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Background: The onset and progression of type 1 diabetes mellitus (T1DM) is closely related to autoimmunity. Effective moni-
toring of the immune system and developing targeted therapies are frontier fields in T1DM treatment. Currently, the most avail-
able tissue that reflects the immune system is peripheral blood mononuclear cells (PBMCs). Thus, the aim of this study was to 
identify key PBMC biomarkers of T1DM.
Methods: Common differentially expressed genes (DEGs) were screened from the Gene Expression Omnibus (GEO) datasets 
GSE9006, GSE72377, and GSE55098, and PBMC mRNA expression in T1DM patients was compared with that in healthy partici-
pants by GEO2R. Gene Ontology, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and protein-protein interaction 
(PPI) network analyses of DEGs were performed using the Cytoscape, DAVID, and STRING databases. The vital hub genes were 
validated by reverse transcription-polymerase chain reaction using clinical samples. The disease-gene-drug interaction network 
was built using the Comparative Toxicogenomics Database (CTD) and Drug Gene Interaction Database (DGIdb).
Results: We found that various biological functions or pathways related to the immune system and glucose metabolism changed 
in PBMCs from T1DM patients. In the PPI network, the DEGs of module 1 were significantly enriched in processes including in-
flammatory and immune responses and in pathways of proteoglycans in cancer. Moreover, we focused on four vital hub genes, 
namely, chitinase-3-like protein 1 (CHI3L1), C-X-C motif chemokine ligand 1 (CXCL1), matrix metallopeptidase 9 (MMP9), 
and granzyme B (GZMB), and confirmed them in clinical PBMC samples. Furthermore, the disease-gene-drug interaction net-
work revealed the potential of key genes as reference markers in T1DM.
Conclusion: These results provide new insight into T1DM pathogenesis and novel biomarkers that could be widely representa-
tive reference indicators or potential therapeutic targets for clinical applications.
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INTRODUCTION

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune 

disease that leads to autoimmune destruction of insulin-se-
creting pancreatic β-cells and ultimately hyperglycemia, which 
seriously affects human health and living standards [1]. More 
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than 13 million people suffer from T1DM [2], and the inci-
dence increases by 3% to 4% per year globally [3-5]. T1DM 
was originally observed to be accompanied by pancreas in-
flammation and islet cell autoantibody elevation in patients 
[6]. This autoimmune reaction is triggered by both genetic 
susceptibility and environmental factors such as viral infection 
[6]. The key pathogenic process is antigen-driven T lympho-
cyte-mediated islet inflammation, which leads to the specific 
destruction of islet cells [7]. Importantly, autoimmune reac-
tions often precede the onset of clinical diabetes and may oc-
cur many years in advance. However, changes in innate im-
mune effector cells have been observed at the same or even 
earlier stage of the production of diabetes autoantibodies [8,9].

Peripheral blood mononuclear cells (PBMCs), also known as 
human mononuclear cells from peripheral blood, reflect im-
mune responses and act as an important component of im-
mune monitoring [10]. Due to their accessibility and effective-
ness for batch testing, PBMCs are utilized as a useful tool for 
studying various aspects of pathology and biology in research 
and clinical applications. However, the initiating factors of 
T1DM and how innate immunity participates are still worth 
investigating. Early and efficient prevention and diagnosis are 
critical for higher-risk individuals with T1DM. Gene chips have 
been widely applied as a gene detection technology, and the 
corresponding data have been deposited in public databases. 
Integrating and reanalyzing these genomic data offer possibili-
ties for identifying certain disease-related biomarkers. Recently, 
many studies have been carried out according to microarray 
data profiles to elucidate the role of PBMCs in T1DM [10]. 
However, the differentially expressed genes (DEGs) identified 
with microarrays are based on a single cohort in each study and 
have a limited sample scale and unknown confounding factors. 
To identify novel key DEGs that remained representative and 
accurate, we used integrated bioinformatics methods overlap-
ping genes obtained from different microarrays.

In the current study, we downloaded three microarray data-
sets, namely, GSE9006 [10], GSE72377, and GSE55098 [11], 
from the NCBI Gene Expression Omnibus (GEO) database, 
including gene expression data for PBMC samples from 70 pa-
tients with T1DM and 54 healthy controls. We identified DEGs 
using the interactive web tool GEO2R. The functional and 
pathway analyses were performed via Gene Ontology (GO) 
and Database for Annotation, Visualization and Integrated 
Discovery (DAVID). Subsequently, we integrated the DEG 
protein-protein interaction (PPI) network with module screen-

ing to identify hub genes in PBMCs of T1DM. Identifying 
novel key DEGs and their enriched functions and signaling 
pathways might help provide a convenient and effective ap-
proach for clinical prevention, treatment and management.

