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Purpose: Aspartate B-hydroxylase (ASPH) contributes to carcinogenesis by promoting tumor cell proliferation, migration, and
invasion. The enzymatic activity of ASPH can be inhibited by small molecule inhibitors that have been shown to have anti-
metastatic activity in rodent models. ASPH has also been shown to inhibit the activation of natural killer (NK) cells. Therefore,
this study aimed to investigate the effect of ASPH inhibition on the induction of anti-tumor immunity and to analyze the immune cells
involved.

Methods: In the mouse TC-1/A9 model characterized by reversible downregulation of major histocompatibility class I (MHC-I)
molecules, ASPH inhibition was combined with stimulation of innate and/or adaptive immunity, and the anti-tumor response was
analyzed by evaluation of tumor growth, in vivo depletion of immune cell subpopulations, and ELISPOT assay. Characteristics of
immune cells in the spleen and tumor were determined by flow cytometry and single-cell RNA sequencing (scRNA-seq).

Results: ASPH inhibition did not reduce tumor growth or promote the anti-tumor effect of innate immunity stimulation with the
synthetic oligonucleotide ODN1826, but it significantly enhanced tumor growth reduction induced by DNA vaccination. In vivo
immune cell depletion suggested that CD8" T cells played a critical role in this immunity stimulated by combined treatment with
ASPH inhibition and DNA vaccination. ASPH inhibition also significantly enhanced the specific response of CD8" T cells induced by
DNA vaccination in splenocytes, as detected by ELISPOT assay, and reduced the number of regulatory T cells in tumors. scRNA-seq
confirmed the improved activation of CD8" T cells in tumor-infiltrating cells after combined therapy with DNA vaccination and ASPH
inhibition. It also showed activation of NK cells, macrophages, and dendritic cells in tumors.

Conclusion: ASPH inhibition stimulated T-cell-mediated adaptive immunity induced by DNA vaccination. Different types of
lymphoid and myeloid cells were likely involved in the activated immune response that was efficient against tumors with MHC-I
downregulation, which are often resistant to T-cell-based therapies. Due to different types of activated immune cells, ASPH inhibition
could improve immunotherapy for tumors with various MHC-I expression levels.
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Introduction

Aspartate f-hydroxylase (ASPH) plays a crucial role in embryonic development by facilitating cell movement for organ
formation, but its expression in most normal adult tissues is minimal and localized to the endoplasmic reticulum.'~
ASPH is overexpressed in 70-90% of human solid tumors and is associated with poor clinical prognosis in patients with
various cancers, making ASPH a valuable prognostic marker.'> The regulation of ASPH gene expression involves
intricate signaling pathways related to cell growth, survival, proliferation, motility, and differentiation, including the
insulin/insulin-like growth factor 1 (IGF1)/insulin receptor substrate 1 (IRS1) signaling,® extracellular signal-regulated
kinase (ERK)/mitogen-activated protein kinase (MAPK), phosphatidylinositol-3-kinase/protein kinase B (PI3K-Akt)
pathways,” and Wnt signaling/p-catenin pathway.g ASPH overexpression increases cell proliferation, motility, and
invasion, leading to tumor progression and metastasis.”
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ASPH catalyzes the hydroxylation of aspartyl and asparaginyl residues in calcium-binding epidermal growth factor
(cbEGF)-like domains® and activates numerous oncogenic pathways within tumor cells.” For instance, ASPH hydro-
xylates Notchl, releasing the Notch intracellular domain (NICD) fragment and promoting cell proliferation and tumor
growth.'®'? This signaling may be further enhanced by inositol polyphosphate-5-phosphatase F (INPP5F) binding to
ASPH."? Additionally, ASPH interacts with vimentin to induce epithelial-mesenchymal transition,"* binds pRb to
support cell-cycle progression,'® stimulates SRC to promote new blood vessel formation,'® and regulates glycogen
synthase kinase-3p (GSK-3B) to increase cell growth.!” Finally, ASPH regulates the expression of Ly6 family members
that contribute to tumor development.'®

Notch signaling also plays a multifaceted role in the development and function of the hematopoietic and immune
systems.'” This pathway influences cell fate decisions and differentiation processes in both embryogenesis and adult
hematopoietic stem cell homeostasis.'**° In addition, Notch signaling is crucial in regulating macrophage polarization:
Notch activation drives the M1 phenotype independent of M1 or M2 inducers.?' Notch proteins are also critical in
determining thymocyte development, regulating the choice between T-cell or B-cell lineage commitment, aff or yo T-cell
receptor expression, and CD4 or CD8 T-cell lineage commitment. In addition, Notchl plays a role in the activation of
peripheral T cells and their differentiation into T helper 1 (Thl), Th2, and regulatory T cell subtypes.22 Nevertheless, the
ASPH effect on immune cells has only been characterized in natural killer (NK) cells to date.” In that study, NK cells
were incubated with recombinant human ASPH, which negatively regulated their activity by increasing apoptosis and
necrosis and reducing the surface expression of the natural killer group 2, member D (NKG2D) receptor, and the p44
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natural killer cell (NKp44) receptor, and interferon y (IFN-y) production. However, the impact on tumor growth was not
analyzed.

Small molecule inhibitors (SMIs) have been designed to inhibit the ASPH enzymatic activity” based on the catalytic
site at the C-terminus of ASPH.** ASPH inhibition reduced cell proliferation, migration, and invasion in various tumor
cell lines, as well as tumor growth and metastasis in several animal models.>'®!72%27

In addition to NK cells, the effect of ASPH on other immune cells has not been studied. In this study, we determined
the impact of ASPH inhibition on both innate and adaptive anti-tumor immune responses and analyzed the phenotypic
profiles of immune cells within the spleen and tumor microenvironment (TME). These investigations will provide novel
insights into the interplay between ASPH and anti-tumor immunity, potentially revealing new therapeutic strategies

targeting ASPH to enhance immune-mediated cancer control.

