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Abstract: Glioblastoma (GBM) is a common malignant tumor of the central nervous system with a poor prognosis 
and a short survival period. A novel tumor oncolytic virus, Ad-TD-nsIL-12, has manifested anti-tumor properties 
in preclinical studies. However, the genetic changes caused by Ad-TD-nsIL-12 after GBM treatment are unclear. 
Therefore, we collected cerebrospinal fluid and tumor tissues from patients injected with Ad-TD-nsIL-12 at differ-
ent time points and analyzed the methylation and expression profiles of cerebrospinal fluid-derived circulating tu-
mor DNA (ctDNA). The differential genes were screened using the least absolute selection and shrinkage operator 
(LASSO) and Cox regression analyses. The CIBERSORT algorithm was used to assess the abundance of glioma 
immune cell infiltration in The Cancer Genome Atlas (TCGA) dataset. The role of hub genes in the diagnosis, progno-
sis, and immune cell correlation was analyzed using R software, SPSS software, and GraphPad Prism. The results 
showed that after Ad-TD-nsIL-12 injection, 3631 differential methylation regions (DMRs) were up-regulated and 497 
DMRs were down-regulated. The methylation levels of these DMRs recovered within 70 to 82 days. Combined with 
the TCGA dataset, 8 key genes were selected for the construction of diagnostic and prognostic models. There was a 
significant correlation between core genes and immune cells. The results revealed that the hub genes in CSF could 
be used as a biomarker for the diagnosis and prognosis of GBM and led us to speculate the effect of the hub gene 
on the immune mechanism underlying Ad-TD-nsIL-12.
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Introduction

Glioma is the most common primary intracra-
nial malignancy, accounting for 80% of central 
nervous system (CNS) malignancies and about 
27% of neurological tumors, and is one of the 
malignancies with the worst prognosis and 
highest mortality rate in humans [1]. Currently, 
no satisfactory treatment is available for GBM. 
The standard of care is maximal surgery, radia-
tion therapy, and temozolomide synchronized 
chemotherapy, but the five-year survival rate of 
GBM patients is low [2, 3]. Thus, a new treat-
ment method is an urgent clinical requirement 
to improve the survival rate of GBM patients 
and improve the current treatment status of 
the disease.

Immunotherapy has received increasing atten-
tion in the last decades in modern oncology, 

and many immunotherapeutic approaches 
have been developed, which include oncolytic 
viruses (OVs) [4]. These viruses can selectively 
multiply in tumor cells and have a low impact on 
normal cells [5]. The mechanism of action of 
OVs is not limited to direct tumor lysis of can- 
cer cells and has immunomodulatory effects 
that enhance the anti-tumor response of the 
immune system [6-9]. According to a previous 
study, the dramatic response and long-term 
survival of the oncolytic adenovirus DNX-2401 
in the treatment of high-grade gliomas were 
ascribed to the direct oncolytic effect of the 
virus and elicited an immune-mediated anti-
tumor response [10]. In the present study, we 
used a novel oncolytic adenovirus, Ad-TD-
nsIL-12, which seems promising for cancer 
treatment in animal models [11]. This oncolytic 
adenovirus is based on the five-base adenovi-
rus Ad-TD with the deletion of 3 genes, E1ACR2, 
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E1B19K, and E3gp19K, but with the retention 
of the E3B gene. Ad-TD-nsIL-12 transferred 
non-secretory (ns) interleukin 12 (IL-12) into 
tumor cells and significantly improved the sur-
vival in a Syrian hamster model of pancreatic 
cancer. IL-12 is a strong immunomodulator that 
exerts anti-tumor effects by activating dendritic 
cells, macrophages, natural killer (NK) cells, 
and cytotoxic T lymphocytes (CTLs) [12]. It pro-
motes interferon-gamma (IFN-γ) production by 
these cells, thereby developing anti-tumor 
immunity and inhibiting tumor angiogenesis 
[13, 14]. However, IL-12 causes a systemic 
inflammatory response, greatly hindering clini-
cal use [15]. Typically, Ad-TD-nsIL-12 inhibits 
tumor growth and angiogenesis and improves 
the survival rate of experimental animals with-
out significant toxic side effects, which brings 
new hope for tumor treatment in the clinic. 
Nevertheless, the therapeutic efficacy of Ad-TD-
nsIL-12 in animal models has been confirmed, 
but its immune mechanism, treatment period, 
and injection dose in GBM treatment are 
unknown, needing further studies and clinical 
trials to substantiate the current findings.

Although tissue biopsy is the gold standard 
method for diagnosing and predicting patients 
with glioma, many studies have recently empha-
sized the drawbacks of this approach [16, 17]. 
First, tissue samples are not fully representa-
tive of tumor heterogeneity, limiting the accu-
racy of prediction results [18]. In addition, 
because tissue biopsy sampling is a highly  
invasive intervention and extremely difficult 
because of the poor anatomical location of the 
tumor; also, it is also difficult to detect early 
diagnosis, residual conditions, and disease 
recurrence [19]. Therefore, a minimally invasive 
method is an urgent requirement to detect can-
cer early and facilitate patient follow-up. Liquid 
biopsy (LB) can be a viable method to overcome 
these drawbacks. Recently, LB has become a 
hotspot for diagnostic research worldwide. It 
identifies and monitors tumor biomarkers, su- 
ch as circulating tumor cells (CTCs), circulating 
tumor DNA (ctDNA), and exosomes at the 
molecular level using human blood, cerebrospi-
nal fluid (CSF), urine, saliva, and other body  
fluids [20]. Compared to pathological tissue 
biopsy, LB has the advantages of real-time 
monitoring, reproducibility, and non-invasive-
ness, enabling early diagnosis of tumors, dis-
ease monitoring, individualized treatment, tar-

geted drug use, prognosis assessment, and 
recurrence monitoring [21, 22]. Therefore, this 
non-invasive diagnostic method that involves 
collecting samples from patients’ body fluids 
could be a new alternative to traditional patho-
logical tissue biopsies [23, 24].

