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β-1,4 Galactosyltransferase V (β-1,4-GalT V) belongs to the β-1,4 galactosyltransferase
family, which modifies proteins and plays a vital role in biological function. Our previous
study revealed that β-1,4-GalT V was expressed in the cortex and hippocampus and
participated in the recovery of spatial learning and memory in rats with traumatic brain
injury. However, the expression of β-1,4-GalT V in microglia, resident immune cells in the
central nervous system, and its impact on microglia in resting and lipopolysaccharide-
triggered activated stages are elusive. In this study, we clarified that β-1,4-GalT V
expresses in microglia, and it regulates microglial migration, proliferation, and release
of the inflammatory factors. We also observed that β-1,4-GalT V affects the expression
level of tumor necrosis factor receptor (TNFR)2 instead of TNFR1. These results strongly
support the fact that β-1,4-GalT V is involved in microglial function.

Keywords: β-1,4-Galactosyltransferase V, lipopolysaccharide, microglia, migration, proliferation, tumor necrosis
factor receptor, interleukin-1β

INTRODUCTION

Microglial cells, the resident and primary immune cells of the central nervous system (CNS), are
derived from the erythro-myeloid precursor cell that originates in the yolk sac during the early
stages of development (Ginhoux et al., 2010; Casali and Reed-Geaghan, 2021). In CNS, microglia
constitute approximately 5% of the total glial cell population in normal adult mice (Moehle and
West, 2015), and play specialized roles in maintaining homeostasis and development in CNS, as
well as in multiple neurological diseases, such as neurodegenerative diseases, neurological injury,
stroke, and multiple sclerosis (Chio et al., 2015; Greenhalgh et al., 2020) due to the immune-
specific functions (Jiang et al., 2021). In response to specific stimuli, such as injury, microglia
rapidly migrate to the location of the injury and undergo morphological and molecular changes
(Nimmerjahn et al., 2005; Aguzzi et al., 2013). The word “neuroinflammation” is specific to describe
the responses of microglia in the CNS (Aguzzi et al., 2013).

Normally, microglial cells reside in a resting state which has the characteristic feature of
a ramified morphology, and they play the role of immunological surveillance of the CNS

Frontiers in Cellular Neuroscience | www.frontiersin.org 1 September 2021 | Volume 15 | Article 723308

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2021.723308
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-6087-969X
https://orcid.org/0000-0003-0048-4554
https://doi.org/10.3389/fncel.2021.723308
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2021.723308&domain=pdf&date_stamp=2021-09-03
https://www.frontiersin.org/articles/10.3389/fncel.2021.723308/full
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-723308 August 28, 2021 Time: 12:17 # 2

Wang et al. Impact of β-1,4-Galactosyltransferase V on Microglial Function

(Hickey, 2001; Fan et al., 2018). Experiments in human
postmortem samples show markers of microglial activity in an
healthy brain, that is, in individuals lacking clinical neurological
symptoms (Rogers et al., 1988; DiPatre and Gelman, 1997; Streit
and Sparks, 1997), but the evidence of microglial activation
was noted as a consequence of lifestyle stress (Madore et al.,
2020). In neurological diseases, with diverse brain insults and
a variety of neuroinflammatory stimuli, microglial cells are
activated into a phagocytic state characterized by a motile
ameboid form (Fan et al., 2018), and they perform the
neuroinflammatory responses (Streit, 2002). Addressing the exact
role of neuroinflammation in these diseases is a challenge
that activated microglia to present two phenotypes, known
as M1 and M2, the first being proinflammatory and the
second being anti-inflammatory (Zhang et al., 2020). However,
proliferation is a common accompaniment to hyperactivation
(Gehrmann et al., 1995) and chronic activation of microglia
(Nowacki et al., 2019), and it makes the neuroinflammatory
process develop into neurotoxicity and pathogenic role for
the above-mentioned neurological diseases (Kreutzberg, 1996;
Nelson et al., 2002; Streit, 2004; Feng et al., 2019). The
proliferation of activated microglia has been found in patients
with Parkinson’s disease (PD) and animal models of PD (Neal
et al., 2020). Thus, therapeutic targeting of neuroinflammation,
that is microglial activation underlying neurological injury and
disease pathogenesis, represents an exciting approach for novel
neuroprotective strategies.

