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ABSTRACT 

Adipose stem/stromal cells (ASCs) are promising cells for regenerative medicine and 

immunomodulatory therapies because of their abundance, ease of isolation, 

multipotency, and robust secretory activity. ASCs contribute to adipose tissue 

homeostasis and exert therapeutic effects in part through their ability to modulate 

immune responses and support vascular formation. However, obesity and its 

common comorbidity, type 2 diabetes (T2D), are chronic inflammatory states that 

may impair the regenerative and immunomodulatory potential of ASCs. Moreover, 

whether weight loss through bariatric surgery can restore ASC functionality remains 

poorly understood. This thesis aimed to investigate how obesity, T2D, and 

subsequent weight loss influence the immunomodulatory and angiogenic properties 

of human ASCs. 

In inflammatory disorders, ASCs exert their therapeutic effects predominantly 

through their ability to modulate immune responses. In the first study, we evaluated 

the effects of the donor body mass index (BMI) and T2D on the immunomodulatory 

functions of ASCs, focusing on their interaction with CD4+ T cells. ASCs isolated from 

nondiabetic donors with a normal BMI and from diabetic donors with obesity were 

compared in terms of proliferation, multipotent differentiation capacity, oxidative 

stress, and immunophenotype. When cocultured with activated CD4+ T cells, both 

ASC types responded to inflammation by upregulating the expression of 

immunomodulatory molecules (CD54, CD274, and IDO), reducing CD4+ T-cell 

viability and interferon-�J�D�P�P�D�� ���,�)�1������ �S�U�R�G�X�F�W�L�R�Q���� �D�Q�G�� �L�Q�F�U�H�D�V�L�Q�J�� �W�K�H�� �S�U�R�S�R�U�W�L�R�Q�� �R�I��

regulatory T cells (Tregs). These results suggest that obesity and T2D alter ASC 

characteristics but do not entirely abolish their immunomodulatory capacity. 

In the second study, we investigated the impact of bariatric surgery-associated 

weight loss on ASC characteristics by analyzing cells obtained from the same donors 

before and after weight loss. In this study, we focused on the interaction between 

ASCs and �P�D�F�U�R�S�K�D�J�H�V�����:�H�L�J�K�W���O�R�V�V���L�P�S�U�R�Y�H�G���G�R�Q�R�U�V�¶���P�H�W�D�E�R�O�L�F���S�U�R�I�L�O�H�V���D�Q�G���$�6�&��

mitochondrial respiration. In monoculture, ASCs displayed reduced expression of 

proinflammatory genes (�7�1�)�.�����&�&�/�������D�Q�G���&�2�;��) and cytokines (IL-12p70) following 

weight loss. However, the expression of an anti-inflammatory gene (TSG6) also 

decreased. In coculture with polarized and activated macrophages, ASCs obtained 
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from donors after weight loss showed a complex immunomodulatory profile, with 

simultaneously reduced expression of certain anti-inflammatory mediators and 

increased expression of some proinflammatory factors. Notably, the 

immunosuppressive gene TSG6 was upregulated during macrophage coculture, 

suggesting a partial restoration of ASC immunoregulatory function. 

The third study was conducted to assess the angiogenic potential of ASCs from 

the same donors used in the second study, before and after weight loss and to 

compare them to ASCs derived from donors with a normal BMI. Using a 3D 

microphysiological system, we analyzed ASCs in coculture with endothelial cells. 

ASCs obtained from donors with obesity and after weight loss presented inconsistent 

patterns of angiogenic gene expression and reduced support for endothelial vessel 

formation compared with ASCs obtained from donors with a normal BMI. However, 

weight loss increased collagen IV deposition in the extracellular matrix, suggesting 

partial remodeling of the vascular environment. 

These results suggest that obesity, T2D, and weight loss substantially influence 

the immunomodulatory and angiogenic functions of ASCs. While bariatric surgery 

improves some functions of ASCs, it does not fully restore their therapeutic potential. 

These donor factors should be carefully considered in ASC-based clinical therapies. 

Further in vivo studies are needed to assess how these factors impact therapeutic 

outcomes. 
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1 INTRODUCTION 

The increased prevalence of obesity is a global crisis, economic burden and health 

concern among adults, children and adolescents. Increased weight gain among 

individuals can lead to related health complications, such as type 2 diabetes (T2D), 

several cancers and musculoskeletal, vascular and neuroinflammatory disorders [1]. 

