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approach for developing insulin-sensitizing therapeutics.

Introduction

The global epidemic of type 2 diabetes is increasing at an alarm-
ing rate in both Westernized and developing countries. In the
United States alone, it is estimated that there are at least 30 mil-
lion people with this disease (1, 2). Metabolic syndrome is 2 to 3
times more prevalent than type 2 diabetes and is usually the pre-
cursor state for this disease (3), indicating that this type 2 diabe-
tes epidemic will not abate in the near future. Insulin resistance
is a key etiologic feature of the metabolic syndrome and type 2
diabetes, and obesity is far and away the most common cause of
insulin resistance in humans (4-6). There is a well-known par-
allel global epidemic of obesity, and the great majority of type 2
diabetic patients are obese (1, 2). Therefore, it seems logical to
conclude that the obesity epidemic is the underlying driver of the
type 2 diabetes epidemic.

It is well established that chronic tissue inflammation, par-
ticularly in adipose tissue, is a characteristic feature of obesity in
both rodents and humans, and many studies have demonstrat-
ed that this chronic inflammatory state is a key contributor to
decreased insulin sensitivity (7-11). Macrophages and different
T cell subtypes have been particularly well studied, and several
secretory factors that can cause decreased insulin sensitivity have
already been identified (12-18). Less is known about the role of
B cells in this process, but reports demonstrate that an increased
composition of B cells is also a feature of adipose tissue in obesity
(19-21). In addition, genetic depletion of B cells partially prevents
the effects of HFD in inducing adipose tissue inflammation and
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Tissue inflammation is a key component of obesity-induced insulin resistance, with a variety of immune cell types
accumulating in adipose tissue. Here, we have demonstrated increased numbers of B2 lymphocytes in obese adipose tissue
and have shown that high-fat diet-induced (HFD-induced) insulin resistance is mitigated in B cell-deficient (B™") mice.
Adoptive transfer of adipose tissue B2 cells (ATB2) from wild-type HFD donor mice into HFD B™" recipients completely
restored the effect of HFD to induce insulin resistance. Recruitment and activation of ATB2 cells was mediated by signaling
through the chemokine leukotriene B4 (LTB4) and its receptor LTB4R1. Furthermore, the adverse effects of ATB2 cells on
glucose homeostasis were partially dependent upon T cells and macrophages. These results demonstrate the importance
of ATB2 cells in obesity-induced insulin resistance and suggest that inhibition of the LTB4/LTB4R1 axis might be a useful

insulin resistance (19-21). Thus, B cells can modulate adipose
tissue function in obesity; however, the operative B cell subtypes
and the mechanisms for recruitment and activation of these cells
are poorly understood.

Leukotriene B4 (LTB4) is an arachidonic acid-derived proin-
flammatory lipid mediator that is produced through the sequential
activities of 5-lipoxygenase, 5-lipoxygenase-activating protein,
and leukotriene A, hydrolase (22, 23). LTB4 binds with high affini-
ty to its G protein-coupled receptor, LTB4R1 (also known as BLT1)
(24). After specifically binding to LTB4R1, LTB4 exerts robust
effects to promote leukocyte infiltration into various tissues and
regulates proinflammatory cytokine production (25-29). Previous
studies have demonstrated effects of the LTB4/LTB4R1 axis on
recruitment and activation of macrophages in the context of obe-
sity (30-34). In addition, LTB4 can exert direct effects on hepato-
cytes and myocytes to impair insulin signaling (34).

In the current study, we report that adipose tissue B2 (ATB2)
cells accumulate in obesity and contribute to insulin resistance
and glucose intolerance. These effects are partially dependent on
T cells and macrophages. Finally, depletion of LTB4R1 prevents
B2 cell recruitment into visceral fat depots, mitigating the contri-
bution of B2 cells to the pathogenesis of obesity-induced adipose
tissue inflammation and insulin resistance.

Results

Expression pattern of LTB4RI in tissue-resident B cells. B cell
recruitment to adipose tissue is increased in obesity. Thus, while
accounting for approximately 10% of stromal vascular cells
(SVCs) inlean adipose tissues, B cells can compose approximate-
ly 20% of SVCs in obesity (Figure 1A). Most of these recruited
adipose tissue B cells exhibit a B2 cell phenotype (CD19*CD5",
Figure 1A). Our previous data also showed increased ATB2 cell
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Figure 1. LTB4R1 expression pattern in various tissue-resident B2 cells. (A) The population of the B cell subsets B1 cell (CD19*CD5*) and B2 cell (CD19*CD57)
in VAT of LFD- and HFD-fed WT mice, shown quantitatively to the right. (B and €) GTTs and ITTs of HFD-fed B™" and WT mice. (D and E) Gene expression of
Ltb4r1 and its protein level in spleen and VAT B2 cells of HFD-fed WT mice. Data are presented as mean + SEM. n = 6 per group (A-E). *P < 0.05, **P < 0.01,
***p < 0.001, Student’s t test (A, D, E); 1-way ANOVA with Bonferroni's post test (B and C).

content in human obesity. Thus, in a study of insulin-resistant
obese (BMI 35.6 * 1.4 kg/m?) and lean subjects (BMI 24.6 + 0.8
kg/m?), the expression level of the human B2 cell marker B220
(protein tyrosine phosphatase receptor type C [PTPRC]), as
measured by Affymetrix Human Genome microarrays, was 2.7-
fold elevated in obese adipose tissue (35).

