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Intravenous Administration of Toll-Like Receptor Inhibitory
Peptide 1 is Effective for the Treatment of Systemic Lupus
Erythematosus in a Mus musculus Model

Wook-Young Baek, Ph.D."**, Sung-Min Lee, MSc'*, Sang-Won Lee, MSc', In-Ok Son, MSc', Sangdun Choi, Ph.D.?,
Chang-Hee Suh, M.D., Ph.D."”?

'Department of Rheumatology, Ajou University School of Medicine, “Department of Molecular Science and Technology, Ajou University,
Suwon, Korea

Objective. Systemic lupus erythematosus (SLE) is a common chronic autoimmune inflammatory disease. According to recent
studies, signaling through Toll-like receptor (TLR) protein, which promotes the production of inflammatory cytokines, leads to
the development of SLE. TLR-inhibitory peptide 1 (TIP1) has been newly identified for the treatment of autoimmune diseases.
Methods. The effect of TIP1 was analyzed in an SLE mouse model (MRL/Ipr). The mice in the control treatment group (n=15)
were administered an intravenous injection of phosphate-buffered saline twice weekly, whereas the mice in the TIP1 treatment
group (n =6) were administered an intravenous injection of TIP1 (1 nmol/g) twice weekly. MRL/mpj mice (n = 5) were selected
as normal controls. The mice were injected for 4 weeks between 14 and 18 weeks of age, followed by assays of their spleen,
kidneys, lymph nodes, serum, and urine. Results. The antinuclear antibody and inflammatory cytokine (interferon- @) in the se-
rum as well as levels of albumin in the urine of the mice in the TIP1 treatment group had decreased when compared to those
of mice in the control treatment group. Kidney inflammation in mice in the TIP1 treatment group was alleviated. The mRNA
expression levels of TLR7- or TLR9-related downstream signaling molecules also decreased in all organs of the mice in the TIP1
treatment group. Conclusion. Intravenous treatment with TIP1 reduces symptoms and markers of inflammation in MRL/Ipr
mice. Hence, TIP1 is a promising medication for the treatment of SLE. (J Rheum Dis 2021;28:133-142)
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INTRODUCTION

Being an autoimmune disease, systemic lupus eryth-
ematosus (SLE), commonly called lupus, causes damage
to body parts, including skin, joints, blood, lymph nodes,
kidneys, and spleen, owing to excessive production of in-
flammatory cytokines [1]. SLE also induces skin in-
flammation, which leads to skin rashes. Further, invasion
of cytokines in the kidneys causes lupus nephritis, fol-
lowed by the development of nephrotic syndrome, and
deteriorates kidney function, leading to renal failure
[2,3]. Furthermore, autoantibodies including antinuclear

antibodies (ANAs) and anti-dsDNA antibodies are pro-
duced, along with the development of lymphadenitis that
results in hyperplasia of the lymph nodes [4].

Causes of SLE have not yet been clearly identified, but
abnormal immunological reactions are commonly as-
sumed to cause SLE. It has been suggested that immuno-
logical reactions are associated with genetic, environ-
mental, and hormonal factors [5]. Considering SLE is
most common in young women of reproductive age (in
their 20s or 30s) and its incidence decreases with age, SLE
may also be related to female hormones [6,7]. It has also
been reported that several types of immune cells, such as
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macrophages and dendritic cells, are associated with an
overactive phenotype and function [8-10]. Recent studies
have demonstrated that abnormal control of the Toll-like
receptor (TLR) pathway involved in the innate immune
system, the TLR7 or TLR9 pathway, may play a crucial
role in the activation of macrophages and dendritic cells
[11-13]. In addition, abnormal control of the TLR path-
way may also be involved in the development and pro-
gression of SLE as well as the activation of immune cells,
considering that the increased production of TLR7 leads
to higher level of disease activity [14-16].

Kwon et al. [17] traced a Toll/interleukin-1 receptor
(TIR) domain functioning as a TLR signaling adaptor and
discovered a peptide controlling TLR activation signals. It
was reported that the TLR-inhibiting peptide (TIP)1, de-
rived from the TIR domain, specifically penetrates the cell
membrane and blocks the downstream signaling cascade
through the myeloid differentiation primary response
gene 88 (MyD88). In addition, it has been found that TIP1
effectively inhibits cytokine secretion primarily induced
by the signaling pathways of TLR4, TLR7, TLRS, and
TLR9 [17]. In our study, TIP1 was intravenously injected
in mouse models of SLE (MRL//pr), and their skin le-
sions, lymph nodes, spleen, and kidneys were analyzed to
determine whether their SLE symptoms or signs could be
alleviated. In addition, we examined TLR7- or TLR9-related
downstream signaling molecules, including MyD88, in-
terleukin-1 receptor-associated kinase 4 (IRAK4), tumor
necrosis factor receptor-associated factor 6 (TRAF6), in-
terferon regulatory factor 7 (IRF7), and inflammatory cy-
tokines such as interferon- ¢ (IFN-a).

