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Distinct Housing Conditions Reveal a Major Impact of Adaptive Immunity on the Course of Obesity-Induced Type 2 Diabetes
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Obesity is associated with adipose tissue inflammation, insulin resistance, and the development of type 2 diabetes (T2D). However, our knowledge is mostly based on conventional murine models and promising preclinical studies rarely translated into successful therapies. There is a growing awareness of the limitations of studies in laboratory mice, housed in abnormally hygienic specific pathogen-free (SPF) conditions, as relevant aspects of the human immune system remain unappreciated. Here, we assessed the impact of housing conditions on adaptive immunity and metabolic disease processes during high-fat diet (HFD). We therefore compared diet-induced obesity in SPF mice with those housed in non-SPF, so-called “antigen exposed” (AE) conditions. Surprisingly, AE mice fed a HFD maintained increased insulin levels to compensate for insulin resistance, which was reflected in islet hyperplasia and improved glucose tolerance compared to SPF mice. By contrast, we observed higher proportions of effector/memory T cell subsets in blood and liver of HFD AE mice accompanied by the development of non-alcoholic steatohepatitis-like liver pathology. Thus, our data demonstrate the impact of housing conditions on metabolic alterations. Studies in AE mice, in which physiological microbial exposure was restored, could provide a tool for revealing therapeutic targets for immune-based interventions for T2D patients.
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INTRODUCTION

Type 2 diabetes (T2D) is a metabolic disease that is strongly associated with obesity and often preceded by insulin resistance. Obesity leads to adipose tissue dysfunction along with triglyceride accumulation, adipocyte hypertrophy, adipokine/cytokine secretion, hypoxia, endoplasmic reticulum stress, and impaired mitochondrial function, resulting in the activation of pro-inflammatory processes and adipose tissue fibrosis (1–4). Fibroblasts are also accumulated in injured regions from epithelial–mesenchymal transition and activated by Th2 immune responses (5). Hypoxia associated with adipocyte hypertrophy leads to the activation of NFκB-dependent pro-inflammatory responses in adipocytes and the expression of alarmin receptors. Necrotic adipocytes release cellular contents including alarmin, which has been shown to recruit immune cells and induce adipocyte death in turn (6, 7).

Chronic low-grade inflammation of hypertrophic adipose tissue plays an etiologic role in the development of insulin resistance (8). Obesity and obesity-related complications activate both the innate and adaptive arms of the immune system and lead to the recruitment of immune cells in metabolically active organs (9). For a long time, research focused on cells of the innate immune system, such as macrophages (10, 11), neutrophils (12), eosinophils (13), mast cells (14), natural killer cells (15), and dendritic cells (DCs) (16) infiltrating the visceral adipose tissue (VAT). However, recent data suggest the involvement of adaptive immunity, represented particularly by T cells (17, 18), showing the complexity of obesity-associated intratissue inflammation (19). Altogether, the causal impact of inflammation and immune responsiveness as well as the chronological order of inflammatory events remain largely unknown.

Currently, our understanding of the underlying mechanisms in these conditions is mainly based on experiments carried out in laboratory mice housed under specific pathogen-free (SPF) conditions. Those barrier facilities are unnaturally hygienic and do not reflect the microbial diversity humans encounter in their environment. Despite success in efficient translation of animal studies to the clinic, many murine models failed to translate promising treatments of disease models to clinical studies, as relevant aspects of the human immune system are unappreciated by SPF mice (20, 21). The association between chronic inflammation caused by activation of pro-inflammatory targets and cytokines and obesity suggest that long-term blockade of those cytokines may be used to treat or prevent obesity-induced inflammation. However, even if preclinical studies in rodent models of obesity have been promising in using such strategies, clinical trials in humans have had mixed success. In a recent type 1 diabetes, prevention trial oral insulin was given to prediabetic patients based on evidence from animal models which showed that oral insulin could induce anti-inflammatory immune activation to suppress anti-islet responses, however, the delayed disease progression was observed only in a subgroup of patients (22). Furthermore, another immune-specific clinical trial investigating effects of Etanercept in patients with metabolic syndrome failed due to such translational difficulties (23).

Recent studies claimed that murine models housed under SPF conditions lack effector/memory T cells in contrast to mice exposed to antigens, such as pet shop and free-living mice (23–25). Thus, chronic exposure to antigens from environmental germs under “natural conditions” results in reversed proportions of naïve and effector/memory T cells and a more restricted T cell receptor repertoire, associated with changes in the B cell and myeloid compartment. This process is called “aging” of the adaptive immune system, indicated by increased frequencies of effector/memory T cells in blood and immune organs. In contrast to naïve and early memory T cells, effector/memory T cells express an altered homing and stimulation pattern enabling them to infiltrate inflamed tissue sites and contribute to an intratissue inflammatory state with major impact on tissue homeostasis. Recently, we could establish a model of antigen exposure under standardized non-SPF housing conditions (23). Applying this model, we investigated the impact of adaptive immunity over the course of obesity-related T2D. For this purpose, we analyzed the immune cell composition in blood, adipose tissue, and liver as well as markers of glucose intolerance and insulin secretion in SPF and non-SPF mice [called “antigen exposed” (AE), here], receiving normal diet (ND) or high-fat diet (HFD).

MATERIALS AND METHODS

Animals and Diet

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 (approval number G 0138/14, LAGeSo Berlin, Germany) and comply with the ARRIVE guidelines.

Mice were housed in SPF conditions or transferred to the AE animal facility at the age of 4 weeks. Table S1 in Supplementary Material provides an overview of the specific SPF and AE housing conditions. AE housing was complemented with daily non-specific microbial exposure to antigens from bedding of mammalian laboratory animals (sheep and pigs) housed in rooms next to the laboratory mice. The exposure was guaranteed by daily handling of the laboratory animals and antigens were distributed by air passage, as the laboratory staff switched rooms on a regular basis. A HFD (60 kJ% from fat, 19 kJ% from proteins, and 21 kJ% from carbohydrates, SSNIFF, E15741-34, Soest, Germany) for mice was started at 5 weeks of age and continued for either 7 or 15 weeks. Age-matched animals were maintained on ND (9 kJ% from fat, 33 kJ% from proteins, and 58 kJ% from carbohydrates, SSNIFF, V1534-300, Soest, Germany). Body weight was followed weekly throughout the course of the experiment.

Analysis of Metabolic Parameters

Intraperitoneal glucose tolerance test (IPGTT) was performed in overnight fasted mice by injecting glucose (1 g/kg body weight; B. Braun Melsungen, Melsungen, Germany) and blood glucose levels were monitored at 0, 15, 30, 60, and 120 min postglucose administration and plotted against time curves to determine the glucose tolerance. Serum insulin was measured by ELISA kit using a rat insulin standard (Crystal Chem, Downers Grove, IL, USA). Body composition was determined by nuclear magnetic resonance using a Bruker Minispec instrument (Bruker, Woodlands, TX, USA). Real-time metabolic analyses were conducted using a combined indirect calorimetry system (TSE Systems, GmbH, Bad Homburg, Germany) as previously described (26).

