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Abstract

Type 2 diabetes (T2D) is a metabolic disease associated with obesity-related insulin resistance 

(IR) and chronic inflammation. Animal studies indicate IR can be caused and/or exacerbated by 

systemic/tissue-specific alterations in lymphocyte differentiation and function. Human studies also 

indicate obesity and/or inflammation promotes IR. Nevertheless, clinical trials with anti-

inflammatory therapies have yielded modest impacts on established T2D. Unlike mouse models 

where obesity is predominantly associated with IR, 20–25% of obese people are metabolically 

healthy with high insulin sensitivity. The uncoupling of obesity from IR in humans but not in 

animal models advocates for a more comprehensive understanding of mediators/mechanisms in 

human obesity-promoted IR, and better integration of knowledge from human studies into animal 

experiments to efficiently pursue T2D prevention and treatment.
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1. Overview of inflammation in the context of obesity and associated type 2 

diabetes

Type 2 diabetes (T2D) is a chronic disease characterized by metabolic dysfunction including 

hyperglycemia, pancreatic beta cell insufficiency, and insulin resistance (IR, see glossary). 

IR can be driven by calorie surplus that leads to obesity, although a significant subgroup of 

obese individuals, the metabolic healthy obese (MHO), have healthy metabolic profiles [1, 

2]. Metabolic unhealthy obese (MUHO) have metabolic profiles that mirror profiles of 

individuals with T2D. Up to 30% of MHO can convert to MUHO over a 5–10-year time 
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frame [1, 3, 4], fueling the debate over the existence of a stable MHO subset. Identification 

of the mechanisms that promote (or prevent) the transition from MHO to MUHO to delay 

T2D will be crucial to counter the public health burden of metabolic disease.

Adipose tissue (AT) adipocytes undergo hyperplasia and hypertrophy to accommodate the 

increased demand of triglyceride storage in response to over nutrition [5]. Adipose-resident 

immune cells play critical roles during AT remodeling, in part through cytokine secretion 

that facilitates the vascular and extracellular matrix remodeling required for healthy AT 

expansion [6]. If AT inflammation is suppressed in this context, AT dysfunction and 

systemic metabolic disturbances ensue [6]. Chronic AT expansion during the development 

of obesity induces excessive immune cell recruitment and accumulation [7], and modulates 

“innate” (non-lymphocyte) and “adaptive” (lymphocyte) immune cells (Table 1) [8], with 

shifts in AT immune cells somewhat mirrored in blood (Table 2) and liver [9]. Chronic AT 

expansion also induces adipocyte transformation, including altered intracellular gene/protein 

expression, adipokine secretion, and apoptotic signals [10, 11, 12].

Chronic “low-grade” inflammation observed in IR and T2D plays a critical role in T2D 

pathogenesis partially through the ability of pro-inflammatory cytokines to impair insulin 

signaling in insulin-sensitive tissues [13]. Adipocytes release modest amounts of pro-

inflammatory cytokines during the transition from lean to obese states, but the bulk of pro-

inflammatory cytokines is secreted by circulating or tissue-associated immune cells [13, 14, 

15, 16, 17]. These include supra-normal concentrations of plasma interferon gamma (IFN-γ), 

interleukin (IL)-1β, IL-6, IL-17, IL-18, IL-22, and tumor necrosis factor (TNF)-α, many of 

which originate from AT macrophages (ATMs) in T2D subjects [3, 4, 14, 15, 16, 17].

ATMs are arguably the best understood immunomodulators of AT health [18]. AT from 

lean, healthy individuals predominantly contains non-inflammatory ATMs, including “M2”-

like macrophages implicated in the proliferation and differentiation of adipocyte precursors, 

AT remodeling, and AT angiogenesis [18, 19]. ATMs increase in frequency and skew 

towards proinflammatory “M1”-like subsets in obesity, including “metabolically activated” 

macrophages [20, 21]. Pro-inflammatory ATM polarization in obesity is mediated by pro-

inflammatory lymphocytes [22], although the ability of ATMs to differentially polarize AT 

lymphocytes has not been demonstrated.

Despite incontrovertible roles for ATMs in inflamed AT, the likelihood that ATMs initiate 

AT inflammation remains debatable. Early work showed that B [23] and T lymphocytes [24, 

25] infiltrated visceral AT of high-fat diet fed mice prior to macrophage influx and 

polarization. However, other studies identified neutrophil infiltration into AT at day 3 [26], 

and elevated ATMs at day 7 [27] of high-fat diet feeding, well before B cell infiltration at 3–

4 wks. Further investigation will elucidate how the timing of AT immune cell trafficking in 

obesity relates to chronic AT inflammation and remodeling, despite general agreement that 

multiple immune system subsets play pivotal roles in obesity-associated inflammation 

through AT infiltration, intra-AT expansion and cellular cross-talk. Herein we highlight the 

significance of lymphocytes as major sources of cytokines in T2D. We also use current 

knowledge to emphasize the importance of parallel human and animal studies of cross-talk 
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amongst lymphocytes and other immune cell types, as well as the relevance of these studies 

in successfully exploiting our understanding of immunometabolism for T2D treatments.