Materials and Methods

Cell Line

The TC-1/A9 cell line (RRID:CVCL_ZW99) used in the study is a derivative of the TC-1 mouse tumor cells (RRID:
CVCL _4699) producing the human papillomavirus type 16 (HPV16) E6 and E7 oncoproteins. The TC-1/A9 clone was
selected based on suppressed major histocompatibility complex class I (MHC-I) surface expression in a tumor grown in
an immunized mouse.”® Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich), 100 IU/mL penicillin, and
100 pg/mL streptomycin (Biosera, Kansas, MO, USA) and cultured in a humidified incubator at 37°C with a 5% CO,
atmosphere. Cells were harvested at 80% confluence using 0.05% trypsin-EDTA in phosphate-buffered saline (PBS) for
further experiments.

Mice

Female 7-8-week-old C57BL/6NCrl mice (Charles River, Sulzfeld, Germany) were used for in vivo experiments, which
were performed under specific pathogen-free conditions at the Animal Facility Module of the Czech Center of
Phenogenomics (BIOCEV, Vestec, Czech Republic) in compliance with Directive 2010/63/EU. Experimental protocols
were approved by the Sectoral Expert Committee of the Czech Academy of Sciences for Approval of Projects of
Experiments on Animals (reference number 69/2018, 13 August 2018).

Cancer Therapy

C57BL/6NCrl mice (n = 10) were subcutaneously (s.c.) inoculated with 3 x 10* TC-1/A9 cells suspended in 0.15 mL PBS
(day 0) into the backs under anesthesia with ketamine (100 mg/kg; Bioveta, Ivanovice na Hane, Czech Republic) and
xylazine (16 mg/kg; Bioveta). The mice were then treated with 2 pg of the pPBSC/PADRE.E7GGG plasmid® by a gene gun
(Bio-Rad, Hercules, CA, USA) at a discharge pressure of 400 psi into shaved abdominal skin and/or 50 pg of the ODN1826
adjuvant carrying immunostimulatory CpG motifs (Generi Biotech, Hradec Kralove, Czech Republic) in 200 pL PBS by
intraperitoneal (i.p.) injection on days 3, 6, and 10 after cell administration. The dose of 200 pg of the ASPH inhibitor MO-
I-1151 in 50 uL DMSO was administered i.p. on days 3—7, 10-14, 17+19+21, 24+26+28, and so on. The empty plasmid
pBSC,3 O PBS, and DMSO were used as controls. Tumor size was measured three times a week with a caliper, and the tumor

volume was calculated using the formula (7/6) (a X b x ¢), where a, b, and ¢ are tumor dimensions.

Immune Cell Depletion

Subpopulations of immune cells were depleted in vivo by monoclonal antibodies (BioXCell, Lebanon, NH, USA) anti-
CD4 (clone GK1.5), anti-CD8 (clone 2.43), and anti-NK1.1 (clone PK136) at doses of 200 pg diluted in 200 uL. PBS.
These antibodies were administered by i.p. injection on days 4, 7, 11, 14, 18 and 21 after tumor-cell inoculation. PBS was
used as a control.
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Flow Cytometry

Single-cell suspensions from tumor tissues or spleens were prepared as previously described.>' Cells were stained for
viability with the Fixable dye eFluor 506 (ThermoFisher Scientific, Waltham, MA, USA) in PBS, incubated with anti-
mouse CD16/32 (Fc block, clone 93; BioLegend, San Diego, CA, USA), and treated with antibodies against surface
markers (Table 1). Following fixation and permeabilization (Fixation/Permeabilization Concentrate, eBioscience, San
Diego, CA, USA, diluted 1:3 with the Fixation/Permeabilization Diluent, eBioscience), intracellular staining with anti-
FoxP3 was performed after staining of lymphoid cells. Flow cytometry data were acquired on a CytoFLEX LX flow
cytometer (Beckman Coulter, Indianapolis, IN, USA) and analyzed using FlowJo version 10.8.1 (BD Biosciences,
Franklin Lakes, NJ, USA; Figure SI1A and B).

ELISPOT Assay

CS57BL/6NCrl mice (n = 3) were immunized with 2 pg of the pBSC/PADRE.E7TGGG plasmid (group designated
DNAvac) using a gene gun on days 0, 3, and 7, inoculated with 200 nug of the ASPH inhibitor MO-I-1151 (ASPHi) in
50 uL DMSO that was injected i. p. on days 0—4, 7—11, and 14, or treated with both the pBSC/PADRE.E7GGG and MO-
I-1151 (DNAvac+ASPHi). The empty plasmid pBSC and DMSO were used as controls. On day 15, mononuclear cells
were isolated from pooled spleens using a gentleMACS Octo Dissociator (Miltenyi Biotec; m_spleen 4 1 setting),
Ficoll/Histopaque (Cytiva, Marlborough, MA, USA) density gradient centrifugation, and CTL-Wash medium (Cellular
Technology Limited, Cleveland, OH, USA). The isolated cells were resuspended in CTL-Test medium (Cellular
Technology Limited) and incubated overnight with the HPV16 E7-derived peptide (RAHYNIVTF; 0.1 pg/mL;
Clonestar Biotech, Brno, Czech Republic) or the PADRE peptide (AKFVAAWTLKAAA; 1 pg/mL; GenScript,
Piscataway, NJ, USA) stimulating CD8" or CD4" T cells, respectively. IFN-y-producing cells were quantified using an

Table | List of Antibodies Used for Flow Cytometry

Antigen | Conjugate Clone Company Staining Panels
p2m AF488 S19.8 Santa Cruz Surface .
CD3 BVv421 M1/70 BioLegend Surface .
CD4 PerCP-Cy5.5 RM4-5 BioLegend Surface .
CD8 FITC 53-6.7 BiolLegend Surface .
CDIlIb BV421 M1/70 BiolLegend Surface

CDllc APC-Cy7 N418 BiolLegend Surface .
CD25 APC PC61.5 Invitrogen Surface .
CD45 AF700 30-FI1 BioLegend Surface . .
CD317 PE 927 BioLegend Surface .
F4/80 BV650 BM8 BioLegend Surface .
FoxP3 PE FJK-16S Invitrogen Intracellular .
Lyé6C BV785 HKI.4 BioLegend Surface .
Ly6G PE-Cy5 1A8 Reagent Genie Surface .
MHC-II PE-Cy7 M5/114.15.2 BioLegend Surface .
NKI.1 BV650 PK136 BioLegend Surface .
PD-I PE-Cy7 29F1AI12 BioLegend Surface

TCR v/ BV605 GL3 BiolLegend Surface
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ELISPOT assay as previously described.’! The stained spots were counted by an ImmunoSpot Analyser S6 Ultimate M2
(Cellular Technology Limited) and relative spot-forming units (SFU) were calculated for each group, with 100%
representing the mean SFU obtained after stimulation with the PADRE or E7 peptides in each experiment.