The B cell-deficient (B™") mouse lacks B cells due to a muta-
tion preventing expression of Ighm (36). Importantly, depletion
of B cells improves glucose tolerance and insulin sensitivity in
high-fat diet (HFD)/obese mice, indicating a critical role for
recruited B cells in obesity-related metabolic disorders (Figure
1, B and C). The chemokine LTB4 and its receptor LTB4R1 are
known to mediate macrophage recruitment to obese adipose
tissue, which promotes insulin resistance (31, 34). To examine
the expression pattern of LTB4R1 in distinct tissue B2 cells,
we isolated B2 cells from spleen and the visceral adipose tis-
sue (VAT) of obese WT mice. Compared with naive splenic B2
cells, the recruited VAT B2 cells exhibited substantially greater
Ltb4r1 gene expression (Figure 1D). Our flow cytometry analy-
ses confirmed increased LTB4R1 protein expression on the cell
surface of VAT-resident B2 cells compared with splenic B2 cells
(Figure 1E). We also detected expression of LTB4R1 in B1 cells
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(CD19*CD5"); however, there was no difference in LTB4R1 lev-
els between splenic and adipose-resident B1 cells (Supplemen-
tal Figure 1; supplemental material available online with this
article; doi:10.1172/JCI90350DS1). Based on these findings, we
have explored the effect of the LTB4/LTB4R1 axis on the activi-
ty and function of B2 cells in the context of obesity.

The LTB4/LTB4R1 axis promotes B2 cell chemotaxis. Giv-
en the robust expression of LTB4R1 on recruited B2 cells, we
next examined whether the LTB4/LTB4R1 axis plays a role in
B2 cell chemotaxis. In in vitro Transwell chemotaxis assays
(34, 37), LTB4 led to a dose-responsive increase in splenic
B2 cell migration (Figure 2A), and these effects were absent
using splenic B2 cells isolated from Ltb4r1 knockout (hereaf-
ter referred to as Ltb4r1KO) mice. In addition, cotreatment
with the LTB4R1 inhibitor (CP-105696) completely blocked
LTB4-induced B2 cell chemotaxis (Figure 2B).

We measured adipose tissue LTB4 levels and found a 2- to
3-fold increase in VAT from HFD mice, compared with lean low-
fat diet-fed (LFD-fed) mice (Figure 2C). Interestingly, when we
isolated primary adipocytes and SVCs from VAT of HFD WT
mice, we found that adipocytes secreted a substantial amount of
LTB4, while SVCs secreted much less (Supplemental Figure 2).
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Figure 2. Ltb4r1KO blunts LTB4-mediated B2 cell chemotaxis both in vitre and in vivo. (A) In vitro B2 cell chemotaxis in response to LTB4 treatment.

(B) Effect of LTB4R1 inhibitor (100 nM) on LTB4-mediated (50 nM) B2 cell chemotaxis. (C) LTB4 concentration in VAT of LFD- and HFD-fed WT mice. (D)
Schematic diagram illustrating in vivo tracking of PKH26-labeled WT and Ltb4r1KO donor B2 cells in WT recipient mice. Recruitment of CD19*PKH26" cells
into VAT (E and F) and peritoneal cavity (G and H) of WT obese and lean recipient mice. Data are presented as mean + SEM. n = 6-8 per group (A-C); n =6
per group (E-H). *P < 0.05, **P < 0.01, ***P < 0.001, Student's t test (A, C, E-H); 1-way ANOVA with Bonferroni's post test (B).

To test the role of LTB4 and LTB4R1 on ATB2 cell recruitment
in vivo, WT splenic B2 cells were labeled with the fluorescent
dye PKH26 and transferred to either lean or obese WT recipi-
ent mice via i.v. injection (Figure 2D). After 5 days of adoptive
transfer, PKH26-labeled B2 cells were quantified in the recip-
ient mice using flow cytometric analyses. Consistent with the
increased LTB4 levels in the obese recipients, we found a robust
increase in PKH26*CD19* B2 cells recruited into the VAT or peri-
toneal cavity of obese WT recipient mice compared with lean
WT recipient mice (Figure 2, E-H). Interestingly, the number of
PKH26-labeled Ltb4rIKO B2 cells tracking to the VAT or perito-
neal cavity of obese WT recipient mice was much lower than in
WT B2 cells (Figure 2, E and G). In the lean recipient mice with
low tissue LTB4 levels, ATB2 cell content was minimal and the
LTB4R1 knockout did not affect recruitment of PKH26* WT B2
cells (Figure 2, F and H). Taken together, these in vitro and in
vivo results demonstrate that the LTB4/LTB4R1 axis exerts sub-
stantial effects on B2 cell recruitment during obesity.

