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Abstract

Objective—Chemokine (C-X-C motif) receptor 3 (CXCR3) is a chemokine receptor involved in

the regulation of immune cell trafficking and activation. Increased CXCR3 expression in the

visceral adipose of obese humans and mice was observed. A pathophysiologic role for CXCR3 in

diet-induced obesity (DIO) was hypothesized.

Methods—Wild-type (WT) C57B/L6J and chemokine receptor 3 knockout (CXCR3−/−) mice

were fed a high-fat diet (HFD) for 20 weeks followed by assessment of glucose metabolism and

visceral adipose tissue (VAT) inflammation.

Results—CXCR3−/− mice exhibited lower fasting glucose and improved glucose tolerance

compared with WT-HFD mice, despite similar body mass. HFD-induced VAT innate and adaptive

immune cell infiltration, including immature myeloid cells (CD11b+ F4/80lo Ly6C+), were

markedly ameliorated in CXCR3−/− mice. In vitro IBIDI and in vivo migration assays

demonstrated no CXCR3-mediated effect on macrophage or monocyte migration, respectively.

CXCR3−/− macrophages, however, had a blunted response to interferon-γ, a TH1 cytokine that

induces macrophage activation.

Conclusions—A previously unreported role for CXCR3 in the development of HFD-induced

insulin resistance (IR) and VAT macrophage infiltration in mice was demonstrated. Our results

support pharmaceutical targeting of the CXCR3 receptor as a potential treatment for obesity/IR.
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Introduction

The role of visceral adipose inflammation in the development of insulin resistance (IR) in

obesity is well-reported and is typified by dramatic increases in both adaptive and innate

immune cell populations in mice and humans (1–5). Defining the contribution and

interaction of resident visceral adipose tissue (VAT) T cells and macrophages and how these

may play a role in IR is a topic of intense interest. T-cell infiltration is believed to represent

a primary and early event in the initiation of adipose tissue inflammation and development

of IR (3–5). Both CD4+ TH1 cells and CD8+ T cells play a sentinel role (4,5), while loss of

regulatory (Treg) cells in the VAT is also believed to represent an equally important

pathophysiologic change allowing for T-cell-mediated macrophage activation and

recruitment (6). Chemokine receptor expression contributes to the preferential trafficking of

various monocyte subsets to tissues under physiological and pathological conditions. CCR2-

and CCR5-dependent trafficking of inflammatory monocytes to VAT is well described, with

a loss of the receptor or corresponding cognate ligand, resulting in variable improvement in

obesity and IR (7,8). The chemokine receptor, CXCR3, is highly expressed in T cells and is

necessary for TH1 CD4+ and CD8+ effector cell maturation and activation in response to

various triggers (9,10). CXCR3 has been shown to play an important role in regional

amplification of T-cell mediated and innate immune inflammation through binding to its

ligands, CXCL9, CXCL10, and CXCL11 (11). CXCR3 is also expressed by monocytes/

macrophages and may play a role in macrophage activation (12,13) and in conditions such

as arterial remodeling (14). In this article, we demonstrate a previously unreported role for

CXCR3 in diet-induced obesity (DIO) and IR and demonstrate that its deficiency results in

marked attenuation of macrophage activation in VAT despite preserved T-cell infiltration.

Methods

Ethical Approvals

This study and its procedures were approved by the Committees on Use and Care of

Animals and the Human Institutional Review Board (IRB; protocol 2008H0177) of the Ohio

State University. Informed consent was obtained in writing.

Human Participants

The study recruited and obtained visceral adipose samples from lean (BMI < 30) and obese

(BMI ≥ 30) surgical patients. Samples were obtained from the greater omentum during

endoscopic repair of hernias from lean subjects and during the performance of bariatric

surgery (gastric bypass) in obese. Additional information is provided in Figure 1A.

Animals

B6.129P2-Cxcr3tm1Dgen/J (chemokine receptor 3 knockout (KO); CXCR3−/−; JAX 005796)

mice were bred in-house from stock obtained from The Jackson Laboratory. Age-matched,

male wild type (WT) C57B/L6J (JAX 000664) mice served as controls. Mice were

randomized to a standard chow (SCD) or a HFD (60% energy from fat, Research Diets

D12492) for 20 weeks (N = 12 mice/diet group) on a 12/12 hours day/night schedule;

continued in supplement.
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Human and Mouse Adipose Tissue Processing

After excision, epididymal adipose was weighed, rinsed in PBS, minced, and digested with

collagenase type II from Clostridium histolyticum (1 mg/ml) at 37°C, 140 rpm as detailed

previously (6); continued in supplement.

