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Transmembrane activator and calcium modulator and
cyclophilin ligand interactor (TACI) is a receptor for the
TNF superfamily cytokines, B cell-activating factor
(BAFF), and A proliferation-inducing ligand (APRIL). Here,
we demonstrate that TACI-deficient mice subjected to
high-fat diet (HFD) are protected from weight gain and
dysregulated glucose homeostasis. Resistance to HFD-
induced metabolic changes in TACI-deficient mice does
not involve TACI-mediated adipogenesis. Instead, accu-
mulation of M2 macrophages (Md&s), eosinophils, and
type 2 innate lymphoid cells in visceral adipose tissue
(VAT) is implicated in the protection from obesity-in-
duced assaults. In support of this hypothesis, adoptively
transferred TACI-deficient peritoneal or adipose tissue
Mds, but not B cells, can improve glucose metabolism
in the obese host. Interestingly, the transferred TACI-
deficient Mds not only home to host VAT but also trigger
the accumulation of host M2 Mds and eosinophils in
VAT. Theincrease inhost M2 Mds in VAT is likely a result
of eosinophil recruitment in response to eotaxin-2 pro-
duced by TACI-deficient Mbs. Insulin signaling experi-
ments revealed that IL-10 secreted by TACI-deficient
Mds is responsible for maintaining adipocyte insulin
sensitivity. Thus, the adoptive transfer experiments offer a
model where TACI-deficient M¢$s accumulate in VAT and
protect against metaflammation and obesity-associated
dysregulation of glucose metabolism.

The growing epidemic of obesity is increasingly associated
with the risk for type 2 diabetes, cardiovascular disease,
metabolic syndrome, and cancer (1). In obesity, chronic in-
flammation within adipose tissue (AT) and other metabolic

tissues is a crucial step in the development of insulin re-
sistance and diabetes (2-4). AT inflammation is charac-
terized by abnormal cytokine production and immune cell
accumulation, leading to activation of inflammatory sig-
naling pathways. In obese mice, infiltrating T cells and B-2
cells drive the differentiation of AT macrophages (Mds)
into the insulin resistance-promoting M1 phenotype by
secreting interferon-y and pathogenic IgG, respectively
(5,6). Conversely, eosinophils, type 2 innate lymphoid cells
(ILC2), regulatory T cells, and Th2 cells in lean mice are
involved in the polarization of AT Mds toward the anti-
inflammatory M2 phenotype by secreting IL-4, IL-13, and
IL-10 (5,7). Thus, the shift from M2 to M1 M¢s within AT
during obesity promotes a proinflammatory environment
and contributes to the development of systemic insulin
resistance (5,8).

Transmembrane activator and calcium modulator and
cyclophilin ligand interactor (TACI) is one of the three
receptors for the TNF superfamily cytokines, B cell-activating
factor (BAFF) and A proliferation-inducing ligand (APRIL)
(9). Besides TACI, BAFF and APRIL also share the receptor
B-cell maturation antigen, while BAFF receptor belonging
to the TNF family engages BAFF. BAFF system molecules
play key roles in B- and plasma cell survival, IgG and IgA
isotype switch, and antibody production (9,10). Although
BAFF and APRIL receptors are primarily expressed in B
cells and a subset of T cells, BAFF system molecules are also
detected in AT-derived mesenchymal cells, mature adipo-
cytes, and adipose-derived tumors (11). Studies in high-
fat diet (HFD)-fed transgenic mice indicated that BAFF
knockout (KO) or BAFF receptor—deficient mice manifest
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improved glucose tolerance and reduced systemic inflam-
mation compared with wild-type mice (12-14). Paradoxi-
cally, despite the improvement in glucose tolerance, weight
gain was higher in BAFF KO than wild-type mice after HED
regimen (12). Although BAFF has been shown to adversely
affect insulin sensitivity of adipocytes (15), the improve-
ment in glucose tolerance in both these KO mice may also
be due to reduced number of mature B cells (9), since B
cells fuel inflammation in AT (6). The involvement of TACI
in adipogenesis and obesity-induced metabolic changes is
not known.

Promotion of HFD-mediated metabolic disease by BAFF
system molecules may also involve Mbs because BAFF and
APRIL polarize Mds toward the M1 phenotype (16). We
recently reported that BAFF and APRIL induce the expres-
sion of M1 markers with a concomitant inhibition of M2
markers in Mds. Moreover, Mds harvested from TACI
KO mice manifest the M2 phenotype, and TACI deficiency
in Mdos is responsible for the susceptibility of otherwise
resistant C57BL/6 mice to cutaneous Leishmania infection
(16). Here, we investigated the influence of global TACI
deficiency on HFD-associated metabolic changes. We dem-
onstrated that HFD-fed TACI KO mice are mostly pro-
tected from weight gain, impaired glucose tolerance, and
insulin sensitivity. The M2-skewed phenotype of TACI KO
Mds is responsible for their resistance to metabolic com-
plications because the transfer of TACI KO Mds is suffi-
cient to correct the dysregulated glucose metabolism in
obese wild-type mice. These findings highlight the crucial
role for TACI-mediated M1 polarization of AT Mds and
subsequent metaflammation in metabolic complications
associated with obesity and present TACI as a novel ther-
apeutic target against obesity-associated diseases such as
type 2 diabetes.

RESEARCH DESIGN AND METHODS

Animals and Animal Care

Adult 6- to 8-week-old C57BL/6 and B6.SJL-Ptprca
Pepcb/BoyJ mice were purchased from the The Jackson
Laboratory (Bar Harbor, ME). TACI KO mice were on
C57BL/6 background (10,17). Mice were maintained and
bred at the U.S. Food and Drug Administration Animal
Research Center following the Animal Research Advisory
Committee guidelines. All experiments were performed in
female mice, and mouse experiments were approved by
the U.S. Food and Drug Administration Institutional Animal
Care and Use Committee (protocol 2002-31).

