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Background: T-helper cells play an essential role in the progression of lymphedema. This study aimed 
to explore the biological significance of T-helper cell-associated genes (THAGs) in a mouse tail model of 
lymphedema by RNA-sequencing (RNA-seq) data.
Methods: The expression profiles of a murine model of secondary lymphedema were obtained from 
European Nucleotide Archive (ENA) database. Differentially expressed genes (DEGs) were screened and 
the enrichment analysis of DEGs was conducted. THAGs were constructed by crossing the T-helper-
related gene sets obtained from Molecular Signatures Database with DEGs. Protein-protein interaction 
(PPI) network analysis was utilized to establish T-helper-associated hub genes (THAHGs). Single-sample 
gene set enrichment analysis (ssGSEA) was employed to decipher differences in immune cell infiltration. The 
correlation between THAHGs and immune infiltration was calculated by Pearson correlation analysis. Receiver 
operating characteristic (ROC) curves of THAHGs were drawn to evaluate their diagnostic properties. 
Additionally, potential drugs and upstream transcription factors (TFs) were predicted based on THAHGs.
Results: Enrichment analysis showed that lymphedematous tissue presented higher activation of biological 
process (BP) of T-helper 1 (Th1), T-helper 2 (Th2), T-helper 17 (Th17). The immune infiltration analysis 
further calculated that the relative immune abundance of follicular B cells, memory B cells, M1 macrophage, 
and CD4+ Tm cells was significantly elevated while the relative immune abundance of neutrophils and 
plasma cells were down-regulated in lymphedema. We established a list of THAHGs consisting of eight hub 
genes, compassing Cd4, Foxp3, Irf4, Ccr6, Il12rb1, Batf, Il1b, Cd74. THAHGs were shown to be significantly 
interrelated and related to immune infiltration by Pearson correlation analysis. ROC curves showcased that 
the area under curve (AUC) values of THAHGs were larger than 0.70. Gata3 was the most potential TF and 
thalidomide might be the immunoregulatory drug for lymphedema based on THAHGs.
Conclusions: Biological pathways associated with T-helpers were significantly enriched in mouse 
lymphedema tissue. The relative immune infiltration abundance of M1 macrophage, CD4+ Tm cells, and 
T-helper cells was higher in the lymphedema group. Besides, we identified the THAHGs containing eight 
genes, namely, Cd4, Foxp3, Irf4, Ccr6, Il12rb1, Batf, Il1b, and Cd74. The THAHGs were closely correlated 
with immune infiltration results and with good diagnostic properties.
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Introduction

Secondary lymphedema is a chronic, disabling condition 
that impairs patients’ quality of life in addition to causing 
swelling, pain, and susceptibility to infection (1). Currently, 
lymphatic insufficiency brought on by tumor excision 
and tumor-associated therapies like chemotherapy and 
radiotherapy is the pivot reason for lymphedema (2,3). It is 
well established that complete decongestive therapy (4) and 
physical lymphatic surgery like lymph-venous anastomosis (5),  
and vascularized lymph node transfer (6) show partial 
therapeutic effects on lymphedema; there is, however, no 
known cure for it. Inflammation, epidermal thickness, lipid 
accumulation, tissue fibrosis, and lymphatic dysfunction 
are the pathologies of secondary lymphedema (7-9). High 
interstitial protein levels in lymph fluid do not directly cause 
these pathological alterations (10), indicating that further 
processes are needed for lymphedema to progress. The 
critical condition for early diagnosis and better treatment 
relies on the in-depth clarity of the basic pathology of 
secondary lymphedema. 

Recent evidence suggests that changes in the local 
immunological environment play a central role in these 
pathological processes, of which CD4+ T-helper cells (Th) 
are considered to be crucial immune activation mediators 
(11-14). T-helpers could be further subclassified into T-helper 
1 (Th1), T-helper 2 (Th2), T-helper 17 (Th17), Regulatory 
T cells (Tregs), and T follicular helper cells (Tfh) (15).  
Mounting evidence has accumulated that Th2 cells 
promote fibrosis, and down-regulate lymphangiogenesis, 

and lymphatic function in lymphedema while Th1 cells co-
regulate the fibrotic process and lymphangiogenesis (16-19).  
Besides, adoptive Tregs could relieve the dysfunctional 
lymphatics in mouse lymphedema (14). Interleukin (IL)-17A, 
secreted mainly by Th17 cells, suppressed the expression 
of lymphatic endothelial markers and negatively regulated 
the formation of lymphangiogenesis (20). However, how 
and why the helper T cells were activated was beyond 
our knowledge. Thus, it is significant to systematically 
investigate Th-associated biological alterations, hub genes, 
and transcription factors (TFs) in lymphedema, which 
can provide an in-depth understanding of the underlying 
mechanisms in secondary lymphedema.

