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1.1. Abstract 

Prevalence of Major Depressive Disorder (MDD) and obesity are ever-increasing and 

a major public health concern. The two conditions are strongly linked on an 

epidemiological level, with both disorders favouring development of the other by 

approximately 50 % and increasing overall morbidity in the general population. This 

comorbidity could be in part driven by converging biological pathways, including 

inflammatory processes. As chronic low-grade inflammation is present in both MDD 

and obesity, the study of potential immunogenic shifts in patients with obesity and 

comorbid depressive symptoms may shed light on putative shared mechanisms. 

Multicolour flow cytometry of peripheral blood mononuclear cells (PBMC) was used 

for characterization of immune phenotypes. Immune cell population frequencies of 

patients with severe obesity and comorbid depression (n = 10) were compared to 

obese (n = 17) and lean controls (n = 20) without psychiatric symptoms and 

correlated with clinical characteristics. 

The Patient Health Questionnaire (PHQ-9) was used for assessment of depressive 

symptoms and depression defined by a cut-off ≥ 10.  

Patients with obesity and comorbid depressive symptoms showed reduced amounts 

of cytotoxic natural killer cells, CD8+ effector memory T cells and dendritic cells in 

comparison to normal-weight controls. Frequencies of regulatory T cells were 

increased in patients with obesity and comorbid depression, compared to obese 

patients without depression. The amount of circulating CD4+ central memory T cells 

was elevated in obese patients with comorbid depression compared to lean controls. 

Furthermore, frequencies of cytotoxic natural killer cells, dendritic cells and CD4+ 

central memory T cells significantly correlated with PHQ scores in the total sample. A 

higher waist-hip-ratio (WHR) was associated with lower frequencies of dendritic cells.  

Together, these results are suggestive of a possible depression-specific immune 

dysregulation in patients with obesity. 
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1.2. Abstrakt 
Depression und Adipositas sind hochprävalent in der Allgemeinbevölkerung und 

stellen eine starke Belastung für die Betroffen, Angehörigen und das allgemeine 

Gesundheitssystem dar. Epidemiologisch wurde eine stabile, bidirektionale 

Assoziation von Depression und Adipositas nachgewiesen, beide Erkrankungen 

erhöhen das Risiko für das Auftreten der jeweils anderen um circa 50 %. Dieser 

Zusammenhang könnte eventuell durch konvergierende pathophysiologische 

Vorgänge erklärt werden, da beide Krankheitsbilder mit chronischen, systemischen 

Entzündungsvorgängen assoziiert sind. Besonders Patienten mit atypischer 

Depressionssymptomatik, welche gesteigerten Appetit, Gewichtszunahme, Fatigue 

und Hypersomnie umfasst, zeigen signifikante Assoziationen mit erhöhten 

Entzündungsparametern im Blut. Die Immunphänotypisierung von Patienten mit 

hochgradiger Adipositas und komorbider Depression bietet eine Möglichkeit, diese 

Mechanismen genauer zu erforschen. Ziel dieser Arbeit war die Untersuchung der 

relativen Verteilung verschiedener Immunzellpopulationen im Blut adipöser Patienten 

mit depressiver Symptomatik (n = 10) im Vergleich zu einer adipösen (n = 17) und 

einer normalgewichtigen Kohorte (n = 20). Depression wurde durch eine Punktzahl 

von ≥ 10 des Patient Health Questionnaire (PHQ-9) Fragebogens definiert. Mittels 

Durchflusszytometrie wurden die zellulären Komponenten des angeborenen und des 

adaptiven Immunsystems analysiert, auf Gruppenunterschiede getestet und die 

Ergebnisse mit klinischen Parametern korreliert. Im Blut adipöser Patienten mit 

komorbider Depression fanden sich signifikant reduzierte Zahlen zytotoxischer 

natürlichen Killerzellen und dendritischer Zellen, sowie eine Zunahme von CD4+ 

zentralen T-Gedächtniszellen und regulatorischen T Zellen im Vergleich zur 

gesunden Kontrollgruppe. Die Menge zytotoxischer natürlicher Killerzellen und CD4+ 

zentraler T-Gedächtniszellen korrelierte signifikant mit dem Schweregrad der 

Depression, aber nicht mit Taille-Hüft-Verhältnissen. Die Reduktion dendritischer 

Zellen zeigte einen Zusammenhang mit Depression und Taille-Hüft-Verhältnissen. 

Diese Ergebnisse suggerieren potenziell depressionsspezifische Auswirkungen auf 

das Immunsystem bei Patienten mit hochgradiger Adipositas. 
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1.3. Introduction 
Major Depressive Disorder 

Major Depressive Disorder (MDD) is the most common psychiatric disorder which 

affects approximately 6 % of the general population each year1. The life-time 

prevalence of MDD lies around 20 %1 and women are affected twice as often as 

men1. 

Depressed mood and anhedonia constitute the two core symptoms of MDD2 and are 

regularly accompanied by changes in appetite and weight, sleep disturbances, 

psychomotor symptoms, fatigue and suicidal ideation3. The vast heterogeneity of 

clinical presentations has led to the establishment of several subtypes of MDD 

according to different symptom clusters1, which might be partly driven by discrete 

biological mechanisms. Six subtypes according to different symptom characteristics 

are currently specified in the Diagnostic and Statistical Manual of Mental Disorder 

(DSM-V), including depression with melancholic, atypical and catatonic features, 

chronic, postpartum and seasonal depression4.  Atypical depression affects between 

15 – 30 % of patients with MDD5 and is characterized by hyperphagia, weight gain, 

hypersomnia, fatigue and increased sensitivity to interpersonal rejection. Furthermore, 

atypical depression shows a higher prevalence in young female MDD patients and 

often leads to a chronic course of disease5.  

MDD not only greatly impairs quality of life and functioning, it is also often 

accompanied by a plethora of medical comorbidities that might contribute to the 

elevated risk of overall mortality in MDD patients, in addition to suicide6. MDD is 

associated with several cardiovascular diseases, including hypertension, coronary 

heart disease and stroke, several forms of cancer and metabolic dysregulations such 

as insulin resistance, diabetes, obesity and metabolic syndrome6–9. 
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Obesity 

The age-standardized prevalence of obesity ranges from 14.9 % in women to 10.8 % 

in men10. In Germany, 23 % of adult men and 24 % of adult women are obese11. 

There is a high co-prevalence of obesity and type 2 diabetes, cardiovascular 

disorders, cancers12,13 and psychiatric comorbidities10, in addition to reduced quality 

of life13. Obesity is defined by a Body mass index (BMI) ³ 30 kg/m2 or a waist 

circumference ³ 80 in women and ³ 90 in men10. Waist and hip circumference 

measurements can be used for calculating the waist-hip ratio (WHR), which is 

considered useful for risk assessment of metabolic and cardiovascular 

comorbidities15. Especially the presence of visceral fat (as opposed to subcutaneous 

fat) is supposedly a key factor for the development of severe comorbid diseases via 

the production of pro-inflammatory adipokines10. Moreover, obesity is associated with 

impaired immune function16. Even though the exact mechanisms are unknown, 

alterations in circulating T cell subsets, B cells and natural killer (NK) cells have been 

reported17. Furthermore, obese individuals show greater susceptibility to infections, 

sepsis and reduced antibody production in response to vaccines such as hepatitis 

B16. 

Epidemiological overlap between MDD and obesity 

Both MDD and obesity are major public health concerns and associated with high 

socioeconomic costs18. MDD is among the leading causes of years lived with 

disability and therefore a major contributor to chronic disease burden worldwide19. 

Obesity is also associated with an increased risk of limitations with activities of daily 

living20 and, due to an ever-increasing prevalence, increases disability in both high- 

and low-income countries21.   
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A strong reciprocal epidemiological link exists between obesity and MDD, with MDD 

patients having a 58 % higher risk of becoming obese and obese people at a 55 % 

increased risk of developing depression later in life14,18. Interestingly, obesity and 

depression showed an even stronger association than overweight and depression18. 

A recently published study investigating the relationship of neuropsychiatric 

symptoms (including depression) and body mass index found the highest rates of 

depression in individuals with severe obesity compared to overweight and lean 

controls22. In the same study, the authors also reported higher measures of systemic 

inflammation (CRP and IL-6 levels) in subjects with severe obesity which also 

correlated with depressive symptoms, anxiety and fatigue22.  

While it might seem intuitive that obesity, which is often associated with social 

discrimination, numerous medical comorbidities, lower socioeconomic status and a 

tendency towards poor lifestyle behaviours23, should facilitate the development of 

depressive symptoms, there is also evidence that lean MDD patients present with 

subclinical metabolic alterations24.  

Putative shared biological mechanisms – towards immunometabolic depression 

Part of the association between MDD and obesity might be driven by shared 

pathophysiological pathways, including chronic low-grade inflammation and 

dysregulations of the innate and adaptive immune system25–27. 

A recent, large-scale metabolomics study in MDD patients revealed significant 

dyslipidemia, characterized by added presence of very low-density lipoprotein (VLDL) 

and triglycerides, next to reduced concentrations of high-density lipoprotein (HDL)24. 

These findings were independent of sex, age, or body mass index (BMI), suggesting 
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that these changes may present early manifestations of metabolic dysfunction in 

MDD which might facilitate the development of obesity over time. 

In a mouse model of obesity (induced by a high-fat diet), it was shown that anxiety-

like behaviour is a direct consequence of obesity-driven accumulation of pro-

inflammatory senescent glial cells in proximity to the lateral ventricles. Senolytic 

treatment using the compounds Dasatinib and Quercetin led to the clearance of 

these cells and alleviated the anxiety-like behavioural phenotype28. 

Since common genetic risk factors for obesity and depression have been identified, 

heightened inflammation has been hypothesized to constitute a shared mechanism.  

Especially in patients exhibiting a symptom profile that resembles atypical depression 

(e.g., reporting an increase in appetite and weight gain) had a higher likelihood to 

carry genetic variants associated with obesity-related traits. This subgroup of patients 

showed an increased polygenic risk score for higher BMI and elevated blood levels of 

Leptin (a proteo-hormone that plays a role in body-weight regulation) and the 

inflammation marker C-reactive protein (CRP)29. A recent gene expression study 

performed on a subset of untreated MDD patients that reported hyperphagia and/or 

weight gain during an active episode suggests a contribution of inflammatory genes: 

Compared to patients with hypophagia, patients reporting increased appetite showed 

an elevated expression of genes associated with cytokine signalling, apoptosis and 

the NLRP3 inflammasome (a multimeric protein complex that regulates caspase-1 

activity)30. Especially genes related to the NLRP3 inflammasome were highly 

expressed in MDD patients with hyperphagia30. An upregulation of NLRP3 genes has 

been described in adipocytes obtained from patients with obesity, suggesting a role 

for caspase-1 in adipogenesis and obesity-associated inflammatory processes31. 
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Higher levels of pro-inflammatory cytokines such as Tumor Necrosis Factor-a (TNF-a) 

and Interleukin 6 (IL-6) as well as increased CRP have been detected in both 

patients with MDD and obesity32,33. Moreover, a recently published study investigated 

the association of overweight and comorbid depression with CRP levels and showed 

that while both the presence of depression and overweight alone already increased 

the risk of elevated CRP levels compared to healthy controls, individuals affected by 

both conditions had the highest CRP measures of all groups34.  

Taken together, these observations led to the idea, that the comorbidity between 

obesity and MDD might be in part explained by shared inflammatory dysregulations 

leading to (chronic) inflammation. These ideas were summarized under the term 

“immuno-metabolic depression”, which might particularly apply to patients with an 

atypical depression symptom profile27. This model offers an explanation on how 

changes in sleeping patterns, energy metabolism, appetite and weight, and the 

development of depressed mood could be influenced or even induced by a chronic 

pro-inflammatory state similar to “sickness-behaviour” observed in animals27. A 

further observation that supports the notion that inflammation might be a causal 

factor for the development of depression is the strong association of Interferon 

treatment (e.g. for the treatment of hepatitis C or cancers) and the development of 

depressive symptoms that has long been reported in clinical practice35,36,37. 

Inflammatory processes also exert a direct effect on metabolic regulation, favoring 

the development of leptin and insulin resistance, which has been frequently observed 

in both patients with MDD and people with obesity27. Recently, a review article on 

dietary regulation of immune function38 highlighted how different macronutrients and 

their systemic metabolism affect cell metabolism of immune cells which in turn 

influences their functioning. Metabolism is tightly linked to immune function and 
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influences homeostasis overall. Immune-metabolic dysregulations in the form of 

chronic low-grade inflammation have been shown to negatively impact mitochondrial 

function, which has been linked to depression and persistent fatigue39.  

It is recognized that adipose tissue is highly immunologically active, producing 

adipocytokines, including the aforementioned hormone leptin as well as adiponectin, 

that both influence the development of insulin resistance and directly affect the innate 

and adaptive immune system38,40. Leptin possesses pro-inflammatory properties due 

to its structural similarity to inflammatory cytokines and favours the production of IL-6, 

IL-12 and TNF-a in monocytes and macrophages40,41.  Leptin receptors are highly 

expressed on the surface of various immune cell (sub)populations and their 

activation affects T lymphocyte differentiation and function, next to maturation of 

dendritic cells42. Obesity is associated with hyperleptinemia10,42 and leptin 

dysregulation has also been reported in MDD patients with atypical depression, for 

both current and remitted patients43. Since central inflammation may negatively 

impact leptin receptor function and lead to leptin resistance, it could constitute an 

underlying shared pathophysiological mechanism between MDD and obesity43. 

