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Although the metabolic properties of white adipose tissue have been extensively

characterized, the tissue’s immune properties are now attracting renewed interest. Early

experiments in a mouse model suggested that white adipose tissue contains a high

density of regulatory T cells (Tregs), and so it was assumed that all adipose tissue has an

immunosuppressive profile—even though the investigation was limited to visceral body

fat in relatively old male mice. This observation was also corroborated by high frequencies

of other cell subsets with immunoregulatory properties, such as anti-inflammatory M2

macrophages, and regulatory B cells. Many studies have since evidenced the persistence

of pathogens (trypanosomes, Mycobacterium tuberculosis, HIV, etc.) in adipose tissue.

However, a recent report identified adipose tissue as a reservoir of memory T cells

capable of protecting animals upon rechallenge. The immune potential of lean adipose

tissue thus remains to be further investigated. Here, we compared the relative proportions

of immune cells (and Tregs in particular) in lean adipose tissue collected from humans,

a non-human primate (the cynomolgus macaque), and three mouse models. We

demonstrated that the proportion of Foxp3+ Tregs in visceral adipose tissue was low

in all models other than the C57Bl/6 mouse. These low values were not linked to

correspondingly low proportions of effector cells because T lymphocytes (a main target

of Treg suppression) were more frequent in cynomolgus macaques than in C57Bl/6 mice

and (to a lesser extent) humans. In contrast, the proportions of macrophages and B cells

were lower in cynomolgus macaques than in C57Bl/6 mice. We also observed a higher

proportion of CD34+CD45- cells (which predominantly correspond to mesenchymal

stem cells) in C57Bl/6 mouse and cynomolgus macaques than in humans and both

for subcutaneous and visceral adipose tissues. Lastly, a microscopy analysis confirmed

predominant proportion of adipocytes within adipose tissue, and highlighted a marked
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difference in adipocyte size among the three species studied. In conclusion, our study of

lean, middle-aged, male individuals showed that the immune compartment of adipose

tissue differed markedly in humans vs. mice, and suggesting the presence of a more

inflammatory steady-state profile in humans than mice.

Keywords: adipose tissue, Treg-regulatory T cell, immunosuppression/immune modulation, human–animal

relationships, healthy adipose tissue, age, metabolism and obesity

INTRODUCTION

Adipose tissue (AT) is composed of both adipocytes and a stromal
vascular fraction (SVF) that contains a highly heterogeneous
range of immune cells (1, 2). A growing body of evidence
has revealed the close interplay between the immune cells and
metabolic cells in AT, which appear to have synergistic roles
in the development and control of obesity and in thermostasis
(1–3). Adipose tissue also underpins the regenerative functions
(4–6) performed by mesenchymal stromal cells [also referred
to as adipose stromal cells (ASCs)] and hematopoietic stem
cells. Hence, it is now clear that AT has multiple immune and
regenerative functions as well as crucial metabolic activities.

Adipose tissue shows a strikingly high level of plasticity
when affected by metabolic disorders–either quantitatively (e.g.,
with the infiltration of pathogenic cells) or qualitatively (e.g.,
following functional changes in the resident AT cells). With
regard to immune functions, most studies of lean, healthy
individuals have designated lean fat as an immunosuppressive
site (1). Indeed, the vast majority of immune cells in AT
appear to exert an immunosuppressive function. This profile
favors the AT’s metabolic activity (by limiting inflammation and
ensuring tissue-remodeling) but might be less beneficial when
considering immune responses to infections. The metabolic
and immunosuppressive properties of Tregs in AT have been
extensively described in mouse models. It has been found that
obesity affects both the proportions and transcriptional profiles
of AT Tregs (7–12). In clinical settings, the impact of obesity on
the proportion of Tregs in human AT has been indirectly assessed
by detecting FOXP3 mRNA; these studies have given more
heterogeneous results (13–16). In lean animals, AT contains a
low proportion of M1 macrophages and a high proportion of M2
(anti-inflammatory) macrophages (17–21). The accumulation
of macrophages and the change in macrophage phenotype are
robust markers of obesity in AT, and are observed both in
humans and mice (22, 23). Eosinophils (a subset present in lean
AT) also exhibit anti-inflammatory properties by favoring the
persistence of M2macrophages and the maturation of adipocytes
(24, 25). Studies of other immune cell subsets in AT [such
as B cells, natural killer (NK) T cells, γδ-T cells, and innate
lymphoid cells (ILCs)] are also now being performed–principally
in mouse models. In lean animals, the B cells in AT include
a regulatory B fraction (26), whereas obesity is associated with
a greater proportion of B cells with a pathogenic profile (12,
27, 28). It has also been shown that the NK T cells in lean AT
have immunomodulatory activities, and protect the AT from
metabolic disorders (29–32). Natural killer T cells and γδ-T

cells reside in the AT of lean individuals, and accumulate when
metabolic disorders occur (1, 33, 34). Innate lymphoid cells have
been studied in both murine and human ATs (35–37). Type
1 ILCs cells can be triggered by signals induced by metabolic
stress and are involved in adipose inflammation, whereas type 2
ILCs appear to provide regulatory signals. Murine and human
ASCs also exhibit strong immunosuppressive functions (38, 39).
Lastly, the immune activity of adipocytes is also under scrutiny.
Adipokine production by adipocytes is clearly associated with the
development of an anti- or pro-inflammatory environment in AT
(40, 41), as assessed, respectively by the secretion of adiponectin
and leptin (41–44). Resolvin and other lipid mediators are
also involved in the anti- or pro-inflammatory profile (45–48).
Adipocytes also express MHC class II, and may therefore have
a key role in immune activation (49–51). If metabolic stress is
present, the immune properties of adipocytes also change because
the cells upregulate their expression of stress markers and can
thus generate pro-inflammatory signals (33).

Based on these observations, one can question the ability of
AT immune cells to mount an effective local immune response.
Although steady-state immune activity might be controlled by
the immunosuppressive environment, AT immune cells might be
capable of rapid mobilization once danger signals or pathogen
have been detected. This type of plasticity (which has been
described for metabolic regulation) might efficiently combine
immunomodulation (guaranteeing metabolic homeostasis) and
a rapid immune response when pathogens are encountered.
Alternatively, the striking persistence of various pathogens (52)
[e.g., trypanosomes (53, 54), HIV (55–58), and M. tuberculosis
(59)] in AT in different species strengthens the hypothesis
whereby lasting anti-infectious responses are suppressed in AT.
We studied this topic in the context of HIV infection by analyzing
the composition of the AT in SIV-infected cynomolgus macaques
(55) and then in HIV-infected patients (58). Modest changes in
the AT immune compartment were detected: a higher proportion
of SVF cells and CD8T cells, and a modest change in the
macrophages’ phenotype and T cell activation in SIV-infected
animals. In fact, one of our most striking observations was
that the basal composition of AT in the cynomolgus macaque
and in humans did not fully corroborate the data obtained
in mice. We have observed remarkably low frequencies of AT
Tregs in lean, non-human primates (NHPs) (55), and non-obese
patients (58). More recently, it has also been found that AT is
a reservoir for memory T cells capable of protecting the host
upon infectious re-challenge after adoptive transfer (60). The
objective of the present study was to evaluate the basal immune
properties of “healthy” AT as a prerequisite for evaluating AT’s
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anti-infectious responses. To this end, we compared five different
experimental models: three murine models (C57Bl/6, the most
frequently used model of obesity, CBA and Balb/c strains), the
cynomolgus macaque, and healthy human donors. Given that
the AT’s composition is thought to be strongly influenced by
sex, age, and the metabolic context (10, 12), we confirmed these
observations in various murine models and then performed
comparative analyses of middle-aged male individuals from all
species. After using the same protocol for AT dissociation, we
performed FACS analyses on the SVF and thus defined the
relative contribution of the main immune cell subsets in AT
for all the groups tested. We found that a high proportion
of AT Tregs was observed in middle-aged male C57Bl/6
mice but not in middle-aged male CBA mice, Balb/c mice,
cynomolgus macaques, or humans. Similarly, C57Bl/6 mice had
higher proportions of the immune subsets generally associated
with immunosuppression (i.e., macrophages, B cells, and γδ-
T cells) and ASCs (but not T cells), relative to humans. These
discrepancies suggest that the steady-state immunosuppressive
environment in AT differs in the three models. Our present
observations may have a major impact on the choice of the
most appropriate model for studying immune phenomena in
the AT.