To further study the Th-associated pathogenesis of 
lymphedema, we systematically conducted a bioinformatics 
investigation of RNA-sequencing (RNA-seq) data of 
mouse tail lymphedema, including the transcriptomic 
profile of mouse tail lymphedema, which was induced 
by surgical destruction of tail lymphatics of the mouse, 
at 2 and 6 weeks (n=5, n=4, separately) post-operatively 
versus control un-operated mice (n=5). Initially, the 
T-helper cell-associated genes (THAGs) were identified 
and T-helper-associated hub genes (THAHGs) were 
constructed. Single-sample gene set enrichment analysis 
(ssGSEA) showcased the differences in immune cell 
infi ltration. The immune processes of T-helpers, 
macrophages, B cells, and gamma-delta T cells were 
next analyzed by GSEA (gene set enrichment analysis). 
In addition, TFs targeting THAHGs and the relative 
immune-regulatory drugs were predicted in lymphedema. 
We present this article in accordance with the STREGA 
reporting checklist (available at https://gs.amegroups.com/
article/view/10.21037/gs-23-48/rc).

Methods

Public data collection and processing

Briefly, we downloaded the raw data profile with the project 
number PRJEB15150 from the European Nucleotide 
Archive (ENA) website (https://www.ebi.ac.uk/ena/browser/). 
The collecting lymphatic veins and a 3–4 mm circular 
section of tail tissue at 2 cm from the base of the tail were 
removed to construct the mouse model of lymphedema (21), 
which lasted for at least 6 weeks. The datasets contained 5 
samples of tail skin from normal mice (unoperated), and 5 
from lymphedema mice at 2 weeks after surgical lymphatic 
obstruction) and 4 from lymphedema mice at 6 weeks post-
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surgically. To obtain the cleaned counts of RNA data, the 
raw data was first quality-controlled using the “fastqc” 
software, then trimmed using “trim-galore”, mapped 
using “hisat2” and “qualimap”, and last quantified using 
“featureCounts” on a Linux environment. The study design 
is illustrated in Figure 1.

Differentially expressed genes (DEGs)

The “DESeq2” package of R software (version 4.2.1) was 
used to screen for DEGs in acute lymphedema group and 
the control group, as well as chronic lymphedema group 
and the control group (22). The selection criteria were |log2 
[fold change (FC)]| >1.5, and false discovery rate (FDR) 

<0.05. The volcano plots were generated by the ‘ggplot2’ 
package (version 3.4.0).

Gene Ontology (GO) analysis and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway enrichment 
analyses of genes

GO analysis and KEGG pathway enrichment analysis 
were conducted using the ‘ClusterProfiler’ R package 
(version 4.4.4) (23). GO analysis included three criteria: 
the biological process (BP), cellular component (CC), 
and molecular function (MF) categories. The “adjusted P 
value (from the Benjamini-Hochberg method) <0.05” was 
considered statistically significant. 

Figure 1 Flowchart of the study. ENA, European Nucleotide Archive; MSigDB, Molecular Signatures Database; GO, Gene Ontology; 
KEGG, Kyoto Encyclopedia of Genes and Genomes; THAGs, T-helper-associated genes; PPI, protein-protein interaction; THAHGs, 
T-helper-associated hub genes; ROC, receiver operating characteristic.

ENA dataset PRJEB15150

Counts profile of genes Immune cell infiltrationGene set enrichment analysis

Differently expressed genes T-helper gene sets in MSigDBLymphedema vs. control

THAGs PPI network and cytoscape analysis GO and KEGG enrichment analysis
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THAG set collection and construction of THAGs list

To explore the helper T cell-associated biological 
characteristics in lymphedema, we searched the Molecular 
Signatures Database (http://www.gsea-msigdb.org/gsea/
msigdb/mouse/search.jsp) with “T_helper” as the keyword 
without additional filtering condition, which returned 
31 THAGs sets containing 129 THAGs. The 129 genes 
overlapping with the DEGs were defined as THAGs in 
lymphedema.

Generation of THAHGs from protein-protein interaction 
(PPI) network analysis 

The PPI network of the THAGs was constructed via the 
STRING database (https://www.string-db.org/). The 
critical subnetwork and hub genes in the PPI network 
were further identified utilizing the Molecular Complex 
Detection (MCODE) plug-in application of Cytoscape 
software (version 3.9.1) (24,25).

Immune cell infiltration

Based on gene expression profiles, the immune cell 
composition of the samples was inferred using the Immune 
Cell Abundance Identifier for Mouse (ImmuCellAI-mouse) 
tool (26). Thirty-six immune cells from three layers can be 
analyzed by ImmuCellAI-mouse to determine their relative 
abundance. Three different lymphoid cell types (B cell, 
NK cell, and T cell), as well as four different myeloid cell 
types, were present in layer 1 including macrophage, DC, 
monocyte, and granulocyte. Cells in layer 2 were subtypes 
of cells in layer 1 whereas cells in layer 3 were subtypes of 
CD4+ T and CD8+ T cells.

