to the tumor.

Results: Here, we demonstrated that the T22-DITOX-H6 nanoparticle selectively activated pyroptosis, an immunogenic cell death
that differs from apoptosis, leading to cell death in CXCR4-expressing cells, without affecting the viability of CXCR4-lacking cells. In
addition, the nanoparticle administered to tumor-bearing mice induced a local antitumor effect due to the selective activation of
pyroptosis in CXCR4+ targeted cancer cells. Biochemical analysis of plasma and histological analysis of non-tumor tissues revealed
no differences between the groups. Remarkably, pyroptosis activation stimulates eosinophil infiltration into the tumor microenviron-
ment, an effect recently reported to have an anti-tumorigenic function.

Conclusion: These results highlight the dual role of CXCR4-targeted cytotoxic nanoparticle in eliminating cancer cells and boosting
the self-immune response without compromising healthy organs.

Keywords: solid tumor, targeted therapy, innate immune response, protein-only nanoparticle

Introduction

Colorectal cancer (CRC) has mainly been treated for decades with genotoxic chemotherapy. It consists of a combination
of lipophilic untargeted small drugs (5-Fluorouracil, Irinotecan, Oxaliplatin)' aiming to induce anticancer effects through
the activation of pro-apoptotic proteins. In cancer tissues, cancer stem cells (CSCs) maintain tumor growth and metastatic
dissemination, as well as capable of developing resistance to chemotherapy, mostly by upregulation of Bcl2 anti-
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apoptotic proteins,” which leads to recurrence and poor prognosis.™
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Graphical Abstract

Moreover, these hydrophobic drugs cross cell membranes and are biodistributed throughout the body, reaching cancer
and normal cells. Thus, their high toxicity limits their dosage.” Recently, Pembrolizumab, an immune checkpoint
inhibitor (ICI), has been approved for first line treatment in patients with microsatellite instability (MSI) colorectal
cancer.® However, most of diagnosed colorectal cancer patients present microsatellite stability (MSS), and there are no
markers in MSS CRC that can predict the response to ICL.” Therefore, new anticancer approaches are urgently needed to
achieve selective targeting of CSCs to increase antitumor activity with high safety for most of the CRC patients.

Our group has previously generated the T22-DITOX-H6 nanotoxin, a fusion protein delivery system designed to
selectively release a bacterial toxin into the cytosol of cancer cells that overexpress the CXCR4 receptor (CXCR4+) on
their membrane. The nanotoxin is composed of self-assembled monomers with three functional domains: the T22 ligand,
which specifically binds to CXCR4 and triggers receptor-mediated endocytosis; the catalytic and translocation domains
of the Corynebacterium diphtheriae exotoxin, flanked by furin cleavage sites; and a polyhistidine tail. Upon internaliza-
tion into CXCR4+ cells via endocytosis, endosomal furins release the bacterial toxin, which translocates into the
cytoplasm through its translocation domains. Once in the cytosol, the catalytic domain inhibits protein synthesis by
targeting eukaryotic elongation factor 2 (EF-2); inducing cell death. Thus, this oligomeric nanotoxin achieves highly
selective internalization into CXCR4+ cells and efficient cytosolic release of the exotoxin by avoiding its lysosomal

degradation, ensuring targeted cancer cell killing®'°

(Figure 1a).

Moreover, we recently reported a potent anticancer effect due to induction of pyroptosis in CXCR4+ cells in CRC
mouse models. CXCR4 expression has been related to higher metastatic dissemination and poor prognosis in different
cancer types, including CRC. Additionally, it is expressed by CSCs;'"'? thus, a therapy targeting CXCR4+ cells have the
potential to eliminate CSCs along with cancer cells.®’

Pyroptosis is an inflammatory cell death mechanism, alternative to apoptosis, and barely explored in cancer therapy.
We found that repeated injection of the nanotoxin T22-DITOX-H6 induced pyroptosis, leading to anticancer effects

without associated systemic toxicity in immunosuppressed CXCR4+ CRC models.
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Figure | T22-DITOX-H6 CXCR4-dependent cytotoxic effects in mouse CT26 cell line. (a) Schematic representation of nanotoxin T22-DITOX-Hé which is formed by monomers
that contain the ligand domain T22, which recognizes the CXCR4 receptor; the cytotoxic domain, DITOX; and a histidine tail, H6, which allows protein purification. (b) Cell viability
assay performed 48 hours after exposing CT26-Parental and CT26-mCXCR4+ cell lines to increasing concentrations of T22-DITOX-Hé. (c and d) Cell viability assay to
demonstrate CXCR4 (c) and caspase (d) dependence on the cytotoxic activity of T22-DITOX-Hé6 (10 nM) for 48h. When indicated, cells were treated with AMD3100 (100 nM),
a CXCR4 antagonist, or z-VAD-FMK (100 pM), a pan-caspase inhibitor, prior to T22-DITOX-H6 for |h. (e) Representative images of cleaved caspase-| p20, cleaved caspase-3,
GSDMD, and cleaved N-terminal GSDMD immunoblotting of protein extracts from CT26-mCXCR4+ cells treated with either vehicle or T22-DITOX-H6 (10 nM) for 24h. Tubulin
and Histone 3 were used as a loading control. (f) Quantification of LDH released into the supernatant of cultured CT26-mCXCR4+ cells treated with T22-DITOX-Hé6 (10 nM) for
48h. Cells were treated with either AMD3100 (100 nM) or z-VAD-FMK (100 uM) for | h when indicated. **** p<0.0001; ***p<0.00|; **p<0.01; *p<0.05. Each column represents the
mean value of three biological replicates. Error bars indicate +SEM.