METHODS

Microarray data information 
NCBI-GEO is regarded as a free public database of microar-
ray/gene profile and we obtained the gene expression profile of 
GSE9006, GSE72377, and GSE55098 analyzed by PBMCs from 
totally 70 T1DM patients and 54 healthy controls. GSE9006 
was on account of GPL96 and GPL97 Platforms ([HG-U133A] 
Affymetrix Human Genome U133A Array and [HG-U133B] 
Affymetrix Human Genome U133B Array), including 43 sam-
ples of PBMCs from T1DM patients and 24 healthy controls. 
The 43 newly diagnosed T1DM patients (26 females and 17 
males; age 10.1±3.8 years; race 28 Caucasian, seven Hispanic, 
three African-American, and four mixed ethnicities; glycosyl-
ated hemoglobin [HbA1c] 11.8%±2.0%) was age-matched to 
healthy group, and diagnosed by American Diabetes Associa-
tion (ADA) and World Health Organization criteria [12] with a 
include criteria that positive autoantibodies to insulin, IA-2, 
and GAD65 [10]. GSE72377 was on account of GPL10558 Plat-
forms (Illumina HumanHT-12 V4.0 expression beadchip, Illu-
mina, San Diego, CA, USA), including 15 samples of PBMCs 
from T1DM patients and 20 healthy controls. GSE55098 was 
on account of GPL570 Platforms ([HG-U133_Plus_2] Af-
fymetrix Human Genome U133 Plus 2.0 Array) including 12 
samples of PBMCs from T1DM patients and 10 healthy con-
trols. The diagnosis of 12 newly diagnosed T1DM patients 
(five women and seven men; age 17.50±3.68 years; fasting 
blood glucose 6.37±1.93 mmol/L; HbA1c 11.78%± 3.63%; 
lower fasting C-peptide 0.47±0.20 ng/mL; markedly higher 
glutamic acid decarboxylase antibody [GADA] level 149.85 U/
mL) [11] was made according to 2011 ADA criteria [13], and 
their age-matched healthy participants showed clinical param-
eters within normal range.

Microarray data processing and DEGs identification 
Data preprocessing included conversion from probes into gene 
symbols, data consolidation, and normalization. Probes with-
out gene symbols or genes with more than one probe were re-
moved or averaged, respectively. Volcano plot of each dataset 
was generated by ggpbur tool in R studio (R Foundation for 
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Statistical Computing, Vienna, Austria). DEGs between 
T1DM and healthy PBMC samples were identified via GEO2R 
online tools with |FC| >1.1 and P<0.05. Then, the DEGs were 
checked in Venn software online to detect the commonly 
DEGs among three datasets. The DEGs with log FC <0 was 
considered as down-regulated genes, while the DEGs with log 
FC >0 was considered as an up-regulated gene. The heat map 
of top 10 DEGs were generated by Graphpad prism 8 (Graph-
pad, San Diego, CA, USA).

Functional and pathway enrichment analysis 
To understand the biological relevance of DEGs and the hub 
genes, we performed functional enrichment analysis using 
ClueGO. ClueGO facilitates the visualization of functionally 
related genes displayed as a clustered network and chart 
[14,15]. The statistical test used for the enrichment was based 
on two-sided hypergeometric test with a Bonferroni step down 
correction method and kappa score threshold of 0.4 (P<0.05). 
DAVID (https://david-d.ncifcrf.gov/) was designed to identify 
a large number of genes or proteins function, which was used 
for Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analysis, and GO biological functional enrich-
ment analysis. 

PPI network and modular analysis 
Interactions among the DEGs were explored with the Search 
Tool for the Retrieval of Interacting Genes/Proteins database 
(STRING, https://string-db.org/) [16]. Based on the STRING 
database, Cytoscape was applied to examine the potential cor-
relation between these DEGs (confidence score ≥0.4) [17]. 
The number of nodes is 83, the number of edges is 105. The av-
erage node degree is 2.53, the average local clustering coeffi-
cient is 0.36, the expected number of edges is 54, and the PPI 
enrichment P value is 4.79e-10. For checking modules of the 
PPI network, the MCODE app in Cytoscape was used (degree 
cutoff=2, node score cutoff=0.2; K-core=2, maximum depth 
from seed=100).

