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ABSTRACT (IN ENGLISH)

Verification of Recombinant M. smegmatis in Bladder Cancer Mice
Model and Discovery of diagnostic markers through the application of

bladder cancer clinical data

BCG (Bacillus Calmette—-Guérin) therapy, a treatment for bladder tumor, is known as the most
effective and only treatment that can inhibit the progression from high-risk NMIBC to MIBC after
TURBT. However, approximately 30-45% of NMIBC patients show no response, and about 20%
experience side effects. Moreover, BCG production faces a global supply shortage due to the slow
growth rate of the tuberculosis bacterium and strict manufacturing processes. Previous studies have
suggested the potential of the rSmeg-MIF-IL7 vaccine as an alternative to BCG for anti-tumor
immunotherapy. Here, we first created a mouse bladder cancer model and administered the rSmeg-
MIF-IL7 vaccine, confirming its anti-tumor effects. Additionally, bioinformatics analysis revealed
immune infiltration of CD8+ and CD4+ memory T cells within tumor samples from the rSmeg-
MIF-IL7 group. To further investigate the clinical therapeutic potential, we conducted an association
analysis of our gene expression data with the TCGA dataset. As a result, we identified 8 genes,
including CCL15 and SIGLECS6, as diagnostic markers capable of distinguishing patient groups
suitable for rSmeg-MIF-IL7 vaccine therapy based on gene expression related to survival and
malignancy. In conclusion, we demonstrated the anti-tumor effects of rSmeg-MIF-IL7 in a mouse

bladder cancer model and confirmed its potential for clinical application.

Key words: bladder cancer, rSmeg-MIF-IL7, BCG, immune infiltration, CCL15, SIGLEC6

iv



1. INTRODUCTION

Bacillus Calmette—Guérin (BCG) therapy is recognized as the most effective therapy for
suppressing the progression to muscle-invasive bladder cancer (MIBC) following transurethral
resection of bladder tumor (TURBT) for high-risk non-muscle-invasive bladder cancer (NMIBC)
[1], [2], [3]. However, approximately 30-45% of NMIBC patients do not respond to BCG therapy,
leading to disease progression [4]. Moreover, about 20% of patients may experience side effects
such as bladder inflammation, irritability, hematuria, and BCG sepsis, potentially leading to
treatment discontinuation [5]. Additionally, BCG production faces global shortages due to the slow
growth rate of Mycobacterium tuberculosis and stringent manufacturing processes. Although several
alternatives like Gemcitabine and Docetaxel combination to BCG have been explored, none have
demonstrated superior efficacy, particularly in terms of tumor differentiation [6].

Cancer immunotherapy aims to treat cancer by enhancing the immune system's capabilities.
Specifically, T cell-based immunotherapy has emerged as a promising strategy against various types
of cancer [7]. Presented as an alternative to BCG, rSmeg-MIF-IL7 tumor immunotherapy is a
recombinant Smegmatis vaccine that delivers fusion proteins of human Macrophage Migration
Inhibitory Factor (MIF) and IL-7 [8], [9]. Mycobacterium smegmatis, a rapidly growing
mycobacterium, induces dendritic cell maturation more effectively than BCG and can stimulate
CD8+ T cell immune responses, thereby offering an benefit in inducing CTL responses [10]. The
antigenic human MIF, known to be expressed in solid tumors and associated with a malignant
prognosis, induces anti-MIF antibody responses to promote inhibition within the body [11].
Interleukin 7 (IL-7) increases the number of memory CD8+ T cells, enhancing anti-tumor immunity
and suppressing tumors [12]. While previous studies have confirmed the tumor-suppressive effects
of rSmeg-MIF-IL7 in mouse models of various cancers, its effectiveness in bladder cancer models
has yet to be demonstrated, and evaluation based on clinical data remains pending [10].

Therefore, in this study, we established a syngeneic subcutaneous bladder cancer model using MBT-
2 (Murine Bladder Tumor-2) cells derived from CH3/He mice. We demonstrated that
immunotherapy with rSmeg-MIF-IL7 exhibited significant anti-cancer effects by restoring CTL
responses through the regulation of various genes in this bladder cancer model. Additionally,

through gene analysis and correlation analysis with The Cancer Genome Atlas (TCGA) dataset of



bladder cancer patients, our aim is to identify clinically significant diagnostic markers of rSmeg-
MIF-IL7 therapy and propose suitable bladder cancer patient groups for clinical application using

these diagnostic markers (Figure 1).

