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Abstract

Objectives—High-fat diet (HFD) feeding in mice is characterized by accumulation of aff T cells
in adipose tissue. However, the contribution of aff T cells to obesity-induced inflammation of
skeletal muscle, a major organ of glucose uptake, is unknown. This study was undertaken to
evaluate the effect of af T cells on insulin sensitivity and inflammatory state of skeletal muscle
and adipose tissue in obesity. Furthermore, we investigated whether CD4+IFNy+ (Tw1) cells are
involved in skeletal muscle and adipose tissue metabolic dysfunction that accompanies obesity.

Methods—Miice lacking aff T cells (T cell receptor beta chain—deficient [TCRb—/-] mice) were
fed HFD for 12 weeks. Obesity-induced skeletal muscle and adipose tissue inflammation was
assessed by flow cytometry and quantitative RT-PCR. To investigate the effect of Tyl cells on
skeletal muscle and adipose tissue inflammation and metabolic functions, we injected 5x10° Tiy1
cells or PBS weekly over 12 weeks into HFD-fed TCRb—/- mice. We also cultured C2C12
myofibers and 3T3-L1 adipocytes with Ty1-conditioned medium.

Results—We showed that similar to adipose tissue, skeletal muscle of obese mice have higher
af T cell content, including Tyl cells. TCRb—/- mice were protected against obesity-induced
hyperglycemia and insulin resistance. We also demonstrated suppressed macrophage infiltration
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and reduced inflammatory cytokine expression in skeletal muscle and adipose tissue of TCRb-/-
mice on HFD compared to wild-type obese controls. Adoptive transfer of Tyl cells into HFD-fed
TCRb-/- mice resulted in increased skeletal muscle and adipose tissue inflammation and impaired
glucose metabolism. Tyl cells directly impaired functions of C2C12 myotubes and 3T3-L1
adipocytes in vitro.

Conclusions—We conclude that reduced adipose tissue and skeletal muscle inflammation in
obese TCRb—-/- mice is partially attributable to the absence of T1 cells. Our results suggest an
important role of Tyl cells in regulating inflammation and insulin resistance in obesity.

Keywords
Obesity; inflammation; T cells; skeletal muscle

INTRODUCTION

Obesity is associated with chronic low-grade inflammation of adipose tissue, particularly in
visceral fat depots (1). In addition to infiltrating macrophages, adipose tissue inflammation
is characterized by T cell accumulation (2-6). Indeed, T cells infiltrate adipose tissue before
macrophages (4). Adipose tissue of obese animals promotes T cell activation, which results
in monocyte recruitment and differentiation into CD11c+ proinflammatory macrophages (2,
7, 8). Proinflammatory macrophages release cytokines, including tumor necrosis factor—a,
(TNF-a) and interleukin (IL)-6, which impair triglyceride storage and insulin sensitivity in
adipocytes (1, 9, 10). In addition to contributing to macrophage infiltration and activation, T
cells directly alter adipose tissue functions (6, 11). Metabolic dysfunction of fat further leads
to elevated circulating nonesterified fatty acids (NEFAS) and accumulation of triglycerides
in skeletal muscle and liver, contributing to obesity-associated systemic insulin resistance
(12, 13).

Skeletal muscle is an important insulin-responsive organ that contributes substantially to
systemic insulin sensitivity. It was recently suggested that in addition to adipose tissue,
obesity affects the inflammatory state of skeletal muscle (14). Previous studies demonstrated
that high-fat diet (HFD) results in macrophage infiltration into skeletal muscle (15). The role
of T cells in obesity-induced inflammation in skeletal muscle has not been characterized.

Two subpopulations of T cells can be distinguished on the basis of different T cell receptors
(TCRs). The majority of T cells in adult blood are af T cells, which express TCR a/p.
Antigen recognition by TCR a/p is associated with expression of accessory molecules CD4
or CD8. Increased infiltration of CD8+ T cells in obese mice has been linked to adipose
tissue inflammation and insulin resistance (7). On the other hand, different subsets of CD4+
T cells play different roles in obesity. IL-4— and IL-13-secreting CD4+ T cells (TH2) and
Foxp3+ CD4+ T regulatory cells (Teg) improve insulin resistance and obesity-associated
adipose tissue inflammation (16, 17). On the other hand, interferon-y (IFN-vy), the main
cytokine secreted by CD4+IFNy+ (TH1) cells, impair glucose metabolism (11, 18). Some
studies reported obesity-related increase in IFN-y—producing CD4+ T cells (T1) in adipose
tissue, while others showed that the number remained unchanged (16, 19). Nevertheless, the
presence of Tyl cells in skeletal muscle, an important insulin-responsive organ, and their
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contribution to skeletal muscle inflammation is unknown. In addition, the role of aff T cells,
comprised of both CD4+ and CD8+ T lymphocytes, and the effect of their deficiency on
obesity-associated adipose tissue and skeletal muscle inflammation and insulin resistance
have never been reported.

