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Abstract

Objective—T cells, particularly CD8+ T cells, are major participants in obesity-linked adipose

tissue (AT) inflammation. We examined the mechanisms of CD8+ T-cell accumulation and

activation in AT and the role of CD11a, a β2 integrin.

Approach and Results—CD8+ T cells in AT of obese mice showed activated phenotypes with

increased proliferation and interferon-γ expression. In vitro, CD8+ T cells from mouse AT

displayed increased interferon-γ expression and proliferation to stimulation with interleukin-12

and interleukin-18, which were increased in obese AT. CD11a was upregulated in CD8+ T cells in

obese mice. Ablation of CD11a in obese mice dramatically reduced T-cell accumulation,

activation, and proliferation in AT. Adoptive transfer showed that CD8+ T cells from wild-type

mice, but not from CD11a-deficient mice, infiltrated into AT of recipient obese wild-type mice.

CD11a deficiency also reduced tumor necrosis factor-α–producing and interleukin-12–producing

macrophages in AT and improved insulin resistance.

Conclusions—Combined action of cytokines in obese AT induces proliferative response of

CD8+ T cells locally, which, along with increased infiltration, contributes to CD8+ T-cell

accumulation and activation in AT. CD11a plays a crucial role in AT inflammation by

participating in T-cell infiltration and activation.
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Obesity increases risk for type 2 diabetes mellitus and cardiovascular disease. Adipose tissue

(AT) inflammation occurs in obesity and may link obesity and the related diseases.1–4 Initial

studies indicated that macrophages were responsible for most inflammatory events in AT.5–8

More recent studies showed that T lymphocytes, especially CD8+ T cells, also accumulate in

AT with activated phenotypes in obesity and participate in AT inflammation.9–14 The most

recent studies showed a role of major histocompatibility complex class II on macrophages/

dendritic cells (DCs) or adipocytes in the activation of CD4+ T cells in AT.15,16 However, it

remains incompletely understood how CD8+ T cells, which showed a greater increase in AT

in obesity,9,15 accumulate in AT and become activated.

During adaptive immunity, T cells become activated and proliferate in lymphoid organs

when encountering antigens presented by antigen-presenting cells. After activation, T cells

arrive at the site of inflammation and exert active roles in peripheral tissues.17,18 AT CD4+

T cells may become activated and proliferate in major histocompatibility complex class II–

dependent and antigen-dependent manners.15,16 However, little information is available

about obesity-related/specific antigens.16 In addition to their role in adaptive immunity,

memory T cells, CD8+ T cells in particular, are also involved in innate immunity, becoming

activated and proliferating under cytokine stimulation in the absence of antigens.19–21

T-cell recruitment, which is controlled by the combination of adhesion molecules and

chemokines/receptors, is crucial for T-cell circulation among lymphoid organs and

peripheral tissues.22 Lymphocyte function antigen-1 (LFA-1) is a β2-integrin expressed on T

cells and other leukocytes and composed of a distinct α chain (CD11a) and a shared β chain

with other β2 integrins.22 LFA-1 plays crucial roles in lymphocyte transendothelial

migration and in immunologic synapse and T-cell activation through interaction with

intercellular adhesion molecule-1 on endothelial cells or antigen-presenting cells.23 Because

of its multiple roles in T-cell functions, LFA-1 has been an attractive target for

immunosuppressive therapy, including prevention of inflammation and organ graft

rejection.24,25 Nevertheless, a potential role of LFA-1 in obesity-linked AT inflammation

has never been reported.

In the present study, we confirmed CD8+ T-cell accumulation with activated phenotypes in

AT of obese mice. Further studies revealed that AT CD8+ T cells, most of which are

memory T cells, can be activated and proliferate in vitro under stimulation of T-helper 1/T-

cytotoxic 1 (Th1/Tc1)–polarizing cytokines that are increased in AT of obese mice. The

proportions of CD11ahigh/CD8+ T cells were increased in obese mice. CD11a deficiency in

obese mice markedly reduced T-cell accumulation and activation in AT. We further found

that CD8+ T cells from wild-type (WT) mice, but not from CD11adeficient mice, infiltrated

into AT of recipient obese WT mice. Finally, CD11a-deficient mice were protected from

obesity-induced insulin resistance. Thus, our study provided more supporting data for the

potential mechanisms of CD8+ T-cell accumulation and activation in AT in obesity and

showed a crucial role of LFA-1 in CD8+ T-cell–related AT inflammation and metabolic

dysfunctions associated with obesity.
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Materials and Methods

Materials and Methods are available in the online-only Supplement.