Histological Analysis

Following perfusion with saline to minimize contamination with cells from the vasculature, liver, and pancreatic tissue were dissected from the surrounding tissues, fixed in formalin, and embedded in paraffin. The sections (4 μm) were deparaffinized with xylene and rehydrated through an ethanol gradient.

For immunohistochemical (IHC) staining in pancreatic sections antigen was retrieved by citric acid buffer (pH 6.0) and slides were blocked with normal goat serum and incubated with anti-insulin antibody (Abcam, Cambridge, UK, 1:200) overnight at 4°C. Slides were then washed and incubated with an HRP-conjugated secondary antibody (Abcam, Cambrige, UK) for 1 h at room temperature. After washing in PBS, HRP was visualized by NovaRED (VECTOR NovaRED Peroxidase Substrate Kit, Vectorlabs, Peterborough, UK) and nuclei were counterstained with hematoxylin. Islets were marked by insulin-positive β cells. The average islet area and number of islets were calculated per total pancreatic area in a minimum of five sections per sample, 200 μm apart.

Liver was processed for routine hematoxylin/eosin (HE) and histochemical staining. Tissue collagen deposition was detected by applying the following histochemical staining protocol: slides were incubated with a 0.1% Sirius Red solution dissolved in saturated picric acid for 1 h washed in acidified water (0.5% hydrogen chloride), dehydrated, and mounted with DPX mounting. Collagen and non-collagen components were red- and orange-stained. For IHC staining, antigens were unmasked by boiling in citrate buffer for 30 min. Slides were blocked using 0.3% H2O2/H2O for 10 min and incubated overnight with purified monoclonal rat IgG2b kappa anti-mouse I-A/I-E (BioLegend, Germany, 1:50). Biotinpolyclonal goat anti-rat (1:50) was used as second antibody. Slides were then incubated with Avidin-HRP (Thermo Fisher Scientific, Germany, 1:2,000) for 30 min. HRP was detected with NovaRed (VECTOR NovaRED Peroxidase Substrate Kit, Vectorlabs, Peterborough, UK) and slides were counterstained with HE.

The slides were analyzed with a Zeiss Axioplan light microscope (Carl Zeiss, Germany) and the images were acquired using AxioVert.

Tissue Cell Preparation

Mice were sacrificed under anesthesia. For isolation of stromal vascular cells, epididymal adipose tissues were removed, minced into small pieces and then incubated in a rotational shaker (200 rpm) at 37°C for 20 min in collagenase solution (1 mg/ml collagenase type 1, Worthington, UK, with 0.5% BSA and 10 mM CaCl2 in PBS). The digested tissue was passed through a 100-μm mesh and centrifuged (500 g, 10 min). The pellet containing the stromal vascular fraction was resuspended with erythrocyte lysis buffer (Sigma Aldrich, Germany) and centrifuged (500 g, 5 min). Cells were washed again in 2% FCS in PBS, resuspended in 250 μl 2% FBS in PBS, and counted via trypan blue exclusion. Livers were perfused with PBS and minced. Liver mononuclear cells were obtained by collagenase digestion of liver tissue for 30 min at 37°C on a rotation shaker (200 rpm). Following digestion, the cells were centrifuged (30 g, 1 min, RT) to pellet hepatocytes. Cells in the supernatant were then centrifuged at (310 g, 4 min, 4°C) and resuspended in 30% Percoll solution in HBSS followed by centrifugation (800 g, 30 min, RT) to enrich liver mononuclear cells. Erythrocytes were lysed in 8 ml erythrocyte lysis buffer (Sigma Aldrich, Germany) and 2 ml HBSS and centrifuged (300 g, 10 min, 4°C). Cell viability was checked with trypan blue exclusion.

Flow Cytometry

Isolated cells were incubated for FC blocking with CD16/32 antibody (BioLegend, Germany) for 10 min and antibodies for 20 min, washed twice, and filtered through a 35-μm mesh. Antibodies for surface staining are listed in Table S3 in Supplementary Material. FACS analysis was performed on a BD-LSR Fortessa. FACS data were analyzed by post collection compensation using FlowJo 10.0.8 software (Tree Star, Ashland, OR, USA).

Participants

Blood samples were collected from a total of 21 obese women (body mass index ± SD: 34.61 ± 3.76 kg/m2) included in a study focusing on muscle mass regulation “Effects of negative energy balance on muscle mass regulation” (registered at https://clinicaltrials.gov, NCT01105143) at the Department of Endocrinology, Charité, Berlin.

This study was carried out in accordance with the recommendations of the International Conference on Harmonization Guidelines for Good Clinical Practice and the Declaration of Helsinki. The protocol of the study was approved by the local Ethics Committee of the Charité (EA2/050/10). All subjects gave written informed consent in accordance with the Declaration of Helsinki before participating in this study.

Human Antibody Panel

Fluorochrome-conjugated anti-human monoclonal antibodies were obtained from Beckman Coulter (Marseille, France) and anti-BDCA-2 and anti-BDCA-3 from Miltenyi Biotec (Bergisch Gladbach, Germany). Six panel matrices for 7- to 9-fluorochrome channels defined and validated by the ONE Study consortium were used based on published results (27).

Human Leukocyte Staining

100 μl of anticoagulated peripheral blood cells was stained with surface antibodies as previously described (27). All samples were measured on 10 color, 3 laser Navios flow cytometers (Beckman Coulter), and acquired data were analyzed using the Kaluza software, version 1.2 (Beckman Coulter).

Statistical Analysis

Results are shown as the mean ± SEM. All analyses were performed using GraphPad Prism, version 6 (GraphPad Software, San Diego, CA, USA). P values <0.05 were considered significant. Depending on data distribution, Pearson simple coefficient or Spearman rank correlation coefficient with two-tailed significance test were used for correlation analysis, and Mann–Whitney U-test, Student’s t test, or one-way ANOVA followed by Tukey’s comparison test were applied to estimate differences between groups as appropriate. The body weight, glucose, and insulin time course data were analyzed by repeated measurements two-way ANOVA followed by Bonferroni post hoc test.

RESULTS

SPF Mice Lack Effector Memory T Cell Subsets

To visualize differences in immune responses, we compared T cell distribution between SPF, AE mice, and humans. Relative to adult humans (Figure 1A), SPF mice showed lower frequencies of effector memory (CD44+CD62L−) T cells (<30%), near absence of effector (CD44−CD62L−) T cells (<5–10%), and reciprocally, higher frequencies of naïve (CD44−CD62L+) T cells (>60%) in blood, particularly in the CD8+ T cell compartment (Figure 1B). By contrast, decreased proportions of naïve T cells (<40%) and enhanced levels of effector memory T cells (>25%) were observed in AE mice, which appeared much closer to the human phenotype (Figure 1B).
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FIGURE 1 | Specific pathogen-free (SPF) mice lack effector memory T cell subsets. CD4+ and CD8+ T cell phenotypes were compared between 20 weeks old SPF mouse blood (n = 10), 20 weeks old antigen-exposed (AE) mouse blood (n = 10), and adult human blood (n = 21) by fluorescence flow cytometry. Top panels are gated on CD3+CD4+ cells and bottom panels are gated on CD3+CD8+ cells and show naïve (CD44−CD62L+/CD45RA+CD62L+), central memory (CD44+CD62L+/CD45RA−CD62L+), effector memory (CD44+CD62L−/CD45RA−CD62L−), and effector (CD44−CD62L−/CD45RA+CD62L−) T cells. (A) Representative dot plots of blood T cell subset distribution in adult human. (B) Representative dot plots of blood T cell subset distribution in SPF and AE mouse. Numbers in panels indicate percentages of T cell subsets.