2. Lymphocytes as sources of obesity/T2D–associated inflammation

Lymphocytes are fundamentally important to obesity-associated inflammation. The number, 

subset distribution, and/or function of two major lymphocyte populations, B cells and T 

cells, are altered in human MUHO and T2D [28, 29] to provide pro-inflammatory signals 

that support both AT (Table 1) and systemic (Table 2) inflammation. Cluster of 

differentiation 4+ (CD4+) T helper (Th), CD8+ (cytotoxic) T, and B lymphocytes are 

increased in AT of diet-induced obese and insulin resistant (DIO) mice, MUHO and T2D 

individuals [13, 29, 30, 31]. Increased AT lymphocytes are due in part to increased 

expression of the chemokine C-X-C motif receptor 3 (CXCR3) on T cells, which drives T 

cell recruitment to obese AT [32]. Furthermore, effector-memory T cells (a subset of 

“experienced” T cells) that produce cytokines like IFN-γ and TNFα dominate in DIO mouse 

AT over naïve T cells [29]. DIO mice and humans also have T cells with a less diverse T 

cell receptor (TCR) repertoire than T cells from lean individuals [22, 29, 33], which may 

reflect T cell expansion in response to an unknown antigen presented by ATMs or, in more 

provocative work, adipocytes themselves acting as antigen presenting cells (APCs) [34]. 

Limited T cell repertoires in combination with increased auto-immune antibodies from B 

cells of IR subjects [35] suggest an autoimmune component of T2D pathogenesis. This 

intriguing possibility is confounded by ageing-related auto-immunity and by the limited 

success of ongoing searches for putative autoantigens, likely due in part to the increase in 

unconventional antigens such as glycated proteins and modified lipoproteins in T2D [36].

2.1 CD4+ and CD8+ T cells

Naïve CD4+ T cells can be generally grouped into four major subsets: pro-inflammatory 

Th1s and Th17s, and anti-inflammatory Th2s and regulatory T cells (Tregs) [13, 31]. Subset 

classification is based on transcription factor expression and cytokine production [13, 31], 

with pro-inflammatory or anti-inflammatory subsets generally provoking or preventing 

obesity-associated IR, respectively. CD4+ T cell polarization is governed by the cytokine 

milieu following dendritic cell activation [13, 31], thus CD4+ T cell ratios are likely 

impacted by cytokine shifts in obesity. CD4+ T cell polarization is also determined by the 

strength of the signal generated by T cell receptor (TCR) engagement, which can bias naïve 

CD4+ T cells towards the Th1 subset [37]. Obesity-associated TCR repertoire restriction 

may also determine TCR signal strength [22, 33] thus CD4+ subset ratios. CD8+ cytotoxic T 

cells can contribute to inflammation and IR through secreting pro-inflammatory cytokines 

[22]. In contrast to CD4+ T cells, the pro-inflammatory responses of CD8+ T cells may be 

self-limiting due to the impact of perforin, an effector molecule secreted by CD8+ T cells 

that eliminates infected cells, and plays roles in the homeostatic regulation of all T cells by 

restricting their expansion in DIO mice [38]. Although both overall numbers and ratios of T 

cell subsets affect the final inflammatory profile in AT and in circulation, a “healthy” ratio 

has not been established.
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2.1.1 Th1 and Th2 T cells—The frequency of circulating Th1s is increased in obese 

compared to lean children [39], and in obese-T2D compared to obese-non-T2D adults [16, 

40]. This increase mirrors the high Th1 frequency in visceral AT of DIO mice [22]. Th1s, 

along with CD8+ T cells, secrete IFN-γ, which subsequently primes macrophages towards 

pro-inflammatory subsets [22]. Although obese-T2D patients have similar circulating Th2 

cell frequencies as obese-non-T2D subjects [16, 40], visceral AT tissue from DIO mice has 

a paucity of Th2s [22]. Th2 differentiation in mice is inhibited by the pleiotropic cytokine 

IL-6 [41], suggesting that the elevated IL-6 in T2D limits the number of Th2s to decrease 

net production of anti-inflammatory Th2 cytokines (IL-4, IL-5, and IL-13). Th2 cytokines 

counter Th1s in part by priming macrophages towards less inflammatory subsets [22]. 

Additional effects of Th1/Th2 shifts on obesity-associated inflammation have been reviewed 

recently [13, 31].

2.1.2 Th17 T cells—Recent studies have focused on the roles for human Th17s, which 

produce inflammatory IL-17, IL-21, IL-22 and macrophage inflammatory protein-3α in 

obesity and associated pathologies [42]. Higher amounts of Th17 cytokines in plasma and 

cultured T cells concords with a higher frequency of circulating Th17s, in obese-T2D, 

compared to non-T2D subjects [16, 40, 43, 44]. AT from MUHO also has more IL-17- and 

IL-22-producing CD4+ cells, than AT from MHO or lean subjects [15]. T cell IL-17 

secretion [16] or percentages of Th17s [8] positively associate with clinical parameters of 

T2D including hemoglobin A1c (HbA1c), a marker of long-term mean plasma glucose 

concentration. The overabundance of Th17s in human T2D is perhaps expected, given that 

classical diabetogenic cytokines like IL-1β and IL-6 support Th17 differentiation [42, 45, 

46]. Leptin, an adipokine often increased in obesity-associated T2D, also stimulates IL-17 

production in CD4+ T cells [46, 47]. Oxysterols, which are oxygenated cholesterol 

derivatives that increase in human obesity and correlate with fasting insulin [48], may also 

drive Th17 differentiation [49]. However, a role for Th17s in DIO mice remains 

controversial [50, 51, 52]. The emerging appreciation of Th17s in human T2D, together with 

the inconsistencies in in vivo models of T2D, rationalize a push to develop models that more 

accurately resemble humans relative to inflammatory profiles for in vivo assessment of roles 

for Th17s in T2D.

