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 Abstract  

Abstract 

Obesity is characterized by chronic low-grade inflammation. However, the initiating 

mechanisms remain poorly understood. Here, we characterized intestinal macrophage 

subpopulations and their role in high-fat diet (HFD)-induced obesity in mice and humans. Pro-

inflammatory/monocyte-derived intestinal macrophages transiently increased upon food intake 

and became chronically elevated upon HFD, suggesting a link between macrophage numbers 

and glycemia. Indeed, pharmacological dose-dependent or genetic ablation of macrophages 

improved glucose homeostasis. In particular, colon-specific macrophage depletion improved 

glycemic control and ameliorated β-cell function. Intestinal macrophage activation upon HFD 

was characterized by a strong interferon signature and metabolic shift, potentially via mTOR 

activation. Accordingly, colon-specific mTOR-inhibition enhanced insulin and GLP-1 

secretion. In obese humans, pro-inflammatory intestinal macrophages were also increased, 

potentially by enhanced monocyte recruitment. Taken together, these data reveal that intestinal 

innate immunity contributes to glycemic dysfunction in obesity. Therefore, specifically 

targeting colonic macrophages or their activation might be a novel therapeutic avenue to 

improve glycemic control.  
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 1 Introduction  

1 Introduction 

1.1 Overview 

Obesity has become a global health problem of epidemic proportions1,2. Among its many 

detrimental consequences, it is also a major risk factor for the development of type 2 diabetes 

(T2D)3. So far, chronic low-grade inflammation triggering insulin resistance is thought to be a 

key component of metabolic disease4. This metabolic inflammatory state – also called “meta-

inflammation” – is governed by immune cells in response to excess of nutrients and energy4. 

Especially, macrophages in the adipose tissue have been established as the major players of the 

inflammatory processes in the development of metabolic disease5. However, it is difficult to 

point out the exact starting point of chronic low-grade inflammation in metabolic disease and 

its underlying molecular mechanisms. 

As the gut is the primary organ exposed to food antigens, the gastrointestinal tract might 

play a major role in mediating chronic low-grade inflammation and obesity-associated glucose 

dysregulation. Additionally, since macrophages are key contributors in metabolic disease, they 

could potentially mount a first-line response in the gastrointestinal tract to dietary and microbial 

cues and thereby impact glycemic control. The aim of the current study was to elucidate the 

role of specific intestinal macrophage subpopulations on glucose metabolism in high-fat diet 

(HFD)-induced metabolic disease and the underlying mechanisms. Understanding the relation 

between dietary and microbial cues, the host’s immune system and its metabolic response is 

crucial for an in-depth understanding of disease mechanism and the potential development of 

immune-modulatory treatments in obesity. 

1.2 Metabolic Disease 

Metabolic disease refers to a combination of central obesity and metabolic dysregulation, 

including glucose intolerance, insulin resistance, dyslipidemia and hypertension6–8. All these 

factors strongly increase the risk for T2D as well as the risk for cardiovascular disease and also 

mortality9.  

The World Health Organization (WHO) reported that obesity has nearly tripled since 

197510. The WHO estimates that more than 1.9 billion (40 %) of adults are overweight, of 

whom 650 million (13 %) are considered as clinically obese (WHO, 2016)10. Additionally, 

there is a strong association between obesity and diabetes. The majority (80 %) of individuals 

with T2D are also obese3. The incidence of diabetes has risen from 108 million in 1980 to 

422 million people in 2014 with a global estimated prevalence of 8.5 % (WHO, 2014)11. 
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Furthermore, diabetes has become one of the leading causes of death worldwide (WHO, 2016). 

In 2012 ,1.6 million deaths were directly caused by complications of diabetes, whereas another 

2.2 million were caused by high blood glucose levels1. 

1.2.1 Obesity and Diabetes Mellitus 

Obesity is defined as excessive fat accumulation that increases risk to health12. The body mass 

index (BMI) (weight[kg]/stature[m2]13) has been established to classify overweight 

(BMI > 25 kg/m2) and obesity (BMI > 30 kg/m2)14, however, it does not take into account the 

fitness level or the percentage of muscles of an individual. Obesity has a strong relationship to 

increased risk for insulin resistance and T2D12. It increases with age, genetic predisposition and 

an inappropriate lifestyle characterized by an imbalance between calorie intake and energy 

expenditure due to reduced physical activity15. Elevated levels of triglycerides, glycerol, 

hormones, cytokines and C reactive protein (CRP) are also involved in the development of 

insulin resistance in obese patients16. 

Additionally, the high amounts of non-esterified fatty acids reduce the use of glucose 

by the skeletal muscle (“Randle cycle”), stimulate the hepatic production of very low-density 

lipoproteins (VLDL) as well as glucose, which affects insulin secretion15. This in turn causes 

higher blood glucose levels and can lead to long-term complications, dysfunction or failure of 

different orangs, especially the eyes, kidney, nerves, heart and blood vessels17. 

1.2.2 Type 1 and Type 2 Diabetes Mellitus  

Diabetes mellitus is a chronic metabolic disease and can be classified into different subtypes in 

terms of diagnostic criteria, etiology and genetics18. Diabetes in general is characterized by high 

blood glucose levels (random glucose ≥ 200 mg/dL or ≥ 11.1 mmol/L or fasted glucose 

≥ 126 mg/dL or  ≥ 7 mmol/L)17, termed hyperglycemia, resulting from defects in insulin 

secretion, insulin resistance or a combination of both19. In addition, diabetes can be diagnosed 

using glycated hemoglobin, hemoglobin A1c (HbA1c; ≥ 6.5 % or ≥ 48 mmol/mol) as an 

indicator for the average of glycemic control over the past three months17,19. In 1997, the 

American Diabetes Association (ADA)17 proposed the following classification for the two main 

diabetes types: Type 1 diabetes (T1D: β-cell destruction leading to insulin deficiency), and 

Type 2 diabetes (T2D: β-dysfunction with insulin resistance). Although this standard 

classification is necessary for treatment strategies, the boundaries of diabetes types needs to be 

seen as flexible, since not every patient, particular young people, will fit into a single type20.  
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Fig. 1 Pathophysiology of type 1 and type 2 diabetes. Figure was adapted from21. 

 

Only about 5-10 % of patients diagnosed with diabetes have T1D22. This type of diabetes has 

also been named insulin-dependent diabetes as it results from a cellular-mediated autoimmune 

destruction of the insulin-producing β-cells of the pancreas (see 1.3.1 The Pancreases)17. The 

autoimmune response involves T-cells (insulitis) as well as B-cells (humoral response)23. It has 

been suggested that environmental factors and a genetic predisposition trigger islet 

autoantibodies causing the lack of insulin and the development of T1D24. T1D typically occurs 

in childhood (80-90% of patients under the age of < 20 years), but can also occur in adolescence 

or adulthood23,25. 

 The most common form of diabetes is T2D with 90-95% of patients being diagnosed 

with this type of diabetes. It is also called “non-insulin-dependent diabetes” or “adult-onset 

diabetes” and is caused by the failure of β-cells to secrete sufficient amounts of insulin 

(= insulin deficiency) to compensate for insulin resistance17. Obesity, as mentioned before, is 

the major risk factor driving insulin resistance and thereby causing T2D26. Interacting genetic, 

environmental and behavioral risk factors like overnutrition and a sedentary life style thus 

contribute to T2D26. This relative insulin deficiency leads to a decrease in glucose transport to 

insulin-target tissues such as liver, muscle and fat cells. The resulting high demand for insulin 

cannot be satisfied and leads to failed adaption causing β-cell dysfunction27 and reduced 

pancreatic β-cell mass due to increased apoptosis28. Originally, insulin resistance has been seen 
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as the key driver of T2D. However, insulin resistance has been recently discussed as an adaptive 

defense mechanism to the insulin-induced metabolic stress overload29,30. Therefore, overriding 

insulin resistance with intense insulin therapy might even be harmful for overweight or obese 

patients with severe insulin resistance29. Therefore, treatments counteracting nutrient-overload 

to lower glucose are preferable. Furthermore, inflammatory processes (see 1.4 Chronic 

Inflammation in Metabolic Disease) induced by the immune system, especially macrophages 

in the adipose tissue are well established to play a key role in the development of obesity-related 

insulin resistance and hence T2D5,12. 

1.3 Glucose Metabolism 

In metabolic disorders, the main focus is on the regulation and metabolism of glucose. Glucose 

is the main energy source of our body31. Nevertheless, when elevated it can lead to the main 

characteristic of T2D - hyperglycemia - due to dysregulation of glucose hemostasis17,32. To 

better understand the disease pathophysiology of diabetes, it is important to bear in mind the 

mechanisms regulating glucose homeostasis. Glucose homeostasis describes the balance of 

glucose entering the circulation (glucose appearance) and its removal from the circulation 

(glucose disappearance)33. Glucose appearance can be caused by intestinal absorption following 

food intake or hepatic processes such as the breakdown of glycogen by glycogenolysis or the 

synthesis of glucose by gluconeogenesis as well as renal production by gluconeogenesis and 

glycogenolysis33. Gluconeogenesis is driven by fasting and primarily generated from lactate 

and amino acids34.  

The anabolic hormone insulin was discovered as a the main regulator of glucose 

disappearance in the blood stream35. The primary action of insulin is to promote glucose uptake 

into the muscle and adipose tissue, thereby lowering blood glucose levels36. In addition, insulin 

suppresses postprandial glucagon secretion, promotes protein and fat synthesis and the use of 

glucose as an energy source. The glucose agonist - glucagon - was identified as a major stimulus 

of hepatic glucose production37,38. Glucagon stimulates the breakdown of liver stored glycogen, 

hepatic gluconeogenesis and ketogenesis, thereby preventing hypoglycemia in the fasted 

state39. Another important β-cell hormone is amylin, which is formed and co-secreted with 

insulin in response to caloric intake suppressing glucagon release, delaying the rate of gastric 

emptying and stimulating satiety35,40. Also, the gut incretin glucagon-like peptide-1 (GLP-1) 

has been recognized as a key determinant of glucose maintenance. GLP-1 is secreted from 

L cells of the gastrointestinal mucosa upon food intake and is known to slow down gastric 

emptying, enhance insulin secretion and suppress glucagon secretion41–43. Other glucose 

regulatory hormones are glucose-dependent insulinotropic peptide (GIP), epinephrine, cortisol 
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and growth hormones33.Thus, glucose homeostasis is based on a multi-hormonal interplay 

between insulin, glucagon, amylin and incretins.  

1.3.1 The Pancreas  

To ensure normal body functions, a tight control of changes in blood glucose levels are of 

upmost importance. To ascertain this, a network of various hormones and neuropeptides 

secreted from different locations in the body has developed (brain, pancreas, liver, intestine as 

well as adipose and muscle tissue). The pancreas represents the main key player for glucose 

homeostasis in this network44. The pancreas is both an exocrine (secreting digestive enzymes) 

and endocrine (releasing hormones into the circulation) organ45. Little grape-like cell clusters 

enriched with digestive enzymes termed acini, located at the terminal ends of the pancreatic 

ducts, form the exocrine part. The endocrine cells account for 1-2 % of the pancreas and are 

clustered together in so called islets of Langerhans due to their island-like structure and their 

discoverer Paul Langerhans (Fig. 2)36,46. These islets include five different cell types: glucagon 

producing -cells (15-20 %); amylin, C-peptide and insulin secreting -cells (65-80 %); 

pancreatic polypeptide (PP) producing PP-cells (3-5 %), somatostatin rich δ-cells (3-10 %) and 

ghrelin-producing ε-cells (<1 % of total islet cells)47–50. These secreted hormones have different 

functions and roles in maintaining glucose homeostasis. As mentioned above, insulin decreases 

glucose and glucagon increases blood glucose levels48. While somatostatin counteracts 

glucagon and insulin release51, PP controls the endocrine and exocrine pancreas secretion 

activity49. To ensure rapid delivery of secreted hormones to the circulation, pancreatic islets are 

highly vascularized. 

 

Fig. 2 Overview of pancreas anatomy. The pancreas is composed of an exocrine (acinar cells secreting digestive 

enzymes) and endocrine part (islets of Langerhans) consisting of five different hormones producing cell types: -

cells, -cells, PP-cells, δ-cells and ε-cells. Figure was taken and adapted from52,53.  
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1.3.2 Insulin Secretion 

In response to caloric intake, insulin is secreted by the -cells of the pancreas. This process is 

called glucose-stimulated insulin secretion (GSIS) (Fig. 3) which is the main feature of adult - 

cells54. In the pathogenesis of T2D this function is dysregulated or even completely lost36,55.  

Elevated blood glucose levels are rapidly detected by the -cells after glucose enters the 

cytoplasm via glucose transporter 2 (GLUT2) proteins located at the cell surface. After entry 

into the cell, glucose is first processed via glycolysis into pyruvate. Thereafter, adenosine 

triphosphate (ATP) is generated by mitochondrial pyruvate oxidation through the tricarboxylic 

acid cycle (TCA), resulting in a higher ATP/ADP ratio. This process closes ATP-sensitive 

potassium (K+
ATP) channels and thereby induces membrane depolarization56, which in turn 

opens voltage-dependent Calcium (Ca2+) channels, leading to a cytosolic increase of Ca2+. 

Higher intracellular Ca2+ facilitates membrane fusion of insulin containing granules and finally 

exocytosis of insulin.36,44,57,58 

 

Fig. 3 Glucose-stimulated insulin secretion in pancreatic -cells. After glucose entry, glucose is converted to 

pyruvate during glycolysis, later generated to ATP by mitochondrial oxidative phosphorylation. The increased 

ratio of ATP/ADP levels leads to closed K+
ATP channels causing polarization of the cell membrane. Ca2+ channels 

are voltage dependent and thus open upon polarization. This results in a higher Ca2+ influx. Subsequently, vesicles 

containing insulin will be secreted by exocytosis. Figure was adapted from57. 

1.4 Chronic Inflammation in Metabolic Disease 

Besides the classical disease manifestations of glucose intolerance, insulin resistance, 

dyslipidemia and hypertension59,60, chronic low-grade inflammation has emerged as a key 

feature of metabolic disease4,61,62. This inflammation is characterized by abnormal cytokine 

production, activation of inflammatory signaling pathways and especially the infiltration of 

macrophages into different tissues. For instance, adipose tissue inflammation, where 

macrophages accumulate in adipose tissue, is a main attribute of obesity63,64. In addition, 
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systemic inflammation plays a central role in obesity and insulin resistance as seen by increased 

inflammation markers, such as tumor necrosis factor (TNF)65, Interleukin-1 (IL-1)66, IL-667 

or CRP68,69. Overstimulation with glucose or free fatty acids cause intracellular stress, such as 

endoplasmic reticulum (ER) stress or excess of ROS production by mitochondria, inducing 

inflammatory pathways associated with insulin resistance70–73. To date, however, the origin of 

this inflammatory process is unclear.  

1.5 Macrophages  

In chronic diseases such as metabolic disease, macrophages have been identified as crucial 

contributors to the inflammatory processes mediating glucose dysregulation74,75. Macrophages 

belong to the innate immunity, which is the first line response of our immune system upon 

infection76,77. The innate immune system recognizes pathogen-associated molecular patterns 

(PAMPs) and reacts rapidly but in a non-specific manner77. Macrophages have been discovered 

by Metchnikoff and were termed after their phagocytic activity (makrós= big, phagein= eat)78. The 

progenitors of these phagocytic cells have the ability to self-renew, or rise from yolk sac, fetal 

liver as well as from bone marrow-derived blood monocytes79–84. Their major lineage regulator 

is the colony stimulating factor 1 receptor (CSF1R)85. CSF1R is a transmembrane tyrosine 

kinase receptor that is mostly expressed on all mononuclear phagocytes and important for their 

development und functional activity86,87. Under physiological conditions macrophages 

maintain tissue homeostasis by clearing dead cells or damaged tissue88. However, dysregulated 

conditions triggered by physical, chemical or metabolic stimuli induce inflammation, as seen 

by secreted proinflammatory mediators by injured cells89. Constant metabolic stimuli overload 

the system and cause a chronic low-grade inflammation. This inflammation mostly is governed 

by an infiltration and accumulation of macrophages, in T2D especially in adipose tissue90,91. 

Furthermore, researchers have demonstrated a high plasticity and functional diversity at 

particular tissue locations92,93. According to their activation status, macrophages can be 

classified into quiescent (M0), activated (pro-inflammatory “M1” by LPS/IFN-γ) and 

alternatively activated (anti-inflammatory “M2” by IL-4/IL-13/IL-10) macrophages94,95. M1 

macrophages are highly inflammatory and linked to inflammatory diseases91,96,97. Being 

activated, they change their phenotype and release inflammatory mediators, such as 

proinflammatory cytokines initiating inflammatory cascades. Macrophage polarization can be 

metabolically reprogramed and alter the regulation of glucose metabolism98. In diabetes the 

classical secreted proinflammatory cytokine is IL-1, which has been shown to block insulin 

signaling and induce insulin resistance99,100. However, it has also been shown that macrophage-
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derived IL-1 secretion can also play a physiological role such as supporting postprandial 

insulin secretion101. 

1.6 Gastrointestinal Changes in Metabolic Disease 

The gastrointestinal tract’s immune system could be a potential starting point of inflammation 

in metabolic disease as the gut is the primary site exposed to food antigens. Indeed, evidence 

points to the gastrointestinal tract as a site of inflammation in obesity as evidenced by changes 

in the microbiota (see 1.6.1 Gut Microbiota) and the intestinal immune system (see 1.6.2 

Intestinal Immunity).  

1.6.1 Gut Microbiota 

In terms of metabolic disease, the main focus of the role of the gastrointestinal tract up to now 

concerned the gut microbiome. Changes in the gut flora, termed as “dysbiosis”, are believed to 

contribute to chronic low-grade inflammation by increased permeability and thereby leaking of 

bacterial products such as lipopolysaccharides into the systemic circulation upon HFD102,103. 

The leakage of those endotoxins across the epithelial gut barrier is termed endotoxemia and 

potentiates systemic inflammation104,105. Researchers have tried to understand how the gut 

microbiota contribute to metabolic disease, especially insulin resistance. So far, it was reported 

that the microbiota composition and function can fluctuates depending on quantity and dietary 

composition106,107. In a healthy gut, microbiota Bacteroidetes and Firmicutes dominate with 

90 % of the bacterial phylotypes besides other phyla such as Actinobacteria, Verrucomicrobia, 

and Fuscobacteria108. In obesity, a less diverse genomic repertoire of gut microbiota was 

identified109,110. Dietary intervention was able to restore gut microbial richness and improve 

inflammation109. In addition, a microbial shift characterized by an altered 

Bacteroidetes/Firmicutes ratio with an increase of Firmicutes bas been described in ob/ob 

mice109. However, human studies could not confirm the link between higher ratios of Firmicutes 

to Bacteroidetes in obese subjects111–113.  

A first connection between gut microbiota and glucose homeostasis was made with 

germ-free (GF-) mouse experiments. Hereby, GF-mice were protected from obesity and insulin 

resistance upon HFD which was reversed after fecal transplant114. Additionally, microbiota-

targeted therapies in humans have been shown to improve glucose metabolism115–117. Fecal 

transplants from obese or diabetic patients can partly reproduce an obese metabolic phenotype 

in GF-mice118. Other studies have linked molecular markers to dysregulated glucose 

homoestasis110,119,120. However, also controversial data exist, for instance a recent study 

showing that short-term HFD induced microbial changes are not causally linked to insulin 
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resistance121. However, it was shown that gut microbiota can influence glucose homeostasis via 

the regulation of bile acids, for instance triggering the activation of farnesoid X receptor (FXR) 

or G protein-coupled bile acid receptor TGR5122,123. Other suggested mechanisms include the 

modulation of incretin secretion such as GLP-1 and GIP124–126 and short fatty acid production127. 

However, the underlying mechanism how the gut microbiota impact on glucose metabolism is 

not fully understood.  

1.6.2 Intestinal Immunity  

The gastrointestinal tract hosts a large variety of immune cells that potentially respond to 

microbial or dietary cues by mounting an inflammatory response and influencing thereby 

glycemic control. So far, increased TNF-expression, activation of NF𝜅B or TLR4-

immunoreactivity or IL-1 and IL-12p40 have been described locally in the gut wall after 

HFD102,128,129. These inflammatory changes suggest that intestinal immune cells play a crucial 

role in mediating inflammatory as well as metabolic alterations upon HFD. However, how high 

caloric diets act on intestinal immune cell populations and whether such changes contribute to 

glucose dysregulation remains elusive.  

The literature has suggested a possible link between changes in the adaptive intestinal 

immunity and obesity and insulin restiance130–132. Here, studies revealed a pro-inflammatory 

shift with reduced Foxp3+ regulatory T  cells, increased Th1, CD8+ and IL-17-producing T 

cells upon HFD130. Furthermore, the gut anti-inflammatory agent, 5-aminosalicylic acid, 

reversed bowel inflammation and metabolic parameters130. In addition, mucosa-associated 

invariant T (MAIT) cells, known as innate-like T cells, were shown to decrease in obese or T2D 

patients causing an activated phenotype associated with elevated Th1 and Th17 cytokine 

production. However, detailed characterization of MAIT cells as well as their contribution to 

inflammation in T2D has not yet been done. In terms of innate immunity, IL-22, which is 

produced by innate lymphoid cells (ILC), might be involved in maintaining mucosal immunity 

during obesity133. However, IL-22-/- mice do not show any changes in metabolic parameters 

under HFD, whereas recombinant IL-22 was able to reduce bodyweight und metabolic 

complications133. Other studies showed that eosinophil depletion upon HFD correlated with 

increased intestinal permeability and HFD intake133.  

So far, not much is known about the contribution of intestinal macrophages and dendritic 

cell (DC) and their subpopulations. One study shows that DCs remain unchanged in numbers 

under HFD134. An increased inflammatory tone in intestinal macrophages has been reported to 

precede adipose tissue inflammation during obesity135. However, the characterization of 



 

  13 

 1 Introduction  

specific intestinal macrophage subpopulations, as well as a causal link between changes in their 

function and metabolic disease, has as of yet not been assessed.  

