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Introduction
Systemic lupus erythematosus (SLE) is a chronic autoimmune
disorder associated with complex pathologies, such as glomerulo-
nephritis, arthritis, and skin lesions. Disease pathogenesis in SLE
is attributed to high levels of IFN-a and autoantibodies (1), both
of which positively correlate with severity of pathosis (2). Auto-
antibodies and self-nucleic acids form immunocomplexes (ICs),
which are deposited in various organs with resultant inflammation
and tissue damage (3). Loss of tolerance against self-nuclear anti-
gens induces hyperactivation of plasmacytoid DCs (pDC) and B
cells through nucleic-acid sensing TLR7 and TLR9 and drives pro-
duction of type-1 IFN and anti-nuclear autoantibodies (1). Type-1
IFN directly primes autoreactive B and T cells and also induces
DC-mediated autoreactive T cell activation, resulting in augmen-
tation of autoimmunity (4, 5).

pDCs are bone marrow-derived professional type I IFN-pro-
ducing cells (6). Upon recognition of viral and bacterial nucleic
acids through endosomal TLR7 and TLRY, pDCs rapidly produce
a massive amount of type I IFNs and subsequently mature into
DCs to trigger the adaptive immune response (7, 8). Uncontrolled
chronic secretion of IFN-a in response to self-nuclear antigens,
however, is associated with the development of autoimmune dis-
orders, such as psoriasis and SLE (9). Self-nucleic acids complexed
with autoantibodies or DNA-binding proteins, such as LL37 or
high mobility group box 1 (HMGB1), activate pDCs and induce
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Uncontrolled secretion of type | IFN, as the result of endosomal TLR (i.e., TLR7 and TLR9) signaling in plasmacytoid

DCs (pDCs), and abnormal production of autoantibodies by B cells are critical for systemic lupus erythematosus (SLE)
pathogenesis. The importance of galectin-9 (Gal-9) in regulating various autoimmune diseases, including lupus, has

been demonstrated. However, the precise mechanism by which Gal-9 mediates this effect remains unclear. Here, using
spontaneous murine models of lupus (i.e., BXSB/MpJ and NZB/W F1 mice), we demonstrate that administration of Gal-9
results in reduced TLR7-mediated autoimmune manifestations. While investigating the mechanism underlying this
phenomenon, we observed that Gal-9 inhibits the phenotypic maturation of pDCs and B cells and abrogates their ability to
mount cytokine responses to TLR7/TLR9 ligands. Importantly, immunocomplex-mediated (IC-mediated) and neutrophil
extracellular trap-mediated (NET-mediated) pDC activation was inhibited by Gal-9. Additionally, the mTOR/p70S6K pathway,
which is recruited by both pDCs and B cells for TLR-mediated IFN secretion and autoantibody generation, respectively, was
attenuated. Gal-9 was found to exert its inhibitory effect on both the cells by interacting with CD44.

type I IFN production through TLR7 and TLR9 (9). In addition,
neutrophil extracellular traps (NETs) containing self-DNA com-
plexes released from dying neutrophils are also major triggers
of TLR7/TLR9-mediated pDC activation and IFN-a production
during SLE pathogenesis (10). Recently, 2 groups independently
demonstrated that ablation of pDCs in experimental lupus mod-
els results in disease amelioration (11, 12), further suggesting the
importance of TLR7 and TLRY signaling in lupus.

TLR7 and TLR9 signaling in B cells also plays an important
role in the initiation and progression of lupus. TLR7 and IFN-o act
synergistically to promote generation of pathogenic IgG2a and
IgG2c isotypes through class-switch recombination (1, 13). Over-
expression of TLR7 has been shown to induce lupus manifesta-
tions, while deletion or downregulation of the gene is protective
against lupus (14). TLR9/MyD88 signaling provides costimulatory
signals for pathogenic autoantibody production by autoreactive B
cells (15). The above studies strongly suggest that TLR7/TLR9 sig-
naling is pivotal in SLE pathogenesis and hence is regarded as an
important target for therapeutic intervention.

Galectin-9 (Gal-9) is a conserved s-type lectin that has a tan-
dem repeat of 2 carbohydrate-recognition domains (CRDs) and is
highly expressed in various tissues, including lymph nodes, bone
marrow, liver, thymus, and spleen (16). It exhibits multiple immu-
nomodulatory functions in both innate and adaptive immune
responses. Gal-9 plays an antiinflammatory role by inducing
apoptosis in activated T cells, inhibiting Thl and Th17 responses,
and promoting the differentiation of Tregs (17). Administration of
Gal-9 reduces collagen-induced arthritis (CIA) and rheumatoid
arthritis (RA) manifestations in mouse models (18, 19). Gal-9 has
been shown to suppress experimental autoimmune encephalomy-
elitis (EAE) as well as IC-induced arthritis by manipulating the
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Figure 1. Splenomegaly and hyperplasia in the spleens of male BXSB/Mp] mice are inhibited with Gal-9 treatment. Male BXSB/Mp) mice were treated
with Gal-9 from 8 to 18 weeks; the spleens were collected at 19 weeks and analyzed. (A) Representative images of the size of the spleens. (B) Histograms
showing the weight of the spleens, the total number of splenocytes, (C) B cells (CD19*), T cells (CD3*), and T helper cells (CD4*). Data points represent
individual mice. (D) Representative flow plots of pDC staining and the percentage of pDCs in the spleens of Gal-9-treated males and untreated male and
female littermates. (E) A representative histogram of the expression of CD86 on pDCs and percentage of CD86-expressing pDCs of Gal-9-treated males,
untreated males, and female littermates. Data are shown as mean + SD. n = 10. Data are representative of 2 independent experiments. One-way ANOVA
with Dunnett’s multiple comparison was used to test the statistical significance for all the data. For E, Kruskal-Wallis testing was performed, followed by
Dunn’s test. *P < 0.05; **P < 0.01; ***P < 0.001 versus control; ****P < 0.0001.

functions of T cells and macrophages (18). It was also demonstrat-  model of lupus in which autoimmunity is induced by overexpres-
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ed that Gal-9 diminishes the clinical severity of lupus in MRL/lpr
lupus-prone mice (20); however, whether Gal-9 exerts its effect on
lupus pathogenesis by influencing TLR7/TLR9 signaling and, if it
does, identification of the precise mechanism underlying this phe-
nomenon, has yet to be addressed.

In order to investigate the effect of Gal-9 on TLRY7 signaling,
we utilize BXSB/Mp] (having Yaa mutation), a spontaneous animal
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sion of TLR7 (21). Y-linked autoimmune accelerator-associated
(Yaa-associated) duplication of 19 genes, including TLR7, results
in development of autoimmune disorder in BXSB male mice. We
also employed NZB/W F1 mice, in which, in females, TLR7/TLR9
signaling plays an important role in the development of lupus
pathogenesis (11). The disease manifestation starts around 8 weeks
in BXSB/Mp]J male mice, whereas female NZB/W F1 mice exhib-


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/5

The Journal of Clinical Investigation

A CD4* T cells

RESEARCH ARTICLE

Figure 2. Administration of Gal-9 impairs the expan-
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and female littermates of 19 weeks of age were
analyzed. Representative flow cytometric figures of
the expression of CD44 and CD62L on CD4* T cells
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models recapitulate the splenomegaly, lymphadenopathy, prolif-
erative glomerulonephritis, and increased levels of autoantibodies
against nuclear antigens observed in clinical SLE.

