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Integrated analysis reveals the participation of IL4I1, ITGB7, and FUT7 in
reshaping the TNBC immune microenvironment by targeting glycolysis
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ABSTRACT
Background: The overall response rate of immunotherapy in triple-negative breast cancer
(TNBC) remains unsatisfactory. Accumulating evidence indicated that glucose metabolic reprog-
ramming could modulate immunotherapy efficacy. However, transcriptomic evidence remains
insufficient.
Methods: Genes’ relationship with glucose metabolism and TNBC-specific immune was demon-
strated by weighted gene co-expression network analysis (WGCNA). The glucose metabolic cap-
ability was estimated by standardised uptake value (SUV), an indicator of glucose uptake in 18
F-fluorodeoxyglucose positron emission tomography (FDG-PET), and a reflection of cancer meta-
bolic behaviour. PD-(L)1 expression was used to reflect the efficacy of immunotherapy.
Additionally, immune infiltration, survival, and gene coexpression profiles were provided.
Results: Comprehensive analysis revealing that IL4I1, ITGB7, and FUT7 hold the potential to
reinforce immunotherapy by reshaping glucose metabolism in TNBC. These results were verified
by functional enrichment analysis, which demonstrated their relationships with immune-related
signalling pathways and extracellular microenvironment reprogramming. Their expressions have
potent positive correlations with Treg and Macrophage cell infiltration and exhausted T cell
markers. Meanwhile, their overexpression also lead to poor prognosis.
Conclusion: IL4I1, ITGB7, and FUT7 may be the hub genes that link glucose metabolism, and
cancer-specific immunity. They may be potential targets for enhancing ICB treatment by reprog-
ramming the tumour microenvironment and remodelling tumour metabolism.
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Introduction

Triple-negative breast cancer (TNBC) refers to breast
cancers not expressing the oestrogen receptor (ER),
the progesterone receptor (PR), or human epidermal
growth factor receptor 2 (HER2) [1]. Representing for
about 15% of all breast cancer cases, TNBC is associ-
ated with a dreadful prognosis and a substantial
unmet medical need [2]. In the past few years,
immune checkpoint blockers (ICB) led to a significant
paradigm shift in oncology treatment, which may also
offer promise of clinical benefits for TNBC [3].
However, durable responses to immunotherapy were
only observed in a small subset of patients [4]. Thus,

unlocking the therapeutic potential of ICB and
expanding its role in TNBC treatment is of utmost clin-
ical importance.

The treatment efficacy of ICB is largely dependent
on the tumour microenvironment and immune regula-
tors [3]. Simultaneously, accumulating evidence
showed that glucose metabolism contributes to both
factors mentioned above substantially [5]. In the
tumour immune microenvironment, accelerated glu-
cose catabolism plays a critical role in suppressing
anti-tumour T cell functions by causing glucose
deprivation [6]. Moreover, increased glucose consump-
tion and lactate production also lead to defective
tumour immunosurveillance [7]. With regard to
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immune modulate effects, previous studies shed light
on the elaborate connection between glucose metab-
olism and PD-(L)1 (programmed death receptor-1, pro-
grammed death receptor ligand-1) expression [8]. On
the one hand, elevated glycolytic intensity leads to
PD-L1 overexpression via PI3K–Akt–mTOR pathway
activation, resulting in immune evasion and cancer
progression [6]. On the other hand, glucose metabolic
deterioration potentially partakes in altered glycosyla-
tion of PD-(L)1, which is critical for maintaining its pro-
tein stability and cell surface localisation [9–11].
Meanwhile, the capacity of glucose uptake is a crucial
hallmark for cancer itself [12]. In 2020, Yue Gong and
his college profiled the metabolic dysregulation in
TNBC and divided TNBC into metabolic-pathway-based
subtypes (MPS) [13]. According to their research, the
MPS2 subtype is characterised by upregulated carbo-
hydrate metabolism and exhibited the worst progno-
sis. Additionally, the standardised uptake value (SUV),
as an indicator of glucose uptake in 18 F-fluorodeoxy-
glucose positron emission tomography (FDG-PET), is
closely related to the malignant phenotype of breast
cancers [14,15].

