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Abstract

The receptor for advanced glycation end-products (RAGE) is a pattern recognition receptor that
regulates inflammation, cell migration, and cell fate. Systemic lupus erythematosus (SLE) is

a chronic multiorgan autoimmune disease. To understand the function of RAGE in SLE, we
generated RAGE-deficient (Ager”'~) lupus-prone mice by backcrossing MRL/MpJ-Fas’?13 (MRL-
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Ipn) mice with Ager'~ C57BL/6 mice. In 18-week-old Ager’~ MRL-/pr, the weights of the spleen
and lymph nodes, as well as the frequency of CD3*CD4~CD8™ cells, were significantly decreased.
Ager’= MRL-/prmice had significantly reduced urine albumin/creatinine ratios and markedly
improved renal pathological scores. Moreover, neutrophil infiltration and neutrophil extracellular
trap formation in the glomerulus were significantly reduced in Ager’~ MRL-/pr. Our study is

the first to reveal that RAGE can have a pathologic role in immune cells, particularly neutrophils
and T cells, in inflammatory tissues and suggests that the inhibition of RAGE may be a potential
therapeutic strategy for SLE.
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1. Introduction

The receptor for advanced glycation end-products (RAGE) is a pattern recognition receptor
belonging to the immunoglobulin superfamily[1]. Advanced glycation end-products (AGES),
members of the S100/calgranulin family, high mobility group box-1 (HMGB1), Mac-1,
amyloid B sheet fibrils, complement C3a and CpG DNA oligonucleotides bind to RAGE[2].
By engaging with its ligands, RAGE activates mitogen-activated protein kinase and NF-kB,
leading to the upregulation of inflammatory cytokines, cell migration, and proliferation[3—
6]. RAGE is expressed in tissues, such as the lung, central nervous system, kidney, heart,
vasculature, and immune cells[7, 8]. A soluble form of RAGE (SRAGE) acts as a decoy
receptor that blocks RAGE and prevents its ligand binding[9-11]. RAGE is upregulated
under inflammation and mediates proinflammatory responses upon alarmin recognition.

HMGBL1 is included in damage-associated molecular patterns (DAMPSs) and promotes an
inflammatory immune response by actively or passively translocating from the nucleus to
the extracellular space and binding with DNA[12, 13]. RAGE recognizes nucleic acids and
HMGB1 and delivers them to intracellular endosomes where Toll-like receptors (TLRs) 7
and 9 are activated[14, 15]. The HMGB1-RAGE axis promotes proinflammatory cytokines,
including type I interferon (IFN)[16]. Type 1 IFN is known as a crucial cytokine in systemic
lupus erythematosus (SLE), a chronic multiorgan autoimmune disease characterized by
antinuclear antibodies, especially anti-double-stranded DNA (anti-dsDNA) antibodies[17].
Lupus nephritis (LN) is a refractory complication of SLE that causes end-stage renal
disease, resulting in lower survival rates and quality of life[18, 19].

Neutrophils are polymorphonuclear granulocytes that play an essential role in host

defense against infection and maintain tissue homeostasis[20]. They are terminally
differentiated within the bone marrow to yield short-lived cytotoxic cells[21], and hydrogen
peroxide, chemokines, and lipid mediators at a tissue injury site direct the recruitment

of neutrophils[22]. Neutrophils express RAGE, and the many DAMPs that are released
from damaged and necrotic cells also function to directly modulate neutrophils[23-25].
Recent transcriptome analysis of lupus patients has revealed that a gradual enrichment

of a neutrophil signature in whole blood was associated with subsequent active nephritis
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development within a few years[26]. The formation of neutrophil extracellular traps (NETS)
is one of the significant antimicrobial mechanisms employed by neutrophils[27]. NETs are
large, extracellular, web-like structures composed of cytosolic and granule proteins built

on a scaffold of decondensed chromatin[27]. A pathological role for NET formation exists
in conditions including autoimmunity such as vasculitis, rheumatoid arthritis, and lupus[28—
30].

