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Introduction: The relationship between the expression of opioid-associated receptors and cancer outcomes is complex and varies
among studies.

Methods: This study focused on six opioid-related receptors (OPRM1, OPRD1, OPRK1, OPRL1, OGFR, and TLR4) and their
impact on cancer patient survival. Bioinformatics analysis was conducted on 33 cancer types from The Cancer Genome Atlas database
to examine their expression, clinical correlations, mechanisms in the tumor microenvironment, and potential for immunotherapy. Due
to significantly lower expression of OPRM1, OPRD1, and OPRK1 compared to OGFR and TLR4, the analysis concentrated on the
latter two genes.

Results: OGFR was highly expressed in 16 tumor types, while TLR4 showed low expression in 13. Validation from external samples,
the Gene Expression Omnibus, and the Human Protein Atlas supported these findings. The diagnostic value of these two genes was
demonstrated using the Genotype-Tissue Expression database. Univariate Cox regression models and Kaplan-Meier curves confirmed
OGFR’s impact on prognosis in a cancer type-specific manner, while high TLR4 expression was associated with a favorable prognosis.
Analysis of the tumor microenvironment using a deconvolution algorithm linked OGFR to CD8+ T cells and TLR4 to macrophages.
Single-cell datasets further validated this correlation. In 25 immune checkpoint blockade treatment cohorts, TLR4 expression showed
promise as an immunotherapy efficacy predictor in non-small cell lung cancer, urothelial carcinoma, and melanoma.

Conclusion: In a pan-cancer analysis of 33 tissues, OGFR was consistently highly expressed, while TLR4 had low expression. Both
genes have diagnostic and prognostic significance and are linked to immune cells in the tumor microenvironment. TLR4 has potential
as an immunotherapeutic response marker.

Keywords: opioid-related receptors, pan-cancer analysis, immune checkpoint blockade therapy, TLR4, OGFR, prognosis,
macrophage, CD8+ T cell

Introduction

The potential role of opioids used in oncology patients has been controversial. Epidemiological and retrospective studies have
demonstrated that lower opioid doses and regional anesthesia (epidural, intrathecal, or paravertebral) for breast,' colon,” or
melanoma® are linked to lower rates of cancer recurrence, while general anesthesia with high opioid doses is linked to higher rates
of cancer recurrence.* ® However, unfavorable and contrasting results have been reported by studies on colorectal” and esophageal
squamous cell carcinomas.® In a high-quality prospective trial on breast cancer, Sessler and colleagues’ discovered that regional
anesthesia (propofol + paravertebral block) was not better than general anesthesia (sevoflurane + opioids) in preventing disease
recurrence after radical surgery. However, a stratified analysis based on molecular typing was not performed, and this may have
limited the explanatory power of this result, as triple-negative breast cancers were later observed to be associated with improved
recurrence free survival with intraoperative opioid dosing.'® This suggests that the effects of opioids are dependent on the
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molecular contexts of tumors.'" Therefore, the modulatory effect of opioids may vary depending on the genetic and molecular
backgrounds of tumors.

In preclinical models, differences in tumor recurrence rates attributable to opioids may result from their direct or
indirect effects on tumor cell growth and metastasis. The direct mechanisms include stimulation of tumor cell prolifera-
tion and invasion and inhibition of apoptosis.'? The indirect mechanisms include immunosuppression.'' Opioid receptors
are predominantly found in central and peripheral neuronal tissues; however, cancer cells can express these receptors
differently from non-cancerous tissues and can stimulate opioid-associated tumorigenic processes.'*'* Several studies
conducted within the past decade have found an association between opioid receptor gene expression levels and the
outcomes of specific cancer types.'>'® This implies that at the molecular level, the activation or antagonism of extra-
neural opioid receptors may have an impact on tumor endpoints, and the expression levels of opioid receptors in tumor
tissue evidently modulate this relationship.'®!”

Given the controversial results of previous studies, which may be due in part to differences in methodology, species,
dose, and timing of administration,'® we conducted a comprehensive transcriptomic data-based study of the role of
opioid-related receptors in pan-cancer. We hypothesized that the expression of opioid-related receptors in tumor tissue is
predictive of the prognosis of tumor patients, immune status of the microenvironment, and efficacy of immunotherapy.
The four classical opioid receptors, which are OPRM1, OPRD1, OPRK1, and OPRLI, are included (from https://www.
guidetopharmacology.org/), as well as OGFR and TLR4, which are known to bind to opioids and are independently

associated with survival outcomes of tumor patients.'® We evaluated the expressions and activities of these genes in 33
types of tumors from The Cancer Genome Atlas (TCGA) database, followed by a focused analysis of OGFR and TLR4
related to clinical correlation, potential mechanisms of tumor modulation, and immunotherapeutic implications.

Methods
Data Collection and Quantitative Real-Time PCR (RT-qPCR)

Genomic, somatic mutation-related, and clinicopathological information on tumor tissues was obtained from TCGA database
(https://portal.gdc.cancer.gov/) using the University of California Santa Cruz Xena browser (https:/xena.ucsc.edu) and the
Genotype-Tissue Expression (GTEx) database (https:/www.gtexportal.org). The final TCGA dataset included 15,776 samples
of 33 cancer types and normal tissues. In addition, we searched 18 datasets from the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo) for validation. These datasets were GSE10927, GSE13507, GSE93601, GSE26566,
GSE68468, GSES3625, GSE108474, GSE13601, GSE40435, GSES53757, GSE26574, GSE89377, GSE75037, GSE67061,
GSE18520, GSE32688, GSE87211, and GSE26899. See Table S1 for more information on the GEO datasets used in this study.