Despite the advances mentioned above, our know-
ledge of interactions between anti-tumour immunity
and glucose metabolism remains relatively limited. In
this study, insights connecting these two processes
are revealed by conducting comprehensive bioinfor-
matic analysis in TNBC. Genes identified in this study
could be the nodal hub of the immunometabolism
network and future target to reinforce ICB treatment
efficacy.

Methods

Data collection

The mRNA expression data and SUV assessed by FDG-
PET in 84 TNBC patients were downloaded from Gene
Expression Omnibus (GEO) database, GSE135565 data-
set (http://www.ncbi.nlm.nih.gov/geo/) [14]. RNA-Seq
information for 146 TNBC and 111 normal tissues were
downloaded from NCI’s Genomic Data Commons the
Cancer Genome Atlas cohort (TCGA) (https://gdc.can-
cer.gov/).

Gene co-expression network construction

The intensity of glucose uptake was measured by SUV,
and the expression of PD-(L)1 was considered as a sig-
nature of the cancer-associated immunity. WGCNA
was performed to identify gene modules correlated
with a high level of SUV and PD-(L)1 expression [16].

In this study, WGCNA was performed using R software
(version 3.6.2). In the WGCNA algorithm, gene signifi-
cance (GS, defined as the correlation between the
gene and the standardised uptake value) and module
membership (MM, defined as the correlation between
the gene and its module) were used to quantify the
configurations of modules and features.

Functional enrichment and protein-protein
interaction network analysis

The GO (Gene Ontology) annotation and KEGG (Kyoto
Encyclopaedia of Genes and Genomes) pathway
enrichment analysis for targeted genes were accom-
plished by the R packages “clusterProfiler” and
“enrichplot”. GSEA software was used to examine the
different pathways related to target genes. STRING
database was used to describe the PPI (protein-protein
interaction) network [17].

Prognosis analysis

PrognoScan allows conducting systematic meta-ana-
lysis for prognosis on several GEO datasets. It is cap-
able of evaluating the relationship between gene
expression levels and various endpoints, including dis-
ease-specific survival (DSS), relapse-free survival (RFS),
and overall survival (OS) [18].

Immune cell infiltration analysis

The infiltration of immune cells, including CD4þ T
cells, CD8þ T cells, B cells, neutrophils, macrophages,
and dendritic cells, was estimated using the TIMER
(Tumour IMmune Estimation Resource) algorithm, bas-
ing on RNA-Seq expression profile data of identical
immune markers [19]. The correlation between hub
genes and immune cells abundance was calculated
using Spearman’s correlation analysis with correlation
coefficient >0.3 indicates a positive/negative correl-
ation. The Gene Expression Profiling Interactive
Analysis (GEPIA) database (http://gepia.cancer-pku.cn)
was used to analyse the relationship between the
expression of hub genes and tumour-infiltrating
immune cells marker genes [T cells, TAMs, M1 macro-
phages, M2 macrophages, T-helper (Th) cells, T-helper
17 (Th17) cells, follicular helper T (Tfh) cells, exhausted
T cells, and Tregs], which were identified according to
previous studies [20].
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Statistical analysis

Differential analysis of RNA expression profile was per-
formed with R (version 3.6.2). All data were standar-
dised and analysed using the “limma” package.
Differential genes were screened according to (cor-
rected p< .05, jlog FCj >1). Data obtained from TIMER
and PrognoScan were presented as HR and p values
or Cox P values upon the log-rank test. p< .05 is con-
sidered to be of statistical significance.

Results

Identification and annotation of genes related to
TNBC-specific glucose metabolism

Gene expression profiles and SUV assessments of 84
TNBC patients were obtained from the GEO database
(GSE135565). Patients were divided into either glucose
uptake high (GUH) group (SUV � 4.6) or glucose
uptake low (GUL) group (SUV<4.6) [14]. WGCNA
(Weighted gene co-expression network analysis) was
conducted to identify differential gene modules
between two groups. Genes with similar expression
peculiarities established the same module (Figure
1(A)). The soft threshold b value equalled 18 when the
co-expression network satisfied scale-free topology
(Figure 1(B)). Six major gene modules were con-
structed using the average linkage hierarchical cluster-
ing (Figure 1(C)). Their correlations with SUVs were
evaluated (Figure 1(D)). The upregulation of genes
within the blue module has the strongest positive cor-
relation with the GUH group. On the contrary, genes
in module black have a significant relationship with
the GUL group.