Results

Obese Mice Show Increased Activated CD8+ T Cells in AT

Fluorescence-activated cell sorter analysis of stromal/vascular cells (S/Vs) indicated that,

compared with lean mice, obese mice had increased numbers of total T cells, CD4+ T cells,

and CD8+ T cells in AT, with a greater increase in CD8+ T cells (Figure IA in the online-

only Data Supplement), consistent with previous studies.9–12 Next, we focused on studying

CD8+ T cells in AT. Compared with those in lean mice, the proportions of CD44+/CD62L−

effector memory (TEM)/effector T (TE) cells and of CD44+/CD69+ activated T cells in the

AT CD8+ T-cell population were higher in obese mice (Figure 1A and 1B). Consistently, the

proportion of interferon-γ (IFN-γ)–producing CD8+ T cells and mRNA levels of IFN-γ,

granzyme B, and interleukin-2 (IL-2), molecules expressed by activated T cells, were

increased in AT of obese mice (Figure 1C and 1D). These results indicate that CD8+ T cells

not only increased in number but also displayed activated phenotypes with polarization to

Tc1 in AT of obese mice. Tc1/Th1-polarizing cytokines including IL-12, IL-18, and IL-15,

produced primarily by macrophages/DCs,20 were also elevated in AT of obese mice (Figure

1D and Figure IB and IC in the online-only Data Supplement).

CD8+ T Cells From AT of Lean Mice Can Be Activated With Cytokines Alone In Vitro

Most of the AT CD8+ T cells including those in lean mice were CD44+ memory T cells

(Figure 1A). Previous studies showed innate immune response of memory T cells to

cytokine stimulation.19–21 Increased IL-12, IL-18, and IL-15 levels in AT of obese mice

suggested a Tc1/Th1-polarizing milieu. Coculture with AT of obese mice increased CD69

expression on CD8+ T cells from AT of lean mice, whereas adding anti–IL-12– and anti–

IL-18–neutralizing antibodies inhibited obese AT-induced CD69 expression (Figure 1E).

When cultured with IL-2 alone, few CD8+ T cells from AT of lean mice expressed IFN-γ. In

contrast, combining IL-12 and IL-18 significantly increased IFN-γ expression, and adding

IL-2 to IL-12 and IL-18 further increased IFN-γ expression in CD8+ T cells from AT of lean

mice (Figure 1F). These data indicate that in obesity, the combined action of cytokines

secreted by AT can activate CD8+ T cells locally in AT.

CD8+ TEM/TE Cells Proliferate in AT in Obesity

T-cell activation requires cell cycle entry and proliferation. At 3 hours after Edu injection,

Edu+/CD8+ T cells appeared in spleen but not in blood (Figure II in the online-only Data

Supplement). At the same time, we observed Edu+/CD8+ T cells in S/Vs of AT (Figure 2A),

indicating that CD8+ T cells proliferated in AT (and spleen). The proportion of proliferating

CD8+ T cells was significantly higher in AT of obese mice than of lean mice and also higher

in AT than in splenocytes (Figure 2A).

Edu+ T cells started to appear in blood 6 hours after Edu injection, indicating T-cell release

from lymphoid organs. At 24 hours, ≤2% of CD8+ T cells in blood were Edu+ (Figure 2A
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and Figure II in the online-only Data Supplement), and we observed a higher proportion of

Edu+/CD8+ T cells in S/Vs (Figure 2A), which may be because of more CD8+ T cells

undergoing proliferation in AT and also infiltration of blood (Edu+) CD8+ T cells as

confirmed by our subsequent T-cell adoptive transfer study. Compared with lean mice,

obese mice also had higher proportions of Edu+/CD8+ T cells in S/Vs at 24 hours after

injection (Figure 2A).

At 3 hours after Edu injection, ≈95% of proliferating CD8+ cells in AT of obese mice were

CD62L− (Figure 2B), consistent with TEM/TE phenotypes. At 24 hours after injection, the

proportion of CD62L+ Edu+/CD8+ T cells increased (Figure 2C; 10.1±1.2% at 24 hours

versus 5.7±0.7% at 3 hours; P<0.05), perhaps suggesting infiltration of blood CD62L+CD8+

T cells, which constituted ≈50% of blood Edu+/CD8+ T cells (Figure 2D). In vitro,

compared with IL-2 alone, combined IL-2, IL-12, and IL-18 increased the proliferation rate

of AT CD8+ T cells and also that of CD8+ T cells from splenocytes (Figure 2E).