Cells of both the innate and adaptive immune system are strongly influenced by a 

chronic inflammatory state, not only concerning their function, but also their 

proliferative capacities and abundance in blood and peripheral tissues44. Relative 

abundances of immune cell subpopulations can be easily assessed by flow 

cytometry. Immunophenotyping by flow cytometry is a powerful tool to study different 

components of the human immune system45. While it is commonly used in preclinical 

and clinical research, immunophenotyping is also put to use in several clinical 

settings, including assessment of disease progression in HIV-infected patients and 

diagnosis and subsequent monitoring of leukemia and lymphoma45. Although 
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immunophenotyping does not assess the function of cell types, it is very useful for 

exploring the distribution of several immune subsets in clinical cohorts. Since the 

immune system is gaining attention in the context of psychiatric diseases, 

immunophenotyping of MDD patients could provide further insights into the putative 

involvement of different immune cell subsets in disease-specific inflammatory 

processes.  

 Several immunophenotyping studies of samples obtained from MDD patients have 

reported changes in the abundance of monocytes, natural killer cells and T 

lymphocytes, some of these changes were significantly associated with depression 

severity or sleep disturbance46–49. Moreover, flow cytometric analyses of blood 

samples obtained from patients with obesity and metabolic syndrome revealed 

changes in numbers of natural killer cells, granulocytes and memory T cells that 

correlated with BMI and visceral adipose tissue mass17. 
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Figure 1 │Immunometabolic depression. Illustration of shared environmental and biological factors 

between major depression and obesity. Created using BioRender.com.(own representation: Victoria 

Stiglbauer) 
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Aim of the dissertation 

Current findings from epidemiological, genetic, and immunological studies support 

the idea that low-grade inflammatory processes might be a contributing factor linking 

depression and obesity. Patients affected by both disorders therefore provide a 

valuable cohort for immunophenotyping studies. The aim of this dissertation was to 

perform an exploratory analysis of the distribution of innate and adaptive immune cell 

subpopulations in whole blood samples obtained from patients with obesity and 

comorbid depression in comparison to obese and lean controls and correlate the 

findings with clinical characteristics considered relevant for both depression and 

obesity.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 18 

1.4. Methods 
 
Participants 

A total of 47 participants were included in this study belonging to three different 

groups: lean healthy controls (n = 20), severely obese participants (n = 17) and 

severely obese patients with comorbid depressive symptoms (n = 15). The local 

ethics committee (Charité Universitätsmedizin Berlin, Campus Mitte, EA1/063/16) 

approved the study, including the extraction of peripheral mononuclear blood cells 

(PBMCs) from whole blood and their subsequent experimental analysis. Clinical 

parameters including blood pressure, waist circumference, height, weight, etc., were 

measured by trained staff. Depressive symptoms were assessed using the Patient 

Health Questionnaire-9 (PHQ-9)50–52 and depression was defined by a score ≥ 10. 

Anxiety was assessed using the Generalized Anxiety Disorder-7 scale53,54. 

Healthy controls were recruited via online advertisements and bulletins and had no 

record of any significant medical illness (including insulin resistance or diabetes, 

hypothyroidism, or cardiovascular diseases) or psychiatric condition. Participants with 

severe obesity were recruited during their participation in a 6-month outpatient 

treatment program at the Department of Psychosomatic medicine (Medizinische 

Klinik mit Schwerpunkt Psychosomatik, Charité - Universitätsmedizin Berlin, Campus 

Benjamin Franklin), which included psychosocial and nutritional interventions, in 

addition to physical exercise programs. A description of demographic and clinical 

characteristics of the cohort can be found in Table 1.  

 

 
 



 19 

 
Figure 2 │Graphical representation of the experimental procedures, images courtesy of Servier 

SMART Medial Art and biorender.com, created using Powerpoint. (own representation: Victoria 

Stiglbauer) 
 
Flow Cytometry 
Four antibody panels were established to analyze different cell populations of the 

innate and adaptive immune system via multicolor flow cytometry. All antibody panels 

analyzing T cell subpopulations included PD-1 and KLRG1 as markers for cellular 

exhaustions and senescence. A table depicting all antibody panels and clones can 

be found in the supplements of the publication55 (page 63). 

In brief, the first panel aimed to identify regulatory T cells (Treg), including naïve and 

memory Treg. The following combination of fluorochrome-conjugated monoclonal 

antibodies was used (dilution indicated in brackets): CD25 BV421 (Clone M-

A251,1:50; Biolegend, UK), CD3 BV510 (Clone UCHT1, 1:25; Biolegend, UK), 

KLRG1 AF488 (Clone 13F12F2, 1:25; Thermofisher Scientific, USA), PD-1 PE 

(Clone EH12.2H7, 1:25; Biolegend, UK), CD4 PerCP-Cy5.5 (Clone RPA-T4, 1:50; 
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Biolegend, UK), CD45RA PE-Cy7 (Clone HI100, 1:200; Biolegend, UK) and CD127 

APC (Clone A019D5, 1:25; Biolegend, UK). The second panel served to distinguish 

naïve and several memory T cell populations of both the CD4+ and CD8+ 

compartment. Antibodies included in this panel were: CD3 BV421 (Clone UCHT1, 

1:200; Biolegend, UK), CD8 BV510 (Clone RPA-T8,1:25; Biolegend, UK), KLRG1 

AF488 (1:25), PD-1 PE (1:25), CD4 PerCP-Cy5.5 (1:50), CD45RA PE-Cy7 (1:200), 

CCR7 APC (Clone G043H7, 1:20; Biolegend, UK). For the identification of T cell 

subsets including helper T cells, the following antibodies were used: CXCR3 BV421 

(Clone G025H7, 1:50; Biolegend, UK), CD3 BV510 (1:200), KLRG1 AF488 (1:25), 

PD-1 PE (1:25), CD4 PerCP-Cy5.5 (1:50), CCR6 PE-Cy7 (Clone G034E, 1:50; 

Biolegend, UK) and CCR4 APC (Clone L291H4, 1:25; Biolegend, UK). The fourth 

panel served to identify non-T cell populations and included:  CD14 BV421 (Clone 

HCD14, 1:100; Biolegend, UK), CD3 BV510 (1:200), HLA-DR FITC (Clone LN3, 

1:100; Biolegend, UK), CD56 PE (Clone HCD56, 1:50; Biolegend, UK), CD4 PerCP-

Cy5.5 (1:50), CD20 PE-Cy7 (Clone 2H7, 1:200; Biolegend, UK) and CD16 APC 

(Clone 3G8, 1:200; Biolegend, UK). In addition, the Zombie NIR live/dead stain 

(1:1000; Biolegend, UK) diluted in PBS was used for all panels.  

All antibody premixes were prepared in FACS buffer (PBS (Sigma Aldrich, USA) + 

0.5 % bovine serum albumin (Miltenyi Biotec, Germany) + 2 mM EDTA, pH = 8, 

(Promega, Germany)). For the naïve and memory T cell panel, the CCR7 antibody 

was added directly to the live/dead marker in PBS. 

For each donor, two aliquots of 107 cryopreserved PBMCs were thawed. Samples 

were transferred from liquid nitrogen to an ice box and then to a water bath at 37 °C 

for 1-2 minutes until only a small ice clump was visible in the vial. Under sterile 

conditions, the cell suspension was transferred dropwise into a 12 ml falcon tube 

filled with 10 ml RPMI 1640 + Glutamax medium (Gibco, Thermofisher Scientific, 
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USA) + 10 % FCS (Merck, Germany) that had been pre-warmed to 37 °C. The falcon 

tubes were then centrifuged at room temperature at 250 x g for 6 minutes (with brake) 

and the supernatant was removed. Cells were resuspended in 500 µl medium and 

the suspension was filtered into 10 ml falcon tubes using cell strainer filters at a size 

of 70 µm (Sarstedt, Germany) to expel cellular debris and clumps. Filters were 

washed three times with 500 µl PBS (4 °C). Cell counting was performed using a 

Neubauer chamber. 

Following centrifugation at 350 x g at RT for 5 min and after removal of the 

supernatant, PBMCs were incubated with 50 µl of the live/dead marker solution for 

15 min in the dark at room temperature. 50 µl of antibody premixes were then added 

to the respective tubes for each panel and incubated for an additional 15 min at RT 

protected from light. Following incubation, 1 ml of FACS buffer was added to each 

tube and samples were centrifuged at 350 x g for 5 min at 4 °C. Cells were 

resuspended in 150 µl FACS buffer and FACS tubes were kept on ice until 

measurement. 

 

Measurements were performed on FACSCanto II flow cytometers (BD, Germany) 

using BD FACS Diva Software (BD, Germany). Due to technical problems with the 

first flow cytometer during the experiments, data was acquired by switching to 

another machine of the same type. Data was analyzed separately for both devices 

and then pooled for statistical analysis. Instrument setup and compensation were 

performed on both devices according to the same protocol.  

 

 

 

 



 22 

Analysis and Statistics 
 

Flow cytometric data was analyzed using FlowJo software version 10.1 (Trestar Inc., 

USA). PBMC subpopulations were identified using manual gating based on the 

recommendations by the Human Immunology Project56.  

A detailed description of the manual gating strategy can be found in the 

supplementary figures S1-S2 on pages 64-66. Fig. 3 provides a general overview of 

all immune cell (sub)populations that could be identified according to the antibody 

panels applied. In brief, lymphocytes were identified according to their forward scatter 

area (FSC-A) and side scatter area (SSC-A) characteristics. Then, doublets and 

dead cells were excluded. For the identification of regulatory T cells, the CD3+/CD4+ 

population was selected and further gated for CD127 negativity and CD25 positivity. 

Naïve regulatory T cells were identified based on CD45RA positivity. Furthermore, 

total regulatory T cells were clustered according to their expression of PD-1 and 

KLRG1.  

To distinguish different naïve and memory T cell populations, both CD8+ and CD4+ T 

cells populations were analyzed for CD45RA and CCR7 expression. Naïve T cells 

(CCR7+/CD45RA+), central memory (CCR7+/CD45RA-), effector memory (CCR7-

/CD45RA-) and effector memory T cells re-expressing CD45RA (CCR7-/CD45RA+) 

were additionally examined for their expression of PD-1 and KLRG1. 

For the identification of T helper cell subsets, the CD3+/CD4+ lymphocyte population 

was analysed for CCR6, CXCR3 and CCR4 (co-) expression (adapted from57). In 

doing so, the following subsets could be classified: Th0 cells (CXCR3-, CCR6-, 

CCR4+), Th1 cells (CXCR3+, CCR6-), Th1/Th17 (CXCR3+, CCR6+), Th2 (CXCR3-, 

CCR6-, CCR4-). All subsets were also analyzed for PD-1 and KLRG1 expression. 
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Gating strategy for identification of T helper cell subsets is depicted in Figure S3 on 

page 49. 

Starting with live lymphocytes, B cells were identified via the expression of CD20 

after exclusion of T cells (CD3+). Natural killer cells were defined as CD3-/CD20-

/CD14-/CD56+ and further differentiated according to their expression of CD16, with 

cytotoxic NK cells defined as CD16++/CD56+ and regulatory NK cells defined as 

CD16-/+/CD56++. Monocytes were first selected according to their FSC-A and SSC-A 

characteristics, and after exclusion of doublets, dead cells, CD3+, CD20+ and CD56+ 

cells, examined for their (co-) expression of CD14 and HLA-DR. Monocyte subsets 

were further classified due to their differential expression of CD14 and CD16, with 

classical monocytes defined as CD14+/CD16-, intermediate monocytes as 

CD14+/CD16+ and non-classical monocytes as CD14+/CD16++. Dendritic cells were 

identified from an overall “cell” gate, including monocyte and lymphocyte gates, and 

defined as CD3-/CD20-CD14-/CD56-/HLA-DR+.  

Relative frequencies of cell populations of interest were exported for subsequent 

statistical analysis, which was carried out using GraphPad Prism Version 7 software 

(GraphPad Software Inc., USA). Due to varying sample quality, it was decided to only 

include cell population frequencies of samples with a minimum of 100 events present 

in the respective parent gate. Therefore, the numbers of samples analyzed vary 

depending on the cell type (eg. there were more samples of sufficient quality to 

analyze overall CD4+ T cells compared to CD4+ Central memory T cells). First, PBMC 

subpopulation frequencies were subjected to an omnibus Kruskal-Wallis test in order 

to determine whether there are statistically significant differences between the study 

groups. If a p-value < 0.05 was detected, adjusted pairwise post-hoc comparisons 

(Dunn’s multiple comparison test) were performed. Spearman’s correlation analysis 

served to investigate the association of immune population frequencies with clinical 
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variables, including PHQ-9 and GAD-7 scores, WHR, systolic and diastolic blood 

pressure measurements. In addition, subitem scores of the PHQ-9 were correlated 

with the relative frequencies of cytotoxic NK cells, CD4+ central memory T cells and 

dendritic cells (Spearman’s rank correlation) and a Holms-correction was performed 

to control for multiple testing.  Figures were created using GraphPad Prism Version 7 

and Heatmapper.ca. 