In this study, we have demonstrated that administration of
Gal-9 in the early stage of the disease reduced splenomegaly,
activation and expansion of T and B cells, and autoantibody gen-
eration and alleviated kidney pathology in lupus-prone BXSB/
Mp] and NZB/W F1 mice. TLR7/TLR9-mediated activation and
maturation of pDC and B cells was inhibited by Gal-9. Impor-
tantly, Gal-9 impaired IC- and NET-triggered pDC activation.
Mechanistically, Gal-9 disrupted the TLR-mediated mTOR/
p70S6K pathway, which is required for IFN production and auto-
antibody generation by pDC and B cells, respectively. Together,
our findings demonstrate that Gal-9 ameliorates lupus pathogen-
esis by inhibiting endosomal TLR signaling.

Administration of Gal-9 inhibited splenomegaly in BXSB/Mp] mice.
Gal-9 was administered to male BXSB/Mp] mice at the early onset
of lupus pathogenesis, and several disease parameters were ana-
lyzed at 19 weeks of age. Untreated male and female littermates
were used as controls. Administration of Gal-9 resulted in reduced
splenomegaly as compared with that in untreated controls (Figure
1, A and B). The decrease in spleen size was attributed to reduced
cellular hyperplasia in the spleen. The number of B cells (CD19"),
T cells (CD3*), and T helper cells (CD4") in the spleen was signifi-
cantly decreased in Gal-9-treated mice as compared with untreat-
ed male mice and was comparable to that in healthy female litter-
mates that do not develop the disease (Figure 1C). Importantly,
Gal-9 did not reduce the size of the pDC population (Figure 1D),
but rather inhibited pDC activation, as shown by reduced surface
expression of CD86 upon treatment (Figure 1E).
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Figure 3. Gal-9 administration inhibits ABC and T2B cell expansion, reconstitutes MZB and T1B cells, and limits autoantibody generation in male
BXSB/Mp) mice. Splenocytes from Gal-9-treated male, untreated male, and age-matched female littermates were analyzed for expression of different
markers on CD19* B cells. (A) Representative flow plots of CD23 and CD21 expression on splenic B cells. (B) Frequency of CD23-CD21" MZB cells and CD23-
CD21-AA4.1- ABCs were analyzed by FACS. (C) Representative graphs of (CD21-, CD23-, IgM*, and IgD®) T1 cells and (CD21-, CD23-, IgM*, and IgD") T2 cells.

(D) Frequency of T1cells and T2 cells was analyzed by FACS. Data points represent individual mice. Data are shown as mean + SD. (E) Serum of male BXSB/
Mp) mice treated with Gal-9 along with untreated control and age-matched female littermates were analyzed for levels of I1gG and IgG2c against nuclear
autoantigens by ELISA. Data points represent individual mice. n = 10. Data are representative of 2 independent experiments and are shown as mean +

SD. One-way ANOVA with Dunnett’s multiple comparison was used to test the statistical significance for data presented in € and D, and Kruskal-Wallis
testing was performed followed by Dunn'’s test for E. *P < 0.05; **P < 0.01; ***P < 0.001 versus control; ****P < 0.0001.

Aberrant expansion and activation of T cells during lupus is inhib-
ited by Gal-9 treatment. Hyperactivation and expansion of T cells
are characteristics of lupus. In order to evaluate the effect of Gal-9
on T cell populations, we analyzed splenic T cells in Gal-9-treated
male and untreated male and female littermates. The frequencies
of the activated CD4* and CD8" T cell populations (CD44" and
CD62L") were greatly increased in untreated male mice compared
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with healthy female littermates. We found that the number of acti-
vated CD4* and CD8" T cells was dramatically reduced upon Gal-9
treatment in male mice (Figure 2, A-D). The reduction of activat-
ed CD44" T cells was correlated with an increased number of
CD44°CD62L" resting T cells in Gal-9-treated male mice (Figure
2, A-D). CD69"CD62L" activated CD4* and CD8* T cells were also
downregulated upon Gal-9 treatment (Supplemental Figure 1, A-D;
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Figure 4. Gal-9 administration ameliorates severity of kidney pathology. Proteinuria of both Gal-9-treated and untreated control male BXSB/Mp) mice
along with female littermates is shown (A) (n = 9). Formalin-fixed kidney sections from 19-week-old Gal-9-treated and untreated control male BXSB/Mp]
mice along with female littermates were stained for H&E. Frozen kidney sections were stained for IgG. Representative images of 5 animals in each group (B
and C). Individual glomeruli are marked with arrows. Original magnification, x10. Relative expression of IFN-induced genes in kidney tissue was analyzed by
reverse-transcriptase PCR (RT-PCR) (D). Data points indicate individual mice. Data are representative of 2 independent experiments. Kruskal-Wallis testing
was performed, followed by Dunn’s test for statistical significance. *P < 0.05; **P < 0.01; ***P < 0.001 versus control.

supplemental material available online with this article; https://
doi.org/10.1172/JC197333DS1), whereas no difference in the CD4*
Foxp3* Treg profile was observed (Supplemental Figure 2).

Gal-9 administration limits abnormal B cell activation and
expansion. Abnormal activation and expansion of multiple B cell
subsets play a central role in the development and progression of
SLE pathogenesis. Loss of marginal zone B (MZB) cells, expan-
sion of age-associated B cells (ABCs) and transitional stage 2 B
(T2B) cells, and low transitional stage 1B (T1B) cells have been
demonstrated in clinical and experimental conditions of lupus
(11). It has been reported that male BXSB/Mp] mice lose CD23"
CD21" MZB cells during development of the disease (11). We
observed that these MZBs, which were lost in untreated control
male mice due to lupus, were partially restored upon treatment
with Gal-9 (Figure 3, A and C).

ABCs are an unusual cell population that is present in aging
individuals and in women with autoimmune disorders (11). It has
been shown that ABCs (CD23, CD217, AA4.1") accumulated in sev-
eral mouse models of autoimmune diseases, including the BXSB/
Mp] mice, in a pDC-dependent manner (11). We therefore analyzed
this cell population in untreated males, Gal-9-treated males, and
healthy female littermates. The number of ABCs was significant-
ly reduced upon Gal-9 treatment (Figure 3C). We also observed a
partial recovery of the T1B cell (CD19* CD21,, CD23", IgM*, and
IgDP) population in Gal-9-treated mice as compared with untreat-

ed male mice (Figure 3, B and D), whereas the T2B (CD19* CD21,
CD237, IgM 7, and IgD") cell population was reduced to the level
of healthy females upon Gal-9 treatment (Figure 3, B and D).

We analyzed the profile of autoantibodies in the serum of
Gal-9-treated BXSB/Mp] mice. Total IgG levels between Gal-9-
treated male and untreated male and female groups remained
comparable (Figure 3E), whereas the levels of pathogenic IgG2c
antibodies decreased upon Gal-9 treatment. IgG and IgG2c anti-
bodies against nuclear autoantigens, such as dsDNA, ssDNA, and
chromatin, were reduced upon Gal-9 treatment (Figure 3E and
data not shown). These data suggest that Gal-9 treatment inhibits
pathogenic autoantibody production in experimental lupus.

