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Objective. In systemic lupus erythematosus (SLE),
an autoimmune disease associated with multiple organ
involvement, the development of lupus nephritis deter-
mines prognosis, and arthritis impairs quality of life.

- Galectin 9 (Gal-9, Lgals9) is a p-galactoside-binding lectin
that has been used for clinical application in autoimmune
diseases, since recombinant Gal-9, as a ligand for T cell

- immuneglobulin and mucin domain-containing protein 3
(TIM-3), induces apoptosis of activated CD4+TIM-3+ Thl
cells. This study was undertaken to investigate whether
deficiency of Lgals9 has beneficial or deleterious effects on
lupus in a murine model.

Methods. Gal-9*"* and Gal-9~'~ female BALB/c mice

- were injected with pristane, and the severity of arthritis,
_proteinuria, and levels of autoantibody production were
assessed at several time points immediately following
injection. At 7 months after pristane injection, renal
pathologic features, the severity of joint inflammation,
and formation of lipogranulomas were evaluated. Subsets
of inflammatory cells in the spleen and peritoneal lavage
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were characterized, and expression levels of cytokines
from peritoneal macrophages were analyzed.

Results. Lgals9 deficiency protected against the
development of immune complex glomerulonephritis,
arthritis, and peritoneal lipogranmuloma formation in
BALB/c mice in this murine model of pristane-induced
lupus. The populations of T cell subsets and B cells in the
spleen and peritoneum were not altered by Lgals9 deficiency
in pristane-injected BALB/c mice. Furthermore, Lgals9
deficiency protected against pristane-induced lupus without
altering the Toll-like receptor 7—type I interferon pathway.

Conclusion. Gal-9 is required for the induction
and development of lupus nephritis and arthritis in this
murine model of SLE. The results of the current investi-
gation provide a potential new strategy in which antago-
nism of Gal-9 may be beneficial for the treatment of
nephritis and arthritis in patients with SLE through
targeting of activated macrophages.

Systemic lupus erythematosus (SLE) is a multior-
gan autoimmune disease that is characterized by a wide
array of clinical manifestations and multifactorial patho-
genic pathways. The disease process of SLE involves
genetic, epigenetic, hormonal, and environmental factors,
all of which ultimately lead to a disturbance in the path-
ways of both innate and adaptive immunity. Despite nota-
ble progress in the understanding of this discase, its
etiology remains unclear and is still to be unraveled. Kid-
ney involvement in SLE is known to be associated with
poor clinical outcomes, with 10-30% of young patients
developing end-stage renal disease (ESRD) (1,2). Despite
the wide availability of different regimens involving treat-
ment with immunosuppressant agents, many of which
have undoubtedly improved the prognosis and survival of
patients with SLE, an increased risk of ESRD in SLE has
been observed since the late 2000s (3).

In contrast to lupus nephritis, lupus arthritis is
one of the frequently encountered manifestations in



SLE patients, and yet it may be overlooked behind the
life-threatening conditions of lupus nephritis and neu-
ropsychiatric SLE. Although few SLE patients develop
full joint deformations, known as rhupus hands (4),
lupus arthritis is a major cause of pain and discomfort
and can impair the quality of life of patients (5).

Galectin 9 (Gal-9), a ubiquitously expressed
B-galactoside-binding lectin (6,7), belongs to the tandem
repeat subclass of the galectin superfamily, and is charac-
terized by the presence of 2 distinct carbohydrate recogni-
tion domains joined by a link peptide (8). Among the 15
members of the galectin family, Gal-9 has been shown to
function in both physiologic and pathologic conditions
such as organogenesis, immune reactions, carcinogenesis,
and metastasis (9). Gal-9 demonstrates bivalency and is
able to cross link 2 glycoconjugates, and thus it is involved
in the process of cell-to-cell and cell-to-matrix interac-
tions. Results of recent investigations have suggested that
the most dominant Gal-9 isoform, Gal-9AS, prevents
metastasis by maintaining tissue integrity and inhibiting
tumor migration and extravasation, while other Gal-9 iso-
forms facilitate metastasis (10). Gal-9 also modulates the
processes of cell survival, such as apoptosis and cell cycle
control, and induces apoptosis of various cell lines, such
as the human melanoma cell line, T cell lines, and differ-
ent types of leukemia cell lines (11,12).

In addition to the role of Gal-9 in cancer biology,
it is involved actively at various stages of the immune
response, and most of its effects are concentration depen-
dent (13). Exogenous Gal-9 induces maturation of den-
dritic cells (DCs) associated with the up-regulation of
costimulatory molecules such as CD40, CD54, CD80,
CD83, and HLA-DR (14). The recombinant N-terminal
Gal9 is also effective in activating DCs by inducing a
higher production of tumor necrosis factor (TNF) and
interleukin-6 (IL-6), and greater phosphorylation of p38
and Akt (15). Through its divalent sugar-binding activity,
Gal-9 forms Gal-9—glycan lattices with cell surface glyco-
proteins, which play major roles in the organization of cell
membrane domains, regulation of thresholds of cell sig-
naling, and receptor residency time on the cell surface
(16). The local concentrations of Gal-9 and glycoconju-
gates determine the patterns of lattice formation and cel-
lular response. At higher concentrations, Gal-9 induces
apoptosis of CD4+ and CD8+ cells, while at lower con-
centrations, it increases cytokine production in activated
T cells. T cell immunoglobulin and mucin domain—con-
taining protein 3 (TIM-3), a glycoprotein with an N-glycan
chain, is expressed on activated Thl and Th17 cells. Gal-9
triggers calcium mobilization and activation of caspase 1,
drives the apoptosis of Thl and Th17 cells, and eliminates
activated and exhausted T cells (11,17). In addition to Thl
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cells, Gal-9 also induces apoptosis of B cells (B-lincage
acute lymphoblastic leukemia 1 cells), monocytes (THP-1
cells), and myelocytes (HL-60 cells) (11). However, Gal-9
has not been found to exert apoptotic potential against
Th2 and Treg cells lacking cell surface expression of TIM-
3 (18,19). '

The apoptotic potential of recombinant Gal-9
against immune-mediated cells prompted researchers to
investigate the efficacy of recombinant Gal-9 in various
disease models, such as experimental animal models of
collagen-induced arthritis (CIA) (17,20,21), asthma (22),
anti-glomerular basement membrane disease (23), lupus
nephritis (24), diabetic nephropathy (25), and auto-
immune encephalitis (17,26). In general, the apoptotic
potential of Gal-9 is concentration dependent. A higher
dose of recombinant Gal-9 induces apoptosis of Thl and
Th17 cells; however, a decline in its concentration by
degradation may, inversely, stimulate CD4+ T cells, CD8+
Tcells, and DCs to produce cytokines and chemokines.

