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ABSTRACT
Background:  In addition to regulating the antiviral response, increased expression of Toll-like 
receptor 3 (TLR3) in resident renal cells plays a role in developing some forms of glomerulonephritis. 
TLR3 activation leads to type I interferon (IFN) production, which induces the expression of 
IFN-stimulated genes (ISGs). However, the role of ISG20 expression in resident renal cells remains 
unclear.
Methods:  Cultured normal human glomerular endothelial cells (GECs) were treated with 
polyinosinic-polycytidylic acid (poly IC), Escherichia coli lipopolysaccharide (LPS), R848, and CpG 
(TLR3, TLR4, TLR7, and TLR9 agonists, respectively). The mRNA levels of ISG20, CX3CL1/fractalkine, 
and CXCL10/IP-10 were measured by quantitative reverse transcription-polymerase chain reaction. 
ISG20 protein expression was assessed by Western blotting. RNA interference was used to 
knockdown IFN-β and ISG20 expression. CX3CL1 protein levels were assessed by enzyme-linked 
immunosorbent assay. We performed immunofluorescence to examine endothelial ISG20 
expression in biopsy specimens from patients with lupus nephritis (LN).
Results:  In GECs, the expression of ISG20 mRNA and protein was increased by polyIC, not by LPS, 
R848, or CpG treatment. Moreover, ISG20 knockdown prevented poly IC-induced CX3CL1 expression 
but had no effect on CXCL10 expression. Intense endothelial ISG20 immunoreactivity was observed 
in biopsy specimens obtained from patients with proliferative LN.
Conclusion:  In GECs, ISG20 was regulated via TLR3 but not via TLR4, TLR7, or TLR9 signaling. 
Moreover, ISG20 was involved in regulating CX3CL1 production. In addition to regulating antiviral 
innate immunity, ISG20 may act as a mediator of CX3CL1 production, thereby inducing glomerular 
inflammation, particularly in patients with LN.

Introduction

In some forms of glomerulonephritis, innate immunity in resi-
dent renal cells is thought to play a role in the pathogenesis 
of kidney inflammation, in addition to the antiviral response 
[1]. In this process, activated Toll-like receptors (TLRs) on circu-
lating immune cells and resident renal cells induce the pro-
duction of type I interferons (IFNs) and subsequently that of 
pro-inflammatory cytokines/chemokines [2,3]. Among the 
pro-inflammatory chemokines, CX3CL1/fractalkine and CXCL10/
IFN-γ-induced protein 10 are representative chemokines that 
could initiate activated leukocyte infiltration into glomerular 

cells [4–6]. Although Toll-like receptor 3 (TLR3)/type I IFN sig-
naling plays a major role in antiviral innate immunity [7], it can 
be induced by noninfectious stimuli such as endogenous 
ligands, including damage-associated molecular patterns 
(DAMPs). Therefore, it is postulated that TLR3/type I IFN signal-
ing may be involved in the pathogenesis of some forms of 
glomerulonephritis, particularly lupus nephritis (LN) [8–11]. The 
TLR3, TLR4, TLR7, and TLR9 signaling pathways play important 
roles in LN pathogenesis [8–13]. Regarding the TLR3, a unique 
concept of the ‘pseudoviral’ immunity that focuses on the 
excess activation of regional TLR3 signaling has been 
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proposed as additional pathogenetic factors of LN [8–11,14–
16], although this remains controversial. As TLR3 signaling is 
unique [7,8], we previously determined the detailed mecha-
nisms of TLR3 signaling in resident renal cells [9–11]. However, 
the role of TLR3 activation in LN remains largely unknown [9].