We collected 145 pairs of samples (50 of colon adenocarcinoma [COAD], 30 of esophageal squamous cell cancer
[ESCA], 35 of liver hepatocellular carcinoma [LIHC], and 30 of lung adenocarcinoma [LUADY]) from the Sixth Affiliated
Hospital of Sun Yat-Sen University. Each sample contained paired tumors and adjacent normal tissues. The study was
approved by the Ethics Committees of the Sixth Affiliated Hospital of Sun Yat-Sen University (No. 2021ZSLYEC-064).

TLRA4 differential expression between cancer tissues and matching normal tissues was investigated by RT-qPCR. In brief, total

RNA from the frozen tissues was extracted using TRIzol reagent (Invitrogen, USA), and then using a PrimeScript RT reagent Kit
(TaKaRa), we reverse-transcribed the total RNA into cDNA. Next, using TB Green® Premix Ex Taq (TaKaRa) and GAPDH as
the endogenous control, we detected the mRNA expression of TLR4 by using the 2 **“T method. The primers used in this study
were as follows: TLR4 forward 5'-AGACCTGTCCCTGAACCCTAT-3' and reverse 5'-CGATGGACTTCTAAACCAGCCA-

3'; GAPDH forward 5'- GCTCTCTGCTCCTCCTGTTC-3" and reverse 5'- ACGACCAAATCCGTTGACTC-3'".

Levels of Expression of Opioid-Related Receptors in Normal and Tumor Tissues in Patients
with Pan-Cancer Using TCGA, GEQO, and Human Protein Atlas (HPA) Databases

Given that certain levels of expressions and activities of genes in tumor tissues are necessary for biological function,'”
we used two methods to screen for candidate genes from the list of six opioid-related receptor genes (OPRM1, OPRDI,
OPRK1, OPRL1, OGFR, and TLR4). The “limma” package in R (version 4.2.2) and the internal reference gene GAPDH
were used to determine whether the opioid-related receptor genes were sufficiently expressed in tumor tissues. Secondly,
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the “GSVA” package was used to estimate the activity of each gene in the samples for each cancer type. The package first
used the Pearson correlation test to construct a list of 100 genes co-expressed with the target gene. Subsequently, these
gene sets were mapped to a predefined gene set using the single sample gene set enrichment analysis; the cumulative
density function was derived using the Gaussian algorithm; and the expression statistics of the gene sets were aggregated
into enrichment scores, called activity scores, for individual samples.'® Higher scores were associated with greater gene
activity. The expression and activity of OGFR and TLR4 passed the screening stage and their differential expression in
normal and tumor tissues of pan-cancer was assessed using the TCGA database. This was followed by independent
validations at the mRNA level using multiple GEO datasets and the protein level using the HPA database.

DNA Promoter Methylation Analysis

The UALCAN online database (http://ualcan.path.uab.edu/) was used to evaluate the promoter methylation of the DNA
of OGFR in pan-cancer to investigate the potential upstream signaling sources of OGFR. In addition, we employed the
DNMIVD database (http://119.3.41.228/dnmivd/index/) to validate our findings. DNMIVD stands as a comprehensive
annotation and interactive visualization resource for DNA methylation profiles across diverse human cancer contexts.

This valuable resource is constructed utilizing high-throughput microarray data sourced from the TCGA and GEO
datasets.

Clinical Correlation of OGFR and TLR4

The levels of expression of OGFR and TLR4 were evaluated for different age groups, gender, and stages of pan-cancer.
Receiver operating characteristic (ROC) curves and areas under the curves (AUCs) based on the data for normal donor
samples from the GTEx database were used to evaluate the diagnostic value of two genes for pan-cancer. This part of the
analysis was carried out using the online software Xiantao Academic (https://www.xiantao.love/), which has a built-in
“pROC” package. Univariate Cox regression with the hazard rate (HR) and the Kaplan-Meier (K-M) method with the
Log rank test were used to assess the overall survival, disease-free survival (DFS), disease-specific survival (DSS), and

progression-free survival (PFS) of the TCGA pan-cancer cohort. This part of the analysis was conducted using the
“survival” package.

Functional Enrichment Analysis

To further investigate the signaling pathways associated with OGFR and TLR4, we obtained the differential pathways of
the low and high expression groups for the two genes in pan-cancer from the Kyoto Encyclopedia of Genes and Genomes
database and performed gene set enrichment analysis (GSEA). Statistical significance was denoted by corrected false
discovery rates (FDRs) of < 0.05 and absolute log, fold changes of > 1. The ¢5.go.v7.4.symbols and c2.cp.kegg.v7.4.
symbols were used as the annotation reference sets for gene ontology (GO) and Kyoto encyclopedia of genes and
genomes (KEGQG) pathway analysis, respectively. The top 5 signaling pathways with the highest normalized enrichment
scores (NESs) were visualized using the “enrichplot” package. This part of the enrichment analysis was conducted using
the “org.Hs.eg.db” package. In addition, we used the CancerSEA (http://biocc.hrbmu.edu.cn/CancerSEA/) database to
investigate the functional statuses of two genes. This database contains the data of 41,900 single cells from 25 cancer

tissues and summarizes the functional statuses of 14 types of cancer cells.