1.7 Intestinal Macrophages 

Evidence has pointed to intestinal macrophages as a “remote control” for adipose tissue 

inflammation and insulin resistance135,136. 

Intestinal macrophages are a heterogeneous cell 

population. Based on surface marker expression, 

like Ly6C-MHCII, they have been classified into 

five subpopulations P1-P5 that follow along a 

common differentiation trajectory (Fig. 4)137–139. 

All subpopulations originate from bone marrow-

derived Ly6Chigh monocyte precursors140, which 

first differentiate into CCR2+ macrophages that 

can be further subdivided into pro-inflammatory 

(“M1”-like) subpopulations P1, P2 and an 

intermediate stage P3138. These short-lived transitional cells gradually lose their pro-

inflammatory phenotype to become CCR2- anti-inflammatory/resident (“M2”-like) 

macrophages, which include subpopulations P4 and P5137,139. Early in life, yolk-sac-derived 

macrophages were still present in the intestine. However, in adult mice, resident macrophages 

seem to mainly originate from circulating monocytes 135,139. 

In normal health, the anti-inflammatory/resident intestinal macrophages predominate. 

They display a remarkable anergy towards pro-inflammatory stimuli such as bacteria or TLR-

ligands despite their phagocytic activity138,141. However, in intestinal inflammation, such as 

Crohn’s disease or colitis, intestinal macrophages retain an inflammatory phenotype and are 

developmentally disturbed at subpopulation P2. This differentiation stop results in the 

accumulation of pro-inflammatory/monocyte-derived macrophages137,138,142–145. However, 

whether obesity affects these intestinal macrophage subpopulations and what role they play in 

glucose metabolism is currently unknown 

Fig. 4 Monocyte-waterfall of intestinal 

macrophages. Intestinal macrophages can be 

subdivided into CCR2+ pro-inflammatory (“M1”-

like) P1, P2 subpopulations and an intermediate 

subpopulation P3 as well as in CCR2- (“M2”-like) 

anti-inflammatory/resident subpopulations P4, 

P5. Figure was adapted from235 
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2 Aim of the Thesis 

As macrophages are key players of chronic low-grade inflammation in metabolic disease, they 

could potentially mount a first-line response in the gastrointestinal tract to dietary or microbial 

cues and thereby affect glycemic control. So far, the phenotypic and functional profile of 

intestinal macrophage subpopulations and their contribution to glycemic control is still 

unknown. 

The aim of the current study was to elucidate the role of intestinal macrophage 

subpopulations in glucose metabolism and the molecular mechanisms involved. Intricately 

understanding the relation between dietary and microbial cues, the host’s immune system and 

its metabolic response is crucial for an in-depth understanding of the disease mechanism in 

obesity. This might open up new possibilities in the development of immune-modulatory 

treatments for metabolic disease. 
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3 Material and Methods 

3.1 Experimental Model and Subject Details 

Mice 

Male C57BL/6N (B6) mice and CCR2-/- mice (in-house-bred: Department of Biomedicine, 

University Hospital Basel, Switzerland or ordered from Charles River, Wilmington, US) were 

maintained in our SPF-facility at room temperature of 22°C on a 12h light/12h dark cycle. 

Germ-free B6J mice were bred and maintained in flexible-film isolators or in individually 

ventilated cages (IVC) at the Clean Mouse Facility, University of Bern, Switzerland. For most 

of the HFD studies 5-8 week-old weight-matched mice were fed either a HFD or chow diet for 

up to 3 months.  

Physiology: To assess the physiology of intestinal macrophages, B6 mice on chow diet and 

coconut-based HFD (60% fat; #D12331 Research Diets, New Brunswick, US) were sacrificed 

at three different timepoints: 4 pm ,12 pm, and 8 am. Fed mice were compared to fasted controls. 

Fasting/Refeeding: Mice were fasted overnight with free access to water. Refeeding with 

coconut-based HFD was done in the morning for 30 min up to 4 h. 

Chronic HFD feeding: In our chronic HFD-induced obesity mouse model mice were fed a high-

fat diet ad libitum; either coconut-based (Surwit with sucrose HFD; 60 % fat; #D12331 

Research Diets or Sniff, Soest, Germany) or a lard-based purified HFD (60 %; #D12492i; 

Research Diets) for up to three months. Control groups were fed either a chow diet (#3436, 

Kliba nafag, Kaiseraugst, CH) or a purified control diet with nearly no fibers (Starch: 10 % kcal 

% fat; D#12450Ji; Research Diets). See diet details in Table 1. 

 

Table 1. Diet composition of control diets and HFD 

Diet Fat Protein Carbohydrates Fibers 

Chow diet 4.5 % Crude fat 18.5 %  35 % Starch 4.5 % 

Coconut HFD 58 % Coconut fat  

(Soybean and Coconut Oil) 

16.4 % 25.5 % (Maltodextrin 10, Sucrose) 0.5 % 

Starch 10 % Lard fat 

(Soybean Oil and Lard) 

20 % 70 % Starch 

(Maltodextrin 10, Sucrose) 

0 % 

Lard HFD 60 % Lard fat 

(Soybean Oil and Lard) 

20 % 20 % (Maltodextrin 10, Sucrose) 0 % 

Units in kcal%. 

 



 

  16 

 3 Material and Methods  

Human subjects 

Colon biopsies were collected from both male and female obese (BMI > 32 kg/m2, n=8) and 

lean (BM < 27 kg/m2, n=13) individuals with an average age of 60±14.89 years. Gastroscopy 

biopsies of lean (n=12) and obese (n=12) patients were also collected from both genders with 

an average age of 48.83±16.72 years. In addition, blood was obtained from male and female 

obese (n=15) and lean (n=21) patients with an average age of 52±17.36 years. Exclusion 

Criteria: Inability to provide informed consent, intake of corticosteroids, anti-inflammatory/ 

immunosuppressive drugs potentially altering immune cells, clinical signs of current infection, 

known anemia (e.g. hemoglobin < 110 g/L for males, < 100 g/L for females) or neutropenia 

(e.g. leukocyte count < 1.5 × 10^9/L or ANC < 0.5 × 10^9/L), known immunodeficiency (e.g. 

HIV), vasculitis or collagenosis, inflammatory bowel disease, adrenal insufficiency and/or 

substitution with glucocorticoids, known clinically significant kidney or liver disease (e.g. 

creatinine > 1.5 mg/dL, AST/ALT > 2 × ULN, alkaline phosphatase > 2 × ULN, or total 

bilirubin [tBili] > 1.5 × ULN, liver cirrhosis Child B or C), risky daily alcohol consumption (> 

24g/d for males, > 12g for females), known uncontrolled congestive heart failure, known 

uncontrolled malignant disease or currently pregnant or breastfeeding. Subjects were referred 

by the Department of Gastroenterology at the University Hospital Basel/Clarunis, University 

Center for Gastrointestinal and Liver Diseases Basel or the doctor’s office MagenDarm Basel 

for a diagnostic colonoscopy on the basis of symptoms suggestive for irritable bowel syndrome 

or for colorectal cancer screening (recommended in Switzerland after the age of 50 years). 

Researchers were blinded during sample-processing and data acquisition. For the statistical 

analysis between obese and lean patient, researchers were unblinded. 

 

Study Approval 

All animal procedures were approved by the local Animal Care and Use Committee and 

performed in accordance with Swiss Federal regulations. The human material was collected 

and used with informed consent. Permission for the human study (ID: 2018-00712; full title 

“Characterization of human intestinal macrophages in metabolic disease- iMAC study” 

ClinicalTrails.gov) was obtained by the Ethical commission in Basel (Ethikkommission 

Nordwest- und Zentralschweiz). 

 

 

https://clinicaltrials.gov/ct2/show/NCT03796000
https://clinicaltrials.gov/ct2/show/NCT03796000?cond=Characterization+of+human+intestinal+macrophages+in+metabolic+disease-+iMAC+study&draw=2&rank=1
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3.2 Macrophage Depletion and mTOR Inhibition Models 

Systemic Depletion by CSF1R inhibitor BLZ945: For dose-dependent depletion of 

macrophages, HFD-fed mice were treated by oral gavage with 50, 100 or 200 µg/g CSF1R 

inhibitor (BLZ945; MTA Novartis, Basel, Switzerland) or its vehicle (20 % Captisol; Ligand, 

San Diego, US) for up to ten weeks (5 times/week). Treatment started 1 week before HFD 

feeding. 

Intrarectal and Intraperitoneal Application of Clodronate Liposomes: To specifically deplete 

colonic macrophages, mice were anesthetized with isoflurane and clodronate liposomes were 

injected intrarectally with a flexible gavage needle coated with lubricant. This colon-specific 

depletion model was compared to systemic depletion by intraperitoneal (i.p.) application of 

clodronate liposomes. In both strategies either clodronate liposomes (#C-005) or control PBS 

liposomes (#P-005, Liposoma B.V.146) were injected every other day (100 µL/500 µg/injection) 

starting from day -4 until day 6 after start of HFD feeding. Application rhythm was assigned 

similar to the intrarectal inoculation with clodronate liposomes in Qualls et al, 2006147.  

Intrarectal and Intraperitoneal Application of Rapamycin: To inhibit mammalian target of 

rapamycin (mTOR), mice were treated intrarectally or i.p. with 3 mg rapamycin/kg/every other 

day (Cat#HY-10219, MedChemExpress), according the application of clodronate liposomes. 

3.3 Isolation of Intestinal Macrophages 

Colon: Intestinal lamina propria lymphocytes were isolated from the colon of mice or from 

human biopsies. For mouse colon, the length was measured, fat was removed and the tissue 

was first cut open longitudinally, then cut into 1 cm pieces and washed in ice-cold DPBS or 

HBSS (without Mg/Ca). To remove the epithelial layer, tissue pieces and biopsies were washed 

twice in HBSS/2 mM EDTA shaking 20 min at 37 °C. EDTA was removed by washing in 

HBSS only and transferred into a gentle MACS C-tube (#130-096-334, Miltenyi Biotec) 

containing 3 mL Complete IMDM Medium (1x IMDM, 10 % FBS, P/S, Glutamax). Next 3 mL 

of 2x Collagenase VIII (#C2139, Sigma-Aldrich) digestion mix (Complete IMDM, 2mg/mL 

Collagenase VIII, 25 µg/mL DNase I) was added to start enzymatic digestion shaking at 37 °C 

(mouse colon: 25-30 min, human biopsies: 35-40 min). Digested tissue was homogenized using 

the gentleMACS Octo Dissociator (Militenyi Biotec; program: ms_intestine-01) and digestion 

was stopped by adding 60 µL/ 6 mL 0.5M EDTA. For leukocyte enrichment a percoll gradient 

(40 %/70 %, #GE17-0891-01, GE Healthcare) was performed (600 g, 20 min, 22 °C, brake and 

acceleration 0 or 1). The lymphocyte ring was collected from the interphase, and washed (550 g, 

5 min, 22 °C) with FACS Buffer (1xDPBS, 0.5% BSA, 5 mM EDTA). The pellet was 
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resuspended in 200 µL FACS Buffer containing Fc Blocking and filtered through a 35 µM 

strainer FACS tube (#352235, Corning). 

3.4 Isolation of Macrophages from other Tissues 

Adipose and Liver Tissue: Adipose and liver tissue were minced with scissors and rinsed with 

1x HBSS (adipose tissue: 4 mL; liver lope: 1 mL). Digestion was started by adding 4 or 1 mL, 

respectively of 2x Collagenase IV (#C2139, Worthington) digestion mix (1x HBSS, 20 mM 

HEPES, 3 mg/mL Collagenase IV and 16.5 µg/mL DNAse I) and shaking for 20-30 min at 

37 °C; 400 rpm. After 15 min liver samples were pipetted up and down. Digestion was 

quenched by adding FACS buffer and the suspension was filtered through a cotton gauze. 

Erythrocytes were removed using Red Cell Lysis Buffer (154 mM NH4Cl, 10 mM KHCO3, 

0.1 mM EDTA). Liver lymphocytes were enriched using a 70 %/40 % percoll gradient. Later 

cells were washed and filtered for FACS staining. 

Peritoneum: To isolate peritoneal macrophages the abdominal skin was peeled off. Peritoneum 

was perfused with 10 mL FACS buffer and the mouse carefully shaken and pierced over a glass 

funnel into a 50 mL reaction tube. The isolated cells were filtered through a 70 µm strainer 

(#431751, Corning) and pelleted (550 g, 5 min, 4 °C). Cells were lysed using Red Cell Lysis 

Buffer, washed and filtered for FACS staining. 

Brain: To isolate microglia whole-brains were excised from the skull and mechanically 

dissociated in FACS buffer using a Dounce-homogenizer (#D9938-1SET, Merck). Cells were 

then passed through a 70 μm cell strainer, washed with FACS buffer and enriched by 

performing a 70 % 37 % percoll gradient (30 min, 750 g, minimal brake). The microglia-

containing interphase was subsequently collected and filtered, washed and used for FACS 

analysis. 

3.4 Antibodies and Flow Cytometry 

Flow Cytometry Staining: To reduce unspecific binding, the Fc receptor was blocked using 

CD16/32 prior to incubation with monoclonal antibodies (mAbs) for 30 min-1 h on ice. All 

mAbs used for flow cytometry are listed in Table 2. If FACS analysis could not be done at the 

same day stained cells were fixed by using fixation buffer (#00-5523-00S, Thermo Fisher 

Scientific, Waltham, US). 

MitoTracker Staining: For MitoTracker staining cells were washed with cold FACS Buffer after 

the surface staining and then stained with MitoTracker probes (Thermo Fisher Scientific) at 

37 °C in the dark (10 nM MitoGreen and 5 n MitoRed for 20 min in 10 % FACS Buffer, 

1 µM MitoSOX for 10 min in 1x HBSS (no Mg/Ca)).  
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mTOR Staining: For the assessment of mTOR activation cells were fixed with BD Fix I Buffer 

(Becton Dickinson Biosciences, Franklin Lakes, US) (10 min, 37 °C) after surface staining. 

Subsequently, cells were washed and permeabilized by adding BD Perm Buffer II. After 30 min 

incubation on ice cells were washed twice with FACS Buffer. Cell pellet was then stained for 

1 h at RT with anti-pS6 and anti-pS473.  

Samples were acquired with a LSRIIFortessa or Aria III (BD Biosciences) and analyzed with 

FlowJo software 10.6.1 (BD Biosciences). 

Table 2. Flow Cytometry Antibodies and Reagents 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies for Murine Intestinal Macrophages 

Anti-mouse CD16/CD32 Biolegend Cat#101310; RRID: AB_2103871  

Anti-mouse CD3 (145-2C11) APC-Cy7 Biolegend Cat#100330; RRID: AB_1877170; 

Anti-mouse CD19 (6D5) APC-Cy7 Biolegend Cat#115530; RRID: AB_830707 

Anti-mouse NK1.1 (PK136) APC-Cy7 Biolegend Cat#108723; RRID: AB_830870 

Anti-mouse Ly6G (1A8) APC-Cy7 Biolegend Cat#127624; RRID: AB_10640819 

Anti-mouse CD45 (30-F11) PerCP-Cy5.5 Biolegend Cat#103131; RRID: AB_893344 

Anti-mouse CD24 (M1/69) PE-Cy7 Biolegend Cat#101821; RRID: AB_756047 

Anti-mouse CD11b (M1/70) BV421 Biolegend Cat#101236; RRID: AB_11203704 

Anti-mouse CD64 (X54-5/7.1) APC Biolegend Cat#139306; RRID: AB_11219391 

Anti-mouse Ly6C (HK 1.4) FITC Biolegend Cat#128005; RRID: AB_1186134 

Anti-mouse I-A/I-E (M5/114.15.2) BV785 Biolegend Cat#107645; RRID: AB_2565977 

Anti-mouse CCR2 (475301) PE R&D Systems Cat#FAB5538P-25/100; RRID: 

AB_10718414 

Anti-mouse CD11c (N418) BV650 Biolegend Cat#117339; RRID: AB_2562414 

Anti-mouse CD103 (2E7) PE-Dazzle594 Biolegend Cat#121430; RRID: AB_2566493 

Antibodies for Adipose Tissue Macrophages 

Anti-mouse F4/80 (BM8) PE Biolegend Cat#123110; RRID: AB_893486 

Anti-mouse CD11c (N418) PE-Cy7 Biolegend Cat#117318; RRID: AB_493568 

Anti-mouse CD206 (C068C2) A647 Biolegend Cat#141712; RRID: AB_10900420 

Anti-mouse Siglec F (E50-2440) BV510 BD Biosciences  Cat#740158; RRID: AB_2739911 

Antibodies for other Stainings 

Anti-mouse F4/80 (BM8) e660 Thermo Fisher Scientific Cat#50-4801-80; PRID:AB_11150065 

Anti-mouse CD11b (M1/70) A488 Thermo Fisher Scientific Cat#53-0112-80; PRID:AB_469900  

Anti-mouse CD11b (M1/70) e660 Thermo Fisher Scientific Cat#50-0112-82; PRID:AB_11218507 

Anti-mouse CD45 (30-F11) A700 Biolegend Cat#103128; RRID: AB_493715 

Anti-mouse Ly6C (AL-21) BV605 BD Biosciences  Cat#563011; RRID: AB_2737949 

Anti-mouse Akt (pS473) PE BD Biosciences  Cat#560378; RRID: AB_1645328 

Anti-mouse S6 (pS235/pS236) (N7-548) 

A488 

BD Biosciences  Cat#560434; RRID: N/A 

Antibodies for Human Intestinal Macrophages 

Anti-human CD19 (HIB19) PE-Cy5 Biolegend Cat#302209; RRID: AB_314239 

Anti-human CD3 (UCHT1) PE-Cy5 Biolegend Cat#300410; RRID: AB_314064 

Anti-human  CD56 (5.1H11) PE-Cy5 Biolegend Cat#362515; RRID: AB_2564088 

Anti-human  CD20 (2H7) PE-Cy5 Biolegend Cat#302307; RRID: AB_314255 

Anti-human TCRαβ (IP26) PE-Cy5 Biolegend Cat#306710; RRID: AB_314648 

Anti-human CD45 (HI30) PerCP-Cy5.5 Biolegend Cat#304027; RRID: AB_1236444 

Anti-human CD64 (10.1) A647 Biolegend Cat#305012; RRID: AB_528867 

http://antibodyregistry.org/AB_2103871
http://antibodyregistry.org/AB_1877170
http://antibodyregistry.org/AB_830707
http://antibodyregistry.org/AB_830870
http://antibodyregistry.org/AB_10640819
http://antibodyregistry.org/AB_893344
http://antibodyregistry.org/AB_756047
http://antibodyregistry.org/AB_11203704
http://antibodyregistry.org/AB_11219391
http://antibodyregistry.org/AB_1186134
http://antibodyregistry.org/AB_2565977
http://antibodyregistry.org/AB_10718414
http://antibodyregistry.org/AB_2562414
http://antibodyregistry.org/AB_2566493
http://antibodyregistry.org/AB_893486
http://antibodyregistry.org/AB_493568
http://antibodyregistry.org/AB_10900420
http://antibodyregistry.org/AB_2739911
http://antibodyregistry.org/AB_11150065
http://antibodyregistry.org/AB_469900
http://antibodyregistry.org/AB_11218507
http://antibodyregistry.org/AB_493715
http://antibodyregistry.org/AB_2737949
http://antibodyregistry.org/AB_1645328
http://antibodyregistry.org/AB_314239
http://antibodyregistry.org/AB_314064
http://antibodyregistry.org/AB_2564088
http://antibodyregistry.org/AB_314255
http://antibodyregistry.org/AB_314648
http://antibodyregistry.org/AB_1236444
http://antibodyregistry.org/AB_528867
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Anti-human HLA-DR (L243) A488 Biolegend Cat#307619; RRID: AB_493176 

Anti-human CD14 (MφP9) BUV395 BD Biosciences  Cat#563562; RRID: AB_2744288 

Anti-human CD16 (3G8) BUV496 BD Biosciences  Cat#564654; RRID: AB_2744294 

Anti-human CD209 (9E9A) PE Biolegend Cat#330105; RRID: AB_1134060 

Anti-human CD163 (GH1/61) BV421 Biolegend Cat#333611; RRID: AB_2562462 

Anti-human CCR2 (KO36C2) BV510 Biolegend Cat#357217; RRID: AB_2566503 

Anti-human CD33 (WM53) BV785 Biolegend Cat#303427; RRID: AB_2650887 

CD103 (Ber-ACT8) BV605 Biolegend Cat#350217 ;RRID: AB_2564282 

Chemicals and Reagents 

Fix Buffer I BD Biosciences Cat#557870 

Perm Buffer III BD Biosciences Cat#558050 

MitoTracker. Green FM Thermo Fisher Scientific Cat# M7514 

MitoTracker. Red CMXRos  Thermo Fisher Scientific Cat#M7512 

MitoSOX™ Red mitochondrial superoxide 

indicator 

Thermo Fisher Scientific Cat# M36008 

DAPI Biolegend Cat#422801 

Zombie Aqua Fixable Viability Kit Biolegend Cat#423102 

Zombie NIR Fixable Viability Kit Biolegend Cat#423105 

 

Flow cytometry Gating Strategies: 

Intestinal Macrophages: Intestinal macrophages were characterized as CCR2+ (pro-

inflammatory/monocyte-derived: P1, P2 and intermediate: P3) and CCR2- (anti-

inflammatory/resident: P4, P5) as previously described137,138,148(see Figure 1A). The following 

surface markers were used: negative selection for NK1.1, CD3, CD19, Ly-6G (to exclude NK-

, T-, B- cells, neutrophils) and positive selection for live cells (DAPI or Zombie Aqua negative), 

CD45 (pan-leukocyte marker), CD11b, CD24, CD64, Ly-6C and CCR2 (to exclude CD24hiLy-

6C-CD64- DCs and distinguish CCR2+ (CCR2+CD64low to high) and CCR2- (CCR- to lowCD64high) 

subsets), MHCII/Ly-6C (to characterize iMac subpopulations P1-P5)).  