ctDNA is a double-stranded DNA fragment 
released into the circulatory system by apopto-
sis, necrosis, or direct secretion from tumor cell 
DNA and is a biomarker carrying genetic infor-
mation of the tumor genome [25]. On the other 
hand, DNA methylation is one of the most wide-
ly studied epigenetic modifications in humans, 
and the underlying epigenetic mechanism is 
the covalent addition of methyl groups provided 
by S-adenosylmethionine (SAM) to the five-
position carbon of the cytosine ring to form 
5-methylcytosine. Abnormal DNA methylation 
is one of the hallmarks of many cancers, with 
methylation changes occurring early in the life 
of the carcinogen [26]. Therefore, the present 
study aimed to investigate the therapeutic pro-
cess, immune mechanism, treatment period, 
and injection dose of Ad-TD-nsIL-12 by analyz-
ing CSF ctDNA methylation of GBM patients.

Materials and methods

Samples

GBM CSF and tissue samples were obtained 
from one patient enrolled in the clinical trial at 
the Department of Neurosurgery, Sanbo Brain 
Hospital, Capital Medical University (Beijing, 
China). All samples were diagnosed pathologi-
cally, and tumor tissues were stored at -80°C 
after rapid freezing in liquid nitrogen. All 
patients signed an informed consent form for 
the protocol approved by the local institutional 
review board (SBNK-YJ-2020-001-0). 

Sample information

The average survival time for GBM is 15 
months, while the survival time for patients 
with recurrent GBM is only 6 months [27]. 
However, in one of our clinical trials, a GBM 
patient who relapsed after treatment with the 
oncolytic virus Ad-TD-nsIL-12 survived for 
approximately 12 months with significantly pro-
longed progression-free survival. In addition, 
magnetic resonance imaging (MRI) displayed a 
reduction in the abnormal tumor signals after 
injection of Ad-TD-nsIL-12. Therefore, we col-
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lected CSF and tissue samples from this patient 
at different treatment time points for methyla-
tion and transcription profiling (Supplementary 
Figure 1B). In September 2019, the patient was 
diagnosed with diffuse midline glioma, H3K27M 
mutant type, World Health Organization (WHO) 
grade IV. Then, the patient was treated with 
tumor resection, concurrent radiotherapy, and 
chemotherapy (temozolomide 200 cGy × 27 f.). 
In February 2021, the patient’s cranial MRI 
exhibited abnormal signals in the left thalamic 
floor area, right medial thalamus, and left brain 
side, implying tumor recurrence.

The MRI information of this patient is shown  
in Supplementary Figure 1A. The patient’s  
time to collect CSF and tissue is shown in 
Supplementary Table 1. In addition, we collect-
ed one normal tissue sample from internal 
compression tissue from a patient undergoing 
brain decompression.

Extraction and methylation sequencing of 
ctDNA

The DNeasy kit (Qiagen Inc., Germany) was 
used according to the manufacturer’s instruc-
tions to extract ctDNA from G1-G5 CSF sam- 
ples and sequence them for methylation. We 
used a portion of CSF samples from G1 and a 
portion of normal CSF as input samples for this 
sequencing, named G1. Input and N.Input, thus 
reducing the false positive rate of sequencing. 
The other samples were named G1.IP, G2.IP, 
G3.IP, G4.IP, G5.IP, and N.IP, and the subse-
quent studies were correspondingly referred to 
as G1, G2, G3, G4, G5, and N.

High-throughput sequencing was provided by 
Cloud-Seq Biotech (Shanghai, China). Phenol-
chloroform was used to isolate genomic DNA, 
followed by precipitation with ethanol and ultra-
sonication by Biof corruptor (diagenetic carols) 
to fragments of 100-500 bl. NEBNext® Ultra™ 
DNA Library Prep Kit (NEB) was used for ultra-
sonic DNA repair at the end, and a tail was con-
nected to the adapter. Then, monoclonal anti-
bodies were used to resist 5-methylcytosine via 
a standard manufacturer agreement (Active 
Motif) MeDIP. The Quant-iT PicoGreen dsDNA 
Kits (Life Technologies) were used following the 
manufacturer’s recommendations for a quanti-
tative MeDIP DNA library, followed by high-
throughput sequencing of 150 base pairs at 
the C-terminal on an Illumina HiSeq machine. 

The Illumina NovaSeq 6000 sequencing 
machine generates raw data after sequencing, 
image analysis, tone, and quality filtration. 
First, Q30 was used for quality control. Then, 
adapter pruning and Cutadapt (v1.9.3) soft-
ware were used to remove the low-quality reads 
and generate high-quality clean reads. Next, 
bowtie2 software (v2.2.4) was used, and the 
default parameters of the clean reads were set 
using the human genome (HG19) as the refer-
ence. Peaks were called by MACS software 
(V2.0). The diffReps software (v1.55.4) was 
used to identify the differences between meth-
ylation areas. Finally, the latest UCSC RefSeq 
database was used to annotate methylation AR 
and EA and connect peak information and gene 
annotations.