 
Figure 3 │ Overview of leukocyte and lymphocyte populations identified and analyzed in this 
study. Graphic representation of cell populations courtesy of Servier SMART Medial Art, created 

using Powerpoint (own representation: Victoria Stiglbauer). TN = naïve T cells, TCM = central memory 

T cells, TEMRA = effector memory T cells re-expressing CD45RA, TEM = effector memory T cells, 

Treg = regulatory T cells, Th = T helper cell, NK = natural killer cells 
 

1.5. Results 
 
Sample characteristics 

Lean healthy controls had a mean age of 38.8 ± 11.9 (SD), a BMI of 22.9 ± 1.6, WHR 

of 0.8 ± 0.1 and a PHQ-9 score of 3.1 ± 1.5. 
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Severely obese patients had a mean age of 47.7 ± 12.7, a BMI of 46.1 ±  5.3, a WHR 

of 0.9 ± 0.1 and a mean PHQ-9 score of 6.4 ± 2.5. 

Patients with severe obesity and comorbid depressive symptoms had a mean age of 

40.9 ± 15.2 (SD), a BMI of 44.6 ±  5.3, WHR of 0.9 ± 0.1 and a PHQ-9 score of 14.7 

± 3.3. They also scored significantly higher on the GAD-7 scale (8.4 ± 2.7) compared 

to obese patients without depressive symptoms (4.1 ± 3) and lean healthy controls 

(2.7 ± 1.9). The percentage of females was around 70 % in all three groups. The 

above information is summarized in Table 1 below. For a detailed summary of further 

demographic and clinical characteristics see Table 1 of the publication55 on page 56. 

 

Table 1: Demographic and clinical characteristics of study participants 

 HC (n = 20) Ob (n = 20) Ob + D (n = 15) 

Age [years] 
 

36.6 ± 10.9 47.7 ± 11.5  40.9 ± 13.8 

Height [cm] 171.8 ± 8.8 165.6 ± 13.2 169.8 ± 11.2 
 

Weight [kg] 67.7 ± 8.3 128.3 ± 23 
 

130.1 ± 26.1 
 

BMI [kg/m2] 22.9 ± 1.6 
 

46.1 ± 5.3 44.6 ± 5.3 

Waist circumference [cm] 76.9 ± 6 
 

128.5 ± 13.6 
 

126.6 ± 15.7 

Waist to hip ratio 0.8 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 
Systolic blood pressure [mmHg] 113.4 ± 12.7 

 
130.8 ± 15.3 
 

130.9 ± 8 

Diastolic blood pressure [mmHg] 75.1 ± 10.6 
 

83.7 ± 12 
 

83.27 ± 10.6 
 

% Females 
 

75 70 73.3 

PHQ-9 3.1 ± 1.5 
 

6.4 ± 2.5 14.7 ± 3.3 
 

GAD-7 sum 2.7 ± 1.9 
 

4.1 ± 3. 
 

8.4 ± 2.7 
 

 

Table 1 │Demographic and clinical characteristics of healthy controls and patients included in this 

study, mean shown with SEM. BMI = Body Mass Index, PHQ-9 = Patient Health Questionnaire-9, 

GAD-7 = Generalized Anxiety Disorder-7 scale. (modified from Stiglbauer et al., 2021)55 
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Regulatory T cells 

The relative amount of regulatory T cells (Treg) among CD4+ T cells was significantly 

increased (KW p = 0.023) in patients with obesity and comorbid depression (Ob+D) 

when compared to obese controls (Ob). However, the frequency of Treg neither 

correlated with PHQ-9 scores or WHR measures. Relative frequencies of naive and 

memory Treg subpopulations remained unchanged across all groups. An increased 

expression of PD-1 (an inhibitory marker) on Tregs of Ob compared to healthy 

controls (HC) was observed (KW p = 0.03). See Fig. S3 on page 68. 

 

Naïve and memory T cell subsets 

In patients with Ob+D, the relative number of CD4+ central memory T cells (TCM) 

among total CD4+ T cells was significantly increased compared to HC (KW p = 0.02). 

Moreover, frequencies of CD4+ TCM were significantly correlated to depression 

severity (p = 0.0087, r = 0.3711, Spearman’s rank correlation), but not to WHR 

measurements.  

 

Figure 4 │ CD4+ Central memory T cells in patients with obesity and comorbid depression. 

Relative frequencies of CD4+ TCM among total CD4+ T cells, median shown (A). Spearman’s rank 

correlation of CD4+ TCM relative frequencies PHQ-9 scores (B) and with WHR measures (C) in the 
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total sample. TCM = Central memory T cells; HC = Healthy controls; Ob = Patients with obesity; Ob+D 

= Patients with obesity and comorbid depression; PHQ-9 = Patient Health Questionnaire 9; WHR = 

waist to hip ratio. (modified from Stiglbauer et al., 2021)55 

No relevant changes in population frequencies of CD4+ naïve (TN), effector memory 

(TEM) or effector memory T cells re-expressing CD45RA (TEMRA) could be 

observed. No significant differences in the expression of KLRG1 or PD-1 were found, 

see Fig. S4 on page 69. 

The frequency of CD8+ TEM was significantly decreased in Ob compared to HC (KW 

p = 0.03). The amount of CD8+ TEM in obese patients with comorbid depressive 

symptoms compared to HC was also reduced but not statistically significant. Relative 

frequencies of naïve CD8+ TN, CD8+ TCM or CD8+ TEMRA remained unchanged 

among groups. Expression of PD-1 on the surface of CD8+ TCM was significantly 

reduced in Ob+D compared to HC (KW p = 0.006). The amount of CD8+ TCM double 

positive for PD-1 and KLRG1 expression was significantly lower in obese individuals 

compared to HC (KW p = 0.03). See Fig. S5 on page 69. 

 

Helper T cells 

No relevant alterations concerning the relative frequencies of any of the analyzed 

helper T cell subsets, including Th0, Th1, Th1/Th17, Th2 and Th17 cells, could be 

detected among the three groups. Since these results were not presented in the 

publication55, see Figure 5 on page 26. 
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Figure 5 │ Immune phenotype of helper T cell subsets in patients with obesity and comorbid 

depression.  Relative frequencies of Th0 (A), Th1 (B), Th2 (C), Th1/Th17 (D) and Th17 (E) cells 

including their respective expression of KLRG1 and PD-1, median shown. Gating strategy for the 

identification of T cell subsets is shown in Figure S3 on page 49 of this manuscript. n (HC)= 17; n 

(Ob)= 15; n (Ob+D) = 9; HC = Healthy controls; Ob = Patients with obesity; Ob+D = Patients with 



 29 

obesity and comorbid depression; KLRG1 = Killer cell lectin-like receptor subfamily G member 1; PD-1 

= programmed cell death protein 1. (own representation: Victoria Stiglbauer) 

 

Natural killer cells 

The total amount of natural killer (NK) cells did not significantly differ among groups. 

However, cytotoxic natural killer cells (NKc) were significantly reduced in Ob+D 

compared to HC (KW p = 0.006), which was further supported by the post-hoc test. 

The frequency of regulatory NK cells (NKreg) showed no group differences, albeit a 

trend towards an increase of NKreg in patients with Ob+D could be observed. The 

frequency of NKc was significantly correlated with depression severity (r = -0.3862, p 

= 0.01, Spearman’s rank correlation), but no association with WHR could be 

confirmed.  

 

Figure 6 │ NK cell subpopulations in in patients with obesity and comorbid depression. 

Relative frequencies of NK cells among live lymphocytes (A) and NKc (B) and NKreg (C) subsets 

among total NK cells, median shown. Spearman’s rank correlation of NKc frequencies with PHQ-9 

scores (D) and WHR measures (E). Gating strategy for natural killer cells is depicted in Figure S4B. 

NK = natural killer cells; NKc = cytotoxic natural killer cells; NKreg = regulatory natural killer cells; HC 
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= Healthy controls; Ob = Patients with obesity; Ob+D = Patients with obesity and comorbid depression; 

PHQ-9 = Patient Health Questionnaire 9; WHR = waist to hip ratio. (modified from Stiglbauer et al., 

2021)55 

 

Dendritic cells 

Dendritic cells showed a significant reduction in both Ob and Ob+D compared to HC 

(KW p = 0.001). Frequencies of dendritic cells significantly correlated with depression 

severity (r = -0.4167, p = 0.0016, Spearman’s rank correlation) in the total cohort and 

WHR measurements (r = -0.4022, p = 0.0026, Spearman’s rank correlation). 

 

Figure 7 │ Dendritic cells in in patients with obesity and comorbid depression. Relative 

frequencies of DCs (defined as HLA-DR+ cells gated on live non-CD3/CD20/CD14/CD56 cells) among 

live non T cells, median shown (A). Spearman’s rank correlation of DC frequencies with PHQ-9 scores 

(B) and WHR measures (C). Gating strategy for dendritic cells is displayed in Figure S2 of the 

publication, see page 66. DCs = dendritic cells; HC = Healthy controls; Ob = Patients with obesity; 

Ob+D = Patients with obesity and comorbid depression; PHQ-9, Patient Health Questionnaire 9; WHR 

= waist to hip ratio. (modified from Stiglbauer et al., 2021)55 

 

B cells and Monocytes 

The relative frequencies of CD20+ B cells and monocyte subsets (including classical 

CD14+CD16-, intermediate CD14+CD16+ and non-classical CD14+CD16++ monocytes) 
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did not significantly differ among groups. See Fig. S6 on page 70 of the supplements 

of the publication55. 

 

Correlation analyses with PHQ subitems 

During the revision process we further explored the correlation of our findings with 

depressive symptoms. Therefore, PHQ subitem scores were correlated with the 

relative abundances of CD4+ TCM, NKc and DCs.  

Correlation analyses of the relative frequencies of CD4+ TCM (Spearman’s rank 

correlation) revealed significant associations with the following PHQ item scores: 

PHQ item 1 (Loss of interest/pleasure, p = 0.0415, r = 0.2986), PHQ item 3 (difficulty 

sleeping, p = 0.0473, r = 0.2909), PHQ item 5 (changes in appetite, p = 0.0168, r = 

0.3471) and PHQ item 7 (difficulty concentrating, p = 0.0108, r = 0.3687). After 

adjusting for multiple testing (Holm’s correction), none of the p-values remained < 

0.05.  

Several PHQ subitems showed a significant correlation with NKc frequencies. These 

included PHQ item 2 (sadness/depression, p = 0.0065, r = -0.409), PHQ item 6 

(negative self-perception, p = 0.0164, r = -0.3639) and PHQ item 8 (psychomotor 

symptoms, p = 0.006, r = -0.4126). After correcting for multiple testing (Holm’s 

correction), none of these p-values reached the threshold for significance.  

 

Regarding the frequency of DCs, a significant inverse correlation with both PHQ-9 

score (r = -0.4167, p = 0.0016, Spearman’s test) and WHR (r = -0.4022, p = 0.0026) 

was found. PHQ subitem scores were correlated with relative frequencies of DCs 

during explorative post hoc analyses. PHQ item 4 (low energy level, p = 0.0066, r = -

0.3622), PHQ item 5 (changes in appetite p = 0.0091, r = -0.3485), PHQ item 6 
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(negative self-perception, p = 0.019, r = -0.3154), PHQ item 7 (difficulty concentrating, 

p = 0.031, r = -0.2912) and PHQ item 8 (psychomotor symptoms, p = 0.0093, r = -

0.3478) were significantly correlated to the abundance of DCs, although no 

significant p-values were obtained following adjustment for multiple testing (Holm’s 

correction).  

A heatmap summarizing these exploratory correlation analyses is presented in Fig. 8. 

 

Figure 8 │Heatmap illustrating the correlation of relative abundances of cytotoxic natural killer 

cells, dendritic cells and CD4+ central memory T cells with PHQ subitem scores.  * p-value < 

0.05 (unadjusted), ** p-value < 0.001 (unadjusted). Created using Heatmapper.ca. (modified from 

Stiglbauer et al., 2021)55 
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1.6. Discussion and outlook 

Using multicolour flow cytometry for detailed immunophenotyping this study identified 

changes in frequencies of several immune cell subsets in patients with obesity and 

comorbid depressive symptoms in comparison to non-depressed obese and lean 

controls. Concerning the innate immune system, frequencies of cytotoxic natural 

killer cells and dendritic cells were significantly decreased in patients with obesity and 

comorbid depression compared to obese and lean controls. In addition, higher 

frequencies of circulating CD4+ central memory T cells were detected in patients with 

obesity and comorbid depression in comparison to lean healthy controls. Both 

changes in NKc and CD4+ TCM frequencies were significantly correlated with 

depression severity as assessed by PHQ-9 scores, but not waist to hip ratio 

measures. These results therefore reveal possible depression-specific alterations in 

immune cell subsets in severely obese individuals. Reductions of dendritic cells were 

both significantly correlated with PHQ-9 scores and WHR, suggestive of additive 

effects of depression and obesity on this cell population.  

