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Abstract
Background and purpose: Creutzfeldt–Jakob disease (CJD) is a transmissible spongiform 
encephalopathy characterized by rapid onset and high mortality. Despite considerable 
progress in the treatment and diagnosis of CJD, patient prognosis remains poor. Many 
studies have found that the immune response is associated with the pathophysiology of 
CJD. However, few studies have reported coexpression correlations between genes as-
sociated with CJD and the immune response. This study was undertaken to construct a 
network of coexpressed immune- and CJD-related genes that may reveal new biomarkers 
and therapeutic targets for CJD.
Methods: Gene expression data from 11 CJD patients and 10 nonneurological controls 
were obtained from the Gene Expression Omnibus database. High-confidence protein–
protein interaction (PPI) data were downloaded from the Human Protein Reference 
Database, and gene expression data of immune- and CJD-associated genes were down-
loaded from the AmiGo16 and DisGeNET databases, respectively. An immune/CJD-
related expression network was constructed based on Pearson correlation coefficients 
and PPI networks, and a CJD-directed neighbour coexpression network was extracted, 
in which we compared the gene expression patterns and correlations between differ-
ent groups. The samples were classified using CJD-specific modules, and differentially 
expressed genes (DEGs) between the CJD and nonneurological controls groups were 
identified within the CJD-specific modules. Further functional analysis was performed 
using Kyoto Encyclopaedia of Genes and Genomes (KEGG) enrichment analysis of genes 
in each CJD-specific module.
Results: We constructed an immune/CJD-related coexpression gene network compris-
ing 2007 nodes and 5268 edges, with immune-associated genes occupying important 
positions in the network. In the CJD-directed neighbour coexpression network, immune-
associated genes exhibited the highest coexpression level with their interacting genes. 
Results from Pearson correlation analysis showed that most of the CJD-associated genes 
were positively correlated with immune-associated genes. Screening for CJD-specific 
modules identified MAPK1, CASP3, APP, MAPT, SNCA, and YWHAH, indicating a close 
connection between CJD and the immune response. Analyses of coexpression status and 
expression level of CJD-specific genes revealed a very high coexpression pattern for any 
two genes, with most genes being DEGs. Finally, KEGG enrichment analyses of all CJD-
specific genes showed that the pathophysiology of CJD is closely related to infection and 
the immune response.
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INTRODUC TION

Creutzfeldt–Jakob disease (CJD) is a transmissible central nervous 
system (CNS) disease that is fatal. It is characterized by rapid pro-
gressive dementia and focal lesions of the cerebral cortex, basal gan-
glia, and spinal cord. CJD is the most common human prion disease, 
with a mortality rate of up to 100% [1]. The main CJD neuropathies 
are cavernous changes, neuronal loss, astrocyte proliferation, mi-
croglial activation, and PrPSc (protease-resistant isoform of the host-
encoded cellular prion protein (PrPC), named PrPSc) deposition [2,3]. 
CJD is a rare disease, with 1–2 cases per million people reported 
annually, and an average age of onset of 60.7 years [4]. CJD cases 
can be divided into sporadic CJD (sCJD), familial (characterized by 
an autosomal dominant mutation in the prion protein [PRNP] gene), 
iatrogenic, and variant. Of these, sCJD is the most common form, 
accounting for 85% of CJD cases [5]. Although CJD is rare, the lack 
of treatments for this disease and its rapid progression to death have 
a profound effect on patients and their families, and there is a clear 
need to identify therapeutic strategies to combat CJD.

The diagnosis of CJD is one of the most challenging aspects of 
this disease, due to its diverse symptoms. Histopathological confir-
mation by brain biopsy is the gold standard for diagnosis. However, 
the risks involved in obtaining brain tissue have led to the devel-
opment of a brain-free diagnostic method that combines imaging, 
analysis of cerebrospinal fluid (CSF) for biomarkers, and observa-
tion of clinical symptoms. However, discordant studies have led to 
controversies about the clinical value of some established surrogate 
biomarkers [6]. The identification of additional representative bio-
markers will therefore help to improve the diagnosis and treatment 
of CJD.

Most CJD cases feature a large number of activated cell inflam-
matory responses. This inflammatory reaction in the brain, charac-
terized by microglia strongly expressing major histocompatibility 
complex Class II and leukocyte antigen, represents a special form 
of the innate immune response [7]. Studies have revealed an in-
crease in expression of pro- and anti-inflammatory cytokines and 
immune response mediators in the CSF of CJD patients [8]. In ad-
dition, the nuclear factor kappa B/IκB kinase and Janus kinase/sig-
nal transducer and activator of transcription signalling pathways are 
activated in sCJD mice [9]. Furthermore, a recent study found that 
prostaglandin-endoperoxide synthase 2 (known as PTGS2 or COX-
2) is involved in prion-induced neuroinflammation and microglial 

activation in CJD patients [10,11]. It has thus become apparent that 
the pathogenesis of CJD includes activation of multiple immune-
related signalling pathways, and investigating the status of immune-
related genes in CJD may contribute to the diagnosis and treatment 
of this disease. So far, few studies have reported on the research of 
CJD and immune-related gene coexpression.

In this study, we used bioinformatic analysis to construct an 
immune/CJD-related coexpression gene network, with the aim of 
screening potential biomarkers for the diagnosis and treatment of 
CJD. The outcomes of this study help to address the dearth of infor-
mation with respect to immune-related gene expression in CJD, and 
lay a theoretical foundation to expand clinical strategies for treating 
CJD.

