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HSV-1 immune escapes in microglia 
by down-regulating GM130 to inhibit 
TLR3-mediated innate immune responses
Jia Liu1,2†, Xiqian Chen1,2†, Junxian Liu1,2, Hainan Zhang1,2 and Wei Lu1,2* 

Abstract 

Background To investigate the mechanism of Golgi matrix protein 130(GM130) regulating the antiviral immune 
response of TLR3 after herpes simplex virus type 1(HSV-1) infection of microglia cells. We explored the regulatory 
effects of berberine on the immune response mediated by GM130 and TLR3.

Methods An in vitro model of HSV-1 infection was established by infecting BV2 cells with HSV-1.

Results Compared to the uninfected group, the Golgi apparatus (GA) fragmentation and GM130 decreased 
after HSV-1 infection; TLR3 increased at 6 h and began to decrease at 12 h after HSV-1 infection; the secretion 
of interferon-beta(IFN-β), tumour necrosis factor alpha(TNF-α), and interleukin-6(IL-6) increased after infection. 
Knockdown of GM130 aggravated fragmentation of the GA and caused TLR3 to further decrease, and the virus 
titer also increased significantly. GM130 knockdown inhibits the increase in TLR3 and inflammatory factors induced 
by TLR3 agonists and increases the viral titer. Overexpression of GM130 alleviated fragmentation of the GA induced 
by HSV-1, partially restored the levels of TLR3, and reduced viral titers. GM130 overexpression reversed the reduction 
in TLR3 and inflammatory cytokine levels induced by TLR3 inhibitors. Therefore, the decrease in GM130 levels caused 
by HSV-1 infection leads to increased viral replication by inhibiting TLR3-mediated innate immunity. Berberine can 
protect the GA and reverse the downregulation of GM130, as well as the downregulation of TLR3 and its downstream 
factors after HSV-1 infection, reducing the virus titer.

Conclusions In microglia, one mechanism of HSV-1 immune escape is disruption of the GM130/TLR3 pathway. 
Berberine protects the GA and enhances TLR3-mediated antiviral immune responses.

Keywords Herpes simplex virus type 1 (HSV-1), Toll-like receptor 3, Microglia, Innate immune response, Golgi matrix 
protein 130

Background
Herpes simplex encephalitis (HSE) is the most common 
form of encephalitis worldwide. Herpes simplex virus 
type 1 (HSV-1) causes HSE in > 90% of adult patients 
with HSE [1]. The global incidence of HSE is 1.57 cases 
per 100,000 individuals per year. With the use of antiviral 
drugs, such as acyclovir (ACV), the mortality rate of 
HSE has decreased to < 20%, but 58% of survivors remain 
with varying degrees of neurological sequelae, which 
impose a heavy economic and psychological burden on 
patients and their families and seriously endanger human 
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health [2, 3]. In addition, recurrence and exacerbation 
of neurological dysfunction occurred in about 526% 
of patients [4]. The pathogenesis of HSE has remained 
unclear for decades, but numerous studies have shown 
that the innate immune response plays a key role in the 
early stages of antiviral infection [5, 6].

The innate immune response is the primary line of 
defense against external pathogens. Toll-like receptors 
(TLRs) are pattern recognition receptors located in 
innate immune cells that are key players in early defense 
against viral infections by activating a range of innate 
immune signaling pathways [7]. Microglia are resident 
innate immune cells in the central nervous system 
(CNS) and are essential to maintain homeostasis in the 
internal environment of the CNS [8]. Microglia-deficient 
mice showed reduced secretion of antiviral cytokines 
and increased viral replication during the early stages of 
HSV-1 infection [9]. TLR3 is a key protein for microglia 
to recognize the HSV-1 and produce the antiviral 
cytokine IFN-α, tumor necrosis factor-α (TNF-α), and 
interleukin-6 (IL-6) [7, 10–15]. In patients with HSE 
and mouse models, the lack of TLR3 or its downstream 
signaling pathway molecules results in defective 
production of TLR3-dependent antiviral IFNs, leading to 
increased host susceptibility to HSE [16–18].

Emerging studies have shown that the Golgi apparatus 
(GA) can serve as an intracellular signaling platform 
to promote various innate immune pathways, such as 
TLR and cGAS-STING signaling [19]. Golgi matrix 
protein 130 (GM130), which is localized in cis-GA, was 
once thought to be a structural protein; however, it has 
now been found to have biological functions, such as 
maintaining the normal structure of GA, regulating 
protein glycosylation, and maintaining vesicular transport 
[20]. The normal immune function of TLR3 cannot 
be separated from the post-translational glycosylation 
modification of TLR3 by GA [21]. Deglycosylated TLR3 
proteins are less stable, easily decomposed, and present at 
low levels in vivo [22]. Therefore, exploring the effects of 
changes in GM130 levels on TLR3 after HSV-1 infection 
in microglia may reveal new therapeutic targets for the 
treatment of HSE.

Berberine (BBR) is an isoquinoline alkaloid extracted 
from Berberis vulgaris and other Berberis species. It 
has pharmacological effects, such as anti-infective, 
anti-arrhythmic, blood lipid and glucose regulation, 
and anti-tumor [23–26]. In recent years, studies on the 
regulation of the immune system by BBR have gradually 
attracted the interest of scholars [27, 28]. Emerging 
evidence suggests that BBR regulates inflammatory 
signaling pathways and their downstream molecules 
in immune cells [28]. BBR has an inhibitory effect on a 
variety of viruses, including influenza, hepatitis C, and 

cytomegalovirus [29]. Based on the immunomodulatory 
and antiviral functions of BBR, we speculated that BBR 
could be an effective drug for the treatment of HSE 
by modulating the TLR3-mediated antiviral immune 
response or directly inhibiting the activity of HSV-1.