GSEA analysis of pathways associated with T-helpers, 
macrophages, B cells, and gamma-delta T cells

To pathways of T-helpers, macrophages, B cells, and 
gamma-delta T cells were searched and downloaded in 
the Molecular Signatures Database (27,28). GSEA was 
performed on gene sets associated with the four distinct 
immune cells via GSEA software (29,30) to identify 
markedly enriched biological pathways in lymphedema. 
Permutations were set to 10,000 to obtain normalized 
enrichment scores (NESs) in GSEA. Gene sets with NES 
>1, nominal P value <0.05, and FDR <0.25 were considered 
significantly enriched.

Correlation analysis of THAHGs

We used the R “ggstatsplot” package to display a correlation 
matrix between THAHGs, THAHGs, and immune 
cell infiltration (31). P value <0.05 was considered to be 
statistically significant.

Receiver operating characteristic (ROC) curve analysis of 
THAHGs

The diagnostic value of the THAHGs was estimated via 
ROC curve and area under curve (AUC) analysis, which was 
performed via the “pROC” package (32). AUC (0.5–0.7) 
means low accuracy, AUC (0.7–0.9) meant a certain 
accuracy, and AUC (> 0.9) means high accuracy.

Prediction of TF and therapeutic drugs related to 
THAHGs

The iRegulon (Version: 1.3) plugin was utilized to screen 
key TF with the default cutoff criteria (33). Protein-drug 
interaction data from the DSigDB (http://tanlab.ucdenver.
edu/DSigDB) database were used to predict potential 
therapeutic agents for lymphedema, with FDR <0.05 and 
composite score >5,000 used as thresholds.

Statistical analysis

R 4.2.1 software was used for data processing, statistical 
analysis, and graphing. For comparisons of two groups, 
significance was determined using the Student’s t-test 
or the Wilcoxon rank-sum test, and the Kruskal-Wallis 
test for comparisons of three groups or more. Pearson 
correlations were used to detect the relationships between 
two continuous variables. The statistical significance level 
was set at P<0.05 for all two-tailed statistical tests.

Results

Identification of DEGs and functional-enriched pathways

Normalization and differential gene analysis of mouse 
lymphedema RNA-seq data from PRJEB15150 were 
performed to screen for DEGs in lymphedema samples. 
The lymphedema RNA-seq data can be classified into 
three groups: control group (normal tail tissue, n=5), acute 
lymphedema group (2 weeks after lymph stasis, acute 
lymphedema, n=5), as well as chronic lymphedema group 
(6 weeks after lymph stasis, chronic lymphedema, n=4). 

http://www.gsea-msigdb.org/gsea/msigdb/mouse/search.jsp
http://www.gsea-msigdb.org/gsea/msigdb/mouse/search.jsp
http://tanlab.ucdenver.edu/DSigDB
http://tanlab.ucdenver.edu/DSigDB
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There were 454 upregulated and 173 downregulated genes 
identified in the acute-control comparison, 482 and 22 
in the chronic-control comparison with the threshold of 
|log2(FC)| >1.5 and adjusted P value <0.05. The results are 
visualized in Figure 2A,2B. 

We then performed GO and KEGG analysis to elucidate 
the biological significance of DEGs. GO terms were 
further categorized into three aspects, namely BP, CC, 
and MF. In biological functions, GO results presented that 
activation and migration of T-helper-related functions were 

prominent in GO terms. Regulation of T cell activation, 
CD4-positive, Th17 type immune response, CD4-positive, 
alpha-beta T cell activation was significantly different both 
in the acute lymphedema group and chronic lymphedema 
group compared with the control group. Positive 
regulation of Th1 type immune response, regulatory 
T cell differentiation, and macrophage differentiation 
were significantly pronounced in chronic lymphedema 
(Figure 2C,2D). In the CC category, collagen-containing 
extracellular matrix, and integral component of the synaptic 

Figure 2 Identification of DEGs and enrichment analysis of DEGs. (A,B) The DEGs in acute lymphedema group (A) and chronic 
lymphedema group (B) compared separately with the control group were visualized by volcano plots. (C-F) The GO and KEGG analysis 
of were performed between acute lymphedema group (C,E) and control group, chronic lymphedema group (D,F) and control group. TNF, 
tumor necrosis factor; MHC, major histocompatibility complex; ECM, extracellular matrix; BP, biological process; CC, cellular component; 
MF, molecular function; DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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membrane were noticeable both in acute lymphedema and 
chronic lymphedema. The DEGs of chronic lymphedema 
were related to the MHC class II protein complex, MHC 
protein complex, and immunological synapse. In the MF 
category, the DEGs were primarily associated with growth 
factor binding, immune receptor activity, and MHC protein 
complex binding.