MATERIAL S AND METHODS

Data collections

We collected the transcriptome data of frontal cortices in CJD pa-
tients (10 samples) and nonneurological controls (11 samples) from 
the Gene Expression Omnibus (GEO) database (accession number: 
GSE124571). Moreover, the high-confidence protein–protein in-
teraction (PPI) data were downloaded from the Human Protein 
Reference Database (HPRD; http://hprd.org/download) [12]. Next, 
we obtained 3279 immune-associated genes in Homo sapiens from 
AmiGo16 (http://amigo.geneo​ntolo​gy.org/amigo/​searc​h/bioen​tity) 
by inputting the keywords "organism," "Homo sapiens," "type," and 
"protein" [13]. Furthermore, we downloaded the CJD-associated 
genes from the DisGeNET database (https://www.disge​net.org/
search).

Construction of the immune/CJD-related 
coexpression network

To analyse the correlation of gene expression between CJD patients 
and nonneurological controls, Pearson correlation analysis of gene 
expression between any two gene pairs was performed in the R 
package "psych" (v1.9.12.31) [14]. Next, the genes with Pearson co-
efficient value > 0.7 and false discovery rate < 0.05 were screened 
to construct the initial gene coexpression network. In addition, to 

Conclusions: Our coexpression network analysis revealed a close connection between 
CJD- and immune-associated genes, and we identified six CJD-specific modules. 
Biological function analysis of CJD-specific module genes revealed that immune re-
sponses are associated with CJD pathophysiology and may provide novel diagnostic and 
therapeutic biomarkers for this disease.
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further observe the coexpression correlation of genes, the initial 
gene coexpression network was mapped to the PPI network ob-
tained from the HPRD, and only the common networks were pre-
served to construct an immune/CJD-related coexpression network. 
Meanwhile, all genes were divided into four groups—CJD-associated 
genes, immune- and CJD-associated genes (the intersection of 
CJD-associated genes and immune-associated genes), immune-
associated genes, and other genes—and the number of genes in each 
group was determined. Finally, the common networks were visual-
ized via Cytoscape (v3.8.0).

Construction of the CJD-directed neighbour 
coexpression network

First, the first neighbour of CJD-associated genes and immune- and 
CJD-associated genes, which belong to CJD-related genes, was 
selected for the CJD-directed neighbour coexpression network. 
Second, correlation between two genes in each group was calcu-
lated to obtain the coexpression correlation coefficients. Based on 
the correlation coefficients between two genes, the cumulative dis-
tribution function (CDF) was performed in the four groups to analyse 
the gene expression pattern and the correlation of different groups. 
In addition, the Wilcoxon rank-sum test was used to compare the 
coexpression correlation coefficients between two gene groups. 
Furthermore, the CJD-related genes and their interacting genes 
were collected to construct the network, and a heatmap was used 
show the degree of correlation via the R package "heatmap" [15].

Screening of the CJD-specific modules

To identify the important modules associated with CJD, the CJD-
directed neighbour coexpression network was used as the input file 
to perform clustering analysis using the GraphWeb tool. The mod-
ules whose central node is CJD-related genes were used as output 
modules. Next, the R package "Consensus ClusterPlus" (v1.52.0) 
[16] was used to carry out the synonymous cluster analysis based 
on the expression of modules genes, and the parameters were set 
to maxK = 8, reps = 1000, and clusterAlg = hc. Moreover, we se-
lected the appropriate K value according to the clustering results 
and extracted their expression data in the GSE124571 dataset. 
Additionally, the R package "pheatmap" (v1.0.12) was used to draw 
the expression heatmap.

Gene expression patterns in CJD-specific modules

To explore the genes' correlation in CJD-specific modules, the 
Pearson correlation coefficients between each gene pair in the 
module were calculated, and a correlation heatmap was drawn via 
the R package "pheatmap." Then, the gene expression patterns be-
tween CJD patients and nonneurological controls in each module 

were analysed. That is, the differentially expressed genes (DEGs) in 
each module were identified between different samples (CJDs vs. 
nonneurological controls) with the threshold of absolute log2 fold-
change > 1 and a p < 0.05 with the R package "limma" [17].

Kyoto Encyclopaedia of Genes and Genomes pathway 
enrichment analysis

The enrichment analysis of genes in each module were performed in 
the R package "clusterProfiler" (v3.16.0) [18] with the threshold of 
p = 0.05 and q = 0.05.

Statistical analysis

All statistical analyses were performed in R (v3.5.2), and p < 0.05 
was considered statistically significant. Pearson chi-squared test and 
Wilcoxon rank-sum test were employed for comparison of variables.

