
Cell Metabolism

Article
Blocking IL-6 trans-Signaling Prevents High-Fat
Diet-InducedAdiposeTissueMacrophageRecruitment
but Does Not Improve Insulin Resistance
Michael J. Kraakman,1 Helene L. Kammoun,1 Tamara L. Allen,1 Virginie Deswaerte,2 Darren C. Henstridge,1

Emma Estevez,1 Vance B. Matthews,1 Bronwyn Neill,1 David A. White,3 Andrew J. Murphy,4 Lone Peijs,1 Christine Yang,1

Steve Risis,1 Clinton R. Bruce,1 Xiao-Jun Du,3 Alex Bobik,2 Robert S. Lee-Young,1 Bronwyn A. Kingwell,5

Ajithkumar Vasanthakumar,6 Wei Shi,6,7 Axel Kallies,6 Graeme I. Lancaster,1 Stefan Rose-John,8 and Mark A. Febbraio1,*
1Cellular and Molecular Metabolism Laboratory
2Vascular Biology and Atherosclerosis Laboratory
3Experimental Cardiology Laboratory
4Haematopoiesis and Leukocyte Biology Laboratory
5Metabolic and Vascular Physiology Laboratory

BakerIDI Heart & Diabetes Institute, Melbourne, VIC 3004, Australia
6Walter & Eliza Hall Institute of Medical Research, Parkville, VIC 3052, Australia
7Department of Computing and Information Systems, University of Melbourne, Parkville, VIC 3010, Australia
8Department of Biochemistry, Christian-Albrechts-Universität zu Kiel, 24098 Kiel, Germany

*Correspondence: mark.febbraio@bakeridi.edu.au

http://dx.doi.org/10.1016/j.cmet.2015.02.006
SUMMARY

Interleukin-6 (IL-6) plays a paradoxical role in inflam-
mation and metabolism. The pro-inflammatory ef-
fects of IL-6 are mediated via IL-6 ‘‘trans-signaling,’’
a process where the soluble form of the IL-6 receptor
(sIL-6R) binds IL-6 and activates signaling in inflam-
matory cells that express the gp130 but not the IL-6
receptor. Here we show that trans-signaling recruits
macrophages into adipose tissue (ATM). Moreover,
blocking trans-signaling with soluble gp130Fc
protein prevents high-fat diet (HFD)-induced ATM
accumulation, but does not improve insulin action.
Importantly, however, blockade of IL-6 trans-
signaling, unlike complete ablation of IL-6 signaling,
does not exacerbate obesity-induced weight gain,
liver steatosis, or insulin resistance. Our data identify
the sIL-6R as a critical chemotactic signal for ATM
recruitment and suggest that selectively blocking
IL-6 trans-signaling may be a more favorable treat-
ment option for inflammatory diseases, compared
with current treatments that completely block the
action of IL-6 and negatively impact upon metabolic
homeostasis.

INTRODUCTION

The cytokine interleukin 6 (IL-6) is a therapeutic target for many

pro-inflammatory diseases, and tocilizumab, a humanized IL-6

receptor inhibiting monoclonal antibody, is approved for clinical

use in >100 countries for the treatment of rheumatoid arthritis

(RA) (Nishimoto et al., 2005) and other pro-inflammatory dis-

eases (Febbraio et al., 2010). Since the seminal discovery 20
Ce
years ago by Hotamisligil and colleagues that tumor necrosis

factor alpha (TNF-a) was highly expressed within adipose tissue

in several rodent models of obesity (Hotamisligil et al., 1993),

inflammation has become a major mechanism linking obesity

to type 2 diabetes (T2D). Given that IL-6 is pro-inflammatory, it

is widely accepted that, like TNF-a, IL-6 negatively impacts on

obesity-induced insulin resistance (Lazar, 2005). In some cir-

cumstances, administration of an IL-6-neutralizing antibody to

genetic mouse models of obesity improves metabolic homeo-

stasis (Cai et al., 2005; Sabio et al., 2008). However, evidence

gathered over the last decade has challenged the concept that

IL-6 has a negative impact on metabolic homeostasis. IL-6-

deficient (IL-6�/�) mice develop mature onset obesity (Wallenius

et al., 2002), glucose intolerance, insulin resistance, and

increased liver inflammation in response to a high-fat diet

(HFD) (Matthews et al., 2010). In addition, complete blockade

of IL-6 signaling in hepatocytes (Wunderlich et al., 2010) or mac-

rophages (Mauer et al., 2014), by tissue-specific deletion of the

IL-6 receptor (IL-6R), produces a similar negative metabolic

phenotype. It is important to note that IL-6 activates the fuel-

sensing kinase AMPK, a known insulin sensitizer, and infusion

of recombinant IL-6 into healthy humans improves insulin action

during a hyperinsulinemic-euglycemic clamp (Carey et al., 2006).

Consistent with these results, tocilizumab, while very effective in

treating RA, results in weight gain and hyperlipidemia (Nishimoto

et al., 2005).

The controversy regarding the role of IL-6 in metabolic

homeostasis may be due to its complex signaling biology. The

pro-inflammatory effects of IL-6 signaling appear to be mediated

via so called IL-6 ‘‘trans-signaling’’ (Kraakman et al., 2013; Rose-

John et al., 2007). IL-6 trans-signaling is a process by which the

IL-6R can be cleaved by the metalloproteinases ADAM10

(Matthews et al., 2003) and/or ADAM17 (Chalaris et al., 2010), re-

sulting in a soluble form of the IL-6R (sIL-6R). IL-6 can bind to

the sIL-6R, giving this circulating ligand/receptor complex the ca-

pacity to signal in cells that express the gp130, but not IL-6R, on
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their plasma membrane. Importantly, specifically blocking IL-6

trans-signaling by genetic overexpression of or pharmacological

treatment with soluble glycoprotein 130 protein (sgp130Fc) can

prevent inflammation in both an air-pouch model of local inflam-

mation (Rabe et al., 2008) and in atherosclerosis (Schuett et al.,

2012). Notably, sgp130Fc does not block the activity of IL-6-

mediated signaling via the membrane-bound IL-6R (Jostock

et al., 2001). These findings led us to hypothesize that blocking

IL-6 trans-signaling is a therapeutic strategy for preventing adi-

pose tissuemacrophage (ATM) accumulation and subsequent in-

sulin resistance in obesity, since ablation of macrophages using

genetic (Patsouris et al., 2008) or pharmacological (Feng et al.,

2011) approaches leads to a reduction in local and systemic

markers of inflammation and a concomitant improvement in

insulin sensitivity in mice fed a HFD. Such a scenario could repre-

sent a major clinical breakthrough in the treatment of T2D, since

sgp130Fc has recently entered human clinical trials for the

treatment of auto-immune diseases. Here, we show that IL-6

trans-signaling is a major chemotactic signal in ATM recruitment.