MATERIALS AND METHODS

Peptides

TIP1 peptides were constructed by solid-phase syn-
thesis (PEPTRON, Daejeon, Korea) and the purity above
95% of each peptides was confirmed by high-perform-
ance liquid chromatography.

Animals

All animal procedures were reviewed and approved by
the animal ethics committee of our institute (approval no.
2018-0029). Mice were maintained in accordance with
the guidelines of the animal facility at our institution in
pathogen-free conditions to acclimate them for 1 week af-
ter purchase. Female MRL/mpjmice (n=>5) were selected
as normal controls, and female MRL//pr mice were se-
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lected for the control treatment group (n=5) and TIP1
treatment group (n=6). MRL/mpjmice had the same ge-
netic background as MRL//pr mice. All mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME,
USA). The mice were injected from 14 to 18 weeks of age,
for a total of 4 weeks. Further, 1X phosphate-buffered sal-
ine was injected twice weekly in the mice in the normal
control and MRL//pr control treatment group. TIP1 (1
nmol/g) was injected twice weekly in the mice in the TIP1
treatment group. All mice were weighed weekly for 4
weeks. After the injection period, 18-week-old mice were
anesthetized with respiratory anesthesia using isoflurane.
Blood and urine samples were collected immediately be-
fore euthanasia, and spleen, lymph node, and kidney sam-
ples were obtained immediately after euthanasia. Blood
was immediately collected in a serum separation tube
(BD Microtainer SST, BD Biosciences, San Jose, CA, USA)
and centrifuged at 3,393 g for 30 minutes at 4°C to sepa-
rate the serum, which was then stored at —70°C. Each or-
gan was cut into 5 mm pieces, stored in an RNA
Stabilization Reagent (RNAlater, Qiagen, Hilden, Germany),
and maintained at —20°C.

Histologic assessment of kidney

Fragments of the kidney from MRL//pr mice were pre-
pared immediately after euthanasia. After fixation in 4%
paraformaldehyde for 24 hours, the samples were dehy-
drated in ethanol, embedded in Paraplast (Sigma-
Aldrich, St. Louis, MO, USA). And then, 2~3 xm sec-
tions were then stained with hematoxylin and eosin
(H&E) and Periodic Acid Schiff (PAS). In addition,
stained slides were read and interpreted in a blinded man-
ner and evaluated as histopathological nephritis index.
The nephritis index indicated the score of the kidney sec-
tion on a scale of 0~ 4 for the intensity of glomerular in-
flammatory cell infiltration and the presence of glomer-
ular necrosis. (Where glomerular inflammation is 0, nor-
mal; 1, 2, 3, and 4 each represent few inflammatory cells,
moderate inflammation, severe inflammation, and severe
abnormalities, respectively) [18].

Real-time polymerase chain reaction assay

The mRNAs of the spleen, kidney, and lymph nodes
were extracted using the FavorPrep Tissue Total RNA
Purification Mini Kit (Favorgen Biotech Corporation,
Pingtung, Taiwan) according to the manufacturer’s
protocol. The mRNA isolated from each tissue was syn-
thesized using the AMPIGENE cDNA Synthesis Kit
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(Enzo Life Sciences, Inc., Farmingdale, NY, USA) accord-

ing to the manufacturer's instructions. The synthesized
cDNA was subjected to a real-time polymerase reaction
using AMPIGENE gPCR Green Mix (Enzo Life Sciences,
Inc.). Real-time PCR was performed 35 times and in-
cluded initialization at 95°C for 5 minutes, denaturation
at 95°C for 30 seconds, annealing at 60°C for 1 minute,
and extension at 72°C for 30 seconds. mRNA expression

levels of TLR7, TLR9, and downstream signaling proteins
were measured.

