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SUMMARY: 
A simple and reliable diet-induced rodent animal model for nonalcoholic steatohepatitis (NASH) is described, achieved through non-SPF housing of the animals and administration of a specific high-fat diet. We describe identification of hepatic and adipose immune cell subsets to recapitulate human immunological conditions by exposing mice to environmental germs. 

ABSTRACT: 
Obesity is associated with chronic low-grade inflammation and insulin resistance, contributing to an increasing prevalence of chronic metabolic diseases, such as type 2 diabetes and nonalcoholic steatohepatitis (NASH). Recent research has established that pro-inflammatory immune cells infiltrate obese hypertrophic adipose tissue and liver. Given the emerging importance of immune cells in the context of metabolic homeostasis, there is a critical need to quantify and characterize their modification during the development of type 2 diabetes and NASH. However, animal models that induce pathophysiological features typical of human NASH are sparse. 

In this article, we provide a detailed protocol to identify immune cell subsets isolated from liver and adipose tissue in a reliable mouse model of NASH, established by housing high-fat diet (HFD) mice under non-specific pathogen-free (SPF) conditions without a barrier for at least seven weeks. We demonstrate the handling of mice in non-SPF conditions, digestion of the tissues and identification of macrophages, natural killer (NK) cells, dendritic cells, B and T cell subsets by flow cytometry. Representative flow cytometry plots from SPF HFD mice and non-SPF mice are provided. To obtain reliable and interpretable data, the use of antibodies, accurate and precise methods for tissue digestion and proper gating in flow cytometry experiments are critical elements. 

The intervention to restore physiological antigen exposure in mice by housing them in non-SPF conditions and unspecific exposure to microbial antigens could provide a relevant tool for investigating the link between immunological alterations, diet-induced obesity and related long term complications. 

INTRODUCTION: 
Obesity is a multifactorial disorder and a major risk factor for developing heart disease, stroke, nonalcoholic steatohepatitis (NASH), type 2 diabetes (T2D) and some types of cancer. The prevalence of obesity is rapidly increasing globally. Today, 2.1 billion people – nearly 30% of the world’s population – are either obese or overweight1. Obesity-associated insulin resistance can lead to T2D, when exhausted pancreatic islet beta cells fail to compensate for the increased need for insulin to maintain glucose homeostasis2. 

Adipose tissue is composed of various cell types including adipocytes, endothelial cells, fibroblasts and immune cells. During progression of obesity, changes in the number and activity of immune cells can lead to low-grade inflammation of hypertrophic adipose tissue3,4. Specifically, it has been found that excessive energy intake, accompanied by chronically elevated levels of blood glucose, triglycerides and free fatty acids, leads to adipocyte hypoxia, endoplasmic reticulum stress, impaired mitochondrial function and enhanced cytokine secretion, resulting in the activation of pro-inflammatory adipose immune cells5,6. Past research has mainly focused on innate immunity, but more recently adaptive immune cells (T and B cells) have emerged as important regulators of glucose homeostasis. They possess inflammatory (including CD8+ T cells, Th1, and B cells) or primarily regulatory functions (including regulatory T (Treg) cells, Th2 cells) and can both exacerbate or protect against insulin resistance7-9.

Furthermore, several mechanisms were proposed to explain how obesity increases steatohepatitis, including increased production of cytokines by adipose tissue10. NASH, the progressive form of nonalcoholic fatty liver disease and a major health burden in developed countries, is histologically characterized by ballooned hepatocytes, lipid accumulation, fibrosis and pericellular inflammation and may progress to cirrhosis, end stage liver disease or hepatocellular carcinoma. Several regimen (for instance the methionine and choline deficient diet11) are known to induce NASH-like liver pathology in non-human animal models, but most of these approaches do not recapitulate human conditions of NASH and its metabolic consequences as they either require specific gene knockout, non-physiological dietary manipulations or lack insulin resistance typical of human NASH. Moreover, our understanding of the underlying mechanisms of metabolic diseases is currently based on experiments carried out with laboratory mice housed under standard specific pathogen free (SPF) conditions. Those barrier facilities are abnormally hygienic and do not consider the microbial diversity humans have to encounter, which may account for difficulties in the translation process of animal studies to clinical approaches12-14.

