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Introduction

Obesity is associated with a plethora of health complications, including increased susceptibility to infections or decreased vaccine efficacy, partly due to dysregulated immune responses. Monocytes play a crucial role in innate immunity, yet their functional alterations in obesity remain poorly understood.





Methods

Here, we employed proteomic and metabolomic analyses to investigate monocyte characteristics in individuals with overweight, obesity, impaired glucose tolerance (IGT), and type 2 diabetes (T2D), compared to lean donors.





Results and discussion

Our results revealed distinct molecular signatures in monocytes from individuals with obesity, with significant alterations in pathways related to metabolism, cellular migration, and phagocytosis. Moreover, LPS-induced activation of monocytes unveiled heightened metabolic reprogramming towards glycolysis in subjects with obesity accompanied by dysregulated cytokine responses and elevated oxidative stress. Additionally, monocytes from donors with obesity exhibited increased lipid droplet accumulation. These findings shed light on the immunometabolic dysregulation underlying obesity-associated immune dysfunction, highlighting potential targets for therapeutic intervention.
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Introduction

Obesity is characterized by the excessive accumulation of body fat and the increased risk of developing impaired glucose tolerance (IGT), type 2 diabetes (T2D), dyslipidemia, myocardial infarction, and some types of cancer (1). The accumulation of visceral adipose tissue macrophages is also a hallmark of obesity, and these cells secrete pro-inflammatory cytokines like TNF, IL-6, and IL-1ß, driving systemic, chronic, low-grade inflammation (2–4). Similar to chronic inflammation in aging (inflammaging), obesity-associated inflammation leads to premature aging of the immune system (5–7), contributing to the increased risk of obese people getting bacterial, viral, and fungal infections or having a more severe outcome (8–10), and to the decreased vaccine effectiveness in obese people (10, 11), as seen in the COVID-19 pandemic (12, 13).

Peripheral blood monocytes are part of the innate immune system in the first line of defense against pathogens. They are precursors of tissue macrophages, and monocyte migration contributes to macrophage accumulation in adipose tissue (2, 3, 14). Adipose tissue macrophages in obesity are well characterized (15–17). Little is known, however, about monocyte functions in human obesity. Obesity is associated with a myeloid lineage bias, an increased number of blood monocytes, and dysregulated monocyte subpopulations, partially induced by low-grade inflammation (2, 18–20). The expansion of myeloid lineages is at the expense of the lymphoid compartment in obesity, leading to enhanced metastatic progression (20). The expression of TLR4 and the inflammatory response to lipopolysaccharide (LPS) was found to be increased in classical monocytes of people with obesity (21), and the expression of chemokine receptors and the migratory capacity of monocytes was enhanced in people with obesity (21, 22). Nevertheless, the underlying molecular mechanisms have not been characterized yet.

Hence, the aim of this study was to analyze the immunometabolic and functional status of monocytes from people with obesity. Monocytes were characterized using proteomics, metabolomics, and analysis of immunological functions. We found that monocytes of people with obesity are hyper-glycolytic and have a dysregulated cytokine and oxidative response to bacterial lipopolysaccharide.





Results




Monocytes from people with obesity show a distinct proteomic profile

To characterize the molecular signature of circulating classical monocytes (isolated by negative selection) from donors with overweight, obesity, obesity with impaired glucose tolerance (IGT) and obesity with type 2 diabetes (T2D) compared to lean donors, LC-MS/MS-based global proteomics was used. Monocytes were analysed ex vivo, which resulted in 2350 quantified proteins in at least 3 of 4 donors.

Compared to lean donors, the most significant differences were observed in monocytes from people with obesity (Figure 1A), with only a slight overlap between the different groups when comparing up (red) and down (blue) regulated proteins (Figure 1B). The only protein significantly upregulated in all four groups was PITH containing-protein 1 (PITH1), which was shown to upregulate RUNX1 expression (23), a transcription factor regulating cytokines.




Figure 1 | Proteomic profile of monocytes from donors with overweight, obesity, obesity/IGT and obesity/T2D compared to monocytes from lean donors ex vivo. (A) Volcano plot depicting the Log2(FC) vs. -Log10(p-value), highlighting the numbers of significantly up- (Log2(FC) > 0) or downregulated (Log2(FC) < 0) proteins (p. ≤ 0.05) from monocytes ex vivo from donors with overweight, obesity, obesity/IGT and obesity/T2D compared to monocytes from lean donors (n = 4). Protein names of proteins ≥ 95% percentile of the p-value are labeled. (B) Overlap of significantly up- (Log2(FC) > 0; red) or downregulated (Log2(FC) < 0; blue) proteins (p. ≤ 0.05). (C) For each comparison, the top 10 significantly (adjusted p-value ≤ 0.05) enriched IPA pathways for each comparison were extracted, resulting in 24 significantly altered pathways. Shown are z-scores reflecting the direction of the regulation (red: upregulation, blue: downregulation, white: no direction; grey: no z-score was calculated) and asterisks indicating the significance of enrichment: * adjusted p-value ≤ 0.05, ** adjusted p-value ≤ 0.01, *** adjusted p-value ≤ 0.001.



