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Adipose Tissue Macrophages Function As
Antigen-Presenting Cells and Regulate Adipose

Tissue CD4™ T Cells in Mice

David L. Morris,' Kae Won Cho,! Jennifer L. DelProposto,' Kelsie E. Oatmen,” Lynn M. Geletka,!

Gabriel Martinez-Santibanez,®> Kanakadurga Singer,! and Carey N. Lumeng

The proinflammatory activation of leukocytes in adipose tissue
contributes to metabolic disease. How crosstalk between im-
mune cells initiates and sustains adipose tissue inflammation
remains an unresolved question. We have examined the hypoth-
esis that adipose tissue macrophages (ATMs) interact with and
regulate the function of T cells. Dietary obesity was shown to
activate the proliferation of effector memory CD4* T cells in
adipose tissue. Our studies further demonstrate that ATMs are
functional antigen-presenting cells that promote the proliferation
of interferon-y—producing CD4" T cells in adipose tissue. ATMs
from lean and obese visceral fat process and present major his-
tocompatibility complex (MHC) class Il-restricted antigens.
ATMs were sufficient to promote proliferation and interferon-y
production from antigen-specific CD4"* T cells in vitro and in vivo.
Diet-induced obesity increased the expression of MHC II and
T-cell costimulatory molecules on ATMs in visceral fat, which
correlated with an induction of T-cell proliferation in that depot.
Collectively, these data indicate that ATMs provide a functional
link between the innate and adaptive immune systems within
visceral fat in mice. Diabetes 62:2762-2772, 2013

besity-induced inflammation contributes to the
development of type 2 diabetes, metabolic syn-
drome, and cardiovascular disease (1-3). Accu-
mulation of activated leukocytes in metabolic
tissues is a driving force for obesity-associated metabolic
inflammation (metainflammation) and insulin resistance
(3,4). In adipose tissue, a vast array of leukocytes have been
identified and reported to contribute to obesity-induced
metainflammation. How adipose tissue leukocytes interact
to shape the inflammatory environment within fat is an
important unresolved gap in our current understanding of
metabolic disease.
In humans and rodent models, F4/80* adipose tissue
macrophages (ATMs) are the predominant leukocyte
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found in metabolically healthy and insulin-resistant fat (5).
Resident (type 2) ATMs are distributed between adipo-
cytes in healthy adipose tissue throughout development,
express anti-inflammatory markers typical of “alternatively
activated” or M2 polarized macrophages, and promote tissue
homeostasis (6,7). Disruption of macrophage M2 polariza-
tion increases the susceptibility to insulin resistance induced
by a high-fat diet (HFD) (8-10). Obesity triggers the accu-
mulation of F4/80" ATMs that coexpress the dendritic cell
(DC) marker CD11c as well as genes typically expressed by
“classically activated” or proinflammatory M1 polarized
macrophages (11-13). M1 ATMs form multicellular lipid-
laden clusters, known as crown-like structures (CLS),
around dead adipocytes in obese fat (6,14,15) and produce
inflammatory cytokines (e.g., interleukin [IL]-1B, IL-6, and
tumor necrosis factor-a [TNF-a]) that can impair insulin
action in adipocytes (16,17). Current models suggest that
obesity promotes metainflammation in part by altering the
balance between type 2 and type 1 ATMs in visceral fat
(13,18).

In addition to ATMs, adipose tissue contains lympho-
cytes (e.g., natural killer T cells [NKTs], conventional CD4*
T cells [Tconvs], regulatory CD4" T cells [Tregs], cytotoxic
CDS8" T cells, and B cells) that are also regulated by meta-
bolic status (19-24). Treg content in visceral fat is inversely
correlated with measures of insulin resistance and in-
flammation (19,25,26), suggesting that Tregs are anti-
inflammatory. In contrast, T helper 1 (Th1l) CD4* T cells and
CD8* adipose tissue T cells (ATTS) accumulate in fat during
obesity, promoting IFN-y and TNF-a production and insulin
resistance (20,21,27). Thus, analogous to ATMs, the imbal-
ance between anti-inflammatory Tregs and proinflammatory
CD4/CD8" ATTs contributes to metainflammation.

The mechanisms that regulate ATTs in adipose tissue
are largely unknown. Spectratyping experiments suggest
that CD4" ATTs (but not CD8" ATTs) undergo monoclonal
expansion within fat and have an effector-memory
(CD44™" CD62L") phenotype (19,21,28). This implies
that ATT activation and expansion may be an adaptive im-
mune response to an obesity-induced antigen. T-cell acti-
vation depends on an intricate relationship between T cells
and antigen-presenting cells (APCs) (29). Classically, APCs
(specifically, macrophages and DCs) shape CD4" T-cell
activation by three signals: 1) presentation of peptide anti-
gens on major histocompatibility complex (MHC) class II
(MHC II) molecules (signal 1), 2) expression of T-cell
costimulatory molecules (e.g., CD40, CD80, and CD86)
(signal 2), and 3) production of cytokines (e.g., trans-
forming growth factor-8, IL-10, or IL-12) (signal 3). These
three signals shape the differentiation of naive CD4" T cells
into effector T-cell subsets (e.g., Thl, Th2, Th17, Treg).
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The APCs that interact with ATTs in fat have not been
well characterized but could include ATMs, adipose tissue
DCs, adipose tissue B cells, mast cells, and neutrophils
(24,30-34). Quantitative changes in ATTs can precede the
accumulation of type 1 CDllec"™ ATMs in visceral fat in
obese mice, suggesting that APCs present in lean and obese
fat could trigger an adaptive immune response. Because
ATMs are the predominant leukocyte population in lean and
obese fat and ATMs from obese mice and humans express
MHC II molecules (35-37), we tested the hypothesis that
ATMs (CD11b* F4/80™) are capable of functioning as APCs
to regulate CD4" ATT activation and proliferation. We re-
port that ATMs within visceral fat from mice phagocytose
and process antigens for presentation, express costimulatory
molecules, and induce antigen-specific CD4" T-cell prolif-
eration in vitro and in situ. Furthermore, we found prolifer-
ating ATTs localized with ATMs in fat-associated lymphoid
clusters (FALCs) where antigen-specific T-cell activation
and proliferation may be initiated. Our data indicate that
ATMs meet the functional definition of APCs and suggest
that MHC II-restricted antigens presented by ATMs in
visceral fat regulate Tregs and Tconvs CD4" ATTs in mice.