Diet, Body Composition Analysis, and Metabolic
Studies

Wild-type and TACI KO female mice were fed either nor-
mal chow diet (NCD) (6% fat) or HFD (D12492, 60% kcal
fat; Research Diets, New Brunswick, NJ). After 14 weeks,
fasting insulin levels were measured with an ultrasensi-
tive mouse insulin kit (Crystal Chem Inc, Downers Grove,
IL). For glucose tolerance tests (GTTs), fasted mice were
i.p. injected with 1.5 g/kg glucose. For insulin tolerance
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test (ITTs), mice received 0.5 units/kg human insulin
(Sigma-Aldrich, St. Louis, MO), after which blood glu-
cose was measured using the OneTouch Ultra 2 glucose
monitoring system (LifeScan, Milpitas, CA). Lean and
fat mass compositions were determined by DEXA using
a GE Lunar PIXImus densitometer (GE Lunar Corp.). For
measurement of VO,, food intake, and locomotor activ-
ity, mice were analyzed using Comprehensive Lab Animal
Monitoring System (CLAMS) (Columbus Instruments, Co-
lumbus, OH). Mice were allowed to acclimatize for 12 h
before measurements were taken. VO,, VCO,, and heat
measurements were normalized to lean mass or lean and
fat mass combined as determined by DEXA analysis at the
end of the CLAMS experiment. Subcutaneous AT (SAT)
of inguinal fat pad and visceral AT (VAT) of perigonadal
fat pad, brown fat pad, and liver of mice were dissected
and weighed after euthanasia.

Stromal Vascular Fraction Isolation and Immune Cell
Characterization

Perigonadal VATs were minced and digested with type II
collagenase (Sigma). Stromal vascular fraction (SVF) cells
were obtained as described by Anderson et al. (18). After
blocking with anti-CD16/32 antibodies (BD Biosciences, San
Jose, CA), cells were stained with fluorophore-conjugated
antibodies. Allophycocyanin (APC)-Cy7-B220, APC-TCR,
phycoerythrin (PE)-Cy7-CD8, PerCP-Cy5.5-CD44, Alexa
Fluor 488-CD62L, PE-Cy7-CD45.2, BV421-F4/80, APC-
Cy7-CD11c, fluorescein isothiocyanate (FITC)-CD11b,
PE-Siglec F, APC-CD11c, Pacific Blue-CD3, Pacific Blue-
CD8aq, Pacific Blue-CD19, FITC-FCelqa, FITC-Pan NK, APC-
Cy7-CD25, PerCP-Cy5-CD127, PE-IL33R, APC-CD11b,
Alexa Fluor 488-CD45.1, and PerCP-Cy5.5-CD86 antibodies
were from BioLegend (San Diego, CA). FITC-CD4 and
eFluor 605-CD4 antibodies were from BD Biosciences and
eBioscience (San Diego, CA), respectively. DAPI (Invitrogen,
Carlsbad, CA) or 7-aminoactinomycin D (BioLegend) was
added as viability dye. Flow cytometry experiments were
performed on the BD LSR II and analyzed using FlowJo
software (Tree Star, Ashland, OR).

Cell Culture and Preadipocyte Differentiation

For isolation of peritoneal Mds, peritoneal exudate cells
were harvested and F4/80" cells were purified using the
MagniSort Mouse F4/80 Positive Selection Kit (eBioscience).
For VAT M¢ isolation, SVCs were firstly separated with
30 and 70% Percoll gradient and VAT Mds were isolated
using the F4/80 positive selection kit. Conditioned media
(CM) were collected from Mds cultured in DMEM/F12
medium for 2 days. 3T3-L1 preadipocytes (American Type
Culture Collection, Manassas, VA) and freshly isolated
SAT mesenchymal cells were cultured in DMEM. The dif-
ferentiation and staining of adipocytes were performed
as described by Alexaki et al. (11). For BAFF and APRIL
stimulation, 100 ng/mL recombinant mouse BAFF (R&D
Systems, Minneapolis, MN) or APRIL (Peprotech, Rocky
Hill, NJ) was added into differentiation and maintenance
medium.
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Measurement of Cytokine and Triglyceride Levels
Serum and culture supernatant TNF-a, IL-6, IL-10, and
triglyceride levels were quantified by ELISA kits according
to the manufacturers’ instructions (for TNF-o and IL-6,
BD Biosciences; IL-10, R&D Systems; and triglyceride,
BioVision, Milpitas, CA).

In Vitro and In Vivo Insulin Sensitization and
Immunoblot

SATs from HFD-fed wild-type mice were cut into 1- to
2-mm fractions and cultured for 3 days in VAT M$p-CM
plus IgG1l or o-IL-10 antibodies (BD Biosciences). Sub-
sequently, the fractions were starved in 0.1% FBS DMEM
for 24 h and stimulated with 10 ng/mL insulin for 10 min.
Next, proteins were extracted, precipitated, and quanti-
fied (19). Anti—phosphorylated (P)-IRS-1 (S1101), IRS-1,
P-Akt (S473), Akt, P-extracellular signal-regulated kinase
(ERK)1/2 (T202/Y204), total ERK, and goat anti-rabbit
IgG antibodies (all from Cell Signaling Technology, Dan-
vers, MA) were used in Western blot analysis.

The effect of M¢ CM on the sensitivity of SAT to insulin
was also analyzed by measuring the insulin receptor (IR)
tyrosine kinase activity (20). Briefly, IRs were pulled down
from tissue lysates with an anti-IR antibody (0.5 pg/well)-
coated plate. The kinase reaction was performed in 100 nL
tyrosine kinase assay solution containing peptide sub-
strate IRS-1 (Tyr608) (Enzo Life Sciences, Farmingdale,
NY), which was prebiotinylated with EZ-Link NHS-Biotin
reagent (Thermo Fisher Scientific, Waltham, MA). The
kinase activity was detected with an AlphaScreen P-Tyr-
100 Assay kit (PerkinElmer, Waltham, MA) according to
the manufacturer’s instructions.

For examination of in vivo insulin sensitivity, fasting
mice were injected with insulin (10 units/kg body wt) or
PBS. Five minutes later, mice were euthanized and skeletal
muscle (gastrocnemius), liver, and perigonadal VAT tissues
were removed and frozen on dry ice. The frozen tissues
were homogenized and solubilized proteins were subjected
to Western blot analysis.

For examination of signal transduction in M¢s, AT Mbs
and peritoneal Ms were rested overnight prior to stim-
ulation with APRIL (250 ng/mL) or BAFF (250 ng/mL). In
some experiments, 20 nmol/L of the inhibitor, U0126
(InvivoGen), was added 15 min prior to stimulation. At
the indicated time points, cells were lysed and subjected
to Western blot analysis. Anti-ERK1/2-HRP, anti-P-JAK1
(Y1022/1023), anti-JAK1, anti-JAK2, anti-P-JAK?2 (Y1007),
anti-STAT1, anti-P-STAT1 (S727), anti-STAT6, anti—
actin-HRP (all from Cell Signaling Technology), and anti-
P-STAT6 (Y641) (Abcam, Cambridge, MA) antibodies were
used.