Circulating HMGB1 forms complexes with nucleosomes as well as immune complexes[16],
and RAGE chaperones nucleic acid and immune complexes to endosomal TLR 7 and 9[15].
However, studies on the HMGB1-RAGE axis in murine lupus models and their biological
effects are still contradictory. While some studies reported a pathophysiologic role of RAGE,
other studies reported that RAGE deficiency did not significantly impact clinical severity

in murine models of pristane-induced lupus[31]. Treatment with SRAGE, which sequesters
ligands from RAGE, significantly improved LN in (NZB/NZW)F1 mice[32], while RAGE
deficiency in B6. MRL-Fas’1J (B6-/pr) mice exhibited aggravated lymphoproliferation and
an exacerbated lupus phenotype[33].

To elucidate the discrepancy between those studies, we examined lupus-prone MRL/
MpJ-Fas13 (MRL-/pr) mice deficient for RAGE and determined whether it ameliorates
lupus-like features, including nephritis and serological abnormalities. MRL-/prmice

are characterized by the production of anti-DNA antibodies, lymphoproliferation, and
glomerulonephritis. MRL-/prmice have a loss-of-function mutation in Fas/CD95 that
contributes to defective cell death[34, 35]. Since RAGE deficiency alone does not
significantly affect lupus-like autoimmunity, including the pristane-induced model and B6-
Ipr{31, 33], we aimed to clarify the relevance of RAGE signaling in LN pathogenesis based
on MRL-/prlupus-prone animals.

In this study, we demonstrated that lymphoid organomegaly was alleviated by the deletion
of RAGE, and a reduction in CD3*CD4~CD8™ cells was prominent in RAGE-deficient
MRL-/prmice, contrary to a previous report[33]. Notably, we further revealed that the
deletion of RAGE improved nephritis in this lupus model mouse through the inhibition of
neutrophil infiltration and NET formation.

2. Materials and Methods

2.1. Generation of Ager’~ MRL-Ipr mice

C57BL/6 mice deficient in RAGE (Ager~'~) were generated as described[36]. We then
generated Ager’~ MRL-/prmice by mating Ager~ female C57BL/6 mice with male MRL-
Jprmice (Jackson Laboratory, Bar Harbor, ME, USA) to yield heterozygous F1 offspring.
RAGE™*/~ female F1 mice were further backcrossed with male MRL-/or mice for 9-10
generations. Finally, RAGE*/~ F9 or F10 mice were intercrossed to obtain Ager’~ female
MRL- /pr littermates and Ager’* MRL-/pr littermates. Genotyping for RAGE deletion was
conducted as previously described[36], and we performed PCR to determine the region of
the Agergene. PCR primer sequences were: 5’-CCAGAGTGACAACAGAGCAGAC-3’,
5’-GGTCAGAACATCACAGCCCGGA-3’, and 5’-CCTCGCCTGTTAGTTGCCCGAC-3'.
Genomic DNAs from tails were extracted using DirectPCR Lysis Reagent (Mouse Tail)
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according to the manufacturer’s instruction (Viagen Biotech Inc, Los Angeles, CA, USA).
These mice were housed under specific pathogen—free conditions in a 12-hour light/dark
cycle, with free access to water and standard rodent chow (MF, Oriental Yeast, Tokyo,
Japan), and further monitored until they were 18 weeks old. Plasma and twenty-four-hour
urine samples were collected at 10, 14, and 18 weeks of age. Mice were sacrificed at 18
weeks of age, and tissue samples, including those from the spleen, lymph nodes, thymus,
and kidneys, were obtained.

These methods were carried out under the approved guidelines. All experimental protocols
were approved by the Animal Care and Use Committee of the Department of Animal
Resources, Advanced Science Research Center, Okayama University (OKU-2017429).