Moreover, blocking IL-6 trans-signaling with sgp130Fc can pre-

vent HFD-induced ATM recruitment. While this alone is insuffi-

cient to improve HFD-induced insulin resistance, blocking IL-6

trans-signaling does not result in exacerbated weight gain, liver

steatosis, or insulin resistance, as we previously observed with

complete IL-6 blockade (Matthews et al., 2010).

RESULTS

The sIL-6R Is a Major Chemotactic Cytokine that
Correlates with Type 2 Diabetes
Patients with T2D have elevated plasma sIL-6R (Kado et al.,

1999), but the significance of this observation is unclear. To

determinewhether the sIL-6R plays a role in inflammation, insulin

resistance, or T2D, we first studied three age-matched cohorts

of patients: a lean group (Lean), obese patients with impaired

glucose tolerance (Obese, IGT), and obese patients with type 2

diabetes (Obese, T2D). The patients’ characteristics, as well as

confirmation of the categorization of Obese, IGT versus Obese,

T2D status in the patients, are described in detail in Table S1.

We obtained plasma and abdominal subcutaneous white adi-

pose tissue (WAT) biopsy samples from these patients and

analyzed them for markers of inflammation and components of

IL-6 signaling. The mRNA expression of the macrophage marker

CD68was higher in theWAT of Obese, T2D compared with Lean

(Figure 1A). Both the mRNA expression of ADAM17 in WAT (Fig-

ure 1A) and plasma sIL-6R concentration (Figure 1B) were higher

in both obese groups compared with Lean, but the plasma

concentration of sgp130 did not differ among groups (Figure 1B).

To ascertain whether these observations were related, we per-

formed correlation analyses. As expected, themRNA expression

of WAT CD68 positively correlated with both HOMA-IR (Fig-

ure 1C) and HbA1c (Figure 1D), indicating that ATMs are, indeed,

a marker of insulin resistance and T2D. The concentration of sIL-

6R in plasma also positively correlated with HOMA-IR, HbA1c,

and body mass (Figures 1E–1G), indicating that the sIL-6R is

also a disease marker. We further examined whether the sIL-

6R was related to themRNA expression ofCD68 in WAT of these

patients and, importantly, observed a significant correlation

between these twomeasures (Figure 1H). These data suggested
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that the sIL-6R is amajor chemotactic signal for ATM recruitment

in human obesity. Given the tight association between ATM

accumulation and sIL-6R in both humans, we next tested if

IL-6 trans-signaling could directly induce bone marrow-derived

macrophage chemotaxis in a cell migration assay system. To

mimic trans-signaling, we used Hyper-IL-6, a fusion protein

that mimics IL-6 trans-signaling (Fischer et al., 1997). As ex-

pected, monocyte chemoattractant protein-1 (MCP-1) (positive

control) induced marked macrophage chemotaxis in a dose-

dependent manner. Importantly, Hyper-IL-6 induced macro-

phage chemotaxis with efficacy similar to that of MCP-1,

providing clear evidence that IL-6 trans-signaling is a potent

chemotactic signal (Figure 1I). Moreover, Hyper-IL-6-induced

macrophage recruitment was completely blocked in the pres-

ence of sgp130Fc (Figure 1I). Sgp130Fc did not affect MCP-1-

induced chemotaxis, suggesting that the anti-chemotactic ef-

fects of sgp130Fc selectively block the chemotactic signaling

mediated by the sIL-6R (Figure 1I). Taken together, these results

demonstrate that IL-6 trans-signaling can induce macrophage

and that ATM accumulation is a marker of metabolic disease.

Genetic Overexpression of sgp130Fc Increases
Adipogenesis in Response to High-Fat Feeding
While IL-6�/� mice are protected from a variety of pro-inflamma-

tory diseases, such as RA (Alonzi et al., 1998), hepatocellular

carcinoma (Naugler et al., 2007), and colitis (Gay et al., 2006),

they paradoxically display mature-onset obesity, hepatosteato-

sis, liver inflammation, and insulin resistance (Matthews et al.,

2010; Wallenius et al., 2002). Sgp130Fc transgenic mice show

high serum levels of sgp130Fc (Figure S1A) resulting in impaired

IL-6 trans-signaling but intact, membrane-bound IL-6R signaling

and protection from inflammation (Rabe et al., 2008). However,

the metabolic phenotype of these mice is unknown. Sgp130Fc

mice displayed normal body mass, fat mass and lean mass,

glucose tolerance (FiguresS1BandS1C), food intake, andenergy

expenditure (data not shown) comparedwith wild-type (WT) con-

trol mice. Next, we placed the mice on either a standard chow

or HFD (42% of calories from fat) for a period of 12 weeks. As

expected, the HFD increased both body mass and fat mass

compared with chow-fed animals (Figures 2A and 2B; Figures

S1D and S1E). Consistent with the phenotype of the IL-6�/�

mice (Matthews et al., 2010; Wallenius et al., 2002), sgp130Fc

mice fed a HFD displayed a greater body mass and fat mass

compared with WT and a decrease in lean mass in response to

the HFD (Figures 2A and 2B; Figures S1D and S1E). As expected,

energy intakewashigher in response to theHFD,but hyperphagia

was not responsible for the higher bodymass and fat mass in the

sgp130Fc mice (Figure 2C). Rather, this phenotype was due to a

decrease in energy expenditure as measured by both oxygen

consumption (VO2) (Figure 2D) and the change in body weight in

response to an overnight fast (Figure S1G). In addition, locomotor

activity was decreased by both consumption of HFD and expres-

sion of sgp130Fc (Figure S1F). It is generally accepted that fewer

and larger adipocytes are characteristic of metabolic dysregula-

tion in obesity. Accordingly, we next examined the adipose tissue

beds in detail. In linewith our in vivomeasures, epididymal fat pad

mass was higher in the sgp130Fc mice irrespective of diet (Fig-

ure 2E), while serum leptin was higher in the sgp130Fc mice on

theHFD (FigureS1H). Importantly, however, and indirect contrast



Figure 1. The Soluble IL-6 Receptor Correlates with White Adipose Tissue Macrophage Accumulation and Insulin Action in Obesity and

Mediates Macrophage Migration

(A and B) The mRNA expression of the macrophage marker cluster of differentiation 68 (CD68) and the metalloproteinase ADAM17 (A) in white adipose tissue

(WAT), and the plasma concentration of the soluble IL-6 receptor (sIL-6R) and the soluble gp130 (B) in lean (Lean); obese, impaired glucose tolerance (IGT); and

type 2 diabetes (T2D) patients. *p < 0.05 denotes difference from lean (n = 6 per group). Data are expressed as mean ± SEM.