(—( In vivo model Patients clinic
& . TCGA-BLCA
R g [ /
Recombinant CR e y t‘
M.smegmatis | Ch N =
RNA sequencing \” = W )
./ / analysis il = 5] =3
lv i" = mRNA seq
@ Mouse DEGs J gene expression
(398 genes) data analysis

|

Human ortholog

.

!

Significant DEGs

DEGs (248 genes) (23 genes)
\ J N\ .
-
N\ ( h
i ] Low Risk Score
B High Risk Seore
5.
qRT-PCR GO terms BP CIBERSORTx Kaplan-Me"in;r plotter
analysis (bladder cancer)
J O\
-
Pathology - Ggenes (CCL15, CCRL2, SMADG6, ST3GALS, SGK2, ADD2, SIGLECS, TLLa

Figure 1. Schematic outline diagram of overall rSmeg-MIF-IL7 immunization process and
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2. MATERIALS AND METHODS

2.1. Mice

Female CH3/He mice were acquired from Orient-Bio (Seoul, Korea) and were employed for
experiments at 8weeks of age. All animal experiments were approved by the Institutional Animal
Care Use Committee (IACUC; approval no. 2021-0079) of the Department of Laboratory Animal
Resources, Yonsei Biomedical Research Institute, Yonsei University College of Medicine, Republic

of Korea.

2.2. Tumor cell culture

MBT-2, a murine bladder tumor cell line, represents mouse bladder transitional cell carcinoma.
MBT-2 cells are derived from N-{4-(5-nitro-2-furyl)-2-thiazolyl} formamide (FANFT) induced
C3H/He mouse. MBT?2 cells (Cat No. IFO50041) were purchased from the JCRB Cell Bank (Tokyo,
Japanese). The cells were cultured in MEM (Gibco) with 10% heat-inactivated fetal bovine serum,
2mM Glutamine, 25 mM HEPES, and 1% penicillin-streptomycin at 37°C in a 5% CO?2 incubator.
Cultures were split into 1000 culture dish (SPL) and whole cell extracts were collected upon
reaching 70%-80% confluence by employing trypsin/EDTA (0.25%, 0.9 mM EDTA) (Gibco)..

2.3. Tumor Implantation and size measurement

The dorsal area of ether inhalation-anesthetized mice was shaved using hair trimmer. Mice were
subcutaneously inoculated with 2.0 x 10® MBT-2 cells/ml. We used 10-12 mice per experiment, and
the experiment was conducted a total of 3 times. Tumor size was measured from 6day post
inoculation and once every 2 or 3 days with electronic calipers. The total volume was calculated
using the following formula: {(short diameter)? x long diameter}/2 (mm?). Animals were euthanized

based on either tumor volume {threshold 1500 (mm?)} in accord with IACUC guidelines.

2.4. rSmeg-MIF-IL7 strain culture

The rSmeg-MIF-IL7 strain was constructed by Department of Microbiology and Immunology,

College of Medicine, Seoul National University, Seoul and CLIPS Bnc Co.. the strain was obtained



through material transfer from Seoul National University Industry Foundation-Yonsei University
Health System. Colonies of the rSmeg-MIF-IL7 strain were chosen on 7H10 medium (Difco
Laboratories, Detroit, MI, USA), supplemented with 100pg/ml kanamycin and 10% OACD (oleic
acid-albumin-dextrose-catalase). The chosen colonies were grown in 7H9 broth medium (Difco
Laboratories, Detroit, MI, USA) supplemented with 0.5% glycerol, 0.05% Tween-80, 10% ADC,
and kanamycin for about 3-5 days. The cultured rSmeg-MIF-IL7 was prepared to attain an optical
density (OD) at 600 nm within the range of 0.5-0.8.

2.5. Immunization in mice with rSmeg-MIF-IL7 strain

The cultured rSmeg-MIF-IL7 strain was prepared by mixing it with PBS after centrifugation. The
injection volume was 100ul in rSmeg-MIF-IL7 group. Mice were treated by intraperitoneal injection

using a 31G 8mm insulin syringe every once every two days.