Altered Immune Cell Composition in AE Mice Kept on HFD

To assess the combined impact of housing conditions and diet on the immune composition as well as on the metabolic status, we compared AE and SPF mice on HFD and ND. The experimental design is shown in Figure 2. All groups were metabolically characterized and blood was analyzed either at week 7 or 15. Similar to previous observations, blood from AE mice was enriched in effector memory T cells and, correspondingly, showed lower percentages of naïve T cells (both CD4+ and CD8+) compared to SPF mice (Figures 3A–C). In addition, a subset of CD44−CD62L− T cells strongly increased under AE conditions as an equivalent to effector T cells (Temra) in humans. Remarkably, the frequency of effector memory T cells increased further under HFD in AE mice, however, not in SPF mice (Figures 3B,C). The significantly enhanced expression of PD-1 (CD 279), associated with chronic T cell activation, in AE mice matched these data (Figure 3D). Furthermore, the total amount of leukocytes and T cells was higher in AE compared to SPF mice (data not shown). Taken together, housing conditions and diet have a major impact on T cell subset distributions.
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FIGURE 2 | Study flowchart. Mice were kept in specific pathogen-free (SPF) conditions or transferred to the non-SPF animal facility at the age of 4 weeks. At the age of 6 weeks, male C57Bl/6J mice were fed either a normal diet (ND) or a high-fat diet (HFD) for either 7 or 15 weeks with 10 mice per group. Intraperitoneal glucose tolerance test (IPGTT) was performed after 6 or 12 weeks of ND or HFD feeding. Metabolic phenotyping was performed after 11 weeks of ND or HFD feeding. Animals were sacrificed at the age of 12 or 20 weeks for sample collection.
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FIGURE 3 | Altered immune cell composition in antigen-exposed (AE) mice kept on high-fat diet (HFD). (A) Representative dot plots for CD4+ and CD8+ T cell subsets in blood from specific pathogen-free (SPF) and AE mice fed a HFD or normal diet (ND) for 7 weeks. (B,C) Percentages of naïve (CD44−CD62+), central memory (CD44+CD62L+), effector memory (CD44+CD62L−), and effector (CD44−CD62L−) CD4+ and CD8+ T cells. Data are represented as mean ± SE. Significance was determined using two-way ANOVA multiple measurement. (D) PD-1 expression of CD44+CD62L− T cells in HFD SPF compared to AE mice. Data are represented as mean + SE. Significance was determined using unpaired two-sided Mann–Whitney U-test. n = 10 mice per group. *P < 0.05, ****P < 0.0001.



Preserved Pancreatic β Cell Responsiveness in HFD AE Mice

To assess the impact of “aged” adaptive immunity following antigen exposure on the development of insulin resistance and glucose intolerance, we examined the metabolic effects of HFD long-term feeding in SPF and AE mice. HFD feeding resulted in the development of metabolic alterations already after 7 weeks in SPF mice, as shown in Figures S1A–G in Supplementary Material. Within both cohorts (SPF and AE), a significant difference in body weight between HFD and ND mice was first evident at week 4 (P < 0.001) and remained significant throughout the following experimental weeks (Figure 4A). HFD-fed AE mice tended to gain more weight after 7 weeks and were even significantly heavier than their SPF counterparts after 12 weeks of HFD feeding. By contrast, epididymal fat pads were enlarged in HFD mice but remained unaffected by housing conditions (Figure 4B). Whereas glucose tolerance was impaired in HFD mice maintained under SPF conditions, surprisingly, the glucose levels of HFD AE mice were much lower and did not differ significantly from those of the ND AE and SPF mice after 7 weeks (Figure 4C). This striking difference was not observed at a later time point (15 weeks) in HFD-fed mice although fasting and peak glucose levels remained slightly lower in AE compared to SPF mice (Figure 4C). Insulin levels, measured throughout the IPGTT, were significantly higher in HFD AE mice (Figure 4D). The insulinogenic index, the ratio of the increment in insulin concentration to the increment in glucose concentration (ΔI/ΔG) has been proposed as a measure for β cell function and is highest in HFD-fed AE mice at all time points (Figure 4E). In summary, HFD AE mice develop obesity and insulin resistance but show adequate β cell compensation and a delayed development of diabetes in contrast to HFD SPF mice.
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FIGURE 4 | Preserved pancreatic β cell responsiveness in antigen-exposed (AE) high-fat diet (HFD) mice. (A) Weight development in 7-week (w, left) and 15-week (right) normal diet (ND) and HFD specific pathogen-free (SPF) vs. AE mice. (B) Weight of epididymal fat pads. (C) Intraperitoneal glucose tolerance tests were performed in ND and HFD SPF vs. AE mice after 7 weeks (left) and 15 weeks (right) feeding. (D) Circulating insulin levels were assessed before and after intraperitoneal glucose injection in ND and HFD SPF vs. AE mice after 7 weeks (left) and 15 weeks (right) feeding. (E) Calculated insulinogenic index, n = 10 mice per group. Significance was determined using two-way ANOVA multiple measurement (A,C,D) or using unpaired two-sided Mann–Whitney U-test. (B,E) *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. *(HFD SPF vs. ND SPF), ++(HFD AE vs. ND AE), #(HFD SPF vs. HFD AE), <(ND SPF vs. ND AE).



Diet-Induced Obesity Rather Than Housing Conditions Change the Immune Cell Composition in VAT

To further investigate the influence of housing conditions and diet on the intra-adipose tissue immune status, we analyzed immune cells in the VAT by flow cytometry. Figure 5A summarizes the relative distribution of various immune cell subsets in HFD AE and SPF mice at week 7 (left) and 15 (right) demonstrating a clear clustering of the mice in regard to diet.
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FIGURE 5 | Diet-induced obesity rather than housing conditions change the immune cell composition in visceral adipose tissue (VAT). Immune cell composition was determined in VAT via flow cytometry in 7 and 15 weeks fed mice. w, weeks. (A) Heatmap showing relative distribution of T cell subsets and cells of the innate immune system as percentages of leukocytes in 7 (left) and 15 (right) weeks groups. Red indicates higher proportion and blue indicates lower proportion. cm, central memory; em, effector memory. (B) Distribution of innate immune cells as percentage of leukocytes in high-fat diet (HFD) and normal diet (ND) mice maintained under specific pathogen-free (SPF) or antigen-exposed (AE) conditions in 7 (left) and 15 (right) week groups. (C,D) Proportion of regulatory T and B cells in VAT of SPF or AE mice in 7 (left) and 15 (right) week groups. (E) Percentages of CD44−CD62L+ (naïve), CD44+CD62L+ (central memory), CD44+CD62L+ (effector memory), and CD44−CD62L− (probably effector) T cells in 7 (left) and 15 (right) week groups. Significance was determined using two-way ANOVA multiple measurement (B,E) or ANOVA followed by Tukey’s multiple comparisons test (C,D) n = 10 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