In these gene modules, the hub genes referred to
those with MM >0.3 and GS >0.3. As a result, 246 in
the blue modules (Figure 1(E); Table S1) and 180
genes in the black modules (Figure 1(F); Table S2)
were revealed as the hub genes and included for fur-
ther analysis.

To better depict these hub genes’ biologic activity,
the GO and KEGG enrichment analysis were con-
ducted. The GO analyses revealed that the dominant
biological functions include extracellular structure
organisation, cell-substrate adhesion, and positive
regulation of wound healing. Meanwhile, these genes
were involved in responses to transforming growth
factor-beta and steroid hormone and the negative
regulation of the immune effector process.
Interestingly, these genes also play a role in the bio-
logical reaction towards different oxygen levels.
Several genes were related to response to oxygen

levels, cellular response to oxidative stress, and
response hypoxia (Figure 2(A)). For KEGG analysis,
pathways concerning extracellular matrix (ECM) regula-
tion (ECM-receptor interaction, focal adhesion, and
proteoglycans in cancer), nutrition regulation (protein
digestion and absorption), and oncogenesis (PI3K-Akt
signalling pathway) were closely related to the hub
genes (Figure 2(B)). Surprisingly, the HPV (human pap-
illomavirus) infection pathway is one of the most
involved pathways. The HPV infection pathway is not
only related to oncogenesis but also cancer-specific
immune evasion. What’s more, the anti-tumour
immune pathways can also be activated by antiviral
signals [21].

We depicted PPI networks of hub genes via the
online tool STRING (URL: https://string-db.org/) to
achieve a clear vision of the interactions among hub
genes (Figure S1). The threshold of interaction score
for high confidence was set at 0.7, and disconnected
nodes in the network were hidden. A total of 165 hub
genes were involved in the construction of this regula-
tory network. Correspondent proteins of hub genes
have a relatively high internal connections level, indi-
cating a firm inter-module relationship. Notably, FN1,
a gene involved in cell adhesion and migration proc-
esses, including embryogenesis, wound healing, blood
coagulation, host defense, and metastasis, appears to
be the centre of the PPI network. Previous studies sug-
gested that FN1 is a major ECM component secreted
by various epithelial or mesenchymal cell types in
both physiologic and pathophysiologic situations in
response to high glucose stimulations [22–24].

Reveal of the overlap between TNBC specific
immunity and glucose metabolism

For the next step, we focus on revealing the overlap
between the above genes and cancer-specific immun-
ity. Genes related to PD-(L)1 expression was identified
using the RNA profiles of 146 TNBC and 111 normal
tissues retrieved from the TCGA database. 3288 upre-
gulated and 2914 down-regulated differentially
expressed genes are identified (Figure 3(A)). Ten major
gene modules were established by further WGCNA
(Figure 3(B)). Genes within the brown module have
the strongest positive correlation with the increment
of PD-(L)1 in BC (Figure 3(C)). Thus, 329 genes in the
brown module with MM >0.3 and GS >0.3 were
regarded as hub genes (Figure 3(D,E) and Table S3).

Most important, IL4I1, ITGB7, and FUT7 were
revealed in both the cancer-immune gene set and glu-
cose metabolic gene set (Figure 3(F)). They all had a
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Figure 1. Identification of genes related to TNBC-specific glucose metabolism. (A) Sample clustering to detect outliers. (B)
Determination of soft threshold by evaluating the scale-free topology fit index (left) and mean connectivity (right). (C)
Dendrogram plot with colour annotation. (D) Heatmap for the correlations of gene modules to SUV. Correlations between module
membership and gene significance values were presented in scatterplots for the blue (E) and black (F) gene modules. TNBC:
Triple-negative breast cancer; SUV: standardised uptake value.

ANNALS OF MEDICINE 919



moderate to strong positive relationship with the
increased SUV and PD-(L)1 expression (Figure 4). These
genes might be the potential linkage between cancer-
specific immunity and glucose metabolism and were
included for further analysis.

