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Nanomedicine has not generated anticancer immunotherapies because of insufficient targeted specificity, lack of
immunity, and associated toxicity. We developed a T22-DITOX-H6 (TDX) nanotoxin to selectively release the
diphtheria toxin in the cancer cells in immunosuppressed CXCR4-overexpressing (CXCR4 +) colorectal (CRC)
models, inducing pyroptosis and anticancer effect.

Microsatellite stable (MSS) CRC patients do not respond to current immunotherapy. Since pyroptosis is highly
immunogenic, we treated with TDX immunocompetent CXCR4 + CT26 MSS metastatic CRC models to selectively
deliver the toxin to induce in situ pyroptosis mediated by the activation of NLRP3, Caspase-1 GSDMD and IL-1p.
In contrast to immunosuppressed, in situ pyroptosis by TDX in immunocompetent models trigger CD8 + T cell
recruitment, activation and killing of cancer cells in tissues, mimicking the pyroptosis that the host induces to kill
diphtheria-infected cells.

The combination of TDX and oPD1 further increases CD8 + recruitment and perforin secretion, achieving a
tissue-specific antimetastatic activity in mesentery, peritoneum, and lung, and especially in liver metastases,
without systemic toxicity. This is the first time that a novel nanomedicine achieves local T cell activation and
antimetastatic effect mediated by pyroptosis and immunogenic cell death, whereas the combination with «aPD1
enhances T cell activation, reaching a synergistic response in MSS CRC models.

1. Introduction

Nanomedicine has not generated anticancer immunotherapies so far.
This is most likely because of insufficient targeted specificity, inability to
engage the system, and associated toxicity [1,2] We previously found
that apoptosis is the main cell death activated in CXCR4-overexpressing
(CXCR4 +) immunosuppressed cancer models when treated with nan-
transporters (e.g. T22-GFP-H6) chemically bound to small drugs (Flox-
uridine, Ara-C or Auristatin) [3-5]. However, apoptosis is unable to

activate the immune system against the tumors because it is
non-immunogenic [6].

In contrast, we consistently demonstrate the nanotoxin T22-DITOX-
H6 (TDX) induces pyroptosis in immunosuppressed CXCR4 + cancer
models, which is a highly immunogenic cell death [6]. Thus, once the
TDX delivers the Corynobacterium diphtheria toxin in target cancer cells,
it triggers selective caspase and GSDMD-mediated pyroptosis to block
tumor growth and metastases, without systemic toxicity, in CRC and
head and neck cancer (HNSCC) models [7-11].
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TDX is a modular nanoparticle built by monomers. Each monomer is
composed of a T22 peptide in the N-term that acts as a ligand for the
CXCR4 receptor, followed by the catalytic domain and the translocation
domain of the Corynebacterium diphtheriae toxin, whereas in the C-term a
6-His tail maintains the nanoparticle structure [7]. The multiple ligands
confer selective endocytosis in CXCR4 + cancer cells to release the toxin,
by furin cleavage, to inhibit eEF2 to block protein synthesis to kill cancer
cells ( [8-10]), which induces ribotoxic stress to induce pyroptosis [12].

On this basis, we aimed to treat with TDX a novel immunocompetent
CXCR4 + metastatic CT26 CRC (mCRC) microsatellite stable (MSS)
mouse model, which derives from the cell line proven to be MSS, with
proficient DNA mismatch repair and low tumor mutational burden
[13-15] to obtained a response. Thus, we expect the TDX to induce
pyroptosis to recruit and activate T cells to overcome the resistance to
ICIs in CRC MSS mouse models.

Therefore, we look to achieve in situ release of the toxin in metastatic
and tumor tissues to induce the activation of NLRP3, Caspase-1, GSDMD
and IL-1f, mediated pyroptosis in this novel model to achieve T cell
recruitment and activation to trigger an antimetastatic effect since this
cell death is highly inflammatory [16] and the most immunogenic of cell
death types [6], We also expected that the combination of TDX will
sensitize to aPD1 (anti-PD1) because of the inflammation induce by
pyroptosis will enhance the antimetastatic effect.

This approach is supported by the fact that 85 % of patients with
metastatic MSS CRC do not respond to immune checkpoint inhibitors
(ICIs), such as aPD1 [15,17]; being, therefore, a relevant unmet medical
need. We found that TDX induces pyroptosis in CXCR4 + metastases and
tumor tissues to generate local inflammation, cytokine secretion, and T
cell recruitment in CXCR4 + liver, lung, mesenteric, and peritoneal
metastases and tumors. Moreover, the TDX + oaPD1 activation and a
synergistic antimetastatic effect, which eliminated liver metastases,
without inducing systemic toxicity. Therefore, the in situ pyroptosis
induced by TDX to recruit and activate cytotoxic T cells at the different
metastatic sites and tumors, and a synergistic effect by TDX+ oPD1
combination, without systemic toxicity. This opens a novel immuno-
therapy approach based on bacterial toxins that may have an impact in
future immunotherapy.

2. Materials and methods
2.1. Nanotoxin

T22-DITOX-H6 (TDX) nanoparticle production, purification and
characterization have been previously described [7]. Cell disruption was
performed in an EmulsiFlex-C5 system (Avestin, Ottawa, Canada) by 3
rounds at 8000 psi and proteins were purified using a HisTrap HP Col-
umn (GE Healthcare, Chicago, USA) in AKTA pure system (GE Health-
care, Chicago, USA). The oligomeric protein nanoparticle size was
determined by Dynamic Light Scattering (DLS) in a Zetasizer Pro
(Malvern Instruments, Malvern, United Kingdom) reaching a diameter
of around 100 nm.

2.2. Cell lines and cell culture

The CRC cell line CT26 was purchased from ATCC (CRL-2638)
(Manassas, USA). CT26 (CT26-Par) was transduced with a mouse CXCR4
plasmid (pLV-EF1A-Puro-mCXCR4, VectorBuilder Chicago, USA) to
generate the CT26.mCXCR4 + cell line as previously described [10]. We
also generated CT26.LMet2 cells derived from the CT26.mCXCR4 + cell
line by three in vivo passages of an intrasplenic model to generate liver
metastases. The protocol to generate this cell line is explained in the
supplementary materials.

CT26.mCXCR4 + and CT26.LMet2 cell lines were cultured in me-
dium Roswell Park Memorial Institute (RPMI) 1640 (Gibco, Life Tech-
nologies, Waltham, USA) supplemented with 10 % Fetal Bovine Serum
(FBS), 100 U/mL penicillin/streptomycin, and 2 mM glutamine (Gibco,
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Life Technologies, Waltham, USA) and incubated at 37 °C and 5 % CO
in a humidified atmosphere.

The Western blot of CT26.mCXCR4 + cells exposed to TDX deter-
mined their expression with antibodies of Caspase-1 (Cell Signaling,
83383) and Caspase-1 p20 (Invitrogen, PA599390) and also of
Gasdermin-D (Novus Biologicals, NBP2-33422) and CL-GSDMD (Cell
Signaling, 10137) and H3 as protein control (Cell Signaling 9718).