Extraction of tumor mRNA and sequencing of 
gene expression profile

Tumor tissue samples were collected from this 
patient before injecting Ad-TD-nsIL-12. The 
rRNAs in the total RNA were isolated using 
Ribo-Zero rRNA Removal Kits (Illumina, USA) 
according to the manufacturer’s instructions. 
For high-throughput sequencing of RNA by 
Cloud-Seq Biotech (Shanghai, China), NEBNext 
rRNA exhausted kits (New England Biolabs, 
Inc., MA, USA) were used to isolate the RNA 
from total RNA. Next, Directional RNA libraries 
were built using the NEBNext® Ultra™ II library 
preparation kit (New England Biolabs, Inc.), 
according to the manufacturer’s specifications. 
Subsequently, the 2100 BioAnalyzer system 
(Agilent Technologies, Inc., USA) was used to 
control the library quality by Q30 and quantita-
tion, followed by sequencing on the Illumina 
NovaSeq 6000 instrument. Then, three adapt-
er clippings and low-quality reads were removed 
using Cutadapt software (V1.9.3), and high-
quality clean reads were aligned against the 
human reference genome (HG19) using Hisat2 
software (V2.0.4). Finally, HTSeq (v0.9.1) was 
used to obtain the original count, using the nor-
malized edgeR, applying the p-value and a fold-
change to identify the differentially expressed 
mRNA. 

Selection and analysis of the cancer genome 
atlas (TCGA) database samples

Gene expression profiles and clinical data for 
698 glioma and 5 normal samples were down-
loaded from the TCGA (https://www.cancer.
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gov/). Some samples with incomplete clinical 
information were removed from these 703 
samples, and finally, 665 were included in the 
LASSO regression analysis and multifactorial 
Cox regression analysis.

Statistical analysis and image construction

The present study used R software (v.3.6.3), 
SPSS software (v.24, IBM), and GraphPad 
Prism (v.8.0.2) for statistical analysis and graph 
plotting. The samples in the TCGA dataset were 
analyzed for differences using the “limma” R 
packages and considered statistically signifi-
cant at P < 0.05 [28]. Kaplan-Meier (KM) curves 
described the survival distribution. Univariate 
analysis was used to identify the survival-asso-
ciated hub genes, and the “survival” and “surv- 
miner” R packages were applied for our analy-
sis (https://CRAN.R-project.org/package=sur- 
vival). Prognostic models were analyzed and 
screened for prognostic gene markers using 
LASSO regression analysis. The prognostic 
genetic markers were calculated as risk scores 
using the “survival” R package and divided into 
high- and low-risk groups according to the 
median of the risk scores. To investigate the 
correlation between multigene association and 
immune cells, we applied multi-correlation an- 
alysis with SPSS software and considered it 
statistically significant when r (Pearson’s corre-
lation coefficient) > 0.3 and P < 0.05. In addi-
tion, the diagnostic receiver operational char-
acteristic (ROC) curve of multigene association 
was analyzed using SPSS software. The predic-
tors of the genes and their ROCs were estimat-
ed using binary logistic regression analysis.

Results

Overall sample characteristics

To determine whether Ad-TD-nsIL-12 treatment 
altered the distribution and size of the GBM 
CSF ctDNA methylation region, we visualized 
the sequencing results of the samples using 
IGV software (version 2.11.8). The results 
showed differences in the methylation peaks of 
normal samples, samples not injected with 
Ad-TD-nsIL-12, and samples injected with 
Ad-TD-nsIL-12 (Supplementary Figure 2A, 2B). 
The normal CSF samples had high methylation 
levels, while tumor CSF samples (including 
those injected with Ad-TD-nsIL-12) exhibited 
hypomethylation levels in some regions. 
Supplementary Figure 3A shows that the meth-

ylation regions of CSF ctDNA on chromosomes 
did not show differences between the groups  
of samples. Nevertheless, the proportion of 
CSF ctDNA methylated regions distributed on 
genomic elements (promoter 4.26-7.68%, up- 
stream 14.38-17.56%, intron 29.16-32.76%, 
exon 1.51-3.42%, and intergenic 41.02-
49.85%), methylation regions (380-500 bp), 
and the proportion of normalized tag-fold 
enrichment distribution (most of the fold en- 
richment were less than 10) were similar in all 
groups of samples (Supplementary Figure 
3B-D). The normalized tag-fold enrichment is a 
parameter obtained from IP samples vs. input 
samples and can be interpreted as the peak of 
the methylation region.

ctDNA methylation level in CSF changes after 
Ad-TD-nsIL-12 injection

To analyze the changes in the methylation 
regions before and after Ad-TD-nsIL-12 treat-
ment, we analyzed the differences between 
two samples: G2 vs. G1, G3 vs. G2, G4 vs. G3, 
G5 vs. G4. The levels of some methylation 
regions were altered (up- or downregulated) 
after Ad-TD-nsIL-12 injection and fully or par-
tially restored to the original methylation  
levels after 70-82 days (Figure 1C and 1D). 
Consequently, the methylation levels of 3631 
genes were upregulated after two injections of 
Ad-TD-nsIL-12 but were recovered (Figure 1A) 
after 70-82 days. On the contrary, the methyla-
tion levels of 497 genes were downregulated 
after two injections of Ad-TD-nsIL-12 and upreg-
ulated 70-82 days after the injection (Figure 
1B).

