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ARTICLE INFO ABSTRACT

Keywords: Pyroptosis is a well-documented form of programmed cell death caused by the gasdermin-driven
Pyroptosis perforation of cell membranes. Selective induction of pyroptosis in tumor cells represents a
HER2

promising antitumor strategy to enhance the efficacy of immunotherapy. In this study, we
established a recombinant protein-based immunopyroptotin strategy that led to the intratumoral
induction of pyroptosis for HER2-directed therapy. Long-lasting immunopyroptotins were con-
structed by sequentially fusing the humanized anti-HER2 single-chain antibody P1h3, albumin-
binding peptide (ABD035 or dAb7h8), cathepsin B-cleavable peptide B2, endosome-disruptive
peptide E5C3, and active pyroptotic effector gasdermin D-N fragment (GN). After purification,
we evaluated the cytotoxicity and antitumor immune responses primarily induced by the
immunopyroptotins in HER2-overexpressing breast cancer cells. The resulting ABDO035-
immunoGN and dAb7h8-immunoGN showed improved in vitro cytotoxicity in HER2-
overexpressing cancer cells compared with that in the immunotBid that we previously gener-
ated to induce tumor cell apoptosis. The binding of long-lasting immunopyroptotins to albumin
increased the half-life by approximately 7-fold in nude mice. The enhanced antitumor efficacy of
long-lasting immunopyroptotins was confirmed in both N87 tumor-bearing T cell-deficient mice
and 4T1-hHER2 bilateral tumor-bearing immunocompetent mice. Inmunopyroptotin treatment
elicited systemic antitumor immune responses involving CD8" T cells and mature dendritic cells
and upregulated the expression of proinflammatory cytokines, leading to sustained remission of
non-injected distant tumors. This study extends the repertoire of antibody-based therapeutics
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through the tumor-targeted delivery of a constitutively active pore-forming gasdermin-N frag-
ment, which shows great potential for pyroptosis-based antitumor therapy.

1. Introduction

HER?2 is overexpressed in various carcinomas and recognized as a target for antitumor therapy. Substantial progress has been made
on HER2-targeted therapies since the development of anti-HER2 antibodies and their derivatives [1,2]. Monoclonal antibodies against
HER2, including trastuzumab and pertuzumab, and antibody-drug conjugates, such as T-DM1, have been used clinically. However,
these drugs have shown limited efficacy, drug resistance, and cardiotoxicity when used as single-drug treatment [3-6]. In addition,
clinical trials are ongoing for HER2-directed immunotoxins, which comprise a single-chain antibody (scFv) and toxins sourced from
plants and bacteria. However, safety concerns persist regarding the production of neutralizing antibodies and liver toxicity [7-10].
Other immunoconjugated proteins, including cytokines, nucleases, and pro-apoptotic effectors, are currently under preclinical
investigation. Among these, a series of immunoapoptotins that can bypass HER2 downstream signaling have been generated, thus
directly inducing tumor cell apoptosis. This immunoapoptotic strategy can effectively kill trastuzumab-resistant HER2 positive tumor
cells [11-16]. InmunotBid emerged as the top performer in our previous reports [16], but it requires further modification to facilitate
faster initiation of cell death and a longer half-life in serum. Therefore, in this study, we used immunotBid as the parental formula for
structural modifications (see Scheme 1).

Our first attempt was to improve the cell death-inducing strategy by transforming the mode of tumor cell death from apoptosis to
pyroptosis. Pyroptosis is a natural defence mechanism of the innate immune system. This mode of cell death occurs between apoptosis
and necrosis. Pyroptotic cells appear as bubble-like bulges on the cell membrane surface, swelling, and cellular lysis, leading to the
release of proinflammatory factors [17-20]. The kinetics of pyroptosis are faster than those of apoptosis. Upon cleavage, members of
the pyroptosis effector gasdermin (GSDM) family release their N-terminal domain, which can directly form pores in the cell membrane,
leading to rapid cell death [17-19,21]. Importantly, either overexpression of the N-terminal domain gene fragment of GSDMD (GN) or
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Scheme 1. Schematic illustration of the use of immunopyroptotins for antitumor therapy by HER2-targeted induction of pyroptosis. The immu-
nopyroptotins consist of the humanized anti-HER2 single-chain antibody P1h3, albumin-binding peptide (ABD035 or dAb7h8), cathepsin B-
cleavable peptide B2, endosome-disruptive peptide E5C3, and active pyroptotic effector gasdermin D-N fragment (GSDMD-N). The fusion proteins
are expressed in 293F cells and purified using Ni*"™-NTA affinity chromatography. The immunopyroptotins are then injected into a unilateral tumor
in immunocompetent mice with bilateral xenograft breast tumors. Upon recognition and subsequent endocytosis into HER2-positive tumor cells, the
immunopyroptotins are cleaved at the B2 site by cathepsin B in the endosomes, and GSDMD-N is released into the cytosol via E5C3-mediated
endosomal escape, finally inducing tumor cell pyroptosis. Systemic immune responses are elicited by the accumulation of CD8" T cells, mature
DCs, and upregulated expression of proinflammatory cytokines, leading to sustained remission of the distant tumor as well as the injected tumor.
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cellular introduction of the GN protein would be sufficient to induce pyroptosis [18,19,21]. Therefore, the induction of pyroptosis in
tumor cells is considered a feasible antitumor strategy. Based on our previous immunotBid formula, we aimed to enhance tumor-killing
efficiency by substituting the proapoptotic tBid with the propyroptotic GN, resulting in the development of immunoGN.