The antiviral innate immune response is mediated by 
TLR3 activation, which results in the upregulation of IFNs and 
IFN-dependent transcripts or IFN-stimulated genes (ISGs). 
Although the specific antiviral functions of some ISGs have 
been characterized, their role of several ISGs remains 
unknown [17]. ISG20, a DEDD 3′-5′ exonuclease with specific-
ity toward single-stranded RNA, has been shown to suppress 
the replication of multiple viruses by degrading viral genes 
or genomes [18,19]. We have reported that the expression of 
ISGs, such as ISG15, ISG20, IFN-induced protein 35 (IFI35), 
IFN-induced transmembrane protein 1 (IFIT1), and DExD/H-Box 
Helicase 60 (DDX60), was regulated by TLR3 signaling in cul-
tured human resident renal cells [10,14–16,19,20]. Moreover, 
we reported that ISGs could play a role in the regional regu-
lation of pro-inflammatory cytokine/chemokine production, 
which results in pro- and anti-inflammatory reactions [14–
16,19]. However, the implication of resident renal cell-specific 
ISG20 expression in the pathogenesis of glomerular inflam-
mation remains undetermined [20].

Since glomerular endothelial cells (GECs) are directly 
exposed to circulating viral particles in the glomerulus, endo-
thelial viral and DAMPs antigens can activate the regional 
TLR3 signaling cascade [15,16]. Therefore, in this study, we 
evaluated ISG20 expression and its postulated role in GECs 
treated with TLR3, TLR4, TLR7, and TLR9 agonists.

Materials and methods

Reagents

Polyinosinic-polycytidylic acid (poly IC), lipopolysaccharide 
(LPS) from Escherichia coli, and an actin antibody were 
obtained from Sigma-Aldrich (St Louis, MO, USA). The TLR7 
ligand R848 and TLR9 ligand CpG were purchased from 
InVivoGen (San Diego, CA, USA) and Novus Biologicals 
(Centennial, CO, USA), respectively. The Illustra RNAspin kit 
was obtained from GE Healthcare (Buckinghamshire, UK). The 
rabbit antibodies against ISG20 and IFIT1 were purchased 
from GeneTex (Irvine, CA, USA). Lipofectamine RNAiMAX 
reagent, Moloney murine leukemia virus (MMLV) reverse tran-
scriptase, dNTP mix, and small interfering RNA (siRNA) against 
IFN-β were obtained from Thermo Fisher Scientific (Waltham, 
MA, USA). The siRNAs against ISG20 and a non-targeting neg-
ative control siRNA were obtained from Qiagen (Hilden, 
Germany). The SsoAdvanced Universal SYBR Green Supermix 
was obtained from Bio-Rad (Hercules, CA, USA). Horseradish 
peroxidase (HRP)-conjugated anti-rabbit antibodies were 
obtained from Medical and Biological Laboratories (Nagoya, 
Japan). Polyvinylidene difluoride (PVDF) membranes and 
Luminata Crescendo Western HRP substrates were obtained 

from Merck Millipore (Darmstadt, Germany). The enzyme-linked 
immunosorbent assay (ELISA) kit for CX3CL1 was obtained 
from R&D Systems (Minneapolis, MN, USA).

Cells

Normal human GECs were purchased from ScienCell Research 
Laboratories (Carlsbad, CA, USA). Cells were cultured in endo-
thelial growth medium-2 (EGM-2; Lonza, Walkersville, MD, 
USA) on gelatin-coated plates, as previously described [15,16]. 
Cells were treated with 30 μg/mL of poly IC, 1 μg/mL of LPS, 
5 μg/mL of R848, or 100 μg/mL of CpG for up to 24 h. To 
examine the concentration-dependent effects of poly IC, cells 
were treated with 0.5-50 μg/mL of poly IC for 16 h. Regarding 
siRNA treatment, cells were cultured in a medium without 
antibiotics for 24 h and then transfected with specific siRNA 
against IFN-β, ISG20, or a nontargeting negative control 
siRNA using the Lipofectamine RNAiMAX reagent according 
to the supplier’s protocol. After 48 h of incubation, the cells 
were treated with 30 µg/mL of poly IC.

Quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR)

Total RNA was extracted from the cells using the Illustra 
RNAspin kit. Single-stranded complementary DNA (cDNA) 
was synthesized from the total RNA using oligo(dT)18 and 
MMLV reverse transcriptase. ISG20, CX3CL1, and CXCL10 
expression was quantified using specific primers and 
SsoAdvanced Universal SYBR Green Supermix. 18S ribosomal 
RNA (18SrRNA) was used as the internal control.

The sequences of the primers used are as follows:

ISG20-F: 5′- ATCTCTGAGGGTCCCCAAGGA -3′,
ISG20-R: 5′- TTCAGTCTGACACAGCCAGGCG -3′,
CX3CL1-F: 5′- GACCCCTAAGGCTGAGGAAC -3′,
CX3CL1-R: 5′- CTCTCCTGCCATCTTTCGAG -3′,
CXCL10-F: 5′- TTCAAGGAGTACCTCTCTCTAG -3′,
CXCL10-R: 5′- CTGGATTCAGACATCTCTTCTC -3′,
18S-F: 5′- ACTCAACACGGGAAACCTCA -3′,
18S-R: 5′- AACCAGACAAATCGCTCCAC -3′.

Western blotting

After incubation, the cells were lysed using the Laemmli 
reducing sample buffer. The lysates were subjected to 5–20% 
polyacrylamide gel electrophoresis. The separated proteins 
were transferred to a PVDF membrane, which was subse-
quently blocked with nonfat dry milk for 2 h at room tem-
perature and incubated with antibodies against ISG20 
(1:1,000), IFIT1 (1:5000), or actin (1:5000) for 18 h at 4 °C. After 
washing, the membranes were incubated with a horseradish 
peroxidase (HRP)-conjugated anti-rabbit IgG antibody. The 
Immobilon Crescendo Western HRP chemiluminescence sub-
strate was used for detection.
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ELISA

The concentration of CX3CL1 protein in the cell-conditioned 
medium was measured using a commercially available ELISA 
kit, according to the manufacturer’s recommended protocol.

Immunofluorescence staining of ISG20

Renal specimens were biopsied during routine diagnostic proce-
dures in clinical practice and written informed consent for 
immunostaining was obtained from each patient and their par-
ents. Renal biopsy was performed before initiating therapeutic 
intervention. For this pilot study, we used snap-frozen sections 
stored at −80 °C in good condition, from patients with diffuse 
proliferative LN [n = 3, Class IV-G (A) in accordance with the 
International Society of Nephrology/Renal Pathology Society 
(ISN/RPS) 2003 classification for LN] were stained for ISG20. 
Sections from patients with non-proliferative LN (n = 3, Class II in 
accordance with the ISN/RPS 2003 classification for LN) were 
also stained for ISG20. Moreover, sections from patients with 
proteinuric IgA nephropathy (n = 3, IgAN; defined as urinary pro-
tein/creatinine ratio, >1.0 associated with moderately mesangial 
proliferative lesion), and minimal change nephrotic syndrome in 
remission (n = 2, MCNS, as a non-inflammatory control) were 
stained for ISG20. Optimal cutting temperature compound 

(OCT)-embedded specimens were cut into 5-μm-thick sections 
using a cryostat, fixed in ice-cold acetone, and air-dried. Sections 
were transferred onto slides and washed in phosphate buffered 
saline (PBS) pH 7.4 immediately before immunohistochemistry. 
Anti-rabbit ISG20 antibody (GeneTex, Irvine, CA, USA) was added 
at a dilution of 1:200. After incubation for 40 min, at room tem-
perature and several washes with PBS, the slides were sequen-
tially incubated with fluorescein isothiocyanate-conjugated 
secondary antibodies at a dilution of 1:20 for 40 min at room 
temperature. The identity of ISG20-expressing cells was deter-
mined by dual labeling with ISG20 and an anti-rabbit CD34 
antibody (Nichirei Bioscience Inc., Tokyo, Japan, undiluted) as a 
marker of endothelial cells, and an Alexa fluor 594-conjugated 
anti-rabbit IgG secondary antibody (1:20). This immunohisto-
chemical study was conducted as a part of our research project 
for TLR3 signaling-mediated inflammatory signaling in GECs and 
was approved by the Ethics committee of Hirosaki University 
Graduate School of Medicine (2018-098).