Taking these findings into consideration, we investi-
gated whether a total loss of Gal-9 would ameliorate or
aggravate disease activity in a murine model of lupus, and
determined whether blockade of Gal-9 and its signals might
be beneficial in the treatment of SLE. To achieve this, we
examined the effect of gene deletion of Lgals9 (a gene
encoding Gal-9) in BALB/c mice with pristane-induced
lupus (27). This lupus model is associated with intraperi-
toneal lipogranulomas, diffuse proliferative glomerulo-
nephritis (28), production of autoantibodies (29), and an
erosive arthritis resembling rheumatoid arthritis (30). We
also investigated the effect of Lgals9 gene deficiency in a
model of spontaneously induced SLE, using MRL/MpJ-
Fas'™/J mice with a mutation in the gene encoding Fas. This
model is associated with a defect in lymphocyte apoptosis
and the impaired clearance of lymphocytes (31), high
titers of autoantibodies, hypergammaglobulinemia, nephritis,
vasculitis, and lymphadenopathy (32). :

MATERIALS AND METHODS

Pristane-induced lupus model in BALB/c mice. BALB/c
mice deficient in Gal-9 (Gal-97~) were kindly provided by
GalPharma (33,34). Using standard breeding techniques,
Gal-9~~ BALB/c mice were crossed with BALB/cJ mice
(The Jackson Laboratory) for 2 generations, and Gal-9*/~
BALB/cJ mice were also bred, to obtain Gal-9*"* and Gal-
97/~ littermates. Gal-9~/~ female BALB/c mice (n = 12) and
age- and sex-matched control Gal-9** mice (n = 12) were
housed under specific pathogen—free conditions in a 12-hour
light/dark cycle, with free access to water-and standard rodent
chow. The mice were injected intraperitoneally with 0.5 ml of
pristane (chemical name 2,6,10,14-tetramethylpentadecane;
Sigma-Aldrich) at age 7 weeks. Pristane-injected Gal-9*/*
and Gal-9~~ BALB/c mice were designated as Gal-9*/* PI
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and Gal-9~~ PI mice, respectively. During the course of the
experiments, 1 of the Gal-9*/* PI mice accidentally died 4
months after pristane injection.

The severity of arthritis in the paws was evaluated every
2 weeks, and serum and urine samples were collected monthly.
Peritoneal lavage, lipogranulomas in the peritoneal cavity, and
spleen, kidney, and paw tissue were obtained at 7 months after
pristane injection. For the characterization of Ly-6 mono-

* cytes and isolation of peritoneal macrophages, mice were eutha-
nized at various time points: Gal-9*"* PI mice (n = 5) and
Gal-9~~ PI mice (n = 5) at 24 hours after pristane injection,
Gal-9*/* PI mice (n = 4) and Gal-9~'~ PI mice (n=4) at 15 days
after pristane injection, and Gal-9*’* PI mice (n = 3) and
Gal-9’~ PI mice (n = 3) at 4 weeks after pristane injection. For
analysis of Tnf messenger RNA (mRNA) expression and quan-
tification of TNF proteins, groups of Gal-9** PI mice (n = 4
per group) and Gal-9~~ PI mice (n = 4 per group) were eutha-
nized at 4 hours, 24 hours, and 48 hours after pristane injection.

Generation of Gal-9 '~ MRIJMpJ-Fas""/J (MRL/lpr)
mice. We generated Gal-9~/~ MRL/Ipr mice by mating Gal-9~/~
female BALB/c mice with male MRL/lpr mice, to yield heterozy-
gous F1 offspring. Gal-9*/~ female F1 mice were further back-
crossed with male MRL/lpr mice for 8 generations. Finally,
Gal-9*"~ F9 mice were intercrossed to obtain Gal-9~/~ female
MRL/Ipr littermates (n = 15) and Gal-9** MRL/lpr littermates
(n = 15). These mice were further monitored until age 16 weeks.
Serum was collected at 8 and 16 weeks of age, while weight
and proteinuria were assessed from 6 weeks of age and every
2 weeks thereafter. Tissue samples, including those from the
spleen, lymph nodes, and kidneys, were obtained at the study
end point.

All of the experimental procedures were approved by
the Animal Care and Use Committee of the Department of
Animal Resources, Advanced Science Research Center at
Okayama University.

. Determination of arthritis severity score. The mice
were examined for the onset and severity of arthritis every 2
weeks after pristane injection. For scoring of arthritis severity,
we used a previously published scoring system (35,36) with
modification, as follows: score scale of 0-3, where 0 = normal,
1 = slight swelling or erythema of the wrist/ankle joint or footpad,
2 = moderate swelling and erythema of the wrist/ankle joint or
footpad, and 3 = severe swelling and erythema of the paw. The
scores for individual limbs were summed to obtain a total clini-
cal arthritis severity score of 12 per animal. The incidence of
arthritis was determined as the percentage of mice that had
developed redness or swelling in at least 1 paw (representative
images are shown in Supplementary Figure 1, available on the
Anhritis & Rheumatology web site at http://onlinelibrary.wiley.
"com/doi/10.1002/art.40467/abstract). ,

Evaluation of histologic features and scoring of tissue
samples. Samples of mouse kidney tissue were fixed in 10% for-
malin, and 4-pm paraffin-embedded sections were stained with
hematoxylin and eosin (H&E), periodic acid-Schiff, periodic
acid-methenamine silver, and Masson’s trichrome stain. After
H&E staining, glomerular hypercellularity was evaluated by
counting the number of nuclei per glomerular cross-section
(20 glomerular cross-sections per mouse), and tubulointer-
stitial nephritis was scored as previously described (37).
For immunofluorescence analysis, the tissue samples were
embedded in OCT compound (Sakura, Japan), and 4-pm cryo-
stat sections were stained with fluorescein isothiocyanate

(FITC)—conjugated goat anti-mouse IgG or rabbit anti-mouse
C3 (Cappel). For analysis of IgG subclasses, the sections were
stained using FITC-conjugated goat anti-mouse IgG1l, IgG2a,
IgG2b, or IgG3 (Novus Biological). Staining of all sections was
visualized with a fluorescence microscope (BZ-8000; Keyence)
using a plan Apo 20x NAO.75 lens. Immunofluorescence inten-
sity (measured as the number of pixels/um?) was quantified using
BZ analyzer II image analysis software (version 1.31; Keyence).

At least 10 glomeruli per section were analyzed.

The most severely affected hind paw of each mouse was
removed and fixed in 10% formalin. After decalcification in
10% EDTA, the joints were embedded in paraffin, and 4-pm-
thick sections were stained with H&E and toluidine blue as
described previously (38). In brief, twenty 4-pm sagittal serial
sections were cut, every fifth section was stained with H&E, and
an adjacent section was stained with toluidine blue. Histopatho-
logic scoring was performed using a semiquantitative score, as
described previously (39). The final - histopathologic arthritis
score was evaluated in each mouse by calculating the sum values
for inflammation: infiltration of leukocytes, synovial hyperplasia,
and destruction of cartilage, including pannus formation and
cartilage erosion.

Four-micrometer paraffin-embedded sections of lipo-
granulomas from the peritoneal cavity as well as sections from
the spleen and lymph nodes were deparaffinized, rehydrated,
subjected to inhibition of endogenous peroxidase, and incu-
bated with Blocking One Histo (Nacalai Tesque). They were
then incubated with a purified anti-mouse Gal-9 antibody
(BioLegend) overnight at 4°C, followed by goat anti-rat IgG
conjugated with horseradish peroxidase (Abcam) for 1 hour,
and developed with diaminobenzidine (SK-4100; Vector) as
the chromogen. Sections were counterstained with Mayer’s
hematoxylin.