MATERIALS AND METHODS

Biological Materials
Samples From Mice
C57Bl/6 Rj, CBA, and Balb/c mice (Janvier Labs, Saint Berthevin,
France), and Foxp3-GFP mice (Charles River, Saint-Germain-
sur-l’Arbresle, France) were maintained under pathogen-free
conditions in the central animal facility at the Paris-Sud Faculty
of Medicine (Paris, France) (approval reference: D92-032-02).
All procedures were conducted in compliance with French and
European Union regulations on animal welfare (agreement B-
94-043-12 and license 94-440, delivered by the French veterinary
authorities) and had been validated by the local animal care
and use committee (Comité d’éthique en experimentation animale
(CEEA) 27, Paris-Sud University, Paris, France).

We studied male mice aged 2–3, 6, 12 months, and (for
Foxp3-GFP mice only) 18–22 months. The impact of sex on
the AT’s immune properties was investigated by studying 2–
3 months-old male vs. female C57Bl/6 Rj mice. To assess the
impact of obesity on the AT’s immune properties, 8 week-old
C57Bl/6 Rj mice were fed a high fat diet (HFD, Research Diets,
Broogarden, Lynge, Denmark), or standard chow for 48 weeks.
The animals’ bodyweight was recorded weekly. At sacrifice (at 12
months of age), the mean ± standard deviation bodyweight was,
respectively 52.0± 2.8 and 33.1± 3.8 g. Six month-old mice were
used in comparisons of C57Bl/6, CBA, and Balb/C animals.

Samples of subcutaneous AT (SCAT) and gonadal AT (as a
source of VAT) were collected from all animals. All comparative
experiments included appropriate control animals at the time
of sacrifice. Different animals were used to study the respective
impacts of sex, age, and metabolic disorders. For 2-3 month-old
animals, AT samples were collected from two to four mice and
pooled in order to obtain sufficient quantities of tissue.

Samples From Cynomolgus Macaques
Adult cynomolgus macaques were imported from Mauritius and
housed in the animal facility at the Commissariat à l’Energie
Atomique et aux Energies Alternatives (CEA, Fontenay-aux-
Roses, France). The NHPs are housed and handled in accordance
with French national regulations, and are subject to inspection
by the veterinary authorities (CEA permit number: A 92-032-
02). The CEA facility complies with the Standards for Human
Care and Use of Laboratory Animals published by the US Office
for Laboratory Animal Welfare (reference: OLAW #A5826-
01). The use of NHPs at the CEA also complies with the
European Directive 2010/63/EU. The animals were used under
the supervision of the veterinarians in charge of the animal
facility. Animals were housed in adjoining, individual cages
(allowing social interactions) and under controlled humidity,
temperature and light conditions (12 h light/12 h dark cycles).
Water was available ad libitum. Animals were monitored and fed
(by trained personnel) with commercial macaque chow and fruits
once or twice daily. Samples of SCAT and VAT from 10 non-
obese, healthy, middle-aged, male cynomolgus macaques were
collected at sacrifice. For ethical reasons, the animals were not
sacrificed for the sole purpose of collecting AT. Samples from
control groups designated in various other studies were made
available for the present work. The study protocols were reviewed
by the CEA’s Animal Care and Handling Committee (Comité
d’Ethique en Expérimentation Animale, registered with the
French Ministry of Research). At the time of the experiments,
the median [interquartile range] age was 6.4 years [5.1–7.5],
and the median [interquartile range] bodyweight was 7.5 kg
[6.3–8.3].

Samples From Humans
Subcutaneous AT and/or VAT samples from 10 middle-aged
male individuals were collected during elective abdominal
surgery. The exclusion criteria were inflammatory bowel diseases,
ischemic colitis, cancer, HIV infection, obesity and/or metabolic
disorders, weight loss surgery, and the administration of
medications with metabolic effects. At the time of surgery, the
men’s median [interquartile range] age was 53 years (47–59), and
the median [interquartile range] BMI was 23 (22–25). Written,
informed consent was provided by all participants. The study
protocol was approved by the local investigational review board
(Comité de Protection des Personnes Ile-de-France VII, PP12-021,
Paris, France). Samples of abdominal SCAT, VAT, and (when
available) blood were collected. We rarely had access to both
human SCAT and VAT from the same patient (collection of both
SCAT and VAT samples in sufficient quantity was only obtained
in 3 out of 10 patients).

Dissociation of Adipose Tissue
Samples from all species (summarized in Table 1) were processed
according to the same protocol. Stromal vascular fraction was
isolated from fresh samples. Subcutaneous AT and VAT samples
were weighed, washed twice in PBS 1x supplemented with 5%
fetal bovine serum (FBS), cut into pieces of 2–3mm, and then
digested in a bath of collagenase (C2139, Sigma-Aldrich, Saint
Quentin Fallavier, France) at a concentration of 0.33 mg/mL in
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TABLE 1 | Age, sex, and characteristics of the models studied.

Nber Age (median) Sex Metabolic profile Body weight (median)

MICE

C57Bl/6 Rj 40 2–3 months M/F Lean (standard chow) ND

10 6 months M Lean (standard chow) 25.0 g

30 12 months M Lean (standard chow) 33.1 g

8 12 months M Obese (high-fat diet) 52.0 g

CBA 10 6 months M Lean (standard chow) 35.0 g

Balb/C 10 6 months M Lean (standard chow) 25.0 g

Foxp3 GFP 12 2–3 months M Lean (standard chow) ND

6 12 months M Lean (standard chow) ND

6 18–22 months M Lean (standard chow) ND

CYNOMOLGUS MACAQUES

10 6.4 years M Non-obese 7.5 kg

HEALTHY HUMAN DONORS

10 53 years M Non-obese (BMI 23) nd

ND, not determined.

Samples of SCAT and VAT were collected from C57Bl/6, CBA and Balb/c mice, cynomolgus macaques, and humans. The quantity of AT obtained differed as a function of the site

(SCAT or VAT) and the species. Human SCAT or VAT were predominantly collected from different individuals. In contrast, SCAT and VAT were collected from the same individuals in

mice and macaques. If cell numbers recovered from murine samples (especially the younger animals) were not sufficient, samples from 2 to 4 animals were collected for performance

of the FACS analysis.

DMEM with 5% FBS for 30min and at 37◦C, with continuous
shaking. The same batch of collagenase enzyme was used for all
species. Next, the tissue was mechanically dissociated by repeated
suction into and discharge from a 10mL syringe. The adipose
suspension was then filtered through a 100-micron mesh, and
treated with ammonium-chloride-potassium lysing buffer. Cells
in the SVF (i.e., all cells other than adipocytes) were treated
with Trypan blue (to exclude dead cells) and then counted in
Malassez chambers (C-chip, NanoEntek, Seoul, Korea) under the
microscope.