Correlations Between Tumor Microenvironment and OGFR and TLR4

The ESTIMATE package'® is a tool to assess the degree of stromal and immune cell infiltration in the tumor
microenvironment, and it was used to calculate the stromal and immune scores for each sample; the higher the score,
the higher the corresponding cell infiltration for that sample. The correlations between expression levels of OGFR and
TLR4 and stromal or immune scores were evaluated, with correlation coefficients of > 0.4 and p-values of < 0.01 as
thresholds. Subsequently, the contents of the 22 tumor-infiltrating immune cells were estimated for each tumor sample
using the CIBERSORT package based on the deconvolution algorithm® and tested for correlation with the two genes,
with parameters set to a correlation coefficient > 0.4 and a p-value < 0.001. Finally, the single-cell levels of expressions
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of OGFR and TLR4 in the tumor microenvironment were verified using the single-cell portal (https://singlecell.broad

institute.org/) and scRNASeqDB database (https://bioinfo.uth.edu/scrnaseqdb/).

Potential Immunotherapeutic Implication of OGFR and TLR4

The expression of immune inhibitors, tumor mutation burden (TMB), and microsatellite instability (MSI) are strongly
associated with immune treatment response, and we evaluated the correlations between the expression levels of OGFR
and TLR4 and these indicators. The relationships between the two genes and immune inhibitors were investigated using
the TISIDB online database (http://cis.hku.hk/TISIDB/index.php). TMB was defined as the total number of errors in
somatic gene coding, base substitution, gene insertions, or deletions detected in every million bases. To determine the

TMB for each case, the total number of mutations counted was divided by the exome size (38 Mb was utilized as the
exome size). MSI scores for each TCGA cancer case from previously published studies.>' The results were visualized
using the “fmsb” package. Finally, we evaluated the expressions of two genes in the response and non-response groups of
25 clinical studies on anti-PD-1, anti-PDL1, and anti-CTLA4 immunotherapy to assess whether the two genes could
predict the efficacy of immunotherapy. This analysis was carried out using the online database ICBatlas (http://bioinfo.
life.hust.edu.cn/ICBatlas/) and visualized using the online tool SangerBox (http://vip.sangerbox.com/login.html).

Connectivity Map (CMap) Analysis

CMap (ht‘tps://clue.io/)zz’23
sion patterns and identifying comparable or contrasting effects of small molecule compounds. The connectivity between

serves as an internet-based repository, capable of scrutinizing disease-specific gene expres-

a query signature and a perturbagen in a specific cell line is measured using a connectivity score (tau), which ranges from
+100 to —100. The median tau score is a numerical value that summarizes the connectivity score between a query
signature and a perturbagen across different cell lines. Signatures with a high positive connectivity score are considered
to be positively connected, while those with a high negative score are considered to be negatively connected. The
“query” tool of CMap was used to search out the anti-TLR4/OGFR chemical compounds, the heatmap was plotted to
show the top 10 compounds.

Statistical Analysis

R software (version 4.2.2) was used to conduct all statistical analyses in this study. The Student’s #-test or the Wilcoxon
rank-sum test was employed to assess continuous variables. When comparing data among three or more groups, ANOVA
was used to calculate the P-value, if applicable. When the data does not satisfy the Gaussian distribution, use the Mann—
Whitney test. Chi-squared or Fisher’s exact test was used to compare the categorical clinicopathological characteristics.
Pearson correlation analysis was used for the correlation analysis. Statistical significance was denoted by p-values of less

than 0.05 or 0.01. The statistical analysis methods were carried out following established and validated procedures.**2°

Results

Expressions and Activities of TLR4 and OGFR in Tumor Tissues Meet the Requirements
for Further Analysis

Figure 1 illustrates the work flow of this study. Table S2 displays the abbreviation list of 33 cancers from the TCGA.
Using GAPDH as an internal reference, we first evaluated the expressions of six opioid-related receptor gene mRNAs in
33 tumor tissues (Figures 2A-D and S1A-C and Table S3). The levels of expression of four classical receptors, OPRM1,
OPRDI1, OPRK1 and OPRLI1, were low; on average, they were 1-2 orders of magnitude lower than those of GAPDH,
OGFR, and TLR4 (Table S3). These low expressions are consistent with previous observations on triple-negative breast

cancer'® and pan-cancer tissues.”?’ In addition, the gene activity scores (Figures S1D-F) for OPRD1, OPRK1, and OPRL]1
in tumor tissues calculated using the ssGSEA method were lower than those for GAPDH (Figure 2E), OGFR (Figure 2F),
and TLR4 (Figure 2G); on the other hand, the expression of OPRM1 was too low to evaluate the activity. Given that
certain levels of expression and activity of a gene in tumor tissues is necessary for biological function, these results imply
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A comprehensive pan-cancer analysis of opioid-related receptors
reveals the immunotherapeutic value of Toll-like Receptor 4
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Figure | Workflow of the study.
Abbreviations: TCGA, The Cancer Genome Atlas; ssGSEA, single sample gene set enrichment analysis; GEO, Gene Expression Omnibus; RT-qPCR, quantitative real-time
PCR.

that OPRM1, OPRD1, OPRK1, and OPRL1 may not play an important regulatory function in tumor tissues. To ensure
that the subsequent analysis was more robust, we maintained only the OGFR and TLR4 genes for further analysis.

