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Background: Type 1 diabetes mellitus (T1DM) is an autoimmune disease caused by the
immune destruction of islet β cells. Gene expression in peripheral blood mononuclear cells
(PBMCs) could offer new disease and treatment markers in T1DM. The objective of this study
was to explore the coexpression and dynamic molecular networks in PBMCs of T1DM patients.
Methods: Dataset GSE9006 contains PBMC samples of healthy volunteers, newly diagnosed
T1DM patients, T1DM patients after insulin treatment, and newly diagnosed type 2 diabetes
mellitus (T2DM) patients. Weighted correlation network analysis (WGCNA) was used to
generate coexpression networks in T1DM and T2DM. Functional pathways in highly correlated modules of T1DM were enriched by gene set enrichment analysis (GSEA). We next
ﬁltered the differentially expressed genes (DEGs) and revealed their dynamic expression
proﬁles in T1DM with or without insulin treatment. Furthermore, dynamic clusters and
dynamic protein–protein interaction networks were identiﬁed. Kyoto Encyclopedia of Genes
and Genomes pathway enrichment analysis was developed in dynamic clusters.
Results: WGCNA disclosed 12 distinct gene modules, and distinguished between correlated
networks in T1DM and T2DM. Two modules were closely associated with T1DM. GSEA
showed that the immune response and response to cytokines were enriched in the T1DM
highly correlated module. Next, we screened 44 DEGs in newly diagnosed T1DM compared
with healthy donors, and 71 DEGs in 1-month and 97 DEGs in 4-month insulin treatment
groups compared with newly diagnosed T1DM. Dynamic expression proﬁles of DEGs
indicated the potential targets for T1DM treatment. Moreover, four molecular dynamic
clusters were analyzed in newly diagnosed and insulin-treated T1DM. Functional annotation
showed that these clusters were mainly enriched in the IL-17 signaling pathway, nuclear
factor-ϰB signaling pathway, and tumor necrosis factor signaling pathway.
Conclusion: The results indicate potential drug targets or clinical efﬁcacy markers, as well
as demonstrating the underlying molecular mechanisms of T1DM treatment.
Keywords: type 1 diabetes mellitus, dynamic molecular networks, coexpression networks,
peripheral blood mononuclear cells

Introduction
Correspondence: Lu Li
Department of Pharmacy, The First
Afﬁliated Hospital, College of Medicine,
Zhejiang University, No. 79 Qingchun
Road, Hangzhou, Zhejiang, People’s
Republic of China
Tel +865 718 723 6675
Fax +865 718 723 6675
Email lucille@zju.edu.cn

Type 1 diabetes mellitus (T1DM) is a major form of diabetes affecting public health
around the world. The incidence of T1DM is increasing worldwide, and T1DM can
affect people at any age, but mostly occurs at a young age.1 T1DM is an autoimmune disease caused by the immune destruction of islet β cells. The body’s
immune system attacks β cells, which leads to a deﬁciency of insulin secretion. The
causes have still not been fully elucidated. Insulin injection is the most common
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and effective solution to maintain the blood glucose level
for patients with T1DM. Islet transplantation has been
proven to restore long-term endogenous insulin production
in T1DM patients,2 but the lack of human islets limits this
treatment method.
Immunotherapy is expected to attenuate immune
responses against β cells.3 However, so far, there are no
effective clinical immune-based therapies to prevent and
reverse T1DM.4 Several studies have used gene expression
proﬁle analysis to explore the pathological mechanisms and
potential treatment of diabetes.5–7 Islet-inﬁltrating immune
effectors and metabolic derangements in T1DM could be
sampled in peripheral blood mononuclear cells (PBMCs).8
It has been reported that PBMCs are suitable for the assessment of immunological markers in T1DM.9 Dynamic
alterations in key genes in PBMCs after insulin therapy
may offer new insights into T1DM treatment, among
other things. Several studies have focused on the roles of
PBMCs in T1DM, using bioinformatic analysis.8,10–12
However, the differences in coexpression networks in
PBMCs of T1DM and type 2 diabetes mellitus (T2DM),
as well as the dynamic molecular networks during insulin
treatment of T1DM, have not been fully elucidated.
In the present work, coexpression networks of dataset
GSE9006 were analyzed to reveal differences between
T1DM and T2DM. Functional pathway enrichment of
highly correlated modules in T1DM was then analyzed
by gene set enrichment analysis (GSEA). Differentially
expressed genes (DEGs) in newly diagnosed and insulintreated T1DM patients were ﬁltered to elucidate the potential key genes in T1DM treatment. Furthermore, we
explored the dynamic networks of altered DEGs after
insulin treatment. The results provide potential drug targets and clinical efﬁcacy markers for T1DM treatment.

