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Abstract

Evolution of metazoans resulted in the specialization of cellular and tissue function. This was 

accomplished by division of labor, which allowed tissue parenchymal cells to prioritize their core 

functions while ancillary functions were delegated to tissue accessory cells, such as immune, 

stromal, and endothelial cells. In metabolic organs, the accessory cells communicate with their 

clients, the tissue parenchymal cells, to optimize cellular processes, allowing organisms to adapt to 

changes in their environment. Here, we discuss tissue immunometabolism from this vantage point, 

and use examples from adipose tissues (white, beige, and brown) and liver to outline the general 

principles by which accessory cells support metabolic homeostasis in parenchymal cells. A 

corollary of this model is that disruption of communication between client and accessory cells 

might predispose metabolic organs to the development of disease.

Over the last 15 years, we have witnessed a renaissance in the fields of immunology and 

metabolism, which has given rise to the field of immunometabolism. This interdisciplinary 

field, which employs experimental approaches and paradigms from classical immunology 

and metabolism, can be divided into two subdisciplines: cellular immunometabolism and 

tissue immunometabolism. The former focuses on how changes in cellular metabolism 

support the cell fate decisions made by immune cells, including activation, proliferation, 

differentiation, and polarization, whereas the latter investigates how immune cells instruct 

tissue and systemic metabolism to support organismal adaptation to environmental 

challenges. While this review primarily focuses on tissue immunometabolism, we also 

discuss concepts from cellular immunometabolism to broaden the scope of presented 

findings and to highlight the interdependent progress made in these two disciplines.

Although evidence for crosstalk between immunity and metabolism has sporadically existed 

in the literature for quite some time (Ardawi and Newsholme, 1983; Hausberger, 1966; 

Williamson, 1901), the contemporary fields of cellular and tissue immunometabolism can 
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trace their origins to a handful of pivotal papers. For cellular immunometabolism, the classic 

paper by Thompson and colleagues in 2002 demonstrated that the costimulation of T cells 

with anti-CD28 increased glucose uptake and glycolysis to support anaplerotic metabolism 

of proliferating lymphocytes (Frauwirth et al., 2002). Nearly all subsequent studies built 

upon the general principle established in this paper; i.e. extracellular signals control the 

uptake and metabolism of nutrients in immune cells. For example, it is now appreciated that 

the recognition of pathogen associated molecular patterns (PAMPs), the ligation of co-

stimulatory or co-inhibitory molecules, or the activation of immune cells by cytokines 

results in changes in cellular metabolism that fuel the effector functions of immune cells 

(DeBerardinis and Thompson, 2012; Fox et al., 2005; O’Neill and Pearce, 2016; Pearce and 

Pearce, 2013). In some cases, these changes in cellular metabolism are simply permissive, 

whereas in others, they represent a metabolic checkpoint that needs to be cleared for full 

enactment of immune functions.

In a similar manner, the discovery by Hotamisligil and Spiegelman in 1993 that obesity 

results in increased expression of tumor necrosis factor-α (TNF) in adipose tissue to 

promote insulin resistance formed the cornerstone for the foundation of tissue 

immunometabolism (Hotamisligil et al., 1993). The explosive growth of this field, however, 

awaited the discovery by Ferrante and Chen in 2003 that adipose tissue of obese mice is 

infiltrated with macrophages that contribute to adipose tissue inflammation and insulin 

resistance (Weisberg et al., 2003; Xu et al., 2003). Since these initial discoveries in tissue 

immunometabolism, a large number of immune cells and pathways have been implicated in 

the maintenance of metabolic homeostasis in obese animals (Hotamisligil, 2006; Mathis, 

2013; Odegaard and Chawla, 2013; Osborn and Olefsky, 2012). Rather than summarizing 

this extensive literature, we review tissue immunometabolism here from the vantage point of 

the development of metabolic organs and the licensing of their metabolic functions. Using 

examples from adipose tissues (white, beige, and brown) and liver, we propose that the 

seeding of metabolic organs by immune and stromal cells is temporally and spatially 

coordinated to support their physiologic functions during development and in the adult 

organism. A corollary of this hypothesis is that disruption of communication between the 

immune cells and their client cells, the tissue parenchymal cells, might contribute to the 

pathogenesis of metabolic diseases.

Tissue specialization in complex metazoans

One aspect of metazoan evolution is the progressive specialization of tissue function, both at 

the level of parenchymal cells that make up each individual tissue, and at level of tissue-

resident accessory cells, such as immune cells and stromal cells (Okabe and Medzhitov, 

2016). For example, in mammals, skeletal muscle (myocytes) generate force and movement, 

adipose tissue (adipocytes) store excess nutrients, liver (hepatocytes) provide nutrients 

during fasting and participate in xenobiotic detoxification, gastrointestinal cells (epithelial 

cells) support nutrient absorption, and immune cells (innate and adaptive) perform host 

surveillance functions. This specialization, also termed ‘division of labor,’ optimizes 

parenchymal cell function, but reduces their autonomy. This decrease in autonomy is evident 

by the supportive functions of accessory cells, such as stromal and immune cells, which have 

indispensable roles for maintaining physiologic tissue function and homeostasis. It is 
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important to note that while these accessory cells cannot perform the bread-and-butter 

functions of parenchymal cells, such as generation of contractile force and movement 

(skeletal muscle), storage of excess nutrients (white adipocytes), generation of heat from 

uncoupled respiration (beige and brown adipocytes), and detoxification of xenobiotics and 

toxins (hepatocytes), they can optimize the functions of parenchymal cells to facilitate 

adaptations to environmental challenges. Although less well appreciated, immune cells in 

metabolic organs likely also perform their classical functions in host defense by carrying out 

surveillance of metabolic tissues, which are discussed later in this review.

An examination of simple metazoans, Caenorhabditis elegans and Drosophila melanogaster, 
nicely highlights the principle of tissue specialization during vertebrate evolution. Although 

C. elegans and D. melanogaster lack the mammalian equivalents of adipocytes, hepatocytes, 

and professional immune cells, they retain the conserved nutrient and pathogen sensing 

pathways found in mammals and other vertebrates. The epithelial cells that form the external 

and internal barrier surfaces of C. elegans are thus multi-functional (Shivers et al., 2008) 

(Tan and Shapira, 2011). For example, in C. elegans, which feed on bacterial blooms found 

on decaying organic matter, the intestinal tract is in immediate contact with commensal and 

pathogenic microbial species, and performs multiple functions, including nutrient 

absorption, storage, toxin detoxification, and immune surveillance (Sifri et al., 2005). To 

perform these varied functions, the intestinal epithelium expresses lipid synthases and 

lipases to store and mobilize lipids, antimicrobial and cytoprotective proteins for host 

defense, and various enzymes for detoxification of ingested toxins and xenobiotics (Jones 

and Ashrafi, 2009; Melo and Ruvkun, 2012; Pellegrino et al., 2014). In a similar manner, the 

fat body of D. melanogaster, which is distributed throughout the insect body, performs 

multiple metabolic and immune functions. In addition to being the primary site of nutrient 

storage, the fat body plays an important role in regulating systemic metabolism through the 

secretion of hormones and lipases, produces antimicrobial peptides, and participates in the 

detoxification of xenobiotics and nitrogen waste (Arrese and Soulages, 2010; Ferrandon et 

al., 2007; Palanker et al., 2009). However, unlike C. elegans, D. melanogaster has innate 

immune cells termed hemocytes, which provide cell-mediated immunity against pathogens 

via phagocytosis (Charroux and Royet, 2009). Thus, functions that are partitioned into 

multiple cell types and tissues (adipocytes, hepatocytes, intestinal epithelial cells and, innate 

and adaptive immune cells) in mammals are performed by a single cell type/tissue in C. 
elegans or two cell types/tissue in D. melanogaster, suggesting that tissue specialization 

occurred progressively over the course of evolution, as the size, lifespans, and complexity of 

organisms increased.