In conclusion, this study explored the relationship 
between GM130 and TLR3-mediated innate immune 
responses in microglia after HSV-1 infection and 
explored whether BBR could modulate innate immune 
responses to suppress HSV-1.

Methods
Cells and cell cultures
BV2 cells (Procell-CL-0493) derived from C57BL/6 mice 
have been widely used to study neurological infections 
and neuroinflammation. Furthermore, HSV-1 was 
amplified from African green monkey kidney cells in vero 
cells (ATCC-CRL-1586). Both cells were cultured in high 
glucose medium (DMEM) (10% premium fetal bovine 
serum, 1% double antibody) in a humid incubator with 
5%  CO2 at 37 °C.

Microglia infection and reagents
The HSV-1 strain used in this study was obtained from 
the School of Life Sciences of Central South University. 
BV2 cells were infected with HSV-1 with a multiplicity of 
infection (MOI) of 1. Furthermore, BV2 cells were treated 
with the TLR3 agonist (Poly (I:C) [10 μg/ml]) and TLR3 
inhibitor (TLR3i [10 μM]) 6 h before sample collection to 
activate/inhibit the expression of TLR3. To observe the 
effects of BBR hydrochloride (Sigma, Cat#BP1108) and 
BBR in combination with ACV (MCE, Cat#HY-17422), 
we used BBR (0, 3, 10 uM), ACV (3  μM), and BBR (3 
uM) + ACV (3 uM) treating BV2 cells separately at 24 h 
before sample collection.

Cell counting kit‑8 (CCK‑8) assay
Cells were treated according to the manufacturer’s 
instructions (NCM Biotech, cat# C6005) and cell viability 
was assessed 24 h after treatment using the CCK-8 assay. 
The optical density was recorded at 450 nm.

Determination of HSV‑1 growth curve
BV2 cells were inoculated in 6-well plates at a density of 
5 × 105 cells/ml, and HSV-1 stock solution was mixed 
with culture medium in each well by MOI = 1 (one-step 
growth curve), and then the mixture was incubated in an 
incubator at 37 °C. At 0, 6, 12, 24, and 48 h of incubation, 
the culture medium was centrifuged and the supernatant 
was collected to detect the titers of HSV-1 by virus 
plaque assay.
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Virus titer determination
The titers of HSV-1 were measured using an empty 
plaque formation test. When the density of vero 
cells was approximately 70% in the 24-well plate, the 
gradient diluent of HSV-1 solution (10–1, 10–2, 10–3, 
10–4, 10–5, 10–6, 10–7) was added to the plate several 
times to the well and then placed in an incubator at 
37  °C for 3  h. The culture medium in the wells was 
mixed with 2% sterilized agarose and cooled to room 
temperature until solidification. After that, the 24-well 
plate was incubated at 37  °C in an incubator with 5% 
CO2 for 2 d of culture. After incubation, a plaque count 
was performed and the average value of three parallel 
tests was recorded.

RNAi‑mediated GM130 silencing
BV2 cells were transfected with small interfering RNA 
GM130/control (siGM130/siCtrl) at a density close 
to 70%. We used PepMute (SignaGen) as a vector to 
transfect SiCtrl and siGM130 (both purchased from 
Gene Pharma in Suzhou and verified in our previous 
studies) into BV2 cells. Cell samples were collected for 
detection 48 h post-transfection.

Plasmid‑mediated overexpression of GM130
BV2 cells were transfected with the GM130 pcDNA3.1 
(+) plasmid (Sangon Biotech, Shanghai, China) at a 
density of 6070%. The GM130 plasmid was transfected 
into BV2 cells using lipofectamine 3000 as a vector 
(Invitrogen; Cat# L3000150). Cell samples were collected 
for detection 48 h post-transfection.

Immunoblotting
Cells were lysed using a radioimmunoprecipitation assay 
containing 1% protease and 1% phosphatase inhibitors. 
Proteins were separated by SDS-PAGE and transferred 
to a polyvinylidene fluoride (PVDF) membrane 
(microporous, Cat# ISEQ00010). The following primary 
antibodies and secondary  antibodies were used for 
immunoblotting. Primary antibodies include GM130 
antibody (BD Bioscience, Cat# 610822), TLR3 antibody 
(Abcam, Cat# ab62566), P115 antibody (Ptoteintech, 
Cat# 13509-1-AP), HSV-1 antibody (Santa cruz, Cat# 
sc-57863), β-actin (Proteintech, Cat# 10494-1-AP). 
Secondary antibodies include horseradish peroxidase-
labeled goat anti-mouse IgG (Proteintech, Cat# 15014) 
and horseradish peroxidase-labeled goat Anti-Rabbit 
IgG (Abiowell, Cat# AWS0002b). Liquids A and B of 
the chemiluminescent reagent were mixed evenly in 
equal volumes and the mixture was added to the PVDF 
membrane and incubated for approximately 30  s in 

the dark. The PVDF membrane was then placed on a 
chemiluminescent imager for imaging.

Immunofluorescence staining
BV2 cells were fixed on slides with 4% paraformaldehyde 
(PFA) in the dark. Next, 0.3% TritonX-100 was used 
to penetrate the membrane of BV2 cells. At room 
temperature, the sample was blocked with a 5% 
BSA blocking solution for 1  h. The P115 antibody 
(Proteintech, Cat# 13509-1-AP), GM130 antibody 
(Boster, Cat# M05865-2), and IBA1 antibody (Servicebi, 
Cat# GB11105) were used to incubate the sample 
overnight at 4  °C. Cy3-labeled goat anti-rabbit IgG 
(Servicebio, Cat# GB21303) and FITC-labeled goat 
anti-mouse IgG (Servicebio, Cat# GB22301) were used 
to incubate the sample for 1 h at 25  °C in the dark. The 
nuclei were then stained with DAPI (Sigma, Cat# D9542). 
A confocal fluorescence microscope (OLYMBUS) was 
used for imaging.