Construction of coexpression networks
by weighted gene correlation network
analysis (WGCNA)
WGCNA was applied to reveal the weighted correlations
between genes and clinical features, as previously
described.5,13 We used the WGCNA package in R to perform
weighted correlation network analysis of all genes of healthy
samples, and newly diagnosed T1DM and T2DM patients in
GSE9006. The appropriate soft threshold power was automatically calculated. Here, the power of β=6 was selected to
ensure a scale-free network. Gene modules in different colors
were generated by hierarchical clustering dendrograms, and
the module structure was visualized by topological overlap
matrix plots. The correlation coefﬁcients between each module and clinical trait were analyzed, and were referred to as
module eigengene signiﬁcances. The module eigengene is
deﬁned as the ﬁrst principal component of a given module. It
can be considered as being representative of the gene expression proﬁles in a module.

Gene set enrichment analysis (GSEA)
GSEA was applied on the highly correlated modules identiﬁed by WGCNA to explore mRNA functional pathways
in T1DM samples. GSEA software (version 3.0; Broad
Institute, Cambridge, MA, USA) was used. The annotated
gene set c5.bp.v6.2.symbols.gmt was chosen as the reference gene set. A false discovery rate (FDR) <0.25,14
enrichment score >0.6, and gene sets ≥15 were set as the
cut-off criteria.

Materials and methods
Microarray and data processing

Classiﬁcation of DEGs in T1DM and
insulin treatment samples

Microarray dataset GSE9006,8 containing 117 PBMC
samples from 2–18-year-old children, was obtained from
the Gene Expression Omnibus (GEO, http://www.ncbi.
nlm.nih.gov/geo/) database in the National Center for
Biotechnology Information. The samples were acquired
from 24 healthy volunteers, 43 newly diagnosed T1DM
patients, 19 1-month (1M) and 19 4-month (4M) follow-up
T1DM samples after insulin treatment, and 12 newly diagnosed T2DM patients. Gene expression was detected
based on the GPL96, HG-U133A Affymetrix Human

DEGs in newly diagnosed T1DM vs control, and newly
diagnosed vs insulin-treated T1DM were analyzed based
on the limma package in R. Statistically signiﬁcant DEGs
were deﬁned with an FDR <0.05 and log2fold change
>0.585 as the cut-off criteria.
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Genome U133A Array platform. Raw data (CEL ﬁles)
were processed by a robust multichip average algorithm
for background correction, normalized using the quantile
normalization method.
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Time-series Expression Miner (STEM)
STEM software (version 1.3.11; Carnegie Mellon
University, Pittsburgh, PA, USA) was used for the analysis
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of DEGs' dynamic expression proﬁles.15,16 DEGs were
sampled at four stages: normal, newly diagnosed T1DM,
and after 1 month (1M) and 4 months (4M) of insulin
treatment for T1DM. DEGs in newly diagnosed T1DM vs
control, and newly diagnosed vs insulin-treated T1DM were
uploaded and normalized by STEM. The STEM clustering
method was chosen, the maximum number of model proﬁles was set to 20, and the maximum unit change in model
proﬁles between time-points was set to 2. The signiﬁcance
level at which the number of genes assigned to a model
proﬁle differed from the expected number of genes assigned
was set to 0.05, with Bonferroni correction. The rest of the
parameters retained their default values.