T-Cell Proliferation Assay

Mononuclear Cell Isolation

Spleens from 7-8-week-old female C57BL/6NCrl mice were harvested and dissociated into a single-cell suspension
using a gentleMACS Octo Dissociator (m_spleen 01 01 setting), and MACS buffer (consisting of PBS pH 7.2, 0.5%
bovine serum albumin (BSA), and 2 mM EDTA). The cells were passed through a 70 pm filter, pelleted by centrifugation
at 400xg for 10 min at 20°C, and resuspended in 10 mL ACK buffer (0.15 M NH,4CI, 10 mM KHCO;, 1 mM EDTA, pH
7.2-7.4) for erythrocyte lysis. The cell suspension was again pelleted by centrifugation at 400xg for 5 min at 20°C,
resuspended in 2 mL PBS, and the numbers of cells were determined.

Enrichment of CD3" Cells Using autoMACS

Isolated mononuclear cells were enriched for CD3" cells using the Pan T Cell Isolation Kit II, mouse (Miltenyi Biotec,
Gladbach, Germany). Briefly, the counted cells were pelleted by centrifugation at 400xg for 5 min at 4°C and
resuspended in 40 uL of MACS separation buffer containing 0.5% bovine serum albumin (BSA) in autoMACS
Rinsing Solution (Miltenyi Biotec) per 10 total cells, followed by the addition of 10 uL of biotin-antibody cocktail
per 107 total cells and incubation for 5 min at 4-8°C. Then, 30 uL of MACS separation buffer and 20 uL of Anti-Biotin
MicroBeads per 107 total cells were added, and the cells were incubated for an additional 10 min at 4-8°C. The
magnetically labeled cells were then passed through the autoMACS Pro Separator (Miltenyi Biotec) for a standard
negative selection (the Depletes program). The number of enriched CD3" T cells in the negative fraction was determined.

Cell Staining with CellTrace Violet (CTV)

CD3" T cells were stained using the CellTrace Violet Cell Proliferation Kit (Invitrogen, Waltham, MA, USA) as
previously described.*? Briefly, after CD3" cells were pelleted (400xg for 5 min at 4°C), 9 x 10° cells were resuspended
in 3 mL PBS, stained with 3 pL. CTV (5 uM), and incubated in a humidified incubator at 37°C in an atmosphere
containing 5% CO, for 20 min. The incubation was followed by the addition of 11 mL RPMI-1640 medium (Sigma-
Aldrich) supplemented with 100 U/mL penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine, 20 mM HEPES, 0.1%
2-mercaptoethanol, and 10% FBS (all from Sigma-Aldrich) and further incubation at room temperature for 5 min in the
dark. Cells were pelleted by centrifugation (400xg for 5 min at 4°C) and resuspended in RPMI-1640 at a concentration of
1 x 10%/mL.

Cell Cultivation

A 96-well U-bottom plate (Techno Plastic Products, Trasadingen, Switzerland) was seeded with 2 x 10° CD3" T cells in
100 puL of RPMI-1640 per well, and the cells were stimulated using a T Cell Activation/Expansion Kit, mouse (Miltenyi
Biotec). RPMI-1640 was used as a control. Then, IL-2 (final concentration 100 U/mL; Gibco, Billings, MT, USA) and/or
MO-I-1151 (final concentration 10 pM) were added. Cells were cultured in a humidified incubator at 37°C in an
atmosphere containing 5% CO, for 24 or 72 hours and then used for flow cytometry analysis.

Flow Cytometry

Before staining the cells for flow cytometry, the Anti-Biotin MicroBeads were removed using a SPRIPlate 96R Ring
Super Magnet Plate (Beckman Coulter, Indianapolis, IN, USA). Staining was performed using the Fixable Viability Dye
eFluor 506 and antibodies against CD4 (PerCP-Cy5.5, clone RM4-5, BioLegend) and CD8 (FITC, clone 53-6.7,
BioLegend) and analyzed by FlowJo.

Proliferation Index
Lymphocyte proliferation was evaluated by the proliferation index using FlowJo version 10.8.1. It was calculated
according to the equation 1.
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where i is the generation index and G; is the number of cells in generation i. The proliferation index shows the number of
cell divisions while including only cells divided at least once.

Mouse Tissue Processing for Single-Cell RNA Sequencing (scRNA-Seq)

Preparation of Single Cells From Tumors

Single-cell suspensions were prepared from tumors collected 16 days after cell administration using the Tumor
Dissociation Kit (Miltenyi Biotec). Briefly, 3 tumors were collected from each group of untreated and treated mice
(Control, ASPHi, DNAvac, and DNAvac+ASPHi), and equivalent portions were pooled, cut into pieces less than 3 mm,
and transferred to gentleMACS C tubes containing DMEM with enzyme H, enzyme R, and enzyme A according to the
manufacturer’s instructions with the addition of 10 pL of 100 ug/mL DNase I (Roche, Basel, Switzerland). Tumor tissue
was dissociated into single cells using the gentleMACS Octo Dissociator (programs h tumor 01 01 and
37C_m_TDK 2) with heaters. The dissociated tissue was passed through a sterile 70 pm filter to obtain a single-cell
suspension. After washing, 2 mL of ACK lysing buffer was added to the cell suspension. The single-cell suspensions
were centrifuged at 300xg for 10 min, and cell number and viability were assessed using AO/EB staining.

Enrichment of CD45" Cells by autoMACS

To isolate immune cells from the tumor single-cell suspension, 20 x 10° cells were enriched for CD45" cells using CD45
MicroBeads (Miltenyi Biotec) and magnetic separation by an autoMACS Pro Separator. Briefly, the cell pellet was
resuspended in a 180 uL. MACS separation buffer, 20 pL. CD45 MicroBeads (Miltenyi Biotec) were added, and the cell
suspension was incubated at 4°C for 15 min. The cells were then washed by adding 2 mL of MACS separation buffer and
centrifuging at 300xg for 10 min at 4°C. The cell pellet was resuspended in 100 uL. MACS separation buffer and applied
to the autoMACS Pro Separator (Miltenyi Biotec) for positive selection using the Possels program. The CD45" cells were
collected in a 15 mL tube, and cell number and viability were determined by AO/EB staining.