Staining for Fluorescence-Activated Cell
Sorting (FACS)
The following antibodies were used to stain the cynomolgus
macaque and human samples [target molecule (clone)]:
CD16 (3G8)/CD90 (5E10)/CD45 NHP (D058-1283)/CD45
Hu (HI30)/CD4 (RPA-T4)/CD8 (RPA-T8)/CD20 (2H7)/CD3
(SP34-2)/TCR GD (B1.1)/NKG2A (Z199)/HLA-DR (G46-
6)/CD14 (M5E2)/CD11b (Bear1)/CD34 (563)/CD146
(P1H12)/CD73 (AD2)/CD235a (HI264)/CD31 (WM59)/PD-1
(EH12-2H7)/CD25 (2A3)/Ki67 (B56)/CD39 (eBioA1)/CD127
(MB15-18C9)/Foxp3 236A/E7)/CD1a (SK9)/CD34
(581)/CD123 (7G3)/BDCA2 (AC144)/CD161 (HP-3G10)/CD94
(DX22)/CD117 (104D2)/IL33R/CD69 (FN50)/TCR Vδ2
(B6)/αβTCR (T10B9-1A-31)/αβTCR NHP (R73)/CD45RA
(clone 5H9)/CD27 (O323).

The following antibodies were used to stain the murine
samples: CD45 (30F11)/F4/80 (BM8)/CD4 (RM4-5)/CD8 (53-
6.7)/TCR GD (GL6)/NK1.1 (PK136)/CD11c (HL3)/TCR
beta (H57-597)/CD11b (M1/70)/B220 (RA3-6B2)/PD-1
(29F.1A12)/CD106 (429)/CD90 (OX-7)/CD73 (TY/11.8)/CD31

(390)/CD34 (MEC14.7)/CD44 (IM7)/TCR β chain (57-
597)/CD127 (A7R34)/CD25 (PC61.5)/CD3 (17A2)/Foxp3
(FJK-16s)/CD69 (H1.2F3)/CD14 (rmC5-3)/CD19 (1D3)/CD11c
(HL3)/CD11b (M1/70)/CD25 (PC61.5)/CD161 (PK136)/CD117
(2B8)/IL33R (RMST2-33).

The staining protocol was identical for all three species.
Staining was performed after the saturation of Fc receptors
by incubation with Fc block reagent (BD) for 30min at
4◦C. Amine-reactive blue dye (LIVE/DEADTM Fixable, Life
Technologies, Carlsbad, CA, USA) was used to assess cell
viability. Cells were incubated with monoclonal antibodies
for 15min at 4◦C, washed in PBS 1X/10% FBS, and fixed
in commercial fixation solution or permeabilized when
required [Intracellular Fixation and Permeabilization Buffer
Set (eBiosciences/ThermoFisher Scientific, Waltham, MA,
USA)]. The FACS data were acquired on an LSR Fortessa
system (BD Biosciences, Franklin Lakes, NJ, USA) and
analyzed using FlowJo software (Treestar, Ashland, OR,
USA).

Immunohistofluorescence
Adipocyte tissue (volume: 1 cm3) was fixed with 4% PFA in
phosphate buffer (pH 7) for 6 h, dehydrated overnight in 30%
sucrose PBS at 4◦C, embedded in optimal cutting temperature
compound, and quickly frozen in isopentate with nitrogen liquid.
Cryostat sections (thickness: 20µm) were then prepared, and
incubated at 4◦C overnight with antibodies against FABP-4,
CD45, CD34, and CD4. The anti-FABP-4 antibody was covalently
linked to Alexa Fluorochrome AF55 using a microscale labeling
kit (Life Technologies) and NHS ester conjugation. Nuclei
were stained with 4′,6-diamidino-2-phenylindole (DAPI). An
isotype antibody was used as a negative control for each
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staining. Immunofluorescence images were examined using an
SP8 confocal microscope (Leica, Germany).

Statistical Analysis
The FACS data from mouse-only experiments are quoted as
the median ± SD, and the data from all other experiments
are quoted as the median [interquartile range]. The microscopy
data are quoted as the median ± standard error or the mean
(SEM). All statistical analyses were carried out with GraphPad
Prism software (version 7.02, GraphPad Software Inc.). A non-
parametric Kruskal-Wallis test was used to compare species. For
the mouse-only experiments, a paired, non-parametric Wilcoxon
test was used to compare SCAT vs. VAT for each species or strain,
and an unpaired, non-parametricMann–Whitney test (∗p< 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001) was used to compare groups. Student’s
t-test was used to compare microscopy data. In graphs, the
p-value is indicated as follows: ∗ < 0.05; ∗∗ < 0.01, ∗∗∗ < 0.001.

RESULTS

The Proportion of Foxp3 Tregs Among
CD4T Cells in Adipose Tissue Is Low in All
Models Other Than the Lean Male C57Bl/6
Mouse
We and others have previously demonstrated that Foxp3+
CD4T cells are extremely scarce in VAT from humans and
cynomolgus macaques (55, 58, 61), when compared with the
corresponding data obtained inmice (8, 11, 62). To fully ascertain
the potential differences in immune cell composition between
humans and the other animal models, we analyzed SCAT and
VAT samples from three mouse strains, a non-human primate
(the cynomolgus macaque) and humans. The method used to
dissociate the AT (i.e. the type, batch and concentration of
collagenase, and the duration of incubation) was the same for
all species. Likewise, the criterion used to identify Tregs (Foxp3
expression by CD4T cells) was the same for all species. Given
that the proportion of Tregs has been shown to differ markedly
as a function of sex, age and metabolic context (e.g., obese
vs. lean mice) (8, 10), we chose to study mouse models in
which all these conditions can be easily evaluated. We first
compared the frequency of Foxp3+ CD4T cells in 2- to 3-
month-old male and female C57Bl/6 mice (Figure 1A). The Treg
frequency was significantly higher in the VAT of male animals,
whereas all other samples (female SCAT and VAT, male SCAT)
exhibited values that were similar to those usually reported for
the murine spleen. We next studied the impact of age on male
C57Bl/6 mice by comparing 2- to 3-month-old and 11- to 13-
month-old animals (Figure 1B). In line with the literature data,
we confirmed the drastic impact of age on the percentage of
Foxp3+ cells in the VAT of male C57Bl/6 mice. We also used
Foxp3-GFP C57Bl/6 mice to evaluate the long-term persistence
of Tregs in VAT (Supplementary Figure 1). As observed in B6
mice, the percentages of GFP+/Foxp3+ cells in both VAT and
SCAT were significantly higher in older animals (12 months
of age and 18–22 months of age) than in young animals (i.e.,
2–3 months of age); the difference was less striking for SCAT,

however. Lastly, as a control, we also evaluated the impact of a
metabolic disorder on the Treg frequency in AT by comparing
HFD-induced obese animals with lean animals. 8 week-old mice
were fed aHFD or standard chow, and sacrificed at 10–12months
of age. As described previously (11, 12), obese male animals
had a significantly lower proportion of Tregs in the VAT than
their lean counterparts (Figure 1C). Taken as a whole, our results
confirmed the literature reports of a high frequency of Tregs
in the AT in a very restricted context (i.e., in relatively old,
non-obese, male animals) and in a relatively specific tissue (i.e.,
VAT, rather than SCAT). Given that these observations did not
match those reported for cynomolgus macaque and human VAT
samples, we next evaluated the proportion of Tregs in the SCAT
and VAT of 6 month-old C57Bl/6, CBA and Balb/c male mice.
Interestingly, the proportions of Tregs in the SCAT and VAT
were much lower in both CBA and Balb/c mice (Figure 1D).
We next assessed the proportions of Foxp3+ CD4T cells in AT
samples collected from mice, NHPs, and humans. On the basis
of our initial set of experiments, we selected individuals with the
following characteristics: male gender, middle age (12 months
of age for mice, 6 years of age for cynomolgus macaques, and
53 years of age for humans) and no obesity (mice fed standard
chow, a median bodyweight of 7.5 kg for cynomolgus macaques,
and a median BMI of 23 for humans). The C57Bl/6 mouse [the
best-characterized murine model in studies of obesity and AT
homeostasis (11, 63)] was used as control for this comparison.
The high proportion of Tregs observed in the VAT of C57Bl/6
mice was not observed in the VAT or SCAT of cynomolgus
macaques or humans (Figure 1E).

