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Abstract 
Systemic lupus erythematosus (SLE) is a chronic inflammatory and representative autoimmune disease. Extremely complicated and multifactorial 
interactions between various genetic factors and individual susceptibility to environmental factors are involved in the pathogenesis of SLE. Several 
studies have reported that mutation and activation of toll-like receptor (TLR) 7 are involved in the onset of autoimmunity, including SLE. Thus, we 
investigated the response of SLE-prone mice to continuous environmental factors, particularly TLR7 agonist exposure, and changes in their pheno-
types. Female and male NZBWF1 (BWF1) mice were treated from 20 weeks of age with a TLR7 agonist, imiquimod (IMQ), 3 times weekly for up 
to 12 weeks. IMQ-exposed female BWF1 mice showed worsened lupus nephritis. However, autoantibody production was not enhanced in IMQ-
exposed female BWF1 mice. The Th1 cytokine expression was upregulated in the kidney of IMQ-treated mice. In IMQ-exposed BWF1 mice, neutral-
ization of IFN-γ suppressed early-phase lupus nephritis. Additionally, in male BWF1 mice IMQ exposure induced minor aggravation of lupus nephritis. 
These results suggest that the induction of aggravated lupus nephritis by TLR7 agonist exposure was related to the expression of IFN-γ via acute 
TLR7 signal-induced renal inflammation, and that the involvement of genetic factors associated with a predisposition to SLE is also essential. Thus, 
the activation of TLR7 signaling by exposure to environmental factors may upset the balance of factors that maintain SLE remission. We hypothesize 
that the inhibition of TLR7 signaling and IFN-γ signaling is effective for preventing the onset and flare and maintaining remission of lupus nephritis.

Graphical Abstract 

Keywords: systemic lupus erythematosus, lupus nephritis, toll-like receptor 7, interferon-γ, environmental factors, Th1
Abbreviations: Ab: antibody; BWF1: NZBWF1; dsDNA: double-stranded DNA; ELISA: enzyme-linked immunosorbent assay; FBS: fetal bovine serum; HE: 
hematoxylin & eosin; IMQ: imiquimod; ISN/RPS: International Society of Nephrology/Renal Pathology Society; PAS: periodic acid–Schiff; qPCR: quantitative 
polymerase chain reaction; SEAP: secreted alkaline phosphatase; SLE: systemic lupus erythematosus; TCR: T-cell receptor; TLR: toll-like receptor.

Received 27 October 2021; Revised 3 January 2022; Accepted for publication 27 January 2022

mailto:khayaka@juntendo.ac.jp?subject=


34 Hayakawa et al.

Introduction
Systemic lupus erythematosus (SLE) is a systemic autoimmune 
disease-associated with multiple organ failure and is charac-
terized by the production of a wide variety of autoantibodies, 
immune complex deposits, and inflammatory cell infiltration 
in different tissues of the body. Among the damage to organs: 
lupus nephritis is one of the most serious complications [1].

Genetic and environmental factors trigger SLE. Although 
genetic factors are involved in the onset of SLE in the ma-
jority of cases, the frequency of SLE in both identical twins is 
~25% [2]; i.e. the remaining cases occur due to environmental 
factors. In fact, many environmental triggers have been impli-
cated in SLE, including ultraviolet light, infection, and other 
triggers [3].

In some reports, the overactivation of the intracellular 
nucleic acid sensor has been reported as a trigger for auto-
immunity. Among them, toll-like receptor (TLR) 7 is an im-
portant virulence factor for SLE in humans and mouse lupus 
models. Pathogenicity due to the increased expression of 
TLR7 has been demonstrated in TLR7 transgenic mice [4] 
and Y-linked autoimmune acceleration (Yaa) mutation mice 
(these mice have the duplicate expression of the Tlr7 gene 
[5]). In humans, the increased expression of TLR7, which is 
associated with escape from X-chromosome inactivation, has 
been shown to be involved in the pathogenesis of SLE [6]. 
The overexpression of TLR7 causes excessive signal activa-
tion. Also, artificial overactivation of TLR7 signaling can elicit 
SLE-like autoimmunity [7]. TLR7 is a receptor that recognizes 
single-stranded RNA and is originally a sensor used to pro-
tect against foreign viruses [8]. However, the overactivation of 
TLR7 by environmental factors may lead to the exacerbation 
of SLE pathology. In fact, it has been clarified that wild-type 
mice develop lupus pathology through the forcible activation 
of TLR7 signaling by external factors [7]. Therefore, mice pre-
disposed to SLE may have their SLE pathology exacerbated by 
exposure to TLR7 agonists compared to wild-type mice.

In the present study, we examined the effect of the activa-
tion of TLR7 signaling on the onset of SLE and its symptoms 
using NZBWF1 (BWF1) mice, a mouse model of lupus. BWF1 
mice develop glomerulonephritis due to an increase in auto-
antibodies with aging [9–11]. Therefore, we investigated the 
possibility of SLE symptoms developing at an earlier age than 
normal and the physiological responses in BWF1 mice exposed 
to TLR7 agonists. By using and validating such a model, we 
hoped to address the question of what would occur if people 
at risk of developing SLE were exposed to TLR7 agonists and 
how they could avoid either the onset flare-ups of SLE.

Materials and methods
Mice and in vivo treatment
All mouse experiments were performed in accordance with 
the Institutional Animal Care and Use Committee of Juntendo 
University (approval number: 290043, 300100, 310237, and 
2020094). Female and male NZBWF1 (BWF1) mice were 
purchased from Japan SLC (Hamamatsu, Japan). C57BL/6J 
mice were purchased from Charles River Laboratories Japan 
(Yokohama, Japan). Purchased mice were acclimatized to 
housing conditions at least 1 week before experiments. All 
mice were randomly assigned, and group was housed at 3–6 
mice per cage. The number of animals in all experiments can 
be found in the figure legends.

Female or male BWF1 mice (age: 20 weeks) with a serum 
anti-double-stranded DNA (dsDNA) antibody (Ab) titer of 
<50 U/ml were measured for 1.25 μl (female; N = 7–15 mice 
per group) or 1.7 μl (male; N = 6 per group) of imiquimod 
(IMQ) cream (Beselna Cream; Mochida Pharmaceutical, 
Tokyo, Japan) using MICROMAN E (GILSON, Middleton, 
WI) and then the cream was applied topically to the skin on 
one side of the pinna three times a week, as previously de-
scribed [7]. Female BWF1 mice rarely develop nephritis at 
around 20 weeks of age [12]; however, those with an exces-
sive autoantibody level at a young age may spontaneously 
develop SLE symptoms independently of IMQ stimulation. 
Thus, we excluded these mice from the experiment.

For systemic treatment, the mice were injected 
intraperitoneally with 62.5 μg of R848 (resiquimod; Enzo 
Life Sciences, Farmingdale, NY) three times a week.

To neutralize IFN-γ, the mice were injected intraperitoneally 
with 300 μg of anti-mouse IFN-γ Ab (XMG1.2; BioLegend, 
San Diego, CA) every 7 days during the topical treatment 
with IMQ.