We previously showed that mice with HFD-induced obesity have increased aff T cell
numbers in adipose tissue (6). The current studies were undertaken to evaluate the role of af§
T cells in adipose tissue inflammation and metabolic dysfunctions in obesity. We also
reported a novel observation that T cells, and particularly aff T cells, are increased in
skeletal muscle of obese mice. Furthermore, we showed that a3 T cells play an important
role in skeletal muscle inflammation. We investigated the effect of af T cell depletion by
using mice deficient in TCR beta chain (TCRb—/- mice). We hypothesized that lack of aff T
cells leads to improved metabolic phenotype and reduced inflammation in adipose tissue and
skeletal muscle of HFD-fed mice. We also wanted to determine whether Tyl cells can
infiltrate skeletal muscle and adipose tissue and impair their functions.

MATERIALS AND METHODS

Mice

Male TCRb~-/-and C57BL/6J wild-type (WT) control (Jackson Laboratory 002118 and
000664) mice were fed normal chow diet (ND; 4.5% wi/w fat; Picolab Rodent Diet 5010,
Purina Mills) after weaning until 8 weeks old. To induce obesity, mice were fed western
HFD (21% wi/w fat; Dyet 112734, Dyets Inc.) starting at 8 weeks old for 12 weeks. All
animal studies and experimental procedures were approved by the Institutional Animal Care
and Use Committee of Baylor College of Medicine.

Metabolic studies

Triglyceride

Plasma glucose, insulin, triglycerides, and NEFAs were measured after 6-hour fast. Insulin
resistance was estimated by homeostasis model assessment of insulin resistance (HOMA-
IR): fasting insulin (uU/ml) x fasting glucose (mmol/l)/22.5. Plasma adiponectin was
analyzed by Mouse Adiponectin/Acrp30 ELISA (R&D Systems). Glucose tolerance test
(GTT) and insulin tolerance test (ITT) were performed after 6-hour fast. For GTT, mice
were injected intraperitoneally with 1 g/kg dextrose dissolved in water. For ITT, mice were
injected with 0.75 U/kg (ND fed) or 1.5 U/kg (HFD-fed) regular human insulin (Humulin R,

Lilly).

After 6-hour fasting, mice were injected intraperitoneally with 1.5 U/kg regular human
insulin. Skeletal muscle (quadriceps femoris) and perigonadal adipose tissue (PGAT) were
collected 10 minutes after injection.

content and tissue histology

Lipids were extracted with hexane/isopropanol, and triglyceride content was measured using
a Triglyceride Test Kit (Waco Diagnostics). PGAT samples were fixed, embedded in
paraffin, and sectioned for hematoxylin/eosin staining. Adipocytes were counted in 3-5
fields per animal. Adipocyte surface area was estimated by dividing the field area by the
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number of adipocytes. Paraffin-embedded quadriceps muscle tissues were stained with
polyclonal antibody to CD3 (Abcam) followed by secondary antibody, Vectastain ABC
Elite kit and DAB substrate (Vector Laboratories).

Flow cytometry

PGAT and skeletal muscle tissue were minced and digested with 280 U/ml collagenase type
I (Worthington Biochemical Corporation) for 1 hour. Digested tissues were then filtered,
and cells were recovered by centrifugation. Cells were stained with antibodies specific for
CD3, CD4, CD8, CD45, CD11c (BD Pharmingen), F4/80, and TCRp (eBioscience). For
intracellular staining, cells were incubated with Leukocyte Activation Cocktail with BD
GolgiPlug (BD Pharmingen) in complete Dulbecco’s Modified Eagle Medium (DMEM)
containing 10% fetal bovine serum (FBS) for 10 hours at 37°C. Cell suspensions were then
fixed and permeabilized with BD Cytofix/Cytoperm kit (BD Biosciences) and stained with
anti-IFN-y (BD Pharmingen). Flow cytometry analysis was performed with FlowJo
software to examine cell populations.