Analysing significantly altered core pathways using Ingenuity Pathway Analysis (IPA®) considering all proteins with a p-value ≤ 0.05, a distinct pattern was observable for the four groups compared to monocytes from lean donors (Figure 1C, Additional File Table A3). In monocytes from overweight donors, pathways related to migration (Actin nucleation by ARP-WASP Complex, Integrin Signalling, Leukocyte Extravasation Signalling) were activated (Figure 1C), which was not as clearly observed for monocytes from obese donors. All proteins involved that are covered in IPA’s chemotaxis pathway are shown in Supplementary Figure 1 with different regulations in the four donor groups (Supplementary Figure 1). While monocytes from donors with obesity/T2D showed only little alterations on the pathway level, monocytes from donors with obesity with and without IGT exhibited changes in pathways related to phagocytosis, endocytosis or cellular metabolism (Figure 1C).

In summary, the proteomic analysis of monocytes from people with obesity and comorbidities unravelled a distinct molecular profile ex vivo.





LPS-activation of monocytes from people with obesity induced a dysregulated metabolic and immune response compared to lean controls

Considering that donors with obesity and associated comorbidities are more susceptible to bacterial, viral, and fungal infections, we next traced the molecular consequences of endotoxin-induced activation of classical monocytes from the same donor cohort using lipopolysaccharide (LPS). Log2(FC)s were calculated against monocytes from lean donors stimulated with LPS. Compared to the analysis of monocytes ex vivo, LPS-activated monocytes showed more significantly altered proteins in the four groups relative to monocytes from lean donors (Figure 2A) with more overlap between up- (red) and downregulated (blue) proteins (Figure 2B). The proteins that were upregulated in all four groups were mainly enzymes involved in cell metabolism, e.g. aldolase A (ALDOA), fumarase (FH), phosphoglycerate mutase 1 (PGAM1) or isocitrate dehydrogenase 1 (IDH1) (Figure 2B, Supplementary Figure 2). Interestingly, the protein disulfide isomerase family A member 4 (PDIA4) was also jointly upregulated in the 4 donor groups, which is an endoplasmatic stress protein modulating the immune response and insulin resistance in skeletal muscle (24). The analysis of affected pathways revealed that especially metabolic pathways like glycolysis, glyconeogenesis and TCA cycle were regulated in LPS-activated monocytes in people with obesity and comorbidities compared to lean donors (Figure 2C). As observed in monocytes ex vivo, pathways related to cellular migration and phagocytosis were also activated in monocytes from donors with obesity stimulated with LPS (Figure 2C).




Figure 2 | Proteomic profile of LPS-stimulated monocytes from donors with overweight, obesity, obesity/IGT and obesity/T2D compared to monocytes from lean donors. Monocytes were stimulated with 100ng/ml LPS for 3h (n=4). (A) Volcano plot depicting the Log2(FC) vs. -Log10(p-value), highlighting the numbers of significantly up- (Log2(FC) > 0) or downregulated (Log2(FC) < 0) proteins (p. ≤ 0.05) compared to monocytes from lean donors (n = 4). Protein names of proteins ≥ 95% percentile of the p-value are labeled. (B) Overlap of significantly up- (Log2(FC) > 0; red) or downregulated (Log2(FC) < 0; blue) proteins (p. ≤ 0.05). (C) For each comparison, the top 10 significantly (adjusted p-value ≤ 0.05) enriched IPA pathways for each comparison were extracted, resulting in 24 significantly altered pathways. Shown are z-scores reflecting the direction of the regulation (red: upregulation, blue: downregulation, white: no direction; grey: no z-score was calculated) and asterisks indicating the significance of enrichment: * adjusted p-value ≤ 0.05, ** adjusted p-value ≤ 0.01, *** adjusted p-value ≤ 0.001.



Taken together, LPS-stimulation upregulated pathways involved in metabolism as well as phagocytosis and migration.





Monocytes of people with obesity have a hyper-glycolytic phenotype

The proteomic profiling revealed that metabolic pathways like glycolysis and TCA cycle are significantly regulated in LPS-activated monocytes of donors with obesity compared to lean people (Figure 2C, Additional File Table A3). Therefore, we next analyzed glucose utilization and oxygen consumption in monocytes using the Seahorse-XFe96 analyzer. Quiescent, i.e. unstimulated, monocytes of people with obesity showed an increased glycolytic rate in comparison to monocytes of lean people (ECAR, extracellular acidification rate, Figure 3A), whereas the oxygen consumption rate (OCR) was not different (Figure 3B). To analyze basal respiration, maximal respiration, ATP production, spare respiratory capacity, and non-mitochondrial respiration in mitochondria, respiratory chain inhibitors and uncouplers were successively added. As shown in Figure 3C, monocytes of people with obesity had lower maximal respiration and spare respiratory capacity than monocytes of lean people.




Figure 3 | Monocytes of obese people have a hyper-glycolytic phenotype. Seahorse bioenergetics profile (mean ± SEM) demonstrating (A) baseline ECAR and (B) OCR of ex vivo quiescent monocytes of lean and obese people (n=4) before and after injections of oligomycin, FCCP and antimycin A/rotenone. Baseline respiration, ATP synthesis, maximal respiratory capacity, non-mitochondrial oxygen consumption, and spare respiratory capacity [(C) mean ± SEM]. Seahorse bioenergetics profile (mean ± SEM) demonstrating (D) ECAR and (E) OCR of monocytes of lean and obese people (n=4) before and after injections of 100 ng/ml LPS. (F, G) Seahorse bioenergetics profile (mean ± SEM) demonstrating OCR of LPS-stimulated monocytes of lean and obese people (n=4) before and after injections of oligomycin, FCCP and antimycin A/rotenone (F). Baseline respiration, ATP synthesis, maximal respiratory capacity, non-mitochondrial oxygen consumption, and spare respiratory capacity ((G) mean ± SEM). (H) Overall metabolic profile of quiescent and LPS‐stimulated monocytes of lean and obese people (n=4). Statistical analysis was performed using t-test. *P < 0.05, **P < 0.01.



