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Modulation of T Cell Activation in Obesity

Morin Stéphanie O, Poggi Marjorie , Alessi Marie-Christine, Landrier Jean-Frangois
, Nunés Jacques A

Abstract

AbstractSignificance: Immune T cells are present in adipose tissues (AT), and the
stoichiometry of the different T cell subsets is altered during diet-induced obesity (DIO). T
cells contribute to the early steps of AT inflammation during DIO.Recent Advances: Many
factors could potentially be responsible for this altered pro-inflammatory versus anti-
inflammatory T cell balance.Critical Issues: T cells are potentially activated in AT, which
vitamin D might contribute to, as will be discussed in this article. In addition, we will review
the different possible contributors to T cell activation in AT, such as the CD28 and CD154 T
cell costimulatory molecules in AT.Future Directions: The potential antigen presentation
capacities of adipocytes should be further investigated. Moreover, the properties of these AT
resident (or migrating to AT) T cells must be further assessed. Antioxid. Redox Signal. 26,
489-500.

Introduction

“Globesity” is a term used to qualify the growing global epidemic of overweight and obesity
in both developed and developing countries (56). Obesity is a major risk factor for a number
of chronic diseases that are associated with metabolic disorders such as diabetes, as well as
for cardiovascular diseases (41). Additionally, obesity is associated with an increased risk of
cancers derived from different tissues (76). Finally, obesity increases the risk of autoimmune
diseases (89), and the susceptibility to the bacterial or viral infections due to a loss of control
by the immune system (46). In fact, obesity is associated with both systemic inflammation
and the recruitment of pro-inflammatory immune cells into white adipose tissue (AT) (17).

Major cellular features of AT are altered during obesity, such as adipocyte hypertrophy and
macrophage-mediated inflammation. The macrophage compartment can reach up to 60% of
visceral adipose tissue (VAT) immune cells in obesity. Macrophages can be polarized toward
an M1 or an M2 phenotype. Macrophages in obese tissue are mostly M1 macrophages (also
known as classically activated macrophages) that secrete pro-inflammatory cytokines such as
interleukin (IL)-6 and tumor necrosis factor (TNF)-a (21, 63, 65). These cells correspond to
the first immune cell populations identified in the inflammation process (92, 96). This pro-
inflammatory macrophage population can be further subdivided based on the expression of
genes regulating lipid metabolism (50). These pro-inflammatory macrophages, essential
actors of the AT inflammation, are considered to be innate immune cells. However, it is well
known that adaptive immune cells such as T cells also have a critical role in the early stages
of inflammatory processes (37, 63).

In this article, we will discuss the role of the different inflammatory and regulatory T cells
found in AT in diet-induced obesity (DIO). The role of cosignaling molecules in T cells,
which are extensively studied for cancer immunotherapy strategies, will be reported in the
context of DIO. In addition, some factors that are likely to affect T cell activity in the AT (as
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fat T cells) will be discussed, such as AT inflammation modulators, vitamin D, or hypoxic AT
conditions. Altogether, this knowledge could be exploited to treat metabolic disorders in
obese patients by targeting T cells.

T Cells and Obesity-Related Inflammation

Three independent groups have highlighted the essential role of T cells infiltrating the visceral
AT for the development of inflammatory processes during DIO or in genetic obese mouse
models (34, 63, 93). A schematic view of T cell alterations in AT has been illustrated in
several reviews (17, 21, 83). In extracts of visceral AT of lean mice, T cells constitute around
10% of the stromal-vascular fraction (83). The accumulation of T cells in AT in healthy
women increased with the body mass index (31). The number of T cells is increased in VAT
of both obese humans and mice (31, 77).

