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Abstract

Increased adiposity results in a heightened infiltration of immune cells into fat depots, which in turn generates a pro-
inflammatory phenotype in obese individuals. To better understand the causal factors that establish this pro-inflammatory
profile, we examined events leading to crosstalk between adipocytes and immune cells. Using isolated spleen-derived
immune cells, stimulated with LPS, together with cultured adipocytes, we differentiated the effects of paracrine factors and
cell-cell contact on TNFa, IL-6 and MCP-1 secretion levels and secretion profiles. When splenocytes and adipocytes were co-
cultured without direct contact, permitting only paracrine communication, secretion of IL-6 and MCP-1 were increased by 3-
and 2.5-fold, respectively, over what was secreted by individual cultures, whereas TNFa secretion was reduced by 55%.
When cells were co-cultured with direct cell-cell contact, IL-6 and MCP-1 secretion were increased by an additional 36% and
38%, respectively, over that measured from just paracrine stimulation alone, indicating that cell contact provides a
synergistic signal that amplifies elevated cytokine secretion stimulated by paracrine signals. Using splenocytes from TNFa-/-

mice showed that the absence of TNFa has little effect on paracrine stimulation of cytokine secretion, but attenuates cell
contact-mediated enhancement of IL-6 and MCP-1 secretion. Furthermore, TNFa supports cell contact-mediated signaling in
part, but not exclusively, through Nuclear Factor-kB activation. These findings indicate that engagement of cell contact
between immune cells and adipocytes, in conjunction with locally secreted paracrine factors, activates a unique signaling
pathway that mediates crosstalk between these cell types leading to marked effects on cytokine secretion and profile.
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Introduction

Obesity has reached epidemic proportions as a universal health

challenge and is now firmly established as a substantial risk factor

for developing atherosclerotic and hypertensive cardiovascular

diseases, as well as type II diabetes mellitus [1]. Lean adipose tissue

contains several cell types that together contribute to normal

adipose tissue function, including endothelial cells that supply

proper oxygenation and nutrient delivery, fibroblasts that

contribute to interstitial matrix deposition, and resident macro-

phages that provide an immunologic surveillance function.

Curiously, with the onset of obesity the cell type profile within

growing adipose tissue changes during excessive weight gain

largely due to a substantial infiltration of inflammatory macro-

phages [2,3] and, as recently discovered, other immune cells such

as T and B cells [4–10]. The unique or combined roles of these

immune cell types in obese adipose tissue is not yet known. No

evidence has been presented pointing to tissue infection that would

provide homing signals for circulating immune cells, although

suggestions have been put forward that tissue injury due to anoxia

and apoptosis or necrosis within rapidly expanding adipose tissue

may trigger macrophage recruitment [11–14]. The fact that

inflammatory macrophages can account for up to 40% of the total

cell population within obese adipose tissue, affirms that this a

substantial physiological response [2].

Current thought maintains that the primary trigger for

macrophage recruitment into obese adipose tissue is mainly due

to heightened secretion of MCP-1 (monocyte chemoattractant

protein-1) [15–18], which is followed by secretion of other

cytokines, such as tumor necrosis factor-alpha (TNFa), interleu-

kin-6 (IL-6) and interleukin-1b (IL-1b). As a result, these secreted

factors establish a low-level, chronic, systemic inflammation

among obese individuals [2,3]. This chronic inflammatory profile

is thought to alter normal signal transduction events [19], and in

doing so, establish a mechanistic link between several multi-faceted

metabolic diseases, such as hyperlipidemia, hypertension, obesity-

dependent cardiovascular diseases and type II diabetes mellitus

[20–23], by altering normal signal transduction events.

To better understand the contributions of chronic inflammation

in obesity to these metabolic diseases, it is vital to define the cytokine

expression profile of immune cells and adipocytes within inflamed

adipose tissue and identify how paracrine and autocrine activities

influence this profile. Some reports have suggested that cytokine

production is limited to infiltrating macrophages, yet other studies

have offered a more complex picture that involves intercellular

communication between macrophages and adipocytes. For
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example, murine (3T3-L1 cells) or human (SGBS) adipocytes

incubated with macrophage-conditioned media increases mRNA

expression and protein levels of inflammation-related genes,

including MCP-1 and IL-6 [24–26]. Reverse stimulation also

occurs in which macrophages cultured with adipocyte-conditioned

media increase their expression of IL-6 and TNFa [26]. These

findings suggest that both cell types contribute to elevated cytokine

expression by co-stimulating in a paracrine manner with secreted

factors found in their respective culture media. We have recently

confirmed and extended this paracrine communication activity by

showing that cultured adipocytes can independently respond to

TNFa stimulation by increasing IL-1b, IL-6 and COX-2 (cycloox-

ygenase) expression through nuclear factor-kB (NF-kB) signaling

[27]. Alternative to conditioned media, co-culture methods have

been used to explore macrophage-adipocyte intercellular commu-

nications. For this approach, collagenase-treatment was used to

disaggregate cells in excised adipose tissue followed by differential

centrifugation to separate buoyant adipocytes from more dense

stromal vascular cells. This stromal vascular fraction contains a

variety of cell types, including endothelial cells, fibroblasts, pre-

adipocytes and macrophages; however, in an obese setting, it also

contains a highly enriched inflammatory macrophage population

[2,3]. Unfortunately, the standard methodology for adipose tissue

cell separation has led to mixed, sometimes conflicting results; one

study reported that the infiltrating macrophage population is

responsible for almost all TNFa expression[2], with IL-6 being

expressed by both populations [2,28], while other groups concluded

that IL-6 was released mainly by non-fat cells [29,30]. A third group

reported that the stromal vascular fraction showed greater MCP-1

expression than the adipocyte fraction, concluding that macro-

phages are the main source of this chemokine in adipose tissue

[31,32]. One likely explanation of these conflicting observations

comes from a parallel study indicating that collagenase treatment,

combined with the isolation procedure used for fractionating

adipose tissue into macrophage and adipocyte cell populations can

significantly alter cytokine expression profile by artificially inducing

inflammatory mediators and down-regulating adipocyte-specific

genes [33].

In the present study, we have investigated the contributions of

paracrine activities and cell-cell contact between immune cells and

adipocytes on pro-inflammatory cytokine production. To circum-

vent the problems associated with tissue disaggregation, we have

developed a trans-well co-culture model using primary murine

splenocytes and 3T3-L1 cell-derived mature adipocytes. Use of

splenocytes provides a better representation of the immune cell

population found in obese adipose tissue [34,35] and ensures

normal intracellular signaling patterns, rather than introducing

possible complications from altered signal transduction events

likely present in immortalized transformed monocytic cell lines

such as THP-1 or RAW294.7. Our findings provide novel

evidence that when immune cells and adipocytes are cultured

together, both diffusible, paracrine factors and cell-cell contact

contribute synergistically in modifying TNFa, IL-6 and MCP-1

secretion. We also provide evidence identifying which cytokine is

expressed by each cell type and demonstrate a functional role for

TNFa in providing signaling that potentiates the cell contact

effects on cytokine secretion.

Materials and Methods

Animals and Animal Care
Male C57Bl/6J (Stock #000664), GFP (C57Bl/6-Tg(UBC-

GFP)30Scha/J; ubiquitous expression of Green Fluorescent

Protein; Stock #004353) and TNFa -/- (B6.129S-Tnftm1Gkl/J;

Stock #005540) mice were purchased from Jackson Laboratories

at 8 weeks of age. Animals were housed 2 per cage in a pathogen-

free environment on a 12 h light/dark cycle and were provided

free access to food and water. Mice were euthanized by CO2

asphyxiation and processed immediately for spleen removal. All

procedures in this study were approved by the Institutional Animal

Care and Use Committee of the University of New Mexico.