2.3. In vivo experiments

BALB/c mice were obtained from Charles River Laboratories (Wil-
mington, USA). Mice were housed in a specific pathogen-free (SPF)
environment with sterile food and water ad libitum. All procedures were
previously approved by the institutional Hospital de la Santa Creu i Sant
Pau Animal Ethics Committee and the Catalonian Government, protocol
n°® 12001. To generate the subcutaneous colorectal (CRC) model, mice
were implanted in the subcutis with 2.5 x 10° CT26.mCXCR4 + cells. In
the orthotopic model, mice were implanted with 10 CT26.LMet2 cells
in 50 pL (1:1) (RPMI 1640:Matrigel (Corning, ThermoFisher Scientific,
Waltham, USA)) in the cecum as previously described [18]. In both
experiments, at day 9 post-injection mice-bearing tumors were ran-
domized in four groups (TDX, aPD-1, TDX+aPD1 combination, and
Vehicle). TDX mice were intravenously (i.v.) administered with doses of
0.5 mg/kg of TDX dissolved in 100 pL of Vehicle (166 mM NaCOsH
pHB8), three times per week (t.i.w) x6 doses. Mice in the aPD-1 group
were intraperitoneal (i.p.) treated with 10 mg/kg of anti-PD-1 («PD1,
#BE0146 BioXCell) dissolved in 100uL of buffer (22 mM NayHPOy,
9.9 mM NaH5POy4, 136 mM NaCl, pH7), two times a week (b.i.w.) x 4
doses. Mice from the TDX+ oPD1 combination group that received
sequential and repeated doses. Thus, this group was administered i.v
with 0.5 mg/kg of TDX, 3 t.i.w. x 6 doses, and i.p. with 10 mg/kg of
oPD-1 b.i.w. x 4 doses. Finally, mice of the Vehicle group were admin-
istered intravenously (i.v.) with 100 pL of TDX’s buffer, t.i.w. x6 doses
and i.p. with 100 pL of aPD1’s buffer, b.i.w. x4 doses.

Animal body weight was registered three times per week, whereas
subcutaneous tumor size was measured with a caliper (tumor volume=
width? x length/2) every TDX administration during the time course of
the experiment, and their volume ex vivo at the end of the experiment.

Mice were euthanized 72 h after the last dose of the TDX. Then, tu-
mors and organs were collected for further histopathological analysis.
Blood was extracted by intracardiac puncture, for blood tests, including
white blood cells, red blood cells, and further liver and kidney function
analysis and placed in EDTA-tubes and centrifuged at 21,000 g for
10 min at 4 °C, plasma was store at - 80 °C.

2.4. Sample processing for hematoxylin and eosin (H&E), DAPI and
immunohistochemical (IHC) staining to evaluate the molecular and
cellular changes in tissues

Paraffin-embedded organs were cut in 4 pm sections for staining.
Organ sections were stained with H&E and analyzed by two independent
observers. In the orthotopic model, we distinguished micro- and mac-
rometastases measuring their area in sections of the affected organs
(liver (LV), lung (LG), mesentery (MS) and peritoneum (PRT)). Macro-
metastases had an area > 785,000 pmz, while micrometastases had an
area lower than this threshold as established by Folkman [19].

IHC staining was performed in a DAKO Autostainer Link48 (Agilent
Technologies, Santa Clara, USA) following the manufacturer’s in-
structions. Firstly, sections were dewaxed, the antigen retrieval was
made using PTLink (DAKO) and finally stained in DAKO Autostainer
Link48 using the following primary antibodies: NLRP3 (abcam
ab2770449), IL-1p (Abcam ab205924) cleaved Caspase-1 p20 (CL Casp-
1) (1:400, Invitrogen, ThermoFisher Scientific, Waltham, USA. Retrieval
pH low, DAKO), IFNy (1:200, Invitrogen, ThermoFisher Scientific,
Waltham, USA. Retieval pH high, DAKO), CD8 + (1:500, Cell Signaling
Technologies, Danvers, USA. Retrieval pH Low, DAKO), Perforin (1:400,
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Abcam, Cambridge, UK. Retrieval pH high). IHC positive staining was
identified and quantified with the SlideViewer software (3DHistech,
Budapest, Hungary). In tissue section of tumors or metastases affected
organs (LV, LG, MS, PRT), we determine CD8 + T cell infiltration
measuring the total stained- positive cells per mm?, while CL Casp-1,
IFNy and perforin secretion were assessed as total stained-positive
pixels per mm?.

DAPI staining was performed as follows, paraffin-embedded sections
were dewaxed, rehydrated, and permeabilized with 0.5 % Triton X-100.
Then, sections were stained with DAPI mounting medium (ProLong™
Gold Antifade Mountant, Thermo Fisher Scientific, Waltham, USA) and
incubated at 4°C overnight. Cell death quantification was performed by

counting the number of condensed nuclei per mm?.

2.5. Plasma and blood analysis

To assess the possible systemic toxicity associated to TDX treatment
or its combination with aPD1 in the CT26.
mCXCR4 + immunocompetent mice in the red and while blood cell
lineages, the blood from the mice was analyzed using the Mindray BC-
5000 Vet hematology analyzer.

In order to evaluate the possible toxicity in the liver and kidney, we
measured the hepatic function by aspartate transaminase (AST) and
alanine transaminase (ALT) enzyme activities, renal function by creat-
inine and uric acid and albumin, that were measured in plasma samples
with commercial kits (Roche Diagnostics, Basel, Switzerland) adapted
for a COBAS 6000 autoanalyzer (Roche Diagnostics, Basel, Switzerland).

2.6. Cell viability assays

Cell Proliferation Kit II (XTT) (Roche Diagnostics, Basel,
Switzerland) was used according to the manufacturer’s instructions.
Cells were seeded in 96-well plates (5,000 cells/well) and treated with
either T22-DITOX-H6 or vehicle for 48 h. XTT reagent was added and
measured at 492 nm (FLUOstar OPTIMA spectrophotometer (BMG
Labtech, Ortenberg, Germany)) after 4 h of incubation at 37° C.