Intestinal Dendric Cells: Intestinal Dendritic cells (DC) were assigned within live CD45+Lin- 

cells after exclusion of CD64+ macrophages and gating on MHCII+CD11c+ DCs into 4 different 

DC subpopulations: double negative (DN), CD11b+CD103-, CD11b-CD103+, 

CD11b+CD103+(DP) (see Figure S1C)149. 

MitoTracker Staining: For mitochondria function assays isolated intestinal macrophages were 

identified as live(DAPI-)CD45+CD11b+Lin- and excluding CD64-Ly6C- and characterized as 

P1-P5 subpopulations by MHCII/Ly6C using following surface markers: 

CD3/CD19/NK1.1/Ly6G APC-Cy7, CD45 A700, CD11b BV421, Ly6C BV605, MHCII 

BV785, CD64 APC. 

 

http://antibodyregistry.org/AB_493176
http://antibodyregistry.org/AB_2744288
http://antibodyregistry.org/AB_2744294
http://antibodyregistry.org/AB_1134060
http://antibodyregistry.org/AB_2562462
http://antibodyregistry.org/AB_2566503
http://antibodyregistry.org/AB_2650887
http://antibodyregistry.org/AB_2564282
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mTOR Staining: For the assessment of mTOR activation anti-pS6 (mTOR) A488 (BD) and 

anti-pS473 (Akt) PE (BD) were used. Surface staining including e455 or NIR fixable dye, 

CD3/CD19/NK1.1/Ly6G APC-Cy7, CD45 A700, CD11b BV421, CD64 APC, Ly6C BV605, 

MHCII BV785 was performed. 

Adipose Tissue Macrophages: After excluding eosinophils (CD45+F4/80lowSiglecF+), ATMs 

(liveCD45+CD11b+F4/80+) were classified as double negative (DN), monocyte-derived M1a 

(CD11c+CD206-), inflammatory M1b (CD11c+CD206mid) and anti-inflammatory M2 (CD11c- 

to lowCD206hi) subpopulations150–153 (see Figure S1G).  

Peritoneal Macrophages: Macrophages (CD45+CD11c-nonDCs) isolated from the peritoneum 

were identified as small (SPM: CD11b+F4/80low) and large (LPM: CD11b+F4/80hi) peritoneal 

macrophages154 (see Figure 3A). 

Liver Kupfer Cells: Hepatic macrophages were characterized using different surface markers 

including CD45, F4/80, Ly6C, CD11b and CD11c. Hereby, we could identify macrophages 

among hepatic CD45+ leukocytes: monocyte-derived macrophages (CD11b+F4/80+/-Ly6C+/-) 

and Kupffer cells/resident macrophages (CD11b+F4/80+)155–157. 

Microglia: Microglia could be detected in extracted brain cells by the expression of CD45 and 

CD11b (see Figure 3A).  

Islet Macrophages: Pancreatic islet macrophages were identified in live CD45+ leucocytes as 

CD11b+F4/80+.  

Human intestinal macrophages: Human intestinal macrophages were characterized as CD14high 

(pro-inflammatory/monocyte-derived: P1, P2 and intermediate: P3) and CD14low (anti-

inflammatory/resident: P4, P5) (see Figure 7A)138,158. The following human surface markers 

were used: Negative selection for CD19, CD20, CD3, TCRαβ, CD56 (to exclude B cells, T 

cells, NK cells) and positive selection for live cells (Zombie NIR negative), CD45 (pan-

leukocyte marker), CD64 and CD33 (macrophage marker to exclude CD33-CD64-), HLA-DR 

and CD14 (excluding HLA-DR-CD14-) to distinguish CD14high (HLA-DRlow to highCD14high) and 

CD14low (HLA-DR+CD14low) subsets), CD163 and CD209 (to characterize subpopulations P1-

P5))138,158. Intestinal dendritic cells (DC) were identified by the expression of CD103. 

Additional monocytes marker, such as CCR2, CD14 and CD16 were also included in the 

staining. 
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Peripheral blood mononuclear cells (PBMCs): PBMCs can be classified into classical (CD14++ 

CD16-), intermediate (CD14++CD16+) and non-classical (CD14+CD16++) human monocyte 

subpopulations (see Figure 7D)159. All antibodies used for the biopsies were used also for 

staining PBMCs. 

3.5 Metabolic Assessments 

Metabolic phenotype was assessed by glucose and insulin tolerance tests (GTT/ ITT) performed 

at 1, 4 and 12 weeks of HFD feeding. For a GTT mice were fasted 6 h. After intraperitoneal 

(IPGTT) or oral (OGTT) injection of glucose (2 g/ kg bodyweight) blood glucose was 

monitored from the tail vein after 15, 30, 60, 90 and 120 min using a glucometer (Freestyle, 

Abbot). For active GLP-1 measurements 25 mg/kg sitagliptin (Cat#sc-364620, Santa Cruz) was 

injected i.p. 30 min before oral glucose application. To block GLP-1 or parasympathetic action 

236 µg/kg Exendin (9-39) (#H-8740, Bachem) or 5 mg/kg atropine (#A0257-5G, Sigma), 

respectively, were i.p. injected at timepoint -30 min prior glucose application. Blood was 

sampled in EDTA tubes for further analysis. For measurements of GLP-1 100 µM DPP4 

inhibitor Diprotein A was additionally added. 

ITT was performed after 3 h of fasting by injecting 1-2 U/kg body weight insulin i.p. 

(Actrapid HM Penfill, Novo Nordisk), glucose levels were measured at 0, 15, 30, 60,90 and 

120 minutes after injection.  

Plasma insulin, GLP-1, TNF and IL-6 were quantified by electrochemiluminescence 

(MESO SECTOR S 600) using kits from Meso Scale Diagnostics (MSD, Rockville, MD, USA), 

according to the manufacturer`s instructions: Mouse/Rat Insulin Kit (#K152BZC),V-PLEX 

Plus Proinflammatory Panel 1 Mouse Kit (#K15048G), V-PLEX GLP-1 Active Kit vers. 2 

(#K15030D). 

3.6 Quantitative Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 

RNA was extracted from distal colon and epididymal adipose tissue using NucleoSpin RNA kit 

(#740955.250, Macherey-Nagel) or the RNeasy Plus Universal Mini kit (#73404, QIAGEN) 

according to manufacturer`s instructions. Reverse transcription was performed with GoScript™ 

Reverse Transcription Mix (#A2801, Promega). For qPCR GoTaq qPCR Master Mix (#A6002, 

Promega) was used. Data was acquired on a ViiA7 Real-Time PCR System (Thermo Fisher 

Scientific). Primer sequences (Microsynth, Balgach, Switzerland) are listed in Table 3. The data 

presented correspond to the mean of 2-∆∆Ct after being normalized to the housekeeping genes 

B2m and Ppia. 
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Table 3. Primers sequences used for quantitative real time-PCR 

Gene Forward Primer Reverse Primer 

Housekeeping genes 

B2m 5′ TTCTGGTGCTTGTCTCACTGA 5′ CAGTATGTTCGGCTTCCCATTC 

Ppia 5′ GAGCTGTTTGCAGACAAAGTTC 5′ CCCTGGCACATGAATCCTGG 

Inflammation markers 

Tnf 5′ ACTGAACTTCGGGGTGATCG 5′ TGAGGGTCTGGGCCATAGAA 

Il6 5′ GGATACCACTCCCAACAGACCT 5′ GCCATTGCACAACTCTTTTCTC 

Il1b 5′ GCAACTGTTCCTGAACTCAACT 5′ ATCTTTTGGGGTCCGTCAACT 

Kc 5′ CTGGGATTCACCTCAAGAACATC 5′ CAGGGTCAAGGCAAGCCTC 

Il10 5′ AGGCGCTGTCATCGATTTCTC 5′ GCCTTGTAGACACCTTGGTCTT 

Il18 5′TCTTGCGTCAACTTCAAGGA 5′GTGAAGTCGGCCAAAGTTGT 

Il22 5′TTG AGG TGT CCA ACT TCC AGC A 5′AGC CGG ACG TCT GTG TTG TTA 

Tgfb1 5′CTCTCCACCTGCAAGACCAT 5′CGAGCCTTAGTTTGGACAGG 

Immune cells 

Ly6c 5′ GCAGTGCTACGAGTGCTATGG 5′ ACTGACGGGTCTTTAGTTTCCTT 

Cd68 5′ GCAGCACAGTGGACATTCAT 5′ AGAGAAACATGGCCC GAAGT 

Adgre1 (Emr1) 5′ GCC CAG GAGTGGAATGTCAA 5′ CAGACACTCATCAACATCTGCG 

 

3.7 Isolation of Pancreatic Islets 

To isolate pancreatic mouse islets, collagenase IV (1.4 mg/mL; Worthington) digestion solution 

was injected into the pancreas via the common bile duct after mouse was euthanized. The 

perfused pancreas was digested at 37 °C for 30 min, thereafter quenched (1x HBSS, 1 M 

HEPES, 0.5 % BSA) and filtered. Islets were handpicked under a stereoscopic microscope and 

cultured in RPMI-1640 (containing 11.1 mM glucose, 10 % FBS, 100 U/mL P/S, 2 mM 

Glutamax, 50 µg/mL Gentamycin, 10 µg/mL Fungison). For flow cytometry analysis islets 

were washed at the same day in PBS/ 0.5 mM EDTA, trypsinized and around 100 islets/tube 

were collected. 

3.8 Glucose-Stimulated Insulin Secretion (GSIS) Assay 

For GSIS handpicked primary mouse islets were incubated in RPMI-1640 medium overnight. 

The next day islets were washed and pre-incubated in Krebs-Ringer-bicarbonate buffer (KRB: 

115 mM NaCl, 4.7 mM KCl, 2.6 mM CaCl2 2H2O, 1.2 mM KH2PO4, 1.2 mM MgSO4 2H2O, 

10 mM HEPES, 0.5 % BSA, pH 7.4) containing 2.8 mM glucose. After 1.5 h buffer was 

replaced to KRB containing low (2.8 mM, basal) or high (16.7 mM, stimulated) glucose and 

supernatant was collected after 1 h to assess basal and glucose stimulated insulin release. The 

stimulatory index was defined as the ratio of stimulated insulin secretion at 16.7 mM/h to basal 

insulin secretion at 2.8 mM/h. To obtain insulin content islets were vortexed in 0.18 mol/l HCl 

in 70 % ethanol and incubated at least 1 h at -20 °C. Secreted and content insulin were measured 

by Mouse/Rat Insulin Kit (#K152BZCMeso Scale Discovery).  
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3.9 Microbiota Analysis 

gDNA extraction from stool samples: Contents from small intestine, cecum and colon, or feces 

were frozen in 2 mL tubes and stored at -80 °C until extraction. To extract genomic DNA 

(gDNA) from feces QIAamp FAST DNA Stool Mini Kit (#51604 Qiagen, Hilden, Germany) 

was used following the vendor`s instructions with the following adjustment: homogenization 

of stool particles was performed with 100 mg baked glass beads (Sigma Aldrich) using a tissue 

lyser for 3 min, 30 Hz per run (Retsch MM400). DNA concentration was measured by 

Nanodrop2000 (Thermo Fisher Scientific). 

16S amplicon PCR: 100 ng of bacterial DNA were used to amplify the V5/V6 region of the 16S 

ribosomal gene by PCR using Platinum Taq DNA polymerase (Invitrogen). We used barcoded 

forward fusion primers 5’- CCATCTCATCCCTGCGTGTCTCCGACTCAG-BARCODE-

ATTAGATACCCYGGTAGTCC-3’, where core primers have been modified by the addition 

of a PGM sequencing adaptor, a GT-spacer and unique barcode (see Table 4), that allow pooling 

of up to 96 different barcodes in combination with the reverse fusion primer 5’-

CCTCTCTATGGGCAGTCGGTGATACGAGC-TGACGACARCCATG-3’160–162. All 

primers were used at a 10 μM working concentration. Cycling conditions were following: initial 

5 min denaturation at 94 °C , followed by 35 cycles of 1 minute denaturation at 94 °C, 20 s 

annealing at 46 °C and 30 s extension at 72 °C. The final extension step took place for 7 min at 

72 °C. The PCR product (ca 350 bp) was loaded on a 1 % agarose gel, cut out with a scalpel 

extracted using the QIAqick Gel Extraction Kit protocol (#28706, Qiagen). The resulting 

dsDNA concentration was measured by Qubit dsDNA HS Assay Kit (#Q32854, Thermo Fisher 

Scientific).  

16S sequencing: Up to 96 libraries were diluted at 26 pM and were pooled. Libraries were 

prepared with the OT2 HiQ View 400 kit and emulsion PCR performed on the Ion OneTouch 

2 (OT2) instrument (ThermoFischer). The template-positive Ion Sphere Particles containing 

clonally amplified DNA were enriched using the Ion OneTouch ES instruments 

(ThermoFisher). Sequencing was carried out using the Ion PGM HiQ View Sequencing 400 kit 

with the Ion Personal Genome Machine System on an Ion 316 Chip v2 (ThermoFisher)163.  
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Table 4. Primers sequences used for 16S amplicon PCR 

1 CTAAGGTAAC 33 TTCTCATTGAAC 65 TCCTGGCACATC 

2 TAAGGAGAAC 34 TCGCATCGTTC 66 CCGCAATCATC 

3 AAGAGGATTC 35 TAAGCCATTGTC 67 TTCCTACCAGTC 

4 TACCAAGATC 36 AAGGAATCGTC 68 TCAAGAAGTTC 

5 CAGAAGGAAC 37 CTTGAGAATGTC 69 TTCAATTGGC 

6 CTGCAAGTTC 38 TGGAGGACGGAC 70 CCTACTGGTC 

7 TTCGTGATTC 39 TAACAATCGGC 71 TGAGGCTCCGAC 

8 TTCCGATAAC 40 CTGACATAATC 72 CGAAGGCCACAC 

9 TGAGCGGAAC 41 TTCCACTTCGC 73 TCTGCCTGTC 

10 CTGACCGAAC 42 AGCACGAATC 74 CGATCGGTTC 

11 TCCTCGAATC 43 CTTGACACCGC 75 TCAGGAATAC 

12 TAGGTGGTTC 44 TTGGAGGCCAGC 76 CGGAAGAACCTC 

13 TCTAACGGAC 45 TGGAGCTTCCTC 77 CGAAGCGATTC 

14 TTGGAGTGTC 46 TCAGTCCGAAC 78 CAGCCAATTCTC 

15 TCTAGAGGTC 47 TAAGGCAACCAC 79 CCTGGTTGTC 

16 TCTGGATGAC 48 TTCTAAGAGAC 80 TCGAAGGCAGGC 

17 TCTATTCGTC 49 TCCTAACATAAC 81 CCTGCCATTCGC 

18 AGGCAATTGC 50 CGGACAATGGC 82 TTGGCATCTC 

19 TTAGTCGGAC 51 TTGAGCCTATTC 83 CTAGGACATTC 

20 CAGATCCATC 52 CCGCATGGAAC 84 CTTCCATAAC 

21 TCGCAATTAC 53 CTGGCAATCCTC 85 CCAGCCTCAAC 

22 TTCGAGACGC 54 CCGGAGAATCGC 86 CTTGGTTATTC 

23 TGCCACGAAC 55 TCCACCTCCTC 87 TTGGCTGGAC 

24 AACCTCATTC 56 CAGCATTAATTC 88 CCGAACACTTC 

25 CCTGAGATAC 57 TCTGGCAACGGC 89 TCCTGAATCTC 

26 TTACAACCTC 58 TCCTAGAACAC 90 CTAACCACGGC 

27 AACCATCCGC 59 TCCTTGATGTTC 91 CGGAAGGATGC 

28 ATCCGGAATC 60 TCTAGCTCTTC 92 CTAGGAACCGC 

29 TCGACCACTC 61 TCACTCGGATC 93 CTTGTCCAATC 

30 CGAGGTTATC 62 TTCCTGCTTCAC 94 TCCGACAAGC 

31 TCCAAGCTGC 63 CCTTAGAGTTC 95 CGGACAGATC 

32 TCTTACACAC 64 CTGAGTTCCGAC 96 TTAAGCGGTC 

Analysis of 16S data: Samples with less than 1000 reads were excluded from the analysis if not 

stated otherwise. Data analysis was performed using the QIIME pipeline version 1.8.0164. OTUs 

were picked at a threshold of 97 % similarity using usearch61_ref v.6.1.544165 followed by 

rarefaction and taxonomy assignment using Greengenes database. 

3.10 RNA-Sequencing 

For single-cell RNA-sequencing (scRNA-seq) (liveCD45+Lin-CD11b+CD24- and CD64+ or 

Ly6C+) CD11b+nonDCs colonic macrophages (see gating strategy148 and Figure 1A) were 

sorted from mice fed 1 week HFD (n=2) or control diet (n=2) using FACS Aria III (BD 

Biosciences). Cell suspensions were loaded on the wells of a 10X Genomics Chromium Single 

Cell Controller (one well per mouse replicate). Single cell capture and cDNA and library 

preparation were performed with a Single Cell 3’ v2 Reagent Kit (10X Genomics) according to 

the manufacturer’s instructions. Sequencing was performed on one lane of an Illumina NexSeq 

500 machine flow-cell at the ETH Zurich Genomics Facility in Basel, Switzerland.  
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Data were analyzed by the Bioinformatics Core Facility, Department of Biomedicine, 

University of Basel, Switzerland. Read quality was assessed with the FastQC tool (version 

0.11.5). In brief, sequencing files were processed with Kallisto (version 0.46.0) and BUStools 

(version 0.39.2) to perform sample and cell demultiplexing, read pseudo-alignment to the 

mouse transcriptome (Ensembl release 97) and to generate a UMI counts table166,167. Further 

processing of the UMI counts table was performed using R 3.6.0 and Bioconductor 3.10 

packages168, notably DropletUtils (version 1.6.1)169,170 scran (version 1.14.5) and scater 

(version 1.14.5)171, following mostly the steps illustrated in the simpleSingleCell Bioconductor 

workflow172. 

Based on the distributions observed across cells, cells with library sizes lower than 795, 

total number of features detected lower than 317, or with a fraction of UMI counts attributed to 

the mitochondrial genes of 0% or higher than 7% were filtered out173. Low-abundance genes 

with average normalized log2 counts lower than 0.003 were filtered out. This resulted in a 

filtered matrix including UMI counts for 11,820 genes and 5,797 cells (3,013 from Chow-fed 

mice and 2,784 from HFD-fed mice). UMI counts were normalized with size factors estimated 

from pools of cells to deal with dominance of zeros in the matrix172,174. A mean-dependent trend 

was fitted to the variances of the log expression values of endogenous genes to distinguish 

between genuine biological variability and technical noise (trendVar function of the scran 

package with loess trend and span of 0.05)175. The fitted trend was used to subtract technical 

noise from the data using the denoisePCA function, retaining the 8 first principal components 

of the PCA for later analysis steps. 

The package SingleR (version 1.0.0) was used for reference-based annotation of the 

cells and identification of likely contaminants in our dataset176. We used the Immunological 

Genome Project (ImmGen) mouse microarray dataset177 as reference, and eliminated 377 cells 

not annotated to the broad cell types “macrophages” or “monocytes”. 

Clustering of cells was done on normalized log-count values using hierarchical 

clustering on the Euclidean distances between cells (with Ward’s criterion to minimize the total 

variance within each cluster; package cluster version 2.1.0). The 6 clusters used for following 

analyses were identified by applying a dynamic tree cut (package dynamicTreeCut, version 

1.63-1).  

Differential expression between HFD and chow conditions, stratified by cluster was 

performed using a “pseudo-bulk” approach178: UMI counts of cells from each sample in each 

cluster were summed. This resulted in 4 samples per cluster, aggregated from 29 to 776 cells. 

Cluster P2.2 was excluded from the analysis because it contained too few chow cells. For each 
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cluster, only genes with CPM (normalized counts per million mapped reads) values above than 

1 in at least 2 of the 4 pseudo-bulk samples, and detected in at least 5 % of the individual cells 

were retained.  

The package edgeR (version 3.28)179 was used to perform TMM normalization180 and to 

test for differential expression with the Generalized Linear Model (GLM) framework. Genes 

with a false discovery rate (FDR) lower than 1 % were considered differentially expressed. 

Gene set enrichment analysis (GSEA) was performed with the function camera181 using the 

default parameter value of 0.01 for the correlations of genes within gene sets, on gene sets from 

the hallmark collection182 of the Molecular Signature Database (MSigDB, version 7.0)183, or on 

DoRothEA v2 regulons184: human TOP10score regulons were downloaded from 

https://github.com/saezlab/DoRothEA and we obtained the corresponding mouse regulons by 

considering 1-to-many orthologs of the human genes in each regulon (using Ensembl Compara 

release 97). We considered only sets containing at least 5 genes from the filtered dataset and 

with a FDR lower than 10 %. 

 

3.11 Human Study 

Biopsies: Colon, stomach and duodenum biopsies were collected from lean, healthy controls 

(BMI < 27 kg/m2) and obese (BMI > 32 kg/m2) subjects undergoing screening colonoscopies 

or gastroscopies. Human intestinal macrophages were isolated by enzymatic digestion (see 

isolation of intestinal macrophages).  

Human blood: Blood was collected in (2x) EDTA containing tubes. After the dilution with 

1x DPBS (1 part blood : 3 parts DPBS), a ficoll density gradient by using Lymphoprep density 

gradient medium (#07851, Stemcell technologies) and Leucosep tubes (#871346, OpoPharma) 

was performed (25 min, 453 g, 22 °C, brake: 1, acceleration: 4). The Lymphoprep layer was 

washed with FACS Buffer (300 g, 10 min) and Red Cell Lysis Buffer (154 mM NH4Cl, 10 mM 

KHCO3, 0.1 mM EDTA) was used to remove residual erythrocytes. The remaining cells were 

washed with FACS Buffer, resuspended in 800 µL FACS Buffer and around 1 million cells 

were used for further flow cytometry staining. Flow cytometry data were correlated to clinical 

parameters documented by the case report forms, such as age, gender, race, weight, BMI, blood 

pressure, diabetes (including date of diagnosis), and other relevant diagnoses.  