Western blotting
For Western blotting, the total protein was isolated us-
ing RIPA Buffer (Intron Biotechnology, Seoul, Korea),
and each tissue was quantified according to the manu-
facturer's protocol using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Rockford, IL, USA). After eu-
thanizing the mice, the extracted spleen, kidney, and
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lymph node tissue proteins were separated by electro-
phoresis and transferred to a polyvinylidene fluoride
membrane. Then, the membrane was blocked with 5%
bovine serum albumin (MP Biomedicals, Irvine, CA,
USA). Further, the membrane was stained with A -actin
antibody (A300-491A; Bethyl Laboratories, Montgomery,
TX, USA), TLR7 antibody (#2633; Cell Signaling
Technology, Inc., Danvers, MA, USA), TLRY antibody
(LS-B688; LS Bio, Seattle, WA, USA), MyD88 antibody
(LS-C295471, LS Bio), IRAK4 antibody (LS-C334563, LS
Bio), TRAF6 antibody (LS-C331172, LS Bio), and IRF7
antibody (LS-B577, LS Bio). Western blot bands were an-
alyzed using Image J (Bethesda, MD, USA) software bun-
dled with 64-bit Java 1.8.0_112. The expression level of a

specific protein was compared with the 8 -actin value and
then statistically analyzed.
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Figure 1. Effect of treatment with Toll-like receptor inhibitory peptide 1 (TIP1) in an SLE mouse model. (A) Whole body images of
MRL/Ipr mice and age- and sex-matched controls (MRL/mpj) are shown. These images show the (B) change in the weight of the mice
during the 4-week injection period and (C) effect of TIP1 treatment on spleen hypertrophy in MRL/[pr mice. SLE: systemic lupus

erythematosus. *p <0.05.

www.jrd.or.kr

135



Wook-Young Baek et al.

Enzyme-linked immunosorbent assay (ELISA)

For ELISA, Mouse Albumin ELISA Kit (Alpco
Diagnostics, Salem, NH, USA), ANA ELISA Kit
(MyBioSource, San Diego, CA, USA), anti-dsDNA ELISA
Kit (Mybiosource), and Verikine-HS Mouse IFN-a
ELISA Kit (PBL Assay Science, Piscataway, NJ, USA) were
used according to the manufacturer’s instructions.
Albumin was identified using mouse urine, and mouse
serum was used for tests with ANA, anti-dsDNA anti-
body, and IFN- « .

Statistical analysis

To confirm the significance of the difference in protein
expression levels between the control treatment and TIP1
treatment groups, the results of the tests were verified by
the Mann-Whitney U-test using the IBM Statistical
Package for the Social Sciences (SPSS) Statistics 25.0
(IBM Corporation, Armonk, NY, USA) program. When
the p-value was less than 0.05, the difference was consid-
ered statistically significant.

RESULTS

Body weight change and organomegaly due to
TIP1 treatment in mice

In this study, we analyzed the phenotype of the entire
mouse body for the first time. The mice in the control
treatment group showed lymph node enlargement, which
is the main symptom of SLE. However, TIP1 treatment of
MRL/[pr mice resulted in reduction of the lymph node
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enlargement (Figure 1A). Because it is known that body
weight may increase owing to organomegaly when symp-
toms of SLE appear [4], we investigated the changes in
the body weight of mice following treatment with TIP1.
All mice were weighed once a week, starting from imme-
diately before injection to just before euthanasia. The
average body weight of mice in the control treatment
group showed a tendency to increase continuously, but
the average body weight of mice in the TIP1 treatment
group tended to stabilize (Figure 1B). The difference in
the average weight of the spleen between mice in the two
groups was not statistically significant, but the spleen
weight decreased slightly in the mice in the TIP1 treat-
ment group. However, the length of the spleen did not
change in the mice in either group (Figure 1C). The aver-
age kidney weight of the mice in the TIP1 treatment
group reduced to a small extent when compared to that of
the mice in the control treatment group, but the differ-
ence was not statistically significant (data not shown).
Further, the lymph nodes of mice in the control treatment
group were enlarged, but the enlargement was reduced
marginally in mice in the TIP1 treatment group.

Kidney tissue and inflammation after TIP1 treatment

SLE usually invades the kidney tissue and causes in-
flammation, resulting in lupus nephritis. Lupus nephritis
induces inflammation of blood vessels that filter waste
products from the kidneys, causing mesangial cells to
proliferate. Further, the basement membrane cells out-
side the glomerular blood vessels invade, and plasma pro-