The percentages of macrophages (F4/80+CD11b+) and DCs (CD11b+CD11c+) were significantly higher in HFD compared to ND mice, which is in line with previous results (28). However, innate immune cells were equivalent between AE and SPF groups of mice (Figure 5B). Only some temporary differences in dendritic and NK cells were observed between AE and SPF mice after 7 weeks of HFD feeding (Figure 5B). Similarly, both HFD groups showed comparably decreased proportions of regulatory (CD25highCD127−) CD4+ T cells (Treg) and B cells (CD3+B220+) in relation to ND mice (Figures 5C,D). Only after 7 weeks, Tregs in HFD SPF mice were higher than in ND SPF mice (Figure 5C). As expected, in all groups (AE vs. SPF; HFD vs. ND) mainly effector/memory T cells accumulated in the adipose tissue (Figure 5E). Interestingly, at week 7, we could also observe naïve-like and central memory T cells in the adipose tissue from AE but not SPF mice (Figure 5E). To further assess the impact of metabolic measures on the systemic immune cell composition, we exploratively examined the correlations between body weight, epigonadal fat weight, HOMA, and leucocyte cell numbers. Significant correlations were found between CD4+ and CD8+ T cell subsets as shown in Table S2 in Supplementary Material.

In summary, HFD-fed mice housed in SPF or AE conditions display higher levels of distinct innate immune cells compared to ND mice, whereas only temporary and minor differences are observed between SPF and AE mice.

Antigen Exposure Protects β Cell Morphology and Function Allowing Lasting Compensation of Insulin Resistance

Next, we examined the histology of the pancreas via HE, IHC insulin, and T cell staining to understand the metabolic differences between the groups. In comparison to ND mice, HFD mice developed a small degree of islet hyperplasia as described before (29). Furthermore, HFD AE mice showed a higher mean cross-sectional area of the pancreatic islets at week 15 compared to HFD SPF mice (Figure 6A). Mean islet area was comparable in mice under SPF conditions, whereas HFD AE mice tended to display a higher mean islet area compared to ND AE mice (Figure 6B). However, higher plasma insulin levels did not correlate significantly with the mean islet area (Figure 6C) of 7 and 15 weeks HFD mice in both the SPF and AE group. In the HFD SPF group, grossly diminished numbers of β cells were evident, while HFD AE mice showed preserved insulin staining (Figure 6D). Notably, periductal pancreatic inflammation was neither observed in SPF nor in AE mice. Moreover, immunostaining revealed that almost all CD3+ cells remain in the vessels without any alterations between groups (data not shown).
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FIGURE 6 | Antigen exposure protects pancreas morphology and function allowing lasting compensation of insulin resistance. Hematoxylin/eosin and immunohistochemical (IHC) insulin stainings were performed in 7 and 15 weeks fed mice. (A) Mean islet cross-sectional area expressed as the percentage of the total pancreas area in 7 and 15 weeks fed specific pathogen-free (SPF) and antigen-exposed (AE) mice. Grubbs’ analysis identified one outlier in 15 weeks high-fat diet (HFD)-fed SPF mice. (B) Mean islet area in mm2 for 7 and 15 weeks fed SPF and AE mice. n = 5–6 mice per group. (C) Mean islet area initially tends to correlate with fasting insulin in all groups (P = 0.0004) (left), but correlation decreases over time because fasting insulin levels are kept high in AE mice only, P = 0.011 (right). (D) Representative serial sections from mouse pancreas immunostained for insulin. Results are representative of five to six mice. Significance was determined using unpaired two-sided Mann–Whitney U-test or one-way ANOVA. Scale bar, 50 μm.



To sum up, histological analyses of pancreatic islets confirm increased β cell compensation in AE mice that persisted over the observation time of 15 weeks HFD feeding.

HFD in Immune-Aged Mice Is a High Risk Combination for the Development of Non-Alcoholic Steatohepatitis (NASH)

Obesity is frequently associated with liver steatosis that can progress to NASH including a negative predictive value for the course of T2D and metabolic syndrome. Therefore, we next asked, whether housing conditions would have an impact on liver pathology. Intrahepatic naïve CD4+ and CD8+ T cells were found to be considerably lower in AE compared to SPF mice at week 7 (Figures 7A,B). Conversely, for CD8+ T cells, the fraction of effector memory T cells was significantly higher (Figure 7B), which was most pronounced in AE mice on HFD. Notably, more than 95 and 85% of CD4+ and CD8+ T cells, respectively, expressed the effector memory T cell phenotype in AE mice on HFD, a delta of >25% compared to SPF mice on HFD (Figures 7A–C). The innate cell subsets were less dramatically changed with trends for partial replacement of macrophages by infiltrating monocytes in AE mice and a slightly enhanced frequency of NK cells in both HFD groups (Figure 7D). In addition, SPF mice showed lower percentages of immature (MHCIIlow) DCs (Figure 7E) and HFD mice displayed higher MHCII antigen expression levels under SPF conditions (Figure 7F).
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FIGURE 7 | High-fat diet (HFD) in immune-aged mice is a high-risk combination for the development of non-alcoholic steatohepatitis (NASH). Immune cell composition in livers of 7 weeks fed specific pathogen-free (SPF) and antigen-exposed (AE) mice was analyzed via flow cytometry. (A–C) CD4+ and CD8+ T-cell liver phenotypes were compared among 7-week HFD and normal diet (ND) mice maintained under SPF and AE conditions. (D) Percentages of innate immune cells in liver tissue. MHCII staining was performed in 15 weeks fed AE mice. (E,F) Percentages of immature (MHClow) dendritic cells in liver tissue and representative Immunohistochemical (IHC) staining with MHCII (asterisk) in 15-week HFD and ND AE mice. Hematoxylin/eosin stainings were performed in 15 weeks fed SPF and AE mice. (G) Representative staining of ND AE and HFD SPF and AE mice. Infiltration of immune cells (asterisk) and ballooned hepatocytes (arrowhead) illustrate NASH. n = 5–10 mice per group. (H) Liver weight of 15 weeks fed mice, n = 10. Significance was determined using one-way ANOVA *P < 0.05. (I) Table showing histological scoring system for NASH. (J) IHC staining of CD3-expressing T cells (upper row) and Sirius Red staining (lower row) in paraffin-embedded liver sections from mice fed an HFD or ND for 15 weeks. Asterisk indicates CD3 staining, n = 6–10 mice. Significance was determined using two-way ANOVA multiple measurement. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



Hematoxylin/eosin staining of liver sections of mice on HFD for 15 weeks revealed severe steatosis in AE mice while only some SPF mice displayed a mild fat accumulation in the liver. In addition to a strong increase of large lipid droplets resulting in macrovesicular steatosis, the livers of AE mice on HFD showed lobular inflammation, hepatocyte injury in the form of hepatocellular ballooning, and destroyed lobule structure. However, livers of ND AE mice did not display any signs of NASH (Figure 7G). However, liver weight did not differ between all groups (Figure 7H). Blinded NASH scoring of liver histology confirmed that 8/8 AE mice on 15 weeks HFD displayed a strong NASH phenotype (score > 3–5), whereas NASH was not observed in the majority of SPF mice (5/8, score < 1) (Figure 7I). The remaining liver sections were categorized as displaying only a mild form of NASH (3/8, score = 3) (Figure 7I). Furthermore, CD3 staining confirmed lobular inflammation in HFD AE mice (Figure 7J, upper row), whereas Sirius Red staining revealed mild pericellular fibrosis in those mice (Figure 7J, lower row).