 

 

https://github.com/saezlab/DoRothEA
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3.12 Statistical Analysis 

The data are presented as mean ± standard error of the mean (SEM) with the numbers of 

experiments or mice indicated in the figure legends. To test statistical difference between two 

groups unpaired Mann-Whitney U test with two tailed distribution was used using Prism8 

software (GraphPad Software, San Diego, CA). Two-sided P-values of 0.05 or less were 

considered to be statistically significant, *p<0.05, **p<0.01, ***p<0.001. 

3.13 Data Availability 

RNA-seq Data 

Transcriptome sequencing data of intestinal macrophages have been deposited in the Gene 

Expression Omnibus (GEO), with the accession number GSE143351. 

Go to https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143351 and enter token 

unoveyewbnyzpuj into the box.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143351
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In Brief 

The interplay between intestinal 

macrophages and β-cells 

remains elusive. Rohm et al. 

reveal that colon-specific 

macrophage depletion or 

inhibition of macrophage 

activation by blocking mTOR-

signaling restores glycemic 

control. 
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  31 

 4 Manuscript  

SUMMARY  

 

The obesity epidemic continues to rise worldwide. However, the initiating mechanisms of 

glucose dysregulation in obesity remain poorly understood. We assessed distinct intestinal 

macrophage subpopulations and the role they play in glucose homeostasis in mice fed a high-

fat diet (HFD) and obese humans. Pro-inflammatory/monocyte-derived intestinal macrophages 

transiently increased upon food intake and became chronically elevated with HFD. This 

suggested a link between macrophage numbers and glycemia, which we confirmed by genetic 

and pharmacological dose-dependent ablation of macrophages. In particular, colon-specific 

macrophage depletion ameliorated glycemic control and β-cell function. Colonic macrophage 

activation upon HFD feeding was characterized by an interferon signature and metabolic shift, 

potentially via mTOR activation. Accordingly, colon-specific mTOR inhibition enhanced 

insulin and GLP-1 secretion. In obese humans, pro-inflammatory intestinal macrophages were 

also increased. Thus, pharmacological colon-specific targeting of macrophages could be a 

potential therapeutic approach in obesity to improve glycemic control.  

 

Key words: Metabolic disease; diabetes; obesity; chronic inflammation; intestinal 

inflammation; innate immunity of the gut; macrophages, mucosal immunity 
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INTRODUCTION  

Glucose dysregulation and chronic low-grade inflammation are key features of metabolic 

disease. However, little is known about the initiating events that lead to these metabolic 

disturbances in high-fat diet (HFD)-induced obesity. Since the gut is the primary organ exposed 

to food antigens and bacteria, the gastrointestinal tract could play a major role in triggering 

glucose intolerance and inflammation.  

So far, altered gut microbiota known as “dysbiosis” has received particular attention in 

diet-induced obesity. Hereby, dysbiosis is believed to contribute to metabolic dysfunction, inter 

alia, via bile acid metabolism, production of short chain fatty acids and leakage of bacterial 

products (Utzschneider et al., 2016). Accordingly, germ-free mice are protected from glucose 

intolerance and adiposity (Backhed et al., 2004). Gut immunity could be the missing link 

between dietary and microbial cues and glucose homeostasis as the gut constitutes the largest 

immune system of the body. Changes in adaptive gut immunity have already been described in 

mice fed a HFD. These include reduced Foxp3+ T regulatory cells and increased IFN-γ-

producing Th1, CD8+ and IL-17-producing  T cells (Luck et al., 2015). In terms of innate 

immunity, TLR4, TNF and NFkB are known to be up-regulated in the gut upon HFD (de La 

Serre et al., 2010; Ding et al., 2010). Additionally, an increased inflammatory tone in intestinal 

macrophages has been reported to precede adipose tissue inflammation in obesity (Kawano et 

al., 2016). This suggests that intestinal innate immunity, in particular macrophages, play a 

crucial role in metabolic disease.  

Macrophages are the most abundant leukocytes in the healthy gut (Mowat and Agace, 

2014). However, intestinal macrophages are not a homogenous cell population, but consist of 

five distinct subpopulations that follow a differentiation trajectory (Tamoutounour et al., 2013; 

Tamoutounour et al., 2012). They originate from Ly6Chigh monocyte precursors, which first 

differentiate into CCR2+ macrophages and can be subdivided into pro-inflammatory 

subpopulations P1 and P2, and an intermediate stage P3 (Bain et al., 2013). These short-



 

  33 

 4 Manuscript  

lived/non-mature transitional cells gradually lose their pro-inflammatory phenotype to become 

CCR2- anti-inflammatory/resident macrophages, which include subpopulations P4 and P5 

(Tamoutounour et al., 2013; Tamoutounour et al., 2012). In the healthy gut, the majority of 

intestinal macrophages consists of the resident subpopulation P5, which is characterized by a 

distinct anergy towards typical pro-inflammatory stimuli, such as bacterial products or TLR-

ligands despite avid phagocytic activity (Bain et al., 2013; Smythies et al., 2005). During 

intestinal inflammation such as colitis, this differentiation trajectory is disrupted at 

subpopulation P2, resulting in the accumulation of pro-inflammatory macrophages in the gut 

(Bain et al., 2013; Platt et al., 2010; Tamoutounour et al., 2012). However, it is currently 

unknown whether obesity affects intestinal macrophage subpopulations or what role they play 

in regulating glucose homeostasis. Therefore, the aim or our study was to elucidate the role of 

intestinal macrophage subpopulations in glucose metabolism of obese mice and humans. An 

in-depth understanding of this relationship might open up new possibilities for immune-

modulatory treatments in metabolic disease.  

Here, we found that HFD feeding leads to an increase in pro-inflammatory intestinal 

macrophage subpopulations that involved an interferon signature and metabolic shift, 

potentially via mTOR activation. Depleting colon-specific macrophages or inhibiting their 

activation by blocking mTOR-signaling restored glycemic control. These data indicated an 

interplay between dietary cues, intestinal macrophage subpopulations and insulin-producing β-

cells, which regulates glucose homeostasis. Targeting colonic macrophages could thus 

represent a therapeutic approach to improve glycemic control. 
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RESULTS  

Pro-inflammatory Intestinal Macrophage Subpopulations are Transiently Increased 

upon Food Intake and Chronically Elevated Following High-Fat Diet Feeding 

There is growing evidence that the intestinal immune system is an important contributor to 

metabolic disease (Winer et al., 2016). However, the role of specific intestinal macrophage 

subpopulations in metabolic disease remains unknown. To address this, we first analyzed five 

intestinal macrophage subpopulations in response to distinct nutritional cues. After mice ate 

regular chow diet, pro-inflammatory intestinal macrophage subpopulation P1 increased 

compared to fasted controls, suggesting a transient innate immune response upon food intake 

(Figure 1A,B, middle panel). In contrast, subpopulations P2 to P5 were comparable in both 

fasted and chow-fed mice (Figure S1A). Similarly, HFD refeeding for up to 4 hours induced an 

acute response of innate gut immunity, as shown by enhanced expression of Ly6C in pro-

inflammatory intestinal macrophage subpopulation P1 (Figure 1B, right panel).  

When mice were kept on HFD for a week, gene expression of inflammatory markers 

Tnf and Ly6c was increased in colon tissue, while typical markers of resident macrophages 

Tgfb1, Adgre1 and Cd68 were reduced (Figure 1C). This points to a shift towards pro-

inflammatory colonic macrophage subpopulations upon HFD. Indeed, after 1 week of HFD we 

found an increase in CCR2+ pro-inflammatory colonic macrophages, especially in pro-

inflammatory subpopulations P1/P2, which persisted for up to 12 weeks of HFD compared to 

chow diet (Figure 1A,D). In contrast, in CCR2- anti-inflammatory/resident macrophages 

mainly subpopulation P4 was reduced (Figure 1D). Additionally, intestinal neutrophils were 

increased, while dendritic cells did not show a consistent change in mice fed a HFD (Figure 

S1C-F). Stomach size was reduced after 4 and 12 weeks, while the caecum and colon were 

already shortened after 1 week of HFD (Figure S1B), consistent with previous literature 

(Kawano et al., 2016). Adipose tissue inflammation, a hallmark of chronic inflammation in 

metabolic disease, appeared later at 12 weeks of HFD as shown by pro-inflammatory gene 
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expression and increased inflammatory adipose tissue macrophage (ATM) subpopulation M1b 

(Figure 1E,F, Figure S1G). Concomitant with altered innate mucosal immunity from 1 week of 

HFD feeding onwards, we found increased TNF and IL-6 in the blood, glucose intolerance, and 

hyperinsulinemia (Figure 1G,H). These data indicated that pro-inflammatory intestinal 

macrophage subpopulations transiently increased upon food intake and became chronically 

elevated following HFD feeding. This innate immune response in the gut occurred 

simultaneously with glucose intolerance and was only later followed by adipose tissue 

inflammation and obesity. 

 

Gut Microbiota are Essential for the Increase of Pro-inflammatory Intestinal 

Macrophage Subpopulations upon HFD, while the Fat Source Modulates its Magnitude  

We next investigated whether the dietary composition, such as fiber content or the fat source 

influence the shift towards pro-inflammatory macrophages and glucose intolerance upon HFD 

feeding. Fiber-rich chow was compared to fiber-deficient starch control diet and coconut- and 

lard-based HFDs were compared to their respective control diets (diets see Table S1). Such a 

detailed assessment is crucial as regular chow contains fibers and may differ considerably 

depending on seasonal harvests, unlike purified/ standardized HFDs. Body weights were 

comparable within the two control and HFD groups, respectively (Figure 2A). After 3 months, 

mice fed fiber-deficient diets including starch control, coconut- and lard-based HFDs had 

decreased caecum and colon sizes compared to fiber-rich chow diet (Figure 2B), potentially 

due to an increased osmotic load. Fiber content did not affect intestinal macrophage or dendritic 

cell subpopulations (Figure 2C, Figure S2A). Also, fat pad weights, M1 ATMs and circulating 

pro-inflammatory cytokines TNF and IL-6 were similar in mice fed chow or starch control 

diets, whereas M2 ATMs were reduced in the absence of fibers (Figure 2D, Figure S1C). Along 

with unaltered innate immunity, mice fed fiber-rich and fiber-deficient control diets had 

comparable glucose tolerance and insulin sensitivity (Figure 2G).  
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When comparing mice on two different HFDs to those on respective control diets (chow 

as control for coconut-based HFD; starch as control for lard-based HFD), both HFDs induced 

an increase in pro-inflammatory CCR2+ intestinal macrophages, especially pro-inflammatory 

subpopulations P1 and P2 (Figure 2E). However, mice on lard-based HFD had a significantly 

increased total number of intestinal macrophages, implying a heightened innate immune 

response. Intestinal dendritic cells did not show a consistent pattern with HFD (Figure S2B). In 

adipose tissue, both HFDs led to increased M1b ATMs and circulating pro-inflammatory 

cytokines (Figure 2F, Figure S1C), again with a higher inflammatory response in mice fed a 

lard-based HFD, as seen by an increase in total ATMs. This enhanced immune response 

correlated with worsened glucose tolerance and increased insulin resistance in mice fed lard- 

compared to coconut-based HFD (Figure 2G). These data suggested that the source of dietary 

fat, but not fiber content, modulated the innate inflammatory response to HFD and glycemic 

control. 

Next, we used 16S ribosomal gene sequencing to assess how the different diets affect 

gut microbiota as potential mediators of glucose intolerance. At baseline, microbiota 

composition was similar between all groups. One week of fiber-deficient diets (starch control, 

coconut- and lard-based HFDs) resulted in similar microbial shifts as shown in the Principle 

Component Analysis (PCA) and relative phyla (Figure 2H) and genus abundance (Figure S2D). 

After 13 weeks, however, distinct differences between the two HFDs became apparent: 

Whereas mice fed a coconut-based HFD had a similar microbiota composition compared to 

1 week (reduced Firmicutes), lard-based HFD shifted up in the PCA due to changes on the 

phylum (increased Firmicutes and reduced Bacteroidetes, Figure 2H) and genus level (Figure 

S2D). Hence, microbial dysbiosis per se, but not a specific composition, correlated with glucose 

intolerance.  

To test how HFD affects intestinal macrophage subpopulations in the absence of gut 

microbiota, we used germ-free mice, which are known to be protected from glucose intolerance 
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and adiposity (Backhed et al., 2004). As previously described, germ-free mice on chow diet 

had fewer intestinal macrophages compared to colonized mice (Bain et al., 2014), which was 

most pronounced in mice on fiber-deficient starch control diet (Figure 2C (colonized) vs. 

Figure S2E (GF)). However, the distribution pattern of intestinal macrophage subpopulations 

was similar to colonized mice on chow diet (Figure S2F). Of note, germ-free mice showed very 

low numbers of CD11b+CD103+ conventional DCs (Figure S2G), possibly due to lower TLR 

activation in the absence of microbial entry (Kinnebrew et al., 2012). Upon HFD, germ-free 

mice showed neither an increase in pro-inflammatory intestinal macrophage subpopulations 

(P1 and P2), nor changes in dendritic cells or plasma TNF and IL-6 levels (Figure 2I, 

Figure S2H,I). These data indicated that a lack of gut microbiota prevented the recruitment and 

hence the increase in pro-inflammatory intestinal macrophages upon HFD in germ-free mice, 

thereby potentially protecting them from glucose intolerance. 

 

Macrophage Numbers are Linked to Glycemic Control 

As the degree of the innate inflammatory response correlated with glycemic control, we next 

hypothesized that the number of macrophages is directly linked to glucose metabolism. To 

address this question, we dose-dependently depleted macrophages by treating mice fed a HFD 

with the colony-stimulating factor 1 receptor (CSF1R)-inhibitor BLZ945 (50, 100, 200 g/g/d) 

or vehicle. CSF1R regulates the survival, proliferation, and differentiation of macrophages 

(Pixley and Stanley, 2004). We found that treatment with BLZ945 reduced CCR2+ pro-

inflammatory and CCR2- anti-inflammatory/resident intestinal macrophages and their 

subpopulations P1-P5 with most pronounced effects in the mid and high dose groups 

(Figure 3A,B, Figure S3A). Additionally, CSF1R-inhibition resulted in a dose-dependent 

reduction in fat mass, ATMs (after 2 weeks preferentially M2- and after 2 months additionally 

M1-macrophages), microglia, and large and small peritoneal macrophages (Figure 3C-E, 

Figure S3B). Glucose metabolism was gradually improved with increasing BLZ945 
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concentrations as shown by fasting glycemia, glucose tolerance and insulin sensitivity 

(Figure 3F,G, Figure S3C). Body weights were slightly (not significantly) reduced in the 

highest dose group after 2 months of CSF1R-inhibition, potentially reflecting lower insulin 

levels (Figure S3D). Thus, these results suggested a direct link between the number of 

macrophages and glycemic control. 

Next, we aimed to test glucose metabolism in a model with predominantly reduced pro-

inflammatory intestinal macrophage subpopulations P1 and P2. To this end, we used CCR2-/- 

mice that lack CCR2-dependent monocyte recruitment (Bain et al., 2014). CCR2-/- mice had 

sharply reduced monocyte-derived intestinal macrophage subpopulations P1 and P2 on chow 

diet (P1 8.084.88%, P2 1.120.55% of wild-type controls). Unexpectedly, 1 week of HFD 

resulted in a partial re-appearance of pro-inflammatory Ly6Chigh intestinal macrophages in 

CCR2-/- mice, suggesting a CCR2-independent monocyte influx upon short-term HFD feeding 

(Figure S3E,F). However, CCR2-/- mice exhibited much lower absolute numbers of intestinal 

macrophages than wild-type mice on HFD (Figure S3G). After three months of HFD, pro-

inflammatory intestinal macrophages P1/P2 were hardly present in CCR2-/- mice, while 

reductions in anti-inflammatory macrophages were less pronounced (P1 9.864.50%, P2 

4.971.50%, P4 66.9246.89% and P3+P5 75.1738.88% of wild-type mice; Figure 3H). 

Additionally, ATMs were reduced in all subpopulations in CCR2-/- mice compared to wildtype 

mice (Figure 3I). This inability to elevate pro-inflammatory intestinal macrophages and ATMs 

upon HFD went along with modestly improved glycemic control and increased insulin levels 

(Figure 3J, Figure S3H). Thus, the number of macrophages, in particular pro-inflammatory 

subpopulations, could be linked to glycemic control. 

 

Colon-specific Macrophage Depletion Improves Glucose Metabolism  

To determine whether there is a causal link between colonic macrophages and glucose 

homeostasis, we established a colon-specific macrophage ablation model by intrarectally 
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administrating clodronate or PBS liposomes in mice on HFD (Qualls et al., 2006). With 

intrarectal clodronate liposomes, we achieved colon-specific macrophage depletion as shown 

by reduced colonic macrophages, especially the pro-inflammatory subpopulation P1 and P2 

(Figure 4A). In contrast, tissue macrophages were not reduced in adipose tissue, liver, 

pancreatic islets and brain (Figure 4B-C). Pro-inflammatory cytokines were not increased in 

colon tissue or plasma, excluding local or systemic inflammation due to intrarectal clodronate 

liposomes (Figure 4D, Figure S4A). Colon-specific depletion of macrophages improved fasting 

glycemia, glucose tolerance with enhanced insulin secretion, and insulin resistance, while body 

weights were comparable between the groups (Figures 4E,F). Glucose stimulated insulin 

secretion of isolated islets from clodronate-treated mice indicated improved β-cell function as 

shown by lower basal insulin and an enhanced stimulation index (Figure 4G). Mechanistically, 

improved β-cell function might be partially mediated through glucagon-like peptide-1 (GLP-1) 

as inhibition of GLP-1 activity with exendin (9-39) prior to glucose stimulation in vivo 

mitigated improved glycemia in macrophage-depleted mice (Figure 4H). In contrast, blocking 

the parasympathetic activity by atropine prior to glucose tolerance testing did not abolish 

improved glycemic control in macrophage-depleted mice (Figure S4B), suggesting that 

muscarinergic neuronal circuits did not mediate this phenotype. Of note, microbial dysbiosis 

could be ruled out as a possible cause for improved glycemic control since microbiota 

composition was not altered in mice treated with clodronate (Figure 4I, Figure S4C). Overall, 

our colon-specific macrophage depletion model demonstrated a causal link between the number 

of colonic macrophages and improved glycemic control/β-cell function, which might be 

partially mediated by GLP-1. 

To differentiate colon-specific from systemic effects of macrophage depletion by 

clodronate liposomes, we injected clodronate or PBS liposomes intraperitoneally into mice fed 

a HFD. Intraperitoneal injections of clodronate liposomes systemically depleted macrophages 

as shown by reduced macrophages in the colon, adipose tissue, liver and peritoneal cavity, while 
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islet macrophages and microglia were not reduced (Figure 4J-L). Meanwhile, plasma IL-6 was 

elevated, potentially due to apoptosis of macrophages (Figure 4M). Systemic clodronate 

liposomes also improved glucose tolerance, which might be driven by increased insulin 

sensitivity as indicated by lower insulin levels and reduced adipose tissue inflammation 

(Figure 4N). Thus, colon-specific macrophage depletion with improved β-cell function was at 

least as effective as systemic macrophage ablation, which rather acted via an insulin-sensitizing 

mechanism. 

 

Transcriptional Response upon HFD in Intestinal Macrophages Involves an Interferon-

Signature and Metabolic Shift, potentially through mTOR-Signaling 

To investigate the underlying mechanism of the intestinal innate immune response upon HFD, 

we performed single cell RNA-sequencing (scRNA-seq) of colonic macrophages in mice fed 

coconut-based HFD or chow diet. Hierarchical clustering analysis identified macrophage 

subpopulations P1-P5 as previously defined by flow cytometry, whereby subpopulations P2 

and P5 comprised two related clusters (Figure 5A,C). This classification was consistent with 

ab initio annotation using ImmGen FACS-sorted bulk samples of pure cell types as a reference 

(Heng et al., 2008) (Figure S5A). Cell clusters positioned along a presumed differentiation 

trajectory (PC1) and an activation/inflammation axis (PC2) and showed little overlap between 

chow diet and HFD, which indicated a strong transcriptional response upon HFD (Figure S5B). 

Consistent with flow cytometry, there was a relative increase in pro-inflammatory and a 

decrease in anti-inflammatory/resident subpopulations upon HFD (Figure 5B). To compare the 

transcriptomes of intestinal macrophages between chow diet and HFD, we stratified the analysis 

into subpopulations (clusters) to correct for differential abundance across conditions. Based on 

the number of differentially expressed genes, HFD induced most pronounced effects in 

intestinal macrophage subpopulations P1 and P2 (Figure S5C). Genes up-regulated by HFD 

involved interferon signaling (Irf7, Ifitm1, Ifi205, Isg15), chemokines (Cxcl9, Ccl5/8), 
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guanylate-binding proteins (Gbp2/5), and macrophage activation genes (Ly6a/c2/i) 

(Figure S5C, Figure S6). In addition, analysis of “regulons” (sets of regulatory transcription 

factors) revealed enhanced Stat1/2, Irf1/8 and Etv7 under HFD, the latter a component of the 

mTOR complex mTORC3 (Harwood et al., 2018) (Figure S5D). Gene set enrichment analysis 

(GSEA) using MSigDB hallmark pathways showed up-regulation of interferon gamma (IFN-

γ) and alpha (IFN-α) response, oxidative phosphorylation, and allograft rejection in mice fed a 

HFD (Figure 5D, Figure S5E).  