Glycosylation is an essential posttranslational modification,
which determines the function of proteins and plays a critical
role in important processes, such as inflammation, cellular
adhesion, and endocytosis (Kouno et al., 2011; Rebelo et al.,
2021). In general, glycan is biosynthesized in a stepwise manner
by glycosyltransferases, and the β-1,4-galactosyltransferases (β-
1,4-GalTs) family is composed of seven members (β-1,4-GalT
I to VII) in vivo (Hennet, 2002). β-1,4-GalT V, a single-chain
type II transmembrane protein, is mainly located in Golgi,
and it participates in the regulation of protein glycosylated
modification through the formation of the catalytic protein
Gal β1 to 4 galactosyltransferase N-acylsphingosine (GlcNAc)
chain (Shirane et al., 1999). Furthermore, β-1,4-GalT V has
been cloned with cDNA from the mouse brain in the
lab of Nakamura and was found to increase in postnatal
expression (Nakamura et al., 2001). In our previous study,
immunoblotting data confirmed that β-1,4-GalT V was expressed
in the cortex and hippocampal regions in normal adult rats,
and the increase of its expression improved the recovery of
spatial learning and memory in rats with traumatic brain
injury (TBI) (Zhang et al., 2012). Intriguingly, the expression
of galactosidase β-1,4-galactosyltransferase N-acylsphingosine
(Gal β-1,4-GlcNAc) group was found in microglia and the
neurons in the cortex and hippocampus (Zhang et al., 2012).
Since β-1,4-GalT V was included in the synthesis of the
Gal β-1,4-GlcNAc group, we will, in the current study,
verify the expression of β-1,4-GalT V in microglia and
provide experimental evidence for β-1,4-GalT V as one of
the dominant factors for microglial function in vitro and
in vivo.

MATERIALS AND METHODS

Constructions, Reagents, and Animals
β-1,4-galactosyltransferase V RNAi (TTCGGGACAACGTGA
GGACCA) and scrambled oligonucleotide (TTCTCCGAA
CGTGTCACGT) were inserted into the Age1/EcoR1 site of
the hU6-MCS-Ubiquitin-EGFP-IRES-puromycin plasmid.
β-1,4-GalT V cDNA and its scramble were inserted into
the BamH1/Age1 site of the Ubi-MCS-3FLAG-CBh-gcGFP-
IRES-puromycin plasmid. Lentivirus particles were packed
using HEK-293T cells and titer determination was by using
Jikai Gene Chemical Technology (Shanghai, China). The
following reagents were obtained commercially: rabbit anti-
β-1,4-GalT V (1:500 dilution for immunofluorescence and
immunoblotting; Santa Cruz, CA, United States), rabbit anti-
ionized calcium-binding adaptor molecule 1 (Iba1, 1:400 dilution
for immunofluorescence; Wako, Tokyo, Japan), rabbit anti-type
1 tumor necrosis factor receptors (TNFR1, 1:400 dilution for
immunofluorescence and 1:1,000 dilution for immunoblotting;
Proteintech, IL, United States), rabbit anti-type 2 TNFRs
(TNFR2, 1:400 dilution for immunofluorescence and 1:1,000
dilution for immunoblotting; Proteintech), mouse anti-arginase1
(Arg1, 1:1,000 dilution for immunoblotting; Proteintech), mouse
anti-β-actin (1:2,000 dilution for immunoblotting; Sigma-
Aldrich, Darmstadt, Germany), and Hoechst [(1:4,000 dilution
for immunofluorescence and 5-ethynyl-2′-deoxyuridine (EdU)]
staining (Sigma-Aldrich). Male Sprague–Dawley rats (8 weeks,
200–250 g) were obtained from the Experimental Animal Center
of Nantong University (Nantong, China). Housing and breeding
of animals were done in accordance with the Guidelines of China
for the Care and Use of Laboratory Animals in conditions of a
constant temperature and relative humidity.

Cell Culture and Screening
Highly aggressive proliferating immortalized (HAPI) microglia
cells were cultured in Roswell Park Memorial Institute (RPMI)
1640 medium (Thermo Fisher Scientific, Waltham, MA,
United States) containing 10% fetal bovine serum (FBS, Thermo
Fisher Scientific) and 1% antibiotic penicillin/streptomycin in
a humidified 5% CO2/95% air incubator at 37◦C. Cells were
seeded in culture plates at the density of 1 × 105 cells/cm2 in
RPMI medium containing 10% FBS. After 12 h, the medium
was replaced by RPMI medium and the designed EGFP-
tagged lentivirus particles volume were added to cells according
to the formula (lentivirus particles volume = multiplicity of
infection × cell number/virus titer). At 72 h after transfection,
the cells were subjected to selection at a final concentration of
1 mg/ml of puromycin in RPMI medium containing 10% FBS
for 1 week. The rates of EGFP positive cells in the obtained cells
were above 95% (Supplementary Figure 2), and the cells were
amplified and cultured for subsequent experiments.