Splenocyte isolation
Splenocyte isolation was performed according to Kruisbeek [36]

using wild type C57Bl/6J, GFP-expressing C57Bl/6J, or TNFa -/-

mice. After spleens were excised, they were placed in Dulbecco’s

Modified Eagle Medium (DMEM) supplemented with 10% Fetal

Bovine Serum (FBS), 1 mM sodium pyruvate, 2 mM L-glutamine,

100 mg/mL streptomycin sulfate and 100 units/mL penicillin

(complete DMEM). Spleens were homogenized into single cell

suspensions by gently disaggregating tissue between frosted ends of

two microscopy slides, filtered through a 100 mm cell strainer, and

then centrifuged at 8006 g for 3 min at 4uC. Supernatants were

discarded and cell pellets were resuspended in 1 mL ACK

(Ammonium-Chloride-Potassium) Lysis Buffer (150 mM NH4Cl,

10 mM KHCO3 and 0.1 mM Na2-EDTA; pH 7.4) for 5-10 min

to remove contaminating red blood cells. Complete DMEM was

then added and cells were centrifuged again at 8006 g for 3 min

at 4uC. Supernatants were removed; cells were resuspended in

complete DMEM and used for co-culture experiments after cell

densities were determined by hemocytometer counting.

Cell Culture and Adipocyte Differentiation
3T3-L1 pre-adipocytes were purchased from American Type

Culture Collection (ATCC, Manassas, VA, USA) and were

cultured and differentiated according to Gonzales and Orlando,

2008 [27]. Briefly, cells were grown in complete DMEM media at

37uC with 5% CO2 and passaged twice weekly. For differentia-

tion, cells were seeded into 6-well cell culture plates coated with

1% gelatin. When cells reached confluency, they were incubated

with 250 nM dexamethasone, 450 mM 3-Isobutyl-1-methylxan-

thine and 167 nM insulin for 3 days, then thoroughly rinsed with

culture media and incubated for an additional 3–4 days with

167 nM insulin. Differentiation was confirmed by morphological

changes, including intracellular lipid droplet accumulation, as

confirmed by microscopic observation.

Adipocyte and Splenocyte Co-cultures
3T3-L1 cells were grown to confluency in 6-well culture plates

and differentiated to mature adipocytes as described above.

Adipocytes were then co-cultured with isolated splenocytes from

wild type C57Bl/6J, GFP-expressing C57Bl/6J or TNFa -/- mice

in direct and indirect contact systems in the presence or absence of

LPS (E. coli 0111:B4 – 1 mg/mL; Sigma Aldrich, St. Louis, MO) in

complete DMEM. For controls, cells were cultured individually

with or without LPS, or cultured together in the absence of LPS.

For indirect co-cultures, cells were cultured in a transwell system,

with differentiated 3T3-L1 cells in the lower chamber and

splenocytes (1.56106 cells) seeded in a 0.4 mm hanging cell insert

(Millipore, Billerica, MA). The hanging insert is constructed with a

membrane having pores that are large enough to permit the

passage of small molecules, yet small enough to prevent the

passage of even the most motile of cell types. For direct co-

cultures, splenocytes (1.56106 cells) were added to differentiated

3T3-L1 cells, allowing direct contact between the two cell types.

For TNFa recovery studies, co-cultures were supplemented with 0,

0.3 or 10 ng/mL purified murine TNFa (Cell Signaling, Danvers,
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MA). In NF-kB inhibitor experiments co-cultures were incubated

with 2 mM Bay11-7082 (Calbiochem, La Jolla, CA).

Cytokine ELISAs
Murine TNFa, IL-6, IL-1b, MCP-1 and IL-10 levels in

individual cultures and co-culture supernatants were measured

by ELISA Ready-Set-Go kit (eBioscience, San Diego, CA)

according to the manufacturer’s directions. Media samples were

diluted accordingly to ensure samples were within the detection kit

sensitivity, specifically for MCP-1 and IL-6.

Fluorescence-activated cell sorting
After 24 h of direct co-culturing of 3T3-L1 cells and splenocytes

from GFP mice, cells were sorted by fluorescence-activated cell

sorting (FACS). Co-cultures were trypsinized and centrifuged at

8006 g for 3 min at 4uC. Supernatants were removed and cells

were resuspended in complete low serum (0.5% FBS) DMEM

media with 5 mM EDTA and passed through a 100 mm cell

strainer (BD Falcon) to ensure single-cell suspensions. GFP-

positive and negative cells were sorted using the Beckman Coulter

Legacy MoFlo high-speed sorter into separate tubes for subsequent

mRNA extraction.

RNA Isolation and Quantitative RT-PCR Analysis
Sorted 3T3-L1 cells and splenocytes were homogenized using

the QIAshredder (Qiagen, Valencia, CA) and total RNA was

isolated with RNeasy Mini Kit (Qiagen, Valencia, CA) according

to manufacturer’s recommendations. RNA was converted into

cDNA using the High Capacity cDNA Reverse Transcription Kit

(Applied Biosystems). Levels of F4/80, IL-6, adiponectin, MCP-1,

TNFa and IL-10 were measured by quantitative Real-Time PCR

(qRT-PCR), which was carried out using the LightCycler 480

SYBR Green I Master Mix chemistry (Roche Diagnostics,

Indianapolis, IN) and analyzed on the LightCycler 480 instrument

(Roche Diagnostics, Indianapolis, IN). Information on primer

sequences, annealing temperatures, fragment sizes and genes can

be found in Table 1. The reaction cycling parameters for IL-10

were performed as a 3-step qRT-PCR with a pre-incubation step

at 95uC for 5 min and amplification for 45 cycles at 95u for 10 sec,

60uC for 15 sec and 72uC for 1 sec. All other genes were amplified

in a 2-step qRT-PCR reaction with pre-incubation at 95uC for

15 min, followed by 40 cycles of amplification at 95uC for 15 sec

and the annealing temperature (Table 1) for 1 min. A melting

curve analysis was performed in each experiment for all genes to

confirm specificity of single-target amplification. Gene expression

changes were calculated using the relative standard curve method

[37] and 36B4 mRNA levels were used as a normalizer. All

samples were amplified in triplicate.

Results

Direct contact between splenocytes and adipocytes
alters secreted inflammatory cytokine levels

To first determine if cytokine secretion is regulated by paracrine

effects (no cell contact) or if cell-cell contact between adipocytes

and immune cells contributes to the inflammatory response, we

performed co-culture studies using 3T3-L1-derived adipocytes and

isolated murine splenocytes, and assessed the quantity and pattern

of TNFa, IL-6 and MCP-1 secretions. Cells were co-cultured

either in transwells to mimic indirect contact, permitting only

paracrine communications through diffusible factors, or cultured

together to allow for direct cell-cell contact communications along

with paracrine effects. Control studies included adipocytes and

splenocytes incubated alone with or without LPS, to measure the

effect of LPS stimulation on adipokine or cytokine secretion in

each cell type without influence of co-culture, and adipocyte-

splenocyte co-cultures without stimulation by LPS, to determine if

non-activated cells can affect adipokine and cytokine secretion.

Significant differences in TNFa, IL-6 and MCP-1 secretions were

found when comparing indirect and direct adipocyte-splenocyte

co-cultures indicating that cell-cell contact does indeed contribute

to adipokine and cytokine secretions (Fig. 1). For TNFa, co-

culturing appears to dampen secretion. In individual cultures, LPS

stimulates TNFa secretion in splenocytes (Fig. 1A), but has no

effect on adipocytes (Fig. 1A, compare columns 1 and 2). Co-

culturing cells in transwells, to allow only paracrine communica-

tion, reduced TNFa secretion by 55% from that measured in LPS-

stimulated splenocytes alone (Fig. 1A, compare columns 4 and 6).

When cells were co-cultured with direct contact, TNFa secretion

was reduced by an additional 33% as compared to paracrine

effects (Fig. 1A, compare columns 6 and 8; p,0.01) demonstrating

that paracrine factors and cell-cell contact both contribute to

attenuate TNFa secretion. Also noteworthy, when adipocytes and

splenocytes were co-cultured in the absence of LPS activation,

whether indirect or direct culture, no measureable TNFa secretion

was found (Fig. 1A, columns 5 and 7), suggesting that activation of

inflammatory immune cells is required to mediate the effects seen

in obese adipose tissue.

For IL-6, co-culturing of adipocytes and LPS-activated spleno-

cytes appears to enhance secretion (Fig. 1B). When each cell type

was cultured individually in the presence of LPS, some IL-6

secretion was measured for both adipocytes (Fig. 1B, compare

columns 1 and 2) and splenocytes (Fig. 1B, compare columns 3

and 4). In contrast to the effects seen on TNFa secretion, when

cells were co-cultured in transwells to measure the effects of

paracrine stimulation, IL-6 secretion was increased by ,3-fold

over that measured for the summation of individual LPS-activated

cultures (Fig. 1B, compare columns 2+4 with column 6). When

cells were co-cultured with direct contact, IL-6 secretion was

increased by an additional 36% over that measured for paracrine

effects alone (Fig. 1B, compare columns 6 and 8; p,0.01). Similar

to the effects seen on TNFa secretion, very little or no IL-6

secretion could be measured in the absence of LPS activation (Fig.