The Th17 cytokine IL-17A likely promotes obesity-associated IR through multiple 

mechanisms [42, 53]. IL-17A inhibits differentiation of pre-adipocytes [51, 54], and 

increases adipocyte IL-6 and IL-8 secretion to promote inflammation [54]. IL-17A also 

enhances lipolysis and impairs glucose uptake by adipocytes [54], to potentially elevate 

plasma free fatty acids and glucose. Importantly, the roles of Th17s and IL-17A are not 

necessarily identical [50, 51, 54], as IL-17A is also secreted by neutrophils, innate lymphoid 

and γδ T cells [51, 55, 56]. Recent work showed “pathogenic Th17s” are characterized by 

IL-23R and P-glycoprotein/multi-drug resistance type 1 expression [57], rather than by 

IL-17A secretion, calling for revised examination of Th17s in obesity [45, 58].

IL-22 is a second Th17 product downstream of IL-6 and IL-23 [42, 53]. IL-22 is also 

produced by the less-appreciated Th22 T cell subset [59, 60], innate lymphoid cells [61], 

CD8+, γδ and natural killer T cells [61]. Blood from obese-T2D subjects has an increased 

percentage of IL-22-producing T cells [15]. IL-22 promotes AT inflammation, based on data 
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showing human ATMs express IL-22 receptor (IL-22R), and respond to IL-22 with more 

IL-1β secretion than amounts elicited by IL-17 [8, 43]. T cell IL-22 may also impact 

classical metabolic tissues, as evidenced by work showing that IL-22R1, a subunit of the 

IL-22R heterodimer [61], has highest expression in human pancreatic acinar cells [62, 63, 

64]. Further roles of IL-22 in the pancreas include the ability to inhibit pancreatic cell 

autophagy in mice with pancreatitis [64, 65], and to increase insulin storage in diabetic, 

leptin receptor deficient (db/db) mice [66]. Exogenous IL-22 administration in DIO and 

db/db mice also reduces glucose intolerance and IR [66], with coincident preservation of 

intestinal mucosal barrier and endocrine function. Whether IL-22-associated metabolic 

effects in mice apply to humans remains unknown. Overall, work on both IL-17 and IL-22 

indicate that Th17s may be alternatively “protective” and “destructive” in T2D 

development, but conditions that govern Th17 function remain elusive.

2.1.3 Regulatory T cells—Unlike pro-inflammatory Th1s and Th17s, CD4+ Tregs 

protect against obesity-associated inflammation [13, 31]. The ratio between Tregs and Th1s/

Th17s in obesity and T2D is decreased in blood and AT [67], whereas adoptive transfer [68] 

or the induction of [69] Tregs ameliorated IR in db/db or leptin deficient (ob/ob) mice. The 

decline in mouse Tregs during obesity development [70], unhinges multiple mechanisms 

Tregs use to limit inflammation. These mechanisms include the ability of Tregs to inhibit 

Th1 proliferation and IFN-γ secretion through transfer of Let-7d microRNA-containing 

exosomes to Th1s that silence Th1-associated genes [71]. Nevertheless, the heterogeneity of 

Treg-microRNA exosomes is influenced by the cytokine microenvironment [72], suggesting 

that inflammatory status in obesity shapes Treg microRNA profiles, thus function. 

Hyperinsulinemia in mice also dampens anti-inflammatory Treg function by inhibiting 

IL-10 production [73]. In addition to Treg-extrinsic mechanisms that impact obesity-

associated IR, mouse studies identified peroxisome proliferator-activated receptor gamma as 

a Treg-intrinsic regulator that orchestrates Treg accumulation in visceral AT of lean animals 

[74]. Tregs are also regulated by leptin, a hormone increased in obesity and T2D that 

inhibits Treg proliferation [75, 76, 77], consistent with the demonstration that circulating 

human Treg frequency inversely correlates with leptin and body mass index (BMI) [17]. 

Cell-extrinsic regulation of Tregs is further mediated by IL-2 and IL-1β, which stimulate 

Tregs to differentiate into Th17-like cells [78]. Although multiple physiological changes in 

obesity and T2D converge to disarm Tregs in DIO studies, definitive analyses of humans is 

critical to identify mechanistic links between Tregs and T2D.