RESULTS

Immune-associated genes may play a key role in CJD

Many studies have found that the immune response is associated 
with the pathophysiology of CJD. Based on the importance of the 
immune response in CJD, immune-associated genes were analysed. 
A total of 3279 immune-associated genes were identified from the 
Amigo database, including KLF2, ARRB2, LGALS7, PRDX2, RABL3, 
RAB44, JAK1, BDKRB1, IKBKE, and PHPT1. Similarly, a total of 137 
CJD-associated genes were identified from the DisGeNET database, 
including PRNP, MSL3P1, SNORA16B, CPED1, and ALDH1A1. Using 
these data, we constructed an immune/CJD-related coexpression 
network based on the initial gene coexpression and PPI networks, 
which is shown in Figure 1a. In the network, the green, orange, red, 
and grey nodes represent CJD-associated genes, immune-associated 
genes, immune- and CJD-associated genes, and other genes, re-
spectively. The network contained a total of 2007 nodes and 5268 
edges. Our analysis of the degree distributions of all genes revealed 
that they were scale-free, with an R2 value of 0.9946 (Figure  1b). 
Furthermore, our network analysis indicated that there were 
17  genes in common between the immune- and CJD-associated 
gene groups, such as MAPT, SNCA, APP, CASP3, MAPK3, MAPK1, and 
TREM2. Twenty CJD-specific genes and 569 immune-specific genes 
were identified based on the Venn diagram (Figure 1c). In addition, 
we found that the numbers of CJD-associated genes and immune-
 and CJD-associated genes were similar to each other, whereas 
groups comprising the immune-associated and other genes were 
much higher (Figure 1d). The top five genes with the highest degree 
were FYN, MAPK1, YWHAB, CALM1, and LYN. Four of these genes 
are immune-associated genes, suggesting that the immune response 
may play an important role in CJD.
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immune-and CJD-associated genes

CJD-associated genes

other genes

immune-associated genes

TFAM

PSMB5

KCNJ16

GNA13

PIGC

PDHX

NCF1

ARHGAP17

NR2C1

GOT1

FCER1G

GSTM3

GGA2

STXBP1

CCR1

PAX6

NDUFA7

SPAG9

SNX5

C5AR1

BAG3
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RTKN
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DLGAP2
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C1QBP
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MAP2K1
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ABL1

VPS24

RALB
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MAP4K4
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TOR1A
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USP28
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NOTCH1
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MXD4
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CDH11

SH3GL1
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CYBA
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ESRRG

TMEM120A

SFRS1
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S100A6

FYN

NLK

PFKM

ELAC2

MAPK8IP2

TPST2

ATP1B1

ARPC5L

HTRA1

DNAJB1

DAPK1

PMPCB

FOXO4

SRC

GNA12

BAT2

RPSA

EHBP1

CD81

MKKS

PTH1R

PIAS2

SNTA1

CLASP2
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CDH7

MGLL

MCM10

SRGAP1

RFX4

SKI
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DLC1
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MRPL4
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SNTB1

COL4A2

RING1

EFS
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CD8A

KIFAP3

DLAT
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MAX
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TACC2
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RIT1
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ACTA1
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RPS20