2.7. Western blot

In order to obtain cell extracts, CT26-LMet2 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 PBS and resuspended in SDS lysis buffer (0.05 M
Tris-HCI pH 6.8, 2 % SDS, 10 % glycerol). Cells were lysed passing the
cell suspension trough a 27-G syringe ten times, and then the suspension
was centrifuged for 10 min at 21,000 g at 4°C. Whole cell proteins ex-
tracts were quantified (BCA Gold Protein Quantification kit (Thermo
Fisher Scientific, Waltham, USA)) and 40 pg of proteins were used for
SDS-PAGE electrophoresis. Proteins were transferred to a nitrocellulose
blotting membrane (GE Healthcare Life Sciences, Chicago, USA),
blocked with 5 % skim milk in TSB-T for 1 h at room temperature, and
incubated overnight at 4°C with the primary antibodies: anti-mouse
cleaved GSDMD (1:1000, Cell Signaling Technologies, Danvers, USA),
full GSDMD (1:1000, Novus Biologicals, Colorado, USA), cleaved
caspase-1 (1:1000, Invitrogen, ThermoFisher Scientific, Waltham, USA),
full caspase-1 (1:1000, Cell Signaling Technologies, Davers, USA), and
Histone 3 (1:5000, Cell Signaling Technologies, Danvers, USA). After-
wards, membranes were washed with TBS (Biorad, Hercules, USA)
-Tween 20 (1:1000) (Sigma-Aldrich, Burlington, USA) and incubated 1 h
at RT with a HRP-conjugate secondary antibody (1:10000, Jackson
Immune Research, Philadelphia, USA), washed with TBS-T and visual-
ized with SuperSignal West Pico Chemiluminiscent Substrate using the
ChemiDoc XRS+ imaging system (Biorad, Hercules, USA). Densitometry
analysis was performed using imageJ software.
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2.8. Statistical analyses

Data are presented as mean + Standard Error of the Mean (SEM).
Statistical analyses were performed using GraphPad Prism 8 software
(GraphPad Software, San Diego, USA). For in vivo experiments, com-
parisons between two groups were performed using the Mann-Whitney
test. For in vitro experiments, comparisons between two groups were
analyzed with the unpaired Student’s t-test, and comparisons involving
more than two groups were analyzed using one-way ANOVA. Differ-
ences were considered statistically significant when p < 0.05. All ex-
periments were performed at least in triplicates.

3. Results

3.1. TDX induces ‘in situ’ pyroptosis and local CD8 T cell recruitment in
targeted tumor tissues, whereas its combination with aPD1 increases its
effectiveness

Based on the pyroptosis triggered by the TDX nanotoxin that lead to
the inhibition of subcutaneous (SC) tumor growth and metastatic
dissemination in immunosuppressed CXCR4 + CRC mouse models [8,
10,11], we tested, in a syngeneic immunocompetent SC CXCR4 + CT26
MSS CRC (scCRC), the TDX capacity to induce tumor pyroptosis and T
cell recruitment and activation in cancer target tissues. In addition, we
tested if the TDX+ aPD1 combination achieves a synergistic antitumor
effect in this model. We compared the antitumor effect in four mouse
groups, treated with TDX (n = 9), aPD1(n = 8), TDX+ aPD1 (n = 6), or
Vehicle (n = 7) according to the sequential dose regime (Fig. 1a)
described in detail in materials and methods.

Both single TDX or single aPD1-treated mice inhibit tumor growth
during the tested period, as compared to Vehicle; nevertheless, they
maintained positive tumor growth in the 67 % of mice in TDX-treated
and 63 % in the aPD1 group of mice (Fig. 1b). In contrast, the sequen-
tial TDX+ oPD1 triggered a higher tumor growth blockade, reaching
regression or tumor stabilization in a majority of mice (83 %), recording
tumor volumes close to zero, except for one animal (Fig. 1b), thus
achieving a synergistic antitumor effect.

Moreover, at the end of the experiment, we observed that all three
treatment groups TDX, aPD1 and TDX+ oPD1, significantly reduced the
ex vivo SC tumor volume, as compared to Vehicle, showing the
TDX+ aPD1 the most significant reduction (Fig. 1c). This result is
consistent with the higher number of cell death events per mm? in the
TDX group. In contrast, the tumor that continued to grow in the com-
bination group did not show any significant differences in cell death
compared to the Vehicle group, suggesting a lack of response to therapy
in this particular tumor. (Fig. 1d)

Next, we studied the cellular and molecular changes in SC tumor
tissues associated to tumor growth control by TDX, especially focusing
on T cell activation. However, we were not able to perform this study on
aPD1 or combination-treated mice because of the lack of available tis-
sue. The tested hypothesis was that TDX will trigger pyroptosis to
inflame and recruit T cells in tumor tissue in this immunocompetent MSS
CRC model, trying to mimic the pyroptosis induced by the diphtheria
exotoxin in epithelial infected cell, in which the host respond by T cell
recruiting and activation to fight the infection [12,16,20], considering
that pyroptosis activates the adaptive immune system to induce immu-
nogenic cell death (ICD) [6,21].

Consistently, TDX induced pyroptosis, showing a significant increase
in NLRP3, active cleaved Caspase-1 p20 and IL-1p and two-fold higher
cell dead number in tumors than in Vehicle-treated (Fig. 1e). Interest-
ingly, TDX-induced pyroptosis triggered secretion of IL-1f asnd INFy in
tumor tissue, and a 4-fold increase in CD8 + T cell and Perforin vesicle
degranulation densities (Fig. 1e), all signs of T cell activation and ICD, as
compared to Vehicle-treated mice. Therefore, the observation of the
TDX capacity of inducing T cell recruitment and T cell activation in an
MSS SC CRC tumors was exciting, considering that MSS CRC patients are
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Fig. 1. TDX induces pyroptosis mediated by NLRP3, CL-Caspase-1, IL-1p, IFNy secretion, T cell infiltration and activation in the syngeneic MSS scCRC model derived
from the CT26.mCXCR4, whereas its combination with oPD1 triggers tumor blockade (a) Schematic representation of the experimental and dosage timeline. (b)
Evolution of individual tumor volumes throughout the experiment. (c) Final tumor volume measured ex vivo at the experiment’s end point. (d) Representative images
of tumor sections stained with DAPI to detect condensed DNA. Quantitation of tumor cells with condensed DNA per mm?. Scale bars = 20 pm. (e) Representative
tumor sections from mice treated with TDX or Vehicle, stained by immunohistochemistry (IHC) for NLRP3, CL caspase-1 p20, IL-1p, IFNy, CD8 to measure T cell
infiltration and perforin secretion, to measure T cell activation. Scale bars = 20 pm. Quantitation of positive stained pixels (CL caspase-1, IFNy, perforin) or cells
(CD8) per mm?. Error bars indicate +SEM. * p < 0.05; ** p < 0.01; **** p < 0.0001. MSS: microsatellite stable. CRC: colorectal cancer.

resistant to immunotherapy due to immune exclusion [22]. On the other
hand, the results of a higher tumor growth inhibition by the TDX+ oPD1
than the single drugs or Vehicle suggest a synergistic effect between TDX
and the checkpoint inhibitor aPD1. In summary, TDX, as single drug,
induces T cell infiltration and activation, whereas the TDX+ oaPD1
combination triggers tumor blockade in a syngeneic subcutaneous
CXCR4 + MSS CRC model. These findings encouraged us to test the ef-
fect of the combination in an orthotopic MSS metastatic colorectal
cancer (mCRC) model.