Our second attempt was to prolong half-life by structurally inserting an albumin-binding moiety. We introduced an albumin-
binding domain into immunoGN between scFv and the translocation moiety. The modified immunoGN is designed to interact with
albumin, evading lysosomal degradation through protective binding to the FcRn receptor [22]. This interaction leads to an extended
serum lifetime for the immunoGN-albumin complex. In the present study, two types of albumin-binding peptides, the streptococcal
protein G derivative ABD035 [23-25] and the human anti-albumin single-domain antibody dAb7h8 [26-28], were tested for their
ability to confer long-lasting activity to the resultant ABD035-immunoGN and dAb7h8-immunoGN constructs.

Herein, we constructed a novel class of long-lasting immunopyroptins by sequentially fusing humanized anti-HER2 scFv P1h3 [16],
albumin-binding peptides (ABD035 or dAb7h8), cathepsin B-cleavable peptide B2 [29-31], endosome-disruptive peptide E5C3 [32],
and propyroptotic GN. In theory, albumin-bound immunoGN recognizes HER2-positive tumor cells, enters endosomes, and is cleaved
to release GN, thereby inducing pyroptosis. The putatively enhanced tumor-killing and long-lasting effects were evaluated in vitro and
in vivo and compared with those of the parental immunotBid molecule.

2. Materials and methods
2.1. Construction, expression, and purification

The genes encoding P1h3-ABD035-B2-E5C3-GN-His (abbreviated as ABDO035-immunoGN), P1h3-dAb7h8-B2-E5C3-GN-His
(dAb7h8-immunoGN), P1h3-B2-E5C3-GN-His (immunoGN), and P1h3-B2-E5C3-tBid-His (immunotBid) were inserted into the
eukaryotic expression vector pcDNA3.1 using the restriction enzymes BamHI and EcoRI. The resulting recombinant plasmids were
verified through DNA sequencing.

The recombinant plasmids were transfected into 293F cells. After 5 d, the cells were harvested and sonicated for 2 min on ice. The
expression of the fusion proteins was determined using Western blot and sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE).

For protein purification, the cell precipitates were purified using Ni2*-NTA buffer without imidazole. We used Ni>*-NTA His Bind
Resins (Novagen, Madison, WI, USA) for Ni2*-NTA affinity chromatography according to the manufacturer’s instructions. The bound
proteins were eluted with 10 mM imidazole buffer at 25 °C, and then analyzed using SDS-PAGE and quantified using the bicinchoninic
acid (BCA) assay (Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Cell culture

Human embryonic kidney FreeStyle 293F (CVCL_D603; catalogue number: PTA-5080), SKBR-3 breast cancer (CVCL_0033; cata-
logue number: HTB-30; human mammary adenocarcinoma cells with high expression of HER2), N87 gastric carcinoma (CVCL_1603;
catalogue number: CRL-5822; human gastric tubular adenocarcinoma cells with high expression of HER2), NCI-H1975 (CVCL_1511;
catalogue number: CRL-5908; human lung adenocarcinoma cells with modest expression of HER2), and 4T1 murine breast cancer cells
(CVCL_0125; catalogue number: CRL-2539; murine mammary carcinoma cells) were obtained from American Type Culture Collection
(Manassas, VA), and then transduced with human HER2 gene to generate 4T1-hHER2 cells. PC9 lung adenocarcinoma cell lines
(CVCL_B260; catalogue number: 305045; human lung adenocarcinoma cells without HER2 expression) were purchased from CLS Cell
Lines Service GmbH (Eppelheim, Germany); of them, 293F cells were cultured in FreeStyle 293F expression medium (Gibco, Waltham,
MA, USA), and SKBR-3 cells were grown in McCoy’s 5A medium supplemented with 10 % (v/v) fetal bovine serum (FBS) (Sigma-
Aldrich, Merck KGaA, Germany) and 1 % (v/v) penicillin-streptomycin (Hyclone, Logan, UT). N87, NCI-H1975, and PC9 cells were
cultured in RPMI-1640 medium supplemented with 10 % (v/v) FBS (Sigma-Aldrich, Merck KGaA, Germany) and 1 % (v/v) pen-
icillin-streptomycin (Hyclone, Logan, UT). All cells were incubated at 37 °C in a 5 % CO3 incubator.

2.3. Purified protein identification via SDS-PAGE and western blotting

Proteins were analyzed using SDS-PAGE. Samples were electrophoresed at 80 V for 20 min in a 5 % concentrating gel and then at
120 V in a 10 % separating gel until bromophenol blue reached the bottom of the gel plate. The gel was stained with Coomassie
Brilliant Blue R250 (Sigma-Aldrich, Merck KGaA, Germany) for 30-60 min and decolorized overnight until the background became
transparent. The purity of the expressed proteins was assessed through grayscale analysis of the electrophoresis gel using ImageJ
Software (ImageJ, Maryland, USA). Immunoblotting using nitrocellulose membranes (NC membranes) (Millipore, Bedford, MA, USA)
was performed to identify the proteins of interest. After blocking with 3 % bovine serum albumin (BSA, V900933, Sigma-Aldrich) for 1
h at 25 °C, the membranes were incubated with mouse anti-His antibody (2366T, 1:1000, Cell Signaling Technology, Danvers, MA,
USA), rabbit anti-GSDMD-N (ab215203, 1:1000, Abcam, MA, USA), and rabbit anti-GAPDH (5174T, 1:1000, Cell Signaling Tech-
nology, Danvers, MA, USA) at 4 °C overnight. After washing three times for 30 min, the membranes were incubated with IRDye 800CW
goat anti-mouse secondary antibody (926-32210, 1:20000, LI-COR Biosciences, Lincoln, USA) and goat anti-rabbit secondary anti-
body (7074P2, 1:3000, Cell Signaling Technology, Danvers, MA, USA) for 1 h at 25 °C. The membrane was visualized employing the
Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, USA) and ECL Prime Western Blotting Detection Reagent (GE
Healthcare, USA).
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2.4. Albumin-binding assay

