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Abstract

Background/Aims: Dysregulation of interleukin-6 (IL-6) production in residual renal cells may
play a pivotal role in the development of glomerulonephritis (GN). Given that Toll-like receptor
3 (TLR3) signaling has been implicated in the pathogenesis of some forms of GN, we examined
activated TLR3-mediated IL-6 signaling in cultured normal human glomerular endothelial cells
(GECs). Methods: We treated GECs with polyinosinic-polycytidylic acid (poly IC), an authentic
double-stranded RNA, and analyzed the expression of IL-6 and the cytosolic viral RNA sensors
retinoic acid-inducible gene-I (RIG-1) and melanoma differentiation associated gene 5 (MDAD5)
using reverse transcription quantitative real-time polymerase chain reaction, western blotting,
and enzyme-linked immunosorbent assays. To further elucidate the effects of poly IC on this
signaling pathway, we subjected the cells to small interfering RNA (siRNA) against TLR3,
interferon (IFN)-f, RIG-I, and MDAS. Results: We found that poly IC induced the expression of
RIG-I, MDAS and IL-6 via TLR3/IFN-B signaling in GECs. siRNA experiments revealed that both
MDAS and RIG-I were involved in the poly IC-induced expression of IL-6, with MDAS5 being
upstream of RIG-I. Conclusion: Interestingly, cytosolic sensors of viral RNA were found to be
involved in IL-6 production via TLR3 signaling in GECs. Regional activation of TLR3/IFN-B/
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MDAS5/RIG-I/IL-6 axis due to viral and “pseudoviral” infections is involved in innate immunity
and inflammatory reactions in GECs. We believe this signaling pathway also plays a pivotal

role in the development of some forms of GN.
© 2019 The Author(s)
Published by S. Karger AG, Basel

Introduction

In addition to contributing to the formation of the blood vessels in glomeruli, which act
as a glomerular filtration barrier, glomerular endothelial cells (GECs) have been shown to
produce various functional molecules that regulate aspects of glomerular function, including
blood coagulation, inflammation, and homeostasis [1, 2]. Dysregulated endosomal Toll-like
receptor (TLR) signaling has been reported to result in sustained activation of the type I
interferon (IFN) system, which may lead to the development of autoimmune diseases such
as systemic lupus erythematosus [3]. Thus, viral infections and antiviral host defenses may
trigger the development of some inflammatory renal diseases, such as IgA nephropathy and
lupus nephritis (LN) [4-6]. As GECs are directly exposed to circulating viral particles in the
glomerulus [7], TLR3 and its signaling pathways involved in inflammatory processes in such
cells are thought to play a pivotal role in the pathogenesis of some immune complex-mediated
GN [7, 8] and viral infection-induced GN cases [9], However, little is known of the specific
molecular mechanisms underlying the initiation of glomerular inflammation via endothelial
TLR3 signaling activation [7, 8]. Since recruitment of circulating neutrophils by GECs is a first
step in the development of GN [10], it is important to examine whether endothelial TLR3
signaling can promote circulating neutrophil recruitment. In previous work, we examined
TLR3 signaling pathways in cultured human GECs, and found that activation of TLR3 induces
endothelial expression of CXCL1, a potent neutrophil chemoattractant, and E-selectin, an
adhesion molecule [8].

The representative proinflammatory cytokine interleukin-6 (IL-6) has been reported
to be produced by residual glomerular cells in response to various inflammatory stimuli,
and, notably, IL-6-dependent cellular crosstalk may modulate glomerular inflammation [1,
11, 12]. Interestingly, Kuravi et al. found that such cellular crosstalk between podocytes
and GECs can regulate neutrophil recruitment by the latter [11]. However, the roles of
endothelial TLR3 signaling and the cytosolic sensors retinoic acid-inducible gene-I (RIG-I)
and melanoma differentiation-associated gene 5 (MDAS5) in controlling IL-6 expression
remain to be elucidated. Given the importance of neutrophil recruitment in the pathogenesis
of GN [10], we sought in the present study to determine the molecular mechanism by which
TLR3 activation stimulates expression of IL-6 in human GECs.