Identiﬁcation of dynamic clusters during
insulin treatment
The Cytoscape (version 3.6.1; The Cytoscape Consortium,
New York, NY, USA) plugin DyNetViewer17 was used to
provide the construction, analysis, and visualization of
dynamic protein–protein interaction networks. For dynamic
module analysis, three groups, ie, newly diagnosed, 1M and
4M insulin-treated T1DM, were included. A time-course
protein interaction networks algorithm was applied to construct networks, and the threshold was set to 7. The
Molecular Complex Detection clustering algorithm was
used to analyze clusters of dynamic networks. The degree
cut-off was set to 5, maximum depth to 100, and K-core to 2.

Functional pathway annotation
The gene functional annotation of Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment was analyzed by
the Cytoscape ClueGO plugin18 for highly correlated modules and dynamic modules. Pathway-like visualization was
created by the CluePedia plugin.19 The ClueGO plugin
was set as follows: the kappa-score threshold was set to
0.4 and the P-value to 0.05, with the two-sided hypergeometric test and Bonferroni stepdown.

Results
Coexpression gene networks in newly
diagnosed T1DM and T2DM patients
To screen signiﬁcantly enriched coexpression networks of
T1DM patients and distinguish between correlated networks
in T1DM and T2DM, WGCNA was carried out to disclose
highly correlated gene modules. In total, 24 healthy samples,
43 newly diagnosed T1DM, and 12 newly diagnosed T2DM
patients in the microarray dataset GSE9006 were included in
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this analysis. After data processing, a total of 13,434 probes
was obtained. The sample dendrogram and clinical trait heatmap of GSE9006 are shown in Figure 1A. Five clinical
features, namely T1DM, T2DM, age, sex, and initial pH, are
shown for 79 samples from GSE9006 (Figure 1A). Thus, 12
distinct gene modules were identiﬁed by the hierarchical clustering dendrogram according to the gene expression proﬁles
(Figure S1A). The color row shows the module assignment
determined by the dynamic tree cut in R. A topological overlap
matrix plot was generated by calculating the correlation matrix
of gene expression (Figure S1B). Branches in the hierarchical
clustering dendrograms correspond to modules. Modules are
displayed in the color bars below and to the right of the
dendrograms. Light colors indicate low topological overlap,
and high coexpression interconnectedness is indicated by progressively darker red. Eigengene adjacency heatmaps were
applied to identify and display the module correlations
(Figure 1B). To elucidate signiﬁcant associations between
modules and clinical traits, module–trait relationships were
analyzed. The results showed that T1DM was positively correlated with the purple module and negatively correlated with
the magenta module (Figure 1C). T2DM was negatively correlated with the purple module and positively correlated with
the magenta module.
The genes in the magenta module were mainly
enriched in thermogenesis and viral carcinogenesis
(Figure 1D), while the genes in the purple module were
mainly enriched in proteasomes (Figure 1E). These results
indicate opposite module correlations between T1DM and
T2DM. We found that the black module was associated
with the relaxin signaling pathway, insulin secretion, and
pancreatic secretion (Figure S2A); the blue module was
associated with complement and coagulation cascades,
phototransduction, pathways in cancer, olfactory transduction, the PI3K–Akt signaling pathway, microRNAs in
cancer, and neuroactive ligand–receptor interaction
(Figure S2B); the pink module was associated with hepatitis B, toxoplasmosis, and leishmaniasis (Figure S2C); the
green module was associated with lysosomes, ribosomes,
and glycolysis/gluconeogenesis (Figure S2D); the tan
module was associated with apoptosis, mRNA surveillance pathway, ﬂuid shear stress, and atherosclerosis
(Figure S2E); the brown module was associated with
autophagy, RNA transport, apoptosis, ribosome biogenesis
in eukaryotes, and mismatch repair (Figure S2F);
the green–yellow module was associated with
Staphylococcus aureus infection, natural killer cellmediated cytotoxicity, osteoclast differentiation, the
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Figure 1 Correlation of modules and clinical traits. (A) Cluster analysis of samples and clinical features. In the T1DM, T2DM, sex, and initial pH rows, the red
color represents T1DM, T2DM, male, and initial pH <7.3 samples, respectively. In the age row, the red color intensity is proportional to higher age. The gray color
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Abbreviations: T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; KEGG, Kyoto Encyclopedia of Genes and Genomes.