1B, columns 1, 3, 5 and 7).

In a similar manner as IL-6, co-culturing of adipocytes and

LPS-activated splenocytes appears to have a substantial effect in

enhancing MCP-1 secretion (Fig. 1C). In individual cultures, no

measureable MCP-1 secretion could be detected in splenocytes

with or without LPS stimulation (Fig. 1C, see columns 3 and 4).

LPS treatment of adipocytes alone was able to induce some MCP-

1 secretion (Fig. 1C, compare columns 1 and 2) and this secretion

level increased by 2.5-fold when co-cultured with splenocytes

indirectly in transwells (Fig. 1C, compare columns 2 and 6). When

adipocytes and splenocytes were co-cultured with direct contact,

MCP-1 secretion increased by an additional 38% over that

measured for just paracrine stimulation (Fig. 1C, compare

columns 6 and 8; p,0.01).

As an additional note, there were no detectable levels of IL-1b
in our co-culture system under any of the conditions tested (data

not shown).

Paracrine stimulation and direct contact differentially
effect cytokine secretion in a time-dependent manner

To better define the changes in cytokine secretion patterns

resulting from paracrine factors alone or these factors together

with direct cell-cell contact, we chose to perform a time course

study. Co-culturing of activated splenocytes and adipocytes

without direct cell-cell contact led to a time-dependent increase

Crosstalk between Adipocytes and Immune Cells
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in secreted TNFa levels, reaching a maximal effect at approx-

imately 20 h (Fig. 2A). When cells were cultured in direct contact,

TNFa secretion was substantially reduced from levels measured

from paracrine stimulation alone, reaching maximal secretion in

,8 h.

Paracrine factors stimulated both IL-6 and MCP-1 secretion in

co-cultures in a time-dependent manner, with maximal secretion

of IL-6 recorded at approximately 20 h (Fig. 2B) and .48 h for

MCP-1 (Fig. 2C). With direct cell-cell contact, stimulation of IL-6

secretion was greater than that measured for paracrine factors

alone with a maximal effect at ,8 h. The effect of cell-cell contact

on increasing MCP-1 secretion was also rapid; however, the

stimulatory effect did not reach a maximum even after 48 h of

culture. These data demonstrate that paracrine factors, resulting

from splenocyte-adipocyte co-culture, affect cytokine secretion in a

time-dependent manner. Moreover, when cells were cultured

under conditions allowing for direct cell-cell contact, the effects on

cytokine secretion were enhanced over what was measured for

paracrine factors alone.

Pro-inflammatory cytokine expression profile for co-
cultured splenocytes and adipocytes

The next objective was to determine which cell type was

responsible for expression of TNFa, IL-6 and MCP-1 following

co-culturing. We chose to limit this evaluation to assessing mRNA

expression levels because discriminating protein expression would

require further individual culturing of the cells after co-culturing

conditions and this extended incubation is known to artificially

affect cytokine expression [33,38]. For this analysis, cells were co-

cultured with direct cell-cell contact and then separated by

fluorescence-activated cell sorting (FACS), followed by quantifica-

tion of mRNA expression for TNFa, IL-6 and MCP-1 in each cell

type. In order to separate splenocytes from adipocytes using

FACS, we performed the co-culturing incubation with splenocytes

isolated from mice constitutively expressing green fluorescent

protein (GFP) in all cell types. The data shown in Figure 3A is

representative of a FACS profile for adipocytes and GFP-

splenocytes (gates R1 and R2, respectively). With this approach,

we are able to clearly separate GFP-expressing splenocytes from

non-fluorescent 3T3-L1 adipocytes following co-culturing. To

confirm the relative purity of each cell population with a more

sensitive assay, we examined mRNA expression for cell specific

markers in each cell type: F4/80 for macrophages (splenocytes)

and adiponectin for adipocytes. As seen in Figure 3B, F4/80

expression was found only in the GFP-splenocyte population and

adiponectin expression was found only in the adipocyte cell

population.

Messenger RNA quantification for each cytokine revealed that,

following their co-culture with direct cell-cell contact, adipocytes

expressed relatively small quantities of TNFa mRNA, whereas

splenocytes generated 4.5-fold greater levels than adipocytes (Fig.

3C). The opposite expression pattern was found for MCP-1; its

expression was almost undetectable in splenocytes, whereas

substantial expression was measured in adipocytes (Fig. 3C).

Importantly, both adipocytes and splenocytes contribute equally to

IL-6 expression following co-culture conditions (Fig. 3C), which is

in contrast to previous studies which have suggested that the

stromal vascular cells (largely macrophages) are the sole contrib-

utors of cytokines in obese adipose tissue [29,31,38,39].

TNFa signaling is necessary for cell contact-mediated
increases in IL-6 and MCP-1 secretion

The data presented above establish that crosstalk between

splenocytes and adipocytes, in the form of paracrine factors and

cell-cell contact, significantly influences cytokine secretion in our

in vitro model of inflamed adipose tissue. Of these cytokines,

TNFa is known to be one of the major paracrine factors expressed

in obese adipose tissue [40,41]. Based on this observation, we

examined if the paracrine activity of TNFa influenced the cell-cell

contact mediated changes to IL-6 and MCP-1 secretion measured

in our splenocyte-adipocyte co-cultures. To determine this, we

repeated the co-culture study shown in Figure 1 with splenocytes

derived from TNFa -/- mice. As expected, TNFa -/- splenocytes

failed to express TNFa in the absence or presence of LPS (data not

shown); however, with LPS-activation they did express IL-6 at

Table 1. Gene and primer information for qRT-PCR.

Gene Primer sequences Annealing temperature Fragment size GenBank no.

F4/80 Forward – GCTGTGAGATTGTGGAAGCA 66uC 136 bp NM_010130

Reverse – CTGTACCCACATGGCTGATG

IL-6 Forward – AGTTGCCTTCTTGGGACTGA 60uC 191 bp NM_031168

Reverse – CAGAATTGCCATTGCACAAC

Adiponectin Forward – GGAACTTGTGCAGGTTGGAT 63uC 293 bp NM_009605

Reverse – CGAATGGGTACATTGGGAAC

MCP-1 Forward – TCACCTGCTGCTACTCATTCACCA 60uC 98 bp NM_011333

Reverse – TACAGCTTCTTTGGGACACCTGCT

TNFa Forward – ACGGCATGGATCTCAAAGAC 63uC 116 bp NM_013693

Reverse – GTGGGTGAGGAGCACGTAGT

IL-10 Forward – ATGCAGGACTTTAAGGGTTACTTG 60uC 254 bp NM_010548

Reverse - TAGACACCTTGGTCTTGGAGCTTA

36B4 Forward – AAGCGCGTCCTGGCATTGTCT 60–66uC 136 bp NM_007475

Reverse – CCGCAGGGGCAGCAGTGGT

36B4 annealing temperature varied according to target gene being analyzed. IL-6, interleukin-6; IL-10, interleukin-10; MCP-1, monocyte chemoattractant protein-1;
TNFa, tumor necrosis factor alpha; and 36B4, 60S acidic ribosomal protein P0.
doi:10.1371/journal.pone.0077306.t001
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levels similar to wild type splenocytes (Fig. 4A, column 2)

confirming their functional response to LPS stimulation.