(C–H) Correlations between HOMA-IR and WAT CD68 mRNA (C), HbA1c and WAT CD68 mRNA (D), HOMA-IR and sIL-6R (E), and HbA1c and sIL-6R (F) body

mass and sIL-6R (G) and WAT CD68 mRNA and sIL-6R (H) in all patients. Correlative analyses (Pearson) were performed using a two-tailed p value (n = 18).

(I) Bone marrow-derived macrophages from C57BL/6 mice were cultured, and their migration was measured in response to increasing doses of MCP-1, Hyper-

IL-6 (the designer cytokine consisting of IL-6 and the sIL-6R joined by a peptide linker), and/or sgp130Fc. Three technical replicates performed in three

independent experiments are shown. Data are expressed as mean ± SEM. * denotes p < 0.05 compared with non-treated control; y denotes p < 0.05 compared

with Hyper-IL-6 (10 or 25 ng/ml).
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Figure 2. Metabolic Phenotyping of sgp130Fc Mice

(A and B) Total body mass progression during 12-week dietary period (A) and pre- and post-total body mass, fat mass, and lean mass (B). n = 33–52 animals.

(C and D) Average daily food (energy) (C) and oxygen (VO2) consumption (D). In (D), the shaded area denotes dark cycle and the solid line denotes a.m. n = 5–11

cages per group (C); n = 5–6 cages per group (D).

(E and F) Epididymal fat pad mass (E) and adipocyte area and number (F). n = 24–39 (E); n = 14–27 (F).

(G andH) Histogram of adipocyte cross-section area averaged from 203magnified fields per section (G) and themRNA expression of CCAAT1/enhancer-binding

protein beta (C/EBPb), fatty acid-binding protein 4 (FABP4), vascular endothelial factor alpha (VEGFa), cluster of differentiation 31 (CD31), and hypoxia-inducible

factor alpha (HIF1a) (H) in sgp130Fc andWTmice fed a chow diet or HFD for 12 weeks. * denotes main effect (p < 0.05) for diet. y denotesmain effect (p < 0.05) for

genotype. Data are expressed as mean ± SEM. n = 14–27 (G); n = 5–19 (H).
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Figure 3. Adipogenic Gene Expression in

IL-6 Knockout Mice and Microarray Anal-

ysis of IL-6 KO versus sgp130 Transgenic

Animals

(A)mRNAexpressionofCCAAT1/enhancer-binding

protein beta (C/EBPb), vascular endothelial factor

alpha (VEGFa), fatty acid-binding protein4 (FABP4),

cluster of differentiation 31 (CD31), and hypoxia-

inducible factor alpha (HIF1a) in IL-6 KO and WT

mice fed a chow diet or HFD for 12weeks. n = 6 per

group. Data are expressed as mean ± SEM.

(B) Enrichment score of gene ontology clusters

that were significantly enriched (i.e., enrichment

score cutoff of 2 corresponding to a p value cutoff

of 0.01) in the list of differentially expressed genes

between IL-6 KO and sgp130. n = 2–3 per group.

(C and D) Heatmap representation of expression

levels for all libraries of the top 50 upregulated and

top 50 downregulated genes selected from the

comparison of IL-6 KO versus sgp130. n = 2–3 per

group.
with previous observation in IL-6�/�mice (Matthews et al., 2010),

the increase in adiposity was not due to adipocyte hypertrophy,

sincemean adipocyte areawas lower in the sgp130Fc compared

withWTmice (Figure 2F). Althoughwe did not detect a significant

increase in total adipocyte number per cross-sectional image

(Figure 2F), when we stratified the cross-sectional area, we

observed many smaller, but fewer larger, adipocytes in the

sgp130Fc compared with WT mice (Figure 2G). Together, these

data indicate that the increase in adipose tissue mass in the

sgp130Fc mice is due to increased adipogenesis rather than

adipocyte hypertrophy, as previously seen in IL-6�/� mice (Mat-

thews et al., 2010). To determine a possible mechanism for the

current observation, we first examined serum adiponectin, a

peptide hormone known to induce adipose tissue expansion in

a manner similar to our observed phenotype (Kim et al., 2007),

but this was not different when comparing mice (Fig-

ure S1H). We next examined the mRNA expression of several

genes involved in adipogenesis and differentiation. CCAAT1/

enhancer-binding protein beta (C/EBPb) is known to regulate adi-

pogenesis and was higher in sgp130Fc compared withWTmice,

as was the mRNA expression of fatty acid-binding protein 4

(FABP4), known to regulate adipocyte differentiation (Figure 2H).

In addition, since angiogenesis modulates adipogenesis (Cao,
Cell Metabolism 21, 403–4
2007), we also examined the mRNA

expression of vascular endothelial factor

alpha (VEGFa), cluster of differentiation

31 (CD31), and hypoxia-inducible factor

alpha (HIF1a), all implicated in theprocess

of angiogenesis. ThemRNAexpression of

all threegeneswashigher in the sgp130Fc

compared with WT mice (Figure 2H).

It was clear from these data that the etiol-

ogy of the increase in adiposity when

comparing the IL-6�/� with the sgp130Fc

mice was different, as the former dis-

played adipocyte hypertrophy (Matthews

et al., 2010) while in this study the

sgp130Fc mice displayed an increase in
adiposity consistent with adipogenesis. Accordingly, we next

performed a detailed comparison of adipose tissue gene expres-

sion between the two strains of mice. First, we retrospectively

examined the mRNA expression of the genes presented in

Figure 2H in adipose tissue samples from the IL-6�/� mice. In

contrast with the observations in the sgp130Fc mice, deletion of

IL-6 had no effect on the expression of any of these genes (Fig-

ure3A).Nextweperformedgenearrayanalysesonadipose tissue

samples fromWT, IL-6�/� mice and sgp130Fc mice. The pattern

of gene expression was markedly different when comparing

the IL-6�/�with the sgp130Fcmice (Figures 3B–3D). Importantly,

geneontologyanalyses revealed thatgenes involved inangiogen-

esis produced the second-highest enrichment score (Figure 3B).