Materials and Methods

Reagents

Polyinosinic-polycytidylic acid (poly IC, P1530) and a rabbit anti-actin antibody were purchased from
Sigma (St. Louis, MO). Small-interfering RNAs (siRNAs) against TLR3 (S102655156), MDAS (S103649037),
and RIG-I (SI03019646) and a non-silencing negative-control siRNA (1027281) were obtained from Qiagen
(Hilden, Germany). The IFN-B-targeting siRNA used has been described previously [8, 13-15]. An illustra
RNA spin kit was supplied by GE Healthcare (Little Chalfont, UK). Custom oligonucleotide primers for
reverse transcription (RT) and polymerase chain reaction (PCR) were synthesized by Fasmac (Atsugi, Japan).
Moloney murine leukemia virus (MMLV) reverse transcriptase and Lipofectamine RNAi-MAX were provided
from Invitrogen (Carlsbad, CA). Sso-Advanced Universal SYBR Green Supermix was obtained from Bio-Rad
(Hercules, CA). A rabbit anti-MDAS5 antibody (29020) was purchased from Immuno-Biological Laboratories
(Takasaki, Japan), and the rabbit anti-RIG-I antibody used has been described in prior work [16]. An enzyme-
linked immunosorbent assay (ELISA) kits for IL-6 and CXCL1 was supplied from Proteintech (Chicago, IL)
and R&D systems (Minneapolis, MN), respectively

63


http://dx.doi.org/10.1159%2F000498837

Kidney Blood Press Res 2019;44:62-71

Kidney
Blood Pressure

DOI:

© 2019 The Author(s). Published by S. Karger AG, Basel

Published online: 22 February 2019 www.karger.com/kbr

Research

Cells

Normal human GECs were purchased
from ScienCell (Carsbad, CA) and cultured
in endothelial growth medium from Lonza
(Walkersville, MD). The cells were treated
with 0.1-50 pug/mL poly IC for up to 24 h [8].
In RNA interference experiments, the cells
were transfected with non-silencing control
siRNA or siRNA against TLR3, I[FN-[3, MDA5,
or RIG-I using Lipofectamine RNAi-MAX
regent according to the supplier’s protocol.
After incubation for 2 days, the cells were

Liu et al.: Cytosolic Viral dsRNA Sensors and IL-6 in Human GECs

Table 1. Oligonucleotide primers for reverse transcription
quantitative real-time polymerase chain reaction

cDNA primers
CXCL1 F: 5’- ATGGCCCGCGCTGCTCTCTCC -3
R: 5'- GTTGGATTTGTCACTGTTCAG -3’
IFN-B8 F: 5’- CCTGTGGCAATTGAATGGGAGGC -3’
R: 5’- CCAGGCACAGTGACTGTACTCCTT -3’
IL-6 F: 5’- ATGAACTCCTTCTCCACAAGC -3’
R: 5’- AAGAGCCCTCAGGCTGGACTG
GAPDH F: 5’- GCACCGTCAAGGCTGAGAAC -3’
R: 5’- ATGGTGGTGAAGACGCCAGT -3’

MDAS5 F: 5'-GTTGAAAAGGCTGGCTGAAAAC -3’

R: 5'-TCGATAACTCCTGAACCACTG-3'
RIG-I F: 5’- GTGCAAAGCCTTGGCATGT -3’
R: 5’- TGGCTTGGGATGTGGTCTACTC -3’
F: 5’- CTCAGAAGATTACCAGCCGCC -3’
R: 5’- CCATTATGAGACAGATCTAATG -3’

stimulated with 30 ug/mL poly IC.

