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Abstract

Purpose of the Review: Obesity and type 2 diabetes (T2D) are considered chronic
inflammatory diseases. While early publications have reported the implication of innate
immune cells such as macrophages to promote systemic inflammation and metabolic
dysfunctions, recent publications underline the alterations of the T cell compartment in human

obesity and type 2 diabetes. These recent findings are the focus of this review.

Recent Findings: In humans, obesity and T2D induce the expansion of proinflammatory T
cells such as CD4 Thl, Th17 and CDS8 populations whereas innate T cells such as MAIT and
iNKT cells are decreased. These alterations reflect a loss of total T cell homeostasis that may

contribute to tissue and systemic inflammation.



Summary: Whether these changes are adaptive to nutritional variations and/or contribute to
the progression of metabolic diseases remains to be clarified. T cell phenotyping may improve

obese and/or T2D patient stratification with therapeutic and prognostic implications.

Keywords: Obesity, Type-2-diabetes, Inflammation, T cell

Introduction
Along with the obesity epidemic, the diabetes epidemic has dramatically increased
worldwide. The insulin-resistant state that is often associated with obesity predisposes
individuals to the development of type 2 diabetes (T2D). Additionally, obesity and T2D are
both recognized as chronic, low-grade inflammatory diseases [1] characterized by increased
circulating concentrations of inflammatory cytokines and acute-phase proteins that could
contribute to systemic metabolic dysfunctions. In 1993, Hotamisligil et al. described that the
expression and production of tumor-necrosis factor alpha (TNF-a) were increased in the blood
and in the adipose tissue (AT) in rodent models of obesity [2]. In this context, TNF-a is a pro-
inflammatory cytokine known to activate intracellular transduction cascades that interfere
with insulin signaling through the inhibition of insulin receptor substrate 1 (IRS-1) [3]. To
establish the physiological role of TNF-a in obesity in the study from Hotamisligil ez al., the
authors showed that neutralizing TNF-o in obese mice ameliorates insulin sensitivity and
glucose homeostasis. This study established for the first time the link between chronic
inflammation and insulin resistance in obesity. Two years later, this finding was confirmed by
the same group showing that TNF-oo mRNA expression and circulating TNF-o was increased
in human obesity and correlated with hyperinsulinemia [4]. Additional experiments performed
in obese mice and humans showed that in addition to TNF-a, chronic low-grade inflammation
associated with obesity is characterized by the moderate elevation in circulation of
inflammatory mediators such as C reactive protein (CRP), serum amyloid A (SAA), pro-
inflammatory cytokines including interleukin-6 (IL-6) and chemokines such as IL-8,
CCL2/MCP-1 (C-C chemokine ligand 2/monocyte chemoattractant protein-1) and
CCLS5/RANTES (regulated on activation, normal T cell expressed and secreted) [5-7].
Following weight loss through caloric restriction or bariatric surgery, the circulating levels of
these inflammatory mediators are decreased [5].

Obesity and T2D are also characterized by the recruitment of innate immune cells not

only in metabolic tissues, predominantly adipose tissue, liver, muscle and pancreas but also in



the intestine. Early studies focused on innate immunity and more specifically macrophage
accumulation and low-grade inflammation in obese adipose tissue. These studies reported that
macrophages might represent up to 40% of total AT cells [8, 9]. Currently, growing emphasis
is placed on adaptive immune cells present in adipose tissue. This is following the observation
that T cell populations vary in proportion and phenotype [10, 11]. As such, recent studies
have started to investigate adaptive immunity, especially T cell phenotype, in the blood and
metabolic tissues of persons with obesity and T2D. In this review, we will focus on human T

cell subtypes and functions in these metabolic disorders.

Conventional T Cell Subsets

Classically, T cells are characterized by the surface expression of a T cell receptor (TCR)
associated to a CD3 complex allowing signal transduction following antigen recognition by
the TCR. Each TCR is usually composed of an a chain associated to a 8 chain (aff TCR). Two
subsets of aff T cells can be identified: CD4" T helper cells (Th) and CD8* cytotoxic T cells,
which recognize peptides presented by the major histocompatibility complex (MHC) class 11
and I, respectively.