3.2. TDX induces in situ pyroptosis and local CD8 T cell recruitment in
targeted metastatic tissues

First, we generated a novel orthotopic MSS metastatic CXCR+ LMet2
CT26 model (ORT MSS model) following the protocol described in
Supplementary Material and Methods to generate the CT26.LMet2
metastatic cells, which we confirmed high mCXCR4 overexpression in
the membrane (Supplemental Fig. 1a, b).

We selected the orthotopic MSS metastatic CXCR+model derived
from the LMet2 CT26 cells, rather the metastatic orthotopic model
derived from the CT26.mCXCR4, because it showed a higher metastatic
burden. Moreover, we compared the sensitivity to TDX for he CT26.
mCXCR4 + CRC cells and the CXCR4 + LMet2 CRC cell line to demon-
strated that both has a similar cytotoxicity (Supplemental Fig. 1 c).
Moreover, the Western blot of CT26.mCXCR4 + cells exposed to TDX to

assess demonstrated the induction of pyroptosis mediated by the acti-
vation of Caspase-l and of Gasdermin-D (GSDMD) cleavage
(Supplemental Fig. 1d). Therefore, the mCRC orthotopic model was
developed by implanting CT26.LMet2 in the mouse cecum, which de-
velops metastases in the most relevant organs in CRC; liver (LV-Mets),
lung (LG-Mets), mesentery (MS-Mets), and peritoneum (PRT-Mets).
Thus, nine days after CT26.LMet2 orthotopic implantation, all mice had
a grown primary tumor of around 0.4 g (Supplemental Fig. 2a), while
40 % of the mice presented, at least, one metastatic focus in the liver
(Supplemental Fig. 2b,c).

Next, we run a new experiment to test the antimetastatic effect of
TDX, as a single drug, and study markers of pyroptosis and immune
activation. To that purpose, at day nine after cell implantation, we
randomized mice with CT26.LMet2 in two groups (TDX and Vehicle)
applied the following dosage: TDX (n = 8) were i.v. administered with
0.5 mg/kg, t.i.w. x6 doses, whereas the Vehicle group (n = 10) was i.v.
injected with the TDX'’s Vehicle, t.i.w. x6 doses (Fig. 2a). At the end of
the experiment, we observed a half reduction in the number of meta-
static foci induced in TDX mice in liver (LV-Mets), lung (LG-Mets),
mesentery (MS-Mets) and peritoneum (PRT-Mets) as compared to
Vehicle-treated mice (Fig. 2b).

Next, we studied markers of pyroptosis and T cell activation after
TDX treatment only in the primary tumor of the ORT CRC model,
measuring the intensity of CL Caspase-1, as marker of pyroptosis, as
described [9] and infiltration of cytotoxic T cells in tumor, measuring
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Fig. 2. TDX, as a single drug, induces pyroptosis and T cell activation in primary tumor and an antimetastatic effectin LV-Mets, LG-Mets, MS-Mets and PRT-Mets in
an MSS ORT derived from the LMet2 CT26 CXCR4" CRC model. (a) Schematic representation of the experimental and dosage timeline and representative images of
the H&E histology of the primary tumors for the vehicle- and TDX-treated groups. (b) H&E-stained sections of organs showing representative metastatic foci in the
liver (LV-Mets), lung (LG-Mets), mesentery (MS-Mets) and peritoneum (PRT-Mets) and quantitation of total metastatic foci per section. Scale bars = 200 pm and 50
pm (zoom-in view). (c) Representative sections of primary tumors stained with DAPI (blue) to detect condensed DNA, indicative of dead cells, and quantitation of
tumor cells with condensed DNA per mm? of mouse tumor sections treated with TDX or Vehicle followed by representative tumor sections treated with TDX or

Vehicle, stained by immunohistochemistry (IHC) for NLPP3, CL caspase-1 p20, IL-1p and infiltrated cytotoxic CD8 + T cells. .
(CL casp-1) or cells (CD8) per mm?. Scale bars = 20 pm. Error bars indicate +SEM. * p < 0.05; *** p < 0.00

CD8 + T cells density in the occupied tissue area. We observed a
two-fold increase in DNA condensation and the activation of NLRP3, CL
Caspase-1 and IL1p, and also a three-fold increase in CD8 + density in
the primary tumor in TDX compared to Vehicle-treated mice (Fig. 2c).
This is a relevant finding confirming that the activation of pyroptosis by
TDX induces T cell recruitment in the primary tumor of the MSS CRC
cancer model, a finding similar to that observed in the MSS SC tumor
model (Fig. 1e) and supporting TDX capacity to induce the recruitment
of T cells to tumor tissues.

Once we demonstrated that TDX as single drug activates T cells
triggered by pyroptosis induction, we next evaluated the antitumor and
antimetastatic response to treatment by TDX, aPD1 or TDX+ oaPD1
combination using the MSS ORT mCRC model and their association in
the molecular and cellular immune changes induced in primary tumor
and metastatic tissues at all sites.

Quantitation of stained positive pixels
5 ¥F** p < 0.0001.

3.3. Sequential TDX+ aPD1 combination induces cancer cell killing
associated with CD8 T cell activation and IFNy and Perforin secretion

First, we studied the antitumor effect of single drugs and the
TDX+ aPD1 combination using the orthotopic metastatic CRC model
derived from the CT26.LMet2 cell, as above. Nine days after cell
implantatin, mice were randomized in 4 groups. TDX-treated mice
(n = 7) were i.v. injected with 0.5 mg/kg TDX, t.i.w. x6 doses; the aPD-1
group (n = 6) was i.p. treated with 10 mg/kg of aPD1, b.i.w. x4 doses;
the TDX+ oPD1 group (n = 7) was administered i.v. with 0.5 mg/kg of
TDX, t.i.w. x6 doses, and i.p. with 10 mg/kg of «aPD-1 b.i.w. x4 doses;
and finally, the Vehicle group (n = 8) was i.v. administered with the
buffer of TDX, t.i.w. x6 doses and i.p. injected the buffer of «PD1, b.i.w.
x4 doses (Fig. 3a).

The primary tumor response to the combination therapy shows a
significant and synergistic reduction in tumor weight, as compared to
TDX or oPD1 or Vehicle (Fig. 3b). Moreover, in primary tumor tissue
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Fig. 3. TDX+ aPD1 combination inhibits primary tumor growth associated with Interferon y secretion, T cell ativation and perforin degranulation in the orthotopic
(ORT) derived from the LMet2 MSS mCRC model. (a) Graphical depiction of the experimental and dosage timeline. (b) Final tumor weight measured ex vivo at the
experiment’s endpoint. (¢) Samples images of tumor sections from every experimental group stained with DAPI to detect condensed DNA. Quantitation of tumor cells
with condensed DNA per mm? (Scale bars = 20 pm) and illustrative images of tumor sections from mice treated with Vehicle, TDX, aPD1 or, TDX+ aPD1, stained by
IHC for CL casp-1, IFNy (e), CD8 and perforin). Evaluation of positive stained pixels (CL caspase-1, IFNy, perforin) or cells (CD8) per mm?. Scale bars = 20 pm. Error

bars indicate £SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

there is an increase in condensed DNA, and in CL Caspase-1 in both, the
TDX and TDX+ oPD1 groups, but not in «PD1 group which supports the
induction of pyroptosis exclusive by TDX in primary tumor (Fig. 3c).
Pyroptosis was followed by an increase in IFNy levels only in
combination-treated mice, as compared to TDX, aPD1 or Vehicle groups.
In addition, the combination treated primary tumor displays higher
densities of CD8 + T cell and increase in perforin secretion compared to
the rest of the groups (Fig. 3c). The reason to test the levels of the pro-
inflammatory cytokine IFNy, was based on the reports of IFNy activation

triggering ICD, an event mediated by the recruitment of cytotoxic
CD8 + T cells in CRC [23,24] and the association between an IFNy
signature and good prognosis in CRC patients [25]. Moreover, we
measured perforin secretion to determine if the infiltrated T cells in
tumor tissue could induce ICD in target cancer cells, since this is medi-
ated by the release of perforin cytotoxic granules once the immune
synapse is established [26].