Quantitative real-time reverse transcription—poly-
merase chain reaction (RT-PCR). Mice were euthanized at 7
months after pristane injection, and the paws were then cut
under the furline, unskinned, and immediately flash frozen in
liquid nitrogen. Individual lipogranulomas were picked from
the peritoneal cavity of pristane-injected mice and pooled.
Paws and lipogranulomas were disrupted and homogenized in
TRIzol reagents with a TOMY Micro Smash MS-100R and
5.5-mm stainless steel beads. The homogenates were cen-
trifuged for 10 minutes at 4°C at 14,000 revolutions per minute.
Supernatants were transferred to 1.5-ml Eppendorf tubes, cen-
trifuged for 10 minutes at 4°C at 14,000 rpm, and collected for
RNA extraction.

Total RNA was extracted from the paws, lipogranulomas,
and peritoneal macrophages using an RNeasy Mini kit (Qiagen).
Complementary DNA (cDNA) was generated using a High-Ca-
pacity cDNA RT kit (Applied Biosystems). Quantitative real-time
PCR was performed in a Step One Plus Real-Time PCR system
(Applied Biosystems) with specific primers, Universal Master Mix II
(Life Technologies), and TagMan gene expression assays to evaluate
the expression of Tnf (Mm00443258_m1), //71b (Mm00434228 m1),
Il6 (Mm00446190_m1), Lgals] (Mm00839408_g1), Lgails9 (Mm004
95295_m1), 1_ml), 7¢3 (Mm01207404_ml),
Tir4 (Mm00445273 m1), Th7 (Mm00446590_m1), 779 (Mm004
46193_ml), Ccl2 (Mm00441242 m1), Ccl7 (Mm00443113_ml),
Ccl2 (Mm01617100 m1), Mxl (Mm00487796_ml), Cxcll0
(Mm00445235_m1), and Irf7 (Mm00516793_gl). The relative
abundance of mRNAs was standardized against the levels of Gapdh
mRNA (Mm99999915_ g1) as the invariant control. :



Flow cytometry analysis. The spleen, mesenteric, and axil-
lary lymph nodes from MRL/lpr mice were finely minced and
incubated in a fresh digestion medium containing 3 ml RPMI
1640 with 2 mg/ml collagenase D (Roche), 50 TU DNase (Takara),
and 10% fetal calf serum (FCS) at 37°C for 30 minutes, with gen-
tle shaking at 200 rpm on an orbital shaker. Single-cell suspensions
were prepared from the spleens and peritoneal lavage of PI mice,
and from the lymph nodes of MRL/Ipr mice. Red blood cells were
removed using a red cell lysing buffer (BD Pharm Lyse). The cells
were first incubated at 4°C for 10 minutes with an Fc receptor
(FcR) blocking reagent (Miltenyi Biotec) to reduce nonspecific
binding of antibodies to FcRs. The cells (1 x 10°) derived from
the spleen, peritoneum, and lymph nodes were incubated at 4°C
for 30 minutes in staining buffer (BioLegend) with the relevant
optimized amount of fluorochrome-conjugated antibodies or the
appropriate isotype controls: FITC-conjugated anti-CD4 (GKL.5),
VioBlue-conjugated anti-CD4 (GK1.5), allophyocyanin (APC)-
conjugated anti-CD8 (53-6.7), APC-conjugated anti-CD62L
(MEL14-H2.100), phycoerythrin (PE)-conjugated anti-CD44
(IM7.8.1), APC-conjugated anti-CD19 (6D5), FITC-conjugated
anti-CD45R  (B220) (RA3-6B2), APC-conjugated anti-Ly-6C
(1G7.G10), PE-conjugated anti-CD138 (clone REA104), and PE-
conjugated anti-1y-6G (clone 1G7.G10). All antibodies were pur-
chased from Miltenyi Biotec except BV421-conjugated anti-CD3
(SK7), which was purchased from BD Biosciences, and eFluor
450-conjugated anti-CD11b (M1/70), which was purchased from
eBioscience. Dead cells were excluded from the analysis using 7-
aminoactinomycin D staining (BD PharMingen). All data were
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acquired with a FACSAria I flow cytometer (BD Biosciences) and
analyzed using FlowJo software (TreeStar).

In vitro assays of peritoneal macrophages. Peritoneal
macrophages were harvested 24 hours after the injection of
either pristane or phosphate buffered saline (PBS) as a vehicle
control. The cells were seeded at a concentration of 1 x 10%well
in UpCell 24-well plates (CellSeed) in Dulbecco’s modified
Eagle’s medium supplemented with 10% FCS and 100 TU/ml
penicillin/streptomycin, and incubated for 2 hours at 37°C in an
atmosphere of 5% CO,. Nonadherent cells were removed by
washing with warm medium, and then recounted to calculate the
number of adherent cells in the wells by subtraction. The remain-
ing adherent cells consisted of >95% macrophages, and adherent
macrophages were then cultured in the presence or absence of
Toll-like receptor (TLR) ligands as described previously (40), or
underwent protein extraction using Cell Lytic M reagent (Sigma-
Aldrich) following the manufacturer’s instructions. All ligands
were purchased from InvivoGen except for lipopolysaccharide
(Sigma-Aldrich). The supernatants were collected after 24 hours,
and RNA was extracted and stored at —80°C.

Enzyme-linked immunosorbent assays (ELISAs).
Serum levels of total IgG (Abcam), anti-double-stranded
DNA (anti-dsDNA) (Shibayagi, Japan), anti-nuclear RNP
(anti-nRNP) (Alpha Diagnostic International), and TNF
(R&D Systems) were measured using commercially available
ELISA kits according to the manufacturer’s instructions.
The cutoff values of the assays were 7.8 ng/ml, 15.6 mU/ml,
50 units/ml, and 10.9 ng/ml, respectively.
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PI mice (n = 12) compared to Gal-9*/* PI mice (n = 11). B, Representative kidney sections from Gal-9*'* and Gal-9~'~ PI mice, stained with hema-
toxylin and eosin (H&E), periodic acid-Schiff (PAS), Masson’s trichrome (MT), and periodic acid-methenamine silver (PAM) for analysis of glomeru-
lar size and mesangial expansion. Bars = 30 pm. C, Numbers of glomerular nuclei in Gal-9*"* PI mice compared to Gal-9~'~ PI mice (n = 10 per
group). Results are the mean + SD. * = P < 0.05; *** = P <(0.001, by Mann-Whitney U test in A and Student’s #-test in C. NS = not significant.



EFFECTS OF Lgals9 DEFICIENCY ON PRISTANE-INDUCED LUPUS

Western blotting. For protein extraction, the tissue sam-
ples were homogenized in ice-cold radioimmunoprecipitation
assay buffer. Total protein was quantified using the Pierce Pro-
tein Assay kit with Coomassie blue staining (using the Bradford)
method according to the manufacturer’s instructions (Thermo-
Fisher Scientific). A Mini-PROTEAN precast gel (Bio-Rad) was
equally loaded with 8.5 pg of protein, and then electrophoresed
and electrotransferred to a PVDF membrane. After blocking
with 5% nonfat dry milk and TBS-T (0.05% Tween 20, 20 mM
Tris HCI, and 150 mM NaCl [pH 7.6]), membranes were probed
with a primary antibody rat anti-mouse Gal-9 clone (clone
108A2; BioLegend) or rabbit anti-mouse GAPDH (Cell Signaling
Technology), and then incubated with anti-rat IgG conjugated
with horseradish peroxidase (Abcam) or donkey anti-rabbit IgG
conjugated with horseradish peroxidase (Santa Cruz Biotechnol-
ogy), respectively. Blots were developed using a Pierce ECL Plus
Western blotting substrate and visualized using an ImageQuant
LAS 4000 Mini kit (GE Healthcare Life Sciences).