RESEARCH DESIGN AND METHODS

Mice. C57BL/6J, Cxscrl GFP/ *, and OT-II mice were from The Jackson Labo-
ratory. Male mice (6 weeks old) were fed a normal diet (ND; 4.5% fat; PMI
Nutrition International) or HFD (60% fat; Research Diets). All mice procedures
were approved by the University of Michigan University Committee on Use
and Care of Animals and were in compliance with the Institute of Laboratory
Animal Research Guide for the Care and Use of Laboratory Animals.
Quantitative real-time PCR. Gene expression analysis was performed as
described (38). Relative expression in duplicate samples was determined using
the 2724CT method after normalizing to Arbp. Sequences for PCR primers are
provided in Supplementary Table 1.

Microscopy. Fat samples and cultured cells were prepared for immunofluo-
rescence microscopy as described (6,39). Images were captured on an
Olympus inverted microscope with an Olympus DP72 camera. Confocal
images were captured with a FluoView microscope and software (Olympus) or
on a Zeiss LSM 700 microscope and software.

Isolation and culture of adipose tissue stromal vascular cells. Stromal
vascular cells (SVCs) were isolated as described (38). SVCs were plated at 1 X
10° cells/mL in DMEM containing 10% heat-inactivated (HI) FBS.

Flow cytometry analysis and flow-activated cell sorting. Cells were
stained for flow cytometry as described (38). Antibodies for flow cytometry are
provided in Supplementary Table 2. Live/dead fixable violet staining kits
(Molecular Probes) and Foxp3 staining kits (eBiosciences) were used
according to the manufacturers’ instructions. Cells were analyzed on
a FACSCanto II Flow Cytometer (BD Biosciences) using FlowJo 9.4 software
(Treestar). SVCs (5 X 107/mL) were suspended in RPMI/2%HI-FBS containing
propidium iodide (2 pg/mL) and sorted on a FACSAria (BD Biosciences).
Fluorescence-activated cell sorted (FACS) cells were cultured in DMEM/10%
HI-FBS or lysed in RLT buffer (Qiagen).

BrdU pulse labeling. BrdU (0.8 mg/mL; Sigma) was added to the drinking
water. Isolated cells were stained with indicated cell-surface antibodies and
permeabilized using Foxp3 staining kits. Permeabilized cells were incubated in
DNAsel (30 pg; Sigma) at 37°C for 1 h and stained with BrdU and Foxp3
antibodies.

Phagocytosis and antigen processing. Fluorescein isothiocyanate (FITC)-
labeled ovalbumin (OVA; 100 pg/mouse; Molecular Probes) was injected
intraperitoneally into mice 1 h before fat pads were examined by immunofluo-
rescence microscopy. SVCs were cultured on glass chamber slides (Laboratory-
Tek) overnight before FITC-labeled OVA (100 pg/mL; Molecular Probes) or
FITC-labeled ZymosanA (Saccharomyces cerevisiae) bioparticles (100 particles/
cell; Molecular Probes) were added to the media for 1 h. Lean mice were
injected intraperitoneally with DQ-OVA (100 pg/mouse; Molecular Probes),
a self-quenched conjugate of OVA and boron-dipyrromethene (BODIPY)
that fluoresces upon proteolytic cleavage within endolysosomes (40).
Peritoneal macrophages and SVCs were isolated 1 h later and stained for
flow cytometry.

Antigen-specific T-cell activation assays. SVCs or FACS-sorted cells were
grown in 96-well U bottom plates overnight, then pulsed with medium alone,
OVA peptide (OVAgzs3339; Abbiotec), or whole OVA (ThermoScientific) for 2 h

diabetes.diabetesjournals.org

at 37°C. CD4" T cells were isolated from the spleen and lymph nodes of OT-II
mice using CD4" T cell untouched selection kits (Miltenyi Biotec). CD4" T cells
were labeled with 2 pmol/Li carboxy fluorescein succinimidyl ester (CFSE)
(CellTrace kits; Molecular Probes) and added to antigen-pulsed SVCs at a 1:1
ratio in 200 pL of media. After 5 days, T cells were stained for flow cytometry,
and CFSE dilution was examined in viable (Live/DeadViolet) CD3*CD4" lym-
phocytes (41). T-cell cytokines in the media were measured by ELISA.
Adoptive transfer of CD4* T cells. CFSE-labeled CD4* OT-II T cells (5 X 10°
cells/mouse) were adoptively transferred into lean and obese (14 weeks of
HFD) mice by intraperitoneal injection. Imject Ovalbumin (ThermoScientific)
or Imject BSA (100 pg/mouse) was administered by intraperitoneal injection
24 h after adoptive transfer. At the indicated times, cells from visceral fat
depots, blood, and spleen were analyzed by flow cytometry.