2.2. Invariant natural killer T cells

Invariant natural killer T (iNKT) cells are a subset of “innate” T cells that express an 

invariant TCR, Vα24 Vβ11 in humans and Vα14 Jα18 in mice [79, 80, 81]. iNKT cells 

recognize glycolipid antigen presented on the major histocompatibility complex (MHC)-like 

molecule CD1d, and can rapidly produce a plethora of cytokines including IL-2, IL-4 and 

IFN-γ [80, 82]. iNKTs represent up to 10% of AT T cells in mice and humans, suggesting 

that omental iNKT cells are the largest population of iNKTs in vivo [83, 84, 85]. iNKT cells 

are under-represented in AT and blood of obese humans and mice, compared to lean 

controls [83, 84, 85, 86, 87]. Longitudinal studies showed iNKT frequency is increased 

following bariatric surgery-mediated weight loss, despite the demonstration that patient BMI 

Ip et al. Page 5

Trends Endocrinol Metab. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



in this study remained in the obese range [86]. iNKT cells are depleted in the circulation of 

inflamed, hyperinsulinemic obese children [87], again highlighting inverse relationships 

among iNKT frequency, inflammation and metabolism. DIO mice provide further evidence 

for roles of iNKT cells in obesity: decreased iNKTs associated with increased pro-

inflammatory macrophages, adiposity and metabolic abnormalities [84, 85, 86]. Follow-up 

studies showed iNKT cell-deficient (Jα18−/− or CD1d−/−) DIO mice had more IR and 

hepatic steatosis, compared to wild-type mice [84, 85, 86], while adoptive transfer of IL-4+ 

and IL-10+ iNKT cells into obese Jα18−/− or CD1d−/− mice increased frequency of “M2”-

like macrophages, weight loss and metabolic improvement [85, 86]. A recent study detailing 

a novel IL-10 producing iNKT cell subset in AT of lean mice validated the protective 

function of iNKTs in AT [88]. In contrast, Wu and colleagues reported that activation of 

iNKT cells by excess lipid promoted IR and hepatic steatosis, although iNKT frequency was 

still reduced in DIO mice [89]. Furthermore, CD1d but not iNKT cell deficiency resulted in 

metabolic disease [90]. Reasons for discordance on the roles of iNKT cells in DIO mice is 

unknown, but differences in experimental design, microbiota and animal age are possible 

explanations [86]. Overall, most studies support the concept that iNKT cells are protective in 

obesity and metabolic disease [84, 85, 86, 88, 91, 92], but dissention persists.

2.3. B cells

B cells are a second lymphocyte class that plays important roles in obesity-associated T2D 

[13, 93]. B cells accumulate in visceral AT in DIO mice [23, 35], perhaps prior to T cells 

[23, 30]. Importantly, B cell-depleted or B cell-null DIO mice have less obesity-associated 

IR and inflammation [13, 30, 35, 93], suggesting B cells promote obesity-associated 

metabolic dysfunction. B cells can promote IR in humans and mice through modulating T 

cell function [30, 35], including the ability of B cells to support human Th17 function 

through contact-dependent mechanisms [30]. B cells also promote IR by shifting to a pro-

inflammatory cytokine profile [30, 94] and by secreting autoantibodies [35], although a 

relationship between putative diabetogenic autoantibodies and adult-T2D progression is not 

established [95]. Obesity-associated increases in serum IgG only in children [96] and 

younger mice [35] further question the role of antibodies in adult disease.

Both B cell-intrinsic and -extrinsic changes can facilitate B cell-mediated T2D development. 

B cell-activating factor (BAFF), a potent B cell survival factor produced by adipocytes, is 

increased in ob/ob or DIO mice [97, 98]. Adipocytes increase BAFF production following 

toll-like receptor (TLR) activation and oxidative stress [98, 99], two broadly impactful 

outcomes of obesity [97]. B cells also express TLRs, and B cells from T2D subjects secrete 

a pro-inflammatory cytokine profile in response to TLR ligands [30, 94]. Furthermore, the 

proportion of B cells expressing the ATP sensor P2-purinoceptor (P2×7) is higher in T2D 

compared to healthy subjects [100], and may in part underlie changes in B cell activation. 

Although the natural P2-purinoceptor inhibitor CD39 is required for normal glucose 

tolerance in animal studies [100], further work is needed to establish whether the balance 

between P2X7 and CD39 contribute to B cell function in T2D.
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2.4. Innate lymphoid cells

Innate lymphoid cells (ILCs) are recently appreciated mediators of obesity-associated 

inflammation [56]. ILCs are cells with lymphoid morphology that do not recombine antigen 

receptor genes, and lack the phenotypic markers of myeloid and dendritic cells [56]. ILC 

type 2 (ILC2) is a subset of ILCs that resides in visceral AT in lean mice that declines with 

adiposity [101], and depletion of ILC2 results in increased weight gain and glucose 

intolerance [92]. ILC2s secrete the Th2 cytokines IL-5 and IL-13 to promote eosinophil 

accumulation and alternate macrophage activation towards the “M2”-like subsets, leading to 

improvements in glucose tolerance and insulin sensitivity [92, 102]. Conversely, ILC3 cells 

produce pro-inflammatory IL- 17A [56]. DIO mice have greater lung ILC3 accumulation 

than leans, and ILC3 frequency associates with obesity-promoted airway hyper-reactivity 

[103]. It remains unclear how ILCs modulates obesity-associated T2D in humans.