At the protein level, we confirmed up-regulated IFN-γ in intestinal macrophages of mice 

fed a HFD (Figure 5E). Also, measures of mitochondrial mass (MitoGreen), membrane 

potential (MitoRed), and abundance of reactive oxygen species (ROS; MitoSOX) were 

enhanced in all intestinal macrophage subpopulations of mice fed a HFD, verifying a metabolic 

shift towards an anabolic state (Figure 5F,G). As mTOR signaling is a common regulator of 

both interferon signaling and energy metabolism (Cao et al., 2008; Linke et al., 2017; Schmitz 

et al., 2008), we postulated that mTOR might govern the transcriptional changes in intestinal 

macrophages upon HFD. Indeed, we found enhanced mTOR activity as shown by increased 

phosphorylation of S6 (pS6) and Akt (pS473) in all macrophage subpopulations of mice fed a 

HFD (Figure 5H). Hence, enhanced mTOR signaling could mediate the transcriptional response 

in macrophages under HFD, involving an interferon signature and metabolic shift towards an 

anabolic state. 

 

Colonic-Specific mTOR Inhibition Restores Glycemic Control 

Next, we assessed whether enhanced mTOR signaling in the gut contributes to HFD-related 

glucose intolerance. Therefore, we intrarectally administered the mTOR inhibitor rapamycin to 

mice on HFD and assessed the effect on glucose metabolism in vivo. Upon intrarectal 

rapamycin treatment, pS6 and pS473 decreased in all intestinal macrophage subpopulations 

(Figure 6A,B), while mTOR activity in ATMs remained largely unaltered (Figure 6D). In 
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addition, colon-specific mTOR inhibition reduced the superoxide (ROS) indicator MitoSOX in 

all intestinal macrophages, suggestive for decreased metabolic activity (Figure 6C). Next, we 

assessed whether colonic mTOR activity is also linked to glucose homeostasis upon HFD. 

Hereby, we found that intrarectal rapamycin administration led to significantly increased 

insulin levels, potentially via increased levels of the insulin secretagogue GLP-1 (Figure 6E-

F). This was accompanied by lower basal insulin and an increased stimulation index in islets ex 

vivo (Figure 6G), which pointed towards improved β-cell function similar to the colon-specific 

macrophage depletion model. 

In contrast, systemic rapamycin by intraperitoneal injections reduced pS6 and pS473 

not only in colonic macrophages, but also in splenic monocytes and ATM subpopulations 

(Figure 6H-K). Concerning glucose metabolism, systemic rapamycin administration led to 

impaired glucose tolerance and insulin resistance in mice fed a HFD, as previously reported 

(Figure 6L,M; (Lamming et al., 2012)). Further, systemic mTOR inhibition was associated with 

reduced M2 ATMs (not shown). These findings showed that colon-specific inhibition of mTOR 

restored HFD-induced β-cell dysfunction, while systemic mTOR inhibition induced insulin 

resistance. 

 

Pro-inflammatory Intestinal Macrophages are also Increased in Human Obese Subjects 

To translate our findings to human disease, we characterized intestinal macrophages from colon 

biopsies of obese (BMI >32 kg/m2) and lean individuals (BMI <27 kg/m2). First, we analyzed 

the human equivalents of intestinal macrophage subpopulations P1-P5 by flow cytometry (Bain 

et al., 2013) (Figure 7A). Consistent with our findings in mice, we found increased colonic 

CD14high pro-inflammatory macrophage subpopulation P2 in obese subjects (Figure 7B,C). In 

addition, pro-inflammatory subpopulations P1 and P2 were also increased in the stomach and 

duodenum (Figure S7A-C).  
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Since intestinal macrophages originate from circulating blood monocytes (Bujko et al., 

2018), we further assessed monocytes and their subsets in lean and obese subjects. We noted 

elevated CD64+CD33+CD14+ monocytes in obese subjects (Figure 7D). Monocytes were 

further distinguished based on the differential expression of CD14 and CD16 (CD14++CD16- 

classical, CD14++CD16+ intermediate, and CD14+CD16++ non-classical monocytes) (Ziegler-

Heitbrock et al., 2010). We found increased intermediate monocytes in obese subjects. Most of 

these increased CD14++ monocytes were HLA-DR+CD163-, which corresponds to a pro-

inflammatory phenotype similar to macrophage subpopulation P2. Together, these data 

established a link between human obesity and increased levels of pro-inflammatory intestinal 

macrophages, most likely via recruitment of CD14++ blood monocytes.  



 

  44 

 4 Manuscript  

DISCUSSION  

Our results revealed a direct cross-talk between nutritional cues, intestinal macrophage 

subpopulations, and insulin-producing β-cells. Pro-inflammatory intestinal macrophage 

subpopulations transiently increased with food intake and became chronically elevated upon 

HFD. The acute response of intestinal macrophages upon food intake could potentially 

constitute a physiological response as postprandial macrophage-derived IL-1 stimulates 

insulin secretion (Dror et al., 2017). It seems that this innate immune activation in the gut 

overshoots with excessive fat intake. Interestingly, animal- (lard) as opposed to plant-derived 

(coconut) fat led to a heightened innate immune response and was associated with worsened 

glycemic control. We did not identify a characteristic pattern of gut microbiota composition 

that correlates with HFD-induced glucose intolerance, but rather unspecific dysbiosis. 

However, monocyte recruitment into the gut wall and hence differentiation into intestinal 

macrophages seems to depend on the presence of gut microbiota as germ-free mice lacked an 

inflammatory shift in intestinal macrophages. This suggests that the number of macrophages is 

directly linked with glycemic control. Indeed, dose-dependent pharmacological macrophage 

depletion gradually improved glucose tolerance in mice on HFD. Moreover, CCR2-/- mice, 

which predominantly lack pro-inflammatory macrophage subpopulations, also had improved 

glucose metabolism. Hence, the number of macrophages, in particular pro-inflammatory 

subpopulations, seem to be linked to glycemic control.  

To substantiate the causal link between intestinal macrophages and glycemic control, 

we colon-specifically depleted macrophages by intrarectal administrations of clodronate 

liposomes, which resulted in improved glucose homeostasis. Currently, the vast majority of 

in vivo macrophage ablation models only achieve systemic depletion. While systemic 

macrophage depletion was mainly driven by improved insulin sensitivity, our colon-specific 

approach corroborated an islet cell phenotype, establishing a crosstalk between colonic 

macrophages and β-cells. 
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To understand the mechanism of intestinal inflammation upon HFD and potentially 

identify therapeutic targets, we performed single-cell RNA-seq of colonic macrophages. We 

found an interferon signature and metabolic shift towards oxidative phosphorylation upon HFD, 

which converge in mTOR signaling as a potential common regulatory pathway (Cao et al., 

2008; Schmitz et al., 2008). Thus, we postulated that mTOR might govern the observed HFD-

driven transcriptional response in macrophages. We found that mTOR activity was indeed 

enhanced in all intestinal macrophage subpopulations in mice fed HFD. In line with our results, 

mTOR activation has been described to occur in response to nutrients, and is exaggerated in a 

nutrient-overabundant state such as obesity (Um et al., 2004; Zoncu et al., 2011). While 

systemic mTOR inhibition was associated with insulin resistance as previously shown 

(Lamming et al., 2012), our data suggest that blocking mTOR specifically in the colon could 

have beneficial metabolic effects. A previous study indicated that inhibition of mTOR in the 

upper small intestine by intraluminal instillations improves glucose homeostasis by lowering 

glucose production (Waise et al., 2019). Our approach with intrarectal administrations of 

rapamycin has the advantage that it is non-invasive and potentially transferrable to humans. 

Moreover, colonic macrophages were identified as site of action of rapamycin as mTOR 

activity was down-regulated in all subpopulations. Similar to our colon-specific macrophage 

depletion model, local mTOR inhibition resulted in improved β-cell function. Our data thus 

emphasize the need for tissue- or even cell-specific targets and identified mTOR activation in 

colonic macrophages as potential treatment target in HFD-induced glucose intolerance. 

Administrations of mTOR inhibitors in form of suppositories to colon-specifically block mTOR 

signaling might serve as a promising strategy. 

 Our findings are of high clinical significance as obese human subjects also exhibited 

increased pro-inflammatory intestinal macrophages. So far, an increase of pro-inflammatory 

intestinal macrophages has only been documented in inflammatory bowel disease (Bain et al., 

2013; Ogino et al., 2013). The validation of our preclinical data in human obesity is noteworthy 
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as usually there is considerable heterogeneity among human subjects through different lifestyle 

modalities. Monocytes as the known precursors of human intestinal macrophages (Bujko et al., 

2018) could potentially serve as biomarkers for increased inflammatory macrophages in the 

gut. We observed a higher CD14++CD16+ intermediate monocyte subpopulation, which is 

characterized by a pro-inflammatory phenotype (Rossol et al., 2012) and known to correlate 

with adiposity and cardiovascular risk (Poitou et al., 2011; Rogacev et al., 2012). In addition, 

CD64+ expression on monocytes is associated with the production of type I interferons (Li et 

al., 2010). Thus, monocytes could be activated by dietary intake (Jordan et al., 2019) and later 

replenish intestinal macrophages, which ultimately leads to altered gut immunity.  

One question remains: How do intestinal macrophages communicate with β-cells? We 

found that improved β-cell function might occur partially through enhanced glucagon-like 

peptide-1 (GLP-1) secretion. However, other pathways could also link intestinal macrophages 

with β-cell function. Intestinal macrophages could directly traffic from the gut to pancreatic 

islets as a higher migratory potential has been suggested for monocyte-derived CXCR1inter 

macrophages of the gut (Koscso et al., 2020). Alternatively, cytokines from pro-inflammatory 

macrophages could disseminate to the pancreas through blood circulation, lymphatic vessels, 

or even neuronal circuits. One mediator of the neural circuits, the muscarinergic signaling, was 

ruled out as atropine did not alter improved glycemic control in our macrophage depletion 

model.  

Overall, we identified a causal link between nutritional cues, colonic macrophage 

subpopulations and glucose homeostasis. Intestinal inflammation upon HFD involved an 

interferon signature and metabolic shift in intestinal macrophages, potentially via mTOR 

activation. By colon-specific depletion of macrophages or mTOR inhibition, we demonstrated 

that modulation of colonic macrophage numbers or activation is directly linked to glycemic 

control. Targeting colonic macrophages might thus represent a potential therapeutic approach 

for treating β-cell dysfunction in metabolic disease.  
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Figure Titles and Legends 

Figure 1 
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Figure 1. Pro-inflammatory Intestinal Macrophage Subpopulations are Transiently 

Increased upon Food Intake and Chronically Elevated Following High-Fat Diet Feeding 

(A) Representative flow cytometry plots and distribution of intestinal macrophage (iMac) 

subpopulations P1-P5 in wild-type mice (fasted, fed chow diet or coconut-based HFD for 

1 week).  

(B) Experimental design (left); percentage of iMac subpopulation P1 in fasted or fed mice on 

chow (middle); geometrical mean fluorescent intensity (gMFI) of Ly6C in iMac subpopulation 

P1 in fasted or HFD refed mice (right).  

(C) Gene expression in colon of mice fed 1 week of HFD relative to chow fed controls.  

(D) Fold change of absolute numbers () of iMacs (CCR2+ (pro-inflammatory P1, P2, 

intermediate P3) and CCR2- (anti-inflammatory/resident P4, P5) subpopulations) in mice fed 

HFD or chow. 

(E) Gene expression in adipose tissue of mice fed HFD relative to chow fed controls. 

(F) Fold change of adipose tissue macrophages per g (ATMs/g) and their subpopulations 

(double-negative DN, M1a, M1b, M2) in mice fed a HFD compared to controls.  

(G) Fold change of plasma TNF and IL-6 in mice fed HFD compared to controls.  

(H) Intraperitoneal Glucose tolerance test (IPGTT), area under the curve (AUC), insulin and 

body weight in mice fed HFD or chow (n=8-21). 

Statistical data are expressed as mean±SEM. Data are representative of 2-6 independent 

experiments (A-D/F/G) or one experiment (E), each data point representing an individual 

mouse. *p<0.05, **p<0.01, ***p<0.001, unpaired Mann-Whitney U test with two tailed 

distribution. See also Figure S1. 
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Figure 2 
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Figure 2. Gut Microbiota are Essential for the Increase of Pro-inflammatory Intestinal 

Macrophage Subpopulations upon HFD, while the Fat Source Modulates its Magnitude  

(A-B) Body weights (A) and small intestine, caecum and colon size (B) of wild-type mice after 

3 months coconut- (red) or lard-based HFD (blue); chow (black) or starch control diet (grey) 

(n=8-12). 

(C-D) Absolute numbers () of total, CCR2+/CCR2- intestinal macrophages (iMacs) and 

subpopulations P1-P5 (C), fat pad weights and frequency of adipose tissue macrophages 

(ATMs) and their subpopulations (DN, M1a, M1b, M2) (D) in mice fed chow (black) or starch 

(grey) control diet.  

(E-F) Fold change of iMacs (total, CCR2+/CCR2- and P1-P5 subpopulations) (E), fat pad 

weights and ATMs (total and DN, M1a, M1b, M2 subpopulations) (F) after 3 months of 

coconut (red) or lard-based (blue) HFDs compared to respective control diets.  

(G) IPGTT, AUC, fasting blood glucose, insulin and insulin tolerance test (ITT) in mice fed 

3 months HFD or control diet (n=8-12).   

(H) Principal component analysis (PCA; left) and relative phyla abundances (right) of fecal 

microbiota of mice before and after 1 week and 3 months of HFD compared to controls. 

(I) Fold change of iMacs in germ-free mice fed lard-based HFD for 2 months compared to 

starch-fed controls.  

Statistical data are expressed as mean±SEM. Data are representative of two independent 

experiments (C/E/I) or of one experiment (A/B/D/F/G/H). A/E-G: Coconut-based HFD vs. 

chow: *p<0.05, **p<0.01, ***p<0.001. Lard-based HFD vs. starch: #p<0.05, ##p<0.01, 

###p<0.001, unpaired Mann-Whitney U test with two tailed distribution. See also Figure S2 and 

Table S1 for diet details.  
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Figure 3 
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Figure 3. Macrophage Numbers are Linked to Glycemic Control 

(A) Representative flow cytometry plots of intestinal macrophages (iMacs), adipose tissue 

macrophages (ATMs), peritoneal macrophages (small: SPM/ large: LPM) and microglia.  

(B-E) Fold change of iMacs and their subpopulations P1-P5 (B), SPMs and LPMs (C), fat pad 

weights and fold change of ATMs and their subpopulations (DN, M1a, M1b, M2) (D) and 

microglia (E) of wild-type mice fed 2 months coconut-based HFD and treated with the CSF1R 

inhibitor BLZ945 (50, 100, 200 g/g/d) or vehicle. 

(F-G) IPGTT, AUC, fasting blood glucose, insulin and ITT of mice after 2 months HFD and 

BLZ945 treatment (n=4-5). 

(H-I) Absolute numbers of iMacs and their subpopulations P1-P5 (H) and ATMs and their 

subpopulations (DN, M1a, M1b, M2) (I) of CCR2-/- (orange) or CCR2+/+ (red) mice fed 

3 months coconut-based HFD.  

(J) Body weight, IPGTT, AUC and insulin of CCR2-/- or CCR2+/+ mice fed 3 months HFD 

or chow. (n=5-11). 

Statistical data are expressed as mean±SEM. Data are representative of one (A-G) and two 

independent experiments (H-J), with each data point representing an individual mouse. 

*p<0.05, **p<0.01, ***p<0.001, unpaired Mann-Whitney U test with two tailed distribution. 

See also Figure S3. 
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Figure 4 
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Figure 4. Colon-specific Macrophage Depletion Improves Glucose Metabolism  

Wild-type mice fed 1 week with coconut-based HFD and intrarectally treated with clodronate 

(turquoise) or PBS liposomes (pink) (A-I; colon-specific depletion) or intraperitoneally (J-N; 

i.p. systemic depletion): 

(A/J) Fold change of total, CCR2+/CCR2- intestinal macrophages (iMacs) and subpopulations 

P1-P5 in the proximal colon.  

(B/K) Representative flow cytometry plots and fold change of adipose tissue macrophages 

(ATMs) and their subpopulations (DN, M1a, M1b, M2).   

(C/L) Fold change of Kupffer cells (KCs), islet macrophages and microglia.  

(D/M) Plasma TNF and IL-6.  

(E/N) IPGTT, AUC, body weight and insulin (n=9-18).  

(F) ITT of mice intrarectally treated with clodronate or PBS liposomes (n=5-9). 

(G) Basal and glucose stimulated insulin secretion normalized to protein content in islets 

isolated from mice intrarectally treated with clodronate or PBS liposomes.  

(H) Oral GTT (OGTT) and AUC after GLP-1 inhibition by Exendin (9-39) injection 30 min 

before glucose bolus in mice intrarectally treated with clodronate or PBS liposomes (n=7-8). 

(I) Principal component analysis (PCA; left) and relative phyla abundances (right) of fecal 

microbiota in HFD mice intrarectally treated with clodronate or PBS liposomes. 

Statistical data are expressed as mean±SEM. Data are representative of three (A/B/D), five (E), 

two (C/I-L/N) independent experiments and one (F-H/M) experiment. *p<0.05, **p<0.01, 

***p<0.001, unpaired Mann-Whitney U test with two tailed distribution. Also see Figures S4.  
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Figure 5 
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Figure 5. Transcriptional Response upon HFD in Intestinal Macrophages Involves an 

Interferon-Signature and Metabolic Shift, potentially through mTOR-Signaling 

(A-B) Principal component analysis (PCA) (A) and relative proportion of intestinal 

macrophages (iMacs) (B) in wild-type mice fed chow or 1 week coconut-based HFD (mean of 

two replicates). Colors represent different clusters of iMacs (P1-5). 

(C)  Average gene expression of specific marker genes in iMacs across clusters in mice fed 

chow or 1 week of HFD. 

(D) Up- (red) or down-regulated (blue) Molecular Signatures Database (MSigDB) hallmark 

pathways after 1 week of HFD compared to chow for cluster P1 (FDR<=0.1). 

(E) IFN-γ protein expression of iMacs in mice fed 1 week of HFD (red) compared to chow fed 

controls (black).  

(F-G) Mitochondrial activity indicated by fold change of gMFI of MitoGreen (mitochondrial 

mass), MitoRed (mitochondrial potential) and MitoSOX (reactive oxygen status) in iMacs (F) 

and subpopulations P1-P5 (G) after 1 week of HFD compared to controls . 

(H) Fold change of the gMFI of mTOR (pS6) and Akt (pS475) in iMacs and P1-P5 

subpopulations after 1 week HFD compared to controls . 

Statistical data are expressed as mean±SEM. Data are representative of one (A-E) and two (F-

H) experiments, with each data point representing one cell (A) or one individual mouse (E-H). 

*p<0.05, **p<0.01, ***p<0.001, unpaired Mann-Whitney U test with two tailed distribution. 

Also see Figures S5 and S6. 
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Figure 6 
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Figure 6. Colonic-Specific Inhibition of mTOR Signaling Restores Glycemic Control 

Wild-type mice were fed 1 week of coconut-based HFD and intrarectally treated with 3mg/kg 

rapamycin (purple) or vehicle (red) either intrarectally (A-G; colon-specific mTOR inhibition) 

or intraperitoneally (H-M, systemic mTOR inhibition): 

(A-B and H-I) Fold change of gMFI of phosphorylated S6 (pS6) (A/H) and Akt (pS473) (B/I) 

in intestinal macrophages (iMacs) and their subpopulations P1-P5 of mice fed HFD and treated 

with rapamycin or vehicle.  

(C) Fold change of MitoSOX in iMacs isolated from HFD mice intrarectally treated with 

rapamycin or vehicle. 

(D and J-K) Fold change of gMFI of pS6 in adipose tissue macrophages (ATMs) and their 

subpopulations (DN, M1a, M1b, M2) (D/K) and splenic monocytes (J) in mice fed HFD and 

treated with rapamycin or vehicle.  

(E/L) IPGTT, AUC, body weight and insulin in mice fed HFD and treated with rapamycin or 

vehicle (n=9-13).  

(F) OGTT, AUC and active GLP-1 (stabilization of GLP-1 by sitagliptin injection 30 min 

before glucose bolus) in mice fed HFD and intrarectally treated with rapamycin or vehicle (n=7-

12).  

(G) Basal and glucose stimulated insulin secretion normalized to protein content in mice fed 

HFD and intrarectally treated with rapamycin or vehicle.  

(M) ITT in mice fed HFD and intraperitoneally treated with rapamycin or vehicle (n=9). 

Statistical data are expressed as mean±SEM. Data are representative of two 

(A/B/D/E) independent experiments and one (C/F-M) experiment. *p<0.05, **p<0.01, 

***p<0.001, unpaired Mann-Whitney U test with two tailed distribution.  
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Figure 7 
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Figure 7. Pro-inflammatory Intestinal Macrophages are also Increased in Human Obese 

Subjects 

(A) Flow cytometry strategy of human intestinal macrophages (iMacs: CD14high (pro-

inflammatory/monocyte-derived P1, P2 and intermediate P3) and CD14low (anti-

inflammatory/resident P4, P5) subpopulations).  

(B-C) Proportional distribution (B) and frequencies of human iMacs (total, CD14high/CD14low 

and P1-P5 subpopulations) (C) from colon biopsies of lean (BMI < 27 kg/m2, n=13) or obese 

subjects (BMI > 32 kg/m2, n=8).  

(D) Frequencies of blood monocytes and their subpopulations from lean (n=21) or obese 

subjects (n=15). 

One data point represents one subject. Statistical data are expressed as mean±SEM. *p<0.05. 