Taken together, these data demonstrate that overexpression of

sgp130Fc, but not deletion of IL-6, results in increased adipogen-

esis leading to increased fat pad mass due to an increased num-

ber of smaller adipocytes in response to a HFD.

Genetic Overexpression of sgp130Fc Does Not
Exacerbate Liver Steatosis or Glucose Intolerance
Complete ablation of IL-6 signaling in the liver either via genetic

deletion of IL-6 (Matthews et al., 2010) or via liver-specific dele-

tion of the IL-6 receptor (Wunderlich et al., 2010) results in
16, March 3, 2015 ª2015 Elsevier Inc. 407



Figure 4. sgp130 Overexpression Prevents

High-Fat Diet-Induced White Adipose Tis-

sue Macrophage Accumulation

(A and B) sgp130Fc concentration (A) and mRNA

expression of EGF-like module-containing mucin-

like hormone receptor-like 1 (EMRI-gene encoding

F4/80) and cluster of differentiation 68 (CD68) (B) in

white adipose tissue (WAT).

(C and D) Representative cross-sectional immu-

nohistochemical stain of F4/80 (C) and quantifi-

cation of F4/80 in crown-like structures (D) in WAT.

(E and F) Representative plot (E) and quantification

(F) of F4/80 and CD11c positive (+) cells by flow

cytometry.

(G) The mRNA expression of monocyte chemo-

attractant protein-1 (MCP-1), tumor necrosis fac-

tor-a (TNF-a), interleukin-6 (IL-6), interleukin-1-b

(IL-1b) and Nod-like receptor protein 3 (NLRP3) in

WAT in sgp130Fc and WT mice fed a chow diet or

HFD for 12 weeks (except in E and F, where only

HFD data were measured). * denotes main effect

(p < 0.05) for diet; y denotes main effect (p < 0.05)

for genotype; z denotes difference (p < 0.05)

between WT and sgp130Fc on HFD.

Data are expressed as mean ± SEM. n = 6–21

(A–G).
hyperlipidemia, increased hepatosteatosis, and liver inflamma-

tion and damage when mice are fed a HFD. Accordingly, we

next examined whether this was the case when only IL-6 trans-

signaling is blocked. Selective blockade of IL-6 trans-signaling

did not exacerbate HFD-induced increases in circulating

non-esterified fatty acid concentration (data not shown), hepa-

tosteatosis, liver inflammation, or liver function (Figures S2A–

S2F). Furthermore, and in contrast with IL-6�/� mice (Matthews

et al., 2010), sgp130Fc mice did not display glucose intolerance

relative to WT mice (Figure S2G).

Genetic Overexpression of sgp130Fc Ameliorates
Adipose Tissue Macrophage Accumulation in Response
to High-Fat Feeding
As we demonstrated in Figure 1, the sIL-6R appeared to be a

major chemotactic signal in humans, and IL-6 trans-signaling-
408 Cell Metabolism 21, 403–416, March 3, 2015 ª2015 Elsevier Inc.
induced chemotaxis was blocked by

treatment with sgp130Fc in vitro. Accord-

ingly, we next examined whether this link

persisted in the sgp130Fc mice. Consis-

tent with our data in humans, the HFD

induced an increase in serum sIL-6R (Fig-

ure S3A). The mRNA expression of the IL-

6R decreased, while ADAM10 increased

in WAT (Figure S3B). The systemic over-

expression of sgp130Fc resulted in a

marked accumulation of sgp130Fc pro-

tein in the WAT (Figure 4A), but this did

not affect serum sIL-6R concentration,

nor the mRNA expression of either the

IL-6R or ADAM10 in WAT (Figure S3B).

Strikingly, and consistent with our hy-

pothesis, overexpression of sgp130Fc
ameliorated the ATM accumulation. While the HFD induced

marked increases in themRNA abundance of Emr1, the gene en-

coding F4/80, and Itgax, the gene encoding CD11c, these in-

creases were abrogated in the sgp130Fc mice (Figure 4B). We

next examined the protein expression of F4/80 within WAT by

two independent methods, immunohistochemistry and flow cy-

tometry. While the HFD increased the appearance of crown-

like structures �4-fold in the WAT of WT mice, this increase

was abrogated in sgp130Fc mice (Figures 4C and 4D). In addi-

tion, the percentage of cells positively stained for both F4/80

and CD11c in the WAT of mice fed the HFD was markedly lower

in the sgp130Fc compared with WT mice (Figures 4E and 4F).

Fibrosis is associated with the appearance of crown-like struc-

tures and inflammation in WAT and systemic insulin resistance

(Halberg et al., 2009). Accordingly, we also measured collagen

content using picro-sirius red staining in WAT. Collagen staining



in WAT was increased in WT but not in sgp130Fc mice in

response to HFD (Figures S3D and S3E). These data suggest

that transgenic expression of sgp130Fc can prevent macro-

phage accumulation and fibrosis in WAT of mice fed a HFD. It

is well known that macrophages release pro-inflammatory cyto-

kines that can signal in neighboring adipocytes to activate serine

threonine kinases such as inhibitor of kappa B kinase (IKKb) and

c-Jun NH2-terminal kinase (JNK) to impair insulin action (Wellen

and Hotamisligil, 2003). Accordingly, we next examined these

pathways. We first measured MCP-1 and observed an increase

in the mRNA expression of this gene in WAT of mice fed a HFD

but, critically, no difference when comparing genotypes (Fig-

ure 4G), indicating that the expression ofMCP-1was not respon-

sible for the lack of ATM in sgp130Fc mice. As expected,

the mRNA expression of TNF-a was increased in mice

fed HFD, but—somewhat unexpectedly—this increase was not

decreased in sgp130Fc mice (Figure 4G), despite the fact that

the increase in HFD-induced ATM accumulation was prevented.