Naive CD4+ T cell and Tyl cell culture

Splenocytes isolated from ND-fed WT mice were used to purify CD4+ T cells using MACS
CDA4+ T Cell Isolation Kit 1l (Miltenyi Biotec). Naive CD4+ T cells were differentiated into
TH1 cells ex vivo using anti-CD3—coated plates (5 pug/ml) in the presence of 2 pug/ml anti-
CD28 and 10 ng/ml IL-12 in complete DMEM. After 2 days, fresh medium containing I1L-2
for a final concentration of 10 ng/ml was added to the cells.(20) At 7 days after priming,
Th1 cells were recovered by centrifugation, and Ty1-conditioned medium, which contained
all soluble factors released by Ty1 cells, was saved for further experiments. Naive CD4+ T
cells were cultured in the presence of IL-2.

Cell transfer experiments

Eight-week-old HFD-fed TCRb—/- mice were administered (by tail vein injections) either
5x10° Tyl cells or phosphate-buffered saline (PBS) weekly for 12 weeks. After 12 weeks of
injections, ITT was performed and fasting blood glucose was measured. In addition, PGAT,
skeletal muscle, and spleen were obtained and used for flow cytometry analysis to confirm
Thl cell homing. PGAT and skeletal muscle tissue were also saved for mRNA extraction
and subsequent quantitative reverse transcription polymerase chain reaction (QRT-PCR)
analysis.

3T3-L1 and C2C12 cell culture

3T3-L1 murine preadipocytes were maintained and differentiated to mature adipocytes as
described previously (6). C2C12 skeletal muscle cells were maintained in DMEM
supplemented with 10% FBS. At 90% confluence, cells were induced to differentiate in 2%
horse serum for 4 days. Fully differentiated 3T3-L1 adipocytes and C2C12 myofibers were
then treated with naive CD4+ T cell- or Tyl-conditioned medium for 48 hours at 37°C, and
mRNA was isolated as described below.
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Immunoprecipitation and Western blotting

Tissues were homogenized in Cell Extraction Buffer (Invitrogen). Proteins were separated
using polyacrylamide gels, transferred to PVDF membranes, and probed with serine?73-
phosphorylated Akt or Akt antibodies (Cell Signaling Technology). After incubation with
secondary antibody, antibody-bound proteins were detected using electrochemiluminescence
reagent according to manufacturer’s instructions (GE Healthcare Bioscience). Bands were
scanned and quantified using a STORM 840 instrument (GE Healthcare Bioscience).

RNA isolation and qRT-PCR

Total RNA was isolated using TRIzol reagent and examined by qRT-PCR using predesigned
primers and probes. Gene expression levels were expressed as relative mRNA levels
compared with 18S rRNA internal control.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software).
Mean differences were analyzed using independent two-sample t-tests. Temporal
observations were analyzed using repeated measures analysis of variance with a Bonferroni
significance level of a= a/number of tests, where a=0.05 is the unadjusted significance
level. All data are reported as meanzstandard error of the mean (SEM). Except the
Bonferroni-based significance levels, a significance level of p<0.05 was used for all other
hypothesis tests.

RESULTS

HFD-fed ap T cell-deficient mice have reduced adipose tissue inflammation and enhanced
insulin signaling despite larger adipocyte size and increased PGAT weight

After 12 weeks of HFD, TCRb—/- mice gained similar body weight to WT controls (Figure
1A). Nevertheless, liver weight was significantly reduced (Supplementary Figure 1A),
attributable to reduced lipid deposition (Supplementary Figure 1B). Perigonadal fat weight
was ~20% higher in obese TCRb—/- mice than WT controls (Figure 1B). Furthermore,
adipocyte size was significantly larger in obese TCRb-/- mice (Figure 1C), suggesting
improved triglyceride storage.

As expected, afp T cell number in PGAT of TCRb—/- mice was negligible (Supplementary
Figure 2A). Approximately 3 times more vd T cells accumulated per gram of PGAT in
HFD-fed TCRb—/- mice than HFD-fed WT controls (Supplementary Figure 2B).
Nevertheless, total T cell number was significantly lower in HFD-fed TCRb—/- mice
(Supplementary Figure 2C). gRT-PCR analysis of PGAT revealed markedly decreased
expression of macrophage marker F4/80, a marker of classically activated (M1)
macrophages; CD11c; chemokines, including monocyte chemoattractant protein-1 (MCP-1)
and regulated on activation, normal T-cell expressed and secreted (RANTES); and
proinflammatory cytokines TNF-a and IFN-vy in obese TCRb—/- mice compared with HFD-
fed WT controls (Figure 2A). Flow cytometry analysis confirmed a lower proportion of
F4/80+ CD11c+ macrophages (Figure 2B) and fewer IFN-y—secreting CD3+ T cells (Figure
2C) in the stromal vascular fraction of HFD-fed TCRb—/- mice than HFD-fed WT controls.
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Western blot analysis of PGAT lysates revealed that HFD-fed TCRb—/- mice injected with
insulin had significantly higher levels of serine4”3-phosphorylated Akt normalized to total
Akt protein compared to HFD-fed WT mice (Figure 2D). Together these results indicated
that af T cell deficiency was associated with improved insulin resistance and reduced
adipose tissue inflammation with decreased accumulation of proinflammatory macrophages
and T cells.

