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A major advancement in obesity research over the past decade is the framing of obesity as a
chronic inflammatory state. The nature of this inflammation is unique compared with
classical inflammatory responses employed in host defense and pathogen recognition and
has dramatic impacts on the metabolic control of nutrient flow. This “meta-inflammation” is
low grade, long lasting, and enhanced in many metabolic tissues important in regulation of
dietary nutrients, such as liver, muscle, pancreas, and adipose tissue.! The cellular
components of meta-inflammation include mediators of both innate and adaptive immunity
and grow more diverse by the day. A study by Fabbrini et al2 in this issue of
Gastroenterology advances our understanding of how interleukin (IL)-17—producing CD4*
lymphocytes may contribute to obesity-associated disease and provides a new perspective on
the pathways that fan the flames of inflammation associated with metabolic disease.

Obesity generates a range of cellular stress in hypertrophic adipose tissue as well as in the
fatty liver. Tissue leukocytes seem to respond directly to this stress, likely as a homeostatic
mechanism to return the system to a normal baseline. However, as in many immunologic
responses, dysregulation or chronic activation of inflammatory pathways can become
pathologic if unchecked or the inciting stimulus is not removed. The epidemic of obesity and
metabolic disease has drawn attention to these inflammatory responses with the hope that
anti-inflammatory strategies that have been effective in mouse models may provide
therapeutic benefits in clinical metabolic disease.3 Current challenges in the field are to
better understand how leukocytes interact with each other in obesity and to unify data
generated in animal models of obesity with what is observed in human obesity.

Current models suggest that leukocytes and inflammatory factors in adipose tissue
contribute to dysfunctional adipocytes. In this setting, inflammation disrupts the functions of
adipocytes in lipid storage, nutrient partitioning away from other organs (eg, liver), insulin
responsivity, and the secretion of beneficial adipokines such as adiponectin. The mass of
adipose tissue leukocytes in obese patients is substantial and it is likely that adipose tissue
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contributes to the majority of circulating cytokines in the serum that can impact other
peripheral tissues. The article in this issue provides evidence to suggest that cytokines such
as IL-17 and 1L-22 may contribute to the systemic proinflammatory state in obese humans.

Although macrophages were among the leukocytes first identified in hypertrophied adipose
tissue, the evidence for an important role for B and T lymphocytes in fat is growing. Both
CD4" and CD8™ T cells are found in adipose tissue and are expanded with obesity. In
peripheral tissues, naive CD4" T cells can integrate local signals to differentiate down
distinct pathways with discrete effector functions and cytokine production (eg, T helper
[Th]1, Th2, Th9). Several reports have supported a role for interferon (IFN)-y—expressing
Th1 polarized T cells in promoting adipose tissue inflammation.* Increased IFN-y activity
has been reported in adipose tissue in mice and humans®-8 as well as in circulating T cells
from patients with type 2 diabetes.® Furthermore, IFN-y was shown to negatively impact
glucose and lipid homeostasis in human adipocytes in vitro.19 Consistent with a pathogenic
role of IFN-y, whole body 1fng knockout mice were shown to be protected from insulin
resistance with high fat diet feeding.8:11

However, several published reports have also suggested that Th17 polarized T cells were
induced with obesity in mouse models.10 Th17 T cells are identified based on their
preferential expression of cytokines that include IL-17 and IL-22 and play a critical role in
the regulation of gut barrier function.11 As with many other Th subsets, dysregulation of
Th17 activity can contribute to chronic inflammation in tissues like the gut and lung. Results
of follow-up studies on IL-17 in obesity have been somewhat mixed. IL-17 was shown to be
increased in obese women, although serum IL-17 did not correlate with central adiposity or
insulin resistance.1? Two studies demonstrated a negative correlation between serum I1L-17A
and the metabolic syndrome or central adiposity.13:14 This is somewnhat at odds with the
observation that T cells from patients with type 2 diabetes are more susceptible to skewing
toward a Th17 phenotype® and that adipose tissue dendritic cells can induce a strong Th17
bias in naive T cells.}> IL-17A was shown to be capable of inhibiting adipogenesis and
triggering inflammation in vitro,16 suggesting that local effects of Th17 cells in fat promote
adipocyte stress and block the formation of new adipocytes in the face of high caloric load.