The expression profile of IL4I1, ITGB7, and FUT7

Recent advances in genome-wide gene expression
profiling analyses improved our understanding of
TNBC and revealed at least six different molecular

subtypes of TNBC, namely Basal-like 1 (BL1), basal-like
2 (BL2), immunomodulatory (IM), mesenchymal (M),
mesenchymal stem-like (MSL) and luminal androgen
receptor (LAR) [25]. We explored the mRNA expres-
sions of hub genes in these molecular subtypes of
TNBC using UALCAN (http://ualcan.path.uab.edu),
which was an interactive online database to perform
in-depth analyses of gene expression data from TCGA
[26]. We found that all three genes were highly
expressed in the IM subtype of TNBC (Figure 5).
The IM subtype was characterised by significant

Figure 2. GO and KEGG enrichment analysis for metabolism-related hub genes. (A) Major GO enrichment terms in hub gene clus-
ters correlated to metabolism; (B) KEGG pathway enrichment in hub gene clusters correlated to metabolism. GO: Gene ontology;
KEGG: Kyoto Encyclopaedia of Genes and Genomes.
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gene enrichment in immune cell signalling, cytokine
signalling, antigen processing and presentation, and
signalling through core immune signal transduction
pathways.

Similar results were revealed by the single-gene
GSEA analysis (Figure 6). A high expression of IL4L1
was related to pathways of NK cell-mediated cytotox-
icity, T cell receptor signalling pathway, and antigen
processing and presentation. The representative path-
ways associated with ITGB7, including cell adhesion
molecules (CAMs), chemokine signalling pathway, and
Fc gamma R mediated phagocytosis. FUT7 exhibited a
potent relationship with the chemokine signalling
pathway, cytokine cytokine-receptor interaction, and T
cell receptor signalling pathway.

Immune cell infiltration analysis

The relationship of IL4I1, ITGB7, and FUT7 and immune
cell infiltration characterisations were further explored
using TIMER databases (Figure 7). The expression of IL4I1
correlated with the infiltrating levels of B cells, CD4þ T

cells, neutrophils, and DC cells positively. Similarly, ITGB7
and FUT7 were both positively correlated with the infil-
trating levels of B cells, CD8þ T cells, CD4þ T cells, neu-
trophils, and DC cells. Most importantly, analysis of TIMER
and GEPIA databases revealed that IL4I1, ITGB7, and
FUT7 all have potent positive associations with the abun-
dance of Treg cells, indicated their immunosuppressive
effects (Figure S2; Table 1). Similar immune cell infiltration
characterisations were found in the other two types
(Luminal and HER2 positive) breast cancer (Figure S3).
Furthermore, we observed a significant positive correl-
ation between the expression of three hub genes and
the expression of exhausted T cell markers, including
LAG-3, TIM-3, CTLA-4, and CXCL13. Meanwhile, the levels
of IL4I1, ITGB7, and FUT7 expressions also correlate with
the expression of marker genes for TAM, M2, Tfh, and
Th1 cell infiltration (Table 1).

Prognosis analysis

We evaluate the prognosis value of IL4I1, ITGB7 and
FUT7 in TNBC by using PrognoScan (Table S4). Results

Figure 3. Identification of immune-related genes in TNBC. (A) Volcano plot showing differentially expressed genes. (B)
Dendrogram plot with colour annotation. (C) Heatmap for the correlations of gene modules to PD-(L)1. Scatterplots for correla-
tions between module membership and gene significance values concerning PD-1 (D) and PD-L1 (E) expression for the brown
gene module. (F) Venn diagram of overlapping genes identified by the immune-related gene set and metabolic gene set. TNBC:
Triple-negative breast cancer.
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showed that all of them were potent negative prog-
nostic factors for OS (Overall Survival) (HR: 1.49
[1.02–2.18], p¼ .041; 1.85 [1.23–2.78] p¼ .003; 2.07
[1.08–3.97] p¼ .028, for IL4I1, ITGB7, and FUT7,
respectively). IL4I1 and ITGB7 are also negative predic-
tors for relapse (HR: 1.86 [1.25–2.76], p¼ .002; 4.41
[1.07–18.25], p¼ .041 for IL4I1 and ITGB7, respectively).
GSE1456, GSE9195, GSE9893, GSE9195 and GSE3143
were involved in above survival analysis.

Discussion

This study provides novel insights into the linkage
between two important hallmarks in cancer, glucose
metabolism, and cancer-specific immunity. IL4I1,
ITGB7, and FUT7, which were identified by

comprehensive bioinformatic analysis, may play a vital
role in the tumour immune microenvironment and
hold the potential of enhancing ICB treatment by
remodelling glucose metabolism. This hypothesis was
also confirmed by gene enrichment analysis.