2.2. Flow cytometry analysis

The spleen, mesenteric, and axillary lymph nodes from mice at 18 weeks of age were

finely minced, and single-cell suspensions were obtained by filtering through a 70 pm

mesh. For splenocytes, red blood cells were removed using red cell lysis buffer (BD
Biosciences, San Jose, CA, USA). The cells (1x108) derived from the spleen and lymph
nodes were incubated at 4 °C for 30 min in staining buffer (HBSS plus 3% horse serum

and 0.02% sodium azide) with the relevant optimized amount of fluorochrome-conjugated
antibodies: FITC—conjugated anti-CD4 (GK1.5), allophycocyanin (APC)-conjugated anti—
CD8a (53-6.7), APCVio770-conjugated anti-CD8a (53-6.7), APC—conjugated anti-CD62L
(MEL14-H2.100), phycoerythrin (PE)-conjugated anti-CD44 (1IM7.8.1). All antibodies
were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany) except BV421-
conjugated anti-CD3 (SK7) and PE—conjugated anti-CD8a (53-6.7), which were purchased
from BD Biosciences; APC-Cy7-conjugated anti-CD11c (N418), which was purchased
from Tonbo Biosciences (San Diego, CA, USA); and eFluor 450-conjugated anti-CD11b
(M1/70) and PerCP-Cyanine5.5—conjugated anti-CD19 (eBio1D3), which were purchased
from Thermo Scientific (Waltham, MA, USA). Apoptotic cells were detected using 7-AAD
(BD Biosciences) and APC—conjugated Annexin V/binding buffer (BD Biosciences). Flow
cytometry data were acquired on a MACSQuant Analyzer (Miltenyi Biotec) and analyzed
using FlowJo software (FlowJo, LLC, Ashland, OR, USA). All procedures were performed
according to the manufacturer’s instructions.

2.3. Measurement of urinary albumin excretions, plasma anti-dsDNA antibodies, HMGB1,
RAGE, and cytokines

Urinary albumin excretions were measured using the turbidimetric immunoassay
(FUJIFILM Wako Shibayagi Co., Shibukawa, Japan) and standardized by urine creatinine
concentration. Plasma anti-dsDNA IgG titers, HMGBL1 levels, and RAGE levels were
measured with commercially available ELISA kits (anti-dsDNA 1gG: FUJIFILM Wako
Shibayagi, HMGBL1.: Shino-Test Co., Sagamihara, Japan, and RAGE: R&D Systems, Inc.
Minneapolis, MN, USA, respectively). Cytokine analyses were performed using a Bio-Plex
Pro™ Mouse Cytokine Th17 Panel A 6-Plex kit (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) with a Bio-Plex 200 Luminex machine according to the manufacturer’s protocol.
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2.4. Histopathology and scoring

Kidney specimens were fixed with 10% buffered formalin and embedded in paraffin. Serial
2-um sections were stained with hematoxylin and eosin (H&E) or periodic acid-Schiff
(PAS) for histological examination by light microscopy. Activity and chronicity indices were
scored according to previously described criteria[37]. Ten renal glomeruli and 10 selected
tubular areas were examined in each mouse by CMIC Pharma Science Co., Ltd. (Hokuto,
Japan).

2.5. Immunofluorescence staining

Kidney specimens were embedded in an optimum cutting temperature compound (Sakura
Finetek Japan Co. Ltd., Tokyo, Japan) and immediately frozen in acetone cooled on dry
ice. Frozen sections (4 um thick) were stained with fluorescein-conjugated anti-mouse
IgG (MP Biomedicals LLC., Santa Ana, CA, USA) or anti-mouse C3 (MP Biomedicals).
The images were captured using an Olympus microscope. The brightness of each image
file was analyzed using ImageJ[38]. Image files were converted to 16-bit grayscale. 1gG
or C3 indices were calculated using the following formula: [X (density) x positive area]/
glomerular total area, where staining density is indicated by a number from 0 to 65535 in
grayscale.