Cellular architecture of metabolic organs

As a consequence of division of labor, the various cell types that make up metabolic tissues 

need to collaborate and communicate with each other in order to perform their physiologic 

functions. The trio of tissue parenchymal, stromal, and immune cells forms the basic 

functional unit of metabolic organs (Figure 1). While the parenchymal cells (white, beige or 

brown adipocytes, hepatocytes, skeletal myocytes, and enterocytes) perform the core 

metabolic functions, tissue resident stromal and immune cells carry out accessory functions 

to support their clients, the parenchymal cells. A number of factors, including chemokines, 
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cytokines, growth factors, hormones, and small molecules, mediate communication between 

parenchymal, immune, and stromal cells. In addition, expression of common sensors of the 

metabolic state allows for coordinated sensing of metabolites across the three cell types. For 

example, in adipose tissue, this is mediated by PPARγ, which senses fatty acids and fatty 

acid metabolites to coordinate programs across parenchymal, immune, and stromal cells 

(Figure 1)

The tissue stromal cells consist of mesenchyme-derived mural cells, pericytes, and 

fibroblasts, whereas macrophages, innate lymphoid cells (ILCs), and regulatory T cells 

(Tregs) primarily comprise the group of tissue resident immune cells. While certain basal 

functions are performed by accessory cells in all metabolic organs, such as production of 

extracellular matrix (ECM), host surveillance, and the clearance of apoptotic cells, other 

functions of accessory cells are deployed in a tissue-specific manner. Although our 

understanding of how stromal and immune cells support the tissue-specific functions of 

parenchymal cells is incomplete, some available examples from adipose tissue growth and 

remodeling nicely highlight this general principle. For example, stromal cells are recruited to 

give rise to white or beige adipocytes when mice are challenged with a higher intake of 

nutrients or environmental cold, respectively (Berry et al., 2014; Berry and Rodeheffer, 

2013; Lee et al., 2012). In a similar manner, exposure to environmental cold stimulates the 

recruitment and alternative activation of macrophages to enhance the adrenergic tone of 

inguinal WAT (Nguyen et al., 2011), which supports the biogenesis of thermogenic beige fat 

(Qiu et al., 2014).

Communication between parenchymal, stromal, and immune cells is critical for the 

maintenance of metabolic homeostasis. A central question then arises: how is this 

communication established and maintained between these three cell types in various 

metabolic tissues? Potential insights into this question can be obtained from examining the 

ontogeny and development of tissue resident macrophages. In mammals, nearly all organs 

are populated with tissue-resident macrophages, which are seeded during development by 

precursor cells derived from the yolk-sac, fetal liver, or the bone marrow (Geissmann et al., 

2010; Ginhoux and Guilliams, 2016; Lavin et al., 2015). While the commitment to the 

macrophage lineage is regulated by the ets transcription factor PU.1, environmental signals 

impart tissue-specific functional characteristics on these resident cells (Ghisletti et al., 2010; 

Heinz et al., 2010). Local environmental signals (retinoic acid in the peritoneum, fatty acids 

in adipose tissue, surfactants in lung, and oxysterols in liver and spleen) induce and/or 

activate regulatory transcription factors (GATA6 in peritoneal macrophages, PPARγ in the 

adipose tissue and lung macrophages, and LXRα in Kupffer cells and splenic marginal zone 

macrophages) that cooperate with the master regulator PU.1 to activate and maintain tissue-

specific macrophage enhancers, which confer tissue-specific characteristics onto these 

macrophages (Gosselin et al., 2014; Lavin et al., 2014). In support of this, genetic deletion 

of these regulatory factors impairs the development of tissue-resident macrophages at their 

respective sites (Gautier et al., 2014; N et al., 2013; Odegaard et al., 2007; Okabe and 

Medzhitov, 2014; Rosas et al., 2014; Schneider et al., 2014). Thus, the activation of tissue-

specific enhancers by transcription factors not only provides a mechanism for establishing 

heterogeneity in tissue macrophages, but also serves as a means by which these cells can 

functionally support their client cells, the parenchymal cells. For example, Kupffer cells and 
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adipose tissue macrophages (ATMs) might use LXRα and PPARγ to sense flux of 

oxysterols and fatty acids, respectively, allowing for coordinated sensing of lipids across 

client and accessory cells in liver and adipose tissue, respectively.

Tissue resident stromal cells are derived from the mesenchyme and widely dispersed in 

mammalian organs. Similar to tissue resident immune cells, stromal cells are heterogeneous, 

express tissue-specific markers, and populate organs during embryogenesis. However, unlike 

tissue resident immune cells, stromal cells are not terminally differentiated and display a 

great deal of plasticity in their capacity to proliferate and differentiate. In their basal state, 

these mesenchyme-derived cells can be found wrapped around endothelial cells of 

capillaries and venules, where they are referred to as pericytes, mural cells or stellate cells 

(in the liver), or they can be dispersed amongst the parenchyma of organs. Upon injury or 

tissue damage, stromal cells rapidly proliferate, and in response to environmental cues, can 

give rise to fibroblasts and/or adipocytes. Although some studies have suggested that stromal 

cells can differentiate into other cell lineages, these data are less conclusive and have not 

been confirmed by in vivo fate-mapping studies (Nombela-Arrieta et al., 2011).

While little is known about the signaling and transcriptional pathways that confer tissue 

specificity to stromal cells, these cells support the functions of parenchymal, immune, and 

tissue stem cells. In their basal state, stromal cells produce ECM, growth factors (IGF-1, 

Wnts, BMP antagonists), and cytokines (M-CSF), which provides structural support to the 

parenchyma and trophic factors for survival and proliferation of parenchymal, immune, and 

tissue stem cells. Upon injury or tissue damage, stromal cells rapidly proliferate, giving rise 

to a population of fibroblasts that secrete ECM components, chemokines, cytokines, and 

matrix metalloproteinases (MMPs), which facilitate the recruitment, retention and activation 

of immune cells, and provide a scaffold for the regeneration of the damaged tissue. For 

example, fibroadipogenic progenitors (FAPs) are stromal cells in the skeletal muscle, which 

are found next to the skeletal muscle stem cells, the satellite cells (Joe et al., 2010; Uezumi 

et al., 2010). After injury, FAPs rapidly proliferate and release chemokines and cytokines to 

enhance recruitment of immune cells to remodel damaged tissue and restore its functionality. 

FAPs also are the major source of IL-6 and IGF-1, which support the proliferation of 

satellite cells and their differentiation into myocytes, respectively.

Physiologic control of client cell metabolism by accessory cells

In the sections below, we will use the developmental model of functional organization to 

discuss how physiologic homeostasis is maintained in adipose depots (white, beige, and 

brown) and liver. Although similar principles likely apply to skeletal muscle myocytes and 

small intestine enterocytes, our knowledge on how immune and stromal cells support the 

metabolic functions of these organs is currently limited.

White Adipose Tissue

The primary function of white adipose tissue (WAT) is in nutrient storage and energy 

balance (Rosen and Spiegelman, 2014). The parenchymal cells of this tissue, white 

adipocytes, take up lipids from the circulation and store them within a large cytoplasmic 
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lipid droplet. These cells increase storage of lipids when nutrient intake by the organism 

exceeds its energetic requirements. However, when nutrient intake is insufficient to meet 

energetic demands, adipocytes engage in lipolysis to mobilize the stored lipid into the 

circulation, allowing other tissues to use it as a fuel (Young and Zechner, 2013). In addition 

to serving as the professional lipid storing cells, white adipocytes secrete a variety of 

adipokines (leptin, adiponectin, and resistin), lipokines (palmitoleic acid), and chemokines 

(Ccl2), which coordinate local and systemic metabolic homeostasis (Schwartz and Lazar, 

2011; Stern et al., 2016; Yamauchi and Kadowaki, 2013).

Although WAT depots are present in number of discrete locations (perigonadal, inguinal, 

perirenal, and mesenteric), their developmental origin can be traced back to the mesenchyme 

(Rosen and Spiegelman, 2014). In rodents, WAT generally develops after birth with the 

inguinal depots emerging before the perigonadal depots (Han et al., 2011; Hong et al., 2015; 

Jiang et al., 2014; Wang et al., 2013b). In nearly all of these depots, the terminal 

differentiation to adipocytes is regulated by the nuclear receptor PPARγ, which cooperates 

with C/EBPα to control nearly every facet of adipocyte metabolism (Cristancho and Lazar, 

2011; Rosen and Spiegelman, 2014; Tontonoz et al., 1994; Umek et al., 1991). Since the 

transcriptional activity of PPARγ is gated by ligands, in particular by dietary and 

endogenous fatty acids, it functions as a nutrient sensor to coordinate cellular programs of 

energy storage and utilization (Chawla et al., 2001; Evans et al., 2004). Consistent with this, 

genetic deletion or loss of function mutations in PPARγ result in lipoatrophy and 

lipodystrophy in mice and humans, respectively (Semple et al., 2006; Wang et al., 2013a).