In this study, the glucose uptake intensities were
presented through SUV assessed by FDG-PET. FDG-PET
is a well-recognized imaging tool in reflecting glucose
metabolism, and SUV is an objective indicator of glu-
cose uptake [27]. Compared with normal tissue,
tumours often demonstrate an increased FDG-PET sig-
nal, which reflects a high rate of radiotracer uptake
through membrane glucose transporters, phosphoryl-
ation by one of several hexokinase enzymes, and the
resultant intracellular trapping of the radiotracer,
which is not further metabolised in the cell [28,29].

Figure 4. Correlation between hub gene expression and SUV and PD-(L)1 expression. The Spearman correlation coefficients
between IL4I1 (A–C), ITGB7 (D to F), and FUT7 (G–I) expression and SUV, PD-1, and PD-L1 levels were shown. SUV: Standardised
uptake value.
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Indeed, there are concerns since the genomic charac-
teristics of SUV have not been fully explored, and the
validity of using SUV to reflect the complex effects of
glucose metabolism on cancer progression is question-
able and inaccurate. However, to date, FDG-PET is the
only reflection of cancer metabolic behaviour actually
occurring in the human body [30]. Meanwhile, plenty

of previous studies have proved that SUV evaluated
by FDG-PET is highly clinically and pathologically rele-
vant [31,32].

Moreover, the expression level of PD-(L)1 is used as
a biomarker for cancer-specific immunity in our study,
in accordance with previous studies, since they were
the most important immune checkpoints and well-

Figure 5. Expression levels of IL4I1 (A,B), ITGB7 (C,D), and FUT7 (E,F) in different breast cancer subtypes or TNBC subtypes. TNBC:
triple-negative breast cancer.

ANNALS OF MEDICINE 923



known therapeutic targets [33–35]. We believe that
genes related to PD-(L)1 hold the most substantial
potential for future clinical application.

IL4I1, ITGB7, and FUT7 were identified in this study
as key genes. In previous studies, they were consid-
ered to be important modifiers in tumour immune
microenvironment and metabolism. IL4I1 is a bona
fide immunosuppressive enzyme participating in the
escape of malignancies in vivo [36]. It accelerates
tumour growth by limiting the CD8 T cell-mediated
immune response in a mouse model of melanoma cell
transplantation [37,38]. The immune regulatory func-
tions of IL4I1 have been attributed to either the deple-
tion of amino acids, the promotion of Treg
differentiation, or the upregulation of PD-1 [39,40].
What’s more, a recent study demonstrated that IL4I1
is a major aryl hydrocarbon receptor (AHR)-activating
enzyme and endowed cancer cells with the capacity
of migration and metastasis [41]. ITGB7 is a key factor
in the ITGB7/C/EBPb signalling axis and integrin b4/

FAK/SOX2/HIF-1a signalling pathway, which plays a
vital part in glycolysis-induced cell growth and prolif-
eration [42,43]. The high involvement of C/EBPb sig-
nalling and HIF-1a signalling pathway with immune
inhabitation was also well-established [44]. Meanwhile,
Fucosyltransferase VII (FUT7) is one of the a1,3-fucosyl-
transferases family that catalyses the final fucosylation
step in generating a unique glycosylated product sialyl
Lewis X (sLeX) [45,46]. sLeX can serve as ligands for E-
or P-selectin expressed on the cell surface and results
in cancer metastasis and angiogenesis [11,46].
Additionally, increased fucosylated activity was also
reported positively relative to increased glucose
uptake by the pancreatic, lung, and ovarian carcinoma
cell lines [47]. According to previous studies, the upre-
gulation of IL4I1 maybe a result of naturally occurring
Single Nucleotide Polymorphisms (SNPs) [48], the DNA
demethylation of FUT7 could lead to its overexpres-
sion [49], and highly expressed ITGB7 may be induced
by TGF-beta1 [50,51]. However, the potential basis for

Figure 6. GSEA analysis of TNBC grouped by IL4I1, ITGB7, and FUT7 expression. GSEA was performed on RNA-Seq data of 146
TNBC samples grouped by IL4I1, ITGB7, and FUT7 expression levels, respectively. Representative pathways of IL4I1 (A–C), ITGB7
(D–F), and FUT7 (G–I) were shown. GSEA: gene set enrichment analysis.

