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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a well-known immunotoxic environmental pollutant. However,
most immunotoxicology studies of TCDD were based on the animal models and the inner mechanisms have just
focused on a few genes/proteins. In this study, the immune functions of THP-1-derived macrophages was
measured with in-vitro bioassays after 24-h exposure of TCDD including environmentally relevant concentra
tions. RNA-seq and Weighted Gene Co-expression Network Analysis were used to characterize the immunotox
icity molecular mechanisms. Our study is the first report on the TCDD-induced effects of cell adhesion,
morphology, and multiple cytokines/chemokines production on THP-1 macrophages. After TCDD treatment, we
observed an inhibited cell adherence, probably attributed to the suppressed mRNA levels of adhesion molecules
ICAM-1, VCAM-1 and CD11b, and a decrease in cell pseudopodia and expression of F-actin. The inflammatory
cytokines TNF-α, IL-10 and other 8 cytokines/chemokines regulating granulocytes/T cells and angiogenesis were
disrupted by TCDD. Alternative splicing event was found to be a sensitive target for TCDD. Using WGCNA, we
identified 10 hub genes (TNF, SRC, FGF2, PTGS2, CDH2, GNG11, BDNF, WNT5A, CXCR5 and RUNX2) highly
relevant to these observed phenotypes, suggesting AhR less important in the effects TCDD have on THP-1
macrophages than in other cells. Our findings broaden the understanding of TCDD immunotoxicity on macro
phages and provide new potential targets for clarifying the molecular mechanisms.

1. Introduction
The immune system closely interacts with many organs and other
systems and maintains the integrity and function of the organism.
However, this system is remarkably vulnerable to attack by exogenous
substances. More and more researchers approbated that even subtle
changes in components of the immune system or immune functions
could be early indicators of immunotoxicity or biomarkers for assessing
environmental health risks (Fournier et al., 2000; Li et al., 2020). There
is a well-established causal relationship between immunosuppression
and the increased susceptibility to infections or even certain types of
malignancies (Rooney et al., 2012). 2,3,7,8-Tetrachlorodibenzo-p-
dioxin (TCDD), a typical immunosuppressive pollutant, has been
confirmed to disturb the immune system in many model organisms by
inhibiting host resistance to infection (Ross et al., 1996), suppressing
humoral (Kaplan et al., 2011) and cell-mediated immune responses

(Kerkvliet, 1995; Mustafa et al., 2011), promoting inflammation (Mus
tafa et al., 2011), and impairing natural killer (NK) cell activity and T
lymphocyte function/development (Kerkvliet et al., 1996; Ross et al.,
1996) etc. Despite of the strict control, TCDD that released from waste
incineration, industrial processing and the soil and sediment contami
nated by the past use of pesticides (Huang et al., 2015; Lv et al., 2011;
Masho and Tohyama, 2003), was discovered in environmental, food and
even human samples (serum, milk, and urine) (Hooper et al., 1999;
Schecter et al., 2003; Young and Newton, 2004). Moreover, the highest
detected concentration in serum from special populations, under occu
pational or accidental exposure, could be close to 3 μM (Halperin et al.,
1998; Pelclova et al., 2011). Although there existed various evidences on
TCDD-triggered immunotoxic effects, most of them were based on ani
mal models, and the detailed molecular mechanisms whereby TCDD
induces immunotoxicity are not clearly understood.
Macrophages are a key component of the innate immune system and
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play a pivotal role in pathogen recognition, immune response mediation
and assisting other immune cells to collectively maintain homeostasis
(Motwani and Gilroy, 2015). Studies have reported some effects of
TCDD on macrophages. Nevertheless, some studies used oxidative stress
(such as ROS) or apoptosis as toxicological endpoints, which are not
specific to immunotoxicity. Quite a few studies have focused on
macrophage inflammation, which were not comprehensive enough to
evaluate the immunotoxicity of TCDD. In earlier work, we constructed
an in vitro screening system to evaluate the immunotoxicity of organ
ophosphate flame retardants (OPFRs) on THP-1-derived macrophages
(THP-1 mϕs) (Li et al., 2020). We agreed that THP-1 is a highly valuable
experimental model due to its homogeneous genetic background and
resemblance to macrophages in morphological and functional properties
(Chanput et al., 2014). Here, we were further supplemented with this
detection system and examined the TCDD-altered cell morphology on
THP-1 mϕs.
It has been widely accepted that the complex biological processes
require multiple genes and various signaling pathways (Yang, 2020).
Targeting one single molecule may not be appropriate for determining
the complex toxicity of pollutants, especially for chemicals like TCDD
which cause a broad range of toxicities. With improved efficiency, a
network approach based on big data is more likely to reveal the adverse
outcomes of chemicals. Thus, we used RNA sequencing to characterize a
comprehensive profile of gene expression changes caused by TCDD.
Additionally, weighted gene co-expression network analysis (WGCNA),
an unsupervised analysis method that clusters genes according to their
similar expression patterns by pairwise correlations between these genes
(Ulas et al., 2018), was constructed to identify hub genes associated with
the resultant phenotype. In this study, we aim to further improve the in
vitro high-throughput immunotoxicology detection system based on
THP-1 mϕs, evaluate the TCDD-induced effects on macrophage func
tions and elucidate the molecular mechanisms. We measured the im
mune functions (cell adhesion, adhesion molecules, morphology, F-actin
expression, and multiple cytokine/chemokine production) and the
transcriptome of THP-1 mϕs altered by TCDD and performed large-scale
gene co-expression analyses to identify the key drivers.