Characterization of gene expression in tumor 
tissues and screening of hub genes

Differential genes under specific conditions 
(including differentially methylated region-as- 
sociated genes and differentially expressed 
genes) were used to identify the hub genes 
after Ad-TD-nsIL-12 treatment. The results 
showed altered gene expression levels in tissue 
samples injected with Ad-TD-nsIL-12 (Figure 
2C), although T3 was collected 70 days after 
the first injection of oncolytic adenovirus. The 
partially upregulated genes after the injection 
of Ad-TD-nsIL-12 recovered after a specific peri-
od (Figure 2A and 2B). Next, we intersected the 
differentially expressed genes in tumor tissues 
(T3 vs. T1; 91 genes) with genes associated 
with CSF ctDNA DMRs (G3 vs. G1; 9113 genes) 
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and those altered after injection (3774 genes; 
Figure 2D). Ultimately, 26 genes were selected 
(CD5, SCML4, CD2, EBI3, POU2AF1, LY86, 
PCP4, GZMB, DUSP27, CRTAM, CCR2, CAC- 
NA1F, LCN2, MUC5B, B3GNT3, EPPK1, CCNJL, 
KRT8, KRT80, ELF3, KLF5, ESRP2, ANKRD34B, 
IER3, NGF, and PLAU) from the intersection of 
differential genes of tissue samples and pairing 
CSF ctDNA methylation samples, and 4 genes 
(CALN1, GRHL2, MUC4, and C1QL3) from the 
intersection of the 3 groups (tissue group, CSF 
group and changing group after injection) were 

selected for inclusion in the subsequent analy-
sis. Subsequently, 91 differential genes with P 
< 0.1 were selected from T3 s. T1 was included 
in the analysis.

Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis 
of genes corresponding to promoter DMRs of 
CSF ctDNA

To detect the function of genes associated with 
CSF ctDNA DMRs, those with promoter DMRs 

Figure 1. Changes in CSF ctDNA methylation levels after Ad-TD-nsIL-12 injection. A. Several genes were upregulated 
in DMRs after two injections of Ad-TD-nsIL-12. B. Several genes were downregulated in DMRs after two injections of 
Ad-TD-nsIL-12. C, D. Heatmap of fold-enrichment after logarithmic comparison of the two groups. Red indicates the 
upregulation of fold enrichment, and green indicates the downregulation of fold enrichment.
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were subjected to GO analysis, including bio-
logical processes (BP), molecular functions 
(MF), and cellular components (CC) (Figure 
3A-D, Supplementary Figure 4A-D). The top 
eight entries showed the enrichment score. The 
major BPs involved in genes associated with 
the first injection of Ad-TD-nsIL-12 DMRs were 
protein modification by small protein removal 
via deubiquitination and mitotic G1/S transi-
tion checkpoint. On the other hand, the BPs 
involved in the genes associated with the meth-

ylation regions induced by the second injec- 
tion of Ad-TD-nsIL-12 negatively regulated the 
cellular protein catabolic process, proteolysis 
involved in cellular protein catabolic process, 
and snRNA 3’-end processing.

In addition, analysis of the top eight KEGG path-
ways for enrichment scores of DMRs upregu-
lated after injection revealed that the pathways 
involved in genes associated with CSF ctDNA 
DMRs included pathways associated with sys-

Figure 2. Characterization of gene expression in tumor tissues and screening of hub genes. A, B. A subgroup of 
DMR-related genes with changes in log2 fold-change after Ad-TD-nsIL-12 injection. C. Heatmap of gene expression 
levels in tumor tissue samples and normal tissue gene expression levels. D. Venn diagram of the intersection among 
differential genes of tissue samples (T3 vs. T1), pairing CSF ctDNA methylation samples (G3 vs. G1), and 3774 DMR-
related genes (including 3631 up- and 497 downregulated genes).
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temic lupus erythematosus, neutrophil extra-
cellular trap formation, alcoholism, and apopto-
sis (Figure 3E-H, Supplementary Figure 4E-H). 
These four pathways were present in all four 
sets of comparison samples, G2 vs. G1 up, G3 

vs. G2 down, G4 vs. G3 up, and G5 vs. G4 up, 
and they shared 6 genes related to DMRs: 
ACTB, PARP2, RIPK1, H2AFB1, H2AFB2, and 
H2AFB3. However, H2AFB1, H2AFB2, and 
H2AFB3 did not appear in the gene expression 

Figure 3. GO and KEGG analysis of genes associated with promoter DMRs of CSF ctDNA. A-D. CSF ctDNA promoter 
DMRs are associated with gene enrichment scores for the top eight terms of GO analysis. E-H. CSF ctDNA promoter 
DMRs-associated gene enrichment fraction of the top eight terms of the KEGG pathway.
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profile, and hence, ACTB, PARP2, and RIPK1 
were included in the follow-up analysis.

Validation of the role of the 33 genes screened 
from public databases

To validate the significance of these 33 genes 
(including genes screened in the CSF ctDNA 
and KEGG pathways), we analyzed them in con-
junction with public databases. The gene 
expression profiles of 698 glioma samples and 
5 paraneoplastic samples were collected from 
the TCGA database, excluding those with 
incomplete clinical data, and finally including 
665 samples in the follow-up part of the study. 
According to the univariate Cox regression 
model, 24 hub genes (Supplementary Table 2) 
were significantly associated with OS. Sub- 
sequently, 8 hub genes were screened by 
LASSO regression analysis (Figure 4A) and 
multifactorial Cox analysis; CALN1, GZMB, 
DUSP27, KRT80, CD5, CCNJL, LCN2, and ACTB 
were identified to construct the prognostic and 
diagnostic models (Figure 4B). The comparison 
of the expression profiles of these 8 hub genes 
with the expression profiles in the TCGA datas-
et showed differences in the expression of 
ACTB, CALN1, CCNJL, and DUSP27 (P < 0.05; 
Figure 4C-J). After dividing the hub genes into 
high- and low-expression groups, the levels of 
CALN1 and DUSP27 genes were positively cor-
related with OS (P < 0.001), while the expres-
sion levels of ACTB, CCNJL, CD5, GZMB, KRT80, 
and LCN2 genes were negatively correlated 
with OS (P < 0.001; Supplementary Figure 5).