In summary, TDX+ aPD1 combination therapy inhibits primary
tumor growth by increasing Interferony secretion, T cell infiltration and
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perforin degranulation in the orthotopic (ORT) MSS mCRC model.

3.4. TDX+ aPD1 induces antimetastatic in MSS mesentery and
peritoneum associated with CD8 T cell activation and IFNy secretion

We here describe the antimetastatic effect of single drugs and the
TDX+ aPD1 combination dosage described in 3 (Fig. 3a), within the
same experiment using the MSS CXCR4 + CT26 mCRC model, and
focusing in the observed response to treatment in the mesenteric (MS-
Mets) and peritoneal (PRT-Mets) metastases and the associated molec-
ular and cellular immune changes in these tissues.

We found TDX+ oaPD1 to exert a significant synergistic anti-
metastatic effect in MS-Mets by reducing three-fold the metastatic foci
number and area, compared to TDX, aPD1 or Vehicle; nevertheless,
despite the significant response induced by the combination, it did not
achieve their elimination, since all mice bear MS-Mets at the end of the
experiment (Fig. 4a). On the other hand, the TDX induced pyroptosis in
MS-Mets tissues, mediated by CL Casp-1, at a level similar to the
TDX+ aPD1- treated mice (Fig. 4b). Moreover, the TDX+ oPD1 combi-
nation increased significantly the Interferon y levels, as compared to
aPD1 or Vehicle, being these levels similar to those found in TDX-treated
mice. These effects were associated with a huge increase of
CD8 + density in MS-Mets in the combination that was higher than in
TDX-treated mice, whereas the «PD1 did not increase since it was similar
to the levels observed in the Vehicle (Fig. 4b). In addition, we observed
an increase in perforin degranulation in the TDX group. However, sur-
prisingly, the perforin levels in the combination did not differ from
single drugs or the Vehicle (Fig. 4b).

In PRT-Mets (Fig. 4c) the combination exerted a significant syner-
gistic antimetastatic effect by reducing their metastatic foci area
(Fig. 4c) but did not achieve the ablation of metastases at this site since
all mice bear PRT-Mets at the experiment end. The TDX group showed
the more potent pyroptosis measured as CL Casp-1 expression, whereas
the combination also induced pyroptosis, reaching a level similar to the
TDX group. Finally, both, the combination and the TDX group increased
the level of Interferony and CD8 + T cell density in PRT-Mets tissues, as
compared to aPD1 or vehicle, and again, surprisingly, perforin degran-
ulation did not increase in the combination, TDX and aPD1, since their
levels were similar to those measured in Vehicle-treated mice (Fig. 4d).
In summary, TDX+

aPD1 combination therapy significantly reduces the metastatic
burden in the mesentery and peritoneum in the orthotopic model (ORT
MSS model).

3.5. TDX + aPD1 induces a synergistic effect in MSS liver and lung
metastases, whereas the liver effect associates with CD8 T cell activation
and Perforin secretion

In this section, we describe the antimetastatic effect of single drugs
and the sequential TDX+ aPD1 combination, within the same experi-
ment and dosage described in 3 (Fig. 3a) using the MSS CXCR4 + CT26
mCRC model. Here, we focus on the LV-Mets and LG-Mets response to
TDX+ oPD, TDX or aPD1 and their molecular and cellular immune
changes in their tissues. We found that TDX+ aPD1 therapy obtains a
dramatic antimetastatic effect in LV-Mets that achieves their elimina-
tion. Thus, 86 % of the mice were metastases-free in LV-Mets at the end
of the experiment (Fig. 5a). Moreover, in the TDX+ aPD1-treated group
all mice were free of micro- and macrometastases in the liver, except for
a mouse that bears only one macrometastases (Fig. 5b).

In contrast, Vehicle, TDX or oPD1-treated mice bear all micro-
metastases (area <785,000 pmz) and macro-mestastases (area >785000
pm?) thus, none of the mice of these groups were metastases free
(Fig. 5b).

On the other hand, mice administered with TDX or aPD1 reduce their
metastases number, as compared to Vehicle. However, the mice of these
three groups do not become metastases-free (Fig. 5c¢). Interestingly, the
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14 % of mice that are not eliminated by TDX+ oPD1 therapy (thus,
bearing still LV-Mets) achieve a high reduction of foci number as
compared to TDX or oPD1, which, in turn, these two groups induce a
significantly higher antimetastatic effect compared to the vehicle-
treated group (Fig. 5¢).

Regarding the immune landscape in LV-Mets tissues, both TDX and
TDX+ oPD1 combination display similar levels of CL Caspase-1
(Fig. 5d), an indication of pyroptosis induction by TDX. Moreover,
mice treated with the combination achieves a high increase in CD8 + T
cells and perforin densities, in LV-Mets sections, significantly higher
than TDX than oPD1 or Vehicle-treated mice, which display the lowest
levels (Fig. 5d). IFNy was not secreted in LV-Mets tissues after the
administration of single drugs or the combination (Fig. 5d), which
contrast to the data observed in SC (Fig. 1d) and orthotopic primary
tumor (Fig. 3c) MS-Mets tissues PRT-Mets that show high IFNy levels.

Finally, we studied the antimetastatic effect and the molecular and
cellular immune changes in lung metastases, within the same experi-
ment and dosage described in detail in 3 (Fig. 3a), using the MSS mCRC
model. In this case, the TDX+ aPD1combination eliminates LG-Mets
since 71 % of mice are metastases-free in this organ at the end of the
experiment; in contrast, the Vehicle-treated, TDX or aPD1 mice-treated
groups showed micrometastases in all mice (Fig. 6a, b); whereas in the
TDX+ aPD1-treated group all mice are free of micro-metastases in the
LG, except for two mice that bear only one micrometastasis (Fig. 6¢).