The housekeeping functions of adipocytes in nutrient storage and mobilization are supported 

by tissue resident stromal and immune cells. The stromal cells present in white adipose 

depots have been identified as PDGFRβ+ mural cells, PDGFRβ+ pericytes, and PDGFRα+ 

mesenchymal cells (Berry and Rodeheffer, 2013; Joe et al., 2009; Lee et al., 2012; Tang et 

al., 2008). Although there is considerable heterogeneity in expression of PDGFRα or β 
amongst the stromal cell types in the various WAT depots (Berry et al., 2014; Jiang et al., 

2014), these cells support parenchymal cell functions in multiple ways. First, they form a 

pool of precursor cells, which can give rise to new adipocytes when excess energy storage 

capacity is needed or for the homeostatic replacement of dying adipocytes. This 

differentiation of stromal cells into adipocytes is regulated by the fatty acid sensor PPARγ 
(Rosen and Spiegelman, 2014) (Figure 1). Second, these cells secrete ECM that provides 

structural integrity to adipose tissue and forms a scaffold for the differentiation of 

adipocytes. Third, stromal cells are an important source of growth factors (IGF-1, M-CSF), 

chemokines and cytokines, which modulate the recruitment, survival and activation of 

immune cells. These basal and homeostatic functions of WAT stromal cells have been 

mostly discerned from studies in which mice were challenged with high fat diet or 

environmental cold. However, it is likely that stromal cells also participate in maintaining 

WAT homeostasis during other environmental conditions, such as infection, fasting, and 

tissue injury. To address some of these additional supportive functions, it will be important 

to understand the molecular basis for heterogeneity of WAT stromal cells, and identify 

signaling pathways that control their proliferation and differentiation into adipocytes and 

ECM-producing fibroblasts.
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The resident immune cell population of WAT includes a variety of innate and adaptive 

immune cells, including macrophages, eosinophils, group 2 innate lymphoid cells (ILC2s), 

and conventional and regulatory T (Tregs) cells (Mathis, 2013; Odegaard and Chawla, 

2013). Research over the last decade has shed light on the important roles of these cells in 

adipose tissue homeostasis. Resident macrophages support the structural integrity of the 

tissue by remodeling extracellular matrix, phagocytosing dying adipocytes, and elaborating 

anti-inflammatory cytokines (Odegaard and Chawla, 2013; Wernstedt Asterholm et al., 

2014). In lean animals, the network of ILC2s, eosinophils, and to a lesser extent, Th2 cells 

secrete type 2 cytokines, such as IL-4, IL-5, and IL-13, which perform three important 

functions (Odegaard and Chawla, 2013). First, they regulate the type 2 program of 

alternative macrophage activation (M2) and support the survival of eosinophils in 

perigonadal WAT (Molofsky et al., 2013; Odegaard et al., 2007). Second, IL-4/13 signaling 

is critical for postnatal expansion of PDGFRα+ stromal cells, illustrating the dynamic 

crosstalk between immune and stromal cells in WAT (Lee et al., 2015a). Third, this cytokine 

milieu supports insulin responsiveness and other metabolic characteristics of healthy WAT, 

as evidenced by the reduction in these parameters upon genetic deletion of these type 2 

cytokines or disruption of cells that secrete them (Bapat et al., 2015; Cipolletta et al., 2012; 

Molofsky et al., 2013; Odegaard et al., 2007).

How do tissue resident immune cells support the metabolic functions of the parenchymal 

adipocytes in WAT? We propose a model in which two signals cooperate to establish the 

tissue- specific programs of immune cells that fine tune nutrient storage and release by 

adipocytes. In this model, signal 1 (the “inducer”) is a cytokine or growth factor that 

instructs the survival, proliferation and/or activation of immune and stromal cells (Figure 

2A). For example, IL-5 from ILC2s regulates survival and proliferation of eosinophils, IL-4 

from eosinophils and IL-13 from ILC2s support alternative activation of macrophages and 

proliferation of PDGFRα+ stromal cells, and IL-33 from stromal cells regulates the 

expansion of Tregs and ILC2s in WAT (Kolodin et al., 2015; Lee et al., 2015a; Molofsky et 

al., 2013; Nussbaum et al., 2013; Vasanthakumar et al., 2015; Wu et al., 2011). In addition to 

regulating their survival and expansion, signal 1 induces the expression of a tissue-specific 

transcription factor (signal 2, the “effector”) that cooperates with a lineage-specific factor to 

induce expression of tissue-specific programs in immune cells (Figure 2A). For immune 

cells in WAT, the tissue-specific factor is PPARγ, which is induced by IL-4 in adipose tissue 

macrophages (Figure 2B) and by IL-33 in adipose tissue Tregs (Figure 2C) (Huang et al., 

1999; Vasanthakumar et al., 2015). Although ILC2s are known to express PPARγ and ST2 

(the receptor for IL-33) (Molofsky et al., 2015; Robinette et al., 2015), it is not known 

whether IL-33 directly induces the expression of PPARγ in the WAT ILC2s (Figure 2D). 

Since the transcriptional activity of PPARγ is gated by fatty acids and fatty acid metabolites 

(Chawla et al., 2001), immune cells can sense the changes in the flux of fatty acids in 

adipose tissue, thereby optimizing their ability to work together with their client cells, the 

adipocytes, in maintenance of fatty acid homeostasis. For example, PPARγ transcriptionally 

regulates programs of lipogenesis and oxidative metabolism in adipocytes (Way et al., 2001; 

Wilson-Fritch et al., 2003; Wilson-Fritch et al., 2004), metabolic programs that it also 

controls in ATMs (Odegaard et al., 2007). Thus, by using PPARγ as a nutrient sensor in 

immune cells, the division of labor does not compromise tissue functionality but rather 
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enhances it, as it allows for coordination amongst the different cell types by sensing of 

metabolites. In support of this idea, deletion of inducing signals (IL-4/13 or IL-33) or 

effector (PPARγ) impairs the survival and maturation of adipose tissue immune cells, 

including macrophages, Tregs, and ILC2s, and the maintenance of metabolic homeostasis in 

WAT (Bapat et al., 2015; Cipolletta et al., 2012; Molofsky et al., 2013; Odegaard et al., 

2007).

Beige Adipose Tissue

Upon exposure to environmental cold or adrenergic stimulation, certain white adipose 

tissues in mice, such as inguinal or subcutaneous WAT, gain competence for thermogenesis 

by inducing the expression of uncoupling protein-1 (UCP-1) (Harms and Seale, 2013; Rosen 

and Spiegelman, 2014). Although this phenomenon was known for decades, it was presumed 

that the clusters of UCP-1+cells present in WAT were ectopically recruited brown 

adipocytes. However, fate-mapping and genome-wide profiling studies have revealed that 

the recruited UCP-1+ cells in WAT are developmentally and transcriptionally distinct from 

brown adipocytes (Seale et al., 2011; Wu et al., 2012). These cells have now been named 

“beige” or “brite” adipocytes (Harms and Seale, 2013; Wu et al., 2012), and their 

recruitment upon cold exposure can contribute up to 10–15% of total body energy 

expenditure (Qiu et al., 2014; Shabalina et al., 2013). Since beige adipocytes can prevent and 

ameliorate established obesity in thermoneutral mice (Cohen et al., 2014; Qiu et al., 2014), 

there is great interest in understanding their developmental origins, functions, and 

mechanisms of recruitment in mice and humans.