To investigate the different immune cell subsets in adipose tissue and liver during the development of insulin resistance and NASH in an advanced mouse model reproducing human immunological conditions, mice were housed in individual cages in semi sterile conditions without a barrier. Mice housed under antigen exposed conditions developed NASH-like liver pathology already after 15 weeks of high-fat diet (HFD) feeding13. Compared to age-matched SPF mice they developed macrovesicular steatosis, hepatic infiltration and activation of immune cells. 
This manuscript describes a robust flow cytometry analysis to define and count immune cell subsets from mouse adipose tissue and liver in a model of NASH. Flow cytometry analysis allows the detection of multiple parameters of individual cells simultaneously in contrast to RT-PCR or immunohistochemistry approaches. 

In summary, our study offers a mouse model of short-term HFD for investigating the development of insulin resistance and NASH and the underlying mechanisms that also exhibits fidelity to the human condition. 

PROTOCOL: 

This study was carried out in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and the Animal Welfare Act under the supervision of our institutional Animal Care and Use Committee. Animal protocols were conducted according to institutional ethical guidelines of the Charité Berlin, Germany, and were approved by the Landesamt für Gesundheit und Soziales and comply with the ARRIVE guidelines.

1. Diet-induced animal model of steatohepatitis 

1.1) Transfer mice (C57Bl/6J, male) to non-SPF housing at the age of 4 weeks and expose them continuously to a broad range of environmental pathogens/antigens. Guarantee the exposure by daily handling of the laboratory animals as antigens are distributed by air passage in this way. 

1.2) Maintain mice (W57Bl/6J, male, 12 weeks old) in open caging systems with conventional filters on a 12 h:12 h light/dark cycle at a temperature of 22 °C. Do not irradiate or autoclave experimental diet and bedding. Access animal housing facility without mask or hairnet. Open roors between animal rooms. Do not use an airshower. 

1.3) Guarantee daily handling of the laboratory animals and switch rooms on a regular basis so that antigens are distributed by air passage. Complement dirty housing with daily non-specific microbial exposure to antigens from bedding of mammalian laboratory animals housed in rooms next to the laboratory mice.

1.4) Measure proportions of CD44-CD62L- effector memory CD4+ and CD8+ T cells in blood and spleen using flow cytometry as described in Ref.13. 

NOTE: In this regard we defined an increase of 20% of effector memory CD8+ T cells from CD8+ T cells as evidence of sufficient microbial exposure. 

1.5) Start HFD (60 kJ% from fat, 19 kJ% from proteins and 21 kJ% from carbohydrates and ad libitum consumption of water with 6% sucrose content with five-week old C57Bl/6J male mice for seven weeks. The HFD should contain 60% kJ from fat (as described above) in order to induce the development of insulin resistance throughout the course of the experiment.

NOTE: Hematoxylin staining should be performed and histological characteristics as hepatocyte ballooning, Mallory Denk bodies, immune cell infiltration and macrovesicular steatosis must be found to demonstrate NASH-like liver pathology as shown in Ref.13.

2. Preparation of reagents and solutions 

2.1) Prepare 70% ethanol, phosphate buffered saline (PBS, without calcium and magnesium) supplemented with 0.5% BSA and ACK (Ammonium-Chloride-Potassium) lysis buffer. 

2.2) Staining buffer 

2.2.1) Dissolve 10 mL of fetal calf serum (FCS) in 500 mL of PBS to obtain 2% FCS PBS. Place staining buffer on ice before use. 

2.2.2) Store solution in a plastic bottle at 4 °C. 

2.3) Collagenase solution for adipose tissue digestion

2.3.1) Dissolve 2.5 g of bovine serum albumin (BSA) in 500 mL of PBS to obtain a 0.5% BSA/PBS. 

2.3.2) Dissolve 74.5 g of CaCl2 in 10 mL of 0.5% BSA/PBS to obtain a 10 mM CaCl2 solution. 

2.3.3) Add 1 mg of collagenase type II (see Table of Materials) to each mL of 0.5% BSA with 10 mM CaCl2 PBS. 

2.3.4) Prepare 3 mL of collagenase digest solution per g of adipose tissue sample. Prepare fresh collagenase solution for each isolation. 