Cell Multiplexing

Enriched CD45" cells at 2 x 10° per sample were pelleted in a 2 mL microcentrifuge tube and resuspended in 1 mL PBS
containing 0.04% BSA. The cell suspension was centrifuged at 400xg for 5 min at room temperature. The supernatant
was removed without disturbing the pellet, and the cells were labeled with Cell Multiplexing Oligo (CMO; 3’ CellPlex
Kit Set A; 10x Genomics, Pleasanton, CA, USA) at room temperature with gently pipetting the mixture 5—10 times to
resuspend. The mixture was then incubated for 5 min and washed 3 times with PBS containing 10% FBS to remove
unbound CMO. After the final wash, assuming 50% cell loss, an appropriate volume of chilled PBS containing 10% FBS
was added to the CMO-labeled samples to achieve a final concentration of 700—1,200 cells/uL. Cell concentration and
viability were determined using a Countess II Automated Cell Counter (Bio-Rad), and samples were pooled in a ratio of
1:1:1:1. Cell concentration and viability of the pooled sample were determined using a Countess II Automated Cell
Counter (Bio-Rad).

scRNA-Seq Library Preparation and Sequencing

scRNA-seq libraries were prepared using the Chromium Next GEM Single Cell 3’ Kit v3.1 (10x Genomics) according to
the manufacturer’s protocol at the Genomics and Bioinformatics Core Facility, Institute of Molecular Genetics (Prague,
Czech Republic). Libraries were sequenced on the Illumina sequencing platform (NovaSeq 6000; Illumina, San Diego,
CA, USA) at the Institute of Applied Biotechnologies (Prague, Czech Republic), generating approximately 150 bp
paired-end reads.
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scRNA-Seq Data Processing
Mapping
Raw data quality was assessed using the FastQC toolkit v0.11.9 (https://www.bioinformatics.babraham.ac.uk/projects/

fastqc). Reads were then aligned to the mouse genome, GRCm38 assembly with Ensembl annotation, and counted using
the Cell Ranger 6.1.2 (10x Genomics)>® pipeline with default parameters. Confident mapping to exonic regions was
above 50% for each library. The data are publicly available in the Sequence Read Archive (SRA) database (https:/www.
ncbi.nlm.nih.gov/sra) under the accession number PRINA1072571.

Sample Quality Control and Clustering

Following Cell Ranger preprocessing, read count data was loaded in R into a Seurat v4.2.1°* object. The putative
doublets were removed using scDoubletFinder with default parameters,®> and low-quality cells were filtered out based on
gene expression detection (for tumor samples, 1500-6500 genes and <5% mitochondrial genes). For integration across
samples, 3000 highly variable genes were identified (variance stabilization approach implemented in the SCTransform
function) and integration anchors were selected (SelectIntegrationFeatures function) based on shared expression patterns.
The PrepSCTIntegration function was then used to ensure that all the necessary Pearson residuals were calculated. The
integration anchors were predicted using canonical correlation analysis and the SCT test. Finally, the samples were
integrated using the IntegrateData function. Dimensionality reduction was performed using principal component analysis
(PCA) on the integrated data using the RunPCA function with default parameters. A shared nearest neighbor (SNN)
graph®® was then built using FindNeighbors over the top 15 principal components (PCs), and cells were clustered using
a clustering algorithm based on an SNN modularity optimization implemented in the FindClusters function (resolution:
0.5). Nonlinear dimensionality reduction was performed with uniform manifold approximation and projection (UMAP)*’
on the top 15 principal components using the RunUMAP function with default parameters. For expression plots and
testing of differentially expressed genes, gene counts were log-normalized using the NormalizeData function. Differential
expression analysis was performed using the FindAllMarkers function with default parameters.

Cluster Annotation

Clusters were annotated using multiple resources including Tabula Muris,*® CIPR,* PanglaoDB,40 CellKb,*! SCSA,*
CellMarker,” and AnnotationHub.** We also confirmed cluster annotation with cell markers from differential gene
expression analysis.

Gene Set and Pathway Enrichment Analyses

The differentially expressed genes were ranked by log fold change, and input to the gene set enrichment analysis
(GSEA),* implemented using a custom function built from the clusterProfiler*® package v4.8.3 functions, against
databases including the Molecular Signatures Database (MSigDB) Hallmark v2020, Kyoto Encyclopedia of Genes and
Genomes (KEGG, mouse v2019),*” and Gene Ontology (GO)*® (Biological Process v2023, Cellular Component v2023,
and Molecular Function v2023). The database GMT files were obtained from the Enrichr*” and MSigDB>® websites. The
results were visualized using the ggplot2*® R package v3.4.0. Further analysis for cell-cell communication CellChat was
performed with default parameters.”'

Statistical Analysis

All results were presented as the mean =+ the standard error of the mean (SEM). Statistical differences between two groups
were determined by the Student’s #-test or analysis of variance (ANOVA). All statistical analyses were performed using the
Prism software, version 8.4.3 (GraphPad Software, San Diego, CA, USA). p < 0.05 was considered statistically significant.

Results
Combination of DNA Vaccination and ASPH Inhibition Reduces Tumor Growth

To investigate a possible contribution of ASPH inhibition to cancer immunotherapy, we selected the mouse TC-1/A9
tumor model, which exhibits a low sensitivity to DNA vaccination alone, but tumor growth was significantly reduced
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after combined immunotherapy with a DNA vaccine and the synthetic oligonucleotide ODN1826°% carrying immunos-
timulatory CpG motifs. Our previous study on ASPH inhibition showed a high ASPH level in TC-1/A9 cells and
demonstrated the effect of ASPH inhibition on cell proliferation, migration, and invasion.'®

Here, treating TC-1/A9-induced tumors with the ASPH inhibitor MO-I-1151 alone or in combination with the
ODN1826 adjuvant did not significantly reduce tumor growth (Figure 1A). However, combining ASPH inhibition with
the PADRE.E7GGG DNA vaccine significantly inhibited tumor growth. This improved anti-tumor effect was not
observed when ASPH inhibition was added to the combined treatment by DNA vaccination and ODN1826 administra-
tion, which alone showed a strong therapeutic response.