The KEGG analysis showed that T-helper cell-associated 
inflammation pathways were enriched in the lymphedema 
state. In the acute lymphedema group, the tumor necrosis 
factor (TNF) signaling pathway, IL-17 signaling pathway, 
Th17 cell differentiation, and PI3K-Akt signaling pathway 
were accumulated (Figure 2E); while the functional pathways 
of chronic lymphedema were Th17 cell differentiation, Th1, 
and Th2 cell differentiation, TNF signaling pathway, JAK-
STAT signaling pathway, T cell receptor signaling pathway, 
IL-17 signaling pathway (Figure 2F).

Immune cell infiltration analysis 

We applied the ImmuCellAI-mouse method based on 
ssGSEA to decode the relative infiltration abundance of 36 
immune cell subpopulations in lymphedema groups (n=9) 
and normal controls (n=5), as illustrated in Figure 3. The 
relative infiltration abundance of follicular B cells (P<0.01), 
memory B cells (P=0.02), M1 macrophage (P=0.03), CD4+ 
Tm cells (P=0.02), and T-helper cells (P=0.019) while the 
decreased immune abundance of granulocytes (P=0.01), 
neutrophils (P=0.02), and plasma cells (P=0.01). Notably, 
the relative infiltration abundance of T cells (control group 
=0.0236, lymphedema group =0.0782, P=0.3), CD4+ T 
cells (control group =0.0005, lymphedema group =0.0154, 
P=0.2), and Tregs (control group =0.000, lymphedema 
group =0.0014, P=0.13) were higher in the lymphedema 
group than in the control group, but without statistical 
significance. These results implied that multiple immune 
cells were involved in the formation of tissue inflammation 
in lymphedema, particularly the immune cells involved in 
the activation of T-helpers.

GSEA results of T-helper, macrophage, B cells, and 
gamma-delta T-associated functions

Since the immune infiltration results suggested that CD4+ 
T helpers, macrophages, and B cells were implicated in the 
progression of lymphedema and T cell receptor signaling 
was activated, the pathways associated with T-helpers, 
macrophage, B cells, and gamma-delta T cells were 

downloaded from the Molecular Signatures Database and 
the difference in the pathways between control group, acute 
group and the chronic group were compared by GSEA, as 
shown in Appendix 1. 

The levels of Th1 immune response enrichment, type 
2 immune response, Th17 cell differentiation, and Th17 
immune response, as well as the regulation of T-helper cell 
differentiation, were all significantly higher for T-helpers 
in the acute group when compared to the control group, 
as well as in the chronic group when compared to the 
acute group and the control group. However, macrophage 
migration, macrophage chemotaxis, macrophage activation, 
and macrophage cytokine production were significantly 
up-regulated in both the chronic group and the acute 
group compared to the control group. It is interesting 
to note that no macrophage-associated pathways were 
significantly enriched in the acute group compared to the 
control group. In the acute group compared to the control 
group, in the chronic group compared to the control group, 
and in the chronic group compared to the acute group, 
B cell activation, differentiation, and proliferation were 
significantly higher. No gamma-delta pathways were more 
highly expressed in the chronic or acute groups compared 
to the control group by the present RNA-seq data.

Construction of T-helper-associated gene signature 
(THAGS)

The functional enrichment results showed that the 
differentiation, and activation of CD4+ T-associated 
pathways accounted prominently for the immunological 
alternations, mirroring the changes of immune cells in 
immune infiltration analysis and also testified in previous 
animal studies. With “T helper” as the keyword, we 
searched the MSigDB database and generated 31 relevant 
pathways containing 129 THAGs. By the intersection 
of THAGs and DEGs, we constructed THAGs in 
lymphedema, containing 18 genes listed in Table 1. 

PPI network analysis and selection of THAHGs signature

By the combination of THAGs in the acute lymphedema 
group (n=9) and chronic lymphedema group (n=16), we 
formed the list of THAGs with 18 genes (Figure 4A). The 
String database calculated that the PPI networks included 
18 genes/nodes with 56 edges, which are visualized in  
Figure 4B. The most core PPI module was selected by 
MCODE, which contains 8 nodes and 21 edges, as shown 

https://cdn.amegroups.cn/static/public/GS-23-48-Supplementary.pdf
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in Figure 4C. Therefore, the THAHGs included in total 
eight THAGs, namely Cd4, Foxp3, Irf4, Ccr6, Il12rb1, Batf, 
Il1b, and Cd74 (Figure 4C,4D).