Key gene identification
To find key hub genes in the above DEGs based on the PPI 
network, we used the plug—in cytoHubba of Cytoscape. The 
plug—in can predict and explore important nodes and subnet-
works in a given network using several topological algorithms 
[18]. Maximal clique centrality (MCC) method was selected to 
explore hub genes. The heatmap of ranked 10 hub genes was 

generated by Graphpad Prism 8. The network composed of 
hub genes and related biological functions was constructed by 
GlueGO.

Clinical PBMCs samples collection 
Ten patients new-diagnosed as T1DM and age-matched 10 
healthy individual between December 2018 and November 
2020 at Xinqiao Hospital (Second affiliated hospital of Army 
University/The Third Medical Military University) were en-
rolled and this study. The key clinical characteristics were 
shown in Supplementary Table 1. The study was approved by 
the ethical committee of Xinqiao Hospital (No.2016024), and 
written informed consent was obtained from all participated 
subjects. The diagnosis of T1DM was according to ADA crite-
ria [13] briefly as follows: an onset of hyperglycemia symp-
toms, the absence of C-peptide and positivity for autoantibod-
ies related to islet β-cell destruction. Patients with other acute 
or chronic diseases such as active or presumed infection, other 
autoimmune disease, were taking immune modulators, with 
organ dysfunction or pregnancy, were excluded. The blood 
collection was performed at 9:00 to 10:00 AM with the butter-
fly vein cannula drawn with a 10 mL syringe pre-filled with 
ethylenediaminetetraacetic acid (0.16%) at room temperature. 
PBMCs were immediately extracted from fresh blood within 2 
hours after blood collection, using human PBMCs extracting 
kit (Solabio, Catalog: P8680, Beijing, China), according to 
manufacturer’s protocol, then stored at −80°C for RNA extrac-
tion.

RNA extraction and hub gene validation
Total RNA was extracted from PBMCs, and 1 µg RNA was re-
verse-transcribed into cDNA as described above. The reverse 
transcription-polymerase chain reaction (RT-PCR) was per-
formed with SYBR Premix Ex Taq II (Takara, Terra Bella Ave, 
CA, USA) on a Bio-Applied Biosystems 7300 (Thermo Fisher 
Scientific, Waltham, MA, USA) using the following thermal cy-
cling procedure: 95°C for 30 seconds, followed by 40 cycles of 
95°C for 15 seconds, 58°C for 30 seconds, and 72°C for 20 sec-
onds. Expression of the hub genes was normalized to glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) expression. The 
primer sequences for C-X-C motif chemokine ligand 1 
(CXCL1), granzyme B (GZMB), matrix metalloproteinase-9 
(MMP9), chitinase-3-like protein 1 (CHI3L1), and GAPDH 
were listed below: CXCL1 forward: AGCTTGCCTCAATCCT-
GCATCC, reverse: TCCTTCAGGAACAGCCACCAGT; 
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GZMB forward: CGACAGTACCATTGAGTTGTGCG, re-
verse: TTCGTCCATAGGAGACAATGCCC; CHI3L1 for-
ward: CCACAGTCCATAGAATCCTCGG, reverse: TGCCT-
GTCCTTCAGGTACTGCA; MMP9 forward: GCCACTACT-
GTGCCTTTGAGTC, reverse: CCCTCAGAGAATCGCCAG-
TACT.

Disease-gene-drug network-based analysis
The correlation among diseases, genes and drugs were ana-
lyzed via Comparative Toxicogenomics Database (CTD) data-
base (http://ctdbase.org/tools/batchQuery.go) and the Drug 
Gene Interaction Database (DGIdb; https://dgidb.org). Endo-
crinology and immune-related diseases were selected. The dis-
ease-gene-drug interaction network was visualized using Cy-
toscape.