Real-time PCR

Total RNA was extracted from sorted VAT Mdbs or 3T3-L1
preadipocytes using the RNeasy Mini Kit (Qiagen, Valen-
cia, CA) or from AT with QIAzol Lysis Reagent (Qiagen).
cDNA synthesis and TagMan gene expression assays were
performed as previously described (16).
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Immunofluorescence Confocal Microscopy

TACI gene-silenced 3T3-L1 fibroblasts or purified VAT
Mdos were cultured on BD BioCoat Poly-d-lysine/laminin
glass coverslips at 10° cells/0.5 mL in 24-well plates.
Immunofluorescence staining and imaging were performed
as previously described (16).

Adoptive Transfer of B Cells and Mds

Sorted F4/80" peritoneal or AT Mds were cultured (10%/mL)
for 48 h, after which Mds were collected using TrypLE
Express Enzyme buffer (Invitrogen). Purity was >95%
Mds (F4/80"MHCII'Ly6G ™) as confirmed by flow cytom-
etry. For B-cell isolation, splenic B cells were purified using
the mouse B cell Isolation Kit (Miltenyi Biotec, San Diego,
CA). Purified M¢s and B cells were suspended in PBS, and
5 X 10° cells in 50 WL were injected i.p. into mice.

Eosinophils Chemotaxis Assay

For purification of eosinophils, T and B cells were sequen-
tially depleted from splenocytes using anti-CD90.2 Dyna-
beads (Thermo Fisher Scientific) and anti-CD19 microbeads
(Miltenyi Biotec). Eosinophils stained with Siglec F-PE+
(BD Biosciences) were then enriched with anti-PE microbeads
(Miltenyi Biotec). Eosinophil chemotaxis assays were per-
formed as previously described (21).

Statistics

Differences between groups were compared using the
Student t test (paired, when applicable) in experiments
with =10 data points and Mann-Whitney U test in experi-
ments with <10 data points. For multiple independent group
comparison, two-way ANOVA followed by Bonferroni
posttest was performed. GraphPad Prism (La Jolla, CA)
software was used for statistical analysis.

RESULTS

TACI Deficiency Protects Mice Against Obesity-
Associated Metabolic Changes

To explore the role of TACI in obesity-induced metabolic
disease, we first assessed the weight gain in wild-type and
TACI KO mice fed the NCD and HFD. Over the course of
14 weeks, HFD-fed TACI KO mice gained significantly
less weight than the wild-type mice (Fig. 14). We next
assessed metabolic parameters to gain insight into the dif-
ference in weight gain between the mouse strains. When
oxygen consumption was normalized to whole body
weight, TACI KO mice showed increased energy expendi-
ture compared with wild-type mice. However, this differ-
ence was not apparent when the data were normalized to
lean body mass, raising the possibility that altered energy
expenditure may contribute but may not be the only factor
contributing to the decreased weight gain in TACI KO mice
(Supplementary Fig. 1A-C). Interestingly, TACI KO mice
also manifested significantly more physical activity com-
pared with wild-type mice regardless of the diet (Supple-
mentary Fig. 1D). Food consumption was not a factor in
weight gain difference (Supplementary Fig. 1E). Next, we
measured parameters associated with glucose homeostasis.
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Figure 1—TACI KO mice manifest limited dysregulation in metabolic parameters after HFD feeding. Wild-type (WT) and TACI KO mice were
fed with either NCD or HFD (60% kcal fat) for 14 weeks. A: Body weight was measured biweekly to assess weight gain. Intraperitoneal GTT (B)
and ITT (C) were performed at 14-week time point. D: Liver, SAT, and VAT of mice were isolated at the end of experiment. E: Liver weight and
the ratio of liver to body weight are plotted. A representative image and weights of SAT and VAT from both strains are shown. Data presented
as mean * SD of 15 mice in each group. ns, not significant. *P < 0.05; **P < 0.01; ***P < 0.001.

Although fasting glucose levels were comparable between
the two strains, serum insulin levels were significantly lower
in HED-fed TACI KO mice (Supplementary Fig. 24 and B).
Importantly, TACI KO mice responded significantly better
to glucose challenge in GTT (Fig. 1B) and exhibited im-
proved insulin sensitivity in ITT (Fig. 1C). Moreover, HFD-
fed TACI KO mice had lower concentrations of serum IL-6
and TNF-q, two critical inflammatory cytokines associated
with type 2 diabetes (2) (Supplementary Fig. 2C and D).
The impairment of insulin sensitivity in obesity is
typically accompanied by pathological changes in multiple
organs such as liver and AT (22). As expected, HFD-fed
wild-type mice had significantly enlarged SAT, VAT (Fig.
1E), and liver (Fig. 1D) compared with TACI KO mice.
Elevation in serum lipid levels and fat accumulation in
nonadipose tissues is a physiological consequence of high
calorie intake (23). We measured significantly reduced
accumulation of triglycerides in TACI KO mice liver and

muscle and lower serum levels compared with those of
wild-type mice (Supplementary Fig. 2E). Thus, HFD chal-
lenge experiments revealed that TACI KO mice resist weight
gain and lipid accumulation and are protected against meta-
flammation, insulin resistance, and glucose intolerance.

TACI KO mice performed better than the wild-type mice
in GTT and ITT 14 weeks after the HED regimen, at which
time point there was a significant difference in the body
weight between the two strains. For testing of whether the
difference in body weight gain contributes to improved
metabolic phenotype in TACI KO mice, GTT and ITT were
repeated in weight-matched HFD-fed wild-type and TACI
KO mice (Supplementary Fig. 3A4). Again, TACI KO mice
exhibited significantly better glucose tolerance and insulin
sensitivity (Supplementary Fig. 3B).