This exciting discovery triggered the generation of syngeneic CXCR4+ CRC models to test if inflammation induced
by pyroptosis engages the immune system against the tumor in immunocompetent mice. Thus, contrary to non-
immunogenic apoptosis, the targeted release of the exotoxin of C. diphtheriae in target cancer cells activates the
inflammasome, through NLRP3-dependent pyroptosis which is highly inflammatory and immunogenic."?

Here, we evaluated whether immunogenicity induced by diphtheria exotoxin was able to engage eosinophils in killing
epithelial cancer cells in tumor tissue, based on three kinds of previous evidence. First, epithelial cells infected by
bacteria release exotoxins that attract eosinophils to the infected tissue, triggering degranulation; that is, the secretion of
proteins that kill infected epithelial cells to control the disease.'* ' Second, inflamed intestinal epithelial cells infected
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by intruding bacteria are killed by resident eosinophils to maintain the barrier function. Finally, eosinophil infiltration in
CRC tumors improves patient prognosis.'’

In this study, we found that CXCR4-targeted T22-DITOX-H6 multivalent nanotoxin was able to induce anticancer
effect through selective pyroptosis in local tumor, mediated by caspase-1 activation and GSDMD cleavage. This was
followed by eosinophil infiltration and degranulation in the tumor tissue in an immunocompetent CXCR4+ CRC model.
Importantly, the local tumor distribution of previous targeted nanotoxin therapy can induce selective cell death in
CXCR4+ cancer cells within the tumor, with negligible uptake and toxicity in normal cells, as we had previously
reported in five different cancer models.”**2° Consistently, we found a significant local eosinophil degranulation in
tumor tissue associated with a high antitumor effect, in the absence of systemic toxicity, opening an anticancer strategy
able to induce local immunogenic therapy only in cancer tissue, an alternative to current chemotherapy in CRC.

Furthermore, our CXCR4-targeted therapy that activates pyroptosis represents an innovative solution of great
interest for patients who do not respond to immunotherapy treatments. Additionally, merging this anticancer agent that
induce pyroptosis with immunotherapy drugs to create synergistic antitumor effects is evolving into a promising
strategy.

Materials and Methods

Nanotoxin

T22-DITOX-H6 nanoparticle production, purification and characterization have been previously described.'® Briefly, the
T22-DITOX-H6 nanoparticle is a recombinant protein produced in the Escherichia coli Origami B strain and purified by
Immobilized Metal Affinity Chromatography (IMAC) using a HiTrap Chelating HP 1 mL column (GE Healthcare, New
Jersey, USA). The structure of the nanotoxin consists of monomers that self-assemble into nanoparticles of 38 and 90 nm.
The monomers forming the nanoparticles are composed of the T22 ligand, a CXCR4 antagonist peptide that binds and is
internalized by this receptor. The T22 peptide is genetically fused with DITOX, which contains the translocation and
catalytic domains of the diphtheria toxin from Corynebacterium diphtheriae. Finally, at the C-terminal of the monomer,
a 6-histidine tag is fused, which participates in the self-assembly of the nanoparticle by interacting with other histidine
tags. Additionally, the H6 tag is necessary for protein purification.

Cell Lines and Cell Culture

CT26 cell line was purchased from ATCC (CRL-2638, ATCC; Manassas, USA). CT26 cell line was cultured in medium
Roswell Park Memorial Institute (RPMI) 1640 (Gibco, Life Technologies, Waltham, USA) supplemented with 10% Fetal
Bovine Serum (FBS), 100 U/mL penicillin/streptomycin, and 2mM glutamine (Gibco, Life Technologies, Waltham,
USA) and incubated at 37°C and 5% CO?2 in a humidified atmosphere.

CT26-mCXCR4+ cell line was obtained as follows: CT26 cells (Parental CT26, CT26-Par) were transduced with
pLV-EF1A-Puro-mCXCR4 (VectorBuilder Chicago, USA) as previously described.?! Briefly, viral particles were pro-
duced in 293t cells by co-transfection of pLV-EF1A-Puro-mCXCR4, pMD.G-VSV G-poly-A vector and p8.91-Gag-Pol
vectors and added to 2.5%10° CT26-Parental cells for 48 h. Transduced cells, CT26-mCXCR4+ were selected in medium
containing puromycin (1 pg/mL) for 2 weeks. Then, selected CT26-mCXCR4+ cells were sorted by mCXCR4
membrane expression (FACSAria cell sorter (BD Bioscience, Franklin Lakes, USA)) using PE rat anti-mouse CD184
(mCXCR4) antibody (#146505, Biolegend, San Diego, USA).