Human serum albumin (HSA, 1 pg/mL, A1653, Sigma-Aldrich) or murine serum albumin (MSA, 1 pg/mL, A3139, Sigma-Aldrich) in
1 x phosphate-buffered saline (PBS) was coated in 96-well enzyme-linked immunosorbent assay (ELISA) plates at 4 °C overnight.
ABDO035-immunoGN, dAb7h8-immunoGN, and immunoGN (1 mg/mL) were added and incubated for 2 h at 25 °C, followed by in-
cubation with the anti-His antibody at 25 °C for 2 h. After being extensively washed six times with wash buffer (0.05 % Tween 20 in 1
x PBS), a secondary horseradish peroxidase (HRP)-conjugated antibody was added and detected using TMB substrate (Thermo Fisher
Scientific, Waltham, MA, USA). Data were analyzed using GraphPad Prism software (version 8.0; GraphPad Software Inc., USA).

2.5. Cytotoxicity assay of cell pyroptosis

After seeding 1 x 10% SKBR-3 cells into 96- and 1 x 10° SKBR-3 cells into 12-well plates, the cells were incubated with 1 mg/mL
immunopyroptotins for the indicated times. After washing with 1 x PBS, the cells in the 96-well plates were treated with ABD035-
immunoGN, dAb7h8-immunoGN, and immunotBid for 12 and 24 h. Supernatants in the 96-cell plates were collected for lactate de-
hydrogenase (LDH) measurements (Promega, Madison, WI, USA), while cells were treated with 10 pL. CCK-8 solution (Promega,
Madison, WI, USA); the absorbance was measured at 450 nm using a microplate reader (BioTek, Winooski, VT, USA) to calculate cell
viability. Supernatants and cells in 12-well plates were treated with the indicated proteins for 24 h. After washing twice with 1 x PBS,
samples (5 x 105 cells) were analyzed using a BD FACS Aria III flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The obtained
data were analyzed using FlowJo software. The pyroptotic morphology was observed using an optical microscope (Olympus IX71,
Tokyo, Japan). The blood plasma and tumor tissues were collected from ABD035-immunoGN-treated Balb/c mice, and the levels of IL-
1p (MLBOOC, R&D Systems, MN, USA), IL-18 (7625, R&D Systems, MN, USA), and HMBG1 (NBP2-62767, Novus, CO, USA) were
detected via ELISA according to the manufacturer’s guidance.

2.6. Animal housing and tumor inoculation

Female nude mice (6-8 weeks old, weighing 20-25 g, n = 40) and female BALB/c mice (6-8 weeks old, weighing 20-25 g, n = 53)
were purchased from the Fourth Military Medical University Laboratory Animal Center. Three to five mice were housed in each cage
under pathogen-free conditions with a 12/12-h light/dark cycle and ad libitum access to food and water. All the experimental pro-
cedures were approved by the Animal Experimental Ethics Committee of the Fourth Military Medical University (Ref. No. IACUC-
20200655).

The N87 xenograft mouse model was established by the subcutaneous implantation of 5 x 10% N87 cancer cells into the right hind
limbs of nude mice. Tumor growth was monitored by palpation every 5 d. A total of 1 x 10° 4T1-hHER2 cells were injected into the
mammary fat pads of BALB/c mice on the right side of the abdomen (injected tumor), and 5 x 10° 4T1-hHER2 cells were injected into
the left mammary fat pads (distant tumor) to establish a 4T1-hHER2 tumor-bearing mouse model. For 25 d, tumor growth was
monitored by palpation every 5 d, and tumor volume was calculated using the following formula: volume = (length x width?)/2.

2.7. Evaluation of in vivo half-life

To determine protein half-life in blood circulation, four groups of five female BALB/c mice each were injected intravenously with
0.1 pmol/kg of the indicated proteins. Blood samples were promptly collected at 5, 10, 30, 60, 360, and 720 min. The protein con-
centration was measured using a cell-based ELISA. Briefly, 96-well ELISA plates were seeded with 1 x 10* SKBR-3 cells for 24 h. After
fixing with 4 % paraformaldehyde (PFA) and blocking with 2 % BSA, serum samples were added followed by incubation with an anti-
His mouse antibody (2366T; Cell Signaling Technology) at 25 °C for 2 h. After extensive washing, an HRP-conjugated anti-mouse
antibody (K0055G-HRP; Solarbio, Beijing, China) was added for 1 h and detected using TMB substrate (Thermo Fisher Scientific,
Waltham, MA, USA). Based on the 5-min sample value, the data were analyzed using a “one-phase decay” model in GraphPad Prism.