Collectively, these data suggest that AT CD8+ T cells can be activated and proliferate

locally under the stimulation of AT-secreted cytokines and that the local cytokine-induced

activation and proliferation may contribute to accumulation of activated CD8+ T cells in AT

in obesity.

Proportions of CD11ahigh/CD8+ T Cells Are Increased in Obese Mice

To examine further the mechanisms of T-cell accumulation and activation in AT, we next

focused on CD11a. Based on CD11a levels, we found 2 major CD8+ T-cell populations,

CD11ahigh and CD11aint, in both blood and S/Vs (Figure IIIA and IIIB in the online-only

Data Supplement). Compared with leans, obese mice (on high-fat diet [HFD] for 16 weeks)

showed significant increases in the proportion of CD11ahigh/CD8+ T cells in blood and S/Vs

(Figure 3A). Furthermore, although CD11ahigh/CD8+ T cells in S/Vs of lean mice contained

CD62L− and CD62L+ cells, CD62L− cells dominated the CD11ahigh/CD8+ T-cell population

in S/Vs of obese mice (Figure IIIB in the online-only Data Supplement). All proliferating

CD8+ T cells in AT of obese mice were also CD11ahigh (Figure IIIC in the online-only Data

Supplement). A time course study indicated that proportions of CD11ahigh/CD8+ T cells in

blood tended to increase at 8 weeks and increased significantly at 12 weeks after HFD

(Figure IIID in the online-only Data Supplement).

CD11a−/− Mice on HFD Show Normal Weight Gain But Decreased T-Cell Content and
Activation in AT

Compared with WT mice, CD11a−/− mice had similar body weight on chow diet and

showed normal weight gain after HFD (Figure IVA in the online-only Data Supplement and

Figure 3B). However, obese CD11a−/− mice had smaller livers but larger perigonadal fat

pads than obese WT mice (Figure 3C and 3D).

Total S/V numbers per gram AT were increased in obese WT, but not in obese CD11a−/−

mice, compared with their lean counterparts and were significantly lower in obese CD11a−/−

than in obese WT (Figure 3E). Concomitantly, numbers of crown-like structures, which

consisted of macrophages/DCs and T cells,5,9 per field of AT section and average cell
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numbers per crown-like structure were lower in obese CD11a−/− mice than in obese WT

mice (Figure IVB and IVC in the online-only Data Supplement). Fluorescence-activated cell

sorter analysis indicated that the relative ratio of T cells, but not macrophages/DCs, in total

S/Vs was decreased in obese CD11a−/− mice compared with obese WT mice (Figure IVD in

the online-only Data Supplement).

Compared with obese WT, obese CD11a−/− mice showed dramatic reductions in the

numbers of CD4+, CD8+, and total T cells per gram AT (Figure 3F). Furthermore, the

proportions of activated T cells, including CD62L−/CD44+ TE/TEM cells, CD44+/CD69+

cells, and IFN-γ–producing cells, in AT CD8+ T cells and mRNA levels of T-cell activation

markers, including granzyme B, IFN-γ, and IL-2, in AT were also lower in obese CD11a−/−

mice than in obese WT (Figure 3G and 3H). These results suggest that CD11a deficiency in

obese mice not only decreased T-cell numbers but also suppressed T-cell (CD8+) activation

in AT.

In contrast, γδT cell numbers in AT and numbers of total T cells and CD8+ T cells in blood

were similar between CD11a−/− and WT mice (Figure VA and VB in the online-only Data

Supplement). The proportions of CD8+ CD62L−/CD44+ TE/TEM cells in blood and spleen

were low and were not affected by CD11a deficiency (Figure VI in the online-only Data

Supplement).