Although the HFD led to mild increases in the phosphorylation of

IKK and JNK (p = 0.057), this was unaffected by genotype (Fig-

ures S3F and S3G). Somewhat unexpectedly, themRNA expres-

sion of IL-6, IL-1b, and Nod-like receptor protein 3 (NLRP3) in

WAT were all elevated in the sgp130Fc mice (Figure 4G), despite

the near absence of ATM. These increases appeared not to

affect circulating cytokine expression, as we observed neither

a diet or genotype effect on circulating IL-6, IL-1b, IL-10, or

TNF-a measured in serum by multiplex ELISA (data not shown).

A ‘‘macrophage-centric’’ view of obesity-associated inflamma-

tion has reigned for several years, despite the fact that many

other immune cell types play an important role in obesity-asso-

ciated WAT inflammation (Mathis, 2013). As this is an important

consideration, we next examined the immune cell milieu in both

the WAT and circulation. As previously shown (Feuerer et al.,

2009;Wu et al., 2011), we observed decreases in the percentage

of leukocytes staining positive for eosinophils (Figures 5A and

5E). In addition, as previously demonstrated (Nishimura et al.,

2009), the HFD increased the percentage of lymphocytes

stained positively for CD8, but not CD4, T cells (Figures 5B and

5E). It has been suggested that a HFD increases both neutrophils

and B cells within WAT, the former of which releases the enzyme

elastase to induce insulin resistance (Talukdar et al., 2012).

In contrast with these findings, we observed a HFD-induced

decrease in both the percentage of leukocytes staining positively

for neutrophils (Figures 5A and 5E) and B cells (Figures 5C and

5E) and a similar decrease in the mRNA expression of ELANE,

the gene encoding elastase (Figure S3H). Importantly, however,

unlike ATM, the overexpression of sgp130Fc had no effect on

any of these measures in WAT of mice irrespective of the diet

(Figures 5A–5C and 5E; Figure S3H). Regulatory T cells (Tregs)

have emerged as important negative regulators of WAT inflam-

mation and metabolic homeostasis (Cipolletta et al., 2012;

Feuerer et al., 2009). Accordingly, we next examined the accu-

mulation of Tregs in the adipose tissue of the mice. Within the

time frame of our experiment, we did not observe a HFD-induced

decrease in Tregs in WT mice, but did so in sgp130Fc mice (Fig-

ures 5D and 5E). In addition, we observed a decrease in FoxP3

mRNA in WAT of sgp130Fc mice (Figure S3H). We next exam-

ined a set of immune cells in the blood of the mice (Figures

S4A–S4C). Although not statistically significant, overexpression
Ce
of sgp130Fc tended to increase the percentage of macrophages

in the blood (Figure S4A), a result consistent with the blocking of

migration of macrophages from the blood to the WAT. The per-

centages of monocytes, natural killer T cells, and B cells as well

as hemoglobin, hematocrit, and red blood cell numbers were

affected by neither diet nor genotype (Figures S4A–S4C). The

HFD decreased the percentage of CD8 cells (Figure S4A) and

increased the platelet count (Figure S4B) irrespective of geno-

type. In general terms, the immune status of the sgp130Fc

mice was normal.

sgp130Fc Drug Therapy Regresses High-Fat
Diet-Induced ATM Accumulation but Does Not Affect
Insulin Resistance
Our data in the sgp130Fc mice provided a strong rationale for

testing whether sgp130Fc could be used as a drug therapy to

treat ATM accumulation and whether this influenced insulin

resistance. We deemed the transgenic mouse a less than ideal

model to test the efficacy of sgp130Fc therapy. Since the trans-

gene was expressed shortly after birth, the accumulation of ATM

would have been prevented from the onset of obesity, which

does not occur in human treatment interventions for metabolic

disease. Accordingly, we next performed a drug intervention trial

in C57BL/6 mice (protocol summarized in Figure S5A). Briefly,

four groups of mice were studied from 8 weeks of age. Three

groups were administered a HFD, while the fourth received a

regular chow diet. After 12 weeks of diet, the chow-fed animals

(Chow Control) and one HFD group (HFD Basal) were killed. The

remaining groups were treated with either 0.5 mg/kg sgp130Fc

protein (HFD Sgp130Fc) or sham control (HFD Saline) twice

weekly for a further 6 weeks. The dosing regime was based on

pharmacokinetics of sgp130 (Figure 6A). Unlike the transgenic

model reported above, while the HFD increased total body

mass and fat mass, no differences were observed between the

HFD saline, basal, or sgp130Fc in these measures (Figure 6B)

either during the dietary intervention or during the drug treatment

(Figures S5B and S5C). Lean mass was not different across

groups (Figure 6B; Figure S5D). In contrast to the study in

sgp130Fc transgenic mice, we observed no differences in

epididymal fat pad mass (Figure 6C) or adipocyte number (Fig-

ure 6E; Figure S5E) across groups. We also examined a number

of inflammatory genes in the adipose tissue and liver from the

mice and circulating cytokines. In general, the HFD increased

or tended to increase the expression of all measured genes in

the adipose tissue, but notably, sgp130Fc treatment reduced

or tended to reduce HFD-induced increases in these genes, indi-

cating that sgp130Fc treatment was indeed anti-inflammatory in

adipose tissue (Figure S5F). We observed no such effects in liver

or circulating cytokines (Figures S6A and S6B). Consistent with

our study in the sgp130Fc transgenic mice, the HFD increased

serum sIL-6R concentration (Figure S5G), and importantly, we

observed a marked regression of ATM in response to 6 weeks

of sgp130Fc treatment as measured by the mRNA expression

of Emr1 and Itgax (Figure 6D) and the appearance of F4/80

measured by immunohistochemical detection in adipose tissue

cross-sections (Figures 6E and 6F). Given the efficacy in regres-

sion of ATM without affecting adipose tissue morphology with

sgp130Fc treatment, we next performed hyperinsulinemic-

euglycemic clamps in the mice. While the glucose infusion rate
ll Metabolism 21, 403–416, March 3, 2015 ª2015 Elsevier Inc. 409



Figure 5. sgp130 Overexpression Has Mini-

mal Effects on High-Fat Diet-Induced Modifi-

cation of Immune Cells in White Adipose

Tissue

(A–D) Stromal vascular cells were isolated from

epididymal white adipose tissue (WAT) and as-

sessed by flow cytometry. Levels of eosinophils and

neutrophils as a percentage of total leukocytes (A),

levels of cytotoxic CD8+ and CD4+ T cells as a

percentage of total lymphocytes (B), levels of B cells

as a percentage of total leukocytes (C), and levels of

regulatory T cells (Tregs) as a percentage of CD4+

T cells (D) are shown. All cells were first gated of

CD45+ cells. Eosinophils were sorted as Siglec F+

and neutrophils as Gr1hi. T cells were sorted as

TCRb+, CD4+, or TCRb+. CD8+ B cells were sorted

as TCRb� or CD19+. Tregs were sorted as TCRb+,

CD4+, or FoxP3+

(E) Quantification of all cell populations as % parent

cell populations. * denotes main effect (p < 0.05) for

diet; z denotes difference (p < 0.05) between WT

and sgp130Fc on HFD.