Statistical analysis

Data are presented as mean ± standard deviation (SD). The 
Mann–Whitney U test was used to assess significant differ-
ences. Statistical significance was set at p < 0.05.

Figure 1.  Polyinosinic-polycytidylic acid (poly IC) induces ISG20 expression in cultured human glomerular endothelial cells (GECs) in a time- and 
concentration-dependent manner. (a) GECs were treated with 30 µg/mL poly IC, 1 μg/mL LPS, 5 μg/mL R848, or 100 μg/mL CpG for up to 24 h. RNA was 
extracted from cells after incubation, and reverse-transcribed to cDNA using oligo (dT)18 and M-MLV reverse transcriptase. cDNA was used as a template 
for qPCR quantify ISG20 and 18S RNA expression. (b) Cells were treated with 30 µg/mL poly IC as described in (a) and lysed using the Laemmli sample 
buffer. Protein levels of ISG20 and actin protein were assessed by western blotting. (c and d) Cells were treated with 0.5-50 µg/mL poly IC for 16 h. RNA 
and protein were extracted from the cells and subjected to qRT-PCR analysis (c) and western blotting (d), respectively. Data from (a) and (c) represent the 
mean ± standard deviation (SD) (n = 3).
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Results

Poly IC treatment increases ISG20 expression in cultured 
human GECs

In unstimulated normal human GECs, mRNA and protein levels 
of ISG20 were low. Treatment of GECs with 30 µg/mL of poly 
IC, a TLR3 agonist, increased the expression of ISG20 mRNA in 
a time-dependent manner; ISG20 levels began to increase 4 h 
after stimulation and almost plateaued after 8 h (Figure 1(a)). 
In contrast, no significant change was observed in ISG20 
mRNA expression when the cells were treated with LPS, R848, 
or CpG (Figure 1(a)). Concomitantly, the ISG20 protein levels 
increased after poly IC treatment. A marked increase in ISG20 
protein levels was observed during 8–24 h, and maximum 
expression was observed 16 h after poly IC treatment (Figure 
1(b)). Moreover, the increase in ISG20 mRNA (Figure 1(c)) and 
protein (Figure 1(d)) levels upon poly IC treatment was 
dose-dependent. Since ISG20 mRNA expression was not stim-
ulated by LPS, R848, or CpG, the protein levels of ISG20 pro-
tein levels in response to these stimuli were not examined.

IFN-β is involved in ISG20 induction by poly IC

Next, we examined whether ISG20 upregulation by poly IC 
could be mediated by IFN-β. The chemokines CX3CL1 and 
CXCL10, which are induced by poly IC via IFN-β [5,21] were 

also examined as positive controls. IFN-β knockdown mark-
edly inhibited poly IC-induced ISG20 (Figure 2(a)), CX3CL1 
(Figure 2(b)), and CXCL10 expression (Figure 2(c)). Consistently, 
IFN-β knockdown inhibited poly IC-induced expression of 
ISG20 protein (Figure 2(d)).

ISG20 is involved in CX3CL1 induction by poly IC

To determine whether ISG20 is involved in the regulation 
of CX3CL1 and CXCL10 expression, knockdown experi-
ments were performed. ISG20 knockdown partially 
decreased poly IC-induced CX3CL1 expression (Figure 3(a)) 
but had no effect on the CXCL10 expression (Figure 3(b)). 
The concentration of CX3CL1 protein in the conditioned 
medium of poly IC-treated cells also partially decreased 
upon ISG20 knockdown (Figure 3(c)). However, ISG20 
knockdown, as confirmed by western blotting, had no 
effect on the poly IC-induced expression of IFIT1 protein 
(which served as a positive control) (Figure 3(d)).