2.5. Natural Killer Cells

Natural killer (NK) cells are cytotoxic cells with a lymphoid origin, but unlike CD8+ 

cytotoxic T cells, NK cells can directly induce death of infected cells in the absence of 

specific immunization [104]. Roles for NK cells in T2D remain ambiguous, as studies 

observed either a lower [105, 106] or equivalent [107] frequency of circulating NK cells in 

obese individuals compared to leans. Obese-T2D and MUHO individuals were shown to 

have increased NK cells with activating markers (CD69 or NKG2A) compared to lean-

healthy and MHO individuals, respectively [105, 106]. Furthermore, the frequency of 

spontaneous CD107a+ NK cells and their degranulation capacity post-stimulation were 

significantly greater in obese-T2D than lean individuals [105]. Studies in wild-type DIO 

mice indicated that the reduced circulating NK cells in IR individuals may not be 

attributable to defects in NK cell-infiltration into the AT [23]. However, lymphocyte-null 

DIO mice had 3-fold higher AT NK cell frequency than their lean counterpart [23], 

suggesting that B and/or T lymphocytes modulates murine adipose NK cell accumulation. 

Finally, systemic ablation of NK cells in mice decreased ATMs in intra-abdominal visceral 

AT and improved insulin sensitivity [108], consistent with the interpretation that NK activity 

may progress T2D pathogenesis.

3. Adipocytes mimic immune cell properties in obesity/T2D

AT is a recognized endocrine tissue that houses adipocytes and immune cells in close 

approximation, thus facilitates cross-talk amongst the various precursors and subsets [5]. 

Despite the many differences between adipocytes and immune cells, these cells share some 

functions in both lean and obese individuals. Adipocytes and immune cells both secrete 

cytokines including TNFα and IL-6 [10, 11, 12], which in the case of adipocytes are called 

“adipokines”. For both cell types, pro-inflammatory cytokine/adipokine secretion increases, 

while anti-inflammatory cytokines/adipokines decrease in response to obesity [10, 11, 12]. 

Recent reviews have highlighted how adipocyte-lymphocyte crosstalks utilize adipokines to 

promote IR [10, 11, 12], but cell-intrinsic changes in adipocytes play additional roles in 

immune responses to obesity. MHCII is the “scaffold” molecule that, in general, allows 

APCs to present the CD4+ T cell-activating peptide in a configuration that triggers TCR 

activation. Recent work indicated that, contrary to textbook paradigms that MHCII is 
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immune cell-specific, MHCII is increased by 3–6 folds in adipocytes of obese and IR mice 

and humans, compared to lean counterparts [34]. Mouse adipocyte MHCII plus antigen in 

turn activates CD4+ T cells in some, but not all studies [34, 109]. Antigens presented by 

adipocytes and macrophages, a second source of MHCII activity in AT [109] have not been 

identified, but may be modified proteins that are uniquely generated under metabolic stress.

T cell activation requires MHCII/peptide complexes, but additional APC surface co-

stimulators that respond to obesity play crucial or moderate roles in activation of naïve or 

effector/memory T cells, respectively. Thus, changes in APC co-stimulators may also 

regulate AT-associated T cell activation. The cell surface receptor CD40 is a classical T cell 

co-stimulator expressed in human and murine APCs, including adipocytes. CD40 is 

activated in response to membrane-bound or soluble CD40 ligand (CD40L) from activated T 

cells to further stimulate CD40-expressing cells, thus AT inflammation [110]. In turn, 

CD40-mediated stimulation of human pre-adipocytes promotes adipogenesis [111]. 

Although the soluble form of CD40L is elevated in obesity and correlates with BMI [112, 

113], the role of CD40-CD40L interaction in IR remains controversial. Two studies found 

that CD40L–deficient DIO mice have less immune cell AT infiltration than CD40L–

deficient leans [114, 115], but only one study showed improved insulin sensitivity [114]. To 

the contrary, CD40-deficiency exacerbated IR and AT inflammation in CD40-null DIO mice 

[116, 117]. The inconsistent outcomes of removing CD40 and its ligand may be attributed to 

the ability of CD40L to function through receptors other than CD40, including Mac-1/

CD11b [118]. Similarly, CD40 activation on B cells from DIO mouse reduced release of 

anti-inflammatory IL-10, but had no effect on IL-6 release [30]. This observation suggests 

that CD40L depletion may promote B cell pro-inflammatory response, but removing CD40 

receptors on B cells may not yield similar results. It is possible that CD40 expression in AT 

APCs is essential to initiate the AT inflammation/remodeling required for healthy AT 

expansion [6], such that deletion of CD40 may promote metabolic disturbance. Although the 

majority of data support the conclusion that the CD40-CD40L axis promotes IR, further 

work will be essential to clarify this idea.

CD80 and CD86 are additional T cell co-stimulators that increase in mouse and human 

adipocytes [34] but decrease in ATMs [119] responding to obesity. CD80/86 co-stimulate T 

cells through interaction with T cell surface CD28, which in turn upregulates cytotoxic T-

lymphocyte-associated protein 4 (CTLA4) to dampen sustained T cell responses [119]. 