2.4) Collagenase solution for liver tissue digestion 

2.4.1) Dissolve 2.5 g of BSA in 500 mL of Hank´s Balanced Salt Solution (HBSS) to obtain 0.5% BSA HBSS. 
   
2.4.2) Add 10 mL of FCS in 500 mL of 0.5% BSA/PBS to obtain 2% FCS 0.5% BSA/PBS.

2.4.3) Add 0.5 mg of collagenase type IV (see Table of Materials) to each mL of 2% FCS 0.5% BSA/PBS.

2.4.4) Add 0.02 mg of DNase per mL of 2% FCS 0.5% BSA/PBS collagenase solution. 

2.4.5) Prepare 13 mL of collagenase digest solution per liver tissue sample.

2.4.6) Prepare fresh collagenase solution for each isolation. 

3. Generation of single cell suspensions 

3.1) Adipose tissue digestion 

3.1.1) Euthanize mice via isoflurane anesthesia followed by cervical dislocation. Spray the chest with 70% ethanol. Carefully make a 5-6 cm central incision through the integument and abdominal wall along the entire length of the rib cage to expose the pleural cavity and heart. 

NOTE: Do not damage underlying organs and keep scissors tips up. 

3.1.2) Inject at least 10 mL of 0.9% saline solution in the apex of the left ventricle using a 26 G needle.

NOTE: Successful perfusion is noted by blanching of the liver. 

3.1.3) Open the peritoneal cavity with scissors and cut out the perigonadal fat pads on each side with fine curved scissors. Dissect gonadal tissues with fine curved scissors and weigh adipose tissue.

3.1.4) Perform the mechanical dissociation using scissors and cut adipose tissue into fine pieces in a Petri dish at 4 °C. Transfer adipose tissue to 50 mL conical centrifuge tubes and rinse Petri dish with 1 mL of 0.5% BSA/PBS. 

3.1.5) Add 3 mL of adipose tissue digest solution (as prepared in step 2.3) per gram of adipose tissue. Incubate adipose tissue solution at 37 °C for 20 min under gentle shaking (200 rpm). 

3.1.6) Add 5 mL of 0.5% BSA/PBS per gram of adipose tissue and place on ice. Triturate the solution numerous times with a 10 mL serological pipette and pass it through a strainer (100 µm) with the aid of a plunger. 
 
3.1.7) Centrifuge at 500 x g for 10 min at 4 °C. 

3.1.8) Remove the floating adipocyte fraction by pipetting. Resuspend the cell pellet (stromal vascular fraction) in 1 mL of ACK lysis buffer (see Table of Materials). Add 10 mL of 2% FCS PBS. 

3.1.9) Centrifuge at 500 x g for 10 min at 4 °C. 

3.1.10) Decant supernatant and resuspend cell pellet in 250 µL of 2% FCS PBS. 

3.1.11) Count the number of viable cells on a hemocytometer using Trypan blue exclusion. 

3.2) Liver tissue digestion

3.2.1) Store liver in a conical centrifuge tube filled with PBS and transport on ice.

3.2.2) Perform the mechanical dissociation using syringe stamps in a Petri dish at 4 °C. Put dissected liver tissue in a 50 mL conical centrifuge tube containing 10 mL of warm liver digest solution. Rinse the Petri dish with 3 mL of liver digest solution. 

3.2.3) Incubate liver tissue solution at 37 °C for 20 min under gentle shaking (200 rpm). 

3.2.4) Add 20 mL of HBSS. Triturate the solution numerous times with a 10 mL serological pipette and pass it through a strainer (100 µm) with the aid of a plunger.

3.2.5) Centrifuge at 500 x g for 10 min at 4 °C. Decant the supernatant and resuspend the cell pellet in 20 mL of HBSS. 

3.2.6) Centrifuge at 30 x g for 1 min at room temperature to remove the hepatocyte matrix. Discard the cell pellet. 

3.2.7) Centrifuge the supernatant at 500 x g for 10 min at 4 °C. Resuspend the pellet in 10 mL of 33% low viscosity density gradient medium solution (see Table of Materials) in HBSS followed by centrifugation (800 x g; 30 min; room temperature; no brake). 

3.2.8) Resuspend the pellet in 1 mL of ACK lysis buffer and incubate for 4 min at room temperature. Then add 10 mL of HBSS. 