Data are expressed as mean ± SEM. n = 6–9 (A–E).
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Figure 6. Six Weeks of sgp130Fc Treatment

Period Decreases Adipose Tissue Macro-

phage Accumulation but Does Not Improve

Markers of Insulin Sensitivity in Mice Fed

a HFD

(A) Pharmacokinetic profile of sgp130Fc in the

blood of mice after a single (0.5 mg/kg) injection

(A). n = 5–12.

(B–D) The change in total, fat, and lean mass (B),

epididymal fat pad mass (C), and mRNA expres-

sion of EGF-like module-containing mucin-like

hormone receptor-like 1 (EMRI-gene encoding

F4/80) and integrin alpha X chain protein (Itgax;

gene encoding CD11c) (D) in white adipose tissue

(WAT). n = 9–13.

(E and F) Adipocyte number (E) and representative

cross-sectional immunohistochemical stain of

F4/80 (F) and quantification of F4/80 represented

as the number of crown-like structures (CLS) per

adipocyte in WAT from C57BL/6 mice fed a chow

diet or HFD during the dietary and during the drug

intervention period, which involved twice weekly

injections of sgp130Fc (0.5 mg/kg) or saline. n =

9–11.

(G and H) The glucose infusion rate (GIR), glucose

disposal rate (GDR), and percent suppression of

hepatic glucose production (HGP) (G) and the rates

of 2-deoxyglucose uptake (Rg’) in visceral white,

subcutaneous white, and brown (BAT) adipose

tissue (H) during a hyperinsulinemic-euglycemic

clamp in C57BL/6 mice fed a chow diet or HFD the

entire intervention period. * denotes difference (p <

0.05) from chow control. z denotes difference (p <

0.05) from HFD saline. n = 10–13.

Data expressed as mean ± SEM.
(GIR) was reduced �2-fold by the HFD, the sgp130Fc treatment

had no effect in rescuing insulin sensitivity despite the marked

ATM regression (Figure 6G; Figures S5H, S5I, and S6C–S6E).

Moreover, this pattern was observed for both glucose disposal

rate (GDR; Figure 6G) and the suppression of glucose production

during the clamp (HGP; Figure 6G). In addition, the sgp130Fc

treatment did not affect plasma NEFA concentration or the

percent suppression of lipolysis during the clamp (Figures S6F

and S6G). As discussed, ATMs are thought to release cytokines

that interfere with insulin action in neighboring adipocytes

(Wellen andHotamisligil, 2003), andwe have previously detected

changes in adipose tissue insulin sensitivity in the absence of

changes in whole-body insulin action when we have genetically

modified myeloid cells in vivo (Nicholls et al., 2011). Accordingly,

we measured tissue/organ-specific glucose uptake during the

clamp using 2-deoxyglucose (termed Rg’) (Turner et al., 2013)

to determine whether adipose tissue per se was protected

from insulin resistance induced by the HFD with sgp130Fc treat-
Cell Metabolism 21, 403–4
ment. Despite the marked ATM regres-

sion in adipose tissue beds, the Rg’ in

visceral and/or subcutaneous WAT, or

indeed in BAT, was not improved by

sgp130Fc treatment (Figure 6H). Taken

together, these data clearly show that

6 weeks of treatment with sgp130Fc
can largely ameliorate HFD-induced ATM accumulation, but

this does not affect metabolic homeostasis.

Prevention of ATM Accumulation in sgp130Fc
Transgenic Mice Does Not Improve Insulin Sensitivity
The results from our drug intervention study clearly demon-

strated that more than a 2-fold regression in ATM after the onset

of obesity had no effect on HFD-induced insulin resistance or

glucose intolerance. However, it is possible that only prevention

of ATM accumulation, rather than regression of ATM once accu-

mulated, may protect against insulin resistance. In addition, in

the treatment study the reduction in macrophage accumulation

with treatment was not as marked as was observed in the

sgp130Fc mouse study. Accordingly, we next studied a subset

of sgp130Fc mice, carefully matched to WT mice for total body

mass and fat mass, to remove differences in these parameters

as confounding measures (Figure 7A). Although this cohort of

mice was matched for adiposity, the HFD-induced increase in
16, March 3, 2015 ª2015 Elsevier Inc. 411



Figure 7. sgp130Fc Transgenic Mice Have

Decreased Adipose Tissue Macrophage

Accumulation but Unaltered Insulin Sensi-

tivity Compared with Weight-Matched

Control Mice

(A–D) Total, fat, and lean mass (A), mRNA

expression of EGF-like module-containing mucin-

like hormone receptor-like 1 (EMRI-gene encoding

F4/80) and integrin alpha X chain protein (Itgax;

gene encoding CD11c) in white adipose tissue

(WAT) (B), representative cross sectional immu-

nohistochemical stain of F4/80 (C), and plasma

glucose during an oral glucose tolerance test (D).

Data are expressed as mean ± SEM, n = 6–9.

(E and F) The glucose infusion rate (GIR), glucose

disposal rate, and percent suppression of hepatic

glucose production (HGP) (E) and the rates of

2-deoxyglucose uptake (Rg’) in visceral white,

subcutaneous white, and brown (BAT) adipose

tissue (F) during a hyperinsulinemic-euglycemic

clamp in C57BL/6 mice fed a chow diet or HFD

during the dietary and during the drug intervention

period. * denotes main effect (p < 0.05) for diet.

y denotes main effect (p < 0.05) for genotype.

z denotes difference (p < 0.05) between WT and

sgp130Fc on HFD. Data are expressed as mean ±

SEM, n = 6–9.
ATM, as measured by the mRNA abundance of EmR1 and Itgax

(Figure 7B), and the appearance of crown-like structures in adi-

pose tissue cross-sections (Figure 7C) was prevented in the

sgp130Fc mice. Despite this prevention, the HFD-induced intol-

erance (Figure 7D) was not improved. Moreover, GIR, GDR, and

HGP (Figure 7E) during a hyperinsulinemic-euglycemic clamp

were not different when comparing the sgp130Fc with WT

mice. In addition, the HFD-induced decrease in WAT and BAT

glucose uptake was not improved in sgp130Fc mice (Figure 7F),

despite the complete prevention of ATM accumulation.