Distribution of immune infiltrates in gliomas 
and analysis of immune cell correlations in 8 
hub genes

Ad-TD-nsIL-12, one of the methods of immuno-
therapy, can achieve anti-tumor effects by 
altering the number of immune cells in the 
tumor microenvironment. Therefore, 8 hub 
genes were combined with glioma immune cell 
infiltration abundance to analyze the correla-
tion between hub genes and immune cells.

Based on glioma data from TCGA, we assessed 
the abundance of 22 immune cell species in 
gliomas using CIBERSORT, as described previ-
ously [29, 30]. Five normal samples in TCGA 
were not included in the analysis related to 
immune infiltration. Supplementary Table 3 and 
Supplementary Figure 6 show that 14 immune 

cells were significantly associated with OS (P < 
0.05): macrophages M0, macrophages M1, 
macrophages M2, monocytes, neutrophil and 
NK cell activation, mast cell activation, mast 
cell quiescence, eosinophils, T cell CD4 memo-
ry, T cell CD4 naïve, T cell CD8, T cell γδ, and 
regulatory T cells (Tregs). The results of the 
analysis revealed a statistical correlation 
between the hub genes and some immune 
cells (|r| > 0.3, P < 0.05) (Figure 5A). 
Interestingly, these immune cells with signifi-
cant correlations with hub genes (|r| > 0.3, P < 
0.05) were deemed OS-associated immune 
cells. Therefore, hub genes associated with 
immune cells (|r| > 0.3, P < 0.05) were used for 
multiple correlation analysis to investigate the 
linear association of multiple variables with 
immune cells. The results of multi-correlation 
analysis displayed that the hub genes are asso-
ciated with monocytes (r = 0.685), macro-
phages M0 (r = 0.658), macrophages M1 (r = 
0.468), T cells CD4 memory activated (r = 
0.525), and T cells CD8 (r = 0.362), but no cor-
relation was established with macrophages M2 
(r = 0.21) (Figure 5B, 5C, Supplementary Figure 
7). In addition, no multiple correlation analysis 
was conducted to elucidate the association of 
hub genes with neutrophils and activated NK 
cells, as only one hub gene was significantly 
associated with both immune cells (|r| > 0.3, P 
< 0.05).

Prognostic models were constructed based on 
8 hub genes

Based on the expression of hub genes in the 
TCGA dataset, risk scores were calculated for 
665 glioma samples and high- and low-risk 
groups were distinguished according to the 
median risk score; significant differences were 
detected between the high- and low-risk gr- 
oups (P < 0.001) (Figure 6A). Subsequently, to 
assess the predictive ability of this prognostic 
model, the area under the ROC curve (AUC) cor-
responding to 1, 3, and 5 years was calculated 
as 0.860, 0.914, and 0.839, respectively 
(Figure 6B). Patients had a poor prognosis as 
the survival time and risk score increased 
(Figure 6C, 6D). In addition, the expressions of 
GZMB, KRT80, CD5, CCNJL, and ACTB were 
positively correlated with the risk score of 
patients, whereas the expressions of LCN2, 
CALN1, and DUSP27 were negatively correlat-
ed with the risk score of patients (Figure 6E).
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Diagnostic models were constructed based on 
8 hub genes

Binary logistic regression analysis was per-
formed based on the expression of 8 hub genes 
in 698 glioma samples and 5 normal samples 

from the TCGA dataset. The combined diagnos-
tic ROC of these genes was analyzed by calcu-
lating the diagnostic predictors of the 8 genes. 
The results depicted that the AUC values of 
ACTB (0.828), CALN1 (0.853), CCNJL (0.761), 
CD5 (0.752), and DUSP27 (0.848) were high, 

Figure 4. Screening of 33 genes in 
the TCGA database, differences in 
their expression between glioma and 
normal samples, and differences in 
OS at high- and low-expression lev-
els. A. Ten genes were screened by 
LASSO regression analysis. B. Multi-
variate Cox analysis screened out 8 
hub genes. C-J. Differences in the ex-
pression levels of 8 screened genes 
in the tumor and normal samples. 
Blue indicates normal samples, and 
yellow indicates tumor samples.
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while the AUC values of GZMB (0.467), KRT80 
(0.478), and LCN2 (0.432) were low (Supple- 
mentary Figure 8A). The combined diagnostic 
ROC analysis of ACTB, CALN1, and DUSP27 
had a higher AUC (AUC = 0.919) than that of 
univariate diagnostic ROC (Supplementary 
Figure 8B).