Enzyme‑linked immunosorbent assay (ELISA)
The supernatant of the BV2 cell culture was centrifuged 
at 1000×g, 4  °C for 15  min. The levels of IFN-β, TNF-
α, and IL-6 were measured in the supernatant. The 
experimental procedures were performed according to 
the instructions of the ELISA kit for IFN-β (CUSABIO, 
cat# CSB-E04945m), TNF-α (CUSABIO, cat# CSB-
E04744m), and IL-6 (CUSABIO, cat# CSB-E04639m).

Transmission electron microscopy
Cells were fixed overnight at 4  °C with 2.5% 
glutaraldehyde. Samples were rinsed with 0.1  M 
phosphoric acid buffer (Na2HPO4, pH = 7), fixed with 
1% osmic acid at room temperature, and then rinsed with 
phosphoric acid buffer. The samples were sequentially 
dehydrated with 30%, 50%, 70%, 80%, 85%, 90%, 95%, 
and 100% ethanol for 15  min. The samples were then 
treated with pure acetone for 20  min and impregnated 
with epoxy resin for 48  h. Cells were restained with 2% 
uranium dioxyacetate and 0.2% lead citrate for 15 min at 
room temperature, then samples were dried overnight. 
we measured the Golgi cisternae lumen width (µm) in 
these samples. We quantified the maximum length of 
GA cisternae (designated as maximum luminal width) 
by measuring the cisternae diameters assuming circular 
structures. Twenty cells for each condition and 3 GA 
cisternae for each cell were analyzed by transmission 
electron microscopy. Each image was measured with 
ImageJ software.

The ultrastructure of the cells in the samples was 
observed by transmission electron microscope (Tecnai 
G2 20 TWIN FEI).
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Statistical analysis
The experimental data were statistically analyzed using 
GraphPad Prism 8.4.0 (GraphPad Software, San Diego, 
California, USA). All data were obtained from at least 
three independent experiments. Experimental data are 
expressed as X ± SD. The significance of the experimental 
data for the two samples was analyzed using a two-
sample t-test. When p > 0.05, there were no significant 
differences between the two groups (ns). When p < 0.05, 
a statistically significant difference was observed 
between the two groups (*, #, $). p < 0.01 was considered 
a statistically significant difference between the two 
groups (**, ##, $$). p < 0.001 was considered an extremely 
significant statistical difference between the two groups 
(***, ###, $$$).

Results
After HSV‑1 infection, GM130 and TLR3 were 
downregulated and the GA was fragmented
We observed the cell morphology of BV2 cells infected 
with HSV-1 at different time points using light 
microscopy. The results showed that as the infection 
progressed, the protrusions of the cells increased, as well 
as the proportion of cells with spindle morphology and 
amoebia-like morphology. There were multiple vacuoles 
in the cytoplasm of the cells, cell spacing increased, 
and some cells were detached and suspended (Fig.  1a), 
with an increased multipolar percentage (mock, 6% vs. 
6 h, 8% vs. 12 h, 29% vs. 24 h, 35%). A one-step growth 
curve was used to determine the characteristics of 
HSV-1 proliferation in BV2 cells. The results suggested 
that the titer of HSV-1 reached a plateau at 36–48  h 
after infection, with a maximum titer of 9.0 ×  105 PFU/
ml (Fig. 1b), followed by a gradual decrease in viral load. 
HSV-1 envelope glycoprotein gD (HSV-gD) gradually 
increased with increasing infection time, indicating 
that HSV-1 infected microglia and expanded. It began 
12  h after HSV-1 infection, and GM130 protein levels 
gradually decreased (p < 0.001, Fig.  1c–f). The TLR3 
protein increased after 6 h of HSV-1 infection (p < 0.001) 

but decreased significantly after 12 and 24  h of HSV-1 
infection (p < 0.001) (Fig. 1d, g).

After 6 and 12  h of HSV-1 infection, IFN-β, TNF-α, 
and IL-6 secreted by BV2 cells increased significantly 
(p < 0.001). In BV2 cells, IFN-β, TNF-α, and IL-6 
decreased significantly 24  h after HSV-1 infection 
compared to 12 h after HSV-1 infection (p < 0.05, p < 0.01, 
and p < 0.05, respectively) (Fig.  1h). The destruction of 
the GA is becoming increasingly serious. In uninfected 
cells, immunofluorescence showed tightly packed GA 
structures in the perinuclear area (labeled with GM130 
and P115), while this structure and the intracellular 
localization of GA were not destroyed after 6  h of 
HSV-1 infection. At 12 h after HSV-1 infection, GA was 
fragmented and dispersed in the cytoplasm. At 24 h after 
infection, the structural damage to GA was more severe 
and the fluorescence intensity of GM130 decreased 
significantly (Fig. 2a, b, Supplementary Fig. 1).

Our findings suggested that with the prolongation 
of HSV-1 infection, the Golgi apparatus was destroyed 
in microglia, and the expression of GM130, TLR3 and 
inflammatory factors is reduced.

Knockdown of GM130 can inhibit the level of TLR3 
and lead to structural damage to the GA
BV2 cells were transfected with siRNA for 36  h 
and then infected with HSV-1 (MOI = 1) for 12  h. 
The results showed that GM130 was successfully 
knocked down in the uninfected group and the HSV-1 
infected group (p < 0.001 and p < 0.001, respectively), 
while the TLR3 protein was significantly decreased 
(p < 0.001 and p < 0.001, respectively) (Fig.  3a, b, d, e). 
Furthermore, compared to the HSV-1 + SiCtrl group, 
the expression of HSV-1 protein increased significantly 
in the HSV-1 + SiGM130 group (p < 0.001, Fig.  3b, e), 
and the titers of HSV-1 were significantly higher in the 
HSV-1 + SiGM130 group than in the HSV-1 + SiCtrl 
group (p < 0.01) (Fig.  3c). These results showed that 
GM130 regulates the level of TLR3 and affects the 
replication of HSV-1 in BV2 cells.