ELISA Assay
After centrifugation at 12,000 RPM for 15 min, supernatants
from the medium from cultured HAPI microglial cells or the
cerebral cortex tissue lysate by RIPA lysis buffer (Absin Bioscience
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Inc., Shanghai, China) were collected, and interleukin-1β (IL-
1β) and tumor necrosis factor-α (TNF-α) were assessed by
ELISA sets (BD Biosciences, R&D Systems, Minneapolis, MN,
United States) following the protocol of the manufacturer.
The absorbance was detected at 450 nm with a 96-well
microplate reader (Synergy2, Bio-TEK Instruments Inc., VT,
United States). Data were normalized to the sham cultures and
the lipopolysaccharide (LPS) treatment for HAPI microglia cells
and cerebral cortex, respectively.

TranswellTM Migration Assay
Highly aggressive proliferating immortalized microglia cells were
collected and resuspended in RPMI medium to prepare a
single-cell suspension at a concentration of 1 × 105 cells/ml.
The cell suspension (100 µl/well) was seeded on the upper
side of a TranswellTM permeable supports with 8.0 µm pore
polycarbonate membrane inserts (Costar, United States), which
were placed in 24-well plates, and 500 µl of cell culture medium
containing 10% FBS was added to the lower chamber of the
culture wells. After 24 h of incubation at 37◦C with 5% CO2,
TranswellTM inserts were removed carefully. The medium in
the inserts was aspirated and the cells remaining on the upper
surface of the inserts were gently wiped off by a cotton swab.
TranswellTM inserts were then fixed with 4% paraformaldehyde
for 30 min at room temperature, and the cells that migrated to the
lower surface were stained with 0.1% crystal violet, imaged, and
counted using a DMR inverted microscope (Leica Microsystems,
Bensheim, Germany). The migration index was quantified by a
number of cells/the sham.

Scratch Assay
Highly aggressive proliferating immortalized microglia cells
were grown on the confluent monolayers in 6-well plates
and were wounded using 200 µl pipette tips. After that, the
scratched cells were washed with PBS and replaced with a
2 ml RPMI medium. For LPS treatment, the RPMI medium
contained 1 µg/ml LPS. Images were taken immediately and
24 h after the cells were scratched. The migration index was
quantified by the remaining gap/the initial scratched gap with
ImageJ software.

EdU Staining
Highly aggressive proliferating immortalized microglia cells were
cultured in the 96-well plates, and proliferation was detected by
Cell-Light EdU DNA cell proliferation kit (RiboBio, Guangzhou,
China) according to the instructions of the manufacturer.
Briefly, cells were incubated with a culture medium containing
50 µM EdU for 2 h, followed by fixation in 4% formaldehyde
for 30 min. Then, they were decolorized and incubated with
2 mg/ml glycine for 5 min and permeabilizated with 0.5%
Triton X-100 for 10 min. After extensive washing with PBS,
the cells were incubated with Apollo for 30 min and then
treated with Hoechst for 30 min. Images were acquired with
DMR inverted microscope (Leica Microsystems). Proliferation
index = (number of EdU-positive cells/number of total
cells)× 100%.

Cell Counting Kit-8 Test
Highly aggressive proliferating immortalized microglia cells were
cultured in a 96-well plate, and proliferation was assessed by
cell counting kit (CCK-8 kit, Dojindo Molecular Technologies,
Kumamoto, Japan) according to the instructions of the
manufacturer. Cells were incubated in a humidified atmosphere
with 5% CO2 at 37◦C for 2 h followed by the addition of CCK-8
solution. The absorbance was detected at 450 nm with a 96-well
microplate reader as an ELISA assay. The proliferation index was
quantified by normalization to the sham.

Immunofluorescence
Highly aggressive proliferating immortalized microglia cells
grown on coverslips were fixed with 4% paraformaldehyde (in
PBS) for 30 min at room temperature. Following the wash,
cells were incubated with primary antibodies in PBS overnight
at 4◦C, washed with PBS, incubated with the Cy3-conjugated
anti-rabbit or mouse secondary antibodies for 2 h at room
temperature. Then they were counterstained with Hoechst for
30 min, and the images were acquired with DMR inverted
microscope (Leica Microsystems).

Immunoblotting
Equal amounts of protein were detected with a bicinchoninic
acid assay kit (Beyotime, Jiangsu, China) and were separated by
10% Bis-Tris-polyacrylamide electrophoresis gel. After that, the
proteins were transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore Corp., Bedford, MA, United States),
which were blocked with 5% skim milk powder and incubated
with primary antibodies overnight at 4◦C. The membrane was
then incubated with horseradish peroxidase-linked anti-rabbit
or mouse IgG (1:1,000; Santa Cruz, CA, United States) for 2 h
at room temperature, and Beyo ECL Star (Beyotime, Jiangsu,
China) wase used as the detection system. Data were normalized
to β-actin unless it was indicated in the figure legends.