Detection of CXCR4 Membrane Expression

CT26 murine cell line was cultured and trypsinized at 80% of confluence. Cells were washed with PBS-0.5% Bovine
Serum Albumin (BSA). Then, 10° cells in 100 uL were incubated 20 min at 4 °C with 2.5 uL of PE rat anti-mouse
CD184 (mCXCR4) antibody (#146505, Biolegend, San Diego, USA) or PE rat IgG2b isotype control antibody (#400607,
Biolegend, San Diego, USA). Afterwards, cells were washed with PBS-0.5% BSA, resuspended in PBS-0.5% BSA and
analyzed by FACS Calibur cytometer (BD Bioscience, Franklin Lakes, USA).
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Cell Viability Assays

Cell Proliferation Kit I (XTT) (#11465015001, Roche Diagnostics, Basel, Switzerland) was used according to the
manufacturer’s instructions. Cells were seeded in 96-well plates (5000 cells/well) and treated with either T22-DITOX-H6
(0.2 nM to 20 nM) or vehicle (166 mm NaCO3H pH 8.0), when referring to 0 nM treated cells, for 48 h. When indicated,
cells were pre-treated 1 h before nanotoxin addition with 100 nM AMD3100 (Sigma-Aldrich, Burlington, USA) or
100 uM z-VAD-FMK (Selleckchem, Houston, USA). Forty-eight hours after T22-DITOX-H6 treatment, XTT reagent
was added and measured at 492 nm (FLUOstar OPTIMA spectrophotometer (BMG Labtech, Ortenberg, Germany)) after
4 h of incubation at 37° C.

LDH Release Assay

Cells were seeded in 96-well plates (5000 cells/well) and exposed to 10 nM T22-DITOX-H6 for 48 h. AMD3100 and
z-VAD-FMK pre-treatment were added at 100 nM and 100 uM, respectively, and incubated at 37° C for 1 h before T22-
DITOX-H6 addition. LDH release into the supernatant was measured using the Cytotox 96 Non-Radioactive Cytotoxicity
Assay (G1782, Promega, Madison, USA) according to the manufacturer’s instruction.

Western Blot

In order to obtain cell extracts, 5.0x10° CT26-mCXCR4+ cells were seeded in petri dish (Sigma-Aldrich, Burlington,
USA) and treated with either vehicle or 10 nM of T22-DITOX-H6 for 24 h. After incubation time, cells were washed
twice with cold Phosphate Buffered Saline (PBS) and resuspended in Sodium Dodecyl Sulfate (SDS) lysis buffer (0.05
M Tris-HCI pH 6.8, 2% SDS, 10% glycerol). Cells were lysed passing the cell suspension through a 27-G syringe ten
times, and then the suspension was centrifuged for 10 min at 21,000 g at 4°C. Whole-cell protein extracts were quantified
(BCA Gold Protein Quantification kit (A53225, Thermo Fisher Scientific, Waltham, USA)), and 40 pg of proteins were
used for SDS-Polyacrylamide Gel Electrophoresis (PAGE) electrophoresis. Proteins were transferred to a 0.2 pum
nitrocellulose blotting membrane (GE Healthcare Life Sciences, Chicago, USA), blocked with 5% skim milk in Tris-
Buffered Saline (Biorad, Hercules, USA)-Tween 20 (1:1000) (Sigma-Aldrich, Burlington, USA) (TBS-T) for 1 h at room
temperature (RT), and incubated overnight at 4°C with the primary antibodies: anti-mouse cleaved (CL) Gasdermin
D (GSDMD) (1:1000, #10137, Cell Signaling Technologies, Danvers, USA), full GSDMD (1:1000, NBP233422, Novus
Biologicals, Colorado, USA), CL caspase-1 (1:1000, PA599390, Invitrogen, ThermoFisher Scientific, Waltham, USA),
CL caspase-3 (1:1000, #9661, Cell Signaling Technologies, Danvers, USA), histone 3 (1:3000, #9718, Cell Signaling
Technologies, Danvers, USA) and o/B-tubulin (1:5000, #556321, Cell Signaling Technologies, Danvers, USA).
Afterwards, membranes were washed 3 times with TBS-T for 5 min and incubated 1 h at RT with an anti-rabbit
(1:10,000, #111-035-045, Jackson Immune Research, Philadelphia, USA) or anti-mouse (1:10,000, #115-035-062,
Jackson Immune Research, Philadelphia, USA) Horseradish Peroxidase (HRP)-conjugate secondary antibody, washed
with TBS-T and visualized with SuperSignal West Pico Chemiluminescent Substrate (#34580, ThermoFisher Scientific,
Waltham, USA) using the ChemiDoc XRS+ imaging system (Biorad, Hercules, USA).