Developmental origins of beige adipocytes are complex, involving contributions from 

PDGFRα+ stromal cells, PDGFRβ+ stromal cells, and smooth muscle cells (Berry et al., 

2016; Lee et al., 2015a; Lee et al., 2012; Long et al., 2014; Vishvanath et al., 2016). These 

findings suggest that either there is great deal of plasticity in expression of these fate 

mapping markers (PDGFRα, PDGFRβ and Myh11) or the recruited beige fat in the adult 

mice is mosaic in its origins. An additional variable that has been largely overlooked is the 

time at which beige adipocytes appear in inguinal WAT. While most studies have focused on 

recruitment of beige adipocytes in adult animals after exposure to environmental cold, the 

inguinal WAT undergoes physiologic browning at the time of weaning (postnatal day (P) 

21), suggesting that the commitment of precursor cells to the beige fat lineage likely 

precedes expression of UCP1 in the inguinal WAT on P21 (Lee et al., 2015a; Odegaard et 

al., 2016). Thus, it will be important to repeat the fate-mapping studies in younger animals 

to ascertain the precise contribution of PDGFRα+ stromal cells, PDGFRβ+ stromal cells, 

and smooth muscle cells to beige adipocytes that are recruited in the adult.

The physiologic and cold-induced recruitment of beige adipose tissue nicely illustrates how 

intercellular crosstalk orchestrates the development and activation of beige adipocytes 

(Figure 3A). While commitment to the beige fat lineage requires communication between 

immune and stromal cells, crosstalk between immune and parenchymal cells regulates the 

thermogenic activity of beige adipocytes. For example, gain- and loss-of-function studies 

have revealed that ILC2-derived IL-13 and eosinophil-derived IL-4 stimulate the 

proliferation and commitment of PDGFRα+ stromal cells to the beige fat lineage (Lee et al., 
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2015a). In addition, these type 2 cytokines are required for the alternative activation (M2) of 

ATMs to support the adrenergic tone of this tissue and the terminal differentiation of stromal 

cells to beige adipocytes (Nguyen et al., 2011; Qiu et al., 2014). These supportive functions 

of ATMs are dependent on their capacity to produce norepinephrine via tyrosine 

hydroxylase, which promotes the differentiation and thermogenic activation of beige 

adipocytes (Qiu et al., 2014). While myeloid cell-derived catecholamines are beneficial in 

the adaptation to environmental cold, they can also be harmful, as was observed in the 

setting of autoimmune encephalomyelitis, a mouse model of multiple sclerosis (Shaked et 

al., 2015). In addition to norepinephrine production by ATMs, activation of ILC2s by IL-33 

stimulates production of methionine-enkephalin peptides, which induce beige fat biogenesis 

by an unclear mechanism (Brestoff et al., 2015).

This cellular circuit of immune and stromal cells is likely to be a core mechanism by which 

mice recruit additional thermogenic capacity upon cold exposure, because a number of other 

browning pathways converge upon it. First, the browning effects of the myokine meterorin-

like (Metrnl) require an intact type 2 cytokine signaling pathway, including eosinophils and 

alternatively activated (M2) macrophages, to increase adrenergic and thermogenic activity of 

the tissue (Rao et al., 2014). Second, a similar requirement for alternatively activated (M2) 

macrophages has been observed for adiponectin-mediated beige fat recruitment during 

prolonged cold exposure (Hui et al., 2015). Third, microbiota depletion has been shown to 

promote browning of WAT by inducing type 2 cytokine production (IL-4, IL-5, and IL-13), 

eosinophil recruitment, and alternative macrophage activation (Suarez-Zamorano et al., 

2015). However, there is one caveat that one needs to keep in mind when interpreting the 

results from the depletion of host microbiota. Since cellular metabolism in prokaryotes and 

eukaryotes generates heat as a by-product, depletion of the microbiome might decrease 

obligatory heat production in mice, necessitating an increase in beige fat thermogenesis to 

maintain thermal balance.

Brown Adipose Tissue

While WAT is the primary site for energy storage in mammals, brown adipose tissue (BAT) 

participates in energy expenditure to generate heat, allowing mammals to adapt to colder 

environments (Cannon and Nedergaard, 2004; Gordon, 1993; Lowell and Spiegelman, 

2000). This unique capacity of BAT is dependent on UCP-1 (initially called thermogenin), 

which dissipates the mitochondrial H+ gradient to allow for fast substrate oxidation without 

the need for ATP generation. As a result of this increase in metabolic rate, heat is generated 

as a by-product, which is dissipated throughout the animal to maintain the core temperature. 

The presence of thermogenic BAT in mammals has generally been suggested to be the basis 

for homeothermy, i.e. the maintenance of stable core temperature regardless of the ambient 

temperature. However, neonatal mice are unable to defend their body temperature and are 

essentially poikilothermic: their body temperature closely tracks with the ambient 

environmental temperature (Lagerspetz, 1962). While the defense of body temperature in 

cooler environments improves considerably by 2 weeks of age, homeothermy is achieved 

around 3 weeks of age in mice (Lagerspetz, 1962). Since neonatal mice primarily use 

behavioral thermoeffectors (huddling, nesting, and consuming warm milk) for 
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thermoregulation (Gordon, 1993), it suggests that energy-consuming BAT is less active and 

these animals primarily use the available energy to accelerate their growth to maturity.

Although it was initially thought that white and brown adipocytes have similar 

developmental origins, fate-mapping studies and genomic analysis have revealed that brown 

adipocytes have distinct developmental origins, which they share with skeletal muscle. For 

example, fate-mapping with Myf5- or Pax7-reporter mice shows that brown but not beige 

adipocytes arise from a Myf5+/Pax7+ myogenic precursors (Lepper and Fan, 2010; Seale et 

al., 2008; Seale et al., 2011). At a genome-wide level, transcriptional and proteomic 

signatures of brown adipocytes are also more similar to those of skeletal muscle than white 

adipocytes (Forner et al., 2009; Timmons et al., 2007), findings that are consistent with the 

increased reliance of brown adipocytes on oxidative metabolism. While the differentiation of 

brown adipocytes is regulated by transcriptional cascades involving PPARγ and C/EBPα 
(Rosen and Spiegelman, 2014), PR-domain containing protein-16 (Prdm16) and early B cell 

factor-2 (Ebf2) are necessary for the maintenance of brown adipocytes in adult animals 

(Harms et al., 2014; Rajakumari et al., 2013). In line with this, deletion of Prdm16 or Ebf2 

results in suppression of brown fat gene expression and function, but not its specification 

during embryogenesis, indicating that these two transcriptional regulators are primarily 

required for the maintenance of brown adipose tissue.

At present, our knowledge of how brown adipocytes interact with parenchymal and immune 

cells is limited. Although BAT contains a resident population of innate (macrophages and 

eosinophils) and adaptive (Tregs) immune cells (Medrikova et al., 2015; Nguyen et al., 

2011; Tian et al., 2016), their supportive roles in the maintenance of brown fat functions are 

poorly understood. For example, BAT contains a unique population of Tregs, whose 

depletion results in macrophage infiltration and BAT inflammation without significantly 

altering its thermogenic functions (Medrikova et al., 2015). In contrast, two studies have 

identified PDGFRα+ and Sca-1+ stromal cells in adult BAT, which can differentiate into 

brown adipocytes (Lee et al., 2015b; Schulz et al., 2011). Since the cell surface marker 

profile of PDGFRα+ cells in BAT is similar to that of stromal cells in inguinal WAT, it 

suggests that homeostatic replacement of brown adipocytes in adult animals might occur 

through a different mechanism than its development during embryogenesis, which depends 

on Myf5+ myogenic precursor cells.

A recent study demonstrated a unique requirement for an immune signal, which likely 

comes from stromal cells, to license BAT for its postnatal functions in thermogenesis (Figure 

3B). In placental mammals, although BAT develops during embryogenesis, its thermogenic 

functions are only needed for the maintenance of core temperature during postnatal life. This 

one-way transition from intrauterine to extrauterine life requires that uncoupling 

thermogenesis be licensed in BAT. This function is uniquely performed by IL-33 and its 

receptor ST2 during the perinatal period in mice (Odegaard et al., 2016). Unlike other 

cytokines, IL-33 is a nuclear cytokine that is chiefly expressed in stromal cells and thought 

to be released into the extracellular environment by necroptosis or mechanical stretch 

(Cayrol and Girard, 2014; Molofsky et al., 2015). In immune cells, binding of IL-33 to its 

receptor ST2 initiates canonical downstream responses via the adaptor protein MyD88. In 

contrast, during the perinatal period, IL-33 and ST2, but not MyD88, are required for normal 
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splicing of Ucp1 mRNA, which is necessary for expression of a functional UCP1 protein in 

BAT (Odegaard et al., 2016). In line with this, genetic deletion of IL-33 or ST2 results in 

complete loss of UCP1 protein in BAT, rendering mice susceptible to cold-induced 

hypothermia. Although the precise mechanisms by which IL-33 and ST2 regulate splicing of 

Ucp1 mRNA are not known, these findings suggest a non-canonical model in which 

extracellular IL-33 might signal via ST2 in brown adipocytes to induce expression of nuclear 

IL-33 to control splicing of Ucp1 mRNA (Figure 3B). Since a similar requirement of IL-33 

and ST2 in splicing and expression of UCP1 is observed in beige adipocytes, it suggests that 

licensing of thermogenesis is also a critical checkpoint that needs to be cleared for postnatal 

development of beige fat.