One of the early studies exploring T cells in obesity showed that mRNA levels of CD3
and RANTES, which plays a role in the recruitment of immune cells, were positively
correlated in human visceral AT [12]. Additional studies have shown that the number of total
CD3*, CD4*, and CDS8"* T cells is increased in the adipose tissue in obese subjects, with a
positive correlation between T cell accumulation and the level of adiposity [13]. In the clinical
setting, the number of circulating immune cells is easily measurable, and several studies
demonstrate that the CD4, CD8, and total lymphocytes are increased in the blood of persons
with obesity and positively correlate with body mass index (BMI) [14]. Recently, using
jejunal biopsies of subjects with severe obesity, our team has shown that the mRNA
expression and number of CD3* T cells are increased in the epithelium when compared to
lean individuals’ jejunal samples without impact of type-2-diabetes [15¢¢]. Along with this
increased density, we observed a relocation of T cells toward the epithelium in metabolically

healthy obese, obese, and obese diabetic subjects.

CD4* T Cell Diversity
CD4 T cells can be polarized into distinct subsets with specific effector functions depending

on the cytokine environment during antigenic challenge. These subsets can be identified



according to the expression of specific transcription factors and their cytokine secretion
profile. T helper subsets include Thl and Thl7 cells, which produce proinflammatory
cytokines. Specifically, Thl cells produce IFN-y and TNF-a, while Th17 cells produce IL-17
and IL-22. Recently, Th22 cells were discovered and can also produce IL-22 in the absence of
IL-17. Anti-inflammatory T cells also include Th2 cells, which produce IL-4 and IL-13, and
regulatory T cells (Tregs), which maintain immune homeostasis by controlling immune cell

activation and produce the anti-inflammatory cytokines IL-10 and TGF-p.

Proinflammatory Th1/Th17/Th22

Concordant observations have been made in human and murine adipose tissue with regard to
proinflammatory Thl, Th17 and Th22 cells. Proinflammatory Thl cells producing IFN-y are
correlated with adiposity in adults [16, 13, 17, 18] and children with obesity [19]. Thl cells
are also upregulated in the adipose tissue and blood of patients with T2D [20]. In murine
models of obesity, Thl cells induce insulin resistance [21]. There is also a proinflammatory
polarization of T cells in the colon and small intestine with increased number and/or
frequency of IFN-y-producing Th1, while anti-inflammatory Tregs are decreased [22, 23].

The pro-inflammatory cytokine IL-17 is increased in the blood of persons with obesity
[24] and T2D [25, 26], and decreased after improvements in glucose homeostasis by
therapeutic interventions (metformin treatment, dietary modifications, and exercise) [27].
Along with Th1 and Th17 cells, Th22 frequencies are also increased in the blood of persons
with obesity and T2D compared to controls [28e, 29]. Interestingly, high levels of Th22 are
positively correlated with HOMA-IR, which provides a phenotypic distinction between
metabolically healthy persons with obesity and subjects with T2D. Unlike Th22, there is no
association between HOMA-IR and circulating Th1 or Th17 cells.

In subcutaneous AT, IL-17 gene expression in CD3* T cells is increased in both
overweight and obese subjects compared to lean individuals [30]. We, and others, have
reported the accumulation of IL-17- and IL-22-producing CD4 T cells in the subcutaneous
and visceral adipose tissue of insulin-resistant obese subjects compared to normal insulin-
sensitive and lean subjects [31¢e, 32]. These findings suggest that obesity is associated with a
Th17 switch. We highlighted a proinflammatory paracrine dialogue between macrophages
and CD4* T cells via the secretion of IL-1f and IL-17/IL-22 secreted by Th17/Th22 which is
increased in obese persons with T2D and decreased after Roux-en-Y gastric bypass (RYGB)-
induced weight loss [31¢¢]. We also reported that adipose tissue Th17 cells are increased in

persons with obesity and positively correlated with HbAlc, suggesting a relationship with



blood glucose control. Whether this phenomenon is causally associated with metabolic
deterioration or an adaptive response is currently unknown.