RESULTS

Identification of DEGs in each GEO dataset
In this study, we performed a multistep analysis to explore key 
DEGs and their significant biological functions by integrated 
bioinformatics methods (Fig. 1). First, we selected and down-

loaded three GEO datasets (GSE9006, GSE72377, and GSE-
55098) with gene expression profiles for PBMCs of T1DM pa-
tients and healthy controls. There were PBMC samples from 
70 T1DM patients and 54 normal participants in our present 
study. On the basis of the cutoff criteria, DEGs in each GEO 
dataset were identified between PBMCs of the T1DM and nor-
mal groups (Supplementary Table 2). There were 2,084 DEGs, 
including 1,137 upregulated and 947 downregulated genes in 
GSE9006; 5,279 DEGs, including 2,657 upregulated and 2,622 
downregulated genes in GSE72377; and 3,942 DEGs, including 
1,811 upregulated and 2,131 downregulated genes in GSE-
55098. The volcano plots of the distribution of DEGs in each 
dataset are shown in Fig. 2A. Then, we used Venn diagram 
software to identify the common DEGs among datasets. The 
results showed that there were 85 common DEGs among the 
three datasets, including 52 upregulated genes and 33 down-
regulated genes (Fig. 2B), which are listed in Supplementary 
Table 3. Among them, the top 10 upregulated and downregu-
lated DEGs were selected and are listed as a heatmap: the top 
10 upregulated DEGs included CHI3L1, free fatty acid recep-
tor 2 (FFAR2), early growth response 1 (EGR1), lactotransfer-
rin (LTF), potassium inwardly rectifying channel subfamily J 
member 15 (KCNJ15), CXCL1, nicotinamide phosphoribosyl-
transferase (NAMPT), MMP9, aquaporin 9 (AQP9), and pep-
tidylprolyl isomerase (PPIF), and the top 10 downregulated 
DEGs included killer cell lectin like receptor F1 (KLRF1), ad-
hesion G protein-coupled receptor G1 (ADGRG1), aldo-keto 
reductase family 1 member C3 (AKR1C3), GZMB, HOP ho-
meobox (HOPX), zinc finger and BTB domain containing 16 
(ZBTB16), killer cell lectin like receptor B1 (KLRB1), ATM 
serine/threonine kinase (ATM), CUGBP elav-like family 
member 2 (CELF2), and interleukin 2 receptor subunit beta 
(IL2RB) (Fig. 2C).

Biological functional enrichment analysis
To characterize the functional roles of the above DEGs, biolog-
ical process enrichment analyses in upregulated or downregu-
lated DEGs were conducted via ClueGO software. The results 
showed that upregulated DEGs were significantly enriched in 
response to amyloid-beta (Aβ) and cytokine receptor activity 
(Fig. 3A). The response to Aβ involves various immune pro-
cesses, including positive regulation of cytokine production 
involved in the inflammatory response, positive regulation of 
the reactive oxygen species biosynthetic process, regulation of 
the cytokine biosynthetic process, and interleukin-1 and inter-

Fig. 1. Flow chart of bioinformatics and validation. GEO, Gene 
Expression Omnibus; T1DM, type 1 diabetes mellitus; KEGG, 
Kyoto Encyclopedia of Genes and Genomes; DEG, differen-
tially expressed genes; PPI, protein-protein interaction.
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leukin-8 secretion. In addition, downregulated DEGs were sig-
nificantly enriched in 1-phosphatidylinositol-3-kinase activity, 
cerebral cortex cell migration, positive regulation of glucose 
transmembrane transport, etc. (Fig. 3B). Interestingly, down-
regulated DEGs in PBMCs from T1DM patients were more 
enriched in glucose metabolism processes, not only positive 
regulation of glucose transmembrane transport but also posi-
tive regulation of glucose import. Moreover, by KEGG path-
way enrichment, upregulated DEGs were enriched in infec-
tious diseases, including tuberculosis, Legionellosis, hepatitis B, 
influenza A, and Salmonella infection, as well as parasitic dis-
eases, such as toxoplasmosis, leishmaniasis, and Chagas dis-
ease (Fig. 3C). Downregulated DEGs were enriched in tran-
scriptional misregulation in cancer, human T-lymphotropic vi-
rus type 1 (HTLV-I) infection, acute myeloid leukemia, apopto-
sis, and the B-cell receptor signaling pathway (Fig. 3D, Supple-
mentary Table 4).