In principle, this accumulation of T cells could be due to both proliferation of resident cells
and recruitment of T cells into AT (31). The cell division of splenic CD8" T cells was
reported to be highly potentiated during a contact with epididymal AT from DIO mice, but
not with AT from lean mice (63). In addition, some adipochemokines such as C-C motif
ligand (CCL) 5, CCL5, or CCL20 are described as attracting T cells into AT (29, 31). The
cytotoxic CD8* T cell pool is involved in the pro-inflammatory response. However, for the
CD4" T cell pool, these cells can be divided into two major subsets: the regulatory T (Tregs)
and the helper T (Th) cells. At least three Th subtypes can be further distinguished: Thi, Th2,
and Th17. Thl cells induced by IL-12 secrete pro-inflammatory cytokines such as interferon
(IFN)-y. Th2 cells induced by IL-4 secrete IL-4, IL-5, IL-10, and IL-13. Th17 cells induced
by IL-6 and transforming growth factor (TGF)-B produce IL-17. Among these different CD4"
T cells, Tregs with their immunoregulatory properties are clearly identified as anti-
inflammatory cells, and IFN-y/TNF-a-producing Thl cells are pro-inflammatory cells (13).
Identification of other Th subsets such as Th9, Th22 cells is believed to have functions in
tissue inflammation. Several lines of evidence are provided that similar to IL-17, IL-22
(produced by Th22 cell type) may contribute to a chronic pro-inflammatory state in AT of
obese humans (22, 33).

All these T cells are characterized by the expression of a T cell antigen-specific receptor
(TCR) o/p heterodimer. DIO-TCRp-deficient (TCRP knock-out [KO]) mice are protected
against AT inflammation and insulin resistance. Moreover, a Thl cell adoptive transfer into
high fat diet (HFD)-fed TCRB KO mice induces both AT inflammation and insulin resistance
(48).

The balance between pro-inflammatory and anti-inflammatory T cells is modified during
obesity-induced inflammation in VAT, the pool of pro-inflammatory T cells such as CD4"
and CD8" T cells is increased, and anti-inflammatory T cells such as Tregs are decreased in
DIO [reviewed in Refs. (17, 32, 73)].

The presence of T cells in AT can be altered in many ways, including by diet. For instance,
saturated fatty acids are generally associated with increased AT inflammation (85). Saturated
fatty acid metabolism, which results in the activation of the nuclear peroxisome proliferator-
activated receptors (PPARS), is involved in many cell types that are present in AT to deliver
pro-inflammatory outcome (24). One of the dietary components with anti-inflammatory
properties is vitamin D, which is involved in the control of both pro-inflammatory T cells


https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B34
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B63
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B93
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B17
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B21
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B83
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B83
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B31
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B31
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B77
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B31
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B63
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B29
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B31
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B13
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B22
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B33
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B48
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B17
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B32
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B73
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B85
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B24

such as Thl and anti-inflammatory T cells such as Tregs. The role of vitamin D is discussed
next.

T Cell Differentiation, Obesity, and Transcription Factors Such as Vitamin D

In the specific context of AT biology, vitamin D is strongly suspected to display a strong
transcriptional activity in AT (52, 78), thus regulating adipogenesis, inflammatory pathways,
or adipocyte metabolism, and it is, thus, suspected to have a beneficial role in obesity (51).
Vitamin D mainly exerts its transcriptional effects by binding to the nuclear vitamin D
receptor (VDR), a member of the nuclear receptor superfamily (10). More precisely, it is the
active form of vitamin D, calcitriol, or 1,25(0OH).D that binds VDR with high affinity (6). The
VDR-1,25(0OH).D complex is associated with the retinoic acid receptor (RXR) (43), and the
RXR-VDR-1,25(0OH).D complex binds to DNA sites called vitamin D response elements
(VDRE) in the promoter region of target genes (10). More than 1000 genes are under the
direct or indirect regulation of 1,25(0OH).D; these genes are involved in various physiological
processes such as cell proliferation, differentiation, apoptosis, and angiogenesis (66). The
expression of VDR has been detected in almost all human tissues (8), which means that all
tissues can potentially be affected by 1,25(0OH)2D.

Interestingly, the VDR is expressed in almost all immune cells, including activated T and B
cells, neutrophils, macrophages, and dentritic cells (3, 74). The fact that T cells express the
VDR is consistent with the fact that this cell type is a vitamin D target, as previously
demonstrated (2). Overall, vitamin D exposure induces a shift from a pro-inflammatory to a
more tolerogenic immune state. The ability of vitamin D and especially its active form,
calcitriol [1,25(OH).D], to inhibit T helper proliferation, differentiation and to modulate
cytokine production is established (54). 1,25(OH)2D is known to lead to a shift from Th1l to
Th2 phenotypic subset of T cells, with Thl being responsible for pro-inflammatory cytokine
secretion (TNF-a, IFN-y, IL-2) and Th2 being associated with more anti-inflammatory
secretion (IL-3, IL-4, IL-5, IL-10) (71). 1,25(OH).D was also shown to inhibit the
transcription and production of IL-17 by Th17 subpopulation (44). Finally 1,25(0OH).D
enhances the suppressive activity of the regulatory T cells (Tregs), which reduced
inflammatory state (98). Altogether, these data support that vitamin D, and especially
1,25(0OH).D, displays a strong immunomodulatory effect on T cells.