RNA Extraction and
Reverse-Transcription Polymerase Chain
Reactions (RT-PCRs)
Total RNA was isolated from the cerebral cortex by RNA-
quick purification kit (ES Science, Beijing, China) following the
instructions of the manufacturer, and the first-strand cDNA was
synthesized using a reverse transcription kit (Thermo Fisher
Scientific, Waltham, Massachusetts, United States) via an oligo
(dT18). We measured the expression levels of the genes by
quantitative RT-PCRs (qRT-PCRs) using Light Cycler 96 and
SYBR Green PCR Master Mix (Roche, Auckland, New Zealand),
according to the instructions of the manufacturer. Rat gene-
specific primers were obtained from Thermo Fisher Scientific
(Table 1). The expression level of β-actin was used as internal
control, and assays were carried out in three trials independently.

Surgery
Male Sprague–Dawley rats (8 weeks, 200–250 g) were
anesthetized by intraperitoneal injection of a combination
of anesthetics (0.2–0.3 ml/100 g). A bilateral craniotomy was
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TABLE 1 | Primers for real-time reverse-transcription polymerase chain
reactions (qRT-PCRs).

Gene Primer sequence

rat β-1,4-GalT V sense CCCAACCACAACATTTCTTCCTG

rat β-1,4-GalT V antisense CCAGTGTCCTCCAAGCCTGAT

rat TNF-α sense TGCCTCAGCCTCTTCTCATTCC

rat TNF-α antisense GGGCAGCCTTGTCCCTTGAA

rat IL-1β sense GACTTGGGCTGTCCAGATGAGA

rat IL-1β antisense GGAGAATACCACCACTTGTTGGCTTA

rat Arg1 sense TGGACCCTGGGGAACACTAT

rat Arg1 antisense GTAGCCGGGGTGAATACTGG

rat β-actin sense CAGTTCGCCATGGATGACGATATC

rat β-actin antisense CACGCTCGGTCAGGATCTTCATG

performed above the cerebral cortex. One microliter lentivirus
was injected into the cerebral cortex (AP:3 mm, ML:3 mm,
DV:3 mm) with a 5 µl gas-tight syringe at a speed of 200 nl/min.
LPS (0.5 mg/kg) was intraperitoneally injected at the third day
after intracerebral injection of lentivirus. The whole surgery
protocol was approved by the Ethics Committee of Nantong
University (No. 20180307-004), and all the procedures were
followed according to the Guidelines of China for the Care and
Use of Laboratory Animals.

Statistical Analysis
Graphpad Prism 5 was used for statistical analysis. To evaluate
differences among more than two groups, data were analyzed
using one-way ANOVA for the normality and equal variance
test. Student–Newman–Keuls test was used for post hoc analysis
to identify significantly different groups, and p < 0.05 was
considered significant. All results were produced from three
independent experiments.

RESULTS

Involvement of β-1,4-GalT V in Release of
IL-1β Stimulated by LPS
β-1,4-galactosyltransferase V was observed in HAPI microglial
cell (Figure 1A), which is a novel brain-derived microglial
cell line (Cheepsunthorn et al., 2001), and expression of β-
1,4-GalT V was confirmed by immunofluorescence staining
in primary cultured microglia cells, which were verified
by location of Iba1 (Supplementary Figure 1). To test
whether β-1,4-GalT V is involved in neuroinflammation, we
constructed the enhanced green fluorescent protein (EGFP)
tagged β-1,4-GalT V RNAi lentivirus vector and β-1,4-GalT V
overexpression lentivirus vector. The rates of EGFP positive
cells in the study were above 95% and showed consistency
among the designated EGFP-tag constructions (Supplementary
Figures 2A,B). However, β-1,4-GalT V RNAi construction (but
not a scrambled sequence) effectively knocked down endogenous
β-1,4-GalT V (Supplementary Figures 2C,D), and an expression
vector carrying wild type β-1, 4-GalT V gene (but not a scrambled

sequence) overexpressed β-1,4-GalT V protein (Supplementary
Figures 2E,F).

Lipopolysaccharide, a polysaccharide endotoxin from
gram-negative bacteria, is known as a gold trigger for
neuroinflammation because of its ability to bind to Toll-
like receptor 4 (TLR4) in microglia (Lehnardt et al., 2003;
Hanisch and Kettenmann, 2007; Catorce and Gevorkian, 2016).
In the current study, we detected the release of IL-1β following
treatment with 1 µg/ml LPS for 12 h. The results showed that
LPS-induced secretion levels of IL-1β from HAPI microglia cells
were significantly increased compared with that in the non-
treated sham group (Figure 1B). β-1,4-GalT V RNAi blocked the
effect of LPS on the expression level of IL-1β, but the scrambled
sequence could not (Figure 1B). Furthermore, overexpression
of β-1,4-GalT V intensified the release level of IL-1β notably
compared with the LPS-treated sham group (Figure 1B).
However, neither β-1,4-GalT V RNAi nor overexpression of
β-1,4-GalT V could change the basic release of IL-1β from HAPI
microglia cells (Figure 1B). These results indicated that β-1,4-
GalT V is involved in the release of IL-1β, a proinflammatory
molecule, from activated microglia.