Liver

The liver is a major metabolic organ that participates in the maintenance of carbohydrate, 

protein, and lipid metabolism, and iron homeostasis. In addition, the liver secretes hormones 

(IGF-1, hepcidin), synthesizes proteins (coagulation factors, albumin), and is a key site for 

the detoxification of xenobiotics and toxins (Si-Tayeb et al., 2010). These synthetic and 

degradative functions of liver are compartmentalized into zones often referred to as 

‘metabolic zonation’ (Gebhardt, 1992; Jungermann, 1988). The two major metabolic zones 

of the liver lie along the porto-central axis of the hepatic lobules, which form the functional 

unit of the liver. The periportal zone is the region near the hepatic triad of portal vein, 

hepatic artery and bile duct, and receives nutrients from the portal vein and oxygen from the 

hepatic artery. At the other end of the lobule is the pericenteral region, which is adjacent to 

the central vein and receives the least oxygenated blood (Figure 4A, B). Studies dating back 

almost half a century have noted considerable spatial and functional heterogeneity in 

hepatocytes along the porto-central axis (Katz et al., 1976). The periportal zone has higher 

expression of enzymes necessary for gluconeogenesis, fatty acid oxidation and urea 

synthesis, whereas the hepatocytes in the pericentral zone predominantly participate in 

glutamine, fatty acid, ketone and bile acid synthesis, and in glycolysis (Gebhardt and Matz-

Soja, 2014; Jungermann, 1988) (Figure 4B). This spatial heterogeneity in hepatocyte 

metabolism is maintained by factors that control zonation of the liver, including Wnt/β-

catenin and Ha-RAS pathway (Benhamouche et al., 2006; Gebhardt et al., 2007). While 

basal metabolic functions are highly zonated, metabolic stress results in recruitment of 

additional hepatocytes in adjacent zones to maintain homeostasis. This is analogous to the 

recruitment of additional myofibers for the generation of larger contractile force by skeletal 

muscles.

In addition to this spatial zonation of metabolic functions, the circadian clock imposes a 

temporal rhythm on hepatocyte gene expression that synchronizes hepatocyte metabolism 

with the daily rhythms of feeding-and-fasting (Bass and Takahashi, 2010). These two 

mechanisms allow biochemically incompatible reactions or futile metabolic cycles to be 

separated in space and time. For example, gluconeogenesis is higher during fasting and is 

localized to the periportal region, whereas glycolysis predominates during the fed state and 

occurs in the pericentral region. A similar separation between catabolic (periportal) and 

anabolic (pericentral) reactions is observed for cholesterol, fatty acid, and glutamine 

metabolism.
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If the metabolic functions of hepatocytes (the client cells) are gated by zonation, then it 

follows that the supportive functions of accessory cells, Kupffer and stellate cells, might also 

exhibit a similar pattern of zonation to form a functional unit. Although evidence in support 

of this is currently lacking, there are suggestions in the literature that Kupffer cells might 

exhibit a similar zonal distribution, which functionally aligns them with their client cells. 

First, Kupffer cells are more dominant in the periportal region, which is high in nutrients and 

oxygen (Gebhardt, 1992). Second, the metabolic dichotomy of macrophages, i.e. classically 

activated (M1-type) are glycolytic and alternatively activated (M2-type) are oxidative 

(O’Neill and Pearce, 2016; Vats et al., 2006), nicely follows the oxygen gradient along the 

porto-central axis; oxygen tension is higher in the periportal area to support oxidative 

phosphorylation and lower in the pericentral zone where glycolysis predominates. This 

observation suggests that the metabolic alignment of accessory cells (Kupffer cells) with 

their client cells (hepatocytes) might result in their zonal distribution with M2-type Kupffer 

cells localized to the periportal regions and M1-type near the pericentral zones. In support of 

this idea, PPARδ has been shown to regulate the alternative (M2) activation of Kupffer cells, 

which in turn can support oxidative metabolism in hepatocytes (Kang et al., 2008; Odegaard 

et al., 2008). Third, genome-wide profiling of tissue macrophages has revealed enrichment 

for transcription factors in Kupffer cells that are involved in parenchymal cell metabolism. 

For example, LXRα and RXRα, which are sensors of oxysterols and retinoids (derivatives 

of Vitamin A), respectively (Chawla et al., 2001), are highly enriched in Kupffer cells 

(Kierdorf et al., 2015), indicating they might regulate liver-specific programs in these cells. 

Since LXRα- and RXRα-mediated degradation of cholesterol into bile acids via CYP7A 

occurs in pericentral hepatocytes (Peet et al., 1998; Wan et al., 2000), these findings suggest 

that the supportive functions of LXRα+ Kupffer cells in cholesterol homeostasis might be 

localized to the pericentral region.

Although the parenchymal or stromal cell signals (the inducers) that control tissue-specific 

adaptations of Kupffer cells are not known, one can build a general model based on 

transcription factors that regulate liver metabolic programs, which exhibit high degree of 

zonation. For example, gluconeogenesis and fatty acid oxidation are enriched in the 

periportal region, functions that are transcriptionally coordinated by FoxO1, CREB, and 

PPARδ in hepatocytes (Lin and Accili, 2011). These transcription factors also control the 

M2 program of alternative macrophage activation (Chung et al., 2016; Kang et al., 2008; 

Luan et al., 2015; Odegaard et al., 2008), raising the possibility that M2 macrophages in the 

periportal region might support stimuli driven gluconeogenesis and fatty acid oxidation in 

hepatocytes. In a similar manner, fatty acid and bile acid synthesis are performed by 

hepatocytes in the pericentral zone, anabolic programs that are transcriptionally coordinated 

by Srebp-1c and LXRα, respectively (Brown and Goldstein, 1999; Kalaany and 

Mangelsdorf, 2006). Based on the proposed model, enrichment of Srebp-1c and LXRα in 

pericentral Kupffer cells, the former being the transcriptional target of the latter (Repa et al., 

2000), will provide a mechanism by which these cells might support the synthetic functions 

of hepatocytes. Although the zonation pattern for iron metabolism genes is not known, the 

liver is a major site of iron storage and mobilization (Andrews, 2008). In this context, the 

enrichment of Spi-C in Kupffer cells, a transcription factor that is induced by heme and 

regulates the recycling of iron, provides another example of how coordination between 
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tissue resident immune and parenchymal cells might be orchestrated by metabolites (Haldar 

et al., 2014; Kohyama et al., 2009; Lavin et al., 2014). Thus, in the future, it will be 

important to determine whether Kupffer cells exhibit heterogeneity in their gene expression 

programs and functions that parallel the metabolic zonation of hepatocytes.

Licensing of metabolic functions during physiologic transitions

Although licensing of postnatal functions in metabolic organs was initially demonstrated in 

BAT (Odegaard et al., 2016), it likely occurs in other organs when placental mammals 

transition from intrauterine to extrauterine life. As used here, the term “licensing” refers to a 

switch from a previous default state to a new permissive state. For example, in BAT, this 

represents a switch from coupled respiration in the embryo to uncoupled respiration in the 

neonate, a switch that occurs once and then is maintained for the life of the animal. In 

general, the licensing of perinatal functionalities is thought to be signal dependent, and 

independent of developmental regulators that control programs of patterning and cell fate 

specification. For instance, while IL-33 and ST2 license BAT for uncoupled respiration, the 

development of BAT is unaltered in IL-33 and ST2 deficient mice. However, it is currently 

not known whether BAT represents a special example of this paradigm or whether signal 

dependent licensing of postnatal functions occurs in other metabolic organs.