All mice were bred under specific pathogen-free conditions 
at the animal facilities of the Institute for Environment and 
Gender-Specific Medicine, Juntendo University Graduate 
School of Medicine, with ad libitum access to feed, and were 
treated humanely and with efforts made to alleviate suffering.

Enzyme-linked immunosorbent assay (ELISA)
The total IgM and IgG values in serum were determined with 
an ELISA kit (Thermo Fisher Scientific, Waltham, MA). Serum 
anti-dsDNA Ab levels (specific for IgG) were analyzed by a 
mouse anti-dsDNA antibody ELISA kit (FUJIFILM Wako 
Shibayagi, Shibukawa, Japan).

Flow cytometry
The spleen was crushed and passed through a 40-μm-pore nylon 
mesh. Kidney-infiltrating cells were prepared using a Multi 
Tissue Dissociation Kit 1 (Miltenyi Biotec, Bergisch Gladbach, 
Germany) with a gentleMACS Dissociator (Miltenyi Biotec), 
according to the manufacturer’s instructions. The obtained 
erythrocytes were lysed using a Lysing Buffer (BD Biosciences, 
San Jose, CA). Cells were stained with saturating concentrations 
of Abs (Supplementary Table S1) for 20–30 min at 4 °C and 
washed in FACS buffer (PBS containing 0.1% BSA and 0.09% 
sodium aside). If needed, cells were then stained with satur-
ating concentrations of appropriate fluorochrome-conjugated 
streptavidin for 20 min at 4 °C. To detect intracellular IFN-γ, 
cells were incubated for ~5 h after the initiation of phorbol 
12-myristate 13-acetate (Sigma–Aldrich, Tokyo, Japan) and 
ionomycin (Sigma–Aldrich) with brefeldin A (FUJIFILM Wako, 
Osaka, Japan). After incubation, cells were stained with sur-
face antigen, then fixed with an IC fixation buffer (Invitrogen/
eBioscience, Carlsbad, CA) for 30 min, permeabilized with a 
permeabilization buffer (Invitrogen/eBioscience), and stained 
with anti-IFN-γ Ab. Cells were analyzed using a FACSCalibur 
(BD Biosciences) and SH800 cell sorter (SONY, Tokyo, Japan), 
and the data were analyzed with the FlowJo software program 
(BD/Tree Star).

Serum type I IFN activity assay
B16 Blue IFNα/β reporter cells that produce secreted alkaline 
phosphatase (SEAP) under the control of type I IFN signaling 
were purchased from Invivogen (San Diego, CA). The reporter 
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cells suspension in 100 μl RPMI medium (Sigma–Aldrich) 
containing 1% fetal bovine serum (FBS) were seeded in a 
96-well plate, and 100 μl RPMI containing 1% FBS and 1% 
serum from BWF1 mice were added. After 20 h, culture media 
were collected and used for the SEAP assay. The SEAP ac-
tivity in culture media was evaluated by a chemiluminescent 
method using a Great EscAPe SEAP Chemiluminescence Kit 
2.0 (TaKaRa) according to the manufacturer’s instructions.

Monitoring proteinuria
Sufficient spot urine was subjected to a qualitative assessment 
for proteinuria, and measured using a dipstick (Uropaper 
III, EIKEN, Tokyo, Japan) and scored as – (<15  mg/dl), ± 
(15–30 mg/dl), 1+ (30–100 mg/dl), 2+ (100–300 mg/dl), 3+ 
(300–2000  mg/dl), or 4+ (>2000  mg/dl), according to the 
manufacturer’s scoring system. Severe nephritis was defined 
as a proteinuria score of ≥2+.

Renal histopathology and scoring
Mouse kidneys were fixed in 20% formalin and embedded 
in paraffin. Kidney sections were cut at a thickness of 2 μm 
for periodic acid-Schiff (PAS) and hematoxylin & eosin (HE) 
staining. For immunofluorescence staining, kidneys were em-
bedded in OCT Compound (Sakura Finetek Japan, Tokyo, 
Japan) and frozen. Three-micrometer-thin sections were fixed 
in 4% paraformaldehyde. The sections were stained with the 
following antibodies: anti-mouse IgM (μ chain) (Invitrogen), 
anti-mouse IgG (H+L) (Invitrogen), anti-C3 (6A525; 
Santa Cruz, Santa Cruz, CA), and anti-C1q (JL-1; Abcam, 
Cambridge, UK) (Supplementary Table S1).

Renal pathology was classified into six types using the re-
vised International Society of Nephrology/Renal Pathology 
Society (ISN/RPS) classification of lupus nephritis [13, 
14]. In brief, Class I, minimal mesangial glomeruloneph-
ritis; Class II, mesangial proliferative glomerulonephritis, 
showing purely mesangial hypercellularity of any de-
gree and/or mesangial matrix expansion; Class III, focal 
glomerulonephritis involving <50% of the total number 
of glomeruli; Class IV, diffuse segmental or global glom-
erulonephritis involving ≥50% of the total number of 
glomeruli either segmentally or globally. Class V is mem-
branous glomerulonephritis. Class VI is advanced scler-
otic glomerulonephritis with >90% of glomeruli globally 
sclerosed without residual activity. Renal tissue injury 
was evaluated using the modified National Institutes of 
Health lupus nephritis activity and chronicity indices [14]. 
Briefly, the activity indices were the sum of scores (on a 
scale of 1–3) for endocapillary hypercellularity, neutrophils/
karyorrhexis, fibrinoid necrosis, hyaline deposits, cellular/
fibrocellular crescents, and interstitial inflammation. The fi-
brinoid necrosis and cellular/fibrocellular crescents scores 
were double-weighted. The chronicity indices were the sum 
of scores (on a scale of 1–3) for total glomerulosclerosis 
sore, fibrous crescents, tubular atrophy, and interstitial fi-
brosis. All histological evaluations were assessed by three 
independent investigators, but at least two researchers were 
unaware of the group allocation.

RNA extraction and quantitative polymerase chain 
reaction (qPCR)
Total RNA extraction and reverse transcription-qPCR were 
performed as described previously [15, 16]. Briefly, total 

RNA was extracted using an Isogen II (Nippon Gene, Tokyo, 
Japan), RNeasy Mini kit, RNeasy micro kit, or miRNeasy 
Mini kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s instructions. The extracted RNA was reverse 
transcribed with a PrimeScript RT reagent Kit (TaKaRa, 
Kusatsu, Japan). qPCR was performed using a TB Green 
Premix Ex Taq (TaKaRa) and the QuantStudio 5 (Thermo 
Fisher Scientific) or LightCycler 480 System II (Roche, Basel, 
Switzerland). The results were normalized to the β-actin ex-
pression or calculated by the comparative Ct (ΔΔCt) method. 
Various specific primer sequences are listed in Supplementary 
Table S2.