When TNFa -/- splenocytes were co-cultured with adipocytes in

the absence of LPS activation, either with direct or no contact, little

or no measureable IL-6 (Fig. 4A, compare columns 3 and 5) or

MCP-1 (Fig. 4B, compare columns 3 and 5) could be detected (grey

bars), similar to what was seen when using wild type splenocytes

(black bars). With LPS activation, co-cultures of TNFa -/-

splenocytes and adipocytes without direct contact demonstrated

similar increases in IL-6 secretion as measured for wild type

splenocytes (Fig. 4A, column 4, compare black and grey bars),

indicating that TNFa activity is not required for paracrine-mediated

enhancement of IL-6 secretion. For MCP-1, co-culture of LPS-

activated TNFa -/- splenocytes and adipocytes without direct

contact resulted in enhanced MCP-1 secretion when compared with

individual adipocyte cultures (Fig. 4B, compare columns 1 and 4);

Figure 1. Direct contact between splenocytes and adipocytes alters secreted levels of inflammatory cytokines. Differentiated 3T3-L1
adipocytes (columns 1 and 2) or isolated murine splenocytes (columns 3 and 4) were cultured alone or together with either direct contact (columns 7
and 8) or no contact (cells separated by a 0.4 mm transwell filter system; columns 5 and 6). Cells were additionally incubated in the absence (-)
(columns 1, 3, 5 and 7) or presence (+) (columns 2, 4, 6 and 8) of LPS (1 mg/mL) for 24 h. Secreted cytokines, TNFa (A), IL-6 (B) and MCP-1 (C), were
quantified by capture ELISA. All experimental points were measured in triplicate for calculation of means and standard deviations. Comparison
between individual cultures, co-cultures with no contact and co-cultures with direct cell-cell contact were calculated using ANOVA and followed by
the post-hoc Bonferroni test. A significant effect was accepted when p,0.05.
doi:10.1371/journal.pone.0077306.g001
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however, similar to data obtained for IL-6, no statistical difference

was measured in co-cultures of adipocytes with wild type splenocytes

or TNFa -/- splenocytes (Fig. 4B, column 4, compare black and grey

bars).

A very different effect on IL-6 and MCP-1 secretion was found

when LPS-activated TNFa -/- splenocytes were co-cultured with

adipocytes with direct cell-cell contact. The additional enhance-

ment of IL-6 and MCP-1 secretion due to direct cell contact

between TNFa +/+ splenocytes and adipocytes is attenuated in co-

cultures of TNFa -/- splenocytes and adipocytes (Fig. 4A and B,

column 6, compare black and grey bars). The addition of

exogenous TNFa to co-cultures of TNFa -/- splenocytes and

adipocytes restored the contact-mediated enhancement in a dose-

dependent manner for both IL-6 (Fig. 4C) and MCP-1 (Fig. 4D).

These findings indicate that, although TNFa contributes little to

the paracrine-mediated enhancement of IL-6 and MCP-1

secretion, its activity is necessary for cell contact-mediated

augmentation of IL-6 and MCP-1 secretion.

Secretion of anti-inflammatory factor, IL-10, is unaltered
by paracrine factors or direct cell contact

Inflamed adipose tissue is also known to express the anti-

inflammatory cytokine, IL-10. Its secretion is thought to be in

response to the elevated state of inflammation within obese

adipose tissue [42,43]. Because of this, the anti-inflammatory

properties of IL-10 may provide a counterbalancing effect to

dampen the actions of inflammatory cytokines [44]. Consequently,

we examined the effects of paracrine factors and direct contact on

IL-10 secretion in our co-culture system. In individual cultures, a

small but measureable amount of IL-10 could be detected in non-

stimulated and LPS-stimulated adipocytes (Fig. 5A, columns 1 and

2), while a 2.5-fold greater amount was found in cultures of LPS-

stimulated splenocytes (Fig. 5A, column 4). When normal LPS-

activated splenocytes were co-cultured with adipocytes in

transwells to measure the effects of paracrine activity, elevated

IL-10 levels were measured; however, this increase was not

statistically different from IL-10 secreted by LPS-stimultated

splenocytes alone (figure 5A, compare columns 6 and 4).

Furthermore, unlike inflammatory cytokines examined above, no

statistical difference was found in IL-10 levels generated by co-

cultures of splenocytes and adipocytes without contact or with

direct cell-cell contact (Fig. 5A, compare columns 6 and 8). These

data suggest that both paracrine factors and direct cell-cell contact

have little or no influence on IL-10 secretion beyond what is

stimulated by LPS treatment.

To further explore if cell-cell contact between splenocytes and

adipocytes influences IL-10 expression, we next measured if its

mRNA expression was altered following co-culture with direct

Figure 2. Rates of cytokine secretion and overall levels are affected by direct contact between adipocytes and splenocytes.
Differentiated 3T3-L1 adipocytes and isolated murine splenocytes were co-cultured with no contact (separated by a 0.4 mm transwell filter system)
(dashed lines) or with direct contact (solid lines) and incubated with LPS (1 mg/mL) for 0, 8, 24 and 48 h. Cytokines, TNFa (A), IL-6 (B) and MCP-1 (C),
were measured in culture media following these incubation times by capture ELISA. All experimental points were performed in triplicate.
doi:10.1371/journal.pone.0077306.g002
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Figure 3. Splenocytes and adipocytes differentially express pro-inflammatory markers. Differentiated 3T3-L1 adipocytes were co-
cultured in direct contact with GFP-expressing murine splenocytes and activated by incubation with LPS (1 mg/mL) for 24 h. Cells were sorted for
GFP-positive (splenocyte) and negative (adipocyte) cells by FACS. (A) Representative FACS is shown, with GFP-negative cells gated in R1 and GFP-
positive cells gated in R2. (B) Quantitative real-time PCR (qRT-PCR) was used to measure adiponectin and F4/80 expression, specific markers for
adipocytes and splenocytes, respectively, to confirm efficiency of cell sorting. (C) TNFa, IL-6 and MCP-1 mRNA expression levels were quantified by
qRT-PCR in splenocytes and adipocytes following cell sorting to distinguish individual cytokine expression patterns. All qRT-PCR values were
normalized to values obtained for 36B4, a ribosomal 60S subunit protein. Experimental points were measured in duplicate (B and C) for calculation of
means and standard deviations. In (C), statistical significance of differing secretion levels between splenocytes and adipocytes was determined by an
unpaired two-tailed Student’s t-test. A significant effect was accepted when p,0.05.
doi:10.1371/journal.pone.0077306.g003
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contact. For this measurement, GFP-expressing splenocytes were

once again used for co-culturing with adipocytes to permit FACS

separation of the two cell types prior to RNA isolation. By qRT-

PCR analyses, we found that direct contact of LPS-activated

splenocytes and adipocytes reduced IL-10 splenocyte mRNA

expression by 50% (Fig. 5B).

Signaling through nuclear factor-kB (NF-kB) supports cell
contact-mediated enhancement of IL-6 and MCP-1
secretion

Since we have identified that TNFa activity is necessary for cell

contact-mediated enhancement of IL-6 and MCP-1 secretion, we

Figure 4. Cell contact-mediated enhancement of IL-6 and MCP-1 secretion requires TNFa signaling. (A and B) Differentiated adipocytes
or murine splenocytes (black bars, isolated from wild type mice; gray bars, isolated from TNFa -/- mice) were cultured alone (individual culture,
columns 1 and 2) or in co-culture with no contact (columns 3 and 4) or direct contact (columns 5 and 6) as in Figure 1. Cells were incubated in the
absence (2) or presence (+) of LPS (1 mg/mL) for 24 h as indicated. (C and D) Wild type (WT) or TNFa -/- (TNFa KO) splenocytes were incubated with
adipocytes with direct contact in the presence of LPS (1 mg/mL) and co-cultures were supplemented with 0, 300 pg/mL or 10 ng/mL purified murine
TNFa as indicated. Secreted IL-6 (A and C) and MCP-1 (B and D) were quantified by capture ELISA. Experimental points were measured in triplicate (A
and B) or duplicate (C and D) for calculation of means and standard deviations. For (A and B) comparison between individual cultures, co-cultures
with no contact and co-cultures with direct cell-cell contact from WT and TNFa KO were calculated using ANOVA and followed by the post-hoc
Bonferroni test. For C and D all experimental points were compared statistically by ANOVA followed by the Bonferroni post-hoc test, and differed
significantly (p,0.01). N.S. denotes no statistical difference.
doi:10.1371/journal.pone.0077306.g004
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next determined if TNFa provides this function through its normal

NF-kB intracellular signaling pathway [45]. For this analysis, we

chose to use the well-established chemical inhibitor of the NF-kB

pathway, Bay11-7082 [46]. This inhibitor targets the kinase (I-kB

kinase, IkK) that releases the cytosolic block on NF-kB and in

doing so prevents NF-kB translocation to the nucleus where it

performs its transcriptional activation for cytokine gene expres-

sion. To confirm the inhibitory activity of Bay11-7082 in our

assay, we stimulated splenocytes with LPS in the absence or

presence of Bay11-7082 and measured TNFa secretion levels. As

anticipated, TNFa secretion was completely inhibited (Fig. 6A)

since LPS signaling through TLR4 is known to activate the NF-kB

pathway [47].