tumor necrosis factor (TNF) signaling pathway, apoptosis,
transcriptional misregulation in cancer, cytokine–cytokine
receptor interaction, and necroptosis (Figure S2G); the
turquoise module was associated with aldosterone synthesis and secretion, the cyclic adenosine monophosphate
(cAMP) signaling pathway, the calcium signaling pathway,
and olfactory transduction (Figure S2H); the yellow
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module was associated with herpes simplex virus-1 infection, spliceosomes, endocytosis, and protein processing in
the endoplasmic reticulum (Figure S2I); and the red module was associated with Fc-gamma-R-mediated phagocytosis, lysosomes, primary immunodeﬁciency, ribosomes,
hematopoietic cell lineage, and the T-cell receptor signaling pathway (Figure S2J).
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GSEA of highly correlated modules in
T1DM patients

regulation of cellular component movement, cellular component morphogenesis, movement of cell or subcellular
components, regulation of protein complex assembly,
response to cytokines, and ion transmembrane transport.
The genes included in these gene sets are listed in Table 1.

To explore the functional pathway enriched in T1DM highly
correlated modules, GSEA was conducted to search the Gene
Ontology (GO) biological process in the magenta and purple
modules. As a result, nine functional gene sets were enriched
in the magenta module, while no gene sets met the cut-off
criteria in the purple module (Figure 2). The nine functional
gene sets were upregulated in T1DM PBMCs, and mainly
focused on immune response, locomotion, cell motility,

Identiﬁcation of DEGs in newly diagnosed
and insulin-treated T1DM patients
T1DM patients were divided into three groups: newly diagnosed T1DM patients, and 1M and 4M insulin-treated
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Figure 2 Enrichment plots of Gene Ontology biological process pathways in magenta module.
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patients. To elucidate the altered genes after insulin treatment, we ﬁltered the 44 DEGs in newly diagnosed T1DM
patients compared with healthy donors, and 71 DEGs in the
1M and 97 DEGs in the 4M insulin-treated groups compared with the newly diagnosed group without insulin treatment, respectively (Figure 3A). DEGs in module 1 were
changed in newly diagnosed T1DM vs the control group,
1M insulin-treated and 4M vs newly diagnosed T1DM
group. DEGs in module 2 were changed in newly diagnosed
T1DM vs the control group, and 1M insulin-treated vs the
newly diagnosed T1DM group. DEGs in module 3 were
changed in newly diagnosed T1DM vs the control group,
and 4M insulin-treated vs the newly diagnosed T1DM
group. We found that eight DEGs in module 1 were included
in three groups, while two DEGs in module 2 and 11 DEGs
in module 3 were included in only two groups (Figure 3A).
IFI44L in module 2 and TUBB1 in module 3 were downregulated in T1DM, and upregulated by 1M or 4M insulin

Li et al

treatment, respectively. The remaining DEGs in modules
1–3 were all upregulated in T1DM, and downregulated
after 1M and/or 4M insulin treatment (Figure 3B). The
expression of DEGs in modules 1–3 is displayed in
a heatmap (Figure 3C). Our results imply that these DEGs
may be appropriate drug targets and clinical therapeutic
markers for T1DM.

Dynamic expression analysis of DEGs in
newly diagnosed and insulin-treated
T1DM patients
For further investigation of potential drug targets or treatment markers in T1DM, we next analyzed the dynamic
expression proﬁles of DEGs in Figure 3A. STEM software
can easily determine and visualize the behavior and trends in
gene expression in different periods.15 In total, 20 expression
behaviors were enriched, and each box corresponds to