Obesity-induced adipose tissue expansion is accompanied by chronic low-grade 

inflammation, which contributes to metabolic dysregulation [2]. Similarly, T2D, a 

comorbidity of obesity, is a hyperglycemic state that develops because of factors such 

as overnutrition, inadequate physical activity and genetic susceptibility, resulting in 

the dysregulation of insulin secretion [3]. T2D is caused by the dysregulated function 

of pancreatic �E cells and the inappropriate response of insulin-sensitive tissues to 

insulin, also known as insulin resistance [4]. Moreover, obesity and T2D coordinately 

disrupt immunometabolism in adipose tissue and amplify chronic low-grade 

inflammation [2]. 

Adipose tissue is an important metabolic, endocrine and immunoregulatory organ. 

Once considered a passive depot for excess calories, it has emerged as a dynamic 

tissue that actively participates in various homeostatic functions in the body. It 

consists of adipocytes, adipose-derived stem/stromal cells (ASCs), a variety of 

immune cells, endothelial cells (ECs), fibroblasts, and pericytes. Adipose tissue 

functionality highly depends upon individual factors such as obesity-induced 

inflammation [5]. Adipose tissue expansion during obesity results in localized hypoxia 

and subsequently affects resident cells. For example, mitochondrial dysfunction 

associated with adipocytes may cause adipose tissue inflammation during obesity, 

disturbing normal adipokine secretion and metabolic homeostasis [6]. Therefore, 

maintaining adipose tissue homeostasis is crucial for overall metabolic health to 

prevent obesity, insulin resistance and related metabolic disorders [7]. 

In recent years, stem cells have emerged as promising tools for the treatment of 

several deleterious disorders. Among them, ASCs have immense regenerative 

potential. ASCs are abundantly available in adipose tissue, are easy to harvest and 

can be differentiated into multicellular lineages such as adipocytes, chondrocytes, 

and osteocytes [8]. Furthermore, ASCs release a wide range of secretory factors and 

extracellular vesicles (EVs) into their surrounding environment, altering tissue 
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functions [9].Therefore, ASCs are prominent candidate treatments for various 

conditions, such as immunomodulatory, vascular, and neurodegenerative diseases; 

wound healing; and bone and cartilage regeneration [10], [11], not only because of 

their remarkable proliferation and differentiation capacities but also because of their 

ability to secrete various factors [12], [13]. 

Currently, more than eight hundred clinical trials have been registered utilizing 

ASCs (clinicaltrials.gov) for conditions such as obesity; T2D; autoimmune, 

cardiovascular and neurodegenerative diseases; knee osteoarthritis; ischemic 

stroke; and chronic wounds. ASC-secreted cytokines, growth factors and exosomes 

regulate the functions of immune cells [11], [14] and ECs [15], [16], [17] in modulating 

the inflammatory milieu and supporting vessel formation. However, obesity-induced 

inflammation and T2D may negatively impact the immunomodulatory [18], [19], [20], 

[21] and angiogenic [22], [23], [24] functions of ASCs. 

Several in vitro [18], [19], [20], [21], [25], [26] and in vivo [27], [28] studies have 

demonstrated that obesity and T2D have detrimental effects on regenerative 

functions, such as the proliferation, differentiation, immunomodulation and 

angiogenic capacity of ASCs. These studies are either based on animal models or 

explore the effects of obesity and T2D on the potential immunomodulatory effects of 

ASCs on macrophage functions. However, few studies have investigated the effects 

of these metabolic disorders on the immunomodulatory effects of human ASCs on 

human T-cell responses and angiogenesis. Moreover, a relatively underexplored 

area in ASC research is the effect of bariatric surgery-induced weight loss on the 

immunomodulatory and angiogenic functions of ASCs. 

Bariatric surgery is an efficient weight loss procedure [29] that may restore 

metabolic functions by positively affecting hepatokines, adipokines and plasma 

inflammatory markers [30], [31], [32]. Nevertheless, only a few studies have explored 

the effect of bariatric surgery-induced weight loss on ASC therapeutic functions [33], 

[34], [35], [36]. Despite these findings, in vitro and in vivo studies of the same 

individual before and after weight loss investigating the long-term effects of bariatric 

surgery-induced weight loss on ASC functions, particularly their immunomodulatory 

and angiogenic properties, are lacking. 