Administration of Gal-9 suppresses the glomerulonephritis and
IFN signatures in the kidneys of male BXSB/Mp] mice. We next
analyzed proteinuria and kidney histology to determine the
effect of Gal-9 on renal pathology, the most complicated form
of lupus manifestation. BXSB/Mp] male mice had high protein-
uria levels compared with untreated healthy female littermates.
In contrast, the Gal-9-treated group exhibited low proteinuria
levels (Figure 4A). Glomerular membrane thickening and glo-
merular hypercellularity as well as IC deposition were reduced
in male mice upon Gal-9 treatment (Figure 4, B and C). Marked
signatures of IFN-o/B-induced genes are positively correlated
with lupus disease activity (22). We observed reduced expres-
sion of IFN-induced genes, such as Mx-1, Oas-3, Irf-7, and Ifit-1,

1877

jci.org  Volume128 Number5 May 2018


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/5
https://doi.org/10.1172/JCI97333DS1
https://www.jci.org/articles/view/97333#sd

1878

RESEARCH ARTICLE

A Untreated female = Gal-9-treated female Male

The Journal of Clinical Investigation

Figure 5. Gal-9 administration reduces lupus pathogenesis in
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NZB/W F1 mice. Splenocytes from Gal-9-treated female, untreated
female, and age-matched male littermates of NZB/W F1 mice were
analyzed for expression of different markers on CD13* B cells and
CD3* T cells. (A) Representative flow cytometric plots of CD23 and
CD21 expression on splenic B cells. (B) Representative flow cyto-
metric plots of the expression of CD44 and CD62L on splenic CD4*

T cells. (C) Formalin-fixed kidney sections from 32-week-old Gal-9-
treated and untreated control female along with male littermates
were stained for H&E. (D) Frozen kidney sections were stained for
1gG. Representative images of 5 animals in each group. Individual
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4

CD

glomeruli are marked with arrows. Original magnification, x10.

(data not shown). Importantly, proteinuria, glomerular
nephritis, and IC deposition on the kidneys of female mice
were reduced by Gal-9 treatment (Figure 5, C and D, and
Supplemental Figure 3C). Gal-9 treatment also reduced

in the kidneys of Gal-9-treated mice (Figure 4D). Together,
these findings suggest that TLR7-mediated kidney pathologies
are abrogated by Gal-9.

Gal-9 reduces lupus-associated clinical parameters in NZB/W F1
mice. Although BXSB/Mp] mice mimic clinical lupus by exhibit-
ing high titers of anti-nuclear autoantibodies, overt glomerulo-
nephritis, and expression of IFN signatures, disposition of male
mice to lupus is opposite of that of clinical SLE, in which females
are more susceptible. Hence, we employed another sponta-
neous model of lupus, NZB/W F1, in which female mice devel-
op a lupus-like autoimmune disorder. Gal-9 was administered
from 20 weeks to 31 weeks of age, and immunological parame-
ters related to lupus were analyzed at the end of the treatment.
Reduced splenomegaly and cellular hyperplasia were observed in
Gal-9-treated female mice as compared with untreated females
(data not shown). Lowered splenic MZB cells due to lupus were
partially restored upon Gal-9 administration (Figure 5A and Sup-
plemental Figure 3A). Additionally, Gal-9 treatment reduced fre-
quency of activated (CD44" and CD62L") CD4" and CD8" T cells
(Figure 5B, Supplemental Figure 3B, and data not shown). Sim-
ilarly, CD69 expression on CD4* and CD8* T cells was reduced

jci.org  Volume128  Number5  May 2018

pathogenic IgG and IgG2a autoantibodies against nuclear
antigens (Supplemental Figure 3D).

Therapeutic effect of Gal-9 on lupus. The strong pro-
phylactic effect of Gal-9 on lupus manifestations in both
BXSB/Mp]J and NZB/W F1 mice led us to investigate
the potential therapeutic benefits of Gal-9. A group of
BXSB/Mp] mice was administered Gal-9 at 14 weeks
of age when clinical parameters, such as splenomegaly,
increased frequency of activated T cells, and high titers
of anti-nuclear autoantibodies, had emerged. Following 5
weeks of treatment in mice with established disease, Gal-
9 neither reduced splenomegaly nor restored MZB cells,
as was observed with prophylactic administration (Figure
6A, Supplemental Figure 4A, and data not shown). Inter-
estingly frequency of activated CD4* and CD8" T cells
was reduced upon late Gal-9 treatment (Figure 6B and
Supplemental Figure 4B). Kidney pathologies were also
marginally ameliorated upon late treatment with Gal-9
(Figure 6, C and D, and Supplemental Figure 4C). There
was a marginal decrease in titers of IgG, whereas IgG2c
autoantibody titers against dsSDNA were comparable (Supple-
mental Figure 4D). These data demonstrate a limited/minimal
role for Gal-9 in the modulation of established disease, suggest-
ing that pathways regulated by Gal-9 are involved in the initia-
tion of autoimmune manifestations.

Gal-9 inhibits TLR7/TLR9-mediated pDC functions. Lupus
pathogenesis and the autoimmune response generated due to
hyperexpression of TLR7 is ameliorated by ablation of pDCs (11,
12). Similarly, the TLR7/TLR9 inhibitors also downgrade lupus
pathogenesis in NZB/W F1 mice (21). Since Gal-9 treatment
reversed the clinical parameters of lupus similarly to pDC ablation
and administration of TLR7/TLR9 inhibitor in BXSB/Mp] mice
and NZB/W F1 mice, respectively, we hypothesized that Gal-9
acts on key regulators of lupus, such as pDC and TLR7 signaling.
In order to understand whether Gal-9 plays a role in TLR-mediat-
ed pDC activation, nonautoimmune C57BL/6 mice were injected
with CpG-A along with Gal-9 and plasma levels of IFN-a were ana-
lyzed after 6 hours. Serum levels of IFN-a induced by CpG-A were
reduced by Gal-9 (Figure 7A), suggesting that Gal-9 inhibits pDC
functions. To investigate the direct function of Gal-9 on pDCs, we
stimulated freshly isolated murine (C57BL/6) pDCs with various
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Figure 6. Therapeutic effects of Gal-9. Splenocytes from Gal-9-

CD23-BV421 ﬁ

treated male, untreated male, and age-matched female litter-
mates of BXSB/Mp) mice were analyzed for expression of differ-
ent markers on CD19* B cells and CD3* T cells. (A) Representative
flow cytometric plots of CD23 and CD21 expression on splenic B
cells. (B) Representative flow cytometric plots of the expression
of CD44 and CD62L on splenic CD4* T cells. (C) Formalin-fixed
kidney sections from 19-week-old Gal-9-treated and untreated
control male BXSB/Mp) mice along with female littermates were
stained for H&E. (D) Frozen kidney sections were stained for IgC.
Representative images of 5 animals in each group. Individual

o 10° 10 10 10

CD21-PE-Cy-7

glomeruli are marked with arrows. Original magnification, x10.
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dent of the apoptosis-inducing effect that has been shown
previously (23). We further examined intracellular IFN-o
and TNF-a levels in CpG-A-, Flu-A-, and HSV-1-activated
pDCs in the presence of Gal-9 (Figure 7E). Consistently,
Gal-9 treatment strongly decreased the amount of intracel-
lular IFN-o and TNF-a in the viable population of activated