Primary mesangial cell culture
Kidneys from 7-week-old female C57BL/6J mice were har-
vested. Glomeruli were isolated by a differential sieving 
method through serial steel meshes (63, 106, and 180 μm 
pore size) [17]. These purified glomeruli were collected and 
seeded to Dulbecco’s Modified Eagle’s Medium/Ham’s F-12 
(FUJIFILM Wako) supplemented with penicillin (100 U/ml)/
streptomycin (100 μg/ml) (Sigma–Aldrich) and 10% FBS. 
Outgrowing cells were passed to subcultures. Cells were iden-
tified as mesangial cells based on their growth pattern and the 
staining pattern for α-smooth muscle actin [18, 19]. We used 
the mesangial cells between the eighth and twentieth passages 
and a medium containing 1% FBS was generally used for 
studies. Trypsinized-mesangial cells were seeded in 12-well 
plates. After incubating overnight, the cells were treated 
with recombinant human IL-1β (10  ng/ml; R&D Systems, 
Minneapolis, MN) or TNF-α (10 ng/ml; R&D Systems) and 
recombinant murine IFN-γ (50  ng/ml; BioLegend) with or 
without R848 (resiquimod, 1 μg/ml) for 24 h and then sub-
jected to qPCR.

MACS purification
For purification of CD4+ T cells from C57BL/6J mice (age: 
7–16 weeks, N = 2–4 mice per experiment), splenocytes were 
harvested and using the CD4+ T cell Isolation Kit (Miltenyi 
Biotec) according to the manufacturer’s instructions and cells 
were separated using an autoMACS Pro Separator (Miltenyi 
Biotec) (Negative selection). The cell purity was ≥90%.

Western blotting
MACS-purified CD4+ T cells were seeded onto an anti-CD3ε 
Ab (BioLegend) immobilized plate and stimulated with IFN-α 
(BioLegend) or IFN-γ (BioLegend) for 24 h. Cells were lysed 
with 0.5% NP-40 lysis buffer and SDS–PAGE and western 
blotting were performed [20]. Abs for western blotting were 
against TLR7 (NBP2-24906; Novus, Centennial, CO) and 
β-actin (AC-15; Sigma–Aldrich). Horseradish peroxidase-
conjugated anti-IgG secondary Abs against rabbit IgG (Dako, 
Glostrup, Denmark) or mouse IgG (Cell Signaling, Danvers, 
MA) were used with Chemi-Lumi One substrate (Nacalai 
Tesque, Kyoto, Japan).

Th1 skewing
For the sorting of naïve CD4+ T cells, MACS-purified splenic 
CD4+ T cells from C57BL/6J mice were stained with CD4 and 
CD25, and CD4+ CD25- cells were sorted with an SH800 cell 
sorter. Sorted naïve CD4+ T cells were seeded into anti-CD3ε 
Ab (BioLegend)-coated wells in the presence of anti-CD28 
Ab (1 μg/ml; BioLegend), anti-IL-4 Ab (10 μg/ml; BioLegend) 
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plus recombinant murine IL-2 (10  ng/ml; BioLegend) and 
recombinant murine IL-12 (p70) (10  ng/ml; BioLegend) 
with or without R848 (1 μg/ml) in complete RPMI medium 
(RPMI medium supplemented with 10% FBS, sodium pyru-
vate (1  mM; FUJIFILM Wako), nonessential amino acid 
(FUJIFILM Wako), 2-mercaptoethanol (50 μM; FUJIFILM 
Wako), HEPES (10  mM; Nacalai Tesque) and penicillin/
streptomycin). After 7 days, cells were restimulated with 
phorbol 12-myristate 13-acetate (10  ng/ml) and ionomycin 
(1 μg/ml) with brefeldin A (1 μg/ml) for five hours. At the end 
of incubation, cells were stained with CD4 and intracellularly 
stained with IFN-γ.

Co-culture of mesangial cells and the Th1 cell 
migration assay
C57BL/6J mice derived-mesangial cells were co-cultured with 
nonpolarized (Th0) cells or Th1 cells using Millicell inserts 
(Millipore, Burlington, MA) or cell culture inserts (Corning, 
Corning, NY) with an anti-CD3ε Ab pre-coated 0.4-μm 
porous membrane and then treated with IL-1β or R848 and 
exposed to anti-IFN-γ Ab (10 μg/ml; BioLegend) or control 
IgG (BioLegend) for 24 h. After incubation, mesangial cells 
and CD4+ T cells were subjected to qPCR.

An in vitro migration assay was performed using cell cul-
ture inserts (Corning) with an anti-CD3ε Ab pre-coated 3-μm 
porous membrane. Mesangial cells were seeded into a bottom 
chamber, and carboxyfluorescein diacetate succinimidyl ester 
(CFSE; BioLegend) labeled-skewed Th1 cells were seeded on 
the top chamber of each insert. Cells were then treated with 
IL-1β or R848, and control IgG or anti-IFN-γ Ab for 24 h. 
After incubation, CFSE labeled Th1 cells that had migrated 
into the bottom chamber were counted using a fluorescence 
microscope (BZ-810; Keyence, Osaka, Japan).

Statistical analyses
This study was neither officially pre-registered nor were any a 
priori power calculations completed to determine the sample 
size, as this was an exploratory study. Statistical analyses 
were performed using the GraphPad Prism 6 software pro-
gram (GraphPad Software, La Jolla, CA). In the animal study, 
differences between groups were compared using Student’s 
t-test (two groups) or a one-way ANOVA followed by a post-
Tukey or Dunnett test (multiple groups). In the comparison 
of renal pathology scores, differences between groups were 
compared using the Mann-Whitney U test (two groups) or 
Kruskal–Wallis test followed by Dunn’s post hoc test (mul-
tiple groups). In co-culture studies, statistical analyses were 
performed using Student’s paired t-test. P values of < 0.05 
were considered to indicate statistical significance.

Results
Exposure of female BWF1 mice to IMQ
To examine the phenotype of exposure to TLR7 agonists in 
SLE model mice, we performed the continuous transdermal 
administration of IMQ to BWF1 mice. Repeated treatment 
with IMQ could cause severe systemic inflammation [7] but 
did not significantly affect the survival at our facility (Fig. 
1A). However, IMQ treatment induces splenomegaly (Fig. 
1B), and CD3+ T cells and CD19+ B cells were significantly 
increased in the IMQ-treated mouse spleen (Fig. 1C upper 
panel). In contrast, the percentage of T cells was significantly 

decreased, while the percentage of B cells was significantly in-
creased in splenocytes (Fig. 1C lower panel). The serum IgM 
levels were significantly elevated, while the serum IgG levels 
were only slightly increased, despite inducing inflammation 
(Fig. 1D). Furthermore, there was no significant increase in 
the number or percentage of follicular helper T (Tfh) cells, 
which are helper T cells that regulate B cell maturation and 
activation as well as antibody production, in the spleens of 
IMQ-treated mice (Fig. 1E). Additionally, the serum anti-
dsDNA Ab levels were not enhanced by IMQ treatment (Fig. 
1F). Although the Type I IFN activity in serum was meas-
ured, it did not increase in IMQ-exposed mice at 8 weeks 
(Supplementary Fig. S1). Taken together, IMQ stimulation of 
BWF1 mice did not promote autoimmunity, although there 
was excessive immune cell activation.