**p<0.01, ***p<0.001, unpaired Mann-Whitney U test with two tailed distribution. Also see 

Figures S7. 
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STAR ★ METHODS  

KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Anti-mouse CD16/CD32 Biolegend Cat#101310; RRID: AB_2103871 

Anti-mouse CD3 (145-2C11) APC-Cy7 Biolegend Cat#100330; RRID: AB_1877170 

Anti-mouse CD19 (6D5) APC-Cy7 Biolegend Cat#115530; RRID: AB_830707 

Anti-mouse NK1.1 (PK136) APC-Cy7 Biolegend Cat#108723; RRID: AB_830870 

Anti-mouse Ly6G (1A8) APC-Cy7 Biolegend Cat#127624; RRID: AB_10640819 

Anti-mouse CD45 (30-F11) PerCP-Cy5.5 Biolegend Cat#103131; RRID: AB_893344 

Anti-mouse CD24 (M1/69) PE-Cy7 Biolegend Cat#101821; RRID: AB_756047 

Anti-mouse CD11b (M1/70) BV421 Biolegend Cat#101236; RRID: AB_11203704 

Anti-mouse CD64 (X54-5/7.1) APC Biolegend Cat#139306; RRID: AB_11219391 

Anti-mouse Ly6C (HK 1.4) FITC Biolegend Cat#128005; RRID: AB_1186134 

Anti-mouse I-A/I-E (M5/114.15.2) BV785 Biolegend Cat#107645; RRID: AB_2565977 

Anti-mouse CCR2 (475301) PE R&D Systems Cat#FAB5538P-25/100; RRID: 

AB_10718414 

Anti-mouse CD11c (N418) BV650 Biolegend Cat#117339; RRID: AB_2562414 

Anti-mouse CD103 (2E7) PE-Dazzle594 Biolegend Cat#121430; RRID: AB_2566493 

Anti-mouse F4/80 (BM8) PE Biolegend Cat#123110; RRID: AB_893486 

Anti-mouse CD11c (N418) PE-Cy7 Biolegend Cat#117318; RRID: AB_493568 

Anti-mouse CD206 (C068C2) A647 Biolegend Cat#141712; RRID: AB_10900420 

Anti-mouse Siglec F (E50-2440) BV510 BD Biosciences  Cat#740158; RRID: AB_2739911 

Anti-mouse F4/80 (BM8) e660 Thermo Fisher Scientific Cat#50-4801-80; 

PRID:AB_11150065 

Anti-mouse CD11b (M1/70) A488 Thermo Fisher Scientific Cat#53-0112-80; PRID:AB_469900 

Anti-mouse CD11b (M1/70) e660 Thermo Fisher Scientific Cat#50-0112-82; 

PRID:AB_11218507 

 

Anti-mouse CD45 (30-F11) A700 Biolegend Cat#103128; RRID: AB_493715 

Anti-mouse Ly6C (AL-21) BV605 BD Biosciences  Cat#563011; RRID: AB_2737949 

Anti-mouse Akt (pS473) PE BD Biosciences  Cat#560378; RRID: AB_1645328 

Anti-mouse S6 (pS235/pS236) (N7-548) 

A488 

BD Biosciences  Cat#560434; RRID: N/A 

Anti-human CD19 (HIB19) PE-Cy5 Biolegend Cat#302209; RRID: AB_314239 

Anti-human CD3 (UCHT1) PE-Cy5 Biolegend Cat#300410; RRID: AB_314064 

Anti-human CD56 (5.1H11) PE-Cy5 Biolegend Cat#362515; RRID: AB_2564088 

Anti-human CD20 (2H7) PE-Cy5 Biolegend Cat#302307; RRID: AB_314255 

Anti-human TCRαβ (IP26) PE-Cy5 Biolegend Cat#306710; RRID: AB_314648 

Anti-human CD45 (HI30) PerCP-Cy5.5 Biolegend Cat#304027; RRID: AB_1236444 

Anti-human CD64 (10.1) A647 Biolegend Cat#305012; RRID: AB_528867 

Anti-human HLA-DR (L243) A488 Biolegend Cat#307619; RRID: AB_493176 

Anti-human CD14 (MφP9) BUV395 BD Biosciences  Cat#563562; RRID: AB_2744288 

Anti-human CD16 (3G8) BUV496 BD Biosciences  Cat#564654; RRID: AB_2744294 

Anti-human CD209 (9E9A) PE Biolegend Cat#330105; RRID: AB_1134060 

Anti-human CD163 (GH1/61) BV421 Biolegend Cat#333611; RRID: AB_2562462 

Anti-human CCR2 (KO36C2) BV510 Biolegend Cat#357217; RRID: AB_2566503 

Anti-human CD33 (WM53) BV785 Biolegend Cat#303427; RRID: AB_2650887 

http://antibodyregistry.org/AB_2103871
http://antibodyregistry.org/AB_1877170
http://antibodyregistry.org/AB_830707
http://antibodyregistry.org/AB_830870
http://antibodyregistry.org/AB_10640819
http://antibodyregistry.org/AB_893344
http://antibodyregistry.org/AB_756047
http://antibodyregistry.org/AB_11203704
http://antibodyregistry.org/AB_11219391
http://antibodyregistry.org/AB_1186134
http://antibodyregistry.org/AB_2565977
http://antibodyregistry.org/AB_10718414
http://antibodyregistry.org/AB_2562414
http://antibodyregistry.org/AB_2566493
http://antibodyregistry.org/AB_893486
http://antibodyregistry.org/AB_493568
http://antibodyregistry.org/AB_10900420
http://antibodyregistry.org/AB_2739911
http://antibodyregistry.org/AB_11150065
http://antibodyregistry.org/AB_469900
http://antibodyregistry.org/AB_11218507
http://antibodyregistry.org/AB_493715
http://antibodyregistry.org/AB_2737949
http://antibodyregistry.org/AB_1645328
http://antibodyregistry.org/AB_314239
http://antibodyregistry.org/AB_314064
http://antibodyregistry.org/AB_2564088
http://antibodyregistry.org/AB_314255
http://antibodyregistry.org/AB_314648
http://antibodyregistry.org/AB_1236444
http://antibodyregistry.org/AB_528867
http://antibodyregistry.org/AB_493176
http://antibodyregistry.org/AB_2744288
http://antibodyregistry.org/AB_2744294
http://antibodyregistry.org/AB_1134060
http://antibodyregistry.org/AB_2562462
http://antibodyregistry.org/AB_2566503
http://antibodyregistry.org/AB_2650887
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CD103 (Ber-ACT8) BV605 Biolegend Cat#350217 ;RRID: AB_2564282 

Biological Samples 

Human colon biopsies This paper Cat#1CUSB,# 2CUSB, #10CUSB, 

#14CUSB, #17CUSB, #19CBDA, 

#20CUSB, #21CMDP,#22CMDP, 

#27CUSB, #28CUSB, #29CUSB, 

#31CMDP, #32CUSB, #34CMDP, 

#37CMDP, #38CMDP, #47CMDP, 

#60CMDP, #66CMDP, 

#68G(B)USB 

Human corpus and duodenum biopsies This paper Cat#3GUSB, #5GUSB, #6GUSB, 

#7GUSB, #11GUSB, #12GUSB, 

#26GUSB, #30GUSB, #36GBMDP, 

#40GMDP, #41GBUSB, 

#42G(B)MDP, #44GBMDP/USB, 

#45GMDP, #46GMDP, #56GUSB, 

#57GMDP, #59GBMDP, 

#61GMDP, #67GMDP, 

#68G(B)USB, #71GBUSB, 

#72GUSB, #79GMDP 

Human Blood This paper Cat#5GUSB, #6GUSB, #7GUSB, 

#10CUSB, #11GUSB, #12GUSB, 

#14CUSB, #17CUSB, #18GBDA, 

#19CBDA, #20CUSB, #26GUSB, 

#27CUSB,  #28CUSB, #29CUSB, 

#30GUSB #31CMDP, #32CUSB, 

#34CMDP, #36GBMDP, 

#37CMDP, #38CMDP, #41GBUSB, 

#42G(B)MDP, #44GBMDP/USB, 

#45GMDP, #46GMDP, #47CMDP, 

#52BUSB, #56GUSB, #57GMDP, 

#59GBMDP, #60CMDP, 

#66CMDP,  

#67GMDP 

#68G(B)USB 

Chemicals, Peptides, and Recombinant Proteins 

60% coconut-based HFD Research Diets Cat#D12331 

60% coconut-based HFD Sniff Cat#D12331 (#E15772-3) 

Purified control diet (Starch) Research Diets Cat#D12450Ji 

60% lard-based HFD Research Diets Cat#D12492i 

Collagenase VIII Sigma-Aldrich Cat#C2139 

Collagenase IV Worthington Cat#LS004189 

DNAse I Roche Cat#11284932001 

Percoll GE Healthcare Cat#GE17-0891-01 

BLZ945 Novartis MTA; Cat#BLZ945-AA 

Clodronate liposomes Liposoma Cat#C-005 

Control liposomes (PBS) Liposoma Cat#P-005 

Rapamycin MedChemExpress Cat#HY-10219, CAS: 53123-88-9 

Exendin (9-39) Bachem Cat#H-8740, CAS: 133514-43-9 

Diprotin A Sigma- Aldrich Cat#I9759, CAS:90614-48-5 

Sitagliptin phosphate monohydrate Santa Cruz Biotechnology Cat#sc-364620, CAS: 654671-77-9 

Fix Buffer I BD Biosciences Cat#557870 

Perm Buffer III BD Biosciences Cat#558050 

MitoTracker. Green FM Thermo Fisher Scientific Cat#M7514 

http://antibodyregistry.org/AB_2564282
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MitoTracker. Red CMXRos  Thermo Fisher Scientific Cat#M7512 

MitoSOX™ Red mitochondrial superoxide 

indicator 

Thermo Fisher Scientific Cat#M36008 

DAPI Biolegend Cat#422801 

Zombie Aqua Fixable Viability Kit Biolegend Cat#423102 

Zombie NIR Fixable Viability Kit Biolegend Cat#423105 

Critical Commercial Assays 

Mouse/Rat Insulin Kit MesoScale Diagnostics Cat#K152BZC 

V-Plex Pro-inflammatory Panel 1 Mouse Kit  MesoScale Diagnostics Cat#K15048 

Active GLP-1 (ver. 2) Kit MesoScale Diagnostics Cat#K150JWC 

 

eBioscience Foxp3 Staining Buffer Set Thermo Fisher Scientific Cat#00-5523-00 

NucleoSpin RNA kit Macherey Nagel Cat#740955 

RNeasy Plus Universal Mini kit Qiagen Cat#73404 

GoScriptTM Promega Cat#A5003 

GoTaq qPCR Master Mix Promega Cat#A4472919 

Pierce BCA protein assay kit Thermo Scientific Cat#23227 

QIAamp FAST DNA Stool Mini Kit Qiagen Cat#51604 

QIAqick Gel Extraction Kit  Qiagen Cat#28706 

Qubit dsDNA HS Assay Kit Thermo Fisher Scientific Cat#Q32854 

Deposited Data 

scRNA-seq Data  This paper GEO: GSE143351 

Experimental Models: Organisms/Strains 

Mouse: C57BL/6N Charles River Laboratories RRID:IMSR_CRL:027 

Mouse: C57BL/6N University of Basel 

(originated from Charles 

River) 

RRID:IMSR_CRL:027 

Mouse: B6.129S4-Ccr2tm1Ifc/J The Jackson Laboratory RRID:IMSR_JAX:004999 

Mouse: C57BL/6J University of Basel and 

Bern (originated from 

Jackson Laboratory) 

RRID:IMSR_JAX:000664 

Oligonucleotides 

Primers for RT-PCR, see Table S2 

 

Microsynth N/A 

Primers for 16S amplicon PCR, see Table S3 Microsynth N/A 

Software and Algorithms 

Prism8 GraphPad Software, LLc. https://www.graphpad.com 

FlowJo (version 10.61) Becton Dickinson & 

Company (BD) 

https://www.flowjo.com/solutions/fl

owjo/downloads 

BD FACSDiva (version 8.0.1) Becton Dickinson & 

Company (BD) 

https://www.bdbiosciences.com/en-

us/instruments/research-

instruments/research-software/flow-

cytometry-acquisition/facsdiva-

software 

R (version 3.6) The R Foundation https://www.r-project.org 

Bioconductor (version 3.10) Amezquita, R. A. et al. 

(2019) Orchestrating 

single-cell analysis with 

Bioconductor. Nat 

Methods.  

http://bioconductor.org/ 

https://www.graphpad.com/
https://www.flowjo.com/solutions/flowjo/downloads
https://www.flowjo.com/solutions/flowjo/downloads
https://www.bdbiosciences.com/en-us/instruments/research-instruments/research-software/flow-cytometry-acquisition/facsdiva-software
https://www.bdbiosciences.com/en-us/instruments/research-instruments/research-software/flow-cytometry-acquisition/facsdiva-software
https://www.bdbiosciences.com/en-us/instruments/research-instruments/research-software/flow-cytometry-acquisition/facsdiva-software
https://www.bdbiosciences.com/en-us/instruments/research-instruments/research-software/flow-cytometry-acquisition/facsdiva-software
https://www.bdbiosciences.com/en-us/instruments/research-instruments/research-software/flow-cytometry-acquisition/facsdiva-software
https://www.r-project.org/
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Kallisto (version 0.46.0) and BUStools 

(version 0.39.2) 

Melsted, P. et al. (2019) 

Modular and efficient pre-

processing of single-cell 

RNA-seq. 

bioRxiv:673285. 

https://pachterlab.github.io/kallisto/ 

https://www.kallistobus.tools/ 

 

QIIME pipeline (version 1.8.0) Caporaso, J. G. et al., 

(2010) 

http://qiime.org 

 

Usearch61_ref (version 6.1.544) Edgar, R. C. et al., (2010) http://qiime.org 

 

LEAD CONTACT AND MATERIALS AVAILABILITY 

Further information and requests for resources and reagents should be directed to and will be 

available by the Lead Contact, Claudia Cavelti-Weder (claudia.cavelti-weder@usb.ch). There 

are restrictions to the availability of BLZ945 due to Material Availability Statement (MAT) 

agreements with Novartis. This study did not generate new unique reagents. 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Mice 

Male C57BL/6 (B6) mice and CCR2-/- mice were maintained in our SPF-facility at room 

temperature of 22°C on a 12h light/12h dark cycle. Germ-free B6 mice were bred and 

maintained in flexible-film isolators or in individually ventilated cages (IVC) at the Clean 

Mouse Facility, University of Bern, Switzerland. For the high-fat diet (HFD) studies 5-8 week-

old weight-matched mice were fed either a coconut-based high-fat diet (HFD: 60 %; #D12331, 

Research Diets or Sniff) or chow diet up to 3 months. For assessing the influence of different 

diet compositions and the microbiota the following additional diets were used: a purified control 

diet without fibers (Starch: 10 %; #D12450Ji; Research Diets) and lard-based HFD (60 %; 

D12492i; Research Diets). Mice were randomized into different groups according to their 

starting weights. See diet details in Table S1. 

 

https://www.kallistobus.tools/
http://qiime.org/
http://qiime.org/
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Human Subjects 

Colon biopsies were collected from both male and female obese (BMI > 32 kg/m2, n=8) and 

lean (BM < 27 kg/m2, n=13) individuals with an average age of 60±14.89 years. Gastroscopy 

biopsies of lean (n=12) and obese (n=12) patients were also collected from both genders with 

an average age of 48.83±16.72 years. In addition, blood was obtained from male and female 

obese (n=15) and lean (n=21) patients with an average age of 52±17.36 years. Exclusion 

Criteria: Inability to provide informed consent, intake of corticosteroids, anti-inflammatory/ 

immunosuppressive drugs potentially altering immune cells, clinical signs of current infection, 

known anemia (e.g. hemoglobin < 110 g/L for males, < 100 g/L for females) or neutropenia 

(e.g. leukocyte count < 1.5 × 10^9/L or ANC < 0.5 × 10^9/L), known immunodeficiency (e.g. 

HIV), vasculitis or collagenosis, inflammatory bowel disease, adrenal insufficiency and/or 

substitution with glucocorticoids, known clinically significant kidney or liver disease (e.g. 

creatinine > 1.5 mg/dL, AST/ALT > 2 × ULN, alkaline phosphatase > 2 × ULN, or total 

bilirubin [tBili] > 1.5 × ULN, liver cirrhosis Child B or C), risky daily alcohol consumption (> 

24g/d for males, > 12g for females), known uncontrolled congestive heart failure, known 

uncontrolled malignant disease or currently pregnant or breastfeeding. Subjects were referred 

by the Department of Gastroenterology at the University Hospital Basel/Clarunis, University 

Center for Gastrointestinal and Liver Diseases Basel or the doctor’s office MagenDarm Basel 

for a diagnostic colonoscopy on the basis of symptoms suggestive for irritable bowel syndrome 

or for colorectal cancer screening (recommended in Switzerland after the age of 50 years). 

Researchers were blinded during sample-processing and data acquisition. For the statistical 

analysis between obese and lean patient, researchers were unblinded. 
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Study Approval 

All animal procedures were approved by the local Animal Care and Use Committee and 

performed in accordance with Swiss Federal regulations. The human material was collected 

and used with informed consent. Permission for the human study (ID: 2018-00712; full title 

“Characterization of human intestinal macrophages in metabolic disease- iMAC study” 

ClinicalTrails.gov) was obtained by the Ethical commission in Basel (Ethikkommission 

Nordwest- und Zentralschweiz). 

  

https://clinicaltrials.gov/ct2/show/NCT03796000
https://clinicaltrials.gov/ct2/show/NCT03796000?cond=Characterization+of+human+intestinal+macrophages+in+metabolic+disease-+iMAC+study&draw=2&rank=1
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METHOD DETAILS 

Macrophage Depletion and mTOR inhibition Models 

For dose-dependent depletion of macrophages, HFD-fed mice were treated orally with 50, 100 

or 200 µg/g CSF1R inhibitor (BLZ945; MTA Novartis, Basel, Switzerland) or its vehicle 

(20 % Captisol; Ligand, San Diego, US) for up to ten weeks (5 times/week). Treatment started 

1 week before HFD feeding. 

Depletion by clodronate liposomes: To specifically deplete colonic macrophages, in 

anesthetized mice clodronate liposomes were injected intrarectally with a flexible gavage 

needle coated with lubricant. The colon-specific depletion was compared to systemic depletion 

by intraperitoneal application (i.p.) of clodronate liposomes. The clodronate or control PBS 

liposomes (Liposoma B.V.) were injected every other day (100 µL/500 µg/injection) starting 

from day -4 until day 6 after start of HFD feeding.  

To inhibit mTOR activation, mice were treated intrarectally or i.p. with 3 mg 

rapamycin/kg/every other day (Cat#HY-10219, MedChemExpress), according the application 

of clodronate liposomes. 

 

Isolation of Intestinal Macrophages 

Intestinal lamina propria lymphocytes were isolated from the colon of mice or human biopsies. 

For mouse colon, the length was measured, fat was removed and the tissue was first cut open 

longitudinally, then cut into 1 cm pieces and washed in ice-cold DPBS or HBSS (without 

Mg/Ca). To remove the epithelial layer, tissue pieces and biopsies were washed twice in 

HBSS/2 mM EDTA shaking 20 min at 37 °C. Afterwards washed twice in HBSS and 

transferred into a gentle MACS C-tube (#130-096-334, Miltenyi Biotec) containing 3 mL 

Complete IMDM Medium (1x IMDM, 10 % FBS, P/S, Glutamax). Next 3 mL 2x Collagenase 
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VIII (#C2139, Sigma-Aldrich) digestion solution (Complete IMDM, 2mg/mL Collagenase 

VIII, 25 µg/mL DNase I) was added to start enzymatic digestion shaking at 37 °C (mouse colon: 

25-30 min, human biopsies: 35-40 min). Digested tissue was homogenized using the 

gentleMACS Octo Dissociator (Militenyi Biotec; program: ms_intestine-01), digestion was 

stopped by EDTA. Leukocytes were enriched using a percoll gradient (40%/70%, #GE17-

0891-01, GE Healthcare) and centrifugated (600 g, 20 min, 22°C, brake and acceleration 0 or 

1). The lymphocyte ring was collected from the interphase, washed (550 g, 5 min, 22 °C) with 

FACS Buffer (1xDPBS, 0.5 % BSA, 5 mM EDTA). Finally, the cells were resuspended in 

200 µL FACS Buffer (DPBS/0.5 % BSA/5 mM EDTA) containing Fc Blocking and filtered 

through a 35 µM strainer FACS tube (#352235, Corning). 

 

Isolation of Macrophages in other Tissues 

Adipose and liver tissue were minced with scissors and digested by shaking in a Collagenase 

IV (#C2139, Worthington) solution (1x HBSS, 10 mM HEPES, 1.5 mg/mL Collagenase IV and 

8.25 µg/mL DNAse I) for 20-30 min at 37°C and 400 rpm. Digestion was quenched by adding 

FACS buffer and suspension was filtered through a cotton gauze. Erythrocytes were removed 

using Red Cell Lysis Buffer (154 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA). Liver 

lymphocytes were enriched using a 70 %/40 % percoll gradient. Later cells were washed and 

filtered for FACS staining. 

Peritoneal macrophages were isolated by lavage of the peritoneum using 10 mL FACS 

buffer. Erythrocytes were lysed with Red Cell Lysis Buffer, the remaining cells were washed 

and filtered for FACS staining. 

 To isolate microglia whole-brains were excised from the skull and mechanically 

dissociated in FACS buffer using a Dounce-homogenizer (#D9938-1SET, Merck). Cells were 

then passed through a 70 μm cell strainer, washed with FACS buffer and enriched by 
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performing a 70 %/ 37 % percoll gradient (30 min, 750 g, minimal brake). The microglia-

containing interphase was subsequently collected and filtered, washed and used for FACS 

analysis. 

 

Antibodies and Flow Cytometry 

To reduce unspecific binding, the Fc receptor was blocked using CD16/32 prior to incubation 

with monoclonal antibodies (mAbs) for 30 min-1 h on ice. All mAbs used for flow cytometry 

were listed in Key Resources Table. In case of MitoTracker staining cells were stained with 

MitoTracker probes (Thermo Fisher Scientific) at 37 °C in the dark (10 nM MitoGreen and 

5 n MitoRed for 20 min in 10 % FACS Buffer, 1 µM MitoSOX for 10 min in 1x HBSS (no 

Mg/Ca)) after the surface staining. For the assessment of mTOR activation cells were fixed 

with BD Fix I Buffer (10 min, 37 °C) after surface staining. Subsequently cells were washed 

and permeabilized by adding BD Perm Buffer II (30 min on ice), followed by staining for 1 h 

at RT with anti-pS6 and anti-pS473. Samples were acquired with a BD LSRIIFortessa (BD) 

and analyzed with FlowJo software 10.6.1 (BD). 