to rinse off the floating cells. Next, the adherent cells were labeled with
5 μg/ml Hoechst 33342 and imaged by an Operetta™ high-content
screening instrument (PerkinElmer) using a × 20 air objective (13
fields per well). The Harmony™ software version 4.9 was used to count
the number of adherent cells. The cell adhesion is expressed as the ratio
of remaining cells of the treated group to those in the control group. LPS
(1 μg/ml) was used as a positive control.
2.4. Morphology assay
After 24h of TCDD treatment, the THP-1 mϕs were washed once with
PBS, then fixed with 4% paraformaldehyde for 15 min, and per
meabilized with 0.1% Triton X-100 in 1% BSA/PBS for another 15 min.
Each step follows 3 times of PBS washing. Next, cells were dyed with 5
μg/ml Hoechst 33342 and 150 nM Phalloidin, which stains cytoskeleton
(Thermo Fisher) for 30min at 37 ◦ C. The fluorescent images ( × 63 water
objective, confocal mode, 36 fields per well) were also collected by
Operetta and analyzed by Harmony. Non-spherical cells with cyto
plasmic protrusions and pseudopodia were recognized via self-learning
module. The ratio of such cell numbers to the total cells number is
described as the morphological alteration. The analysis of F-actin
expression was performed as the average fluorescent intensity of phal
loidin in treated group to that of DMSO group.
2.5. 48-Cytokines/chemokines production
The cytokines/chemokines production was detected by Human
Cytokine Screening 48-Plex Panel kit (Bio-Rad), according to the man
ufacturer’s guidelines. Based on the standard curve for each cytokine,
the fluorescence intensities were converted to concentration (pg/ml).
For comparative purposes, results are expressed as the concentration in
treated group to that in DMSO group.
2.6. RNA-seq and bioinformatics analysis
Sequencing libraries were prepared following TruSeqTM RNA sam
ple preparation Kit from Illumina (San Diego, CA) using 1 μg of total
RNA and were sequenced using the Illumina HiSeq xten/NovaSeq 6000
sequencer (2 × 150bp read length). After trimming and quality control,
the clean reads were separately aligned to reference genome using
HISAT2. In this study, we reported RNA-seq analysis results for the
control and TCDD treated groups (1, 5, 25, 50 nM). Gene abundances
were quantified by RSEM, and the difference between different groups
was determined by DEGseq2 software. The changes of gene expressions
were considered to be statistically significant only when P adjusted
<0.05 in comparison to control. The functional pathway analysis was
performed using the latest KEGG (Kyoto Encyclopedia of Genes and
Genomes) database. After gene co-expression network construction by
WGCNA, the hub genes were identified using STRING database and
Cytoscape (version 3.7.2). The alternative splice events were identified
by rMATS.

2. Materials and methods
2.1. Chemical reagents
2,3,7,8-TCDD (CAS: 1746-01-6) was purchased from Cambridge
Isotope Laboratories (USA) and dissolved in DMSO, whose final con
centration is 0.1% (v/v). Phorbol myristate acetate (PMA, CAS: 1656129-8) and lipopolysaccharides (LPS) from Escherichia coli O111:B4 were
purchased from Sigma-Aldrich (USA). All other chemicals were of
analytical purity and obtained from Sinopharm Chemical Reagent Co.
(Shanghai, China).
2.2. Cell culture and treatment
The cell culture, differentiation and cell viability assay of THP-1 cells
were performed as described previously (Li et al., 2020). To observe the
macrophage cellular morphology clearly, the THP-1 monocytes were
differentiated into THP-1 mϕs in 96-well plates (CellCarrier Ultra, Per
kinElmer) with 50 μl/well of cell suspension (2 × 105 cells/ml). For
RNA-seq and RT-PCR, THP-1 mϕs were prepared in 6-well plates (1 ×
106/well). After differentiation, THP-1 mϕs were exposed to TCDD at a
non-cytotoxic concentration (≤50 nM) for 24 h in the follow-up exper
iments. The detailed results of cell viability are provided in the sup
plementary material (Fig. S1).