On the other hand, the monitoring of renal damage re-
vealed that IMQ treatment significantly accelerated the onset 
of severe proteinuria (Fig. 2A). In a qualitative test of protein-
uria at 12 weeks after the initiation of IMQ treatment (32 
weeks of age), IMQ-treated mice showed more severe pro-
teinuria (≥2+) in comparison to spontaneous onset (Fig. 2B: 
IMQ(−); 2/14, IMQ(+); 11/15). A pathological analysis of the 
kidneys showed that IMQ-treatment promoted endocapillary 
hypercellularity, crescent formation, and immune complex 
deposition (Fig. 2C). The severity of glomerulonephritis was 
evaluated based on the revised ISN/RPS classification of lupus 
nephritis, and IMQ treatment increased the frequency of se-
vere glomerulonephritis (Fig. 2D, Table 1).

Next, to identify cytokines and cells type that promote 
IMQ-induced nephritis, the gene expression of renal in-
flammatory mediators and various cell surface proteins was 
measured by qPCR. The results, it was suggested that IMQ 
treatment increased the expression of many inflammatory 
cytokines and caused renal injury (Fig. 2E). Furthermore, 
since the expression levels of Ardgre1 (encoding F4/80), 
Tlr7/9, and Cd4 were increased in the kidney (Fig. 2F) may 
indicate that IMQ treatment triggered glomerulonephritis 
by infiltrating these cell surface marker-expressing cells into 
the kidney. Therefore, IMQ treatment did not promote auto-
immunity in BWF1 mice; however, it preferentially exacer-
bated their nephritis.

In a previous study using MRL-lpr mice, another lupus-
prone mouse, continuous intraperitoneal administration 
of IMQ exacerbated glomerulonephritis [21]. We, there-
fore, verified the systemic administration of R848, which 
is a TLR7/8 agonist and more soluble in water than 
IMQ, with BWF1 mice by intraperitoneal administra-
tion. However, unlike the transdermal administration of 
IMQ and findings in previous studies, the BWF1 mice fell 
into a moribund state after 4 weeks of R848 systemic ex-
posure. The anti-dsDNA Abs level in these mice did not in-
crease (Supplementary Fig. S2A); however, they showed a 
marked increase in liver weight (Supplementary Fig. S2B). 
On the other hand, there was almost no kidney damage 
(Supplementary Fig. S2C).

Influence of IFN-γ and Th1 cells on renal mesangial 
cell activation
The activation of TLR7 signaling increased the renal ex-
pression of Th1 cytokines, especially Ifng (Fig. 2E). One of 
the roles of IFN-γ in lupus nephritis is to induce the expres-
sion of MHC class II in mesangial cells and renal tubular 
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Figure 1. Continuous transcutaneous sensitization of imiquimod (IMQ) does not accelerate autoimmunity in NZBWF1 (BWF1) mice. IMQ was topically 
administered on one ear to 20-week-old female BWF1 mice three times weekly for 12 weeks. (A) The survival curves are shown (IMQ[−]: N = 14, 
IMQ[+]: N = 15). (B) Spleen weight (left) and the total number of splenocytes (right) from untreated BWF1 mice, treated with IMQ for 12 weeks, or 
moribund. (C) The numbers and percentages of CD3+ T cells and CD19+ B cells in splenocytes from untreated mice, treated with IMQ for 12 weeks, or 
moribund were obtained through a flow cytometric analysis (IMQ[−]: N = 14, IMQ[+]: N = 15). (D) Total IgM and IgG in the serum of BWF1 mice that 
were treated with IMQ for 12 weeks or moribund (IMQ[−]: N = 14, IMQ[+]: N = 15). (E) The percentages and numbers of follicular helper T cells (Tfh: 
CD4+ TCRβ+ CXCR5hi PD-1hi) in splenocytes from untreated mice, treated with IMQ for 12 weeks, or moribund were obtained through a flow cytometric 
analysis (IMQ[−]: N = 14, IMQ[+]: N = 15). (F) Serum was collected before, and after 4, 8, and 12 weeks of treatment, and the anti-dsDNA antibody (Ab) 
level was measured by an ELISA (IMQ[−]: N = 14, IMQ[+]: N = 15). The results were analyzed by a log-rank test (A) or a two-tailed Student’s t-test (B–F). 
Each dot represents an individual mouse. Asterisks indicate statistically significant differences (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001) (ns: not significant).



38 Hayakawa et al.

Figure 2. IMQ stimulation leads to the dominant development of glomerulonephritis in BWF1 mice. Twenty-week-old female BWF1 mice were treated 
with IMQ for 12 weeks. (A) The chronological progression of proteinuria. The rate of severe proteinuria (≥2+ in a qualitative test) is shown (IMQ[−]: N 
= 14, IMQ[+]: N = 15). The P value shows differences in Kaplan–Meier curves between IMQ(−) and IMQ(+). (B) Proteinuria was measured by dipstick 
at sampling. The ratio of each score is shown. (C) Representative images of kidney sections BWF1 mice without treatment or with 12 weeks of 
topical treatment with IMQ. Sections were stained with hematoxylin & eosin (HE), periodic acid–Schiff (PAS), anti-IgM, anti-IgG, anti-C3, and anti-C1q. 
Bar=50 μm. (D) Lupus nephritis was characterized based on the revised International Society of Nephrology/Renal Pathology Society (ISN/RPS) 2003 
classification. The ratio of each score is shown (IMQ[−]: N = 14, IMQ[+]: N = 15). (E, F) Whole kidneys were harvested from these mice and RNA was 
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epithelial cells. It has been suggested that the expression of 
MHC class II allows these cells to act as antigen-presenting 
cells, amplifying the immune response and enhancing neph-
ritis [22]. Therefore, we examined the effects of IFN-γ and 
TLR7 signaling on glomerular mesangial cells under inflam-
matory conditions. In the development of glomerulonephritis, 
mesangial cells enhance the expression of chemokines and ad-
hesion molecules by inflammatory stimuli and promote the 
infiltration of leukocytes into the glomerulus [23]. Primary 
mesangial cells were stimulated with IL-1β or TNF-α and ex-
posed to IFN-γ with or without R848 for 24 h. Although there 
are slight differences between IL-1β and TNF-α stimulation, 
the presence of IFN-γ enhanced both in the inflammatory re-
sponse of mesangial cells. On the other hand, R848 remained 
unchanged in the inflammatory response of mesangial cells 
(Fig. 3A). Hence, it was suggested that renal cells are indir-
ectly inflamed by the TLR7 signaling in vivo and are indir-
ectly affected by other cell-derived factors.