RNA extraction and reverse transcription TLR3

quantitative real-time polymerase chain

reaction (RT-qPCR)

RNA was extracted from the cells
and used to synthesize single-stranded cDNA using MMLV reverse transcriptase and oligo(dT),, primer.
IFN-B, RIG-I, MDA5, or IL-6 cDNA was amplified using Sso-Advanced Universal SYBR Green Supermix.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA was used as an internal control. The sequences
of the primers used are shown in Table 1.

Western blotting

The cells were lysed using Laemmli reducing sample buffer, and the lysates subjected to polyacrylamide
gel electrophoresis. The proteins were blotted onto polyvinylidene fluoride membranes, which were then
blocked and probed with an antibody against RIG-I (1:10, 000), MDAS5 (1:2, 000), or actin (1:3, 000). After
washing, the membranes were incubated with horseradish peroxidase-conjugated anti-rabbit IgG antibody.
Chemiluminescent substrate was used for detection.

Enzyme-linked immunosorbent assay (ELISA)
Concentrations of IL-6 and CXCL1 in the cell-conditioned medium were measured using commercial
ELISA kits according to the supplier’s recommended protocol.

Statistical analysis

All experiments were performed at least three times. Values are reported as means * standard
deviation (SD). Differences between groups were analyzed using Student’s t-test. A p-value less than 0.05
was considered statistically significant. All analyses were carried out using GraphPad Prism software
version 7 (GraphPad Software, Inc., La Jolla, CA).

Results

Poly IC induces the expression of RIG-I, MDAS5 and IL-6 in cultured GECs

Treatment of cultured human GECs with poly IC induced the expression of RIG-1, MDAS5,
and IL-6 in a concentration- (Fig. 1) and time-dependent manner (Fig. 2). After stimulation
with poly IC, expression of IFN- mRNA rapidly increased, reaching its highest level after 2 h,
then quickly decreasing and returning to the basal level at 8 h. Increased mRNA expression
of RIG-I and MDAS5 lagged behind that of IFN-f. Levels of RIG-I and MDA5 mRNA began to
significantly increase 4 h after treatment, peaked at 16 h, and decreased thereafter. The
level of IL-6 mRNA also reached its maximum at 16 h. RIG-I and MDAS5 protein expression
increased gradually and was highest at 16-24 h (Fig. 2B). IL-6 protein accumulated in the
medium up to 24 h (Fig. 2C).
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TLR3 and IFN-f mediate poly IC-induced expression of RIG-1, MDA5 and IL-6

RNA interference targeting TLR3 resulted in decrease in the RIG-I, MDAS5, and IL-6
mRNA (Fig. 3A) and protein (Fig. 3B and 3C) expression induced by poly IC. Knockdown of
IFN-f also inhibited the poly IC-induced expression of these molecules (Fig. 4).

MDA is involved in poly IC-induced RIG-1, IL-6 and CXCL1 expression
Knockdown of MDA5 diminished the expression of RIG-I, IL-6, and CXCL1 mRNA and
protein induced by poly IC (Fig. 5).

RIG-I contributes to poly IC-induced expression of IL-6, but not that of MDA5 or CXCL1

RNA interference targeting RIG-1 decreased the induction of IL-6 mRNA (Fig. 6A) and
protein (Fig. 6C) expression in cells treated with poly IC. However, knockdown of RIG-I had
no effect on poly IC induced increases in MDA5 and CXCL1 levels (Fig. 6A and 6B).


http://dx.doi.org/10.1159%2F000498837

Kidney
Blood Pressure
Research

Fig. 4. IFN- is involved in poly IC-
induced expression of RIG-I, MDA5
and IL-6 RNA interference against
IFN-B was performed as in Fig. 3,
and RT-qPCR (A) western blotting

Kidney Blood Press Res 2019;44:62-71

DOl
Published online: 22 February 2019

www.karger.com/kbr

© 2019 The Author(s). Published by S. Karger AG, Basel

Liu et al.: Cytosolic Viral dsRNA Sensors and IL-6 in Human GECs

A. real-time PCR

10

B. western blotting

. RIGI [ =—]
mpas [ =]
actin E

(B) and ELISA (C) were performed
as in Fig. 1. The data in (A) and
(C) are means * SD (n=3)* p<0.01,
t-test.