Data regarding the specific effect of vitamin D or 1,25(0OH)2D on AT-resident T cells are
scarce. We recently reported that vitamin D supplementation in mice submitted to HFD
reduces the relative quantity of T lymphocytes in AT as well as CD3 mRNA levels in the fat
pads of these mice (45). Interestingly, vitamin D supplementation also strongly inhibits the
expression and secretion of a large range of chemokines that are known to be upregulated by
metabolic inflammation linked to obesity (38, 87). Such an effect could constitute explain the
decrease in T cell quantity in supplemented mice, since chemokines such as CCL5 and
CCL20 are involved in T cell migration (39). However, we cannot exclude that vitamin D
supplementation [via the production of 1,25(OH).D] inhibits T cell proliferation in AT as was
previously reported in vitro (54). The effect of the vitamin D supplementation on specific T
cell subsets has not yet been investigated. This point would require further investigations to
establish the precise effect of vitamin D supplementation on T cell phenotyping.

The active form of vitamin D, as a component of a transcription factor complex, is involved in
T cell differentiation (44, 71, 98). However, in the general context of T cell differentiation,
many transcription factors should be considered as master transcription factors, including T-
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bet, GATAS3, RORyt, and Foxp3 for Th1, Th2, Th17 cells, and Tregs, respectively (100). In
the context of obesity, it would be also important to mention another type of transcription
factors corresponding to PPARs. These proteins that are expressed in AT are key regulators of
lipid metabolism and can be detected in T cells, such as PPAR-y (19). Furthermore, the AT-
resident Tregs expressing PPAR-y are involved in the control of AT inflammation and insulin
resistance (16). Altogether, well-established networks of transcription factors involved in T
cell differentiation and cell activation (100) should be further reviewed in AT-resident T cell
subsets.

T Cell Activation and Obesity-Related Inflammation

T cell activation requires at least two signals from an antigen-presenting cell (APC) to
become fully activated. The first one occurs on TCR engagement by the antigen-major
histocompatibility complex (MHC) expressed by the APC, and the second one occurs on
subsequent engagement of costimulatory molecules (Fig. 1). The most potent T cell
costimulatory molecule in naive T cells is CD28; its ligands CD80 and CD86 are present on
APCs. These signals are transmitted to the nucleus of T cells, which results in the expression
of activation markers at the cell surface, induction of cytokine secretion or cytotoxic function,
cell proliferation, and differentiation into effector cells (55).

Dendritic cell e —

MHC I 4
CD40 ! peptide CDB80/86

D4
::Dlsal:l TCR .I § cozs

FIG.1. Interactions between APC and T cells—a role for costismulatory molecules
such as CD28 and CD154 molecules. Usually, professional APC such as dendritic cells via
their MHC 11 molecules will present the antigen (peptide) to CD4™ T cells that induce the first
signal via their TCR. However, the T cell activation requires a second signal induced by
costimulatory molecules. In the early steps of costimulation, both CD154 (also called CD40
ligand) and CD28 play a critical role in this antigen-presentation-mediated T cell activation.
In AT, similar activation steps occur with interactions between T cells and AT-resident DC,
with not only macrophages but also adipocytes. As adipocytes could express MHC 11, the
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CD28 (CD80 and CD86) and CD40 ligands, this cell type could be also considered a potential
APC (see text). APC, antigen-presenting cell; AT, adipose tissues; MHC II, major
histocompatibility complex class Il; TCR, T cell antigen-specific receptor. To see this
illustration in color, the reader is referred to the web version of this article at
www.liebertpub.com/ars

There is strong evidence that T cell activation is induced by AT components. In fact, T cell
division is induced by a contact between splenic CD8" T cells and a cell extract of epididymal
AT from DIO mice, but not with AT from lean mice (63). Some adipokines such as leptin
promote naive T cell proliferation and cytokine production in pro-inflammatory T cells (24,
97). HFD contains high levels of triglycerides, which induce the intestinal absorption of
peptide antigens. These food-derived antigens via these triglyceride carriers could be cleared
in the AT to stimulate pro-inflammatory T cells (24, 28, 83). Thus, in AT, gut-derived
antigens can be presented to T cells to activate them and pro-inflammatory adipokines
enhance this T cell activation.