On the other hand, mice administered with TDX or oPD1 had a
reduced number of metastases, as compared to Vehicle, but they did not
generate enough anticancer activity on the treated mice to become
metastases-free (Fig. 6a). Moreover, the 29 % of mice not eliminated by
the combination (thus, bearing LG-Mets) still achieves a reduction in
foci number as compared to single TDX or aPD1-treated, which reached
in turn an antimetastatic effect higher than Vehicle-treated (Fig. 6c).
Unfortunately, we could not study the molecular changes in LG-Mets
tissues because of the low availability of micrometastatic foci and a
high background immunohistochemical staining found in these tissues.

In summary, the potency of the antimetastatic or antitumor response
induced by the TDX+ aPD1 combination is organ dependent. Moreover,
we found distinct patterns of molecular and cellular immune activation
in LV-Mets, LG-Mets, MS-Mets, PRT-Mets and subcutaneous or primary
tumors, likely to be related with their mechanism of action and the
potency of their anticancer effect.

3.6. TDX+ aPD1 combination induces potent antimetastic effect without
systemic toxicity

At the end of the treatment with TDX (n=9), aPD-1 (n = 8),
TDX+ aPD1 (n = 6) or Vehicle (n = 6) in the immunocompetent SC
CXCR4 + CT26 MSS CRC, applying the dosage described in detail in
Fig. 3a, that reaches high anticancer activity, we analyzed mouse plasma
and blood for its possible association with systemic toxicity.

Thus, we measured markers of renal and hepatic function which can
detect toxicity in these organs, as well as markers of alteration in the
blood cell linage. The assessment of hepatic transaminases (aspartate
transaminase (AST) and alanine transaminase (ALT) in plasma, shows a
normal hepatic function, since the TDX, aPD-1 or TDX+ aPD1-treated
mice reach levels not significantly different from Vehicle-treated mice
(Fig. 7a). Moreover, albumin, creatinine, and uric acid levels, deter-
mined in plasma, shows no statistical differences between TDX, aPD1 or
the TDX+ aPD1-treated mice compared with Vehicle-treated mice,
which indicates a lack of alteration in renal function associated with
these treatments (Fig. 7a).

For its part, the study of the cell blood linage, including white blood
cells (WBC) and red blood cells (RBC), hemoglobin (HGB) concentra-
tion, hematocrit (HCT), platelets (PLT) count, and procalcitonin (PCT)
concentration shows normal levels in all parameters; thus, they are
similar to those achieved in the Vehicle-treated mice, indicating a lack of
toxicity in the cell blood lineage (Fig. 7b). Moreover, regarding WBC,
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Fig. 4. TDX+ oPD1 combination therapy significantly reduces the metastatic burden in the mesentery and peritoneum in the orthotopic model (ORT MSS model). (a)
Representative image of mesenteric metastatic foci (MS-Mets). Scale bars = 200 pm and 50 pm (zoom-in) and the quantitation of total metastatic foci per section and
percentage of metastatic area per section in the mesentery. (b) Representative sample images of metastatic foci in the mesentery from mice treated with Vehicle, TDX,
aPD1, or TDX+ aPD1 stained by IHC for CL Caspase-1, IFNy, CD8 and perforin secretion. Measurement of CD8 positive cells or perforin positive pixels per mm? in the
mesenteric tissue. Scale bars = 20 pm. (c) Illustrative image of peritoneal metastatic foci (PRT-Mets). Scale bars = 200 pm and 50 pm (zoom-in), and assessment of
total metastatic foci per section and percentage of metastatic area per section in the peritoneum. (d) Representative images of metastatic foci in the peritoneum from
mice of each experimental group stained by IHC for CL Caspase-1, IFNy, CD8 and perforin. We calculate CD8 positive cells or positive pixels per mm? in the

peritoneum. Scale bars = 20 pm. Error bars indicate £SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

mice treated with TDX or TDX+ aPD1 groups display a total count and
percent of neutrophils, lymphocytes, monocytes, eosinophils and baso-
phils, similar to the vehicle-treated mice, therefore, exhibiting no tox-
icities related to treatment in the white cell linage lineage (Fig. 7c).
Besides, mice in all groups do not show any signs of discomfort or weight
loss during treatment, a task measured twice per week, throughout the
experiment (Fig. 7d). In summary, the sequential TDX+ aPD1 dosage
that obtains a potent antimetastatic activity does not induce toxicity
based on the absence of alterations in hepatic and renal function, along
with lack of changes in the RBC and WBC lineages and the lack of signs
of disease or changes in mouse body weight, which indicates the absence
of toxicity associated to the dosage applied in the TDX, aPD-1, or
TDX+ aPD1 combination therapies.

4. Discussion

We found that treatment with the TDX nanotoxin, in immunocom-
petent CXCR4 + CT26 microsatellite stable (MSS) subcutaneous (sCRC)
and metastatic CRC (mCRC) models is able to induce in situ pyroptosis
mediated by the activation of NLRP3, Caspase-1, GSDMD and IL-1p to
recruit and activate T cells in all tested cancer tissues, turning ‘cold’ into
‘hot’ cancer to achieve a potent antimetastatic and antitumor effect,
without systemic toxicity. Our previous results obtained in immuno-
suppressed subcutaneous or metastatic CXCR4 + CRC or head and neck
carcinoma cancer models induced pyroptosis but did not activate T cells
because these mice lack T lymphocytes [3,8,11].

Moreover, the subsequent therapy of the FDA-approved inhibitor of
the immune checkpoint aPD1, after TDX administration, further in-
creases the T cell activation induced by TDX to unlock a remarkably
synergistic antimetastatic effect to the anticancer effect. Followed, we
described the distinct features of TDX and of the TDX+ aPD1 combi-
nation immunotherapy.

4.1. TDX nanotoxin-mediated pyroptosis recruits and activates CD8 T
cells to induce immunogenic cell death and anticancer effect

TDX achieves a highly selective delivery of the diphtheria toxin only
in target tumor and metastases cells. Thus, TDX is a 90 nm structured
nanoparticle, composed of monomers of 7 nm diameter. The about 12-
fold higher diameter in the TDX nanotoxin compared to the monomer
ensures a multivalent display of T22 ligands that yields a selective
binding to cancer cells that overexpress CXCR4 (CXCR4 +) receptors to
release the exotoxin in their cytosol. These nanostructures, either
nanotransporters or nanoconjugates, reach a 70-85 % distribution of
about the injected dose in cancer tissues, whereas they do not internalize
in normal cells, as described [3,27,28]

Subsequently to the selective delivery of the diphtheria toxin by TDX
in CXCR4 + LMet2 cancer cells activate pyroptosis mediated by
Caspase-1 and GSDMD in vitro (Supplemental Fig. 1d), whereas in vivo
TDX activates in situ pyroptosis in primary tumor tissues in ortotopic
models derived from both CT26.mCXCR4 cell line and LMets2 cell line.
This pyroptsois is mediated by the activation of NLRP3, Caspase-1 ansd
IL-1B (Fig. 1e and Fig. 2¢) [29]. Moreover, as a consequence of the in-
duction of pyroptosis, we observed the recruitment of CD8 cells in scCRC
tumors (Fig. 1) or orthotopic primary tumors (Fig. 2) and metastastatic
tissues (Fig. 3, Fig. 4, Fig. 5) to secrete inflammatory cytokines that
recruit CD8 T cells in both tumor and metastatic tissues, replicating the

pyroptosis that we reported in immunosuppresed CXCR4 + CRC such as
IL-1B or INFy models, which however lack T cells [8,10,11]. Therefore,
according to the induction of pyroptosis, we observed the secretion of
the pro-inflammatory cytokine IFNy or IL-1f in scCRC tumors and
orthotopic tumors and also in MS-Mets and PRT-Mets associated with
the recruitment of CD8 T cells according to previous reports indicating
that IFNy and IL-1p activates T cell migrationrecruitment and activation
[30,31,32-34].