In vivo MHC II neutralization. Hybridoma cells secreting MHC I[-A/I-E
monoclonal antibody were expanded at the University of Michigan Hybridoma
Core and purified on protein A/G agarose columns (Pierce). MHC I-A/I-E or rat
IgG2b K isotype antibodies (200 pg/mouse) were injected intraperitoneally
every 48 h for 18 days.

Metabolic evaluation. Glucose tolerance tests were performed on mice fasted
(6 h) by intraperitoneal injection of p-glucose (0.7 g/kg body weight). Blood
glucose levels (mg/dL) were measured 0, 15, 30, 45, 60, 90, and 120 min after
injection using a glucometer (OneTouch Ultra). Plasma insulin levels were
measured by ELISA (Crystal Chem).

Statistical analysis. Data are means = SEM. Differences between groups
were determined using two-tailed Student ¢ tests with GraphPad Prism 5.01
software. P < 0.05 was considered significant.

RESULTS

HFD-induced obesity promotes conventional CD4*
T-cell proliferation within visceral fat in mice. CD4"
ATTs have an activated phenotype in obesity (19,21,28),
but direct evidence of T-cell proliferation in fat is lacking.
Therefore, we examined CD4" T-cell proliferation within
adipose tissue in lean mice and in mice fed HFD by BrdU
incorporation (Fig. 14). HFD increased the number of CD3*
CD4" and CD3" CD8" ATTs in epididymal (eWAT) and in-
guinal (iWAT) white adipose tissue (Supplementary Fig. 1).
HFD-induced obesity increased the percentage proliferating
BrdU* CD4" ATTs in eWAT but not in iWAT (Fig. 1B). The
number of BrdU* CD4" T cells in spleen trended to be
higher in response to HFD (Fig. 1B), but the number of
BrdU* CD4" T cells in blood, thymus, and lymph nodes was
comparable between lean and obese mice (data not shown).

Proliferation of effector-memory (CD44"g" CcD62LY),
central-memory (CD44™€" CD62L"), and naive (CD44“%
CD62L™) CD4" ATT subsets was also determined. Consis-
tent with other reports (28), E/M CD4" ATTs were the
predominant CD4" ATTs in eWAT (Supplementary Fig. 2).
HFD exposure specifically increased E/M CD4" ATT pro-
liferation in fat and did not alter C/M or naive T-cell pro-
liferation (Fig. 1C). Foxp3™ (Treg) and Foxp3~ (Tconv)
CD4" T cells in eWAT both incorporated BrdU (Fig. 1D);
however, HFD induced an increase in Tconv proliferation
but did not alter Treg proliferation (Fig. 1E).

Within eWAT from obese mice, CLS contained BrdU*
CD4" cells (Fig. 1F). By contrast, few CD4" T cells were
identified in contact with adipocytes in lean fat (data not
shown). However, large clusters of BrdU" CD4" T cells
were observed on the surface of visceral fat in ND and HFD
mice (Fig. 1G and data not shown). These structures re-
sembled FALCs or milky spots in mesenteric and omental
fat depots that contain macrophages and lymphoid cells
(42,43). In lean eWAT, FALCs contained Foxp3* lympho-
cytes surrounded by CX3CR1" macrophages (Fig. 1H).
ATMs express MHC II and costimulatory molecules
that are induced by obesity and proinflammatory
signals. Increased CD4* ATT-cell proliferation in fat sug-
gests an interaction with MHC II* APCs. Macrophage
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FIG. 1. Adipose tissue CD4* T-cell proliferation is induced in visceral fat in response to dietary obesity. Male C57BL/6 mice were fed ND or HFD
(60% fat) for 14 to 17 weeks. BrdU was added to the drinking water for 5 consecutive days before splenocytes and adipose tissue stromal cells were
isolated and analyzed by flow cytometry. A: Representative histogram shows BrdU incorporation in CD3* CD4* ATTs in eWAT from ND
(dashedline) and HFD (solidline) mice. Isotype (ISO; shaded) is shown. B: Quantification of BrdU" CD4" T cells (expressed as percentage of viable
CD3"* CD4" lymphocytes) in eWAT, iWAT, and spleen from ND and HFD mice. Data are means = SEM (ND eWAT: n = 5-6; HFD eWAT: n = 10; iWAT
and spleen: n = 4 mice per group). C: Quantification of BrdU* effector-memory (E/M; CD44Migh CD62L "), central-memory (C/M; CD44Migh CD62L%),
and naive (CD44"°" CD62L*) CD4* ATT subsets in eWAT from ND and HFD mice. Data are means = SEM (ND: n = 3-4; HFD: n = 5-6 mice per
group). D: Representative scatterplots (Foxp3 vs. BrdU) of viable CD3* CD4* ATTs demonstrating proliferation of conventional (Tconv, Foxp3™)
and regulatory (Treg, Foxp3*) CD4"* T cells in eWAT from ND and HFD mice. E: Quantification of proliferating Tconvs and Tregs in eWAT from ND
and HFD mice. Data are means + SEM (ND: n = 3; HFD: n = 5 mice per group). BrdU* (green) and CD4" (red) lymphocytes were identified by
confocal microscopy (original magnification X60) in CLS (F) and FALC (G) within eWAT fat from HFD mice. Bar = 50 pm for F and G.
H: Identification of Foxp3* lymphocytes (red) in proximity to GFP* ATMs (green) in FALCs in eWAT from a ND Cxgscrl GFP/+ reporter mouse. Scale

bar = 100 pm. *P < 0.05, **P < 0.01 for ND vs. HFD.