CD11a Is Critical for CD8+ T-Cell Infiltration and Proliferation in AT of Obese Mice

Competitive homing assay showed that at 6 hours after injection of mixed

carboxyfluorescein succinimidyl ester (CFSE)-labeled splenocytes from CD11a−/− and WT

mice (Figure 4A) into recipient WT mice, CFSE+/CD8+ T cells appeared in AT of recipient

mice, with more CFSE+/CD8+ T cells observed in AT of obese recipients than of lean

recipients (Figure 4B and 4C). The increases in CFSE+/CD8+ T cells in AT of obese

recipients were because of increases in CD11a+/CFSE+ T cells (from WT donors) but not

CD11a−/CFSE+ T cells (from CD11a−/− donors; Figure 4C). Of note, ≈90% of total CD8+/

CFSE+ T cells in AT of obese recipients were CD11a+, and only ≈10% were CD11a−

(Figure 4C). These results indicated that CD8+ T cells infiltrate into AT in obesity and that

CD11a is crucial for this process.

T-cell proliferation assay indicated that at 3 hours after Edu injection, obese CD11a−/− mice

did not show increased proportions of Edu+/CD8+ T cells in AT compared with lean

CD11a−/− mice and had a lower proportion of AT Edu+/CD8+ T cells than obese WT

(Figure 4D), indicating reduced CD8+ T-cell proliferation in AT of obese CD11a−/− mice.

Tissue culture showed that after stimulation with IL-2, IL-12, and IL-18, the proportion of

IFN-γ–producing cells was significantly lower in CD8+ T cells from AT of obese CD11a−/−

mice than of obese WT mice (Figure 4E). These results suggest that CD11a plays a crucial

role in T-cell–related AT inflammation by participating in T-cell infiltration, activation, and

proliferation in AT.

Obese CD11a−/− Mice Have Reduced Numbers of M1-Type Macrophages/DCs in AT

Obesity in WT mice increased macrophages/DCs in AT.5–8 Compared with obese WT,

obese CD11a−/− mice tended to have lower numbers of F4/80+/CD11b+ macrophages/DCs
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in AT (Figure 5A). The relative ratio of CD11c+/macrophage galactose-type C-type lectin

1− cells8,26 in total F4/80+/CD11b+ macrophages/DCs increased and that of CD11c−/

macrophage galactose-type C-type lectin 1+ cells decreased in both obese WT and CD11a−/−

mice compared with their lean counterparts, with no significant differences between obese

CD11a−/− and obese WT mice (Figure VIIA in the online-only Data Supplement). However,

compared with obese WT mice, obese CD11a−/− mice showed significant reductions in the

proportions of tumor necrosis factor-α–producing and IL-12–producing M1

macrophages/DCs8 (Figure 5B) and levels of M1 markers, including tumor necrosis factor-

α, monocyte chemoattractant protein-1, IL-12, IL-18, and regulated on activation, normal T

cell expressed and secreted in AT (Figure 5C and Figure VIIB in the online-only Data

Supplement), suggesting that CD11a deficiency protects obese mice against M1 polarization

of AT macrophages/DCs.

Consistent with a previous study,27 neutrophil elastase was increased in AT of obese WT

compared with lean WT mice. Compared with obese WT, obese CD11a−/− mice tended to

have lower levels of neutrophil elastase in AT (Figure 5D).

Obese CD11a−/− Mice Show Improved Metabolic Functions

Compared with lean WT, obese WT mice showed insulin resistance as indicated by higher

plasma levels of insulin and glucose (Figure 6A and Figure VIIIA in the online-only Data

Supplement) and higher homeostasis model assessment of insulin resistance (Figure 6B).

Obese WT mice also had higher plasma levels of triglyceride (TG) and cholesterol and

greater TG content in skeletal muscle and the liver than in lean WT mice (Figure 6C–6E and

Figure VIIIB in the online-only Data Supplement). Compared with obese WT, obese

CD11a−/− mice had significantly lower plasma insulin levels and lower homeostasis model

assessment of insulin resistance (Figure 6A and 6B). Plasma TG levels and TG content in

skeletal muscle and the liver were also lower in obese CD11a−/− mice than in WT mice

(Figure 6C–6E). Compared with obese WT mice, obese CD11a−/− mice showed improved

glucose tolerance in glucose tolerance test (Figure 6F) and ameliorated insulin resistance in

insulin tolerance test (Figure 6G). Examination of insulin sensitivity in various tissues

indicated that, compared with lean WT, obese WT mice showed blunted insulin-stimulated

Akt Ser473 phosphorylation in AT, skeletal muscle, and liver, indicating insulin resistance

in all these tissues (Figure 6H and Figure VIIIC and VIIID in the online-only Data

Supplement). Compared with obese WT, obese CD11a−/− mice showed higher levels of

Ser473-phosphorylated Akt in AT (Figure 6H) but not in skeletal muscle or the liver (Figure

VIIIC and VIIID in the online-only Data Supplement). All these results indicate that

deficiency of CD11a protects mice against obesity-induced metabolic dysfunctions.