Facilitative Effect of β-1,4-GalT V on
Microglia Motility
The increase of microglia motility by stimulation with IL-1β

(Ferreira et al., 2012) prompted us to investigate the effect
of β-1,4-GalT V on microglia motility. We first performed
TranswellTM migration assays for 24 h. Migration of β-
1,4-GalT V RNAi HAPI microglial cells toward the lower
compartment was significantly decreased compared with the
scrambled sequence, but overexpression of β-1,4-GalT V
promoted migration of HAPI microglia cells greatly (Figure 2).
The data suggested that β-1,4-GalT V influences the motility of
resting HAPI microglial cell. We also tested whether β-1,4-GalT
V has an effect on the migration of LPS-activated HAPI microglial
cells. LPS was added after 12 h to the medium in the lower
chamber at the final concentration of 1 µg/ml, migration into
the lower surface of TranswellTM was documented. The results
revealed that LPS stimulated the migration of HAPI microglial
cells significantly compared with the non-treated sham, and β-
1,4-GalT V RNAi restored the migration to the level of resting
HAPI microglia cell (Figure 2). Furthermore, overexpression
of β-1,4-GalT V promoted the migration of LPS-activated cells
significantly (Figure 2). As an independent measure of HAPI
microglia cells motility and to investigate the effect of β-1,4-
GalT V on the migration of long-term stimulation of LPS, we
performed scratch assays for 24 h for LPS treatment. Similar to
TranswellTM migration assays, β-1,4-GalT V caused a change of
migration in the resting and the LPS-activated HAPI microglial
cells (Figure 3). The data suggested that β-1,4-GalT V regulates
microglial motility.

Reduction of β-1,4-GalT V in Microglia
Proliferation
While cell proliferation and migration contribute to the increased
number of resident microglia, we tested whether β-1,4-GalT V
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FIGURE 1 | Enhancement of β-1,4-galactosyltransferase V (β-1, 4-GalT V) on the release of IL-1β evoked by LPS. β-1, 4-GalT V expressed in HAPI cells (A); scale
bar, 50 µm. (B) Quantification of IL-1β level in supernatants from HAPI cells with designated constructions as indicated were treated with LPS (1 µg/ml, 12 h).
Groups significantly different from non-treated sham group, LPS-treated sham group were marked by asterisks, hashtag, respectively. Data are normalized to the
non-treated Sham group, and presented as mean ± SD; n = 3; ***p < 0.001, #p < 0.05.

had effects on the proliferation of HAPI microglial cells. The
common method to measure cell proliferation is by directly
measuring new DNA synthesis, which was detected by EdU
staining. β-1,4-GalT V RNAi augmented the proliferation index
of HAPI microglial cells, but the scrambled sequence could
not (Figures 4A,B). However, overexpression of β-1,4-GalT V
lowered the proliferation index by EdU staining when opposed
to the scrambled sequence (Figures 4A,B). The data indicated
that proliferation can be altered by the expression of β-1,4-GalT
V in resting HAPI microglial cells. Furthermore, LPS stimulation
caused an increase in proliferation, which can be inhibited by
the overexpression of β-1,4-GalT V and enhanced by β-1,4-
GalT V knockdown (Figures 4A,B). Therefore, β-1,4-GalT V
impacts the proliferation of the resting and the LPS-activated
HAPI microglial cells. Similar to EdU staining, data from the
CCK-8 test confirmed that β-1,4-GalT V caused a significant
change of proliferation in the resting and the LPS-activated HAPI
microglial cells (Figure 4C).

Inhibition of β-1,4-GalT V on TNFR2
Expression
Microglia cells express both TNFR1 and TNFR2, and TNFRs
exert diverse biological functions in a context-dependent manner
by distinct signaling (Dopp et al., 1997; Pan et al., 2002).
However, the effect of β-1,4-GalT V on the expression of TNFRs
in microglia has not been excluded. In this study, we verified
that microglia express both TNFR1 and TNFR2 (Figures 5A,B)
and tested whether β-1,4-GalT V altered the expression of
TNFRs in the resting and the LPS-activated HAPI microglial