DISCUSSION

There are several important findings in our study. These include

the metabolic phenotype of the sgp130Fc mice, the identifica-

tion of the sIL-6R as a chemotactic signal in regulating ATM
412 Cell Metabolism 21, 403–416, March 3, 2015 ª2015 Elsevier Inc.
accumulation, and the observation that

pharmacological therapies that target

ATM accumulation appear ineffective in

protection against insulin resistance.

We previously showed that very high

concentrations of sgp130Fc, in the pres-

ence of murine sIL-6R, can block classic

IL-6 signaling (Garbers et al., 2011). How-

ever, in this previous study, mice were

also injected with IL-6 and sgp130Fc

at doses comparable to the present

study. In this circumstance, IL-6 classical

signaling through membrane-bound IL-

6Rwas intact, asprovenby theconserved

phosphorylation of STAT3 in hepato-

cytes, indicating that sgp130Fc in vivo
only blocks IL-6 trans-signaling and not classical IL-6 signaling.

This notion is strengthened by the comparison between IL-6�/�

and sgp130Fc mice. Apart from the reduced ATM observed in

the WAT of the sgp130Fc mice, they displayed no hallmarks of

adverse metabolic homeostasis, in direct contrast with IL-6�/�

mice that have liver inflammation and insulin resistance (Mat-

thews et al., 2010). The differences when comparing the

sgp130Fc with the IL-6�/� mice have major ramifications for the

development of therapeutics to treat inflammatory disease.While

tocilizumab is a very effective treatment for RA (Nishimoto et al.,

2005; Smolen et al., 2008), weight gain, hypercholesterolemia,

hyperlipidemia, and bacterial infection are noted side effects

(Febbraio et al., 2010). In contrast, in the current study, selective

blockade of IL-6 trans-signaling prevented ATM accumulation,

but critically did not result in these adverse metabolic side ef-

fects. In contrast with the IL-6�/� mice (Matthews et al., 2010),



sgp130Fc mice displayed an increase in smaller adipocytes and

a corresponding decrease in larger adipocytes, which is a hall-

mark of adipogenesis and improved metabolic health (Figures 3

and 4). Microarray analyses revealed a very different pattern of

adipose tissue gene expression with gene ontology analyses,

showing that angiogenesis produced the second-highest enrich-

ment score (Figure 3B). It should also be noted that the sgp130Fc

mice display reduced locomotor activity on the HFD, which may

also contribute to the slightly greater adiposity (Figure S1F),

whereas the IL-6�/� mice did not show any such differences

(Matthews et al., 2010). In addition, unlike IL-6�/� mice, which

display hepatosteatosis and liver inflammation even when fed a

chow diet (Matthews et al., 2010), the sgp130Fc mice do not

exhibit a negative metabolic phenotype whether they are fed a

chowdiet or HFD.Given these results, we suggest that sgp130Fc

may present a viable therapeutic treatment option for inflamma-

tory diseases where IL-6 blockade is effective, because the

unwanted metabolic side effects of complete ablation of IL-6

signaling may be prevented. This is particularly important since

patients treated for inflammatory diseases must be medicated

for several years, as currentmedications do not cure the disease.

Even in diseases such as RA, where initial weight gain may not

pose a problem, weight gain over several years inevitably leads

to adverse changes in metabolic homeostasis. A drug that will

have efficacy but not result in weight gain would be particularly

advantageous for such diseases.

MCP-1, primarily responsible for monocyte/macrophage

chemotaxis in inflammatory diseases and atherosclerosis (Charo

et al., 1994), is also thought to mediate monocyte/macrophage

migration into WAT in obesity (Kamei et al., 2006; Kanda et al.,

2006). Accordingly, MCP-1 inhibitors have been the subject of

much interest, resulting in the development of mNOX-E36, a

so-called Spiegelmer that binds MCP-1 with high affinity and

neutralizes its action (Kulkarni et al., 2007). While mNOX-E36

has shown efficacy in mouse models of lupus nephritis (Kulkarni

et al., 2007), liver fibrosis (Ehling et al., 2014), and diabetic kidney

disease (Darisipudi et al., 2011), there are no reports of efficacy

using mNOX-E36 in preventing ATM accumulation. Based on

previous findings in MCP-1-deficient mice (Inouye et al., 2007;

Kirk et al., 2008) and our current findings, this is not surprising.

In the current study, we identify IL-6 trans-signaling as a major

mediator of ATM accumulation. Importantly, Hyper-IL-6 induced

marked macrophage migration in a dose-dependent manner,

which was completely blocked in the presence of sgp130Fc.

These data, in conjunction with the reduction of ATM accumula-

tion in sgp130Fc mice, demonstrate that IL-6 trans-signaling

is directly responsible for mediating ATM recruitment. Thus,

together with our in vivo data, we have identified IL-6 trans-

signaling as a major mechanism of ATM accumulation.

Despite the prevailing dogma that HFD-induced ATM

accumulation contributes to insulin resistance, our data clearly

demonstrate that prevention of ATM accumulation both geneti-

cally and pharmacologically appears not to be a viable strategy

for the treatment of insulin resistance and/or T2D.While these re-

sults appear at odds with previous studies that have adopted

different strategies to ablate macrophages, there are several

important differences between our study and those performed

previously (Feng et al., 2011; Patsouris et al., 2008). First and

foremost, previous studies used strategies to completely ablate
Ce
either all (Feng et al., 2011) or selectively ‘‘M1-like’’ (Patsouris

et al., 2008) macrophages. Our study employed a drug interven-

tion strategy to prevent ATM accumulation, rather than ablation

of macrophages. From a therapeutic point of view, ablation of

macrophages to treat metabolic disease is not a viable strategy,

as it would severely compromise immunity. Hence, our data are

of major significance for the development of drugs to treat T2D.