The utilization of ASCs in 3D microphysiological models is a promising strategy, 

as a pressing need exists to study angiogenesis in relevant human platforms rather 

than in animal-based models. ASCs promote vascularization through the activity of 

their potent proangiogenic factors and possess the ability to differentiate into ECs, 

pericytes or smooth muscle cells. These properties are crucial for 3D vascular 

models, as mimicking physiological vascularization is essential for tissue viability and 
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function [37], [38], [39]. Several studies have explored the effects of obesity and T2D 

on ASCs in such dynamic models [40], [41]. However, to date, no study has explored 

the effects of weight loss, particularly bariatric surgery-induced weight loss, on ASCs 

in a 3D microphysiological system (MPS). 

This dissertation addresses critical research gaps in areas such as the effects of 

obesity and T2D on ASC modulation of CD4+ T cells, the effect of bariatric surgery-

induced weight loss on ASC immunomodulation and mitochondrial functions in a 

paired human sample before and after weight loss, and the influence of body mass 

index (BMI) and weight loss on ASC-mediated angiogenic support in human 3D 

systems and provides novel insights into previously underexplored aspects. 

Most obesity research uses animal models, which do not fully recapitulate human 

physiology. Therefore, the use of human cells and the development of multicellular-

based in vitro models are necessary to study obesity. In this dissertation, the aim was 

to investigate the effects of obesity and T2D on the immunomodulatory effects of 

ASCs on CD4+ T-cell functions by utilizing ASCs obtained from donors with 

obesity/T2D and nonobese/diabetic donors. Another aim of this study was to analyze 

the effects of bariatric surgery-induced weight loss on the characteristics, metabolism 

and immunomodulatory effects of ASCs on macrophages by utilizing ASCs from the 

same donor before and after weight loss. An additional key aim of this dissertation 

was to study the effects of obesity and weight loss on the angiogenic functions of 

ASCs in an MPS by utilizing ASCs from the same donor before and after weight loss 

and comparing the results to ASCs obtained from donors with a normal BMI. 
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2 LITERATURE REVIEW 

2.1 Obesity and Type 2 Diabetes as Chronic Inflammatory 
Diseases 

According to the World Health Organization (WHO), the global rate of obesity has 

more than doubled, and adolescent obesity has quadrupled between 1990 and 2022 

[42], �L�P�S�D�F�W�L�Q�J�� �D�S�S�U�R�[�L�P�D�W�H�O�\�� �������� �R�I�� �W�K�H�� �Z�R�U�O�G�¶�V�� �W�R�W�D�O�� �S�R�S�X�O�D�W�L�R�Q���� �2�E�H�V�L�W�\�� �L�V��

becoming a common health challenge, leading to increased health care costs each 

year. Increased weight gain among individuals may cause several major disorders, 

such as T2D; several cancers; and vascular, neuroinflammatory and musculoskeletal 

diseases [1]. Obesity and overweight are defined based on body mass index (BMI), 

which is the weight (kg) divided by height squared (m2). According to the WHO, a 

BMI greater than or equal to 25 kg/m2 is considered overweight in adults, whereas a 

BMI greater than or equal to 30 kg/m2 is defined as obese [42]. According to the latest 

estimates, 50% of the global adult population with a high BMI will be affected by 2030. 

Among the population, 17% of men and 22% of women will be living with obesity [43]. 

The increasing degree of obesity also increases the rate of T2D worldwide. Both 

pathologies involve analogous disease mechanisms, which mutually increase their 

prevalence. T2D is among the most common types of diabetes affecting all age 

groups. It is a chronic disease characterized by hyperglycemia and abnormal insulin 

secretion [3]. The increased expansion of adipose tissue and the accumulation of 

excessive nutrients disturb the metabolic balance and cause systemic low-grade 

inflammation, exacerbating the dysfunction of pancreatic �E cells and causing a 

progressive increase in blood glucose concentrations [2]. Two major causes of T2D 

have been identified, i.e., the dysregulated function of pancreatic �E cells in insulin 

secretion and the inappropriate response of insulin-sensitive tissues such as adipose, 

skeletal and liver tissues to insulin. The release, detection and synthesis of insulin 

are highly regulated molecular mechanisms, and any aberration in these processes 

may lead to the progression of T2D [4]. 

The obesity-induced disruption of adipose tissue immunometabolism is 

associated with elevated levels of proinflammatory adipokines, cytokines, hormones, 

glycerol, and nonesterified fatty acids. These elevated levels of proinflammatory 
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factors contribute to insulin resistance. Increased inflammation also causes toxicity 

in the pancreas and decreases the number of functional �E cells. The cooperation 

between insulin resistance and the diminished functions of �E cells facilitates both 

obesity and T2D [2], [44]. 