2.6. The mRNA sequencing analysis

Total RNA was extracted from each of the three samples belonging to both the rSmeg-MIF-IL7
and control groups. Subsequently, RNA-seq libraries were constructed using the Illumina TruSeq
Stranded Total RNA Sample Prep kit (Catalog #RS-122-2103; Illumina, San Diego, CA, USA).
Quantification of the libraries was conducted through qPCR, following the qPCR Quantification
Protocol Guide, with results analyzed using an Agilent Technologies 2100 Bioanalyzer. The
expression levels and identification of alternatively spliced transcripts were determined by aligning
the RNA-Seq reads to the mouse genome using HISAT2. Upon read mapping, transcript assembly
was executed using String Tie (version 2.1.0)[13], yielding expression profile values for known
transcripts in each sample. These values, including read count, FPKM (Fragments per Kilobase of
transcript per Million mapped reads), and TPM (Transcripts Per Kilobase Million), were organized
based on transcripts/genes. Differential expression analysis was performed using DESeq2, with
significance defined as FDR-adjusted p-value < 0.05 and absolute log2 Fold Change (1og2FC) = 1
in the rSmeg-MIF-IL7 group compared to the control group. Hierarchical clustering analysis was
employed to visualize the expression patterns of significant genes in each sample, facilitating the
grouping of samples and genes based on the similarity of their expression profiles. This method aids

in the visualization of sample and gene clustering, providing insights into their expression patterns.



2.7. Enrichment analysis of DEGs

DAVID Functional Annotation Bioinformatics Microarray Analysis [14] is a free online
bioinformatics resource developed by the Laboratory of Human Retrovirology and
Immunoinformatics. Gene Ontology (GO) enrichment[15] enables gene annotation and analysis of
their respective biological roles. To elucidate the biological function of DEGs, “DAVID” were used

to perform GO enrichment analyses.

2.8. Calculation of cell fraction Abundance of Immune Cells

CIBERSORT X is deconvolution tool used to estimate cell type fractions in bulk RNA-seq data
from whole blood. The 22 cell types inferred by CIBERSORT X include macrophages, dendritic
cells, B cells, T cells, natural killer cells, and other types of immune cells. we used LM22 gene
profile of CIBERSORT X to analyze our bulk RNA-seq data. CIBERSORT X digital cytometry cell
fraction imputation was performed to implement this analysis, and the algorithm used the default

signature matrix to run in 500 permutations without batch corrections.

2.9. Kaplan—Meier plotter database analysis

The Kaplan—Meier plotter (http://kmplot.com/analysis/) allows visualization of Kaplan—-Meier
survival curves based on data from GEO, the European Genome-Phenome Archive, and The Cancer
Gene Atlas (TCGA) [16]. In this present study, Tumor patients were divided into high-expression
and low-expression groups based on median values of mRNA expression, and the prognostic value
of the selected genes in the Bladder Urothelial Carcinoma data set (TCGA, Bladder Cancer) from

405 cases was evaluated[17].

2.10. cBioPortal for Cancer Genomics database analysis

The cBioPortal for Cancer Genomics (http://www.cbioportal.org/) serves as an openly accessible
platform for interactively exploring multidimensional datasets related to cancer genomics[18]. The
genetic alterations in multiple cancers were examined using cBioPortal for Cancer Genomics [19].
In our investigation, we utilized the cBioPortal to examine gene expression patterns and clinical
outcomes within the Bladder Urothelial Carcinoma dataset (TCGA, Firehose Legacy),

encompassing 413 cases. Through the portal, we accessed Overall Survival Kaplan-Meier Estimates



and disease-free survival data, with associated log rank p-values when available. For our analysis,
tumor patients were stratified into high-expression and low-expression groups based on mRNA
expression values exceeding or falling below the 30th percentile. Subsequently, we generated
percentage bar graphs illustrating tumor stage and grade distributions derived from these parameters

using the cBioPortal's analytical tools.

2.11. RNA isolation and quantitative real-time-PCR (qPCR)

The extraction of total RNA was performed as per the Trizol reagent protocol (Ambion Life
Technologies). To determine concentration and purity, a Nanodrop-2000 spectrophotometer
(Thermo Fisher Scientific) was utilized. PCR primer sets, designed to amplify transcripts of 16 ORFs,
ranged from 20 to 25 nucleotides, producing amplicons between 101 and 665 bp. For reverse
transcription quantitative PCR (RT-qPCR), 1ug of total RNA underwent reverse transcription to
complementary DNA using PrimeScript RT Master Mix (Takara, RR0O36A). Quantitative RT-PCR
analysis employed GoTaq SYBR Green PCR Master Mix (Promega, A6001) and was executed on
a QuantStudio 3 Real-Time PCR Instrument (Applied BioSystems, A28132). Reaction conditions
included initial activation of GoTaq DNA polymerase at 95°C for 2 minutes, followed by 40 cycles
of denaturation at 95°C for 15 seconds, annealing/extension at 60°C for 1 minute, and cooling to
4°C. Gene expressions of GAPDH and differentially expressed genes (DEGs) were assessed. DEG

expression levels were normalized utilizing the comparative 2— A A Ct method for relative

quantification.