Statistical analysis. Data are expressed as the mean
+ SD. Normal distribution of the data was assessed by
Shapiro-Wilk test, and statistically significant differences
between groups were determined using the Student’s 2-tailed
t-test or Mann-Whitney U test, as appropriate. The incidence
of arthritis was analyzed using a Fisher’s exact test. Data were
analyzed using JMP 13 software (SAS). P values less than
0.05 were considered significant.

RESULTS

Attenuation of pristane-induced lupus nephritis
in Lgals9-deficient mice. Pristane induces immune com-
plex glomerulonephritis in BALB/c mice, a condition
that is associated with the same autoantibodies typically
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observed in human SLE (28). Gal-9~/~ PI mice (pristane-
injected BALB/c mice) developed only modest proteinuria
compared to Gal-9*'* PI mice (Figure 1A). Furthermore,
light microscopic examination of the tissue sections dem-
onstrated an attenuation of histologic damage in Gal-9~/~
PI mice, as evidenced by a reduction in glomerular size,
reduced cellularity, and suppression of mesangial expan-
sion (Figures 1B and C).

We also assessed the effect of Gal-9 deficiency
on glomerular immune complex formation/deposition.
Kidney sections from Gal-9~/~ and Gal-9*/* PI mice
were stained for IgG and C3 at 7 months after pristane
injection. As evident on the representative glomerular
sections shown in Figure 2A, we found a significant
reduction in the glomerular immune complex deposition
of IgG, all of the IgG subclasses, and C3 in Gal-9~/~ PI
mice compared to their Gal-9*/* littermates.

In contrast, no differences with regard to kidney
involvement between Gal-9/~ MRL/pr mice and
Gal-9*/* MRL/Ipr mice were seen when measured as either
albuminuria, glomerular hypercellularity, or tubulointer-
stitial disease (for results, see Supplementary Figures 2A—
C, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40467/abstract).
Active pathologic features such as cellular crescents,
wire loop formation, hyaline thrombi, and glomerular
necrosis were similar between Gal-9~'~ MRL/lpr mice and
Gal-9*"* MRL/lpr mice (see Supplementary Figure 2D,
http://onlinelibrary wiley.com/doi/10.1002/art.40467/abstract).
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PI mice. A, Deposition of C3, IgG, and IgG subclasses, as evaluated by direct

immunofluorescence, in the kidneys from Gal-9~/~ PI mice compared to Gal-9*'* PI mice. Images are representative of 5 mice per group. Bars =
50 um. B, Immunofluorescence intensity of C3, IgG, and IgG-subclass deposits, as evaluated using computed image analysis software. The final
fluorescence intensity score reflects the average of at least 10 glomeruli per mouse. Results are the mean &+ SD. * = P < 0.05; ** = P < 0.01, by

Student’s 7-test. See Figure 1 for definitions.



Furthermore, there were no alterations or reductions in
immune complex deposition in Gal-9~'~ MRL/lpr mice as
compared to Gal-9** MRL/lpr littermates (see Supple-
mentary Figures 2E and E http://onlinelibrary.wiley.com/
doi/10.1002/art.40467/abstract). These results suggest that
Gal-9 deficiency is capable of suppressing the functional
and pathologic damage to the kidneys induced by pristane
injection, but it is not sufficient to prevent severe forms of
kidney disease associated with impaired apoptosis/cell clear-
ance in MRL/Ipr mice.

Pristane-induced production of IgG and autoanti-
bodies in Gal-9/~ BALB/c mice. Hypergammaglobuline-
mia and autoantibody production against a broad range of
autoantigens are characteristic features of pristane-induced
lupus in BALB/c mice (29,41,42). To evaluate the impact of
Lgals9 deficiency on pristane-induced hypergammaglobu-
linemia and autoantibody production, serum was collected
at baseline and every month after pristane injection for 7
months. Serum levels of total IgG were significantly lower
in Gal-9~/~ PI mice compared to Gal-9*"* PI mice (Fig-
ure 3A). Body weight, spleen weight, and the total number of
splenocytes were not altered in either Gal-9~'~ or Gal-9*/*
PI mice (for results, see Supplementary Figures 3A-C,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40467/abstract). Flow
cytometry analysis of the spleens and peritoneal lavage did
not reveal any differences in the numbers of B cells and
plasma cell subsets (Supplementary Figures 3D-F, http://
onlinelibrary.wiley.com/doi/10.1002/art.40467/abstract).

We next investigated the titers of anti-nRNP and

anti-dsDNA, both of which are hallmarks of SLE and

have been previously found in 50-90% and 40% of
pristane-treated BALB/c mice, respectively (29). The
titers of anti-dsDNA and anti-nRNP antibodies were
increased both in Gal-9™"~ PI mice and in Gal-9*/* PI
mice, but their titers were comparable between the 2
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groups (Figures 3B and C). In Gal-9~/~ and Gal-9*/*
MRL/Ipr mice, there were no statistically significant differ-
ences in the levels of anti-dsDNA antibodies (for results,
see Supplementary Figure 2G, http://onlinelibrary.wiley.
com/doi/10.1002/art.40467/abstract). '

Body weights, spleen weights, lymph node weights,
and total cell numbers in the spleen and lymph nodes were
not altered in either Gal-9~'~ or Gal-9*’* MRL/lpr mice
(for results, see Supplementary Figures 4A-D, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40467/abstract). Flow cytometry
analysis of the spleen and lymph nodes did not reveal any
differences in the numbers of B cells and T cell subsets,
except that there was a reduction in the number of double-
negative T cells in the spleens of Gal-9~/~ MRL/lpr mice
(see Supplementary Figures 4D-G, http://onlinelibrary.wile
y.com/doi/10.1002/art.40467/abstract). Although deficiency
of Gal-9 suppressed overall production of IgG in these
mice, it did not diminish the production of pathogenic
plasma cells producing antibodies against autoantigens.

Amelioration of arthritis in Gal-9~/'~ PI mice. A
single injection of pristane into the peritoneal cavity
induces an erosive arthritis in susceptible mouse strains
such as BALB/cJ mice (30). In the present study, the inci-
dence of arthritis increased over time and was higher in
Gal-9** PI mice (72%) than in Gal-9~'~ PI mice (33%)
(Figure 4A). At 7 months after pristane injection, the
mean - clinical arthritis severity score was significantly
reduced in Gal-9~/~ PI mice compared to Gal-9*/* PI
mice (Figure 4B). These results indicate that Lgals9 defi-
ciency fully protects against arthritis development in mice,
and reduces the severity of arthritis in affected mice.