PPI network and modular analysis
To establish the interactions of these DEGs in PBMCs of 

T1DM, we used the STRING database to construct a PPI net-
work. A total of 85 DEGs were imported into the DEG PPI 
network complex, which was improved by removing isolated 
genes via Cytoscape software (Supplementary Fig. 1A). On the 
basis of MCODE application in Cytoscape, we identified three 
modules in the whole network (Supplementary Fig. 1B-D). 
The genes of the top three modules are shown in Supplemen-
tary Table 5. Moreover, biological function and pathway en-
richment analyses based on DAVID were performed for DEGs 
in the three modules (Supplementary Table 6, Supplementary 
Fig. 1E): the DEGs of module 1 were significantly enriched in 
inflammatory response, immune response, positive regulation 
of NLR family pyrin domain containing 3 (NLRP3) inflamma-
some complex assembly, etc.; the DEGs of module 2 were en-
riched in negative regulation of apoptotic process, inflamma-
tory response, immune response, positive regulation of NLRP3 
inflammasome complex assembly, etc.; the results of module 3 
enrichment were similar to those of modules 1 and 2 (Supple-
mentary Table 6, Supplementary Fig. 1). For the KEGG path-
way, module 1 DEGs were significantly enriched in pathways 

Fig. 2. Volcanos plot of three datasets. (A) Volcano plots of the distribution of differentially expressed genes (DEGs) in each data-
set, fold change >1.2, P<0.05. (B) Venn plot of upregulated and downregulated DEGs in these datasets. (C) The expression heat-
map of the top 10 upregulated and downregulated DEGs. 
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Fig. 3. Functional and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of common differentially ex-
pressed genes (DEGs). Biological functional enrichment of upregulated (A) and downregulated (B) DEGs via Cytoscape Gluego. 
Bubble plot of upregulated (C) and downregulated (D) DEG-enriched KEGG pathways via Database for Annotation, Visualiza-
tion and Integrated Discovery (DAVID). FFAR2, free fatty acid receptor 2; CHI3L1, chitinase-3-like protein 1; EGR1, early 
growth response 1; ABCA1, ATP binding cassette subfamily A member 1; SASH1, SAM and SH3 domain containing 1; PTK2B, 
protein tyrosine kinase 2 beta; TLR, toll like receptor; MMP9, matrix metalloproteinase-9; IL17RC, interleukin 17 receptor C; 
PSEN1, presenilin 1; EPOR, erythropoietin receptor; LTP, lipid-transfer protein; NAMPT, nicotinamide phosphoribosyl transfer-
ase; IFNGR2, interferon gamma receptor 2; CSF3R, colony stimulating factor 3 receptor; FLOT1, flotillin 1; SEC14L1, SEC14 like 
lipid binding 1; ATM, ATM serine/threonine kinase; WNK1, WNK lysine deficient protein kinase 1; PIK3R1, phosphoinositide-
3-kinase regulatory subunit 1; OSBPL8, oxysterol binding protein like 8; SYNE2, spectrin repeat containing nuclear envelope pro-
tein 2; ADGRG1, adhesion G protein-coupled receptor G1; HTLV-1, human T-lymphotropic virus type 1.
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Fig. 4. Determination of vital hub genes and related biological processes. (A) Top 10 ranked hub gene networks generated by Cy-
tohubba. (B) The expression heatmap of the top 10 ranked hub genes. (C) The network of hub genes and related biological pro-
cesses constructed by ClueGO. (D) Venn plot of common genes between the top 10 regulated differentially expressed genes 
(DEGs) and hub genes: chitinase-3-like protein 1 (CHI3L1), chemokine C-X-C motif ligand 1 (CXCL1), matrix metalloprotein-
ase-9 (MMP9), and granzyme B (GZMB). (E) Reverse transcription-polymerase chain reaction (RT-PCR) detection of CHI3L1, 
CXCL1, MMP9, and GZMB mRNA expression in peripheral blood mononuclear cell of healthy participants and type 1 diabetes 
mellitus (T1DM) patients (n=10). SPTAN1, spectrin alpha non-erythrocytic 1; LTF, lactotransferrin; IL1RN, interleukin 1 recep-
tor antagonist; TLR, toll like receptor; LAMP1, lysosomal associated membrane protein 1. aP<0.05, bP<0.01, unpaired t-test.
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of proteoglycans in cancer, Legionellosis and Salmonella infec-
tion. Module 2 DEGs were also enriched in pathways of pro-
teoglycans in cancer, transcriptional misregulation in cancer, 
and several infectious disease pathways, including hepatitis B, 
Chagas disease, and various immune processes, such as the 
Toll-like receptor signaling pathway. Module 3 pathways were 
similar to the module 1 and 2 pathways, which were related to 
infectious diseases, cancer and immune processes (Supple-
mentary Table 7).