ISG20 is expressed in GECs in the biopsy specimen of 
proliferative lupus nephritis

Significant positive staining of ISG20 in the endothelial area 
was observed in the biopsy specimens from patients with 

Figure 2. I FN-β is involved in poly IC-induced CXCL10, CX3CL1, and ISG20 expression. The cells were transfected with a nontargeting negative control 
siRNA or an IFN-β siRNA and incubated for 48 h. Subsequently, the cells were incubated with 30 µg/mL of poly IC for 16 h. (a, b, and c) RNA was extracted 
from cells and qRT-PCR for ISG20 (a), CX3CL1 (b), and CXCL10 (c) was performed. Data are presented as mean ± SD (n = 3, *P < 0.01). (d) Cells were lysed, 
and western blotting was performed for ISG20 and actin.
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class IV LN, whereas ISG20 expression in the specimens from 
patients with Class II LN was weak. However, in other speci-
mens, ISG20 expression was negligible or undetectable 
(Figure 4(a)). Representative dual-labeling staining with 
anti-ISG20 and anti-CD34, markers of GECs, for biopsy speci-
men from a patient with class IV LN showed that ISG20 
expression was mainly concentrated in the endothelial area 
(Figure 4(b), a specimen of class IV LN showing merged 
staining of ISG20 and CD34).

Discussion

In terms of glomerulonephritis, CX3CL1/fractalkine could 
induce chemotaxis, leading to the activation of circulating 
CX3CL1 receptor-positive immune cells [22]. Mesangial 
CX3CL1 expression correlates with histopathological activity 
and severity in patients with LN [4]. Thus, the induction of 
CX3CL1 in resident glomerular cells and the subsequent 
recruitment of circulating inflammatory cells are involved in 
the initiation and progression of LN [5]. Given the impor-
tance of TLR3 signaling in resident glomerular cells [8,9], we 
examined its role in regulating CX3CL1 expression in cul-
tured human mesangial cells (MCs) and GECs [5,21]. We pre-
viously reported that the TLR3/IFN regulatory factor 3 (IRF3) 
axis, but not the TLR3/nuclear factor κB (NF-κB) axis, was 

involved in regulating CX3CL1 expression in MCs [21]. 
However, the TLR3/IFR3 and TLR3/NF-κB axes were equally 
involved in regulating CX3CL1 expression in GECs [5]. 
Although this discrepancy might be due to differences 
between the two cell types, this issue remains to be resolved 
[5]. To better understand the pathogenesis of glomerular 
inflammation, it is important to decipher the role of signaling 
cascades involved in regulating ISG20 expression in resident 
renal cells, as ISG20 is involved in the glomerular endothelial 
expression of CX3CL1, a strong chemoattractant of activated 
leukocytes.

ISGs could induce early innate immune responses [17]. 
ISG20 interferes with the replication of RNA viruses by directly 
degrading viral RNA [23]. Furthermore, the expression of ISG20 
in nerve cells is reportedly associated with tumorigenesis, sug-
gesting that ISG20 could also regulate cellular processes [24]. 
Although we previously reported that treatment with poly IC, 
a TLR3 agonist, increased ISG20 expression in human MCs, its 
implications remain unknown [20]. In the present study, we 
found that similar to MCs, poly IC treatment induced ISG20 
expression in a time- and concentration-dependent manner in 
GECs. Notably, ISG20 expression was induced only by the TLR3 
agonist and not by the TLR4, TLR7, or TLR9 agonists. Thus, 
ISG20 expression in GECs was TLR3-dependent. Our previous 
studies using cultured human MCs and GECs demonstrated 