Figure 3 Classiﬁcation of DEGs in T1DM and insulin-treated patients. (A) Venn diagram showing the DEGs in different groups. (B) DEGs in modules 1–3. (C) Heatmap of
DEGs in modules 1–3. Red indicates upregulation and blue indicates downregulation.
Abbreviations: T1DM, type 1 diabetes mellitus; Con, control; DEG, differentially expressed gene; 1M, 1 month; 4M, 4 months; ns, not signiﬁcant.
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a different temporal expression model proﬁle (Figure 4A).
These 20 proﬁles were generated independently of our data
by STEM. Then, each DEG in our study was assigned to the
model proﬁle to which its time series matched most closely,
based on the correlation coefﬁcient. We considered that
proﬁles with two expression behaviors were meaningful in
T1DM treatment. The ﬁrst trend was that genes increased in
the newly diagnosed T1DM period compared with control,
and then decreased at 1M or 4M treatment, as in proﬁles 13
(Figure 4B), 14 (Figure 4C), and 16 (Figure 4D). The second
trend was that genes decreased in the newly diagnosed
T1DM period compared with control, and then increased
at 1M or 4M treatment, as in proﬁle 12 (Figure 4E). The
results indicate that genes in these proﬁles could be potential
targets for T1DM treatment and as clinical markers.

Dynamic cluster analysis during insulin
treatment in T1DM
To elucidate the functional pathway involved in insulin
treatment of T1DM, dynamic cluster attributions from
newly diagnosed, 1M and 4M T1DM PBMCs were analyzed. The clusters that represented highly interconnected
regions at different stages were deﬁned as important modulators in the corresponding period. Altogether, four molecular cluster were identiﬁed for insulin treatment in T1DM
(Figure 5A–D). According to the dynamic cluster attribute
of modularity, clusters 1 and 2 contributed to newly diagnosed T1DM, cluster 3 contributed to the 1M insulin treatment period, and cluster 4 contributed to the 4M insulin
treatment period (Figure 5E). For functional pathway
enrichment of the dynamic clusters in each period, KEGG
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Figure 4 Dynamic expression patterns of DEGs in different periods of T1DM treatment. (A) Dynamic expression proﬁles of DEGs determined by STEM. The black lines in
the boxes represent model expression proﬁles. The blue lines indicate the individual gene expression change ratios over different periods. The number in the top left corner
is the proﬁle ID, and the number in the bottom left corner is the gene number of this proﬁle. The colored proﬁles (13 and 14) indicate that a statistically signiﬁcant number
of genes was assigned to the model expression proﬁle. (B–E) Classiﬁed gene expression trends in meaningful proﬁles were present in different periods.
Abbreviations: DEG, differentially expressed gene; STEM, Short Time-series Expression Miner; Con, control; T1DM, type 1 diabetes mellitus; 1M, 1 month; 4M, 4 months.
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pathway enrichment was applied by ClueGO. Clusters 1
and 2 of the newly diagnosed T1DM period were mainly
enriched in the IL-17 signaling pathway (Figure 5F).
Cluster 3 of the 1M treatment period was mainly enriched
in the IL-17 signaling pathway, amphetamine addiction,
nuclear factor-ϰB (NF-ϰB) signaling pathway and leishmaniasis, and FOSB, CASP8, TNFAIP3, FOS, NFKBIA, and
IL1B were shared by two or more pathways (Figure 5G).
Cluster 4 of the 4M treatment period was mainly enriched
in the NF-ϰB signaling pathway and TNF signaling pathway, and IL1B, NFKBIA, and TNFAIP3 participated in as
many as two pathways (Figure 5H).

A

Discussion
The use of bioinformatics analysis offers new insights into
T1DM diagnosis and treatment. Several researchers have
previously analyzed the GSE9006 dataset. Kaizer et al, who
provided the original data for GSE9006, demonstrated that
T1DM and T2DM share a ﬁnal common pathway, including
IL-1β and prostaglandin secretion by immune effector cells.8
Riquelme et al analyzed the coexpression network of all
T1DM subjects, including newly diagnosed, 1M and 4M
insulin-treated samples.10 We also analyzed the coexpression
networks by WGCNA in the present study. Unlike the previous studies mentioned here, we included a control group,