Identification of key hub genes in PBMCs of T1DM and 
clinical validation
The top 10 hub genes were filtered out among DEGs using the 
cytoHubba application in Cytoscape. They were TLR4, 
CXCL1, MMP9, TLR6, CD44, LAMP1, GZMB, SPTAN1, IL-
1RN, and CHI3L1 ranked by the MCC method, and their full 
names and functions are listed in Supplementary Table 8. The 
PPI network of these hub genes is shown in Fig. 4A. The ex-
pression of upregulated hub genes (CHI3L1, CXCL1, MMP9, 
TLR4, TLR6, and IL1RN) and downregulated hub genes 
(LAMP1, CD44, SPTAN1, and GZMB) in the three datasets is 

listed as a heatmap (Fig. 4B). Moreover, the biological func-
tions of the 10 hubs were significantly enriched in response to 
Aβ (TLR4, MMP9, and TLR6), activation of nuclear factor κB 
(NF-κB)-inducing kinase activity (TLR6 and CHI3L1), gran-
zyme-mediated apoptotic signaling pathway (GZMB and 
LAMP1), and regulation of heterotypic cell-cell adhesion 
(CD44 and IL1RN) (Fig. 4C). Interestingly, we found four 
common genes between the top 10 significantly changed 
DEGs and the top 10 hub genes: CXCL1, GZMB, MMP9, and 
CHI3L1 (Fig. 4D). We recruited age-matched healthy and 
new-onset T1DM participants. T1DM patients showed hyper-
glycemia, higher HbA1c levels, low C-peptide and positivity 
for GADA, while healthy participants displayed these indica-
tors within the normal range (Supplementary Table 1). We de-
tected transcriptional expression in PBMCs from 10 T1DM 
patients and 10 healthy individuals by RT-PCR and observed 
significantly and robustly increased CXCL, MMP9, and 
CHI3L1 and decreased GZMB in the T1DM group (Fig. 4E), 
which was consistent with the results from the three datasets, 
confirming that these four novel hub genes might be stable re-
flections of immune system conditions in T1DM patients.

Fig. 5. Disease-gene-drug network analysis centered on four vital hub genes. CXCL1, chemokine (C-X-C motif) ligand 1; MMP9, 
matrix metalloproteinase-9; CHI3L1, chitinase-3-like protein 1; GZMB, granzyme B.
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Disease-gene-drug network-based analysis
The four key hub genes (CXCL1, GZMB, MMP9, and CHI3L1) 
were screened for discovering disease-target-drug interactions 
using CTD (http://ctdbase.org/tools/batchQuery.go), DGIdb 
(https://dgidb.org), and Cytoscape (Fig. 5). The network 
showed that in addition to immune system and autoimmune 
diseases, CXCL1, GZMB, MMP9, and CHI3L1 were all associ-
ated with endocrinology system diseases, including diabetes 
complications, goiter, and hypogonadism. CXCL1, MMP9, and 
GZMB are related to gonadal disorders, and CXCL1, MMP9, 
and CHI3L1 are associated with Cushing syndrome and hyper-
parathyroidism. CXCL1 and MMP3 are both related to Hashi-
moto disease and nodular goiter. In the target-drug network, 
GZMB is a serine protease encoded by GZMB that can be in-
hibited by hexachlorophene (disinfectant), which helps in the 
development of small-molecule inhibitors of human Kaposi’s 
sarcoma-associated herpesvirus (KSHV) [19]. The MMP9 gene 
represents MMP9 and may play an essential role in local prote-
olysis of the extracellular matrix and in leukocyte migration 
[20]. Among various drugs targeted to MMP9, MMP inhibi-
tors and antagonists include captopril (angiotensin converting 
enzyme inhibitor) [21], marimastat (angiogenesis and metasta-
sis inhibitor) [22], minocycline (tetracycline antibiotics) [23], 
carboxylated glucosamine [24], and glucosamine [25]. Zinc 
chloride is a binder for MMP9 [26]. Other clinical drugs also 
interact with MMP9, including glutathione, endostatin, meth-
yldopa, bevacizumab, and celecoxib. Glutathione maintains 
normal immune system function and has antioxidant and inte-
grated detoxification effects. Endostatin is the most studied en-
dogenous angiogenesis inhibitor. Methyldopa is a centrally act-
ing antiadrenergic drug. Bevacizumab is used to treat cancer of 
the membrane lining the internal organs in the abdomen and is 
usually given as part of a combination of cancer medicines. Ce-
lecoxib is a nonsteroidal anti-inflammatory drug (NSAID) for 
reducing pain or inflammation caused by many conditions, 
such as arthritis and ankylosing spondylitis.