T cells, group 1 innate lymphoid cells (including γδT, NK, 
and NKT cells), and part of group 3 innate lymphoid cells 
are known as IFN-γ producing cells [24]. As shown in Fig. 2F, 
more Cd4 mRNA was detected in the kidneys of IMQ-treated 
mice than non-treated mice and may be increased CD4+ cells. 
Therefore, it was considered that the increased expression of 
Ifng in the kidney may be related to CD4+ T cells, especially Th1 
cells, and we, therefore, examined whether TLR7 signaling pro-
motes Th1 differentiation. First, we examined whether TLR7 
was expressed on CD4+ T cells. Although TLR7 was slightly ex-
pressed in steady-state CD4+ T cells, IFN-α or IFN-γ stimulation 
slightly enhanced the TLR7 expression, and the activation of 
T-cell receptor (TCR) markedly increased the TLR7 expression 
(Supplementary Fig. S3A and B). Sorted naïve CD4+ T cells were 
cultured in Th1 conditions with or without R848 for 7 days, 
then intrasellar IFN-γ was stained. A FACS analysis revealed 
that the induction of Th1 cells was significantly increased by 
R848 treatment (Fig. 3B). Interestingly, the presence of R848 in 
Th0 condition culture enhanced the IFN-γ expression.

Next, to examine the effect of Th1 cells on the inflamma-
tory response of mesangial cells, we co-cultured mesangial 
cells and TCR-activated Th0 or Th1 cells with IL-1β or R848 
stimulation, and the expression of inflammatory mediators 
in mesangial cells was analyzed by qPCR. Co-culturing with 
Th1 cells markedly enhanced the inflammatory response of 
mesangial cells in comparison to co-culturing with Th0 cells 

(Fig. 3C) because the TNF-α expression level was higher in 
TCR-activated Th1 cells (Supplementary Fig. S3C). At the 
same time, the inflammatory responses of mesangial cells and 
the activation of Th cells were unaffected by the presence of 
R848.

TCR-activated CD4+ T cells prominently produce TNF-α, 
while only Th1 produces high IFN-γ. Therefore, the increased 
inflammatory response of Th1-derived mesangial cells may 
be due to Th1-derived IFN-γ. To investigate this hypoth-
esis, mesangial cells and activated Th1 cells were co-cultured 
with or without anti-IFN-γ Ab, as a result, the expression 
of chemokines that attract activated T cells (e.g. Ccl5 and 
Cxcl10) in mesangial cells was significantly suppressed by the 
neutralization of IFN-γ (Fig. 3D). This suppression was also 
similar for the presence of IL-1β and R848. Next, we exam-
ined whether Th1-derived IFN-γ is involved in the migration 
of Th1 by mesangial cells. Mesangial cells were seeded in the 
lower chamber and Th1 was added to the upper chamber on 
which anti-CD3ε Ab was immobilized and cultured in the 
presence of IL-1β or R848 with or without anti-IFN-γ Ab 
for 24  h, and the number of Th1 cells that infiltrated into 
the lower chamber was counted. As shown in Fig. 3E, neu-
tralization of IFN-γ reduced the infiltration of Th1 cells to 
the mesangial cells. Therefore, IFN-γ enhances mesangial cell 
activation by inflammatory stimuli, increased adhesion mol-
ecules and immune complex deposition, and cell migration. It 
was suggested that the increase of Th1 by the enhancement 
of TLR7 signaling was partly responsible for this increase in 
IFN-γ.

Inhibition of IFN-γ signaling in IMQ-exposed female 
BWF1 mice
Based on the results of in vitro experiments, IFN-γ, which is 
increased by the activation of TLR7 signaling, may exacer-
bate IMQ-induced lupus nephritis. Therefore, we examined 
whether IFN-γ is involved in the development of IMQ-
induced lupus nephritis using neutralizing antibodies. The 
development of severe proteinuria (≥2+) promoted by IMQ-
treatment was significantly reduced by the neutralization of 
IFN-γ, but the effect disappeared at the late phase (Fig. 4A 
and B). A histopathological analysis showed that the progres-
sion of nephritis tended to be inhibited by the neutralization 
of IFN-γ 4 weeks after the beginning of IMQ stimulation, 
but at 8 weeks, the effect of IFN-γ neutralization was mark-
edly attenuated (Fig. 4C and D, Table 2). Focusing on the 
renal tubulointerstitium, four weeks after the start of IMQ 
stimulation, the accumulation of lymphocytes tended to be 
reduced by IFN-γ neutralization, a condition that was fur-
ther maintained after 8 weeks (Supplementary Fig. S4A). In 
contrast, the immune complex deposition in the glomerulus 
was the neutralization of IFN-γ can suppress the deposition 
in the early phase but has little effect in the late phase (Fig. 
4E). Concurrently, the serum anti-dsDNA Ab levels did not 
change with the administration of anti-IFN-γ (Supplementary 
Fig. S4B). The expression of inflammatory mediators in the 
kidney at 8 weeks after starting IMQ stimulation remained al-
most unchanged except for Tnf and Cxcl10 which decreased 

Table 1. The renal pathological score (modified National Institutes of 
Health (NIH) activity and chronicity indices) in female NZBWF1 (BWF1) 
mice with or without imiquimod (IMQ) treatment for 12 weeks

 IMQ(−) (n = 14) IMQ(+) (n = 15) P value 

Mean±SD Mean±SD Mann–Whitney test

Activity 
index

2.452 ± 2.809 7.667 ± 5.111 0.0001

Chronicity 
index

0.548 ± 1.21 1.778 ± 1.975 0.0032

extracted. The expression of (E) Il1b, Il6, Il12a, Tnf, Tgfb1, Ifng, and Ccl5, and (F) Cd4, Adgre1 (also known as F4/80), Tlr7, and Tlr9 was determined by 
quantitative polymerase chain reaction (qPCR). The expression of the indicated genes was normalized to that of Actb (IMQ[−]: N = 14, IMQ[+]: N = 14). 
A statistical analysis was performed using a log-rank test (A) or a two-tailed Student’s t-test (E, F). Asterisks indicate statistically significant differences 
(∗P < 0.05, ∗∗P < 0.01) (ns: not significant).

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxac012#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxac012#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxac012#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxac012#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxac012#supplementary-data
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after neutralizing IFN-γ (Fig. 4F). It was, therefore, suggested 
that IFN-γ plays an important role only in the progression of 
early-phase IMQ-induced lupus nephritis. In particular, IFN-γ 
may contribute to the exacerbation of IMQ-induced lupus 
nephritis by promoting early-phase leukocyte infiltration into 
the kidney (Fig. 4G, Supplementary Fig. S4C).