CD44-APC ——

1 L
W o0 w0 o 10 10°

CD62L-BV605 -

TLR7/TLRO ligands with and without Gal-9 for 24 hours and lev-
els of IFN-a in culture supernatants were analyzed. TLR-induced
production of IFN-a was inhibited by Gal-9 (Figure 7B). Similarly,
Gal-9 completely abrogated the production of IFN-o and strong-
ly reduced the production of TNF-a by human primary pDCs in
response to various TLR7/TLR9 ligands, such as CpG-A, CpG-B,
the imidazoquinolinone compound R848, influenza A RNA virus
(Flu-A), and herpes simplex DNA virus (HSV-1) (Figure 7, C and D).
Furthermore, Gal-9 inhibited production of IFN-o, TNF-a, and IL-6
in a dose-dependent manner (Supplemental Figure 5A). Impor-
tantly, other members of the galectin family failed to block TLR7/
TLR9-mediated IFN-a production (Supplemental Figure 5B). The
anti-Gal-9 antibody blocked the inhibitory effect of Gal-9, whereas
the anti-Gal-1 antibody failed to do so, confirming the specificity
of Gal-9 (Supplemental Figure 5C). It has previously been reported
that Gal-9 inhibits the function of plasma cells (PCs), CD4" T cells,
and synovial fibroblasts by inducing apoptosis and cell death (23).
However, we observed that the concentration of Gal-9 necessary to
efficiently abrogate cytokine production only marginally affected
the viability of pDCs (Supplemental Figure 5D). This observation
suggested that the effect of Gal-9 on pDC function is indepen-

pDCs. Phenotypic maturation of pDCs induced by TLR
ligands was also affected by treatment with Gal-9. CpG-A-
or Flu-A-induced upregulation of the costimulatory mol-
ecules CD80 and CD86 on pDCs was reduced by Gal-9
(Figure 7F and data not shown). In contrast, expression
of inducible costimulatory ligand (ICOSL) was increased
upon Gal-9 stimulation (Supplemental Figure 5E).

We evaluated the structural requirements for the inhib-
itory effect of Gal-9 on pDC function. The competitive
substrate lactose that binds to the carbohydrate recogni-
tion domain (CRD) of Gal-9 diminished the effect of Gal-9
on pDCs, suggesting that the inhibitory effect of Gal-9
was mediated through CRDs (Figure 7G). Because of the
uniqueness of the carbohydrate-binding profiles of N-ter-
minal CRD and C-terminal CRD, it has been speculated
that each CRD differentially contributes to the biological
function of Gal-9. In fact, recent studies demonstrated that
N-terminal CRD preferentially contributes to the activation
of innate immune cells, such as DCs, whereas C-terminal CRD is
mainly involved in the cell death signaling pathway in T cells (24).
In contrast, the chemoattractant properties of Gal-9 require both the
CRDs (25). To identify the structural requirements for Gal-9 activity
by pDCs, we analyzed the inhibitory capacity of truncated forms of
Gal-9 containing only 1 of its CRD domains. Neither the truncated
form containing only the N-terminal CRD (CRD 1, aa 1-148) nor the
truncated protein containing only the C-terminal CRD (CRD 2, aa
254-356) inhibited CpG-A- or Flu-A-induced inflammatory cyto-
kine production, indicating that the inhibitory effect of Gal-9 on
pDCs requires the presence of both CRDs (Figure 7H).

Gal-9 abrogates production of IFN-a and proinflammatory cyto-
kines induced by ICs and NETS in human pDCs. Circulating ICs con-
taining self-nucleic acid and NETs released by dying neutrophils
in SLE patients physiologically trigger pDC activation in a TLR7-
and TLR9-dependent manner (9, 10). The effect of Gal-9 on IC-
and NET-mediated pDC activation was, therefore, investigated.
ICs were isolated from the sera of SLE pediatric patients, whereas
NETosis was elicited by exposing neutrophils from healthy donors
to SLE-derived anti-ribonucleoprotein antibodies (anti-RNP-IgG)
after a short pretreatment with IFN-o (10). Both purified SLE IC
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Figure 7. TLR-mediated pDC activation is inhibited by Gal-9. Serum levels of IFN-o in CpG-A- or CpG-A and Gal-9-injected C57BL/6 mice. Data are shown
as mean + SD (n = 5). (B) Murine pDCs were stimulated with CpG-A, Flu-A, and HSV-1 with or without Gal-9 for 24 hours, and the culture supernatants
were analyzed for levels of IFN-a (n = 4). (C and D) Human pDCs were stimulated with the TLR7 and TLR9 ligands CpG-A, Flu-A, HSV-1, CpG-B, and R848
in the presence or absence of recombinant human Gal-9, and culture supernatants were analyzed for IFN-o. (C) and TNF-a (D). Data shown are mean of 10
independent experiments. (E) Intracellular expression of human pDCs after stimulation with CpG-A, Flu-A, and HSV-1 with or without Gal-9. Numbers in
guadrants are the percentage of cells. (F) Surface expression of CD80 and CD86 was analyzed after stimulation of pDCs with CpG-A, with or without Gal-9.
(G) Human pDCs were stimulated with CpG-A and Gal-9 in the presence or absence of lactose, and the culture supernatants were analyzed for IFN-o and
TNF-o. (H) Human pDCs were stimulated with CpG-A, Flu-A Gal-9, CRD1, or CRD2 in various combinations, and culture supernatants were analyzed for
IFN-a and TNF-a. Data are shown as mean + SD of 5 independent experiments. Unpaired Student’s t test or Mann-Whitney U test with Welch’s correction
was used to test statistical significance. **P < 0.01; ***P < 0.001 versus control without Gal-9.

and supernatants from netting neutrophils activated pDCs to
produce high levels of IFN-q, but failed to do so when Gal-9 was
added to the culture (Figure 8, A and B). The production of the
proinflammatory cytokines TNF-a and IL-6 was also markedly
inhibited in the presence of Gal-9.

Gal-9 inhibits TLR7/TLR9-mediated B cell activation and dif-
ferentiation. Roles of TLR7 and TLR9 have been implicated in the
differentiation of B cells into PCs and the generation of autoan-
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tibodies (14). Since Gal-9 inhibits TLR7/TLR9 signaling in pDCs,
we next investigated the effect of Gal-9 on TLR-mediated B cell
activation. Human B cells were stimulated with CpG-B with or
without Gal-9 for 48 hours, and levels of IL-6 and IL-8 in culture
supernatant were analyzed. Gal-9 inhibited CpG-B-mediated
production of IL-6 and IL-8 by B cells in a dose-dependent man-
ner (Figure 9A). Additionally, B cells were stimulated with either
CpG-B or R848 and PC differentiation was assessed after 7 days.
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Figure 8. Gal-9 inhibits the IC- and NET-induced production of IFN-a, TNF-a, and IL-6 by pDCs. Human pDCs in the presence or absence of Gal-9 were
stimulated with (A) IgG ICs isolated from the sera of SLE pediatric patients or (B) 30% culture supernatants from NET exposed to SLE-derived anti-RNP
IgG. Culture supernatants were analyzed for IFN-o, TNF-a, and IL-6. Data shown are mean of 5 to 6 (A) and 3 (B) independent experiments without Gal-9.
Unpaired Student’s t test or Mann-Whitney U test with Welch's correction was used to test statistical significance. *P < 0.05; ***P < 0.001 versus control.