2.2 Adipose Tissue 

Adipose tissue is a highly heterogeneous, multipotent endocrine and thermogenic 

organ. Adipose tissue is predominantly composed of white adipose tissue. However, 

other types, such as brown, beige, and pink adipose tissues, are also present and 

are distributed across various anatomical depots, including subcutaneous, visceral, 

epicardial, and perivascular regions (Figure 1). Each tissue type is morphologically 

distinct and performs different functions [5], [45]. 

White adipose tissue is characterized as white or yellow tissue with 

vascularization, innervation and unilocular adipocytes. However, brown adipose 

tissue is more vascularized and innervated, and their adipocytes are multilocular and 

contain large numbers of mitochondria compared with white adipose tissue. Similarly, 

beige adipose tissue, similar to brown adipose tissue, contains multilocular 

adipocytes and appears in response to thermogenesis, exercise, and diet but is 

localized in white adipose tissue [46], [47]. In contrast, pink adipose tissue consists 

of unilocular adipocytes, several milk vesicles, and Golgi bodies and is involved in 

lactation [45] (Figure 1). 

Normally, the human body consists of 20�±28% body fat, depending upon sex and 

the energy status. Subcutaneous adipose tissue (SAT) comprises the greatest 

proportion of adipose tissue and lies under the skin [48], whereas visceral adipose 

tissue (VAT) surrounds organs such as the heart, kidney, gonads, intestines and 

vessels [49]. 
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Figure 1.  Human adipose tissue distribution. Beige adipose tissue is located within white adipose 
tissue. Pink adipose tissue is primarily found in subcutaneous adipose tissue, especially in 
the mammary gland region during pregnancy and lactation. Different adipocyte structures 
are also depicted (Created in Biorender.com) 

2.2.1 Adipose tissue as an endocrine and immunological organ 

Adipose tissue acts as an active endocrine organ, and SAT and VAT secrete 

hormones directly into the systemic and portal circulation, respectively. These 

adipose tissue depots also secrete several adipokines and secretory factors and 

respond to various afferent responses [50]. Adiponectin and leptin are predominantly 

secreted from the SAT and control several homeostatic, neuroendocrine and insulin-

sensitizing functions [51], [52]. 

Similarly, adipose tissue functions as an immunological organ that modulates both 

adaptive and innate immune responses. Numerous immune cell populations, such 

as pro- and anti-inflammatory macrophages, T-cell subsets, B cells, and neutrophils, 

have been identified in adipose tissue, influencing the adipose tissue 

microenvironment [53]. Furthermore, a unique immune cell population, the innate 

lymphoid cell (ILC) population, is present in human white adipose tissue and plays 
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crucial roles in adipose tissue homeostasis and inflammation during obesity [54]. The 

systemic polarization of immune cells mediated by adipokines links adipose tissue 

inflammation with immune dysfunction. For example, obesity-induced inflammation 

in adipose tissue could mediate many autoimmune disorders, such as multiple 

sclerosis [55], rheumatoid arthritis [56] and inflammatory bowel disease [57]. 

2.2.2 Adipose tissue cell composition 

Adipose tissue displays remarkable plasticity, with the ability to alter its size and 

cellular composition in response to physiological and pathological stimuli. Adipose 

tissue is highly innervated and consists of numerous cell types (Figure 2), such as 

adipocytes, ECs, immune cells, stem/stromal cells, fibroblasts and pericytes [58]. 

 

Figure 2.  Adipose tissue in health and disease.       balance,   decreased,   increased. Adapted from 
[59] (Created in Biorender.com) 

Adipocytes 

Adipocytes are plastic cells capable of changing their size, number and identity 

through changes in metabolism. For example, white adipocytes increase in size 

(hypertrophy) and number (hyperplasia) when they are overnourished to store excess 
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fatty acids, which is a significant characteristic of obesity [60]. Similarly, their size 

decreases in response to starvation, resulting in a decrease in the adipose tissue 

volume. Additionally, cold treatment-induced lipolysis decreases fat storage and 

increases the number of thermogenic beige adipocytes that are smaller than white 

adipocytes [61]. In vivo studies have shown that adipocytes dedifferentiate, 

transdifferentiate and redifferentiate under physiological and pathophysiological 

conditions [62], [63]. 