TF prediction 

Eight hub genes correlated with lymphedema were tested 
for TF binding motifs using the iRegulon plugin. The 
results indicated that seven genes, excluding Il12rb1, were 
regulated by Gata3 (Figure 4E).

Potential drug prediction

We used the DSigDB database to predict potential target 
drugs associated with key genes that may be useful for 
treating lymphedema by modulating T-helper cell immunity. 
The results indicated that thalidomide might be the potent 
drug for relieving lymphedema by targeting Cd4, Foxp3, 
Irf4 and Il1b (P<0.01, combined score >5,000, Figure 4F).  
The top 10 drugs were listed in Table 2. 

Correlation analysis of THAHGs

Correlation analysis between eight THAHGs indicated that 
Batf, Ccr6, Cd4, Il12rb1, Foxp3, and Cd74 were positively 
associated, while these six genes were negatively associated 
with Il1b and Irf4 (Figure 5). Pearson correlation between 
THAHGS and immune abundance in lymphedema was 
further calculated. Batf, Ccr6, Cd4, Il12rb1, Foxp3, and Cd74 
were negatively related to granulocytes, neutrophils, and 
plasma cells; besides, they positively correlated with CD4+ 
T cells, M1 macrophages, CD4+ Tm, T-helpers, Tregs 
(Figure 6A-6F). Il1b and Irf4 were negatively related to 
CD4+ T cells, memory CD4+ T cells, follicular B cells, M1 
macrophages, memory B cells, Naïve CD4+ T cells, T-helper 
cells, and Tregs, all of which were up-regulated immune 
cells in lymphedema (Figure 6G,6H). This suggested that 
Il1b and Irf4 were negatively related to CD4+ T-type 
immune alternations in lymphedema. Such correlation 
showcased the changes of Batf, Ccr6, Cd4, Il12rb1, 
Foxp3, and Cd74 mirrored the alternation of immune cell 
populations in lymphedema.

ROC curve analysis 

The AUCs of Cd4, Foxp3, Ccr6, Irf4, Il12rb1, Batf, Il1b, and 
Cd74 for lymphedema diagnosis were 0.911, 0.844, 0.844, 
0.756, 0.956, 0.867, 0.822, 0.711, respectively (Figure 7). 
The AUC value of THAHGs was larger than 0.70, which 
indicated that THAHGs were potential biomarkers for 
molecular diagnosis in lymphedema. The AUC value of 
Il12rb1 was the highest (AUC =0.956), followed by Cd4 
(AUC =0.911).

Discussion

Mounting literature has accumulated that CD4+ T helpers 
are involved in fibrosis, lymphangiogenesis, and lymphatic 
dysfunction, which play an essential role in the pathological 
progression of secondary lymphedema (12,34). CD4+ 
naïve cells were activated in the local lymph nodes (11), 
where they encountered antigen-presenting cells and 
started differentiation into Th1 (35), Th2 (36), Th17 (37), 
and Tregs (14) to the lymphatic limbs. CD4+ T cells are 
necessary for lymphatic dysfunction, and tissue fibrosis in 
lymphedema; thus, we could infer that the disturbed balance 
of Th1/Th2 and Th17/Treg participates in the progression 
of lymphedema (38). Therefore, bioinformatics exploration 
of CD4+ THAGs expression profiles and identification 

Table 1 Basic information of THAHGs

Symbol Ensembl Entrezid

Batf ENSMUSG00000034266 53314

Ccr2 ENSMUSG00000049103 12772

Ccr6 ENSMUSG00000040899 12458

Cd4 ENSMUSG00000023274 12504

Cd74 ENSMUSG00000024610 16149

Clec4n ENSMUSG00000023349 56620

Foxp3 ENSMUSG00000039521 20371

H2-Ab1 ENSMUSG00000073421 14961

Il12rb1 ENSMUSG00000000791 16161

Il18r1 ENSMUSG00000026070 16182

Il1b ENSMUSG00000027398 16176

Il27ra ENSMUSG00000005465 50931

Irf4 ENSMUSG00000021356 16364

Lilrb4a ENSMUSG00000062593 14728

Rsad2 ENSMUSG00000020641 58185

Slamf1 ENSMUSG00000015316 27218

Slamf6 ENSMUSG00000015314 30925

Spn ENSMUSG00000051457 20737

THAHGs, T-helper-associated hub genes.
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of key genes associated with T helpers are particularly 
beneficial to advances in molecular diagnosis and therapy 
for lymphedema.