ap T cell deficiency improves skeletal muscle metabolic function

Whole body glucose uptake primarily reflects skeletal muscle utilization. Similar to PGAT,
skeletal muscle of obese WT mice had increased mRNA levels of F4/80, CD11c, MCP-1,
RANTES, IL-6, and IFN-y compared to lean WT animals. The expression of these
inflammatory markers was significantly reduced in HFD-fed TCRb—/- mice (Figure 3A).
Consistent with previous reports (15), macrophage content was higher in skeletal muscle of
obese WT mice than lean WT controls. Obese aff T cell-deficient mice had decreased
F4/80+ macrophage content (Figure 3B). We also made the novel observation that obesity
increased T cells in skeletal muscle. The percentages of total T cells and a3 T cells were
higher in obese WT mice than their lean counterparts (Figure 3C). Further looking at afy T
cell subsets, we observed a 2-fold induction of CD8+ T cell content in skeletal muscle of
HFD-fed mice. CD4+ T cells were also elevated in obese skeletal muscle; however, the
results did not reach statistical significance (Supplementary Figure 3). As expected, af T
cell content was negligible in TCRb—/- mice (Figure 3C). Similar to PGAT, v T cell
content was not different between ND- and HFD-fed groups, but was higher in TCRb-/-
mice (data not shown). The percentage of total T cells was lower in HFD-fed TCRb—/- mice
than HFD-fed WT mice (Figure 3C). Immunohistochemistry confirmed higher CD3+ T cell
numbers in skeletal muscle of HFD-fed mice compared to ND-fed WT mice (Supplementary
Figure 4). HFD-fed TCRb—/- mice had slightly but significantly lower triglyceride levels in
skeletal muscle compared to HFD-fed WT mice (Figure 3D). Skeletal muscle of HFD-fed
TCRb~/- mice also had higher levels of serine43-phosphorylated Akt (Figure 3E). These
results suggest improved insulin sensitivity in obese TCRb-/- mice, attributable to
attenuated skeletal muscle inflammation and lower triglyceride level.

HFD-fed TCRb-/- mice are partially protected against obesity-induced systemic insulin
resistance and glucose intolerance

We then determined whether aff T cell deficiency affects systemic metabolic functions.
After a 6-hour fast, obese WT mice exhibited hyperglycemia, with blood glucose ~20%
higher than lean controls. aff T cell deficiency significantly reduced plasma glucose level
(Figure 4A). After 12 weeks on HFD, WT mice had impaired glucose tolerance compared to
lean controls. In contrast, glucose tolerance was markedly improved in obese TCRb—/- mice
(Figure 4B). HOMA-IR values were also significantly improved in HFD-fed TCRb—/- mice
compared to HFD-fed WT controls (Figure 4C). While TCRb—/- and WT mice fed ND had
similar insulin tolerance (Figure 4D left), TCRb-/- mice on HFD demonstrated improved
insulin sensitivity upon insulin challenge (Figure 4D right). Our results thus show that af T
cell deficiency ameliorated HFD-induced systemic insulin resistance and hyperglycemia.
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Fasting plasma triglyceride and NEFA concentrations were higher in obese WT mice than
lean controls. af T cell deficiency led to lower fasting NEFA (Supplementary Figure 5A)
and triglyceride levels (Supplementary Figure 5B) in HFD-fed mice. As expected, WT mice
with diet-induced obesity had lower plasma concentration of adiponectin, an anti-
inflammatory factor. The suppressive effect of obesity on adiponectin levels was abolished
in obese TCRb-/- mice, whose plasma adiponectin concentration was similar to that of ND-
fed mice (Supplementary Figure 5C).