Overall, we found that C57Bl/6 mouse appears to be a rather
peculiar model with regard to the high proportion of Foxp3+
CD4T cells in the VAT. This high proportion was not observed in
two other strains of mice (CBA or Balb/c) or in two other species
(the cynomolgus macaque and the human).

The Low Proportion of Foxp3 Tregs in
Cynomolgus Macaques and Humans
Impacts the Effector/Treg Ratio in Adipose
Tissue
The immunosuppressive activity of Tregs is also defined by
the ratio between the Tregs and the potentially suppressed
effector cells. One could therefore hypothesize that the low
proportion of Tregs in human and cynomolgus macaques AT
(relative to C57Bl/6 mice) essentially reflects the low proportion
of effector T cells without affecting the Treg/effector ratio and
the AT’s immunosuppressive potential. We therefore looked
at whether the low proportion of Foxp3 Tregs reflected a
difference (i.e., a relative reduction) in the proportion of
effector cells in cynomolgus macaques and humans. We first
determined the proportions of hematopoietic CD45+ cells (and
macrophages and T cells, the two most represented subsets
among CD45+ cells) in the SCAT and VAT of the three
groups. The three species did not differ with regard to the
proportion of hematopoietic cells (Figure 2A). In each species,
the proportion of hematopoietic cells was similar in SCAT and
VAT. The data were more dispersed within the group of humans,
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FIGURE 1 | The proportion of Tregs in AT, as a function of sex, age, metabolic context, strain, and species.The frequencies of Foxp3+ cells (calculated as a

proportion of CD4T cells) were quantified in SVF from murine, NHP and human SCAT (open symbols), and VAT (closed symbols). In C57Bl/6 mice (A–C), the

frequency of Foxp3+ cells was evaluated as a function of the animals’ sex, age, and metabolic context. (A) The impact of sex was studied by comparing female with

male 8- to 12-week-old C57Bl/6 mice. (B) The impact of aging was studied by comparing 8- to 12-week-old vs. 12-month-old male C57Bl/6 mice. (C) The impact of

the metabolic context was studied by comparing lean vs. obese 12-month-old male C57Bl/6 mice. The data correspond to two representative experiments

comparing 4–6 animals. (D) Comparison of the frequencies of Foxp3+ cells among CD4T cells in SCAT and VAT from 6 month-old-male CBA, Balb/C and C57Bl/6

mice. The graphs showed data from 10 mice for each strain. (E) Comparison of the frequencies of Foxp3+ cells among CD4T cells in SCAT and VAT from adult male

C57Bl/6 mice (age: 10–14 months), cynomolgus macaques (age: 5–7 years), and humans (age: 47–59 years). Bars represent median values. Statistical significance

was determined with a Kruskal–Wallis test (*p < 0.05, **p < 0.01, ***p < 0.001) when performing comparisons of SCAT vs. VAT within a group, and a non-parametric

Wilcoxon test (*p < 0.05, **p < 0.01, ***p < 0.001) when comparing groups.

which presumably reflects greater genetic heterogeneity. We
next evaluated the proportion of T lymphocytes in SVF cells–
a subset generally targeted by Tregs (64). The proportion of
T cells in VAT was higher in cynomolgus macaques than in
C57Bl/6 mice (Figure 2B). A similar trend was observed when
comparing humans with mice. The low proportion of Tregs
was thus not attributable to the low proportion of effector
T cells. Lastly, we evaluated the proportion of macrophages,

which can potentially be modulated by Tregs (65–68) but
may also favor Treg accumulation (69, 70) The proportion
of macrophages in the SVF fraction was not defined in the
same way in all the three species: F4/80 expression in mice,
and CD14 expression in cynomolgus macaques and humans.
The percentage of monocytes/macrophages in middle-aged
male cynomolgus macaques was significantly lower than the
percentage of macrophages in C57Bl/6 mice (Figure 2C). A
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FIGURE 2 | Frequencies of hematopoietic CD45+ cells, macrophages, and T

lymphocytes in SVF. The frequencies of CD45+ cells (A), T cells (B), and

macrophages (C) in the SVF are shown. The comparison was performed on

samples of SCAT (open symbols) and VAT (closed symbols) collected from 4

to 10 mice or groups of mice, 10 cynomolgus macaques, and 9 human

donors. Macrophage subsets were defined as F4/80+ cells in mice, and

CD14+ cells in cynomolgus macaques and humans. (In humans and

cynomolgus macaques, HLA-DR and CD11b expression were confirmed on

CD14+ cells). T cells were defined as CD3- and/or TCRβ-expressing cells.

Bars represent median values. Statistical significance (*p < 0.05 in a

non-parametric Wilcoxon test) is shown as appropriate.

similar difference was observed when comparing human and
mice VAT samples, although it was not statistically significant.
Although the detection of macrophages may be less stringent
in cynomolgus macaques and humans, the proportion in these
species was significantly lower than in C57Bl/6 mice. The low
proportion of macrophages may indirectly reflect the elevated
proportions of T cells observed in humans andmacaques, relative
to C57Bl/6 mice.

In conclusion, 12 month-old male C57Bl/6 mice differed
from middle-aged male cynomolgus macaques and humans with

regard to the macrophage and T lymphocyte profiles in VAT.
The VAT in C57Bl/6 mice featured a higher proportion of
macrophages, whereas the VAT in cynomolgus macaques and
humans featured a higher proportion of T lymphocytes. When
comparing Treg and effector cell fractions in the three species,
we observed that the low number of Tregs (as a proportion of all
CD4T cells) in SCAT and VAT from cynomolgus macaques and
humans was associated with a higher proportion of T cells (the
usual target of Treg suppression).

The Relative Contributions of Immune
Subsets Among CD45+ Cells in VAT From
Middle-Aged Male C57Bl/6 Mice,
Cynomolgus Macaques, and Humans.
Given the observed intergroup differences in the proportions of
Tregs, macrophages and T cells, we next performed an overall
analysis of the main immune subsets commonly studied in AT.
In addition to macrophages and αβ T cells, we determined
the relative proportions of B cells, γδ T cells, NK cells, and
ILCs (Figure 3A). The identification criteria for each subset
in each species are given in Supplementary Table 1. In both
SCAT and VAT, the frequency of B cells (as a proportion
of CD45+ cells) was markedly higher in C57Bl/6 mice than
in humans. A similar trend was observed when comparing
C57Bl/6 mice and cynomolgus macaques. In both SCAT and
VAT, the percentage of γδ T cells was also higher in middle-
aged male C57Bl/6 mice than in cynomolgus macaques. Again,
a similar trend was observed in humans. The proportions
of NK cells and the ILCs (data not shown) were similar in
all groups considered. The relative proportions of the various
CD45+ immune cells in the SVF from VAT are shown in
Figure 3B. Arbitrary colors were given to each subset, based on
the immune function described by the data literature in mice,
i.e., an immunosuppressive function (in green) or an effector
function (in blue). Macrophages, B cells, γδ T cells, and NK cells
have been linked to modulatory properties in lean AT (1, 26),
and so were assigned a green color in Figure 3B. Although
the functional activity of the various immune subsets was not
evaluated in the present study, the relative proportions suggested
that the immune cells’ environment differ in middle-aged, male
C57Bl/6 mice vs. humans, and cynomolgus macaques.