The functional enrichment analysis and immune 
infiltration showed that T-helper-related immunological 
microenvironments were highly active in lymphedema 
progress. GO-BP results showed that DEGs of acute 
lymphedema were mostly enriched in CD4+, alpha-beta 
T cell lineage commitment and activation, Th17 type 
immune response, and response to interferon-gamma (IFN-
gamma) while the DEGs of lymphedema-6w were closely 
related to positive regulation of type I immune response, 

positive regulation of T cell differentiation, regulation 
of T cell differentiation, Th17 type immune response, 
and macrophage differentiation. The KEGG pathways 
of DEGs of the acute lymphedema group were cytokine-
cytokine receptor interaction, TNF signaling pathway, 
IL-17 signaling pathway, and Th17 cell differentiation, 
suggesting the inflammation process and activation of 
Th17 immune response. Besides, the KEGG pathway of 
the chronic lymphedema group demonstrated that Th17 
cell differentiation, Th1, and Th2 cell differentiation, 
leukocyte trans-endothelial migration, and T cell receptor 
signaling pathway were enriched in chronic lymphedema. 
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The immune infiltration of lymphedema data also showed 
there was a significantly higher infiltration abundance 
of follicular B cells, M1 macrophage, CD4+ Tm cells, 
and T-helpers; besides CD4+ T cells, and Tregs were 
of higher infiltration abundance in lymphedema group, 
which were parallel to the enrichment analysis. The above 
bioinformatics consequences indicated the special T-helper-
related immune response in lymphedema. Th17 immune 
response was activated in 2 weeks after lymph stasis, which 

was also proved in Ogata’s study (35). Interestingly, the 
present results showed that Th17 cell and IL-17 pathway 
were activated throughout the 2 and 6 weeks after lymph 
obstruction, suggesting the crucial roles of Th17 cells both in 
the acute and chronic phase of lymphedema. Th17 secreted 
pro-inflammatory cytokines and inhibited the tube formation 
of lymphatic endothelial cells in vitro (20), suggesting 
that Th17 inhibited lymphangiogenesis and promoted 
inflammation in lymphedema. The mix of Th1 and Th2 
type immune response was noticed also in Mehrara’s animal 
study and the inhibition of IL-4/IL-13 could relieve edema, 
fibrosis, and lymphatic function (18). Therefore, the present 
bioinformatics results further proved that CD4+ T-helpers 
are significant regulators in secondary lymphedema. 

Except for CD4+ T helpers, the GSEA results also 
indicated that macrophages and B cells participated in 
the pathological changes of mouse tail lymphedema. 
Macrophages have been reported to be involved in the 
development of lymphedema in previous studies (39-41). 
In the hindlimb model of rats’ secondary lymphedema, 
macrophages gathered around the adipocytes in the 
enlarged lymphedema tissue (40). The immune infiltration 
analysis suggested that the relative immune abundance 
of M1 pro-inflammatory was higher in the lymphedema 
tissue. In line with this, M1 macrophages produce inducible 
nitric oxide synthase (iNOS) to attenuate lymphatic vessel 
pumping in overweight mice (42). It is noteworthy that 
in the GSEA results, macrophage-associated biological 
pathways were not significantly enriched in the acute phase 
of lymphedema but significantly expressed in the chronic 
phase of the lymphedema, suggesting that macrophages 

Table 2 Top 10 predicted target drugs for lymphedema

Term Adjusted P value Odds ratio Combined score Genes

Thalidomide BOSS 7.01E−06 316.3333 5,898.919843 CD4; IRF4; IL1B; FOXP3

AGN-PC-0JHFVD BOSS 2.41E−04 105.9091 1,526.975503 CD4; IRF4; IL1B; FOXP3

SODIUM SULFATE BOSS 5.32E−04 192.871 2,549.807655 CD4; IL1B; FOXP3

2-Fluoroadenosine BOSS 7.20E−04 157.2316 1,985.731623 CD4; IL1B; FOXP3

Levorphanol tartrate BOSS 9.20E−04 132.68 1,610.295217 CD4; IL1B; FOXP3

Prednisolone BOSS 9.20E−04 125.6653 1,505.324472 CD4; IL1B; FOXP3

Deoxycorticosterone acetate BOSS 0.001451 101.9231 1,158.834927 CD4; IRF4; FOXP3

Dinoprostone CTD 00007049 0.001505 96.13548 1,076.672586 IL1B; CCR6; IL12RB1

Retinol BOSS 0.001607 90.27273 994.4765346 CD4; IL1B; FOXP3

Atorvastatin BOSS 0.001622 85.08 922.5983899 CD4; IL1B; FOXP3
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Figure 7 ROC curve analysis of THAHGs. The AUC values of Batf (A), Ccr6 (B), Cd4 (C), Cd74 (D), Foxp3 (E), Il1b (F), Il12rb1 (G), Irf4 
(H) are 0.867, 0.844, 0.911, 0.711, 0.844, 0.822, 0.956, 0.756. AUC (0.5–0.7) means low accuracy, AUC (0.7–0.9) means a certain accuracy, 
and AUC (>0.9) means high accuracy. AUC, area under curve; ROC, receiver operating characteristic; THAHGs, T-helper-associated hub 
genes.

especially M1 macrophages, were involved in aggravating 
chronic lymphedema. Moreover, the gamma-delta cells and 
B cells have not been evaluated in the state of lymphedema 
for now in the scientific world of lymphedema. The GSEA 
results showed that B cell pathways were enriched both in 
the acute and chronic lymphedema but gamma-delta T cells 
were not implicated in the present analysis but needed to 
test in the future.