MRL/mpj MRL/lpr

R

T
3 R '!,

Figure 2. Toll-like receptor inhibitory peptide 1 (TIP1) treatment improved inflammation of the kidneys in lupus nephritis in
MRU/Ipr mice. (A) Urine albumin analysis. The results of the TIP1 treatment group and control treatment group were compared us-
ing the Mann-Whitney U-test. (B) H&E staining (x 200) and (C) PAS staining (x 200) in the kidney tissues of the MRL/mpj normal
control group, MRL/Ipr control treatment group, and MRL/Ipr TIP1 treatment group. Representative micrographs obtained from
H&E and PAS staining of kidneys show differences in the glomeruli and surrounding inflammatory cells in mice of each group. The
shape of the glomerulus in the control treatment group was destroyed, but that was maintained in the TIP1 treatment group (circle).
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teins are excreted in urine [19]. The urinary concen-
tration of albumin, known as an indicator of renal in-
flammation, was decreased in the mice in the TIP1 treat-
ment group when compared to the mice in the control
treatment group (Figure 2A). In this study, the kidneys of
mice were analyzed by H&E staining and PAS staining,
and the proliferation of vascular mesentery cells, infiltra-
tion of surrounding inflammatory cells, and the size and
shape of glomeruli were observed. The shape of the glo-
merulus of the mice in the control treatment group was
destroyed, and the glomerulus was infiltrated by in-
flammatory cells, resulting in an irregular shape. However,
in the mice in the TIP1 treatment group, the overall struc-
ture and shape of the glomerulus was constantly main-
tained (black circles, Figure 2B and 2C). In addition, the
histopathological nephritis index also decreased in the
mice of the TIP1 treatment group (Supplementary Figure
1). Therefore, intravenous treatment with TIP1 can im-
prove inflammation in the kidney of lupus-prone mice.

Autoantibodies and inflammatory cytokines after
TIP1 treatment

ANAs, anti-dsDNA antibodies, and serum IFN- @, which
are indicators of the presence of lupus in mouse serum,
were measured by ELISA. ANAs tended to decrease in the
mice in the TIP1 treatment group when compared with
the mice in the control treatment group, but the differ-
ence was not statistically significant (Figure 3A). In addi-
tion, there was no statistically significant difference in the
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anti-dsDNA antibody levels (Figure 3B) between the
mice in the two groups. However, serum IFN- @ levels
were significantly (p<0.05) lower in the mice in the TIP1
treatment group than in the mice in the control treatment
group (Figure 3C).

TLR7 and TLR9 downstream signaling pathways in
major organs

It is known that the expression of TLR7 and TLR9 in-
creases inflammatory cytokine levels and is thus related
to the onset and progression of SLE [14-16]. Therefore, in
this study, the protein expression levels of MyD88,
IRAK4, TRAF6, and IRF7, which are downstream mole-
cules in the signaling pathways of TLR7 and TLRY, were
analyzed. The expression of TLR7, MyD88, and IRAK4 in
the spleen and MyD88, IRAK4, and IRF7 in the kidneys
was significantly decreased in the mice in the TIP1 treat-
ment group, compared with those in the mice in the con-
trol treatment group (Figure 4A and 4B). Analysis of the
mRNA of TLR7 and TLRY in major tissues showed no sig-
nificant difference between the TIP1 treatment and con-
trol treatment in the spleen and kidney (Figure 5A and
5B), but the expression of MyD88, IRAK4, TRAF6, IRF7,
and IFN- @ was significantly reduced in the lymph nodes
of the mice in the TIP1 treatment group compared with
that in the mice in the control treatment group (Figure
5C). From these results, it was concluded that the ex-
pression of TLR7 and several downstream signaling mol-
ecules was significantly decreased in the spleen, kidney,
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Figure 3. Serological and inflammatory markers after treat-
ment of MRL/Ipr mice with Toll-like receptor inhibitory pep-
tide 1 (TIP1). (A) Antinuclear antibody (ANA), (B) anti-ds
DNA antibody, and (C) interferon-alpha (IFN- ). The results
of the TIP1 treatment group and control treatment group
were compared using the Mann-Whitney U-test. *p <0.05.
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Figure 4. Toll-like receptor (TLR) inhibitory peptide (TIP) 1 blocks the TLR 7/9 downstream signaling pathway in major organs in
mice. Western blot analysis of the expression levels the TLR 7/9 signaling pathway molecules in (A) spleen and (B) kidney of
MRLU/Ipr mice. The bar graph shows the band intensity presented as the average value of the target protein to £ -actin ratio (*p <

0.05, **p<0.01).

and lymph nodes of mice owing to TIP1 treatment.

DISCUSSION

The incidence of autoimmune diseases and thus the de-
mand for understanding immune tolerance and activa-
tion is increasing globally. SLE, one of the most
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well-known autoimmune diseases, is known for its ad-
verse effects on many different organs and tissues [20]. In
addition, SLE is characterized by the production of auto-
antibodies against nuclear antigens, which are deposited
in tissues to form immune complexes, causing in-
flammation [21,22].