The High Proportion of CD34+CD45- Cells
in SVF Collected From Middle-Aged Male
C57Bl/6 Mice Was Not Observed in NHPs
and Humans
To provide an exhaustive characterization of the potential
immunosuppressive environment in AT, we also evaluated the
percentage of CD34+CD45- cells in the SVF of the three
species considered. The CD34+CD45- fraction is enriched in
AT mesenchymal stromal cells (i.e., ASCs). These cells are
multipotent progenitors that have attracted great interest in the
context of regenerative therapies based on AT extracts. However,
ASCs are also characterized by their high immunosuppressive
potential. Although the ASCs’ immunosuppressive mechanism
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FIGURE 3 | Frequencies of immune cell subsets among the hematopoietic CD45+ SVF cells in VAT. The cell subsets in SCAT and VAT SVF in adult, non-obese, male

C57Bl/6 mice, cynomolgus macaques, and healthy human donors were studied using flow cytometry. When considering CD45+ cells, we identified macrophages, B

lymphocytes, αβ T lymphocytes, Foxp3 + CD4 Tregs, γδ T cells, ILCs, and NK cells. (A) Comparison of the percentages of B cell, γδ T cells, and NK cells among

CD45+ cells. (B) Pie chart of the cell subsets composing the CD45+ fraction in the SVF for each species. The comparison was performed on VAT collected from 4

groups of mice, 10 cynomolgus macaques, and 9 healthy human donors. Statistical significance (*p < 0.05, **p < 0.01, in a non-parametric Wilcoxon test) is shown

as appropriate.

has not been fully characterized, these cells express CD73—
an ectonucleosidase that triggers immunosuppressive pathways.
We thus evaluated the proportion of CD34+CD45- in the SVF
from SCAT and VAT of the three groups studied (Figure 4).
Interestingly, the percentages of CD34+CD45- cells in SCAT
and VAT (ranging from 40 to 60%) were similar in middle-
aged male C57Bl/6 mice and cynomolgus macaques but were
significantly lower in middle-aged male humans. We also
determined CD73 expression by CD34+CD45- cells in the
SVF in cynomolgus macaques and humans. As previously
described in mice, we observed that most of the CD34+CD45-
cells expressed CD73 (data not shown). Our analysis of the
CD34+CD45- fraction identified a high proportion of non-
hematopoietic cells with potential immunosuppressive properties
in C57BL/6 mice and cynomolgus macaques but not in
humans.

Adipocyte Size Also Differed When
Comparing Middle-Aged Male C57Bl/6
Mice, Cynomolgus Macaques, and
Humans.
To more accurately evaluate the immune environment within
AT, we performed an immunohistofluorescence analysis of
VAT tissue sections. In fact, flow cytometry analysis of the
SVF requires prior tissue dissociation and thus eliminates
the adipocyte fraction–the main cell type in AT. Our
immunohistofluorescence analyses detected FABP-4-expressing
adipocytes in VAT collected from lean, middle-aged, male
C57BL/6 mice, cynomolgus macaques, and humans (Figure 5A)
but also simultaneously detected CD45-expressing cells and
CD34-expressing cells. We found that the proportions of CD45-
and CD34-expressing cells in all three groups were extremely
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FIGURE 4 | Frequencies of CD34+ CD45- cells in SVF. The frequency of

CD34+CD45- cells in the SVF from SCAT and VAT in adult, non-obese, male

C57Bl/6 mice, cynomolgus macaques, and healthy human donors. We

assessed SCAT and VAT collected from 4 groups of mice, 4 cynomolgus

macaques, and 5 human donors. Statistical significance was determined with

a Kruskal Wallis test when performing comparisons of SCAT vs. VAT within a

group, and a non-parametric Wilcoxon test (*p < 0.05) when comparing

groups.

low. Indeed, these cells were absent in a large number of fields
(data not shown). Although some aggregates were observed,
the size of the overall immune compartment in AT samples in
this study of male, middle-aged animals, and humans appeared
to be extremely small. This observation emphasized that the
adipocyte is the key cell in AT in lean healthy individuals, and
that AT immune cells are scarce. The flow cytometry strategy
used here to phenotype immune cells within the SVF after AT
dissociation might overestimate the relative proportions of these
cells in AT. The results of tissue section imaging suggested that
direct interaction between immune cells and adipocytes probably
predominates, given the high proportion of adipocytes.

Importantly, our immunohistofluorescence analyses provided
an indirect estimate of the size of the adipocytes in VAT from
all groups studied (Figure 5B). The mean ± SD adipocyte size
differed significantly when comparingmiddle-agedmale C57Bl/6
mice (57.4 ± 0.5µm), cynomolgus macaques (59.0 ± 0.2µm),
and humans (81.0± 0.4µm). These results show that the species’
ATs differ with regard to both the SVF and the adipocyte
compartment.

DISCUSSION

White AT is a complex tissue with regard to its (i) many
metabolic, regenerative and immune functions, (ii) complex
cellular interactions, and (iii) high plasticity (as evidenced by the
metabolic and immune changes induced by metabolic insults).
The renewed interest in the biology of AT has prompted
fundamental studies in mice, clinical research in patients, and
(in certain infectious contexts) studies of NHPs. However, the
steady-state immune properties in each model have not been
clearly established, and a review of the literature data suggests
that there are major discrepancies between the models in this
respect. To fully appraise the immune properties of AT in the

respective models, we compared “healthy,” middle-aged male
rodents, NHPs and humans. Our results highlighted a number
of differences in the AT between the various models. Before
addressing the composition of the stromal vascular fraction of
adipose tissue, we first aimed to analyze the density of SVF cells
per gram of AT in the various models by counting SVF cells
recovered following collagenase treatment. Although various
exclusion criteria were used for the selection of “healthy” subjects,
we still observed important heterogeneity in SVF cell recovery,
precluding any definitive conclusion to be drawn between the
three models. We then aimed to evaluate the density of CD45
expressing cells by immunohistofluorescence (that allowed to
provide co-staining for adipocytes (FABP-4), CD45, or CD34
expressing cells). A potential bias is the heterogeneity in SVF
cell density as a function of the location within AT (perivascular
vs. deeper area of AT). Analyses (performed here on deep
sections of AT) showed a limited density of SVF CD45+ cells,
precluding any comparison. Lastly, microscopy analyses showed
differences in adipocyte size and density as a function of the
model. We were thus not even convinced that the comparison
of SVF cell numbers per gram of AT would be appropriate.
Due to these technical hurdles (heterogeneity, limited density,
change in adipocyte size as a function of the model), we did
not introduce any data on the number of SVF cells collected per
gram of AT in the current manuscript. However, the comparison
of the composition of AT in the various model is robust. A
striking observation was that the Treg frequency was much
higher in the C57Bl/6 model than in the other mouse strains or in
primates. Based on the proportions of many immunosuppressive
subsets, the AT’s immunomodulatory profile appeared to bemore
“potent” in the C57Bl/6 model than in primates. The proportions
of macrophages and ASCs were lower in human VAT than in
murine VAT, whereas the overall proportion of T cells was higher.
The differences in B cells, γδT cells, and ILCs are also suggestive
of lower immunosuppressive potential in human AT.