Differential Expressions of OGFR Were Found in Cancerous and Normal Tissues in

|7 Cancer Types and TLR4 in |5

As shown in Figure 3A, OGFR was highly expressed in 16 cancer tissues (BLCA, BRCA, CHOL, COAD, ESCA, HNSC, KICH,
KIRC, KIRP, LIHC, PCPG, PRAD, READ, SARC, STAD, and THCA) and lowly expressed in only LUSC. In contrast, TLR4
was only highly expressed in GBM and KIRP tumor tissues; its expressions in the other 13 tumor tissues (BLCA, BRCA, CESC,
CHOL, KICH, KIRP, LIHC, LUAD, LUSC, PAAD, PRAD, THCA, and UCEC) (Figure 3B) were low. The expressions of the
two genes were independently validated using the GEO datasets (Figures 3C-J and S2A-)).

In addition, we detected TLR4 expression by RT-gPCR in samples obtained from our institution in order to further
validate the TLR4 mRNA expression in external samples. The results revealed that TLR4 expression was significantly
higher in normal tissues than in tumor tissues (COAD [p<0.05], ESCA [p<0.0001], and LUAD [p<0.0001], Figure 3K-N)
after excluding outliers (3 pairs in COAD samples, 4 pairs in ESCA samples, and 3 pairs in LIHC samples, respectively.
Detailed exclusion samples can be found in the raw data attached to this paper). The next representative immunohisto-
chemical images of the HPA database demonstrated a difference in expression from the protein level (Figure 4A-X). This
implies that OGFR may be a risk gene in most cancers, while TLR4 is a protective gene.

DNA Promoter Methylation Levels Suggest the Source of Upstream Activation Signals
for OGFR

To explain the aberrant expressions of OGFR and TLR4 in tumors, we searched the UALCAN database for evidence of
upstream DNA promoters. However, the TLR4 gene could not be evaluated because lack of data in the UALCAN
database. Promoter hypomethylation levels of OGFR were observed in BLCA, CHOL, COAD, ESCA, HNSC, KIRC,
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Figure 2 Mean expression levels and activity scores of the opioid-related receptor genes in TCGA pan-cancer samples.
Notes: Mean expression levels of (A) GAPDH, (B) OGFR, (C) TLR4, and (D) OPRMI in TCGA pan-cancer tumor tissues. The mRNA expression levels (FPKM
normalized) of OGFR, TLR4, and OPRMI were individually assessed in 33 tumor tissues. GAPDH was used as a reference gene here to provide a clear reference point for
the mRNA expression levels of each opioid-related receptor. Mean activity scores of (E) GAPDH, (F) OGFR, and (G) TLR4 in TCGA pan-cancer tumor tissues. Higher
scores are associated with increased gene activity. Similarly, GAPDH was used as an internal reference gene to visually assess the activity levels of various opioid-related

receptors. TCGA, The Cancer Genome Atlas.
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and STAD, whereas hypermethylation levels were noted in LUSC, PRAD, and UCEC, with normal tissue serving as a
reference (Figure S3A-V). Furthermore, we corroborated OGFR DNA methylation patterns using the DNMIVD
database. This analysis revealed that BLCA, COAD, ESCA, HNSC, KIRC, and STAD exhibited hypomethylation of
OGFR DNA, whereas LUSC and PRAD exhibited hypermethylation. These findings align closely with the results
obtained from the UALCAN database (Figure S4A-J). These observations help shed light on why OGFR is highly

expressed in many cancer tissues.
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Expression levels of OGFR and TLR4 between normal and tumor tissues in pan-cancer (TCGA)
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Notes: Expression levels of (A) OGFR and (B) TLR4 in normal and tumor tissues in TCGA pan-cancer. Expression levels of OGFR and TLR4 in (C) BLCA, (D) BRCA, (E)
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expression of the TLR4 gene was verified by qRT-PCR in (K) 47 pairs of COAD samples, (L) 26 pairs of ESCA samples, (M) 32 pairs of LIHC samples, and (N) 30 pairs of
LUAD samples (samples after exclusion of outliers). Comparisons between groups were made using the Mann—-Whitney test, and data were presented using means#standard
errors (SEM). *p<0.05, **p<0.01, **p<0.001, **p<0.0001.
Abbreviation: ns, not significant; TCGA, The Cancer Genome Atlas; GEO, Gene Expression Omnibus.
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Figure 4 Representative immunohistochemistry images showing the levels of protein expressions by (A-L) OGFR and (M-X) TLR4 in normal and tumor tissues in pan-

cancers from the HPA database.
Abbreviation: HPA, Human Protein Atlas.
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OGFR and TLR4 Have Moderate Diagnostic Values for Pan-Cancer

A clinical correlation analysis stratified by age, sex, and disease stage (Figure SSA-F) showed that the expression of
OGFR increased with disease progression, while that of TLR4 reduced. This was consistent with the observation that
OGFR is a risk gene while TLR4 is a protective gene.