Exposure of male BWF1 mice to IMQ
Since IFN-γ only played a role in the exacerbation of IMQ-
induced lupus nephritis in the early phase, we verified what 
contributed to the worsening in the late phase. Indeed, in 

normal mice, the administration of recombinant IFN-γ 
alone does not cause death in chronic nephritis [25]; thus, 
events of some kind in female BWF1 mice may support the 
exacerbation of nephritis. In our study, the antibody levels 
of female BWF1 were not increased, with or without IMQ 
treatment, and autoantibodies increased spontaneously with 
aging (Fig. 1E). That is, in the early phase, nephritis pro-
gressed with the support of IFN-γ in addition to conferring 
predisposition to SLE, including autoantibodies; however, 
in the late phase, this may have switched to the progres-
sion of nephritis, which is caused by the deposition of im-
mune complexes without the need for IFN-γ support. In 

Figure 3. Enhancement of the inflammatory response in renal mesangial cells by Th1-derived IFN-γ. (A) Primary normal mouse mesangial cells were 
exposed to IL-1β (10 ng/ml), TNF-α (10 ng/ml), IFN-γ (50 ng/ml) and IL-1β+IFN-γ, TNF-α+IFN-γ with or without TLR7 agonist R848 (1 μg/ml) for 24 h. The 
expression of indicated genes was examined by qPCR. (B) Percentages of intracellular IFN-γ production from polarized Th1 cells in the presence or 
absence of R848 (1 μg/ml), assessed after 5 h of restimulation with phorbol 12-myristate 13-acetate (10 ng/ml) + ionomycin (1 μg/ml). (C) Mesangial 
cells were co-cultured with a T-cell receptor (TCR)-stimulated Th0 or Th1 cells using a Transwell system (0.4-μm pore). Cells were treated with IL-1β or 
R848 for 24 h. The expression of indicated genes was examined by qPCR. Assays were performed in duplicate. (D, E) Mesangial cells were co-cultured 
with TCR-stimulated Th1 cells using a cell culture insert ((D); 0.4-μm pore Millicell, or (E); 3-μm pore Transwell). Cells were treated with IL-1β or R848 
and exposed to control IgG (Ctrl) or anti-IFN-γ Ab (αIFN-γ; 10 μg/ml) for 24 h. (D) Mesangial cells were subjected to qPCR. (E) Th1 cells that migrated 
to the bottom chamber were counted. Values represent the means, and each dot represents an individual experiment (N = 2 or 4). A one-way ANOVA 
followed by Dunnett’s multiple-comparison test (A), a two-tailed unpaired Student’s t-test (B), or paired Student’s t-test (D, E) was used to analyze the 
results. Asterisks indicate statistically significant differences (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001) (ns: not significant).

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxac012#supplementary-data


Phenotypes of IMQ-treated BWF1 mice, 2022, Vol. 208, No. 1 41

Figure 4. IFN-γ aggravates IMQ-induced nephritis in the early phase. Twenty-week-old female BWF1 mice were neutralized with IFN-γ monoclonal Ab 
during 8 weeks of treatment with IMQ. (A) The rate of severe proteinuria (≥2+ on a qualitative test) is shown (IMQ[−]: N = 12–19, IMQ[+]: N = 12–20, 
IMQ[+], αIFN-γ: N = 15–23). The P value shows the differences in Kaplan–Meier curves between IMQ(+) versus IMQ(+) and αIFN-γ. (B) Proteinuria was 
measured by dipstick at sampling. The ratio of each score is shown (4 week; IMQ[−]: N = 7, IMQ[+]: N = 8, IMQ[+], αIFN-γ: N = 8, 8 week; IMQ[−]: 
N = 12, IMQ[+]: N = 12, IMQ[+], αIFN-γ: N = 15). (C) Representative images of kidney sections from mice treated with IMQ for 4 weeks or 8 weeks. 
Sections were stained with HE and PAS. Bar = 50 μm (D) Lupus nephritis was characterized based on the revised ISN/RPS 2003 classification. The ratio 
of each score is shown (4 week; IMQ[−]: N = 7, IMQ[+]: N = 8, IMQ[+], αIFN-γ: N = 8, 8 week; IMQ[−]: N = 12, IMQ[+]: N=12, IMQ[+], αIFN-γ: N = 
15). (E) Kidney sections from mice treated with IMQ for 4 weeks or 8 weeks. Sections were stained with anti-IgM, anti-IgG, anti-C3, and anti-C1q, and 
were observed by fluorescence microscopy. The deposition of IgM, IgG, C3, and C1q in the kidney was shown using the mean fluorescence intensity 
(4 week; IMQ[−]: N = 7, IMQ[+]: N = 8, IMQ[+], αIFN-γ: N = 8, 8 week; IMQ[−]: N = 12, IMQ[+]: N = 12, IMQ[+], αIFN-γ: N = 15). (F) Total RNA was 
extracted from the whole kidney of mice treated for 8 weeks. The expression level of the indicated genes was examined by qPCR. The expression of 
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particular, an increase in anti-DNA Ab is directly involved 
in the exacerbation of lupus nephritis [26]. Therefore, in 
mice with a low predisposition to SLE, especially those 
with a low level of autoantibodies, nephritis may not be 
severe, even if the IFN-γ expression is enhanced by IMQ 
treatment. To test this hypothesis, 20-week-old male BWF1 
mice, which have slower spontaneous production of auto-
antibodies than females [26] were treated with IMQ for 12 
weeks. In contrast to findings in females, there was no ex-
cessive activation of immune cells upon IMQ stimulation 
(Supplementary Fig. S5). The anti-dsDNA Ab was not in-
creased by IMQ stimulation as in females (Fig. 5A). Only 
one mouse developed severe proteinuria (≥2+) during the 
12-weeks IMQ stimulation (Fig. 5B). The histopathological 
analysis revealed that nephritis was slightly but significantly 
worsened in the IMQ-treated mice (Fig. 5C, Table 3). In 
addition, the deposition of immune complexes, albeit only 
in IgM, was significantly increased, suggesting that glom-
erulonephritis had slightly progressed (Fig. 5C and D). 
However, IMQ-treated male mice nephritis were much less 
injured in comparison to IMQ-treated female mice (Fig. 2C 
vs. Fig. 5C, Table 1 vs. Table 3). The expression of inflam-
matory mediators in the kidney was measured by qPCR, 
which revealed that most genes remained unchanged or 
tended to slightly increase, only the Icam1expression was 
significantly increased by IMQ treatment for 12 weeks (Fig. 
5E). In addition, as inferred from the results of the qPCR 
analysis of the cell surface marker expression, IMQ stimu-
lation was not associated with a significant increase in renal 
cell infiltration (Fig. 5F). In summary, the IMQ-induced de-
velopment of lupus nephritis was reduced in male BWF1 
mice, which had a lower predisposition to SLE than fe-
males. These data suggested that a predisposition towards 
SLE supports the development of lupus nephritis in IMQ-
treated female BWF1 mice.