TACI Is Not Involved in Adipogenesis
Next, we analyzed the adipogenic capacity of TACI gene—
silenced 3T3-L1 cells because possible involvement of TACI
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in BAFF-induced adipogenesis has been proposed (11,24).
Immunofluorescence microscopy and real-time PCR anal-
ysis indicated that the suppression of TACI protein and
mRNA exceeded 50% percent in small interfering RNA
(siRNA)-transfected cells (Fig. 2A4). We found that nei-
ther the proliferation nor the adipogenic capacity of cells
was abrogated by the reduction of TACI expression (Fig.
2B and O).

Given that HFD is reported to increase serum and AT
BAFF concentrations and BAFF enhances the differentia-
tion of AT-derived mesenchymal cells toward adipocytes
(11,24), we assessed BAFF- or APRIL-induced and TACI-
mediated adipogenesis in wild-type and TACI KO mouse
AT-derived mesenchymal cells. BAFF significantly in-
creased the differentiation of wild-type and TACI-deficient
AT-derived mesenchymal cells at the same level (Fig. 2D),
while APRIL had no effect on the adipogenesis of these
cells. Taken together, these data negate the involvement
of TACI in BAFF-dependent or -independent adipocyte
differentiation.

TACI KO Mouse AT Cellularity Preserves Type 2
Immunity After HFD Feeding

Upon excess nutrient intake, AT is typically populated
with inflammation-promoting immune cells (3,25). Anal-
ysis of TCRB" cells in the SVF of perigonadal VAT con-
firmed the accumulation of insulin resistance—promoting
CD62L" CD44" effector memory CD8" T cells in HFD-fed
wild-type mice (Supplementary Fig. 44). In contrast, the
increase in TCRB", TCRB*CD8", and TCRB'CD4" cell num-
bers remained limited in the VAT of HFD-fed TACI-
deficient mice. The population of HFD-fed wild-type mice
VAT with B cells was also typical of obese mice (6), and
a comparable increase was detected in HFD-fed TACI KO
mouse VAT (Supplementary Fig. 44).

Accumulation of Mds and the shift in AT M1/M2 Md
balance in favor of M1 phenotype are hallmarks of obesity-
induced proinflammatory response (5,26). We confirmed
the accumulation of F4/80" Mds, as well as the change in
M composition in favor of F4/80"CD11c" M1-like Mds as
compared to F4/80°CD11b"CD11c” M2-like Mos in the
AT of HFD-fed wild-type mice (Fig. 3A and Supplementary
Fig. 4B). In HFD-fed TACI KO mice, in addition to the limited
Mo accumulation in VAT, the decrease in M2-like Mds
was markedly less than in wild-type mice (Fig. 3A and B).
Consistent with flow cytometry data, the expression of
M1-associated genes (TNFa, NOS, IL6, and MMP9) was
higher in sorted wild-type VAT Mds than in TACI-
deficient Mds after HFD feeding (Fig. 3C). In sharp con-
trast, the expression levels of M2-associated genes (IL10,
Argl, CCL22, ILIRN, YM1, and FIZZ1) were significantly
higher in TACI-deficient Mds (Fig. 3C). We also measured
increased BAFF expression in total VAT of HFD-fed mice,
but the increase in wild-type mice was significantly higher
than in TACI KO mice (Supplementary Fig. 5A). APRIL
expression was only increased in HFD-fed wild-type mice.
The level of TACI expression in wild-type AT Mds did not
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change significantly after HFD feeding (Supplementary
Fig. 5B and (). The increase in AT BAFF and APRIL
expression suggests that these TACI ligands may be con-
tributing to the inflamed milieu through TACI expressed
on AT Mds in wild-type mice (Supplementary Fig. 5B).
Consequently, in the absence of TACI, AT Mds likely
confer resistance to the HFD-induced metabolic changes
by maintaining their M2 phenotype.

Next, we focused on the accumulation of ILC2 and
eosinophils in VAT because these cells help sustain M2
Mds in VAT (7,27). Although wild-type and TACI KO mice
contained similar number of eosinophils in spleen, lung,
and peritoneal cavity (Supplementary Fig. 6A), under the
NCD regimen TACI KO mouse VAT contained significantly
more CD11b"Siglec F* eosinophils and CD127°CD25IL33R"
ILC2 cells than wild-type mice (Fig. 3D and E and Supple-
mentary Fig. 6B and C). HED feeding led to a reduction in
eosinophil and ILC2 frequency in both mouse groups, but
the numbers in TACI KO mice were significantly higher
than those of wild-type mice (Fig. 3D and E). Thus, the
association among ILC2, eosinophils, and M2 Mds in lean
AT (7,27) was also observed in the VAT of HFD-fed TACI
KO mice.

ERK and STAT1 Signal Pathways Are Involved in BAFF-
and APRIL-Induced Polarization of Mds
Characterization of AT M¢s in HFD-fed mice suggested
a resistance to the switch to the inflammatory M1 phe-
notype when TACI is absent. Using peritoneal Mds, we
previously showed that BAFF and APRIL can drive the
inflammatory M¢ phenotype through ERK1/2 (16). Other
molecules involved in M1 polarization of Mds include
STAT1, JAK1, JAK2, and STAT6 (28,29). For assessment
of whether BAFF and APRIL activate these molecules in
peritoneal Mds, we measured the phosphorylation of
STAT1, JAK1, JAK?2, and STAT6 in Western blot analysis.
In addition to ERK1/2, STAT1 phosphorylation was en-
hanced in wild-type M¢s with BAFF and APRIL stimu-
lation, while others were not (Supplementary Fig. 7A).
Implicating a role for TACI, both ERK1/2 and STAT1
phosphorylations were severely attenuated in stimulated
TACI-deficient Mds. The activation of ERK1/2 and STAT1
by TACI ligands was not restricted to peritoneal Mds;
BAFF and APRIL treatment also induced the phosphory-
lation of ERK1/2 and STAT1 in AT Mds of NCD- and HFD-
fed wild-type mice (Fig. 44). As expected, ERK1/2 and
STAT1 phosphorylations were ablated in BAFF- or APRIL-
treated AT Mds of TACI KO mice regardless of their diet.
Using peritoneal Mds, we previously showed that TACI-
mediated ERK1/2 activation governs the M1 polarization
of Mds because APRIL-induced IL-6, MMP-9, and CD80
upregulation could be ablated by U0126, a small-molecule
inhibitor specific for ERK1/2 (16). To test whether STAT1
is involved in BAFF- and APRIL-induced M1 polariza-
tion, we silenced the STAT1 gene in wild-type peritoneal
Mds with siRNA targeting STAT1 (Fig. 4B). Reduction in
STAT1 significantly ablated the BAFF- and APRIL-induced
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Figure 2—TACI is not required for adipogenesis. A: TACI expression in 3T3-L1 fibroblasts was determined by confocal microscope (scale
bar = 20 pm) or real-time PCR 48 h after transfection of cells with control or TACI-specific siRNA. The samples were run in duplicates, and
each experiment was repeated three times. Quantification of TACI (red) fluorescence intensity and mRNA levels were plotted. **P < 0.01. B:
The proliferation of control or TACI-specific siRNA-transfected 3T3-L1 fibroblasts was quantified by counting the live cells after exclusion of
the trypan blue—stained dead cells. The samples were run in triplicates, and each experiment was repeated three times. C: Control or TACI-
specific siRNA-transfected 3T3-L1 cells were incubated with differentiation medium for 3 days and maintenance medium for another 3 days.
Cells were fixed and lipid accumulation was monitored by Oil Red O staining. Images are presented at original magnification <200 (scale bar =
100 pwm). Lipid stains were extracted with isopropyl alcohol and quantified with spectrophotometry. Data were normalized to the mock
control, and means = SD of three experiments were plotted. D: Wild-type (WT) and TACI KO primary SAT-derived mesenchymal cells,
isolated from groups of three mice, were incubated with differentiation medium for 3 days and maintenance medium for 3 more days with or
without 100 ng/mL BAFF or APRIL. Cells were fixed and lipid accumulation was monitored by Oil Red O staining. Images are presented at
original magnification X200 (scale bar = 50 u.m). Lipid stains were extracted with isopropyl alcohol and quantified with spectrophotometry.
Data were normalized to the wild-type control, and the means + SD of four experiments were plotted. ns, not significant. “*P < 0.05.