Although correlation analyses of cell abundances with PHQ subitem scores were of a 

purely explorative nature, our results hint at symptom domain-specific changes in the 

abundances of CD4+ TCM, NKc and DCs. In the case of NKc, their reduced 

frequencies were significantly correlated with sadness/depression, negative self-

perception, and psychomotor symptoms. This combination of symptoms could be 

cautiously interpreted to resemble the melancholic subtype of MDD. Conversely, 

changes in the abundance of CD4+ TCM were associated with changes in 

appetite/food intake and sleep (among other subitems). Alterations in appetite/food 

intake and sleeping patterns are considered key features of the atypical depression 

subtype, which is also associated with the concept of “immuno-metabolic depression”. 
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Similarly, DC frequencies were significantly correlated with low energy levels (which 

might be interpreted as fatigue) and alterations in appetite/food intake and thus 

similar to the results obtained for CD4+ TCM. Therefore, it could be hypothesized that 

while changes in NKc might be primarily associated with melancholic depression, 

alterations in CD4+ TCM and DC frequencies could be more closely linked to 

“immuno-metabolic depression”, which tends to present itself with a symptom profile 

resembling the atypical subtype of depression6 

MDD has been robustly associated with changes in the abundance58 and impaired 

function of natural killer cells58–60. A recent immunophenotyping study of MDD 

patients reported that numbers of total NK cells were associated with depression 

severity in a subset of patients with inflamed depression, albeit with increased 

numbers of NK cells46.  

PBMC gene expression analysis of a large cohort including healthy controls, patients 

with current and remitted MDD from The Netherlands Study of Depression and 

Anxiety showed a downregulation of genes involved in natural killer cell mediated 

cytotoxicity (KEGG pathway). This association was stronger in patients currently 

experiencing a depressive episode compared to patients in remission61. Differential 

gene expression analysis of patients with MDD and hyperphagia revealed an even 

stronger association of enriched inflammatory pathways and MDD30. There is 

evidence that reduced NK cell cytotoxicity might be a consequence of depression 

and chronic stress58,60. Taken together, these findings are in accordance with the 

results of the experiments performed during this study, since reductions of cytotoxic 

NK cells are apparent in patients with comorbid depression and correlated with 

depression severity. 
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Reductions of NK cells have also been reported in severely obese patients compared 

to lean controls and are associated with insulin resistance in children with obesity62. 

In addition, changes in the expression of surface activation markers and decreased 

function of NK cells have been connected to obesity62,63. Interestingly, the detrimental 

effect of obesity on both number and function of NK cells can be attenuated by 

weight loss62. While there was a trend towards reduction of NKc apparent in the 

obese cohort of the current study, patients with obesity and comorbid depression 

showed significant reductions compared to healthy controls. Since these changes in 

abundance inversely correlated with PHQ-9 scores but not WHR measurements, our 

results are indicative of a depression-specific alterations in NKc abundance.  

The contribution of dendritic cells to pathophysiological processes in psychiatric 

disorders has not been well studied so far. One reason for this might be the relatively 

low abundance of dendritic cells in the peripheral blood. One study reported a 

decrease of circulating dendritic cells in patients with Alzheimer’s Disease which 

significantly correlated with depression severity64. Dendritic cells obtained from 

patients diagnosed with bipolar disorder exhibit functional impairments, which can be 

reversed by the effects of Lithium in vitro65. Obesity is associated with decreased 

numbers and impaired function of dendritic cells66. In vitro stimulation of DCs 

obtained from obese individuals resulted in significantly less upregulation of 

activation markers compared to lean controls66. Since both obesity and MDD are 

associated with greater susceptibility to (chronic) infections, impaired function of 

professional antigen presenting cells such as DCs might play a causal role66. In this 

study, dendritic cells were defined as CD3-/CD20-CD14-/CD56-/HLA-DR+ according 

to recommendations by the Human Immunology Project56 and found to be decreased 

in patients with obesity with and without comorbid depression. However, this 
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identification strategy lacks specific markers for dendritic cells, for example CD11c 

and CD123, which could additionally serve to further classify DCs into plasmacytoid 

and myeloid subsets56,67. Despite these obvious limitations, our preliminary findings 

might serve as a basis for future research on the role of dendritic cells in potentially 

shared pathobiological mechanisms of MDD and obesity.  

Significantly increased frequencies of CD4+ central memory T cells in obese patients 

with comorbid depressive symptoms compared to lean controls showed a significant 

correlation with depression severity but not waist to hip ratio. The underlying 

mechanisms and specific relevance of an altered abundance of memory T cells has 

not yet been extensively studied in MDD48, but many studies suggest an involvement 

of the overall T cell compartment in the pathogenesis of MDD, since several 

phenotypic alterations of T cells have been reported in MDD patients48,49,60,68–70. 

Elevated amounts of circulating CD4+ central memory T cells are usually associated 

with greater antigen exposure in the past and/or chronic infections71. Since patients 

with obesity and healthy controls showed no significant differences concerning their 

age, these changes could be partly driven by “immunological ageing”, meaning more 

frequent antigen exposure in depressed patients with obesity. A meta-analysis 

uncovered significant associations of infections with herpes simplex-1 virus, varicella 

zoster virus, Borna disease virus, Epstein-Bar virus and Chlamydophila trachomatis 

with MDD72. However, the studies included in this meta-analysis did not screen for 

antigen-specific T cells and relied on serological tests and the detection of viral 

particles, so the role of CD4+ central memory T cells in MDD remains a matter of 

speculation. 

CD8+ effector memory T cells were significantly less abundant in obese patients 

compared to healthy controls. Studies on mouse models of obesity have found that 
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the infiltration of CD8+ effector T cells contributes to adipose tissue inflammation73.  

One possible explanation for the reduction of circulating CD8+ effector memory T 

cells observed in obese patients could be their recruitment to adipose tissue. 

However, since our results did not correlate to WHR, this finding needs to be 

interpreted with caution.  

Frequencies of regulatory T cells were significantly higher in patients with obesity and 

comorbid depression when compared to obese controls, but not compared to healthy 

controls. To this day, the contribution of regulatory T cells to pathophysiological 

changes of the immune system in MDD remains unclear. While several studies have 

investigated the abundance of regulatory T cells, the results remain inconclusive. 

Two studies detected higher abundance of regulatory T cells by means of flow 

cytometry48,49, while another study has reported decreased numbers of regulatory T 

cells, that showed an inverse correlation with the abundance of inflammatory 

monocytes60. 

Studies investigating the role of regulatory T cells in obese patients also yielded 

conflicting results. An immunophenotyping study including obese patients detected 

lower frequencies of activated regulatory T cells in both peripheral blood and 

increased presence of regulatory T cells in visceral adipose tissue samples74. Both 

observations significantly correlated with BMI. Thus, the decrease of circulating 

regulatory T cells might be explained by their migration to visceral adipose tissue in 

order to counteract the pro-inflammatory activity at this location74. 

Another study of the T cell composition in the peripheral blood of morbidly obese 

patients detected increased numbers of regulatory T cells75. These conflicting results 

concerning the abundance of regulatory T cells in both obesity and MDD could be, at 

least in part, attributed to alternative strategies employed for the identification of 
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these cells by flow cytometry (e.g. usage of FoxP3 antibody). The increased numbers 

of regulatory T cells in patients with obesity and comorbid depression compared to 

obese controls detected in this study neither correlated with PHQ-9 scores nor WHR, 

which renders our results difficult to interpret. In summary, the contribution of 

regulatory T cells to inflammatory processes observed in obesity and MDD warrants 

further investigation. In order to do this, the abundance of these cells both in the 

peripheral blood and visceral adipose tissue would need to be quantified, in addition 

to functional assays to detect potential dysfunction of these cell types.  

Limitations of our study include small sample sizes per group and the purely 

descriptive approach of immune phenotyping, which precludes any information 

concerning the functional state of the cells in question. Moreover, no structured 

clinical interview was performed to diagnose depression, instead, participants were 

assigned to the group with comorbid depression if they scored ≥ 10 points on the 

PHQ-9. Waist to hip ratio measurements were used for correlation analyses and 

while they are considered useful for the risk assessment of conditions associated 

with obesity (since they assess the amount of visceral adipose tissue)15, waist and 

hip circumference measurements are prone to errors in patients with morbid obesity 

and furthermore dependent on the expertise of examiner. Additionally, a control 

group of lean MDD patients is missing in this study, which complicates the 

identification of obesity-specific and MDD-specific effects on the immune phenotype.  

Due to the cross-sectional design of the study, differentiation of cause and effect 

between immune phenotype and depressive symptoms is impossible. To deepen our 

understanding of the interplay between immunological markers and depression, 

interventional and/or longitudinal studies are necessary. Also, the effect of lifestyle 

behaviours - including smoking, exercise, and diet for example - should not be 
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underestimated. A direct association of poor lifestyle and depressive symptoms was 

found in patients with coronary heart disease76. The influence of personality traits and 

facets on the co-occurrence of mood disorders and obesity has been highlighted by a 

recent study, where personality traits were found to overlap between obesity and 

mood disorders and not, as previously assumed, between obesity and addiction77. 

Obesity negatively impacts the treatment response in MDD, since higher BMI is 

associated with reduced improvement of depressive symptoms during antidepressant 

treatment78. MDD patients with higher BMI also tend to exhibit a symptom profile 

resembling the atypical subtype, including less vegetative symptoms and HPA axis 

impairment78.  A preliminary study on physically healthy MDD patients also reported 

poorer clinical response to treatment with selective serotonin reuptake inhibitors 

(SSRIs) in patients with metabolic dysregulation (as defined by the presence of risk 

factors for metabolic syndrome)79. The less favourable treatment response of 

overweight/obese MDD patients with an atypical symptom profile to standard 

antidepressant treatment might be in part explained by a distinct underlying 

pathobiology, including inflammatory processes. In accordance with that, a recent 

study found robust associations of poorer metabolic health and inflammation with 

atypical depression symptom profiles80. Together, these findings suggest that 

screening for patients with immuno-metabolic depression and subjecting them to 

alternative treatment strategies, potentially including anti-inflammatory agents, could 

lead to an improved outcome and probably even remission in this subset of patients. 

Since this study was of an exploratory and cross-sectional nature and performed on 

a small sample size, the next step would be to perform similar analyses in a bigger 

clinical cohort of patients with MDD and comorbid obesity, including closely matched 

healthy controls and a control group of lean MDD patients. In addition to 
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immunophenotyping, functional assessments of natural killer cells, T cell subsets, 

dendritic cells and potentially other cell populations could shed light on their role in 

pathophysiological inflammatory processes described in both obesity and MDD. 

Methods to assess the functional state of these cells include metabolic (Seahorse) 

and proliferation assays, measurement of cytokine production (hight-sensitivity 

ELISA) as well as metabolomic profiling and RNA sequencing analyses. In addition, 

a flow cytometry-based method for a “metabolic screening” of key proteins and 

enzymes of several metabolic pathways (including glycolysis, citric acid cycle, 

mitochondrial respiration, fatty acid oxidation and synthesis), termed “Met-Flow” has 

recently been published81. This elegant method allows an estimation of metabolic 

activity by measuring mean fluorescence intensities of key metabolic enzymes and 

may be used as a starting point for further, more detailed analyses of the respective 

metabolic pathways. Since the topic of immunometabolism has gained increased 

research interest in recent times, additional metabolic analyses would optimally 

complement phenotypic ones.  Moreover, within the scope of longitudinal studies, the 

application of anti-inflammatory treatments in MDD (for example statins or biologicals 

like IL-6 blocking agents) and their potential effects on observed altered immune 

phenotypes could be examined. Ultimately, further comprehensive measurements of 

immune cell phenotypes and function using sophisticated flow cytometry approaches 

might lead to the discovery of biomarkers to help characterize depression subtypes 

on a biological level, since the current subtype definitions based solely on symptom 

profiles and measuring CRP, IL-6 and TNF-a, is simply not enough. Identifying 

patients affected by immuno-metabolic depression could lead to the development of 

alternative and optimized treatment strategies in the future. In the context of 

translational research, the findings obtained in this study may provide a starting point 

towards biomarker discovery for MDD with comorbid obesity.  
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1.8. Supplementary Figures 
 

 

Figure S1 │Structure of the PHQ-9 questionnaire 

by Kroenke K, Spitzer RL,Williams JBW. The PHQ-9: Validity of a brief depression severity measure.  