2.8. In vivo tracing of the long-lasting immunopyroptotins

The long-lasting immunopyroptotins were labeled with DyLight 800 NHS Ester (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instruction. A Zeba spin-desalting column was used to remove the unreacted dye. After incubation,
4T1-hHER2 tumor-bearing BALB/c mice were injected intravenously with 0.1 pmol/kg of the labeled proteins for 10 min. The dis-
tribution of the proteins in major organs was detected through imaging using the IVIS® Lumina II in vivo imaging system (Perki-
nElmer, Thermo Fisher, MA, USA).

2.9. RNA isolation and quantitative real-time PCR

Total RNA was isolated from tumor tissues using the TRIzol reagent (Invitrogen, Waltham, MA, USA) according to the manufac-
turer’s instructions. A PrimeScript First-Strand cDNA Synthesis Kit (Takara, Kusatsu, Japan) was used for reverse transcription, and
quantitative real-time PCR was performed using SYBR Green qPCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA). Primers
for Il-10, II-2, Ifn-y, Foxp3, Tgf-f, and mouse f3-actin used in this study are listed in Supplementary Table S1. All reactions were performed
at least in triplicate, and the target mRNA expression levels were normalized to those of mouse p-actin. The relative mRNA expression
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was calculated using the 2724 method [33].

2.10. Flow cytometry

Tumor tissue samples and lymph nodes were collected and dissociated into homogenates for 30 min using a Gentle MACS Dis-
sociator with type I collagenase (Gibco, Waltham, MA, USA). Single-cell suspensions were washed with red cell lysis solution, filtered
through 70 pm nylon mesh filters, and washed using 1 x PBS. To analyze active T cell infiltration into tumors and lymph nodes, single-
cell suspensions were stained with PE-anti-CD3 (BioLegend, 100308) and APC-anti-CD8 (BioLegend, 100711). To analyze mature
dendritic cells (DCs), single-cell suspensions were stained with APC-anti-MHC II (Biolegend, 116417) and FITC-anti-CD11c (Biolegend,
117305) according to the manufacturer’s protocols. Data were analyzed using a Beckman CytoFLEX (Beckman Coulter, Brea, CA, USA)
and FlowJo V10 software.

2.11. Immunofluorescent microscopy

After fixation in 4 % PFA, the tumor tissues and lymph nodes were dehydrated in a 20 % sucrose solution, embedded in paraffin,
and subsequently cut into slices (5 pm). After incubation with 5 % BSA for 1 h, primary antibodies were added (anti-CD3, 1:500,
GB13014; anti-CD4, 1:500, GB11064; anti-CD8, 1:2000, GB12068; anti-Foxp3, 1:500, GB13445; anti-CD68, 1:200, GB113109; anti-
Ki67, 1:600, GB121141; anti-CD86, 1:300, GB13585; anti-CD11c, 1:300 GB11059, all from Servicebio, Wuhan, China) at 4 °C in a
dark, wet box overnight. After extensive washing using FACS bulffer, sections were incubated with secondary antibodies (FITC-goat
anti-rat, 1:200, GB22302; CY3-goat anti-rabbit, 1:500, GB21301; Alexa Fluor 488-goat anti-mouse, 1:500, GB25301, all from Serv-
icebio) for 1 h at 25 °C. Nuclei were stained with Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA, USA). The stained sections
were observed using a Nikon Al spectral confocal microscope (Nikon, Tokyo, Japan).

2.12. Histological examination and TUNEL

Immediately after intraperitoneal anesthesia and euthanasia, the mice were perfused with saline and 4 % PFA. The heart, lung,
liver, spleen, and kidney were extracted and fixed in 4 % PFA for 24 h, embedded into paraffin, and subsequently sectioned into 5 pm.
Sections were stained with hematoxylin and eosin (Beyotime, Beijing, China) and observed using a Nikon A1 spectral confocal mi-
croscope (Nikon, Tokyo, Japan). Dead cells in major organ sections were stained using a TUNEL Apoptosis Detection Kit (Promega).
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Fig. 1. Identification of purified long-lasting immunopyroptotins. (A) Schematic showing the construct of various immunopyroptotins and
immunotBid used in this study. (B, C) Purification of proteins expressed in eukaryote systems identified using western blotting (B) and SDS-
PAGE (C).
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2.13. Lung metastasis

Thirty days after tumor cell inoculation, the lungs were collected from 4T1-hHER2 bilateral tumor-bearing BALB/c mice, washed
with PBS, and fixed in Bouin’s fixative. The nodules in the lungs were counted manually. Fixed lung tissues were stained with he-
matoxylin and eosin (Beyotime, Beijing, China) according to a previously described histological examination method.

2.14. Detection of liver function and renal function

Tumor-bearing mice were killed after the ABD035-immunoGN treatment, and the blood samples of the treated mice were collected
for serum isolation through centrifugation of 4000 rpm for 15 min at 4 °C. Serum ALT (S03030; Rayto, Shenzhen, China), AST (S03040;
Rayto, Shenzhen, China), and CREA (S03076; Rayto, Shenzhen, China) levels were determined according to the manufacturer’s
instructions.