Monocytes are known to undergo a switch from oxidative phosphorylation to glycolysis in response to activation, the so-called Warburg effect (25, 26). When LPS was added to the monocytes, we observed, as expected, a steep increase in the glycolytic rate (Figure 3D), and the already higher glycolytic rate of monocytes from people with obesity further increased in comparison to monocytes of lean people. This hyper-glycolytic phenotype was accompanied by a normal oxygen consumption rate (Figure 3E) and a normal mitochondrial profile (Figure 3F). Interestingly, the non-mitochondrial oxygen consumption was markedly increased in monocytes of people with obesity (Figure 3G), pointing to increased oxidative reactions not linked to energy metabolism. Figure 3H summarizes the metabolic switch following LPS stimulation, and whereas both monocytes from lean and people with obesity switch their metabolism to a highly energetic state, monocytes from people with obesity show a hyper-glycolytic phenotype both in the quiescent and activated state.

The targeted assessment of metabolites of the central carbon metabolism of quiescent and LPS-activated monocytes from lean and people with obesity revealed that intracellular glucose and most glycolysis intermediates are increased in monocytes of people with obesity (Figure 4A). Analysis of TCA metabolites showed that quiescent and LPS-activated monocytes from lean and people with obesity did not differ in TCA metabolite concentrations (Figure 4B). The pentose phosphate pathway (PPP) intermediate ribose-5-phosphate was found to be increased in quiescent monocytes of people with obesity compared to lean people (Figure 4C).




Figure 4 | Metabolites of glycolysis, pentose phosphate pathway, and tricarboxylic acid cycle of monocytes from donors with overweight, obesity, obesity/IGT and obesity/T2D compared to monocytes from lean donors. (A) Intracellular glycolytic, (B) tricarboxylic acid cycle, and (C) pentose phosphate pathway metabolites were quantified from quiescent (ex vivo), 3 hour control and LPS-stimulated monocytes of lean and obese people (n=4) with methanol/chloroform and measured using LC-MS/MS. Shown are mean values of peak areas (± SEM). Statistical analysis was performed using t-test. *P < 0.05, **P < 0.01.



Analysis of the energy status of LPS-activated monocytes revealed that monocytes of lean and people with obesity have comparable amounts of intracellular ATP (Figure 5A), whereas the intracellular AMP concentration is decreased in monocytes from people with obesity (Figure 5B), resulting in a markedly increased ATP/AMP ratio in monocytes from people with obesity (Figure 5C). In addition, the concentration of NADPH, which is mainly produced in the pentose-phosphate-pathway, was increased in LPS-stimulated monocytes of people with obesity compared to lean people (Figure 5D). In contrast, NADH was found in equal concentrations in monocytes from both lean people and people with obesity (Figure 5E).




Figure 5 | Altered intracellular nucleotides in monocytes of people with obesity. (A) Intracellular ATP (n=3), (B) AMP (n=3), (D) NADPH (lean n=6, obese n=4), and (E) NADH (n=4) nucleotides were extracted from 1-hour and 3-hour LPS-stimulated monocytes of lean and obese people, (C) shows the calculated ATP/AMP ratio. Statistical analysis was performed using t-test.







Hyper-glycolytic monocytes show a dysregulated IL-8 response and produce elevated levels of reactive oxygen species

Obesity is associated with low-grade inflammation, a dysfunctional immune response, an increased susceptibility to infections, and a more severe disease course (9, 27). This prompted us to analyze the cytokine response, the ability to phagocytose, and the oxidative burst in monocytes of people with obesity, as these are hallmarks of the innate immune system response to bacteria and bacterial products.

Monocytes of lean people and people with obesity were activated with LPS for 4 hours to analyze TNF release or 16 hours to analyze IL-1ß, IL-6, and IL-8 release, and cytokine concentrations were analyzed in the supernatant. Hyper-glycolytic monocytes of people with obesity showed a normal IL-1ß (Figure 6A), IL-6 (Figure 6B), and TNF response (Figure 6C), whereas the IL-8 secretion in response to LPS was increased compared to monocytes of lean people (Figure 6D).




Figure 6 | Dysregulated cytokine and oxidative response to LPS in monocytes of people with obesity. (A-C) Monocytes were stimulated with 100 ng/ml LPS for 16 hours (IL-1ß, IL-6, IL-8) or 4 hours (TNF), and the cytokine concentrations were determined in the supernatant by ELISA. Shown are mean values (lean n=9, obese n=11 (IL-1ß, IL-6); lean n=4, obese n=6 (TNF); lean n=12, obese n=14 (IL-8)) ± SEM. Statistical analysis was performed using t-test. (D, E) Monocytes of lean and obese people were incubated in the presence of 100 ng/ml LPS and 1 µm latex beads for 16 hours and phagocytosis was quantified by ImageStream cytometry. (D) Shown are representative images and (E) mean values (n=5) ± SEM. Statistical analysis was performed using Mann–Whitney U‐test. (F, G) Monocytes were stimulated with 100 ng/ml LPS or left untreated and the oxidative burst monocytes from lean (n=7) and obese people (n=6) was measured by luminescence increase of oxidized luminol. (F) Shown is the mean luminescence ± SEM measured for 180 minutes and (G) calculated area under the curve (AUC) for 100 minutes to 180 minutes. Statistical analysis was performed using t-test. (H) Monocytes of obese people (n=5) were stimulated with 100 ng/ml LPS for 16 hours in the presence of GSK2795039 (GSK) or the vehicle control (DMSO), and (I) released IL-8 was determined in the supernatant by ELISA. Shown are mean values ± SEM. Statistical analysis was performed using t-test.