Discussion
In individuals with a genetic predisposition to SLE, certain 
environmental factors can lead to the development, exacerba-
tion, or flare of the pathological condition. UV irradiation is 
a well-known factor that causes SLE, and is associated with 
flare-ups, and exposure to pesticides and heavy metals has 
been reported as another trigger of SLE [27–29]. Furthermore, 
catching a cold is considered to be a trigger for SLE. The in-
fluenza virus and human coronavirus that causes the common 
cold are the single-stranded RNA virus. These are recognized 
by TLR7 in infected individuals and the innate immune re-
sponse is activated. At this time, innate immune cells activate 
TLR7 signaling and produce type I IFN. As a result, it exerts 
an antiviral effect [8]. Generally, these responses are tightly 
controlled and exposure to the virus does not easily cause 
SLE. However, the chronic activation of TLR7 signaling can 
trigger SLE [4, 5]. We, therefore, investigated the phenotype 
of female BWF1 mice with a predisposition to SLE when 
TLR7 signaling is chronically activated due to viral infection 
or other triggers; i.e. we investigated the possibility of early 
onset of SLE following exposure to TLR7 agonists. Based on 
the findings concerning the previous systemic administration 
of IMQ to MRL-lpr mice [21] and topical IMQ administra-
tion to wild-type mice [7], it was expected that autoimmunity 
would be enhanced, and glomerulonephritis would worsen 
earlier in BWF1 mice. However, our data revealed that not 
all phenotypes deteriorated as they did in aged female BWF1 
mice, but that the kidneys were significantly injured from the 
early phase of IMQ exposure (Fig. 1, 2). Chronic activation 
of TLR7 signaling resulted in the significant development of 
splenomegaly and lymphocyte activation but did not promote 
autoantibody production (Fig. 1E). One of the factors that 
increased the production of autoantibodies was thought to 
be an increase in IFN-α; however, there was no change when 

Table 2. Renal pathological score (modified NIH activity and chronicity indices) in IMQ-exposed female BWF1 mice with or without anti-IFN-γ antibody 
treatment for 4 or 8 weeks

4 weeks IMQ(−) (n = 7) IMQ(+) (n = 8) IMQ(+)
αIFN-γ (n = 8) 

P value
IMQ(+) vs. IMQ(+), αIFN-γ 

Mean ± SD Mean ± SD Mean ± SD Kruskal–Wallis and Dunn tests

Activity index 0.476 ± 0.424 3.125 ± 2.702 1.208 ± 0.689 >0.9999
Chronicity index 0 ± 0 0.833 ± 1.054 0.0833 ± 0.154 0.0698

8 weeks IMQ(−) (n = 12) IMQ(+) (n = 12) IMQ(+),
αIFN-γ (n = 15) 

P value
IMQ(+) vs. IMQ(+), αIFN-γ 

Mean ± SD Mean ± SD Mean ± SD Kruskal–Wallis and Dunn tests

Activity index 0.694 ± 0.577 5.583 ± 4.171 3.667 ± 3.703 0.56
Chronicity index 0.0556 ± 0.130 1.528 ± 1.636 0.8 ± 1.542 0.2858

the indicated genes was normalized to that of β-actin. (IMQ[−]: N = 12, IMQ[+]: N = 12, IMQ[+], αIFN-γ: N = 15). (G) The changes in the populations 
of indicated infiltrating lymphocytes in the kidney after 4 weeks of IMQ treatment were measured by FACS (IMQ[−]: N = 4, IMQ[+]: N = 4, IMQ[+], 
αIFN-γ: N = 6). CD4+ T cells; CD45+ CD4+ CD11b− CD11c−, Ly6Chi monocytes; CD45+ CD11b+ Ly6G- F4/80− Ly6C+ CD43hi, Ly6Clo monocytes; CD45+ 
CD11b+ Ly6G- F4/80- Ly6C− CD43lo, F4/80+ macrophages (Mφ); CD45+ CD11b+ Ly6G− F4/80+. The results were analyzed by a log-rank test (A) or one-way 
ANOVA followed by Tukey’s multiple-comparison test (E–G). Asterisks indicate statistically significant differences (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, 
∗∗∗∗P < 0.0001) (ns: not significant) and numbers indicate P values.

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxac012#supplementary-data
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Figure 5. Worsening of nephritis by IMQ requires a predisposition to SLE. IMQ was topically administered to 20-week-old male BWF1 mice three times 
weekly, similarly to females, on one ear for 12 weeks. (A) The anti-dsDNA Ab level in serum was measured by an ELISA before treatment, and after 4, 
8, or 12 weeks of IMQ treatment. (N = 6 mice per group). (B) Proteinuria was measured by dipstick at sampling. The ratio of each score is shown. (N 
= 6 mice per group). (C) Representative images of kidney sections from untreated BWF1 mice or BWF1 mice treated with topical IMQ for 12 weeks. 
Sections were stained with HE, PAS, anti-IgM, anti-IgG, anti-C3, and anti-C1q. Bar = 50 μm. (D) The deposition of IgM, IgG, C3, and C1q in the kidney is 
shown using the mean fluorescence intensity (N = 6 mice per group). (E, F) Whole kidneys were harvested from these mice, and RNA was extracted. 
The expression of (E) Ifng, Il1b, Il6, Il12a, Tnf, Tgfb1, and Icam1. (F) Cd4, Adgre1 (also known as F4/80), Tlr7, and Tlr9 was determined by qPCR. The 
expression of the indicated genes was normalized to that of Actb. All graphs show the mean values, and each dot shows an individual mouse (N = 6 
mice per group). The results were analyzed by a two-tailed Student’s t-test. Asterisks indicate statistically significant differences (∗P < 0.05, ∗∗P < 0.01, 
ns: not significant) and numbers indicate P values.
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stimulated under the conditions of our study (Supplementary 
Fig. S1). Indeed, type I IFN is a cytokine that is profoundly 
involved in the pathophysiology of SLE, while recent studies 
suggested that the chronic production of type I IFN is pre-
dominant in the cGAS-STING pathway rather than the acti-
vation of TLR7 signaling [30, 31].

The infiltration of monocytes/macrophages into the glom-
erulus is essential for the onset and progression of glomerulo-
nephritis. Under pathological conditions, activated monocytes/
macrophages secrete various inflammatory mediators and acti-
vate resident cells. Activated resident cells express chemokines 
and adhesion molecules, promote leukocyte infiltration, and 
promote glomerular injury [22]. Our data showed that the 
infiltration of leukocytes, especially monocytes/macrophages 
and CD4+ T cells, was significantly enhanced in the kidneys of 
IMQ-stimulated mice by confirming the RNA expression of 
cell-specific surface markers in the kidney (Fig. 2F). It is sug-
gested that TLR7 agonists activate monocytes, enhance the 
expression of TNF-α and IL-1β, and enhance the activation 
of mesangial cells, which promotes the above-mentioned cycle 
of exacerbation of glomerulonephritis. In addition, the higher 
expression of IFN-γ was a characteristic in the kidneys of 
IMQ-treated mice (Fig. 2E). Since IFN-γ affects the increasing 
activation of mesangial cells (Fig. 3A), it may directly con-
tribute to the promotion of leukocyte infiltration into the 
kidney. Interestingly, the activation of TLR7 signaling in CD4+ 
T cells promoted differentiation into Th1 cells, which produce 
IFN-γ (Fig. 3B). TCR-activated CD4+ T cells had higher TLR7 
expression levels in comparison to non-activated CD4+ T cells 
(Supplementary Fig. S3A), suggesting that the TLR7 stimula-
tion directly activated CD4+ T cells and altered their differ-
entiation. Taken together, the internal environment may be 
in a state where the differentiation of Th1 is easily promoted. 
Furthermore, since the expression of Il12a in the kidney was 
also enhanced by IMQ stimulation (Fig. 2E), the differentiation 
of Th1 may have been promoted in tertiary lymphoid tissues of 
the kidney [32] in addition to the secondary lymphoid tissues 
around the kidney. With an increase in Th1, renal cells are ac-
tivated by pro-inflammatory cytokines along with IFN-γ, and 
Th1 is more likely to infiltrate the kidney. Subsequently, Th1 
is also activated in the kidneys, which can further exacerbate 
glomerulonephritis [22, 25]. In particular, TCR-activated Th1 
also expresses TNF-α (Supplementary Fig. S3B) and is one of 
the factors that further activates the resident cells in cooper-
ation with IFN-γ derived from Th1 and IL-1β, which are de-
rived from monocytes/macrophages.