Tyl cells accumulate in PGAT and skeletal muscle of obese mice

Consistent with previous studies showing increased CD4+IFNy+ (Tw1) cells in adipose
tissue of obese WT mice (11, 17, 19), we found increased Tyl cell accumulation in PGAT
of HFD-fed WT mice (Supplementary Figure 6A). Flow cytometry analysis also
demonstrated increased Tl cell content in skeletal muscle of obese mice, which has never
been shown before (Supplementary Figure 7A). gRT-PCR showed significant upregulation
of IL-2 and IL-128, cytokines crucial for CD4+ T cell polarization into Ty1, in both PGAT
and skeletal muscle of obese WT mice compared to those on ND (Supplementary Figures
6B and 7B). In addition, class Il major histocompatibility complex (MHC II) molecules
CD74 and CIITA were upregulated, suggesting Tyl cell activation (Supplementary Figures
6C and 7C). These data indicate that obesity changes adipose tissue and skeletal muscle
milieu, which favors proinflammatory Tyl cell accumulation.

HFD-fed TCRb-/- mice administered Tyl cells are more susceptible to diet-induced
hyperglycemia and insulin resistance

Following the loss-of-function studies described above, we conducted gain-of-function
experiments by injecting 5x10° CD4+ cells differentiated to IFN-y—producing T1 cells or
PBS weekly over 12 weeks into TCRb-/- mice fed HFD. Flow cytometry analysis showed
that injected T1 cells homed into PGAT, skeletal muscle, and spleen (Figure 5A). All
transferred CD4+ cells that infiltrated the tissues expressed IFN-y (data not shown).
Although the injected cells were not labeled, we concluded that the population of
CD4+IFNy+ (TH1) cells that we saw in tissues was due to the cell transfer because TCRb—/
— mice had negligible numbers of CD4 and CD8 cells. Ty1 cell transfer resulted in
significant induction of IFN-y in both PGAT and skeletal muscle (Figure 5B). Adoptive
transfer of Tyl cells also increased expression of MCP-1 and RANTES in PGAT and
transcription levels of TNF-a and RANTES in skeletal muscle compared to HFD-fed TCRb
—/- PBS-injected controls. MHC Il gene expression was also higher in PGAT and skeletal
muscle of TCRb-/- mice after transfer (Figure 5B). These results were consistent with our
invitro data. 3T3-L1 adipocytes stimulated with Ty1-conditioned medium for 48 hours
showed a reduction in mRNA levels of adiponectin and marked increase in MCP-1,
RANTES, and IL-6 compared to untreated controls (Supplementary Figure 8A). Similar to
3T3-L1, treatment of differentiated C2C12 myotubes with Ty1-conditioned medium for 48
hours significantly upregulated MCP-1, RANTES, IL-6, and TNF-a (Supplementary Figure
8B). Naive CD4+T cell-conditioned medium did not affect adipocytes or muscle cells,
suggesting that the detrimental effects of treatment are T2 cell specific. Final concentration
of IFN-y in diluted Ty1-conditioned medium, which was used to treat 3T3-L1 and C2C12
cells, was calculated to be 10 ng/ml.
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Tn1 adoptive transfer resulted in elevated fasting glucose levels in obese TCRb—/- mice
(Figure 5C). In addition, a statistically significant difference in ITTs was observed between
HFD-fed TCRb—/- PBS and Tyl treatment groups (Figure 5D). These results indicate that
Th1 cells initiate adipose tissue and skeletal muscle inflammation and induce hyperglycemia
and insulin resistance.

DISCUSSION

Our results showed the important contribution of aff T cells and Tyl cells to obesity-induced
skeletal muscle and adipose tissue inflammation and insulin resistance. HFD-fed mice
deficient in af T cells were protected from obesity-induced insulin resistance. Improved
glucose metabolism was associated with reduced skeletal muscle and adipose tissue
inflammation and decreased macrophage infiltration compared with WT age-matched
controls. In addition, TH1 cell content was higher in skeletal muscle and adipose tissue of
mice with diet-induced obesity. Adoptive transfer of T41 cells into HFD-fed TCRb—/- mice
aggravated systemic insulin resistance and induced hyperglycemia. Tyl cells infiltrated
adipose tissue and skeletal muscle after transfer and impaired adipocyte and myofiber
metabolic functions.

af T cell deficiency resulted in improved inflammation and insulin sensitivity in adipose
tissue. HFD-fed TCRb—/- mice had attenuated obesity-induced adipose tissue inflammatory
gene expression. TNF-a, IL-6, and IFN-y, known to suppress insulin signaling (9, 11, 21,
22), as well as MCP-1 and RANTES, which are potent chemokines mediating blood
monocyte and T lymphocyte migration (23, 24), were lower in obese TCRb-/- mice. These
data are consistent with decreased adipose tissue macrophage and T cell accumulation and
improved insulin signaling in PGAT of obese mice with aff T cell deficiency.