galactose-type C-type lectin (MGL1)* MHC II" ATMs were
observed throughout eWAT from lean and obese mice
(Fig. 2A-C). MHC II expression in ATMs was concentrated
in CLS in obese eWAT (Fig. 2D-F) and in FALCs from lean
and obese mice (Fig. 2F and data not shown). FALCs/milky
spots in omental fat contained rare populations of MHC II'*
B220™ B cells, but most of the MHC II" cells in FALCs from
eWAT were B220~ by immunofluorescence (data not shown).

H2-Abl (MHC II) expression increased in eWAT with
HFD but was reduced in iWAT and unchanged in the
spleens of obese mice (Fig. 2G). The expression of the
class I MHC transactivator (CIITA) was also induced in
eWAT with HFD (Fig. 2H). Ciita cell-type specific pro-
moters were assessed, and the induction in eWAT was
attributed to specific activation of the DC-specific pro-
moter (type I), which was the dominant Ciita promoter
expressed in adipose tissue (Fig. 2I). The expression of the
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B-cell-specific Ciita promoter (type III), but not the IFN-y
inducible promoter (type IV), was modestly induced in
eWAT by HFD (Fig. 21).

SVF from ND and HFD mice were separated into F4/80*
CD11b" ATMs and F4/80~ CD11b~ non-ATM fractions by
FACS to further examine H2-Abl induction. H2-Abl ex-
pression was significantly higher in ATMs than in the ATM-
depleted SVCs in lean and obese mice, and HFD-induced
increase in H2-Abl expression was limited to the ATM
population (Fig. 2J). Flow cytometry experiments confirmed
that F4/80" CD11b* ATMs were the predominant MHC II*
population in eWAT (Fig. 2K). In lean mice, 55% of ATMs
and less than 10% of non-ATMs expressed MHC II (Fig. 2L).
HFD-induced obesity caused a significant increase in the
number of MHC I ATMs (80%) and non-ATMs (Fig. 2L).
MHC 1II surface expression was higher on type 1 CDI1lc*
ATMs than on CD11c™ ATMs in HFD mice (Fig. 2M). In sum,
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FIG. 2. ATMs are the predominant MHC II* cells in visceral fat. Male C57BL/6 mice were fed ND or HFD for 20 weeks to induce obesity. A: MHC I-A/
I-E* (green) ATMs were identified by epifluorescence microscopy dispersed between adipocytes. Bar = 100 pm. B: Identification of MGL1"* (green)
and MHC I-A/I-E* (red) ATMs in eWAT from ND mice. C and D: MHC I-A/I-E* (green) ATMs in eWAT from HFD mice. Isolectin (red) stains blood
vessels. Bar = 100 pm. E: Concentration of MHC I-A/I-E* (red) ATMs in MGL1~ (green) CLS in eWAT from HFD mice. F: MHC I-A/I-E (green)
expression in a FALC in eWAT from HFD mice. Bar = 100 pm. G: H2-Ab1 gene expression in eWAT, iWAT, and spleen from ND and HFD mice. Data
are means = SEM (ND eWAT: n = 5; HFD eWAT: n = 6; iWAT: n = 5; spleen: n = 3 mice per group). H: Ciita gene expression in eWAT and spleen from
ND and HFD mice (ND eWAT: n = 5; HFD eWAT: n = 6; spleen: n = 3 mice per group). I: Expression of Ciita transcripts from type I (DC), type III
(B cell), and type IV (IFN-y) promoters in eWAT from ND and HFD mice (ND: n = 5; HFD: n = 6). J: H2-Ab1 expression in FACS-sorted ATMs (F4/80*
CD11b") and non-ATMs (F4/80~ CD11b™) from ND and HFD eWAT. Data are means = SEM (n = 4 per group). K: Surface expression of MHC I-A/I-E on
ATMs (F4/80* CD11b* SVCs; thick line) and non-ATMs (F4/80~ CD11b~ SVCs; dashed line) isolated from ND and obese HFD mice. Isotype (ISO; shaded)
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these data demonstrate that ATMs are the predominant cell
in the SVF capable of communication with T cells via MHC
class II-dependent signals in lean and obese mice.

The induction of T cell costimulatory molecules (e.g.,
CD40, CD80, and CD86) in fat was also assessed. Cd40 and
Cd80 were induced by HFD in eWAT (Fig. 3A). Cd40,
Cd80, and Cd86 expression was unchanged in the spleen
and suppressed in iWAT from obese mice (Fig. 3B and C).
F4/80" CD11b* ATMs expressed higher levels of Cd40 than
F4/80~ CD11b~ SVCs in both lean and obese eWAT, and
Cd40 was only induced by HFD in ATMs (Fig. 3D).