2.15. Statistical analysis
All data are expressed as mean =+ standard error of the mean (SEM) and were analyzed using t-test, two-way analysis of variance,

and log-rank tests. Differences were considered statistically significant at p < 0.05. Statistical analyses were performed using GraphPad
Prism software 8.0.
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Fig. 2. Killing capacity of the long-lasting immunopyroptotins in vitro. (A) Viability of SKBR-3, N87, NCI-H1975, and PC9 cells incubated with
1 mg/mL purified proteins for 12 and 24 h. (B, C) LDH release (B) and Annexin V/PI flow cytometry analyses of (C) of SKBR-3 cells incubated with 1
mg/mL purified proteins for 24 h. (D) Pyroptotic morphology of SKBR-3 cells treated with the indicated immunopyroptotins for 12 h. Data are
expressed as mean + standard error of the mean. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by t-test.
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3. Results
3.1. Identification of the purified long-lasting immunopyroptotins

Two long-lasting immunopyroptotins—ABDO035-immunoGN and dAb7h8-immunoGN—were constructed based on immunotBid, as
previously reported [16]. This was achieved by inserting an albumin-binding peptide of bacterial or human origin between the
anti-HER2 scFv P1h3 and the membrane translocation peptides and by replacing the active pyroptotic effector GN with the parental
apoptotic tBid (Fig. 1A). InmunoGN was used as a control to exclude the albumin-binding domains. To facilitate protein purification,
immunoGN derivatives were fused to a His-tag at the C-terminus. Furthermore, 293F cells transfected with the abovementioned
constructs were harvested after 5 d, and immunopyroptotins expressed in eukaryotic expression systems were purified using NiZ"-NTA
affinity chromatography. All the proteins of interest were detected through western blotting using an anti-His antibody (Fig. 1B and
S9A). The purified fusion proteins were quantified using BCA assay and by conducting grayscale analysis of the protein electrophoresis
gel (Fig. 1C and S9B). The estimated concentrations of ABD035-immunoGN, dAb7h8-immunoGN, immunoGN, and immunotBid were
1 mg/mL, 1.2 mg/mL, 1.4 mg/mL, and 2 mg/mL, respectively.

3.2. Killing capacity of the long-lasting immunopyroptotins in vitro

To explore the tumor-killing capacity of the purified immunopyroptotins, cell viability was assessed in several cancer cell lines,
including SKBR-3 and N87 cells with HER2 high expression, NCI-H1975 cells with HER2 medium expression, and HER2-null PC9 cells
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Fig. 3. Albumin-binding affinity of the long-lasting immunopyroptotins in vitro and in vivo. (A) In vitro tests of 1 yg/mL MSA- and 1 pg/mL
HSA-bound immunopyroptotins measured using ELISA. (B) Viability of SKBR-3 cells incubated with 1 pg/mL MSA- and 1 pg/mL HSA-bound
immunopyroptotins for 24 h. (C) Schematics showing measurement of in vivo pharmacokinetics of the immunopyroptotins. BALB/C mice were
injected intravenously with 0.1 pmol/kg of proteins. Blood samples were collected at the indicated times. The levels of immunopyroptotins in mouse
blood were assessed by ELISA. (D) Pharmacokinetics of ABD035-immunoGN and dAb7h8-immunoGN proteins in mice. n = 3 mice per group. (E)
Quantification of (D). Data are expressed as mean =+ standard error of the mean. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 by t-test.
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[16]. The two long-lasting immunopyroptotins showed selective cytotoxicity toward HER2-positive tumor cells, with undetectable
killing of HER2-negative tumor cells (Fig. 2A). ABD035-immunoGN and dAb7h8-immunoGN exerted comparably higher cytotoxic
effects on SKBR-3 and N87 cells than those of immunotBid, and this difference in the killing capacity of the immunopyroptotins and
immunoapoptotins was further amplified at 24 h post-treatment. These two immunopyroptotins killed relatively fewer NCI-H1975
cells. Data from both the LDH release and Annexin V/ Pl assays supported the notion that immunopyroptotins had a more potent killing
capacity in SKBR-3 cells than did the immunotBid control (Fig. 2B and C, and S1). GSDMD-N expression in the immunopyroptotin
group was higher than that in the control group (Figs. S2 and S10). The dying cells in the immunopyroptotin-treated groups showed
pyroptotic morphology with large bubbles appearing on the plasma membrane (Fig. 2D).

3.3. Albumin-binding affinity of the long-lasting immunopyroptotins

To analyze albumin-binding capability, ELISA was performed using an anti-His antibody to detect long-lasting immunopyroptotins
bound to 96-well plates coated with HSA and MSA. ABD035-immunoGN and dAb7h8-immunoGN showed robust binding to both HSA
and MSA in vitro compared to the non-binding controls, immunoGN, and immunotBid (Fig. 3A).

Next, we used CCK-8 assays to determine whether the MSA- or HSA-binding activities affected the cytotoxicity abilities of
immunopyroptotins. There was no significant difference in the killing capacity of either ABD035-immunoGN or dAb7h8-immunoGN,
regardless of their binding to MSA or HSA (Fig. 3B).

3.4. Prolonged in vivo half-life of the long-lasting immunopyroptotins

The presence of ABD035-immunoGN and dAb7h8-immunoGN in the serum of nude mice was monitored at 5, 10, 30, 60, 360, and
720 min after intravenous injection of 0.1 pmol/kg of the indicated proteins (Fig. 3C). As expected, the half-life of the albumin-binding
domain-deficient immunoGN control group was less than 5 min. In contrast, the serum half-lives of ABD035-immunoGN and dAb7h8-
immunoGN were much longer, with a 7-fold increase up to approximately 30 min (Fig. 3D and E). Significant accumulation of long-
lasting immunopyroptotins was observed in 4T1-hHER2 transplanted tumors as compared to that of the immunoGN control (Fig. 4A
and B).