Improved adipose tissue metabolic function paralleled elevated plasma adiponectin level in
HFD-fed TCRb—/- mice. Adiponectin enhances insulin-stimulated glucose uptake and free
fatty acid oxidation in skeletal muscle and improves insulin sensitivity in adipocytes (25). In
addition, plasma NEFA and triglyceride levels were lower in HFD-fed TCRb—/- mice.
Previous studies linked elevated NEFA with impaired peripheral glucose utilization and
development of insulin resistance in obese individuals (26, 27). Long-term NEFA overload
leads to triglyceride accumulation in insulin-sensitive tissues and induces insulin resistance
through inhibition of the IRS-1/phosphatidylinositol 3-kinase/Akt pathway (28, 29). HFD-
fed TCRb—/- mice had reduced triglyceride deposition in liver attributable to lower NEFA
levels, which resulted in improved insulin sensitivity in liver and contributed to improved
systemic glucose metabolism in these mice. Attenuated plasma NEFA levels also caused
decreased ectopic lipid deposition in skeletal muscle. Together with increased adiponectin,
reduced triglycerides contributed to enhanced skeletal muscle insulin signaling and,
therefore, improved systemic insulin resistance.

Elevated NEFAs in obesity reflect defective triglyceride storage function in adipose tissue.
Previous studies have shown suppression of lipid accumulation in adipocytes in obese
adipose tissue (30). In our study, histological analysis revealed increased adipocyte size in
PGAT of obese TCRb—/- mice compared to controls. Larger adipocytes in af T cell-
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deficient mice were consistent with increased PGAT weight in these mice despite similar
body weight gain of TCRb-/-and WT mice. In contrast to other reports (1, 31), in which
adipocyte hypertrophy led to macrophage accumulation and adipose tissue inflammation,
our findings indicated that PGAT of HFD-fed TCRb—/- mice was characterized by reduced
inflammation and improved insulin sensitivity. We thus demonstrated that adipocyte
hypertrophy in the absence of aff T cells was not associated with increased inflammation in
adipose tissue. Similar results were shown in Thet-/— mice and Mgl1-/- mice on HFD that
had higher adipose tissue weight with significantly increased adipocyte diameter despite
reduced adipose tissue inflammation and improved systemic insulin sensitivity (32, 33).
Although small adipocytes are considered beneficial during the progression of obesity,
histological observations of adipocytes of TCRb—/— mice were performed at the established
stage of obesity. Larger adipocytes of HFD-fed TCRb—/- mice may suggest enhanced
capacity to store triglycerides compared to adipocytes from WT mice, which could further
explain the attenuated plasma NEFA levels in HFD-fed TCRb-/- mice with reduced
triglyceride accumulation in the liver and skeletal muscle.

Improved glucose and insulin tolerance in HFD-fed TCRb—/- mice may primarily reflect
reduced inflammation in skeletal muscle, the major tissue responsible for glucose uptake
(34, 35). Human studies revealed significantly higher macrophage numbers in muscle from
obese subjects than from lean controls and correlation with body mass index (15). In
combination with elevated NEFA, muscle macrophages increase proinflammatory cytokine
expression and reduce insulin signaling (15, 36). However, the contribution of T cells to
skeletal muscle inflammation is unknown. In our study, inflammatory gene expression and
macrophage content were increased in skeletal muscle of obese mice. In addition, we made
the novel discovery that obese skeletal muscle tissue has increased total T cells and aff T
cells, including CD8+ T cells and IFN-y—producing CD4 cells. af T cell deficiency resulted
in improved skeletal muscle inflammatory gene expression in HFD-fed mice. Reduced total
T cellsand af T cell in HFD-fed TCRb—-/- mice was accompanied by decreased
macrophage accumulation in skeletal muscle, suggesting a potential role of skeletal muscle
T cells in macrophage recruitment. As a result, the levels of proinflammatory cytokines
secreted by activated macrophages and T cells, such as TNFa, IL-6, and IFN-y, were also
decreased, resulting in improved skeletal muscle insulin sensitivity. Attenuated skeletal
muscle inflammation may be attributable to both decreased T cell and macrophage
infiltration and reduced ectopic lipid deposition, and this may explain why the level of
inflammatory gene expression in skeletal muscle of obese TCRb—/- mice was comparable to
that of lean mice.