These comparisons are obviously subject to debate. The
criterion for “middle age” corresponded to 12 months of age
in mice, 6 years of age in cynomolgus macaques, and 53
years of age in humans. Although this comparison appears
to be reasonable, it still constitutes a study limitation. The
same criticism can be raised with regard to the apparently
“healthy” status of all the individuals. Although healthy mice and
cynomolgus macaques can be maintained with relative ease, it
is more difficult to consider that humans undergoing elective
surgery are indeed “healthy.” In the present study, and on
the basis of our previous experiments (58), we selected male
patients undergoing cholecystectomy because the latter condition
is usually not related to immune or metabolic disorders.
The exclusion criteria included the presence of inflammatory
bowel diseases, ischemic colitis, cancer, HIV infection, obesity,
metabolic disorders (such as diabetes), and the administration
of medications with metabolic effects. Despite the application of
these precautions, we nonetheless observed major discrepancies
between the models. Lastly, one must also take into account the
heterogeneity of the AT’s immune composition as a function of its
location in the body. Although we analyzed both SCAT and VAT,
the latter corresponded to gonadal fat in mice and abdominal
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FIGURE 5 | Relative distributions of adipocytes and SVF cells. (A) Immunohistofluorescence image of adipocytes (FABP-4 staining, in red) and SVF nuclei (DAPI

staining, in white) from VAT collected from non-obese male C57Bl/6 mice, cynomolgus macaques, and healthy human donors. (B) We measured the adipocyte size

(using Image J software) on 5 images for each sample. Each point represents the size of one adipocyte. The mean ± SEM and the 95% confidence interval are shown.

The graph represents the pool of the 3 samples tested for each specie. Statistical significance was determined in an unpaired T-test (**p < 0.01, ****p < 0.0001).

omental fat in cynomolgus macaques and humans. Although
gonadal fat is widely considered to be a robust model of VAT
(71) (notably due to the limited quantity of abdominal VAT in
mice), this difference must be taken into account. In this respect,
a comparison of the three murine strains was crucial because the
CBA and Balb/c mice exhibited much the same profile as the
NHP and humans but differed from C57Bl/6 mice—suggesting
that the intrinsic properties of gonadal AT are not responsible for
the observed differences.

The observed differences between C57Bl/6 mice on one hand
and the NHP and humans on the other raise the question
of which mechanisms might be responsible. Firstly, one could
hypothesize that environmental factors (e.g., differences in
the microbiota, the history of infection or even exposure to
pollutants) have a role. Interestingly, the observed differences
between the mouse strains suggest that a history of infection
(which was limited in all three strains, given their housing
conditions) does not drive the accumulation of Tregs in
AT. However, this strain-dependent heterogeneity may reflect
differences in both the microbiota (72, 73) and intrinsic
metabolic factors. C57Bl/6 mice exhibit lower gut microbiota
diversity, richness and Firmicutes/Bacteroidetes (F/B) ratio
compared to Balb/C mice (73). These observation led to
various points of discussion. Higher diversity and richness is

assumed to be beneficial for host health (74) and may thus
protect Balb/c animals from metabolic disorders and obesity.
The F/B ratio is also considered a significant marker of gut
microbiota composition and high F/B ratio is associated with
obesity (75, 76). Although a more refined characterization of
the bacteria of both phyla is required, this variation in the
composition of microbiota may provide an important rationale
for the different susceptibility of the mouse strain to obesity
and/or adipose tissue cell composition. Composition of the
microbiota has been shown to modulate Treg frequencies
in healthy individuals (77, 78) although these studies did
not analyze adipose tissue. Altogether, the variation in gut
microbiota modulate the development of immune responses
and may contribute to the higher sensitivity of the C57Bl/6
strain to obesity (79). It is obviously more difficult to determine
which factors are responsible for differences in the baseline
composition of “healthy” AT as a function of species. Regardless
of the mechanisms involved, our present data suggest that
the AT environment comprises less immunosuppressive cells
in humans than in the C57Bl/6 reference murine model.
However, the lack of functional assay data means that these
results should be interpreted with a degree of caution. One
can postulate that the immunosuppressive and/or effector
properties displayed by a defined cell subset in mice may
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not be recapitulated in NHP and humans. Alternately, the
immunosuppressive properties may be carried on by different
cell subsets in the various species. The difference in the
frequencies of immunosuppressive cells will have to be taken
into account for the development of suppressive assay that may
require different stimulation to trigger the immunosuppressive
function of the AT immunosuppressive cells. We were thus
currently unable to provide a direct functional comparison
of the immunosuppressive properties of AT between all
species.

However, the persistence of multiple pathogens (HIV (55,
56, 80), M. tuberculosis (81), and trypanosomes (82) in human
AT indirectly suggests that strong immunomodulation enables
the persistence of pathogens in this tissue. It is tempting to
speculate that immunosuppressive properties still develop in
human AT but rely on mechanisms other than Tregs or other
immunosuppressive cells. In a previous report, we described
the high proportion of PD-1-expressing (and thus potentially
exhausted) T cells in human AT (58) which may contribute to
the low efficacy of immune responses. Additionally, our present
study of fixed AT sections served as a useful reminder that
the most prominent cell in AT (i.e., the main contributor to
the AT’s specific microenvironment) is the adipocyte—the role
of which as an immune regulator remains to be characterized
in detail. Indeed, the flow cytometry analysis performed after
collagenase digestion induces bias in favor of the SVF at the
expense of the adipocytes. Our immunohistochemical results
emphasized the very low number of CD45+ cells detected
per field, and suggest the adipocytes’ predominant role as
immune regulators within AT. This observation underlines the
importance of studying direct interactions between adipocytes
and immune cells (83). A second important observation relates
to the difference in adipocyte size in the different models—
suggesting that the adipocytes have different metabolic profile.
It remains to be seen whether these metabolic properties
of adipocytes influence the infiltrating immune cells. Finally,
these differences in adipocyte size and density also suggest
that transcriptomic analyses may be difficult to analyze
due to the differences in adipocyte density either between
species or between metabolic contexts. Evaluation of cytokine
production in AT by SVF cells may be highly affected by the
inflammatory status, but masked or minored by AT associated
hyperplasia.

Lastly, our observations raise the question of which animal
model should be used to study AT. Given that it is not easy
to collect large quantities of AT from healthy subjects, the
collection of AT from animal models is still an important means
of evaluating this tissue’s functional properties. Depending on the
research question, each model has specific advantages: the mouse
model provide access to various knock-out or knock-in system
that might be useful for characterizing specific and possibly
complex interactions between cell partners in AT. The choice of
the B6 background may enable a more specific focus on the Treg
compartment and the mechanisms that might modulate and/or
preserve the compartment’s activity. The striking differences in
Treg proportions in the various mouse strains also questioned
the physiological role of Tregs accumulation in AT on metabolic

homeostasis and susceptibility to obesity. Considering the
regenerative potential of AT, the proportion of ASCs differs
from one model to another; the low proportion of ASCs in
human samples suggest that the mouse or cynomolgus macaque
model is more appropriate for studying these cells. However,
the ASCs’ functional properties need to be properly assessed in
each model. The difference in the proportion of ASCs between
humans (low) and the mouse and cynomolgus macaque models
(high) was a rare example of a discrepancy between cynomolgus
macaques and humans. This finding might indicate that ASCs
are highly sensitive to environmental pollutants; whereas murine
and cynomolgus macaque models are fairly well-protected from
environmental pollutants, healthy humans are obviously exposed
to various toxics that can accumulate in AT (84, 85). This
hypothesis warrants further investigation. The influence of sex
on ASCs should also be investigated further. Indeed, ASCs have
been used to treat women (but not men) for systemic sclerosis in
clinical trials (86)–suggesting that women have larger numbers of
ASCs.