J Gen Intern Med. 2001;16(9):606-613. 
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Figure S2 │Structure of the GAD-7 scale 

by Spitzer RL, Kroenke K, Williams JBW, Löwe B. A brief measure for assessing generalized anxiety 

disorder: The GAD-7. Arch Intern Med. 2006;166(10):1092-1097. 
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Figure S3 │Gating strategy for identification of Helper T cell subsets 
Lymphocytes were identified according to FSC-A and SSC-A properties. Doublets and dead cells were 
excluded, and T cells separated from non-T cells by gating for CD3 positivity. After selection for CD4, 

T helper subsets were identified by gating for CCR6, CXCR3 and CCR4 expression. Th1 cells were 

identified as CXCR3+/CCR6-, Th17 cells as CXCR3-/CCR6+/CCR4+, Th2 cells as CXCR3-/CCR6-

/CCR4+ and Th0 cells as CXCR3-/CCR6-/CCR4-. All 4 populations were analyzed for their expression 

of PD-1 and KLRG1. 
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RESEARCH 201,649 11.501 0.403470 

16 TRENDS IN MOLECULAR 
MEDICINE 10,618 11.099 0.018720 

17 GENOME RESEARCH 41,755 11.093 0.076940 

18 MOLECULAR BIOLOGY 
AND EVOLUTION 50,486 11.062 0.084810 

19 CELL DEATH AND 
DIFFERENTIATION 21,095 10.717 0.029600 

20 Redox Biology 10,157 9.986 0.023810 
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Selected JCR Year: 2019; Selected Categories: “BIOCHEMISTRY and MOLECULAR BIOLOGY” 

Rank Full Journal Title Total Cites Journal Impact 
Factor Eigenfactor Score 

21 EMBO JOURNAL 64,724 9.889 0.059690 

22 CURRENT OPINION IN 
CHEMICAL BIOLOGY 10,968 9.689 0.017770 

23 PLANT CELL 54,927 9.618 0.048640 

24 CURRENT BIOLOGY 63,256 9.601 0.133170 

25 MOLECULAR ASPECTS 
OF MEDICINE 6,207 9.577 0.005750 

26 Molecular Systems Biology 8,914 8.991 0.017390 

27 Cell Systems 3,822 8.673 0.029290 

28 MATRIX BIOLOGY 6,878 8.572 0.011920 

29 ONCOGENE 66,303 7.971 0.068320 

30 Cell Chemical Biology 3,326 7.739 0.015770 

31 
CRITICAL REVIEWS IN 

BIOCHEMISTRY AND 
MOLECULAR BIOLOGY 

3,675 7.634 0.006380 

32 EMBO REPORTS 14,976 7.497 0.030290 

33 
BIOCHIMICA ET 

BIOPHYSICA ACTA-
REVIEWS ON CANCER 

5,650 7.365 0.007800 

34 PLOS BIOLOGY 31,650 7.076 0.060300 

35 Essays in Biochemistry 2,383 6.966 0.005060 

36 CURRENT OPINION IN 
STRUCTURAL BIOLOGY 11,035 6.908 0.021890 

37 
CELLULAR AND 

MOLECULAR LIFE 
SCIENCES 

26,128 6.496 0.037010 

38 Science Signaling 12,736 6.467 0.026590 

39 ANTIOXIDANTS & REDOX 
SIGNALING 21,119 6.323 0.024660 

40 Molecular Ecology 
Resources 10,868 6.286 0.019630 

41 FREE RADICAL BIOLOGY 
AND MEDICINE 42,665 6.170 0.036960 

42 BIOMACROMOLECULES 38,863 6.092 0.031320 

  



 57 

 
3 

Selected JCR Year: 2019; Selected Categories: “BIOCHEMISTRY and MOLECULAR BIOLOGY” 

Rank Full Journal Title Total Cites Journal Impact 
Factor Eigenfactor Score 

43 
Computational and 

Structural Biotechnology 
Journal 

1,954 6.018 0.004980 

44 CYTOKINE & GROWTH 
FACTOR REVIEWS 5,935 5.982 0.007380 

45 
Advances in Carbohydrate 

Chemistry and 
Biochemistry 

634 5.800 0.000340 

46 EXPERIMENTAL AND 
MOLECULAR MEDICINE 5,536 5.418 0.010300 

47 

AMERICAN JOURNAL OF 
RESPIRATORY CELL 

AND MOLECULAR 
BIOLOGY 

12,243 5.373 0.016040 

48 RNA Biology 6,589 5.350 0.015820 

49 
Acta Crystallographica 

Section D-Structural 
Biology 

21,750 5.266 0.018220 

50 MOLECULAR ECOLOGY 38,951 5.163 0.050800 

51 

INTERNATIONAL 
JOURNAL OF 
BIOLOGICAL 

MACROMOLECULES 

47,121 5.162 0.057240 

52 BIOCHEMICAL SOCIETY 
TRANSACTIONS 12,651 5.160 0.016140 

53 HUMAN MOLECULAR 
GENETICS 39,652 5.100 0.064170 

54 Journal of Genetics and 
Genomics 2,271 5.065 0.004310 

55 Cell and Bioscience 1,898 5.026 0.004210 

56 Antioxidants 2,568 5.014 0.004170 

57 FASEB JOURNAL 43,126 4.966 0.043730 

58 International Review of Cell 
and Molecular Biology 2,167 4.934 0.004350 

59 Open Biology 2,886 4.931 0.009590 

60 Journal of Integrative Plant 
Biology 5,005 4.885 0.006830 

61 Advances in Microbial 
Physiology 1,227 4.875 0.000960 

61 Nucleic Acid Therapeutics 1,030 4.875 0.003610 
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Selected JCR Year: 2019; Selected Categories: “BIOCHEMISTRY and MOLECULAR BIOLOGY” 

Rank Full Journal Title Total Cites Journal Impact 
Factor Eigenfactor Score 

63 
JOURNAL OF 

NUTRITIONAL 
BIOCHEMISTRY 

11,460 4.873 0.011150 

64 STRUCTURE 15,145 4.862 0.026940 

65 International Journal of 
Biological Sciences 6,262 4.858 0.009710 

66 BIOORGANIC 
CHEMISTRY 5,712 4.831 0.006730 

67 Genes & Diseases 1,081 4.803 0.003310 

68 JOURNAL OF 
MOLECULAR BIOLOGY 56,952 4.760 0.040330 

69 BIOFACTORS 3,769 4.734 0.002930 

70 BIOELECTROCHEMISTRY 4,944 4.722 0.004950 

71 
Reviews of Physiology 

Biochemistry and 
Pharmacology 

805 4.700 0.000670 

72 
JOURNAL OF ENZYME 

INHIBITION AND 
MEDICINAL CHEMISTRY 

5,415 4.673 0.005420 

73 BIOESSAYS 10,189 4.627 0.016560 

74 
INTERNATIONAL 

JOURNAL OF 
MOLECULAR SCIENCES 

77,286 4.556 0.143760 

75 APOPTOSIS 6,539 4.543 0.005880 

76 

BIOCHIMICA ET 
BIOPHYSICA ACTA-

MOLECULAR AND CELL 
BIOLOGY OF LIPIDS 

10,266 4.519 0.016350 

77 ACS Chemical 
Neuroscience 6,881 4.486 0.015300 

78 JOURNAL OF LIPID 
RESEARCH 24,223 4.483 0.022420 

79 ACS Chemical Biology 12,884 4.434 0.035490 

80 FEBS Journal 18,845 4.392 0.025250 

81 

JOURNAL OF 
PHOTOCHEMISTRY AND 

PHOTOBIOLOGY B-
BIOLOGY 

12,794 4.383 0.013640 

82 

BIOCHIMICA ET 
BIOPHYSICA ACTA-

MOLECULAR BASIS OF 
DISEASE 

15,965 4.352 0.024200 
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Selected JCR Year: 2019; Selected Categories: “BIOCHEMISTRY and MOLECULAR BIOLOGY” 

Rank Full Journal Title Total Cites Journal Impact 
Factor Eigenfactor Score 

83 
AMYLOID-JOURNAL OF 

PROTEIN FOLDING 
DISORDERS 

1,486 4.323 0.002920 

84 RNA 13,160 4.320 0.022400 

85 CURRENT OPINION IN 
LIPIDOLOGY 4,151 4.254 0.005450 

86 Epigenetics 5,512 4.251 0.009770 

87 JOURNAL OF 
BIOLOGICAL CHEMISTRY 349,091 4.238 0.200770 

88 JOURNAL OF CELLULAR 
BIOCHEMISTRY 22,080 4.237 0.019780 

89 Frontiers in Molecular 
Biosciences 1,590 4.188 0.006180 

90 CURRENT MEDICINAL 
CHEMISTRY 17,243 4.184 0.012960 

91 Food & Function 12,239 4.171 0.020970 

92 GENE THERAPY 6,795 4.128 0.005520 

93 ADDICTION BIOLOGY 4,329 4.121 0.008280 

94 

BIOCHIMICA ET 
BIOPHYSICA ACTA-
MOLECULAR CELL 

RESEARCH 

17,307 4.105 0.023080 

95 BIOCHEMICAL JOURNAL 45,579 4.097 0.025700 

95 Metabolites 1,886 4.097 0.003710 

97 MOLECULAR MEDICINE 4,955 4.096 0.004600 

98 Biomolecules 3,498 4.082 0.009390 

99 MOLECULES AND CELLS 5,064 4.081 0.007340 

100 
Progress in Molecular 

Biology and Translational 
Science 

2,888 4.074 0.005900 

101 JOURNAL OF 
NEUROCHEMISTRY 34,378 4.066 0.021840 

102 GLYCOBIOLOGY 7,465 4.060 0.008010 

103 BIOCONJUGATE 
CHEMISTRY 15,877 4.031 0.020310 
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Selected JCR Year: 2019; Selected Categories: “BIOCHEMISTRY and MOLECULAR BIOLOGY” 

Rank Full Journal Title Total Cites Journal Impact 
Factor Eigenfactor Score 

104 NEUROCHEMISTRY 
INTERNATIONAL 8,928 3.881 0.008010 

105 PROTEIN SCIENCE 13,592 3.876 0.017610 

106 EXPERT REVIEWS IN 
MOLECULAR MEDICINE 1,827 3.875 0.001180 

107 
INSECT BIOCHEMISTRY 

AND MOLECULAR 
BIOLOGY 

8,162 3.827 0.007670 

108 MOLECULAR 
CARCINOGENESIS 5,947 3.825 0.008130 

109 
JOURNAL OF STEROID 

BIOCHEMISTRY AND 
MOLECULAR BIOLOGY 

10,957 3.813 0.012900 

110 METHODS 23,124 3.812 0.025210 

111 Metallomics 5,237 3.796 0.009120 

112 Current Topics in 
Membranes 768 3.744 0.002170 

113 CHEMICO-BIOLOGICAL 
INTERACTIONS 12,153 3.723 0.011710 

114 Biomedical Journal 991 3.697 0.002410 

115 
MOLECULAR PLANT-

MICROBE 
INTERACTIONS 

11,599 3.696 0.008300 

116 

INTERNATIONAL 
JOURNAL OF 

BIOCHEMISTRY & CELL 
BIOLOGY 

16,037 3.673 0.013460 

117 EUROPEAN JOURNAL OF 
HUMAN GENETICS 10,250 3.657 0.020500 

118 MOLECULAR 
IMMUNOLOGY 11,488 3.641 0.013840 

119 MOLECULAR AND 
CELLULAR BIOLOGY 52,658 3.611 0.023360 

120 

JOURNAL OF 
BIOCHEMICAL AND 

MOLECULAR 
TOXICOLOGY 

2,430 3.606 0.002460 

121 PLANT SCIENCE 16,280 3.591 0.014260 

122 
Biochimica et Biophysica 

Acta-Gene Regulatory 
Mechanisms 

7,544 3.510 0.012190 

123 
MOLECULAR 

PHYLOGENETICS AND 
EVOLUTION 

19,367 3.496 0.024610 
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Selected JCR Year: 2019; Selected Categories: “BIOCHEMISTRY and MOLECULAR BIOLOGY” 

Rank Full Journal Title Total Cites Journal Impact 
Factor Eigenfactor Score 

124 Expert Opinion on Drug 
Metabolism & Toxicology 3,991 3.470 0.005900 

125 
BIOCHIMICA ET 

BIOPHYSICA ACTA-
BIOENERGETICS 

13,089 3.465 0.014710 

126 
CELLULAR & 

MOLECULAR BIOLOGY 
LETTERS 

1,510 3.451 0.001590 

127 CHROMOSOMA 3,259 3.442 0.004220 

128 
BIOCHIMICA ET 

BIOPHYSICA ACTA-
GENERAL SUBJECTS 

15,011 3.422 0.019730 

129 MOLECULAR 
MICROBIOLOGY 34,588 3.418 0.024150 

130 MACROMOLECULAR 
BIOSCIENCE 7,056 3.416 0.006020 

131 BIOCHIMIE 11,006 3.413 0.012410 

131 CHROMOSOME 
RESEARCH 2,237 3.413 0.002160 

133 
BIOCHIMICA ET 

BIOPHYSICA ACTA-
BIOMEMBRANES 

18,219 3.411 0.020320 

134 
ARCHIVES OF 

BIOCHEMISTRY AND 
BIOPHYSICS 

21,796 3.391 0.013440 

135 Molecular BioSystems 7,412 3.336 0.011880 

136 NITRIC OXIDE-BIOLOGY 
AND CHEMISTRY 4,226 3.311 0.004760 

137 PLANT MOLECULAR 
BIOLOGY 15,159 3.302 0.008710 

138 Current Molecular 
Pharmacology 767 3.283 0.000980 

139 
BIOINORGANIC 

CHEMISTRY AND 
APPLICATIONS 

947 3.273 0.000840 

140 BIOLOGICAL CHEMISTRY 6,185 3.270 0.006890 

141 MOLECULES 53,982 3.267 0.075300 

142 
JOURNAL OF THE 

AMERICAN SOCIETY FOR 
MASS SPECTROMETRY 

9,581 3.255 0.011520 

143 PROTEOMICS 14,205 3.254 0.017630 

144 
JOURNAL OF 

BIOLOGICAL INORGANIC 
CHEMISTRY 

4,151 3.246 0.004820 
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Selected JCR Year: 2019; Selected Categories: “BIOCHEMISTRY and MOLECULAR BIOLOGY” 