Using PPI analysis, eight key genes including Cd4, Foxp3, 
Irf4, Ccr6, Il12rb1, Batf, Il1b, and Cd74 were identified as 
THAHGs in secondary lymphedema. According to the PPI 
network and correlation analysis, these eight genes formed 
an interaction network with 8 nodes and 21 edges and were 
associated with immune cell infiltration. Cd4 was the up-
regulated gene in lymphedema compared with the control, 
suggesting the activation of CD4+ T cells. CD4 was the 
cellular marker of T helpers. The number of CD4+ T cells 
was augmented in lymphedema, which was well testified in 
a variety of in vivo studies (11,12,16,43). Foxp3, encoding 
the TF of Tregs, was also up-regulated in the acute 
lymphedema group and the chronic lymphedema group 
in comparison with the control group, which was parallel 
to the immune infiltration results. The activation of Tregs 
might partly counterbalance the immunological disturbance 

caused by other pro-inflammation CD4+ T-helpers 
because transplantation of Tregs could improve the lymph 
vessel function (14). Irf4 is also a TF participating in the 
differentiation of Th17 and Tregs (44,45); Batf, encoding 
a nuclear basic leucine zipper protein, belongs to the AP-1 
family TF that controls, particularly, the differentiation 
of Th17 (46,47). Batf regulates IL-17 expression (48) and 
several other genes expressed by Th17 cells (49). Ccr6 
encodes the receptor of CCL20 and the binding of CCL20 
and CCR6 protein is responsible for the chemotaxis of 
dendritic cells, and the recruitment of Th17 as well as 
the Tregs to inflammatory sites (50). IL-12-receptor β1, 
encoded by Il12rb1, functions as the IL receptor binding 
to IL-12/IL-23. IL-12 and IL-23 pathways are generally 
accepted as pro-inflammatory cytokines (51) and are related 
to the response Th1 and Th17. Interestingly, the IL-12 
pathway was also upregulated in podoconiosis, volcanic-
soil-induced leg lymphedema (52). Cd74 plays an essential 
role in MHC class II antigen processing, suggesting the 
activation of antigen-presenting cells (APCs). Il1B protein, 
produced by macrophages, supports Th17 differentiation 
and cooperates with IL-12 mediating the Th1 cells to IFN-
gamma synthesis (53). To sum it up, the THAHGs stand for 
the participation of APCs, macrophages, Th1, Th2, Th17, 
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and Tregs in lymphedema.
The diagnostic values of THAHGs were tested by ROC 

curves and the results showed that all THAHGs harbored 
a good diagnostic value. The timely diagnosis of peripheral 
lymphedema is of clinical significance because most breast 
cancer-related lymphedema cases happen several years 
after axillary lymph node dissection and radiotherapy. 
Notably, the immune dysfunction was not confined to the 
lymphedematous region but also influenced the whole body. 
The CD4+ cells were also increased in the contralateral 
limbs (43). Such results provide clues that biomarkers 
associated with the activation of T-helpers may serve as 
diagnostic molecules in the early stages of lymphedema.

With the iRegulon plugin in Cytoscape, Gata3 was the 
most potential TF (Figure 4E) in the lymphedema state by 
targeting THAHGs. In the present analysis, Gata3 was 
stable in the lymphedema groups compared with the control 
group. However, Gata3 was associated with the regulation 
of seven hub genes in lymphedema, namely, Cd4, Foxp3, 
Irf4, Ccr6, Batf, Il1b, and Cd74. As a TF, Gata3 is essential 
for CD4+ T cell differentiation, homeostasis, activation, 
proliferation, and effector functions (54). Gata3 promotes 
the differentiation of Th2 but inhibited the differentiation 
of Th1 cells; Gata3 also functions in the balance of Th17/
Treg because Gata3 supported the Treg differentiation while 
suppressing the Th17 differentiation via binding to Il17 and 
Rorc loci (55,56). From mouse lymphedema experiments, 
Th1, Th2, Th17, and Tregs were all up-regulated in the 
lymphedema state, which could explain the relatively stable 
level of Gata3. The nuanced regulation details of Gata3 in 
lymphedema state requires further demonstration. 