In summary, we compared the cell composition of AT in
various experimental models (primarily the C57Bl/6 mouse, the
cynomolgus macaque NHP, and humans). We observed marked
differences in the proportions of immunosuppressive subset
profiles (e.g., Tregs) in these models. Although the mechanisms
responsible for this discrepancy are unclear, it is clear that the
steady-state immune compartment in AT differed markedly in
middle-aged male humans vs. mice. This observation has several
implications: (i) the steady-state immune composition of human
AT may have to be reassessed by considering age- and sex-
matched healthy controls; (ii) the high incidence of obesity in
humans may be due to the lower immunosuppressive activity of
AT, which therefore protects less well against metabolic insults;
and (iii) the adipocyte has a central role in the AT’s functions,
and there is a low degree of interaction between immune cells in
non-obese male human AT.
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Supplementary Figure 1 | The proportion of Tregs in AT, as a function of the

age of Foxp3-GFP reporter mice. The frequencies of Foxp3+ cells among CD4T

cells in SVF from SCAT (open symbols) and VAT (closed symbols) in male

Foxp3-GFP mice aged 2–3, 12, and 18–22 months. Bars represent median

values. Statistical significance was determined in a non-parametric Wilcoxon test

(∗p < 0.05).
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33. Wensveen FM, Jelenčić V, Valentić S, Šestan M, Wensveen TT, Theurich S,
et al. NK cells link obesity-induced adipose stress to inflammation and insulin
resistance. Nat Immunol. (2015) 16:376–85. doi: 10.1038/ni.3120

34. Mehta P, Nuotio-Antar AM, Smith CW. γδ T cells promote inflammation and
insulin resistance during high fat diet-induced obesity in mice. J Leukoc Biol.
(2015) 97:121–34. doi: 10.1189/jlb.3A0414-211RR

35. Boulenouar S, Michelet X, Duquette D, Alvarez D, Hogan AE, Dold
C, et al. Adipose type one innate lymphoid cells regulate macrophage
homeostasis through targeted cytotoxicity. Immunity (2017) 46:273–86.
doi: 10.1016/j.immuni.2017.01.008

36. O’Sullivan TE, Rapp M, Fan X, Weizman OE, Bhardwaj P, Adams
NM, et al. Adipose-Resident group 1 innate lymphoid cells promote
obesity-associated insulin resistance. Immunity (2016) 45:428–41.
doi: 10.1016/j.immuni.2016.06.016

37. Brestoff JR, Kim BS, Saenz SA, Stine RR, Monticelli LA, Sonnenberg GF, et al.
Group 2 innate lymphoid cells promote beiging of white adipose tissue and
limit obesity. Nature (2015) 519:242–6. doi: 10.1038/nature14115

38. Jeong SH, Ji YH, Yoon ES. Immunosuppressive activity of adipose
tissue-derived mesenchymal stem cells in a rat model of hind
limb allotransplantation. Transplant Proc. (2014) 46:1606–14.
doi: 10.1016/j.transproceed.2013.12.069

39. Luz-Crawford P, Kurte M, Bravo-Alegría J, Contreras R, Nova-Lamperti E,
Tejedor G, et al. Mesenchymal stem cells generate a CD4+CD25+Foxp3+
regulatory T cell population during the differentiation process of Th1 and
Th17 cells. Stem Cell Res Ther. (2013) 4:65. doi: 10.1186/scrt216

40. Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in inflammation and
metabolic disease. Nat Publ Gr. (2011) 11:85–97. doi: 10.1038/nri2921

41. Conde J, ScoteceM, Abella V, López V, Pino J, Gómez-Reino JJ, et al. An update
on leptin as immunomodulator. Expert Rev Clin Immunol. (2014) 10:1165–70.
doi: 10.1586/1744666X.2014.942289

42. Pirozzi G, Fontana S, De Rosa V, Procaccini C, Calí G, Zappacosta S, et al.
A key role of leptin in the control of regulatory T cell proliferation. (2007)
26:241–55. doi: 10.1016/j.immuni.2007.01.011

43. Stofkova A. Leptin and adiponectin: from energy and metabolic dysbalance
to inflammation and autoimmunity. Endocr Regul. (2009) 43:157–68.
doi: 10.4149/endo

44. Cells CDT, Cheng X, Folco EJ, Shimizu K, Libby P. Adiponectin induces
pro-inflammatory programs in human. J Biol Chem. (2012) 287:36896–904.
doi: 10.1074/jbc.M112.409516

45. de Jong AJ, Kloppenburg M, Toes REM, Ioan-Facsinay A. Fatty Acids,
Lipid Mediators, and T-Cell Function. Front Immunol. (2014) 5:483.
doi: 10.3389/fimmu.2014.00483

46. Chong YP, Park SJ, Kim HS, Kim ES, Kim MN, Park KH, et al. Persistent
Staphylococcus aureus bacteremia: a prospective analysis of risk factors,
outcomes, and microbiologic and genotypic characteristics of isolates.
Medicine (2013) 92:98–108. doi: 10.1097/MD.0b013e318289ff1e

47. Hellmann J, Tang Y, Kosuri M, Bhatnagar A, Spite M. Resolvin D1 decreases
adipose tissue macrophage accumulation and improves insulin sensitivity in
obese-diabetic mice. FASEB J. (2011) 25:2399–407. doi: 10.1096/fj.10-178657

48. Titos E, Rius B, González-Périz A, López-Vicario C, Morán-Salvador E,
Martínez-Clemente M, Arroyo V, et al. Resolvin D1 and its precursor
docosahexaenoic acid promote resolution of adipose tissue inflammation by
eliciting macrophage polarization toward an M2-like phenotype. J Immunol.

(2011) 187:5408–18. doi: 10.4049/jimmunol.1100225
49. Meijer K, de Vries M, Al-Lahham S, Bruinenberg M, Weening D, Dijkstra

M, et al. Human primary adipocytes exhibit immune cell function:
adipocytes prime inflammation independent of macrophages. PLoS ONE

(2011) 6:e17154. doi: 10.1371/journal.pone.0017154
50. Hruskova Z, Biswas SK. A new “Immunological” role for adipocytes in obesity.

CMET (2013) 17:315–7. doi: 10.1016/j.cmet.2013.02.015
51. Deng T, Lyon CJ, Minze LJ, Lin J, Zou J, Liu JZ, et al. Class II major

histocompatibility complex plays an essential role in obesity-induced adipose
inflammation. Cell Metab. (2013) 17:411–22. doi: 10.1016/j.cmet.2013.
02.009

52. Desruisseaux MS, Trujillo ME, Tanowitz HB, Scherer PE. Disease adipocyte,
adipose tissue, and infectious disease. Infect Immun. (2007) 75:1066–78.
doi: 10.1128/IAI.01455-06

53. Nagajyothi F, Desruisseaux MS, Machado FS, Upadhya R, Zhao D, Schwartz
GJ, et al. Response of adipose tissue to early infection with Trypanosoma cruzi

(Brazil strain). J Infect Dis. (2012) 205:830–40. doi: 10.1093/infdis/jir840
54. Machado FS, Dutra WO, Esper L, Gollob KJ, Teixeira MM, Factor SM,

et al. Current understanding of immunity to Trypanosoma cruzi infection
and pathogenesis of Chagas disease. Semin Immunopathol. (2012) 34:753–70.
doi: 10.1007/s00281-012-0351-7

55. Damouche A, Lazure T, Avettand-Fènoël V, Huot N, Dejucq-Rainsford
N, Satie AP, et al. Adipose tissue is a neglected viral reservoir and an
inflammatory site during chronic HIV and SIV infection. PLOS Pathog. (2015)
11:e1005153. doi: 10.1371/journal.ppat.1005153

56. Couturier J, Suliburk JW, Brown JM, Luke DJ, Agarwal N, Yu X, et al. Human
adipose tissue as a reservoir for memory CD4+ T cells and HIV. AIDS (2015)
29:667–74. doi: 10.1097/QAD.0000000000000599