We next examined if, and to what extent, the NF-kB pathway is

involved in the paracrine and cell contact-mediated enhancements

we measure for IL-6 and MCP-1 secretion. Treatment of cells with

Bay11-7082 inhibited paracrine-mediated enhancement (co-cul-

tures with no cell contact) of IL-6 and MCP-1 secretion by ,85%

and ,60%, respectively (Fig. 6B and C, no contact). Additionally,

the further enhancement of IL-6 and MCP-1 secretion seen when

cells are co-culture with direct cell contact was also significantly

inhibited by Bay11-7082 to 30% and 50% of control values, for

IL-6 and MCP-1 respectively (Fig. 6B and C, direct contact).

These findings indicate that the NF-kB pathway is responsible for

paracrine stimulation of the majority of IL-6 secretion and a

substantial portion of MCP-1. Also, the NF-kB pathway contrib-

utes to the cell-contact-mediated enhancement of IL-6 and MCP-1

secretion to a large degree; however, this inhibition is not

complete, indicating that other signaling pathways are involved

in immune cell-adipocyte crosstalk effects on cytokine secretion.

Discussion

It is now well established that excessive adiposity in obese

individuals is accompanied by a low level, chronic systemic

inflammatory state [2,3]. This observation is clinically important

in that chronic secretion of circulating cytokines may be the

mechanistic link between obesity and related cardiovascular and

diabetic complications; that is, inappropriate cytokine signaling

can potentiate atherosclerotic lesion development [48] and, in

muscle and adipose tissue, desensitize insulin responsiveness

toward glucose clearance function [49]. Elevated circulating

cytokines are thought to arise from pro-inflammatory macrophag-

es that populate obese adipose tissue [2,3]. Recent investigations

have also found increased presence of B cells [4,6,9], a significant

accumulation of CD8+ T (effector) cells with a concomitant

decrease of CD4+ T (helper) cells [4,5,7,8,10], as well as activated

natural killer T (NKT) cells [50,51]. It has been postulated that B

cells provide the initial trigger, leading to activation of CD8+ T

cells and monocytes/macrophages, which in turn leads to

increased inflammation and insulin resistance [9]. To obtain a

more detailed understanding of the chronic inflammatory state in

obese adipose tissue, we determined if paracrine and cell contact-

mediated intercellular communications between immune cells and

adipocytes could establish a crosstalk that impacts both cytokine

secretion patterns and levels. For this study, we have developed a

novel co-culture model using isolated murine splenocytes and

cultured murine adipocytes (3T3-L1). The immune cell population

in murine splenocytes is known to include CD8+ T cells (30%),

CD4+ T cells (16%), B cells (35%), NKT cells (7%) and a rich

source of monocytes (8%) [34,52]. Most or all of these cells in the

spleen have now been identified in obese adipose tissue and likely

contribute to some degree toward the pro-inflammatory response.

The immune cell distribution in obese adipose tissue has been

identified as of CD8+ T cells (5%), CD4+ T cells (7%), B cells

(11%), NKT cells (6%) and macrophages (55%) [35]. Although the

percentage representation of each cell type varies between

splenocytes and obese adipose tissue, because of the similarity in

Figure 5. Effects of paracrine factors and cell contact on IL-10
secretion and expression. (A) Differentiated 3T3-L1 adipocytes or
wild type murine splenocytes were cultured alone (columns 1 and 2 or
3 and 4, respectively) or together with either no contact (columns 5 and
6) or direct contact (columns 7 and 8). Cells were incubated in the
absence (-) (columns 1, 3, 5 and 7) or presence (+) (columns 2, 4, 6 and
8) of LPS (1 mg/mL) for 24 h as indicated. Interleukin-10 (IL-10) in culture
media was quantified by capture ELISA. (B) Differentiated 3T3-L1
adipocytes were co-cultured with no contact or direct contact with
GFP-expressing murine splenocytes as in Figure 3 and activated by
incubation with LPS (1 mg/mL) for 24 h. Splenocytes were sorted as
GFP-positive cells by FACS and IL-10 mRNA expression was measured
by qRT-PCR. qRT-PCR values were normalized to values obtained for
36B4. In (A) experimental points were measured in triplicate for
calculation of means and standard deviations. Comparison between all
conditions was calculated using ANOVA followed by the post-hoc
Bonferroni test. No statistical significance was found between any
measured points (p.0.05). For (B), experimental points were performed
in duplicate, and a statistical comparison between no contact and direct
contact was made using an unpaired two-tailed Student’s t-test.
doi:10.1371/journal.pone.0077306.g005
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immune cell identity, use of primary splenocytes in a co-culture

model provides a more representative population of immune cells

found in obese adipose tissue as opposed to limiting our analyses to

a pure population of monocytes/macrophages. 3T3-L1-derived

adipocytes have some limitations due to their being an immortal-

ized cell line, as indicated by their storing lipids as multi-locular

droplets, as opposed to primary adipocytes, which have uni-locular

droplets, as well as secreting very low levels of leptin even when

lipid laden. However, we believe these limitations are not

significant enough to adversely influence the results of our study,

since 3T3-L1-derived adipocytes do correctly respond to endo-

crine stimulation for fatty acid assimilation and mobilization

indicating normal physiologic responses. In addition, these cells

demonstrate gene expression profiles that mimic primary adipo-

cyte cultures, especially with regard to metabolic genes needed for

proper adipocyte function.

In the present study, we used this novel co-culture model to

discriminate between the effects of paracrine signaling from effects

mediated by direct cell-cell contact on cytokine secretion in

immune cells and adipocytes. We found that when cells are

cultured without direct contact, TNFa levels were significantly

decreased indicating that soluble factors are secreted in the context

of co-cultures that dampen TNFa secretion. Even greater

attenuation of TNFa secretion was measured when splenocytes

and adipocytes were cultured with direct cell-cell contact. While

the maximal effect of paracrine activity reducing TNFa secretion

was achieved by 20 h, cell-cell contact provided more rapid

signaling to further reduce secretion within 8 h. Paracrine

signaling and signaling derived from cell-cell contact appears to

act sequentially to decrease TNFa secretion by splenocytes.

In contrast to the effects measured on TNFa secretion,

paracrine and direct cell-cell contact have a stimulatory effect on

IL-6 and MCP-1 secretion. When splenocytes and adipocytes were

co-cultured without direct cell-cell contact, secreted levels of both

IL-6 and MCP-1 were significantly increased demonstrating that

soluble factors are present that amplify secretion of these cytokines

over what can be measured when the two cell types are cultured

individually. Even greater increases in IL-6 and MCP-1 secretion

were measured when splenocytes and adipocytes were cultured

with direct cell-cell contact. While maximal effect of the paracrine

activity on IL-6 secretion was achieved by 20 h, cell-cell contact

maximally stimulated IL-6 secretion by ,8 h. The effects of

paracrine stimulation and cell-cell contact on elevating MCP-1

secretion were slower in that the combined effects were unable to

reach a maximum even after 48 h of culture. Interpreting these

differential effects on IL-6 and MCP-1 is complex. The time

course of effects measured for both paracrine and cell-cell contact

for IL-6 is similar to those measured for TNFa, although the

responses are opposite: IL-6 secretion is increased suggesting

transcriptional activation, whereas TNFa is decreased through

possible transcriptional repression. Having similar time courses

may reflect that the paracrine and cell contact signaling events that

determine IL-6 and TNFa secretion changes share overlapping

pathways, albeit providing differing effects of either activation or

repression, respectively. The effect of paracrine and cell contact

signaling on MCP-1 secretion, however, is markedly different

suggesting this synergy may require modulation of different

regulatory pathways. This interpretation is also compelling when

considering the overall level of MCP-1 secretion changes; the

quantities of MCP-1 generated in co-cultures are substantially

Figure 6. NF-kB intracellular signaling pathway participates in the paracrine and cell contact-mediated enhancement of IL-6 and
MCP-1 secretion. (A) Isolated splenocytes were incubated with LPS (1 mg/mL) in the absence (-) or presence (+) of 2 mM Bay11-7082 for 24 h.
Secreted levels of TNFa were measured by capture ELISA. (B and C) Differentiated 3T3-L1 adipocytes were co-cultured with isolated splenocytes with
either no contact or direct contact as indicated. Cells were stimulated with LPS (1 mg/mL) in the absence (2) or presence (+) of 2 mM Bay11-7082 for
24 h. Secreted levels of IL-6 (B) or MCP-1 (C) were measured by capture ELISA. All experimental points were measured in triplicate for calculation of
means and standard deviations. In (A) an unpaired two-tailed Student’s t test was used to compare Bay11-7082 treated and untreated LPS-stimulated
splenocytes. Comparisons between co-cultures (B and C) were calculated using ANOVA followed by the post-hoc Bonferroni test.
doi:10.1371/journal.pone.0077306.g006
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higher than IL-6 indicating a very robust effect on MCP-1

transcriptional/translational activation.