Hypoxic conditions are detected during adipocyte hypertrophy, and hypoxia induces pro-
inflammatory adipokine production associated with a CD8" T cell infiltration in AT (75).
These hypoxic conditions favor CD8* T cell activation via the expression of hypoxia-
inducible factors in T cells (30). Moreover, this increase of hypoxia-inducible factors is
required for IFN-y production and could be involved in a switch from regulatory to pro-
inflammatory T cell status (53).

Taken together, DIO creates a context in AT that favors enhanced T cell activation, for
instance through the production of food-derived antigens that can be presented to T cells by
so-called “professional” APC such as AT dendritic cells (5) or both AT-anti- and -pro-
inflammatory macrophages (15). It has also been suggested that adipocytes expressing both
class Il MHC molecules and the CD28 ligands CD80 (B7-1) and CD86 (B7-2) are considered
as APC (26, 95). In addition, B7 (B7-1 and B7-2) molecules play an essential role in
maintaining Treg homeostasis within AT, and the loss of B7 molecules exacerbates insulin
resistance (99) and non-alcoholic steatohepatitis during obesity (12).

T cell activation (84) and Treg development (86) are reduced in lymphoid organs from CD28-
deficient (CD28 KO) mice. To directly evaluate the role of the CD28, CD28 KO mice were
analyzed during DIO (69). The loss of CD28 was found to decrease both pathogenic T cells
and Tregs levels without changing the numbers of macrophages within AT. CD28 KO
epididymal fat was characterized by enlarged adipocytes and reduced levels of inflammatory
cytokines, which were associated with a major hepatic phenotype, as the CD28 deficiency
protects obese mice from liver steatosis (69).

Several signaling motifs have been identified in the cytoplasmic tail of CD28, and there is a
large debate about how CD28 mediates the costimulatory signals (7, 35). A large number of
experiments have been performed to assess the role of the cytoplasmic tail of CD28, including
studies using primary T cells in transgenic (Tg) mice or retroviral reconstitution in the CD28-
deficient background (7, 64). Our group has generated a CD28 gene targeted knock-in (KI)
mouse strain lacking the cytoplasmic tail of CD28. Regulatory T cell homeostasis and T cell
activation are altered in both CD28 KO and CD28 K tailless mice. However, the presence of
a CD28 molecule lacking its cytoplasmic tail is sufficient to induce some early activation
events in T cells such as signaling events or expression of early activation markers (61). A
loss of CD28 results in protection from hepatic steatosis during DIO (69); we further analyzed
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the development of hepatic steatosis in DIO-CD28 KI tailless mice. An HFD-fed CD28 K
cohort was included in the published study on DIO-CD28 KO mice (69), the results of which
are shown next (Figs. 2-4).
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FIG. 2. Body mass gain. Male C57BL/6 and deficient mice were fed SFD or HFD (60%
fat) for 16 weeks. Body weight gain of HFD-fed WT (line, full circle), CD28KO (dotted line,
open circle), and CD28KI mice (line, diamond) and of SFD-fed WT mice (line, triangle).
HFD, high fat diet; KI, knock-in; SFD, standard fat diet; WT, wild-type.
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FIG.3. CD28 KO mice but not CD28 KI mice display a profound T cell activation
defect. Males C57BL/6 and deficient mice were fed SFD or HFD (60% fat) for 16 weeks. (A)
Fluorescence-activated cell sorting analysis of the spleen cells. The fractions of CD3", CD4",
CD8", and regulatory T cells (CD4*CD25"FoxP3") were determined. Data are expressed as
mean = SEM in percentage of positive cells. (B) Fluorescence-activated cell sorting analysis
of the CD4" T cells splenocytes of WT and CD28 genetically modified mice purified by
negative selection and stimulated with Dynabeads Mouse T-Activator CD3/CD28 in 24-well
round-bottom plates for 2 days. Data are expressed as mean = SEM in percentage of positive
cells. n=12-13 per group, Kruskal-Wallis test (one-way ANOVA) with Dunn's Multiple
Comparison, *p <0.05, **p<0.01, and ***p <0.001. KO, knock-out.
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FIG.4. Both CD28 KO and CD28 Kl tailless mice are protected against liver fat
accumulation. (A) Hepatic triglycerides content of WT and CD28 genetically modified mice.
(B) H&E-stained liver sections from WT and CD28 genetically modified mice. The lipid
droplets appear as vacuoles in the H&E-stained tissue slide ( x 20). (C-I) Quantification of
MRNA by RT-PCR in liver. mRNA expression was normalized to housekeeping 36b4 RNA.
n=12-13 per group, Kruskal-Wallis test (one-way ANOVA) with Dunn's Multiple
Comparison, *p <0.05, **p<0.01, and ***p <0.001. H&E, hematoxylin and eosin. To see
this illustration in color, the reader is referred to the web version of this article at
www.liebertpub.com/ars