(See figure on next page.)
Fig. 1 After HSV-1 infection, change in microglial morphology and GM130, TLR3, and inflammatory cytokines. a Cell morphology and statistical 
results of BV2 cells at 6, 12, and 24 h after Mock and HSV-1 infection. HSV-1-infected BV2 cells with MOI = 1 and observed cell morphology 
under an inverted microscope (amoeba morphology is shown by a black arrow). The cell morphology statistics at each time point are obtained 
from three different visual fields, with a scale of 50 μm. b One-step growth curve of HSV-1 in BV2 cells. HSV-1 infection infects BV2 cells with MOI = 1. 
c, d Protein levels of GM130, TLR3, and HSV-1 are analyzed semiquantitatively by scanning a grayscale, and βactin is used as internal parameter 
correction. The expression levels of GM130, TLR3, and HSV-1 are homogenized at each time point compared to those of the uninfected group. 
Semiquantitative results of e are shown in f and g. h The secretion levels of the inflammatory cytokines IFN-β, TNF-α, and IL-6 in the medium are 
detected by ELISA. Data are obtained through three independent replicates, expressed as X ± SD, and statistically analyzed between the two groups 
using a t-test. ns, *, **, *** represent other groups vs. Mock group; ns, #, ##, ##, and ## represent the comparison between the two groups marked 
with a short horizontal line. ns, p > 0.05; *, #, p < 0.05; **, ##, p < 0.01; ***, ###, p < 0.001
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Fig. 1 (See legend on previous page.)
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The immunofluorescence results showed that the 
knockdown of GM130 and infection with HSV-1 caused 
structural fragmentation of GA in BV2 cells, and the 
fragmented GA was dispersed in the cytoplasm. After 
12 h of HSV-1 infection of BV2 cells, GM130 knockdown 
caused further structural damage to GA (Fig. 4a, b). These 
results were also confirmed when we used transmission 
electron microscopy to observe the structural damage to 
the GA. Compared to the tight and ordered GA structure 
in the uninfected group, the GA became swollen and 
disordered in the group infected with HSV-1. Swelling 
and disordered GA were also observed when GM130 
was knocked down without HSV-1 infection (Fig.  4c, 
supplementary Fig.  2).Quantitation of the maximum 
luminal width of the Golgi cisternae (µm) revealed a 
significant damage of GA structure (p < 0.001, Fig. 4d).

Overexpression of GM130 can upregulate the level of TLR3 
and reverse the damage to the GA
BV2 cells were transfected with the pcDNA3.1 
GM130 plasmid for 36  h and then infected with 
HSV-1 (MOI = 1) for 12  h or not. The results showed 
that GM130 was significantly overexpressed in the 
uninfected and 12 h post-infection groups (p < 0.001 and 
p < 0.001, respectively). Under uninfected conditions, 
GM130 overexpression did not affect the level of 
TLR3 (p > 0.05). However, 12  h after HSV-1 infection, 
GM130 overexpression significantly increased the 
level of TLR3 (p < 0.001) (Fig.  5a, b, d, e). Compared to 
the HSV-1 + SiCtrl group, the expression of the HSV-1 
protein decreased significantly in the HSV-1 + OEGM130 
group (p < 0.001, Fig.  5b, e). Compared to the 
HSV-1 + SiCtrl group, the titer of HSV-1 decreased 
significantly in the HSV-1 + OEGM130 group (p < 0.05) 
(Fig.  5c). These results suggest that GM130 upregulates 
TLR3 and inhibits HSV-1 replication in BV2 cells 
infected with HSV-1.

In addition, structural changes in GA after GM130 
overexpression were detected by immunofluorescence 
and transmission electron microscopy. GM130 
overexpression protected the GA structure from 
fragmentation and partially restored its tight structure 
around the nucleus (Fig.  6a, b). Overexpression of 

GM130 reversed the swelling and fragmentation of GA 
caused by HSV-1 infection and remodeled the structure 
of GA by transmission electron microscopy (Fig.  6c, 
supplementary Fig.  3). Further Quantitation of the 
maximum luminal width of the Golgi cisternae (µm) 
confirmed the above findings (Fig.  6d). Therefore, we 
found that GM130 regulates the expression of TLR3 and 
influences viral proliferation.

TLR3 agonists reverse the knockdown of GM130‑induced 
downregulation of TLR3 and inflammatory factors
In HSV-1-infected BV2 cells, to verify whether GM130 
affects the secretion of inflammatory cytokines by 
regulating TLR3, we knocked down GM130 in BV2 cells 
and then treated them with a TLR3 agonist [Poly (I:C), 
PIC].

Compared to the HSV-1 group, the level of TLR3 
increased significantly in the HSV-1 + Poly (I:C) 
group (p < 0.001) (Fig.  7a, c); meanwhile, the secretion 
of the inflammatory cytokines IFN-β, TNF-α, and 
IL-6 increased significantly in the HSV-1 + Poly (I:C) 
group than in the HSV-1 group (p < 0.001, p < 0.001, 
and p < 0.001, respectively) (Fig.  7d–f). Compared to 
the HSV-1 group, the expression of HSV-1 protein 
decreased significantly in the HSV-1 + Poly (I:C) group 
(p < 0.05, Fig. 7a, d); however, the level of GM130 was not 
significantly different between the two groups (p > 0.05) 
(Fig.  7a, b). Compared to the HSV-1 + SiGM130 group, 
the level of TLR3, IFN-β, TNF-α, and IL-6 increased 
significantly in the HSV-1 + SiGM130 + Poly (I:C) group 
(p < 0.001, p < 0.001, p < 0.001, and p < 0.001, respectively) 
(Fig.  7a, c, e), while the expression of HSV-1 protein 
was decreased in the HSV-1 + SiGM130 + Poly (I:C) 
group (p < 0.01, Fig.  7a, d). These results suggest that 
the downregulation of GM130 can reduce inflammatory 
factors associated with microglia by inhibiting TLR3, 
thus increasing HSV-1 activity.