Similar to findings in adipose tissue, our flow cytometry analysis showed marked increase in
Th1 cells in skeletal muscle tissue of obese WT mice. We also demonstrated higher mRNA
level of IFN-y, the main cytokine produced by activated T cells. Elevated IL-2 and IL-12§
expression further suggested that obese skeletal muscle milieu promotes Tyl cell
proliferation. We found increased expression of the transcriptional regulator of the MHC 11
pathway (CIITA) and MHC Il invariant chain (CD74) in skeletal muscle of obese WT mice,
which is important for differentiation of naive CD4+ T cells into Tyl cells (37, 38). This
finding suggests that macrophages in skeletal muscle may induce IFN-y production in CD4+
T cells via the MHC 1l pathway. The upregulation of MHC Il may imply the involvement of
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obesity-associated antigenic protein that promotes T cell activation in both adipose tissue
and skeletal muscle.

Based on our findings showing obesity-induced TH1 accumulation in adipose tissue and
skeletal muscle of obese mice, as well as previous reports demonstrating higher Ty1 cell
content in adipose tissue (17, 19), we hypothesized that the absence of Tyl cellsinaff T
cell-deficient mice partially accounts for improved adipose tissue and skeletal muscle
inflammation and systemic insulin resistance. Adoptive transfer of in vitro—cultured Tyl
cells into HFD-fed TCRb—/- mice aggravated systemic insulin resistance and restored
fasting glucose to levels observed in obese WT animals. Impaired glucose metabolism likely
resulted from increased inflammation in PGAT and skeletal muscle induced by infiltrating
Th1 cells.

Pathogenic effects of Tl cells might be mediated by secretion of proinflammatory
cytokines, which could impair adipocyte and skeletal muscle cell metabolic functions. Our
in vitro studies demonstrated that Tyl directly modulates the inflammatory state of 3T3-L1
adipocytes and C2C12 skeletal muscle cells. Culturing 3T3-L1 cells with Ty1 cell secretory
products dramatically upregulated inflammatory mediators and reduced adiponectin mMRNA
level. In addition, we observed the ability of Tyl cells to inhibit lipid accumulation in
mature 3T3-L1 (data not shown). These data may explain the improved lipid storage in
adipose tissue of obese TCRb-/- mice, which had larger adipocytes. We also made the
novel discovery that Tyl cells induced inflammation in C2C12 myotubes. The results of our
in vitro studies further support the hypothesis that increased adipocyte size and reduced
inflammation in adipose tissue and skeletal muscle in HFD-fed TCRb—/- mice may be
attributed to the absence of Ty1 cells. These results are also consistent with improved
glucose tolerance and adipose tissue inflammation despite increased visceral adiposity in
obese mice deficient in T-bet (32).

Conclusions

We thus showed that improved metabolic characteristics of HFD-fed TCRb—/— mice despite
the absence of anti-inflammatory T2 and Teq cells may be attributed to Tyl cell
deficiency. Nevertheless, we cannot ignore the potential contribution of CD8+ T cells,
which can also produce IFN-y and are absent in obese TCRb—/- mice. Our findings are
relevant to human data showing increased T1 content in obese adipose tissue (39, 40), as
well as higher frequency of hypertriglyceridemia and hyperglycemia in patients treated with
IFN-vy, the main Tyl cytokine (41).
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Figure 1. Deficiency of aff T cells leads to increased perigonadal fat weight and adipocyte size
(A) Body weight of 20-week-old wild-type (WT) and TCRb—/- mice on normal diet (ND)

or high-fat diet (HFD) (n=32-40 mice/group). (B) Perigonadal fat weight (n=32-40 mice/
group). (C) Representative images of paraffin-imbedded perigonadal adipose tissue (PGAT)
sections stained with hematoxylin/eosin. Mean surface area of adipocytes in 3-5 randomly
selected sections for each mouse (n=3 mice/group). Data are mean + SD. ***P<0.001.
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Figure 2. Reduced PGAT inflammation and enhanced insulin signaling in HFD-fed TCRb-/-