2.12. Statistical analysis

PRISM software version 9.00 (GraphPad Software, Inc.) was used for statistical analysis, plotting
the data, and creating graphs. Two-way ANOVA test and log rank test was done for statistical
analysis. Differences were considered statistically significant if p <0.05 *; p <0.01 **; p <0.001***,

Results are expressed as the mean + standard error of mean.



3. RESULTS

3.1. rSmeg-MIF-IL7 vaccine inhibited tumor progression in a syngeneic

mouse model of bladder cancer

The rSmeg-MIF-IL7 vaccine was administered three times to a syngeneic mouse model of bladder
cancer, following the tumor protocols and experimental timeline provided, to determine its impact
on bladder cancer. For tumor sampling, the rSmeg-MIF-IL7 vaccine was administered a total of 7
times, and the experiment was terminated when the tumor size in one of the control mice approached
2000mm?. For the RNA-sequencing, the rSmeg-MIF-IL7 was administered a total of 11 times, and
tumor sizes were measured between the control and rSmeg-MIF-IL7 groups up to 24 days and
repeated twice (Figure 2A). In all three sets, the rSmeg-MIF-IL7 group showed a significant
inhibition of tumor growth compared to the control group (Figure 2B). According to the tumor
volume measurements from day 6 to day 15, differences in tumor size began to appear between the
control and rSmeg-MIF-IL7 groups from day 10 onwards, with differences exceeding 1100 mm?
after day 15 (Figure 2C). The survival rate of mice in the rSmeg-MIF-IL7 group maintained survival
for all mice until the end of the experiment on day 25. In contrast, due to accelerated tumor growth
rates after day 13 in the control group, most mice were euthanized after day 15 (Figure 2D).
Considering the decrease of tumor volume over time and the survival curve of mice, rSmeg-MIF-

IL7 treatment inhibited tumor growth in the bladder cancer mouse model.
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Tumor growth curve was obtained by measuring the volumes of the tumors in the MBT-2 syngeneic
subcutaneous tumor mice. Tumor volumes in rSmeg-hMIF-hIL-7 treated group were significantly
smaller than control group (***p < 0.001) on day 15. (D) Survival curve displayed significantly
different value between two groups on day 24 (*p < 0.05). Survival experiment was terminated on

day 24.

3.2. DEGs between two groups in primary tumor cells are associated with

immune response pathway and negative regulation of angiogenesis

We analyzed three samples of rSmeg-MIF-IL7, which had been observed for tumor growth over
24 days, and four control samples. Using the DESeq2 algorithm, we compared the DEGs between
the two groups, which were visualized by the heat map of two-way Hierarchical Clustering (Figure
3A). A total of 398 DEGs were identified, including 256 upregulated and 142 downregulated genes
(log FC>1, p<0.05) (Figure 3B). A volcano plot (Figure 3C) was constructed to visualize the log2
of the enrichment ratio alongside the negative logarithm (base 10) of the raw p-values. Mouse DEGs
were converted one-to-one to human orthologs of DEGs, total 248 genes, for the purpose of focusing
on patient treatment using the Ensembl BioMart data mining tool (https://asia.ensembl.org) (Figure
3D). To gain insight into the biological functions of these human orthologs of DEGs, we performed
functional annotation analysis of the Differentially Expressed Genes (DEGs) utilizing the DAVID
bioinformatics tool (v6.8 online server). Enrichment significance was determined by considering
modified Fisher exact p-values < 0.05 and False Discovery Rate (FDR) < 0.05 as strongly enriched.
We found that the top 20 Gene Ontology (GO) terms of upregulated and downregulated DEGs by
analyzing Biological Process. GO terms of upregulated DEGs indicated that these genes could be
categorized into apoptotic process and immune response, including inflammatory response,
neutrophil chemotaxis (Figure 3E). This is suggested that rSmeg-MIF-IL7 inhibited abnormal
growth of cancer cells through acute inflammatory and immune responses leading to apoptosis [20].
Downregulated DEGs by analyzing Biological Process were enriched in angiogenesis, cell adhesion,
immune response, vasculogenesis (Figure 3F). Given that the downregulated genes are associated
with terms known to promote tumor growth, rfSmeg-MIF-IL7 is suspected to play a crucial biological