Using normal tissue samples from the GTEx database as a reference, we evaluated the diagnostic values of OGFR and
TLR4 (Figures 5A, B and S6A, B). We found that OGFR in DLBC, KIRC, KIRP, LUAD, LUSC, OV, PAAD, STAD,
TGCT, and THCA and TLR4 in ACC, BLCA, BRCA, CESC, GBM, GBMLGG, LAML, LGG, LUAD, LUSC, OV,
PAAD, PRAD, READ, STAD, TGCT, THCA, THYM, UCEC, and UCS had more than moderate diagnostic values
(AUC>0.7) (Figure 5A and B).

Patients with High TLR4 Expressions Have Better Prognoses and OGFR is Cancer-
Specific

As shown in Figure 6A, a univariate cox regression model suggested that high OGFR expression was associated with a
better prognosis for BLCA (HR=0.721, 95% confidence interval (CI): 0.556-0.935, p=0.014), MESO (HR= 0.508, 95%
CI: 0.279-0.923, p=0.026), and SKCM (HR= 0.716, 95% CI: 0.575-0.891, p=0.003) but a worse prognosis for LAML
(HR=1.889, 95% CI: 1.268-2.814, p=0.002) and LGG (HR=1.874, 95% CI: 1.263-2.779, p=0.002). These results were
validated using K-M curves (Figure 6B-F). Patients with high TLR4 expression usually have a better prognosis
(Figure 6G), and this can be observed for ACC (HR=0.475, 95% CI: 0.255-0.886, p=0.019), KIRC (HR=0.712, 95%
CI: 0.591-0.857, p<0.001), LUAD (HR=0.834, 95% CI: 0.7-0.995, p=0.043), SKCM (HR=0.763, 95% CI: 0.662—0.88,
p<0.001), and UCEC (HR=0.663, 95% CI: 0.492-0.893, p=0.007), meanwhile confirmed by K-M curves (Figures 6H-L).
The TGCT, despite the opposite trend, has too large a confidence interval (95% CI: 1.866-230.811) and is not considered
to be informative. The same trend can be observed for DFS, DSS, and PFS (Figure S7A-F); OGFR affects prognosis in a
cancer type-dependent manner, while high TLR4 expression leads to a good prognosis.

Functional Enrichment Studies Show Strong Correlations Between OGFR and TLR4

Expressions and Immune Response

The functional enrichment analysis of the two representative cancer types, SKCM and BLCA, is shown in Figure 7A-H
and Table S4. For SKCM, GO analysis revealed that the group with high OGFR expression showed enriched adaptive
immune response (NES=2.212, p-value=0.011, FDR g-value=0.388) and T-cell activation (NES=2.099, p-value=0.011,
FDR g-value=0. 388), while the KEGG analysis revealed a predominant enrichment of antigen processing and
presentation (NES=2.02, p-value=0.014, FDR g-value=0.111) and cytokine-cytokine receptor interaction (NES=1.962,
p-value=0.012, FDR g-value=0.111). Similarly, associations between the expressions of the two genes and the immune
response were observed in the high OGFR expression group for BLCA and the high TLR4 expression group for both
SKCM and BLCA (Figures 7B-H). In addition, OGFR expression was strongly associated with the differentiation of
retinoblastoma (RB) tumors and negatively associated with DNA repair in RB and uveal melanoma (Figure S8A). TLR4
was associated with angiogenesis and negatively associated with cell cycle and DNA damage in RB (Figure S8B).

Tumor Microenvironment Analysis Revealed That OGFR Was Associated with CD8+
T Cells, Whereas TLR4 Was Associated with Macrophages

Similar to the findings of the functional enrichment analysis, Figure 8 shows that OGFR and TLR4 expressions are
positively correlated with the immune scores of different tumor types. The correlation coefficients of OGFR expression
and the immune scores of CESC, HNSC, LAML, and SARC were greater than 0.4 (Figure 8A-D); OGFR expression
levels were mainly positively correlated with the infiltration intensity of CD8+ T cells (Figure 8E-H). The correlation
coefficients of TLR4 expression and the immune scores of CHOL, LUAD, LUSC, and OV were greater than 0.7
(Figure 8I-L); TLR4 expression was mainly associated with macrophages of LAML and THYM (Figure 8M-P). To
verify this correlation, we used an online single-cell database to investigate the expressions of these two genes in the cell
sub-population (Figure 9A-J). OGFR expression is more diffuse and can be expressed in tumor cells and monocytes or
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Figure 6 Analysis of prognostic values of OGFR and TLR4 in pan-cancer (TCGA) using forest and K-M plots.
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Figure 7 GO and KEGG functional enrichment analyses of (A—D) OGFR and (E-H) TLR4 in TCGA skin cutaneous melanoma (SKCM) and bladder urothelial carcinoma

(BLCA).

Note: For each panel, the pathways marked on the left were enriched in the high-target gene expression group, while the pathways marked on the right were enriched in
the low-target gene expression group.
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Figure 8 Correlations between (A—H) OGFR and (I-P) TLR4 expressions and the ESTIMATE score and immune cell infiltration.