Next, in the ‘hot’ tumors, the release of cytotoxic proteins that T cells
secrete to indude Immunogenic cell death of cancer cells and anticancer
response, for instance in scCRC tumor size associated T cell activation
and killing of target cancer cells, as determined by DNA condensation
and T cell perforin secretion (Fig. 1c,e); and similarly, the primary tumor
in the orthotopic tumor increae DNA condensation, associated with
activation of CD8 T cells with perforin secretion (Fig. 3c).

Nevertheless, perforin is not the only cytotoxic protein that induces
ICD. In this regard, the significant reduction of the metastatic number
and area of burden in MS-Mets and PRT-Mets (Fig. 4) or LV-Mets (Fig. 5)
associated with the activation of CD8 T cells; however, without perforin
secretion; therefore, in these tissues, alternative cytotoxic proteins could
release by the CD8 T cells. Thus, the observed cell killing and anticancer
effect is likely to be mediated by immunogenic cell death (ICD) since the
activated CD8 T cells release cytotoxic proteins, mediated either by
perforin or granzymes) to induce ICD [26].

4.2. TDX sensitizes to aPD1 to achieve a remarkably synergistic effect in
liver metastases when administered as the TDX+ aPD1 sequential
combination therapy

The oPD1 ICI therapy, as a single drug, in the CXCR4 mCRC MSS
model, shows a lack of reduction in the number of mice LV-Mets free
(Fig. 5a,b), a fact consistent with a similar lack of effect in MSS CRC in
patients with LV-Mets when treated with aPD1 [17,17,22].

In huge contrast, when CRC MSS with LV-Mets treated with the
TDX+ aPD1 combination, the after the administration of the second
drug, aPD1, we found a synergistic response in LV-Mets, that ablates
metastases in this organ since 86 % of the treated mice were cleared
metastases. Remarkably, this effect associates with a high increase in
CD8 + T cell recruitment and perforin secretion by T cells whereas
single TDX or aPD1 treatment with found no recruitment of CD8 T cells
nor secretion of perforin in LV-Mets (Fig. 5b).

Thus, single TDX or aPD1, as single drugs. maintain the immuno-
suppressive microenvironment, and immune tolerance of the non-
pathological liver [35-37]; however, the TDX+ oPD1 therapeutic
strategy overcomes LV immunosuppression by further activation of T
cells that induces perforin secretion to induce IDC in target cancer cells.
In contrast to our approach, the aPD1 + aCTLA-4 combination immu-
notherapy evaluated by other authors, using the same CT26 MSS mCRC
model as in our experimental work, was ineffective in controlling
LV-Mets [38].

In summary, to our knowledge, this is the first report on the LV-Mets
ablation the TDX+ oPD1 combination immunotherapy, in MSS CRC
models with LV-Mets, which suggests that the immunosuppressed
(‘cold’) liver-bearing metastases could be manipulated to engage the T
cells to induce ICD of metastases, overcoming the resistance of MSS
metastases in this organ.
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Fig. 5. TDX+ aPD1 combination therapy ablates liver metastases in the microsatellite-stable orthotopic mouse model (MSS ORT model). (a) Percentage of mice with
presence of metastases or metastasis-free per group in the liver after treatment (b) Fraction of mice presenting macro-metastases, micrometastases, macro- and
micrometastases or metastases free in the liver (c) Representative image of metastatic foci in the liver (LV-Mets) and the quantitation of total metastatic foci per
section in the liver of mice with metastases per group. Scale bars = 200 pm and 50 pm (zoom in). (d) Illustrative images of metastatic foci in the liver from mice
treated with Vehicle, TDX, aPD1, or TDX+ «PD1 combination therapy stained by IHC for CL casp-1, IFNy, CD8 and perforin. Evaluation of positive stained pixels (CL
caspase-1, IFNy, perforin) or cells (CD8) per mm?. Scale bars = 20 pm. Error bars indicate £SEM. * p < 0.05; ** p < 0.01; **** p < 0.0001.

4.3. TDX sensitizes to aPD1 achieving tissue-specific responses, CD8 T cell the cytotoxic protein secretion, associated with a synergistic LV-Mets

recruitment, and secretion of cytokine or cytotoxic proteins in tumors and response by the TDX+ oPD1 therapy, we also observed organ-specific

MS-Mets, PRT-Mets and LG-Mets patterns of anticancer cancer response associated with immune
engagement.

Besides the specific pattern of T cell recruitment and activation and Thus, in the scCRC tumor model, the TDX+ oPD1 induces a
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significant reduction of tumor growth, entering into negative growth
(Fig. 1b) associated with further increases in IFNy, CD8 + cell recruit-
ment, perforin secretion, and an increase of DNA condensation, as
compared to single TDX therapy (Fig. 1d).

Moreover, in the primary tumor of the orthotopic mCRC model, we
observed a synergistic effect by the TDX+ oPD1 combination (Fig. 3b),
associated with an increase in INFy, high CD8, high perforin, and an
increase in DNA condensation, as compared to no response by aPD1
therapy as a single drug (Fig. 3c).

We observed no perforin in MS-Mets and PRT-Mets, after
TDX+ aPD1 treatment, despite finding a potent reduction in the number
and area of metastases (Fig. 4a and Fig. 4c). Nevertheless, at the end of
treatment, all mice bore metastases, which is a finding that is contrasts
with the data on LV-free mice free after TDX+ oPD1 therapy (Fig. 5a,b,
¢). In MS-Mets and PRT-Mets the effect of the combination is associated
with an increase in INFy secretion and CD8 T cell recruitment, but no
increase in perforin (Fig. 4b, Fig. 4d) as compared to oPD1 as a single
drug, which induces no response and lacks INFg, CD8 T cells, or perforin.

Thus, it is likely that the potent control of metastases observed by the
combination in MS-Mets and PRT-Mets was associated with the secre-
tion of still unknown cytotoxic proteins alternative to perforin by T cells,
such as Granzyme B or Granzyme A, that kill cancer cells, independently
of perforin, as described [39,40]). This agrees with the ICD being
mediated by the release of perforin cytotoxic granules once the immune
synapse is established [26].