2.7. Real-time quantitative PCR
According to the manufacturer’s instructions, the total RNA was
isolated using TRIzol (Invitrogen, USA) and reverse transcribed into
cDNA by the FastQuant RT kit (TIANGEN, China). Then RT-PCR was
performed on ABI 7500 real-time quantitative PCR system (Life Tech
nologies, USA) using SuperReal PreMix Plus (SYBR Green) (TIANGEN,
China). The primer pairs are listed in the Supporting Information
(Table S1), and β-actin was used as the internal standard for the mRNA
expression analysis. The results were analyzed using the 2− ΔΔCt method.

2.3. Cell adhesion assay

2.8. Statistical data analysis

Cell adhesion assay was performed as described previously (Li et al.,
2020). Briefly, after TCDD exposure, cells were washed 3 times with PBS

All results were obtained from at least three independent
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experiments with three independent cell preparations. The statistical
analysis was performed using one-way ANOVA in GraphPad Prism
(version 8.0). The results are expressed as the mean ± standard devia
tion, and differences are considered significant when p-values < 0.05.
3. Results

exposed to 25 nM and 50 nM of TCDD had fewer cytoplasmic protrusions
and pseudopodia (p < 0.05, Fig. 2B). Considering the role of F-actin in
the formation and spreading of pseudopodia, we detected the fluores
cence of phalloidin-labeled F-actin. Fig. 2C showed that TCDD inhibited
the F-actin in a dose-dependent manner, which was consistent with the
downregulation of adhesion and pseudopodia induced by TCDD.

3.1. TCDD decreased cell adhesion and the expression of adhesion
molecules in differentiated THP-1 macrophages

3.3. TCDD disrupted the production of multiple cytokines/chemokines in
the THP-1 macrophages

The adherent macrophage density was partially inhibited by TCDD
when concentration was up to 25 nM (Fig. 1A). At 50 nM, cell adherence
declined by almost one-fifth (20.28%, p < 0.01). To understand whether
TCDD exposure affected the cell adhesion molecules in THP-1 mϕs, we
measured the mRNA expression of ICAM-1, VCAM-1 and CD11b. As
shown in Fig. 1B, the expression of all three molecules was significantly
decreased (p < 0.05) in the TCDD-treated group compared to the control
group. The most dramatic reduction occurred in CD11b expression
(down 69.06%, 50 nM), and ICAM-1 expression showed a modest
decline (down 40.73%, 50 nM). We observed a biphasic effect of VCAM1: it was enhanced at lower concentration from 1 to 25 nM, and then
decreased sharply (39.92%) when the concentration was up to 50 nM.

Macrophages function as important immunoregulatory cells by
secreting a vast array of bioactive cytokines and chemokines. Here we
used a high-throughput detection system to simultaneously examine 48
cytokines/chemokines in the same solution. The complete list of 48
cytokines/chemokines is provided in Table S2. After 24 h of TCDD
treatment, the production of 10 cytokines/chemokines was significantly
changed (p < 0.05, Fig. 3). TCDD reduced the secretion of the chemo
kines MIP-1b (CCL4), IL-8 and G-CSF (Fig. 3A), which are related to the
production, activation, and chemotaxis of granulocytes. The level of
leukemia inhibitory factor (LIF) was also downregulated by TCDD
(Fig. 3A). Consistent with the reported literature (Cheon et al., 2007;
Peltier et al., 2013; Jin et al., 2018), TCDD showed clear proin
flammatory potential by reducing the release of the anti-inflammatory
cytokine IL-10 and increasing the proinflammatory cytokine TNF-α.
Additionally, TCDD promoted the secretion of cytokines contributing to
regulate T cells (IL-2, IL-2R, and IL-7), and the angiogenesis-inducing
cytokine VEGF-A (Fig. 3B).

3.2. TCDD reduced the pseudopodia and F-actin expression of THP-1
mϕs
Using Harmony (version 4.9) with a self-learning module algorithm,
cells were divided into 2 groups according to morphology: cells with
pseudopodia (Fig. 2A.i) and rounded cells (Fig. 2A.ii). After statistically
analyzing the percentages of deformed cells, we found that THP-1 mϕs