Flow Staining and Cytometry

Cells were stained according to manufacturer’s instructions. Briefly, a titrated amount of

antibody (based on manufacturer’s suggestion and preliminary testing) was used per million

cells followed by incubation at 4°C for 30 minutes. Cells were subsequently washed with

flow buffer. Samples were resuspended in 0.1% paraformaldehyde and stored for analysis.

Flow cytometry was performed on a BD FACS LSR IITM flow cytometer, Becton

Dickinson, San Jose, CA, on the same day. Data were analyzed using BD FACS Diva

software (Becton Dickinson). All antibodies were purchased from Biolegend (San Diego,

CA) or BDbioscience (San Jose, CA).

IBIDI® Migration Assay

IBIDI® chemotaxis assays were performed with mature mBMM according to

manufacturer’s directions (see supplement). Cell migration was manually tracked for 40

cells per experiment (145 images/cell/experiment) and measured using the “Chemotaxis and

Migration Tool” plugin for ImageJ software (15). This tool was used to plot cell trajectory

(Figure 6A) and calculate center of mass (COM) and forward migration indices in x and y

directions to the gradient, velocity, and the Rayleigh test (RT; Figure 6B-E) (15). Zengel et

al. (15) developed the ImageJ plugin; all calculations as well as chamber design and gradient

details are published.

Data Analysis

All data are expressed as mean ± SEM unless otherwise specified. Graphpad Prism software

(Version 5) was used for statistical analysis using the student’s t-test or one-way ANOVA

followed by Bone-ferroni’s post hoc test where appropriate. A P-value of <0.05 was

considered statistically significant. * indicates comparison to SCD control of the same

genotype; # indicates comparison of WT-HFD vs CXCR3−/−-HFD unless otherwise noted in

the figure legend.

Results

The CXC Pathway Is Upregulated in Human and Mouse Obesity

Samples from obese patients (BMI 52.1 ± 8) of both sexes with significantly elevated fasting

glucose and insulin measures (n = 19) were selected. Lean patients (BMI 25.1 ± 2) who best

matched age and gender specifics of the obese group were selected as controls (n = 19) (see

Figure 1A). Approximately 25% of the obese group was being treated with thiazolidinedione

drugs.

The SVF contains immune cells present in the human omental tissue, including T cells and

macrophages. cDNA from SVF RNA was assayed for CXCR3 gene expression. Relative

CXCR3 gene expression was significantly increased 6.6 ± 1.6-fold in the obese group
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compared with the lean group (Figure 1B). CXCR3 ligands CXCL9 and CXCL10 were ~2-

fold higher in the SVF of obese patients with a P-value of 0.08 (data not shown). In the fat

fraction (FF), CXCL10 was found to be 2.1 ± .3-fold higher (P = 0.009), while CXCL9

remained unchanged (Figure 1C). Relative levels of CXCR3 expression were ~3-fold higher

in the whole epididymal adipose of obese mice compared with lean mice; however, ligands

were not significantly different (Figure 1D). Interestingly, this trend was inverted in the liver

with CXCR3 levels similar in obese and lean mice, while CXCL9 and CXCL10 levels were

~3-fold higher (data not shown). These findings led us to hypothesize that CXCR3 and its

ligands play an important role in immune-mediated inflammation in the visceral adipose.

We pursued this hypothesis in a CXCR3-null mouse model of DIO.

CXCR3−/− Improves IR and Post-Prandial Glucose Response in DIO

CXCR3−/− and WT mice fed a HFD had significantly (P < 0.001) higher body weight than

the respective SCD controls (Figure 2A). WT-HFD and CXCR3−/−-HFD mice had

comparable body weights during the study. CXCR3−/−-HFD mice exhibited improved

fasting and post-bolus glucose clearance compared with the WT-HFD group at all time

points (Figure 2B) of the IPGTT. IPGTT response in the CXCR3−/−-HFD group was

comparable to CXCR3−/−-SCD at all time points, with the exception of higher fasting