cells. Our data showed that β-1,4-GalT V RNAi increased the
expression of TNFR2, whereas overexpression of β-1,4-GalT V
decreased TNFR2 expression (Figures 5C,E,F,H). In contrast,
TNFR1 expression could not be modified by the overexpression
of β-1,4-GalT V RNAi or β-1,4-GalT V in resting microglia
cells (Figures 5C,D,F,G). To test the effect of β-1,4-GalT V
on LPS-activated HAPI microglial cells, we first observed the
effect of LPS on the expression of both types of TNFRs. The
data showed that LPS stimulation leads to the augmentation
of TNFR1 and TNFR2 expression (Figures 5C–H). However,
only the TNFR2 type can be modified by β-1,4-GalT V in
LPS-activated HAPI microglial cells (Figures 5C,E,F,H). That
is, overexpression of β-1,4-GalT V can block the augmentation
of TNFR2 expression induced by LPS, which can be enhanced
by β-1,4-GalT V RNAi (Figures 5C,E,F,H). Therefore, β-1,4-
GalT V can modify the expression of TNFR2 in LPS-activated
microglia through LPS stimulation, which can increase in both
types of TNFRs expression. Taken together, β-1,4-GalT V can
suppress the expression of TNFR2 specifically in the resting and
the LPS-activated HAPI microglial cells.

Participation of β-1,4-GalT V in
LPS-Induced Inflammation in vivo
Since β-1,4-GalT V participated in LPS-induced inflammation
in vitro, we examined whether β-1,4-GalT V influences the
proinflammatory and anti-inflammatory factors in the rat model
of systemic inflammation, which was induced by intraperitoneal
injection of LPS on the third days after intracerebral injection
of the designed EGFP-tagged lentivirus particles. The cerebral
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FIGURE 2 | Promotion of β-1, 4-GalT V on cell migration. HAPI cells with designated constructions as indicated were treated with LPS (1 µg/ml, 12 h).
(A) Representative images for migrated cells were labeled by crystal violet (blue); scale bar, 100 µm. (B) Quantification of migrated cells [migration index
(Transwell) = migrated cells/migrated cells in non-treated sham group]. Groups significantly different from non-treated Sham group, LPS-treated Sham group were
marked by asterisks, hashtags, respectively. Graphs show mean ± SD; n = 3; **p < 0.01, ***p < 0.001, ###p < 0.001.

cortex tissues were taken from the location of intracerebral
injection at 6 h after LPS intraperitoneal injection. We first
observed the level of β-1,4-GalT V in the cerebral cortex by RT-
PCR. The results showed that LPS systemic administration lead
to an increase of β-1,4-GalT V, which was altered by injection
with β-1,4-GalT V RNAi or β-1,4-GalT V overexpression
lentivirus particles in the local cerebral cortex (Figure 6A). Once
LPS, a neuroinflammatory stimulus, is recognized, microglia
were transferred to the activated state, which is classified as
classically activated microglia (M1 phenotype) or activated
microglia (M2 phenotype). M1 phenotype characterized by
the expression of proinflammatory molecules, such as IL-1β,
TNF-α, and the expression of Arg 1, which is preferentially
synthesized in microglia and does not change TNF expression, is
a suitable anti-inflammatory marker for M2 phenotype (Franco
and Fernandez-Suarez, 2015; Gabanyi et al., 2016; Zha et al.,
2021). Therefore, the expression of IL-1β, TNF-α, and Arg 1
was tested in the same local cerebral cortex. Our data showed
that the promotion of IL-β and TNF-α expression by LPS
systemic administration was inhibited by β-1,4-GalT V RNAi
lentivirus and strengthened by β-1,4-GalT V overexpression
lentivirus (Figures 6B,C for IL-β; Figures 6D,E for TNF-α).
On the contrary, LPS intraperitoneal injection resulted in

the decrease of Arg1 expression, which was blocked by β-
1,4-GalT V RNAi lentivirus (Figures 6F–H). Furthermore, β-
1,4-GalT V overexpression lentivirus aggravated the decrease
of Arg1 expression by LPS administration intraperitoneally
(Figures 6F–H). Taken together, these results suggested that β-
1,4-GalT V regulates the expression of proinflammatory and
anti-inflammatory molecules evoked by LPS in vivo.

DISCUSSION

Although β-1,4-GalT V has been expressed in the cortex
and hippocampus and implicated in neuroprotection in TBI
(Nakamura et al., 2001; Zhang et al., 2012), its expression and
role in microglia have remained elusive. In this study, we verified
that β-1,4-GalT V was expressed in microglial cells, and it had
effects on microglia migration and proliferation in the resting
stage and activated stage triggered by LPS. In addition, β-1,4-
GalT V knockdown restored the proinflammatory and anti-
inflammatory cytokines responses of microglia by LPS in vitro
and in vivo.