Loss of LTB4R1 impairs obesity-induced B2 cell recruitment into
adipose tissue. Given the role of LTB4R1 in LTB4-induced B2 cell
recruitment, we next measured B2 cell accumulation in obese WT
and Ltb4rIKO mice. The CD19*CD5" B2 cell population in the
spleen and peripheral circulation of HFD-fed Ltb4rIKO mice was
comparable to that of HFD-fed WT mice (Figure 3, A and B). How-
ever, knockout of Ltb4r1led to a marked reduction in accumulation
of B2 cells in VAT of obese mice, as shown by flow cytometry and
immunohistochemistry staining (Figure 3, C and D). Consistent
with our recent studies, the HFD-fed Ltb4rIKO mice displayed
increased glucose tolerance and insulin sensitivity compared with
obese WT mice (Supplemental Figure 3). Therefore, these results
suggest that the reduction in B2 cell recruitment to VAT may be an
important contributor to the improved insulin sensitivity seen in
obese Ltb4rIKO mice.

The effects of B2 cells in inducing glucose intolerance and insulin
resistance are LTB4R1 dependent. To further explore the importance
of B2 cells and LTB4R1 in the pathogenesis of tissue inflammation
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Figure 3. Ltb4r1KO mice exhibit reduced B2 cell accumulation in VAT during obesity. The population of CD19*CD5" B2 cells in the peripheral blood (A),
spleen (B), and VAT (C) of WT and Ltb4r1KO mice fed HFD for 12 weeks. (D) B220* B cells in VAT (ATB) of HFD-fed WT and Ltb4r1KO mice detected by
immunostaining analysis. Scale bar: 100 pm. (D) Representative images shown from 4 independent experiments. Data are presented as mean + SEM.

n = 6-8 per group (A-C). **P < 0.01, Student’s t test.

and insulin resistance, WT ATB2 cells or Ltb4rIKO ATB2 cells
were isolated from HFD mice by flow cytometry. The ATB2 cells
(4 x 10°) were then adoptively transferred into 10-week-old HFD
B! recipient mice. Body weight gain and food intake were mon-
itored 2 weeks after transfer, and no differences were observed
between the obese B™! recipient groups (Supplemental Figure 4,
A and B). After 2 weeks, the obese B™! recipient mice engrafted
with WT ATB2 cells (referred to as B™'/WT ATB2 mice) showed
substantial glucose and insulin intolerance compared with obese/
HFD control B™! mice (Figure 4, A and B). In contrast, obese B™!
recipient mice adoptively transferred with Ltb4rIKO ATB2 cells
(referred to as B™!/Ltb4rIKO ATB2 mice) did not develop glucose
or insulin intolerance and maintained levels comparable to those
of the control B™! mice (Figure 4, A and B). Insulin levels were
similar between these obese B™! recipient mice (Supplemental
Figure 4C). We also observed increased adipose tissue production
of proinflammatory cytokines including Tnfa, /1, and 116 in B™!/
WT ATB2 mice compared with control B! or B! /Lth4r1KO ATB2
mice (Figure 4, C and D). This elevated inflammatory response
was confirmed by finding increased activation of NF-«B signaling
in the fat pads of obese B™!/WT ATB2 mice (Figure 4E).

In addition, insulin-stimulated adipose tissue Akt phosphor-
ylation was decreased in B™!/WT ATB2 mice compared with
control B™! mice, with no significant change in B™!/Ltb4r1KO
ATB2 mice (Figure 4F). Since B2 cell adoptive transfer clearly
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confers systemic glucose intolerance and insulin resistance, we
also examined insulin signaling in liver and muscle. As seen in
Supplemental Figure 5, insulin-stimulated AKT phosphorylation
was decreased in both of these tissues, comparable to the effects
in adipose tissue, consistent with the systemic insulin-resistant
state. Collectively, these results suggest that the LTB4/LTB4R1
axis regulates B2 cell recruitment in adipose tissue, contributing
to the development of obesity-associated tissue inflammation
and insulin resistance.