role in inhibiting tumor growth (Table 1).
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Figure 3. Gene expression overview in rSmeg-MIF-IL7 treated group compared to the control

group

(A) Heat map of the Hierarchical Clustering 398 DEGs between the control group and the rSmeg-
MIF-IL7 group. The color scale at the left of the heatmap shows the Z-score for normalized value
ranging from yellow (High expression) to blue (low expression). (B) The number of the upregulated
and downregulated DEGs. (C) Volcano map generated DEGs in rSmeg-MIF-IL7 treated group
compared to the control group. Yellow nodes on the left denote upregulated DEGs, while blue nodes
on the right represent downregulated DEGs. Gray nodes indicate genes with a p-value of <0.05, the
red nodes represent significant genes. (E) Top 20 Gene Ontology Biological Process (GOBP) of the
upregulated DEGs and (F) top 20 GOBP the downregulated DEGs in rSmeg-MIF-IL7 treated group
compared to the control group. n the visualization, the color of each dot corresponds to the p-value,

while the size of the dot correlates with the number of genes enriched.

Table 1. Representative significantly enriched pathways of top20 gene ontology biological
process and related DEGs

GO Term Gene Names Number of Genes P-value

Over-expressed in r.Smegmatis treated relative to control

IL1A, CCL23, CLECA4D, IL1B, IL1R2, CXCR2,

Immune response IL7R, SMAD6, THBS1, CCL15 10 2.26E-04
Carbohydrate CHIA, MGAM, ST3GALS, PYGL 4 0.0374
metabolic process
Under-expressed in r.Smegmatis treated relative to control
. . ESM1, SOX17, HEY1, SOX18, ANGPTLS6,
Angiogenesis APLNR, VASH1 7 5.57E-04
. VTN, CLCA2, PCDH12, HAPLN4, CD33, SIGLECS6,
cell adhesion PCDHGA9 7 0.026167
cell differentiation SPIB, FGF17, SOX17, SOX18, ANGPTL6, TLL1, 7 0.04054994
ZNF423
positive regulation SPTA1, VTN, ADD2 3 0.03557

of protein binding

-11 -



3.3. CD8+, CD4+ memory T cells activated, abundance in rSmeg-MIF-IL7
group

Gene expression data from both the control and rSmeg-MIF-IL7 groups underwent analysis to
quantify immune cell infiltration levels using CIBERSORTZX, an analytical tool with predefined gene
signatures for 22 distinct immune cell types (Figure 4Aa). Among these 22 cell types, four, including
CD8+ T cells and activated CD4+ memory T cells, exhibited significant differences in proportions
between the rSmeg-hMIF-hIL-7 and control groups. Specifically, CD8+ T cells displayed a 0.05
increase (Figure 4Ab), while activated CD4+ memory T cells showed a 0.02 increase (Figure 4Ac)
in proportion within the rSmeg-MIF-IL7 group compared to the control group.
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MIF-IL7 treated group compared to the control group (*p < 0.05).