Adipocytes perform several important functions, such as taking up and storing 

triglycerides and releasing them as fatty acids, secreting adipokines to regulate tissue 

metabolism, providing insulation to several organs, and facilitating vessel formation 

and adipose tissue remodeling [64]. However, obesity-induced inflammation 

dysregulates the aforementioned adipocyte functions, leading to attenuated insulin 

and lipolytic responses with altered adipokine secretion, facilitating the progression 

of chronic low-grade inflammation [65], triggering immune cell infiltration [66], [67], 

and disturbing the vasculature of adipose tissue [64]. 

Endothelial cells 

ECs are specialized epithelial cells that form a monolayer in the inner lining of 

blood vessels, also referred to as the endothelium. ECs are key components 

regulating adipose tissue homeostasis, vascular regulation and angiogenesis, and 

they play an integral role in immune responses in adipose tissue [68]. Moreover, they 

actively contribute to the initiation and continuation of adipose tissue inflammation 

[69]. Adipose tissue is highly vascularized in the healthy state; however, obese 

adipose tissue exhibits a reduced vascular density and vascular dysfunction [70], 

[71]. The heterogenicity of ECs differs according to the tissue function and the 

microenvironment. According to single-cell profiling, adipose tissue ECs differ greatly 

between obese mice and lean mice, and ECs derived from obese mice exhibit 

increased expression of genes related to the extracellular matrix (ECM), integrins and 

focal adhesion. Moreover, in mice, obesity is associated with a more than threefold 

increase in the number of angiogenic and proliferating ECs in adipose tissue [72]. 

Few studies related to single-cell profiling of human adipose tissue in health and 

disease states are available. However, in one study, Vijay et al. reported a large 

population of ECs in adipose tissue from morbidly obese subjects. They 

characterized this population as adipose tissue ECs involved in processing fatty 

acids, especially during obesity-induced adipose tissue inflammation [73]. 

In response to the proinflammatory signals present during obesity and T2D, 

human adipose tissue ECs may undergo the endothelial-to-mesenchymal transition, 
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lose their expression of EC-specific proteins and initiate the expression of 

mesenchymal cell-specific genes. These ECs that have undergone the endothelial-

to-mesenchymal transition participate in inflammatory, vascular and fibrotic disorders 

[74]. Moreover, obesity and T2D alter the communication between adipose tissue 

ECs and other residing cells, such as adipocytes, progenitor cells, ASCs and 

macrophages [75]. Studies have also shown a role for ECs in maintaining the 

metabolic homeostasis of adipose tissue. For example, EC-induced lipid release from 

adipocytes supports capillary growth in adipose tissue, regulates adiposity and 

maintains metabolic health in individuals with obesity [76]. Therefore, ECs in adipose 

tissue not only maintain the structural integrity of the endothelium but also serve as 

key mediators of adipose tissue function in both health and disease. 

2.3 Adipose Resident Immune Cells 

Adipose tissue is among the major organs that maintains metabolic homeostasis 

through various immunological mechanisms. Its resident immune cells play key roles 

in immunometabolism. In lean individuals, resident immune cells play essential 

maintenance roles, such as clearing apoptotic cells, promoting angiogenesis and 

remodeling the ECM. The adipose tissue-resident immune cell population can be 

divided into two groups depending upon the physiology/pathology of the tissue. For 

example, in lean individuals, adipose tissue consists of anti-inflammatory 

macrophages (M2), regulatory T cells (Tregs), T helper 2 (Th2) cells and eosinophils. 

However, in individuals living with obesity, adipose tissue consists mainly of 

proinflammatory macrophages (M1), CD8+ T cells, CD4+ T cells, B cells, and mast 

cells [77]. 

Macrophages and different T-cell populations are the most common and studied 

adipose tissue-resident immune cells. In adipose tissue, these cells display distinct 

metabolic features and interact dynamically, especially during obesity [78]. 

2.3.1 Macrophages 

Macrophages are tissue-resident phagocytes, but they also function in angiogenesis 

and adipose tissue ECM remodeling [77]. Human stromal vascular cells in lean VAT 

constitute 10�±15% of macrophages, which increase to 50% under obese conditions 

[79]. Adipose tissue macrophages are classified into M1 and M2 subtypes, 
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distinguished by the surface markers CD11C and CD206, respectively. The M1/M2 

macrophage ratio is closely associated with insulin sensitivity and serves as an 

indicator of the inflammatory status of adipose tissue. 