Other interesting observations were made in the intestine. Studies in mice demonstrate
that Th17 cells are decreased in the colon or ileum of obese mice fed a high fat diet (HFD)
[33, 34, 23]. Garidou et al. showed that the decrease of Th17 in the ileum is associated with a
decrease of segmented filamentous bacteria, which is known to induce Th17 responses [23].
Other studies also confirmed a decrease of Th17 in the intestine of obese mice [33, 34].
Despite these observations, one study reported that the frequency of Th17 cells remains
unchanged in the small intestine and colon of obese mice versus lean mice [22]. The intestinal
immune profile of obese and diabetic individuals was unknown until our team explored the
phenotype of small intestinal T cells in the jejunal absortive segment in obese patients [15¢¢].

In this study, we found that jejunal lamina propria of persons with obesity display
higher mRNA expression of IL-17 and IL-22 compared to lean individuals. After ex vivo
stimulation, unlike data observed in mouse models, we confirmed that jejunal CD4* T cells
producing not only IL-17 but also IL-22 are increased in obesity. T cell secretions, including
IL-17 and IL-22, of obese but not lean individuals are able to inhibit insulin responses in
Caco-2/TC7 enterocytes. In line with these experiments, IL-17 and IL-22 inhibit glucose
uptake in rat skeletal muscle, and IL-17 reduces insulin sensitivity in cultured human
hepatocytes and adipocytes and inhibits mouse adipocyte differentiation [32, 35, 36]. Based
on these data, tissue context-dependent functions of IL-17 and IL-22 especially in insulin
sensitive tissues and their pathological relevance remain to be fully elucidated, as well as

potential differences between humans and rodents.

Regulatory T Cells

In humans, the number of circulating CD25* Foxp3* Tregs appears to be decreased in subjects
with obesity compared to lean subjects and negatively correlated to BMI and plasma leptin
level [37, 38]. Tregs are also decreased in the blood of patients with T2D compared to non-
diabetic subjects while Th1 and Th17 are increased, suggesting a proinflammatory switch of
T cells in T2D [25, 26]. The Th1/Tregs ratio is positively correlated with BMI [25]. In
contrast with these findings, several studies report that the mRNA expression of the
transcription factor Foxp3, a specific marker of Tregs, is increased in the adipose tissue of
obese patients compared to lean subjects [39, 40]. This increase is accompanied with
increased production of IL-10 and TGF-f that are correlated with an increased production of

proinflammatory IL-6 and TNF-a in the AT [40]. However, flow cytometry analysis of Tregs



using CD25 and CDI127 markers showed a decrease proportion of CD25"CD127 Tregs
among CD4" T cells in the visceral AT of metabolically unhealthy subjects with obesity
compared to lean [41]. In the intestinal mucosa, studies with obese mouse models all show
decreased proportion of CD4*Foxp3* Tregs and increased Thl/Tregs ratio compared to
control mice [22, 23]. Notably, in one of these studies, similar findings were observed in
seven patients with obesity compared to 7 lean individuals in the lamina propria of colon and

ileum resections from patients with tumors [22].