-12 -



3.4. Prognostic diagnostic markers screening in TCGA Bladder Urothelial

Carcinoma study

To assess the potential applicability of the rSmeg-MIF-IL7 vaccine in bladder cancer patients, a
prognostic gene screening analysis was conducted using the TCGA-BLCA dataset. Among all 403
bladder cancer patients, the deceased group (n=180) and living group (n=228) were separated based
on survival status. Compared to previous experiments, the deceased group was designated as the
control group, and the living group as the treatment group (Figure 5A). A total of 758 DEGs
satisfying FC>1.5, p<0.05 were identified. Among the human orthologs of DEGs in the mouse (248
genes) and the TCGA dataset DEGs (758 genes), 23 genes with overlapping gene expression
patterns were found (Figure 5B). In the patient survival analysis with the KM plotter, after filtering
the 23 genes, 9 genes associated with good prognosis in bladder cancer patients were selected. High
expression of CCL15 (p = 2.7e-05, HR = 1.85), CCRL2 (p = 0.00016, HR = 2), SMADG6 (p = 5.5¢-
05, HR = 1.85), ST3GALS (p =0.00056, HR = 2), and SGK2 (p =0.00029, HR = 1.75) significantly
increased the median overall survival (OS) in bladder cancer. Conversely, high expression of
ABCA4 (p = 2.7e-05, HR = 1.85), ADD2 (p = 0.0012, HR = 0.69), SIGLEC6 (p = 5.5¢-05, HR =
1.85), and TLL1 (p = 0.00056, HR = 0.5) showed better outcomes and survival in bladder cancer
patients (Figure 5C). In the TCGA-BLCA dataset, the gene expression of the selected 9 genes in the
deceased group compared to the living group showed upregulation in CCL15, CCRL2, SMADS®G,
ST3GALS, and SGK2, while downregulation was observed in ABCA4, ADD2, SIGLEC6, and
TLLI (Figure 5D). These gene expression patterns align with the mouse gene expression patterns of
rSmeg-MIF-IL7 from RNA sequencing (Figure 5E). To determine the association of the selected 9
genes with the top 20 GO Biological Process terms and genes related to CD4+ memory T cells
activated and CD8+ T cells found through Amigo2, STRING interaction network tool (https://string-
db.org) was utilized. Interaction with CD4+ memory T cells activated was confirmed in CCL15,
CCRL2, SMAD6, SGK2, and TLL1 (Figure 5Fa). Interaction with CD8+ T cells was confirmed in
CCL15, CCRL2, SMAD6, ST3GALS (Figure 5Fb). Through Venn diagrams between the top 20
GO terms Biological Process-related genes (total 71 genes) and the selected 9 genes, overlapping
genes CCL15, SMAD6, ST3GALS, ADD2, and SIGLEC6 were identified (Figure 5Fc). Through
the aforementioned three analyses, a total of 8 significant genes, CCL15, CCRL2, SMADS®G,
ST3GALS, SGK2, ADD2, SIGLEC6, and TLLI1, were identified. These genes are believed to
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influence the survival of bladder cancer patients and can serve as diagnostic markers to distinguish

bladder cancer patient groups suitable for rSmeg-MIF-IL7 vaccine therapy.
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Figure 5. diagnosis markers selection by using TCGA bladder cancer (TCGA-BLCA) clinic
data set and KM-plotter

(A) Schematic of group design to TCGA bladder cancer patients. DEG extraction in the Living
group (n =228) compared to the Deceased group (n = 180) (log FC > 1, p <0.05). (B) Venn diagram
presentation of the intersection of genes between human orthologs of DEGs (248 genes) and DEGs
of TCGA-BLCA (758 genes) in the living group compared to the deceased group. (C) Survival
analysis of bladder cancer patient groups with high (red) and low (black) expression of 9 genes
(CCL15, CCRL2, SMAD6, ST3GALS, SGK2, ABCA4, ADD2, SIGLEC6, TLL1). The survival
curves plotted using KM plotter. The hazard ratio (HR) and log-rank p-value are in each figure (p <
0.05). (D) mRNA expression of 9 genes (CCL15, CCRL2, SMAD6, ST3GALS, SGK2, ABCA4,
ADD2, SIGLEC6, TLL1) in the Living group and the Deceased group. (E) The fold changes of 9
mouse DEGs (Ccl6, Ccrl2, Smad6, St3gal5, Sgk2, Abcad, Add2, Siglech, TII1) in rSmeg-hMIF-
hIL-7 treated group compared to the control group. (F) Genes related (a) CD4+ memory T cells
activated, (b) CD8+ T cells presented networks interaction with 9 genes (CCL15, CCRL2, SMAD®G,
ST3GALS, SGK2, ABCA4, ADD2, SIGLEC6, TLL1) using STRING tool. (c) Venn diagram
presentation of the intersection of genes between genes related top 20 GOBP and prognostic

significant 9 genes. (d) selected 8 genes.
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3.5. Differences in Neoplasm stage and grade based on gene expression

levels in patients

The indicators of tumors are known to be determined by two factors: the metastatic staging of
the tumor and the histologic tumor grade score. To verify whether the expression differences of the
8 diagnostic markers are indeed different in bladder cancer patients' tumor stage and tumor grade,
we divided the TCGA-BLCA (Bladder Cancer) patient group based on gene expression levels for
comparison. The upper quartile, defined as the top 30% of individuals with high gene expression,
was labeled as Q1, while the lower quartile, defined as the bottom 30% with low gene expression,
was labeled as Q2. Patient classification based on gene expression levels and the analysis of tumor
stage and grade were investigated using cBioportal. CCL15, CCRL2, SMADG6, and ST3GALS
showed lower malignancy in the Q1 group, whereas ADD2 and TLL1 showed lower malignancy in
the Q2 group (Figure 6Aa-d, f, h). SIGLEC6 exhibited expression differences based on grade, but
no significance was observed based on stage (Figure 6Ag). SGK2 did not show significance in either
stage or grade (Figure 6Ae). While the SGK2 expression difference was related to the patients'