Rank Full Journal Title Total Cites Journal Impact 
Factor Eigenfactor Score 

145 
JOURNAL OF TRACE 

ELEMENTS IN MEDICINE 
AND BIOLOGY 

4,182 3.245 0.005770 

146 IUBMB LIFE 5,876 3.244 0.005200 

147 JOURNAL OF INORGANIC 
BIOCHEMISTRY 11,612 3.212 0.008050 

148 DNA AND CELL BIOLOGY 3,602 3.191 0.004100 

149 BMB Reports 2,771 3.167 0.004800 

150 YEAST 4,533 3.143 0.002720 

151 BIOORGANIC & 
MEDICINAL CHEMISTRY 30,067 3.073 0.024500 

152 JOURNAL OF 
STRUCTURAL BIOLOGY 10,073 3.071 0.025320 

153 AMINO ACIDS 9,918 3.063 0.008900 

154 FEBS LETTERS 48,353 3.057 0.030350 

155 PHYTOCHEMISTRY 31,929 3.044 0.010380 

156 NEUROCHEMICAL 
RESEARCH 9,819 3.038 0.011300 

157 
Advances in Protein 

Chemistry and Structural 
Biology 

733 3.014 0.001290 

158 
Comparative Biochemistry 

and Physiology D-
Genomics & Proteomics 

1,181 3.011 0.001600 

159 

BIOCHEMICAL AND 
BIOPHYSICAL 

RESEARCH 
COMMUNICATIONS 

85,844 2.985 0.075090 

160 CURRENT DRUG 
METABOLISM 3,749 2.960 0.003080 

161 CYTOKINE 10,665 2.952 0.014160 

161 
JOURNAL OF 

PHYSIOLOGY AND 
BIOCHEMISTRY 

1,854 2.952 0.002340 

161 PROCESS 
BIOCHEMISTRY 17,861 2.952 0.010340 

164 BIOSCIENCE REPORTS 5,711 2.942 0.009590 

165 
PROSTAGLANDINS 

LEUKOTRIENES AND 
ESSENTIAL FATTY ACIDS 

3,909 2.932 0.003540 
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Selected JCR Year: 2019; Selected Categories: “BIOCHEMISTRY and MOLECULAR BIOLOGY” 

Rank Full Journal Title Total Cites Journal Impact 
Factor Eigenfactor Score 

166 Lipids in Health and 
Disease 5,918 2.906 0.008830 

167 

COMPARATIVE 
BIOCHEMISTRY AND 

PHYSIOLOGY C-
TOXICOLOGY & 

PHARMACOLOGY 

6,711 2.892 0.003190 

168 ANALYTICAL 
BIOCHEMISTRY 37,978 2.877 0.012300 

169 BIOCHEMISTRY 70,613 2.865 0.046220 

170 PEPTIDES 10,405 2.843 0.007000 

171 FREE RADICAL 
RESEARCH 7,281 2.839 0.004740 

172 ACTA BIOCHIMICA ET 
BIOPHYSICA SINICA 3,743 2.836 0.004840 

173 
PHOTOCHEMICAL & 
PHOTOBIOLOGICAL 

SCIENCES 
6,997 2.831 0.005900 

174 
PROTEINS-STRUCTURE 

FUNCTION AND 
BIOINFORMATICS 

15,177 2.828 0.011090 

175 
MOLECULAR 

REPRODUCTION AND 
DEVELOPMENT 

5,496 2.823 0.004810 

176 MedChemComm 4,365 2.807 0.007660 

177 MOLECULAR GENETICS 
AND GENOMICS 4,740 2.797 0.006230 

178 REDOX REPORT 1,666 2.753 0.001280 

179 
PESTICIDE 

BIOCHEMISTRY AND 
PHYSIOLOGY 

5,930 2.751 0.005660 

180 Frontiers in Bioscience-
Landmark 8,356 2.747 0.004350 

181 PHOTOCHEMISTRY AND 
PHOTOBIOLOGY 10,220 2.721 0.004880 

182 CURRENT ISSUES IN 
MOLECULAR BIOLOGY 735 2.695 0.000860 

183 
JOURNAL OF 
MOLECULAR 

NEUROSCIENCE 
5,770 2.678 0.007150 

184 BIOLOGICAL TRACE 
ELEMENT RESEARCH 9,470 2.639 0.007660 

185 JOURNAL OF 
BIOMOLECULAR NMR 4,793 2.634 0.004360 
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In this pilot study, we explored the immune phenotype of patients with severe obe-

sity and comorbid depressive symptoms compared to non-depressed patients with

obesity and normal-weight controls. Immune cell subsets were analysed by flow

cytometry and depressive symptoms assessed using the Patient Health Question-

naire (PHQ-9). Cell frequencies were correlated with depressive symptom scores and

waist-to-hip ratio (WHR). Patients with obesity and comorbid depression showed sig-

nificantly lower numbers of circulating cytotoxic natural killer cells, dendritic cells and

CD8+ effector memory T cells, compared to normal-weight controls. Regulatory T

cells and CD4+ central memory T cells were increased compared to non-depressed

patients with obesity and compared to normal-weight controls, respectively. Fre-

quencies of cytotoxic natural killer cells and CD4+ central memory T cells significantly

correlated with PHQ-9 scores, but not with WHR. Reduced numbers of dendritic

cells were observed in both patient groups with obesity and correlated with PHQ-9

scores and WHR. These findings provide evidence for an altered immune composi-

tion in comorbid obesity and depression, supporting a pathobiological overlap

between the two disorders.

K E YWORD S

depression, immunophenotyping, inflammation, obesity

1 | INTRODUCTION

Major depressive disorder (MDD) is a common psychiatric disorder with a

life-time prevalence of approximately 20%.1 MDD is associated with

increased mortality,2,3 and causes substantial burden of disease.4,5

Importantly, MDD is frequently associated with medical comorbidities,3,6

including metabolic disorders such as type 2 diabetes and metabolic syn-

drome.7,8 In particular, a strong bidirectional epidemiological link has been

established between obesity and MDD, with both conditions increasing

the risk of developing the other by approximately 50%.9 Intriguingly, a

recent analysis revealed that the link between depression and obesity may

drive the association with numerous other medical comorbidities ofKim Hinkelmann and Stefan M. Gold contributed equally to this study.
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MDD.10 Furthermore, this may extend to sub-clinical levels as a met-

abolomics study in MDD patients detected significant dyslipidaemia, char-

acterized by increased very low-density lipoprotein (VLDL) and triglycerides

as well as reduced high-density lipoprotein (HDL).11 These findings were

independent of sex, age or body mass index (BMI), suggesting that they

may be early manifestations of metabolic dysfunction in MDD.11

Emerging evidence supports the notion that comorbid obesity

and depression may—at least in part—be due to converging biological

pathways.12 For example, work in animal models has shown that obe-

sity induces accumulation of senescent glial cells,13 which, in turn,

directly drive the occurrence of anxiety/depression-like behaviour.13

Clearance of these pro-inflammatory cells rescued the behavioural

phenotype. Similarly, inflammatory mechanisms have been implicated

in comorbid depression and obesity in humans, as genetic risk factors

overlap between these disorders.14 This association was particularly

obvious in patients with “atypical depression”—characterized by

hyperphagia/weight gain, hypersomnia and fatigue—who were also

more likely to carry genetic variants implicated in higher BMI and

increased levels of C-reactive protein (CRP) and leptin.14

Indeed, chronic, low-grade inflammation has been described in

both obesity and MDD with increased levels of peripheral markers

such as CRP and cytokines, including Interleukin 6 (IL-6) and tumour

necrosis factor-α (TNF-α).15,16 The “immuno-metabolic” model of

depression thus describes how a chronic pro-inflammatory state

might induce symptoms like fatigue, changes in appetite/weight,

hypersomnia/hyposomnia and depressed mood.12,17 Adipose tissue

also directly influences the function of the immune system through

production of pro-inflammatory cytokines.18,19 Of note, changes in

frequencies of circulating lymphocytes, monocytes and natural killer

cells have been described in both obesity20-22 and MDD.23-26

Taken together, these findings support the idea that obesity-

induced immune dysfunction might be one pathophysiological mecha-

nism that is shared by obesity and MDD. Studying immune alterations

in patients with severe obesity and comorbid depression could pro-

vide further insights into the potential role of the immune system in

linking these two disorders.

2 | MATERIAL AND METHODS

2.1 | Participants

Three groups of participants were included in this study: lean healthy

controls, participants with severe obesity and patients with severe

obesity and comorbid depressive symptoms. The study was approved

by the local ethics committee (Charité Universitätsmedizin Berlin,

Campus Mitte, EA1/063/16). The study was conducted in accordance

with the ethical standards concerning clinical studies involving human

participants as stated in the Declaration of Helsinki. Written consent

was provided by all participants prior to enrolment.

Healthy controls were recruited via online advertisements and bul-

letins and were free of relevant medical disorders (hypertension, insulin

resistance or diabetes, hypothyroidism or coronary heart disease), or

psychiatric illnesses, as assessed by taking their detailed medical history,

weight and blood pressure measurements, and standard laboratory

diagnostics (including count of leukocytes and quantification of

haemoglobin, cholesterol, triglycerides, HDL, LDL and HbA1c).

Participants with obesity were recruited from the Department of

Psychosomatic Medicine (Charité), at the beginning of a 6-month mul-

timodal (psychosocial, nutritional and exercise) outpatient treatment

programme specifically designed for patients with severe obesity.

2.2 | Clinical examination and questionnaires

Depressive symptoms were assessed using the Patient Health Ques-

tionnaire (PHQ-9)27-30 and caseness defined by a score of ≥10. The

Generalized Anxiety Disorder 7-item (GAD-7)31,32 scale was used to

assess the level of anxiety. Clinical parameters (blood pressure, height,

weight, waist and hip circumference) were measured by trained medi-

cal staff.

2.3 | Blood collection and isolation of peripheral
mononuclear blood cells

Whole blood was collected in heparinized tubes (BD, Germany), diluted

in phosphate-buffered saline (PBS, 1:1; Gibco, ThermoFisher Scientific,

Germany) and layered on top of density medium (Biocoll, Merck, Ger-

many) for gradient centrifugation. PBMCs were collected from the

interphase and after two washing steps with PBS, cells were aliquoted

in RPMI 1640 + GlutaMax medium (Gibco, Thermofisher Scientific,

USA) containing 25% foetal calf serum (FCS; Merck, Germany) and 10%

dimethyl sulfoxide (DMSO; AppliChem, USA) at 1 × 107 cells/mL. Ali-

quots were stored in a freezing container filled with isopropyl alcohol

(Mr. Frosty, Merck, Germany) at −80!C for 24 hours and then trans-

ferred to liquid nitrogen for long-term storage.

2.4 | Flow cytometry

Immunophenotyping of cryopreserved PBMC samples was performed

by flow cytometry. Four antibody panels were established and applied

for identification of several T cell subsets (including regulatory T cells,

CD4+ and CD8+ naive/memory T cells), B cells, natural killer cells

(NK), monocyte subsets (classical, non-classical and intermediate) and

dendritic cells (DCs). A detailed description of all antibody panels is

presented in Table S1. Experiments were carried out on a FACSCanto

II flow cytometer (BD, Germany). Instrument set-up and compensa-

tion were performed prior to the experiments using the same proto-

col. Antibody staining mixes were freshly prepared in staining buffer

(PBS (Sigma Aldrich, USA), +0.5% bovine serum albumin (Miltenyi Bio-

tec, Germany) + 0.5 M EDTA (Promega, Germany)).

Two vials of cryopreserved PBMCs were thawed per donor. After

removal from liquid nitrogen, PBMC vials were transferred to a 37!C

water bath for 1 to 2 minutes. Cells were then slowly transferred
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into a 12 mL centrifuge tube containing 10 mL pre-warmed RPMI

1640 + Glutamax medium (Gibco, Thermofisher Scientific, USA)

+ 10% FCS. Cells were centrifuged at 250×g for 6 minutes at room

temperature (RT) and re-suspended in media. The samples were fil-

tered using cell strainer 70 μm filters (Sarstedt, Germany) to obtain

single-cell suspensions, washed three times with PBS (4!C) and then

evenly distributed to four 5 mL flow cytometry tubes. Following a

centrifugation step, PBMCs were incubated with 50 μL of a live/dead

(L/D) marker in PBS. For the naive/memory T cell panel, CCR7 APC

antibody was also added to the cell suspension. After a 15 minutes

incubation time, antibody premixes were added to the respective

tubes and incubated for an additional 15 minutes. Following incuba-

tion, 1 mL of staining buffer was added to each tube and samples

were centrifuged at 350×g for 5 minutes. PBMCs were re-suspended

in FACS buffer and tubes were kept on ice until measurement.