NOTE: To discard the supernatant aspirate the supernatant with interphase (hepatocytes) very carefully with a transfer pipette (as much as possible without taking the pellet with immune cells and erythrocytes).

3.2.9) Pass cells through a 30 µm strainer in 15 mL conical centrifuge tube and centrifuge 500 x g for 10 min at 4 °C. Decant supernatant and resuspend cell pellet in 250 µL of 2% FCS PBS. 

3.2.10) Count the number of viable cells on a hemocytometer using Trypan blue exclusion. 

4. Surface staining 

4.1) Prepare antibody mix for T-cell-subsets (Panel 1) and innate immune cells (Panel 2) as described in Table 1 and Table 2. Volumes are optimized for one sample (100 µL) regarding to antibody concentrations. 

NOTE: Lymphocytes and innate immune cells present differences in autofluorescence and should be analyzed separately.

4.2) Use up to 3 x 106 cells in 100 µL in a polystyrene FACS tube for surface staining. To block Fc receptors add 10 µL of anti-CD16/CD32 antibody (diluted 1:100) and incubate for 10 min on ice. Use an unstained negative control sample to adjust side scatter (SSC) and forward scatter (FSC) to determine the location of the negative cell population. 

4.3) Vortex and add the appropriate volume of antibody mixture for Panel 1 and Panel 2. Add 1 µL of viability dye to each sample to allow for live and dead cell discrimination. Incubate for 20 min at 4 °C and protected from light. 

4.4) Wash two times with 2 mL of 2% FCS PBS and centrifuge at 300 x g for 5 min at 4 °C. 

4.5) Resuspend the cell pellet in 300 µL of 2% FCS PBS and store at 4 °C until FACS analysis. 

NOTE: Before starting the measurement pass cells through 30 µm cell strainer into polystyrene FACS tube and vortex. Flow cytometry was performed with labeled cells stored in 2% FCS PBS at 4 °C for 1-3 hours. Cells should be analyzed as soon as possible for optimized results. 

5. Flow cytometry compensation, acquisition and gating

5.1) Run unstained negative control sample to set the FSC and SSC and adjust voltages of the flow cytometer to detect leucocyte populations and to distinguish between debris and viable cells. Exclude debris and dead cells. 

NOTE: Viability of the cell suspensions from the liver might be lower than the viability from the cell suspensions from perigonadal adipose tissue due to an additional density separation step. 

5.2) Run single stained control samples for multi-color compensation. 

NOTE: Antibody capture beads could also be used to adjust for spectral overlap if the number of cells of a cell population of interest is too low to compensate using cells. To detect possible autofluorescence signals of the cells fluorescence minus one (FMO) controls for every antibody are recommended but were not applied in this protocol. 

5.3) Start the measurement, collect appropriate number of events (at least 50,000 events) and record experimental data. 

5.4) Export FCS data files for analysis and set the gating strategy. Gate on CD45+ leucocytes to identify subsequent cell populations. 

REPRESENTATIVE RESULTS: 
The protocol described allows the characterization of surface markers of innate and adaptive immune cells isolated from murine perigonadal adipose tissue and liver in a model of diet-induced NASH. In this model, NASH was induced by administration of HFD plus sucrose (6%) in drinking water for 7 to 15 weeks in C57Bl/6J mice, as previously reported13. Importantly, mice were housed in semi sterile conditions and, thus, exposed to environmental antigens throughout the experiment. HFD fed mice housed in SPF conditions and chow diet mice housed under SPF and non-SPF conditions served as controls. HFD feeding resulted in significant body weight gain already after 7 weeks in both groups. A significant difference in body weight was first evident at week 4 (P < 0.001) and remained significant throughout the following experimental weeks. However, no significant differences in weight gain were shown between SPF and non-SPF mice after 7 weeks13. The stromal vascular fraction and immune cells from perigonadal adipose tissue and livers of male mice fed a HFD for 7 weeks were isolated by collagenase digestion. Immune cells were labeled with fluorophore-conjugated primary antibodies and proportions of T cells, B cells, macrophages, NK cells, dendritic cells and granulocytes were quantified via flow cytometry analysis. Gating for T cell subpopulations, including doublet discrimination, and viability staining, in murine perigonadal fat is illustrated in Figure 1. CD45+ leucocytes are first gated for CD4 and CD8 and subsequently gated for CD44 and CD62L to discriminate between naïve, central memory, effector memory and effector T cells. CD44+ cells were then further characterized with CD127, KLRG1 and PD-1. Figure 2 provides the gating strategy for analyzing B cells, granulocytes, NK cells, macrophages and dendritic cells. 