survival probability, it was not associated with the malignancy of the tumor.
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Figure 6. Summary of neoplasm stage and histologic grade based on gene expression in

bladder cancer patients

(A) Neoplasm stage and histologic grade based on expression of 8 genes. Neoplasm stage is left
graph and histologic grade is right. (a) CCL15, (b) CCRL2, (c) SMADG6, (d) ST3GALS, (e) SGK2,
(f) ADD2, (g) SIGLEC6, (h) TLL1 (*p < 0.05, ***p <0.001)

3.6. Validation of diagnostic marker expression at both mRNA and protein

level in bladder cancer

8 genes have been selected as diagnostic markers to determine the suitability of rSmeg-MIF-IL7
vaccine treatment for bladder cancer patients clinically. These genes were validated against mouse
mRNA-seq results using qRT-PCR to compare mRNA expression levels. Protein expression levels
were validated using data from The Human Protein Atlas (https://www.proteinatlas.org). At the
mRNA level, all eight genes showed consistent expression differences with the RNA-Seq data,
validating their efficacy (Figure 7A). A representative IHC image showed that CCRL2 and SGK2
staining was low in bladder carcinoma tissues, while ADD2 and SIGLEC6 staining was high in
bladder carcinoma tissues. Since CCRL2 and SGK2 are upregulated at the mRNA level, rfSmeg-
MIF-IL7 treatment is suitable for bladder cancer patient groups with low protein expression. On the
other hand, since ADD2 and SIGLEC6 are downregulated at the mRNA level, rSmeg-MIF-IL7
vaccine treatment is suitable for bladder cancer patient groups with high protein expression (Figure
7B). The IHC images for CCL15, SMAD6, ST3GALS, and TLL1 could not be validated due to

insufficient data in The Human Protein Atlas.
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Figure 7. validation of Diagnosis markers by QRT-PCR results and Immunohistochemistry
staining image

(A) Validation of RNA-seq results of gene expression using real-time PCR analysis. Coherence of
the expression pattern for 8 genes was presented in RNA-seq and real-time PCR. The relative
transcript levels were shown as Log?2 fold change. (B) The immunohistochemistry staining based on
the Human Protein Atlas database (HPAD). Protein expression levels of CCRL2, SGK2, ADD2,

SIGLECS in bladder carcinoma and bladder normal tissues.
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4. DISCUSSION

The objective of this study was to investigate whether the fusion protein rSmeg-MIF-IL7, which
expresses a combination of h-MIF promoting cancer and inflammatory responses, promotes T-cell
differentiation, and induces CTL responses, could inhibit tumor growth in a mouse bladder cancer
model and be applicable to patients. The development of the rSmeg-MIF-IL7 vaccine, designed to
replace BCG therapy, is significant as the first application to a bladder cancer mouse model.
Additionally, from a tumor growth inhibition perspective, the results align with previous research
showing that the rSmeg-MIF-IL7 vaccine enhanced anti-MIF immunity by inhibiting the MIF
signaling pathway in a colon adenocarcinoma model [10]. While it is known that hMIF delivered by
the shuttle vector rSmeg-MIF-IL7 binds to CD74 and CD44 and proceeds through the PI3K/Akt
signaling pathway [21], our mouse mRNA-seq results did not show differential expression of the
CD74 and CD44 genes. This suggests that tumor growth inhibition in the bladder cancer model may
not simply result from reduced MIF expression. The mRNA-seq results from mice showed
overexpression of IL-7R in the rSmeg-MIF-IL7 group. This indicates the possibility that IL-7 was
induced by the rSmeg-MIF-IL7 vaccine, given the increased IL-7 receptor expression. So, we gave
attention to the immune-enhancing function of IL-7, which promotes T-cell differentiation and
induces CTL responses. The encoding protein of the mouse ortholog gene for Human C-C
chemokine ligand 15 (CCL15), known as C-C chemokine ligand 6 (CCL6), has been associated with
the enhancement of memory CD8+ T cell differentiation, correlating with an increase in CD4+
memory T and CD8+ memory T cells [22, 23]. Siglec-H, a member of the sialic acid binding Ig-like
lectin (Siglec) family, has recently been identified as a specific surface marker for plasmacytoid
dendritic cells (pDCs) in mice [24]. pDCs can present antigens not only to CD4+ T cells but also
cross-present antigens to CD8+ T cells. Mediated antigen presentation has been reported to promote
CD4+ regulatory T cells (Tregs), reducing the responsiveness of CD4+ and CD8+ T cells. Elevated
expression of Ccl6 due to increased IL-7 expression values in infected mice by rSmeg-MIF-IL7 and
decreased expression values of Siglec-H are shown to induce enhanced CTL (Cytotoxic T
Lymphocytes) in CD4+ and CD8+ T cells. In a similar context, research has reported that the human
ortholog gene of Siglec-H, Siglec6, is upregulated in bladder cancer patients, correlating with