Altogether, AE mice display protected insulin production from pancreatic islet cells but develop more severe hepatic steatosis.

DISCUSSION

We confirm our hypothesis that “aging” of the adaptive immune system has a major impact on the course of obesity-related insulin resistance. Whereas obesity-induced insulin resistance is rather comparable in both groups fed a HFD, AE mice showed improved glucose tolerance by preserved compensatory β-cell function (protective effect). By contrast, immune aging was associated with rapid development of NASH (detrimental effect). The data underline the need for novel preclinical models that are closer to the human situation.

The prevalence of obesity and T2D is increasing worldwide (30). It is widely accepted that adipose tissue inflammation contributes to the development of obesity-related insulin resistance (31, 32). Various components of both the innate and the adaptive immune systems were identified as major players in regulating inflammatory processes in the development of insulin resistance (33–35), vasculitis, and remodeling of parenchymal organs (36–38). However, knowledge about the exact pathomechanisms driving the process across the checkpoints is limited. Recently, awareness arose about the limitations of commonly used animal models regarding the shortcomings of clinical challenges (39, 40). With increasing knowledge about the role of the adaptive immune system, in particular of tissue-resident and tissue-infiltrating T cells, in controlling tissue homeostasis it is more evident than ever that our widely used SPF mouse models do not reflect the “aging” immune system as seen in adults (23, 24).

Abnormally hygienic housing conditions of laboratory mice may account for limited translational potential to humans. To tackle this issue, we applied our recently developed model of AE housing and compared the development of insulin resistance, glucose tolerance, β-cell function, and liver histology in two HFD-fed groups: one kept SPF and the other outside the SPF barrier in AE conditions.

Consistently, AE mice expressed a higher proportion of antigen experienced CD4+ and CD8+ T cells. In particular, memory effector T cell subsets were increased. Notably, AE mice did not acquire infectious diseases, as monitored following FELASA guidelines on a regular basis.

Our results demonstrate that changes in the immune cell composition of HFD-fed C57BL/6J mice affect the time course of glucose intolerance and insulin secretion. Interestingly, in contrast to our hypothesis, development of obesity-induced insulin resistance was comparable between the two HFD groups. This is in line with immune cell subsets in VAT. Even in SPF mice, we observed a dominance of effector/memory T cells in VAT. Remarkably, HFD in both groups (SPF and AE) enhanced the effector/regulatory T cell ratio resulting in an immune disbalance in adipose tissue. We already mentioned that hypoxia associated with adipocyte hypertrophy can lead to the activation of NFκB-dependent pro-inflammatory responses in adipocytes (6, 7). The increase of systemic chronic inflammation by antigen exposure could further contribute to this hypoxia-dependent pathomechanism and increase the activation of pro-inflammatory cytokines in turn.

Intriguingly, AE mice fed a HFD revealed higher β-cell responsiveness that was observed as excess in insulin levels, which compensates for glucose intolerance for at least 7 weeks. Furthermore, hyperinsulinemia in AE mice was in accordance with elevated body weight compared to SPF mice. As expected, pancreas histology revealed enlarged islet areas that correlated initially with fasting insulin levels in HFD mice. By contrast, β cells in SPF mice lost their functionality over time, confirmed by decreased insulin secretion and the strong correlation between islet mass and fasting insulin levels. Remarkably, β cells from AE mice were protected allowing continuous hyperinsulinemia. So far, the mechanism behind the protective effect is unclear. The number of pancreas infiltrating T cells was roughly equal in both groups. Most T cells stuck to the perivascular region and did not enter the islets. As the pancreas expresses many IL-22 receptors (41), it could be speculated that Th17/22 cells might enter to secrete the pro-regenerative, islet-protective cytokine IL-22.

An alternative explanation might be that a vagus and/or sympathetic activation caused by systemic and local inflammation triggers the so-called “anti-inflammatory reflex” in pancreatic islets in AE mice, as described recently in critically ill patients suffering from major surgery or stroke-induced immunodeficiency (42–44).

Linked to the increasing prevalence of obesity worldwide, NASH, the more inflammatory and progressive form of non-alcoholic fatty liver disease, emerges as a major health burden in developed countries (45). NASH is histologically characterized by ballooned hepatocytes, lipid accumulation, fibrosis, and pericellular inflammation and may progress to cirrhosis, end stage liver disease, or hepatocellular carcinoma (46). Several diets are known to induce NASH-like liver pathology in C57BL/6J mice (47), but most of these relatively artificial approaches do not recapitulate human conditions of NASH and its metabolic consequences. Here, we show for the first time that mice maintained under non-SPF “antigen exposed” conditions develop NASH-like liver pathology as early as after 7 weeks of HFD feeding. They developed macrovesicular steatosis, hepatic infiltration, and altered intrahepatic immune cell composition rarely seen in SPF mice even after 15 weeks on HFD. Recently, it has been described (48) that metabolic activation of intrahepatic immune cells causes NASH in C57BL/6J mice in concordance with our results. Thus, our study offers a simple mouse model of short-term HFD for investigating the development of NASH and the underlying mechanisms that also exhibits fidelity to the human condition.

Based on our results, a number of questions arise. First, future studies are required to investigate the exact mechanisms of T cell activation in the liver and to tackle the question whether a systemic immune activation, induced by diet and housing conditions, or the dissemination of T cells activated in the liver accounts for NASH-like pathology and liver function. In contrast to these findings, severe liver inflammation was not accompanied by pancreatic tissue inflammation and did not correspond to β-cell compensation for insulin resistance. Therefore, further studies have to be performed to validate the mechanisms of β cell protection, which are currently unknown. Similarly, in patients, severe steatohepatitis is often not attended by T2D, even though it is assumed that NASH is associated with insulin resistance (49). Second, the composition, diversity, and function of the gut microbiome was described to be affected by HFDs (50–52), revealing the phenotypes seen in AE mice in a different light. Recently, it has been published that gut barrier function, e.g., intestinal permeability and alterations in intestinal levels of secondary bile acids, depend on housing conditions (53). The question whether gut colonization plays a causal role in adipose tissue and liver inflammation will be addressed in a forthcoming publication. Finally, the influence of food and nutrients composition should be considered.