Our data showed that the neutralization of IFN-γ could 
block the inflammatory cycle above-described for several 
weeks after the start of IMQ stimulation (Fig. 4). IFN-γ is 

involved in the development of IMQ-induced lupus nephritis, 
especially in the promotion of leukocyte infiltration (Fig. 4G). 
In addition, the infiltration and accumulation of monocytes 
activated by TLR7 agonists exacerbate glomerulonephritis 
in an immune complex-independent manner [33]. Focusing 
only on the renal tubulointerstitium, lymphocyte infiltration 
tended to be inhibited by neutralization of IFN-γ, even after 8 
weeks of IMQ treatment (Supplementary Fig. S4A). However, 
the lymphocytic infiltration throughout the whole kidney was 
observed to be comparable to that with or without IFN-γ 
after 8 weeks of IMQ treatment (Supplementary Fig. S4C). 
Furthermore, the deposition of immune complexes on the 
glomeruli rarely differed, regardless of the IFN-γ status (Fig. 
4E). These data suggest that the increase in IFN-γ is not the 
only factor involved in the exacerbation of IMQ-induced 
lupus nephritis. A possible factor is a spontaneous increase in 
autoantibodies with aging. It is possible that the increase in 
autoantibodies over time promoted the deposition of immune 
complexes on glomeruli and the exacerbation of late-phase 
IMQ-induced lupus nephritis. In our experiment, the produc-
tion of anti-dsDNA Ab was not suppressed by the administra-
tion of anti-IFN-γ Ab in IMQ-treated mice (Supplementary 
Fig. S4B). Thus, it was suggested that IFN-γ only contributes 
to the promotion of cell infiltration into the kidney in the 
early phase of IMQ stimulation and not to the promotion of 
autoimmunity and immune complex deposition on the glom-
eruli. In addition, Jacob et al. showed that NZW mice that are 
not predisposed to the development of SLE do not die from 
the administration of IFN-γ, whereas female BWF1 mice die 
early. Also, the administration of IFN-γ did not affect anti-
DNA antibody levels [25]. This report supports our results. 
Furthermore, in our results, focusing on the importance of 
SLE predisposition in IMQ-induced lupus nephritis, it was 
revealed that in male BWF1 mice, IMQ stimulation slightly 
increased nephritis; however, the symptoms were much less 
severe in comparison to those in female mice (Fig. 2 vs. Fig. 
5). These data may be based on the fact that male BWF1 mice 
have a low genetic predisposition to SLE, such as anti-dsDNA 
antibodies, in comparison to female mice (Fig. 5A vs. Fig. 1E). 
In fact, the presence of autoantibodies injures the kidneys of 
patients with SLE [34]. In addition, the intake of low-dose 
bisphenol A, a type of endocrine-disrupting chemical, into 
female BWF1 mice inhibited the production of IFN-γ and 
IgG2a. In this case as well, nephritis was significantly sup-
pressed [35]. Therefore, it was suggested that the activation 
of TLR7 signaling in female BWF1 mice significantly induces 
renal injury by promoting the deposition of immune com-
plexes in the glomerulus through the effect of IFN-γ.

In this study, TLR7 signaling was activated percutan-
eously. In the present study, TLR7 agonist caused activa-
tion of various TLR7-positive resident cells and immune 
cells around the skin, which in turn may have spilled over 
into systemic inflammation. A characteristic feature of fe-
male BWF1 mice is that autoantibodies increase with age. 
The increase in IFN-γ also leads to the enhanced expres-
sion of Fc receptors in glomerular mesangial cells (Fig. 3A). 
Therefore, it is likely that TLR7 signaling-induced IFN-γ 
created an environment that facilitated the deposition of in-
creased autoantibodies on the glomeruli, thus accelerating 
the worsening of glomerulonephritis. When considering a 
viral infection, it may be better to activate TLR7 signaling 
by intratracheal stimulation. Unlike the skin, the airway 

Table 3. Renal pathological score (modified NIH activity and chronicity 
indices) in male BWF1 mice with or without IMQ treatment for 12 
weeks.

 IMQ(−) (n = 6) IMQ(+) (n = 6) P value 

Mean ± SD Mean ± SD Mann–Whitney test

Activity 
index

1.056 ± 0.328 2.444 ± 0.981 0.0238

Chronicity 
index

0.056 ± 0.136 0.491 ± 0.200 0.197
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and lungs are rich in innate immune cells, which leads to 
different results. However, because there is a complication 
of renal injury due to SARS-CoV-2 infection [36], nephritis 
may be more likely to occur if there is a predisposition to 
SLE, even if the stimulation method is different. This may be 
due to epithelial tissue damage, and the self-RNA released 
from the damaged cells may have contributed to the ampli-
fication of inflammation as an autoantigen [37]. Although, 
it should be noted that the induction of strong inflamma-
tion can cause cytokine storms and lead to death. In fact, in 
our experiment, the intraperitoneal administration of R848 
to female BWF1 mice (age: 20 weeks) probably caused se-
vere hepatitis or myocarditis with almost no or little increase 
in the anti-dsDNA Ab level and renal injury (Supplementary 
Fig. S2). At least, Yokogawa et al. reported that the topical 
administration of R848 induced an autoimmune response 
in normal mice, whereas systemic treatment with R848 did 
not induce an autoimmune response [7]. In contrast, con-
tinuous intraperitoneal injection of a weaker stimulus (IMQ: 
25 μg) in MRL-lpr mice than in our systemic administration 
experiments resulted in increased autoantibodies and the de-
velopment of nephritis [21]. Therefore, exposure to chronic 
stimuli that are never too strong may be one of the factors 
that led to the results of this study.

In conclusion, IMQ-induced lupus nephritis appeared 
earlier in comparison to spontaneous lupus nephritis in fe-
male BWF1 mice. The promotion of the early phase of IMQ 
stimulation of IFN-γ signaling was important for this mech-
anism. However, the effect of IFN-γ signaling was masked 
by an increase in SLE predisposition, probably due to auto-
antibodies. In other words, it was suggested that the reduc-
tion of the initial cytokine response was important for lupus 
nephritis, which is exacerbated by environmental factors. 
Therefore, the inhibition of TLR7 and IFN-γ signaling may 
maintain remission and prevent flares of SLE. Among ex-
isting drugs, hydroxychloroquine may be useful for inhibiting 
TLR7 signaling [38, 39], and JAK inhibitors [15, 40] or 
ustekinumab, an anti-IL-12/23 (p40) Ab that helps inhibit 
Th1 differentiation [41, 42], may be useful for the inhibition 
of IFN-γ signaling.

Supplementary data
Supplementary data is available at Clinical and Experimental 
Immunology online.
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