Neutralization of CD11a in Obese Mice Improves Glucose Tolerance and Reduces the
Proportion of CD8+ T Cells in AT

We next neutralized CD11a by injecting KBA, a neutralizing anti-mouse CD11a

antibody,22,28 in WT mice, with established obesity every other day for 9 times. Compared

with controls, neutralization of CD11a significantly improved glucose tolerance in obese

mice (Figure IXA in the online-only Data Supplement). CD11a neutralization also

significantly reduced the ratio of CD8+ T cells in total AT T cells and tended to reduce the
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ratio of CD11c+/macrophage galactose-type C-type lectin 1− cells in total AT

macrophages/DCs without significantly changing the proportions of total T cells and

macrophages/DCs in S/Vs (Figure IXB and IXC in the online-only Data Supplement).

Blockade of CD11a did not significantly alter the proportions of total T cells and CD8+ and

CD4+ T cells in splenocytes (data not shown).

Discussion

Recent studies addressed previously unrecognized roles of T cells, particularly CD8+ T

cells, in obesity-induced AT inflammation and insulin resistance.9–12,14,29 In adaptive

immunity, T cells become activated and proliferate mainly in lymphoid organs in the

presence of antigens and antigen-presenting cells.18 Recently, Morris et al16 and Deng et

al15 reported a potential role of adaptive immunity in CD4+ T-cell–related AT inflammation.

However, how CD8+ T cells accumulate and become activated in AT remains largely

unknown.

In the current study, we demonstrated that CD8+ T cells (most of which were memory T

cells) from AT of lean mice showed activation and proliferation in vitro on stimulation with

Th1/Tc1-polarizing cytokines, which were increased in AT of obese mice. We also observed

CD8+ T-cell infiltration into AT with increased infiltration in obesity. Therefore, increased

infiltration and local activation and proliferation may contribute to the increased

accumulation and activation of CD8+ T cells in AT in obesity. We also found that CD11a is

crucial for AT inflammation by participating in T-cell infiltration and activation.

A role of memory CD8+ T cells from lymphoid organs in innate immunity has been

reported.19–21 Here, we report that CD8+ T cells from AT showed innate immune response

as indicated by our in vitro study, which, combined with reports showing a polyclonal T cell

receptor repertoire of CD8+ T cells in AT of obese humans and mice,9,30 suggested a

potential of AT CD8+ T cells in innate immunity in obesity. Occurrence of T-cell activation

in nonlymphoid tissues has been reported.31 Here, we provide the evidence for potential

CD8+ T-cell activation in AT. First, AT included higher proportions of activated CD8+ T

cells and TEM/TE cells than blood; second, cytokine profile showed Th1/Tc1-polarizing

milieu in AT of obese mice; third, in vitro, AT CD8+ T cells were activated by AT from

obese mice or by cytokines elevated in AT of obese mice; fourth, CD8+ T cells proliferated

in AT in obesity. The higher proportions of proliferating CD8+ T cells in AT of obese mice

than in AT of lean mice and higher proportions of proliferating CD8+ T cells in AT than in

splenocytes in vivo also support our hypothesis that the local AT milieu, with increased

levels of Tc1/Th1-polarizing cytokines in obesity, activates CD8+ T cells and induces CD8+

T-cell proliferation locally in AT. T-cell proliferation has recently been reported in

peripheral blood of obese humans,30 and CD4+ T-cell proliferation has just been reported in

mouse AT.16 Here, we report CD8+ T-cell proliferation in AT in obesity.

The presence of memory T cells, which may be generated in response to environmental

organisms, in blood and infiltration of these T cells into AT before or during obesity may be

crucial for AT inflammation. When obesity occurs, the major pathogenic events of CD8+ T-

cell–mediated AT inflammation may start with activation of memory CD8+ T cells in the T-
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cell–activating milieu of AT as indicated in our current study and a previous report.9

Upregulation of IL-12 and IL-18, which play important roles in innate immune response of

memory T cells,19,20 in AT of obese mice points to the potential role of these cytokines in

AT CD8+ T-cell activation and proliferation, which was confirmed by our in vitro studies. In

addition to activation and proliferation of the resident memory T cells, obesity increased T-

cell infiltration into AT. It is conceivable that the infiltrated T cells would also respond to

the Th1/Tc1-polarizing milieu in AT, leading to inflammation amplification in AT.