Both CpG-B and R848 induced a population of CD27%CD38" PCs
(Figure 9B). Gal-9 inhibited PC generation in response to CpG-B
and R848 by up to 80% and 82%, respectively (Figure 9, B and
C, and Supplemental Figure 6). CpG-B also induced secretion of
immunoglobulin, including IgG1, IgG2, and IgG3. Secretion of all
of these IgG subclasses was reduced in the presence of Gal-9 (Fig-
ure 9D). In contrast, Gal-9 did not inhibit B cell differentiation in
response to signals delivered through the BCR or CD40 (Supple-
mental Figure 6), highlighting a specific role of Gal-9 in the regu-
lation of TLR-mediated B cell activation and differentiation.
Gal-9 impairs mTOR-dependent TLR activation. The receptor
through which Gal-9 acts remains ambiguous. In order to identi-
fy the receptor for Gal-9 on the surface of pDCs, we first demon-
strated the surface interaction of Gal-9 with pDCs by FACS anal-
ysis. Gal-9 bound to the surface of pDCs and B cells ex vivo in a
dose-dependent manner (Figure 10A and Supplemental Figure
7A). Gal-9 also bound to the surface of pDCs and B cells in vivo
(Supplemental Figure 7B). Interactions between galectins and
their receptors are known to be dependent on carbohydrate chains
of the receptors. Binding of Gal-9 to the surface of pDCs was
inhibited by lactose, thus confirming that the binding of Gal-9 to
the surface of pDCs s carbohydrate dependent (Figure 10B). Since
T cell immunoglobulin and mucin-domain containing-3 (Tim-3)
and CD44 both have been described as Gal-9 receptors on various
cell types (17), the role of these receptors on pDCs was investigat-
ed. Although Tim-3 is expressed on the surface of pDCs, we found
that both Tim-3-neutralizing antibodies and recombinant Tim-3
proteins were unable to block the inhibitory effect of Gal-9 on type
IIFN production by pDCs (Supplemental Figure 8, A and B). Using
coimmunoprecipitation and Western blotting, we confirmed that

Gal-9 binds to CD44 expressed on pDCs (Figure 10C). Moreover,
Gal-9 was also able to inhibit the interaction of anti-CD44 anti-
bodies to the surface of pDCs and B cells (Figure 10D and Sup-
plemental Figure 9). Binding of Gal-9 to pDCs was blocked in the
presence of soluble recombinant CD44 (Figure 10E), and in those
experimental conditions, Gal-9 failed to inhibit pDC activation
in response to TLR ligands (Figure 10F). Further crosslinking of
CD44 by anti-CD44 antibodies inhibited TLR-mediated pDC
activation (Figure 10G). These results demonstrate that Gal-9
inhibits pDC function through CD44.

We further investigated the mechanism by which Gal-9-CD44
interaction inhibits TLR7/TLR9-mediated pDC function. CD44 is
involved with phagocytosis and cytoskeletal movement (26). We
first examined the effect of Gal-9 on CpG-A uptake by pDCs. Gal-9
did not affect the uptake of CpG-A (Figure 10H). Next, we examined
the effect of Gal-9 on TLR trafficking. TLR7/TLR9 translocate from
endoplasmic reticulum to endosome upon sensing of ligands such as
CpG-A. CpG-A-induced trafficking of TLR9 to LAMP-1- or EEA-1-
positive endosomes was not affected by Gal-9 (Supplemental Fig-
ure 10 and data not shown). These data indicate that Gal-9 does not
disrupt TLR trafficking, but may instead interfere with downstream
signal transduction of the TLR7/TLR9 pathway. Previous reports in
T cells have demonstrated that the Gal-9-CD44 complex interacts
with TGF-B receptor I (TGF-BRI), activates the Smad-3 pathway,
and induces Treg differentiation (17). Interestingly, neither the
TGF-pRI-blocking antibody nor Smad-3 inhibitors could reverse
the inhibitory effect of Gal-9 (Supplemental Figure 11, A and B).
This observation suggests that the inhibitory effect of Gal-9 is inde-
pendent of the TGF-BRI/Smad-3 pathway. The CD44 ligation acti-
vates the Src kinase family of proteins (27). The Src kinase family
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Figure 9. TLR7/TLR9-mediated B cell activation and differentiation are inhibited by Gal-9. Human peripheral B cells were stimulated with CpG-B or R848 in
the presence or absence of Gal-9 as indicated. After 48 hours, the culture supernatants were analyzed for levels of IL-6 and IL-8 (A). On day 7 following activa-
tion, PCs were quantified by flow cytometry, identified as CD19+/°CD27"CD38" cells. The number indicates percentage of PCs of total CD19* B cell population
(B). Total CD19*/° IgD-, CD27", CD38" PC numbers (C) and 1gG levels (D) were all determined after 7 days of culture. Data are representative of 3 independent
donors. Mean + SD of triplicate wells is shown. Kruskal-Wallis testing was performed, followed by Dunn’s test for statistical significance. *P < 0.05; **P < 0.01;

***P < 0.001 versus control without Gal-3.

of proteins was reported to be activated by immunoreceptor tyro-
sine-based activation motif-signaling (ITAM-signaling) pathways,
which inhibit TLR-mediated pDC activation (28). Shortly after Gal-9
stimulation, both Src and Syk family kinases were phosphorylated
(Figure 10I). The intracellular domain of CD44 makes a complex
with PI3K-AKT. It has been demonstrated that mTOR, p70S6K, and
4EBP-1 are phosphorylated downstream of PI3K-AKT activation
and are required for TLR-mediated pDC activation (29). This path-
way also plays a role in the generation of autoantibodies by B cells
(30). p70S6K phosphorylation enhances protein translation and in
turn phosphorylates 4EBP-1 and releases it from its translational
repressor function (29). To assess the effect of Gal-9 on this path-
way, human pDCs were stimulated with CpG-A, along with Gal-9,
and phosphorylation of the above proteins was analyzed by West-
ern blot. We observed that both phosphorylated mTOR and p70S6K
were constitutively expressed in pDCs and slightly increased after
CpG-A treatment, whereas phosphorylation of 4EBP-1 was upreg-
ulated. Gal-9 significantly reduced phosphorylation of mTOR,
p70S6K, and 4EBP-1 (Figure 10]). Similar results were observed
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in B cells (Supplemental Figure 12). IRF7 phosphorylation was also
inhibited by Gal-9 (data not shown). Together, these results suggest
that Gal-9 impairs mMTOR-dependent TLR activation.