Flow cytometry analysis also identified marked differences
in adipose tissue immune cell populations in B™!/WT ATB2 mice
versus B™!/Ltb4rIKO ATB2 mice. Transfer of WT ATB2 cells
led to a marked increase in total VAT CD45*CD19* B cells com-
pared with control B™! mice (Figure 4G). In contrast, Ltb4rIKO
ATB2 cell transfer led to a much smaller increase in the VAT
CD45'CD19" B cell population (Figure 4G). In addition, trans-
ference of WT B2 cells led to an increased number of type 1 Th
cells (Thl; IFN-y*CD4*) with no change in Th2 (IL-4*CD4") or
Tregs (Foxp3'CD4") in the VAT (Figure 4H). IFN-y*CD8" T cells
were also increased in the B™!!/WT ATB2 mice (Figure 41). Finally,
WT ATB2 cell transfer led to an increase in M1-like macrophages
(CD11b*F4/80°CD11¢*CD206" cells) in VAT compared with con-
trol mice (Figure 4]). In contrast, adoptive transfer of Ltb4rIKO
ATB2 cells into B™! mice was without effect on VAT T cell or mac-
rophage populations (Figure 4]).
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Metabolic effects of ATB2 cells are partially dependent upon T
cells and macrophages. B2 cells can act by modulating the recruit-
ment or activation of adipose tissue macrophages and/or T cells.
In an effort to deconvolute the metabolic consequences of B2
cell interactions with either macrophages or T cells, we pretreat-
ed HFD B!, HFD B™!/WT ATB2, or HFD B™!/Ltb4rIKO ATB2
mice with either clodronate or anti-CD4/CD8 antibodies prior
to adoptive transfer. The rationale was that clodronate leads to
depletion of macrophages, whereas antibody treatment causes
depletion of CD4*CD8" T cells (Supplemental Figure 6) (38-41).
Antibody-mediated T cell depletion in HFD B™! mice led to an
improvement in glucose tolerance as well as insulin sensitivity
(Figure 5A). This indicates an important effect of T cells on glu-
cose and insulin metabolism in the complete absence of B cells. In
the clodronate-treated HFD B™!! mice, there was an even greater
improvement in glucose and insulin tolerance, and this effect was
the same whether or not clodronate was given in combination with
anti-T cell antibodies (Figure 5A). Basal free fatty acid (FFA) lev-
els were reduced, and acute insulin suppression of FFA levels was
increased after clodronate or clodronate plus antibody treatment
(Supplemental Figure 7). This is consistent with a robust effect of
macrophages in inducing glucose intolerance and decreased insu-
lin sensitivity in obesity and suggests that such effects are, at least
partially, independent of B cells or T cells.

In the HFD B™!/WT ATB2 mice, antibody-mediated CD4*'CD8*
T cell depletion prevented the increase in both glucose and insulin
intolerance, with posttreatment values comparable to the respons-
es seen in untreated control HFD B™! mice (Figure 5B). These data
indicate that the systemic metabolic effects of B2 cells are, at least
in part, dependent on downstream effector T cells. Clodronate-me-
diated depletion of macrophages in HFD B™!/WT ATB2 mice had
an even greater effect in improving glucose and insulin tolerance,
leading to glucose levels that were lower than those in control B™!
mice (Figure 5B). Finally, as was seen with the B™! mice in Figure
5B, the combination of antibodies and clodronate treatment had
an effect comparable to that of clodronate alone in improving glu-
cose and insulin tolerance. This suggests that the adverse effects
of B2 cells on glucose metabolism are partially dependent on mac-
rophages, but that macrophages contribute to glucose and insulin
intolerance through additional mechanisms that are B2 cell and T
cellindependent.

In these studies, we measured the content of adoptively trans-
ferred ATB2 cells in adipose tissues after antibody and/or clodro-
nate treatment (Supplemental Figure 8). Interestingly, ATB2 cell
accumulation after depletion of either CD4*CD8" cells or macro-
phages was comparable to that seen in WT HFD mice (Figure 3C).
These data suggest that these immune cell types are not a major
source of the LTB4, which recruits B2 cells into the adipose tissue.
This is consistent with the data in Supplemental Figure 2, which
shows that primary adipocytes secrete significant amounts of
LTB4, while SVCs produce very little. Taken together, these results
suggest that adipocytes are a key source of the LTB4-mediated B2
cell recruitment into adipose tissue.

When these treatments were applied to the B™!/Ltb4rIKO
ATB2 mice, since only a small number of Ltb4rIKO ATB2 cells
appear in adipose tissue in these animals (Figure 4G), depletion
of T cells (CD4/CD8 antibody) or macrophages (clodronate treat-
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ment) or a combination of the two led to the same glucose toler-
ance test (GTT) and insulin tolerance test (ITT) results as seen in
untreated B™!! mice (Supplemental Figure 9).

Consistent with the in vivo results on glucose and insulin toler-
ance, CD4/CD8 antibodies and clodronate treatment had marked
effects in reducing adipose tissue inflammatory signaling and Akt
phosphorylation in B*!!/WT ATB2 mice, with much smaller effects
in B™!/Ltb4r1KO ATB2 adipose tissue (Supplemental Figure 10).

In vitro B2 cell interactions with T cells and macrophages. To
more directly assess the role of B2 cells in T cell activation, we
incubated an equal number (0.1 x 10° cells) of ATB2 cells obtained
from WT or Ltb4r1KO HFD/obese mice with WT splenic CD4* or
CD8" T cells. Using this coculture method, we found that both WT
and Ltb4r1KO ATB2s induced differentiation of both CD4" T cells
and CD8* T cells into IFN-y-expressing T cells, but the effect was
substantially greater using the WT ATB2s (Figure 5C). These data
are consistent with the in vivo results depicted in Figure 4, H and
I, showing that adoptive transfer of WT ATB2 cells led to a greater
increase in IFN-y-expressing CD4* and CD8" cells in adipose tis-
sue compared with Ltb4rIKO ATB2 cells.