Notes: The ESTIMATE score includes the stromal score (indicates the presence of stromal cells in tumor tissues) and the immune score (represents the infiltration of
immune cells in tumor tissues). The correlation between the expression levels of OGFR and TLR4 and stromal or immune scores were assessed. A higher correlation
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higher R-value indicates a stronger correlation between the gene and a specific type of immune cell in the corresponding tumor tissue. The correlations were plotted if
R>0.4 and p<0.05.
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macrophages in the melanoma tumor microenvironment (Figure 9B); dendritic cells (DCs), CD8+ T cells, and tumor-

associated macrophages in renal cell carcinoma (Figure 9D); and fibroblasts and PLZF+ (ZBTB16) T cells in colon

cancer (Figure 9E). TLR4, on the other hand, was more consistent and expressed in macrophages in all tumor

microenvironments (Figures 9F-J). These findings based on single-cell sequencing data support those for bulk sequencing

using the deconvolution algorithm in the CIBERSORT package, particularly the finding that there is a strong correlation

between the expressions of macrophages and TLR4.

TLR4 Expression Potentially Predicts Immunotherapy Efficacy for Non-Small Cell Lung
Cancer, Urothelial Carcinoma, and Melanoma

Using the TISIDB database, we found that OGFR expression was negatively correlated with the immune checkpoint
CD274 expression in KIRP and positively correlated with CTLA4 expression in TGCT (Figure 10A). The expression of
OGFR was also significantly correlated with the TMBs for BRCA, CESC, ESCA, LAML, LGG, LIHC, PAAD, PRAD,
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Figure 9 Single-cell RNA-Seq databases were used to investigate the levels of expression of (A-E) OGFR and (F-J) TLR4 in the cell sub-population of the tumor
microenvironment.
Abbreviations: TPM, transcripts per million; UMAP, uniform manifold approximation and projection; tSNE, t-distributed stochastic neighbor embedding.

STAD, and THCA (Figure 10B) and the MSI scores for BLCA, CESC, COAD, DLBC, HNSC, KIRP, LGG, LUAD,
LUSC, PRAD, TGCT, and THCA (Figure 10C). The expressions of TLR4, CD274, and CTLA4 were positively
correlated in KIRC and OV (Figure 10D). TLR4 expression was also significantly correlated with the TMBs of ACC,
BLCA, BRCA, CHOL, DLBC, HNSC, LAML, LGG, LIHC, LUAD, LUSC, MESO, OV, PAAD, PRAD, STAD, TGCT,
THCA, THYM, and UVM (Figure 10E) and the MSI scores for DLBC, HNSC, KIRP, LGG, LIHC, LUAD, LUSC,
PRAD, READ, SKCM, STAD, TGCT, THCA, and UCS (Figure 10F). As shown in Figure 10G, differential expressions
of TLR4 were observed in the responder and non-responder groups in three independent cohorts. In responders with
melanoma (SRP150548) and non-small cell lung cancer (SRP183455), TLR4 expression was high; in contrast, TLR4
expression was low in urothelial carcinoma (IMvigor210). The online database ICBatlas also provides a response score
for each gene for use in determining the fold change and universality of differentially expressed genes at the dataset or
cancer type level, allowing users to understand the extent of gene impact on immune checkpoint blockade (ICB) response
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more intuitively.”® The degree of gene effect on ICB response was positively correlated with the absolute response score,
and genes with a positive response score were upregulated in responders, which contributed to a good prognosis.28
Therefore, we evaluated the response score for TLR4 and compared it with the top 20 gene response scores at two levels:
the dataset and cancer type levels (Table S5). OGFR cannot be evaluated because no data are available. As shown in
Table S5, the TLR4 response scores reached 3.829 for both levels of comparison, which were comparable to those for the
top 20 response genes, indicating the potential of TLR4 as a predictive biomarker of immunotherapy response.

CMap Analysis

We initiated our study by utilizing the GEPIA2 database to extract the top 100 genes closely associated with OGFR and
TLR4, as outlined in Tables S6 and 7. Subsequently, we performed a comprehensive CMap analysis aimed at identifying
potential small molecule compounds capable of reversing the expression patterns linked to TLR4 and OGFR. Notably,
we presented the top 5 drugs/molecules exhibiting the most robust negative correlation and the top 5 drugs/molecules
with the most pronounced positive correlation. For OGFR, this included ochratoxin-a, piperine, losartan, cholic-acid,
FTI-276, JW-7-24-1, BX-795, importazole, torin-2, and chaetocin (Table S8). In the case of TLR4, the list comprised
desoxypeganine, eicosatetraynoic-acid, forskolin, SJ-172550, chloroquine, herniarin, apicidin, camptothecin, SID-
26681509, and Merck60 (Table S9). Additionally, we visually represented the impact of the top 10 small molecule
compounds across 9 distinct tumor cell lines through a heatmap (Figures 10H-I). These intriguing findings warrant
further investigation to ascertain the therapeutic potential of these drugs and molecules.

Discussion

The main findings of this study can be summarized as follows. First, the expressions and activities of the three canonical
opioid receptors OPRM1, OPRD1, and OPRK1 and the opioid receptor-like receptor OPRL1 were relatively low in pan-
cancer tumor tissues. On the other hand, the levels of expression and activities of the endogenous opioid-related receptors
OGFR and TLR4 were higher; this expression and activity pattern may be a direct pathway for the biological effects of
opioids in tumor tissues. Second, OGFR and TLR4 genes have diagnostic and prognostic values, but these vary with the
tumor types. Third, the expressions of OGFR and TLR4 are associated with immune response; TLR4 may be
concentrated in macrophages in the tumor microenvironment, and it can be used as a predictive biomarker for ICB
efficacy in non-small cell lung cancer, urothelial carcinoma, and melanoma. This may serve as partial evidence that
opioids directly influence the immune response. To our knowledge, this is the first study to focus on the direct association
of tumor opioid-related receptors with immune responses in the tumor microenvironment through the integration of
multiple public genetic databases.