Surprisingly, genetic inactivation of CD80/86 in mice promoted IR and increased AT 

inflammation, likely due in part to reduced anti-inflammatory Treg frequency in AT [119, 

120]. However, simultaneously injecting both CD80- and CD86-blocking antibodies into 

wild-type DIO mice improved insulin sensitivity with no obvious impact on splenic Tregs 

[120], suggesting that targeting a combination of CD80 and CD86 could inhibit T2D 

pathogenesis. Future work exploring possible differences between adipocyte and 

macrophage CD80/86 function, as well as expansion of studies to include the long list of 

known co-stimulators (iCOS, PD-1 etc.), will be needed to elucidate whether co-stimulation 

blockades would be expected to improve or exacerbate clinical IR.
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4. Concluding remarks and future perspectives

Lymphocytes are important players in obesity-associated T2D, integrating both pro-

inflammatory (Figure 1) and anti-inflammatory signals (Figure 2). Experimental animals 

provide versatile tools to advance our understanding of T2D, although the outcome of 

blocking >90% of inflammatory molecule/cells in vivo is that animals resist obesity and/or 

obesity-associated IR following high fat diet. Although similar outcomes from inactivation 

of almost any inflammatory modulator could suggest artifact, strong human data that 

includes comparisons of immune cells in equally obese, but metabolically distinct cohorts 

support the hypothesis that inflammation is important for obesity-associated T2D in humans 

[15, 16, 30]. Variability in diet and microbiome, among other variables of both human and 

animal studies, may underlie seemingly contradictory outcomes. Resource-intensive 

longitudinal analysis will be crucial in the future, despite challenges posed by disease 

latency periods of years to decades, to overcome the intrinsic “snap-shot” feature of cross-

sectional human sample analyses, and the inability of such studies to differentiate cause 

from consequence.

Clinical trials designed based on the logic of early immunometabolism studies show 

discouraging efficacy of anti-inflammatories in T2D, including drugs that neutralize TNFα, 

IL-1β or NF-κB [121]. Blocking one of the many inflammatory proteins implicated in T2D 

decreases some inflammatory indicators, but only modestly impacts glucose dysregulation in 

long-term T2D subjects [121]. Although these disappointments could be interpreted to show 

immunomodulation cannot benefit T2D subjects, we propose instead that future clinical 

trials should test the role of inflammation at the step often derailed in DIO animal knock-out 

studies: the transition from obese metabolically healthy to obese and IR. Future clinical 

trials may also profit from focus on validation of pathways that dominate obesity-associated 

inflammation in humans, rather than targeting pro-inflammatory molecules/cells in their 

order of appearance in the literature. We propose an approach that integrates outcomes from 

well-characterized human cohorts, in conjunction with outcomes from in vivo animal 

studies, to most effectively translate our knowledge of immunometabolism into 

fundamentally novel clinical approaches. This approach contrasts with the current strategy 

of developing concepts in animals, then retrofitting human data. Shifting effort to 

longitudinally collected human materials as the “gold standard” for support of new concepts 

will challenge both the metabolism and immunology fields, but it will be absolutely 

essential to streamline research towards efforts with most clinical promise, while continuing 

support of basic research endeavors.
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Glossary

Adaptive immunity also known as acquired immunity, refers to a subset of highly 

specialized, systemic cells and processes that eliminate or prevent 

pathogen growth

Antigen-presenting 
cells (APCs)

a heterologous group of immunocompetent cells that process and 

present antigens to TCR. APCs traditionally include macrophages, 

dendritic cells, langerhans cells, and B- lymphocytes

B cells an essential component of the humoral (antibody-mediated) 

immune response. B cells are produced by the bone marrow and 

can be distinguished from other lymphocytes by the presence of 

the cell surface B cell receptor (BCR)

Chemokine C-X-C 
motif receptor 3 
(CXCR3)

is an integral seven-transmembrane protein that specifically binds 

and responds to cytokines of the CXC chemokine family

Cluster of 
differentiation 4 
(CD4)

is a transmembrane glycoprotein on the surface of T helper cells, 

monocytes, macrophages, and dendritic cells. CD4 is co-receptor 

for T cell receptor on the surface of T helper cells that binds with 

major histocompatibility complex class II on APCs

Cluster of 
differentiation 8 
(CD8)

is a transmembrane glycoprotein and co-receptor for T cell 

receptor on the surface of CD8+ T cells that binds with major 

histocompatibility complex class I on APCs

Innate immunity refers to response of the immune system to molecular patterns, 

rather than specific antigens, provided by foreign invaders

Innate lymphoid 
cells (ILCs)

a group of innate immune cells that lack B or T cell receptors. 

Some of their functions are analogous to helper T cells

Insulin resistance 
(IR)

a physiological condition in which insulin-sensitive cells fail to 

respond to insulin by activating normal signal transduction 

cascades

Lymphocyte a leukocyte of fundamental importance in the immune system. 