In vivo Experiments

Female 8 weeks old BALB/c mice, weighing 18-21 g, were obtained from Charles River Laboratories (Wilmington,
USA). Mice were housed in a specific pathogen-free (SPF) environment with sterile food and water ad libitum with 12h
light/12h dark cycles.

Mice were injected subcutaneously with 2.5x10° CT26-mCXCR4 cells. At day 9 post-injection, mice-bearing tumors
(=20 mm”) were randomized into two groups (vehicle and treated). Vehicle group (n=6) was intravenously administered
with 100 pL vehicle (166 mm NaCO;H pH 8.0), and treated animals (n=7) were administered with 0.5 mg/kg of T22-
DITOX-H6 three times per week up to 6 doses. Animal body weight was registered once per week, whereas tumor size
was measured with a caliper (tumor volume = width? x length/2) every dose-day during the time course of the
experiment. Mice were euthanized by cervical dislocation 72h after the last dose. Then, tumors and organs were
collected for further analysis. Blood was extracted by intracardiac puncture for further liver and kidney function analysis
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and placed in EDTA-tubes and centrifuged at 21,000 g for 10 min at 4 °C. Plasma was stored at —80 °C. Experimental
procedures followed the ARRIVE Guidelines and were reviewed and approved by the Institutional Animal Care and Use
Committee of the Sant Pau Research Institute and authorized by the Animal Experimental Committee of the local
government authority (Generalitat de Catalunya, authorization No. 12001) in accordance with the Spanish Law (RD 53/
2013) and European Directive 2010/63/EU. Procedures were performed at the Animal Experimentation Service, ISO
9001:2015 certified.

Flow Cytometry

In order to perform the flow cytometry experiment, spleen and bone marrow cells were isolated. Briefly, splenocytes were
obtained homogenizing the spleen gently with a plunger on a 70 pum cell strainer, and then red blood cells were lysed
incubating the cell suspension in Red Blood Cells lysis buffer (Invitrogen, ThermoFisher Scientific, Waltham, USA) for 5 min
at RT. Finally, cell suspension was centrifuged at 500 g for 5 min at RT and cells resuspended in PBS-0.5% BSA for flow
cytometry. On the other hand, bone marrow cells were harvested from mouse femurs. Shortly after, both femur ends were cut,
with a 25-gauge syringe flushed out of the marrow. Then, the suspension was passed through a 70 um cell strainer and red
blood cells lysed using the buffer mentioned above. In the end, the cell suspension was centrifuged at 500 g for 5 min at RT,
and cells resuspended in PBS-BSA 0.5% for flow cytometry.

To assess the mCXCR4 expression in splenocytes and bone marrow cells, as well as, in CT26-mCXCR4+ cells, 10°
cells were stained with the antibodies: anti-mCXCR4 (#146505, Biolegend, San Diego, USA) and Viobility™ 488/520
Fixable Dye (#130-109-812, Miltenyi Biotec, Bergisch Gladbach, Germany).

Data experiment was analyzed with the MACSQuant® Analyzer 10 Flow Cytometer (Miltenyi Biotec, Bergisch
Gladbach, Germany) and the software MACSQuantify ™ (Miltenyi Biotec, Bergisch Gladbach, Germany).

Sample Processing for Hematoxylin and Eosin (H&E), DAPI and Immunohistochemical
(IHC) Staining

Paraffin-embedded organs were cut in 4 um sections for staining. Organ sections were stained with H&E and analyzed by
two independent observers. IHC staining was performed in a DAKO Autostainer Link 48 (Agilent Technologies, Santa
Clara, USA) following the manufacturer’s instructions. Firstly, sections were dewaxed, the antigen retrieval was made and
finally stained in DAKO Autostainer Link 48 using the following primary antibodies: CXCR4 (1:1000, ab124824, Abcam,
Cambridge, UK. Retrieval pH high, DAKO), Caspase-1 CL p20 (1:400, PA599390, Invitrogen, ThermoFisher Scientific,
Waltham, USA. Retrieval pH low, DAKO), NLRP3 (1:300, ab270449, AdipoGen Life Sciences, San Diego, USA. Retrieval
pH high, DAKO), IL-1B (1:500, ab205924, Abcam, Cambridge, UK. Retrieval pH low, DAKO), active caspase-3 (1:300,
#559565, BD Bioscience, Franklin Lakes, USA. Retrieval pH low, DAKO), eosinophil peroxidase (EPX) (1:200, PAS5-
62200, ThermoFisher Scientific, Waltham, USA. Retrieval pH high, DAKO) and major basic protein (MBP) (1:50,
MCAS5751, Bio-Rad Laboratories, California, USA. Retrieval pH low, DAKO). IHC positive staining was identified and
quantified with the SlideViewer software (3DHistech, Budapest, Hungary). DAPI staining was performed as follows,
paraffin-embedded sections were dewaxed, rehydrated, and permeabilized with PBS-10% Triton X-100. Then, sections
were stained with DAPI mounting medium (ProLongTM Gold Antifade Mountant, Thermo Fisher Scientific, Waltham,
USA) and incubated at 4 °C overnight. DAPI evaluation was carried out to detect condensed DNA as a surrogate of dead
cells. DAPI quantification was performed by counting the number of condensed nuclei per mm?.