ASPH Inhibition Enhances the Anti-Tumor Effect of DNA Vaccination by Stimulating
the T Cell-Mediated Adaptive Immune Response

To better understand how the MO-I-1151 inhibitor enhanced the anti-tumor effect of DNA vaccination, we performed in vivo
depletion of CD4 ", CD8", or NK 1.1 cells using monoclonal antibodies. The anti-tumor effect of the therapy was substantially
reduced only by depletion of CD8" cells (Figure 1B). Therefore, we performed an IFN-y ELISPOT assay to determine whether
CD8" T lymphocytes induced by DNA vaccination were further activated after in vivo administration of MO-I-1151. ASPH
inhibition increased the number of specifically activated CD8" and CD4" T cells by approximately 3-fold (Figure 1C). We then
tested whether enhanced proliferation could account for the increased number of activated T cells. However, the addition of
MO-I-1151 to T cells stimulated non-specifically with CD3g and CD28 antibodies in vitro did not significantly affect the
proliferation of either CD8" or CD4" T cells cultivated in the presence or absence of IL-2 (Figure 1D).

ASPH Inhibition Increases the Reduction of Splenic CD8" T Lymphocytes After DNA

Vaccination

To further analyze immune cells, we used flow cytometry to examine the major subpopulations of T lymphocytes and NK
cells in spleens. We compared monocytes isolated from spleens from mice inoculated with the ASPH inhibitor MO-I-
1151, immunized with the PADRE.E7GGG DNA vaccine, or treated with the DNA vaccine in combination with the
ASPH inhibition (Figure 2). The most abundant cells in all groups were CD4" T lymphocytes, followed by CD8" T cells.
DNA vaccination decreased the proportion of T cells, which was most evident for CD8" T cells after the combined
treatment DNAvact+ASPHi, when NK cells were also reduced.

Combination of DNA Vaccination with ASPH Inhibition Reduces Tregs in the Tumor

Microenvironment

We analyzed immune cell infiltration in TC-1/A9-induced tumors treated with an ASPH inhibitor, DNA vaccination, or
a combination of both by flow cytometry (Figure 3). DNA vaccination alone significantly increased the infiltration of CD45"
immune cells into the tumors compared to untreated tumors. This increase included both lymphoid and myeloid cell lineages.
Notably, CD4" T cells (CD45" CD3* ydTCR™ NK1.1~ CD4"), natural killer T (NKT) cells (CD45" CD3" ydTCR ™, NK1.1),
tumor-associated neutrophils (TANs; CD45" CD11b" CD11lc™ Ly6C'®Y Ly6G* F4/807) and plasmacytoid dendritic cells
(pDCs; CD45" CD11c¢" Ly6G~ CD11b- MHC II" F4/80" CD317") were significantly elevated within the TME of DNA-
vaccinated mice. Likewise, CD8" T cells (CD45" CD3" ydTCR™ NK1.1~ CDS8"), y3 T cells (CD45" CD3" ydTCR"), and
myeloid-derived suppressor cells (MDSCs; CD45" CD11b" Ly6G~ F4/80~ Ly6C™) were also increased. Interestingly, the
combined DNA vaccination and ASPH inhibition treatment did not enhance the overall CD45" immune cell infiltration — the
levels of most immune cell subpopulations after the combined therapy DNAvac+ASPHi were similar to untreated tumors and/
or tumors treated with ASPH inhibition alone. We found only a significant reduction of regulatory T cells (Tregs; CD45" CD3"
y8TCR™ NK1.1~ CD4" CD25" Foxp3") and nonsignificant trends toward decrease in NK cells (CD45" CD3~ ydTCR™
NK1.1%) and increase in pDCs and classical dendritic cells (cDCs; CD45" CD11c” F4/80” Ly6G~ F4/80° CD317") after
combined treatment. These results suggest that an increased level of infiltrating CD8" T cells was not responsible for the anti-
tumor effect of the combined therapy DNAvac+ASPHi, but a reduction in the number of Tregs may play a role.
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Figure | Effect of ASPH inhibition on tumor growth and immune responses. (A) Tumor growth. Mice (n=10) were injected s.c. with TC-1/A9 cells and treated with the MO-I-1 151
inhibitor; the PADRE.E7GGG DNA vaccine, and the ODN 1826 adjuvant alone or in combinations. DMSO, pBSC, and PBS served as respective controls. The experiment was
repeated with similar results. The reduced tumor growth after combined therapy with DNA vaccination and ASPH inhibition was also confirmed in in vivo depletion experiments.
(B) Immune cells involved in tumor growth inhibition. Mice (n=5) were injected s.c. with TC-1/A9 cells and treated with the MO-I-1151 inhibitor and the PADRE.E7TGGG DNA
vaccine. Subpopulations of immune cells were depleted by i.p. administration of CD4, CD8, or NK .1 antibodies. Mice treated with pBSC, PBS, and DMSO were used as controls.
The experiment was repeated with similar results. (C) Specific activation of T cells. Mice (n=3) were treated with the MO-I-115] inhibitor and/or PADRE.E7GGG DNA vaccine.
DMSO and pBSC were used as controls. Mononuclear cells were prepared from pooled spleens, restimulated with peptides, and IFN-y producing cells were detected by an
ELISPOT assay. Columns are the mean of three independent experiments. (D) Non-specific proliferation of T cells. CD3" T cells were enriched from splenocytes, labeled with
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proliferation and viability of T cells. T-cell proliferation was analyzed by flow cytometry. Bars, + SEM; * p < 0.05, *** p < 0.001, **** p < 0.0001.
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Figure 2 Proportions of T lymphocytes and NK cells in spleens. Mice (n=3) were treated with the MO-I-1151 inhibitor (ASPHi), the PADRE.E7GGG DNA vaccine
(DNAvac), or the combination of the ASPH inhibitor and DNA vaccine (DNAvac+ASPHi). Mice treated with DMSO and pBSC were used as controls (Control).
Mononuclear cells were isolated from spleens, stained with antibodies, and analyzed by flow cytometry. Bars, £SEM; * p < 0.05, ** p < 0.01.