The extent of joint destruction and severity of
inflammation were evaluated by H&E and toluidine blue
staining of the joint sections. Synovial hyperplasia, severe
leukocyte infiltration, pannus formation, and cartilage
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Figure 3. Hypergammaglobulinemia and autoantibody production in Gal-9** and Gal-9~'~ PI mice. Serum levels of total IgG at 7 months following pris--
tane injection (n = 8 mice per group) (A), double-stranded DNA (dsDNA) antibodies at 0, 3, 5, and 7 months postinjection (n = 6 mice per group) (B), and
anti-nuclear RNP (anti-nRNP) antibodies at 7 months postinjection (n = 7 mice per group) (C) were measured by enzyme-linked immunosorbent assay in
Gal-9*"* and Gal-9™/~ PI mice. Results are the mean -+ SEM in duplicate samples. *** = P < 0001, by Student’s #-test. See Figure 1 for other definitions.
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Figure 4. Incidence and severity of pristane-induced arthritis in Gal-9™'~ and Gal-9*/* mice. A, Incidence of arthritis in Gal-9~/~ PI mice (n = 12) com-
pared to Gal-9*/* PI mice (n = 11), calculated as the percentage of mice that developed redness or swelling in at least 1 paw among all mice in each group.
B, Mean clinical arthritis severity score in Gal-9*"* PI mice (n = 11) compared to Gal-9~'~ PI mice (n = 12). The arthritis severity score (scale of 0-3) eval-
uated the severity of erythema/swelling in the wrist or ankle. C, Histopathologic evaluation of arthritis by staining of the joints with H&E and toluidine blue
(TB). Representative histopathologic sections of the joints from Gal-9*/* and Gal-9™/~ PI mice are shown. Bars = 30 um. D, Semiquantitative histologic
scoring of arthritis. Sections of the joints from Gal-9~'~ PI and Gal-9*"* PI mice (n = 10 per group) were stained with H&E and TB and evaluated for the
extent of inflammation and joint destruction. E, Determination of cytokine mRNA expression in the joints of Gal-9*/* PI mice compared to Gal-9~/~ P
mice (n = 6 per group). Expression levels of I11b, 116, and Tnfa were assessed by reverse transcription—polymerase chain reaction. Results are the mean +
SD. * = P < 0.05; ** = P <(0.01; *** = P < (0.001, by Fisher’s exact test in A and B and by Student’s #-test in D and E. See Figure 1 for other definitions.

erosions were present in the joints of Gal-9*/* PI mice,
whereas the joints of Gal-9~~ PI mice were largely
spared, showing marked reductions in the extent of syno-
vitis and severity of joint erosion (Figure 4C). The
histopathologic arthritis severity scores were significantly
lower in Gal-9 ™~ PI mice than in Gal-9™"* PI mice (Fig-
ure 4D). In addition, Lgals9 deficiency reduced the
expression of mRNA for several proinflammatory
cytokines, including II7b, 116, and Tnfa, in Gal-9~'~ PI
mice compared to Gal-9*/* PI mice (Figure 4E).

Altered chronic peritoneal inflammatory response
in Gal-9~/~ PI mice. The pristane-induced lupus model is
characterized by lipogranuloma formation, which is a
chronic inflammatory response to the hydrocarbon oil
and has morphologic and functional characteristics of sec-
ondary lymphoid tissue (43,44). At 7 months after pris-
tane injection, numerous lipogranulomas were observed
in the peritoneal cavity of Gal-9*/* PI mice, whereas
lipogranulomas were markedly reduced in number and

size in Gal-9~/~ PI mice (Figure 5A) and were completely
absent in 2 of 12 Gal-9~'~ PI mice (data not shown).
Intriguingly, H&E staining of the lipogranulomas
demonstrated a smaller size, diminished cellularity, and
absence of follicle-like structures in Gal-9~'~ PT mice
compared to Gal-9*"* PI mice (Figure 5A). The number
of high endothelial venules (HEVs) was reduced in
Gal-9™~ PI mice compared to Gal-9*/* PI mice (for
results, see Supplementary Figure 5A, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40467/abstract). The smaller oil
droplets were surrounded by inflammatory cells and uni-
formly distributed in the lipogranulomas of Gal-9*/* PI
mice, whereas larger oil droplets were eccentrically
located and surrounded by fibrotic tissue (Figure 5A).
Moreover, Gal-9 was found to be distributed
mainly in areas surrounding the follicle-like structure in
lipogranulomas, the lymphoid follicle of the lymph nodes,
and the marginal zone of the spleen (Figure 5B). RT-
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Figure 5. Reduction in the peritoneal inflammatory response in Gal-9~/~
PI mice. A, Frequency of lipogranulomas in the peritoneal cavity of a
Gal-97'~ PI mouse compared to a Gal-9*'* PI mouse. Left, Histopatho-
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tions of ectopic lymphoid tissue were stained with H&E and MT at 7
months after pristane injection. Bars = 20 um. Representative samples are
shown. B, Imnunohistologic staining for the expression of Gal-9 in the
lipogranulomas, spleen, and lymph nodes of a Gal-9*"* PI mouse com-
pared to a Gal-9~'~ PI mouse. Bars = 50 pum. In A and B, arrows indicate
follicle-like structures. C, Expression levels of Lgals mRNA in the
lipogranulomas, spleen, and lymph nodes of Gal-9*'* PI mice compared
to a Gal-9~/~ PI mice (n = 6 per group). Results are the mean =+ SD. ** =
P <0.01; *** = P < 0.001, by Student’s #-test. D, Representative Western
blots of Gal-9 expression in the lipogranulomas, spleen, and lymph nodes
of a Gal-9** PI mouse compared to a Gal-9~~ PI mouse; GAPDH was
used as the invariant control. See Figure 1 for definitions.
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PCR and Western blot analyses demonstrated that Lgals9
mRNA was highly expressed in the lipogranulomas,
spleens, and lymph nodes of Gal-9*/* PI mice and absent
in Gal-9~~ PI mice (Figures 5C and D). There was no
compensatory up-regulation of Lgals] and Lgals3 mRNA
in Gal-9~~ PI mice. These results suggest that Gal-9 is
essentially required for the neogenesis of tertiary lym-
phoid tissue in response to pristane in vivo.

Effects of Lgals9 deficiency on the innate immune
response of peritoneal macrophages. Peritoneal macro-
phages are the foremost cells that sense and interact with
pristane following its injection. As a result, they release a
wide range of proinflammatory cytokines and chemokines
in the peritoneal cavity, followed by accumulation of
inflammatory Ly-6C™#" monocytes, the main source of
type I interferons (IFNs) in this model (45). We thus exam-
ined the effect of Lgals9 deficiency on cellular composition
in the spleen and peritoneal lavage cells at 15 days and 7
months after pristane injection. We observed no alter-
ations in the frequency of T cells, B cells, effector/memory
CD4+ T cells, and CD11b cells in Gal-9~/~ PI mice com-
pared to Gal-9*/* PI mice (results in Supplementary
Figure 3D, http://onlinelibrary.wiley.com/doi/10.1002/art.
40467 /abstract). At 15 days after pristane injection, the
recruitment of CD11b+Ly-6C™" inflammatory monocytes
into the peritoneal cavity was not impaired in Gal-9~/~ PI
mice (results in Supplementary Figure 3G, http://onlinelibrary.
wiley.com/doi/10.1002/art.40467/abstract).