To analyze phagocytosis, monocytes of lean people and people with obesity were incubated with latex beads in the presence of bacterial LPS, and phagocytosis was quantified by ImageStream cytometry (Figure 6E). As shown in Figure 6F, monocytes of both lean people and people with obesity phagocytosed equal amounts of beads after activation with bacterial LPS.

Monocytes kill phagocytosed pathogens by the generation of reactive oxygen species in a process known as oxidative burst. This process is tightly regulated to avoid excess cell and tissue damage (28). Monocytes of lean people and people with obesity were activated with LPS, and the generation of reactive oxygen species was monitored using luminol-based chemiluminescence. As shown in Figure 6G, the LPS-induced oxidative burst in monocytes of lean people was limited to approximately 100 minutes, whereas monocytes of people with obesity showed a prolonged response. The amount of produced reactive oxygen species after this time point was significantly increased in monocytes of people with obesity compared to lean people (Figure 6H).

To test whether the increased production of reactive oxygen species in response to LPS is connected to the increased IL-8 secretion, the NOX2 inhibitor GSK2795039 was used to inhibit the NADPH oxidase 2. As shown in Figure 6I, inhibition of NADPH oxidase 2 led to a decreased LPS-induced IL-8 secretion in monocytes of people with obesity.





Monocytes from people with obesity exhibit a higher number of lipid droplets compared to lean controls

As cellular metabolism was altered in monocytes from people with obesity compared to lean controls, we hypothesized that lipid droplet content differs between those two groups. Thus, the percentage of monocytes with lipid droplets was quantified using imaging flow cytometry (Figure 7A). Compared to freshly isolated monocytes from lean donors, the percentage of lipid droplet-positive monocytes from donors with obesity was increased (Figure 7B), and that was even more dramatic when cells were stimulated with LPS (Figure 7C).




Figure 7 | Increased lipid droplet formation in monocytes of people with obesity. Lipid droplets were stained with BODIPY and quantified by ImageStream cytometry. (A) Representative images of lipid droplet-positive monocytes. (B) Lipid droplets in freshly isolated monocytes of lean people (n=10) and people with obesity (n=20). (C) Lipid droplets in LPS-stimulated (16 hours) monocytes of lean people (n=7) and people with obesity (n=7). Shown are mean values ± SEM. Statistical analysis was performed using t-test.








Discussion

Adipose tissue macrophages (ATMs) significantly contribute to the pathogenesis of obesity. Since peripheral monocytes can differentiate to ATMs and obesity is associated with enhanced myelopoiesis and monocytosis (2, 18, 20), we aimed to assess whether peripheral blood monocytes in obesity are already metabolically and inflammatory imprinted prior to fat tissue infiltration. We and others have reported previously that the absolute monocyte number in the peripheral blood is increased in people with obesity (18, 19, 29). We also observed a dysregulation of monocyte subsets in obesity with an expansion of classical and intermediate monocytes (18), which led us to focus our analysis on classical monocytes, as these are the cells that will subsequently infiltrate the fat tissue (14, 30). Through LC-MS/MS-based global proteomics, a comprehensive analysis revealed distinct molecular patterns of classical monocytes ex vivo in individuals with varying degrees of obesity and associated comorbidities, compared to lean donors. Notably, monocytes from people with obesity exhibited the most differences compared to lean donors, with only one overlap in the regulated proteins across the groups, namely PITH domain containing-protein 1 (PITHD1). To date, the role of PITHD1 in monocytes or macrophages has not been investigated. Thus, the role of upregulated PITHD1 in monocytes from individuals with obesity needs to be clarified in further studies. In megakaryocytes PITHD1 was shown to upregulate the expression of the transcription factor RUNX1 (23). In neutrophils, RUNX1 is involved in regulating TNF upon TLR4-stimulation and a loss in RUNX1 resulted in hyperresponsiveness to LPS (31). Another study found, that RUNX1 is downregulated after TLR4 activation by LPS in macrophages and knock-down of RUNX1 induced IL-1b and IL-6, while TNF was not affected (32). Unfortunately, RUNX1 was not detected in our dataset, due to the usually low abundance of transcription factors hampering their identification and quantification by LC-MS/MS. Alternative methods like Western blot or flow cytometry or qPCR might allow quantification of RUNX1 in monocytes. Nevertheless, we also observed changes in cytokine release in monocytes from donors with obesity after LPS i.e. TLR4 stimulation, whereby TNF, IL-6, and IL-1 were not affected, while IL-8 was increased. In acute myeloid leukemia, RUNX1 was shown to be involved in IL-8 regulation. It would be interesting to further investigate the biological relevance of the PITHD1-RUNX1 axis in monocytes.

Besides, we observed an activation of pathways relevant for cellular migration, especially in donors with overweight, indicating a potentially higher capacity to infiltrate tissues including adipose tissue, which may be further explored in future studies. Changes in phagocytosis, endocytosis and cellular metabolism were also detected that suggest a dysregulated state compared to lean donors, confirming and extending the results of our previous study (18).