 

Metabolic Assessments  

Metabolic phenotype was assessed by glucose and insulin tolerance tests (GTT/ ITT) performed 

at 1, 4 and 12 weeks of HFD feeding. For a GTT mice were fasted 6 h. After intraperitoneal 

(IPGTT) or oral (OGTT) injection of glucose (2 g/ kg bodyweight) blood glucose was 

monitored from the tail vein after 15, 30, 60, 90 and 120 min using a glucometer (Freestyle, 

Abbot). For active GLP-1 measurements 25 mg/kg sitagliptin (Cat#sc-364620, Santa Cruz) was 

injected i.p. 30 min before oral glucose application. To block GLP-1 or parasympaticus action 
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236 µg/kg Exendin (9-39) (#H-8740, Bachem) or 5 mg/kg atropine (#A0257-5G, Sigma), 

respectively, were i.p. injected at timepoint -30 min prior glucose application.  

ITT was performed after 3 h of fasting by injecting 1-2 U/kg body weight insulin i.p. (Actrapid 

HM Penfill, Novo Nordisk), glucose levels were measured at 0, 15, 30, 60,90 and 120 minutes 

after injection.  

Plasma insulin, GLP-1, TNF and IL-6 were quantified by electrochemiluminescence 

(MESO SECTOR S 600) using kits from Meso Scale Diagnostics (MSD, Rockville, MD, 

USA), according to the manufacturer`s instructions: Mouse/Rat Insulin Kit (#K152BZC),V-

PLEX Plus Proinflammatory Panel 1 Mouse Kit (#K15048G), V-PLEX GLP-1 Active Kit  vers. 

2 (#K15030D). 

 

Quantitative Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) Analysis 

RNA was extracted from distal colon and epididymal adipose tissue using NucleoSpin RNA 

kit (#740955.250, Macherey-Nagel) or the RNeasy Plus Universal Mini kit (#73404, QIAGEN) 

according to manufacturer`s instructions. Reverse transcription was performed with GoScript™ 

Reverse Transcription Mix (#A2801, Promega). For qPCR GoTaq qPCR Master Mix (#A6002, 

Promega) on a ViiA7 Real-Time PCR System (Thermo Fisher Scientific) was used. Primer 

sequences (Microsynth, Balgach, Switzerland) are listed in Table S2. The data presented 

correspond to the mean of 2-∆∆Ct after being normalized to housekeeping genes B2m and Ppia. 

 

Isolation of Pancreatic Islets 

Pancreatic mouse islets were isolated by injecting collagenase IV (1.4 mg/mL; Worthington) 

digestion solution into the pancreas via the common bile duct. The perfused pancreas was 

digested at 37 °C for 30 min, thereafter quenched (1x HBSS, 1 M HEPES, 0.5 % BSA) and 
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filtered. Islets were handpicked under a stereoscopic microscope and cultured in RPMI-1640 

(containing 11.1 mM glucose, 10 % FBS, 100 U/mL P/S, 2 mM Glutamax, 50 µg/mL 

Gentamycin, 10 µg/mL Fungison). For flow cytometry analysis islets were washed in PBS/ 

0.5 mM EDTA, trypsinized and around 100 islets/tube were collected. 

 

Glucose-Stimulated Insulin Secretion (GSIS) Assay 

For GSIS handpicked primary mouse islets were incubated in RPMI-1640 medium overnight. 

The next day islets were washed and pre-incubated in Krebs-Ringer-bicarbonate buffer (KRB: 

115 mM NaCl, 4.7 mM KCl, 2.6 mM CaCl2 2H2O, 1.2 mM KH2PO4, 1.2 mM MgSO4 2H2O, 

10 mM HEPES, 0.5 % BSA, pH 7.4) containing 2.8 mM glucose. After 1.5 h buffer was 

replaced to KRB containing low (2.8 mM, basal) or high (16.7 mM, stimulated) glucose and 

supernatant was collected after 1 h to assess basal and glucose stimulated insulin release. The 

stimulatory index was defined as the ratio of stimulated insulin secretion at 16.7 mM/h to basal 

insulin secretion at 2.8 mM/h. To obtain insulin content islets were vortexed in 0.18 mol/l HCl 

in 70 % ethanol and incubated at least 1 h at -20 °C. Secreted and content insulin were measured 

by Mouse/Rat Insulin Kit (#K152BZCMeso Scale Discovery).  

 

Microbiota Analysis 

gDNA extraction from stool samples: Contents from small intestine, caecum and colon, or feces 

were frozen in 2 mL tubes and stored at -80 °C until extraction. To extract genomic DNA 

(gDNA) from feces QIAamp FAST DNA Stool Mini Kit (#51604 Qiagen, Hilden, Germany) 

was used following the vendor`s instructions with the following adjustment: homogenization 

of stool particles was performed with 100 mg baked glass beads (Sigma Aldrich) using a tissue 
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lyser for 3 min, 30 Hz per run (Retsch MM400). DNA concentration was measured by 

Nanodrop2000 (Thermo Fisher Scientific). 

16S amplicon PCR: 100 ng of bacterial DNA were used to amplify the V5/V6 region of 

the 16S ribosomal gene by PCR using Platinum Taq DNA polymerase (Invitrogen). We used 

barcoded forward fusion primers 5’- CCATCTCATCCCTGCGTGTCTCCGACTCAG-

BARCODE-ATTAGATACCCYGGTAGTCC-3’, where core primers have been modified by 

the addition of a PGM sequencing adaptor, a GT-spacer and unique barcode (see Table S3), 

that allow pooling of up to 96 different barcodes in combination with the reverse fusion primer 

5’-CCTCTCTATGGGCAGTCGGTGATACGAGC-TGACGACARCCATG-3’ (Li et al., 

2015; Mamantopoulos et al., 2017; Sundquist et al., 2007). All primers were used at a 10 μM 

working concentration. Cycling conditions were following: initial 5 min denaturation at 94 °C, 

followed by 35 cycles of 1 minute denaturation at 94 °C, 20 s annealing at 46 °C and 30 s 

extension at 72 °C. The final extension step took place for 7 min at 72 °C. The PCR product 

(ca 350 bp) was loaded on a 1 % agarose gel, cut out with a scalpel extracted using the QIAqick 

Gel Extraction Kit protocol (#28706, Qiagen). The resulting dsDNA concentration was 

measured by Qubit dsDNA HS Assay Kit (#Q32854, Thermo Fisher Scientific).  

16S sequencing: Up to 96 libraries were diluted at 26 pM and were pooled. Libraries 

were prepared with the OT2 HiQ View 400 kit and emulsion PCR performed on the Ion 

OneTouch 2 (OT2) instrument (ThermoFischer). The template-positive Ion Sphere Particles 

containing clonally amplified DNA were enriched using the Ion OneTouch ES instruments 

(ThermoFisher). Sequencing was carried out using the Ion PGM HiQ View Sequencing 400 kit 

with the Ion Personal Genome Machine System on an Ion 316 Chip v2 (ThermoFisher) 

(Whiteley et al., 2012).  

Analysis of 16S data: Samples with less than 1000 reads were excluded from the 

analysis if not stated otherwise. Data analysis was performed using the QIIME pipeline version 
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1.8.0 (Caporaso et al., 2010). OTUs were picked at a threshold of 97 % similarity using 

usearch61_ref v.6.1.544 (Edgar, 2010) followed by rarefaction and taxonomy assignment using 

Greengenes database. 

 

RNA-Sequencing 

For single-cell RNA-sequencing (scRNA-seq) (liveCD45+Lin-CD11b+CD24- and CD64+ or 

Ly6C+) CD11b+nonDCs colonic macrophages (see gating strategy (Tamoutounour et al., 2013) 

and Fig. 1a) were sorted from mice fed 1 week HFD (n=2) or chow diet (n=2) by using FACS 

Aria III (BD Biosciences). Cell suspensions were loaded into the wells of a 10X Genomics 

Chromium Single Cell Controller (one well per mouse replicate). Single-cell capture and cDNA 

and library preparation were performed with a Single Cell 3’ v2 Reagent Kit (10X Genomics) 

according to the manufacturer’s instructions. Sequencing was performed on one lane of an 

Illumina NexSeq 500 machine flow-cell at the ETH Zurich Genomics Facility in Basel, 

Switzerland.  

Data were analyzed by the Bioinformatics Core Facility, Department of Biomedicine, 

University of Basel, Switzerland. Read quality was assessed with the FastQC tool (version 

0.11.5). In brief, sequencing files were processed with Kallisto (version 0.46.0) and BUStools 

(version 0.39.2) to perform sample and cell demultiplexing, read pseudo-alignment to the 

mouse transcriptome (Ensembl release 97), and to generate a UMI counts table (Melsted et al., 

2019a; Melsted et al., 2019b). Further processing of the UMI counts table was performed by 

using R 3.6.0 and Bioconductor 3.10 packages (Amezquita et al., 2019), notably DropletUtils 

(version 1.6.1) (Griffiths et al., 2018; Lun et al., 2019) scran (version 1.14.5) and scater (version 

1.14.5) (McCarthy et al., 2017), following mostly the steps illustrated in the simpleSingleCell 

Bioconductor workflow (Lun et al., 2016). 
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Based on the distributions observed across cells, cells with library sizes lower than 795, 

total number of features detected lower than 317, or with a fraction of UMI counts attributed to 

the mitochondrial genes of 0 % or higher than 7 % were filtered out (Ilicic et al., 2016). Low-

abundance genes with average normalized log2 counts lower than 0.003 were filtered out. This 

resulted in a filtered matrix including UMI counts for 11,820 genes and 5,797 cells (3,013 from 

chow-fed mice and 2,784 from HFD-fed mice). UMI counts were normalized with size factors 

estimated from pools of cells to deal with dominance of zeros in the matrix (Lun et al., 2016; 

Vallejos et al., 2017). A mean-dependent trend was fitted to the variances of the log expression 

values of endogenous genes to distinguish between genuine biological variability and technical 

noise (trendVar function of the scran package with loess trend and span of 0.05) (Brennecke et 

al., 2013). The fitted trend was used to subtract technical noise from the data by using the 

denoisePCA function, retaining the 8 first principal components of the PCA for later analysis. 

The package SingleR (version 1.0.0) was used for reference-based annotation of the 

cells and identification of likely contaminants in our dataset (Aran et al., 2019). We used the 

Immunological Genome Project (ImmGen) mouse microarray dataset (Heng et al., 2008) as 

reference, and eliminated 377 cells not annotated to the broad cell types “macrophages” or 

“monocytes”. 

Clustering of cells was done on normalized log-count values by using hierarchical 

clustering on the Euclidean distances between cells (with Ward’s criterion to minimize the total 

variance within each cluster; package cluster version 2.1.0). The 6 clusters used for following 

analyses were identified by applying a dynamic tree cut (package dynamicTreeCut, version 

1.63-1).  

Differential expression between HFD and chow conditions, stratified by cluster, was 

performed by using a “pseudo-bulk” approach (Lun and Marioni, 2017): UMI counts of cells 

from each sample in each cluster were summed. This resulted in 4 samples per cluster, 
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aggregated from of 29 to 776 cells. Cluster P2.2 was excluded from the analysis because it 

contained too few chow cells. For each cluster, we only retained genes with CPM (normalized 

counts per million mapped reads) values above 1 in at least 2 of the 4 pseudo-bulk samples, and 

detected in at least 5 % of the individual cells.  

The package edgeR (version 3.28) (Robinson et al., 2010) was used to perform TMM 

normalization (Robinson and Oshlack, 2010) and to test for differential expression with the 

Generalized Linear Model (GLM) framework. Genes with a false discovery rate (FDR) lower 

than 1 % were considered to be differentially expressed. Gene set enrichment analysis (GSEA) 

was performed with the function camera (Wu and Smyth, 2012) by using the default parameter 

value of 0.01 for the correlations of genes within gene sets, on gene sets from the hallmark 

collectionsupp (Liberzon et al., 2015) of the Molecular Signature Database (MSigDB, version 

7.0) (Subramanian et al., 2005), or on DoRothEA v2 regulons (Garcia-Alonso et al., 2019): 

human TOP10score regulons were downloaded from https://github.com/saezlab/DoRothEA 

and we obtained the corresponding mouse regulons by considering 1-to-many orthologs of the 

human genes in each regulon (using Ensembl Compara release 97). We tested only gene sets 

containing at least 5 genes from the filtered dataset, and considered significant those with a 

FDR lower than 10 %. 

 

Human Study 

Human intestinal macrophages were isolated by enzymatic digestion (see isolation of intestinal 

macrophages) and identified as live CD45+Lin-(CD19-CD3-CD56-CD20-TCR- and 

nonCD33-CD64-) and further subdivided by the expression of CD14, HLA-DR, CD163 and 

CD209. Blood was collected in (2x) EDTA containing tubes. After the dilution with 1x DPBS 

(1 part blood : 3 parts DPBS), a ficoll density gradient by using Lymphoprep density gradient 

https://github.com/saezlab/DoRothEA
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medium (#07851, Stemcell technologies) and Leucosep tubes (#871346, OpoPharma) was 

performed (25 min, 453 g, 22 °C, brake: 1, acceleration: 4). The Lymphoprep layer was washed 

with FACS Buffer and Red Cell Lysis Buffer was used to remove residual erythrocytes. The 

remaining cells were used for further flow cytometry staining. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Statistical Analysis 

The data are presented as mean ± standard error of the mean (SEM) with the numbers of 

experiments or mice indicated in the figure legends. To test statistical difference between two 

groups unpaired Mann-Whitney U test with two tailed distribution was used using Prism8 

software (GraphPad Software, San Diego, CA). Two-sided P-values of 0.05 or less were 

considered to be statistically significant. 

 

DATA AND CODE AVAILABILITY 

RNA-seq Data 

Transcriptome sequencing data of intestinal macrophages have been deposited in the Gene 

Expression Omnibus (GEO), with the accession number GSE143351. 

Go to https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143351  

Enter token unoveyewbnyzpuj into the box. 

 

  

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143351
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Figure S1 
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Supplemental Figure 1 (related to Figure 1). The Effect of Food Intake and HFD on 

Intestinal Immunity 

(A) Frequencies of intestinal macrophages (iMacs) (CCR2+ (pro-inflammatory P1, P2, 

intermediate P3) and CCR2- (anti-inflammatory/resident P4, P5) subpopulations) in wild-type 

mice fasted (grey), fed chow diet (black) or 1 week of HFD (red) at timepoints 4 pm, 12 pm 

and 8 am. 

(B) Macroscopic measurements of the stomach, small intestine, caecum and colon in wild-type 

mice fasted (grey), fed chow diet (black) or HFD (red). 

(C) Flow cytometry gating strategy of intestinal dendritic cells (iDCs) and their subpopulations 

(DN, CD11b+, CD103+ DP).  

(D) Fold change of absolute numbers () of iDCs and their subpopulations (DN, CD11b+, 

CD103+ DP) after HFD compared to chow controls.  

(E-F) Flow cytometry gating strategy (E) and absolute numbers of intestinal neutrophils (F) 

with HFD compared to chow controls. 

(G) Flow cytometry gating strategy of adipose tissue macrophages (ATMs) and their 

subpopulations (DN, M1a, M1b, M2). 

Statistical data are expressed as mean±SEM. Data are a representative of 2-6 independent 

experiments (A/B/D/F) , with each data point representing one individual mouse. *p<0.05, 

**p<0.01, ***p<0.001, unpaired Mann-Whitney U test with two tailed distribution.  
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Figure S2 
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Supplemental Figure 2 (Related to Figure 2). Changes in Intestinal Immunity in Relation 

to Fibers Content, Fat Source and Gut Microbiota 

(A) Absolute numbers () of intestinal dendritic cells (iDCs) and their subpopulations (DN, 

CD11b+, CD103+ DP) in wild-type mice fed chow (black) or starch (grey) control diet.  

(B) Fold change of absolute numbers of iDCs their subpopulations (DN, CD11b+, CD103+ DP) 

after 3 months of coconut- (red) or lard-based (blue) HFDs compared to respective control diets.  

(C) Plasma TNF and IL-6 in mice fed 3 months HFD or control diet. 

(D) Relative genus abundances of fecal microbiota before and after 1 week and 3 months of 

HFD compared to controls. 

(E-F) Absolute numbers of intestinal macrophages (iMacs) (E) and the distribution of their 

subpopulations P1-P5 (F) in germ-free mice fed chow (black) or starch (grey) control diet.  

(G) Absolute numbers of iDCs in germ-free mice fed chow or starch control diet. 

(H) Fold change of absolute numbers of iDCs their subpopulations (DN, CD11b+, CD103+ DP) 

in germ-free mice fed 2 months of lard-based HFD compared to starch-fed controls.  

(I) Plasma TNF and IL-6 in germ-free mice after 2 months of HFD.  

Statistical data are expressed as mean±SEM. Data are a representative of two independent 

experiments, with each data point representing one individual mouse. Chow vs. starch or 

coconut-based HFD vs. chow: *p<0.05, **p<0.01. Lard-based HFD vs. starch: #p<0.05, 

unpaired Mann-Whitney U test with two tailed distribution. Also see Table S1 for diet details. 
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Figure S3 
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Supplemental Figure 3 (Related to Figure 3). Systemic Pharmacological and Genetic 

Depletion of Macrophages improves Glycemic Control 

(A-B) Fold change of intestinal macrophages (iMacs) (A) and adipose tissue macrophages 

(ATMs) (B) and their subpopulations in wild-type mice after 1 week of HFD and 2 weeks oral 

BLZ945 treatment (50, 100, 200 g/g/d) compared to vehicle treated mice. 

(C) IPGTT, AUC, insulin after 2 weeks of HFD and 3 weeks BLZ945 treatment (n=4-5). 

(D) Body weight over 2 months HFD and BLZ945 treatment. 

(E) Representative flow cytometry plots of iMac subpopulations P1-P5 in CCR2-/- mice fed 

chow (grey) or 1 week of HFD (orange).  

(F) Fold change of iMacs and their subpopulations P1-P5 in CCR2-/- mice fed 1 or 12 weeks 

HFD compared to CCR2-/- chow controls.  

(G) Absolute numbers of iMacs and their subpopulations P1-P5 in CCR2+/+ (red) or CCR2-/- 

mice (orange) fed 1 week of HFD.  

(H) IPGTT, AUC, insulin in CCR2+/+ or CCR2-/- mice fed 1 week of HFD compared to 

controls fed chow (n=5-14). 

Statistical data are expressed as mean±SEM. Data are representative of (A-D) one and two 

independent experiments (E-H), with each data point representing one individual mouse. 

*p<0.05, **p<0.01. CCR2-/- HFD vs. CCR2-/- chow: #p<0.05, ##p<0.01, ###p<0.001, unpaired 

Mann-Whitney U test with two tailed distribution. 
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Figure S4 

 

Supplemental Figure 4 (Related to Figure 4). The Effect of Intrarectal Clodronate 

Liposomes under HFD 

(A) Colon gene expression in mice fed 1 week of coconut-based HFD and treated intrarectally 

with clodronate liposomes relative to controls.  

(B) OGTT and AUC of mice fed 1 week of HFD and treated intrarectally with clodronate or 

PBS liposomes after atropine injection 30 min before glucose bolus (n=7). 

(C) Relative genus abundances of fecal microbiota in mice fed 1 week of HFD and treated 

intrarectally with clodronate or PBS liposomes. 

Statistical data are expressed as mean±SEM. Data are a representative of two (A/C) 

independent experiments and one (B) experiment, with each data point representing one 

individual mouse. *p<0.05, **p<0.01, unpaired Mann-Whitney U test with two tailed 

distribution. 
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Figure S5 
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Supplemental Figure 5 (Related to Figure 5). Transcriptional Profiling of Intestinal 

Macrophages after HFD  

(A) PCA of sorted intestinal macrophages (iMacs) from mice fed chow or 1 week of HFD. One 

point represents one cell, colored by the annotated cell type using the ImmGen microarray 

reference (cell types with at least 10 cells annotated are shown). 

(B) PCA of pseudo-bulk RNA-seq samples used for differential expression analysis between 

chow and 1 week of HFD. One point represents one macrophage cluster per mouse. 

(C) Volcano plots showing the differential expression between 1 week of HFD and chow for 

each cluster. Up- (red) or down-regulated (blue) genes are shown when significant at 1% FDR 

threshold and absolute log2 fold-change above 2. 

(D) Up- (red) or down-regulated (blue) regulons after 1 week of HFD compared to chow for 

each cluster (10% FDR threshold). 

(E) Up- (red) or down-regulated (blue) MSigDB hallmark pathways after 1 week of HFD 

compared to chow for each cluster (10% FDR threshold).  

Data are representative of two replicates (n=2 per group) (A-E) and point sizes reflect the 

number of genes included in each annotated pathway (D/E). 
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Figure S6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 6 (Related to Figure 5). Differential Gene Expression of Intestinal 

Macrophages after HFD  

Average expression of genes differentially expressed in intestinal macrophages of mice fed 

1 week HFD vs. chow (n=2 per group). Differential expression testing was done per cluster 

(P1, P2.1, P3, P5.1 and P5.2), significant at a 1% FDR threshold and with absolute log2 fold-

change above 2.   
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Figure S7  

 

Supplemental Figure 7 (Related to Figure 7). Pro-inflammatory Intestinal Macrophages 

also Increase in Stomach, Duodenum and Colon of Obese Subjects  

 (A) Proportional distribution of human intestinal macrophages (iMacs) in stomach, duodenum 

and colon isolated from lean (black, BMI <27 kg/m2) and obese subjects (red, BMI >32 kg/m2) 

(n=8-13). 

(B-C) Frequencies of human iMacs: total, CD14high/CD14low (B), and P1-P5 subpopulations 

(C) isolated from lean (black) or obese subjects (red) from the stomach, duodenum and colon 

transversum (n=8-13). 