Based on the above discussion, 1 strategy that may inhibit T-cell–related AT inflammation

is to limit T-cell infiltration and suppress T-cell activation in AT. LFA-1 plays active roles

in T-cell trafficking18,32 and activation.23 Therefore, we focused on LFA-1 and revealed a

crucial role of LFA-1 in obesity-induced T-cell–related AT inflammation. Based on the

demonstrated role of LFA-118,32 and our study, decreased infiltration of T cells may largely

explain the reduction of T cells in AT of CD11a−/− mice. Compared with obese WT, obese

CD11a−/− mice also had lower levels of Th1/Tc1-polarizing cytokines in AT, possibly

caused by a feedback loop of T-cell effects on macrophages/DCs (see the following

discussion). Given the effects of Th1/Tc1-polarizing cytokines on AT CD8+ T cells, the

reductions in these cytokines may explain the decreased activation and proliferation of

CD8+ T cells in AT of obese CD11a−/− mice. In addition, LFA-1 on T cells is involved in T-

cell activation through interaction with intercellular adhesion molecule-1 on antigen-

presenting cells.23 Therefore, LFA-1–intercellular adhesion molecule-1 interaction may also

contribute to T-cell activation in AT.33 However, this pathway requires antigen presentation.

Without information on obesity-specific antigens, we were unable to test the relevance of

this potential to obesity.

Macrophages/DCs with polarization to M1 play crucial roles in AT inflammation.5,6,34,35

Our data showing no significant reductions in total macrophages/DCs and unchanged

CD11c+ cell proportions in AT of obese CD11a−/− mice suggest that LFA-1 may not play a

direct role in monocyte infiltration in AT. This was not surprising given that very late

activation antigen-4 and CD11c play a dominant role in monocyte trafficking.18,36 Th1/Tc1

cells are crucial for macrophage/DC M1 polarization.37 Therefore, we postulate that

decreases in Th1/Tc1 cells may have caused the reduced proportions of M1

macrophages/DCs and decreased levels of M1 markers, which in turn further lower T-cell

activation, in AT of obese CD11a−/− mice. The trend toward lower neutrophil elastase in AT

of obese CD11a−/− mice indicates that LFA-1 may also play a role in neutrophil-related AT

inflammation.

Improvements of metabolic functions in obese CD11a−/− mice consistently support crucial

roles of inflammation in metabolic abnormalities in obesity. In addition to their contribution

to AT macrophage/DC activation,9,12 activated T cells and the major Th1/Tc1 cytokine,

IFN-γ, dysregulate preadipocyte/adipocyte functions, causing insulin resistance and lipid

storage impairment in adipocytes.11,12,38 Impaired lipid storage in adipocytes would

enhance lipid transfer from adipocytes to other tissues such as skeletal muscle and liver,

causing ectopic lipid deposition and insulin resistance in these tissues. Decreases in Th1/Tc1

cells in AT of obese CD11a−/− mice are, therefore, expected to improve adipocyte function

with greater capacity to store lipid and less lipid transfer to other tissues. Consistent with
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this notion are our data showing larger fat pads, lower blood TG, less TG in skeletal muscle,

and smaller livers in obese CD11a−/− mice. In addition to decreased Tc1/Th1 cells,

reductions in AT M1 macrophages/DCs and neutrophil elastase may also contribute to the

improvements in metabolic functions of obese CD11a−/− mice. Improvements in glucose

tolerance and reductions in the ratios of CD8+ T cells in AT T cells with neutralization of

CD11a in obese WT mice further support a role of CD11a in obesity-related AT

inflammation and metabolic dysfunctions. The lesser reductions in AT CD8+ T cells and

unchanged total T cells and CD4+ T cells in AT with CD11a neutralization compared with

obese CD11a−/− mice may be because of the short period of treatment and potentially

relatively slow turnover of T cells in AT with established obesity.

Although our in vitro studies revealed obesity-related antigen-independent response of AT

CD8+ T cells induced by cytokines secreted by obese AT, we do not exclude the possibility

that AT CD8+ T cells are activated in an obesity-related antigen-dependent manner.