Fabbrini et al? approached this problem from a non-biased perspective using subjects who
underwent detailed metabolic phenotyping to identify the lymphocyte effector pathways that
best correlate with metabolic dysfunction. A major strength of the study is the inclusion of
samples from obese patients with normal metabolism based on hyperinsulinemic—
euglycemic clamp data. This metabolically healthy obese population had intrahepatic
triglyceride content and homeostatic model assessment of insulin resistance that did not
differ from lean controls and permitted the identification of inflammatory signals associated
with insulin resistance independent of body fat mass. They demonstrate a preferential
skewing of adipose tissue T cells toward a Th17 phenotype in subcutaneous fat from obese
metabolically abnormal subjects. This correlated with increased serum levels of the Th17-
related cytokines IL-22 and IL-6. In contrast with other reports, IL-17 was at levels too low
to accurately detect in serum. They went on to confirm the presence of 1L-17 and 1L-22
receptors in muscle and liver and demonstrate that activation of these receptors in vitro
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block insulin receptor signaling and impair normal glucose homeostasis. The model that
extends from their results is summarized in Figure 1.

In conflict with some previous studies, Fabbrini et al? did not identify a correlation between
obesity and adipose tissue Th1 (IFN-y*) or Th2 (IL-13*) balance. This may be related to
differences in sampling site or in the protocols used to evaluate T cells in fat samples.
Techniques to efficiently purify adipose tissue CD4™ cells in large numbers for definitive
assays remain elusive in both human and mouse samples, thus the authors had to stimulate
and expand the cells ex vivo before analysis, which potentially skewed the T-cell
populations. In addition, there is significant plasticity in Th17 cells, which includes the
induction of Th1 cell cytokines (Th17/Th1 cells) and direct generation of Thl cells from
Th17 precursors depending on the cytokines in the local environment.1!

Another outstanding question is the source of IL-6 that may be a proximal trigger for Th17
T-cell generation. IL-6 has been long known to be induced in obese adipose tissue. Studies
have suggested that preadipocytes, adipocytes, and macrophages may all be sources of IL-6
production in fat.1” The relative contribution of these cells to IL-6 production as well as the
upstream signals that induce IL-6 remain unclear. It is possible that adipose tissue
macrophages, in the context of their function as antigen-presenting cells, secrete 1L-6 that
participates in Th17 polarization. Regardless of its cellular source, IL-6 seems to be
important in the generation of the Th17 lineage in the context murine obesity, as obese
IL-6-null mice do not develop the Th17 bias observed in obese wild-type animals.1% The
present data from Fabbrini et al? suggest the possibility of a similar link between IL-6 and
Th17 cells in human obesity.

The important inclusion and stratification of metabolic healthy and abnormal obese patients
in this study permits the distinction between T-cell activation associated with obesity from
that associated with metabolic dysfunction. This obviously leads to the question of why
Th17 signals are induced in some obese patients and not others. Conversely, why are some
patients protected from the induction of Th17 cells in fat? Alternatively, it may be that the
location of adipose tissue inflammation is important. Future studies examining visceral or
deep subcutaneous adipose tissue samples for Th17 cells are an important next step. Finally,
rather than a single culprit, it is likely that multiple leukocyte subsets act in concert to
determine metabolic phenotype; a decreased peripheral regulatory T cells/Th17 ratio, for
example, is associated with an increased risk of type 11 diabetes in humans.18 These data,
along with those from Fabbrini et al,2 suggest that the balance of T-cell subpopulations
dictates metabolic output in obesity.

Future challenges in this field are to better unify what is observed in mouse models of
obesity with what is observed in patients. This study suggests that the spotlight should shift
away from Th1 polarization as a primary mediator of metabolic dysfunction or at the very
least the beam should be widened. The authors did not evaluate whether regulatory T cells
contribute to the phenotype of metabolically abnormal obese patients, and this would be an
interesting next step to take in their studies. The challenge of unifying observations in mouse
models and human studies is not unique to the fields of immunology or metabolism, but
careful studies such as this can certainly move the field forward.
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Figure 1.
T helper cell (Th)17 activation in obese adipose tissue. Adipose tissue in lean subjects is

dominated by the presence of regulatory T cells (Treg). With obesity associated with
metabolic dysfunction, naive CD4* T cells in subcutaneous adipose tissue are skewed
toward at Th17 phenotype characterized by interleukin (IL)-17 and IL-22 production.
Adipose tissue IL-6 may be an inducer of the Th17 phenotype and may originate from
hypertrophic adipocytes, pre-adipocytes, and/or M1-like macrophages in adipose tissue.
Th17 cytokines are produced in excess by adipose tissue and block insulin receptor signaling
in liver and muscle and contribute to the metabolic dysfunction by impairing insulin action.
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