Questions still linger as to which cell type within obese adipose

tissue is responsible for the production of each cytokine [53].

Previous attempts have been made to address these questions by

disaggregating adipose tissue into adipocytes and stromal vascular

cells with proteolysis and culturing cells separately to characterize

their cytokine expression profiles. Unfortunately, these attempts

have often generated conflicting results, most likely due to

disaggregation methods which are now known to alter cytokine

expression [33]. Other macrophage-adipocyte co-culture studies

have used immortalized macrophage-like cell lines, such as human

(THP-1) or murine (RAW264.7) monocytic leukemia cell lines,

each having questionable signal transduction pathways because of

their transformed phenotype. For these reasons, we performed our

study with cells obtained from murine spleens which express

normal surface proteins and signaling responses to ensure that our

results better represent the cytokine responses we would expect in

obese adipose tissue. Following the co-culture of splenocytes

obtained from constitutive GFP-expressing mice and adipocytes

with direct cell-cell contact, cells were separated by FACS and

cytokine expression was determined immediately following sorting

to prevent anomalous changes to cytokine profiles. Our data show

that the immune cells are the major contributors of TNFa
expression, which is consistent with previous findings [26];

however, we also uniquely identified that adipocytes produce

most or all of the MCP-1 and approximately one-half of the total

IL-6. Together these findings indicate that both cell types make

significant contribution towards establishing the chronic inflam-

matory state in obesity.

Because TNFa is one of the primary macrophage-derived,

paracrine-acting cytokines involved in inflammation [26], and

considering its potency in increasing expression of other inflam-

matory mediators such as interleukins, prostaglandins and

interferons, it is tempting to speculate that TNFa might have a

significant role in establishing, or even enhancing, the chronic

inflammation in obese adipose tissue. Some evidence has been

reported addressing a role for TNFa in obesity [54] and insulin

resistance [55,56]; however, few studies have examined the effects

of TNFa activity on cytokine or adipokine secretion in adipose

tissue. We have recently shown that TNFa activates cyclooxygen-

ase-2 expression in adipocytes by activating the NF-kB signaling

pathway [27]. This study established that TNFa can activate

signal transduction in adipocytes and that this signaling event

proceeds through similar pathways as the innate immune

response. These findings prompted us to next investigate if

endogenously expressed TNFa from splenocytes is able to act in a

paracrine manner and mediate the increases in IL-6 and MCP-1

secretion measured in our co-culture system. We also questioned if

TNFa can mediate the additional increases we measure on

cytokine secretion that result from direct cell-cell contact. By using

splenocytes obtained from TNFa deficient (-/-) mice in our co-

culture model, we found that when these cells were cultured

without direct contact, both IL-6 and MCP-1 secretion was

increased to similar levels seen with wild type splenocytes.

Additionally, when TNFa -/- splenocytes are co-cultured with

adipocytes in direct cell-cell contact, the additional increases

measured for IL-6 and MCP-1 secretion, as seen with direct

contact between wild type splenocytes and adipocytes, are absent.

Addition of TNFa to these direct co-cultures restored the contact-

dependent enhancement of IL-6 and MCP-1 secretion. Together,

these data provide evidence that paracrine activity of TNFa
contributes little or no function to the initial activation of IL-6 or

MCP-1 secretion measured in co-cultures without direct contact,

suggesting that soluble factors other than TNFa are largely

responsible for driving the paracrine-mediated increases in IL-6

and MCP-1 secretion. While the identities of these alternative

soluble factors are currently unknown, they may include novel

acute phase reactants produced in adipocytes such as pentaxin-3

[57,58], which is related to hepatic C-reactive protein. The

potential of adipocytes to serve as a potent source of novel acute

phase reactants cannot be underestimated. Many of the master

gene regulators involved in synthesis of acute phase reactants in

liver, such as the members of the C/EBP family, are also

abundantly expressed in adipocytes [59].

In contrast to the lack of TNFa activity required for paracrine

activation of IL-6 and MCP-1 secretion, we found that TNFa
activity is required for cell contact-mediated enhancement of their

secretion. The most abundant source of TNFa activity is that

which is secreted by immune cells; however, it is also possible that

membrane-associated, pro-TNFa is able to engage the TNFa
receptor and mimic the effects seen with soluble TNFa [60].

Membrane-associated TNFa is biologically active [61,62] and

provides sufficient activity to induce arthritis in a transgenic model

displaying synovial hyperplasia and inflammation [63,64]. In

either case, these findings establish a novel role for TNFa in

adipose tissue inflammation and define a cellular mechanism

whereby TNFa fuels the inflammatory response activated by

immune cell-adipocyte contact.

The intracellular signaling events of this unique TNFa activity

likely involve crosstalk between signaling pathways in adipocytes.

Co-culture of splenocytes and adipocytes can engage cell surface

molecules which could in turn activate intracellular signaling

pathways that converge with TNFa receptor signaling. By this

convergence, TNFa signaling may sustain or amplify signals

initiated from surface receptor engagement and support elevated

cytokine secretion levels. The link between these cell surface events

is likely to involve communication between known pathways; for

example, use of specific inhibitors to block mitogen-activated

protein (MAP) kinase pathways (primarily ERK and JNK) and

NF-kB activation was able to prevent the overall inflammatory

response seen in co-culture studies of adipocytes and macrophages

[26,65], or human adipose tissue [66]. However, these data were

limited in that they only demonstrated global effects on cytokine

production and did not address if inhibition of these inflammatory

changes was due to inhibition of pathways in adipocytes,

macrophages, or both. Other studies showed that stimulation of

adipocytes with TNFa or cell-cell contact between adipocytes and

immortalized macrophages can lead to up-regulation of the NF-kB

pathway [65,67]. By using a well established chemical inhibitor of

the NF-kB pathway, we have identified that this pathway

substantially contributes to the measurable enhancement of IL-6

and MCP-1 secretion that occurs through both paracrine

stimulation and cell-cell contact. However, inhibition of NF-kB

is not sufficient to prevent all secretion indicating that other

pathways significantly participate in immune cell-adipocyte cross-

talk leading to an enhanced inflammatory response. It is likely that

TNFa receptor engagement could activate all or a combination of

MAP kinase, NF-kB, Jak2 and p44/42 pathways to communicate

in a synergistic manner with the NF-kB pathway to enhance a pro-

inflammatory state in obese adipose tissue. The data we present

here shows that paracrine factors and direct cell-cell contact are at

the center of coordinating the activities of these signaling pathways

to direct the pattern and intensity of the inflammatory process.

Since increases in IL-10 secretion are responsive to the elevated

state of inflammation within obese adipose tissue [42,43], we also

examined the effects of paracrine stimulation and direct contact on

IL-10 secretion in our co-culture system. We found that co-culture
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of splenocytes and adipocytes without direct contact yielded IL-10

secretion levels that were not statistically different from individual

cultures of LPS-stimulated splenocytes and adipocytes; suggesting

that paracrine factors have little or no influence on IL-10 levels,

rather LPS activation is sufficient to induce IL-10 secretion.

Moreover, unlike inflammatory cytokines examined above, no

change in IL-10 levels was found when splenocytes and adipocytes

were co-cultured with direct contact. Interesting, direct contact of

splenocytes with adipocytes was able to reduce IL-10 mRNA

expression by 50% of what was measured for co-cultures without

direct contact, indicating that cell contact does either dampen IL-

10 transcription or reduce mRNA half-life. Clearly these data

show that cell-cell contact affects IL-10 mRNA levels, but this

effect is not reflected in secreted protein levels.