Identification of obesity-specific antigens, if there are any, would help to refine the

investigation.

Taken together, our results support a potential model for CD8+ T-cell–related AT

inflammation. HFD induces local AT inflammation with release of proinflammatory

mediators such as IL-12 and IL-18, which activate AT resident CD8+ memory T cells and

induce Tc1 polarization and proliferation, leading to CD8+ TEM/TE cell expansion in AT.

When obesity progresses, CD8+ T-cell infiltration into AT increases, and the infiltrated T

cells are also activated by the local Tc1-polarizing milieu, becoming TEM/TE cells with

increased production of IFN-γ, which, in turn, activates macrophages/DCs and induces M1

polarization, thereby constituting an inflammatory loop leading to inflammation

amplification in AT. CD11a deficiency inhibits T-cell infiltration and activation in AT,

resulting in decreased TEM/TE cell accumulation in AT and disruption of the vicious circle

of AT inflammation, which decrease macrophage/DC activation and ameliorate AT

inflammation.
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Significance

T cells, particularly CD8+ T cells, play important roles in adipose tissue (AT)

inflammation and the development of metabolic dysfunctions in obesity. However, the

mechanisms of CD8+ T-cell–related AT inflammation remain incompletely understood.

We currently provide evidence for proliferation of CD8+ T cells in AT with increased

proliferation in obesity and also in vivo evidence for increased infiltration of CD8+ T

cells into AT in obesity. We demonstrated that CD11a, a β2 integrin, was upregulated on

CD8+ T cells in obese mice and played a crucial role in obesity-linked CD8+ T-cell–

related AT inflammation and metabolic dysfunctions. Therefore, our study provides

novel mechanisms for CD8+ T-cell–related AT inflammation and identifies CD11a as a

crucial molecule for obesity-linked AT inflammation and metabolic dysfunctions. These

results may provide direction for the development of novel therapeutic strategies for

obesity-linked metabolic disorders.
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Figure 1.
T cells and T-cytotoxic 1 (Tc1)/T-helper 1 (Th1)– associated genes in adipose tissue (AT) of

obese and lean mice. A, Proportions of CD44+/CD62L− effector memory T (TEM)/effector T

(TE) cells in total CD8+ T cells from AT of lean and obese mice (n=10/group). B,

Proportions of CD44+/CD69+ activated T cells in total CD8+ T cells from AT of lean and

obese mice (n=4–9/group). C, Interferon γ (IFN-γ)–producing CD8+ T cells in AT of lean

and obese mice (n=3–5/group). D, mRNA levels of Tc1/Th1-associated genes in AT of

obese and lean mice measured by quantitative reverse transcriptase-polymerase chain

reaction (n=5–8/group). E, Effect of coculture with AT from lean or obese mice (without or
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with neutralization of interleukin-12 [IL-12] and IL-18) on CD69 expression in CD8+ T

cells from AT of lean mice (n=3/group). F, Effect of cytokine stimulation on IFN-γ

production by CD8+ T cells from AT of lean mice (n=3–5/group). *P<0.05, **P<0.01,

***P<0.001 vs lean controls.
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Figure 2.
T-cell proliferation in mouse adipose tissue (AT). A, Left, Representative fluorescence-

activated cell sorter (FACS) dot plots showing Edu+ T cells (in gated CD3+ cells) in

stromal/vascular cells (S/Vs) of lean and obese mice at 3 and 24 hours after Edu injection.

Right, Quantification of the proportions of Edu+/CD8+ T cells in total CD8+ T cells in S/Vs,

splenocytes, and blood (n=3–9/group). FACS analysis of CD62L on gated CD8+ T cells in

S/Vs of obese mice at 3 hours (B) and 24 hours (C) after Edu injection (n=3/group). D,

CD62L expression on gated CD8+ T cells in blood of obese mice at 24 hours after Edu
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injection (n=3/group). E, Effect of cytokine stimulation on proliferation of AT or splenic

CD8+ T cells in vitro. *P≤0.05, ***P<0.001 vs lean controls or interleukin-2 (IL-2) alone.
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Figure 3.
CD11a and T-cell–related inflammation in adipose tissue (AT) of obese mice. A,