Plasma Analysis

In order to evaluate the derived toxicity at hepatic and renal level from the T22-DITOX-H6 treatment in immunocom-
petent mice, aspartate transaminase (AST) and alanine transaminase (ALT) enzyme activities, in addition to albumin,
creatinine and uric acid levels, were measured in plasma samples obtained at the end of the experiment with commercial
kits (Roche Diagnostics, Basel, Switzerland) adapted for a COBAS 6000 autoanalyzer (Roche Diagnostics, Basel,
Switzerland).
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Statistical Analyses

Data appears as mean + standard error of the mean (SEM). Statistical analyses were performed using GraphPad Prism 8 software
(GraphPad Software, San Diego, USA). Results were analyzed by Mann—Whitney U-test and 2-way ANOVA tests. Differences
were considered statistically significant when p-values < 0.05. All experiments were performed at least in triplicates.

Results
T22-DITOX-H6 Has a Potent mCXCR4-Dependent Cytotoxic Effect in vitro

Membrane mCXCR4 expression in the mouse colorectal tumor-derived cell-line CT26 was evaluated using flow
cytometry. We found that 2.81+0.95% of the parental cells expressed CXCR4 (Figure S1). To establish a proper
model for studying the antitumor effect of the CXCR4-targeted nanotoxin T22-DITOX-H6 in an immunocompetent
model, CT26 cells were transduced with mCXCR4 and selected by their mCXCR4 membrane expression, obtaining
a cell line with the 95.25+2.07% of cells expressing CXCR4 at the membrane (CT26-mCXCR4). Our data indicated that
T22-DITOX-H6 efficiently decreased the viability of CT26-mCXCR4 (IC50 = 0.254 + 0.079 nM), while the parental
cells (CT26-Par) did not exhibit cytotoxicity upon treatment (Figure 1b).

As expected, the blockage of the receptor using a CXCR4 antagonist (AMD3100) before nanotoxin exposure
completely prevented cell death triggered by T22-DITOX-H6 (Figure 1c). These results suggest that mCXCR4 expres-
sion in the cell membrane is required for T22-DITOX-H6 cytotoxicity.

The observed cell death was due to caspase activation, since pretreatment with a pan-caspase inhibitor, z-VAD,
blocked the cytotoxic effect of the nanotoxin (Figure 1d). Two main cell death mechanisms are triggered by caspases,
namely apoptosis and pyroptosis. Upon treatment, no cleavage of caspase-3 was observed, whereas the molecular
markers of the canonical pyroptotic pathway (cleaved caspase-1 and cleaved N-terminal Gasdermin D) increased upon
nanotoxin exposure, suggesting that T22-DITOX-H6 activates pyroptosis in this cell line (Figure le).

During pyroptosis, cellular contents are released into the extracellular media. Therefore, we quantified lactate
dehydrogenase (LDH) in the CT26-mCXCR4 cell culture supernatant after T22-DITOX-H6 exposure to confirm the
activation of lytic death. In agreement with pyroptosis activation, we detected a statistically significant enhancement in
the supernatant LDH at 48 h that was impaired by the use of CXCR4 antagonist or a pan-caspase inhibitor (Figure 1f).

Repeated Doses of T22-DITOX-Hé Exhibited Potent Antitumor Effects in a Mouse

Colorectal Tumor Model

Considering the potent cytotoxic effect of T22-DITOX-H6 showed in the murine colon carcinoma cell line CT26-mCXCR4,
we decided to evaluate its antitumor effect in vivo. Therefore, a subcutaneous syngeneic mouse model was developed. On day
9 after subcutaneous cell implantation, when tumors were approximately 20 mm?, animals were randomized and intrave-
nously administered with vehicle or 0.5 mg/kg T22-DITOX-H6 three times per week up to six doses. Animal body weight was
recorded once per week. Animals were euthanized 72 h after the final dose. At this point, the tumors were measured
(Figure 2a) and collected for further analyses along with the liver, kidney, spleen, bone marrow, and plasma.

As directed by these findings, the ex vivo tumor size at the end of the experiment was significantly larger in vehicle-
treated animals than in nanotoxin-treated mice (Figure 2b). In agreement with this, the tumor growth rate was different
between the two groups (Figure 2c). Next, we evaluated cell death within the tumor using DAPI staining to quantify
nuclei with highly condensed chromatin as a surrogate of cell death (Figure 2d). T22-DITOX-H6 treated tumors showed
a 3-fold increase in the number of dead cells per mm? compared with the vehicle group (Figure 2¢).