DYNLT1

SUMO3

PSMB8

PPP2CA

HCK

PAK1

MAD2L2

MAPK8IP3

NAGK

FXYD1
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FCHSD2

SYT13

EDC3

PMPCA

TUBB

SELPLG

GNG3

NPTX2

CSF2RA

EHD2

SHC1

SNF8

PDPK1

CHMP5

PTPRA

GLMN

PTPRD

OBSCN

CDC16

FCGR3B

RHPN2

AUP1

BTRC

KEL

MTCP1

PRDM16

TMEM9B

PHC2

SH3PXD2A

TGFBI

USO1

BHLHB9

XRCC6

IREB2

RAP1GDS1

FKBP5

UBR5

FYB

PGRMC1

PTPRR

SPI1

B4GALT1

ATXN2

BLM

CDH2

HOXD13

HBXIP

PTHLH

APBB1IP

MEF2A

TANC1

KCNJ4

SPTBN1

ABCC8

PIN1

IFNAR2

MAP1B

PRCC

GRB2

ACCN1

RXRA

AGAP2

PC

ADSS

MAPK7

BMPR2

IRS2

NCF4

GNB1

NPTXR

UBA3

POU2F1

ADAM23

PPFIBP2

EPB41L3

CHMP1B

ITPKB

FKBP1A

ARL2BP

C3AR1

ANAPC7

APCS

ARHGDIG

RSRC1

HIPK2

PTTG1

AHNAK

NOSTRIN

TRIM25

CAND1

CDH15

COL4A1

AP1M1

FLT3

TBCD

LMO2

HSPB8

IKBKE

RAB11A

HOMER3

SCAP

CMTM3

STAT6

PFDN4

SH3GL3

TOP3A

DDX1

SUV39H2

DCTN2

FGFR1

GPHN

PTPRK

NEFL

CEP72

RINT1

KCNJ8

PLD2

STAT4

LDHA

SPG20

CHGB

TTC19

RAC1

CPNE4

MDH2

LSM2

PRKCG

RND1

EPB41L1

ICAM3

GNB2L1

FOSL1

CUL1

SNAPC1

CSNK2A2

TSG101

YWHAG

ANXA5

RGS4

RYR3

ARL3

TG

CCNDBP1

KCNB2

CNTNAP1

ACTR3B

CHMP4B

VSIG4

ADCY1

CGN

UBE2L6

TPD52

CTNNA1

CD93

ZNHIT3

ITGB7

DYNC1H1

IL10RB

POP7

RBMX

RAB11FIP2

HSF1

CNTNAP2

NDE1

STAT5A

MEA1

KHDRBS2

GMEB2

GAP43

BCAT1

UBE2B

TNF

MYPOP

NFU1

PPA1

TTC8

SYT4

PTPRF

XRN1

CDKN1A

HSPA8

AGFG2

FGF9

CHMP4A

PTPLAD1

TRIB1

GOT2

STMN1

DYRK1A

PLXNB1

DFFA

ICAM2

VDAC1

GNL3L

UCHL3

SNAPC4

OPCML

SCAMP3

YWHAH

RHOG

SYT1

HMG20B

DPY30

N4BP3

MRPS9

SLIT3

PITPNM1

DAXX

PGM1

C3

GNAI2

F11R

RNF40

IRAK3

PKD1

PDGFC

MAPK10

DDX27

SMAD2

IL10RA

MAPKAPK3

AFF4

POLA1

BLZF1

MACF1

SH2D3C

NFKB1

NES

YTHDC1

GMEB1

ELAVL4

MBD1

FUBP1

RASSF1

CRMP1

C4orf14

GLUD1

PCM1

IFI6

KLHL12

PHGDH

IQGAP2

ALDOA

FNBP1L

FGFR3

ARL1

ZFAND5

DHX30

GABARAP

STAT1

RAI14

SEMA4B

AKT1

JUN

HK1

PSMA3

CUL2

BRF2

PRNP

GSPT1

SYT3

PSMC4

RALA

PHF21A

ASH2L

CCL3

BET1

CAST

CLIC4

TCF7L2

ATCAY

CD19

TBC1D5

ATG4B

GNB4

C16orf48

HSPH1

TSPYL4

MAP2K4

PSTPIP1

PCDH8

SRPR

OPTN PDCD10

SFRS12

RTDR1

CSTB

SIAH2

CEBPB

CABLES1

KHDRBS3

RPP25

DISC1

NOC4L

LRRC1

FAT1

SLC25A4

NFE2

ABLIM1

ORC3L

CIB1

GNAI3

CHMP2B

VAV3

LILRB2

MRPL20

EPHA4

SCOC

RAD23B

RPN2

GRIA3

MKNK2

ITGB4

SNRPB

FAM115A

CREBBP

ENO2

PSMA4

NEDD8

S100A10

CLSTN1

BIRC2

KCNB1

PSMC2

SNCA

FPR1

UPF3B

EMILIN2

STX5

CARD8

AP2A2

HMGCL

MPP1

SLA

IKZF1

C19orf25

GNG7

CEP70

RPS6

LEP

CRCP

ABI3

NOMO3

SSR2

RAB8A

EXT1

XRCC1

TRAP1

CTSH

CACYBP

CEBPD

EXOSC10

SHANK2

TRAF3IP2

NDEL1

NT5C2

EEF1D

ENAH

DVL2

NFE2L2

PARD6B

CDK7

MYH10

TNFSF14

EID2B

MAP3K11

ERBB2

TREM2

PAK2

SYN3

UQCRQ

SHMT2

ARRB1

SMTN

SLC8A3

SNRPD3

BGLAP

ORC4L

ATP5A1

PSMA1

APBA2

ANXA2

EIF4A2

PSMD10

DNM1

RXRG

GRM3

CNR1

UPF2

PLK1

TSPYL1

EBF1

ITSN1

MS4A7

STUB1

TLR4

RRP12

C19orf57

GNB5

TAF2

SRI

LEPR

POLR3H

CCDC50

ZDHHC3

RYK

TPD52L2

ANKRD13A

PARP2

HDAC3

KIAA0513

SIAH1

IL10

EXOSC8

NCKIPSD

CD40

PABPC1

MOBKL2B

ALDH2

TNFRSF10B

CSNK1E

CDC7

TRIP10

CRLS1

SVIL

AMOT

EID2

DOCK1

HLA-A

CLEC5A

SYNJ1

IGF2R

GRINL1A

SAP18

GABBR2

BRMS1

HSPA5

AKR7A2

A2M

CDK6

CALM2

SRF

KLC2

COQ9

EIF4G1

MAPRE2

SNAP25

DGKZ

MAPT

EYA2

RAB38

DCP2

CDC25C

AIP

ZNF521

CRELD1

CITED2

SMAD4

FCGR1A

MEGF10

DYNLL2

COPS8

PRKAR2A

CD151

ITGAL

MCM5

HSPB2

TRIM32

FZD8

MAL2

PPP1R2

SWAP70

TIMM8A

WWC1

COG2

PSMB2

ATF2

PTK2B

MAP4K5

IGF2BP2

ADAM17

SAT1

VPS13D

ARNTL

TOB1

DOCK8

ORC5L

C1orf61

SUPT4H1

NCOA4

ADCYAP1

B2M

TYROBP

AMPH

PLAU

PRDX1

C20orf20

NSF

DNAJB6

RGS7

AKR7A3

SPINT2

RFC1

SHBG

ETV4

KLC1

ACTL6B

WBP2

IFT140

STX1A

KCNA4

CALM1

CLTA

TGFBR1

TUBB3

APOBEC3F

TUBB2C

BAZ1A

HLA-DQA1

TFAP2C

NIF3L1

SAP30

IFI27

CHRD

COPS4

SYT5

MYL12A

SNX33

MAP3K7IP1

HSPB3

PIP4K2B

SPN

SDHB

LMTK2

MED6

DRD3

EHMT2

COG4

NME4

NFATC3

KIF13B

ST5

HNRNPD

GSN

SNRPG

MFAP5

TIMP1
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COPG

NOS3

GSTM1

PQBP1

BTF3

CASP2

BSCL2

XAB2

SH3GL2

SSBP1

PRDX4

NCK1

GRIA2

SFRS7

PI4KB

NRCAM

ATP6V1H

HERC5

MT2A
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GPRASP2

NEDD4
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DLG3
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GPS1