Three types of lymphocytes exist: natural killer cells, T cells and 

B cells

Metabolic healthy 
obese (MHO

Obese individuals (BMI > 30) who display healthy metabolic 

characteristics, including high insulin sensitivity levels, no 

hypertension and favorable lipid, inflammatory, hormonal, liver 

enzyme and immune profiles. Despite having similar total fat 

mass as metabolic unhealthy obese, MHO individuals present less 

visceral and ectopic fat including liver steatosis
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Metabolic 
unhealthy obese 
(MUHO)

Obese individuals with abnormal metabolic characteristics 

including abdominal obesity, insulin resistance, hypertension, 

dyslipidemia and increased systemic inflammation. MUHOs are at 

increased risk for developing metabolic syndrome, periodontal 

disease and some cancers

“M1”-like 
macrophage

macrophages that promote inflammation, inhibit cell proliferation 

and cause tissue damage

“M2”-like 
macrophage

macrophages that decrease inflammation, promote cell 

proliferation and encourage tissue repair

Natural killer (NK) 
cell

a lymphoid origin cell that can directly induce death of infected 

cells, but is often considered as a component of the innate 

immunity due to the lack of antigen-specific cell surface receptors

Natural killer T 
(NKT) cell

T cell that shares properties of both T cells and natural killer cells. 

The invariant subset of NKT cells recognizes the non-

polymorphic antigen-presenting CD1d molecule that binds self 

and foreign lipids and glycolipids

T helper cell (Th 
cell)

a type of T cell that helps the activity of other immune cells by 

releasing cytokines and providing co-stimulation. Mature Th cells 

express the surface protein CD4 and are referred to as CD4+ T 

cells. Uncommitted (naïve) CD4+ T cells can be induced to 

differentiate towards pro-inflammatory or anti-inflammatory T 

cells, based on the local cytokine environment
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Box 1: Outstanding questions

• What are the mechanisms involved in obesity-mediated modulations in 

lymphocyte functions?

• What are the diverse functions of immunological co-stimulators (CD80/86 and 

similar) in obesity, insulin resistance and T2D?

• How can we best relate an organ-specific effect of cytokines to the effect of 

cytokines on whole-body metabolism in obesity?

• Numerous mechanisms converge on the development of metabolic dysfunction, 

but how do we identify the degree of impact for each individual player in 

patients?

• Metabolic dysfunction is a heterogeneous disease with immense interpersonal 

variability. How do we best identify key player(s) involved in disease 

pathogenesis of an individual to design a personalized therapy?

• What are the mechanisms involved in maintaining an obese individual 

metabolically healthy? Can we utilize this knowledge to help prevent other 

obese individuals from developing metabolic dysfunction?
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Highlights

• Lymphocytes play complex regulatory roles in obesity-associated insulin 

resistance and type 2 diabetes pathogenesis.

• Obesity differentially impacts the frequencies and behaviors of lymphocyte 

subsets.

• Lymphocytes interact with other immune cells and with adipocytes to regulate 

adipose tissue inflammation.

• Differences between type 2 diabetes in animals and humans indicate the value of 

a bedside-to-bench approach to maximize clinical impact of future studies.
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Figure 1. Lymphocyte subsets that promote adipose tissue (AT) inflammation
(A) Lean: CD4+ Th1, Th17, CD8+ cytotoxic T cells and B cells promote AT inflammation 

through secreting pro-inflammatory cytokines and priming macrophages towards the pro-

inflammatory “M1”-like subsets, but priming towards “M2”-like macrophages by anti-

inflammatory cytokines dominates in lean AT. CD8+ cell-expansion may be self-limiting 

through autocrine action of perforin. Leptin and oxysterols facilitate Th17-cytokine 

secretion and differentiation, respectively. IL-2 and IL-1β cytokines present in AT can 

promote regulatory T (Treg) differentiation to Th17s, whereas B cells support Th17 function 

through a contact-dependent mechanism. However, the mechanisms that promote Th17 

differentiation and function are minimal in lean AT. Overall, pro-inflammatory signaling 

within AT is limited in the lean state. (B) Obesity/T2D: In obese individuals with type 2 

diabetes (T2D), pro-inflammatory cytokine secretion is increased by CD4+ Th1, Th17, 

CD8+ cytotoxic T cells and B cells, leading to the enhanced priming of macrophages 

towards the pro-inflammatory “M1”-like subsets. Both leptin and oxysterols that are 

increased in obesity facilitate Th17-cytokine secretion and differentiation, respectively. The 

increased presence of IL-2 and IL-1β in obesity also promotes increased Treg differentiation 

to Th17s. Obesity/T2D promotes B cell activation through toll-like receptor 4 (TLR4)-

mediated secretion of B cell-activating factor (BAFF) from adipocyte, thus results in 

increased Th17 function through a contact-dependent mechanism.
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Figure 2. Lymphocyte subsets that inhibit adipose tissue (AT) inflammation
(A) Lean: Invariant natural killer T (iNKT) cells, innate lymphoid cell type 2 (ILC2) cells, B 

cells, CD4+ Th2 and regulatory T (Treg) cells inhibit AT inflammation by secreting anti-