TLR3 inhibitors can reverse the upregulation of TLR3 
and inflammatory cytokines caused by the overexpression 
of GM130
After GM130 overexpression, BV2 cells were treated 
with a TLR3 inhibitor (TLR3i). The level of TLR3 was 

Fig. 2 Morphological changes of the Golgi apparatus (GA) at different time points after microglia infection with HSV-1. a Fluorescence intensity 
and GA structure of GM130 are observed by immunofluorescence, and IBA1 is used to label microglia cells. Re-stained the nucleus with DAPI (blue 
channel). Merge the above channels into the same field of view to produce a merged image. Scale, 10 μm. b Since the expression of P115 remained 
unchanged after infection with HSV-1 in BV2 cells, further fluorescence labeling of P115 is performed to observe the structural changes of GA. 
Re-stained the nucleus with DAPI (blue channel). Scale, 10 μm. In the infected group at different time points, the fluorescently labeled GA structure 
gradually became loose, from tightly stacked perinuclear to loosely distributed in the cytoplasm (white arrow). The representative images are 
obtained from three independently repeated experiments. Scale, 10 μm

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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significantly lower in the HSV-1 + TLR3i group than 
in the HSV-1 group (p < 0.001) (Fig. 8a, c). Meanwhile, 
compared to the HSV-1 group, the secretion of IFN-
β, TNF-α, and IL-6 decreased in the HSV-1 + TLR3i 
group (p < 0.001, p < 0.001, and p < 0.001, respectively) 
(Fig. 8e). Compared to the HSV-1 group, the expression 
of HSV-1 protein increased significantly in the 
HSV-1 + TLR3i group (p < 0.05, Fig.  8a, e). There were 
no significant differences in GM130 levels between the 
above two groups (p > 0.05, Fig.  8a, b). Compared to 
the HSV-1 + OEGM130 group, the level of TLR3, IFN-
β, TNF-α, and IL-6 in the HSV-1 + OEGM130 + TLR3i 
group was downregulated (p < 0.05, p < 0.001, p < 0.001, 
and p < 0.001, respectively) (Fig.  8a, c, e), while the 
expression of the HSV-1 protein increased in the 
HSV-1 + OEGM130 + TLR3i group (p < 0.05, Fig.  8a, 
d)). These results suggest that overexpression of GM130 
can promote the secretion of microglia-associated 
inflammatory cytokines by upregulating TLR3 levels 
during HSV-1 infection, thus inhibiting HSV-1 activity.

Therefore, GM130 affects the expression of innate 
immune molecules by regulating TLR3 in microglia. 
HSV-1 immune escapes in microglia by down-
regulating GM130 to inhibit TLR3-mediated innate 
immune responses.

BBR can reverse Golgi damage and reverse 
the downregulation of TLR3 and inflammatory cytokines 
after HSV‑1 infection
At 12  h before HSV-1-infected BV2 cells, we treated 
BV2 cells with BBR at concentrations of 1, 3, and 10 uM. 
Cell viability was significantly reduced at concentrations 
up to 10 uM (Fig. 9a). Therefore, we chose 3 uM as the 
concentration for treatment. BV2 cells were treated with 
BBR (3 uM) and ACV (3 uM, common concentrations 
in the reference literature) 12  h before HSV-1 inflected 
BV2 cells. Compared to the HSV-1 group, the levels 
of GM130 and TLR3 increased in the HSV-1 + BBR 
group (p < 0.01 and p < 0.01, respectively) (Fig.  9b–d), 
as well as the IFN-β, TNF-α, and IL-6 (p < 0.01, p < 0.01, 
and p < 0.01, respectively) (Fig.  9f–h). The expression 
of HSV-1 protein decreased significantly under the 
treatment of BBR (p < 0.01) (Fig. 9b, e), and the titers of 
HSV-1 also decreased significantly under the treatment 
of BBR (p < 0.05) (Fig. 9i). Compared to the HSV-1 group, 
the levels of GM130, TLR3, IFN-β, TNF-α, and IL-6 in 
the HSV-1 + ACV group increased significantly (p < 0.01, 
p < 0.01, p < 0.001, p < 0.001, and p < 0.001, respectively) 
(Fig. 9b–h). The expression of HSV-1 protein decreased 
significantly with ACV treatment (p < 0.001) (Fig.  9b, 
e), and the titers of HSV-1 also decreased significantly 

Fig. 3 Changes in knockdown GM130 in uninfected and HSV-1-infected BV2 cells. a, d Knockdown GM130 without infection and semiquantitative 
results of knockdown GM130 without infection. b, e Knockdown GM130 12 h after infection and semi-quantitative results of knockdown GM130 
12 h after infection. c Effect of siRNA knockdown GM130 on viral replication. Data are obtained through three independent replicates, expressed 
as X ± SD, and statistically analyzed between the two groups using a t-test. *, **, and *** represent the comparison with the NC group. ns, p > 0.05; *, 
#, p < 0.05; **, ##, p < 0.01; ***, ###, p < 0.001
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with ACV treatment (p < 0.001) (Fig.  9i). These results 
indicated that both ACV and BBR can up-regulate the 
GM130/TLR3 pathway and inhibit the virus propagation.