Opioids are still the main drugs for the induction and intraoperative maintenance of anesthesia and postoperative
analgesia.”” However, they can elicit a range of undesired consequences, including the inhibition of both cellular and
humoral immune functions in humans, increase in angiogenesis, and promotion of tumor growth in rodents.” Opioids are
known to act indirectly on the nervous system, leading to the release of biogenic amines.!' They also activate the
hypothalamic-pituitary-adrenal axis, leading to the release of glucocorticoids.”” In combination, the above effects weaken
innate immunity by inhibiting NK cell cytotoxicity. The direct effects on immune function may be through opioid
receptors, such as mu-opioid receptors (OPRM1 transcription product) or opioid-related receptors expressed by immune
cells.’® The anti-tumor immune response involving these immune cells plays a critical role in controlling and eradicating
cancer cells in individuals who have or are developing cancer.'' Thus, opioid and tumor opioid receptor interactions and
their effect on tumor immunity have garnered marked interest among surgical oncology researchers.” However, a large
number of studies have yielded inconsistent results, which may be due, but not limited, to the following. First, opioids
have central and peripheral effects or direct and indirect effects on tumor tissue, and confounding factors are numerous.
This makes it difficult to investigate the perioperative relationship involving opioids, opioid receptors, and immunosup-
pression. Second, a significant part of the current evidence comes from experimental in vitro and in vivo models, with
clinical evidence mostly limited to retrospective observational studies or post hoc analyses of randomized controlled
trials originally designed to assess non-cancer outcomes,’® while the evidence from prospective studies with positive
results is limited.'® Third, it is not sufficient to assess classical opioid receptors alone. It has recently been observed that
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some effects of opioids are not mediated by classical opioid receptors; they are also mediated by opioid-related receptors
such as OGFR and TLR4."""'7*! In response to the heterogeneity in these studies, a recent review critically assessed the
currently available data from preclinical studies on the effects of morphine on tumor growth and metastasis, attempted to
elucidate the parameters that may explain these differences, and discussed some of the essential criteria that preclinical
models should meet to address this issue in a future clinically relevant setting.>* This suggests that the conclusion that
opioids worsen cancer survival through their immunosuppressive effects is too general or too simplistic, as their effects
may vary with cancer type.”® This necessitated the use of large sample datasets in public databases. On one hand, this
would allow a more objective assessment of the molecular backgrounds of human patients with tumors for direct
evidence of opioid effects in the tumor microenvironment; on the other hand, we focused only on the direct targets of
opioid effects, which are the known opioid receptors, on tumor cells and the tumor microenvironment. The use of large
validated databases such as TCGA and GTEx is effective®’ for mapping the genetic footprint of opioid receptors in tumor
cells.

Previously, Belltall and colleagues evaluated the expressions of 5 opioid-related receptors (OPRM1, OPRDI1, OPRLI1,
OGFR, and TLR4) in 12 solid tumor types using the TCGA database.?’ Similarly, they found that OPRM1, OPRDI1, and
OPRL1 expressions were low in tumor tissues. In addition, the expression of OGFR was high in most tumors (Odds
Ratio (OR) [95% CI]: 2.39 [2.05-2.78]), while that of TLR4 was low (OR [95% CI]: 0.29 [0.26-0.32]).>®> However, they
did not find associations between the expressions of these genes and tumor prognosis. This is different from the findings
of the present study, probably because they used a mixed Cox model that included age, cancer stage, and the expressions
of OPRM1, OPRK1, OPRDI1, OGFR, and TLR4 as covariables.>® This model is relatively comprehensive; however, the
use of multiple parameters necessitates an increase in the sample size, which would otherwise limit the statistical power

of the model.**

And the influence of other confounding factors not included in the analysis, such as type of surgery,
pathologic stage, opioid agonist or antagonist administration, and other important molecular pathways that may also be
involved in the effect of opioids on cancer growth. As mentioned in their paper, these parameters may have an effect on
the association between opioid receptor expression and long-term cancer outcomes.*® Our study focused on assessing the
relationship between opioid-related receptors and the tumor microenvironment, particularly the immune response.
Therefore, a univariate Cox regression analysis and a K-M model were used for the prognostic analysis, which showed
correlations between OGFR and TLR4 expressions and the prognosis of several tumors. These were validated using DFS,
DSS, and PFS and confirmed in the subsequent tumor microenvironment analysis. We evaluated the relationships
between receptors and immune cells using a deconvolution algorithm and bulk sequencing data and validated this
relationship using available single cell sequencing data. Subsequently, we found a correlation between the expressions of
TLR4 and macrophages and extrapolated the results for the immunotherapeutic response. The present study expanded the
understanding that opioid-related receptors regulate tumor immune responses.