scRNA-Seq Unveils Immune Diversity Across Therapies

scRNA-seq libraries were generated from sorted CD45" tumor-infiltrating immune cells of untreated and treated (ASPHI,
DNAvac, and DNAvac+ASPHi) TC-1/A9 tumors, yielding a total of 9734 cells. After filtering out low-quality cells
(Figure S2A), 7685 high-quality cells (approximately 1900 cells per sample) were retained for downstream analysis.
Unsupervised clustering of these cells identified 6 distinct cellular clusters (Figure 4A) showing unique gene expression
profiles (Figure S2B). The expression of cell-type specific markers was used to annotate the obtained clusters (Figures 4B
and S2C) which comprised macrophages (Cd!4), T/NK cells (Nkg7, Gzmb, Ms4a4b), proliferating macrophages (Top2a),
fibroblasts (Sparc), dendritic cells (Ccr7) and neutrophils (S7100a8/9).

The infiltrating immune cells of all integrated tumor samples were predominantly myeloid cells, comprising approximately
90% of the analyzed cell population (Figure 4C; Table S1A). Lymphoid cells were less abundant, representing almost 4% in
control tumors and 5% in tumors treated with the ASPH inhibitor alone. Treatment with DNA vaccination led to the highest
proportion of lymphoid cells (15%), while the combined therapy DNAvac+ASPHi resulted in a lower lymphocyte infiltration
(12%). Interestingly, no B cells were found in the TME of any of the tumor samples. Control and ASPH inhibitor-treated
tumors had similar proportions of proliferating macrophages (13% and 10%, respectively) that were reduced to approximately
5% in tumors treated with DNA vaccination alone or combined with ASPH inhibition.

Combination of DNA Vaccination with ASPH Inhibition Activates Intratumoral CD8"
T Cells and NK Cells, and Suppresses Treg Cells

Since we found that the enhancement of anti-tumor immunity by the combined therapy DNAvac+ASPHi was associated
with stimulation of T cells, we subset and re-clustered the T/NK cells (cluster 1) to better understand the impact of this
combined therapy. This re-clustering revealed five subclusters (Figure 5A) that were annotated using the expression of
cell type-specific markers (Figures 5B and S3A). Cell composition analysis (Figure 5C; Table S1B) revealed a slightly
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Figure 3 Proportion of immune cells in tumors. Mice (n=4) were injected s.c. with TC-1/A9 cells and treated with the MO-I-1151 inhibitor (ASPHi), the PADRE.E7TGGG
DNA vaccine (DNAvac), or a combination of the ASPH inhibitor and DNA vaccine (DNAvac+ASPHi). Mice treated with DMSO and pBSC were used as controls (Control).
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#p < 0.01.

higher percentage of CD8" T cells (63.3% vs 60.7%) in tumors treated with DNA vaccination compared to the combined
therapy DNAvac+ASPHi. However, a substantial decrease in the proportion of Tregs (4.0% vs 7.1%) and an increase in
vo T cells (13.8% vs 6.4%) were observed in tumors treated with DNA vaccination and ASPH inhibition. In addition,
treatment with the ASPH inhibitor alone markedly increased the proportion of NK cells (52.2% vs 26.7% in control
tumors) at the expense of CD8" T cells (27.8% vs 56.7%). CD4" T cells were identified only in samples after DNA
vaccination alone or combined with ASPH inhibition (approximately 6%).

Each subset exhibited distinct transcriptional changes across conditions, reflecting the impact of the treatments on
immune cell activity (Figure S3B). Gene expression was markedly dysregulated in CD8" T cells, y3 T cells, and NK cells
after DNAvac and DNAvac+ASPHi treatments compared to control. Changes after ASPH inhibition alone were less
prominent except for genes upregulated in NK cells (Figure S3C). NK cells also exhibited differential expression
patterns, with ASPHi upregulating genes like Ccl2,3,4,7, 1115, Il15ra, and Klra2, and DNAvac affecting genes such as
Ccl5, 1123a, and Kirkl. Treg cells exhibited upregulation of immunoregulatory markers like Icos, Lag3, Tnfrsf14, 1110,
and Cd96 particularly in the DNAvac+ASPHi group, while other genes were downregulated in this group, eg, Ctla4,
Havcer2 (encoding TIM-3), Tgfbl, FoxP3, and Lgals9. GSEA was performed to investigate the signaling pathways
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Figure 4 scRNA-seq analysis of tumors. (A) The UMAP plot showing 6 major clusters annotated based on bonafide known cell type-specific markers. (B) The dot plot
representing the top 5 differentially expressed genes in each cluster used to annotate cell types. Dot size indicates the percentage of cells expressing a gene within the
cluster; while color represents the relative gene expression level. (C) The bar plot representing the composition of cell types in different treatment groups. Bar colors
correspond to the cell type clusters in panel (A).

modulated by the DNAvactASPHi treatment compared to DNAvac alone (Figure 5D). This analysis highlighted
significant alterations of pathways in all T/NK cell subclusters identified in these conditions. While CD8" T-cell, and NK-
cell differentiation and function, including cell-mediated cytotoxicity, were stimulated, Treg activity was suppressed after
the combination of DNA vaccination with ASPH inhibition. The effect on yo T cells was ambiguous.

Cell-to-Cell Communication Between Dendritic Cells and T/NK Cells Is Modified by
Combined Treatment with DNA Vaccination and ASPH Inhibition

To understand the interactions between DCs and different T-cell subsets, we predicted expression-based cell-to-cell
communication using CellChat. The total number and strength of the interactions in our connectome were highest in the
DNAvac group, followed by the DNAvac+ASPHi group (Figure 6).
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Figure 6 CellChat analysis. (A) The bar plot representing the total number of interactions predicted per condition. (B) The bar plot showing aggregated interaction
strength predicted per conditions.