3.4. TCDD induced transcriptional changes in differentiated THP-1
macrophages
3.4.1. Identification of differentially expressed genes (DEGs) after
treatment with different concentrations of TCDD and KEGG enrichment
analysis
To better understand the molecular mechanisms by which TCDD
disrupts the macrophages functions, we performed RNA-seq on THP-1
mϕs treated with 5 different concentrations of TCDD (including the
DMSO group as a control). There were 388 genes significantly upregu
lated ≥1.5-fold by TCDD compared to the control (Padjust < 0.05), while
306 genes obviously downregulated (Fig. 4A). The number of DEGs
increased with increasing TCDD concentrations. However, there was
little difference between the 25 nM (DEGup: 259; DEGdown: 213) and 50
nM (DEGup: 294; DEGdown: 193) groups.
To analyze the functions of 694 1.5-fold-changed DEGs in response to
TCDD, KEGG pathway enrichment analysis was applied. After filtering
out pathways with |log2(fold-change) |≤1, 23 pathways were finally
enriched after TCDD exposure (Fig. 4B). Notably, immune-related
signaling pathways, including chemokines, cytokines, inflammation,
and cell adherence, were obviously enriched.
3.4.2. Construction of the WGCNA (weighted correlation network analysis)
network
WGCNA is a well-established method for building scale-free gene coexpression networks enabling the analysis of the correlations between
sequence strings and complex phenotypic data. Comparing TCDDtreated groups to the control group, we obtained 3265 significantly
differentially expressed genes. Using these DEGs combined with the
total of detected phenotypes in this study, WGCNA was used to identify
the potential hub genes. First, 3265 DEGs were divided into several
modules according to the similarity of their expression patterns. When
the soft threshold set at 12, the scale-free topological fit index R2 was
greater than 0.8 (Fig. S2). Five co-expressed gene modules were iden
tified by WGCNA, and each color corresponds to one of the five modules
(Fig. 5A). The detailed members of each module are listed in the Sup
plementary materials (Table S3). Among the 5 modules, the brown
module and turquoise module had the highest correlation coefficient

Fig. 1. Cell adhesion and the expression of adhesion molecules in THP-1 mϕs
exposed to TCDD. (A) The adherence of THP-1 mϕs after 24 h of treatment with
1, 5, 25 and 50 nM TCDD. (B) Relative mRNA expression levels of ICAM-1,
VCAM-1 and CD11b in the THP-1 mϕs after 24 h of treatment with 1, 5, 25
and 50 nM TCDD. β-actin was used for normalization. Each assay was per
formed in triplicate. Significance is based on comparisons with the control; *p
< 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 2. Changes in THP-1 mϕs morphology
after 24 h of TCDD exposure. (A) Represen
tative images of the THP-1 mϕs after TCDD
exposure; scale bar: 50 μm. i) Cells with
pseudopodia; ii) rounded cells. (B) The per
centages of THP-1 mϕs with pseudopodia
after exposure to 1, 5, 25 and 50 nM TCDD.
(C) The mean fluorescence intensity (MFI) of
F-actin after 24 h of exposure to 1, 5, 25 and
50 nM TCDD. Each assay was performed in
triplicate. Significance is based on compari
sons with the control; *p < 0.05 and **p <
0.01.

between genes and phenotypes, particularly in cell adherence, pseudo
podia, F-actin, MIP-1b (CCL4) and the inflammatory cytokine TNF-α
(Fig. 5B). The association between module membership (MM) and gene
significance (GS) is shown in Fig. S3. MEgrey contains genes not
belonging to any module and is the smallest module with 20 genes.

showed all the genes were differentially expressed in response to TCDD
treatment. Besides, the RT-PCR results agreed closely with the RNA-Seq
analysis results, and similar up- or downregulation patterns were
observed in both RT-PCR and RNA-Seq analyses.
3.4.5. Identification of alternative splicing (AS)
AS is ubiquitous in eukaryotes allowing a single gene to make many
more mRNA variants and greatly improving the coding capacity (Naf
telberg et al., 2015). Several studies have shown that environmental or
chemical stress could mediate the alternative splicing of genes (Kim
et al., 2014; Asselman et al., 2017). In this study, 5 kinds of alternative
splicing events, including SE, A5SS, A3SS, MXE and RI, were identified.
Fig. 8 showed that SE was the most dominant AS event, following by
MXE. With slight differences, the frequencies of both A5SS and RI
ranked the bottom. Details are provided in the supplementary materials
(Table. S4). It is worth noting that SE and MXE were sharply down
regulated in the 1 nM TCDD treatment group compared to the DMSO
group, while the occurrence of AS events did not change that much in
response to 1 nM–50 nM TCDD, suggesting alternative splicing a very
sensitive endpoint.

3.4.3. Module gene network analysis and hub gene screening
To identify hub genes in MEbrown and MEturquoise, a proteinprotein interaction (PPI) network of genes in these 2 modules was
constructed. After removing new transcripts and proteins that were not
included in the database, the rest of 226 genes were imported into the
STRING database (version 11.0). After filtering genes whose connec
tivity scores were below 0.4, 159 potential key genes were selected to
construct a visual PPI network (Fig. 6A) with Cytoscape. The top 10
genes with high connectivity identified by the Cytohubb plug-in were
considered as hub genes, including TNF, SRC, FGF2, PTGS2, CDH2,
GNG11, BDNF, WNT5A, CXCR5, and RUNX2 (Fig. 6B).
3.4.4. Gene expression analysis by RT-PCR
According to the degree of connectivity and literature research,
another 6 genes of interest (CX3CR1, P2RX7, E2F2, CYP1B1, THBS1,
and PLA2G7) were selected (Fader et al., 2015; Wiley et al., 2011;
Azkargorta et al., 2010; Spencer et al., 1999; Liu et al., 2015; De Keyzer
et al., 2009). To verify the transcriptome results, the expression of 10
hub genes and 6 genes of interest was measured by RT-PCR. Fig. 7