CD8* T Cells

Classically, CD8" T cells play an important role in anti-viral and anti-tumoral immunity
through their secretion of proinflammatory cytokines such as IFN-y and TNF-a and cytolytic
action (granzyme, perforin, and Fas-induced apoptosis). In the adipose tissue, similar to CD3*
T cells, the number of cytotoxic CD8* T cells is increased in diet-induced obese and ob/ob
mice [42], and the accumulation of these cells induces inflammation and insulin resistance
[43]. Evidence of their pathophysiological role in metabolism comes from the genetic
depletion of CD8* T cells inducing lower macrophage infiltration, adipose tissue
inflammation, and amelioration of systemic insulin resistance. Importantly, these
inflammatory and metabolic deteriorations were reverted after adoptive transfer of CD8* T
cells to the CD8-deficient mice [42]. Among total T cells in the human intestine, we describe
increased numbers of af CD8 T cells in the jejunal lamina propria and epithelium in
unhealthy subjects with obesity. This is characterized further by an increase of IFN-y-
producing CD8* T cells in the lamina propria of obese versus lean subjects, suggesting a
proinflammatory shift of CD8 T cells in the intestine of individuals with obesity [15¢¢]. Albeit
in a smaller population, another study also confirms this proinflammatory shift with an
increased number of CD8* T cells in the colon and small intestine of persons with obesity
[22]. Additionally, in our study, we found that the density of CD8" T cells or CD3* T cells,
depending on location, is correlated with markers of systemic inflammation (CRP and
leukocytes counts), body weight (BMI, leptin), lipid parameters, and hepatic parameters
(ASAT, ALAT, GGT, NAS score), suggesting links between the inflammatory profile of the

intestine and patients’ metabolic conditions [15¢e].

Unconventional T Cells: Bridging Innate and Adaptive Immunity



Most studies of T cells have focused on conventional T cells recognizing the highly
polymorphic MHC molecules in a complex with peptides. However, other T cell types are not
restricted to classical MHC molecules [44]. These subsets of T cells, called unconventional T
cells, have a more limited TCR diversity and, unlike conventional T cells, can respond rapidly
upon antigen encounter. These subsets include natural killer T (NKT) cells, mucosal-

associated invariant T (MAIT) cells, and y3 T cells.

iNKT Cells

Unlike conventional T cells recognizing MHC-peptide complexes, NKT cells bind to lipid
antigens presented by the non-polymorphic molecule CD1d, which is expressed on the surface
of antigen-presenting cells [45]. NKT cells are related to natural killer (NK) cells as they
share phenotypic markers such as CD161, but they recognize their specific antigen by a TCR.
Three groups of NKT cells can be distinguished according to their antigen specificity and
TCR: invariant NKT (iNKT), type II NKT, and NKT-like lymphocytes. In humans, iNKT are
predominant and express a semi-invariant TCRa chain Va24Jal8 associated to a limited
number of VB chains (usually VB8) allowing iNKT cells to recognize glycosphingolipids
presented by CD1d [46]. Upon activation, iNKT cells can secrete high amounts of cytokines
including IL-4 and IFN-y. In humans, iNKT cells can be identified with CDI1d tetramers
loaded with the glycolipid a-Galactosylceramide and/or anti-Va24Jal8 antibodies. Studies
have shown that compared to blood samples, iNKT are enriched in the visceral AT, where
they represent up to 15% of total leukocytes [47, 48]. Adipose iNKT cells exhibit a strong
cytotoxic potential and rapid cytokine production. In subjects with severe obesity, the
frequency of iNKT cells is decreased in the visceral AT and increased after weight loss
induced by RYGB although their frequency remains lower as compared to lean subjects [47].
The precise role of iNKT cells in human obesity and T2D remains to be elucidated. Indeed, if
iINKT are decreased in human AT, studies examining iNKT depletion in mouse models
indicate contradictory results, showing either amelioration, no effect, or aggravation of

inflammation and insulin resistance [49].