CD28 KO, CD28 K, and wild-type (WT) mice were fed with a standard fat diet (70% kcal
carbohydrate, 10% kcal fat, 20% kcal protein, 3.68 kcal/g; Special Diets Services [SDS],
Witham, United Kingdom) or an HFD (20% kcal carbohydrate, 60% kcal fat, 20% kcal
protein, 5.13 kcal/g; SDS) for 16 weeks starting at 8—10 weeks of age. Weight gain curves
indicate that on HFD, CD28 KO and CD28 KI mice become obese with a similar profile than
their WT counterpart (Fig. 2).

No major differences were observed in T cell number (CD3*, CD4", and CD8" T cells) in
CD28 KO and KI spleens compared with WT mice, whereas Tregs levels were strongly
reduced compared with WT mice (Fig. 3A). The effect of CD28 alterations on activated T cell
surface markers was then tested. Two days after in vitro stimulation with anti-CD3/CD28
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beads, CD69, CD98, CD25, and CD71 levels were strongly reduced in CD4™ T cells isolated
from spleen of CD28 KO compared with WT mice (Fig. 3B). Cell surface activation marker
levels were much higher in CD28 KI splenocytes. The increased levels of CD69 and CD98
induced by CD3/CD28 stimulation were similar in CD28 Kl and WT mice (Fig. 3B). Also,
the induced expression of CD25 and CD71 was significantly higher in CD28 Kl than in CD28
KO animals (Fig. 3B). These results indicate that T cell activation occurs in obese CD28 KI
mice but not in obese CD28 KO mice. Thus, DIO-CD28 KO mice but not -CD28 KI mice
display a profound T cell activation defect.

We then investigated the impact of CD28 deficiencies on obesity-related inflammation. Both
obese CD28 KO and CD28 KI mouse livers accumulated less triglycerides than obese WT
mice (Fig. 4A, B). This decrease in fat accumulation was consistent with the lower levels
observed of hepatic transcripts of genes involved in triglyceride accumulation (Fig. 4C-F). In
addition, the livers of both obese CD28 KO and CD28 KI mice exhibited decreased levels of
TNF-a, MCP-1, and iNOS mRNA, indicating a lower level of pro-inflammatory cytokines.

Finally, these results highlighted that CD28 KO and CD28 KI mice are protected against fat
accumulation in liver, and that CD28 is strongly involved in lipid accumulation and
inflammation in liver. As CD28 appears to be involved in the protection against bacterial
infections in liver (42), it would be interesting to test this kind of immune response in the
context of DIO. Taken together, CD28 deficiency creates a new pro-/anti-inflammatory
balance in epididymal AT and liver, and it results in a protection against hepatic steatosis
(69). The major findings from these CD28-deficient mouse strains are summarized in Figure
5.

Lymphoid * Less T cell activation
organs (spleen) * Less Tregs

* Less fat accumulation
* Less inflammation

Liver
Epididymal * Less Tregs (and T cell activation)
adipose * Reduced levels of pro-
tissue inflammatory cytokines