unfavorable tumor outcomes and patient survival [25]. Beyond immune cell response, enrichment
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analysis further clarified that rSmeg-MIF-IL7 is associated with other biological processes that
inhibit cancer growth.

However, the relative gene ratio for inflammatory response was higher in the rSmeg-MIF-IL7
group. While inflammation plays a crucial role in tissue repair or regeneration against pathogens in
host defense, it is mostly known to promote cancer by signaling tumor-promoting functions in cancer
cells [26]. However, it cannot be concluded that inflammation always serves as a tumor-promoting
signal without considering the functions of immune cells and acute responses. ST3GALS is a protein
that catalyzes the formation of Ganglioside GM3 in the Carbohydrate metabolic process [27].
Elevated levels of ST3GALS are known in various cancer types and can be utilized as tumor-
associated carbohydrate antigens [28]. ST3GALS, which catalyzes GM3 known to inhibit tumor cell
proliferation through angiogenesis suppression or reduced cell motility, may demonstrate anti-tumor
effects in human bladder cancer [29-31]. In one study, it was reported that the biased expression of
M2 macrophages due to decreased ST3GALS5 expression affects microvascular formation,
pathological outcomes, tumor grade, and invasion in bladder cancer, although the exact mechanism
remains largely unknown. he Adducin family members, ADD1 and ADD3, are known to be
upregulated in various cancer types. They are believed to inhibit the transcription of the p53 gene,
thereby promoting cell differentiation, migration, and invasion in tumor cells[32], contributing to
tumor metastasis. However, ADD2 is known as a crucial gene for the formation and stabilization of
the membrane-cytoskeleton and is only recognized for its importance in cell movement and adhesion.
Its role in tumors remains unknown. While various genes seem to influence the anti-cancer
mechanism of rSmeg-MIF-IL7, some results contradict known anti-cancer mechanisms, suggesting
the need for further experiments to clarify the exact mechanism. Furthermore, through
bioinformatics analysis, we confirmed how selected diagnostic markers identified in the rSmeg-
MIF-IL7 group correlate with the prognosis of actual bladder cancer patients. This suggests that
these markers could be utilized for observing malignant prognoses in clinical studies and potentially
grouping patients showing opposite trends in gene expression to select those who might exhibit
optimal efficiency. There are, of course, limitations as well. The therapeutic efficacy of rSmeg-MIF-
IL7 vaccine has not been verified in an orthotopic mouse model, which closely mimics human
bladder cancer, nor has a comparison with BCG been conducted in this study. In future research, we
aim to conduct comparative studies between rSmeg-MIF-IL7 and BCG in an orthotopic mouse

model of bladder cancer. Additionally, although the anti-cancer mechanisms of the selected
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diagnostic markers have not been clearly elucidated, making them unreliable markers, there is value
in further researching the use of rSmeg-MIF-IL7 vaccine in patients, considering our comparative
analysis of mouse experimental results and patient data. Thus, the rSmeg-MIF-IL7 vaccine has
shown potential as a therapeutic agent for bladder cancer, and the limitations of this study will be

addressed in future research endeavors.

5. CONCLUSION

In conclusion, the rSmeg-MIF-IL7 vaccine induced immune infiltration of CD4+ and CD8+ T
cells at the tumor site in mice and demonstrated tumor suppression through the expression of genes
such as CCL6 and SIGLEC-H. Through various analyses to select genes applicable to actual patients,
eight genes including CCL15 and SIGLECG6 were classified as disease markers. It is believed that
these genes, based on their expression differences leading to patient grouping, can serve as indicators

for determining the target for treatment with rSmeg-MIF-IL7.
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ABSTRACT (IN KOREAN)
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