expression of genes for IL-6, MMP-9, NOS2, and TNF-a  the STAT1 gene efficiently ablated STAT1 and P-STAT1 but
(Fig. 40C), as well as the proteins for CD80 and CD86 did not change the phosphorylation of ERK1/2, while in-
(Supplementary Fig. 7B). As show in Fig. 4B, silencing of hibition of ERK1/2 with U0126 resulted in the attenuation
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Figure 3—Changes in TACI KO mouse AT cellular composition after HFD challenge reflect type 2 immune response. A: TACI KO and wild-
type (WT) mouse SVF cells were isolated from perigonadal fat pad and analyzed by flow cytometry. Isolated cells were stained with F4/80, CD11b,
and CD11c antibodies to enumerate M1-like and M2-like M¢s. (See Supplementary Fig. 3B for gating strategy.) Data presented as mean + SD of
15 mice. B: SVF cells were further purified by density centrifugation with 30 and 70% Percoll gradient, and Mds were positively collected using
F4/80 antibodies and magnetic-activated cell sorting technology. CD206 expression on isolated Mds was measured by flow cytometry. Data
presented as mean * SD of 10 mice. C: Isolated M¢s were also used to quantify the expression levels of M1- and M2-associated genes in real-
time PCR. Data presented as mean = SD of 15 mice per group. D: Perigonadal fat pad SVF cells were gated with CD11b and Siglec F antibodies
to quantify eosinophil numbers. (See Supplementary Fig. 5B for gating strategy.) Data presented as mean + SD of 10 mice. E: Antibodies against
CD25, CD127, and IL-33R molecules were used to quantify ILC2 cells. (See Supplementary Fig. 5C for detailed gating strategy.) Data presented
as mean * SD of 10 mice. Quantification of M¢s, eosinophils, and ILC2 was shown as cell numbers of fluorophore-positive cells in 1 g of VAT
tissue. Iso, isotype; MFI, mean fluorescence intensity; ns, not significant. *P < 0.05, **P < 0.01, and **P < 0.001. #P < 0.05 and ##P < 0.01.

of both ERK1/2 and STAT1 phosphorylation induced by STAT1. Thus, in HFD-fed TACI KO mice, the ablation of
BAFF and APRIL (Supplementary Fig. 7C). These obser- BAFF- and APRIL-induced phosphorylation of ERK1/2 and
vations suggested that ERK1/2 functions upstream of STATI likely prevents the M1 polarization of AT Mds.
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Figure 4—Impaired BAFF- and APRIL-induced ERK/STAT1 signaling is responsible for the M2 polarization of TACI-deficient Mds. A: AT Mds
from TACI KO or WT HFD mice were stimulated with APRIL plus BAFF for 24 h. Total and phosphorylated ERK1/2 and STAT1 were detected
by Western blot analysis. One out of three experiments with similar results is shown. B: Peritoneal Mds from wild-type (WT) mice were
stimulated with APRIL plus BAFF for 24 h after transfection with control or STAT1 siRNA. Total and phosphorylated forms of STAT1 and
ERK1/2 were detected by Western blot analysis. One out of three experiments with similar results is shown. C: The expression of M1-

associated genes in these cells was analyzed by real-time PCR. Data
*P < 0.05, P < 0.01.

presented are the mean = SD of three experiments. ns, not significant.

Transfer of TACI KO Mds Is Sufficient to Improve
Glucose Homeostasis in Obese Recipient Wild-Type
Mice

Since Mds are important contributors to the protection
afforded by type 2 immune response in AT (30), and TACI
influences the M¢ phenotype, AT cellular composition
analysis experiments suggested a role for M2-skewed Mdbs
in the protection of TACI KO mice from HFD-induced
metabolic disease. However, the global KO mouse used
in our experiments prevents us from excluding the par-
ticipation of other cell types in the resistance of the TACI
KO mouse to HFD-induced metabolic disease. To exclude
the contribution of host genetic factors, and to definitively
examine the role of TACI-deficient Mds, we performed
adoptive transfer experiments. We preferred adoptive
transfer experiments to bone marrow chimera experi-
ments because a recent study reported that circulating
monocytes and tissue Ms exhibit M2-skewed phenotype
after bone marrow transplantation (31). The increase in
the inflammatory Md population in AT is primarily at-
tributed to the chemokine-induced accumulation of mono-
cytes from the periphery, although more recent reports
suggest the contribution by the proliferation of local tissue
resident Mds also (32,33). We used peritoneal Mds from
HFD-fed mice to understand the impact of peripheral Mdbs