Compared to the HSV-1 + BBR group, the levels 
of GM130, TLR3, IFN-β, TNF-α, and IL-6 increased 
significantly in the HSV-1 + BBR + ACV group (p < 0.01, 
p < 0.01, p < 0.01, p < 0.01, and p < 0.01, respectively) 

Fig. 4 Structural changes in the Golgi apparatus (GA) after GM130 knockdown in microglia cells. a After GM130 knockdown in the uninfected 
and 12 h infected groups, the GA structure (GM130 marker) is observed by immunofluorescence, and IBA1 is used to label microglia cells. The 
GA fragmentation is shown in IF (white arrow). Immunostaining is performed for GM130 (green channel) and IBA1 (red channel) of transfected 
cells, and DAPI (blue channel) re-stained the nucleus. Scale, 10 μm. b The GA structure is observed by immunostaining for P115 (red channel) 
of transfected cells and DAPI (blue channel) re-stained nucleus. Scale, 10 μm. c Transmission electron microscopy images of the 12 h infection 
and GM130 knockdown groups showed GA disruption and swelling of the vesicle structure, from tightly packed (black arrow) to disordered 
swelling (red arrow). Quantification of Golgi cisternae lumen (µm) in mock- and HSV-1-infected cells and cells transfected with SiGM130. Data 
represent the average maximum luminal width of the Golgi cisternae from three independent experiments. Data are shown as mean ± SD and were 
analyzed using the Student’s t-test. Representative electron micrographs of the Golgi cisternae in mock- and HSV-1-infected cells and cells 
transfected with SiGM130. Representative images are obtained from three independent repeated experiments with scales of 1 μm and 0.5 μm
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(Fig.  9b–h), while the expression of HSV-1 protein was 
decreased in the HSV-1 + BBR + ACV group (p < 0.05) 
(Fig. 9b, e), and the titers of HSV-1 decreased significantly 
(p < 0.01) (Fig.  9i). Compared to the HSV-1 + ACV 
group, GM130, TLR3, IFN-β, TNF-α, and IL-6 levels 
increased significantly in the HSV-1 + BBR + ACV group 
(p < 0.05, p < 0.01, p < 0.05, c5, p < 0.05, respectively) 
(Fig.  9b–h), while the expression of HSV-1 protein had 
a decreasing trend in the HSV-1 + BBR + ACV group 
(Fig.  9b, e), and the titers of HSV-1 had a decreasing 
trend, but did not reach statistical significance (Fig.  9i). 
Immunofluorescence showed that the structural 
destruction of GA was reversed (the GA structure 
was tighter and more ordered), and the fluorescence 
intensity of GM130 was enhanced in the HSV-1 + BBR 
group compared to that in the HSV-1 group (Fig.  10). 
Compared to the HSV-1 infected group, the structure 
of the GA was also protected (the GA was tighter and 
more ordered), and the fluorescence intensity of GM130 
was stronger in the HSV-1 + ACV group (Fig.  10). The 
GA was more structurally complete and organized in 
the HSV-1 + BBR + ACV group compared to that of the 
HSV-1 + BBR group. Compared to the HSV-1 + ACV 
group, GA was more structurally complete and organized 
in the HSV-1 + BBR + ACV group (Fig. 10).

Therefore, the combination of ACV and BBR in anti-
HSV-1 therapy is more effective in maintaining the Golgi 
structure and function and inhibiting viral immune 
escape than the use of either drug alone.

Discussion
Herpes simplex encephalitis is a fatal infection that 
affects the central nervous system. Meanwhile, HSV-1 
infection can also cause autoimmune encephalitis, 
Alzheimer’s disease, and Parkinson’s disease. [30, 
31]. In addition to conventional antiviral therapies, 
immunomodulatory therapies have been the focus of 
preclinical research. The host’s innate immune response, 
specifically TLR3 signaling, is particularly important 
for recognizing and clearing HSV-1, inhibiting HSV-1 
replication, and activating adaptive immune responses. 
Recent research has revealed that the GA may be a signal 
transduction organelle that promotes a variety of innate 
immune pathways, including the TLR3 signaling pathway 
[19]. Our previous studies have suggested that HSV-1 
can cause downregulation of GM130 and fragmentation 
of GA, while knocking down GM130 without infection 
can also induce fragmentation of GA [32]. Furthermore, 
GM130 is an important regulator of protein glycosylation 
and TLR3 glycosylation is essential for normal immune 

Fig. 5 Changes in overexpression of GM130 in uninfected and HSV-1-infected BV2 cells. a, d Overexpress GM130 without infection 
and semiquantitative results of knockdown GM130 without infection. b, e Overexpress GM130 12 h after infection and semiquantitative results 
of overexpress GM130 12 h after infection. c Effect of Plasmid overexpress GM130 on viral replication. Data were obtained through three 
independent replicates, expressed as X ± SD, and statistically analyzed between the two groups using a t-test. *, **, *** represent the comparison 
with the NC group. ns, p > 0.05; *, #, p < 0.05; **, ##, p < 0.01; ***, ###, p < 0.001
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function. Therefore, our study aimed to explore whether 
GM130 is involved in regulating TLR3, which mediates 
the innate immune response after HSV-1 infection.

Microglia, one of the most important immune cells in 
the CNS, mediate immune responses mainly through 
multiple immune receptors on the cell membrane [33]. 
TLR3, an important immune receptor in microglia, is 
involved in recognizing HSV-1 and activating IFN-I 

production, thus exerting antiviral effects [7]. IFN-1 
secreted by microglia, such as IFN-β, plays a key role in 
limiting the spread of the virus after HSV-1 infection [34, 
35]. Furthermore, the TLR3 signaling pathway mediates 
the secretion of TNF-α and IL-6, which also play a crucial 
role in the inhibition of HSV-1 [13–15]. HSV-1 may 
directly or indirectly interfere with the TLR3 signaling 
pathway in several ways to evade the host’s immune 