C

B

D

E
Dynamic cluster attribute
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cluster 4
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0
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G
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Figure 5 Cluster analysis of dynamic network during insulin treatment in T1DM. (A–D) Four dynamic clusters were identiﬁed by the DyNetViewer MCODE algorithm in
newly diagnosed and insulin-treated T1DM. (E) Dynamic cluster attributes of modularity were calculated in three periods. (F–H) KEGG pathway enrichment of dynamic
clusters in each period (F, newly diagnosed T1DM; G, 1-month insulin-treated T1DM; H, 4-month insulin-treated T1DM) were analyzed by ClueGO.
Abbreviations: T1DM, type 1 diabetes mellitus; 1M, 1 month; 4M, 4 months; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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newly diagnosed T1DM and T2DM, and thus we could
exclude the inﬂuence of insulin treatment in T1DM genes,
and demonstrate differences between the two types of diabetes. Although both T1DM and T2DM are characterized by
hyperglycemia, our results revealed opposite coexpression
networks in PBMCs in these two types of diabetes.
Coexpression network analysis identiﬁed altogether 12 distinct gene modules in newly diagnosed T1DM and T2DM
PBMCs. We found that the purple module was positively
correlated with T1DM but negatively correlated with T2DM.
In contrast, the magenta module was negatively associated
with T1DM but positively associated with T2DM (Figure 1).
KEGG pathway enrichment indicated that the magenta module was mainly involved in thermogenesis and viral carcinogenesis (Figure 1D), while the purple module was involved
with proteasomes (Figure 1E). For further investigation,
GSEA combined the gene expression proﬁles of newly diagnosed T1DM with the gene set database to explore the functional pathway enrichment in T1DM highly correlated
modules. As a result, the magenta module was found to be
associated with the immune response and response to cytokines for the GO biological process (Figure 2). Previous
studies indicated that non-shivering thermogenesis leads to
the recruitment and activation of immune cells in various
metabolic tissues,20 and increased thermogenesis could be
found in children with T1DM.21 Exposure of cells to inﬂammatory cytokines induced the expression of proteasome
immuno-subunits in peripheral tissues and constitutes
a mechanism that prevents the development of CD8 T-cellmediated autoimmune diseases, such as T1DM.22 The results
implied the diverse effects of PBMCs in T1DM and T2DM,
and revealed the related mechanisms in the development of
T1DM. In addition, our results indicated that T1DM may be
related to the cellular movement of PBMCs. Nine genes
(GSK3B, PDPK1, LEF1, HMGB1, ETS1, TIAM1,
NCKAP1L, RAC1, and FGFR1) in the magenta module
were included in four cellular movement-related pathways,
namely locomotion, cell motility, regulation of cellular component movement, and movement of cell or subcellular
component (Table 1), and may play critical roles in T1DM
pathogenesis. The relationships between T1DM and other
enriched pathways, such as cellular component morphogenesis, regulation of protein complex assembly, and ion transmembrane transport, were not fully explored,
To investigate the changes in expression of potential
key genes, Liu et al analyzed the DEGs of GSE9006 in
three periods, including newly and insulin-treated T1DM,
by comparison with a control group.11 In the present study,
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we also identiﬁed the DEGs in these periods. The difference is that we screened the DEGs by comparing insulin
treatment groups with newly diagnosed T1DM and constructed dynamic clusters attributed to different treatment
periods, and therefore we were able to ﬁlter out the DEGs
that changed after insulin treatment in T1DM. SafariAlighiarloo et al found several cytokines and chemokines
in β cells and their receptors in PBMCs.12 In this study, we
explored the dynamic networks of altered DEGs after
insulin treatment, which could possibly provide potential
drug targets or clinical efﬁcacy markers for T1DM
treatment.
As shown in Figure 3, we found that DEGs in module
1 were signiﬁcantly changed in both short (1M) and long
(4M) periods of insulin therapy. Meanwhile, DEGs in
module 2 only changed signiﬁcantly in 1M treatment,
and DEGs in module 3 only altered remarkably in 4M
treatment. Therefore, we speculate that DEGs in module 1
would be the most suitable markers for T1DM clinical
features and treatment, and DEGs in module 3 would be
useful markers for long-term treatment of T1DM. The
dynamic expression proﬁles of all DEGs in newly diagnosed T1DM and insulin treatment groups were then analyzed. As a consequence, MAFB, AQP9, FPR2, NAMPT,
EGR3, TRIB1, and FOSB in module 1 were included in
meaningful proﬁles 13 and 14. These genes are more
likely to be potential key genes in insulin treatment of
T1DM. High expression of MAFB in human pancreatic
beta-cells was reported to increase cellular vulnerability to
viral infections associated with the etiology of T1DM.23
Expression of AQP9 was upregulated in the liver in
T1DM.24,25 FPR2 helped to promote regeneration of the
corneal epithelium in T1DM mice.26 Our data indicate that
these three genes may also play roles in the PBMCs in
T1DM. Nurten et al demonstrated that serum NAMPT
levels in pediatric T1DM patients at onset did not differ
signiﬁcantly from healthy controls, but were elevated in
longstanding patients.27 Our study showed the distinct
result that the NAMPT level in PBMCs increased at
onset, but decreased after insulin treatment. The roles of
the remaining genes in T1DM, apart from those mentioned
in this paragraph, are not fully understood.
In addition, dynamic cluster attributions from newly
diagnosed and insulin-treated T1DM were detected for
pathway functional annotation. The IL-17 signaling pathway was enriched in clusters 1 and 2 in the newly diagnosed T1DM period, and cluster 3 in the 1M insulin
treatment period. This result is consistent with previous
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research. IL-17 secreted by Th17 cells could aggravate the
progression of T1DM.28 Omega-3 polyunsaturated fatty
acids ameliorated T1DM, accompanied by suppression of
IL-17.29 Our results further implied that the IL-17 signaling
pathway may mainly have effects in the early stage of
insulin treatment, since the signaling pathway was not
enriched in the 4M treatment period. The NF-ϰB signaling
pathway was enriched in the 1M and 4M insulin treatment
periods, while the TNF signaling pathway was enriched in
the 4M treatment period. NFKBIA, IL1B, and TNFAIP3
were involved in these pathways at three different stages.
Previous studies demonstrated that hyperglycemia induced
NF-ϰB activation in isolated PBMCs of T1DM patients,30
and glucose control with insulin resulted in a reduction of
NF-ϰB binding activity by translocating NFKBIA (also
known as IϰB-α) into the cytoplasm of mononuclear cells
in recently manifested T1DM patients.31 The secretion of
IL-1β and TNF-α was increased in monocytes from T1DM
patients.32 We indicated that the TNF signaling pathway
was mainly involved in the relatively late period of insulin
treatment. The effects of hyperglycemia on IL-1β expression in T1DM PBMCs and islet cells showed conﬂicting
results.33 In agreement with other research on GSE9006,8,10
we identiﬁed that IL-1β played an important role in T1DM
PBMCs. We also found that IL-1β participated in the insulin
treatment course of T1DM PBMCs. However, the effect of
TNFAIP3 in PBMCs in T1DM remains unknown and needs
further exploration.