Discussion

In this study, we show that Gal-9 inhibited TLR7- and TLR9-
mediated activation of pDC and B cells. More specifically, Gal-9
blunted production of IFN-a, TNF-0, and IL-6 and also inhibited
the expression of the costimulatory molecules CD80 and CD86 by
pDCs. Additionally, Gal-9 abrogated cytokine production and dif-
ferentiation of B cells into Ig-secreting PCs. This is the first report,
to our knowledge, to demonstrate that Gal-9 regulates TLR7/
TLR9-signaling pathways to inhibit pDC and B cell activation.

We demonstrate here that the inhibitory effect of Gal-9 on
pDCsis mediated by its interaction with CD44 and is independent
of Tim-3. Several molecules, such as Tim-3, PDI, and CD44, have
been reported as receptors for Gal-9 (17, 31, 32). Tim-3, a Thl-spe-
cific cell-surface molecule, is the best-characterized receptor for
Gal-9 (31), and interaction of Tim-3 with Gal-9 downregulates Th1
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of pDCs. (B) pDCs were incubated with biotinylated Gal-9 with and without lactose, probed with avidin-FITC, and analyzed by FACS. (C) Gal-9-binding
proteins from pDC lysates were immunoprecipitated and analyzed for the presence of CD44 (upper panel). CD44 was immunoprecipitated and analyzed
for Gal-9 interaction in an immunoblot (lower panel). (D) Overlaid histograms of the binding of anti-CD44 antibodies to the surface of human pDCs with
and without Gal-9. (E) Overlaid histograms of the binding of presaturated Gal-9 with CD44 recombinant protein (Rh CD44) to the surface of pDCs. Data
are representative of 5 individual experiments. (F) Human pDCs were treated with either CpG-A or Flu-A with and without Gal-9 or presaturated Gal-9
with Rh CD44. Culture supernatants were analyzed for IFN-a, TNF-a, and IL-6. Mean + SD for 6 independent experiments is shown. (G) Levels of IFN-a in
supernatants of human pDCs treated with CpG-A, anti-CD44 antibodies, and control antibodies with and without Fc for 24 hours. Data are shown as the
mean + SD of 4 independent experiments. (H) Representative histogram showing CpG-A uptake by pDCs. Data are representative of 4 individual experi-
ments. (I) Human primary pDCs were stimulated with Gal-9 for 2 and 10 minutes, and the cell lysates were analyzed by Western blotting. (J) Human pri-
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**P < 0.01; ***P < 0.001 versus control without Gal-9.

(31) and CTL responses (33) by inducing apoptosis. The Tim-3/
Gal-9 interaction also contributes to prolonged allograft survival
and upregulation of antimicrobial immunity in vivo (34). Howev-
er, there are other contradictory reports in the literature, which
show that Gal-9 enhances T cell migration and suppresses Th17
development in a Tim-3-independent manner (35-37). In agree-
ment with these latter observations, we found that the inhib-
itory effect of Gal-9 on pDCs is independent of Tim-3. CD44 is
another receptor known to interact with Gal-9 and have multiple
immunomodulatory effects (38). The Gal-9 and CD44 interac-
tion regulates leukocyte migration during inflammation. Gal-9 is
known to trigger osteoblast differentiation in a CD44-dependent

mechanism (39, 40). A recent study also demonstrated that the
Gal-9 and CD44 interaction promotes the function and stability
of inducible Tregs by associating with TGF-BRI (41). In contrast,
here we demonstrate that Gal-9 inhibits TLR7/TLR9 signaling in
pDCs through CD44 in a TGF-BRI-Smad-3-independent manner.

TLR7 or TLRY could not differentiate between host and
pathogen-derived nuclear antigens. Compartmentalization of the
above TLRs inside the cell limits their exposure to self-nuclear
antigens commonly released by dead cells and maintains self-tol-
erance. In addition, several pDC-specific inhibitory receptors,
such as ILT7, BDCA2, Siglec-H, and PTPRS, are present, which
restrict the pathogenic IFN-a production. All these receptors,
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except PTPRS, activate the Src kinase family of proteins through
ITAM-containing adaptors. Here, we observed that Gal-9 activates
Src kinase and inhibits TLR-mediated pDC activation. HSPG, the
ligand of PTPRS, is an isoform of CD44 expressed by leukocytes.
Similarly to what occurs with the above receptors, crosslinking of
CD44 with anti-CD44 antibodies inhibited TLR-mediated pDC
activation, suggesting a common mechanism at play for controlling
unabated IFN production. The inhibitory effect of the Gal-9-CD44
interaction might play a role in maintaining immune homeostasis.

The mTOR/p70S6K/4EBP-1 pathway plays a pivotal role
in TLR signaling. TLR-MYD88 complex activates PI3K-AKT,
which in turn phosphorylates mTOR. p70S6K and 4EBP-1 are
phosphorylated downstream of mTOR and initiate the trans-
lation process (29). Phosphorylated mTOR is also recruited
directly by the MYD88 scaffold protein, resulting in activation
of IRF-5 and IRF-7, induction of inflammatory pathways, and
production of type-1 IFN (42). This pathway is indispensable
for TLR-induced type-1 IFN and autoantibody production by
pDCs and B cells (29, 30). TLR-mediated phosphorylation of
mTOR, p70S6K, and 4EBP-1 was inhibited in both pDCs and
B cells upon Gal-9 treatment. Although the precise mechanism
of this inhibition is not clear, activation of CD44 through Gal-9
might play a role. The intracellular domain of CD44 is known to
engage the PI3K-AKT complex upon activation (43), which may
limit the recruitment of mTOR to the TLR-MYD88 complex and
inhibit TLR-mediated IRF5 and IRF7 activation. Further, we
have observed that Gal-9 treatment did not affect CpG-A-medi-
ated TLRY trafficking to the endosomes and AKT activation,
while phosphorylation of mTOR and downstream p70S6K and
4EBP-1 was inhibited. This suggests that Gal-9-CD44 inter-
action inhibits the TLR pathway downstream of AKT. It has
been demonstrated that CD44 activation upregulates Rho-GT-
pase (44). GTPase plays an important role in negative regula-
tion of mTOR. Hence, Gal-9-CD44 interaction might inhibit
mTOR phosphorylation through multiple mechanisms by direct
engagement of PI3K-AKT and by indirect inactivation of mTOR
by GTPase. We and others observed that mTOR is constitutive-
ly phosphorylated in pDCs (29), which may facilitate quick IFN
response against viral infections. Since unabated IFN secretion
leads to autoimmune manifestations, regulation of this pathway
is important. Viral infections are known to trigger Gal-9 secre-
tion by vascular endothelial cells (25, 45). By inhibiting mTOR
phosphorylation, Gal-9 might maintain a fine balance of IFN
response and thereby skew the host response away from auto-
immunity, toward neutralization of viral infections. Recently, it
was demonstrated that Gal-9 inhibits dectin-1 signaling; howev-
er, the mechanism remains unexplained. Since mTOR signaling
is an integral component of dectin-1-mediated activation, the
inhibitory effect of Gal-9 on this pathway might be attributed to
its ability to attenuate mTOR signaling (46).