With respect to macrophages, we cocultured WT ATB2s or
Ltb4rIKO ATB2s with WT BM-derived macrophages (BMDMs)
that had been stimulated with either LPS or IL-4/IL-13 to produce
an Ml-like or M2-like polarization state, respectively (42, 43).
WT ATB2s had a greater effect in stimulating CD69 expression
in M1-like BMDMs compared with Ltb4rIKO ATB2s (Figure 5D)
accompanied by greater production of the proinflammatory cyto-
kines Tnfa, 116, and I/1b (Figure 5E). Interestingly, coculture of the
WT or Ltb4rIKO ATB2s with M2-like BMDMs did not lead to a
change in activation state (Supplemental Figure 11).

The LTB4/LTB4RI axis promotes B2 cell activation. To exam-
ine the role of LTB4 on B2 cell activation, splenic B2 cells were
stimulated with LPS (20 pg ml?) with or without LTB4 (100 nM).
LPS-stimulated WT B2 cells exhibited an increased production of
the proinflammatory cytokines Ifirg and Il6 compared with non-
stimulated WT B2 cells (Supplemental Figure 12). These proin-
flammatory stimulatory characteristics were also observed when
measuring phosphorylation of P65 (Figure 6C). LTB4 cotreatment
further enhanced inflammatory signaling in the presence of LPS,
as measured by proinflammatory cytokine production and activa-
tion of the NF-kB signaling pathway (Figure 6, A and C). In con-
trast, these LTB4 effects were absent in the Ltb4r1KO B2 cells
(Figure 6, B and D).

Since LTB4R1 can be coupled to Gai to mediate downstream
signaling, we tested the effects of gain and loss of Gai function
on B2 cell responses. Pretreatment of WT B2 cells with the Goi
antagonist pertussis toxin (PT) (200 ng ml™) (34, 44, 45) inhibited
LPS+LTB4-stimulated proinflammatory cytokine production and
NF-kB activation (Figure 6, A and C), but was without effect in
Ltb4rIKO B2 cells. Conversely, when WT B2 cells were pretreat-
ed with the Gai agonist melittin (Mel) (1 uM) (46), there was an
increase in the level of proinflammatory responses to both LPS
and LTB4 (Figure 6, A and C). We next tested whether Mel could
rescue the impaired inflammatory responses in the Ltb4rIKO B2
cells. Interestingly, Mel treatment markedly increased produc-
tion of the proinflammatory cytokines Ifng, Il1b, and Il6 in the
Ltb4rIKO B2 cells in response to LPS and LTB4 (Figure 6B).
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Figure 5. The mechanisms of
ATB2 cells on insulin resis-
tance and the role of LTB4R1in
this process. (A) GTTs and ITTs
of HFD-fed B™" mice treated
with T cell-depleting antibod-
ies, macrophage-depleting clo-
dronate, or both. (B) Two weeks
after ATB2 cell transfer, GTT
and ITT of HFD-fed B™" mice
pretreated with clodronate or
antibodies. (C) Differentiation
of IFN-y*CD4* and IFN-y*CD8* T
cells after coculture with WT or
Ltb4r1KO ATB2 cells (WT ATB2,
Ltb4r1KO ATB2), measured by
flow cytometry analysis. (D

and E) Levels of the cell surface
marker CD69 and gene expres-
sion of the proinflammatory
cytokines Tnfa, 116, and I/1b in
M1 macrophages after coculture
with WT or Ltb4r1KO ATB2 cells.
Data are presented as mean +
SEM. n = 8 per group (A and B);
n = 6 per group (C-E). *P < 0.05;
**P < 0.01, 1-way ANOVA with
Bonferroni’s post test.
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Discussion muscle as a consequence of obesity (14, 17, 19, 48-50). There are

Chronic tissue inflammation, particularly in adipose tissue and
liver, plays an important role in obesity-induced insulin resistance
and glucose intolerance (7-11). There is clearly a complex inter-
play between the various immune cell types that orchestrates the
inflammation-induced reduction in insulin sensitivity (47). Here,
we show that obesity leads to the accumulation of B2 cells in adi-
pose tissue and that these cells can coordinate insulin resistance
through Th1 lymphocyte- and M1 macrophage-mediated mecha-
nisms. Furthermore, these studies illustrate the role of LTB4 and
its receptor, LTB4R1, on B2 cells in facilitating these processes.
Thus, LTB4 recruits B2 cells to adipose tissue and also directly
stimulates the B2 cell proinflammatory phenotype. In turn, the
ATB2 cells then promote the proinflammatory activation state of
Th1lymphocytes and macrophages.