T22-DITOX-Hé6-Induced Pyroptosis Stimulates Innate Immune Cell Infiltration in vivo
Next, we validated the in vitro observations regarding the cell death mechanism triggered by T22-DITOX-H6. Thus,
immunohistochemistry was performed for NLRP3, cleaved caspase-1, IL-1pB, and cleaved caspase-3. Quantification of
protein expression revealed that NLRP3, cleaved caspase-1 and IL-1P were nearly three times more expressed in tumors
from mice treated with T22-DITOX-H6 than in vehicle-treated mice. In the case of cleaved caspase-3, no differences in
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Figure 2 T22-DITOX-H6 antitumor effects in a CT26-mCXCR4+ subcutaneous mouse model. (a) Schematic representation of the experimental timeline of the study.
(b) Final tumor volume measured ex vivo at the end of the experiment. (n=13) (c) Evolution of the tumor volume in each group (Vehicle and T22-DITOX-H6) during the
time course of the experiment. (n=13) (d) Representative images of tumor sections stained with DAPI (blue) to detect condensed DNA as a surrogate of dead cells.
Arrows indicate condensed DNA-cells. (e) Quantification of the number of tumor cells with condensed DNA per mm2. Scale bars = 50 pm and 10 pm (zoom in). (n=12)
Error bars indicate £ SEM. *p<0.05; **p<0.01.

expression were observed between groups (Figure 3). Our results confirmed that T22-DITOX-H6 nanotoxin triggers
pyroptosis in vivo through the canonical pathway.?’

Recently, eosinophils have been described as an immune population with anti-tumorigenic roles in CRC, and their
presence within the tumor microenvironment has been associated with improved overall survival.'”2°?*?% Moreover,
bacterial pathogens that penetrate the intestine mucosal barrier display DAMPs that are sensed by Toll-like and RIG-
I-like receptors by the eosinophil residents in the lamina propia, which release cytotoxic granules that kill the infected
cells to maintain tissue homeostasis."”

On this basis, we evaluated whether the inflammation generated by the local pyroptosis induced by T22-DITOX-H6
similarly recruits eosinophils to the CRC tumor to kill epithelial cancer cells.'> For this, we performed immunochemistry
in the tumors regarding the presence of eosinophils by detecting EPX (Figure 4a and b) and MBP (Figure 4c and d). Both
proteins are found in the granules of eosinophils and exhibit potent cytotoxic properties when released to the extracellular
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Figure 3 Immunodetection of NLRP3, Caspase-|, Caspase-3, and IL-1B in CT26-mCXCR4+ subcutaneous tumors upon T22-DITOX-Hé6 treatment. Tumor sections
from mice treated with T22-DITOX-Hé or vehicle were stained by immunohistochemistry (IHC) for NLRP3, cleaved (CL) caspase-| p20, CL caspase-3, and IL-If.
(a) Representative IHC images. (b) Quantification of stained positive pixels per mm? for NLRP3, CL caspase-1 p20, CL caspase-3, and IL-1B. (n=12) Error bars
indicate +SEM. Scale bars = 50 pum. **p<0.01.

space.'*'® The eosinophil staining per mm? in T22-DITOX-H6 treated tumors was found to be 5-fold increase compared
to vehicle-treated tumors, looking at both components (Figure 4b and d).

In a closer look, it can be observed that degranulation of eosinophils leads to secretion of EPX and MBP that surround
cancer cells (Figure 4e and f) suggesting eosinophils recruited to the tumor upon T22-DITOX-H6 treatment participate in
the destruction of tumor cells. Therefore, pyroptosis activation stimulated by the nanotoxin developed by us triggered

eosinophil recruitment to the tumor microenvironment (Figure 4).

Cell Death Is Triggered in CXCR4-Overexpressing Tumor Cells but Not in Healthy Organs
Cells from the spleen and bone marrow were isolated from wild-type mice and analyzed using flow cytometry (Figure S2).
CXCR4 expression in the spleen and bone marrow was lower than that in tumor tissue (Figure S2). The percentage of cells
with membrane expression of CXCR4 was 14.04% and 27.56% in splenocytes and bone marrow, respectively (Figure S2b),
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Figure 4 Eosinophils are recruited to the tumor after repeated doses of T22-DITOX-H6é. Eosinophil cytotoxic proteins, (a) eosinophil peroxidase-EPX and (b) major basic
protein-MBP, were detected in tumor sections from both experimental groups. (c and d) Positive pixels per mm? of tumor tissue were quantified and compared between the
groups. (n=12) (e and f) Representative IHC image of tumors treated with T22-DITOX-Hé showing tumor cell (asterisk) being attacked by eosinophil (arrow) in (e) EPX and
(f) MBP staining. Error bars indicate +SEM. *p<0.05; **p<0.01. Scale bars = 50 um (a, c); 20 pm (e and f).

whereas that of CT26-mCXCR4 was 96.46%. CXCR4 expression was also assessed in these organs using immunohis-
tochemistry, and the same result was obtained (Figure S2c).