Representative results of extracellular staining of T cells within murine liver of HFD exposed mice compared to HFD SPF mice are demonstrated in Figure 3A. Indeed, a higher percentage of effector memory CD4+ and CD8+ T cells can be detected in HFD exposed mice, whereas intrahepatic naïve CD4+ and CD8+ T cells were found to be considerably lower in exposed compared to SPF mice at week 7 (Figure 3A). 

To validate these results, the hepatic inflammatory response associated with antigen exposure was investigated by hematoxylin/eosin staining of liver sections of 15 weeks fed mice13. Severe steatosis, including increase of large lipid droplets resulting in macrovesicular steatosis, lobular inflammation, hepatocellular ballooning and destroyed lobular structure, was found in HFD exposed mice while only some SPF mice displayed a mild fat accumulation in the liver (Figure 3B). As reported in Figure 3C, the percentage of NK cells was higher in perigonadal adipose tissue of HFD exposed mice, whereas HFD SPF mice showed higher percentages of dendritic cells. No significant differences were found for macrophages and monocytes. Altogether, these results confirm more severe hepatic steatosis in HFD exposed mice and minor differences in adipose tissue between HFD exposed and SPF mice. 

Table 1 shows the antibodies used in panel 1. Antibodies used in flow cytometry analysis for extracecullar staining of B cells, macrophages, NK cells, dendritic cells and granulocytes are depicted in Table 2. 

FIGURE AND TABLE LEGENDS: 

Figure 1: Schematic representation of gating strategy used in flow cytometry analysis of adipose immune cells (panel 1). First debris is excluded by using forward scatter area (FSC-A) and side scatter area (SSC-A) and choosing the correct size. The cells are then gated on singlets and are further characterized by the expression of CD45. Viable cells are selected using alive/dead cell marker that is an amine reactive fluorescent dye that is non-permeant to live cells, but permeant to the cells with compromised membranes. T cells were divided into cytotoxic T cells (CD8+) and T-helper cells (CD4+) and subdivided into naïve (CD44+CD62L-), central memory (CD44+CD62L+), effector memory (CD44+CD62L-) and effector (CD44-CD62L+) T cells. Finally, CD44+ cells are gated on KLRG1, CD127 and PD-1. 

Figure 2: Schematic representation of gating strategy used in flow cytometry analysis of adipose immune cells (panel 2). Gating of dendritic cells was based on CD11b and CD11c expression. The following other populations were defined: B cells, NK cells, macrophages, monocytes and granulocytes. Data were analyzed after acquisition with the appropriate software. 

Figure 3: Representative flow cytometry analysis of T cells isolated from murine perigonadal adipose tissue and liver. A) CD4+ and CD8+ T cells of murine livers from 7week HFD mice maintained under SPF and exposed conditions were analyzed via flow cytometry. B) Representative staining of 15 week HFD SPF and exposed mice. Infiltration of immune cells and ballooned hepatocytes (arrowhead) illustrate NASH. C. Percentages of adipose innate immune cells as percentage of leukocytes in HFD mice maintained under SPF or exposed conditions for 7 weeks. n=6-10 mice per group. Significance was determined using two-way ANOVA multiple measurement. Data are represented as mean ± SEM. ** P <0.01, *** P < 0.001. This figure has been modified from13. 

Table 1: Antibodies used in flow cytometry for extracellular staining (Panel 1). The amount of antibody described is for the analysis of one sample. 

Table 2: Antibodies used in flow cytometry for extracellular staining (Panel 2). The amount of antibody described is for the analysis of one sample.

DISCUSSION: 
Steatohepatitis has a strong association with metabolic abnormalities such as obesity, insulin resistance and dyslipidemia15. Multiple studies indicate that adipose tissue inflammation can drive the pathogenesis of type 2 diabetes, including altered levels of cells of both the innate and adaptive immune system4,5,16,17. In addition, it has been found that obesity modulates the activation of immune pathways, which can lead to liver complications18. There is an increasing interest in the characterization of immune cell phenotypes in adipose and liver inflammatory response because each immune cell subpopulation contributes in a different way to the development of insulin resistance and steatohepatitis. 