It is evident that B2 lymphocytes, various T cell subsets, and
macrophages all accumulate in adipose tissue, liver, and possibly
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many levels of communication between these cell types that can
regulate chemotaxis, tissue retention, and activation state (47).
Clearly, stromal cells such as adipocytes, hepatocytes, and myo-
cytes are key contributors to insulin resistance. In addition, within
adipose tissue, liver, and muscle, there are other stromal cell types,
such as endothelial cells and fibroblasts, and the possible impact
of these cells on metabolic status remains to be better defined.
Here, we show that B2 cells specifically participate in this process
and that the number of activated B2 cells increases in adipose tis-
sue in obesity, promoting the proinflammatory, insulin resistant,
and glucose-intolerant state. B! mice are a well-described model
in which all B cell subtypes have been deleted (36). When B™! mice
are placed on a HFD, the development of insulin resistance and
glucose intolerance is mitigated compared with WT mice, indicat-
ing the importance of B cells in these processes. Adoptive transfer
of ATB2 cells from WT HFD donor mice into HFD B™! recipient
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mice promotes insulin resistance and glucose intolerance to the
same extent as seen in HFD WT mice. This demonstrates the role
of ATB2 cells in propagating the obesity-induced inflammatory/
insulin-resistant state.

We found that ATB2 cells can directly activate CD4* and CD8*
lymphocytes in a coculture setting and also activate macrophages
toward an Ml-like polarization state. When we conducted sim-
ilar studies with Ltb4r1KO ATB2 cells, we found the deletion of
LTB4R1 had a marked effect in attenuating the influence of ATB2
cells on T cell or macrophage activation. We further tested these
concepts in vivo and found that depletion of CD4*CD8* lympho-
cytes with an anti-CD4/CDS8 antibody blocks the effect of ATB2s
in causing insulin resistance and glucose intolerance. Interesting-
ly, in vivo administration of clodronate to deplete macrophages
alsoreversed insulin resistance and glucose intolerance. However,
with macrophage depletion, the reversal is more profound, lead-
ing to an even greater state of insulin sensitivity and glucose tol-
erance than in HFD B™!! mice, resulting in values similar to those
seen in chow-fed WT mice. These results suggest that the effects
of ATB2s in causing insulin resistance/glucose intolerance are
partly dependent on T cells and macrophages. However, the large
beneficial effect observed with clodronate treatment indicates
that a sizeable component of the macrophage effect is indepen-
dent of B and T cells. This suggests that in the context of chronic
tissue inflammation, macrophages may be the final effector cells
that directly cause dysregulated metabolism.

It is known that B cells can accumulate in obese adipose tis-
sue (19-21), as shown in Figure 3D, but little is known about the
mechanisms underlying their recruitment. Earlier work has shown
that LTB4 can activate its receptor, LTB4R1, on macrophages to
induce potent chemotactic effects (31, 34). In the current studies,
we show that LTB4 levels are elevated in adipose tissue from obese
mice and that there is increased expression of LTB4R1 on ATB2
cells obtained from obese animals. Based on this, we hypothesized
that the LTB4/LTB4R1 axis could provide a key function leading
to the increased content of ATB2 cells in obesity. Consistent with
this idea, our data show that LTB4 has robust effects to stimulate
chemotaxis of B2 cells in vitro. In addition, in vivo B2 cell tracking
studies demonstrate that when fluorescently labeled B2 cells are
injected into lean or obese recipient mice, much greater numbers
of B2 cells appear in obese adipose tissue compared with tissue in
lean mice. In contrast, when fluorescently labeled Ltb4rIKO B2
cells were injected, the migration of these cells to adipose tissue
and the peritoneal cavity was markedly impaired compared with
WT B2 cells. Taken together, these results indicate that, in obesity,
tissue levels of LTB4 play an important role in attracting B2 cells to
their pathophysiologic sites of action. In addition, treatment of WT
B2 cells with LTB4 stimulates WT B2 cell proinflammatory cytokine
expression as well as P65 activation. These effects are additive to
those of LPS. In contrast, LTB4 was without these proinflammatory
stimulatory effects in Ltb4r1KO B2 cells. Thus, LTB4 can promote
the interaction between B2 cells and T cells or macrophages. In this
way, LTB4/LTB4R1 serves as a control point regulating ATB2 cell
content as well as the subsequent effect of B2 cells in promoting the
proinflammatory state of other immune cell types.

Previous studies have shown that B cells might contribute to
obesity-induced inflammation and that human B cells have simi-
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lar properties (19-21). However, the specific B cell subtype respon-
sible has not been previously assessed. In addition, while an ear-
lier study indicated that pathogenic antibodies elaborated by B
cells can cause insulin resistance, two earlier reports have failed
to confirm effects of B cell antibodies in causing impaired insulin
sensitivity (20, 21). Our current studies contain no specific experi-
ments related to such antibodies. In this paper, we focus on several
additional B cell-related mechanisms. For example, we demon-
strate that it is the B2 subset that specifically causes metabolic
dysfunction. Furthermore, we also demonstrate the importance
of the LTB4/LTB4R1 axis in mediating ATB2 cell recruitment and
activation. Our data also provide evidence, both in vitro and in
vivo, that ATB2 cells can induce inflammation/insulin resistance
through downstream effector T cells and macrophages. Interest-
ingly, we found increased accumulation of adoptively transferred
B2 cells in obese adipose tissue, even after depletion of T cells
and/or macrophages. These data indicate that these immune cell
types are not the major source of the adipose tissue LTB4, which
recruits B2 cells. This also fits with our results showing that SVCs
produced only small amounts of LTB4 compared with adipocytes
(Supplemental Figure 2).