After LPS-stimulation, monocytes from people with obesity showed impaired metabolic and immune responses compared to lean controls. Significant changes in the protein profiles of LPS-activated monocytes from donors with obesity and associated comorbidities included enzymes involved in cell metabolism such as aldolase A, fumarase, phosphoglycerate mutase 1 and isocitrate dehydrogenase 1. In addition, upregulation of protein disulfide isomerase family A member 4 (PDIA4), an endoplasmic stress response protein, known for its role in modulating the immune response and insulin resistance in muscle cells (24), suggests an intricate molecular adaptation of monocytes from individuals with obesity that might be involved in developing comorbidities.

In support of this finding, the pathway analysis of LPS-activated monocytes revealed remarkable changes in metabolic pathways, including glycolysis, gluconeogenesis and the TCA cycle, that were even more pronounced in monocytes from subjects with obesity compared to lean donors and went beyond the well-characterized metabolic reprogramming associated with monocyte and macrophage activation (33). It is well known that ATMs reprogram their cellular energy metabolism towards increased glycolysis but also towards increased oxidative phosphorylation with glycolysis being the main contributor to the pro-inflammatory re-programming of ATMs (34, 35). Not much is known about the cellular energy metabolism of circulating monocytes from people with obesity, however, a very recent publication suggests that the balance between glycolysis and oxidative phosphorylation is related to obesity-associated insulin resistance progression (36). It would be interesting to address in further studies if the observed glycolytic phenotype of monocytes from people with obesity leads to epigenetic reprogramming of monocyte-derived macrophages as observed in trained immunity (37), and if those macrophages resemble ATMs. In addition, it has been proposed that the inflamed adipose tissue signals to the bone marrow to produce more monocytes, further fueling inflammation and associated comorbidities (2, 20, 38). Apart from the proteomic analysis, we did not independently analyze obesity with IGT or T2D or obesity without comorbidities in the functional assays, however, this will be addressed in further studies.

More specifically, our study showed that LPS-induced activation of monocytes from obese individuals led to increased metabolic reprogramming towards glycolysis. This hyper-glycolytic phenotype, in conjunction with dysregulated cytokine responses and increased oxidative stress, may contribute to the increased susceptibility to infection observed in obese individuals. This goes in line with the observation that glycolytic monocytes have an increased viral load when challenged with SARS-CoV2, respiratory syncytial virus, or influenza A H1N1 virus (39). Glycolytic monocytes are observed in both infectious settings and inflammatory diseases. Glycolysis fuels the inflammatory program of monocytes in rheumatoid arthritis (40), in patients with atherosclerotic coronary artery disease (41), in myocardial infarction (42), in Chagas disease (43), and in malaria (44).

In addition, the increased accumulation of lipid droplets in obese monocytes emphasizes the altered cellular metabolism associated with obesity. Besides, it was previously shown that lipid droplet formation in monocytes results from increased circulating free fatty acids and was suggested as a potential biomarker of atherosclerotic cardiovascular diseases (45), a classical comorbidity of obesity. In general, lipid droplets fuel metabolic processes and membrane biogenesis after mobilization by lipolysis or lipophagy, protect against endoplasmatic reticulum stress and mitochondrial damage during autophagy (46). Lipid droplet accumulation in macrophages leads to foam cell formation (47) but little is known about the functional consequences of lipid droplet accumulation in monocytes. However, monocytes enter the arterial wall during atherosclerotic plaque formation (48, 49) and one might speculate that lipid droplet loaded monocytes might accelerate this process by differentiating into lesional macrophages and later foam cells (50) but also by lipid transport into the lesions (51). The same might be true for the differentiation of adipose tissue foam cells and the lipid transport into the adipose tissue (52).

We observed an increased IL-8 secretion by monocytes from people with obesity. Circulating IL-8 concentrations are increased in people with obesity compared to lean individuals (53–55), which is considered to contribute to the chronic low-grade inflammation leading to the development of type 2 diabetes. Accordingly, circulating IL-8 levels have been shown to correlate with insulin resistance, whereas weight loss decreased circulating IL-8 levels but had no effect on insulin sensitivity (53). Adipocytes from visceral adipose tissue are considered the main source of elevated circulating IL-8 levels (56), but our results point to circulating monocytes as an additional source of elevated IL-8 levels in donors with obesity, potentially linking obesity and its associated complications. IL-1b, IL-6, and TNF were not significantly regulated in monocytes of people with obesity at the investigated time points but it would be interesting to take a closer look pro-inflammatory potential of the lipid droplet positive monocytes in further studies or in a time series-dependent analysis. Dias et al. reported that inhibition of lipid droplet formation in SARS-CoV2-infected monocytes also lowered the secretion of pro-inflammatory mediators (39).

Our finding on the increased production of reactive oxygen species in monocytes of people with obesity goes in line with Degasperi et al. (57). The observed effect in monocytes of obese people might also be the result of the increased number of monocytic myeloid-derived suppressor cells (M-MDSC) present in the classical monocyte subpopulation in obese people. We have reported previously, that M-MDSCs represent 12% of classical monocytes in obese people compared to 5% in lean people (18). MDSCs are known to produce reactive oxygen species (58) and metabolic reprogramming towards glycolysis protects against ROS-mediated apoptosis (59). Further studies are needed to evaluate the role of M-MDSCs in obese people, since M-MDSCs facilitate tumor growth by various mechanisms and obesity is associated with an increased risk to develop various cancers (60). Ex vivo functional analysis of M-MDSCs is challenging, however, due to the low cell number in the peripheral blood.