Each point represents one subject. Statistical data are expressed as mean±SEM. *p<0.05. 

**p<0.01, unpaired Mann-Whitney U test with two tailed distribution.  
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Supplemental Tables with Titles and Legends 

Table S1 (Related to Figures 2 and S2). Diet composition of control diets and HFD 

Diet Fat Protein Carbohydrates Fibers 

Chow diet 4.5 % Crude fat 18.5 %  35 % Starch 4.5 % 

Coconut HFD 58 % Coconut fat  

(Soybean and Coconut Oil) 

16.4 % 25.5 % (Maltodextrin 10, Sucrose) 0.5 % 

Starch 10 % Lard fat 

(Soybean Oil and Lard) 

20 % 70 % Starch 

(Maltodextrin 10, Sucrose) 

0 % 

Lard HFD 60 % Lard fat 

(Soybean Oil and Lard) 

20 % 20 % (Maltodextrin 10, Sucrose) 0 % 

Units in kcal%. 

Table S2 (Related to STAR Methods). Primers sequences used for quantitative RT-PCR 

Gene Forward Primer Reverse Primer 

Housekeeping genes 

B2m 5′ TTCTGGTGCTTGTCTCACTGA 5′ CAGTATGTTCGGCTTCCCATTC 

Ppia 5′ GAGCTGTTTGCAGACAAAGTTC 5′ CCCTGGCACATGAATCCTGG 

Inflammation markers 

Tnf 5′ ACTGAACTTCGGGGTGATCG 5′ TGAGGGTCTGGGCCATAGAA 

Il6 5′ GGATACCACTCCCAACAGACCT 5′ GCCATTGCACAACTCTTTTCTC 

Il1b 5′ GCAACTGTTCCTGAACTCAACT 5′ ATCTTTTGGGGTCCGTCAACT 

Kc 5′ CTGGGATTCACCTCAAGAACATC 5′ CAGGGTCAAGGCAAGCCTC 

Il10 5′ AGGCGCTGTCATCGATTTCTC 5′ GCCTTGTAGACACCTTGGTCTT 

Il18 5′TCTTGCGTCAACTTCAAGGA 5′GTGAAGTCGGCCAAAGTTGT 

Il22 5′TTG AGG TGT CCA ACT TCC AGC 

A 

5′AGC CGG ACG TCT GTG TTG TTA 

Tgfb1 5′CTCTCCACCTGCAAGACCAT 5′CGAGCCTTAGTTTGGACAGG 

Immune cells 

Ly6c 5′ GCAGTGCTACGAGTGCTATGG 5′ ACTGACGGGTCTTTAGTTTCCTT 

Cd68 5′ GCAGCACAGTGGACATTCAT 5′ AGAGAAACATGGCCC GAAGT 

Emr1 5′ GCC CAG GAGTGGAATGTCAA 5′ CAGACACTCATCAACATCTGCG 
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Table S3 (Related to STAR Methods). Primers sequences used for 16S amplicon PCR 

1 CTAAGGTAAC 33 TTCTCATTGAAC 65 TCCTGGCACATC 

2 TAAGGAGAAC 34 TCGCATCGTTC 66 CCGCAATCATC 

3 AAGAGGATTC 35 TAAGCCATTGTC 67 TTCCTACCAGTC 

4 TACCAAGATC 36 AAGGAATCGTC 68 TCAAGAAGTTC 

5 CAGAAGGAAC 37 CTTGAGAATGTC 69 TTCAATTGGC 

6 CTGCAAGTTC 38 TGGAGGACGGAC 70 CCTACTGGTC 

7 TTCGTGATTC 39 TAACAATCGGC 71 TGAGGCTCCGAC 

8 TTCCGATAAC 40 CTGACATAATC 72 CGAAGGCCACAC 

9 TGAGCGGAAC 41 TTCCACTTCGC 73 TCTGCCTGTC 

10 CTGACCGAAC 42 AGCACGAATC 74 CGATCGGTTC 

11 TCCTCGAATC 43 CTTGACACCGC 75 TCAGGAATAC 

12 TAGGTGGTTC 44 TTGGAGGCCAGC 76 CGGAAGAACCTC 

13 TCTAACGGAC 45 TGGAGCTTCCTC 77 CGAAGCGATTC 

14 TTGGAGTGTC 46 TCAGTCCGAAC 78 CAGCCAATTCTC 

15 TCTAGAGGTC 47 TAAGGCAACCAC 79 CCTGGTTGTC 

16 TCTGGATGAC 48 TTCTAAGAGAC 80 TCGAAGGCAGGC 

17 TCTATTCGTC 49 TCCTAACATAAC 81 CCTGCCATTCGC 

18 AGGCAATTGC 50 CGGACAATGGC 82 TTGGCATCTC 

19 TTAGTCGGAC 51 TTGAGCCTATTC 83 CTAGGACATTC 

20 CAGATCCATC 52 CCGCATGGAAC 84 CTTCCATAAC 

21 TCGCAATTAC 53 CTGGCAATCCTC 85 CCAGCCTCAAC 

22 TTCGAGACGC 54 CCGGAGAATCGC 86 CTTGGTTATTC 

23 TGCCACGAAC 55 TCCACCTCCTC 87 TTGGCTGGAC 

24 AACCTCATTC 56 CAGCATTAATTC 88 CCGAACACTTC 

25 CCTGAGATAC 57 TCTGGCAACGGC 89 TCCTGAATCTC 

26 TTACAACCTC 58 TCCTAGAACAC 90 CTAACCACGGC 

27 AACCATCCGC 59 TCCTTGATGTTC 91 CGGAAGGATGC 

28 ATCCGGAATC 60 TCTAGCTCTTC 92 CTAGGAACCGC 

29 TCGACCACTC 61 TCACTCGGATC 93 CTTGTCCAATC 

30 CGAGGTTATC 62 TTCCTGCTTCAC 94 TCCGACAAGC 

31 TCCAAGCTGC 63 CCTTAGAGTTC 95 CGGACAGATC 

32 TCTTACACAC 64 CTGAGTTCCGAC 96 TTAAGCGGTC 
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So far, intestinal macrophage subpopulations have been mainly studied in the context of 

inflammatory gastrointestinal tract disorders such as colitis and inflammatory bowel 

disease137,138,142. In terms of metabolic disease, evidence points towards pro-inflammatory 

macrophages that “remote control” insulin resistance and adipose tissue inflammation in an 

intestinal CCL2/CCR2-dependent manner135,136. Intestinal macrophages are not a homogenous 

cell population and can be classified into five subpopulations (P1-P5) along a differentiation 

trajectory. However, the role of these intestinal macrophage subpopulations has not yet been 

studied in obesity. Our study provides a detailed characterization of intestinal macrophage 

subpopulations in obesity both in mice and humans. We found that HFD-induced intestinal 

macrophage activation is directly linked to impaired glucose metabolism, potentially in a 

mTOR-dependent manner. A deepened understanding of the (patho-)physiological role of 

intestinal innate immunity could help to develop novel therapeutic targets for obesity-related 

glucose intolerance. 

5.1 Pro-inflammatory Intestinal Macrophage Subpopulations are Transiently Increased 

upon Food Intake and Chronically Elevated Following High-Fat Diet Feeding 

We found that pro-inflammatory/monocyte-derived intestinal macrophage subpopulations 

respond to nutritional signals, as subpopulation P1 transiently increases upon food intake 

compared to the fasted state. With chronic HFD, P1 and P2 intestinal macrophage 

subpopulations become chronically elevated. Intestinal inflammation appears in mice already 

after 1 week of HFD and persists up to 3 months of HFD, however, less pronounced at the later 

time points. This could be explained by a smaller stomach weight after 1 and 3 months of HFD, 

indicating reduced HFD consumption at later time points. This is in agreement with previously 

reported transient hyperphagia at the start of HFD121,185,186. In addition, adaptation processes to 

dietary fat might explain why we see the highest effect on intestinal macrophages so early.  

Intestinal inflammation characterized by increased pro-inflammatory macrophages 

(P1/P2) is associated with impaired glucose tolerance and elevated insulin secretion. However, 

differences in body weight and adipose tissue inflammation occur later. Hence, intestinal 

inflammation precedes adipose tissue alterations, suggestive for a potent role in the initiation 

of glucose dysregulation. As it has been shown that macrophages play a physiological role in 

supporting postprandial insulin secretion101, it appears likely that intestinal macrophages are 

altered in phenotype and function in a state of overnutrition and impact on glucose homeostasis.  
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5.2 Gut Microbiota are essential for the Increase in Pro-Inflammatory Intestinal 

Macrophage Subpopulations, while the Fat Source Modulates its Magnitude  

In our study we took great care in assessing the influence of different dietary compositions 

regarding fiber content (fiber-rich chow and fiber-deficient purified starch control diet) and fat 

source (lard- and coconut-based HFD) on intestinal macrophage subpopulations and glycemic 

control. Such a detailed assessment is of importance as the classical “chow” diet contains fibers 

and differs depending on seasonal harvests unlike purified/ standardized HFDs. Therefore, we 

used an additional control diet, named starch, that is purified/ standardized and identical to the 

lard-based HFD except for its fat content.  

The observed phenotypical switch to pro-inflammatory intestinal macrophages (P1/P2) 

associated with impaired glycemic control is independent of fiber content (chow and starch) 

and fat source (lard or coconut) of the diet. However, the fat source seems to modulate the 

magnitude of the effect as lard-based HFD induces more detrimental changes with regards to 

glycemic control as well as macrophage activation. This indicates that the inflammatory innate 

immune response might correlate with the magnitude of metabolic consequences. 

Macroscopically, we observed larger caecum and colon sizes under fiber-rich control diet, 

potentially caused by an increased osmotic load. Therefore, colon shortening under HFD might 

be not caused by inflammation as other studies suggested when comparing to a chow diet with 

fibers135,187.  

Last, we also assessed how gut microbiota are changed with the different diets and how 

these changes correlate with glycemic control. Both HFDs induced different microbial changes, 

but both caused glucose intolerance. The occurrence of a shift in microbiota composition to a 

non-specific “dysbiotic” state, rather than a shift to a defined microbial composition could be 

related to macrophage recruitment under HFD condition. This suggests that microbial dysbiosis 

per se rather than a specific microbial composition at phylum and genus level112,119,120 is related 

to obesity-associated glucose dysregulation. This is in agreement with another study showing 

that short-term HFD-induced insulin resistance is not causally related to the microbiota 

composition121. Hence, the presence or an as of yet unidentified factor of microbiota seems to 

determine glycemic control. This notion is supported by the fact that GF mice are protected 

from metabolic disease, which show lower recruitment of immune cells into the gut188. In line 

with that, we found low numbers of intestinal macrophages in GF mice and no increase in its 

pro-inflammatory subpopulations upon HFD feeding. These findings thus led us to propose that 

the number of macrophages in the gut is interlinked with glucose metabolism. 
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5.3 Macrophage Numbers are Linked to Glycemic Control 

To test whether the number of macrophages are linked to glycemic control, we dose-

dependently depleted macrophages by increasing doses of the colony stimulating factor-1 

receptor (CSF1R) inhibitor BLZ945. CSF1R is important for macrophage development and 

survival189. Indeed, CSF1R blockage demonstrated gradual macrophage depletion linked with 

improvements in glycemic control such as lower fasting blood glucose, improved glucose 

tolerance and insulin sensitivity.  

To further address the specific role of pro-inflammatory intestinal macrophage 

subpopulations, we also examined the metabolic and macrophage phenotype of CCR2-/- mice. 

CCR2-/- mice are known in the context of obesity to have reduced food intake and improved 

insulin resistance135,190. Unexpectedly, CCR2-/- mice showed a reappearance of pro-

inflammatory Ly6Chigh macrophages in the colon after 1 week of HFD, however, in much lower 

absolute numbers. This suggests an additional CCR2-independent monocyte recruitment 

process into the gut during short-term HFD. After 2 months, we confirmed previous literature 

showing that CCR2-/- mice are lacking predominantly the pro-inflammatory intestinal 

macrophages (P1/P2)138. Also, they exhibit reduced macrophage infiltration into the adipose 

tissue, consistent with what is already known190. In addition, glycemic control is modestly 

improved in CCR2-/- under HFD, however, less pronounced than in previous studies135,190. 

Altogether, these data provide evidence that not only the number of intestinal macrophages 

plays a role in the regulation of glucose homeostasis, but also pro-inflammatory subpopulations. 

5.4 Colon-specific Macrophage Depletion Improves Glucose Metabolism  

To establish a direct causal link between intestinal macrophages and glucose metabolism, we 

established an in vivo colon-specific macrophage depletion model. Colon-specific macrophage 

depletion leads to improved glucose tolerance, insulin secretion and sensitivity as well as islet 

cell function, independently of the microbiota. So far, there is no other mouse model available 

in which intestinal macrophages are specifically targeted. Mechanistically, the metabolic 

improvements may be partially attributed to GLP-1 as glucose tolerance was not improved 

under GLP-1 inhibition. GLP-1 has been shown to induce M2 polarization of human 

macrophages via STAT3 activation as a possible protective effect against diabetes191.  

To compare colon-specific macrophage depletion to systemic macrophage depletion, 

we also injected clodronate liposomes intraperitoneally. Here, intraperitoneal clodronate 

liposomes primarily improved insulin resistance, mostly driven by adipose tissue macrophage 
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depletion. Hence, in comparison to systemic depletion, our intrarectal macrophage depletion 

model clearly highlights intestinal macrophages as an important initiator of metabolic disease. 

5.5 Transcriptional Response upon HFD in Intestinal Macrophages Involves an 

Interferon-Signature and Metabolic Shift, potentially through mTOR-Signaling 

To identify potential mechanisms that control intestinal macrophage activation in obesity, we 

investigated the transcriptional response of intestinal macrophages to HFD. The most 

pronounced effects we observed in our RNA-seq data concern interferon IFN-γ and IFN-, 

suggesting that interferons play a key role in intestinal innate response induced by HFD. We 

found interferon regulators Irf1/Irf7/Irf8 and Stat1/Stat2 up-regulated by HFD, which 

potentially represent the transcription factors involved in interferon signaling192. Another study 

also suggests a connection between IFN in intestinal immunity and glycemic control as the gut-

specific anti-inflammatory agent, 5-aminosalicylic acid, reduced colonic IFN-γ levels and 

improved glucose tolerance193. Consistent with a link between IFN, intestinal macrophages an 

glycemic control, GF mice, who are protected from metabolic disease, show also lower IFN-γ 

production as well no IFN-I response in the gut194. The first pathway shown to be activated by 

interferons is the JAK (Janus activated kinase)-STAT (signal transducer and activator of 

transcription) pathway195–197. However, other pathways also regulate interferon signaling such 

as the mitogen-activated protein kinase (MAPK) p38 and the phosphatidylinositol 3-kinase 

(PI3K) signaling pathway198.  

In addition to IFN-γ and IFN- signaling, we found that obesity-associated intestinal 

inflammation is strongly linked to oxidative phosphorylation. Increased transcript abundance 

of genes relating oxidative phosphorylation was consistent with enhanced mitochondrial 

activity in all intestinal macrophage subpopulations under HFD.  

Moreover, interferon-signaling and energy metabolism have been extensively described 

in conjunction with the mTOR-pathway199–204. It was shown that mTOR is required by innate 

immune cells for their defense program involving type-I interferons 199,205. As both interferon 

signaling and energy metabolism is transcriptionally regulated by HFD in our RNA-seq data, 

we postulated that mTOR might govern the transcriptional changes in intestinal macrophages 

observed upon HFD. Indeed, mTOR is activated in all intestinal macrophages, similar to their 

enhanced mitochondrial activity. These findings indicate an enhanced anabolic state of 

intestinal macrophages induced by HFD206–208. Interestingly, mTOR activation occurs in 

response to different nutrients and is exaggerated in a nutrient-overabundant state such as 
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obesity209. Thus, intestinal inflammation upon HFD might be initiated by mTOR activation, 

potentially promoting the interferon-response and metabolic alterations.  

5.6 Colon-specific mTOR Inhibition Restores Glycemic Control 

We next assessed the role of mTOR inhibition on intestinal macrophages and glycemic control. 

Although activation of mTOR signaling has previously been associated with a state of 

overnutrition210, one of its best known inhibitors – rapamycin – has been described to induce 

insulin resistance211,212. Accordingly, we found that systemic mTOR inhibition is associated 

with glucose intolerance and insulin resistance as previously described211–215.  

However, colon-specific inhibition of mTOR in vivo by intrarectal administration of 

rapamycin led to increased insulin secretion via enhanced GLP-1 secretion and hence improved 

islet cell function, reminiscent of the effect of colon-specific macrophage depletion. A previous 

study assessing mTOR inhibition in the small intestine also found improved glycemic control 

and suggested reduced glucose production as mechanism of action216. Therefore, mTOR seems 

to be a key signaling pathway in intestinal macrophages that impacts their transcriptional 

response upon HFD. 

5.7 Pro-inflammatory Intestinal Macrophages are also Increased in Human Obese 

Subjects 

To validate our mouse data in human disease, we characterized human intestinal macrophages 

in obese versus lean individuals. We found that pro-inflammatory macrophages (P2) are also 

increased in obese human subjects. So far, an increase in pro-inflammatory intestinal 

macrophages in humans has only been documented in the context of celiac disease217 or Crohn`s 

disease218,219.  

Similar to mice, human intestinal macrophages comprise a continuum of cells derived 

from blood monocytes158. In the present study, we observed higher CD33+CD64+CD14+ 

monocytes. After further distinction into monocyte subpopulations (classical, intermediate and 

non-classical monocytes), mainly intermediate monocytes were seen to be upregulated. Other 

studies have shown that increased non-classical and intermediate monocytes are linked with 

WHO obesity classification and fat mass220–225. However, we did not find increased non-

classical monocytes as in222,226. CD64+ expression on monocytes is associated with 

inflammatory responses including sepsis and infection227,228 as well as involving interferon 

signaling229. The literature has shown that not only obesity and diabetes 230,231 but also dietary 

intake is linked to higher circulating inflammatory monocytes232. Thus, it is plausible that 

overnutrition increases bone marrow-derived blood monocytes that are recruited to the gut wall, 
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where they accumulate and influence glucose dysregulation by their pro-inflammatory 

phenotype. 

5.8 Strengths and Limitations of the Study 

The major strength of our work is our pharmacological approach of colon-specific macrophage 

depletion, highlighting intestinal macrophages as key drivers of glucose dysregulation in 

obesity. Although predominantly pro-inflammatory subpopulation P2 was depleted by our 

approach, currently there is no way to specifically target this subgroup of intestinal 

macrophages. However, as the vast majority of in vivo approaches only achieve systemic 

depletion of tissue macrophages233, at least we found a strategy to dissect in vivo colon-specific 

effects. Effects because of increased local apoptosis cannot completely be ruled out, however 

we could not detect any increase in pro-/anti-inflammatory cytokines in the colon or circulation.  

We found that improved β-cell function might be partially mediated through glucagon-

like peptide-1 (GLP-1) secretion. However, also other pathways could link intestinal 

macrophages with β-cell function. The question remains whether intestinal macrophages 

directly traffic from the gut to pancreatic islets as a higher migratory potential has been 

suggested for monocyte-derived CXCR1inter macrophages of the gut234. Alternatively, cytokines 

from pro-inflammatory macrophages could disseminate to the pancreas through the blood 

circulation, lymphatic vessels or even neuronal circuits. One mediator of the neural circuits, the 

muscarinergic signaling, was ruled out as atropine did not alter improved glycemic control in 

our macrophage depletion model. 

The tissue-specific effects of mTOR on glucose homeostasis underline the importance 

of targeting macrophage activity in a specific cellular compartment. However, it might be also 

possible that additional mediators contribute to the metabolic phenotype of intestinal 

macrophages in obesity, independent of mTOR. Hence, it would be also of interest to elucidate 

other potential actors involved in interferon-signaling such Irf7 or JAK-STAT signaling.  

The validation of our results in human tissue is a major advance, as there is considerable 

heterogeneity in human data compared to mice in terms of differences in sex, age, diets and 

microbiota. However, monocyte transfer studies would be needed to understand the process of 

enhanced recruitment and their impact in changing the differentiation and phenotype of 

intestinal macrophages. Finally, single-cell techniques and targeted manipulations of human 

intestinal macrophages in obese or patients with T2D would be of high interest. 
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5.9 Clinical Relevance 

Our data point towards an interaction between HFD, the inflammatory response of intestinal 

macrophages – involving interferon signaling via mTOR – and impaired glycemic control. A 

deepened understanding of the pathophysiological role of intestinal macrophages and the 

underlying mechanisms might spur the development of therapeutic strategies to modulate 

glycemic response. Our colon-specific approaches clearly highlight that future therapies might 

benefit more from a tissue- or even cell-specific rather than systemic manipulation. Such 

targeted therapies that moderate intestinal macrophage activation could be achieved by 

suppositories for instance via IFN-γ and mTOR inhibition. In sum, targeted approaches by 

specifically impacting intestinal inflammation might represent a novel avenue in treating β-cell 

dysfunction in the onset of metabolic disease. 

 



 

  103 

 6 Conclusion  

6 Conclusion 

Overall, our findings reveal a direct cross-talk between nutritional cues, intestinal macrophage 

subpopulations and insulin-producing β-cells. We identified that intestinal macrophage 

activation upon HFD involves an interferon signature and metabolic shift, potentially via 

mTOR activation. By colon-specific depletion of macrophages as well as inhibition of their 

activation, we highlighted that colonic macrophages are directly linked to glycemic control. 

Translational data of human gut tissue confirm the switch to pro-inflammatory intestinal 

macrophages in obese subjects, potentially by enhanced monocyte influx. The present study 

demonstrates that not only adipose tissue inflammation, but also intestinal innate immunity 

contributes to glycemic dysfunction in obesity via pro-inflammatory macrophages. 

Understanding the underlying mechanism of intestinal macrophage activity may have important 

implications for the development of therapies modulating metabolic and inflammatory 

consequences of metabolic disease. 
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