To evaluate neutrophil infiltration, the kidney sections were washed with PBS and immersed
in 10% normal goat serum (Nichirei, Tokyo, Japan) containing 1% BSA for 30 min to
block nonspecific binding. The sections were incubated overnight with a rat anti-Ly-6G
antibody (1A8; BioLegend, San Diego, CA, USA) as the primary antibody at 4 °C and

then with Alexa-568-labeled anti-rat 1gG as the secondary antibody at room temperature
for 30 min. Following staining with DAPI, the slides were mounted using a fluorescence
mounting medium (Agilent, Santa Clara, CA, USA). Images were captured using an
Olympus microscope, and Ly-6G-positive cells were counted using ImageJ. The TIFF file
of each glomerulus was split into each RGB channel, a Gaussian filter was applied, and
then the background was corrected using a rolling ball algorithm. Watershed separation was
applied for the DAPI-positive area. The analyze particles algorithm counted the DAPI and
Ly-6G double-positive area that was 30 pm? or more and was recognized as Ly-6G-positive
cells. The number of Ly-6G-positive cells was calculated in ten glomeruli per animal, and
the mean number of positive cells per glomerulus was used for estimation.

NETSs were stained as previously described[39]. In brief, the kidney sections were incubated
overnight with an anti-Ly-6G antibody (1A8) in combination with an anti-Histone H3
(citrulline R2 + R8 + R17) (cit-Histone H3) antibody (Abcam plc. Cambridge, UK) as

the primary antibodies at 4 °C and then with Alexa-568-labeled anti-rat IgG (Invitrogen)
and Alexa-488-labeled anti-rabbit IgG (Invitrogen) as the secondary antibodies at room
temperature. Following image capture using an LSM 780 confocal imaging system (Carl
Zeiss, Oberkochen, Germany), the area of NETS in each glomerulus was evaluated using
ImageJ. After measuring the area of each glomerulus, TIFF files were split into each RGB
channel, a Gaussian filter was applied, and then the background was corrected using a
rolling ball algorithm. Then, the area positive for both cit-Histone-H3 and Ly-6G in each
glomerulus was measured, and the area percentages of cit-Histone-H3 and Ly6G double-
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positive sites to the glomerular area were calculated. We evaluated ten glomeruli per animal.
The mean area percentages were used for estimation.

2.6. Immunoperoxidase Staining

Macrophage infiltration was analyzed as previously described[39]. In brief, the kidney
sections were incubated with a monoclonal murine monocyte/macrophage antibody (F4/80;
Abcam) as the primary antibody, followed by an HRP-conjugated goat anti-rat IgG antibody
(Merck KGaA, Darmstadt, Germany) as the secondary antibody. The number of F4/80-
positive cells was calculated in ten glomeruli per animal, and the mean number of positive
cells per glomerulus was used for estimation.

2.7. Statistical analysis

Data were analyzed by JMP for Windows, version 9.0.2 (SAS Institute Inc., Cary, NC,
USA). The data presented are the median (interquartile). For comparisons between two
groups, the Mann-Whitney Utest was employed if the distribution was non-normal; if it had
a normal distribution, the Student’s #test or Welch’s #test (in case of unequal variances)
would have been used instead. For plasma RAGE or cytokines analysis using the 6-plex
Bio-plex kit, concentrations less than the limit of detection (LOD) were given a value

of LOD/V2 for statistical analysis and plotting[40, 41]. The urine albumin/Cr ratios or
anti-dsDNA 1gG titers were compared between 14 and 18 weeks in each group using the
Wilcoxon signed-rank sum test. The tests were two-tailed, and the threshold for significance
was p<0.05. For the 6-plex Bio-Plex kit, statistical significance was determined at 0.05/6
using the Bonferroni correction to adjust for multiple testing. Each figure legend describes
the statistical analysis method used.

3. Results

3.1. RAGE deletion attenuates splenomegaly and lymph node enlargement and alters the
composition of immune cells in lymphoid tissue.

To determine the role of RAGE in lupus, we generated Ager”'~ MRL-/prmice and Agert’*
MRL-/prcontrol mice. The complete deletion of RAGE was confirmed at the protein level
(Supplementary Figure 1). It is well known that MRL-/or mice develop lymphadenopathy
and splenomegaly[42]; Ager”'~ MRL-/or mice showed a significantly smaller spleen and
lymph nodes than Agert’* MRL-/or mice at 18 weeks of age; an approximately 50%
reduction was observed (Figure 1A, Table 1). The ratios of the spleen to body weight
showed consistent results (Table 1). The number of splenocytes also decreased in Ager’~
MRL- Jpr mice compared to Agert’* MRL-/pr mice at 18 weeks of age (Figure 1B).