glucose at time 0. When compared with WT-SCD, IPGTT responses in CXCR3−/−-SCD

animals were significantly higher at 0 m (P < 0.0001) and 120 minutes (P = 0.04). Area

under the curve (AUC) measurements showed a significant increase in WT-HFD compared

with the SCD groups as well as the CXCR3−/−-HFD group (Figure 2C). Homeostatic model

assessment-estimated IR (HOMA-IR) calculations (Figure 2D) for WT and CXCR3−/− HFD

mice were not statistically different, though the KO mice had a lower mean value. The

average triglyceride (TG) concentration was 34 ± 5 nmol/mg in WT HFD liver and 25 ± 3

nmol/mg in CXCR3−/− HFD liver; the difference was not statistically significant (Figure 2E,

P = 0.1).

VAT Macrophage Response to HFD Is Dramatically Decreased in CXCR3−/− Mice

Antigen-presenting cells such as dendritic cells and macrophages are well known to

accumulate in the VAT in obesity, where they potentiate both innate and adaptive

inflammation via feed–forward interactions. WT-HFD mice had significantly more

epididymal fat by mass (1.93 ± 0.23 g, P = 0.007) than WT-SCD (1.0 ± 0.15 g) (Figure 3A).

Interestingly, CXCR3−/−-HFD (1.85 ± 0.18 g) mice did not exhibit a significant increase in

epididymal fat mass compared with CXCR3−/−-SCD (1.55 ± 0.21 g). The cellularity of

VAT, quantified as total non-RBC cell yield per gram of adipose, revealed a 75% reduction

in cellular content in the CXCR3−/−-HFD compared with WT-HFD (0.88 × 106± 0.19 vs.

2.6 × 106± 0.45 cells/g in CXCR3−/−-HFD and WT-HFD respectively, P = 0.001) (Figure

3B). Analysis of innate immune population revealed a diminution in CD11b+ cells in the

CXCR3−/− mice compared with the WT-HFD. Figure 3C contains representative flow plots

for CD11b+ population in the SVF of WT and CXCR3−/−-HFD mice. Figure 3D represents

CD11b+ cells normalized in three ways: per gram of adipose, as a percent of live single cells

in the SVF (CD11b+/SVF), and as a percent of T cells (CD11b+/lym-phogate) in the SVF.

CXCR3−/−-HFD mice demonstrated a substantial decrease in absolute numbers of CD11b+

cells compared with WT-HFD, regardless of the normalization method. There was no
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significant difference between SCD mice in any CD11b measure; importantly, the CD11b+

cell to lymphogate ratio was not different when comparing CXCR3−/− and WT-SCD mice.

In contrast, the CD11b+ to T-cell ratio in WT-HFD mice increased ~5-fold compared with

WT-SCD (Figure 3D). Histology of the epididymal adipose confirmed the flow cytometric

data, showing a dramatic decrease in crown-like structures in CXCR3−/−-HFD mice

compared with WT. Adipose of CXCR3−/−-HFD mice exhibited adipocyte hypertrophy

expected with obesity, but lacked evidence of abundant macrophage infiltration or adipocyte

necrosis.

Increased Activation of Immature Myeloid Cells and Mature Macrophages in Obesity
Mitigation in Obese CXCR3−/− Mice

It has been reported that the VAT myeloid population in murine obesity comprises both

immature myeloid cells (iMCs) and mature VAT macrophages (16,17). We found that

mature VATM (CD11b+ F4/80hi, blue) and iMCs (CD11b+ F4/80lo, green) increased in all

HFD mice compared with SCD controls (Figure 4). However, CXCR3−/−-HFD mice had

substantially lower VATM and iMCs (Figure 4) than WT-HFD mice independent of

normalization (% SVF; per gram adipose). iMCs had significantly higher Ly6C expression,

a marker of monocyte activation in the WT-HFD mice, but were barely detectible in obese

CXCR3−/−-HFD mice. iMCs and VATMs were still higher in CXCR3−/−-HFD mice

compared with SCD mice, but were significantly lower than WT-HFD levels suggesting a

non-exclusive role for CXCR3−/− in these changes. CD11c, a type 1 marker of macrophage

classical activation (18), is often present on macrophages that cluster around dead

adipocytes and produce pro-inflammatory cytokines. CD11c was similarly reduced in

CXCR3−/−-HFD compared with WT-HFD mice and mirrored the findings (data not shown).