Interestingly, when analyzing toxicity in the spleen and bone marrow, no morphological differences in tissue structure were
detected between the vehicle- and nanotoxin-treated groups (Figure 5a). Moreover, the number of dead cells per mm?* was
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Figure 5 On-target toxicity of T22-DITOX-Hé in an immunocompetent mouse model. (a) Histopathological analysis by H&E staining of the spleen and bone marrow, both
non-tumor CXCR4-expressing tissues, from vehicle and T22-DITOX-Hé6 treated animals. (b) On-target toxicity was assessed by the detection of dead cells (condensed
DNA, white arrows) in spleen (n=13) and bone marrow (n=7) sections stained with DAPI. (a) Scale bars = 100 pm and 20 pm (zoom in). (b) Scale bars = 50 um and 5 pm
(zoom in). Error bars indicate +SEM.
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similar in the organs of both groups (Figure 5b), indicating that the nanotoxin did not exert cytotoxic effects on non-tumor
cells. Finally, systemic toxicity, regardless of mCXCR4 expression, was not observed. In addition, mouse plasma was
analyzed at the final point to detect alterations in renal and hepatic functions. The aspartate aminotransferase (AST), alanine
transaminase (ALT), creatinine, albumin, and uric acid levels did not differ between the groups (Figure S3a), confirming the
absence of liver or kidney failure due to treatment. As expected, the histology of the mentioned organs was normal with
conserved structures (Figure S3b). Finally, the mice did not exhibit any discomfort or weight loss throughout the experiment

(Figure S3c).

Discussion

Here, we describe that repeated intravenous administration of the multivalent nanotoxin T22-DITOX-H6, which targets
CT26-mCXCR4 overexpressing (CXCR4+) cancer cells, induces potent antitumor activity in an immunocompetent CRC
model, without systemic toxicity. These findings confirm that the multiple T22 ligands displayed by this nanotoxin are
able to selectively internalize in cancer target cells to reach their cytosol and deliver its exotoxin domain to inhibit
translation.'® In turn, this inhibition induces pyroptosis, the exact cell death mechanism that we previously reported in
immunosuppressed models.®® In addition, we found, for the first time, that the induction of pyroptosis in an immuno-
competent CRC model induces local inflammation and activation of the host immune cells in tumor tissue, which
involves eosinophil infiltration in tumor tissue and degranulation associated with tumor growth blockade.

First, we show that T22-DITOX-H6 displays a potent mCXCR4-dependent cytotoxic effect in a cultured CT26-
mCXCR4+ murine CRC cell line, with an IC50 in the low nanomolar range (0.254 + 0.079 nM). In addition, cell death
induction is mediated by caspases, as a pan-caspase inhibitor reverses cytotoxicity. We also determined that the cell death
mechanism triggered by T22-DITOX-H6 is not apoptosis, since exposure to the nanotoxin does not activate caspase-3.
Instead, it triggers lytic cell death, as observed by LDH released in the supernatant. This lytic death is mediated by
pyroptosis, which cleaves caspase-1, which, once activated, cleaves GSDMD, allowing its N-terminal domain to
oligomerize to form pores in the cell membrane to free the target cancer cell content to the extracellular space, as
reported previously.”® Additionally, the cytotoxicity was reversed by prior exposure to the CXCR4 inhibitor AMD3100,
demonstrating that cell death is dependent on CXCR4.

In agreement with the in vitro observations, in a CXCR4+ CRC mouse model, repeated doses of T22-DITOX-H6 in
tumor-bearing mice exhibited a potent antitumor effect (Figure 2b). The mechanism of action of the nanotoxin
encompasses CXCR4-dependent internalization, furin cleavage to separate the catalytic domain from the targeting
peptide and the translocation domain, which facilitate endosomal escape to avoid lysosomal degradation and reach the
cytosol of targeted cancer epithelial cells, where it inhibits protein translation and induces cell death.'® In this study, we
demonstrated that T22-DITOX-H6 administration induces pyroptosis through its canonical pathway in vivo, a finding
confirmed by immunodetection of the tumor tissue, the mediator of inflammation, NLRP3, the cleavage of the
inflammation-mediated caspase-1, and a significant release of IL-1p, a marker of GSDMD-dependent pyroptosis,?’
discarding apoptotic cell death, since caspase-3 was not activated (Figure 3).

Pyroptosis has been described as a highly immunogenic type of cell death.'® In line with this, our data show that
activation of pyroptosis within the tumor stimulates the recruitment of host immune cells to fight against tumor cells.
Specifically, our results indicate that upon T22-DITOX-H6-there is an increase in EPX and MBP proteins (Figure 4),
both cytotoxic enzymes produced and released exclusively by eosinophils,'* suggesting that DAMPs released following
pyroptosis activation stimulates eosinophil recruitment to the tumor microenvironment. Subsequently, EPX and MBP
granules are released into the extracellular space to kill cancer cells. Our findings suggest that T22-DITOX-H6 not only
exerts its cytotoxic effect by eliminating CXCR4+ cells but is also a potent stimulator of eosinophil infiltration in the
tumor tissue due to pyroptosis activation.