In conclusion, our study identifies an important new immunological link between environmental conditions and the progression of obesity, insulin resistance, and its comorbidities. We provide a new mouse model valuable for revealing new biomarkers of metabolic disease progression as well as testing novel therapeutic approaches.

AVAILABILITY OF DATA

The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request.

ETHICS STATEMENT

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 (approval number G 0138/14, LAGeSo Berlin, Germany) and comply with the ARRIVE guidelines. This study was carried out in accordance with the recommendations of the International Conference on Harmonization Guidelines for Good Clinical Practice and the Declaration of Helsinki. The protocol of the study was approved by the local Ethics Committee of the Charité – Universitätsmedizin Berlin (EA2/050/10). All subjects gave written informed consent in accordance with the Declaration of Helsinki before participating in this study.

AUTHOR CONTRIBUTIONS

JS-K planned the study, wrote the manuscript, performed experiments, and analyzed data. JK did immunostaining of liver and pancreas sections. SB helped with metabolic experiments and carefully reviewed the manuscript. MS contributed to the selection of antibody panels and provided help with flow cytometry analysis. MH contributed to conception and design of the study. AK performed CD3 staining of pancreas sections. KS-B contributed to the invention of the AE mouse model. KM planned and carried out the clinical study “Effects of negative energy balance on muscle mass regulation” (registered at https://clinicaltrials.gov, NCT01105143). JS planned the concept of the study as endocrinological supervisor and reviewed the manuscript. H-DV planned the concept of the study as immunological supervisor and wrote parts of the manuscript. JS-K, JS, and H-DV are the guarantors of this work and, as such, had full access to all the data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis.

ACKNOWLEDGMENTS

We thank Anke Jurisch, Diana Woellner, Kathrin Witte, Cornelia Heckmann, Christiane Gras, and Francesca Liersch for assistance with experimental procedures and Benjamin Tiburzy from BioLegend for helpful comments on the gating strategy. Furthermore, we thank Mario Thiele for assistance with pancreas sections. We acknowledge support from the German Research Foundation (DFG) and the Open Access Publication Fund of Charité – Universitätsmedizin Berlin.

FUNDING

JS was supported by the Helmholtz Grant (ICEMED). JS, KM, and JS-K were supported by a clinical research group of the DFG (KFO218 and KFO192). This study was supported by grants from the Clinical Research Unit of the Berlin Institute of Health (BIH), the “BCRT-grant” by the German Federal Ministry of Education and Research, and the Einstein Foundation. JS-K is supported by the Charité Clinical Scientist Program. KS-B and H-DV are funded by FOR2165.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at https://www.frontiersin.org/articles/10.3389/fimmu.2018.01069/full#supplementary-material.

REFERENCES

1. Blüher M. Adipose tissue dysfunction contributes to obesity related metabolic diseases. Best Pract Res Clin Endocrinol Metab (2013) 27:163–77. doi:10.1016/j.beem.2013.02.005

2. Trayhurn P. Hypoxia and adipose tissue function and dysfunction in obesity. Physiol Rev (2013) 93:1–21. doi:10.1152/physrev.00017.2012

3. Halberg N, Khan T, Trujillo ME, Wernstedt-Asterholm I, Attie AD, Sherwani S, et al. Hypoxia-inducible factor 1α induces fibrosis and insulin resistance in white adipose tissue. Mol Cell Biol (2009) 29:4467–83. doi:10.1128/MCB.00192-09

4. Arner E, Westermark PO, Spalding KL, Britton T, Rydén M, Frisén J, et al. Adipocyte turnover: relevance to human adipose tissue morphology. Diabetes (2010) 59:105–9. doi:10.2337/db09-0942

5. Muir LA, Neeley CK, Meyer KA, Baker NA, Brosius AM, Washabaugh AR, et al. Adipose tissue fibrosis, hypertrophy, and hyperplasia: correlations with diabetes in human obesity. Obesity (Silver Spring) (2016) 24:597–605. doi:10.1002/oby.21377

6. Rider P, Kaplanov I, Romzova M, Bernardis L, Braiman A, Voronov E, et al. The transcription of the alarmin cytokine interleukin-1 alpha is controlled by hypoxia inducible factors 1 and 2 alpha in hypoxic cells. Front Immunol (2012) 3:290. doi:10.3389/fimmu.2012.00290

7. Zhang J, Zhang L, Zhang S, Yu Q, Xiong F, Huang K, et al. HMGB1, an innate alarmin, plays a critical role in chronic inflammation of adipose tissue in obesity. Mol Cell Endocrinol (2017) 454:103–11. doi:10.1016/j.mce.2017.06.012

8. Shoelson SE, Lee J, Goldfine AB. Inflammation and insulin resistance. J Clin Invest (2006) 116:1793–801. doi:10.1172/JCI29069E1

9. Exley MA, Hand L, O’Shea D, Lynch L. Interplay between the immune system and adipose tissue in obesity. J Endocrinol (2014) 223:R41–8. doi:10.1530/JOE-13-0516

10. McNelis JC, Olefsky JM. Macrophages, immunity, and metabolic disease. Immunity (2014) 41:36–48. doi:10.1016/j.immuni.2014.05.010

11. Ferrante AW. Macrophages, fat, and the emergence of immunometabolism. J Clin Invest (2013) 123:4992–3. doi:10.1172/JCI73658

12. Talukdar S, Oh DY, Bandyopadhyay G, Li D, Xu J, McNelis J, et al. Neutrophils mediate insulin resistance in mice fed a high-fat diet through secreted elastase. Nat Med (2012) 18:1407–12. doi:10.1038/nm.2885

13. Wu D, Molofsky AB, Liang HE, Ricardo-Gonzalez RR, Jouihan HA, Bando JK, et al. Eosinophils sustain adipose alternatively activated macrophages associated with glucose homeostasis. Science (2011) 332:243–7. doi:10.1126/science.1201475

14. Liu J, Divoux A, Sun J, Zhang J, Clement K, Glickman JN, et al. Genetic deficiency and pharmacological stabilization of mast cells reduce diet-induced obesity and diabetes in mice. Nat Med (2009) 15:940–5. doi:10.1038/nm.1994

15. Wensveen FM, Jelenčić V, Valentić S, Šestan M, Wensveen TT, Theurich S, et al. NK cells link obesity-induced adipose stress to inflammation and insulin resistance. Nat Immunol (2015) 16:376–85. doi:10.1038/ni.3120

16. Stefanovic-Racic M, Yang X, Turner MS, Mantell BS, Stolz DB, Sumpter TL, et al. Dendritic cells promote macrophage infiltration and comprise a substantial proportion of obesity-associated increases in CD11c+ cells in adipose tissue and liver. Diabetes (2012) 61:2330–9. doi:10.2337/db11-1523

17. Nishimura S, Manabe I, Nagasaki M, Eto K, Yamashita H, Ohsugi M, et al. CD8+ effector T cells contribute to macrophage recruitment and adipose tissue inflammation in obesity. Nat Med (2009) 15:914–20. doi:10.1038/nm.1964