Loss of CXCR3 Enhances VAT T-Cell Content in Lean and Obese Mice

Increased VAT T-cell content is a pathophysiologic hallmark of DIO-IR (3–5). VAT T-cell

populations as analyzed using flow cytometry in this study are represented in Figure 5A and

B. CD3+ T cells were 4.5 ± 0.47 percent of the SVF in WT-SCD mice, with an approximate

doubling to 9.8 ± 1.1% with HFD. Remarkably, in lean CXCR3−/− mice, 10.6 ± 1.0% of the

SVF comprises T cells, increasing to 18.2 ± 2.0 % with HFD (Figure 5C). When these

values are expressed per gram of adipose, there was still a significantly higher CD3+ cell

content in lean CXCR3−/− mice compared with WT. Figure 5B contains CD4+ and CD8+

separation of CD3+ T cells. CXCR3−/−-HFD mice had fewer T cells (CD4+, CD8+) per gram

than WT-HFD mice (Figure 5C-E). CD4+ cells were more abundant in the lean and obese

states in both models. However, the CD8+ to CD4+ ratio increased with HFD in both

models, indicating a stronger effect of obesity on the efflux/proliferation/differentiation of

CD8+ cells compared with CD4+ (Figure 5E). CXCR3 surface expression significantly (P <

0.002) increased on CD4+ cells with HFD feeding (16 ± 1% WT-SCD vs. 27 ± 3% WT-

HFD; Figure 5F).

Chemotactic Responses in Macrophages to the CXCR3 Ligand, CXCL9

Infiltrating, inflammatory VAT macrophages originate from the bone marrow, entering the

peripheral blood before homing to inflamed or infected tissues (19,20). The CXCR3 ligands
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present in C57B/L6J, CXCL9/MIG, and CXCL10/IP10 mice are classically defined as T-

cell attractants; however, there is evidence for the role for CXCR3 in myeloid cell

chemotaxis (14). In order to study this aspect, we assessed macrophage chemotactic

response to CXCL9. Chemotaxis of fully mature C57B/L6J BMMs expressing CXCR3 (as

measured by real-time expression) was tested in three conditions (Figure 6A). The “Neg

Ctrl” group lacked ligand. C5a was used as a positive control (n = 3). CXCL9 was our

cognate CXCR3 ligand (n = 6). When possible, C5a was tested in the experiment prior to

CXCL9 in order to ensure chemotactic viability of cell batch used. Three separate mBMM

isolations/batches were used providing consistent data. The forward migration index (FMI)

expresses the efficiency of forward migration of cell in relationship to the gradient (x =

parallel, y = perpendicular; Figure 6B). C5a and CXCL9 exhibited a significant FMI value

on the x-axis compared to Neg Ctrl, while C5a was the only group to show significant FMI

on the y-axis (Figure 6B and F). Similar results were found for the displacement of COM

(Figure 6C and F). Chemotactic velocity was not significantly different between groups

(Figure 6D). The RT determines the statistical significance of the uniformity of a circular

distribution of points. If RT < 0.05, one can conclude that the migration pattern is not

circular. Cells travelling along a chemotactic gradient will not have a circular pattern. The

C5a group yielded a value of 1.2 × 10−5, the only group with RT values <0.05 (Figure 6E).

IBIDI assays clearly showed that WT-BMMs do not migrate toward a CXCR3 ligand.

In Vivo Monocyte Migration to the VAT of Obese ob/ob Mice

To more definitively examine the effect of CXCR3 ablation on monocyte migration to

inflamed VAT, we co-injected negatively selected WT and KO mouse monocytes (Figure

7A) at a 1-1 ratio and collected the VAT after 48 hours. The SVF was isolated and analyzed

using flow cytometry to measure the abundance of WT-Violet and KO-CFSE-labeled donor

monocytes (Figure 7B). We found 84 ± 32 WT and 211 ± 80 CXCR3−/− monocytes (Figure

7C). The WT to KO ratio within each mouse was consistent at 0.38 ± 0.02, with more

CXCR3−/− monocytes ending up in the visceral adipose of mice with advanced obesity than

WT. This provides additional evidence that lack of CXCR3 in monocytes does not preclude

their migration to the visceral adipose. It is possible that chemokine receptors other than

CXCR3 are more than capable of overcoming migratory defect(s) related to CXCR3−/−. In

light of any direct evidence of impaired homing, impaired differentiation and defective

inflammatory potential of CXCR3−/− macrophages could serve as alternate explanations for

reduced adipose inflammation.