The biological pathways of the Th1 and Th2 response 
were evaluated further using the GSEA method. The results 
showed that multiple pathways associated with Th1 cell 
and type 2 immune response (production of IL-4, IL-10 
mostly by Th2 cells) were significant both in the acute and 
chronic phase compared with the control group. Besides, 
Th1 and Th2 pathways were all activated and strengthened 
throughout the process of lymphedema as the enrichment 
levels of Th1, and Th2 pathways were higher in the chronic 
group compared with the acute group. Therefore, it would 
be of benefit to curb the Th1, Th2, or Th17 or all pathways 
to slow the progression of lymphedema. Several medications 
have been proposed and investigated to target the T-helpers 
in line with the RNA-seq results. Firstly, tacrolimus binds 
to FK-506-binding protein 12 in CD4+ T helper cells, and 
the resulting complex prevents calcineurin’s phosphatase 
activity, thus decreasing the production of IL-2 (57).  

Tacrolimus prevents adequate IL-2 signaling, which is 
necessary for effector CD4+ T cells to avoid apoptosis and 
maintain persistence as memory cells. As a result, CD4+ T 
cells cannot survive in the presence of tacrolimus (58). In a 
mouse tail model of lymphedema, local administration of 
tacrolimus reduced tissue thickness curbed the inflammatory 
cytokine production, and thus showed promise in treating 
lymphedema (59). In a single-arm clinical trial, tacrolimus 
significantly lowered the arm volume and improved the 
health-related quality scores of eighteen BCRL patients (60).  
The verification of tacrolimus further highlights that 
preventing the activation of Th1 as well as Th2 response 
is useful in treating lymphedema. Besides, neutralizing 
antibodies have been applied for treating lymphedema both 
in animal models (16) and BCRL patients (61). However, 
neutralizing antibodies targeting the Th2 immune response 
did not reduce the limb volume for BCRL patients, 
suggesting down-regulating the function of Th2 cells alone 
was not enough to improve all symptoms of lymphedema. 
The most prominent drug in the lymphedema state was 
thalidomide according to DSigDB with a combined score 
of 5,899. Thalidomide has many immunomodulatory 
properties and has been applied to treat pediatric Crohn’s 
disease (62). GSEA results indicated that pathways of 
Th1, Th2, and Th17 were all enriched throughout the 
development of lymphedema and immune cell abundance 
results suggested that there were higher immune abundance 
levels of CD4+ Tm cells and lower immune abundance 
levels of Tregs in the lymphedema state. In line with 
the RNA-data analysis, thalidomide modulated the Th1 
response and regulated the Th17/Treg balance. It inhibited 
the Th1 response via the inhibition of TNF, IFN-c, and IL-
12 (63,64). Recent studies showed that thalidomide could 
relieve skin fibrosis in a mouse model of systemic sclerosis 
by inhibiting transforming growth factor beta1 (TGF-β1)/
Smad3 signaling and regulating the Th17/Treg balance 
(65,66). Others also reported that thalidomide reduced CD4+ 
T helper cell infiltration in skin inflammation and Th1- and 
Th17-associated genes (67). Since upregulation of Th1 and 
Th17 response and distortion of Th17/Treg balance was 
also notable in the lymphedema state, thalidomide might 
provide some relief for lymphedema patients. Of note, 
the tenth potential drug was atorvastatin. Statins, a type of 
HMG-CoA reductase inhibitor, have been found to regulate 
the balance of Th17 and Treg by downregulating MHC-
II expression of APCs (68), curbing the function of ICAM-
1 (69), as well as preventing Ras and Rho signaling (70).  
Thus, stains show promise in Th17-induced diseases such 
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as multiple sclerosis and rheumatoid arthritis (71). These 
above results indicate that immunomodulatory drugs 
targeting the balance of T-helper immune response might 
benefit secondary lymphedema. 

The present study was not without limitations. For one 
thing, data and results generated in the study were from 
bioinformatics calculations of public datasets. Secondly, 
RNA-seq data of lymphedema verifying these results were 
inadequate. Surprisingly, previous findings of animal and 
humane basic research make the present results plausible. 
However, this is the first study by our knowledge to 
construct a THAHGs signature for lymphedema, which 
is significantly related to alternations of immune response 
in lymphedema. Moreover, it is the first time that TFs and 
immunoregulatory drugs have been predicted. Such results 
update the knowledge of T helper cells in lymphedema and 
provide clues for future lymphedema research.

Conclusions

Biological pathways associated with T-helpers were 
significantly enriched in mouse lymphedema tissue by 
bioinformatics analysis. The relative immune infiltration 
abundance of M1 macrophage, CD4+ Tm cells, and T-helper 
cells was higher in the lymphedema group. Besides, we 
identified a novel list of THAHGs containing eight genes, 
namely, Cd4, Foxp3, Irf4, Ccr6, Il12rb1, Batf, Il1b, and 
Cd74. The THAHGs were closely correlated with immune 
infiltration results and with good diagnostic properties. 
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