We next investigated the changes in the composition of immune cells in lymphoid organs to
elucidate the effect of RAGE deletion on the immunophenotype. Flow cytometry analysis of
the spleen revealed that the absolute number and proportion of CD3* T cells significantly
decreased in Ager”’~ MRL-Jpr mice compared to Ager’* MRL-/pr mice in the spleen at

18 weeks of age (Figure 1C, E). The proportion of CD19* B cells increased in Ager’~
MRL-/prmice, and the absolute numbers were comparable between the two groups (Figure
1C, E). Among CD3* T cells, only CD3*CD4~CD8™ T cells were decreased by the deletion
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of RAGE in terms of both absolute number and proportion in the spleen (Figure 1D,

F). We further examined memory T-cell subsets in CD4-positive or CD8-positive T cells,
but there were no significant differences in the proportions of naive, central memory, and
effector memory T cells between the two groups (Supplementary Figure 2A-B). In lymph
nodes, the proportions of CD3* T cells decreased, and CD3*CD4"CD8™ T cells decreased
significantly in Ager’~ MRL-/pr mice compared with Agert’* MRL-/pr mice (Figure 1G—
H). Naive, central memory, and effector memory T cells were not altered by RAGE deletion
(Supplementary Figure 2C-D).

Since RAGE limits apoptosis in particular conditions[43—45], we then investigated apoptosis
of CD3*CD4~CD8™ T cells and whether programmed cell death alteration was induced by
RAGE deficiency. The proportions of annexin V-positive and 7-AAD-negative apoptotic
CD3*CD4~CD8™ cells in the spleen and lymph nodes were not different between Ager’=
and Ager’* MRL-/prmice (Supplementary Figure 3A-B). Necrotic and all dead cells
among CD3*CD4~CD8™ cells were also not altered by RAGE deletion (Supplementary
Figure 3 C-F). In Ager’~ MRL-/prmice, the reduction in CD3* cells, especially
CD3*CD4~CD8™ T cells, may significantly improve lymphoid organomegaly. The reduction
in this population in RAGE-deficient animals was not suggested to be induced by the
alteration in apoptosis.

Anti-dsDNA antibody is a hallmark of human lupus pathogenesis and was detected in
MRL-/pr lupus-prone mice at around 4—6 weeks of age[46, 47]. While Ager’* MRL-/or
control mice develop anti-dsDNA starting from 14 weeks, the deletion of RAGE did not
lead to lower anti-dsDNA antibody titers till 18 weeks of age (Supplementary Figure 4A).
While the plasma levels of several cytokines, such as IFN-y and IL-1p, tended to increase
in the Ager’= MRL-/prgroup, the plasma levels of HMGB1 and IL-10 tended to decrease;
however, there were no statistically significant differences (Supplementary Figure 4B and
4C).

3.2. Attenuation of nephritis in RAGE-deficient MRL-Ipr mice

LN is an example of an immune complex-mediated manifestation in SLE and is also
characterized by cell proliferation in the kidney[19]. LN occurs in MRL-/pr mice, which
exhibit urinary protein from approximately 3 months of age[48]. In our analysis, urine
albumin excretion significantly increased from 14 to 18 weeks of age in Ager’* MRL-/or
mice, and the amount of urine albumin was significantly lower in Ager”’~ MRL-/pr mice
than in Agert’* MRL-/prmice at 18 weeks of age (Figure 2A). The weights of both kidneys
at 18 weeks of age were significantly heavier in Ager’* MRL-/prmice than in Ager/~
MRL-/prmice (Table 1). Although the National Institutes of Health scoring system for LN
was developed many years ago[37], the latest classification criteria for LN are still based on
this system[49], and we also utilized the activity index and the chronicity index to report the
extent of the overall activity of nephritis in this study. At 18 weeks of age, the activity index
was attenuated in Ager”’~ MRL-/prmice compared to Ager’* MRL-/or mice (Figure 2B).
Among the components of the activity index, glomerular cell proliferation, karyorrhexis, and
fibrinoid necrosis were especially alleviated, although no significant differences in cellular
crescents and interstitial inflammation were found (Supplementary Figure 5A). For the

Clin Immunol. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Watanabe et al.