on established metabolic changes in obese wild-type mice.
We began by assessing the glucose metabolism in obese
wild-type mice after the transfer of Mds from HFD-fed
TACI KO or wild-type mice. TACI KO mice that received
Mds from HFD-fed wild-type or TACI KO mice served as
control. Two weeks after the transfer of TACI-deficient
Mds, HFD-fed wild-type mice exhibited lower blood in-
sulin, IL-6, and TNF-« levels than the PBS-injected group
(Fig. 5A-C). In sharp contrast, mice that received wild-type
Mds had increased serum insulin, IL-6, and TNF-a com-
pared with PBS-injected mice. No remarkable change in
brown fat, liver, SAT, or VAT weights or in basal blood
glucose level was detected in these mice (Supplementary
Fig. 8A and B). Recipients of TACI-deficient Mds gained
significantly less weight than those that received PBS at
2 and 4 weeks after Md transfer (Fig. 5D). Wild-type Mdbs
transferred into HFD-fed wild-type mice aggravated in-
sulin resistance in the recipient mice, though without
a substantial impact on glucose tolerance (Fig. 5E). By
contrast, recipients of TACI-deficient Mdbs manifested
significantly improved glucose tolerance and insulin re-
sistance compared with PBS-injected mice (Fig. 5E). Sim-
ilar effects of donor Mds were observed in TACI KO
recipient mice, albeit with greater influence of wild-type
Mds in worsening glucose tolerance and insulin sensitivity
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Figure 5—Transfer of TACI-deficient Ms improves glucose homeostasis in obese wild-type (WT) mice. Peritoneal Ms were isolated from
HFD-fed WT or TACI KO mice and transferred into either HFD-fed WT or TACI KO recipient mice. NCD-fed mice and PBS-injected mice
served as controls. After 14 days, basal serum insulin (A), IL-6 (B), and TNF-« (C) levels were assessed. D: The increase in body weight 2 and
4 weeks after the transfer of peritoneal M$s or PBS was determined. NCD-fed WT mice served as control. E: Intraperitoneal GTT and ITT were
also performed 14 days after M¢ transfer. Data presented as mean = SD of five mice per group. In GTT and ITT groups, statistical
comparisons were made with PBS-injected HFD-fed WT mice. ns, not significant. *P < 0.05; **P < 0.01.

than the beneficial effect of TACI-deficient Mds on these
parameters (Supplementary Fig. 8C).

Given the significance of TACI in B-cell hemostasis and
the role of B cells in regulating insulin sensitivity in VAT
(6,9), we also examined the influence of TACI-deficient B
cells in the resistance of TACI KO mice to obesity-induced
dysregulation of glucose homeostasis. B-cell adoptive trans-
fer experiments revealed that B cells from HFD-fed TACI
KO or wild-type mice did not alter the metabolic disease
parameters in obese wild-type mice (Supplementary Fig. 9).

Next, we sought to determine whether Mds isolated
from the AT of mice exposed to high calorie intake would
also alleviate the metabolic dysfunction in obese wild-type
mice. As in peritoneal Md-transfer experiments, transfer
of Mds isolated from the AT of HFD-fed TACI KO mice
improved the glucose and insulin tolerance of obese wild-
type mice 2 weeks after the transfer (Supplementary Fig.
10A). Also resembling the results of peritoneal M¢-transfer

experiments, adoptively transferring TACI-deficient AT
Mds decreased the serum insulin concentrations (Supple-
mentary Fig. 10B). Ms isolated from the wild-type AT, on
the other hand, did not impact the metabolic parameters
in the recipient mice (Supplementary Fig. 10A). Taken
together, the adoptive transfer experiments indicated
that TACI-deficient Mds are responsible for the resistance
of TACI KO mice to the development of metabolic disease in
response to high calorie intake.

Anti-inflammatory Cells Populate the Obese Mouse
VAT After TACI KO M¢ Transfer

Next, we explored whether adoptively transferred Mds
modify recipient mouse VAT cellular composition. First,
we determined that CD45.1" donor Mds could populate
the VAT of CD45.2" recipient mice (Supplementary Fig.
11A). Assessments made 14 days after the transfer in-
dicated that injection of Ms from HFD-fed wild-type mice
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Figure 6 —Populations of M2-like Mds and eosinophils increase in obese wild-type (WT) mouse VAT after the adoptive transfer of TACI-
deficient Mds. Peritoneal Ms were isolated from HFD-fed WT or TACI KO mice and transferred into either HFD-fed WT or TACI KO recipient
mice. NCD-fed mice and PBS-injected mice served as controls. After 14 days, SVF cells were isolated from VAT of WT and TACI KO recipient
mice and analyzed by flow cytometry. F4/80" Mds (A) were gated, and CD11b*CD11c™ or CD11c* subpopulations (B) were quantified (C and
D). Eosinophils of VAT were also analyzed and quantified based on Siglec F and CD11b staining (E and F). Data presented as mean = SD of
five mice per group. ns, not significant. *P < 0.05, **P < 0.01, and **P < 0.001.

resulted in a significant increase in F4/80°CD11c" Mds
while decreasing the number of F4/80"CD11b"CD11c™
Mds in either recipient mouse without changing the total
number of VAT Mds (Fig. 6A-D). By contrast, Mds from
HFD-fed TACI KO mice significantly increased the pop-
ulation of F4/80"CD11b*CD11c¢™ anti-inflammatory Mds
and decreased the F4/807CD11c" proinflammatory Mds
in the VAT of either recipient mouse (Fig. 6C and D). To
define the source of M2-like Mds that populate the VAT
after TACI-deficient M transfer, we transferred CD45.2*
Mds from HFD-fed TACI KO mice into CD45.1" HFD-fed
wild-type mice. Two weeks after the transfer, ~18% of
the VAT Mds in the host were CD45.2" TACI-deficient
cells (Supplementary Fig. 11B and C). Moreover, these
cells maintained their M2 phenotype in the host VAT, as
evidenced by lower expression of CD86 and higher expres-
sion of CD206 molecules (Supplementary Fig. 11B and D).
Interestingly, compared with PBS-injected mice, CD45.1"
host VAT Mds also expressed significantly lower levels

of CD86 and higher levels of CD206 after the transfer of
TACI KO Mds, suggesting a switch to M2 phenotype of
these Mds (Supplementary Fig. 11D). Thus, the trans-
ferred TACI-deficient Mds not only preserved their M2
phenotype in the host but were also able to influence the
phenotype of host VAT Mds.