4. Discussion
Although the immune system is generally thought as one of the most
sensitive and important targets of TCDD, many fundamental questions
4
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Fig. 3. Changes of ten cytokines/chemokines in THP-1 mϕs after 24 h of TCDD
exposure. (A) Five downregulated cytokines produced by THP-1 mϕs after
exposure to 1, 5, 25 and 50 nM TCDD. (B) Five upregulated cytokines produced
by THP-1 mϕs after exposure to 1, 5, 25 and 50 nM TCDD. The levels of cy
tokines/chemokines in culture medium were measured using a Pro™ human
cytokine screening 48-plex panel kit according to the manufacturer’s in
structions. Significance is based on comparisons with the DMSO control group;
*p < 0.05, **p < 0.01 and ***p < 0.001.

Fig. 4. DEGs identified after treatment with different concentrations of TCDD.
(A) The number of DEGs that were up- and downregulated by 1.5-fold in
treatment groups compared to the control. (B) The KEGG pathway enrichment
of DEGs. The X-axis represents the enrichment factor, and the Y-axis represents
the pathway.

macrophage binding to endothelial cells, first increased at lower doses
(5 nM TCDD) and then decreased. We found no literatures reporting the
changes of macrophages adhesion induced by TCDD before. But TCDD
has been reported to inhibit the adhesion of SPC-A1 cells (Liu and Zhou,
2006) and splenocytes (Park et al., 2006), while enhance the adhesion of
dendritic cells (Vorderstrasse et al., 2003) and T cells (Funatake et al.,
2004). This finding suggested that TCDD-induced adherence varies
among different cell types.
Studies have proposed that the biological responses of macrophages
largely depend on the cell morphology when facing the dynamic
microenvironment, such as infection and wound healing (McWhorter
et al., 2013; Pi et al., 2014). Our results showed that THP-1 mϕs in
DMSO group exhibited elongated, polygonal, or circular morphologies
with dense cytoplasm and granular appearance, while most cells in the
LPS group had two or more long pseudopodia (Fig. 2A), similar to the
reported literatures (Pi et al., 2014; Paul et al., 2008; Kim et al., 2015).
TCDD changed the THP-1 mϕs morphology, resulting in fewer cyto
plasmic protrusions and pseudopodia. This is the first investigation for
TCDD-mediated morphology of macrophages. Located under the plasma
membrane, the intricate cytoskeletal network consists of a variety of
actin cortices and actin-binding proteins, which are highly dynamic
through polymerization and depolymerization, and regulates the phys
ical properties of the cell membrane, such as viscosity, elasticity, or ri
gidity (Lemière et al., 2016). Likewise, adhesion signaling in turn plays a
role in cytoskeleton rearrangement and assembly, promoting the
changes of cell shape and motility (Bhavsar et al., 2009; Jamora and
Fuchs, 2002). Here, we found TCDD reduced the expression of F-actin,

about the immunotoxicity of TCDD remain to be answered. In this study,
a battery of high-throughput in vitro assays (cell adhesion, adhesion
molecules, morphology, F-actin expression, and cytokine/chemokine
production) on the basis of our previous study (Li et al., 2020) was
carried out to examine the altered immune functions of THP-1-derived
macrophages in response to exposure of TCDD at concentrations
including environmentally relevant doses. The lowest exposed concen
tration of TCDD used in this study is 1 nM, which is close to the reported
concentration of environmental samples (a few tenths of ppt to 106 ppt)
(Young and Newton, 2004), even comparable with the serum concen
tration in special human populations (a few ppt to 104 ppt) (Pelclova
et al., 2011; Halperin et al., 1998). Genomics combined with bio
informatic analysis was applied to explore the underlying mechanisms.
Cell adhesion was reported to be an important immunologic process
which is not only primary for migration but also serves as an amplifi
cation signal for various immune functions, such as the differentiation
and activating monocytes/macrophages (Lundahl et al., 1996). After
treatment with TCDD, there was a significant decrease in adherence, as
well as the mRNA expression of adhesion molecules ICAM-1, VCAM-1
and CD11b (Fig. 1). The most apparent decline occurred in the expres
sion of CD11b, a component of cell adhesion integrin macrophage-1
antigen (Mac-1), expressing on macrophages. Following a similar
dose-effect trend, intercellular adhesion molecule-1 (ICAM-1), the main
target of CD11b, was also decreased by 24 h of TCDD treatment. How
ever, unlike the expression of the former two molecules, the mRNA
levels of vascular cell adhesion molecule-1 (VCAM-1), mediating
5
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Fig. 5. Co-expression analysis of gene expression patterns and module identification. (A) Clustering dendrogram showing co-expression modules based on WGCNA.
As a result, 5 co-expression modules were constructed and are shown in different colors. (B) Module-trait weight associations and corresponding P-values. The color
legend on the right shows module-trait correlations from − 1 (blue) to 1 (red). (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