Interestingly, TDX+ aPD1 also reaches a synergistic effect in LG-
Mets reaching 71 % of treated mice becoming LG-Mets-free, as
compared to TDX or aPD1 as single drugs (Fig. 6). However, we could
not study the immune mediators in this site because of the low avail-
ability of micrometastatic foci to study the mechanism of action that is
associated with the ablation of LG-Mets by the combination.

The obtained data in our preclinical model may be dependent on the
context-dependent immunoregulation and the strength response of
metastases in different organs when treated with ICIs in the clinical
setting [41].

4.4. Toxicity associated to TDX+ aPD1

Importantly, all the previous data on TDX or TDX+ oPD1 combina-
tion using the immunocompetent CXCR4 + CT26 MSS CRC models
treated with the which induce a potent antitumor and antimetastatic
effect, associates with a lack of toxicity in normal tissues, according with
previous reports which avoiding the delivery of the exotoxin to non-
tumor cells, Thus, we found absence of alterations in hepatic and
renal function and normal levels in the white and red cell counts (Fig. 7).

Moreover, the lack of signs of disease, changes in mice, or changes in
body weight supports the absence of toxicity, findings similar to the
previous lack of systemic toxicity in immunosuppressed mouse models
of animals of CRC [8], HNSCC [10,11] or lymphoma [42,43]). Consis-
tently, our recent article devoted to evaluate the toxicity of repeated
administration of TDX in the same CT26.mCXCR4 + model we observed
lack of on-target and off-target toxicity [44]

Thus, they are overcoming some of the barriers that prevent the
translation of the nanomedicines to patients, such as the targeted drug
delivery in vivo because of the protein nature of TDX [45].

4.5. Immunotherapy in clinical trials for MSS mCRC

As said, a vast majority of CRC patients bearing mCRC with MSS do
not respond to ICIs as single drugs [17,22,46]. Recently, clinical trials
are being performed using combinations of approved ICI drugs [47,48]);
however, so far aPD1 + aCTL-4 combinations in CRC patients did ach-
ieve responses on patients bearing non-liver metastases; however, those
with LV-Mets have a poorer prognosis [47,49,50]. This agrees with
LV-Mets treatment with classical chemotherapy and targeted therapies
by developing resistance, conferring poor prognosis, and being the
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major cause of death in CRC patients [51,52]. On this basis, researchers
propose to improve the prognosis and survival in CRC patients by
developing novel therapies that target metastatic cells, especially
LV-Mets, to overcome their resistance [53,54].

Moreover, still far from the clinical translation, the data obtained in
our preclinical models achieving a potent antimetastatic response in the
liver by administering the novel TDX+ aPD1 therapy provides useful
insights in the development of effective immunotherapy combinations
that could help reverse the resistance of LV-Mets to ICIs in CRC metas-
tases observed in the patients, to turn them sensitive to aPD1 in
CXCR4 + MSS mCRC.

4.6. Suggested mechanism of sensitization by TDX to the ICI aPD1 that
mimicks the response to infection by diphtheria

The mechanism of action that underlies the cancer response obtained
by TDX mimics the host response to diphtheria infection in epithelial
cells, which inhibits eEF2 to induce ribotoxic stress, which activates the
inflammasome to trigger pyroptosis to recruit and activate T cells to
fight the infection [12,16,20,55,56].

Thus, the TDX-targeted drug delivery releases the diphtheria toxin in
CXCR4 + epithelial cancer cells to inhibit eEF2 which may induce
ribotoxic stress that activates the inflammasome to induce in situ
pyroptosis mediated by Caspase-1 and GSDMD, which we have observed
in all inflamed tumors and metastatic tissues (Fig. 1d; Fig. 2¢; Fig. 3c;
Fig. 4b, d; Fig. 5d).

Next, it is likely that the in situ pyroptotic induction, by TDX releases,
large amount of neoantigens to trigger a secretion pattern of pro-
inflammatory cytokines that reprograms the local TME to overcome
the immune desert phenotype, changing the poor immune cells in all
target cancer tissues by recruitment of T cells in MSS CRC [2,34], to
achieve the objective of turning ‘cold’ to ‘hot’ tissues [57-59]. Thus,
being pyroptosis highly immunogenic [6], it is likely that TDX is able to
inactivate DNA repair systems, to generate a large amount of neo-
antigens, as described [15,38]) which are processed by
antigen-presenting cells to locally recruit T cells in inflamed tissues to
form antigen-specific cytotoxic T cells, which subsequently release
cytotoxic proteins, such as perforin or granzymes, to induce ICD [58].

On this basis, we suggest that TDX converts target cancer tissue from
‘cold’ to ‘hot’ by recruiting T cells, and therefore, sensitizes to aPD1
when blocking this immune checkpoint in the preclinical MSS mCRC
model to unleash a synergistic response greater by cytotoxic protein
higher ICD as compared to that achieved by aPD1, as a single drug,
which is resistant to aPD1 therapy. Remarkably, in LV-Mets (Fig. 5) the
recruitt of T cells associates with a moderate effect; however, it does not
induce in perforin by TDX, but contrarily the TDX+ aPD1 combination
induces perforin secretion associated to a ablation of LV-Mets in most
mice.

So far, MSS CRC patients are refractory to ICIs, likely due to in-
capacity to generate neoantigens; thus, they display low immunoge-
nicity and an inability to recruit and activate T cells [17,22].

Our data yields insights into the development of innovative immu-
notherapy combinations that could improve their current low efficacy.
Future studies are needed to understand the underlying mechanism of
action in this TDX+ aPD1 combination inducing a response in tumor
and metastatic tissues. Therefore, it is likely that our, or similar, ap-
proaches could overcome the resistance to ICIs in CRC patients with
MSS. A limitation to the generalisability of the study is that it did not
consider gender/sex issues.

5. Conclusions

The targeted TDX nanotoxin is able to induce in situ pyroptosis
mediated by NLRP-3, Caspase-1, GSDMD and IL-1p and immunogenic
cell death that recruit and activate T cells in all cancer tissues to achieve
an antimetastatic and antitumor effect, in immunocompetent
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CXCR4 + CT26 MSS sCRC and mCRC models without systemic toxicity.
Moreover, the pyroptosis by TDX is also able to sensitize the inhibitor of
checkpoint immune oPD1 to unleash a further increase of T cell acti-
vation to achieve a synergistic response greater by cytotoxic protein
higher ICD, in contrast with the aPD1, as a single drug, which does not
induce a response. Importantly, the TDX+ aPD1 ablates LV-Mets, sug-
gesting that the immunosuppressed (‘cold’) liver-bearing metastases are
able to overcome the resistance of MSS metastases, especially in this
organ. Therefore, our novel immunotherapy approach, could give in-
sights in targeted drug delivery to activate in situ pyroptosis, which,
when combined with the ICIs will yield a synergistic effect, which in the
near future could translate to the clinic to the benefit of a large majority
of patients that bear MSS mCRC.
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