Analysis of other cell types in the recipient mouse VAT
indicated that numbers of ILC2, CD4", and CD8" T cells
as well as their activated subsets remained unchanged
after the transfer of Mds (Supplementary Fig. 12A-C).
However, wild-type Mds decreased and TACI-deficient
Mds increased eosinophil numbers in the recipient
mice compared with PBS-injected mice (Fig. 6E and F).
TACI-deficient Mdbs are likely responsible for the pop-
ulation of host VAT with eosinophils because we mea-
sured significantly higher expression of the eosinophil
chemotactic factor, eotaxin-2 (34), in VAT-resident
TACI-deficient Mds than wild-type Mds (Fig. 7A), and
CM from TACI-deficient VAT Mds induced significantly
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Figure 7 —Expression of eosinophil chemotactic factors by VAT and chemotaxis of eosinophils induced by CM from VAT Mds. A: SVF cells of
HFD- or NCD-fed wild-type (WT) or TACI KO mice were purified by density centrifugation with 30 and 70% Percoll gradient. Mdbs were
positively collected using anti-F4/80 antibodies and MACS technology. Eotaxin-1, eotaxin-2, TARC, and MIP-18 mRNA were quantified in
real-time PCR. Data presented as mean * SD of five mice. B: Splenic eosinophils (2 X 10° per Transwell insert) were placed into the upper
chamber of Transwell plate with DMEM/F12 “control” medium or CM from VAT Més in the lower chamber and incubated at 37°C for 2 h. For
neutralization of eotaxin-2, CM were incubated at room temperature with 2 p.g/mL anti-eotaxin-2 antibody for 30 min. Total numbers of live
cells that had migrated into the lower side of insert and the bottom chamber were counted. Data presented as mean = SD of five mice. *P <

0.05; **P < 0.01.

more eosinophil chemotaxis than CM of wild-type Mds,
which was inhibited by a neutralizing anti-eotaxin-2
antibody (Fig. 7B). The other eosinophil-related chemo-
kines eotaxin-1, thymus and activation-induced chemo-
kine (TARC), and M¢ inflammatory protein (MIP)-1j3
(34) were not likely to be involved in the recruitment of
eosinophils because their levels were not elevated in TACI
KO Més (Fig. 7A).

Insulin Sensitivity Is Preserved in HFD-Fed TACI KO
Mice, and the VAT Mds From TACI KO Mice Enhance
Insulin Sensitivity of Adipocytes

Increased secretion of TNF-a and IL-6 and reduced release
of IL-10 by AT Mds are detrimental to insulin signaling
(2,35). Our adoptive transfer experiments pointed to the
M2-skewed TACI-deficient Mds and the anti-inflamma-
tory cytokines secreted by them as the plausible
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Figure 8 —TACI-deficient M$s sensitize wild-type (WT) adipocytes to insulin stimulation. A: Mean TNF-a, IL-6, and IL-10 levels in culture
supernatants of WT and TACI-deficient VAT Mds are shown (n = 15 for each group). B: HFD-fed WT mouse SAT fractions were cultured in CM
collected from VAT Mds of HFD-fed WT or TACI KO mice for 3 days and then starved for 24 h. After starvation, cells were stimulated with
insulin and extracted proteins were subjected to Western blot analysis. One of three experiments with similar results is shown. C: Ratios of
P-IRS-1, P-Akt, and P-ERK1/2 band densities in CM-stimulated VAT fractions to their corresponding total proteins were calculated. Mean
fold induction relative to basal levels from three experiments is shown. D: WT mouse VAT fractions were cultured for 3 days in CM from HFD-
fed TACI-deficient Ms with IgG1 or a-IL-10 antibodies. After 3 days of starvation and insulin stimulation, proteins were extracted and
subjected to Western blot analysis. One of three experiments with similar results is shown. ns, not significant. *P < 0.05; **P < 0.01; **P <
0.001.
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mechanism for the resistance of HFD-fed TACI KO mice
to metabolic disease. Supporting this hypothesis, we found
elevated levels of TNF-a and IL-6 in the culture super-
natants of HFD-fed wild-type mouse Md¢s compared with
those of TACI KO mice (Fig. 84). More importantly, both
the NCD- and HFD-fed TACI-deficient M¢$ CM contained
significantly higher levels of IL-10 (Fig. 84). Since IL-10,
TNF-a, and IL-6 directly influence the responses of adi-
pocytes to insulin (2,35), we probed the effects of CM from
TACI KO and wild-type mice Mds on the sensitivity of
AT to insulin. As expected (36), CM from wild-type Mds
significantly suppressed insulin-induced phosphorylation
of IRS-1, ERK1/2, and Akt compared with cells stimulated
with insulin in control media (Fig. 8B and C). By con-
trast, insulin induced a robust phosphorylation of IRS-1,
ERK1/2, and Akt in cells incubated with CM from TACI-
deficient Mds. Moreover, the insulin-sensitizing activity
of CM from TACI-deficient Ms could be abrogated by an
IL-10-neutralizing antibody (Fig. 8D). These results were
corroborated in IR kinase activity assay, where we measured
higher levels of tyrosine kinase activity in lysates of SAT
stimulated with TACI-deficient M$-CM than those stimu-
lated with CM from wild-type Mds (Supplementary Fig.
13A). Moreover, the IR kinase activity elicited by CM from
TACI-deficient Mds was significantly inhibited by anti-IL-
10 antibodies. Similarly, CM from TACI-deficient Mdbs
potentiated insulin signaling in 3T3-L1 differentiated adi-
pocytes (Supplementary Fig. 13B and C). Promotion of
insulin sensitivity in adipocytes by TACI-deficient Mds
suggested that enhanced insulin sensitivity in metabolically
important organs is likely responsible for the improved ITT
in HFD-fed TACI KO mice. To test this hypothesis, we
measured Akt phosphorylation in liver, muscle, and VAT
of HFD-fed mice after insulin injection. As expected (37),
all three tissues of HFD-fed wild-type mice demonstrated
impaired Akt phosphorylation after insulin injection (Sup-
plementary Fig. 14A and B). In contrast, Akt phosphoryla-
tion levels remained high in all three TACI KO mouse tissues
after HFD feeding. Thus, preservation of IR-transduced
signaling strength by molecules secreted from Mds (such
as IL-10) is responsible for the protection of TACI KO from
HFD-induced glucose dysregulation.