The gating strategies for the identification of PBMC sub-

populations are depicted in Figures S1 and S2.

2.5 | Analysis and statistics

Analysis of flow cytometry data was carried out using FlowJo software

version 10.1 (Trestar Inc., USA). PBMC sub-population frequencies

were expressed as percentages among a suitable reference population.

Due to varying sample quality, we only included cell populations of

samples with at least 100 events in the respective parent gate. This

explains diverging sample sizes for analyses of different cell populations.

Sample sizes for each analysis are listed in the figure legends.

Statistical analyses were computed in GraphPad Prism Version

7 software (GraphPad Software Inc., USA). For this exploratory study,

we employed a stepwise statistical approach: First, for each immune

cell subset analysed, we performed an omnibus Kruskal-Wallis test,

with adjusted pairwise post hoc comparisons (Dunn's multiple com-

parison test) in case of an overall effect in the omnibus test. Finally,

for those markers that showed robust group differences in the post

hoc test, we also ran correlation analyses (Spearman's correlation) to

explore the strength of association with psychiatric (GAD-7 scores,

PHQ-9 total scores and individual item scores, the latter are reported

both without and with adjustments for multiple testing using Holm's

correction) and metabolic (WHR, systolic and diastolic blood pressure)

variables of interest. For display purposes, we show the Spearman

rank correlation data as scatter plots of raw data.

3 | RESULTS

3.1 | Patient characteristics

Clinical and demographic characteristics of healthy controls (HCs),

patients with obesity (Ob) and patients with obesity and comorbid

depression (Ob + D) are shown in Table 1. Age and sex distributions

were similar across groups. The two cohorts of people with severe

obesity did not differ in BMI or waist circumference. PHQ-9 scores in

the depressed group indicated moderate to severe depression. As

expected, patients with obesity and comorbid depressive symptoms

also reported higher scores on the GAD-7 scale.

3.2 | CD4+ and CD8+ T cell subsets

Overall, significant differences were observed regarding the frequency

of CD4+ central memory T cells (TCM) (KW P = .018) (Figure 1A). The

post hoc test was significant for the comparison between Ob + D and

HC. Frequencies of circulating CD4+ TCM were significantly corre-

lated with depression severity (r = 0.3711, P = .0087), but not WHR

measurements, GAD-7 scores or blood pressure measurements

(Figure 1B). Furthermore, as an explorative post hoc analysis, the fol-

lowing PHQ item scores were significantly correlated with CD4+ TCM

frequencies: Loss of interest and/or pleasure (PHQ 9_1, r = 0.2986,

P = .0415), difficulty sleeping (PHQ_3, r = 0.2909, P = .0473), changes

in appetite (PHQ_5, r = 0.3471, P = .0168) and difficulty concentrating

(PHQ_7, r = 0.3687, P = .0108) (Figure 1C). However, no associations

exceeded the threshold for significance after adjusting for multiple

testing. No significant differences in population frequencies of naive,

effector memory or effector memory CD4+ T cells re-expressing

CD45RA were detected (Figure S4).

The frequency of circulating regulatory T cells (Treg, defined as

CD4+CD25+CD127-cells) was significantly different across groups.

(KW P = .023). Specifically, frequencies were increased in patients

with obesity and comorbid depressive symptoms (Ob + D) when com-

pared to non-depressed patients with obesity (Ob) (Figure S3A). No

group differences in relative frequencies of naive and memory Treg

sub-populations were detected (Figure S3B). The expression of the

inhibitory marker PD-1 on Treg was significantly increased in patients

with obesity compared to HCs (Figure S3C). However, numbers of

regulatory T cells did not correlate with PHQ-9 scores or WHR.

In the CD8+ T cell compartment, significant reductions of effector

memory T cells (CD8+ TEM) were observed in Ob compared to HC

(KW P = .03) (Figure S5C). The amount of circulating CD8+ TEM did

not correlate with PHQ-9 scores or WHR. No changes in relative fre-

quencies of naive CD8+ T cells (Figure S5A), CD8+ central memory

(Figure S5B) or CD8+ effector memory T cells re-expressing CD45RA

(Figure S5D) were detected.

3.3 | Natural killer cell subsets

The relative frequency of circulating cytotoxic natural killer cells (NKc)

showed significant group differences (KW P = .006, Figure 2A), with

post hoc test confirming lower levels in Ob + D compared to

HC. Neither frequency of total natural killer cells (NK) nor regulatory

NK cells (NKreg) differed between groups (Figure 2A). Frequencies of

NKc were inversely correlated with PHQ-9 scores (r = −0.3862,
P = .01, Spearman's test), but not significantly associated with WHR

(Figure 2B). The exploratory post hoc analysis showed a significant

correlation of the following PHQ item scores with relative NKc
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frequencies: sadness/depression (PHQ_2, r = −0.409, P = .0065), neg-

ative self-perception (PHQ_6, r = −0.3639, P = .0164) and psychomo-

tor symptoms (PHQ_8, r = −0.4126, P = .006) (Figure 2C). However,

none of the correlations with PHQ items remained significant after

correcting for multiple testing.

3.4 | Dendritic cells, monocyte and B cells

Frequencies of dendritic cells (DCs) showed significant group dif-

ferences (KW P = .001, Figure 3A), driven by lower levels in both

Ob and Ob + D compared to HC. Frequencies of circulating DCs

inversely correlated with both depression severity (r = −0.4167,
P = .0016, Spearman's test) and WHR (r = −0.4022, P = .0026)

(Figure 3B). In addition, we found significant correlations of the fol-

lowing PHQ item scores: low energy level (PHQ_4, r = −0.3622,

P = .0066), changes in appetite (PHQ_5, r = −0.3485, P = .0091),

negative self-perception (PHQ_6, r = −0.3154, P = .019), difficulty

concentrating (PHQ_7, r = −0.2912, P = .031) and psychomotor

symptoms (PHQ_8, r = −0.3478, P = .0093) (Figure 3C). Again, none

of the PHQ item correlations remained significant after correcting

for multiple comparisons. No significant group differences con-

cerning the relative frequencies of classical, intermediate or non-

classical monocytes (Figure S6A) or B cells (Figure S6B) were

found.

4 | DISCUSSION

In this exploratory study, we observed alterations in several innate

and adaptive immune cell subsets between HCs, patients with obesity

and patients with obesity and comorbid depression. Our most robust

TABLE 1 Demographic and clinical characteristics

HC (n = 20) Ob (n = 20) Ob + D (n = 15) P valuea Post hoc statisticb

Age (years) 36.6 ± 10.9 47.7 ± 11.5 40.9 ± 13.8 .0217 —

Height (cm) 171.8 ± 8.8 165.6 ± 13.2 169.8 ± 11.2 .4483 —

Weight (kg) 67.7 ± 8.3 128.3 ± 23 130.1 ± 26.1 <.0001 HC vs Ob: P < .0001
HC vs Ob + D: P < .0001
Ob vs Ob + D: P > .9999

BMI (kg/m2) 22.9 ± 1.6 46.1 ± 5.3 44.6 ± 5.3 <.0001 HC vs Ob: P < .0001
HC vs Ob + D: P = .0001
Ob vs Ob + D: P > .9999

Waist circumference (cm) 76.9 ± 6 128.5 ± 13.6 126.6 ± 15.7 <.0001 HC vs Ob: P < .0001
HC vs Ob + D: P < .0001
Ob vs Ob + D: P > .9999

Waist-to-hip ratio 0.8 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 .0005 HC vs Ob: P = .0009
HC vs Ob + D: P = .0105
Ob vs Ob + D: P > .9999

Sys. blood pressure (mmHg) 113.4 ± 12.7 130.8 ± 15.3 130.9 ± 8 .0002 HC vs Ob: P = .0016
HC vs Ob + D: P = .0009
Ob vs Ob + D: P > .9999

Dias. blood pressure (mmHg) 75.1 ± 10.6 83.7 ± 12 83.27 ± 10.6 .0575 —

% Current smokers 20 11.76 20 .7707 —

% Females 75 70 73.3 .8 —

PHQ-9 3.1 ± 1.5 6.4 ± 2.5 14.7 ± 3.3 <.0001 HC vs Ob: P = .0131
HC vs Ob + D: P < .0001
Ob vs Ob + D: P = .0006

GAD-7 sum 2.7 ± 1.9 4.1 ± 3 8.4 ± 2.7 <.0001 HC vs Ob: P = .8728
HC vs Ob + D: P < .0001
Ob vs Ob + D: P = .0037

% Hypertension 0 65 33.3 <.0001 —

% Insulin resistance/diabetes 0 55 26.7 .0005 —

% Hypothyroidism 0 40 40 .0047 —

% Metabolic disorder 0 42.1 36.3 .0282 —

Note: Unless specified otherwise, values represent the mean ± standard deviation.
Abbreviations: BMI, body mass index; GAD-7, Generalizied Anxiety Disorder Scale-7; HC, healthy controls; Ob, patients with obesity; Ob + D, patients
with obesity and comorbid depression; PHQ-9, Patient Health Questionnaire-9.
aKruskal-Wallis test was used for continuous and chi-square test for dichotomous variables.
bPost hoc comparisons were calculated using Dunn's multiple comparisons.
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findings included lower frequencies of NKc and higher levels of CD4

TCM cells in patients with comorbid obesity and depressive symp-

toms when compared to lean HCs. These findings also showed a sig-

nificant bivariate association with depression severity but not WHR.

This indicates potentially depression-specific immune dysregulations

in patients with severe obesity.

In addition, numbers of dendritic cells were significantly reduced

in patients with obesity as well as patients with obesity and comorbid

depression compared to HCs. Importantly, the number of dendritic

cells correlated with both WHR and PHQ scores. Our results thus sug-

gest that dendritic cell frequency may be an immunological correlate

that is shared between obesity and depression.

(A)

(C)(B)

F IGURE 2 NK cell sub-populations in comorbid depression and obesity: Relative frequencies of NK cells among live lymphocytes and NKc
and NKreg subsets among total NK cells, median shown (A). Spearman's correlation of NKc frequencies with PHQ-9 scores and WHR (B).
Correlation of PHQ sub-items with relative frequencies of NKc. Rho value depicts the strength of the correlation, * represents unadjusted P value
<.05; ** represents unadjusted P < .001 (C). NK frequency: n (HC) = 18; n (Ob) = 19; n (Ob + D) = 14; NKc and NKreg: n (HC) = 18; n (Ob) = 14;
n (Ob + D) = 12. HC, healthy controls; NK, natural killer cells; NKc, cytotoxic natural killer cells; NKreg, regulatory natural killer cells; Ob, patients
with obesity; Ob + D, patients with obesity and comorbid depression; PHQ-9, Patient Health Questionnaire 9; WHR, waist-to-hip ratio

(A) (B) (C)

F IGURE 1 T cell sub-populations in comorbid depression and obesity: Relative frequencies of CD4+ TCM, median shown (A). Correlation
analysis of CD4+ TCM relative frequencies with WHR and PHQ-9 scores in the total sample (B). Correlation of PHQ sub-items with relative
frequencies of CD4+ TCM. Rho value depicts the strength of the correlation, * represents unadjusted P value <.05 (C). n (HC) = 19; n (Ob) = 17;
n (Ob + D) = 11. HC, healthy controls; Ob, patients with obesity; Ob + D, patients with obesity and comorbid depression; PHQ-9, Patient Health
Questionnaire 9; TCM, central memory T cells; WHR, waist-to-hip ratio
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Decreased function33-35 and lower numbers of NK cells24,34,36,37

in MDD have long been reported in the literature, although not all

studies have found this.26 Gene expression analyses of PBMCs

obtained from depressed patients revealed significant down-

regulation of genes contributing to NK cell activation.38 The findings

of our study—lower numbers of circulating NKc in patients with obe-

sity and comorbid depression—are in line with most previous findings

in MDD. In obesity, dysregulation of NK cells also has pathophysiolog-

ical implications.39 Since reduced frequency of NKc significantly cor-

related with depression severity, but not waist-to-hip ratio, this might

indicate some specificity of this association with depression, at least

in comorbid patient cohorts like ours.

The role of dendritic cells in MDD is less clear. We observed sig-

nificantly reduced numbers of DCs in patients with obesity as well as

in patients with obesity and comorbid depression compared to HCs.

Furthermore, the amount of circulating DCs correlated with both

depression severity and WHR in the total sample. One study examin-

ing patients with Alzheimer's disease found that reduced numbers of

circulating dendritic cells were significantly associated with depression

severity.40 A study in patients suffering from bipolar disorder also

identified impaired function of DCs, which was improved upon in vitro

treatment with lithium.41 Reduced numbers of dendritic cells and their

functional impairment have previously been reported in patients with

severe obesity,42 which is also in accordance with our findings. Given

that number of dendritic cells correlated with both PHQ scores and

WHR, altered dendritic cell number and function might be involved in

a shared pathophysiological mechanism of obesity and MDD.