MAIT Cells

Similar to NKT cells, mucosal-associated invariant T (MAIT) cells constitute a population of
non-conventional T cells first described in the intestinal mucosa [5S0] and present in the blood
(1-10% of total T cells), lungs, adipose tissue [S1e, 52¢¢], and abundantly in the liver [53-55].
MAIT cells express the invariant TCR Va7.2-Ja33 associated to a limited number of Vf



segments (VP2 and VP13 in humans). This allows MAIT cells to recognize ligands derived
from the vitamin B2 (riboflavin) biosynthesis pathway in bacteria presented by the non-
polymorphic MHC-related protein 1 (MR1) [56-59]. MAIT cells can be activated by many
bacteria species [60] and are absent in germ-free mice [50], suggesting their role in anti-
microbial immunity [61, 62]. Upon TCR activation, MAIT cells produce large amounts of
cytokines including IFN-y, TNF-o0, granzyme B, perforin, IL-17, and IL-22. Circulating
MAIT cells decrease with age [63-65] and are decreased in several pathologies, including
infectious diseases (HIV, cholera, HCV) [66], autoimmune diseases (multiple sclerosis, lupus,
rheumatoid arthritis) [67], and inflammatory bowel diseases (Crohn’s disease, ulcerative
colitis) [68]. Our team and others have recently shown that MAIT cell frequency is also
decreased in the blood of obese, obese diabetic, and non-obese type 2 diabetic patients
compared to lean non-diabetic controls [S1e, 52¢¢]. MAIT cell frequency is negatively
correlated with BMI. Among obese subjects with T2D, we observed an increased expression
of activation markers CD25 and CD69 compared to controls, suggesting an impact of obesity
and T2D on MAIT cell activation. The secretion profile of circulating MAIT cells after ex
vivo stimulation indicates increased production of Th1l and Th17-related cytokines in obesity
and T2D. In line with our experiments, another study led by Carolan et al. also showed that
MAIT cell frequency is decreased in adult and childhood obesity with a higher production of
IL-17. In their study, MAIT cell dysregulation is positively correlated with the severity of
insulin resistance, which is in agreement with our observations [51¢]. Finally, these authors
demonstrated that the frequency of MAIT cells is decreased also in the AT of obese
individuals compared to lean one [51¢]. Altogether, these findings showing reduced level of
MAIT cells in obesity and T2D identify this specific T cell subset as potential marker of
metabolic alterations. In addition, loss of MAIT cells might exert a deleterious effect through

yet unidentified molecular mechanisms.

v0 T Cells

v0 T cells constitute another subset of unconventional T cells representing 1-10% of
circulating T cells in humans and mice. They express a TCR composed of a y chain associated
to a o chain (yo TCR) instead of the usual oy TCR, and the number of genes encoding the
variable segments is more limited for yd TCR compared to their af TCR counterparts. Upon
TCR activation, yd T cells respond by secreting cytokines such as IFN-y, TNF-a, and IL-17.
A recent study has shown that Vy9Vo2 T cells are decreased in the circulation of obese

subjects and negatively correlated with BMI [69]. Moreover, in obesity, y0 T cells are more



sensitive to apoptosis and have a reduced ability to secrete IFN-y during viral infections [69].
In the intestine of mice, Yo T cells are a major source of IL-17. In the context of murine
obesity, 12-16 weeks of high-fat diet feeding induces increased frequency of IL-17-producing
v0 T cells in the colon and small intestine lamina propria [22]. Our team has also explored the
frequency of yd T cells in the jejunal lamina propria and epithelium of subjects with obesity
compared to lean individuals; however, we found no difference in the frequency of yo T cells
among total lymphocytes in severe obesity [15¢¢]. Despite these above findings, the functional

role and cytokine production of intestinal yo T cells remains to be explored in human obesity.

Conclusions

While obesity and T2D are tightly linked, patients exhibit different medical
trajectories and complications. Both diseases share similar T cell compartment alterations that
may contribute to their accompanying metabolic disturbances. These compartmental
alterations include increased T cell numbers, a shift of CD4 T cell subsets toward a
proinflammatory phenotype, and a decrease of peripheral unconventional T cells (Table 1). A
higher susceptibility to infections has been observed in obesity and T2D and could reflect a T
cell homeostatic dysregulation rather than a general shift toward inflammation state [70, 71].
This is further illustrated by less effective vaccine responsiveness in individuals with obesity
[72]. Together, these findings suggest that metabolic alterations in obesity and T2D may
affect T cell differentiation, function, and survival. Accordingly, distinct metabolic
programming is linked to the differentiation of CD4 T cells into Thl, Th2, Th17, and Treg
subsets via nutrient signaling pathways. The increased production of adipokines such as leptin
could reflect in part the alterations of CD4 T cell population. Leptin increases T cell
proliferation and Th1/Th17 cytokine secretion and prevents apoptosis through the mTOR
signaling pathway following antigen stimulation [73, 74].