To examine the mechanisms of costimulatory molecule

induction, purified ATMs were cultured in the presence of
M1 and M2 macrophage-skewing stimuli. Lipopolysaccharides
(LPS) induced Cd40 and CdS80 expression in ATMs,
whereas 114 had no effect (Fig. 3D and E). IFN-y alone or
combined with LPS enhanced Cd40 but not CdS80 ex-
pression in ATMs (Fig. 3D and F).
ATMs are efficient phagocytes capable of processing
antigens. To examine the capacity of ATMs to phagocy-
tose and process antigens, we performed experiments with
OVA as a model antigen. MGL1" ATMs throughout visceral
fat and within FALCs rapidly accumulated fluorescently
labeled OVA after intraperitoneal injection (Fig. 4A and B).
In SVF cultures, the phagocytic capacity of cultured ATMs
was heterogeneous (Fig. 4C), and OVA uptake was not an
exclusive feature of MHC II" or CD11c* ATMs (Fig. 4D and
E). F4/80" ATMs were also capable of efficiently phago-
cytosing of FITC-labeled ZymosanA and Escherichia coli
(Fig. A4F and data not shown).

To determine whether ATMs in visceral fat can proteo-

lytically process antigens, DQ-OVA was injected into mice.
As expected, peritoneal macrophages (F4/80* CD11b™eM)
processed DQ-OVA (Fig. 4I), and ~20% of F4/80* CD11b"
MHC I'8" ATMs from eWAT processed DQ-OVA (Fig. 4G).
MHC II" F4/80~ CD11b~ SVCs in eWAT, which contain
B cells and nonmyeloid DCs, failed to process DQ-OVA
(Fig. 4H). Approximately 4% of MHC II™ F4/80 CD11b
SVCs (fibroblasts/preadipocytes) processed detectable
amounts of DQ-OVA (Fig. 4H). Antigen processing in fat
from obese mice could not be definitively assessed using
this approach due to significant autofluorescence from
obese SVCs (data not shown).
ATMs are sufficient to induce antigen-specific CD4*-cell
proliferation and IFN-y production in vitro. We next
measured the capacity of ATMS to trigger antigen-specific
T-cell proliferation by culturing OVA-pulsed ATMs with
CD4* T cells from OVA-specific OT-II mice. SVCs from lean
mice promoted CD4* T-cell proliferation in an antigen
dose-dependent manner (Fig. 5A and B). HFD-induced
obesity significantly enhanced the ability of SVCs to induce
T-cell proliferation. Antibodies blocking MHC II demon-
strated that this effect was MHC II-dependent (Fig. 5C).
FACs-purified (F4/80* CD11b*) ATMs from obese mice were
capable of inducing antigen-specific T-cell proliferation in
vitro, but the ATM-depleted SVCs could not (Fig. 5D). SVCs
pulsed with full-length OVA protein also induced OT-II CD4"*
T-cell proliferation (Fig. 5F).

To determine whether SVCs shape T-cell polarization of
antigen-specific T cells, cytokines were measured in the

cocultures. SVCs from lean and HFD-fed mice both pro-
moted the accumulation of IFN-y in the media in an anti-
gen dose-dependent manner, but IFN-y levels were higher
when SVCs from obese mice were used as APCs (Fig. 5F).
IL-10 and IL4 production was unaltered (Fig. 5F). Notably,
IL-17 production was attenuated in an antigen dose-
dependent manner, whereas IL-2 was increased (Fig. 5G).
IFN-y and IL-2 production was dependent on signals from
ATMs, because F4/80° CD11b~ SVCs were unable to trigger
a Thl skewed T-cell response (Fig. 5H). Overall, these
experiments suggest that ATMs from obese mice potently
activate and skew naive T cells toward a Thl phenotype.
Adoptively transferred CD4" T cells proliferate in
visceral fat upon antigen exposure. An adoptive trans-
fer approach was used to examine antigen-specific CD4"*
T-cell proliferation in visceral fat. CFSE-labeled OT-II CD4*
T cells preferentially homed to visceral fat depots and lo-
calized to FALCs 24 h after adoptive transfer (Supplemen-
tary Fig. 3). OVA, but not BSA, induced proliferation of
adoptively transferred OT-I CD4" T cells in eWAT, omental,
and mesenteric fat depots, as indicated by CFSE dilution
and by increased numbers of donor-derived (CD45.2")
CD4" T cells recovered from these fat depots (Fig. 64 and
B). The total number of CD4" T cells increased in vis-
ceral fat depots, but not in spleen, 3 days after OVA
exposure (Fig. 6C).