Conclusion
The study showed key genes that may be potential drug
targets and clinical therapeutic markers for T1DM.
However, further experiments are still needed to explore
the function of genes and pathways in PBMCs in T1DM.

Abbreviation list
DEG, differentially expressed gene; FDR, false discovery
rate; GEO, Gene Expression Omnibus; GO, Gene Ontology;
GSEA, gene set enrichment analysis; KEGG, Kyoto
Encyclopedia of Genes and Genomes; NF-ϰB, nuclear factor-ϰB; PBMC, peripheral blood mononuclear cell; STEM,
Short Time-series Expression Miner; T1DM, type 1 diabetes
mellitus; T2DM, type 2 diabetes mellitus; TNF, tumor necrosis factor; WGCNA, weighted correlation network analysis.
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Supplementary materials

Figure S1 Construction of coexpression gene modules by weighted correlation network analysis. (A) Construction of coexpression modules based on a dynamic branchcutting method. The merge cut height is 0.25. The gray module contains the unassigned genes. (B) Heatmap plot of topological overlap in the gene network. Colors in the
matrix represent the degree of topological overlap. The gene dendrogram and module assignment are shown along the left and top.
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Figure S2 Gene annotation enrichment analysis of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway in different modules. (A) Black module. (B) Blue module. (C)
Pink module. (D) Green module. (E) Tan module. (F) Brown module. (G) Green–yellow module. (H) Turquoise module. (I) Yellow module. (J) Red module.
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