The role of pDC and type-1 IFN in initiating autoimmune
manifestations and driving the differentiation of autoreactive B
cells and T cells has been demonstrated (7, 12, 47). Blocking of
IFN signaling by administration of anti-IFN-o,/p receptor (IFNAR)
or anti-IFN antibodies at the initial stage of the disease has been
shown to effectively improve lupus symptoms, whereas it fails to
ameliorate the disease when administered at the late stage (48).

jci.org  Volume128  Number5  May 2018

The Journal of Clinical Investigation

Further, there is evidence in the literature to suggest that early
transient depletion of pDC reduces clinical parameters of lupus,
including IFN signatures, even in the presence of repopulated nor-
mal pDC populations at the later stage of the disease (11). Con-
sistent with these observations, we found that administration of
Gal-9 at the early onset of the disease inhibits lupus pathogene-
sis, whereas it fails to do so at the late stage of the disease. Thus,
our findings here reinforce the previous view that contribution of
pDCs and type-1IFN is limited to the initiation and progression of
the disease in these murine models.

CD4" T cells potentially play a role in SLE by stimulating
B cells to differentiate and proliferate and by promoting class
switching of autoantibodies (49). In fact, an increased frequency
of activated CD4* T cells has been reported in both SLE patients
and BXSB mice (11, 48). In our study, in vivo treatment of Gal-
9 remarkably decreased the frequency of activated CD4* T cells,
marked by expression of CD44 and CD69. Additionally, the fre-
quency of CD8" T cells that are activated in an IFN-dependent
manner during lupus (48) was also observed to decrease upon
Gal-9 treatment. Thus, multiple mechanisms may be involved in
the inhibitory effects of Gal-9 in animal models, including direct
inhibition of activated T cells. However, it has been shown that
type I IFNs produced by pDCs play an essential role in regulat-
ing the generation and function of adaptive immune responses by
promoting the IFN-y production by CD4* and CD8" T cells (50).
Therefore, inhibition of type I IFNs by Gal-9 during the early
onset of autoimmunity might contribute to limiting the down-
stream activation of aberrant CD4* and CD8" T cells. Interesting-
ly, Gal-9 upregulated ICOSL expression by pDCs, although CD80O
and CD86 expression was downregulated. Since ICOSL on pDCs
stimulates naive CD4* T cells to differentiate into IL-10-produc-
ing Tregs (51), it appears that Gal-9 might play an important role
in the induction of Tregs through pDCs.

ABCs are an unusual population of B cells that are accumu-
lated with age in normal humans and mice or autoimmune-prone
animals and patients (52). Recent studies showed that TLR7 and
TLR9 signaling and type I IFNs play a major role in the genera-
tion and accumulation of ABCs (48). We demonstrate here that
Gal-9 treatment limited the accumulation of ABCs in BXSB/Mp]
mice, suggesting that inhibition of TLR7/TLR9 signaling by Gal-
9 affects aberrant B cell differentiation. IFN-o secreted by pDCs
induces B cells to mature into plasmablasts, and IL-6 differenti-
ates plasmablasts into PCs (53). In addition to differentiation,
IFN-a induces the break of B cell tolerance to nucleic acids and
promotes anti-nucleic acid antibody production (54). PCs are ele-
vated in lupus patients (55), and an increased frequency of PCs
was also observed in the lupus-prone MRL/lpr mice (20). In the
BXSB/Mp] mice, we did not observe a higher prevalence of PCs,
which is consistent with previous descriptions of the model (11,
12). We did observe, however, decreased levels of pathogenic
IgG2c autoantibodies upon Gal-9 administration. Thus, it is plau-
sible that Gal-9-dependent inhibition of TLR7/TLR9 signaling
blocks the differentiation of autoreactive B cells without a global
effect on PC populations.

In conclusion, we report a function of Gal-9 in regulating
TLR7/TLR9 signaling in pDCs and B cells. Importantly, blocking
of IC- and NET-mediated pDC activation by Gal-9 highlights its
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physiological importance in lupus. Recently, our group demon-
strated the role of IgE-IC in the activation of pDC (56). Gal-9 binds
to IgE and inhibits IC formation (57), which highlights an alterna-
tive mechanism by which pDC activation is inhibited by Gal-9.
Findings of the present study, however, added a dimension to our
understanding about the role of Gal-9 in regulating autoimmune
responses. Considering the importance of TLR7/TLR9 signaling
in the initiation and progression of autoimmunity, identification
of Gal-9 as an inhibitor of these pathways in pDCs and B cells
denotes the potential implication of Gal-9 in blocking IFN-driven
autoimmune disorders.

Methods

Chemicals and antibodies. Galectins 1-9 used for all in vitro experi-
ments were obtained from R&D Systems. Gal-9 obtained from Gal-
Pharma was used for in vivo experiments. CpG DNAs and R848 were
purchased from InvivoGen. ICs and NETs were gifts from V. Pascaul
and S. Caielli (Baylor Institute of Immunology Research). The Annex-
in V kit was obtained from BD Biosciences.

Anti-human antibodies used were as follows: anti-CD11c (B-ly6),
anti-CD4 (RPA-T4), anti-CD3 (HIT3a), anti-CD14 (M@P9), anti-
CDI5 (HI98), anti-CD16 (3G8), anti-CD19 (HIB19), anti-CD20
(2H7), anti-CD56 (B159), and anti-CD123 (6H6). Anti-mouse anti-
bodies used were as follows: anti-CD19 (1D3), anti-CD21 (eBio8D9),
anti-CD23 (B3B4), anti-IgM (11/41), anti-AA4.1 (AA4.1), anti-IgD
(1126¢.2a),anti-CD138 (281.2), anti-CD3 (145 2¢11), anti-CD4 (Gk1.5),
anti-CD8 (53-6.7), anti-CD44 (IM7), anti-CD62L (MEL-14), anti-
CD69 (H12F3), anti-B220 (RA3-6B2), anti-PDCA-1 (eBio129c), anti-
Siglec-H (eBio44c), anti-CD80 (16 10-Al), and anti-CD86 (GL-1).
These antibodies, with various fluorescent tags, were purchased from
BD Biosciences. Anti-human CD16 (3G8), anti-human CD19 (HIB19)
were purchased from Biolegend and anti-mouse CD21 (eBio8D9),
anti-mouse PDCA-1 (eBio129¢) and anti-mouse Siglec-H (eBio44c)
were obtained from eBiosciences.

Mice and treatment. BXSB/Mp] and NZB/W F1 mice were pur-
chased from the Jackson Laboratory and housed in the animal facili-
ty at MedImmune. BXSB male mice 8 weeks of age were treated with
Gal-9 at 1 mg/kg body weight 3 times per week up to 18 weeks. Age-
matched untreated males and females were considered as controls
to compare clinical parameters of lupus. Similarly, female NZB/W
F1 mice were treated with Gal-9 for 11 weeks beginning at 20 weeks
of age. Age-matched untreated females and males were considered
as controls to compare clinical parameters of lupus. At the end of the
treatment, mice were sacrificed and blood was collected by heart
puncture. Sera were stored at-80°C. Spleens were analyzed for weight,
number of splenocytes, and immune cell phenotypes. C57BL/6 mice
were obtained from Harlan Laboratories and housed in the animal
facility of MedImmune. CpG-A encapsulated with DOTAP with or
without Gal-9 was administered.