SCNN1G

NDN
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CHD8
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CD44

WBP1

GPI

YY1

METAP2

TLL1

COPS5

SYT9

MAOA
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BAIAP2
HSPB6
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ITPR3

ABCA1

MSI1

PARP1

PDE6G

VPS37A

TAF7

APEX1

XPO7

LPHN1

SLIT2

PCBP1

SERTAD1

TCF12

ECM1

SRRM2

SUPT7L

RHOQ

DCLRE1C

GSTM2

FAM190B

POLR2B

SCAPER
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ERCC8

SLC17A7

POLG

TMBIM6

ELF1

RB1

HLA-G

ITGB1

MAGI3

SLC9A3R1

MYST3

CXorf40A

SLC39A11

RPLP1

CHRM1

UBA52

SPTBN2

NR3C1

GLS

EFEMP2

CD5

KRT15
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TAC3
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CSPG4

PARP14

COG7

CDK10

PKP2

TXN

NXPH2
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HIP1R

EML3

C1R

SCMH1

SMARCD2

ARF1

PNMA6A

CENPB

USP8

STAM

AFTPH

NME3

DHX29

GLS2

ROBO2

CPEB1

MAPK13

CEBPA

VCAN

SRRM1

SLC25A36

PFN1
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Strong coexpression pattern between immune- and 
CJD-associated genes

We next constructed a CJD-directed neighbour coexpression 
network to further analyse the correlation between CJD- and 
immune-associated genes (Figure 2a). The CJD-directed neighbour 
coexpression network is a subnetwork of the immune/CJD-related 
coexpression network, created by extracting CJD-associated 
genes and directly interacting partners. This subnetwork com-
prised 20 CJD-associated genes, 51 immune-associated genes, 
17 immune- and CJD-associated genes, and 114 other genes. The 
levels of interactions between different groups were detected 
using the CDF, which showed that the CJD-associated genes and 
immune- and CJD-associated genes exhibited similar coexpression 
levels, whereas immune-associated genes showed the highest co-
expression level with their interacting genes (Figure 2b). Similarly, 
the immune-associated gene group presented the maximum 
Pearson correlation value (Figure 2c). We also discovered that the 
gene expression correlations were significantly distinct between 
the immune-associated and the other gene groups. We subse-
quently constructed a coexpression network comprising only CJD-
associated genes and their directly interacting genes (Figure 2d). 
Twenty CJD-associated genes were extracted from the network, 
and most of them interacted with immune-associated genes, such 
as NEFL, CHGB, ATF2, and YWHAH. Notably, NEFL showed strong 
coexpression with immune-associated genes, including VIM, PKN1, 
and SPTAN1. Moreover, the results of Pearson correlation analyses 
suggested that most of the CJD-associated genes were positively 
correlated with immune-associated genes, and a small number of 
CJD-associated genes were negatively correlated with immune-
associated genes (Figure 2e). These results demonstrate that there 
may be complex interactions and patterns of expression between 
CJD- and immune-associated genes.

CJD-specific modules are special classifiers in CJD

Although we obtained one CJD-directed neighbour coexpres-
sion network, we did not know which genes and their interact-
ing genes were closer to CJD. Using GraphWeb, we identified six 
modules from the network: MAPK1, CASP3, APP, MAPT, SNCA, 
and YWHAH. All of the key nodes in each of the six modules 
were CJD-related genes, including both CJD-associated genes 
and immune- and CJD-associated genes (Figure 3a). The number 
of genes in each module was variably distributed, and 37, 19, 19, 
18, 17, and 10 genes were identified, respectively (Figure  3b). 
Moreover, all of the key nodes in the six modules interacted 

with immune-associated genes, especially in the MAPK1 mod-
ule. Furthermore, all genes in the MAPK1, CASP3, APP, MAPT, 
and SNCA modules belonged to the immune- and CJD-associated 
genes, which further demonstrated that the immune system plays 
a vital role in CJD.

To further explore the significance of the genes associated 
with each module, we carried out a synonymous cluster analy-
sis based on the gene expression data. We determined the opti-
mum number of groups based on the CDF values and the relative 
change in the area under the curve of the CDF plot. Interestingly, 
the results showed that the samples in the MAPK1, MAPT, and 
SNCA modules were divided into three subtypes. The samples in 
the APP and YWHAH modules were each divided into four sub-
types, and the CASP3 module included five subtypes (Figure 3c–f, 
Figure S1).

Coexpression status and expression level of CJD-
specific genes

We further dissected the coexpression status of each module, and 
the results showed a very high coexpression pattern for any two 
genes. We then screened for gene pairs with absolute coexpression 
values of >0.5. In addition, we selected for coexpression correlation 
coefficients of >0.7 in each module, with the minimum proportion 
being 32.6% in the APP module and the maximum proportion being 
48.95% in the CASP3 module. The SNCA and YWHAH modules 
showed the most similar coexpression patterns (Figure 4a,b, Figure 
S2).