We then isolated peritoneal macrophages at 24
hours after pristane injection and cultured the cells for gene
expression analyses. The peritoneal macrophages from
Gal-9~/~ PI mice demonstrated reduced Tnfa mRNA
expression in response to pristane as compared to Gal-9*/*
PI mice, and transcriptional activities of /11 and Il6 were not
affected (Figure 6A). Moreover, Lgals9 deficiency did not
affect the expression of TLRs in peritoneal macrophages
following pristane injection (Figure 6A). Such an effect
appeared to be pristane-dependent, since the isolated and
cultured peritoneal macrophages from PBS-injected
Gal-9~/~ mice did not show any significant up-regulation of
IlIb, Il6, or Tnfa mRNA as compared to PBS-injected
Gal-9*"* mice (Figure 6B). Although the expression of Tnfa
mRNA was reduced in Gal-9~~ PI mice compared to their
Gal-9*"* PI littermates, there were no significant differences
in the TNF protein concentrations in the supernatants of cul-
tured peritoneal macrophages from these mice (Figure 6C).

We also investigated time-course changes in Tnfa
expression at 4, 24, and 48 hours after pristane injection, and
TNF protein concentrations at 24 and 48 hours, in the isolated
peritoneal macrophages without culture. Again, there were no
significant differences in 7nfa mRNA expression between
Gal-9~"~ PI mice and Gal-9*'* PI mice (Figures 6D and E).
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Figure 6. Expression of cytokines and Toll-like receptors (TLRs) in
mouse peritoneal macrophages primed with pristane injection. A, Fold
change in expression of mRNA for I/1b, 116, Tnfa, interferon (IFN)-stim-
ulated genes, type I IFN-induced chemokines, and TLRs was assessed
by reverse transcription—polymerase chain reaction (RT-PCR) at 24
hours after pristane injection in peritoneal macrophages from Gal-9~/~
PI mice compared to Gal-9*'* PI mice (n =35 per group). B, Fold change
in expression of mRNA for 1I1b, 116, and Tnfa was assessed in Gal-9 -
and Gal-9*"* mice (n = 3 per group) at 24 hours after phosphate buft-
ered saline (PBS) injection. C, Production of tumor necrosis factor
(TNF) was measured by enzyme-linked immunosorbent assay (ELISA)
in culture supernatants of peritoneal macrophages from Gal-9~/~ PI
. mice compared to Gal-9*/* PI mice (n = 5 per group) at 24 hours after
pristane injection. D, Fold change in expression of mRNA for Tnfa was
assessed by RT-PCR at 4 hours, 24 hours, and 48 hours after pristane
injection in peritoneal macrophages from Gal-9~'~ PI mice compared to
Gal-9** PI mice (n= 4 per group). E, Production of TNF was measured
by ELISA in cell lysates of peritoneal macrophages from Gal-9~'~ PI
mice compared to Gal-9*/* PI mice (n = 4 per group) at 24 hours and 48
hours after pristane injection. Results are the mean + SD. *** = P <
0.001 by Student’s #-test. See Figure 1 for other definitions.

We further analyzed the response of peritoneal
macrophages to various TLR ligands. Unexpectedly, after
stimulation of peritoneal macrophages with TLR ligands
for 24 hours, positive effects of the TLR-3, TLR4, and
TLR-9 ligands on Thfa gene expression were observed in

- the peritoneal macrophages from mice with Lgals9 defi-

ciency, with statistically significant differences compared to
Gal-9*"* PI mice (for results, see Supplementary Figures
6A, B, and D, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40467 /abstract), whereas the TLR-7 ligand did not exert a
stimulatory effect on Tnfa mRNA expression (see Sup-
plementary Figure 6C, http://onlinelibrary.wiley.com/doi/
10.1002/art.40467/abstract). Furthermore, stimulation
with TLR ligands did not alter Tnfa mRNA expression,
nor did it alter supernatant TNF concentrations, in
cultured peritoneal macrophages from PBS-injected
Gal-9~~ mice compared to PBS-injected Gal-9*'* mice
(see Supplementary Figures 6E and F, http://onlinelibrary.
wiley.com/doi/10.1002/art.40467/abstract). These results
suggest that Lgals9 deficiency does not alter the pristane-
induced recruitment of inflammatory leukocytes into the
peritoneal cavity, nor does it impair the sensitivities of
cytokine production stimulated by TLR ligands.

Role of Lgals9 deficiency in conferring protection
against pristane-induced lupus in a manner independent of
the TLR-7-type I IFN pathway. The activation of the TLR-
7/myeloid differentiation factor 88 pathway triggers the
subsequent secretion of type I IFN and the expression of
IFN-stimulated genes (ISGs) and chemokines. Since TLR-
7-type 1 IFN is the essential pathway for the development of
pristane-induced lupus (46), we investigated whether Lgals9
deficiency protected against the development of pristane-
induced lupus via alterations in the TLR-7-type I IFN
pathway in peritoneal macrophages. The expression levels of
ISGs (Mx1, Cxcl10, and Irf7) and IFN-induced chemokines
(Ccl2, Ccl7, and Ccl12) in the peritoneal macrophages were
comparable between Gal-9~~ PI mice and Gal-9** PI
mice (Figure 6A). In cultured peritoneal macrophages,
there was no difference in the expression of ISGs and IFN-
induced genes stimulated with various TLR ligands between
Gal-9~"~ PI mice and Gal-9** PI mice (see Supplementary
Figures SA-D, http://onlinelibrary.wiley.com/doi/10.1002/art.
40467/abstract). These results suggest that Lgals9 deficiency
does not alter the TLR-7—type I IFN pathway in the peri-
toneal macrophages of mice with pristane-induced hupus. -

DISCUSSION

It has been postulated that the application of
exogenous Gal-9 may limit the pathogenic activities of T
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cells, such as the activation of Thl and Th17 cells (19).
Indeed, the therapeutic effect of recombinant Gal-9 has
been successfully demonstrated in several autoimmune
disease models, including CIA (20,33), immune complex—
induced arthritis (47), and spontaneous lupus in MRL/lpr
mice (24). We initially hypothesized that Lgals9 deficiency
would exacerbate the clinical features of SLE in pristane-
injected BALB/c mice and in the MRL/lpr mouse model
of lupus. However, unexpectedly, Lgals9 deficiency signifi-
cantly ameliorated glomerulonephritis, arthritis, and
lipogranuloma formation in pristane-injected BALB/c
mice, whereas in MRL/lpr mice, glomerulonephritis and
lymphadenopathy were not altered. Although many
researchers have attempted to explore the clinical applica-
tion of recombinant Gal-9 in autoimmune diseases, the
development of antagonists to Gal-9 is also a new option
in the treatment of autoimmune diseases. The small mole-
cules that interfere with the binding between B-galacto-
side and Gal-9 may be such candidates for therapy.
Human recombinant Gal-9 lacking a link peptide, desig-
nated hGINC (null), is more resistant to proteolysis in
the serum, limits lattice formation by reduced rotational
freedom of carbohydrate binding domains (CRDs), and
also works as an antagonist against the CRD-dependent
effects of native Gal-9 (16).