siRNA :

IFN-B / GAPDH
(fold increase)

iy
z
w

control
control
IFN-B

polylC: (-) (+)

© N b O

RIG-1 / GAPDH
(fold increase)
o
*
* *
N
o

40 1

30

20 C. ELISA

10 25 *

-
(3]

400

IL-6
(ng / mL)

-
o

300

200

100 siRNA :

MDAS5 /| GAPDH
(fold increase)
o
*
o O
control
IFN-B
control
IFN-B

polylC:  (-) (+)

200

150 1

100

IL-6 /| GAPDH
(fold increase)
o 8

siRNA :

control
IFN-B

control
IFN-B

poly IC : (-) (+)

Discussion

It has been reported that interaction between IL-6 and GECs modulates neutrophil
recruitment and subsequent proinflammatory chemokine/cytokine secretion [12]. Since
the recruitment of circulating neutrophils by GECs is a crucial first step in the development
of GN [8, 11, 17], identifying the specific mechanisms in GECs responsible for this process
is desirable for the development of therapeutic strategies for this disease [8]. In real-world
clinical situations, viral infections occasionally trigger the development of GN or worsen
pre-existing GN [4]. Notably, it has recently been reported that renal biopsy specimens
from patients with LN exhibit increased expression of TLR3 compared to controls [18].
Furthermore, we previously noted intense glomerular expressions of RIG-I and MDAS5,
cytosolic sensors of viral RNA, in biopsy specimens from patients with proliferative LN,
but only MDAS5 and not RIG-I expression in specimens from patients with IgA nephropathy
[19, 20]. Thus, activation of innate immunity, including the TLR3/RIG-I/MDAS5 signaling
axis, in the inflammatory process in residual glomerular cells is likely to be involved in the
pathogenesis of some forms of GN, especially LN [5-8, 15]. With respect to the recruitment
of circulating neutrophils by GECs, we previously observed that activation of TLR3/IFN-[3
signaling induces endothelial expression of CXCL1 and E-selectin [8], although this finding
remains preliminary. However, the specific mechanisms underlying the induction of IL-6
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production via TLR3 signaling in GECs remain unknown. Thus, in the present study, we
aimed to examine this issue.

Here, we found that poly IC treatment induced the expression of IL-6 in GECs in a
time- and concentration-dependent manner. Experiments using siRNA confirmed that this
response was mediated by signaling via TLR3. Concerning type I IFNs, we have shown in
prior works using cultured human GECs and mesangial cells that IFN-[3 synthesized de novo
following TLR3 activation is a key in regional inflammatory cascades [8, 13-15, 20]. Indeed,
induction of RIG-1, MDAS, and IL-6 expression was lagged behind the increase in IFN-{3 levels
observed here, and knockdown of IFN-f3 resulted in decreased expression of these molecules.
These results suggest that IFN-f also mediates the increased expression of RIG-I, MDAS5,
and IL-6 in GECs treated with poly IC. Thus, various inflammatory molecules downstream
of endothelial TLR3/IFN-3 signaling may be involved in innate immune and inflammatory
reactions and play a pivotal role, at least in part, in the subsequent recruitment of circulating
neutrophils by GECs [8].