The analysis of communication networks of the PD-L1 signaling pathway revealed distinct patterns between DNAvac
and DNAvac+ASPHi groups (Figure 7A). In DNAvac, robust and widespread intercellular communication was observed
among DCs and lymphoid cells, including NK cells and T cell subpopulations (CD8" T cells, CD4" T cells, y5 T cells,
and Treg cells). Notably, CD8" T cells displayed strong incoming signals with DCs, NK cells, and CD4" T cells, whereas
no interactions were observed involving Treg cells and y6 T cells. In contrast, DNAvac+ASPHi exhibited a more
restricted communication network. The interactions were predominantly confined to DCs, CD8" T cells, and CD4"
T cells, with reduced or absent connections involving NK cells, Treg cells, and yo T cells. Interestingly, a self-signaling
loop was observed in CD8" T cells after the combined treatment DNAvac+ASPHi, highlighting a potentially altered
autocrine signaling mechanism. Similarly, the communication networks of the CDS80 signaling pathway revealed
differences in intercellular communication between DNAvac and DNAvac+ASPHi conditions (Figure 7B). In
DNAvac, a dense signaling network was observed, with DCs exhibiting strong interactions with CD8" T cells, and
weaker interactions with other T/NK cells. In contrast, DNAVac+ASPHi showed a simplified network with particularly
a loss of communication between Tregs and all other immune cells. These results suggest more restricted and specific
PD-L1 and CD80-mediated communication networks in DNAVac+ASPHi compared to DNAvac treatment.

Intratumoral Macrophages are Stimulated to Anti-tumor Immune Responses by
Combined Treatment with DNA Vaccination and ASPH Inhibition

We further analyzed the macrophage clusters 0 and 2, finding seven subclusters (Figure 8A) that were annotated using the
expression of cell type-specific markers (Figure 8B). The composition of macrophages was significantly altered in the
different treatment groups (Figure 2, 8C, Table S1C), particularly antigen-presenting macrophages (Antigen-TAMs),
microglia-like resident-tissue macrophages (Resid-TAMs), proliferating macrophages (Prolif-TAMs) and tumor-
infiltrating monocytes (TIMs). While Antigen-TAMs and TIMs were increased, Resid-TAMs and Prolif-TAMs were
decreased in DNAvac and DNAvac+ASPHi groups compared to Control. The proportions of most macrophage sub-
populations were comparable in DNAvac and DNAvac+ASPHi groups. The greatest differences were in angiogenic
macrophages (Angio-TAMs; 8.8% vs 10.9%) and interferon-primed macrophages (IFN-TAMs; 11.2% vs 9.7%).

To determine which molecular pathways were altered by the DNAvac+ASPHi therapy compared to DNAvac alone,
GSEA was performed using the KEGG database (Figures 8D and S4). The analysis revealed significant pathway
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Figure 7 Cell-to-cell communication networks. The connection between dendritic cells and different T/NK cell subsets for (A) PD—LI and (B) CD80 signaling pathways
was predicted using the CellChat algorithm. The thickness of the edges represents the interaction strength.

alterations in all macrophage subclusters identified under these conditions. In addition to increased levels of Angio-TAMs
after the combined therapy DNAvac+ASPHI, these cells exhibited enrichment in the inflammatory response to antigenic
stimulus and some other innate immune responses induced by this treatment. The IFN-TAMs showed enrichment in the
“Fc-Gamma Receptor Signaling Pathway” and “Leukocyte Migration Involved In Inflammatory Response”, Antigen-
TAMs, Resid-TAMs, and Prolif-TAMs were more stimulated in pathways related to complement activation and antigen
processing and presentation. The combined therapy DNAvac+ASPHi was also superior in activating chemotaxis in
different macrophage types.
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Figure 8 Analysis of macrophage subset. (A) The UMAP plot representing cell subclusters. (B) The dot plot showing the relative expression of the top 5 cell type-specific
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Discussion

ASPH plays a recognized role in tumor initiation and progression in several types of cancer. For this reason, SMIs
targeting ASPH have been developed, and their anti-tumor activity has been demonstrated in tumor cell lines and animal
models.” However, ASPH inhibition may also affect the immune system, as its targets, particularly Notch receptors, are
produced in immune cells. An ASPH effect has already been shown for NK cells in vitro.?®

Given the growing importance of immunotherapy in cancer treatment, we investigated how ASPH inhibition might
influence the anti-tumor immune response in vivo. Our experimental approach used the mouse TC-1/A9 tumor model,
which exhibits reversible MHC-I downregulation, resulting in reduced tumor sensitivity to immunotherapy.”® In the
comparison of 11 mouse tumor models, the TC-1 model has been shown to be a suitable preclinical model of human
tumors characterized by poor T-cell infiltration and a high M2/M1 macrophage ratio.”> MHC-I downregulation in TC-1/
A9 cells, which exhibit a similar infiltration with immune cells to TC-1 cells®* further increased the clinical relevance of
this model. To explore effects on both innate and adaptive immunity, we combined ASPH inhibition with either
immunostimulatory CpG motif (ODN1826) treatment or DNA vaccination targeting the tumor-specific antigen HPV16
E7, respectively. We also tested the ASPH inhibitor alone or in combination with both ODN1826 and a DNA vaccine.
The ASPH inhibitor MO-I-1151 alone did not reduce tumor growth, although we found a high level of the ASPH protein
in TC-1/A9 cells and demonstrated the effect of ASPH inhibition on cell proliferation, migration, and invasion in our
previous in vitro study.'® In addition, the dosing regimen successfully inhibited tumor growth and metastasis in other
tumor models.”

While treatment with ODN1826 alone or in combination with an ASPH inhibitor did not reduce tumor growth, DNA
vaccination showed a modest anti-tumor effect. Importantly, the combination of DNA vaccination with ASPH inhibition
significantly enhanced this effect. Further in vivo experiments with the depletion of immune cell subpopulations and
analysis of spleen-derived monocytes by an ELISPOT assay supported the hypothesis that ASPH inhibition specifically
enhances the adaptive immune response, particularly CD8" T lymphocytes, induced by DNA vaccination. Surprisingly,
ASPH inhibition did not further support tumor growth inhibition induced by the potent combination of DNA vaccination
and ODN1826 administration. This suggests that the therapeutic benefit of ASPH inhibition on cancer immunotherapy
may be context-dependent and less effective when the immune system is already robustly activated. In this case,
however, the benefit of ASPH inhibition may still lie in reducing metastasis.