" Lgals9 deficiency did not alter the production of
autoantibodies in either pristane-injected BALB/c mice
or MRL/lpr mice, and anti-nRNP and anti-dsDNA
antibodies were equally present in Gal-9~/~ PI mice
and Gal-9*/* PI mice. There was no impairment in the
development of B cells and maturation to plasma cells,
suggesting that Gal-9 is not required for autoantibody
production, nor was B cell differentiation impaired in
antibody-secreting cells. Although Gal-9 induces the
differentiation of naive T cells to Treg cells and sup-
presses differentiation to Thl and Th17 cells in in vitro
_ experiments (20), we found no alterations of cell popu-
lations in lymphocytes from the spleen and peritoneal
lavage between Gal-9/~ PI mice and Gal-9*/* PI
mice. Double-negative T cells are known to expand and
stimulate autoantibody production by secreting IL-17
and IFNy (48), and reductions in the number of
double-negative cells were observed in the spleens of
Gal-9™/~ MRL/Ipr mice; however, we did not observe a
reduction in autoantibody production.

In contrast to that seen in the spleen and lymph
nodes, a significant reduction in lipogranuloma formation
was observed in Gal-9~7/~ PI mice. Lipogranulomas
induced by pristane injection consisted of B cells, CD4+ T
cells, and DCs. Lipogranulomas are regarded as a form of
ectopic lymphoid tissue, i.e., tertiary lymphoid tissue (44).
The mechanism of lipogranuloma formation remains
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largely unknown, but presumably the recruitment of
inflammatory cells in response to different chemokines
and cytokines triggered by pristane injection plays a cru-
cial role in the development of this unique structure.
There was no impairment in leukocyte recruitment into
the peritoneal cavity of Gal-9~~ PI mice; however, the
formation and development of lipogranulomas was
prominently diminished, and even completely absent, in
some Gal-9~~ PI mice. Although the formation and
development of lipogranulomas was not initially altered
in Gal-9™/~ PI mice, they might undergo resolution
through the reduction in cellular maintenance and supply
that occurs as result of the reduced number of HEVS, or
through the reduction in pristane-induced cytokine pro-
duction in the peritoneal cavity over time. The injection
of pristane into the peritoneal cavity triggers an inflamma-
tory local response characterized by the priming and acti-
vation of peritoneal macrophages (27), which results in
the production of an array of inflammatory cytokines and
chemokines, an enhanced stimulation by TLRs, and the
recruitment, infiltration, and activation of inflammatory
cells operating the innate and adaptive immune system in
the peritoneal cavity. -
We initially hypothesized that the ameliorated
arthritis and glomerulonephritis in our model could be
attributed to an impairment in the recruitment of inflam-
matory leukocytes into the peritoneal cavity, but Gal-9
deficiency did not affect the recruitment of inflammatory
leukocytes into the peritoneal cavity. It is well-known that
Gal-9 enhances TNF secretion in DCs (15,49) and micro-
glial cells (50), belonging to the monocytic lineage. The
interaction of TLRs and TLR ligands links to the com-
mon downstream signaling pathway, but their interaction
produces different amounts or types of cytokines in the
same cell, due in part to the quantitative and qualitative
nature of the interaction between the TLRs and their
ligand (51). Thus, we extensively investigated the basal
and stimulated production of TNF protein by various
TLR ligands, such as TLR-3, TLR-4, TLR-7, and TLR-9,
in cultured peritoneal macrophages. In Gal-9~/~ PI mice,
the basal and TLR ligand-stimulated production of TNF
protein from the peritoneal macrophages was not altered,
although a certain degree of reduction in expression of
Tnfa transcripts in the basal condition, and hyperrespon-
siveness in stimulated conditions, was observed. It is
known that several cytokine genes, including Tnfa, under-
go posttranscriptional regulation at the mRNA and pro-
tein translational levels (52), and the overall and final
output of TNF in response to pristane was not influenced
by Lgals9 deficiency. ,
As demonstrated by several studies, the mouse
model of pristane-induced lupus is known to be
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dependent on the TLR-7-type I IFN pathway. Type I
IFN is induced by the Ly-6C™&" subset of immature
monocytes, and the animal model is characterized by
an increased expression of type I IFN-induced genes,
the so-called IFN signature (45,46,53). The sustained
production of anti-nRNP antibodies is dependent on

TLR-7 ligand stimulation in the switched memory-like

B cell subset (54). In the current investigation, we
found no defects or reductions in the expression of sev-
eral ISGs and IFN-induced chemokines, accumulation
of Ly-6C™#" inflammatory monocytes in the peritoneal
cavity, or production of anti-nRNP. Thus, Lgals9 defi-

ciency appears to protect against pristane-induced

lupus in mice in a manner independent of the TLR-7—
type I IFN pathway in peritoneal macrophages.

Based on the findings in the current study, we can
speculate as to why mice are protected against pristane-
induced lupus in this model, while MRL/lpr mice are
not. The single-cell response of basal and pristane-
primed peritoneal macrophages to TLR ligands was not
altered by Lgals9 deficiency, as evidenced by the findings
with regard to production of TNE, type I IFN, ISGs, and
IFN-induced chemokines. However, Gal-9 is essentially
required for the neogenesis of tertiary lymphoid tissue,
which is characterized by lymphoid follicle-like struc-
tures and HEV:s in response to pristane in vivo, although
the formation of lymphoid tissues, such as lymph nodes
and spleen, was not impaired in Gal-9~/~ mice. The Gal-
‘9A5 splice variant was found to be highly expressed in
endothelial cells in different tumors, and it enhanced
sprouting and migration of human umbilical vein
endothelial cells toward a Gal-9A5 gradient (55). HEVs
are the major entry port for immune cells in secondary
lymphoid organs (56), and the reduced cellularity
observed in Gal-9~/~ PI mouse lipogranulomas suggests
that inflammatory cells could be recruited via these
newly formed vessels. Moreover, Gal-9 deficiency could
have hampered their recruitment by inhibiting the for-
mation of HEVs.

Another explanation for the protection against

pristane-induced lupus in this model would be that
Gal-9 is essential for lipogranuloma formation since it
modulates cell adhesion and cell cluster formation (57).
Lipogranulomas consist of immune cell clusters, and
Gal-9 deficiency may impair cell adhesion, resulting in
reduced cell aggregation and lipogranuloma formation.
The formation of tertiary lymphoid-like structures also
requires signals provided by the local environment,
together with an appropriate stromal response, where
Gal-9 is highly expressed.

* In summary, the current investigation in Gal-9~/~
PI mice suggests that the antagonism of Gal-9 is beneficial
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for the treatment of nephritis and arthritis in SLE. Lgals9
deficiency did not affect the survival and apoptosis of T
and B cells nor did it affect the production of cytokines
from peritoneal macrophages; however, it notably caused
a reduction in lipogranuloma formation. The apoptotic
potential of the Gal-9 recombinant protein is dose-
dependent, and a lower dose of Gal-9 or decline in the
concentration of Gal-9 may cause enhanced cytokine
production. The current therapy for SLE, which includes
steroids and immunosuppressant agents, is associated
with severe infections, a complication that impairs the

* quality of life in patients with SLE. A more robust and

vigorous virus-specific immune response to acute and
chronic viral infections is mounted in Gal-9-deficient
mice, resulting in rapid viral clearance. Thus, antagonism
of Gal-9 signaling may be beneficial for the prevention of
various infections, including viral infection (58), in
patients with SLE.
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Supplementary Figure 1

Arthritis clinical scoring

O=normal . 1=slight 2=moderate 3=severe
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Supplementary Figure 1 Arthritis clinical scoring system in pristane injected BALB/c

(PI) mice.