Macrophages Lacking CXCR3 Have a Disrupted IL-12/IFN-γ/NO Axis

The IL-12/IFN-γ/NO Axis plays an important role in macrophage–T-cell interaction (21). T-

cell receptor (TCR) ligation/activation in T cells results in the production and release of

IFN-γ. IFN-γ serves to prime/activate macrophages in a dose-dependent manner. We show

that T cells from CXCR3−/− mice produce the same amount of IFN-γ following in vitro

TCR-ligation by anti-CD3+ antibody as WT T cells (Figure 8A). Macrophages exposed to

IFN-γ results in a dramatic induction of Nos2 and TNFα expression. Nos2 expression was

undetectable using real-time PCR in unstimulated (UT) WT and CXCR3−/− BMMs (Figure

8B). LPS treatment resulted in a similar Nos2 induction in WT and CXCR3−/− BMMs. IFN-

γ treatment resulted in a dramatically blunted Nos2 response in CXCR3−/− (0.28 ± 0.07)
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BMMs compared to WT treated with IFN-γ (1.0 ± 0.08, P = 0.002). We also show that

CXCR3−/− BMMs have a statistically significant blunting in TNFα production in response

to IFN-γ and LPS stimulation.

One mechanism by which macrophages stimulate development of TH1 subsets of helper T

cells is by IL-12 production (22,23). IL-12 production is recognized as an important

indicator of a macrophage’s ability to regulate T-cell responses and T-cell production of

IFN-γ (24). IL-12 has two gene transcripts: IL-12α (α-chain) and IL-12β (β-chain). WT-

LPS-stimulated BMMs exhibited an approximate 3-fold greater IL-12β response compared

with CXCR3−/−-LPS (P= 0.005). The IL-12α response to LPS stimulation was also blunted

in CXCR3−/− BMM but to a much lesser degree. IL-12α was undetectable in UT- and IFN-

γ-stimulated cells from both genotypes, thus expression was normalized to WT-LPS

expression. IL6 levels also serve as an LPS dose control between groups.

Discussion

This study provides a previously unrecognized role for CXCR3 in IR in human and murine

obesity and IR. Increased CXCR3 pathway expression in human adipose suggests increased

immune cell activation in obesity and may represent a pathway that regulates VAT

inflammation. Mice lacking the CXCR3 receptor despite comparable body weight

maintained a near-normal glucose clearance, improved fasting glucose levels, and reduced

monocytic VAT infiltration and macrophage inflammation. Taken together, these findings

suggest that the CXCR3 pathway plays an important role in VAT inflammatory process and

interventions that target CXCR3 activation in humans may be of therapeutic promise.

Macrophage and T-cell-mediated inflammation of the VAT and its role in the development

of IR in obese rodents has been well described (1,5,8). Studies of human omental fat from

obese-IR subjects report an analogous inflammatory state (6,25,26). Chemical ablation of

monocytes/macrophages as well as KO mice models altering monocyte/macrophage

chemokine-homing molecules are known to reduce obesity-related VAT macrophage

accumulation resulting in partial resistance to hyperglycemia and a reduction in VAT

inflammation (7,8,27). For example, blockade of CCR2 or CCR2 deficiency confers

protection from obesity, inflammation, and IR in rodent models (8,28). As CXCR3 is a

chemokine receptor that has been shown to play a role in homing of CXCR3 expressing

cells to areas of inflammation (9,14,29), receptor ablation may influence accumulation of

both adaptive and immune cells in VAT of obese mice. Contrary to our expectations, our

study suggested that CXCR3−/− ablation does not hinder migratory potential of either

monocytes or T cells. CD4+ and CD8+ T-cell numbers in VAT were not markedly altered

with CXCR3 deficiency in the context of HFD with even a small increase in T cells in lean

CXCR3−/− animals versus control.

CXCR3 is expressed on activated T cells and on a small portion of resting T lymphocytes, B

cells, monocytes, and granulocytes (11,30). CXCR3 is a G-protein-coupled receptor capable

of crosstalk with multiple signaling pathways including PI3K-Akt-NFkB and Ras-Raf-

MEK-ERK that can regulate cell proliferation, survival, and immune cell activation (11).