OT-II CD4™ T cells were transferred into obese mice to

determine the effects of antigen-specific CD4* T-cell acti-
vation on adipose tissue inflammation in obese mice. In
eWAT, OVA increased the number of CD3* ATTs (expressed
as total cells per gram or as a percentage of SVCs) but had
no effect on ATM content (Fig. 6D and E). The accumu-
lation of CD4* T cells within fat was attributed not to
increases in circulating T cells (Fig. 6F) but, rather, to lo-
calized proliferation, because OVA exposure increased
the number of CD4" ATTs expressing the cell cycle antigen
Ki-67 (Fig. 6G). However, ATT proliferation alone did not
alter ATM composition in eWAT (Fig. 6H) and had no
significant impact on blood glucose or plasma insulin lev-
els in obese mice (Fig. 61).
Neutralization of MHC II reduces CD4* ATTSs but does
not improve glucose homeostasis in obese mice. We
next tested whether MHC II blockade could modify T-cell
inflammation and insulin resistance in mice with estab-
lished obesity. MHC II immunotherapy (blocking antibody
injections every 48 h for 18 days) in mice fed HFD for 14
weeks reduced the total number of CD3"* lymphocytes and
the number of CD4* ATTs in obese eWAT (Fig. 7A and B).
Treg content in eWAT trended toward reduction after MHC
II neutralization (Fig. 7C). Notably, there were no differ-
ences in CD4" T-cell content in spleen or lymph nodes in
obese mice after MHC II neutralization (Fig. 7D). MHC II
neutralization did not attenuate the expression of in-
flammatory genes in eWAT (Tnfa, 116, 1110, and Ifng; Fig.
7D). Moreover, blood glucose and insulin levels were un-
affected (Fig. 7F), and glucose intolerance was similar be-
tween IgG and aMHC II-treated HFD mice (Fig. 7G). MHC
II neutralization in mice fed HFD for a shorter duration (6-8
weeks) also failed to significantly improve metabolic
parameters (Supplementary Fig. 4).

is shown. L: Quantification of ATMs expressing MHC I-A/I-E and non-ATMs in eWAT from ND and HFD mice. Data are means + SEM (n = 4 per
group). M: MHC I-A/I-E expression (MFI, mean fluorescent intensity) on CD11¢™ and CD11c¢* ATMs from eWAT of HFD mice as determined by flow
cytometry. Data are means + SEM (n = 4 mice). *P < 0.05, **P < 0.01, ***P < 0.001.
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FIG. 3. Expression of costimulatory molecules on ATMs is regulated by dietary obesity, inflammatory stimuli, and adipocyte signals. Male C57BL/6
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DISCUSSION

A diverse array of adipose tissue leukocytes is known to
impact metabolic disease, yet we have a limited un-
derstanding of how leukocytes communicate within fat.
Here, we show that ATMs from visceral fat meet the
functional definition of APCs. ATMs process and present
antigen on MHC II molecules, express T-cell costimulatory
molecules, induce antigen-specific CD4" T-cell prolifera-
tion, and provide accessory signals to promote the polar-
ization of naive CD4" T cells into IFN-y—producing Thl
effector cells. All of these functions were enhanced after
dietary obesity due in part to the specific activation of
Ciita via a DC/macrophage—specific promoter in ATMs.
These data combined with the microscopic evidence of
direct ATM-T-cell contact in fat support the concept that
ATMs help coordinate an adaptive response to obesity by
modulating T-cell activation in fat.

Our data indicate that the capacity for T-cell stimulation
is an intrinsic feature of ATMs in lean mice. This provides
a system whereby signals early in the course of obesity can
be translated into a changed T-cell activation state, at least
in part, via the ongoing interaction between CD4" T cells
and ATMs. In this way, resident ATMs may function as key
sensors of the adipose tissue environment and translate
signals from metabolically stressed or damaged adipocytes
into an adaptive T-cell response. The potential signals that
may feed into and modify this pathway are numerous and
include adipokines, fatty acids, cytokines, activators of the
NLRP3 inflammasome, and inflammatory CD8* T cells.
This model is consistent with the observations that ATT
accumulation precedes the appearance of CD11c* ATMs in
obese visceral fat (19,21). Our data also indicate that the
capacity of ATMs to induce proliferation and IFN-y

diabetes.diabetesjournals.org

production in antigen-specific CD4"* T cells is dramatically
enhanced by dietary obesity.

Because a significant fraction of ATMs expressing MHC
II localize to FALCs that harbor proliferating ATTs, we
believe that these atypical structures are important foci
for ATM-T-cell interactions in visceral adipose tissue in
mice. Notably, interactions between ATMs and ATTs
redistribute more broadly with obesity, becoming centered
on CLS—regions of active phagocytosis, dense CDl1l1c*
ATM accumulation, and cytokine production. Collectively,
this suggests that the APC function of ATMs may have duel
roles, initially functioning to activate ATT proliferation
early in response to obesity and later functioning to
retain effector-memory ATTs in adipose tissue as obesity
progresses. Technical limitations prevented us from de-
finitively concluding which ATM subtype (M1 or M2) pre-
dominates in terms of APC function (data not shown).
More studies are needed to define the spatial and temporal
dynamics of ATM and ATT interactions in visceral fat at
the onset of metabolic stress induced by overnutrition and
throughout the progression of obesity.