3.5. Antitumor effect of the long-lasting immunopyroptotins in N87 xenograft nude mice

To evaluate therapeutic efficacy in T cell-deficient mice, nude mice bearing N87 tumors were intravenously administered four
doses of 0.1 pmol/kg of the long-lasting immunopyroptotins proteins every other day; immunotBid treatment used employed as a
positive control (Fig. 5A). Mice receiving ABD035-immunoGN and dAb7h8-immunoGN demonstrated a stronger suppression of tumor
growth than that showed by immunotBid-treated mice (Fig. 5B and C). The retarded tumor growth caused by the long-lasting
immunopyroptotins prolonged animal survival (Fig. 5D), and the secretion of inflammatory factors of IL-1p and IL-18 was pro-
moted in tumors (Fig. S3). No systemic toxicity was observed in ABD035-immunoGN- and dAb7h8-immunoGN-treated mice at these
therapeutic doses (Fig. S4).

Tumor 1.0
(In Breast)

— | DyLight 800 |— Tail vein 0.8
’T\ NHS Ester. ? injection 24h £ ouivo
\1‘;}2' \”Q;kf/ | . imaging
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Fig. 4. Targeting efficiency of the long-lasting immunopyroptotins in 4T1-hHER2 tumor-bearing BALB/c mice. (A) Schematics showing
measurement of targeting efficiency of the immunopyroptotins. (B) Representative ex vivo images of distribution in tumor and major organs of the
immunopyroptotins labeled with DyLight 800 NHS Ester 24 h after tail vein injection. n = 3 mice for each group.
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Fig. 5. Therapeutic efficacy of the long-lasting immunopyroptotins in N87 tumor-bearing nude mice. (A) The experimental procedure is
illustrated in a schematic. The fusion proteins were intravenously injected four times every 2 d. Tumor volumes were recorded every 5 d until day
30. (B) Examination of mean tumor growth in the mice. n = 5 mice per group. Data are expressed as mean + SEM. *P < 0.05 by two-way ANOVA.
(C) Photographs of representative tumors are shown. n = 5 mice per group. (D) Survival curves of the mice treated with the indicated proteins. n =5
mice per group. *P < 0.05 by log-rank test. (E) Immunofluorescence staining of CD68" Ki67" cells in the tumors after administration of immu-
nopyroptotins. n = 3 mice. (F) Quantification of (E). (G) The secretion of IL-1p in blood plasma. Data are expressed as mean + SEM, n = 3. *P <
0.05, ****P < 0.0001 by t-test.

Next, we assessed whether macrophages contributed to the antitumor effects in treated nude mice. Administration of ABD035-
immunoGN and dAb7h8-immunoGN remarkably promoted macrophage proliferation, as evidenced by the increased number of
CD68™ Ki67* cells localized in the tumors (Fig. SE and F). The secretion of IL-1f in blood plasma also increased in the long-lasting
immunopyroptotin groups as compared with that in the control groups (Fig. 5G). These results suggest that immunopyroptotins

have enhanced tumor-suppressive functions in T cell-deficient mice, which may involve macrophage-mediated antitumor immune
responses.

3.6. Antitumor immune responses of the long-lasting immunopyroptotins in bilateral breast tumor-bearing BALB/c mice

Immunocompetent mice were used to investigate the antitumor immune responses to ABD035-immunoGN. We constructed a breast
tumor BALB/c mouse model bearing 4T1-hHER2 tumors bilaterally and intratumorally injected four doses of ABD035-immunoGN into
one side to determine whether the corresponding untreated tumor could be repressed (Fig. 6A). Notably, ABD035-immunoGN potently
inhibited tumor growth in both injected and distant tumors (Fig. 6B and C), leading to an increased survival rate in mice (Fig. 6D) and
inhibition of lung metastasis (Fig. S5).
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Fig. 6. Enhanced antitumor immune responses of the long-lasting immunopyroptotins in 4T1-hHER2 bilateral tumor-bearing BALB/c
mice. (A) Schematic diagram of the experiment. The fusion proteins were administered intratumorally on the left side every other day. Tumor
volumes were measured and recorded every 5 d until day 25. (B) Representative photographs of tumors are shown. n = 5 mice per group. (C) Tumor
volume growth curves. n = 5 mice per group. Data are expressed as mean + SEM. ****P < 0.0001 by two-way ANOVA. (D) Survival curves of the
recipient mice. n = 5 mice per group. *P < 0.05 by log-rank. (E) Immunofluorescence staining of CD3* CD8" T cells, CD4* Foxp3™ T cells, and
CD86" CD11C* DC in the injected tumors. n = 3 mice.

To better understand the mechanism underlying the observed systemic antitumor effects, injected tumors and lymph nodes were
subjected to immunofluorescence and/or flow cytometry to detect immune cell signatures. Compared to that in the PBS group, the
accumulation of antitumor CD3" CD8" T cells and mature DCs (Fig. 6E-S6 and 7A-7F) was enhanced in the ABD035-immunoGN-
treated tumors and lymph nodes. In contrast, decreased numbers of CD4" Foxp3™" Tregs were observed in the injected tumors of
mice receiving ABD035-immunoGN treatment compared to those in the control (Fig. 6E). The expression of inflammatory cytokines
was analyzed in injected tumors. Tumors treated with ABD035-immunoGN exhibited upregulated expression of the proinflammatory
cytokines IL-2 and IFN-y (Fig. 7G) and downregulated expression of the anti-inflammatory cytokines IL-10 and TGF-f, as well as the
immunosuppressive Foxp3 marker (Fig. 7H). The secretion of inflammatory factors of IL-1p, IL-18, and HMGBL1 in blood plasma and
the injected tumors also increased in the long-lasting immunopyroptotin-recipient mice as compared with that in the control group
(Fig. S7).