Discussion

DNA methylation is one of the first epigenetic 
regulatory patterns that have promising appli-
cations in classifying and diagnosing GBM [31-
34]. This phenomenon is attributed to abnor-
mal hypermethylation of cytosine-phosphate-
guanine (CpG) islands in tumor suppressor 
genes that may lead to transcriptional silencing 
and cancer development [35]. The abnormal 
methylation pattern has been detected in many 
studies as an early event in cancer develop-
ment and as a reversible change [36, 37]. Thus, 

we attempted to identify the key targets of 
Ad-TD-nsIL-12 for tumor treatment by methyla-
tion profiles of ctDNA extracted from CSF. On 
the other hand, ctDNA can be collected from 
the plasma of tumor patients for testing [38]. 
This approach does not apply to CNS tumors 
because ctDNA in CNS tumors has difficulty 
entering the circulatory system due to the 
blood-brain barrier. CNS tumors are often in 
contact with CSF, such that ctDNA extraction 
from CSF may be better than that from plasma 
for real-time monitoring of disease progression 
and treatment response [39, 40]. The epigene-
tic features inherent to brain tumors in situ 
have a high probability of preservation in CSF 
ctDNA; hence, detecting CSF ctDNA methyla-
tion levels may be a sensitive and accurate 
method for monitoring response to brain tumor 
therapy progression, survival, and recurrence 
[41]. Currently, the mechanism of Ad-TD-nsIL-12 
in clinical treatment is unclear. Based on our 

Figure 5. Correlation analysis of 22 immune cells with OS and hub genes. A. Heatmap of hub gene correlation with 
immune cells. Red indicates a positive correlation, blue indicates a negative correlation, and NA indicates P > 0.05. 
B, C. Multi-correlation analysis of hub genes associated with monocytes and macrophage M0 (“r” denotes multi-
correlation coefficient).
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observations of the response of Ad-TD-nsIL-12 
treatment in the clinical setting, the virus may 
have a significant effect on the treatment of 
GBM that was observed in MRI. Therefore, we 
hypothesized that GBM patients inducing alter-
ations in epigenetic features within the tumor 
after Ad-TD-nsIL-12 treatment might be detect-
ed by CSF ctDNA methylation sequencing.

Adenovirus has been used in several studies as 
a gene transfer vector due to its efficient infec-
tivity [42-44]. Ad-TD-nsIL-12, a new oncolytic 
adenovirus vaccine, is yet in clinical trials and 
has not been used on a large scale. Currently, 
there are no exact criteria for the appropriate 
dose and time interval of the injection of this 
virus. However, the virus has good clinical effi-

Figure 6. Risk prediction models on 8 genes. A. KM survival curves for high- and low-risk groups with OS. Red 
indicates the high-risk group, and blue indicates the low-risk group. The table below indicates the sample size of 
high- and low-risk groups for different survival times. B. Time-dependent ROC at 1, 3, and 5 years based on 8 hub 
gene signatures. C. Risk curves are based on 8 hub gene prognostic models. Red indicates the high-risk group, blue 
indicates the low-risk group, and the dashed line indicates the median value. D. Overview of survival based on 8 hub 
gene prognostic models. Red indicates dead; blue indicates alive. E. Heatmap of the relationship between the ex-
pression levels of 8 genes and multiple factors. Red indicates high expression, and green indicates low expression.



Cerebrospinal fluid ctDNA methylation analysis

5961 Am J Cancer Res 2023;13(12):5950-5965

cacy against GBM, and thus, we attempted to 
find an appropriate dose and injection interval 
based on the altered CSF ctDNA methylation 
level in this patient. We also attempted to  
find the target that caused the therapeutic 
response based on the changes in the genome-
wide methylation profiles.

Here, we performed ctDNA methylation se- 
quencing on CSF samples collected at different 
time points from a patient treated with Ad-TD-
nsIL-12. The G1-G5 samples were subjected to 
differential analysis, which showed that most 
DMR regions were upregulated and a few were 
downregulated after Ad-TD-nsIL-12 injection. 
Furthermore, the comparison of logFC of up- 
and downregulated DMRs revealed that the 
methylation level of most genes changed after 
the first injection of Ad-TD-nsIL-12 and returned 
to the original level after 70 days, while that of 
some genes would return to the original level 
after the second injection of Ad-TD-nsIL-12 
after 82 days. Therefore, we inferred that the 
second injection dose of Ad-TD-nsIL-12 (1.8 × 
1011 viral particles) may exert a longer effect 
than the first injection dose. In another study, 
oncolytic adenovirus DNX-2401 had a pro-
longed survival outcome for glioma at a dose of 
3 × 1010 vp [10]. Combined with the results 
from GBM ctDNA methylation sequencing, it 
could be deduced that Ad-TD-nsIL-12 has 
improved treatment outcomes at a dose of 1.8 
× 1011 vp. In addition, patients depicted poly-
cystic degradation on MRI after the second 
injection of Ad-TD-nsIL-12, which was similar to 
the MRI of herpes simplex virus type 1 (HSV-1) 
G207 [45]. This might explain the altered meth-
ylation profile. Furthermore, by comparing the 
repeatedly changed DMRs, DMRs of G3 vs. G1 
samples, and differential genes of T3 vs. T1 
tumor tissue samples, we identified 26 genes 
that co-existed in CSF and tissue samples, and 
4 genes co-existed among the three (tissue 
group, CSF group and changing group after 
injection); hence, we concluded that these 30 
genes might have a diagnostic, prognostic, and 
efficacy assessment for GBM.