which is one of the most important components of cytoskeleton. Addi
tionally, TCDD has been reported to affect F-actin reorganization (Nie
et al., 2015; Wan et al., 2014). Our morphological data was in confor
mity to the downregulated F-actin and adhesion. Therefore, we may
hypothesize that TCDD first reduced the F-actin in THP-1 mϕs, and thus
affects the cytoskeleton, which may be the cause for decreasing the
pseudopodia and adherence.
Another vital role of macrophages is host defense through modu
lating cytokines that drive inflammatory or antibody responses against
antigens, and chemokines that recruit and activate other immune cells.
Previous studies about the cytokines altered by TCDD mainly focused on
only a few cytokines represented by inflammation. Here, we tested the
production of multiple cytokines/chemokines altered by TCDD,
including almost all the important factors related to macrophages. We
found that TCDD exacerbates inflammation via TNF-α and IL-10, coin
cident with many other studies (Cheon et al., 2007; Peltier et al., 2013;
Jin et al., 2018). Indeed, epidemiological and clinical studies have
supported that excessive and/or continued inflammation cause various
severe consequences, such as diabetes, hypertension, atherosclerotic
cardiovascular disease (Nordestgaard, 2016; Petrie et al., 2018),
age-associated diseases (Franceschi and Campisi, 2014; Singh and
Newman, 2011), cancer (Koene et al., 2016; Bergquist and von Seth,
2015) and psychoses (Mueller, 2018). Interestingly, TCDD was reported
to reduce percentages of granulocytes and T cells (Ackermann et al.,
1989; Zha et al., 2019; Weisglaskuperus et al., 1995) and cause the
functional loss of T cells (Spaulding, 2011; Dearstyne and Kerkvliet,
2002; Marshall et al., 2010) in animal models. Our results that TCDD
altered the release of granulocyte-related chemokines (CCL4, IL-8 and
G-CSF) and T cell regulatory cytokines (IL-2, IL-2R, IL-7) may offer a
possible explanation for the in vivo findings. In addition, compared to
our previous results of the OPFR immunotoxicity (Li et al., 2020), the
effective concentration of TCDD (nM) was far less than that of OPFRs
(μM), showing that these two types of chemicals vary dramatically in the
immunotoxicity of macrophages. It is worth noting that there is no
obvious dose-effect relationship in the production of part cytokines
(Fig. 3). However, this is not rare that cytokines secretion does not al
ways follow the increasing concentration or time of stimulation (Wyman

et al., 2002; Podechard et al., 2008; Jensen et al., 2003; Ishimaru et al.,
2009). Although the cytokines/chemokines have long been one of the
most concerned research hot spots, it remains not entirely clear how
these cytokines produced and interact. The crossing complicated path
ways control the induction of each other, thus forming a complicated
cytokine network, which may directly affect the stability of dose-effect
relationship. Hence, the production of cytokines may not be contradic
tory but likely depend on multiple factors. Indeed, studies have sup
ported that different cellular types differed in susceptibility to TCDD.
The production of cytokines induced by TCDD varied from cell type,
exposed concentration, and exposed time (Lang et al., 1998).
Genomics is an efficient investigational tool to identify biomarkers
and mechanisms that has been widely used in the next-generation risk
assessment of chemicals (Frawley et al., 2011; Liu et al., 2019). Here, we
used WGCNA, a systemic bioinformatics algorithm turning complex data
set into co-expression module(Wan et al., 2018), to explore the rela
tionship between genes and phenotypes affected by TCDD for the first
time. The unsupervised nature of WGCNA avoids subjective judgments
and underlying biases related to deliberately selecting samples or genes
known to be associated with the substances to be detected (Clarke et al.,
2013). From our data, 265 DEGs highly correlated with the analyzed
phenotypes were identified by WGCNA, then screened 10 key hub genes
(TNF, SRC, FGF2, PTGS2, CDH2, GNG11, BDNF, WNT5A, CXCR5, and
RUNX2) using Cytoscape, according to the connectivity scores of
protein-protein interactions provided by STRING. The RT-PCR results
also confirmed the reasonable clustering of WGCNA and the potential of
these selected genes as prognostic indicators for the immunotoxicology
of TCDD. Although CYP1A1 is generally thought as the most sensitive
marker gene of TCDD, here we used the CYP1B1 as the positive reference
gene, since studies have identified CYP1B1 as the major P450 isoenzyme
under constitutive conditions or strong stimulation in monocytes and
monocyte-derived macrophages (Baron et al., 1998). Moreover, evi
dences have supported the role of CYP1B1 in various functions of
macrophages, such as phagocytosis, inflammation, angiogenesis,
self-tolerance, and tumor suppression (Ward et al., 2004; Smerdová
et al., 2013; D’Uva et al., 2018).
Using the GO database, we annotated the functions of 10 identified
6
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Fig. 6. Network relationship among key module genes. (A) PPI network of 159 genes in the turquoise and brown modules. Abbreviated common names of genes are
given. Upregulated genes are represented by orange circles, while downregulated genes are represented by green circles. The width of the edge indicates the
combined scores of 2 proteins from low to high. The size of the node represents the frequency of connections to other proteins. (B) PPI network of 10 hub genes
screened by the Cytohubba Plug-in. The color intensity represents the ranking of the connectivity among module genes from the top 1 (red) to the top 10 (yellow).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