In these studies, we have shown that B2 lymphocytes accu-
mulate in adipose tissue as a result of obesity and that these cells
directly contribute to inflammation, insulin resistance, and glu-
cose intolerance. The LTB4/LTB4R1 chemokine system provides
a key signal for recruiting B2 cells to the adipose tissue. Several
different immune cell types are present in obese adipose tissue
composing a complex intercellular communication network. Here,
we show that ATB2 cells can activate T cells and macrophages in
adipose tissue and that the effects of ATB2 cells in causing insulin
resistance are dependent on T cells, with a partial dependency on
ATMs. These results highlight the importance of B2 cells and the
communication system between adipose tissue immune cell types
in the pathophysiology of inflammation/insulin resistance and
suggest that inhibition of LTB4R1 could be a useful approach in
insulin-sensitizing therapeutics.

Methods

Animal care and use. The generation of B™! and Ltb4rIKO mice has
been previously described (34, 36). All mice were maintained on a
12-hour light/12-hour dark cycle. Male mice 5 to 6 weeks of age were
fed ad libitum. Mice were fed a HFD (60% fat calories, 20% protein
calories, and 20% carbohydrate calories; Research Diets) or a LFD
(10% fat calories, 20% protein calories, and 70% carbohydrate calo-
ries; Research Diets).

Isolation of stromal cells from VATs. VAT was mechanically chopped
and then digested with collagenase II for 15 minutes at 37°C. After
passing cells through a 100-um cell strainer and centrifugation at
1,000 g for 10 minutes, primary adipocytes were collected from the
top layer of the supernatant and the pellet containing the SVC fraction
was then incubated with red blood cell lysis buffer.

Immune cell isolation analysis. For the in vitro and in vivo B2 cell
chemotaxis assays, B2 cells were isolated from spleen of LFD-fed WT
or Ltb4rIKO mice. For the B2 cell adoptive transfer assay in HFD B™!
mice, B2 cells were isolated from VAT of HFD-fed (for 12 weeks) WT or
Ltb4r1KO mice. T cells were isolated from spleen of LFD-fed WT mice
and used for coculture assays. Single cell suspensions were incubated
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with fluorescence-tagged antibodies against CD4 or CD8 for T cells,
or CD19 or CD5 for B cells. CD4* T cells, CD8* T cells, CD19*CD5*
B1 cells, and CD19°CD5" B2 cells were purified using BD FACS Aria I
flow cytometer (BD Biosciences). BMDMs were prepared as previously
described (42, 43).

Immune cell activation analysis. For B2 cell activation assays, B2
cells were stimulated with LPS (20 pg ml?) (21). For macrophage
polarization analysis, BMDMs were stimulated with LPS (100 ng ml™)
for M1 or IL-4 and IL-13 (20 ng ml™ of each) for M2-polarized activa-
tion (42, 43). T cells were activated by anti-CD3 and anti-CD28 pre-
coated on a cell culture plate.

Coculture assay. ATB2 cells (0.1 x 109) isolated from HFD-fed WT
or Ltb4r1KO mice were mixed with WT splenic CD4* or CD8* T cells at
aratio of 1:1in the presence of CD3 and CD28. WT or Ltb4r1KO ATB2
cells (0.1 x 105/well) were also cocultured with WT M1 or M2 BMDMs
at a ratio of 1:2 using a Transwell plate (0.4 pm polycarbonate filter,
Corning), with BMDMs placed in the lower chamber and ATB2 cells
in the upper chamber. The activation of BMDMs or T cells was exam-
ined by flow cytometry with antibodies against CD69 or IFN-y after 72
hours of coculture. The gene expression of proinflammatory cytokines
Tnfa, 116, and Il1b or antiinflammatory cytokine I/10 was measured by
quantitative PCR (qPCR).

In vitro chemotaxis assay. In vitro chemotaxis assays were per-
formed as previously described (34, 37). Briefly, ATB2 cells isolated
from either HFD-fed WT or Ltb4r1KO mice were placed in the upper
chamber of a 5-um polycarbonate filter, and RPMI with or without
LTB4 (Cayman Chemical) was placed in the lower chamber. After 3
hours of migration at 37°C, cells in the lower chamber were collect-
ed and counted.

In vivo B2 cell tracking. ATB2 cells isolated from HFD-fed WT or
Ltb4r1KO mice were washed in serum-free RPMI 1640 and suspend-
ed in PKH26 labeling buffer (containing 2 x 10°* M PKH26; Sigma-
Aldrich) (34). After 10 minutes incubation in the dark, the PKH26-
labeling assay was stopped by adding an equal volume of medium
supplemented with 10% FBS. The PKH26-labled B2 cells (1 x 10°)
were adoptively transferred into each LFD- or HFD-fed WT recipient
mouse via i.v. injection. Five days after injection, recipient mice were
sacrificed, tissues harvested, and the presence of PKH26-labeled B2
cells in the peritoneal cavity and VAT was examined by FACS.