DISCUSSION

For more than 25 years, T1DM has been recognized as a 
chronic autoimmune disease characterized by progressive loss 
of beta cells in the pancreas that results in insulin dependence 
for a lifetime. The activation and dysfunction of innate immu-
nity is an early event in T1DM that appears to be triggered by 
environmental factors on the appropriate genetic background 

[27] and has recently aroused increasing attention. Innate im-
munity is the first line of defense against pathogens in the hu-
man body. Meanwhile, PBMCs, a group of peripheral blood 
cells with a nucleus such as lymphocytes (e.g., T-cells, B-cells, 
and natural killer cells) and monocytes, are vital components 
of innate immunity [28]. In the present study, we identified 
common DEGs, including 52 upregulated and 33 downregu-
lated genes, on the basis of three GEO datasets using the Venn 
method. Seventy T1DM patients and 54 normal participants 
were enrolled in the present research. GO and KEGG pathway 
enrichment analyses showed that these DEGs were significant-
ly enriched in pathways related to the immune system and glu-
cose metabolic functions. The PPI network was constructed by 
DEGs. Module and hub gene detection and enrichment analy-
sis were performed. Finally, four key hub genes were identified 
and validated via clinical samples. Furthermore, the network-
based analysis evaluated the connection among the key hub 
genes, diseases and drugs, suggesting the multifunction of 
these genes, which might provide possible insight for future 
studies concerning disease pathogenesis, prevention, and 
management.

Previously, several bioinformatic studies investigated gene 
changes in important tissues/organs of diabetic patients, such 
as adipose tissue [29], muscle [30], pancreas [31], and kidney 
[32]. PBMCs are an important part of the immune system that 
participates in T1DM pathology, of which the previous gene 
sequencing results reported that the most overexpressed genes 
were IL1B, EGR2, EGR3, prostaglandin-endoperoxide syn-
thase 2 (PTGS2), C-C motif chemokine receptor 1 (CCR1), 
and FosB proto-oncogene. The most significantly underex-
pressed genes included ras-related protein rab-12 (RAB12) 
and serine and arginine rich splicing factor 5 (SRSF5). Cellular 
functions were enriched in apoptosis of eukaryotic cells, prolif-
eration of cells and development of lymphatic system cells [10].

In this study, we integrated three datasets with a larger sam-
ple size and found that DEGs were significantly centralized in 
various immune-related functions and pathways. GO biologi-
cal functional enrichment showed that DEGs were particularly 
enriched in processes related to the immune system, such as 
upregulated response to Aβ and cytokine receptor activity, as 
well as downregulated 1-phosphatidylinositol-3-kinase activi-
ty. There is extensive evidence that the accumulation of mono-
nuclear phagocytes at sites of Aβ deposition in the brain is an 
important pathological feature of Alzheimer’s disease (AD) 
[33]. The enhanced biological process of response to Aβ in 
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PBMCs of type 2 diabetes mellitus (T2DM) reflects the rele-
vance between the immune state of diabetes and an early man-
ifestation of AD [34]. Notably, downregulated processes in-
cluded not only immune aspects but also glucose metabolism 
processes, such as positive regulation of glucose transmem-
brane transport and positive regulation of glucose import, re-
vealing decreased glucose intake in PBMCs of T1DM patients, 
as well as the effect of hyperglycemia on the immune system. 
Meanwhile, upregulated pathways enriched by KEGG showed 
an obvious focus on infectious diseases (including tuberculo-
sis, Legionellosis, and hepatitis B) and parasitic diseases (toxo-
plasmosis, leishmaniasis, and Chagas disease/American try-
panosomiasis). T1DM increases the prevalence of infectious 
diseases [35]; moreover, considering the “hygiene hypothesis” 
that contact with microorganisms or parasites helps to prevent 
and treat T1DM [36,37], and based on genomic observation, 
our results provide a possible explanation for the relationship 
between T1DM and infectious/parasitic diseases.