Next, we identified the DEGs between patients with CJD and 
nonneurological controls, and we found that the gene expression 
profile differed between CJD and control samples in each module. 
The majority of genes in the SNCA and YWHAH modules were 
downregulated (Figure 4c,d, Figure S2).

To determine which DEGs in the six CJD-specific modules might 
play an important role in the disease, we mapped the neighbour co-
expression network including CJD-associated genes, immune- and 
CJD-associated genes, and immune-associated genes (Figure  4e). 
The results showed that SNCA was coexpressed with three im-
mune- and CJD-associated genes, three immune-associated genes, 
and one CJD-associated gene, and five, four, three, and three genes 
were coexpressed with MAPT, APP, MAPK1, and FYN, respectively. 
Interestingly, among the genes coexpressed with SNCA, MAPT, APP, 
MAPK1, and YWHAH were key nodes in the six modules, and they 
were all downregulated. The above analysis suggests that the key 
nodes of the six CJD-specific modules may be potential biomarkers 
of CJD.

F I G U R E  1  Identification of immune-/Creutzfeldt–Jakob disease (CJD)-related genes in CJD. (a) Construction of the immune- or CJD-
directed neighbour coexpressed network. Different genes are represented by different colours (green: CJD-associated genes; orange: immune-
associated genes; red: immune- and CJD-associated genes; grey: other genes). (b) Degree distribution of all nodes in the immune/CJD-related 
coexpression network. (c) Venn diagram of overlapped genes between CJD-associated genes and immune-associated genes.   
(d) Distinct gene numbers of different gene types
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Biological function analysis of CJD-specific modules 
shows that it is closely related to infection and 
immune response

To further investigate the biological functions of key nodes and their 
interacting genes in CJD-specific modules, we performed Kyoto 
Encyclopaedia of Genes and Genomes (KEGG) enrichment analy-
ses using the R package "clusterProfiler." The results revealed the 
following conjoined pathways to be enriched in the MAPK1 and 
APP modules: "ErbB signalling pathway" (p  =  2.91 E-07, p  =  1.08 

E-05, respectively), "neurotrophin signalling pathway" (p  =  4.08 
E-05, p = 4.09 E-05), "chronic myeloid leukaemia" (p = 4.55 E-06, 
p = 0.0003), and "growth hormone synthesis, secretion, and action" 
(p = 4.08 E-05, p = 0.001). The term "Alzheimer disease" (p = 4.33 
E-08, p = 3.26 E-06, p = 3.17 E-05) was enriched in the APP, MAPT, 
and SNCA modules, respectively; "Parkinson disease" (p  =  0.001, 
p = 3.31 E-06), "hepatitis C" (p = 0.003, p = 0.0002), and "oocyte 
meiosis" (p  =  3.60 E-06, p  =  7.33 E-05) were enriched in MAPT 
and SNCA; and "cell cycle" (p  =  0.002, p  =  0.0003) was enriched 
in the MAPT and YWHAH modules (Figure 5a–f). Interestingly, we 

F I G U R E  2  Coexpression of immune- and Creutzfeldt–Jakob disease (CJD)-associated genes in CJD. (a) Construction of the CJD-directed 
neighbour coexpressed network (CDNC network). Different genes are represented by different colours (green: CJD-associated genes; 
orange: immune-associated genes; red: immune- and CJD-associated genes genes; grey: other genes). (b) Cumulative distribution curves 
of Pearson correlations for different gene types. (c) Violin plots of Pearson correlations for different gene types; ***p < 0.001. (d) The 
subnetwork of CJD-associated genes and their directly interacted genes was extracted from the CDNC network. (e) Heatmap of correlation 
between CJD-associated genes and immune-associated genes. CDF, cumulative distribution function; ns, not significant

F I G U R E  3  Clustering immune-associated subnetwork in Creutzfeldt–Jakob disease (CJD). (a) The critical modules extracted from the 
immune- or CJD-directed neighbour coexpressed network, and different types of gene were marked using different colours (green: CJD-
associated genes; orange: immune-associated genes; red: immune- and CJD-associated genes; grey: other genes). (b) Distinct gene numbers 
of genes in different modules. (c) Cumulative distribution curves of the consensus index. (d) Relative change in area under the cumulative 
distribution function (CDF) curve of different group numbers. (e) Consensus cluster heatmap of samples. (f) Heatmap of gene expression. 
Subtype (sub) refers to the group type classified by the consensus cluster method, and sample_type refers to the disease status of the 
samples
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observed that CASP3 did not have any enrichment pathways that 
overlapped with the other five modules. KEGG enrichment analy-
sis suggested that some of the key pathways in the CASP3 mod-
ule were associated with infection, such as "Salmonella infection" 
(p = 5.08 E-05), "Yersinia infection" (p = 0.0001), and "toxoplasmosis" 
(p = 0.002). In addition, some KEGG pathways related to apoptosis 
were abundant, including "apoptosis" (p  =  6.79 E-06), "apoptosis–
multiple species" (p  =  3.76 E-05), and "TNF signalling pathway" 
(p = 7.41 E-05).