Adoptive transfer of B2 cells. A total of 4 x 10° ATB2 cells in 100 pl
of PBS were transferred into HFD-fed (for 8 weeks) B™" mice via i.v.
injection. HFD B™! mice without B2 cell transfer served as controls.
Glucose tolerance and insulin sensitivity were determined 2 weeks
after the B cell injection.

GTTsand ITTs. For GTTs, mice received 1 dose of dextrose (1 gkg?!
body weight) via i.p. injection after 6 hours of fasting. For ITTs, mice
were fasted for 6 hours and then i.p. injected with insulin (0.70 units/
kg ' body weight).

Flow cytometry analysis. Unless otherwise specified, we pur-
chased antibodies from eBioscience. Visceral stromal cells or
splenic cells were stained with fluorescence-tagged antibodies to
detect cell lineages. B cell subtypes were detected with antibod-
ies against CD19 (catalog 17-0193-82) and CD5 (catalog 11-0051-
82); T cells were detected with antibodies against CD4 (catalog
17-0041-81), CD8 (catalog 12-0081-81), Foxp3 (catalog 11-5773-
82), IFN-y (catalog 25-7311-82), and IL-4 (catalog 53-7041-80);
macrophage subtypes were detected with antibodies against
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F4/80 (catalog 25-4801-82), CD11b (catalog 53-0112-80), CD206
(catalog 141706, BioLegend), and CD1lc (catalog 12-0114-83).
Macrophage activation was measured with antibodies against
CD69 (catalog 48-0691-80). T cell activation was measured using
antibodies against IFN-y (catalog 25-7311-82). Data were analyzed
using FlowJo software.

Multiplex protein expression assay. The plasma concentrations of
IL-1b, TNF-a, and IL-6 were determined using MILLIPLEX Multiplex
assays (EMD Millipore) on a MAGPIX instrument (EMD Millipore).
Results were analyzed using xPONENT 4.2 software (EMD Millipore).

Immunohistochemistry. Tissues collected from HFD-fed mice
were fixed in 4% paraformaldehyde, embedded in paraffin, and sec-
tioned. Deparaffinized sections were stained with a rat anti-mouse
antibody against B220 (catalog 550286, BD Biosciences) to detect B
cells, followed by incubation with a biotinylated anti-rat secondary
antibody (BD Biosciences). Slides were subsequently incubated with
HRP-streptavidin (Jackson ImmunoResearch) and developed in sub-
strate chromogen. Immunoglobulin protein was used as the negative
control. Slides were counterstained with Mayer’s and mounted with
VectaShield mounting media. Images were captured using a Nano-
Zoomer slide scanner system with NanoZoomer Digital Pathology
software (Hamamatsu).

Tissue macrophage and T cell depletion studies. To deplete tissue
macrophages, B™! mice fed for 8 weeks with HFD were given clodro-
nate liposomes (80 mg kg! body weight; catalog F70101C-N, Formu-
Max) every 3 days via i.p. injection (34, 38, 39). After 6 days of clodro-
nate treatment, B2 donor cells were transferred into these B™! mice.
After transferring B2 donor cells, B™! recipient mice also received
clodronate treatment (80 mg kg body weight) every 5 days. HFD B™!
mice treated with control liposome injections were used as control.

For T cell depletion, HFD B™! mice were i.p. injected with 20 pg
of anti-CD4 (catalog 16-0041-86, eBiosciences) and 20 pg of anti-
CD8 (catalog 16-0081-85, eBioscience) antibodies in 100 ul PBS for 4
consecutive days (40, 41). After adoptive transfer of B2 cells, B mice
received antibody treatment every 3 days. HFD B™! mice injected with
IgG were used as the control.

PT and Mel treatment. B2 cells were treated with the Gai antago-
nist PT (catalog 516560, Calbiochem) at a dose of 200 ng ml™ or the
Goi agonist Mel (catalog 20449-79-0, Sigma-Aldrich) at a concentra-
tion of 1 uM (34, 44-46).

LTB4, FFA, P65, and Akt measurements. The production of LTB4
in VAT or mature adipocytes and SVCs was measured by using an
ELISAKkit (catalog 520111, Cayman Chemical). The plasma FFA level
was measured by using an ELISA kit (Wako Diagnostics). The tissue
levels of pP65, total P65, pAkt, and total Akt were measured by using
ELISA kits (eBioscience).

Statistics. Results are expressed as mean + SEM. Each data point
derived from qPCR assays represents an average of 2 technical rep-
licates. The statistical significance of the differences between var-
ious treatments was measured by either the 2-tailed Student’s ¢ test
or 1-way ANOVA with Bonferroni’s post-test. Data analyses were
performed using GraphPad Prism software version 6.0. A value of
P <0.05 was considered statistically significant.

Study approval. All animal procedures were reviewed and
approved by the IACUC (Institutional Animal Care and Use Commit-
tee) of the University of California, San Diego and all animals were
randomly assigned to cohorts when used.
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