In our study, we defined dendritic cells as CD20−CD14−/CD56−/

HLA-DR+ of the CD3- non-T cell population.43 This identification

strategy has obvious limitations, since we did not stain for markers

specific for dendritic cells such as CD11c and CD123, which also

allow for the differentiation of myeloid and plasmacytoid DCs.43,44 In

spite of these shortcomings, we believe that our findings could serve

to encourage further research on dendritic cells in MDD and obesity,

as altered phenotypes of other cells belonging to the myeloid lineage

have been described in both MDD23 and obesity.20,22

We detected increased frequencies of CD4+ central memory T

cells in patients with obesity and comorbid depression compared to

HC, which also correlated with depression severity (but not WHR).

While there are, to this date, not many studies that have specifically

investigated the role of memory T cells in MDD,24 there is a body of

evidence that suggests a role of altered T cell phenotypes in

MDD.24,33,36,37 One possible explanation for the higher numbers of

CD4+ central memory T cells could be the increased vulnerability to

infection in patients with depression.45 A significant association of

depression and herpes simplex-1 infection, among others, has been

confirmed in a meta-analysis.46 Higher numbers of CD4+ TCM could

be caused by more frequent and/or persistent infections in MDD

patients compared to the general population, especially in those with

comorbid obesity, given that obesity itself poses a risk factor for

increased susceptibility to viral infection.42

Concerning correlations with individual PHQ items, in the case of

dendritic cells, their abundance was correlated with appetite changes

and fatigue (defined as “low energy level”), two symptom domains

that are considered central to the atypical/“immuno-metabolic”
depression profile.1,12 Concerning CD4+ TCM, significant correlations

were observed in the domains of appetite changes and changes in

sleeping patterns, also associated with this subtype of depression. In

contrast, the PHQ sub-items, which were significantly correlated with

the abundance of NKc, could be cautiously interpreted to be more

reminiscent of a melancholic depression subtype.1 However, following

adjustment for multiple testing, none of the correlations with PHQ

sub-items remained below a significance level of 0.05. Since these

post hoc analyses were explorative in nature, these results need to be

interpreted with great caution and should be followed-up in larger

samples.

In our study, we found significantly increased frequencies of reg-

ulatory T cells in patients with obesity and comorbid depression

F IGURE 3 Dendritic cells in comorbid depression and obesity: Relative frequencies of DCs among live non-T cells, median shown (A).
Spearman's correlation of DC frequencies with PHQ-9 scores and WHR (B). Correlation of PHQ sub-items with relative frequencies of DCs. Rho
value depicts the strength of the correlation, * represents unadjusted P value <.05; ** represents unadjusted P < .001 (C). n (HC) = 20; n (Ob) = 20;
n (Ob + D) = 15. DCs, dendritic cells; HC, healthy controls; Ob, patients with obesity; Ob + D, patients with obesity and comorbid depression;
PHQ-9, Patient Health Questionnaire 9; WHR, waist-to-hip ratio
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compared to controls with obesity but not compared to HCs. Previous

studies on regulatory T cells in obesity are conflicting: One study

reported lower frequencies in individuals with obesity,20 but another

study reported an increase of regulatory T cells.21 These inconsis-

tencies might be, in part, caused by different marker combinations for

identification of regulatory T cells using flow cytometry. Since

changes in the abundance of regulatory T cells in the depressed group

did not correlate with PHQ, our results should be interpreted with

caution. Generally speaking, the role of regulatory T cells in MDD and

obesity is still being debated, with some studies reporting higher

abundance24,37 and others reduced numbers.33

It should be noted that we did not observe changes in the abun-

dance of monocyte populations. Our findings are thus in contrast

with previous reports, where an increase in non-classical and inflam-

matory monocytes has been reported for both obesity and

MDD.22,23,26 Similarly, monocyte-derived microglia-like cells have

been shown to be correlated with suicidal ideation in psychiatric

patients.47 The discrepancies between our findings and the current

literature could be due to the small sample size investigated in this

study and warrant further clarification in the form of well-controlled,

large-scale studies. While our study might encourage further research

to be focused on the subsets we identified, monocytes and

monocyte-derived cells remain important candidates to be investi-

gated for their potential pathophysiological role in mood disorders

with and without comorbid obesity.

Several potential limitations of our study need to be considered.

First, our sample was comparatively small. Depression was defined by

a PHQ-9 score ≥10 and not diagnosed by means of a structured clini-

cal interview conducted by a trained psychiatrist. Our analysis of the

immune phenotype was purely descriptive and does not include any

functional readouts. We used measures of waist-to-hip ratio instead

of BMI for correlation analyses, given the known shortcomings of

BMI for assessing risk factors associated with obesity.48 However,

measuring waist and hip circumference can prove difficult in patients

with morbid obesity. We refrained from performing correlation ana-

lyses of PHQ-9 scores with BMI and waist circumference given their

strong bimodal distribution in our sample. Importantly, while some of

our findings suggest potential additive associations with obesity and

depressive symptoms, our study did not include a group of lean partic-

ipants with depressive symptoms. Thus, these results should be inter-

preted with caution.

The cross-sectional nature of our study precludes any interpreta-

tions of cause and effect between depressive symptoms and immuno-

logical markers. Longitudinal or interventional studies would be

needed to better understand the relationship between them. More-

over, additional factors, such as health behaviours (diet, exercise,

smoking, etc.) may play a role. For example, a study on patients with

coronary heart disease uncovered a direct association of depressive

symptoms and poor lifestyle behaviours, including higher BMI and

waist-to-hip ratio.49 Another recent study identified a strong behav-

ioural overlap between obesity and depression.50

Obesity affects treatment outcome in MDD, since patients

with higher BMI tend to show an unfavourable treatment

response to conventional treatment strategies.51 Therefore, iden-

tifying patients with “immuno-metabolic” depression may ulti-

mately help to optimize treatment strategies. In summary, our

results indicate a potential role of cytotoxic NK cells, dendritic

cells and certain T cell subsets in obesity with comorbid depres-

sion. These findings are in line with the notion that the immune

system might play a role in the shared pathophysiology between

MDD and obesity.
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Antibody Panels 
 
Fluorochrome Regulatory 

T cells 

Naïve/memory 
T cells 

T cell subsets Non-T cells 

AF 488*/FITC$ KLRG1* 
(13F12F2) 

Thermofisher 
 

KLRG1* (13F12F2) 
Thermofisher 
 

KLRG1* 
(13F12F2) 

Thermofisher 

HLA-DR (LN3)$ 
Biolegend 

PE PD-1 (EH12.2H7) 

Biolegend 

PD-1 (EH12.2H7) 

Biolegend 

PD-1 

(EH12.2H7) 

Biolegend 

CD56 (HCD56) 

Biolegend 

PerCP-Cy5.5 CD4 (RPA-T4) 

Biolegend 

CD4 (RPA-T4) 

Biolegend 

CD4 (RPA-T4) 

Biolegend 

CD4 (RPA-T4) 

Biolegend 

PE-Cy7 CD45RA (HI100) 
Biolegend 

CD45RA (HI100) 
Biolegend 

CCR6 (G034E) 
Biolegend 

CD20 (2H7) 
Biolegend 

APC CD127 (A019D5) 

Biolegend 

CCR7 (G043H7) 

Biolegend 

CCR4 (L291H4) 

Biolegend 

CD16 (3G8) 

Biolegend 

BV421 CD25 (M-A251) 

Biolegend 

CD3 (UCHT1) 

Biolegend 

CXCR3 

(G025H7) 

Biolegend 

CD14 (HCD14) 

Biolegend 

BV510 CD3 (UCHT1) 

Biolegend 

CD8 (RPA-T8) 

Biolegend 

CD3 (UCHT1) 

Biolegend 

CD3 (UCHT1) 

Biolegend 

 
Zombie NIR 

Biolegend 

Zombie NIR 

Biolegend 

Zombie NIR 

Biolegend 

Zombie NIR 

Biolegend 

Table 1 │Antibody panels for the analysis of PBMC subsets: regulatory T cells (Treg), naive and 

memory T cell subsets, helper T cell subsets based on the expression of chemokine receptors and 

non-T cell subsets. Antibody clones are indicated in brackets, company name in italics.  
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Figure S1 │Flow cytometry gating strategy for the identification of naïve and memory subsets in 

helper T and cytotoxic T cells and regulatory T cells (Treg). Lymphocytes were identified by forward 

scatter area (FSC-A) and sideward scatter (SSC-A) properties. Doublets and dead cells were then 

excluded. Next, the CD3+CD4+ population was gated on and Treg identified according to CD25 and 

CD127 surface expression (CD25+CD127-/low). Naïve and memory Treg subsets were further 

subclassified according to their expression of CD45RA. Tregs were also analysed for their expression 

- T naive/memory subsets
- regulatory T cells
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of PD-1 and KLRG1. Helper T cells and cytotoxic T cells were discriminated by their differential 

expression of CD4+ (helper T cells) and CD8+ (cytotoxic T cells). By gating for CCR7 and CD45RA, 

the CD4+ and CD8+ populations were split into naïve T cells (CCR7+/CD45RA+), central memory cells 

T cells (CCR7+/CD45RA-), effector memory T cells (CCR7-/CD45RA-) and effector memory T cells re-

expressing CD45RA (CCR7-/CD45RA+) 
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Figure S2 │Flow cytometry gating strategy for the identification of classical (CD14++CD16-), 

intermediate (CD14+CD16+) and non-classical (CD14+CD16++) monocytes, B cells, Natural killer (NK) 

cells and dendritic cells (DCs). Monocytes were identified by FSC-A and SSC-A properties, doublets 

and dead cells excluded. Remaining CD3+ T cells, B cells (CD20+) and NK cells (CD56+) as well as 

CD14-HLA-DR- cells were excluded. Monocyte populations were then classified according to their 

expression of CD14 and CD16. B cells were defined according to positivity for CD20 and NK cells 
defined as CD20-CD14-CD56+ starting from the lymphocyte gate. Cytotoxic NK cells (NKc) were 

defined as CD56+ and CD16++, whereas regulatory NK cells (NKreg) were classified as CD56++CD16-/+. 

Dendritic cells were defined as HLA-DR+ after the exclusion of monocytes, B cells and NK cells from 

CD3- non-T cell population gated from all cells. 
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Figure S3 │Immune phenotype of regulatory T cells (CD4+/CD127-/CD25+), including naïve and 

memory subpopulations in healthy controls, patients with obesity and patients with obesity and 

comorbid depression. Relative frequencies of regulatory T cells (A) and naïve and memory subsets (B) 
and expression of KLRG1 and PD-1 on Treg (C), median shown. Gating strategies for these CD4+ T 

cell subpopulations are depicted in Figure S1. Regulatory T cells: n (HC)= 18; n (Ob)= 15; n (Ob+D)= 

9; nTreg and memory T reg: n (HC)= 17; n (Ob)= 11; n (Ob+D)= 9;  HC, Healthy controls; Ob, Patients 

with obesity; Ob+D, Patients with obesity and comorbid depression; Treg, regulatory T cells; nTreg, 
naïve regulatory T cells. 
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Figure S4 │Immune phenotype of naïve and memory CD4+ T cell subpopulations in healthy controls, 

patients with obesity and patients with obesity and comorbid depression. Relative frequencies of naïve 

T cells (A), effector memory T cells (B) and effector memory T cells re-expressing CD45RA (C), 
median shown. Gating strategies for these CD4+ T cell subpopulations are depicted in Figure S1. n 

(HC)= 19; n (Ob)= 17; n (Ob+D)= 11;  HC, Healthy controls; Ob, Ob, Patients with obesity; Ob+D, 

Patients with obesity and comorbid depression; TN, naïve T cells; TEM, effector memory T cells; 

TEMRA, effector memory T cells re-expressing CD45RA 

 

 

Figure S5 │Immune phenotype of naïve and memory CD8+ T cell subpopulations in healthy controls, 

patients with obesity and patients with obesity and comorbid depression. Relative frequencies of naïve 

T cells (A), central memory T cells (B), effector memory T cells (C) and effector memory T cells re-

expressing CD45RA (D), median shown. Gating strategy for these CD8+ T cell subpopulations is 

depicted in Figure S1. n (HC)= 17; n (Ob)= 14; n (Ob+D)= 9; HC, Healthy controls; Ob, Patients with 

obesity; Ob+D, Patients with obesity and comorbid depression; TN, naïve T cells; TCM, central 
memory T cells; TEM, effector memory T cells; TEMRA, effector memory T cells re-expressing 

CD45RA 
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Figure S6 │ Relative amount of monocyte subpopulations and B cells in healthy controls, patients with 

obesity and patients with obesity and comorbid depression. Relative frequencies of classical 

(CD14++/CD16-), intermediate (CD14++/CD16+) and non-classical (CD14+/CD16++) monocytes, median 

shown (A). Relative B cell (CD3-/CD20+) frequencies, median shown (B). Gating strategies for 
monocytes and B cells are shown in Figure S2. Monocytes: n (HC)= 20; n (Ob)= 16; n (Ob+D)= 12; B 

cells: n (HC)= 20; n (Ob)= 20; n (Ob+D)= 15;  HC, Healthy controls; Ob, Patients with obesity; Ob+D, 

Patients with obesity and comorbid depression. 
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6. Lebenslauf 
Mein Lebenslauf wird aus datenschutzrechtlichen Gründen in der elektronischen 
Version meiner Arbeit nicht veröffentlicht. 
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