Page 8

chronicity index, both groups had a score of 0. Representative images of light and electron
microscopy are shown in Figure 2C and Supplementary Figure 5B. These results indicate
that RAGE deletion improved proteinuria via the attenuation of glomerular pathologies such
as cell proliferation and necrosis.

Neutrophils are essential components of the innate immune system, and a relationship to
the development of LN has been suggested[26]. In our study, glomerular Ly-6G-positive
neutrophils were significantly reduced in Ager’~ MRL-/pr mice compared to their Agert’*
MRL-Jor counterparts (Figure 3A). We further evaluated the change in NET formation in
the kidney. Immunofluorescence staining revealed that the deletion of RAGE suppressed
the manifestations of NETS in the glomerulus (Figure 3B). We also evaluated glomerular
immunoglobulin and complement deposition, and immunofluorescence revealed that the
deletion of RAGE did not affect the intensity of the immune complex in MRL-/pr mice at
18 weeks of age (Supplementary Figure 6A). Intrarenal macrophages have been considered
important in the development of LN[50], but no significant differences in the glomerular
infiltration of F4/80-positive macrophages were apparent (Supplementary Figure 6B).
Overall, we demonstrated that the deletion of RAGE improved nephritis in MRL-/pr lupus
model mice by inhibiting neutrophil infiltration and NET formation.

4. Discussion

DAMPs from damaged and necrotic cells after tissue injury may be responsible for early
neutrophil recruitment through pattern recognition receptors[51]. Recruited neutrophils are
then activated, which directly and indirectly promote further secretion of DAMPs to amplify
neutrophil recruitment from the circulation[22, 52]. Previous studies have demonstrated

that HMGBL activates neutrophil recruitment toward acetaminophen-induced liver necrosis
through RAGE[53, 54]. On the other hand, neither ablation of RAGE signaling nor impaired
oligomerization of RAGE has any impact on LPS-induced neutrophil infiltration in the

air pouch model[55]. These results are consistent with our findings that RAGE-knockout
animals had decreased neutrophil infiltration in the glomeruli. Recruited neutrophils play an
important role in autoimmune diseases through formation of NETs[17, 23, 56-58]. NETs
are a source of self-antigens in autoimmune disorders with autoantibodies. The formation

of NETSs has been reported to be increased in lupus[59]. Further studies have revealed

an interaction between NETs and DAMPs, including HMGB1[60, 61], and neutralizing
antibodies against HMGB1 suppressed the formation of NETs through TLR4[60].

Neutrophil heterogeneity and the association of RAGE and NETs have been described in

the context of autoimmunity. Lupus peripheral mononuclear cells collected using density
gradient centrifugation contain low-density granulocytes (LDGSs), which are correlated with
lupus disease activity or organ damage through vascular inflammation[62-64]. Several
pathways are suggested to induce NETs, and RAGE ligand binding seems to be an important
endogenous factor mediating NET formation[65]. HMGB1-RAGE signaling in neutrophils,
with HMGBL1 derived from platelets, was reported to be involved in NET formation[66, 67].
These previously proposed mechanisms are consistent with our results of less induction

of NETs in glomeruli of the RAGE-knockout lupus model. A previous report further
demonstrated that immune complexes containing autoantibodies and self-antigens are potent
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NET inducers in children with SLE[68]. The induction of NETs by immune complexes
seems to be mediated by Fc receptor-binding mechanisms[69]. The Fc receptor-mediated
and RAGE-mediated internalization of immune complexes is important for downstream
signaling activation[15], and further study is needed to test whether RAGE-mediated
internalization is also involved in NET formation in lupus pathogenesis.

Contradictory effects of RAGE inhibition have been reported in a murine lupus model.