IL-6 is a pleiotropic cytokine that regulates numerous biological processes including
inflammatory responses. Serum IL-6 level has been shown to correlate with the histologic
severity of LN in a clinical context [21]. Of the residual glomerular cells, IL-6 can be produced
by podocytes, mesangial cells, and GECs, and is involved in the pathogenesis of inflammatory
renal diseases, including IgA nephropathy, LN, acute kidney injury, and chronic renal disease
[12, 22]. With respect to the implication of cytosolic sensors of viral RNA within target cells
in the secretion of IL-6, it has been reported that dengue virus induces IL-6 expression
in dendritic cells via RIG-I and MDAS5 [23]. In the present study, we also found that both
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Fig. 6. RIG-I is involved in poly IC-
induced expression of IL-6, but not
that of CXCL1. RNA interference
against RIG-I was performed as
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performed as above. Knockdown

400 -

MDA5 / GAPDH
(fold increase)

of RIG-I decreased poly IC-induced

300 A
. 200 - T T
100 - —_ —
mRNA expression of IL-6, but not 0 | polyiC: () (*)

that of CXCL1 (A). The data in (A)
and (C) are means * SD (n=3). *
p<0.01, t-test. NS; not significant.

200

IL-6 /| GAPDH
(fold increase)

-
o
o

80 1
60 1
40 7
20 7

CcXcL1 / GAPDH
(fold increase)

siRNA :

poly IC :

A. real-time PCR

150 1

100 A 25 1 *
50 - 20 A

0 A

control

(-) (+)

B. Western blotting

RIG-I
MDAS e

actin [Emme]

NS

siRNA :

control
RIG-I

control
RIG-I

*

C. ELISA

IL-6
(ng / mL)
&

-
o o
1 1

siRNA :

control
RIG-I

control
RIG-I

poly IC : (-) (+)

RIG-I
control
RIG-I

RIG-I and MDAS5 were involved in IL-6
production in GECs treated with poly IC.
However, Hagele et al. previously reported
that RIG-I, but not MDA5, contributes to
poly IC/cationic lipid complex-induced IL-6
expression in murine GECs [7]. Although
the reason for this discrepancy is not
known, human and murine GECs may have
different characteristics. In addition, the
signaling induced by pure poly IC may differ
from that induced by poly IC/cationic lipid
complex, although this requires further
examination.

Interestingly, knockdown of MDA5
decreased the poly IC-induced expression
of RIG-I and CXCL1 in addition to that of
IL-6, while knockdown of RIG-I affected
the expression of neither MDA5 nor
CXCL1. This suggests that MDAS5 is, at
least partially, upstream of RIG-I/IL-6,
and the expression of IL-6 and CXCL1
are differentially regulated under the
conditions of our experiment. The TLR3/
IFN-B/MDA5 /RIG-I/IL-6 axis may play a

[Human glomerular endothelial cells ]

dsRNA (poly IC)

!

TLR3

!

IFN-B

7\

MDA5 — RIG-I

S NS

CXCL1 IL-6

! !

immune and inflammatory reactions

Fig.7. Proposed signaling axis in TLR3-mediated
IL-6/CXCL1 expression in human glomerular
endothelial cells.
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role in inflammatory reactions related to viral and ‘pseudoviral” infection in GECs, and IL-6
produced by such cells may induce immune and inflammatory reactions in other resident
glomerular cells [11, 12]. Since GECs have been reported to interact with other intrinsic
residual glomerular cells [1, 2, 11], initial regional neutrophil recruitment by GECs followed
by TLR3 activation could trigger the development of GN, as is thought to occur in LN [5, 6,
8, 22]. Thus, identifying the specific mechanisms that underlie endothelial TLR3 signaling
for the recruitment of circulating neutrophils via CXCL1, E-selectin, and IL-6 expression is
desirable for the development of therapeutic strategies for GN [8, 22]. On the other hand, it is
notably that TLR3 signaling has both protective and deleterious effects in the pathogenesis
of virus and “pseudoviral” infections [24]. Also, TLR3 agonist poly IC used in this experiment
sometimes promote apoptosis and increase cellular permeability in some cell types [24].
Thus, we should be careful to interpret our preliminary findings.

Conclusion

In conclusion, we found that the TLR3/IFN-B/MDA5/RIG-I/IL-6 axis probably
contributes to postulated regional neutrophil recruitment and inflammation by GECs (Fig.
7). However, further studies, including those involving in vivo murine models, are required
to confirm and extend our preliminary findings.
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