The increased IL-8 response in monocytes from people with obesity was found to be partially depended on the NADPH oxidase as a Nox2 inhibitor led to a decreased IL-8 secretion. Hidalgo et al. observed a Nox2-dependent IL-8 secretion in neutrophils (61) and Hu et al. an decreased cytokine response in central nervous system monocytes from Nox2-deficient mice (62). However, Nox2-deficient THP-1 macrophages as a model of chronic granulomatous disease showed increased inflammasome activation and cytokine secretion (63), whereas NADPH-derived oxygen radicals played no role in dendritic cell cytokine production (64).

Limitations of this study are the absence of monocytes from female overweight donors in the proteome analysis, the difference in the median age of lean donors and people with obesity, and as already discussed, the joint analysis of monocytes from people with obesity independent of their comorbidities. Notably, we were only able to include male overweight donors within the proteome analysis. Sex-specific aspects of the proteome of monocytes from donors with overweight and obesity may be addressed in further studies. Regarding the effects on the glycolytic rate, no influence of sex on glycolytic rate of monocytes activated by bacterial stimuli was previously observed (65). We also cannot completely rule out the influence of age on our results. While the donors used in the proteomic analysis were age-matched, in the subsequent experiments we also included more young donors in the lean group which resulted in a difference in median age between the lean group and the other groups. However, the age of the donors (median age from 33 to 49 years) in all groups is not considered “old” in the context of immunosenescence, where a dysregulated immune response is observed in people older than 65 or 70 years (66). In addition to the dysregulated immune response in aging, the metabolism is also influenced by aging. Pence et al. reported a mitochondrial dysfunction in monocytes from individuals 60-80 years of age compared to young individuals (18-35 years) (67), and additional investigation is needed to delineate the mechanisms behind age-specific effects in older people with obesity.

Taken together, the pathway analysis, the oxidative burst assay as well as cytokine release data confirmed a dysregulated LPS-response in monocytes from donors with obesity, which potentially increases the risk for infections. Nevertheless, further research is needed to elucidate the mechanisms underlying the observed changes in monocyte function in obesity. Longitudinal studies investigating the dynamic changes in metabolism and immune cell function during the progression of obesity and associated comorbidities could provide valuable insights into potential therapeutic targets.





Methods




Study participants

A total of 151 participants, 52 lean (18 male, 34 female), 6 overweight (6 male), and 93 obese individuals (27 male, 66 female), were recruited from the Integrated Research and Treatment Center Adiposity Diseases of the Medical Faculty of Leipzig University and the University Hospital Leipzig. All study participants were older than 18 years of age. The experimental design of the clinical study has been approved by the ethics committee of the University of Leipzig (Approval number 017-12ek). Informed and written consent was obtained from all individuals before the enrollment to the study.

The classification of normal, overweight, and obese was done according to the definition of the World Health Organization (WHO) based on the body mass index (BMI; body weight in kilograms, divided by height in meters squared; normal BMI 18.5–24.9; overweight BMI 25.0–29.9; obese BMI above 30). A 75 g, 2 h, oral glucose tolerance test (OGTT) was performed with obese people according to the WHO criteria. Obese individuals were categorized according to the glycemic status into groups with impaired glucose tolerance (IGT; OGTT > 140 mg/dl) and with normal glucose tolerance (OGTT < 140 mg/dl). Patients with T2D, were classified according to the criteria of the American Diabetes Association (HbA1c levels > 48 mmol/mol and/or OGTT > 200 mg/dl). Characteristics of study participants are shown in Supplementary Table 1. In the initial proteomics analysis, all groups (lean, overweight, obese, obese with IGT, and obese with T2D) were analyzed. In all the subsequent experiments, monocytes from lean donors were compared with monocytes from people with obesity independent of the presence or absence of comorbidities.





Monocyte isolation and culture

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation using Ficoll-Paque (GE healthcare). PBMCs were washed with cold PBS containing 0.3 mM ETDA and monocytes were isolated by negative selection using the human classical monocyte isolation kit (Miltenyi Biotech) according to the manufacturer’s instructions. Monocyte purity was found to be >95%. A representative CD14/CD16 staining (analyzed by flow cytometry) is shown in Supplementary Figure 3.

Monocytes were cultured in modified RPMI1640 cell culture medium (Gibco, Life Technologies) supplemented with 5 mM glucose and 10% fetal calf serum (FCS, Gibco, Life Technologies) and either left unstimulated or stimulated with 100 ng/ml LPS (Ultrapure LPS from E.coli 0111:B4, Invivogen).





Proteomics

For proteomic analysis, 1x 10^6 monocytes per replicate and donor were cultured in modified RPMI1640 cell culture medium (Gibco, Life Technologies) supplemented with 5 mM glucose and 10% fetal calf serum (FCS, Gibco, Life Technologies) and either left unstimulated or stimulated with 100 ng/ml LPS (Ultrapure LPS from E.coli 0111:B4, Invivogen). For the analysis of the ex vivo/quiescent samples, 1x 106 monocytes were lysed directly after purification. The protein lysates were prepared using RIPA lysis buffer as described previously (68). Briefly, 1 ml lysis buffer was composed of 500 µl 2x RIPA buffer (2% Triton X100, 300 mM NaCl, 100 mM Tris-HCl pH 7.4, 1% Sodium deoxycholate, 0.2% SDS), 100 µl Complete™ Protease Inhibitor Cocktail (Merck), and 400 µl sterile distilled water. Cells were washed twice with cold PBS, resuspended in lysis buffer, and incubated for 30 min on ice. Supernatants (lysates) containing proteins were collected after centrifugation at 10,000 × g for 15 min at 4 °C. The protein concentration in the lysates was determined using DC™ Protein Assay (Bio Rad).