inflammatory cytokines. These anti-inflammatory cytokines reduce AT inflammation by 

inhibiting macrophage priming towards the pro-inflammatory “M1”-like subsets and instead 

supporting “M2”-like macrophage generation. Treg cells can also reduce inflammation by 

inhibiting Th1s via transfer of microRNA-containing exosomes to Th1s and secreting anti-

inflammatory cytokine IL-10. (B) Obesity/T2D: Anti-inflammatory cytokine secretion by 

iNKT, ILC2, B, CD4+ Th2 and Treg cells is dampened in obesity/type 2 diabetes (T2D), 

thus promoting macrophage priming towards the pro-inflammatory “M1”-like subsets. The 

anti-inflammatory effects of Treg cells are also suppressed by obesity-associated induction 

of leptin that inhibits Treg proliferation.
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Table 1

Lymphocyte subsets in adipose tissue.

Signatures Mice Human

Obese vs Lean
(T2D vs non-T2D)

T2D vs
non-T2D

MUHO vs
MHO

Obese (non-
T2D) vs Lean

CD8+ (%) Subcutaneous and visceral –
increased [29]; visceral –
increased [22]

NA No difference
[122]

Increased [29]

Effector/
Memory
CD8+ (%)

Subcutaneous – increased [29] NA NA NA

CD4+ (%) Visceral – increased [22] NA No difference
[122]

Increased [29]

CD4+ (#) Subcutaneous and visceral –
increased [22]

NA NA NA

Effector/
Memory
CD4+ (%)

Subcutaneous – increased [29] NA NA NA

Th1 (%) Subcutaneous and visceral –
increased [22]

No difference
[15]

No difference
[15]

NA

Th1 (#) Subcutaneous and visceral –
increased [22]

NA NA NA

Th2 (%) NA No difference
[15]

No difference
[15]

NA

Th17 (%) Subcutaneous – no difference
[22] or increased [51];
Visceral – decreased [22]

Increased [15] Increased [15] NA

Th17 (#) Subcutaneous –increased [22,
51]; visceral – no difference [22]

NA NA NA

Treg (%) Visceral – decreased [22, 67]; Decreased
[67, 122]

Decreased
[122]

NA

Treg (#) Subcutaneous and visceral – no
difference [22]

NA NA NA

Th1:Treg Subcutaneous and visceral –
increased [22]

NA NA NA

NKT (%) Decreased [85, 86] Visceral iNKT
inversely
correlated with
BMI (females)
[85]

NA Decreased –
iNKT (BMI >40,
T2D status
unknown) [86,
106]

B cell (#) Visceral – increased [23, 35] NA NA NA

ILC2 (%) Visceral – decreased [101] NA NA NA
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Table 2

Lymphocyte subsets in systemic circulation1.

Signatures Human

T2D vs
non-T2D

MUHO vs MHO Obese (non-T2D) vs Lean

CD8+ (%) NA Decreased [106]; No
difference (women)
[14]

Decreased [106, 123]; no difference (women)
[14]

CD8+ (#) NA No difference
(females) [14]

No difference (BMI >40 vs <25) [124]; no
difference (females) [14]

CD8+ CD95+

(%)
NA NA Increased (females) [123]

CD8+ CD25+

(%)
NA No difference

(females) [14]
Increased (females) [14]

CD8+

CD45RA+

(%)

NA No difference
(females) [14]

No difference (females) [14]

CD4+ (%) NA No difference
(females) [14]

Increased (females) [123]

CD4+ (#) NA Trend increase
(females; p=0.06)
[14]

Increased (BMI >40 vs <25) [124]; no
difference (females) [14]

CD4+

CD45RA+

(%)

NA No difference
(females) [14]

No difference (females) [14]

CD4+ CD25+

(%)
NA No difference

(females) [14]
Trend increase (females; p=0.10) [14]

Th1 (%) Increased [16,
40, 43]

Increased [43] Increased [43], (children) [39]

Th1 (#) NA NA No difference (BMI >40 vs <25) [124]

Th2 (%) No difference
[16, 40]

NA No difference (children) [39]

Th2 (#) NA NA Increased (BMI >40 vs <25) [124]

Treg (%) Decreased
[16, 40]

NA NA

Treg (#) NA NA Increased (BMI >40 vs <25) [124]

Th17 (%) Increased [16,
40, 43]

Increased [43] NA

Th17 (#) NA NA No difference (BMI >40 vs <25) [124]

Th17
cytokines

Increased [43,
44]

Increased [43] Increased (females) [44]

iNKT (%) NA NA Decreased – iNKT (BMI >40, T2D status
unknown) [86]

B cell (%) NA No difference
(females) [14]

NA

B cell (#) NA No difference
(females) [14]

No difference (BMI >40 vs <25) [124]; no
difference (females) [14]

CD19+

CD38+ (%)
NA No difference

(females) [14]
Increased (females) [14]
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Signatures Human

T2D vs
non-T2D

MUHO vs MHO Obese (non-T2D) vs Lean

CD19+

CD27+ (%)
NA No difference

(females) [14]
No difference (females) [14]

1
Lymphocyte subsets in mouse systemic circulation have not been elucidated.
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