Based on our data, it is likely that in previous studies where

macrophages have been ablated (Feng et al., 2011; Patsouris

et al., 2008), improved insulin action was mediated by effects

of macrophage independent of the adipose tissue.

As outlined above, our pre-clinical data suggest that devel-

oping drugs that target ATM chemotaxis is an ineffective thera-

peutic strategy to treat insulin resistance and T2D. There are,

however, some important considerations to these findings. First,

although macrophages have been recognized for some time

as being a hallmark of adipose tissue inflammation (Weisberg

et al., 2003; Xu et al., 2003), it is now acknowledged that many

other cells of the innate and adaptive immune system are also

an important part of the immunological milieu of adipose tissue

in obesity (Mathis, 2013). Thus, it is the balance of pro- and

anti-inflammatory immune cells that is important for the regula-

tion of obesity-induced adipose tissue inflammation and insulin

resistance (Mathis, 2013). Therefore, one possibility is that

marked reduction of all adipose tissue macrophages, as in our

study is ineffective, asmetabolic parameters may be determined

by the balance of M1 to M2 macrophages. Furthermore, while

sgp130Fc was strikingly effective in preventing ATM accumula-

tion, it had little effect on other immune cell changes seen with

HFD-induced weight gain (Figure 5). Our data highlight the fact

that adipose tissue inflammation is far more complex than simply

a function of ATM accumulation. Furthermore, it is important to

consider that the results from our intervention studies in mice

may not be readily transferred to human obesity. This is an

especially important point, as we observed in our patient group

convincing correlations between insulin resistance (asmeasured

by the HOMA-IR), sIL-6R plasma concentrations, and ATM

accumulation (as measured by CD68 transcripts). Therefore, it

remains possible that blocking IL-6 trans-signaling in humans

may have clinical utility that goes beyond the prevention of

ATM accumulation. This is a particularly important consideration

because sgp130Fc Phase I clinical trials have been completed,

with Phase II trials about to commence.

In conclusion, we demonstrate that IL-6 trans-signaling is ama-

jor chemotactic signal inATMrecruitment.AlthoughATMaccumu-

lation is blocked by sgp130Fc treatment, it does not improve insu-

lin resistance. However, given the fact that sgp130Fc mice do not

present with a negative metabolic phenotype, while nonetheless

possessing anti-inflammatory properties, our data suggest that

sgp130Fc treatment may be a more favorable treatment option

for inflammatory diseases such as RA compared with current

treatments that negatively impact upon metabolic homeostasis.

EXPERIMENTAL PROCEDURES

Mouse Models

Mice that overexpress human sgp130Fc were generated as previously

described (Rabe et al., 2008). Heterozygous animals were bred together and

litters were genotyped. Animals negative for the transgene were designated

WT, and animals expressing the transgene were bled for ELISA analysis, as
ll Metabolism 21, 403–416, March 3, 2015 ª2015 Elsevier Inc. 413



genotyping cannot distinguish between homozygous and heterozygous mice.

Mice exhibiting a human sgp130Fc circulating concentration of >10 mg/ml

were considered homozygous, while animals testing positive, but below that

threshold, were considered heterozygous. Littermate WT and homozygous

mice were bred in parallel, and their litters were used for the study. Sgp130Fc

transgenic and C57BL/6 mice were bred and housed at the Alfred Medical

Research and Education Precinct Animal Centre (AMREP PAC) in a path-

ogen-free facility under controlled environmental conditions and exposed to

a 12:12 hr light:dark cycle. IL-6�/� mice were generated as previously

described (Matthews et al., 2010). Animal experiments were approved by

the Alfred Medical Research and Education Precinct Animal Ethics Committee

and conducted in accordance with the National Health and Medical Research

Council (NHMRC) of Australia Guidelines for Animal Experimentation. All ex-

periments commenced when mice were 6–8 weeks of age. Mice were fed

either a chow diet (5% of total energy from fat) or a HFD (43% of total energy

from fat) for 12–18 weeks depending on the experiment. Animals were given

their prescribed diet and water ad libitum.

Metabolic Measurements

Plasma Measurements

ELISAs were performed for the soluble IL-6 receptor (DuoSet mouse IL-6 sR

ELISA Kit, DY1830), total adiponectin (Quantikine Mouse Adiponectin/

Acrp30, MRP300), and leptin (Quantikine Mouse/Rat Leptin, MOB00) (all

from R&D Systems) according to the manufacturer’s specifications. Insulin

concentrations were measured using a Mouse Ultrasensitive Insulin ELISA

kit (ALPCO) according to the manufacturer’s instructions.

EchoMRI

Mouse body composition (fat mass [FM] and lean body mass [LBM]) was

measured weekly with a 4-in-1 EchoMRI body composition analyzer (Colum-

bus Instruments) and standard laboratory scales.

GTT

Intraperitoneal glucose tolerance tests (ipGTTs) (1 g/kg LBM) were performed

in 5 hr-fasted mice as previously described (Matthews et al., 2010). Oral GTTs

(2 g/kg LBM) were performed in 5 hr-fasted mice.

Hyperinsulinemic-Euglycemic Clamps

Hyperinsulinemic-euglycemic clamp studies were performed in mice 4 days

after catheterization. Details of the surgical procedures, insulin clamp, and

the determination of plasma and tissue radioactivity are described elsewhere

(Bruce et al., 2012).

Indirect Calorimetry

Oxygen consumption (VO2) and activity (beam breaks) were measured using a

12-chamber indirect calorimeter (Oxymax series) with an airflow of 0.6 l/min.

Statistical Analysis

Data are presented as mean ± standard error of the mean (SEM). Two-way

analysis of variance (ANOVA) was used to detect main effects for diet (chow

versus HFD) and genotype (WT versus sgp130Fc). Post-hoc analyses

(Holm-Sidak) were performed when a significant interaction effect occurred.

When not using a two-way ANOVA, one-way ANOVA or a Student’s t test

was used as reported in legends. Analyses were performed using a statistical

computer program (Sigma Stat Version 3.5). p < 0.05 was considered statisti-

cally significant.
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Wollmer, A., Grötzinger, J., and Rose-John, S. (1997). I. A bioactive

designer cytokine for human hematopoietic progenitor cell expansion. Nat.

Biotechnol. 15, 142–145.

Garbers, C., Thaiss, W., Jones, G.W., Waetzig, G.H., Lorenzen, I., Guilhot, F.,
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