* Less anti-inflammatory (M2)
macrophages

FIG.5. Characteristics of DIO-CD28-deficient mice compared with WT mice in
different tissues. DIO, diet-induced obesity.
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The role of other T cell cosignaling molecules in DIO has been assessed (82). Among the
couples of ligand-receptor in T-APC interactions, the CD40/CD154 axis presents a
therapeutic interest for AT inflammation. The pro-inflammatory CD40 molecule (also called
TNF receptor superfamily member 5, CD40)/CD40 ligand (also called CD40L, CD154)
pathway plays a role in the onset and maintenance of the inflammatory reaction. CD40 is
expressed on adipocytes and contributes to obesity-related inflammation and insulin
resistance. T lymphocytes expressing CD154 or releasing soluble CD154 (sCD154 produced
by activated CD4" T cells) (81) regulate adipocytokine production through both the release of
soluble factors and heterotypic contact with adipocytes involving CD40. CD40 is involved in
atherosclerosis (1, 80, 88), and some data identify CD40/CD154 as a potential contributor to
inflammation that is associated with obesity and its metabolic complications. Indeed, sCD154
levels are increased in obese (27, 79) and type 2 diabetic (9, 18, 57) individuals. The
expression of CD40 on AT cells, including adipocytes and immune cells, positively correlates
with body mass index (68). CD40 ligation on adipocytes induces activation of pro-
inflammatory signal transduction pathways, resulting in a generalized pro-inflammatory AT
status. This is translated by an increased expression of cytokines and chemokines within the
AT, including TNF-q, IL-6, and MCP-1 (49, 59, 68). Furthermore, CD154 stimulation
directly affects lipid metabolism in adipocytes (68). In vitro studies have identified a pro-
inflammatory role of CD40-CD154 interactions in AT inflammation and metabolic
deregulation; however, in vivo studies have highlighted a more complex dual function for the
CD40-CD154 dyad. DIO-CD154 KO mice were protected against weight gain, AT
inflammation, and hepatosteatosis (67). These results where mimicked in WT DIO mice
treated with antagonistic CD154 monoclonal antibodies (mAbs). As mentioned earlier, other
studies have demonstrated that mice treated with CD154 mADbs exhibit reduced weight gain,
which was accompanied by a trend toward improved insulin resistance (60).

In contrast to CD154 KO mice, CD40-deficient mice on an HFD exhibit increased IR and
hepatosteatosis, as well as enhanced AT inflammation (14, 40, 94). In particular, AT
inflammation of CD40 KO obese mice correlated with elevated CD8" T cells accompanied by
higher numbers of M1 macrophages and increased expression of TNF-a, IL-6, and 1L-12 (14).
These contradictory results can be explained by the involvement of various signaling
pathways induced on CDA40 activation. After CD154/CDA40 ligation, CD40 recruits adaptor
proteins, the TNF receptor-associated factors (TRAFs), to elicit intracellular signaling (32).
CDA40 contains a distal binding site for TRAF2, 3, and 5 and a proximal binding site for
TRAF6. Mice with deficient CD40-TRAF2/3/5 signaling in MHCII* cells exhibited a similar
phenotype in DIO as did CD40 KO mice. In contrast, mice with deficient CD40-TRAF6
signaling in MHCII cells displayed no insulin resistance and showed a reduction in both AT
inflammation and hepatosteatosis in DIO (14). In this way, it appears that the CD40-
TRAF2/3/5 signaling pathway protects against metabolic dysfunction and inflammation
associated with obesity; conversely, the CD40-TRAF6 pathway contributes to the detrimental
consequences of obesity. In conclusion, CD154 and CD40 present a dichotomy in their
respective roles in the development of obesity, which is explained by the differential
involvement of downstream signaling proteins. The improvement of insulin resistance by a
specific CD40-TRAF6 inhibitor could represent a therapeutic breakthrough in the field of
immunometabolism (14) and is a promising therapeutic strategy for obesity-related metabolic
complications.

On T cell activation triggered by APC where TCR and adhesion molecules (such as
costimulatory receptors) are engaged, naive CD4" T cells differentiate into distinct Th
lineages in the context of combinations of cytokines (55, 100). These soluble factors such as
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ILs (e.g., IL-2) are also important to sustain T cell activation. Via their pro- and anti-
inflammatory properties, the cytokines produced by T cells are determinant in the initiation of
the AT inflammation. In this context, there are some dynamic interplays between T cells and
adipocytes, not only via some direct cell—cell interactions (e.g., Fig. 1) but also by the fact that
some adipocyte-derived hormones (adipokines) may be playing an important role in the
regulation of T cell homeostasis (73). Among these adipokines, leptin is the most well studied
in T cell biology (62). On leptin receptor (LepR) ligation, pro-inflammatory T cell responses
are promoted (58) and Treg activity is reduced (25). Moreover, both CD4" T effector cells and
Tregs can secrete leptin (72, 91). Leptin production by T cells could act as an autocrine and/or
a paracrine signal to maintain leptin-associated T cell effects. In the context of AT
inflammation, it will be of interest to further investigate the effects of the cocktail of
adipokines on T cell subsets both in and outside the inflamed tissues.