mice

(A) Quantitative reverse transcriptase polymerase chain reaction (RT-PCR) analysis of
inflammatory gene expression in PGAT of WT and TCRb—/- mice (n=12-23 mice/group).
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(B) CD11c+ F4/80+ macrophages in ND-fed (n=4 mice/group) and HFD-fed (n=10-12
mice/group) mice were analyzed by flow cytometry as a percentage of total number of
stromal vascular fraction (SVF) cells. (C) Flow cytometry analysis of the number of
interferon-y (IFNy)-producing T cells per gram of PGAT (n=3-6 mice/group). (D) Serine-
phosphorylated Akt [P-Akt (S473)] protein expression in PGAT of mice treated with 1.5
U/kg body weight regular human insulin or PBS 10 minutes prior to sacrifice. The levels of
P-Akt (S473) were expressed as P-Akt/Akt ratio. Results are shown as means of 2 separate
experiments (n=3-4 mice/group). All data are shown as + SEM. *P<0.05, **P<0.01,
***P<0.001.
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Figure 3. The effect of a T cell deficiency on skeletal muscle function
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(A) Quantitative RT-PCR analysis of inflammatory gene expression in skeletal muscle of
ND-fed (n=6-8 mice/group) and HF-fed (n=12-17 mice/group) mice. (B) Flow cytometry
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analysis of F4/80+ macrophages (% CD45+ cells), (C) total CD3+ T cells and ap T cells (%
CD45+ cells) (n=3-5 mice/group). (D) Triglyceride (TG) levels normalized to gram of
tissue (n=5-7 mice/group for ND and n=13 mice/group for HFD). (E) P-Akt (S473) protein
expression in skeletal muscle of mice injected with insulin or PBS (1.5 U/kg body weight).
Results are shown as means+SEM of 2 separate experiments (n=3-4 mice/group). All data
are shown as £ SEM. *P<0.05, **P<0.01, ***P<0.001.
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Figure 4. Metabolic phenotype of mice with af T cell deficiency
(A) Fasting blood glucose concentration (n=7-10 mice/group), (B) glucose tolerance test

(n=7 mice/group), and (C) HOMA-IR in WT and TCRb—/- mice on ND and HFD. (D)
Insulin tolerance test in 20-week-old ND-fed (left) or HFD-fed (right) WT and TCRb—/-
mice (n=7 mice/group). All data are shown as + SD of 3 experiments. *P<0.05, **P<0.01,
***p<0.001.

Atherosclerosis. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Khan et al.
A
Spleen |
PGAT
Muscle

Relative mRNA

Relative mRNA

HFD TCRB+PBS HFD TCRB+TH1
4 CD4+IFNg+
17.4%
CD4+IFNg+
1.74% i
CD4+IFNg+
CD4+IFNg+ . 34.1%
1.02%
) CD4+IFNg+ CD“[‘\FU
1.36% 15.9%
IFNg

Skeletal muscle

MCP-1

PGAT

Atherosclerosis. Author manuscript; available in PMC 2015 April 01.

Skeletal muscle

Relative mRNA

Relative mRNA

Tu1 (% CD3 cells)

I
i

©
?

N
?

-
o
1

Page 21

CHFD TCRb+PBS
E==H HFD TCRb+TH1

TNFa

PGAT

Skeletal muscle

3 HFD TCRb+PBS
B8 HFD TCRb+T,1

[ HFD TCRb+PBS
B3 HFD TCRb+Ty1



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Khan et al. Page 22

CD74 CIITA

4+ 15+ dkk
| — [ HFD TCRb+PBS

B HFD TCRb+Tyy,
10-

Relative mRNA
N
h
Relative mRNA
*
*

Skeletal muscle

PG'AT Skelet'al muscle

C D
- B HFD TCRb+PBS
200+
- —_ 120 & HFD TCRb+Ty1
5
) [
€ 150- 3 90
o (%)
o S
g ool T ° ’
© 1004 o 60
= <
=) =]
7]
o
£ 504 £ 30
E o
7 =
©
w
0 T 01 T T T T T 1
Control Tyl 0 20 40 60 8 100 120

Time after injection (min)

Figure 5. Ty1 adoptive cell transfer reverses metabolic characteristics of HFD-fed TCRb-/-
mice

(A) Representative histograms and flow cytometry result summary showing the homing of
Th1 cells into spleen, PGAT, and skeletal muscle of HFD-fed TCRb—/- mice after adoptive
transfer (n=3-4 mice/group). (B) Inflammatory gene expression in PGAT and skeletal
muscle of HFD-fed TCRb—/- mice injected with PBS or Ty1 cells (n=5 mice/group). (C)
Fasting glucose and (D) insulin tolerance test in HFD-fed TCRb-/- mice after 12 weeks of
adoptive Tyl cell transfer (n=8 mice/group). Panels A and B are shown as mean+SEM;
panels C and D are shown as mean+SD of 2 separate experiments. *P<0.05, **P<0.01,
***P<0.001.
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