Isolation and culture of pDCs. Human pDCs were isolated from
commercially obtained buffy coats or whole blood collected from
healthy volunteers recruited by the MedImmune blood donor pro-
gram. PBMCs were isolated by density gradient centrifugation using
Histopaque (MilliporeSigma), and pDCs were enriched using a human
pDC enrichment kit (STEMCELL Technologies), followed by FACS
to specifically isolate CD3", CD14, CD19-, CD20", CD16°, CD56,
CDl1c, CD4", and CD123". The purified cells were plated at 0.25 to
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0.5 x 10° cells/well in 100 pl in U bottom 96-well culture plates. The
cells were stimulated with CpG-A (0.2 um), CpG-B (0.2 um), R848 (10
pg/ml), Flu-A (1 x 10° PFU), and ICs and NETs with and without Gal-9
(2.5 pg/ml) for 24 hours. The cells were analyzed for CD80 and CD86
expression by FACS. The culture supernatants were analyzed for lev-
els of IFN-a, TNF-q, and IL-6.

Isolation and culture of human B cells. Human blood was collected
from healthy donors. B cells were negatively selected using a kit from
Stem Cell Technology according to the manufacturer’s instructions.
Purified B cells were cultured at a density of 0.5 to 1.0 x 10° B cells
per well in 96-well round-bottom plates and were stimulated with
either CpG-B (1 pg/ml, Invivogen) or R848 (10 pg/ml). Alternatively, B
cells were stimulated with anti-CD40 (R&D Systems, 0.1 ug/ml) and
IL-21 (MedImmune, 33 ng/ml) in the presence or absence of anti-IgM
F(ab’), (5 ug/ml, Jackson ImmunoResearch Laboratories). Gal-9 was
included (up to 2.5 pg/ml) at the initiation of culture. Supernatants
were collected at 48 hours for cytokine evaluation and at 7 days for
quantitation of Ig. After 7 days of activation, PC differentiation was
assessed by flow cytometry.

FACS analysis. Human pDCs were stained with fluorescent-
labeled anti-human CD80, CD86, and ICOSL antibodies and were
analyzed by FACS. Appropriate isotype controls were used.

Murine splenocytes were harvested, and the cell suspension was
passed through a 70-micron nylon mesh to avoid cell clumps. RBCs
were lysed using ACK lysis buffer. The cells were stained with B cell
(CD19,CD21,CD23,1gM, IgD), T cell (CD3, CD4, CD8,CD44, CD62L,
CD69), and pDC (B220, PDCA-1, Siglec-H, CD80, CD86) markers.
Dead cells were excluded during FACS analysis using LIVE/DEAD Fix-
able Blue Dead Cell Stain Kit (Life Technologies). Human B cells were
stained with the following antibodies: anti-CD19 (HIB19; Biolegend),
anti-IgD (IA6-2; BD Biosciences), anti-CD38 (HB7; BD Biosciences),
and anti-CD27 (M-T271; Biolegend). Analysis was performed using the
BD LSRII (BD Biosciences) and FlowJo software (Flow]Jo).

Quantification of cytokines. Culture supernatants were analyzed
for levels of IFN-0, TNF-q, IL-6, and IL-8 by a sandwich ELISA using
commercially available ELISA kits (Mabtech) according to the manu-
facturer’s instructions.

SDS-PAGE and Western blotting. Human pDCs and B cells were
pretreated with Gal-9 for 15 minutes followed by CpG-A treatment for
15 minutes. Cells were lysed with LDL sample buffer containing prote-
ase inhibitors and then separated by 4% to 12% SDS-PAGE, followed
by blotting into nitrocellulose membrane. Then the membrane was
blocked with 3% BSA-TBST and probed with different antibodies. The
antibodies used for immunoblotting were anti-mTOR (catalog 2983),
anti-phosphorylated mTOR (S2448) (catalog 5536), anti-p70S6K (cat-
alog 9202), anti-phosphorylated p70S6K (T389) (catalog 9234), anti-
4E-BP1 (catalog 9452), and anti-phosphorylated 4E-BP1(S65) (catalog
9451). These antibodies were obtained from Cell Signaling Technology.

Proteinuria estimation. Proteinuria levels in 19-week-old male
BXSB/Mp] mice with and without Gal-9 treatment and female litter-
mates were quantified using Albustix strips (Bayer) according to the
manufacturer’s instructions.

Gene-expression analysis. RNA from flash-frozen kidney tissues of
19-week-old male BXSB/Mp] mice with and without Gal-9 treatment and
female littermates were isolated using the RNeasy Mini Kit (QIAGEN),
and c-DNA was prepared using a SuperScript III c-DNA Synthesis Kit
(Life Technologies). TagMan Fast Advanced Master Mix was used to ana-
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lyze the expression of Mx-1 (MmO00487796_m1), OAS3 (Mm00460944_
m1), IRF7 (Mm00519791_g1), and IFIT1 (MmO00515153 m1). Amplifica-
tion data were analyzed using RQ manager (Applied Biosystems), and
fold changes were calculated using GAPDH.

Quantification of antibodies. Serum autoantibodies were quan-
tified by ELISA using isotype-specific antibodies, and 96-well
Nunc-MaxiSorp ELISA plates were coated with goat anti-mouse/
human IgG (H+L) or nuclear antigens (ssDNA, dsDNA, or chromatins)
and incubated with mouse serum or culture supernatants. Antibody
levels were estimated by probing with AP-conjugated specific isotype
antibodies. Antibodies were purchased from Southern Biotech.

Histopathology and immunohistochemical staining. Formalin-fixed
kidney sections were stained with H&E. Kidneys of treated animals were
removed at the indicated ages. Tissues were frozen in OCT, and blocks
were stored at —70°C until sectioning. Frozen tissues were sectioned (5
um thickness), fixed in acetone, blocked with 10% FBC, and stained with
IgG-FITC. Two to three cryosections per mouse were evaluated.

For further information, see Supplemental Methods.

Statistics. For comparison between multiple groups, assumptions
were tested for each data set prior to final analysis. If assumptions were
satisfied, ANOVA was performed, followed by Dunnett’s test for multi-
ple comparison. If assumptions were not satisfied, Kruskal-Wallis testing
was performed, followed by Dunn’s test for multiple comparison. Adjust-
ed P values were estimated for all pairwise testing. Two-sided testing
was performed at the 0.05 level. Unpaired Student’s ¢ test (2-tailed) or
Mann-Whitney U test with Welch’s correction was used for comparison
between 2 groups based on the distribution of data. All statistical analysis
was performed using GraphPad Prism 7 software. P < 0.05 was consid-
ered statistically significant, with 95% CI.

Study approval. The present studies in animals and humans were
reviewed and approved by the Chesapeake Institutional Review Board
(Columbia, Maryland, USA) and the IRB of the Baylor Institute of
Immunology Research. Adult human blood was collected from healthy
donors following informed consent as approved by MedImmune’s IRB
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and the Baylor Institute of Immunology Research. All animal proto-
cols were done in accordance with and approved by MedImmune’s
Institutional Animal Use and Care Committees.
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