Fig. 6 Structural changes in the Golgi apparatus (GA) after GM130 overexpression in microglia cells. a 12 h was selected as the infection time point; 
36 h after plasmid transfection, HSV-1 infected cells with MOI = 1, and 12 h after infection, GA structure (GM130 marker) is observed. Scale, 10 μm. 
b HSV-1 infected cells with MOI = 1 at 36 h after plasmid transfection, and GA structure (P115 label) is observed by immunofluorescence at 12 h 
after infection. Scale, 10 μm. The GM130 and P115 labeled GA structures gradually loosen 12 h after infection, from tightly stacked perinuclear 
to loosely distributed in the cytoplasm (white arrow). Fluorescently labeled GA structures after overexpression of GM130 partially regain a compact 
perinuclear distribution (red arrow). The representative images are obtained from three independently repeated experiments. Scale, 10 μm. c 
Transmission electron microscope images after overexpression of GM130 showed that GA improved the swelling and disintegration of GA caused 
by HSV-1 infection (red arrow) and reshaped the structure of GA (black arrow). d Quantification of Golgi cisternae lumen (µm) in group HSV-1 + NC 
and group HSV-1 + OEGM130. The representative images are obtained from three independently repeated experiments. Scale 1 μm, 0.5 μm
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system [36]. The secretion of these inflammatory 
cytokines is not exclusively regulated by TLR3 due to the 
presence of RLRs, CGAS-STING, and NLRs signaling 
pathways in microglia in response to HSV-1 infection 
[36]. Therefore, we speculate that this may be the reason 
the decrease in the secretion of the inflammatory 
cytokines lagged behind the downregulation of TLR3.

GA stress alters GA gene expression to regulate the 
GA structure and function in response to external 
stimuli. Once external stimulation exceeds the upper 
limit of GA stress, irreversible damage to the GA 
occurs [37, 38]. He et al. found that GA stress occurred 
in brain microvascular endothelial cells in response to 
infection with HSV-1, manifested as downregulation 

Fig. 7 Effects of Poly (I:C) treatment of GM130 knockdown BV2 cells on TLR3 and inflammatory cytokines. a Protein levels of GM130, TLR3, 
and HSV-1 are treated with Poly (I:C), and βactin is used as the internal parameter correction. Protein levels in each group are homogenized 
compared to those of the uninfected group. b Semi-quantitative results of GM130. c Semi-quantitative results of TLR3. d Semi-quantitative 
results of HSV-1 gD. e Secretion levels of inflammatory cytokines IFN-β, TNF-α, and IL-6 after Poly (I:C) treatment. Data are obtained through three 
independent replicates, expressed as X ± SD, and statistically analyzed between the two groups using a t-test. A comparison between the two 
groups is marked with a dashed line. ns, p > 0.05; *, #, p < 0.05; **, ##, p < 0.01; ***, ###, p < 0.001
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of GM130 and fragmentation of the GA structure. The 
mechanism for the decrease in GM130 is associated 
with the activation of cleaved-caspase 3, a key enzyme 
in apoptosis, which shears and degrades GM130 [32]. 
In our study, the level of GM130 decreased in BV2 cells 

infected with HSV-1, while the structures of GA were 
fragmented and dispersed in the cytoplasm of BV2 cells 
infected with HSV-1; these changes of GA mentioned 
above were also observed in BV2 cells with GM130 
knockdown. Interestingly, knocking down GM130 led 

Fig. 8 Effects of TLR3i treatment of GM130 overexpressed BV2 cells on TLR3 and inflammatory cytokines. a Protein levels of GM130, TLR3, and HSV-1 
after TLR3i treatment were adjusted with βactin as internal reference. The expression levels of the detected proteins in each group were compared 
with those of the non-infected group. b Semi-quantitative results of GM130. c Semi-quantitative results of TLR3. d Semi-quantitative results 
of HSV-1 gD. e Secretion levels of the inflammatory cytokines IFN-β, TNF-α, and IL-6 after treatment with (TLR3i). Data are obtained through three 
independent replicates, expressed as X ± SD, and statistically analyzed between the two groups using a t-test. A comparison between the two 
groups is marked with a dashed line. ns, p > 0.05; *, #, p < 0.05; **, ##, p < 0.01; ***, ###, p < 0.001
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Fig. 9 Effect of berberine (BBR) combined with acyclovir (ACV) on GM130 on TLR3 and inflammatory cytokines. a Cellular activity of cells treated 
with different concentrations of BBR for 24 h. Selection of BBR at a concentration of 3 μM pretreated for 12 h followed by HSV-1 infection for 12 h, 
and collection of samples. Cells are pretreated with ACV (3 μM) for 12 h and infected with HSV-1 for 12 h. b Protein levels of GM130, TLR3, and HSV-1 
treated with BBR and ACV were adjusted with βactin as the internal reference. The expression levels of the detected proteins in each group were 
compared with those of the uninfected group. c Semi-quantitative results of GM130. d Semi-quantitative results of TLR3. e Semi-quantitative results 
of HSV-1-gD. f–h Secretion levels of the inflammatory cytokines IFN-β, TNF-α, and IL-6 after treatment with BBR and ACV. i Viral titers are treated 
with BBR and ACV. Data are obtained through three independent replicates, expressed as X ± SD, and statistically analyzed between the two groups 
using a t-test. A comparison between the two groups is marked with a dashed line. ns, p > 0.05; *, #, p < 0.05; **, ##, p < 0.01; ***, ###, p < 0.001
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to downregulation of TLR3 in uninfected BV2 cells, 
while in BV2 cells infected with HSV-1, knockdown of 
GM130 aggravated the damage caused by GA and further 
downregulated TLR3, with an increased titer of HSV-1; 
however, the overexpression of GM130 partially restored 
the structure of GA damaged by HSV-1, and the result 
was a reversal of decreased TLR3 and increased virus 
titer. These results suggest that GM130-mediated GA 
stress can downregulate the level of TLR3 in microglia in 
response to HSV-1, weakening the immune response of 
microglia to HSV-1 and resulting in massive replication 
of HSV-1.