924 T. XU ET AL.



Figure 7. Immune cell infiltration analysis. The TIMER was used to evaluate the correlations between immune cell abundance and
IL4I1 (A), ITGB7 (B), and FUT7 (C) expressions in basal breast cancer. TIMER: Tumour immune estimation resource.

Table 1. Correlation analysis between IL4I1, ITGB7, and FUT7 and relate genes and markers of immune cells in GEPIA2.

Description Gene markers

IL4I1 ITGB7 FUT7

Core p Core p Core p

T cell (general) CD3D 0.63 .000 0.73 .000 0.79 .000
CD3E 0.60 .000 0.73 .000 0.76 .000
CD2 0.64 .000 0.74 .000 0.75 .000

TAM CCL2 0.55 .000 0.51 .000 0.49 .000
CD68 0.67 .000 0.50 .000 0.46 .000
IL10 0.59 .000 0.52 .000 0.44 .000

M1 macrophage iNOS – – – – – –
IRF5 0.41 .000 0.43 .000 0.43 .000
COX2 0.13 .000 0.22 .000 0.20 .000

M2 macrophage CD163 0.70 .000 0.56 .000 0.55 .000
VSIG4 0.47 .000 0.39 .000 0.40 .000
MS4A4A 0.58 .000 0.52 .000 0.50 .000

Tfh BCL6 – – – – – –
IL21 0.49 .000 0.55 .000 0.49 .000

Th1 T-bet 0.63 .000 0.74 .000 0.76 .000
STAT4 0.51 .000 0.64 .000 0.64 .000
STAT1 0.55 .000 0.51 .000 0.38 .000
IFN-c 0.61 .000 0.65 .000 0.62 .000
TNF-a 0.49 .000 0.41 .000 0.43 .000

Th2 GATA3 �0.38 .000 �0.29 .000 �0.29 .000
STAT6 – – – – – –
STAT5A 0.21 .000 0.29 .000 0.32 .000
IL13 0.29 .000 0.29 .000 0.28 .000

Th17 STAT3 – – – – – –
IL17A 0.27 .000 0.27 .000 0.25 .000

Treg FOXP3 0.68 .000 0.65 .000 0.66 .000
CCR8 0.59 .000 0.54 .000 0.50 .000
TGFb 0.30 .000 0.26 .000 0.41 .000

T cell exhaustion CTLA4 0.72 .000 0.72 .000 0.70 .000
LAG3 0.69 .000 0.66 .000 0.64 .000
TIM-3 0.66 .000 0.50 .000 0.50 .000
CXCL13 0.48 .000 0.50 .000 0.55 .000

TAM: tumour-associated macrophage; Th: T helper cell; Tfh: Follicular helper T cell; Treg: regulatory T cell; Cor: R value of Spearman’s correl-
ation. “–” represents jRj<0.1.
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upregulation of above genes remains unknown in
patients with breast cancers.

One of the most interesting findings observed in
this study is the positive relationship between selected
genes and the abundance of T cells, especially for
CD4þ T cells and Treg cells. The mechanism of this
connection is unclear. We assume that increased Treg
cell infiltration may be the reason for inadequate
responses to ICB treatment in TNBC, since Treg cells
display functional instability and heterogeneity, and
increased Treg frequency is often associated with
reduced activity of antitumor cytotoxic T lymphocytes
and worse prognosis [52]. The strong correlation
between the expression of hub genes identified and
the markers of T cell exhaustion may also exacerbate
this situation. However, this hypothesis should be
investigated in future studies.

There are still some limitations in this study. The
major limitation of this study is that only in silico ana-
lysis were conducted. Therefore, all study results
should be confirmed by in vivo or in vitro experiments
in the future. Second, this study only applied analysis
on the mRNA expression level. Thus, multi-omics anal-
yses are warranted in the future.

In conclusion, IL4I1, ITGB7, and FUT7 were identi-
fied as the hub genes between two hallmarks in can-
cer, glucose metabolism, and cancer-specific immunity
via comprehensive bioinformatic analysis. The GO and
pathway enrichment analysis suggest that they may
be potential targets for enhancing ICB treatment by
reprogramming the tumour microenvironment and
remodelling tumour metabolism.
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