Representative pictures of back paws in normal and PI mice. In upper panels, the rectangle

area is enlarged in the lower panels.

Supplementary Figure 2 Lupus nephritis in Gal-9 +/+ and Gal-9 -/- MRL/Ipr mice.

A. Urinary albumin excretion in Gal-9 +/+ and Gal-9 -/- MRL/lpr mice (n=15). Mann-
Whitney U test. B. Number of nuclei in glomeruli of Gal-9 +/+ and Gal-9 -/- MRL/lpr mice
(n=15). Student’s ¢-test. C. Tubulo-interstitial nephritis score in Gal-9 +/+ (n=15) and Gal-9
-/- (n=15) MRL/Ipr mice. Student’s #-test. D. Representative’glomeruli with HE, PAS, MT
and PAM in Gal-9 +/+ and Gal-9 -/- MRL/Ipr mice. Aggressive nephritis with mesangial
expansion, sclerosis, leucocyte infiltration and tubular damage in Gal-9 -/- MRL/lpr mice
(scale bar 30 pm). E. Glomerular IgG and C3 deposition in MRL/lpr mice model. There is
no difference in glomerular IgG and C3 depositidn in Gal-9 +/+ and Gal-9 -/- MRL/lpr mice.
Images are representative of 5 mice in each group (sca]e bar 30 pm). F. Computer-assisted
quantification of immunofluorescence intensity of IgG deposits. There is no difference in
Gal-9 +/+ and Gal-9 -/- MRL/lpr mice. Student’s #-test. G. Levels of ds-DNA antibodies at
8 and 16 weeks in Gal-9 +/+ (n=6) and Gal-9 -/- MRL/Ipr mice (n=6). Lgals9 deficiency did
not alter the levels of ds-DNA antibodies. Student’s #-test. Data are presented ‘as mean + SD.

*p <0.05, ¥*p < 0.01, ***p <0.001.



Supplementary Figure 3 Lymphocyte subsets in splenocytes and peritoneal lavage cells

in Gal-9 +/+ and Gal-9 -/- PI mice.

Body weight A and spleen weight B 7 months after PI (n=11 in each group). C. Splenocytes
counts 7 months aﬂ:gr pristane injection. Cell ﬁumbers were determined using a
hemocytometer (n=5 per group). D. Various lymphocyte subsets of splenocytes 7 months
after PI. CD3*CD4* (CD4 T cells), CD3*CD8* (CD8 T cells), CD19* (B cells), CD19
CDI138" (Plasma cells), CD4"CD44°CD62L* (Memory T cells), CD4"CD44"CD62L"
(Effecfor T cells). Absolute number of cellular subsets isolated from whole spleen are
indicated in Gal-9 +/+ (n=5) and Gal-9 -/- PI (n=5) mice. E. Total peritoneal cell count 7
months after PI. Total cell counts were determined by hemocytometer (n=5 per group). F
and G. Influx of inflammatory leucocytes into the peritoneal cavity 7. months and 15 days
fo!lowing PL. The peritoheal cells were harvested, stained and analyzed for different cell
subsets by flow cytometry 7 months“(F; =5 per group), 15 days (G; n=4 per group), and 4
weeks (G; n=3 per group) after PI. CD19'B220" [marginal zone (MZ) B cells],
- CD11b+Ly6C+Ly6G- (Ly6C™#"). Data are presented as mean + SD. *p < 0.05, **p < 0.01,

*¥**p <0.001. Student’s r-test.

Supplementary Figure 4 Lymphocyte subsets in spleen and lymph nodes in Gal-9 +/+

and Gal-9 -/- MRL/lpr mice.



Body weight (A) and spleen weight (B) and lymph nodes weight (C) at 16 weeks in MRL/lIpr
Gal-9 +/+ (n=15) and Gal-9 -/- (n=15) MRL/lpr. D. Splenocytes cell counts at 16 weeks in
Gal-9 +/+ (n=6) and Gal-9 -/- (n=6) MRL/Ipr. E. Various cellular subsets in spleen of
MRL/Ipr. The absolute number of cell subsets in spleen of 16 weeks Gal-9 +/+ (n=4) and

Gal-9 -/- (n=4) MRL/lpr. CD3+CD4'Cb8' [Double negative (DN) T célls]. F. Lymph nodes
| cell count in Gal-9 +/+ (n=6) and Gal-9 -/- (n=6) MRL/lIpr. Total cell counts were determined
using a hemocytometer. G. Absolute cell number of various cellular subsets in lymph nodes
of MRL/Ipr mice. Lymph nodes cells were isolated, stained and analyzed for different cell
subsets by flow cytometry (n=4 per group). Data are presented as mean + SD. *p <0.05, **p

<0.01, ***p < 0.001. Student’s #-test.

Supplementary Figure 5 Tnfa transcription and secretion overtime and ISG expression

in peritoneal macrophages of PI mice

A. Representative histopathological sections stained with HE in ectopic lymphoid tissue 7
months after pristane injection from Gal-9 +/+ PI (n=10) and Gal-9 -/- PI mice (n=12). High
endothelial venules (HEVs) are shown by arrows. (Scale bars; left panei 50 pm and right
panel 10 um) B and C. Western blot analysis of Gal-9 in lipogranuloma, spleen and lymph
nodes of Gal-9 -/- PI and Gal-9 +/+ PI mice. Data are presented as mean = SD. *p < 0.05,

**p <0.01, ***p < 0.001. Student’s r-test.

Supplementary Figure 6 mRNA expression of cytokines in peritoneal macrophage

recruited either with pristane or PBS and stimulated with different TLRs ligands.



A. 1, ﬂ6, Tnfa, ISG and chemokines expression at 24 hours after stimulation with TLR3
ligand, Poly: IC. B. II1, 1I6, Tnfa, 1SG and chemokines expression at 24 hours after
stimulation with TLR4 ligand, LPS. C. Il1, 116, Tnfa, ISG and chemokines expression at 24
hours after stimulation with TLR7 ligand, R848. D.VIII , 116, Tnfa, ISG and chemokines
expression at 24 hours after stimulation with TLR9 ligand, ODN 1826.Images are
represeritative of 5 mice per group (n=5). E. Tnfa expression at 24 hours after stimulation
with TLRs ligands in cultured peritoneal macrophages isolated at 24 hours after PBS
injection (n=3). Expression levels were assessed by RT-PCR. F. TNFa production in the
culture supernatant at 24 hours after stimulafion with TLRs ligands in cultured peritoneal
macrophages isolated at 24 hours after pristane injection isolated from Gal-9 -/- mice and
Gal-9 +/+ mice. Protein levels were assessed using ELISA (n=5 per group). Data are

presented as mean + SD. *p < 0.05, **p <0.01, ***p < 0.001. Student’s #-test.