Based on the module analysis of the PPI network and hub 
gene identification, we obtained three modules and four key 
genes in the whole network. As the module contained a cluster 
of the most vital genes, representative module 1 displayed en-
richment in inflammatory response, immune response, posi-
tive regulation of NLRP3 inflammasome complex assembly, 
etc. Interestingly, NLRP3 is a critical component of innate im-
munity and contributes to the pathology of various metabolic 
diseases, including diabetes and insulin resistance [38,39]. Pre-
vious studies reported that NLRP3 expression was higher in 
PBMCs of diabetes patients, while NLRP3 expression was con-
siderably decreased after medication treatment and lifestyle in-
terventions [40]. In addition, NLRP3 deficiency protects 
against T1DM through the regulation of chemotaxis into pan-
creatic islets [41]. We also found an upregulated response to 
the Aβ signaling pathway. Islet amyloid polypeptide, a protein 
that forms amyloid deposits in the pancreas during T2DM, is a 
known activator of the NLRP3 inflammasome [42]. Thus, the 
amyloid-NLRP3 pathway might be a potential target.

Moreover, four vital hub genes, namely, CHI3L1, CXCL1, 
MMP9, and GZMB, were identified as both top-ranked DEGs 
and hub genes. First, CHI3L1 is expressed by macrophages 
[43] and is elevated in patients with obesity, cardiovascular dis-
ease, and T2DM [44]. The connection between CHI3L1 and 
NF-κB helped to counteract tumor necrosis factor α-mediated 
inflammation, and CHI3L1 normalized impaired insulin ac-
tion and insulin-stimulated glucose uptake [45]. Thus, the ele-

vated CHI3L1 in PBMCs might be a protective response in 
T1DM. Second, CXCL1 is a small peptide belonging to the 
CXC chemokine family that acts as a chemoattractant for sev-
eral immune cells, especially neutrophils, to the site of injury 
or infection [46,47]. CXCL1 is elevated during inflammatory 
responses [48]; thus, the upregulation of CXCL1 in our study 
might reflect arousal of the immune response against hyper-
glycemia. Third, MMP9 belongs to the zinc metalloproteinase 
family and plays roles in neutrophil action, such as degrading 
extracellular matrix, activating IL-1β, and cleaving several che-
mokines [49]. Although MMP9 participates in various diseas-
es and acts as an important drug target in the disease-gene-
drug network, the association between MMP9 and PBMCs 
from diabetes patients, as well as its diagnostic and therapeutic 
potential in T1DM, are still worth further clarification. Finally, 
serine protease GZMB is a marker of the cytotoxic potential of 
cytotoxic T lymphocyte (CTL)-mediated β-cell destruction/
apoptosis in T1DM, and its level increases when CTLs enter 
the islets [50]. We concluded that there is a reduced GZMB 
level in PBMCs of T1DM, suggesting a decreased peripheral 
CTL, which was inconsistent with previous studies that in 
T1DM, GZMB was required for efficient early activation of 
CTL and maintained homeostasis of peripheral CD8+ T-cells 
for efficient proliferation in the pancreatic lymph nodes [51]. 
The reason might be that although the GZMB gene was ex-
pressed in PBMCs, it does not represent the GZMB protease 
concentration level, especially at its site of action, and its apop-
totic contribution to pancreatic β-cells.

However, there were several limitations of the present study 
that require acknowledgment. First, our study utilized statistics 
and bioinformatics, and further studies with much larger sam-
ple sizes and detailed cell types are needed. In addition, the 
predicted results still require confirmation by well-designed 
intervention experiments in vivo and in vitro. Whether the 
hub gene in PBMCs could be a gold standard predictor or 
therapeutic target for T1DM still needs to be further investi-
gated.

Taken together, our integrated bioinformatics analysis study 
identified significantly changed functions and pathways in 
PBMCs of T1DM, as well as key hub genes that may be consid-
ered major and potential PBMC biomarkers of T1DM. An ex-
pression validation experiment using clinical samples was fi-
nally used to test the robustness of the results. Therefore, this 
study provided reliable and readily accessible indicators for the 
immune system in T1DM patients, which would be helpful for 
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convenient genetic evaluation, aiming to guide prevention, di-
agnosis, and even targeted therapy in T1DM.
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