Figure 3. I SG20 is partially involved in poly IC-induced CX3CL1 expression. Cells were transfected with the negative control siRNA or ISG20 siRNA and 
incubated for 48 h. Then, 30 µg/mL of poly IC was added to the cultures and incubated for additional 24 h. (a and b) RNA was extracted from the cells, 
and qRT-PCR for CX3CL1 (a) and CXCL10 (b) was performed. (c) The culture medium was collected, and the concentration of CX3CL1 protein in the culture 
medium was estimated by ELISA. Data (a), (b), and (c) are presented as mean ± SD (n = 3, *P < 0.01; N.S., not significant). (d) Cells were lysed and western 
blotting was performed for ISG20, IFIT1, and actin.
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that IFN-β, but not IFN-α, was synthesized de novo following 
TLR3 activation and IFN-β was crucial for regional inflamma-
tory cascades [10,14–16,19,20]. IFN-β knockdown markedly 
inhibited poly IC-induced ISG20 expression, indicating that 
endothelial ISG20 expression was regulated via the TLR3/IFN-β 
axis. Furthermore, ISG20 knockdown led to a decrease in 
CX3CL1 expression but not CXCL10 production. Thus, we con-
clude that endothelial CX3CL1 expression can be regulated by 
the TLR3/IFN-β/ISG20 axis. The production of CX3CL1 via ISG20 

by resident renal cells may be involved in glomerular inflam-
mation and glomerulonephritis initiation. In this study, we 
found intense ISG20 immunoreactivity in the glomerular endo-
thelial area of specimens from patients with proliferative LN. 
Thus, our present observation suggests that marked type I IFN 
activation leading to ISG20 expression could occur in the glo-
merular lesions of patients with proliferative LN. In this con-
text, it has been reported that ISGs enhanced innate immune 
signaling [17]. Thus, endothelial expression of ISG20 functions 

Figure 4. I mmunofluorescence staining of ISG20 in renal biopsy specimens obtained from patients with non-proliferative LN, proliferative LN, IgA nephrop-
athy, and minimal-change nephrotic syndrome. Dual immunostaining of ISG20 (green) and CD34 (red) in renal biopsy specimens. (a) Upper left, 
non-proliferative lupus nephritis (LN) [Class II in accordance with the International Society of Nephrology/Renal Pathology Society (ISN/RPS) 2003 classifi-
cation for LN]; upper right, proliferative LN [Class IV-G (A) in accordance with the ISN/RPS 2003 classification for LN]; lower left, IgA nephropathy; and lower 
right, minimal-change nephrotic syndrome (served as a non-inflammatory control). A significant increase in ISG20 immunoreactivity was observed in pro-
liferative LN specimens, whereas immunoreactivity was weak or negligible (upper right corner) in the other specimens (×400 magnification). (b) In prolif-
erative lupus nephritis, positive staining for ISG20 (green) was detected mainly in the endothelial area (×400 magnification).
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enhances innate immune reactions in resident renal cells 
through CX3CL1 production, although further studies are 
required to obtain more conclusive evidence.

We have reported on the mesangial expression of myxovi-
rus resistance protein 1 and IFI35, endothelial expression of 
IFIT1 and DDX60, enhanced glomerular inflammation, and that 
the expression of these ISGs in renal biopsy specimens was 
positively related to the severity of proliferative LN [10,14,15]. 
In contrast, mesangial ISG15 was involved in the negative 
feedback loop of activated innate immune reactions, and its 
expression in renal biopsy specimens is negatively correlated 
with the severity of proliferative LN [19]. Therefore, ISGs may 
play either protective or deleterious roles in the pathogenesis 
of glomerular inflammation.

Conclusion

Based on our experimental results, we suggest that the dynamic 
regional expression of ISG20 may be associated with the activa-
tion of innate immune reactions in GECs. Thus, altered levels of 
ISG20 and other components of the TLR3/IFN-β/ISG axis in resi-
dent renal cells might be a characteristic in patients with glo-
merular diseases, particularly LN [14–16,19]. Further detailed 
studies focusing on the interactions between these ISGs and 
the downstream expression of chemokines/cytokines are neces-
sary. We also consider that the overexpression of ISG20 and its 
downstream inflammatory mediators, including CX3CL1, may be 
involved in the pathogenesis of glomerular inflammation. Thus, 
the pharmacological modulation of these signaling pathways 
might be a novel therapeutic approach for the treatment of 
glomerular diseases, particularly LN.
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