Our data demonstrating a reduction in the content of both mature and immature macrophage
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populations suggest an important and unrecognized role for this receptor in the growth and

proliferation of macrophages in VAT. Decreased Ly6C in the VAT of KO mice suggested

reduced VAT myeloid activation; however, we were unable to perform confirmatory SVF

M1/M2 phenotype gene expression due to sample limitations. Alternatively, our in vitro data

show that CXCR3−/− macrophages have a defective response to LPS as evidenced by

reduced IL-12, iNOS/Nos2, and TNFα synthesis. Intracellular nitric oxide production by

stimulated macrophages enhances the host inflammatory response, with Nos2 expression

reported to play an important role in macrophage-mediated VAT inflammation in DIO

(31,32). VAT adipocyte and macrophage production of TNFα have systemic effects on

whole body IR in human and mice (33,34); thus, a blunted VAT macrophage inflammatory

response may potentially translate into attenuation of DIO inflammation and IR (35).

Pro-inflammatory TH1 cells outnumber static numbers of anti-inflammatory TH2 and T-

regulatory cells during obesity and play an important role in VAT inflammation and DIO-IR

(36,37). Local production of inflammatory mediators, such as IL-12, by macrophages is

required for T-helper type 1 (TH1) differentiation, potentiating a vicious inflammatory cycle

(22,23). TH1 cells are the main source of local IFN-γ, further “priming” macrophages for

IL-12 production (38). IL-12 also inhibits IL-4 production and antagonizes TH2 responses

(39) promoting VAT inflammation. CXCR3 ligands contribute to TH1-induced

inflammation, with an IFNγ-CXCR3-chemokine-dependent inflammatory loop supported in

the literature (9,40). The attenuated IL-12 production in cultured CXCR3−/− macrophages

may represent a previously unreported function of CXCR3, responsible for the reduced

inflammation and IR found in CXCR3−/−-HFD mice. Our findings support a role for the

CXCR3 receptor in DIO-IR and suggest a potential therapeutic role for targeting this

receptor as a treatment for IR/obesity.
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FIGURE 1.
CXCR3 expression in human and mouse adipose. (A) Table 1. Human sample

characteristics: All values are mean ± SEM where applicable; * P < 0.05 via student t-test;

CRP (c-reactive protein), glucose, and lipid panel constituents are in mg/dl; Insulin is

μIU/ml; TZD, count of patients using thiazolidinedione drugs; TC, total cholesterol. (B)

CXCR3 gene expression using real-time PCR in the stromal vascular fraction (SVF) of

human adipose tissue from Table 1. (C) CXCL9 and CXCL10 gene expression using real-

time PCR in the FF from human adipose tissue from Table 1. (D) Mouse CXCR3, CXCL9,

CXCL10 gene expression in whole adipose tissue of C57BL/6J mice fed a standard chow

diet (SCD) and HFD as measured using real-time PCR.
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FIGURE 2.
Loss of CXCR3 partially protects systemic glucose control in obesity. (A) Body weights at

time of sacrifice. (B). Intraperitoneal glucose tolerance test (IPGTT) results after long-term

HFD or SCD. WT mice are represented by a circle (●). CXCR3−/− mice are represented by

a square (■). Diet is color and line coded: SCD is a red, solid line; HFD is a blue, broken

line. Zero minutes represent plasma glucose after a 16-hour fast. (C) AUC was calculated

for the IPGTT data using Graphpad Prism 5. (D) Homeostatic model assessment-estimated

insulin resistance (HOMA-IR) calculations based on fasting glucose and insulin measures in

mice at time of sacrifice. Values are mean ± SEM. *Indicates comparison to SCD control of

the same genotype. #Indicates comparison of WT-HFD vs CXCR3−/−-HFD. (E) Liver

triglyceride measures in WT and CXCR3−/− HFD mice at experiment end. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 3.
VAT macrophage-response to HFD is dramatically decreased in CXCR3−/− mice. (A)

Epididymal fat pad weights of killed mice used in flow cytometry experiments. (B)

Approximate leukocyte cell count per gram of epididymal adipose (A) after tissue

dissociation. (C) Representative flow cytometry figures of CD11b+ cells in the epididymal

adipose. y-Axis represents cell count; x-axis represents fluorescent intensity. (D) Compiled

and analyzed flow cytometric data expressed in bar graphs. Content expressed as quantity

per gram of adipose or as percent of a larger gate. “Lymphogate” are those cells identified as