It is clear that immune cell infiltration into obese adipose tissue

is fundamental for changes measured in cytokine secretions and

that there is crosstalk between these cells and resident adipocytes.

Our findings here allow us to now postulate that there are specific,

complementary cell surface molecules expressed on both cell types,

that when engaged, can cause significant modifications to cytokine

secretion profiles, in conjunction with the diffusible factors that are

already being secreted into the local environment. From this novel

identification, we anticipate that a more complete understanding

of the cell surface and intracellular signaling events that mediate

this effect might provide a novel therapeutic dimension targeted to

reduce inflammation in obese adipose tissue.

Acknowledgments

We thank the Flow Cytometry Shared Resource Center of the University

of New Mexico Health Sciences Center and the University of New Mexico

Cancer Center for their excellent support.

Author Contributions

Conceived and designed the experiments: CFN RAO. Performed the

experiments: CFN. Analyzed the data: CFN RAO. Contributed reagents/

materials/analysis tools: CFN RAO. Wrote the paper: CFN RAO.

References

1. Garrow JS (1988) Obesity and related diseases. London: Churchill Livingstone.

2. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, et al. (2003)

Obesity is associated with macrophage accumulation in adipose tissue. J Clin

Invest 112: 1796–1808.

3. Xu H, Barnes GT, Yang Q, Tan G, Yang D, et al. (2003) Chronic inflammation

in fat plays a crucial role in the development of obesity-related insulin resistance.

J Clin Invest 112: 1821–1830.

4. Duffaut C, Galitzky J, Lafontan M, Bouloumie A (2009) Unexpected trafficking

of immune cells within the adipose tissue during the onset of obesity. Biochem

Biophys Res Commun 384: 482–485.

5. Feuerer M, Herrero L, Cipolletta D, Naaz A, Wong J, et al. (2009) Lean, but not

obese, fat is enriched for a unique population of regulatory T cells that affect

metabolic parameters. Nat Med 15: 930–939.

6. McDonnell ME, Ganley-Leal LM, Mehta A, Bigornia SJ, Mott M, et al. (2012)

B lymphocytes in human subcutaneous adipose crown-like structures. Obesity

(Silver Spring) 20: 1372–1378.

7. Nishimura S, Manabe I, Nagasaki M, Eto K, Yamashita H, et al. (2009) CD8+
effector T cells contribute to macrophage recruitment and adipose tissue

inflammation in obesity. Nat Med 15: 914–920.

8. Winer S, Chan Y, Paltser G, Truong D, Tsui H, et al. (2009) Normalization of

obesity-associated insulin resistance through immunotherapy. Nat Med 15: 921–

929.

9. Winer DA, Winer S, Shen L, Wadia PP, Yantha J, et al. (2011) B cells promote

insulin resistance through modulation of T cells and production of pathogenic

IgG antibodies. Nat Med 17: 610–617.

10. Wu H, Ghosh S, Perrard XD, Feng L, Garcia GE, et al. (2007) T-cell

accumulation and regulated on activation, normal T cell expressed and secreted

upregulation in adipose tissue in obesity. Circulation 115: 1029–1038.

11. Cinti S, Mitchell G, Barbatelli G, Murano I, Ceresi E, et al. (2005) Adipocyte

death defines macrophage localization and function in adipose tissue of obese

mice and humans. J Lipid Res 46: 2347–2355.

12. Hosogai N, Fukuhara A, Oshima K, Miyata Y, Tanaka S, et al. (2007) Adipose

tissue hypoxia in obesity and its impact on adipocytokine dysregulation. Diabetes

56: 901–911.

13. Strissel KJ, Stancheva Z, Miyoshi H, Perfield JW, 2nd, DeFuria J, et al. (2007)

Adipocyte death, adipose tissue remodeling, and obesity complications. Diabetes

56: 2910–2918.

14. Ye J, Gao Z, Yin J, He Q (2007) Hypoxia is a potential risk factor for chronic

inflammation and adiponectin reduction in adipose tissue of ob/ob and dietary

obese mice. Am J Physiol Endocrinol Metab 293: E1118–1128.

15. Fantuzzi G (2005) Adipose tissue, adipokines, and inflammation. J Allergy Clin

Immunol 115: 911–919; quiz 920.

16. Kamei N, Tobe K, Suzuki R, Ohsugi M, Watanabe T, et al. (2006)

Overexpression of monocyte chemoattractant protein-1 in adipose tissues causes

macrophage recruitment and insulin resistance. J Biol Chem 281: 26602–26614.

17. Kanda H, Tateya S, Tamori Y, Kotani K, Hiasa K, et al. (2006) MCP-1

contributes to macrophage infiltration into adipose tissue, insulin resistance, and

hepatic steatosis in obesity. J Clin Invest 116: 1494–1505.

18. Wellen KE, Hotamisligil GS (2003) Obesity-induced inflammatory changes in

adipose tissue. J Clin Invest 112: 1785–1788.

19. Tornatore L, Thotakura AK, Bennett J, Moretti M, Franzoso G (2012) The

nuclear factor kappa B signaling pathway: integrating metabolism with

inflammation. Trends Cell Biol 22: 557–566.

20. Bays H, Mandarino L, DeFronzo RA (2004) Role of the adipocyte, free fatty

acids, and ectopic fat in pathogenesis of type 2 diabetes mellitus: peroxisomal

proliferator-activated receptor agonists provide a rational therapeutic approach.

J Clin Endocrinol Metab 89: 463–478.

21. Ford ES, Giles WH, Dietz WH (2002) Prevalence of the metabolic syndrome

among US adults: findings from the third National Health and Nutrition

Examination Survey. JAMA 287: 356–359.

22. Grundy SM, Brewer HB, Jr., Cleeman JI, Smith SC, Jr., Lenfant C (2004)

Definition of metabolic syndrome: Report of the National Heart, Lung, and

Blood Institute/American Heart Association conference on scientific issues

related to definition. Circulation 109: 433–438.

23. Jensen MD (2006) Is visceral fat involved in the pathogenesis of the metabolic

syndrome? Human model. Obesity (Silver Spring) 14 Suppl 1: 20S–24S.

24. Permana PA, Menge C, Reaven PD (2006) Macrophage-secreted factors induce

adipocyte inflammation and insulin resistance. Biochem Biophys Res Commun

341: 507–514.

25. Permana PA, Zhang W, Wabitsch M, Fischer-Posovszky P, Duckworth WC, et

al. (2009) Pioglitazone reduces inflammatory responses of human adipocytes to

factors secreted by monocytes/macrophages. Am J Physiol Endocrinol Metab

296: E1076–1084.

26. Suganami T, Nishida J, Ogawa Y (2005) A paracrine loop between adipocytes

and macrophages aggravates inflammatory changes: role of free fatty acids and

tumor necrosis factor alpha. Arterioscler Thromb Vasc Biol 25: 2062–2068.

27. Gonzales AM, Orlando RA (2008) Curcumin and resveratrol inhibit nuclear

factor-kappaB-mediated cytokine expression in adipocytes. Nutr Metab (Lond)

5: 17.

28. Samuvel DJ, Sundararaj KP, Li Y, Lopes-Virella MF, Huang Y (2010)

Adipocyte-mononuclear cell interaction, Toll-like receptor 4 activation, and high

glucose synergistically up-regulate osteopontin expression via an interleukin 6-

mediated mechanism. J Biol Chem 285: 3916–3927.

29. Fain JN, Cheema PS, Bahouth SW, Lloyd Hiler M (2003) Resistin release by

human adipose tissue explants in primary culture. Biochem Biophys Res

Commun 300: 674–678.

30. Xie L, Ortega MT, Mora S, Chapes SK (2010) Interactive changes between

macrophages and adipocytes. Clin Vaccine Immunol 17: 651–659.

31. Bruun JM, Lihn AS, Pedersen SB, Richelsen B (2005) Monocyte chemoat-

tractant protein-1 release is higher in visceral than subcutaneous human adipose

tissue (AT): implication of macrophages resident in the AT. J Clin Endocrinol

Metab 90: 2282–2289.

32. Christiansen T, Richelsen B, Bruun JM (2005) Monocyte chemoattractant

protein-1 is produced in isolated adipocytes, associated with adiposity and

reduced after weight loss in morbid obese subjects. Int J Obes (Lond) 29: 146–

150.