Lee and colleagues treated (NZB/NZW)F1 lupus-prone mice with SRAGE, which can bind
to RAGE ligands and thus competitively inhibit the binding of ligands to membranous
RAGE and downstream signaling[32]. They found that SRAGE alleviated the severity

of LN pathology and immune complex deposition and decreased serum autoantibody

titers. In addition, SRAGE interrupted the nuclear translocation of NF-xB in the kidney

and effectively modified T-cell populations. On the other hand, Goury et al. reported

that the deletion of RAGE in B6-/pr, lupus model mice, exacerbated lymphoproliferative
syndrome, production of anti-dsDNA antibodies, LN, and accumulation of autoreactive
CD3*B220*CD4CD8™ T cells compared with wild-type B6-jor mice[33]. They further
showed that autoreactive T cells in the spleen of B6-/or Ager”'~ mice exhibited a delay

in apoptosis more than B6-/pr mice. RAGE itself has inherent contradictory pro- and anti-
inflammatory roles. SRAGE, which is generated by alternative splicing or the cleavage of
membranous RAGE by matrix metalloproteinases, lacks the membrane and cytoplasmic
signaling domains and thereby inhibits RAGE signaling[6, 70]. The balance between the
pro- and anti-inflammatory roles of RAGE might be different among different lupus models.
B6-/pr mice exhibit a mild phenotype of lupus, as indicated by a longer lifetime and

less severe nephritis than MRL-/prmice[71, 72], and the difference in disease severity
might be associated with the different effects of RAGE ablation. Indeed, RAGE deficiency
did not alter clinical outcomes in the pristane-induced model of C57BL/6 mice, which
showed a mild lupus phenotype[31]. Furthermore, it has been reported that NET induction is
accelerated in MRL-/or mice compared to B6-/or mice[73], and the difference in neutrophil
inflammation among the different strains may be the reason for the paradoxical effects of
RAGE deficiency.

Several limitations of this study should be acknowledged. First, control animals without
mutations in Fas/CD95, such as MRL/MpJ mice, were unavailable; nevertheless, the
comparison of Ager’~ with Ager’* MRL-/pr littermates enabled us to evaluate the role of
RAGE in lupus pathogenesis. Second, we could not elucidate whether infiltrated neutrophils
or the origin of NETs were LDGs or normal-density neutrophils because of the lack of
specific markers for LDGs[74]. Further study is needed to evaluate their spatial distribution
and role in lupus autoimmunity as well as the function of RAGE in this cell subset. Third,
the inducer of NETSs in this study was also unknown, and it is necessary to develop specific
therapeutics targeted against NETS.

5. Conclusions

We found that lymphoid organomegaly was alleviated by the deletion of RAGE, and the
reduction in CD3*CD4"CD8~ T cells was prominent in RAGE-deficient MRL-/or lupus
mice. Although the deletion of RAGE did not alleviate glomerular immune complex
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deposition, it suppressed neutrophil infiltration and NET formation. Thus, RAGE may be
a promising target to treat LN.
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Highlights

MRL/MpJ-Fas’1) (MRL-/pr) mice develop severe SLE phenotypes,
including the high titer of the autoantibody, lymphoid organomegaly, and
lupus nephritis.

Ablation of RAGE alleviated lymphoid organomegaly and reduced the
frequency of pathogenic CD3*CD4~CD8™ T cells in these lupus model mice.

The deletion of RAGE improved lupus nephritis, especially glomerular cell
proliferation, karyorrhexis, and fibrinoid necrosis.

Neutrophil infiltration and the formation of neutrophil extracellular traps in
the glomerulus were markedly reduced in RAGE-deficient MRL-/or mice.
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Figure 1. Lymphoid tissue organomegaly and the composition of inflammatory cells at 18 weeks
of age.