To gain a better understanding of how module genes drive CJD 
progression, we next analysed the enrichment pathways of genes in 
all modules by biological function enrichment analysis (Figure 5g). 
The top 10 results of enrichment pathways revealed by KEGG anal-
ysis included "hepatitis C" (p  =  1.22 E-11), "apoptosis" (p  =  3.84 
E-10), "ErbB signalling pathway" (p  =  6.32 E-09), "Alzheimer dis-
ease" (p = 7.45 E-09), "neurotrophin signalling pathway" (p = 1.39 
E-08), "prolactin signalling pathway" (p  =  1.72 E-08), "pathogenic 
Escherichia coli infection" (p  =  2.66 E-08), "Salmonella infection" 
(p  =  6.16 E-08), "sphingolipid signalling pathway" (p  =  1.66 E-07), 
and "FcεRI signalling pathway" (p = 2.29 E-07). Two important im-
mune signalling pathways were identified based on the enrichment 
pathway of the model (Figure 6).

Collectively, these results indicate that the pathogenesis of CJD 
is closely related to infection and to the immune response.

DISCUSSION

In recent years, the rapid development of molecular biotechnology 
has led to great progress in our understanding of CJD. Although 
studies on microglial immune activation in CJD have been reported, 
there are no studies that have described immune-associated genes as 
CJD biomarkers. In this study, we used a PPI network from the HPRD 
database, immune-associated genes from the Amigo database, and 
CJD-associated genes from the DisGeNET database to construct a 
CJD-specific coexpression network of immune- and disease-related 
genes. The coexpression relationship between immune- and CJD-
associated genes was confirmed by layer-by-layer network screen-
ing. Using GraphWeb, we identified key disease modules and genes, 
and performed KEGG pathway enrichment analyses on them.

The results of the immune/CJD-related coexpression network 
analysis revealed that, with the exception of YWHAB, the other four 
genes with the highest connectivity were all immune-associated 
genes. This indicates that immune-associated genes play an 

F I G U R E  4  Correlation between immune- and Creutzfeldt–Jakob disease (CJD)-associated genes in clusters. (a, b) Coexpression heatmaps 
of genes in the SNCA and YWHAH module clusters. (c, d) The gene expression levels of the SNCA and YWHAH module between CJD and 
normal samples. Significantly differentially expressed genes have been labelled (*, **, and *** indicate significance level of 0.05, 0.01, and 
0.001, respectively). (e) The coexpression network constructed by differentially expressed genes in a CJD-specific module
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important role in CJD. Further analysis of 20 CJD-associated genes 
extracted from a CJD-directed neighbour coexpression network 
showed that the level of coexpression between CJD- and immune-
associated genes was high, especially with regard to NEFL, VIM, 
PKN1, SPTAN1, and other immune-associated genes, which were ex-
pressed differently in CJD and normal samples.

Six modules (MAPK1, CASP3, APP, MAPT, SNCA, and YWHAH) 
were identified using GraphWeb to determine which genes were 
more closely related to CJD. It is worth noting that the five modules 
other than YWHAH included immune- and CJD-associated genes. In 
particular, the MAPK1 module had the largest number of immune-
associated genes (14). Of the six modules, SNCA and APP contained 
the highest proportion of immune genes (52.9% and 52.6%, respec-
tively). In particular, SNCA directly interacts with immune-associated 
genes such as APP, MAPT, MAPK1, FYN, CALM1, and LYN. Of these, 
APP, MAPT, and MAPK1 are immune- and CJD-associated genes and 
are among the key nodes of the six modules. FYN, CALM1, and LYN 

were the immune-associated genes with the highest expression lev-
els. We therefore speculate that the SNCA module plays an import-
ant role in the occurrence and development of CJD.

SNCA (synuclein alpha) encodes an α-synaptic soluble nuclear 
protein that is expressed in the presynaptic space and around the 
nucleus in CNS neurons, where it regulates the transport of synaptic 
vesicles and controls the release of neurotransmitters. A recent study 
found that the amino acid residues at positions 67–78 in α-synuclein 
form a tilted peptide, which plays a key role in the formation of am-
yloid fibres and toxicity in nerve cells, and is closely associated with 
neurodegenerative diseases [19]. Studies have determined that ab-
normal protein deposition with neurotoxicity is caused by excessive 
increases in cell excitability or destruction of axon transport and 
microtubule function through the tyrosine protein kinase Fyn sig-
nalling pathway [20]. CJD has a similar pathogenesis to neurodegen-
erative diseases, such as the formation and deposition of abnormal 
protein conformations, synaptic dysfunction, abnormal and missing 

F I G U R E  5  Biological function analysis of the significant immune-associated clusters in Creutzfeldt–Jakob disease (CJD). (a–f) Bar chart of 
KEGG pathway enrichment for the MAPK1, CASP3, APP, MAPT, SNCA, and YWHAH module genes, respectively. (g) The KEGG enrichment 
results for all module genes. KEGG, Kyoto Encyclopedia of Genes and Genomes