On the other hand, we performed GO and KEGG 
pathway analysis of the genes corresponding to 
the DMRs of promoters between the five sets of 
CSF samples from this patient. The GO analysis 
displayed that when 1 mL of 3 × 1010 vp/mL of 
Ad-nsIL-12 was injected per channel, the BPs in 

the DMRs were related to protein assembly and 
modification of cell cycle changes and DNA 
damage. Conversely, when 1.5 mL of 3 × 1010 
vp/mL of Ad-TD-nsIL-12 per channel was inject-
ed, the BPs in DMRs were involved in the posi-
tive regulation of the tumor necrosis factor sig-
naling pathway. These results suggested that 
Ad-TD-nsIL-12 exerts an anti-tumor effect at an 
injected dose of 3 × 1010 vp (1.5 mL per chan-
nel), which should be combined with this 
patient’s imaging results shorter than 70 days 
between injections. However, based on subse-
quent clinical studies, we found that Ad-TD-
nsIL-12 had a better therapeutic effect at an 
injection interval of fewer than 3 weeks, but 
due to our small sample size and short clinical 
trials, this conclusion needs to be substantiat-
ed by a large number of clinical trials. In addi-
tion, four of the top eight pathways, namely 
apoptosis, alcoholism, neutrophil extracellular 
trap formation, and systemic lupus erythe- 
matosus, with enrichment scores in the KEGG 
pathway analysis, had overlapping changes. 
Therefore, we used these four pathways to ana-
lyze the enrichment scores of the KEGG path-
way. The intersection of these four KEGG path-
ways revealed that the fold-change in 6 genes, 
ACTB, RIPK1, PARP2, H2AFB1, H2AFB2, and 
H2AFB3, was upregulated after viral injection, 
and then downregulated after 70-82 days. This 
phenomenon might indicate that the changes 
in these genes may be due to the injection of 
Ad-TD-nsIL-12. However, we knocked them out 
in subsequent studies since 3 genes, H2AFB1, 
H2AFB2, and H2AFB3, were not expressed in 
tissue samples. Finally, we included the 30 
genes screened in the DMRs in the subsequent 
study and the 3 genes in the KEGG pathway.

We screened these 33 genes with data from 
the TCGA database of 698 gliomas and 5 para-
neoplastic tissues using univariate analysis, 
LASSO regression analysis, and multifactorial 
Cox analysis and finally obtained 8 genes. We 
speculated that these 8 genes, ACTB, CALN1, 
CCNJL, CD5, DUSP27, GZMB, KRT80, and 
LCN2, may be the hub molecules for response 
efficacy after Ad-TD-nsIL-12 injection. Hence, 
we analyzed the differences in the expression 
of these 8 genes in tumor and paraneoplastic 
tissues and their effects on patient survival 
based on clinical data in the TCGA database. 
The results showed that 4/8 genes (ACTB, 
CALN1, CCNJL, and DUSP27) have significant 
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differences (P < 0.05) between tumor and nor-
mal tissues, and all of these 8 genes have a 
significant effect on patient survival (P < 0.001). 
This phenomenon suggested that the screened 
8 genes are critical biomarkers for the diagno-
sis and prognosis of GBM. Furthermore, the 
expression profiles of these 8 genes were sig-
nificantly correlated with immune cells, and the 
distribution levels of these immune cells in glio-
mas were significantly correlated with clinical 
survival. Ad-TD-nsIL-12 is an immunotherapy 
approach. Therefore, we speculated that the 
expression of these 8 genes might control the 
distribution of immune cells and alter the tumor 
growth microenvironment, which in turn affects 
the clinical survival of patients. The expression 
of these hub genes in tumors may be detected 
through abnormal methylation of CSF ctDNA, 
which might have occurred before the altera-
tion of the tumor microenvironment. Based on 
these conjectures, we constructed a hypotheti-
cal map of the interactions between immune 
cells after injection of over Ad-TD-nsIL-12 
(Supplementary Figure 9). However, this is an 
extrapolation that needs to be confirmed with a 
large amount of clinical data and experiments. 

To further validate the importance of hub 
genes, we constructed a risk score model 
based on the expression of these 8 genes. This 
model accurately predicted the survival of 
patients; those with high-risk scores had short-
er survival than those with low-risk scores. 
Moreover, the risk score increased with the pro-
longed survival time of patients, which suggest-
ed that the risk score model is in line with con-
ventional knowledge. Nevertheless, based on 
the available data, it is difficult to obtain clinical 
follow-up data over a long period, and long fol-
low-up and clinical monitoring are required to 
further investigate and assess the accuracy of 
this risk score model in terms of clinical progno-
sis. On the other hand, the diagnostic model 
constructed based on the 8 hub genes has high 
accuracy in the diagnosis of glioma, indicating 
that these genes can accurately assess the 
prognosis of patients and diagnose the tumor, 
thereby providing a new biological marker for 
the diagnosis and prognostic assessment of 
glioma.

Although Ad-TD-nsIL-12 was constructed in 
2017, it has not yet been widely used in the 
clinic. Currently, no accurate conclusions have 