Concluding Remarks and Future Directions

Several studies have demonstrated the role of T cells in the development of obesity.
Moreover, adipose depots can be considered lymphoid organs where T cell-driven
inflammation occurs. A T cell plasticity is observed in AT to adapt these cells to a fat
environment, with the resident Tregs expressing high levels of PPAR-y (16). The
understanding of the biology of T cells in AT will benefit from new single-cell experimental
approaches. For instance, single-cell measurements of gene expression have allowed the
identification of two subtypes of pro-inflammatory and anti-inflammatory cells within the
Th17 cell population of a mouse model of multiple sclerosis (36). Moreover, extended flow
cytometry analysis now allows a large panel of immune subsets to be analyzed in AT (so-
called adipo-immune profiling), showing T cell variations between aged and DIO mice (4).
This adipo-immune profiling could be further improved by adding several mAbs to detect
other activation markers, phosphoproteins involved in immune cell signaling, and cytokines.
This multi-dimensional single-cell analysis requires a technology that is able to analyze more
than one hundred parameters at a single-cell level, such as mass cytometry (11). These single-
cell technologies will be helpful to identify new immune subtypes involved in AT
inflammation.

One of the goals of such studies is to target these pro-inflammatory T cells in AT, especially
at the early steps of obesity. This is also important for the optimal treatment of human
immunodeficiency virus (HIV) infections, as AT are known to constitute a reservoir for HIV
(23). Cancer immunotherapy strategies targeting T cell immune checkpoints have been
successful in clinical trials for different solid cancers such as melanoma (70). However, AT
inflammation is an autoimmune disease for which the strategy would have to be different, for
instance by targeting the CD28 T cell costimulatory molecule by blocking the interaction with
its ligands (CD80 and CD86). A CTLA-4-1g fusion protein is able to block the CD28-
CD80/CD86 interactions. A therapeutic version, Abatacept is currently used to treat
rheumatoid arthritis. However, CTLA-4-1g treatment is not associated with a decrease of AT
inflammatory status during DIO (60, 69). This could result in the development of therapeutic
strategies combining an inhibition with AT-pro-inflammatory T cells with a boost of
regulatory T cells by targeting other T cell signaling molecules.

Moreover, other strategies, including nutritional options, could be tested using
immunomodulators such as antioxidant/anti-inflammatory agents like micronutrients.
Increased oxidative stress in AT is described during DIO (20), and the cellular
reduction/oxidation (redox) status regulates T cell functions. For instance, low doses of
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reactive oxygen species such as hydrogen peroxide decrease the IFN-y secretion in activated
pro-inflammatory T cells (47). Effects of compounds with a potent antioxidant activity should
be further investigated to the revert pro-inflammatory/anti-inflammatory AT-resident T cells
ratio during D10 (90).

Taken together, the T cell biology in AT should be further explored to define new potential
therapeutic strategies for tissue inflammations and associated diseases.
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Abbreviations Used
APC  antigen-presenting cell

AT adipose tissues
CCL C-C motif ligand
CD cluster differentiation

CTLA-4 cytotoxic T-lymphocyte-associated protein 4
DIO diet-induced obesity

HFD  high fat diet

HIV human immunodeficiency virus

H&E  hematoxylin and eosin

IFN interferon
IL interleukin
Kl knock-in

KO knock-out

LepR leptin receptor

mAbs  monoclonal antibodies

MHC  major histocompatibility complex
PPAR peroxisome proliferator-activated receptors
RXR  retinoic acid receptor

SDS Special Diets Services

SFD standard fat diet

TCR T cell antigen-specific receptor
TGF transforming growth factor

Th helper T cells

TNF tumor necrosis factor


https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B47
https://www-liebertpub-com.gate2.inist.fr/doi/full/10.1089/ars.2016.6746#B90

TRAF  TNF receptor-associated factor
Treg regulatory T cells

VAT  visceral adipose tissue

VDR  vitamin D receptor

VDRE vitamin D response element
WT wild-type
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