18. Rau M, Schilling A-K, Meertens J, Hering I, Weiss J, Jurowich C, et al. Progression from nonalcoholic fatty liver to nonalcoholic steatohepatitis is marked by a higher frequency of Th17 cells in the liver and an increased Th17/resting regulatory T cell ratio in peripheral blood and in the liver. J Immunol (2016) 196:97–105. doi:10.4049/jimmunol.1501175

19. Winer S, Chan Y, Paltser G, Truong D, Tsui H, Bahrami J, et al. Normalization of obesity-associated insulin resistance through immunotherapy. Nat Med (2009) 15:921–9. doi:10.1038/nm.2001

20. von Herrath MG, Nepom GT. Lost in translation: barriers to implementing clinical immunotherapeutics for autoimmunity. J Exp Med (2005) 202:1159–62. doi:10.1084/jem.20051224

21. Abolins S, King EC, Lazarou L, Weldon L, Hughes L, Drescher P, et al. The comparative immunology of wild and laboratory mice, Mus musculus domesticus. Nat Commun (2017) 8:14811. doi:10.1038/ncomms14811

22. Diabetes Prevention Trial – Type 1 Diabetes Study Group. Effects of insulin in relatives of patients with type 1 diabetes mellitus. N Engl J Med (2002) 346:1685–91. doi:10.1056/NEJMoa012350

23. Reinke S, Geissler S, Taylor WR, Schmidt-Bleek K, Juelke K, Schwachmeyer V, et al. Terminally differentiated CD8+ T cells negatively affect bone regeneration in humans. Sci Transl Med (2013) 5:177ra136. doi:10.1126/scitranslmed.3004754

24. Japp AS, Hoffmann K, Schlickeiser S, Glauben R, Nikolaou C, Maecker HT, et al. Wild immunology assessed by multidimensional mass cytometry. Cytometry A (2017) 91:85–95. doi:10.1002/cyto.a.22906

25. Beura LK, Hamilton SE, Bi K, Schenkel JM, Odumade OA, Casey KA, et al. Normalizing the environment recapitulates adult human immune traits in laboratory mice. Nature (2016) 532:512–6. doi:10.1038/nature17655

26. Brachs S, Winkel AF, Polack J, Tang H, Brachs M, Margerie D, et al. Chronic activation of hepatic Nrf2 has no major effect on fatty acid and glucose metabolism in adult mice. PLoS One (2016) 11:e0166110. doi:10.1371/journal.pone.0166110

27. Streitz M, Miloud T, Kapinsky M, Reed MR, Magari R, Geissler EK, et al. Standardization of whole blood immune phenotype monitoring for clinical trials: panels and methods from the ONE study. Transplant Res (2013) 2:1–15. doi:10.1186/2047-1440-2-17

28. Bertola A, Ciucci T, Rousseau D, Bourlier V, Duffaut C, Bonnafous S, et al. Identification of adipose tissue dendritic cells correlated with obesity-associated insulin-resistance and inducing Th17 responses in mice and patients. Diabetes (2012) 61:2238–47. doi:10.2337/db11-1274

29. Cerf ME. Beta cell dysfunction and insulin resistance. Front Endocrinol (2013) 4:37. doi:10.3389/fendo.2013.00037

30. Inzucchi SE, Bergenstal RM, Buse JB, Diamant M, Ferrannini E, Nauck M, et al. Management of hyperglycemia in type 2 diabetes: a patient-centered approach. Position Statement of the American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD). Diabetes Care (2012) 35:1364–79. doi:10.2337/dc12-0413

31. Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, et al. Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance. J Clin Invest (2003) 112:1821–30. doi:10.1172/JCI19451

32. Makki K, Froguel P, Wolowczuk I. Adipose tissue in obesity-related inflammation and insulin resistance: cells, cytokines, and chemokines. ISRN Inflamm (2013) 2013:12. doi:10.1155/2013/139239

33. Zlotnikov-Klionsky Y, Nathansohn-Levi B, Shezen E, Rosen C, Kagan S, Bar-On L, et al. Perforin-positive dendritic cells exhibit an immuno-regulatory role in metabolic syndrome and autoimmunity. Immunity (2015) 43:776–87. doi:10.1016/j.immuni.2015.08.015

34. Han MS, Jung DY, Morel C, Lakhani SA, Kim JK, Flavell RA, et al. JNK expression by macrophages promotes obesity-induced insulin resistance and inflammation. Science (2013) 339:218–22. doi:10.1126/science.1227568

35. Tsai S, Clemente-Casares X, Revelo XS, Winer S, Winer DA. Are obesity-related insulin resistance and type 2 diabetes autoimmune diseases? Diabetes (2015) 64:1886–97. doi:10.2337/db14-1488

36. Kyaw T, Tipping P, Bobik A, Toh B-H. Opposing roles of B lymphocyte subsets in atherosclerosis. Autoimmunity (2017) 50:52–6. doi:10.1080/08916934.2017.1280669

37. Ji Q, Meng K, Yu K, Huang S, Huang Y, Min X, et al. Exogenous interleukin 37 ameliorates atherosclerosis via inducing the Treg response in ApoE-deficient mice. Sci Rep (2017) 7:3310. doi:10.1038/s41598-017-02987-4

38. Michel NA, Zirlik A, Wolf D. CD40L and its receptors in atherothrombosis – an update. Front Cardiovasc Med (2017) 4:40. doi:10.3389/fcvm.2017.00040

39. Mak IWY, Evaniew N, Ghert M. Lost in translation: animal models and clinical trials in cancer treatment. Am J Transl Res (2014) 6:114–8.

40. Islam MS, Wilson RD. Animal Models in Diabetes Research. Joost H-G, Al-Hasani H, Schürmann A, editors. Totowa, NJ: Humana Press (2012). p. 161–74.

41. Sabat R, Ouyang W, Wolk K. Therapeutic opportunities of the IL-22-IL-22R1 system. Nat Rev Drug Discov (2014) 13:21–38. doi:10.1038/nrd4176

42. Pongratz G, Straub RH. The sympathetic nervous response in inflammation. Arthritis Res Ther (2014) 16:504. doi:10.1186/s13075-014-0504-2

43. Tang L, Okamoto S, Shiuchi T, Toda C, Takagi K, Sato T, et al. Sympathetic nerve activity maintains an anti-inflammatory state in adipose tissue in male mice by inhibiting TNF-α gene expression in macrophages. Endocrinology (2015) 156:3680–94. doi:10.1210/EN.2015-1096

44. Prass K, Meisel C, Höflich C, Braun J, Halle E, Wolf T, et al. Stroke-induced immunodeficiency promotes spontaneous bacterial infections and is mediated by sympathetic activation reversal by poststroke T helper cell type 1-like immunostimulation. J Exp Med (2003) 198:725–36. doi:10.1084/jem.20021098

45. Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, et al. Global, regional and national prevalence of overweight and obesity in children and adults 1980–2013: a systematic analysis. Lancet (2014) 384:766–81. doi:10.1016/S0140-6736(14)60460-8

46. Brown GT, Kleiner DE. Histopathology of nonalcoholic fatty liver disease and nonalcoholic steatohepatitis. Metabolism (2016) 65:1080–6. doi:10.1016/j.metabol.2015.11.008