key drivers and 6 genes of interest (Table S5). Among them, Src kinase,
one of the most publicized protein kinases, was proven to be activated by
TCDD at the initial stage (Matsumura, 2009), and to play multiple roles
in macrophage-mediated innate immune responses, including the in
flammatory cytokines production (Byeon et al., 2012), phagocytosis
(Maa and Leu, 2016), and podosome-associated cellular migration
(BurgerDavis et al., 2011). These reported functions of Src coincide with
our results, indicating that our identified hub genes were relatively
creditable. According to the known roles of these genes, it is intriguing
to hypothesize that, TCDD exposure inhibits the adhesion of THP-1 mϕs
by downregulating the positive regulators of adhesion (CX3CR1, P2RX7
and CDH2), while upregulating the negative regulators of adhesion
(CYP1B1 and THBS1). Similarly, TCDD increased WNT5A, which
negatively regulates synapse assembly, and CX3CR1, which facilitates
synapse disassembly. Also, P2RX7 and CDH2, which were reduced by
TCDD, are related to cytoskeletal organization and cell morphology.
Moreover, the altered expression of the inflammation-linked genes TNF,
PTGS2, WNT5A, P2RX7, CYP1B1, THBS1 and PLA2G7 may be respon
sible for the pro-inflammation elicited by TCDD.
Although the aryl hydrocarbon receptor (AhR) was considered

essential in regulating the toxic responses induced by TCDD, it was not
included in the top 10 hub genes in this study. Some similar findings
showed that TCDD or Polychlorinated biphenyls (PCBs) could induce
immunotoxicity in vivo or in vitro through an AhR-independent
pathway (Yamaguchi et al., 1996; Park et al., 2003; Smithwick et al.,
2003; Harper et al., 1993; Dudley et al., 2001). After analyzing the PPI
between AhR and 10 hub genes, we found only TNF, SRC and PTGS2
could directly interact with AhR (Fig. S4). Whether TCDD interact with
cellular targets through AhR-dependent pathways has long been dis
cussed. One piece of evidence proposed several possible new binding
sites with high affinities for TCDD theoretically with a bioinformatics
approach (Olivero-Verbel et al., 2010). Having individually examined
the interactions among these new targets and 10 identified hub genes
with PPI analysis, we excitingly noted that MMP3, one of the reported
new sites, was found to have direct interactions with 8 hub genes (TNF,
SRC, FGF2, PTGS2, CDH2, BDNF, WNT5A, and RUNX2 (Fig. S5). Despite
the validation work and further studies are needed, we still could pose a
bold hypothesis that MMP3 may be a biomarker of TCDD-induced
immunotoxicity on macrophages.
Another interesting finding is that even at quite low doses (1 nM),
7
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Fig. 7. The mRNA expression levels of 10 hub genes and 6 genes of interest in THP-1 mϕs induced by TCDD. The values are expressed as the mean ± SD (n = 3).
Significance is based on the comparisons with DMSO as a control; *p < 0.05 and **p < 0.01.

results in both functional and nonfunctional end products, causing dis
ease progression, such as cancer (Sveen et al., 2016). Since plenty of the
immunologically relevant genes have been found to undergo alternative
splicing, there has been increasing support for the theory, that alterna
tive splicing might be considered as a general mechanism regulating the
transcript of various genes to achieve the function of complex immune
responses, e.g. interleukin production, regulation of T-cell activation
and function, etc (Lynch, 2004; Sahoo and Im, 2010). Thus, the sup
pression of AS in THP-1 mϕs is suspected to be another possible trigger
for TCDD-induced immunotoxicity.
In summary, this study investigated the broad consequences of acute
TCDD exposure at concentrations including environmentally relevant
doses on the immune functions of THP-1-derived macrophages,
including adherence, adhesion molecules, morphology, multiple cyto
kine/chemokine production and the expression of total mRNA in a highthroughput manner. The results showed that TCDD inhibited the
expression of the adhesion molecules ICAM-1, VCAM-1 and CD11b and
consequently suppressed the adhesion of THP-1 mϕs. Another closely
related fact is that TCDD altered the morphology of THP-1 mϕs by
reducing the number of pseudopodia and the expression of F-actin. Be
sides, TCDD disrupted the production of chemokines related to gran
ulocytes and T cells and promoted inflammation by upregulating TNF-α
and downregulating IL-10. To reveal the intricate mechanisms, we
performed RNA-seq and identified 694 1.5-fold DEGs and 23 KEGGenriched pathways. By associating the detected phenotypes with
DEGs, WGCNA screened ten pivotal candidates (TNF, SRC, FGF2,
PTGS2, CDH2, GNG11, BDNF, WNT5A, CXCR5 and RUNX2). Overall,
this study expands the knowledge concerning TCDD-induced immuno
toxicity in THP-1 macrophages and provides fresh insights into the po
tential mechanisms.