β-1,4-galactosyltransferases is an essential class of
glycosyltransferases, which executes glycosylation of proteins by
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FIGURE 3 | Acceleration of β-1, 4-GalT V on wound healing. HAPI cells with designated constructions as indicated were treated with LPS (1 µg/ml, 24 h).
(A) Representative images for wound recovery; scale bar, 100 µm. (B) Quantification of wounded area [migration index (scratch) = wounded size after 24 h/initial
wound area)]. Groups significantly different from the non-treated sham group were marked by asterisks. Graphs show mean ± SD; n = 3; *p < 0.05.

transferring the galactosidic groups from UDP-galactoside
to N-acetylglucosamine to form galactosidase β-1,4-
galactosyltransferase N-acylsphingosine (Gal β-1,4-GlcNAc)
group (Wakselman et al., 2008). Our previous work showed that
the Gal β-1,4-GlcNAc group was expressed in microglia, and
β-1,4-GalT V, a member of β-1,4-GalTs, was expressed in the
cortex and hippocampus (Zhang et al., 2012). However, no direct
evidence proved that β-1,4-GalT V is expressed in microglia.
By immunofluorescence staining, expression of β-1,4-GalT V
was detected in HAPI microglial cells (Figure 1A), a novel
brain-derived microglial cell line (Cheepsunthorn et al., 2001).
Furthermore, β-1,4-GalT V was confirmed to be expressed in
primary cultured microglia, which was identified by ionized
calcium-binding adaptor molecule 1 (Iba1) (Ito et al., 1998), a
characteristic protein restricted to microglia (Supplementary
Figure 1). Thus, β-1,4-GalT V was expressed in microglia.

Microglia, immune-competent cells of the CNS, normally
exist in a resting state and convert to an activated phenotype

in response to a variety of neuroinflammatory stimuli, such as
LPS, a polysaccharide endotoxin from gram-negative bacteria
(Davis et al., 2017; Fan et al., 2018). To investigate the association
between β-1,4-GalT V and microglial function, we constructed
the screened HAPI microglial cells, in which β-1,4-GalT V was
knocked down or overexpressed (Supplementary Figure 2) to
test the impact of β-1,4-GalT V on microglial function in resting
state and activated state, where activation was done by LPS.

Under physiological conditions, microglia are characterized
by a ramified morphology, and β-1,4-GalT V did not affect
the concentration of IL-1β in supernatants from HAPI
microglia cells, though it modulates migration and proliferation
(Figures 1B, 2–4). The results may indicate that the impact
of β-1,4-GalT V on the microglial motility process is IL-
1β independent in the resting state. However, microglia
present a highly plastic phenotype (Davis et al., 2017). Once a
neuroinflammatory stimulus is recognized, microglia are rapidly
transferred to the activated state, which can be classified as
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FIGURE 4 | Inhibition of β-1, 4-GalT V on cell proliferation. HAPI cells with designated constructions were treated with LPS (1 µg/ml, 12 h), as indicated. Proliferation
of HAPA cells was detected by EdU assay (A,B) and CCK-8 test (C). (A) Representative images for DNA replicating cells by red fluorescence in nucleus; scale bar,
100 µm. (B) Quantification of DNA replicating cells [proliferation index (EdU) = DNA replicating cells/Hoechst positive cells × 100%]. (C) Quantification of cell
proliferation by CCK-8 test [proliferation index (CCK-8) = absorbance/absorbance in non-treated sham group]. Groups significantly different from non-treated sham
group, LPS-treated sham group were marked by asterisks, hashtags respectively. Graphs show mean ± SD; n = 3; *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05,
##p < 0.01, ###p < 0.001.

classically activated microglia (M1 phenotype), or activated
microglia (M2 phenotype). Activated microglia (M1) is
characterized by the expression of proinflammatory molecules,

such as IL-1β and TNF-α. In general, M1 microglia predominate
at the site of injury and lead to progressive nerve cell damage
and dysfunction (Glass et al., 2010; Ferreira et al., 2014). LPS,
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FIGURE 5 | Inhibition of β-1, 4-GalT V on the expression of TNFR2 in HAPI
cells. Representative images for expression of TNFR1 (A) and TNFR2 (B) by
immunostaining in HAPI cells; scale bar, 50 µm. HAPI cells with constructions
were treated with LPS (1 µg/ml, 12 h) as indicated (C–H). (C,F)
Representative blots of TNFR1 and TNFR2. (D,G) Quantification of TNFR1 for
panels (C,F), respectively. (E,H) Quantification of TNFR2 for panels (C,F),
respectively. Groups significantly different from the non-treated sham group,
LPS-treated sham group were marked by asterisks, hashtag respectively. No
adjustments were made for multiple comparisons. Graphs show mean ± SD;
n = 3; *p < 0.05, **p < 0.01, #p < 0.05.

a polysaccharide endotoxin from gram-negative bacteria, is a
potent inducer of the M1 microglia phenotype, characterized
by the expression of proinflammatory molecules, such as IL-1β,
TNF-α, and microglial migration and proliferation (Cohen, 2002;
Rivest, 2003; Ferreira et al., 2012; Kobayashi et al., 2013). By these
features, our data verified that LPS treatment triggers the M1
microglia phenotype (Figures 1–4, 6B–E) in HAPI microglial
cells. Hence, LPS treatment in HAPI cells was considered as an
effective protocol to test interventions for neuroinflammation.