To further investigate antitumor immunity in mice with ABD035-immunoGN-non-injected distant tumors, we assessed tumor-
infiltrating immune cells from distant tumors using flow cytometry and immunofluorescence analyses. Contralateral treatment with
ABDO035-immunoGN increased the number of CD3* CD8™ T cells in distant tumors (Figures S6, 8A-8C and 8E). In contrast, the number
of CD4™ FoxpS+ T cells decreased in distant tumors after treatment with ABD035-immunoGN (Fig. 8D and E). Therapeutic doses of
ABDO035-immunoGN caused no detectable morphological abnormalities in the major organs of the 4T1-hHER2 tumor-bearing BALB/c
mice (Figs. S7A and S7B). Despite the unaltered serum levels of ALT and AST, the ABD035-immunoGN-treated mice showed a slight
increase in CREA levels, indicating mild renal function damage (Fig. S8D). Taken together, these results demonstrated that ABD035-
immunoGN strongly elicited systemic antitumor immune responses via increased infiltration of CD3" CD8™ T cells and mature DCs,
leading to effective regression of tumors outside the injection sites.
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Fig. 7. Long-lasting immunopyroptotins boost antitumor immunity in 4T1-hHER2 bilateral tumor-bearing BALB/c mice. (A, B) Flow
cytometric quantification of CD3" CD8" T cells infiltrated in the injected tumors (A) and lymph nodes (B). n = 3 mice. (C) Flow cytometric
quantification of CD11c* MHCII™ cells infiltrated in the lymph nodes. n = 3 mice. (D-F) Quantification of (A-C). n = 3, **P < 0.01, ***P < 0.001,
*+*P < 0.0001 by t-test. (G, H) Relative gene expression of proinflammatory cytokines (G), anti-inflammatory cytokines and immunosuppressive
Foxp3 marker (H) in the injected tumors. n = 3 mice, *P < 0.05, **P < 0.01, ****P < 0.0001 by t-test.

4. Discussion

Pyroptosis, a type of programmed cell death, is characterized by the formation of pores in cell membranes via proteins of the GSDM
family, causing cell swelling and cytomembrane ruptures, as well as the release of proinflammatory cytokines IL-1p and IL-18, trig-
gering a strong inflammatory response [34,35]. GSDM-induced pyroptosis is thought to exert a kinetic advantage over either caspase-
or tBid-induced apoptosis because these apoptotic effectors indirectly trigger a multistep cell death process by sequentially interacting
with other downstream molecules. In contrast, the pyroptotic effector GSDM directly induces single-step cell death via its pore-forming
capability.

The feasibility of using a pyroptosis-inducing strategy in cultured cells has been previously demonstrated. Transfecting the N-
terminal gene fragments of GSDMA, GSDMC, or GSDME induces significant pyroptosis in human 293T cells, unlike the transfectants
with their full-length gene counterparts, which lack killing effects [19]. Thus, the overexpression of the GSDM-N domain can kill
mammalian cells via intrinsic cytotoxicity. Addition of either the purified active form of a non-covalently linked complex of full-length
GSDMD or the truncated GSDMA-N terminal domain to the culture media of murine bone marrow-derived macrophages did not induce
successful cell lysis. Conversely, cytosolic delivery of the purified GSDM-N terminal domain resulted in cytotoxicity, suggesting that
access to the inner cell membranes is required for pore formation [19]. Similar results have been observed in human 293T cells [19].
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Taken together, the cellular introduction of N-terminal GSDM fragments induces pyroptosis only when delivered cytosolically but not
extracellularly.

Extended application of pyroptosis-based antitumor strategies requires pyroptotic induction, specifically in tumor cells. Recent
studies have focused on two major types of nanotechnological design. One such design is the elegantly controlled regulation of the
intratumoral activation of endogenous GSDM proteins. For example, photosensitizer-encapsulated nanoparticles are endocytosed into
tumor cells to release loaded photosensitizers via either an acid-activated mechanism [36] or homing of wrapped tumor membranes
[37]. Subsequently, they underwent photoactivation for endogenous caspase-3/GSDME cleavage, followed by cytomembrane perfo-
ration. Photoactivated tumor cell pyroptosis can be facilitated by co-loading epigenetic regulators such as decitabine in
photosensitizer-carrying nanovesicles to upregulate GSDME expression in tumor cells [37]. Another example is the reconstitution of
the attenuated bacterium Listeria monocytogenes coated with red blood cell membranes, which results in the upregulation of
endogenous GSDMC expression and activation of the caspase-8/GSDMC axis for tumor cell pyroptosis [38]. Another design harnesses
cancer-imaging probe-cleaved release from the nanoparticles of a modified full-length GSDMAS3 with the loss of the inhibitory function
of its C-terminal domain [34]. As shown in these reports, antitumor immune responses are elevated, which can be attributed to robust
pyroptosis in tumors.