Acute myeloid leukemia
Focal adhesion

Growth hormone synthesis, secretion and action
Neurotrophin signaling pathway

Fc gamma R−mediated phagocytosis
Chronic myeloid leukemia

Prolactin signaling pathway
Sphingolipid signaling pathway

ErbB signaling pathway
MAPK signaling pathway

0.0 2.5 5.0 7.5

0.00075

0.00050

0.00025

p.adjust

Homologous recombination
Toxoplasmosis

Small cell lung cancer
NOD−like receptor signaling pathway

Platinum drug resistance
Yersinia infection

TNF signaling pathway
Salmonella infection

Apoptosis − multiple species
Apoptosis

0 1 2 3 4 5

0.04

0.03

0.02

0.01

p.adjust

Insulin signaling pathway
Natural killer cell mediated cytotoxicity

Growth hormone synthesis, secretion and action
Colorectal cancer

EGFR tyrosine kinase inhibitor resistance
Chronic myeloid leukemia

Prolactin signaling pathway
Neurotrophin signaling pathway

ErbB signaling pathway
Alzheimer disease

0 2 4 6 8

0.010

0.005

p.adjust

Hepatitis C

Dopaminergic synapse
Cell cycle

 Sphingolipid signaling pathway
Parkinson disease

Pertussis
Pathogenic Escherichia coli infection

Oocyte meiosis
Alzheimer disease

0 2 4 6

0.02

0.01

p.adjust

Shigellosis
Fc gamma R−mediated phagocytosis

Viral carcinogenesis
Chemokine signaling pathway

Fc epsilon RI signaling pathway
Hepatitis C

Oocyte meiosis
Alzheimer disease

Kaposi sarcoma−associated herpesvirus infection
Parkinson disease

0 2 4 6

0.012

0.009

0.006

0.003

p.adjust

Cell cycle

0 1 2 3

0.0132442

p.adjust

Fc epsilon RI signaling pathway

Sphingolipid signaling pathway

Salmonella infection

Pathogenic Escherichia coli infection

Prolactin signaling pathway

Neurotrophin signaling pathway

Alzheimer disease

ErbB signaling pathway

Apoptosis

Hepatitis C

0 5 10 15

4e−06

3e−06

2e−06

1e−06

p.adjust

(a) (b)

(c) (d)

(e)

(f)

(g)



10  |     HAI et al.

F I G U R E  6  KEGG pathway enrichment analysis in signalling pathways. (a) The map of the chemokine signalling pathway. (b) The map of 
the FcεR1 signalling pathway. KEGG, Encyclopedia of Genes and Genomes
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autophagy, and inflammation [21]. Our biofunctional analysis also 
confirmed that the pathways enriched in CJD are closely related to 
neurodegenerative diseases. The KEGG enrichment analysis of the 
SNCA module revealed several important immune-related pathways, 
including FcεRI signalling, chemokine signalling, and FcγR-mediated 
phagocytosis. The FcεRI receptor belongs to a protein family that in-
cludes multiple immune recognition receptors, and the cross-linking 
of FcεRs stimulates the factors Lyn and Sky to activate downstream 
MAPK signalling pathways [22]

MAPK (mitogen-activated protein kinase) is widely expressed in 
the CNS. Stimulated by various extracellular factors, MAPK partici-
pates in the pathological process of neurodegenerative diseases by 
regulating cell proliferation, differentiation, growth, and apoptosis. 
The MAPK pathway has been shown to be closely involved in neu-
ronal apoptosis in neurodegenerative diseases [22]. In vitro studies 
have reported that activated MAPK induces hyperphosphoryla-
tion of the tau protein, initiates apoptosis and other mechanisms, 
and participates in the development of Alzheimer disease [23]. The 
neuronal microtubule-associated protein tau (encoded by MAPT) 
is abnormally expressed in the CSF of patients with CJD, and the 
determination of total and phosphorylated tau protein in CSF are 
valuable indicators in the diagnosis and differential diagnosis of CJD 
[24–26].

Our biological function analyses showed that immune/CJD-
related genes were enriched in pathways associated with infection 
and the immune response. In recent years, an increasing number 
of epidemiological and experimental studies have shown that per-
sistent infection in the brain can lead to protein misfolding and ag-
gregation, resulting in oxidative stress injury, abnormal autophagy, 
apoptosis, and programmed necrosis, ultimately leading to neuro-
nal damage and promoting the development of neurodegenerative 
diseases [27–33]. Continuous infection and abnormal protein depo-
sition may lead to severe microglial activation. Activated microglia 
trigger chemotaxis and phagocytosis through mer receptor tyrosine 
kinases and release cytokines, proteases, and superoxides to remove 
harmful substances and protect neurons, thereby triggering neu-
roinflammation [34,35]. Previous studies have confirmed an increase 
in expression of pro- and anti-inflammatory cytokines and immune 
mediators in the CSF and brains of sCJD patients [8,36]. The sus-
tained and excessive activation of microglia prevents nerve repair 
and leads to synaptic and oxidative damage, and mitochondrial dys-
function [37], which may play a role in inducing and promoting the 
neurodegeneration of CJD.

CONCLUSION

The analyses from our study shown that immune- and CJD-
associated genes are strongly correlated not only at a network level, 
but also in their patterns of expression. The functional enrichment 
analysis of each module showed that they may be closely related to 
the pathogenesis, infection, diagnosis, and treatment of CJD. KEGG 
analysis of the module genes also identified key nodes of the six 

CJD-specific modules, which may have potential as clinical biomark-
ers and therapeutic targets, and are worth exploring in future basic 
research and clinical studies.

There were a few limitations to our study. Due to the low in-
cidence of CJD, this study was based on clinical data from a very 
small number of CJD samples. Owing to the difficulty in obtaining 
CJD samples, the study of its aetiology is currently limited to bioin-
formatic methods. Further experiments are needed in the future to 
experimentally confirm the results of this study.
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