T cells. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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FIGURE 4.
Increased activation of immature myeloid cells and mature macrophages in obesity,

mitigation in obese CXCR3−/− mice. (A) Representative flow cytometry figures depicting

gating strategy for identification of VAT macrophages (ATMs) and immature myeloid cells

(iMCs). Live cells (SVF) were gated for CD11b positivity and intensity of F4/80 expression

(blue—hi; green—lo). Ly6C expression was then measured for each population,

CD11b+F4/80hi (blue) and CD11b+F4/80lo (green) cells. Red indicates CD11b negative

cells. (B) Mature visceral adipose tissue macrophage (ATM) quantification—

CD11b+F4/80hi. Compiled and analyzed flow cytometric data expressed as quantity per

gram of adipose or as percent of live cells/SVF. (C). Immature myeloid cells (iMCs)—

CD11b+F4/80lo cell quantification; Ly6C+ expression on iMCs from WT and CXCR−/−
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mice on a HFD. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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FIGURE 5.
Loss of CXCR3 enhances VAT T-cell content in lean and obese mice. (A) Representative

flow cytometry histograms of CD3+ cell detection in the SVF of the epididymal adipose

after tissue dissociation. (B) Separation of CD3+ cells by CD4 or CD8 positivity,

representative dot plot. (C) CD3+ flow data expressed as percent of live cells/SVF from the

adipose after dissociation or as a quantity per gram of adipose. (D) CD3+CD4+ flow data

from the SVF. (E) CD3+CD8+ flow data from the SVF. (F) Splenic CD4 and CD8 cell

expression of CXCR3, expressed as a percent of total CD4+ or CD8+ cells, respectively).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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FIGURE 6.
Macrophages do not chemotax to the CXCR3 ligand, CXCL9. (A) Representative mBMM

cell trajectory plots based on migration tracking of mBMMs in IBIDI® chamber slides.

Groups include negative control (Neg Ctrl), positive control, complement component C5a

(C5a), and the cytokine CXCL9 (CXCL9) over a 12-hour period. The y-axis is migration

parallel to the gradient in μm. The x-axis is migration perpendicular to the gradient (μm).

(B–E) Analysis of migration parameters. Each symbol represents a data point from the

analysis of a single 12-hour migration. Sample size: Neg Ctrl & C5a n = 3; CXCL9 n = 6.

(B) FMI = forward migration indices represented in x and y directions. See Methods for

calculations. (C) Displacement COM = the displacement of COM shown from the same

experiment as B. As in FMI, only the displacement in the y direction is significantly

different than 0. (D) Average cell velocity of mBMMs. (E) RT P-values for homogeneity of

cell distribution. The broken line represents the 0.05 significance threshold, indicating

inhomogeneous (non-circular) cell distribution. (F) Table of migration data, *Indicates P <

0.05. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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FIGURE 7.
CXCR3-deficient monocytes home to inflamed VAT. (A) Representative monocyte

enrichment from mouse bone marrow. Ly6G+ neutrophils are effectively removed after

enrichment. (B) Representative flow of SVF cells from ob/ob mice 48 hours after injection

of labeled WT and KO monocytes (C) Quantification and statistical analysis of labeled cells

isolated from the SVF of ob/ob recipient mice from B. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 8.
Macrophages lacking CXCR3 have a disrupted IL-12/IFN-γ/NO axis. (A) ELISA

measurement of interferon-γ release from splenic T cells isolated from WT and CXCR3−/−

mice and cultured in the presence of anti-CD3 antibody stimulation for 48, 72, and 96 hours.

(B) Relative gene expression in WT and CXCR3−/− mouse bone marrow-derived

macrophages (mBMM): White bars indicate untreated/unstimulated (UT) macrophages, gray

bars indicate IFN-γ, and black bars indicate LPS stimulation. Gene expression is relative to

average house keeping gene (HKG) expression. All real-time values are expressed as a fold

change. TNFα is normalized to untreated (UT) WT cells. Nos2 is normalized to WT-IFN-γ

treated cells, as Nos2 is not expressed in UT cells. IL-12β is normalized to WT-UT. IL-12α

is normalized to WT-LPS. IL6 is normalized to WT-UT. *Indicates comparison to WT with

same treatment.
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