Inhibition of the TLR3 signaling pathway induced by 
GA stress leads to immune escape from HSV-1. HSV-1 
has an immune escape mechanism that targets the innate 
immune signaling pathway, which is conducive to the 
spread of the virus and latent infection. Previous studies 
have found that HSV-1 escapes the immune system 
through its proteins (e.g., US3, ICP0, and ICP4), which 
can block multiple links of the TLR3 signaling pathway 
and lead to reduced secretion of type I interferon and 
other antiviral inflammatory factors [36]. Therefore, the 
downregulation of GM130 can reduce the secretion of 
antiviral inflammatory factors by inhibiting the level of 

Fig. 10 Structural changes of the Golgi apparatus (GA) in microglia after treatment with acyclovir (ACV) and berberine (BBR). ACV and BBR 
were pretreated for 12 h before infection, HSV-1 infected cells with MOI = 1, and GA structure (GM130 marker, P115 marker) is observed 12 h 
after infection. Scale, 10 μm. After ACV treatment, the fluorescently labeled GA structure of GM130 and P115 partially recovered compact 
perinuclear distribution. After BBR treatment, the fluorescently labeled GA structure of GM130 and P115 partially recovered compact perinuclear 
distribution. After ACV is combined with BBR, the fluorescently labeled GA structure of GM130 and P115 is further restored to a compact perinuclear 
distribution. The representative images are obtained from three independent repeated experiments. Scale, 10 μm
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TLR3 in HSV-1-infected microglia, which may represent 
a new mode of HSV-1 immune escape.

Furthermore, we found that GM130 affected the 
release of inflammatory cytokines by regulating the 
levels of TLR3, which interfered with the replication 
and proliferation of HSV-1. Our results showed that 
knockdown of GM130 after infection with HSV-1 
inhibited the secretion of IFN-β, TNF-α, and IL-6, but 
the treatment of the TLR3 agonist could partially inverse 
the decline of IFN-β, TNF-α, and IL-6. Meanwhile, 
overexpression of GM130 after HSV-1 infection 
significantly promoted the secretion of IFN-β, TNF-α, 
and IL-6, while the TLR3 inhibitor inverses the increase 
of IFN-β, TNF-α, and IL-6. These results suggested that 
HSV-1 induces the degradation of GM130 in microglia; 
however, degradation of GM130 leads to reduced TLR3, 
along with the decreased release of immunocytokine 
IFN-β, TNF-α, and IL-6, thus beneficial for the 
proliferation of HSV-1. The upregulation of GM130 and 
the protection of GA can elevate the levels of TLR3 and 
its downstream immune cytokines, reducing the immune 
escape of HSV-1 and limiting the replication of HSV-1.

Although ACV is the most important drug for HSE 
treatment, with the increase in the number of drug-
resistant viral strains and the growing importance of 
immunomodulatory therapies, combination therapies 
may become the main option for HSE treatment in 
the future. The blood–brain barrier (BBB) is highly 
permeable to BBR, which is an anti-inflammatory, 
antiviral, neuroprotective, and immunomodulatory 
[39]. The immunomodulatory function of BBR has 
gradually gained attention in recent years [27, 28], and 
BBR is beneficial for the treatment of animal models 
of various autoimmune diseases, such as multiple 
sclerosis [27]. BBR alleviates destructive autoimmune 
inflammation by inhibiting inflammatory signaling 
pathways in Th1/Th17 cells, macrophages, and 
dendritic cells [28, 39]. Our research found that BBR 
protected GA from fragmentation induced by HSV-1 
and reversed the decrease in GM130 levels, suggesting 
that BBR plays a protective role in GA during HSV-1 
infection. Further results suggested that BBR also 
reverses the reduction of TLR3 and IFN-β, TNF-α, 
and IL-6 mediated by the decrease in GM130, thus 
decreasing the titer of HSV-1; these suggested that BBR 
negatively affects HSV-1 mediated immune escape by 
promoting TLR3 mediated innate immune response. 
Interestingly, we found that BBR combined with ACV 
was more effective than either drug alone. Compared 
to BBR or ACV alone, the structure of GA was further 
protected, and TLR3-mediated innate immunity was 
further enhanced by the combination of BBR and ACV. 
Therefore, our study suggests that BBR improves the 

innate immune response and inhibits the titer of HSV-1 
and that ACV combined with BBR is more effective in 
inhibiting HSV-1 than ACV alone. In the future, BBR 
may be an effective and promising therapeutic agent for 
HSE due to its low toxicity and cost [40].

In summary, we found that HSV-1 triggered GA 
stress in microglia, which manifested itself primarily as 
decreased levels of GM130 and the destruction of GA. 
Downregulation of GM130 promotes HSV-1 replication 
by inhibiting TLR3 signaling. These results revealed the 
possible role of GA as a site of innate immune signal 
transduction to regulate the TLR3 signaling pathway, 
which may provide a new signal for the development 
of immunoregulatory therapies for HSE. Interestingly, 
we found that BBR protects against GA and upregulates 
the TLR3 signaling pathway to enhance the anti-HSV-1 
immune response and that the combination of BBR 
and ACV shows promise as a new strategy for HSE. 
A limitation of this study is that it did not explore the 
specific mechanism of GM130 reduction in response 
to HSV-1 infection in microglia, which will be explored 
further in our subsequent experiments.

Conclusion
GM130 affects secretion levels of IFN-β, TNF-α, and 
IL-6 by regulating the level of TLR3, inhibiting virus 
replication, and playing an antiviral immune response. 
This suggests that GA may be an important site for the 
regulation of the TLR3 signaling pathway. BBR can 
protect against GA and upregulate the TLR3 signaling 
pathway to promote an antiviral immune response. The 
combination of BBR and ACV is expected to be a novel 
strategy for the treatment of HSE.
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