47. Charlton M, Krishnan A, Viker K, Sanderson S, Cazanave S, McConico A, et al. Fast food diet mouse: novel small animal model of NASH with ballooning, progressive fibrosis, and high physiological fidelity to the human condition. Am J Physiol Gastrointest Liver Physiol (2011) 301:G825–34. doi:10.1152/ajpgi.00145.2011

48. Monika J, Wolf A, Adili K, Piotrowitz Z, Abdullah Y, Boege K, et al. Metabolic activation of intrahepatic CD8+ T cells and NKT cells causes nonalcoholic steatohepatitis and liver cancer via cross-talk with hepatocytes. Cancer Cell (2014) 26:549–64. doi:10.1016/j.ccell.2014.09.003

49. Utzschneider KM, Kahn SE. The role of insulin resistance in nonalcoholic fatty liver disease. J Clin Endocrinol Metab (2006) 91:4753–61. doi:10.1210/jc.2006-0587

50. Turnbaugh PJ, Bäckhed F, Fulton L, Gordon JI. Diet-induced obesity is linked to marked but reversible alterations in the mouse distal gut microbiome. Cell Host Microbe (2008) 3:213–23. doi:10.1016/j.chom.2008.02.015

51. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE, et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature (2014) 505:559–63. doi:10.1038/nature12820

52. Singh RK, Chang H-W, Yan D, Lee KM, Ucmak D, Wong K, et al. Influence of diet on the gut microbiome and implications for human health. J Transl Med (2017) 15:73. doi:10.1186/s12967-017-1175-y

53. Müller VM, Zietek T, Rohm F, Fiamoncini J, Lagkouvardos I, Haller D, et al. Gut barrier impairment by high-fat diet in mice depends on housing conditions. Mol Nutr Food Res (2016) 60:897–908. doi:10.1002/mnfr.201500775

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Sbierski-Kind, Kath, Brachs, Streitz, von Herrath, Kühl, Schmidt-Bleek, Mai, Spranger and Volk. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-09-01069-g005a.jpg
Y

N HFD SPF

. HFD AE
ND SPF

40 s WSS rD s MEEE ND SPF

W gD AE MR ND AE

leucocytes (%)
leucocytes (%)

CD4" T cells (%)

HFDSPF HFDAE NDSPF NDAE HFDSPF HFDAE NDSPF  NDAE





OPS/images/fimmu-09-01069-g006.jpg
>

7w 15w

o

< <« 0.015-
E E
E £ i
§ g 0010 <
2
8 o
g H I
ﬁ 0.005- § 0.005- T
3 3 2
3
~ 0.000- ~o. v
HFDSPF  HFD AE ND SPF HFD SPF HFDAE NDSPF ND AE .
B
0.020-
. [
E -]
E o015 £
g g L
5 s o
3 H ]
< c [a)
H g T
I
HFD SPF HFD AE ND SPF HFD SPF HFD AE ND SPF  ND AE ;
)
-
c

0. .
0000 0005 0010 0015 0020 0000 0005 0010 0015 0020
mean islet area mean islet area.





OPS/images/fimmu-09-01069-g003.jpg
CD4

CD8

SPF

CD4" T cells (%)

100 *xxx == HFD SPF

o = HFD AE
80 mm ND SPF
. == ND AE
40 s b
20

44'62° 44%62° 4462 4462

CD8" T cels cells (%)

o

o

3
S

@
3

«
3

I
S

N
S

Hkkk

HFD SPF

ahkx Rhkx

4462%

44762

HFD AE

44%62°

4462°





OPS/images/fimmu-09-01069-g004a.jpg
5 8 8

Body weight (g)
8

3

2

Epigonadal at (g)

o

Tw

At

Body weight (g)
g€ & 8 8

N HFD sPFEEEM ND SPF
BN HFDAE EEEE ND AE

15w

6 1z 3 4 5 6 7
Time (w)
ey

N

=z

10-

Epigonadal fat (g)

012345678010112
Time (w)

s v

T V=

HFDSPF HFD AE ND SPF ND AE

o
e e, Bt

‘3‘ 300

i
S

100

]

HFD SPF HFDAE ND SPF ND AE

888 ¢

Blood glucose (mg dr')
g

P

l o
4.

0 15 30 45 60 75 50 105120
Time (min)

o.

0 15 30 45 60 75 90 105 120
Time (min)





OPS/images/fimmu-09-01069-g007a.jpg
A B c HFD ND
BN o spr IEM ND SPF e W] e
uFD AE HEEE ND AE -
al. SPF
#0- ® |
O | s 02
= -
o 15
i &
Lo 8.
3= a1 AE
A F98 P i
O g A

[0 —

15w HFD AE 15w ND AE

SIS

G 15w ND AE





OPS/images/cover.jpg
? frontiers

in Immunology

Distinct Housing Conditions
Reveal a Major Impact of
Adaptive Immunity on the

Course of Obesity-Induced Type
2 Diabetes





OPS/images/fimmu-09-01069-g001.jpg
CD4

CD8

Adult human

10° o o comnn
45,74
1074 TR

104 4

B SPF mouse

AE mouse

Ve

30,06

10°

10'

10? 100

10

CD62L

CD45RA

4
10






OPS/images/fimmu-09-01069-g002.jpg
Organ sampling

1}

¥ n=10

0 ‘ 7 Metabolic
Cage

>
time;{week) B IPGTT Organ sampling
/)\
{? n=10

>
time (week) —

SPF

o [ | N

n=10

0 7

time (week) /é;l
n=10 iIPGTI' &orgln sampling

AE A
g:(&
0 ‘ 15 n=10
>
time (week) f@

e T el = [ 1





OPS/images/logo.jpg
Ghesk for

i@





OPS/images/fimmu-09-01069-g007b.jpg
liver weight (g)

HFDSPF HFDAE NDSPF NDAE

antigen exposed SPF

P
Mice N 8 7
Steatosis Mean = SD 2.13£033 057+09 0.001
Lobular inflammation ~ Mean = SD 1£0 1£05 1
Portal inflammation Mean = SD 0.25+0.433 0.14+035 0.635
Fibrosis Mean = SD 0.17£0.37 0=0 0.389
Score Mean = SD 35071 1.71+1.58 0.019

15w HFD AE

15w HFD SPF





OPS/images/fimmu-09-01069-g004b.jpg
D

Insulinogenic Index

15 30 45 60 75 90 105 120
Time (min)

HFDSPF HFDAE NDSPF NDAE

Insulin (ug/™")

Insulinogenic Index

15 30 45 60 75 90 105 120
Time (min)

*k

HFDSPFHFDAE NDSPF NDAE





OPS/images/fimmu-09-01069-g005b.jpg
leucocytes (%)

CD8" T cells (%)

= N
a 1=}

o

HFD SPF

4462"

HFD AE

44%62%

-

ND SPF

44762

ND AE

44627

B cells

leucocytes (%)
s @

o

T cell subsets

80

CD8" T cells (%)
» (2]
o (=]

N
(=3

HFD SPF HFD AE  ND SPF

4462 4462 44762

ND AE

4462