Intriguingly, LPS evoked the increase in expression of β-
1,4-GalT V, which was blocked by β-1,4-GalT V knockdown
(Figure 6A). In addition, the increase of IL-1β in supernatants
from HAPI microglial cells, which were induced with LPS, was
eliminated by β-1,4-GalT V knockdown (Figure 1B). Similarly,
β-1,4-GalT V knockdown lowered the increase of IL-1β in vivo
(Figures 6B,C). Furthermore, β-1,4-GalT V knockdown cut
down migration index, which was evoked by LPS (Figures 2, 3)
owing to the increase of microglia motility by stimulation with
IL-1β (Ferreira et al., 2012). However, a previous study reported
the downregulation of β-1,4-GalT V, which leads to a significant
increase in the proliferation of the glioma cell line SHG44
(Griciuc et al., 2013). Identical to the previous literature, we found
that interfering β-1,4-GalT V promoted the proliferation of HAPI
microglia cells identified by EdU and CCK-8 (Figure 4).

A pleiotropic cytokine, TNF-α, mediates many
pathophysiological processes and exerts diverse biological
functions in a context-dependent manner, in part, due to
the presence of two distinct TNF-specific plasma membrane-
localized receptors, TNFR1(CD120 a) and TNFR2(CD120b)
(Wallach et al., 1999; Pan et al., 2002). Microglia, a primary source
of TNF-α at CNS inflammatory sites, express both TNFR1 and
TNFR2, but the signals of microglia proliferation are conducted
through TNFR2 specifically (Dopp et al., 1997). We now
demonstrated that HAPI microglia cells expressed both TNFR1
and TNFR2 (Figures 5A,B,C,F), and LPS augmented their
expression (Figures 5C–H). However, β-1,4-GalT V performed
regulation effect exclusively on TNFR2 (Figures 5E,H), though
it influenced the expression of TNF-α in vivo (Figures 6D,E).
TNFR2 canonical nuclear factor-kappa B (NF-κB) signaling
may directly interpose the pathogenic proliferative response to
TNF-α (Bruggeman et al., 2011). In addition, TNF-α targets the
synthesis of lactosylceramide (Chatterjee et al., 2021), which
is encoded by the β-1,4-GalT V gene (Yoshihara et al., 2018)
and modulates the activation of microglia (Mayo et al., 2014).
Thus, future analyses of TNF-α-β-1,4-GalT V-lactosylceramide
signal-transduction cascade and TNF-α-NF-κB-TNFR2 axis
in microglia will facilitate a complete understanding of its
differential regulation effects on TNFR1 and TNFR2 in LPS-
induced activated microglia. Therefore, our data support
the involvement of β-1,4-GalT V in proinflammatory M1
microglia by TNF-α and IL-β thereby making an effect on
LPS-induced neuroinflammation. Indeed, the anti-inflammatory
M2 phenotype may prove to be an important therapeutic
strategy for LPS-induced neuroinflammation. In this study,
we also identified that LPS reduced the expression of Arg1,
a marker for M2 microglia (Kraus et al., 2021), in vivo,
and β-1,4-GalT V knockdown rescued the decrease of Arg1
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FIGURE 6 | Modulation of β-1, 4-GalT V on inflammatory factors in vivo. SD rats wereinjected intracortical with designated lentivirus particles as indicated following
intraperitoneal injection of LPS (0.5 mg/kg, 6 h) for the inflammation model. Quantification of β-1,4-GalT V (A), IL-1β (B), TNF-α (D), Arg1 (F) expression in the
cerebral cortex tissue by RT-PCR. (C,E) Quantification of IL-1β and TNF-α expression, respectively by ELSA. (G) Representative blots of Arg1. (H) Quantification of
Arg1 in panel (G). Groups significantly different from non-treated sham group, LPS-treated sham group were marked by asterisks, hashtags respectively. Data are
expressed as mean ± SD; n = 3; *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05, ##p < 0.01, ###p < 0.001.

expression induced by LPS (Figures 6F–H). Taken together,
our data indicated that β-1,4-GalT V knockdown restored the
secreting proinflammatory and anti-inflammatory cytokines

by LPS, as well as the LPS-triggered microglia migration. In
microglia proliferation, the reverse applies as a result of microglia
proliferation signal via TNFR2 specifically. Further studies are
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required to determine the β-1,4-GalT V signal-transduction
cascade in the LPS-mediated microglial responses.

In sum, β-1,4-GalT V exists in microglia and has an
impact on microglia function, such as migration, proliferation,
and release of inflammatory mediators. Combined with
our previous work, β-1,4-GalT V represents a promising
therapeutic strategy against TBI and other neuroinflammation-
mediated diseases.
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