57. Couturier J, Agarwal N, Nehete PN, Baze WB, Barry MA, Jagannadha Sastry
K, et al. Infectious SIV resides in adipose tissue and induces metabolic
defects in chronically infected rhesus macaques. Retrovirology (2016) 13:30.
doi: 10.1186/s12977-016-0260-2

58. Damouche A, Pourcher G, Pourcher V, Benoist S, Busson E, Lataillade JJ,
et al. High proportion of PD-1-expressing CD4 + T cells in adipose tissue
constitutes an immunomodulatory microenvironment that may support HIV
persistence. Eur J Immunol. (2017) 47:2113–23. doi: 10.1002/eji.201747060

59. Beigier-Bompadre M, Montagna GN, Kühl AA, Lozza L, Weiner J, Kupz A,
et al. Mycobacterium tuberculosis infection modulates adipose tissue biology.
PLOS Pathog. (2017) 13:e1006676. doi: 10.1371/journal.ppat.1006676

60. Han SJ, Glatman Zaretsky A, Andrade-Oliveira V, Collins N, Dzutsev A, Shaik
J, et al. White Adipose tissue is a reservoir for memory t cells and promotes
protective memory responses to infection. Immunity (2017) 47:1154–68.e6.
doi: 10.1016/j.immuni.2017.11.009

61. Donninelli G, Del Cornò M, Pierdominici M, Scazzocchio B, Varì R, Varano
B, et al. Distinct blood and visceral adipose tissue regulatory T cell and
innate lymphocyte profiles characterize obesity and colorectal cancer. Front
Immunol. (2017) 8:643. doi: 10.3389/fimmu.2017.00643

62. Cipolletta D. Adipose tissue-resident regulatory T cells: phenotypic
specialization, functions and therapeutic potential. Immunology (2014)
142:517–25. doi: 10.1111/imm.12262

63. Kälin S, Becker M, Ott VB, Serr I, Hosp F, Mollah MMH, et al. A Stat6/Pten
axis links regulatory T Cells with adipose tissue function. Cell Metab. (2017)
26:475–92.e7. doi: 10.1016/j.cmet.2017.08.008

64. Haribhai D, Lin W, Relland LM, Truong N, Williams CB, Chatila
TA. Regulatory T cells dynamically control the primary immune
response to foreign antigen. J Immunol. (2007) 178:2961–72.
doi: 10.4049/jimmunol.178.5.2961

65. Lin J, Li M, Wang Z, He S, Ma X, Li D. The role of CD4+CD25+ regulatory T
cells in macrophage-derived foam-cell formation. J Lipid Res. (2010) 51:1208–
17. doi: 10.1194/jlr.D000497

66. Kanneganti TD, Dixit VD. Immunological complications of obesity. Nat
Immunol. (2012) 13:707–12. doi: 10.1038/ni.2343

67. Cho KW, Morris DL, DelProposto JL, Geletka L, Zamarron B, Martinez-
Santibanez G, et al. An MHC II-dependent activation loop between adipose
tissuemacrophages and CD4+T cells controls obesity-induced inflammation.
Cell Rep. (2014) 9:605–17. doi: 10.1016/j.celrep.2014.09.004

68. Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch
in adipose tissue macrophage polarization. J Clin Invest. (2007) 117:175–84.
doi: 10.1172/JCI29881.both

69. Morris DL, Cho KW, DelProposto JL, Oatmen KE, Geletka LM, Martinez-
Santibanez G, et al. Adipose tissue macrophages function as antigen-
presenting cells and regulate adipose tissue CD4+ T cells in mice. Diabetes
(2013) 62:2762–72. doi: 10.2337/db12-1404

70. Onodera T, Fukuhara A, Jang MH, Shin J, Aoi K, Kikuta J, et al. Adipose
tissuemacrophages induce PPARγ-high FOXP3(+) regulatory T cells. Sci Rep.
(2015) 5:16801. doi: 10.1038/srep16801

71. Chusyd DE, Wang D, Huffman DM, Nagy TR. Relationships between rodent
white adipose fat pads and human white adipose fat depots. Front Nutr. (2016)
3:10. doi: 10.3389/fnut.2016.00010

72. Fransen F, Zagato E, Mazzini E, Fosso B, Manzari C, El Aidy S, et al. BALB/c
and C57BL/6 mice differ in polyreactive IgA abundance, which impacts the

Frontiers in Immunology | www.frontiersin.org 13 February 2019 | Volume 10 | Article 117

https://doi.org/10.1038/ni.3120
https://doi.org/10.1189/jlb.3A0414-211RR
https://doi.org/10.1016/j.immuni.2017.01.008
https://doi.org/10.1016/j.immuni.2016.06.016
https://doi.org/10.1038/nature14115
https://doi.org/10.1016/j.transproceed.2013.12.069
https://doi.org/10.1186/scrt216
https://doi.org/10.1038/nri2921
https://doi.org/10.1586/1744666X.2014.942289
https://doi.org/10.1016/j.immuni.2007.01.011
https://doi.org/10.4149/endo
https://doi.org/10.1074/jbc.M112.409516
https://doi.org/10.3389/fimmu.2014.00483
https://doi.org/10.1097/MD.0b013e318289ff1e
https://doi.org/10.1096/fj.10-178657
https://doi.org/10.4049/jimmunol.1100225
https://doi.org/10.1371/journal.pone.0017154
https://doi.org/10.1016/j.cmet.2013.02.015
https://doi.org/10.1016/j.cmet.2013.02.009
https://doi.org/10.1128/IAI.01455-06
https://doi.org/10.1093/infdis/jir840
https://doi.org/10.1007/s00281-012-0351-7
https://doi.org/10.1371/journal.ppat.1005153
https://doi.org/10.1097/QAD.0000000000000599
https://doi.org/10.1186/s12977-016-0260-2
https://doi.org/10.1002/eji.201747060
https://doi.org/10.1371/journal.ppat.1006676
https://doi.org/10.1016/j.immuni.2017.11.009
https://doi.org/10.3389/fimmu.2017.00643
https://doi.org/10.1111/imm.12262
https://doi.org/10.1016/j.cmet.2017.08.008
https://doi.org/10.4049/jimmunol.178.5.2961
https://doi.org/10.1194/jlr.D000497
https://doi.org/10.1038/ni.2343
https://doi.org/10.1016/j.celrep.2014.09.004
https://doi.org/10.1172/JCI29881.both
https://doi.org/10.2337/db12-1404
https://doi.org/10.1038/srep16801
https://doi.org/10.3389/fnut.2016.00010
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Laparra et al. Less Immunosuppression in Human Fat

generation of antigen-specific IgA and microbiota diversity. Immunity (2015)
43:527–40. doi: 10.1016/j.immuni.2015.08.011

73. Elderman M, Hugenholtz F, Belzer C, Boekschoten M, van Beek A,
de Haan B, et al. Sex and strain dependent differences in mucosal
immunology andmicrobiota composition inmice. Biol Sex Differ. (2018) 9:26.
doi: 10.1186/s13293-018-0186-6

74. Tap J, Furet JP, BensaadaM, Philippe C, Roth H, Rabot S, et al. Gut microbiota
richness promotes its stability upon increased dietary fibre intake in healthy
adults. Environ Microbiol. (2015) 17:4954–64. doi: 10.1111/1462-2920.13006

75. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Human gut microbes associated
with obesity. Nature (2006) 444:1022–3. doi: 10.1038/4441022a

76. Mariat D, Firmesse O, Levenez F, Guimarăes V, Sokol H, Doré J, et al. The
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