(A) Representative image of spleens and lymph nodes. The bar indicates 1 cm. (B) The total
number of splenocytes Ager’t MRL-/or (n = 11), and Ager’= MRL-/pr (n = 15). Student’s
Etest. **p < 0.01. (C-F) Comparisons of the absolute numbers or proportions of splenocyte
subsets (C, E) and the absolute numbers or proportions of CD3* cells in the spleen (D,

F). The proportions indicate the percentages in total splenocytes. (G) Comparisons of the
proportions of lymph node subsets. (H) Comparisons of the proportions of CD3™ cells in
lymph nodes. The proportions indicate the percentages in total lymph node cells. (C-H)
CD3* cells were evaluated in 10 Agert’* MRL-/prand 14 Ager’~ MRL-/prmice. CD19*
cells were evaluated in 9 Ager’* MRL-/prand 12 Ager’= MRL-/por mice. CD11b* or
CD11c* populations were compared between 7 Ager’* MRL-/prand 8 Ager’= MRL-fpr.
aStudent #test; PWelch’s test. The Mann—Whitney U test was used if not stated otherwise.
*P<0.05; **P<0.01. NS, not significant.
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Figure 2. Attenuation of nephritis in Ager‘/' MRL-Ipr mice at 18 weeks of age.
(A) The transition of the urine albumin/Cr ratio (mg/gCr). Ager"* MRL-/pr (n = 7), and

Ager'= MRL-/pr (n = 7). @The Mann—Whitney U'test for between-group comparisons;
bwilcoxon signed-rank sum test for comparisons between 14 and 18 weeks. *P <

0.05. (B) Activity index. Ager’* MRL-/pr (n = 10), and Ager’~ MRL-/pr (n = 11).
Student’s ttest. **P < 0.01. (C) Pathological findings of the kidney. Ager™* MRL-/or
shows cellular crescent (*) and karyorrhexis (arrowhead) of glomeruli (top: PAS staining).
Moderate glomerular cell proliferation was found in Agert’* MRL-for mice (middle: PAS
staining). By electron microscopy, subepithelial and subendothelial electron-dense deposits
and podocyte foot process effacement were observed in Agert’* MRL-/pr mice (bottom).
Representative images of Ager’* MRL-/pr (n = 10), and Ager’~ MRL-/or (n = 11). NS, not
significant, EM: electron microscopy; PAS, periodic acid-Schiff.
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Figure 3. Reduction of glomerular neutrophil infiltrations and neutrophil extracellular traps in
Ager_/_ MRL-Ipr mice at 18 weeks of age.

(A) Glomerular neutrophil infiltration. The number of Ly-6G-positive cells was counted in
10 glomeruli per animal, and the mean number of positive cells per glomerulus was used
for estimation (n = 8). Student’s £test. *p < 0.05. (B) The area percentage of NETs in each
glomerulus was calculated in 10 glomeruli per animal, and the mean values per glomerulus
were used for estimation (n=8). Welch’s #test. **p < 0.01. NETS, neutrophil extracellular
traps, cit-Histone H3, Histone H3 (citrulline R2 + R8 + R17).
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Table 1.

Body and organ weights at 18 weeks of age

Ager** MRL-Ipr

Ager '~ MRL-lpr

(n=9) (n=9)
Body weight? 41 (38-43) 41 (37-43)
Rt. Kidney **a’ b 0.24 (0.23-0.3) 0.2 (0.19-0.22)
Lt. kidney **c 0.24 (0.23-0.29) 0.2 (0.2-0.22)
Spleen > 0.6 (0.45-0.65) 0.3 (0.25-0.32)

Spleen (%body weight) = 14(0.99-1.8)

Thymus® 0.09 (0.07-0.12)
Axially LN 0.94 (0.63-1.2)
Neck LN *"@ 1.2 (1-1.4)
Abdominal LN ***¢ 2.8(2.7-3.)
Total LN ¢ 4.9 (45-5.8)

0.77 (0.6-0.84)
0.08 (0.05-0.1)
0.4 (0.25-0.53)
0.58 (0.32-0.61)
1.3 (1-1.5)

2.1 (1.7-2.6)

Page 19

Nine animals in each group were evaluated. Total lymph nodes (LNs) are a combination of peritoneal, cervical, and axillary LNs. The units are

expressed in grams.
%Ihe MannWhitney U test
b L /-
One value is missing in Ager
C,
Student’s #test
dWeIch’s ttest.
*
p<0.05
Ak
p<0.01

HokA

p<0.001.
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