20 µg protein per sample were prepared for untargeted proteomics. For this purpose, a paramagnetic bead approach was applied, which leads to improved sample quality and allows the offline fractionation of samples (69, 70). Furthermore, this paramagnetic bead approach can be combined with tandem mass tag (TMT) labeling. The applied workflow has been specified elsewhere (71). In brief, the protein samples were reduced with TCEP (Tris(2-carboxyethyl)phosphine hydrochloride, Sigma-Aldrich, USA) for 1 h at 55°C and alkylated with iodoacetamide (Merck KGaA, Germany) for 30 min in the dark at room temperature. Acetonitrile (ACN) was added to the samples to enable protein binding to SpeedBeads™ magnetic carboxylate modified particles (SP3 beads, Sigma Aldrich, Germany). Importantly, the samples were not acidified before application to the SP3 beads. Once the proteins were bound to the beads, they were rinsed twice with 70% (v/v) ethanol and once with 100% (v/v) ACN. Afterwards, proteins were digested overnight using trypsin (enzyme:protein ratio 1:50, Promega, USA). Next day, TMT labeling (TMT-11-plex, Thermo Scientific, USA) was conducted with 0.08 mg label per sample for 1 h at room temperature. Notably, this was less than recommended in the manufacturer’s instructions but has been shown to reveal sufficient labeling before (72) and led to more than 99% labeled peptides here (Additional File Table A1). The addition of hydroxylamine quenched labeling, labeled samples were combined (Additional File Table A1), and ACN was added to enable peptide binding to the SP3 beads. The bound peptides were rinsed with 100% (v/v) ACN and eluted in two steps, first with 87% (v/v) ACN in 10 mM ammonium formate (pH 10) (Agilent Technologies, USA), and then with 2% (v/v) dimethyl sulfoxide (DMSO, Sigma Aldrich, Germany). These two fractions were evaporated to dryness and reconstituted in 0.1% (v/v) formic acid (FA).

The labeled samples were analyzed on a nano-UPLC system (Ultimate 3000, Dionex, USA) with trapping column (flow rate 5 µl/min, Acclaim PepMap 100 C18, 3 µm, nanoViper, 75 µm × 5 cm, Thermo Fisher, Germany) and analytical column (flow rate 0.3 µl/min, Acclaim PepMap 100 C18, 3 µm, nanoViper, 75 µm × 25 cm, Thermo Fisher, Germany). For peptide separation, a non-linear gradient of 150 minutes was applied. Eluted peptides were ionized using a chip-based ESI source (Nanomate, Advion, USA), coupled to the mass spectrometer (QExactive HF, Thermo Scientific, USA) using the previously specified parameters for TMT samples (71), with the exception that not the top 10 but the top 15 most abundant precursor ions were isolated and fragmented.

MS raw data were processed using ProteomeDiscoverer 2.4. The database search was performed against the UniprotKB reference proteome of Homo sapiens (3 May 2020), selecting trypsin as cleavage reagent and allowing up to two missed cleavages. Oxidation of methionine and acetylation of the protein N-terminus were defined as variable modifications, while carbamidomethylation and TMT were selected as static modifications. Protein and peptide false discovery rates (FDRs) were set to 0.01. Only proteins for which at least two peptides were identified (one needed to be unique for the protein) were kept. Reporter ion intensities were corrected using the factors provided by the manufacturer. The co-isolation threshold was set to 50%, and the reporter ion intensities were normalized using the total peptide amount.

The subsequent analysis and related visualizations were performed in R-3.6.1 with the use of the packages limma (73), plyr (74), reshape2 (75), xlsx (76), DEP (77), calibrate (78), readxl (79), qpcR (80), splitstackshape (81), tidyr (82), Tmisc (83), ggplot2 (84), circlize (85), ggsci (86), dendsort (87), and dendextend (88).

The obtained TMT reporter ion intensities were subjected to TMT mix-internal normalization, to remove potential measurement bias. To evaluate the impact of obesity and comorbidities ex vivo, data were normalized to the respective pools (pool of equal protein amounts from all ex vivo samples) measured in the same TMT mix. To evaluate the effect of LPS stimulation in obesity, the normalization was performed calculating the TMT mix-internal ratio plus LPS vs no LPS. Furthermore, data were filtered for those proteins identified at least in triplicate, log2-transformed and variance-stabilized. Average fold changes (FCs) and p-values were calculated against samples from lean donors (Additional File Table A3). To identify significantly altered proteins, the Student’s t-test was used, and proteins were considered significantly changed with p-value ≤ 0.05.

To unravel affected pathways, significantly altered proteins were subjected to enrichment analyses using the Ingenuity Pathway Analysis (IPA, Qiagen, Germany) tool (89). Thereby, immune cells and immune cell lines of the human organism were selected. Pathways were considered significantly enriched with Benjamini & Hochberg adjusted p-value ≤ 0.05 (Additional File Table A4).