This finding also agrees with the display of tumor-associated tissue eosinophilia (TATE) in patients with CRC as an
independent variable of good prognosis.® > The infiltration and activation of eosinophils into the tissues after DAMPs or
alarmins injection have been previously reported in other pathologies such as asthma, eosinophilic esophagitis, and bacterial
infections.'>*'*%37 Qur observations in cancer tissue mimic the response to bacterial infection, which is mediated by
eosinophil infiltration in infected tissues to provide protection against bacterial invasion,®® which is able to induce
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pyroptosis in epithelial infected cells, followed by the engagement of host eosinophils as an immune response to the
infection. 63940

On this basis, we believe that the degranulation and release of EPX and MBP observed in our antitumor experiments
is the mechanism by which eosinophils kill cancer cells. Other authors have found that cultured colon carcinoma cells
require direct contact with eosinophils to induce cytotoxicity in cancer cells by ECP, EDN, TNF-a, and granzyme A.*!
Similarly, eosinophil lysates are cytotoxic to B16 melanoma cells.*> Moreover, in vivo, the degranulation of tumor-
infiltrated eosinophils is essential to induce cytotoxicity against CRC cells to induce an antitumor effect.?’**2
Moreover, the killing of cancer cells through the recruitment of eosinophils in the local tumor, after T22-DITOX-H6-
induced pyroptosis, mimics the recruitment of resident eosinophils to kill the inflamed intestinal epithelial induced by
intruding bacteria.'”

In summary, the development of the T22-DITOX-H6 natotoxin based on pyroptotic inflammation, leading to
eosinophil recruitment and activation, is associated with tumor growth inhibition. This, novel approach to the large
effort done by the pharmaceutical industry in developing pro-inflammatory agonists of STING, NLRP3 or RIGI, already
in clinical trials, that also focuses in activating the innate immune system to kill cancer cells.*****

Notably, the exotoxin domain incorporated in T22-DITOX-H6 has the same amino acid sequence as the domain
included in previously developed immunotoxins (ITs) which consist of the diphtheria toxin linked to a targeted
monoclonal antibody. This domain has been deimmunized by mutagenizing specific epitopes of T and B lymphocytes
to avoid antibody-mediated neutralization of this cytotoxic domain.*> The FDA approved two ITs, Tagraxofusp-erzs,
targeting IL-3R, and denileukin diftitox, targeting IL-2R, and also DAB486IL-2 and A-dmDT390-bisFV now in clinical
trials are designed to treat diverse but minority hematological malignancies.*® ITs have been shown to be highly
cytotoxic, showing a potent anticancer effect; however, they induce severe adverse effects induced by capillary leak
syndrome (CLS), which caused the withdrawal of denileukin diftitox from the market, as well as additional side effects,
such as ascites, hypoalbuminemia, increased creatinine, and renal insufficiency, associated with hemolysis and thrombo-
cytopenia, and an increase in hepatic transaminases and liver injury.

In contrast, we did not observe any alterations in plasma albumin, hepatic transaminase levels, renal injury markers,
or histological alterations in the liver or kidney, highlighting the present nanotoxin as a safe therapeutic agent for cancer
treatment. More importantly, we did not observe on-target toxicity (CXCR4-expressing tissues: bone marrow (BM) and
spleen (SP)) after nanotoxin dosage; thus, BM and SP in treated animals showed no histopathological alteration, along
with the same (low) number of dead cells, in the microscopic field, as the untreated control tissues. This phenomenon
occurs due to the multivalence of the T22-DITOX-H6 nanotoxin, which triggers superselectivity towards overexpressing-
CXCR4+ CRC cells, achieving local delivery of the nanotoxin in tumor tissues, which improves the anticancer effect
while drastically reducing on-target and off-target toxicity. Consistent with our argument, enhancement of cell death was
observed in tissues with a high CXCR4 H-Score (tumor) rather than lower ones (bone marrow or spleen), which agrees
with previous regarding the biodistribution of the nanocarrier, where we observed that the uptake of CXCR4-targeted
nanoparticle reaches 70-80% of the administered dose in tumor tissue in different cancer models, meaning that only
a small amount could reach normal tissues, a quantity that does not produce any toxicity.’ >° In contrast, for the
described ITs, only a small amount of the injected dose (<1%) reaches the tumor, limiting their clinical translation due to
toxicity.”" Consistently, antibody-drug conjugates (ADCs) reach a tumor uptake of 0.1%,>* because of their pharmaco-
kinetics that are determined by the antibody rather than the attached cytotoxic drug.

Conclusion

The multivalent nanotoxin T22-DITOX-H6 selectively delivers the cytotoxic diphtheria exotoxin to CXCR4+ cancer
cells in tumor tissue without affecting non-tumor tissues, thereby widening the nanotoxin therapeutic window. The T22-
DITOX-H6 mechanism of action leads to local tumor pyroptosis and inflammation, which attracts eosinophils to the
tumor site and eliminates cancer cells through the release of cytotoxic granules. Our results support the engagement of
the eosinophil effector function as an effective therapeutic approach against colorectal cancer.
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