We suggest that the liver is another organ where licensing of postnatal functions occurs 

during the perinatal period. During embryogenesis, fetal liver only participates in nutrient 

storage via glycogenesis and lipogenesis, because the developing embryo has unfettered 

access to maternal nutrients. This is supported by the observation that fetal liver does not 

express PEPCK or G6Pase, two enzymes necessary for gluconeogenesis (Burch et al., 1963). 

During the transition from intrauterine to extrauterine life, the liver becomes licensed to 

carry out gluconeogenesis, as evidenced by massive induction of PEPCK and G6Pase 

(unpublished observations). One prediction of this model is that impaired licensing of 

gluconeogenesis will result in postnatal hypoglycemia and lethality, a phenotype that has 

been observed in mice that are unable to induce gluconeogenesis after birth. For example, 

deletion of the placental miR-379/miR-410 cluster, which is expressed from the maternal 

allele, results in impaired expression of gluconeogenic genes in the liver of neonatal mice, 

resulting in hypoglycemia and perinatal lethality (Labialle et al., 2014). Although the targets 

of this miRNA cluster or the signals that license gluconeogenesis are not known, these 

findings suggest that signal-dependent licensing of postnatal functions in placentals might be 

a general paradigm.

Another critical transition that mammals encounter is when the neonates weans from 

mother’s milk to adult food. This transition from suckling to normal chow in mice requires a 

major change in the expression of enzymes in the intestinal epithelium to support nutrient 

intake. For example, the neonatal intestinal brush border is optimized to extract nutrients 

from mother’s milk, as it expresses lactase and fatty acid metabolizing enzymes. This 

transition in the intestinal epithelium is regulated by the transcriptional repressor B 

lymphocyte-induced maturation protein 1 (Blimp1), which is expressed in the neonatal 

epithelium and functions to repress characteristics of adult intestinal epithelium. In line with 

this, deletion of Blimp1 in the intestines causes ectopic expression of adult intestinal 
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epithelium genes in the neonates, resulting in poor nutrient absorption, growth retardation, 

and excessive mortality (Harper et al., 2011; Muncan et al., 2011). A similar transition 

occurs in the inguinal WAT of mice at the time of weaning. During the suckling period, this 

tissue is mainly a site of energy storage, as it is packed with unilocular white adipocytes. At 

the time of weaning, the inguinal white adipose tissue remodels from energy storing to 

energy burning beige fat, which participates in the maintenance of core temperature (Lee et 

al., 2015a; Odegaard et al., 2016). As animals age, this tissue reverts back to white fat but 

retains its capacity to undergo browning after cold exposure. While IL-33 and ST2 are 

required for licensing of uncoupled respiration in beige adipocytes of juvenile and adult 

mice (Odegaard et al., 2016), they are dispensable for the commitment to and differentiation 

of beige adipocytes, indicating that other signals regulate the physiologic transition from 

white to beige at weaning.

Classical functions of immunity in defense of metabolic organs

The homeostatic functions of the immune system in metabolic organs were likely shaped by 

the organism’s need to adapt to changes in nutrient availability, environmental temperature, 

and infectious challenges. The latter represents the canonical functions of the immune 

system in the defense and surveillance of metabolic organs. While it has long been 

recognized that resident immune cells in the liver provide a defense against dietary 

pathogens (Jenne and Kubes, 2013), the majority of the studies on adipose tissue have 

focused on how obesity alters the activation of innate and adaptive immunity during 

infectious challenges. These studies in mice and humans have collectively revealed that 

obesity increases susceptibility to many viral and bacterial infections, and the comorbidities, 

such as tissue damage, associated with them (Gardner et al., 2011; Huttunen and Syrjanen, 

2013; Karlsson and Beck, 2010). Both direct and indirect effects of obesity likely contribute 

to these changes in host susceptibility to infection and tissue damage. For instance, leptin 

signaling in immune cells provides a direct mechanism by which genetic and dietary obesity 

might alter the activation of innate and adaptive immune cells (Naylor and Petri, 2016), 

whereas changes in neural, hormonal or vascular function represent indirect mechanisms by 

which obesity alters the susceptibility of the host to infections and tissue damage (Karlsson 

and Beck, 2010).

New insights into the tissue surveillance functions of immune cells in WAT can be derived 

from studies that identified adipocytes and adipose tissue as important reservoirs for chronic 

infections by viruses, bacteria, and parasites. For example, human immunodeficiency virus 

(HIV)-infected CD4+ T cells evade host immunity and antiviral therapy by hiding in adipose 

tissue, thereby providing a reservoir for viral persistence (Damouche et al., 2015). In a 

similar manner, human cytomegalovirus (HCMV) not only infects and replicates in human 

adipose stromal/stem cells, but can also alter their adipogenic potential and 

immunomodulatory properties (Zwezdaryk et al., 2016). Mycobacterium tuberculosis, which 

co-evolved with its human host and infects up to one third of world’s population, can persist 

in a non-replicative form in adipocytes that evades host immunity and anti-microbial therapy 

(Agarwal et al., 2014; Neyrolles et al., 2006). A similar picture has emerged for persistence 

of parasites in adipose tissue, including Plasmodium falciparum, Trypanosoma brucei, and 

Trypanosoma cruzi. While P. falciparum and T. brucei are sequestered in adipose tissue in 
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the extracellular space (Franke-Fayard et al., 2005; Trindade et al., 2016), T. cruzi directly 

infects adipocytes, and like M. tuberculosis, localizes to the lipid droplet (Combs et al., 

2005; Ferreira et al., 2011). These observations collectively suggest that many pathogens 

exhibit a tropism for adipose tissue, which might allow for their persistence in the host.

If one considers that adipose tissue is a site for pathogen persistence, then one potential 

function of adipose tissue resident immune cells might be the immune surveillance of this 

metabolic organ. These surveillance functions of tissue resident immune cells, in particular 

the ATMs, might be performed by two distinct mechanisms. First, ATMs might directly 

sense PAMPs to coordinate local and systemic immune responses. Although direct evidence 

in support of this idea is currently lacking, signals that regulate physiologic trafficking of 

ATMs into adipose tissues provide a clue. For example, previous studies have revealed that 

lipolytic stimuli, such as fasting and adrenergic activation, promote the recruitment of 

macrophages into adipose tissue, which form crown-like structures around adipocytes, 

accumulate cytoplasmic lipid droplets, and induce programs of lysosomal catabolism 

(Kosteli et al., 2010; Mottillo et al., 2007; Xu et al., 2013). While these findings have been 

interpreted as macrophages buffering the release of fatty acids from adipocytes (Xu et al., 

2013), an alternative interpretation might be that lipolysis releases potential PAMPs that are 

then sampled by macrophages to detect evasive intracellular pathogens.

Sequestration by ATMs of micro or macronutrients that are essential for pathogen growth 

might be a second mechanism by which they protect adipose tissue from infections. In 

support of this, Trindale et. al. recently reported that the replicative and infective forms of T. 
brucei found in adipose tissues are morphologically, transcriptionally, and metabolically 

distinct from those found in the blood (Trindade et al., 2016). These adipose tissue forms of 

T. brucei exhibit high reliance on β-oxidation of fatty acids, which they presumably acquire 

from their lipid rich environment. In this context, the sequestration of fatty acids by ATMs 

might function to limit the growth of T. brucei and other microbes, which preferentially 

oxidize fatty acids to meet their metabolic needs. This is analogous to the antimicrobial 

functions of hepcidin, which targets the iron exporter ferroportin for degradation, during 

bacterial infections (De Domenico et al., 2011). As a consequence, iron is sequestered 

within macrophages and hepatocytes, resulting in reduction of circulating iron, which is 

essential for the growth of nearly all microbial pathogens. Thus, the sequestration of 

micronutrients (iron) or macronutrients (fatty acids) by macrophages might be a conserved 

mechanism for slowing the growth of pathogens in tissues. These potential functions of 

ATMs in host defense will be important to consider in future studies that investigate the 

physiologic role of these cells in tissue homeostasis.