Seahorse assay

Glycolytic and mitochondrial activity of monocytes was measured using a Seahorse extracellular flux 96 analyzer (Agilent). Monocytes were seeded at a density of 4 × 105 cells/100 µl RPMI1640 without FCS and adhered for 45 minutes at cell culture conditions. After two washing steps, XF RPMI 1640 pH 7.4 (Agilent) supplemented with 5% FCS, 2 mM glutamine, and 5 mM glucose added. Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were determined at 37°C. To analyze oxidative phosphorylation following inhibitors were injected: oligomycin (1 µM; Cayman Chemicals), FCCP (2 µM; Cayman Chemicals), antimycin A (1 µM; Sigma-Aldrich), and Rotenone (1 µM; Sigma-Aldrich). Every condition was run at least in quadruplicates and a mean was calculated in the analysis.





Measurement of intracellular polar metabolites using targeted MRM-MS/MS

Monocytes were seeded at a density of 1 × 106 cells/500 µl in 24-well plates and stimulated with 100 ng/ml LPS or left untreated for 3 hours. Cells were washed several times and 500 µl cold acetonitrile wadded and incubated for 5 minutes at -20°C. Subsequently, 500 µl phenylhydrazine (50 µM) was added and incubated for 60 minutes at -20°C. The mix was transferred to a 2 ml tube and centrifuged at 14000 rpm, 4°C for 10 minutes. The supernatants were dried using a vacuum concentrator, and the samples were stored at -80°C until the analysis.

Samples were resuspended in 100 µl Milli-Q water and measured on a QTRAP 6500+® system (Sciex, Framingham, MA, USA) coupled on-line with an Agilent 1290 II infinity UPLC system (Agilent Technologies Inc., Santa Clara, CA, USA). Chromatographic separation was achieved with a XSelect HSS T3 XP column (2.1 × 150 mm, 2.5 µm, 100 Å; Waters, Milford, MA, USA) equipped with a matching precolumn. Mobile phase A and mobile phase B were 10 mM tributylamine, 10 mM acetic acid, 5% methanol and 2% 2-propanol (pH 7.1) in water and 100% 2-propanol, respectively. Metabolites were eluted with the following non-linear gradient: 0-15.5 min 0.4 mL/min, 15.5-16.5 min 0.4-0.15 mL/min, 16.5-23 min 0.15 mL/min, 23-27 min 0.15-0.4 mL/min, 27-33 min 0.4 mL/min. The autosampler was kept at 5°C and the column oven was set to 40°C. Identification and relative quantification were based on specific MRM transitions for each metabolite measured in negative mode electrospray ionization. Data acquisition and analysis were performed using the Analyst® software.





Intracellular nucleotide determination

Monocytes were seeded at a density of 3 × 105 cells/200 µl in 96-well plates and stimulated with 100 ng/ml LPS or left untreated for one or three hours. ATP concentrations in the lysate were determined with the ATP Determination Kit (Thermo Fisher), AMP was measured with the AMP-Glo Assay (Promega), NADH was measured with the PicoProbe NADH Fluorometric Assay Kit (BioVision), and NADPH was measured with the PicoProbe NADPH Fluorometric Assay Kit (BioVision) following the instructions. Resulting concentrations were normalized to protein concentrations of the lysate determined with DC-Protein Assay (BioRad).





Cytokine measurements

Monocytes were seeded at a density of 3 × 105 cells/200 µl in 96-well plates and stimulated with 100 ng/ml LPS for 4 hours (TNF) or 16 hours (IL-1ß, IL-6, IL-8). Human IL-1ß, IL-6, TNF, and IL-8 in cell supernatants were detected using ELISA according to the manufacturer’s instructions (OptEIA, BD Biosciences).





Phagocytosis assay

Phagocytic activity of monocytes was determined with 1 µm amine-modified polystyrene, fluorescent yellow-green latex beads (Sigma-Aldrich). Monocytes were seeded at a density of 6 × 105 cells/400 µl in an agarose-coated 48-well plate and stimulated with 100 ng/ml LPS and 15 µl of latex beads (0.008%) for 16 hours. The fluorescence of monocytes was determined using the Amnis® ImageStreamX Mark II Imaging Flow Cytometer (INSPIRE for the ISX mkII Version 200.1.388.0). Uptake of latex beads was quantified using Amins IDEAS version 6.2 software.





Measurement of the oxidative burst

Monocytes were seeded at a density of 2 × 105 cells/300 µl in phenol red free RPMI 1640 supplemented with 10% FCS and stimulated with 100 ng/ml LPS or left untreated. Luminescence from oxidized luminol (140 µM, Cayman Chemicals) was measured with a plate reader (FluoStar Optima, BMG Labtech) over 180 minutes.





Lipid droplets

1 × 106 freshly isolated monocytes or LPS-activated monocytes (100 ng/ml LPS for 16 hours) were stained with BODIPY 493/503 for 20 minutes at room temperature. Cells were washed and immediately imaged with the Amnis® ImageStreamX Mark II Imaging Flow Cytometer (INSPIRE for the ISX mkII Version 200.1.388.0). Lipid droplet-positive cells were quantified using Amins IDEAS version 6.2 software.





Graphs and statistics

Graphs and statistics were prepared with GraphPad Prism 8.4.3. Bar charts represent mean + s.e.m. and individual values of each experiment are represented as symbols in bars. Normal distribution of data was checked using the Shapiro-Wilk test. Statistical significance was determined accordingly using the two-tailed non-parametric, unpaired Mann-Whitney U tests or t test as appropriate, confidence interval of 95%.
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