Quantification of the proportions of CD11ahigh/CD8+ T cells in blood and stromal/vascular

cells (S/Vs) of lean and obese wild-type (WT) mice (n=4–6/group). # #P<0.01, # #

#P<0.001 vs lean controls. B, Body weight and ratios of (C) liver and (D) perigonadal fat

pad weights to body weight of lean and obese WT and CD11a−/− mice (on chow diet or

high-fat diet for 16 weeks; n=15–20 mice/group). E, Numbers of S/Vs per gram AT of lean

and obese WT and CD11a−/− mice (n=15–19 mice/group). F, Numbers of total CD3+ T
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cells, CD8+ cells, and CD4+ T cells per gram AT of obese WT and CD11a−/− mice

examined by fluorescence-activated cell sorter analysis (n=6–8 mice/group). G, Proportions

of CD44+/CD62L− effector T (TE) and effector memory T (TEM) cells, CD69+/CD44+ T

cells, and interferon γ (IFN-γ)–expressing T cells in CD8+ T cells in S/Vs of obese WT and

CD11a−/− mice (n=5–13/group). H, mRNA levels of T-cytotoxic 1 (Tc1)/T-helper 1 (Th1)–

associated genes in AT of obese WT and CD11a−/− mice measured by quantitative reverse

transcriptase-polymerase chain reaction (n=6–7/group). **P<0.01, ***P<0.001 vs obese

WT.
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Figure 4.
Migration, proliferation, and interferon γ (IFN-γ) expression of T cells from CD11a−/− mice.

A, Left, Representative fluorescence-activated cell sorter (FACS) analysis of gated T cells

in unlabeled and carboxyfluorescein succinimidyl ester (CFSE)-labeled splenocytes used for

adoptive transfer. Right, CD11a expression on gated CD8+ T cells in CFSEl-abeled

splenocytes mixed from wild-type (WT) and CD11a−/− mice. B, FACS analysis of stromal/

vascular cells (S/Vs) of lean and obese recipient WT mice at 6 hours after adoptive transfer

showing more CD8+ T-cell infiltration (CFSE+) into adipose tissue (AT) of obese recipient
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mice (n=3/group). C, CD11a expression on (CFSE+) CD8+ T cells infiltrated into AT (n=3/

group). Lean and obese in B and C indicate lean and obese mice as recipients. D, CD8+ T-

cell proliferation in AT in vivo determined at 3 hours after Edu injection. Top,

Representative FACS analysis of gated CD8+ T cells in S/Vs. Bottom, Quantification of the

proportions of Edu+ CD8+ T cells in AT of WT and CD11a−/− mice (n=3–4/group). E, IFN-

γ expression in WT and CD11a−/− mouse AT CD8+ T cells stimulated with interleukin-2

(IL-2), IL-12, and IL-18 in vitro (n=4/group).
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Figure 5.
Obese CD11a−/− mice have reduced numbers of M1-type macrophages/dendritic cells (DCs)

in adipose tissue (AT) compared with wildtype (WT) controls. A, Numbers of F4/80+/

CD11b+ macrophages/DCs per gram AT and (B) proportions of tumor necrosis factor (TNF)

α–producing and interleukin-12 (IL-12)–producing F4/80+/CD11b+ macrophages/DCs in

stromal/vascular cells (S/Vs) of WT and CD11a−/− mice examined by fluorescence-activated

cell sorter (n=3–6 mice/group). C, mRNA levels of M1-associated genes in AT of obese WT

and CD11a−/− mice examined by quantitative reverse transcriptase-polymerase chain
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reaction (RT-PCR; n=7–9/group). *P<0.05, ***P<0.001 vs obese WT. D, mRNA levels of

neutrophil elastase in AT of lean and obese WT mice and CD11a−/− mice examined by

quantitative RT-PCR (n=5–9/group).
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Figure 6.
CD11a−/− mice were protected against obesity-induced metabolic dysfunctions. A, Fasting

plasma insulin levels, (B) calculated homeostasis model assessment of insulin resistance

(HOMAIR), and (C) fasting plasma triglyceride (TG) levels of lean and obese wild-type

(WT) and CD11a−/− mice (n=8/group). TG content in (D) skeletal muscle and (E) liver of

WT and CD11a−/− mice (n=6–8/group). Intraperitoneal (F) glucose and (G) insulin

tolerance tests in WT and CD11a−/− mice (n=7/group). *P<0.05 vs obese WT. H, Insulin-
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stimulated Ser473 phosphorylation of Akt in adipose tissue of lean and obese WT and

CD11a−/− mice determined by Western blot (n=4 mice/group)
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