Our group and others have primarily relied on surface
markers to characterize ATMs and putative DCs in fat.
Obesity induces the accumulation of myeloid cells
(CD11b") that express both macrophage (F4/80) and DC
markers (CD11c) in fat, generating a confusing picture of
what these cells are functionally. Given the uniqueness of
the adipose tissue microenvironment, it is not surprising
that myeloid cells in fat will have features that differ from
classical lymphoid tissues, such as the spleen. The diffi-
culty in distinguishing between tissue macrophages and
DCs is not new to the immunology field, and many have
questioned if a distinction between tissue macrophages
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FIG. 4. ATMs in visceral fat are efficient phagocytes capable of processing model antigens. A: Identification of fluorescent OVA (green) in F4/80*
(red) ATMs in eWAT by confocal microscopy 1 h after intraperitoneal injection of FITC-conjugated OVA. Bar = 50 pm; original magnification x40.
B: Immunofluorescence image of fluorescent OVA (red) in a FALC in eWAT from a lean mouse. Scale bar = 100 pm. SVCs were isolated from HFD-
fed (20 weeks) male mice and cultured for 18 h. Adherent cells were incubated with FITC-conjugated OVA or FITC-labeled ZymosanA particles for
1 h before immunostaining with indicated antibodies and imaged by confocal microscopy (original magnification xX63). Ex vivo uptake of FITC-OVA
(green) was observed in adherent F4/80* (red) (C), MHC I-A/I-E* (red) (D), and CD11c* (red) cells (E). F: Phagocytosis of ZymosanA particles
(green) by cultured F4/80* ATMs (red). Scale bar = 50 pm for C-F. Lean mice were injected intraperitoneally with DQ-OVA (100 pg/mouse). SVCs
from eWAT and peritoneal macrophages were isolated 1 h later and stained for flow cytometry analysis. Representative scatterplots show
DQ-OVAME! cells in ATMs expressing MHC I-A/I-E (F4/80* CD11b*) (G) and non-ATMs (F4/80~ CD11b") (H) from eWAT. I: DQ-OVA signals were
detected in peritoneal macrophages (PMd; F4/80* CD1 le‘gh) from the same mouse; the percentage of gated cells is indicated in each quadrant.

and DCs is appropriate (44). Our studies have shifted to-
ward clarifying the functional definition of ATMs and how
this changes in obesity. A recent study described pop-
ulations of F4/80~ CD11lc* B220 adipose tissue DCs that
are capable of promoting Thl and Th17 T-cell responses
(45). In our experience, these cells are rare in mice, be-
cause >80% of CDIllc* cells in visceral fat coexpress
CD11b and F4/80. In our in vitro T-cell assays using FACS-
sorted cells, F4/80~ CD1lc* B220~ cells were excluded
from the F4/80* ATM population but were present in the

2768 DIABETES, VOL. 62, AUGUST 2013

non-ATM fraction. However, these non-ATMs did not ro-
bustly stimulate T-cell proliferation or IFN-y production in
our hands. Although we cannot exclude the possibility that
other SVCs may function as APCs, our data strongly imply
that F4/80" CD11b" ATMs in visceral fat from mice are
robust and efficient APCs that are significantly modified
during dietary obesity.

Our initial attempts to improve insulin sensitivity in
HFD-fed mice by blocking antigen presentation to CD4*
T cells with MHC II-blocking antibodies were unsuccessful
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FIG. 5. ATMs activate MHC II-restricted antigen-dependent CD4* T-cell proliferation and Thl polarization in vitro. SVCs were prepared from
eWAT of lean (ND) and obese (HFD) mice and cultured overnight. Adherent cells were pulsed with the indicated amount of OVA peptide (323-339)
or full OVA protein for 2 h before CFSE-labeled CD4* cells from OT-II mice were added. After 5 days, CFSE dilution was determined by flow
cytometry to quantify proliferating CD4" cells in cocultures. Cytokines were measured by ELISA. A: Representative histograms demonstrate
antigen-induced proliferation of CFSE-labeled OT-II CD4"* T cells in cocultures containing OVA peptide-pulsed SVCs from eWAT of lean (ND) and
obese (HFD) mice. B: Quantitation of OT-II T-cell proliferation in cultures containing ND and HFD SVCs and increasing concentrations of OVA
peptide. C: CD4* T-cell proliferation in cultures containing OVA peptide-pulsed HFD SVCs in the presence («MHC II) or absence (IgG) of MHC II-
neutralizing antibodies. D: OT-II CD4* T-cell proliferation induced by FACS-purified ATMs (F4/80* CD11b*) and non-ATMs (F4/80~ CD11b™) from
HFD mice pulsed with OVA peptide. E: OT-II T-cell proliferation induced by ATMs from HFD mice pulsed with whole OVA protein. F: IFN-y, IL-4,
and IL-10 production in cocultures containing ND and HFD SVCs loaded with the indicated amounts of OVA peptide. G: IL-17 and IL-2 production in
cocultures containing HFD SVCs pulsed with OVA peptide. nd = not detected. H: IFN-y and IL-2 production in cocultures containing FACS-purified
ATMs and non-ATMs from HFD mice loaded with OVA peptide before addition of CFSE-labeled OT-II CD4" cells. B-H: Data are means = SEM (n =
3-4 wells) and are representative of two to three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control.