33. Ruan H, Zarnowski MJ, Cushman SW, Lodish HF (2003) Standard isolation of

primary adipose cells from mouse epididymal fat pads induces inflammatory

mediators and down-regulates adipocyte genes. J Biol Chem 278: 47585–47593.

34. Avitsur R, Stark JL, Dhabhar FS, Sheridan JF (2002) Social stress alters

splenocyte phenotype and function. J Neuroimmunol 132: 66–71.

35. Sun S, Ji Y, Kersten S, Qi L (2012) Mechanisms of inflammatory responses in

obese adipose tissue. Annu Rev Nutr 32: 261–286.

36. Kruisbeek AM (2001) Isolation of mouse mononuclear cells. Curr Protoc

Immunol Chapter 3: Unit 3 1.

37. Livak K (1997) ABI Prism 7700 Sequence Detection System. User Bulletin 2. In:

Biosystems PA, Foster City, CA.

38. Fain JN, Bahouth SW, Madan AK (2004) TNFalpha release by the nonfat cells

of human adipose tissue. Int J Obes Relat Metab Disord 28: 616–622.

Crosstalk between Adipocytes and Immune Cells

PLOS ONE | www.plosone.org 12 October 2013 | Volume 8 | Issue 10 | e77306



39. Fain JN (2010) Release of inflammatory mediators by human adipose tissue is

enhanced in obesity and primarily by the nonfat cells: a review. Mediators
Inflamm 2010: 513948.

40. Hotamisligil GS, Shargill NS, Spiegelman BM (1993) Adipose expression of

tumor necrosis factor-alpha: direct role in obesity-linked insulin resistance.
Science 259: 87–91.

41. Hotamisligil GS, Arner P, Caro JF, Atkinson RL, Spiegelman BM (1995)
Increased adipose tissue expression of tumor necrosis factor-alpha in human

obesity and insulin resistance. J Clin Invest 95: 2409–2415.

42. Esposito K, Pontillo A, Giugliano F, Giugliano G, Marfella R, et al. (2003)
Association of low interleukin-10 levels with the metabolic syndrome in obese

women. J Clin Endocrinol Metab 88: 1055–1058.
43. Juge-Aubry CE, Somm E, Pernin A, Alizadeh N, Giusti V, et al. (2005) Adipose

tissue is a regulated source of interleukin-10. Cytokine 29: 270–274.
44. Gotoh K, Inoue M, Masaki T, Chiba S, Shimasaki T, et al. (2012) A novel anti-

inflammatory role for spleen-derived interleukin-10 in obesity-induced inflam-

mation in white adipose tissue and liver. Diabetes 61: 1994–2003.
45. Liu ZG (2005) Molecular mechanism of TNF signaling and beyond. Cell Res 15:

24–27.
46. Pierce JW, Schoenleber R, Jesmok G, Best J, Moore SA, et al. (1997) Novel

inhibitors of cytokine-induced IkappaBalpha phosphorylation and endothelial

cell adhesion molecule expression show anti-inflammatory effects in vivo. J Biol
Chem 272: 21096–21103.

47. Takeda K, Akira S (2004) TLR signaling pathways. Semin Immunol 16: 3–9.
48. Ross R (1999) Atherosclerosis—an inflammatory disease. N Engl J Med 340:

115–126.
49. Guilherme A, Virbasius JV, Puri V, Czech MP (2008) Adipocyte dysfunctions

linking obesity to insulin resistance and type 2 diabetes. Nat Rev Mol Cell Biol 9:

367–377.
50. Ji Y, Sun S, Xu A, Bhargava P, Yang L, et al. (2012) Activation of natural killer

T cells promotes M2 Macrophage polarization in adipose tissue and improves
systemic glucose tolerance via interleukin-4 (IL-4)/STAT6 protein signaling axis

in obesity. J Biol Chem 287: 13561–13571.

51. Wu L, Parekh VV, Gabriel CL, Bracy DP, Marks-Shulman PA, et al. (2012)
Activation of invariant natural killer T cells by lipid excess promotes tissue

inflammation, insulin resistance, and hepatic steatosis in obese mice. Proc Natl
Acad Sci U S A 109: E1143–1152.

52. Swirski FK, Nahrendorf M, Etzrodt M, Wildgruber M, Cortez-Retamozo V, et
al. (2009) Identification of splenic reservoir monocytes and their deployment to

inflammatory sites. Science 325: 612–616.

53. Yamashita A, Soga Y, Iwamoto Y, Yoshizawa S, Iwata H, et al. (2007)
Macrophage-adipocyte interaction: marked interleukin-6 production by lipo-

polysaccharide. Obesity (Silver Spring) 15: 2549–2552.
54. De Taeye BM, Novitskaya T, McGuinness OP, Gleaves L, Medda M, et al.

(2007) Macrophage TNF-alpha contributes to insulin resistance and hepatic

steatosis in diet-induced obesity. Am J Physiol Endocrinol Metab 293: E713–

725.

55. Hotamisligil GS, Murray DL, Choy LN, Spiegelman BM (1994) Tumor necrosis

factor alpha inhibits signaling from the insulin receptor. Proc Natl Acad Sci U S

A 91: 4854–4858.

56. Uysal KT, Wiesbrock SM, Marino MW, Hotamisligil GS (1997) Protection from

obesity-induced insulin resistance in mice lacking TNF-alpha function. Nature

389: 610–614.

57. Abderrahim-Ferkoune A, Bezy O, Chiellini C, Maffei M, Grimaldi P, et al.

(2003) Characterization of the long pentraxin PTX3 as a TNFalpha-induced

secreted protein of adipose cells. J Lipid Res 44: 994–1000.

58. Alberti L, Gilardini L, Zulian A, Micheletto G, Peri G, et al. (2009) Expression

of long pentraxin PTX3 in human adipose tissue and its relation with

cardiovascular risk factors. Atherosclerosis 202: 455–460.

59. Rajala MW, Scherer PE (2003) Minireview: The adipocyte—at the crossroads of

energy homeostasis, inflammation, and atherosclerosis. Endocrinology 144:

3765–3773.

60. Idriss HT, Naismith JH (2000) TNF alpha and the TNF receptor superfamily:

structure-function relationship(s). Microsc Res Tech 50: 184–195.

61. Horiuchi T, Mitoma H, Harashima S, Tsukamoto H, Shimoda T (2010)

Transmembrane TNF-alpha: structure, function and interaction with anti-TNF

agents. Rheumatology (Oxford) 49: 1215–1228.

62. Perez C, Albert I, DeFay K, Zachariades N, Gooding L, et al. (1990) A

nonsecretable cell surface mutant of tumor necrosis factor (TNF) kills by cell-to-

cell contact. Cell 63: 251–258.

63. Alexopoulou L, Pasparakis M, Kollias G (1997) A murine transmembrane tumor

necrosis factor (TNF) transgene induces arthritis by cooperative p55/p75 TNF

receptor signaling. Eur J Immunol 27: 2588–2592.

64. Georgopoulos S, Plows D, Kollias G (1996) Transmembrane TNF is sufficient to

induce localized tissue toxicity and chronic inflammatory arthritis in transgenic

mice. J Inflamm 46: 86–97.

65. Suganami T, Tanimoto-Koyama K, Nishida J, Itoh M, Yuan X, et al. (2007)

Role of the Toll-like receptor 4/NF-kappaB pathway in saturated fatty acid-

induced inflammatory changes in the interaction between adipocytes and

macrophages. Arterioscler Thromb Vasc Biol 27: 84–91.

66. Lappas M, Yee K, Permezel M, Rice GE (2005) Sulfasalazine and BAY 11-7082

interfere with the nuclear factor-kappa B and I kappa B kinase pathway to

regulate the release of proinflammatory cytokines from human adipose tissue

and skeletal muscle in vitro. Endocrinology 146: 1491–1497.

67. Ruan H, Hacohen N, Golub TR, Van Parijs L, Lodish HF (2002) Tumor

necrosis factor-alpha suppresses adipocyte-specific genes and activates expression

of preadipocyte genes in 3T3-L1 adipocytes: nuclear factor-kappaB activation by

TNF-alpha is obligatory. Diabetes 51: 1319–1336.

Crosstalk between Adipocytes and Immune Cells

PLOS ONE | www.plosone.org 13 October 2013 | Volume 8 | Issue 10 | e77306