DISCUSSION

Using an HFD-induced metabolic disease model, we uncovered
a direct role for TACI in the development of obesity-mediated
inflammation and dysregulation of glucose metabolism. The
TACI KO mice not only were protected against HFD-induced
metaflammation, obesity, and insulin resistance but also
manifested reduced weight gain. We excluded a BAFF-
dependent or -independent role for TACI in the differenti-
ation of precursor cells toward mature adipocytes. Thus,
unlike in BAFF- or BAFF receptor—deficient mice (15,24),
the resistance of TACI KO mice to metabolic disease is
independent of a role for TACI expressed in adipocytes.
Instead, the M2 phenotype of TACI-deficient Mds is likely
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to be responsible for maintaining systemic glucose homeo-
stasis by preventing inflammation in AT, which is indepen-
dent of weight gain as illustrated in weight-matched animals
and through adoptive transfer experiments.

In TACI KO mice, higher energy expenditure may be
responsible for the limited weight gain after HFD feeding,
although we cannot rule out contributions by other fac-
tors, since energy expenditure per lean body weight did not
differ between wild-type and TACI KO mice. A correlation
between reduced energy expenditure and decreased weight
gain has been reported for other mouse strains in which
M2-polarized Mds are responsible for improved glucose
metabolism (7,38). We also observed increased locomotor
activity in TACI KO mice independent of diet. Although
the reasons for the heightened physical activity are not
known, requiring further investigation, the contribution
of activity to higher energy expenditure in TACI KO mice is
likely limited because both human and rodent studies have
shown that unlike in acute exercise, energy expenditure
decreases after longer-term training as a result of com-
pensatory mechanisms such as muscle efficiency (39,40).
Supporting this hypothesis, there was no weight difference
between NCD-fed TACI KO and wild-type mice despite
increased physical activity in TACI KO mice.

The overall cellular composition of HFD-fed TACI KO
mouse AT shares similarities with that of lean mice,
especially in regard to elevated numbers of M2-skewed
Mds, eosinophils, and ILC2 (5,7,27). Adoptive transfer
experiments with peritoneal and AT Mds solidified the
role of TACI-deficient Mds in alleviating obesity-related
dysregulation of glucose tolerance and insulin resistance.
Interestingly, cellularity analysis in host AT indicated that
the donor TACI-deficient Mds not only maintained their
M2 status in the host AT but also promoted in situ increase
of host M2 Mds (Supplementary Fig. 15). Elevated number
of host M2 Mds in AT is likely a result of the increase in
eosinophil population, since eosinophils promote M2 po-
larization of Mds by secreting IL-4 (27). Accumulation of
eosinophils in AT after the transfer of TACI-deficient Ms
is especially interesting because Wu et al. (27) suggested
a hierarchal relationship between eosinophils and Mds,
where the recruitment of eosinophils by ILC2 to the lean
AT facilitates the polarization of AT Mdbs toward the
M2 phenotype through secretion of IL-4 and IL-13 (7).
In adoptive transfer experiments, we demonstrated that
wild-type mouse AT was populated with eosinophils
after the transfer of TACI-deficient Mds. The fact that
anti-eotaxin-2 antibodies could block the chemotaxis of
eosinophils induced by TACI-deficient Ms suggests that
M2 Mds participate in the accumulation of eosinophils in
AT (27).

Using peritoneal Mds, we previously demonstrated that
TACI mediates M1-polarizing signals through an ERK1/2
pathway (16). In this study, analysis of signaling in AT
Mds confirmed the role of an ERK1/2 pathway in M1
polarization and identified the involvement of STAT1
downstream of ERK1/2. The phosphorylation of both
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these molecules was abrogated in BAFF- and APRIL-stim-
ulated TACI-deficient Mds, which maintained their M2
phenotype.

The TACI-deficient strain used in our studies has ele-
vated B-cell numbers compared with wild-type mice (41).
However, the potentially harmful consequence of elevated
B-cell lymphoproliferation is likely mitigated by a concom-
itant reduction in immunoglobulin levels associated with
the prominent role for TACI in the development of plasma
cells (9,10,41). A beneficial effect of B-cell lymphoprolif-
eration due to a proportional increase in the number of
protective TGF-B- and IL-10-secreting B cells is also not
expected in TACI KO mice because TACI mediates BAFF-
induced expansion of IL-10-expressing B cells (42). Adoptive
transfer experiments confirmed the absence of a protective
role for TACI-deficient B cells in HFD-induced dysregulation
of glucose metabolism.

Conditioned media from TACI-deficient Mds contained
lower levels of TNF-a and IL-6 and a higher level of IL-10
than those of wild-type Mds. M2 Mds are believed to
promote insulin sensitivity by blocking the effects of in-
flammatory cytokines such as TNF-a through the pro-
duction of anti-inflammatory cytokines, such as IL-10 (43).
Indeed, CM from HED-fed TACI-deficient Mdbs enhanced
insulin-induced IRS, Akt, and ERK1/2 phosphorylation,
whereas media from HFD-fed wild-type Mds suppressed
insulin signaling (Supplementary Fig. 15).

In conclusion, we identified a unique role for TACI in
promoting obesity and insulin resistance by mediating
signals that support the polarization of AT Mds toward
the M1 phenotype. Our results are consistent with a spec-
trum of studies recognizing AT accumulated M1 Mds as
the main source of proinflammatory cytokines that block
insulin signaling and the M2 Mds as the source of anti-
inflammatory cytokines that promote insulin sensitivity
(30,44-49). The therapeutic outcome in obese wild-type
mice after TACI-deficient M¢ transfer provides proof of
concept in targeting TACI to improve symptoms associated
with metabolic disease. TACI inhibition strategies may
rely on neutralizing TACI ligands with the help of soluble
TACI-fc molecule, although safety can be a concern with
systemic inhibition of TACI ligands (50). The use of in-
hibitory peptides targeting signaling molecules down-
stream of TACI can be a safer alternative because selective
inhibition of TACI is expected to allow the B cells to
receive the crucial survival signals mediated by BAFF-
BAFF receptor interaction (9). Finally, M¢ transfer
experiments also suggest that the injection of in vitro M2-
polarized monocytes into patients with type 2 diabetes
may offer therapeutic benefits.
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