Pathobiology: immune contributions to metabolic disease

Over the last two decades, the interest in tissue immunometabolism has been driven by the 

correlation between obesity and the onset of inflammation in WAT (Hotamisligil et al., 1993; 

Weisberg et al., 2003; Xu et al., 2003). In general, these studies have revealed that, 

compared to lean animals, WAT of obese mice has low-grade inflammation that is associated 

with accumulation of pro-inflammatory macrophages, neutrophils, CD8+ T cells, Th1 and 

Th17 cells, and B cells (Mathis, 2013; Osborn and Olefsky, 2012). At the same time, there is 
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a decrease in the number of anti-inflammatory immune cells, including eosinophils, M2-type 

macrophages, Tregs, and ILC2s (Lumeng et al., 2007; Odegaard and Chawla, 2013). This 

switch in the immune cell repertoire between lean and obese mice is thought to amplify the 

inflammatory timbre of WAT, which is initiated as adipocytes expand to accommodate the 

increased intake of nutrients. The increased influx of carbohydrates, fatty acids, and amino 

acids into adipocytes causes cellular dysfunction, which manifests as lipid dysregulation 

(accumulation of intracellular diacylglycerols, saturated fatty acids, and ceramides), 

abnormal intracellular protein modification (glycosylation and nitration), mitochondrial 

dysfunction/oxidative stress, and endoplasmic reticulum/membrane stress. This metabolic 

stress in adipocytes culminates in the activation of stress pathways (Jun N-terminal kinases 

(JNK), inhibitor of nuclear factor κB (IκB) kinase β (IKKβ), endoplasmic reticulum-to-

nucleus signaling 1(IRE-1), and RNA-activated protein kinase (PKR)), which converge to 

reduce nutrient intake by decreasing insulin signaling and augment the inflammatory 

response by activating JNK and IKKβ (Hotamisligil, 2010). These findings suggest that 

both cell intrinsic and extrinsic pathways contribute to obesity-associated inflammation and 

insulin resistance in obese animals.

The association between inflammation, insulin resistance, and nutrient storage is 

evolutionarily ancient and conserved across metazoans. For example, activation of Toll 

signaling pathway in the fat body of D. melanogaster, which is the mammalian equivalent of 

liver, white adipose tissue, and innate immune system, is sufficient to reduce insulin 

signaling cell autonomously in the fat body and non-autonomously throughout the organism 

(DiAngelo et al., 2009). This decrease in insulin action reduces nutrient storage and growth 

in the fly, suggesting that inflammation-induced insulin resistance reallocates nutrients from 

storage to host defense. A similar shift from storage to mobilization is observed in mice and 

humans during infection or innate immune activation, indicating conservation of this 

response across metazoans (Gallin et al., 1969; Okin and Medzhitov, 2016). These findings 

also have important implications for modeling and studying obesity-associated inflammation 

in mice. First, the evolutionary conservation of inflammation-induced insulin resistance 

from flies to humans, suggests the existence of genetic pathways that can modulate insulin 

action upon detection of pathogens. Second, these inflammatory signaling pathways might 

also modulate insulin signaling and prioritize nutrient utilization during other stress states, 

such as tissue injury and pregnancy. Third, although the crosstalk between inflammation and 

insulin resistance exists and is conserved across metazoans, its selection during evolution 

was unlikely to be driven by the need to limit nutrient storage, because our predecessors 

never encountered prolonged states of nutrient excess that are observed today. These 

observations lead us to suggest that while acute inflammation during infection promotes 

insulin resistance to fuel host immunity in flies, mice, and humans, it is less likely to be the 

culprit that potentiates insulin resistance in an unstressed type 2 diabetic who walks into a 

physician’s office.

The overwhelming number of studies in mice point to a strong link between the onset of 

obesity-induced inflammation in WAT and insulin resistance. For example, genetic 

perturbations that limit the activation of stress signaling pathways in metabolic tissues or 

impair the activation of pro-inflammatory immune cells improve insulin action and glucose 

disposal in obese mice. The converse has also been reported; i.e. genetic disruption of anti-
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inflammatory pathways worsens insulin sensitivity and glucose tolerance in obese animals. 

However, nearly all of these studies have been performed in thermally stressed mice (20–

22°C), a housing temperature that is well below their thermoneutral zone (30°C) (Cannon 

and Nedergaard, 2011; Gordon, 1993). For example, mice housed at 20–22°C spend twice as 

much as energy as those housed at 30°C to maintain thermal balance, which is associated 

with a near doubling in their heart rate (Swoap et al., 2008). This increase in energy 

expenditure and heart rate is maintained by a proportional increase in the sympathetic tone, 

raising the question of what might be the similar condition in humans. Two human 

conditions that acutely mimic the physiology of the mouse at 20–22°C are exercise and the 

use of stimulants, such as methamphetamines (speed). However, neither is applicable to the 

obese type 2 diabetic patient who is seen in outpatient clinics. In line with this, when mice 

are housed at thermoneutrality, obesity-induced metabolic inflammation in WAT is not 

associated with development of insulin resistance (Tian et al., 2016). While these findings 

suggest that thermoneutral housing can uncouple metabolic inflammation from insulin 

resistance, it will be important to understand the effects of housing temperature on other 

physiologic parameters, such as the gut microbiome, intestinal permeability, and hepatic 

steatosis.

Metabolic disease: loss of communication between client and accessory 

cells?

If tissue resident immune and stromal cells facilitate the functions of parenchymal cells, then 

one prediction of this model might be that loss of accessory cell functions decreases the 

adaptive capacity of tissues, rendering them susceptible to development of disease. This idea 

can be experimentally tested in three ways. First, local signals (the inducers in Figure 2) that 

regulate the survival of tissue resident immune cells can be targeted to determine how they 

affect parenchymal cell homeostasis. Second, genetic manipulation of the effectors (Figure 

2), transcription factors that regulate the tissue-specific programs of immune cells, might be 

useful to understand how loss of a particular immune cell in a tissue alters the composition 

of the circuit and the metabolism of the functional unit. For example, this has been partially 

explored by deletion of PPARγ in macrophages and Tregs (Bapat et al., 2015; Cipolletta et 

al., 2012; Odegaard et al., 2007). Third, circadian synchrony between parenchymal, 

immune, and stromal cells is necessary for optimal tissue function (Bass and Takahashi, 

2010). If so, then desynchronization amongst these cell types might predispose to the 

development of disease. This can be experimentally tested by disrupting the cellular clock in 

immune or stromal cells, and asking how it alters the functional output of this core cellular 

circuit, as has been performed for myeloid cells in the setting of dietary obesity (Nguyen et 

al., 2013).

While the previous studies in tissue immunometabolism have primarily focused on indices 

of organismal metabolism (such as glucose and insulin tolerance tests, and 

hyperinsulinemic-euglycemic clamps), investigations of homeostatic functions of immune 

and stromal cells will require focusing on cellular metabolism of parenchymal cells. A 

number of different techniques, such as metabolic flux and substrate utilization analysis, 

cellular metabolomics, genome-wide RNA profiling, and proteomics, might be useful in 
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uncovering the contribution of accessory cells to parenchymal cell metabolism. In addition, 

heterogeneity in tissue architecture and function will also need to be considered. For 

example, liver’s metabolic functions are highly zonated, necessitating that paracrine effects 

of Kupffer and stromal cells should be studied in this context. This is likely important 

because hepatic steatosis and fibrosis is known to initiate in the pericentral region, where 

lipogenic genes are highly expressed in hepatocytes and fibrotic activity of stellate cells is 

most active (Hijmans et al., 2014; Rombouts and Marra, 2010).

Additional insights into the physiologic and supportive functions of immune and stromal 

cells in metabolic tissues can be gained from experimental systems of tissue regeneration. 