in early and late obesity. MHC II neutralization decreased II-neutralizing antibodies alone did not improve whole-
CD4" ATTs specifically in the visceral fat of obese mice, body glucose homeostasis or alter inflammatory gene ex-
supporting the notion that MHC Il-restricted antigen pression in fat. These findings are consistent with variable
presentation is responsible for activating and retaining results seen in other studies, and several laboratories have
CD4" ATTs in fat. However, treating obese mice with MHC shown that blocking T-cell action alone is not sufficient to
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FIG. 6. Induction of antigen-dependent CD4"* T-cell proliferation in adipose tissue in vivo. A: Proliferation of adoptively transferred CFSE-labeled
OT-II CD4* cells in eWAT from lean mice 3 days after intraperitoneal injection of OVA or BSA. Quantitation of adoptively transferred (CD45.2%)
(B) and total (C) CD4" cells in eWAT, omental (0OWAT), and mesenteric (mWAT) fat depots and spleen from lean mice 3 days after intraperitoneal
injection of OVA or BSA. Data are means = SEM (n = 4 per group). Purified CD4* OT-II T cells were adoptively transferred into obese mice (12
weeks on HFD). OVA or BSA was injected intraperitoneally 24 h after adoptive transfer. Cells from eWAT, spleen, and blood were analyzed by flow
cytometry 5 days after antigen exposure. D: ATM and ATT content in eWAT from HFD mice. E: CD3* ATTs in eWAT from HFD mice expressed as
a percentage of SVCs. F: Quantification of CD4* and CD8* T cells in eWAT and blood from HFD mice. G: Quantification of Ki-67* CD4* T cells in
eWAT and spleen from HFD mice. H: Quantification of ATM subtypes in eWAT from HFD mice. DN, double negative; DP, double positive. I: Random-
fed blood glucose and plasma insulin levels in HFD mice. D-I: Data are means + SEM (n = 3 mice per group). *P < 0.05, **P < 0.01, ***P < 0.001 vs.

control (BSA).

improve the metabolic profile in mouse models with es-
tablished obesity. For example, depletion of CD4* T cells in
fat with anti-CD3 antibodies had no effect on glucose tol-
erance in older obese animals (28), and augmenting T-cell
activation in Apoe”’~ mice also had no effect on insulin re-
sistance (46). Mice deficient for CD40 L demonstrated a sig-
nificant decrease in ATTs, without any improvement in
metabolic measures with obesity (47). Likewise, Treg expan-
sion with IL-2 did not lead to significant changes in glucose or
insulin tolerance in mice (19). Resolving these observations
with the evidence that T cells can impact metabolism when
restored in lymphopenic mice will require a more detailed
view of the kinetics of T-cell activation and deactivation in fat.
One explanation of why MHC II neutralization did not impact
glucose metabolism may be due to the limited duration of
therapeutic intervention. Two weeks of intervention may not

2770 DIABETES, VOL. 62, AUGUST 2013

be long enough to fully deactivate IFN-y-producing CD4"
cells in fat. Another explanation may be related to the inability
of these treatment modalities to augment the activity of
proinflammatory CD11c¢* ATMs, which are quantitatively the
dominant proinflammatory leukocyte population in obese fat.

The identification of an antibody signature in human
obesity (24) and our results suggest that protein antigens
may trigger an adaptive immune response to obesity. The
antigens that give rise to such responses remain elusive
and will require further investigation. The limited number
of total CD4" and CD8* ATTs in visceral fat (on the order
of 1-5 X 10* cells/g) poses a significant obstacle to iden-
tifying immunogenic peptide antigens at this time. These
challenges also exist in the atherosclerosis field, where
T cells have been implicated for over a decade, but only
a few causal antigens have been identified (48).

diabetes.diabetesjournals.org
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FIG. 7. MHC II neutralization reduces CD4* ATTSs in obese mice but does not impact inflammation or glucose homeostasis. Mice were fed HFD for
14 weeks to induce obesity. Purified MHC I-A/I-E (aMHC II) or control (IgG; rat IgG2b) monoclonal antibodies were injected intraperitoneally

every 48 h for 18 consecutive days. Quantification of total CD3* ATTs

(A) and total CD4* and CD8* ATTs (B) in eWAT of HFD mice after

treatment. C: Treg content in eWAT from treated mice. D: Relative frequency of CD4" T cells (as % total CD3* T lymphocytes) in eWAT, spleen, and
lymph nodes (LN). E: Tnfa, I16, I110, and Ifng expression in total eWAT from HFD mice after treatment. F: Fasting blood glucose levels (day 15)
and random-fed plasma insulin levels (day 17) in HFD mice. G: Glucose tolerance test (GTT) performed in HFD mice 11 days after treatment. Data

are means = SEM (n = 3 mice per group). *P < 0.05 vs. control (IgG).

Beyond the identification of the individual protein anti-
gens, the adipose tissue environment itself may significantly
modify the ability of antigens to activate T cells. Antigens
that are coupled to unsaturated fatty acid—based liposomes
can be processed and presented on MHC I and II molecules
to activate CD8" and CD4" T cells, respectively; by contrast,
antigens coupled to saturated fatty acid-based liposomes
are processed and presented via MHC II exclusively
(49). In this article, we have chosen to focus on MHC II
restricted CD4" T-cell activation based on the current
evidence that CD4" T cells have a restricted T-cell recep-
tor repertoire (19,21,28). Although we performed these
experiments with non-liposomal-associated peptide anti-
gens, whether putative obesity-induced antigens are
liposomally encapsulated is unknown. This may be a po-
tentially important node of regulation of both CD8* and
CD4" ATTs.

In summary, we have shown that ATMs in visceral fat
are efficient APCs capable of inducing the proliferative
expansion of Thl skewed effector/memory CD4* T cells.
Our observations provide a conceptual advancement to our
understanding of the complexity of leukocyte networks in
adipose tissue. Future studies are necessary to define how
these dynamic interactions may contribute to the patho-
genesis of metainflammation and metabolic diseases.
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