This study tested an alternative antitumor pyroptotic strategy using nanotechnology-independent delivery of a constitutively active
N-terminus of GSDMD, specifically into tumor cells. We generated and purified a class of HER2-targeted immunopyroptotins using the
formula P1h3-ABD035(dAb7h8)-B2-E5C3-GSDMD-N. This design offers two benefits. First, immunopyroptotins would deliver active
GSDMD-N directly into the cytosol of HER2-positive tumor cells, effectively inducing pyroptosis and selectively targeting tumor cells
while sparing normal cells. Second, immunopyroptotins would bind to albumins, potentially extending their serum half-life.

Enhanced tumor killing both in vitro and in vivo was demonstrated by immunopyroptotins, with ImmunotBid used as a control. The
two types of immunopyroptotins exhibited comparable killing capacities in vitro. ABD035-immunoGN showed a 41 % increase in
killing rates against SKBR-3 cells compared to those of immunotBid at 24 h post-treatment. Similarly, the cytotoxicity of ABD035-
immunoGN in N87 cells reached as high as 62 %, compared to 38 % for immunotBid after 24 h of incubation. The
immunopyroptotin-augmented in vivo anti-tumor effect was further confirmed in T cell-deficient and immunocompetent tumor mouse
models. In N87 tumor nude mice, ABD035-immunoGN-caused tumor regression was 38 % stronger than that of immunotBid-induced
tumor inhibition, with 35 % stronger tumor suppression in dAb7h8-immunoGN than in immunotBid. In BALB/c mice with 4T1-hHER2
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bilateral tumors, ABD035-immunoGN-injected tumors demonstrated 78 % suppression, accompanied by 72 % growth inhibition of
non-injected distant tumors.

The prolongation of the lifetime of immunopyroptotins was confirmed in nude mice. Although the eukaryotically purified
immunopyroptotins were not highly pure, there was a 7-fold increase in the serum half-life of long-lasting immunopyroptotins
compared to that of their counterparts without the albumin-binding domain. This improvement is comparable to that reported by Wei
et al., in which immunotoxins were reconstituted with an albumin-binding domain from Streptococcus, showing a 10-fold increase in
half-life over the original albumin-binding domain-null counterpart [24].

Next, we investigated whether antitumor immunity was potentiated primarily in immunocompetent mice treated with immuno-
pyroptotins. In immunocompetent BALB/c mice bilaterally bearing 4T1-hHER2 tumors, intratumoral CD3™ CD8" T cells and CD86™
CD11c" mature DCs accumulated to a greater extent in the immunopyroptotin-injected tumors than in the tumors of the control group.
Immunopyroptotins also exerted a growth-suppressive effect on non-injected distant tumors, with increased intratumoral infiltration
of cytotoxic T cells. These findings indicated that tumor-specific pyroptosis induction can activate systemic antitumor immune re-
sponses. However, persistent high levels of antigen released by dying pyroptotic tumor cells may drive functional exhaustion of T cells.
Further research is necessary to clarify the potential immune suppressive function and the mechanism of immune responses of
immunopyroptotins in cancer therapies. It was also noted that in T cell-null nude mice bearing N87 tumors, macrophage infiltration
increased in the tumor tissues of the ABD035-immunoGN and dAb7h8-immunoGN groups compared to that in the tumor tissues of the
immunotBid control group. Yet it remains to be further investigated whether the increase of macrophage infiltration in these
immunodeficient mice would have an additive effect on antitumor function of immunopyroptotins.

However, some concerns including the feasibility and challenges of translating these immunopyroptotins into clinical applications
remain to be addressed [39]. First, the eukaryotic purification method optimized herein failed to produce immunopyroptotic proteins
in large quantities with high purity. Further efforts should be made to optimize high-yield expression and purification systems for
secretory immunopyroptotins. Second, the half-life of albumin-bound immunopyroptotins, although seven times longer than that of
the albumin-binding domain-deficient control, was still as short as 30 min. Further optimization of the structural design of immu-
nopyroptotins should be considered to overcome this problem. Third, off-tumor toxicity by HER2-targeted therapeutics poses a po-
tential risk, given low-level expression of HER2 in some of normal tissues. But in this study, nonspecific toxicity was not observed at
therapeutic doses, as supported by the absence of both morphological abnormalities in the major organs and biochemical abnor-
malities in serum of the immunopyroptotin-recipient mice (Figs. SSA-S8C). More importantly, as we previously reported, anti-HER2
antibody-caspase conjugates are capable of killing trastuzumab-resistant cancer cells [40]. Thus this antibody-guided pyroptotic in-
duction strategy would provide a promising alternative for HER2-targeted therapeutics especially in the case of trastuzumab resistance
[41], and further investigation is needed concerning whether the immunopyroptotins could exert additive or synergistic effects with
trastuzumab or other HER2-targeted drugs [42]. Lastly, patients suitable for the immunopyroptotin treatment should be carefully
selected by the more efficient HER2 diagnostic methods [43,44], and therapeutic efficacy should also be evaluated in patients with
different levels of HER2 expression.

5. Conclusion

We constructed and purified long-lasting immunopyroptotins against HER2 using eukaryotic methods. These fusion proteins
exhibited potent tumor growth-inhibitory effects and induced systemic antitumor immune responses in both T cell-deficient N87
tumors and immunocompetent 4T1-hHER2 tumor mouse models. This study presents a new strategy for the direct application of a
constitutively active GSDM N-terminal peptide in combination with a tumor-targeting antibody for pyroptosis-based tumor therapy.
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