been derived on the exact therapeutic dose 
and treatment duration of Ad-TD-nsIL-12. In this 
study, we attempted to deduce the appropriate 
therapeutic dose and treatment period of 
Ad-TD-nsIL-12 by studying the changes in the 
CSF ctDNA methylation profile and gene expres-
sion profile of tumor tissues combined with MRI 
features. Although the appropriate dose range 
of Ad-TD-nsIL-12 was identified in this study, we 
could not ascertain the exact therapeutic dose 
because of our small sample size. Therefore, 
based on the present findings, we need to vali-
date the appropriate therapeutic dose and 
treatment period of Ad-TD-nsIL-12.
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Supplementary Figure 1. MRI and treatment timeline of this GBM patient. A. MRI of patients with GBM treated with 
Ad-TD-nsIL-12 at different times. The red font indicates the time of the MRI. B. Timeline of this patient’s diagnosis, 
tumor recurrence, and treatment. The yellow triangle indicates the time when the MRI was taken, the red arrow indi-
cates the time of the first injection of Ad-TD-nsIL-12, and the purple arrow indicates the time of the second injection 
of Ad-TD-nsIL-12, and the brown arrow indicates the time of CSF collection for three of the samples.
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Supplementary Table 1. Clinical characteristics of patients
Date Sample name Methods of treatment Tissue collection CSF collection
2019.9 Radiotherapy and temozolomide No No
2021.2 G1/T1 Ad-TD-nsIL-12 Yes Yes
2021.3 G2 None No Yes
2021.5 G3/T3 Ad-TD-nsIL-12 Yes Yes
2021.6 G4 None No Yes
2021.7 G5 None No Yes
2021.9 N None Yes No
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Supplementary Figure 2. Visualization of sample methylation and gene expression using IGV software. A. Methyla-
tion levels of CSF ctDNA in five groups of tumor samples and one group of normal samples. The higher the methyla-
tion level the more significant the peak. B. Gene expression levels of two tumor tissue samples and one normal 
tissue sample. The higher the gene expression level, the more significant the peak.
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Supplementary Figure 3. Characterization of CSF ctDNA methylation profiles. A. Distribution of methylation regions 
on chromosomes in each group of samples. B. The length distribution of the methylation region. C. The distribution 
of methylation fold enrichment for each group of samples compared to the Input sample. D. Percentage distribution 
of the number of methylated regions on genomic progenitors.
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Supplementary Figure 4. GO and KEGG analysis of genes associated with promoter DMRs of CSF ctDNA. A-D. CSF 
ctDNA promoter DMRs associated with gene enrichment scores for the top 8 terms of GO analysis. E-H. CSF ctDNA 
promoter DMRs associated gene enrichment fraction of the top 8 of the KEGG pathway. 
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Supplementary Table 2. The 33 genes were screened for 24 P < 0.05 after univariate COX analysis
id HR HR.95L HR.95H p value
ACTB 1.001289 1.001113 1.001465 9.46E-47
RIPK1 1.305065 1.257542 1.354384 5.94E-45
CCNJL 2.154157 1.882366 2.465191 7.00E-29
GZMB 1.546155 1.424568 1.678121 1.85E-25
PLAU 1.019152 1.015517 1.0228 2.32E-25
CD2 1.264262 1.20852 1.322575 2.15E-24
CCR2 1.958554 1.707111 2.247033 8.94E-22
KRT80 3.067507 2.438723 3.858413 1.00E-21
CD5 2.325016 1.934853 2.793855 2.21E-19
CALN1 0.794533 0.755201 0.835913 6.75E-19
LY86 1.023058 1.016321 1.029839 1.36E-11
PARP2 0.852007 0.810361 0.895793 3.76E-10
KLF5 1.324002 1.201483 1.459014 1.47E-08
IER3 1.021528 1.012716 1.030417 1.45E-06
ELF3 1.963618 1.483734 2.598712 2.36E-06
DUSP27 0.341935 0.209762 0.55739 1.67E-05
C1QL3 0.941448 0.901157 0.983541 0.006859
MUC5B 3.77E-08 3.08E-14 0.046107 0.016839
LCN2 1.070907 1.01092 1.134454 0.019846
NGF 1.124997 1.018267 1.242914 0.020563
EBI3 1.03086 1.001897 1.06066 0.036587
CRTAM 1.160825 1.007474 1.337519 0.039116
SCML4 1.529828 1.015027 2.305728 0.042233
MUC4 0.164313 0.027955 0.965808 0.045667



Cerebrospinal fluid ctDNA methylation analysis

7 



Cerebrospinal fluid ctDNA methylation analysis

8 

Supplementary Figure 5. A-H. The samples were divided into high- and low-expression groups according to the 
expression differences in 8 genes, and KM survival curves were plotted according to their OS. Red indicates a high 
expression level, and blue indicates a low-expression level.

Supplementary Table 3. 22 immune cells about OS

Immune cells Associated with  
increased OS

No association with 
OS

Associated with  
decreased OS

B cells naive √
B cells memory √
Plasma cells √
T cells CD8 √
T cells CD4 naive √
T cells CD4 memory resting √
T cells CD4 memory activated √
T cells follicular helper √
T cells regulatory (Tregs) √
T cells gamma delta √
NK cells resting √
NK cells activated √
Monocytes √
Macrophages M0 √
Macrophages M1 √
Macrophages M2 √
Dendritic cells resting √
Dendritic cells activated √
Mast cells resting √
Mast cells activated √
Eosinophils √
Neutrophils √
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Supplementary Figure 6. A-N. KM survival curves of immune cells, red indicates a high degree of infiltration and 
blue indicates a low degree of infiltration (P < 0.05).

Supplementary Figure 7. Multi-correlation analysis of hub genes significantly associated with immune cells. A-D. 
Multi-correlation analysis between hub genes and T cells CD4 memory activated, T cells CD8, macrophage M0, and 
macrophage M1.
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Supplementary Figure 8. Diagnostic model construction using 8 hub genes. A, B. The combined diagnostic ROC for 
hub genes.

Supplementary Figure 9. Hypothetical graph of the role of inter-immune cell relationships induced by the injection 
of over Ad-TD-nsIL-12 (Created with BioRender.com).