Multiple mechanisms could contribute to the enhanced T-cell response observed with the combined therapy DNAvac
+ASPHi. However, flow cytometric analysis of splenocytes and tumor-infiltrating immune cells suggests that the effect of
ASPH inhibition is unlikely to be driven by increased T-cell proliferation or tumor infiltration because T-cell proportions
in spleens and tumors were rather lower with the combined therapy DNAvac+ASPHi compared to DNA vaccination
alone. In addition, in vitro assays confirmed that ASPH did not directly increase T-cell proliferation. This contrasts with
the mechanism of the ODN1826-mediated effect on DNA vaccination, which also reduced tumor growth to a similar
extent but was associated with a significantly increased CD8" T cell infiltration, as shown in our previous study.’>

To better understand the molecular changes in immune cells after the combined therapy DNAvac+ASPHi, we
performed scRNA-seq on tumor-infiltrating immune cells and confirmatory flow cytometry. Both analyses revealed
a lower percentage of total T cells after the combined therapy DNAvac+ASPHi compared to DNA vaccination alone.
scRNA-seq also indicated an increase in yd T cells and a decrease in Tregs in tumor-infiltrating cells, but flow cytometry
confirmed only a Treg reduction in tumors. Moreover, the comparison of gene expression in DNAvac and DNAvac
+ASPHi groups showed ambiguous effects in stimulating the proliferation and differentiation of y6 T cells. The
evaluation of the possible role played by yd T cells in our experimental system is further complicated by both anti-
tumor and pro-tumor effects of these cells.”” Next, differential gene expression analysis revealed a higher multifaceted
activation of CD8" T cells and NK cells after the combined therapy DNAvac+ASPHi compared to DNA vaccination
alone, which was particularly associated with the expression of some activation receptors, chemokine ligands and
receptors, and cytokines. Treg cells were not only reduced after the combined therapy DNAvac+ASPHi but also showed

different expression profiles. However, because some immunosuppressive markers were downregulated, while others
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were upregulated, the effect on the functional status of the cells remains unclear, and functional tests are required to
clarify this aspect.

The combined therapy DNAvac+ASPHi was also superior in anti-tumor activation of myeloid cells. In different types
of macrophages, inflammatory, chemotactic, antigen processing and presentation, complement, and interferon pathways
were upregulated more after the combined therapy DNAvac+ASPHi than after DNA vaccination alone. The analysis of
cell-to-cell interactions also revealed differences in DC communication with lymphoid cells via PD-L1 and CD80
signaling. Both communication networks were reduced in the combined therapy DNAvac+ASPHi compared to DNA
vaccination alone. While the decrease in PD-L1 signaling suggests enhancement of immune responses, the reduced CD80
signaling presents interpretational challenges, warranting careful consideration. These challenges stem from the multi-
faceted nature of CD8O0 interactions with different molecules (including CD28, CTLA-4, and PD-L1) both in cis and in
trans, either stimulating or inhibiting immune reactions.>®

These findings suggest that ASPH inhibition in combination with DNA vaccination can enhance the anti-tumor
potential of both lymphoid and myeloid immune cells. The primary target cells of ASPH inhibition remain an important
area of investigation. Although ASPH production in immune cells is not fully understood, our data provides some clues.
scRNA-seq analysis revealed Asph expression in most monocytes/macrophages, neutrophils, and DCs, with low levels in
lymphocytes. Similarly, the Human Protein Atlas®’ indicated the highest ASPH expression in plasmacytoid DCs and
neutrophils in both the HPA and Monaco datasets of bulk RNA-seq. In the scRNA-seq dataset, ASPH expression was
highest in DCs, slightly lower in macrophages, and markedly lower in lymphocytes. However, the interpretation is
complicated by the presence of uncharacterized ASPH splicing isoforms. Our preliminary data on mouse splenocytes
analyzed by RT-PCR and immunoblotting suggest that the full-length ASPH protein with the enzymatic domain is
produced in CD11c" cells, including DCs and macrophages, but not in CD3" T cells. Thus, T cells are probably not the
primary target of ASPH inhibition. Their enhanced activity may result from the direct stimulation of DCs and
macrophages, which can support anti-tumor immunity by activating CD8" T cells, among other ways.’®’
Alternatively, ASPH inhibition may indirectly affect immune cells by inhibiting ASPH molecules produced by tumor
cells and displayed on their surface® or transferred via exosomes.'"**® In support of this possibility, the study using
recombinant ASPH demonstrated its suppressive effect on NK cell function.”

This study introduces new challenges and opportunities in the development of ASPH inhibitors and their potential
application in cancer treatment, but some questions remain unanswered. Major limitations of this study include its focus
on T cells and limited assessment of other subpopulations of immune cells, as well as analysis of ASPH inhibition
combined with DNA vaccination in only one tumor model, which restricts the generalizability of the results.
Additionally, the study did not include non-immune cells, nor did it examine the potential systemic immune conse-
quences of ASPH inhibition. Future research should analyze the expression of ASPH isoforms in different immune and
non-immune cell types and assess how ASPH inhibition impacts the function of these cells. Furthermore, cancer
treatment studies should be conducted in various tumor models that exhibit different levels of MHC-I expression and
immunogenicity. The time course of immune responses and the systemic effects of ASPH inhibition should also be
investigated.

Conclusion

We demonstrated that ASPH inhibition enhances anti-tumor immunity induced by DNA vaccination in tumors with
reversible downregulation of MHC-I molecules. CD8" T cells were identified as the main effectors of this response, but
other immune cells, including NK cells, DCs, and macrophages, could also contribute to the overall response. This broad
immunostimulatory effect supports the potential of ASPH inhibition as part of combination therapies for tumors with
various levels of MHC-I expression and different mechanisms of MHC-I downregulation.®’"®* Given its ability to
suppress tumor growth and metastasis, ASPH inhibition merits further investigation in clinical trials, particularly in
combination with immunotherapy. However, the precise mechanisms by which ASPH inhibition modulates diverse
immune cell subsets remain unclear. This lack of mechanistic insight limits our understanding of the underlying pathways
and may present challenges in translating these findings to clinical applications. Future studies should aim to elucidate
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the molecular mechanisms governing immune modulation by ASPH inhibition to fully harness its potential in combina-
tion immunotherapy.
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