Across vertebrate species, tissue injury results in the activation of immunity, which 

communicates with tissue stromal, parenchymal, and stem cells to orchestrate programs of 

tissue repair. In these scenarios, there are three possible regenerative outcomes: restoration 

of tissue function by stem (skeletal muscle and intestines) or parenchymal (liver) cells, 

replacement of damaged tissue by scar (fibrosis), or the fatty degeneration of tissue by 

infiltrating adipocytes. These three outcomes are controlled by the dialogue between stem/

parenchymal, immune, and stromal cells. For example, during skeletal muscle regeneration, 

the immune cells and signals regulate the expansion and functions of FAPs (muscle stromal 

cells) (Heredia et al., 2013), which provide paracrine support for the differentiating satellite 

cells (skeletal muscle stem cells) (Heredia et al., 2013; Joe et al., 2010). However, if 

regeneration is impaired secondary to satellite cell dysfunction or loss of anti-inflammatory 

Tregs (Burzyn et al., 2013; Kuswanto et al., 2016), local signals direct FAPs to differentiate 

into fibroblasts or adipocytes for the deposition of scar tissue or fatty degeneration of 

muscle, respectively (Joe et al., 2010; Uezumi et al., 2010). Thus, given the mesenchymal 

origin of FAPs and their similarities with adipocyte precursors (Joe et al., 2009), immune 

modulation of FAPs in skeletal muscle might also provide insights into the pathways that 

control expansion and fibrosis of WAT during obesity.

Concluding remarks and outstanding questions

Here, we have provided a framework for studying tissue immunometabolism, which focuses 

on the homeostatic functions of tissue resident immune cells. This perspective builds on the 

idea that evolution of metazoans is associated with cellular specialization, which resulted in 

auxiliary functions being relegated to accessory cells (Okabe and Medzhitov, 2016). These 

tissue accessory cells, which comprise immune and stromal cells, are seeded during 

development and support the core functions of parenchymal cells in metabolic organs. Thus, 

the basic functional unit of metabolic organs is composed of parenchymal, immune, and 

stromal cells, which continuously communicate with each other and their environment. In 

adipose tissue, this coordinated sensing of metabolites is mediated by the fatty acid sensor 

PPARγ, whereas in liver it might be orchestrated by the oxysterol receptor LXRα. Overlaid 

on top of this core functional unit are neuronal, hormonal, and circadian inputs, which 

establish coordination amongst the metabolic organs necessary for adaptation to 

environmental challenges. For example, adaptation to environmental cold requires 

mobilization of lipid stores from WAT for their oxidation in BAT, functions that are 

facilitated by immune and stromal cells.
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Although the field of tissue immunometabolism has made tremendous progress over the last 

two decades, there still are a number of outstanding questions. First, our understanding of 

local signals that regulate the tissue-specific programs of immune and stromal cells in 

metabolic organs is incomplete. Second, the ontogeny and fate of stromal cells that populate 

WAT, BAT, and liver is not known. In this regard, it will be important to identify the signals 

and transcriptional programs that regulate the development, maintenance, and differentiation 

of stromal cells in metabolic tissues. Third, while some signals have been identified that 

mediate communication between parenchymal, stromal, and immune cells, our 

understanding in this area is rather patchy and incomplete. Fourth, while we generally view 

WAT and BAT as homogenous organs, studies in liver have uncovered heterogeneity and 

zonation of hepatic metabolism. However, it is not known whether anabolic and catabolic 

programs are similarly segregated in WAT. For example, are energy storage and release 

zonally compartmentalized in WAT or do all adipocytes participate in lipogenesis and 

lipolysis? Fifth, does spatial organization of immune and stromal cells impact parenchymal 

cell metabolism or its communication with the nerves? Sixth, how is labor partitioned 

between client (parenchymal) and accessory (immune and stromal) cells in metabolic 

tissues, and what are the tissue-specific mechanisms by which immune cells support 

parenchymal cell metabolism? And lastly, how does disruption of communication between 

client and accessory cells contribute to pathogenesis of metabolic diseases? Addressing 

these and other related questions will likely shed new light on the field of tissue 

immunometabolism.
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Figure 1. The core functional unit of metabolic organs
Metabolic organs, such as WAT, BAT, beige fat, and liver, are seeded by immune and stromal 

cells during development. These accessory cells support their clients, the tissue parenchymal 

cells. Communication between client and accessory cells is mediated by chemokines, 

cytokines, growth factors, hormones, small molecules, and direct contact. In addition, 

expression of common sensors of the metabolic state allows for coordinated sensing of 

metabolites across the three cell types. For example, in adipose tissue (designated by 

parentheses), communication between parenchymal, immune, and stromal cells is mediated 

by PPARγ, which coordinates cellular responses by sensing changes in fatty acids and fatty 

acid metabolites.
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Figure 2. Tissue-specific programming of immune cells in WAT
(A) Local signals (the “inducers”) induce expression of transcription factors (the “effectors”) 

that confer tissue-specific identity to immune cells.

(B) Maturation of adipose tissue macrophages (ATMs) is dependent of type 2 cytokines, 

IL-4 and IL-13, and PPARγ. ILC2-derived IL-13 and eosinophil-derived IL-4 signal via the 

IL-4Rα in ATMs to induce PPARγ, which cooperates with lineage-specific transcription 

factor PU.1 to direct expression of adipose tissue-specific gene expression in ATMs.

(C) Maturation of adipose tissue (AT) Tregs is dependent on IL-33 and PPARγ. Stromal 

cell-derived IL-33 signals via ST2, the receptor for IL-33, to induced expression of PPARγ 
in Tregs, which cooperates with lineage-specific transcription factor FOXP3 to direct 

transcriptional programs in adipose tissue Tregs.

(D) Maturation of ILC2s in adipose tissue. ILC2s are known to express PPARγ, however, it 

is not known whether its expression is regulated by IL-33. IL-33 and ST2 are required for 

the maintenance of adipose tissue ILC2s. PPARγ might cooperate with GATA3, which is 
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necessary for the development of ILC2s, to regulate adipose tissue-specific gene expression 

in ILC2s.

Man et al. Page 30

Cell Metab. Author manuscript; available in PMC 2018 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Interactions between immune and stromal cells regulate thermogenesis
(A) A model of how interactions between immune and stromal cells regulate biogenesis of 

beige fat. Type 2 immune cells, including ILC2s, eosinophils (Eos), and alternatively 

activated macrophages (Macs), communicate with stromal cells and beige adipocytes to 

regulate remodeling of inguinal WAT into thermogenic beige fat. Signaling via the IL-4Rα 
in macrophages regulates catecholamine biosynthesis and secretion. IL-4/13 signaling in 

PDGFRα+ cells regulates the numbers and fate of adipocyte precursors in WAT. 

Differentiation and activation of beige adipocytes is stimulated by myeloid-cell derived 

norepinephrine (NE) and ILC2-derived methionine-enkephalin (Met-Enk).

(B) IL-33 and ST2 regulate licensing of beige and brown adipocytes for uncoupled 

respiration. IL-33 is an atypical cytokine that is normally located in the nucleus. Its release 

from cells results in extracellular cleavage by proteases derived from mast cells and 

neutrophils. Cleaved IL-33 can bind to cell surface receptor ST2 to initiate downstream 

responses via the adaptor protein MyD88. In BAT, IL-33 and ST2 are required for perinatal 

licensing of uncoupled respiration by controlling the splicing of Ucp1 mRNA. Although it is 

not known how IL-33 and ST2 regulate the splicing of Ucp1 mRNA, it is likely to be a non-

canonical function of IL-33 because it does not require the adaptor protein MyD88. While it 

is likely that stromal cells are the cellular source of IL-33, this remains to be determined.
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Figure 4. Metabolic and immune zonation of liver
(A) Model of how metabolic and immune functions might be zonated in the liver. (B) 

Metabolic zonation of liver. In the periportal region, portal vein and hepatic artery provide 

nutrients and oxygen, respectively, whereas the pericentral region is oxygen-poor. In general, 

energy consuming catabolic functions are localized to the periportal region, whereas 

anabolic functions are performed by hepatocytes in the pericentral region. Pericentral 

zonation is regulated by the Wnt-β-catenin/Tcf pathway, whereas the HRas pathway controls 

the zonation program around the periportal region. Enzymes or enzymatic activities that 

show preferential localization to the periportal or pericentral zones are listed next to the 

metabolic programs they participate in. PEPCK- posphoenolpyruvate carboxy- kinase, 

G6PC- glucose-6- phosphatase, FBP1- fructosel,6-bisphosphatase, GK-glucokinase, CPT1- 

carnitine palmitoyltransferase I, FAS-fatty acid synthase, ACC- acetyl-CoA carboxylase, 

ACL- ATP-dependent citrate lyase, CPS- Carbamoylphosphate synthetase, GS- Glutamine 

synthetase.
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