Fig. 8. The distribution of different alternative splicing types in THP-1 mϕs
induced by TCDD. Abbreviations: SE: skipped exon; RI: retained intron; A5SS:
alternative 5′ splice site; A3SS: alternative 3′ splice site; MXE: mutually
excluded exon.

TCDD induced a precipitous decrease in the number of alternative
splicing events, especially SE and MXE. Although much work on the
various toxicology induced by TCDD has been done, few studies
approach it from the perspective of alternative splicing caused by TCDD
exposure. Limited studies for alternative splicing just focused on several
chosen genes (Villaseñor-Altamirano et al., 2019; Tanguay et al., 2000).
Our study systematically examined the alteration of alternative splicing
of the whole transcriptome induced by TCDD for the first time. As one of
the main sources of proteomic diversity, alternative splicing facilitates
eukaryotic responses to external stimuli and stress (Nilsen and Graveley,
2010). The normal function of immune system demands a rapid adap
tion and accurate response to the complex and ever-changing environ
ment, which depend on the flexible mechanisms regulating the diversity
and function of genes. Disruption of the splicing process commonly
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for TCDD: a bioinformatics approach. Chemosphere 80 (10), 1160–1166.
Park, J.H., Hahn, E.J., Kong, J.H., Cho, H.J., Yoon, C.S., Cheong, S.W., Oh, G.S., Youn, H.
J., 2003. TCDD-induced apoptosis in EL-4 cells deficient of the aryl hydrocarbon
receptor and down-regulation of IGFBP-6 prevented the apoptotic cell death.
Toxicol. Lett. 145 (1), 55–68.
Park, S.J., Yoon, W.K., Son, H.Y., Cho, S.W., Jung, J.Y., Jeong, K.S., Kim, T.H., Kim, S.H.,
Ryu, S.Y., 2006. Effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin on leukocyte
function-associated antigen-1 mediated splenocyte adhesion. Anticancer Res. 26
(6B), 4575–4583.
Paul, N.E., Skazik, C., Harwardt, M., Bartneck, M., Denecke, B., Klee, D., Salber, J.,
Zwadlo-Klarwasser, G., 2008. Topographical control of human macrophages by a
regularly microstructured polyvinylidene fluoride surface. Biomaterials 29 (30),
4056–4064.
Pelclova, D., Navratil, T., Fenclova, Z., Vlckova, S., Kupka, K., Urban, P., Ridzon, P.,
Zikan, V., Landova, L., Syslova, K., Kuzma, M., Kacer, P., 2011. Increased oxidative/
nitrosative stress markers measured non- invasively in patients with high 2,3,7,8tetrachloro-dibenzo-p-dioxin plasma level. Neuroendocrinol. Lett. 32 (Suppl. 1),
71–76.
Peltier, M.R., Arita, Y., Klimova, N.G., Gurzenda, E.M., Koo, H.-C., Murthy, A., Lerner, V.,
Hanna, N., 2013. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) enhances placental
inflammation. J. Reprod. Immunol. 98 (1), 10–20.
Petrie, J.R., Guzik, T.J., Touyz, R.M., 2018. Diabetes, hypertension, and cardiovascular
disease: clinical insights and vascular mechanisms. Can. J. Cardiol. 34 (5), 575–584.
Pi, J., Li, T., Liu, J., Su, X., Wang, R., Yang, F., Bai, H., Jin, H., Cai, J., 2014. Detection of
lipopolysaccharide induced inflammatory responses in RAW264.7 macrophages
using atomic force microscope. Micron 65, 1–9.
Podechard, N., Lecureur, V., Ferrec, E.L., Guenon, I., Sparfel, L., Gilot, D., Gordon, J.R.,
Lagente, V., Fardel, O., 2008. Interleukin-8 induction by the environmental
contaminant benzo(a)pyrene is aryl hydrocarbon receptor-dependent and leads to
lung inflammation. Toxicol. Lett. 177 (2), 130–137.

10