The expressions of classical opioid receptors were predominantly low in tumor tissues. This appears to be in contrast
with the findings of several previous studies on the OPRM1 gene®*® known to regulate tumor development and immune
response, but there are reasons for this inconsistency. The OPRMI1 gene expression is dependent on immune cell
activation, as OPRM1 expression in T cells is non-constitutive, and this may account for the discrepancy.'' In activated
human T cells, OPRM1 mRNA increases to approximately 1% of neuronal levels and can produce functional p-receptors
in T cells.®” Several extracellular signals, including the cytokines IL-1, IL-4, IL-6, TNF, and IFN-y, control OPRM1 gene
transcription and cell surface opioid receptor expression in immune cells.''**3? In contrast with the OPRM1, which is
subject to an expression pattern of induced reactivation, TLR4 tends to have a certain pre-existing expression abundance
in tissues because this receptor is associated with innate immune system activation.*® These findings are supported by the
current study; we discovered that the expression of TLR4 was lower in tumor tissues than in normal tissues (Figure 3),
implying an immunosuppressed microenvironment in tumor tissues, which leads to a poor outcome (Figures 6 and S6). In
the current evidence, a pre-existing immune response in the tumor microenvironment tends to have an effect of
immunotherapy.*' Therefore, TLR4 expression can also be used to predict the effect of immunotherapy (Figure 10G).

The human OGFR gene consists of seven exons and six introns and encodes a 677-amino-acid protein localized to the
nuclear membrane.*? Its ligand, OGF, is located in the cytoplasm. The binding of OGF and OGFR leads to translocation
in the nucleus and plays a role in regulating cell growth and immune function.** Several preclinical and clinical studies
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have shown that modulating the natural OGF-OGFR regulatory network represents a new non-toxic and highly effective
approach to tumor therapy.43’44 The present study found a high expression of OGFR in several tumor tissues, which
provides a rationale for the use of OGF as part of adjuvant therapy for cancer. Several factors contribute to gene
expression, encompassing miRNA alterations and DNA methylation. In the context of breast cancer, Gangga Anuraga
et al elucidated the regulatory role of hsa-miR-1236-3p, hsa-miR-4264, and hsa-miR-6839-3p on NEK2 expression.*’
Meanwhile, Chen Xing et al established a positive association between CDCA3 promoter methylation and mRNA
expression and further identified the prognostic significance of CDCA3-cg25700897 and CDCA3-cg09936970 methyla-
tion for PAAD patients using MethSurv.***” It’s noteworthy that OGFR DNA methylation might also play a prognostic
role, although our paper did not explore this aspect.

TLR4 is localized on the cell membrane and is an important member of the Toll-like receptor family.*® TLR4 initiates
downstream by sensing pathogen-associated molecular patterns and damage-associated molecular patterns signaling
cascades that lead to the release of various types of cytokines and chemokines and the maturation of immune cells,
playing a key role in the activation of innate and adaptive immune responses.*’ Following the activation of TLR4
expressed by antigen-presenting cells such as macrophages and DCs, a wide range of pro-inflammatory substances, such
as TNF-q, are produced, which induce DC maturation and migration, leading to T helper 1 lymphocyte proliferation.>
DC maturation is essential for the cross-presentation of tumor antigens to specific CD8+ T cells.”’ TNF-a is also a key
effector molecule for CD8+ T cells and NK cells.> T helper 1 lymphocyte and cytotoxic CD8+ T cell responses are
considered key factors that are necessary to achieve antitumor effects.’® The antitumor activity of TLR agonists was first
reported as early as the 18th century when bacterial infections had the potential to inhibit cancer progression.”* TLR4
agonists, such as the BCG vaccine, imiquimod, and lipid monophosphate A, have been approved by the FDA for
immunotherapy of superficial migratory cell carcinoma of the bladder and basal cell carcinoma and adjuvant use with
vaccines for HPV-associated cervical cancer.”> More TLR4 agonists are currently in various stages of clinical trials.*®
Thus, TLR4-based immunotherapy shows great promise for cancer treatment. To our knowledge, TLR4 has not been
previously reported as a marker of immunotherapeutic response in ICB, and our results expand the knowledge in this
area. Potential drug candidates influencing gene expression can be discerned through the analysis of the cMAP database.
For instance, Chih-Yang Wang et al uncovered Fulvestrant’s efficacy in treating breast cancer via CMAP analysis.’® In
our investigation, some of the small molecule compounds identified through CMAP analysis have garnered FDA
approval, including chloroquine, while several others remain under research development. Nevertheless, these small
molecule compounds offer valuable guidance for our future endeavors in tumor therapy research.

We should acknowledge some limitations of the study. First, there may be differences in baseline characteristics from
GTEx and TCGA. Second, we evaluated the most common opioid receptor genes. However, other molecular pathways
may also contribute to the effects of opioids on cancer development, given the wide range of physiological effects of
opioids. Finally, our study was not validated in vivo, which is the focus of our future work.

Conclusion

We found that the expression of OGFR was high, while that of TLR4 was low in 33 pan-cancer tissues depending on the
primary tumor analyzed. Both genes have diagnostic and prognostic values, and they are closely related to the immune
cells in the tumor microenvironment. TLR4 is expressed in macrophages. While prospective experimental validation is
needed, TLR4 can potentially serve as an ICB efficacy response marker. However, the mechanism of action of opioids
(including endogenous and exogenous opioids) and their involvement with the OGFR and TLR4 pathways that lead to
the development, progression, and prognosis of tumors need further study.
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study are included in the article. Further inquiries can be directed to the corresponding authors.
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