This method gives detailed information about how to isolate and quantify relative amounts of immune cells from perigonadal adipose tissue and liver. Furthermore, the methods show how to maintain HFD fed mice in non-SPF conditions in order to induce steatohepatitis. The protocol can be used to study immune cell functions and to investigate associations of specific immune cells between different tissues in a microbiologically normalized environment.

In our present study, HFD feeding of non-SPF mice resulted in the development of insulin resistance and steatohepatitis, whereas HFD SPF mice developed insulin resistance, mild hepatic steatosis, but not steatohepatitis as determined by immunohistochemistry. Moreover, adipose and liver immune cell subsets differed significantly between HFD exposed and SPF mice, which confirms our understanding of the significance of different housing conditions. In summary, we could show that microbial exposure to commensal flora could influence the immunological properties of C57Bl/6 mice dramatically. Previous work has shown that the diversity and function of the gut microbiome is affected by diet-induced obesity19,20 and that gut barrier function and intestinal permeability depend on housing conditions21. We aim to address the link between gut colonization and adipose and liver inflammation in an upcoming publication. 

Several points have to be considered during the planning stage of the proposed methods. First, single-cell suspensions are required for all flow cytometry assays and cell viability may be affected by the level of mechanical tissue dissociation and the duration of enzymatic tissue digestion. In order to avoid the destruction of the antibody epitope and to maximize the yield of functionally viable, dissociated cells, the type of tissue, age of the animal, genetic modifications, concentrations of enzymes, temperature and incubation times should be taken into consideration. 

Second, our protocol has been optimized to quantitatively determine different immune cell phenotypes from obese HFD fed mice with adipose tissue inflammation and steatohepatitis. As tissue integrity, the number of immune cells and, thus, the quality of tissue digestion, might be affected by inflammatory processes, the protocol and collagenase used should be optimized for other tissues than liver or adipose tissue in specific experiments relating to dissection methods, incubations times or the collagenase used to digest the tissue. Third, it is important for the protocol that different experimental groups are included each day to eliminate effects due to day-to-day variation of the flow cytometry assay (temperature, incubation times, etc.). 

However, there are some important limitations of the described method. In order to discriminate positive versus negative signals to properly adjust the gates to identify the cells positive for specific surface markers in the experimental samples, Fluorescence Minus One (FMO) controls (an FMO control contains all the fluorochromes in a panel, except for the one that is being measured) should have been used. In this experiment the data could be properly compensated and the gating was clear, but we recommend to add FMO controls to the experimental setup, whenever possible. Moreover, FoxP3, which needs to be stained intracellularly requiring permeabilization of the cell membrane, should have been used to quantify regulatory T cells because it allows a more accurate definition than the use of CD25 and CD127 (Table 2). Even though flow cytometry allows the quantification of several surface markers simultaneously, their number is limited to 12 per sample due to overlap in emission spectra. To correct for spectral overlap, time-intensive fluorescence compensation is required. To account for this, strategic panel development or the use of mass cytometry techniques is required. Furthermore, difficulties could arise in housing the mice in non-SPF conditions with regard to specific animal housing guidelines, but the current small number of studies on non-SPF rodents shows that such studies are possible12,21. For example, separated animal facilities for SPF and non-SPF mice could be evaluated. The development of a human adult-like immune system is compromised in SPF mice12,21, resulting in limitations to translate treatment strategies from animal experiments to clinical studies. 

[bookmark: _GoBack]In conclusion, we provide a detailed protocol for phenotypic characterization of murine adipose and hepatic immune cells using flow cytometry in a diet-induced animal model of NASH and insulin resistance. Considering the complex function and regulation of both innate and adaptive cells in the context of obesity and metabolic dysregulation, our proposed methods should help to deepen our understanding of immunological mechanisms to balance metabolic homeostasis and, thus, help to develop human therapeutics that can restore anti-inflammatory immune responses. Overall, the provided animal model serves as a rapid and robust model for assessing metabolic complications associated with obesity and can be applied to other disease models. 
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