Importantly, while human metabolic diseases are characterized by notable phenotypic
heterogeneity, standardized immunophenotyping of circulating T cell subsets may have
clinical relevance to stratify patients with obesity and T2D and more generally patients
affected by metabolic disease-related comorbidities. Through using longitudinal studies, this
would assist in identifying patients at increased risk for metabolic and cardiovascular
complications. This is especially relevant to clinical studies with a control group due to
limited availability of human metabolic tissue samples (fat, liver, intestine) from control
subjects, while peripheral blood mononuclear cell collection is easily harvested from blood

sampling.



Despite significant progress in immunophenotyping in recent years, several issues are
yet to be solved. We have to assess the physiological connection between the modulation of
circulating T cell phenotype and tissue metabolic alterations in the same individual. The
signals and mechanisms involved in obesity- and/or T2D-mediated modulations in T cell
functions remain poorly documented. Understanding the role of specific T cell subsets and
proinflammatory cytokines (such as IL-17 and IL-22) in obesity and T2D is required to
evaluate their pathological relevance, also considering the fact that discrepancies exist
between human and rodent observations. If immunological alterations in part mediate the
development of obesity and/or T2D-related diseases, the identification of metabolic immune
checkpoints may represent a great opportunity to develop personalized immunotherapy, as
demonstrated by successful developments for cancer therapy [75].

In conclusion, we have recently discovered that patients with metabolic diseases could
be stratified based on their immune status. Thus, there is now an emerging field linking
metabolism and the immune system, which should lead to promising new therapeutic
approaches in the treatment of metabolic diseases as well as other chronic inflammatory

conditions.
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Table 1 Alterations of T cell populations in human obesity and type-2 diabetes

T cell population Cytokine secretion profile Blood Adipose tissue Intestine
CDh4* 1 Ob (women) [14] 1 Ob [13] NA
Thl IFN-y, TNF-a 1 Ob [28]; T2D [25, 26, 28¢] NA NA
Th17 IL-17, IL-22 1 Ob [24]; T2D [25, 26, 28¢] 1 Ob [31ee, 32] 1 Ob [15¢¢]
Th22 IL-22 1 Ob [28¢]; T2D [28e, 29] 1 Ob [31ee] NA
Tregs IL-10, TGF-B 1 Ob [38]; | T2D [25, 26] 1 Ob [39, 40] | Ob [22]
| Ob [41]
CD8" IFN-y, TNF-a, Granzyme B, 1 Ob (women) [14] 1 Ob [13] 1 ODb [15ee, 22]
perforine
Unconventional T cells
iNKT IL-4, IFN-y NA 1 Ob [47, 48] NA
MAIT IFN-y, TNF-a, Granzyme B, | Ob [S51e, 52¢¢]; T2D [52¢e] 1 Ob [51e] NA
perforine, 1L-17, IL-22
V8 IFN-y, TNF-q, IL-17 1 Ob [69] NA o Ob [15%¢]

Arrows indicate overall change of human T cell population frequency and/or numbers in the blood, adipose tissue or intestine in obesity or type 2
diabetes compared with lean non diabetic individual. 1 indicates an increase, |, decrease, <>, no difference. Abbreviations: Ob obesity; MAIT
mucosal-associated invariant T cell, NA not available, 72D type-2 diabetes, Th, T helper, Tregs regulatory T cells, NKT natural killer T cell