Several studies have consistently been conducted to es-
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tablish a suitable treatment for SLE; however, there are
considerable limitations to subjecting any of these treat-
ments to clinical trials, although their effects were suc-
cessfully demonstrated in animal testing. Nevertheless,
several researchers are attempting to develop a more ef-
fective and safer treatment for SLE.

To date, many in vitro studies have provided evidence
supporting the role of TLRs in the pathogenesis of SLE.
TLRs are known to play an important role in the early de-
tection of pathogen-associated molecular patterns and
the subsequent activation of adaptive immune responses.
Particularly, the recognition of nucleic acid motifs by
TLRs is reported to induce disease progression after acti-
vation of antinuclear B cells and formation of immune
complexes [23]. Many studies have reported the associa-
tion of SLE with TLR7 and TLR9 [24-26]. Further, it was
identified that the activation of TLRs leads to the pro-
duction of inflammatory cytokines [14-16]. Therefore,
TLRs can play an important role the pathogenesis of SLE
[27]. Based on several prior studies, we decided that
TLRs would be the most suitable target for the treatment
of SLE. SLE results in inflammation of several organs and
tissues and eventually causes damage. Thus, we inves-
tigated whether inflammatory cytokines decreased and
SLE symptoms could be relieved when TIP1 is applied to
inhibit TLR signaling in a lupus-prone animal model
(MRL/Ipp).

MRL//pr mice are representative animal models that
present many organ pathologies and features of SLE
[28,29]. According to existing studies using MRL//pr
models, the first SLE symptoms occurred at 14 weeks of
age, and skin lesions and enlargement of the spleen and
lymph nodes were observed [29,30]. In our study, how-
ever, skin lesions were observed only on the faces of the
mice in each group, with no significant difference be-
tween the lesions of the mice in the TIP1 treatment and
control treatment groups. In addition, the weight of the
spleen tended to decrease to a small extent with TIP1
treatment, but the length of the spleen or kidney weight
did not decrease significantly.

In lupus nephritis, glomeruli are damaged by kidney in-
flammation, and anti-dsDNA associated with the for-
mation of immune complexes is detected [31-33]. In ad-
dition, exacerbating lupus nephritis results in higher
urine albumin levels. Therefore, anti-dsDNA antibodies
and urinary albumin can be indicators of lupus nephritis.
In our study, experiments were conducted using various
indicators of SLE to ascertain whether TIP1 treatment re-
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duced symptoms. As a result of TIP1 treatment, an-
ti-dsDNA levels did not decrease, whereas urinary levels
of albumin decreased, although not significantly, in com-
parison with the mice in the control treatment group.

Several studies on murine lupus models have suggested
the role of TLR signaling in the pathogenesis of lupus
nephritis [34]. Excessive production of TLR7 and TLR9 is
commonly observed with the progression of lupus neph-
ritis [35]. Recently reported findings have shown a corre-
lation between TLR7 and TLRY overexpression and clin-
ical pathological indicators, supporting the role of media-
tors in the pathogenesis of lupus nephritis [29]. Similarly,
in our study, the levels of TLR7, TLRY, and downstream
signaling proteins MyD88, IRAK4, TRAF6, and IRF7
were reduced in TIP1-treated mice. These results indicate
that when TIP1 binds to the BB loop region of the TIR do-
main, it blocks the TLR downstream signaling cascade
through the MyD88 or TRIF adapter. Additionally, H&E
and PAS staining showed that the glomeruli of the mice in
the TIP1 treatment group retained their shape, and the
proliferation of cells was limited, which explains the im-
provement in kidney inflammation.

CONCLUSION

In this study, a representative SLE animal model
(MRL/Ipr) was used to determine whether SLE symp-
toms and signs reduced with TIP1 treatment. Treatment
with TIP1 ameliorated lupus nephritis by reducing the
concentration of urine albumin, retaining glomerular
shape, and controlling the proliferation of mesenteric
cells. In addition, TLR7, TLR9, and downstream signaling
proteins decreased significantly in the lymph node,
spleen, and kidney of the mice treated with TIP1. Further,
IFN- @, an inflammatory cytokine, was also significantly
decreased. Therefore, TIP1 reduced the signs and symp-
toms of SLE by inhibiting TLR7, TLR9, and downstream
signaling proteins. TIP1 could be a potential therapeutic
agent for treating SLE.
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