In lean adipose tissue, M2 macrophages express high levels of CD206 and 

CD301 and secrete the anti-inflammatory cytokines interleukin-10 (IL-10) and 

interleukin-1 receptor antagonist (IL-1RA). Additionally, the Th2 cytokines interleukin-

4 (IL-4), IL-10 and interleukin-13 (IL-13) stimulate M2 polarization [80], [81]. Instead, 

�G�X�U�L�Q�J���R�E�H�V�L�W�\�����L�Q�W�H�U�I�H�U�R�Q���J�D�P�P�D�����,�)�1�������V�W�L�P�X�O�D�W�L�R�Q���I�D�F�L�O�L�W�D�W�H�V���E�R�W�K���W�K�H���U�H�F�U�X�L�W�P�H�Q�W���R�I��

monocytes and their polarization toward the proinflammatory M1 phenotype, which 

is characterized by the expression of CD11C. This process in turn leads to the 

secretion of several proinflammatory cytokines, such as tumor necrosis factor alpha 

���7�1�)�.������ �P�R�Q�R�F�\�W�H�� �F�K�H�P�R�D�W�W�U�D�F�W�D�Q�W�� �S�U�R�W�H�L�Q-1 (MCP-1), interleukin 6 (IL-6), 

interleukin-12 (IL-12), and interleukin-1 beta (IL-������ [66], [82]. Additionally, the 

increased M1 population in adipose tissue activates insulin resistance and the onset 

of T2D. 

M1 macrophages acquire their phenotype when hypoxia inducible factor-���.�����+�,�)-

���.����is activated in hypoxic adipose tissue. However, in the absence of HIF-���.����

monocytes increase insulin sensitivity through angiogenesis in adipose tissue [83]. 

This unique M1 phenotype in obese adipose tissue is also referred to as the 

metabolically active macrophage phenotype. These macrophages exert both 

regenerative effects, such as clearance of dead adipocytes, and adverse effects, 

such as the amplification of inflammation, depending upon the progression of obesity 

[84]. 

Moreover, the proliferation of local macrophages substantially contributes to 

adipose tissue inflammation [85]. These proliferating macrophages mainly reside in 

crown-like structures (CLSs) that form around dead adipocytes through a mechanism 

driven by IL-4 signaling [86]. These locally proliferated adipose tissue macrophages 

are not M1 macrophages but rather M2 macrophages, which proliferate upon 

stimulation with Th2 cytokines such as IL-4, and this proliferation mechanism is 

�L�Q�K�L�E�L�W�H�G�� �E�\�� �7�K���� �F�\�W�R�N�L�Q�H�V�� �V�X�F�K�� �D�V�� �7�1�)�.���� �$�G�G�L�W�L�R�Q�D�O�O�\���� �L�Q�� �R�E�H�V�L�W�\����the secretion of 

interleukin-4 receptor alpha-dependent IL-6, which acts as an anti-inflammatory Th2 

cytokine, stimulates the proliferation of local adipose tissue macrophages and M2 

macrophages [87]. 

Furthermore, VAT in diabetic individuals is enriched in CD206-positive 

macrophages with a proinflammatory cytokine signature, while CD11-positive 

macrophages secrete both pro- and anti-inflammatory cytokines and acquire a mixed 

M1/M2 phenotype in individuals with obesity and T2D [88]. Therefore, in addition to 
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their immunoregulatory functions, adipose tissue M1/M2 macrophages are involved 

in regulating the tissue environment and controlling insulin sensitivity [83]. 

2.3.2 T cells 

T lymphocytes are primary effector cells involved in cellular immunity. Cytokines 

released from T cells play critical roles in immunity and immune-mediated 

pathologies. These cells are involved in facilitating inflammatory responses and 

regulating other immune cells. T cells initially develop and mature in the thymus, after 

which they repopulate peripheral tissues. Upon encountering an antigen, T cells help 

regulate immune responses to foreign substances. T cells can be divided into several 

subtypes, such as CD4+, CD8+, natural killer T cells, Th1, Th2, Th17 and T follicular 

helper cell subsets, Tregs, gamma delta T cells and ILCs [89]. 

In healthy adipose tissue, different CD4+ T-cell subsets, such as Tregs, Th2 cells, 

and invariant natural killer T cells, contribute to immune homeostasis, energy 

metabolism, and thermogenesis and play a role in maintaining metabolic balance 

[90]. The proportion of Tregs among various CD4+ T-cell subsets is relatively high in 

adipose tissue, with functions such as attenuating inflammation and improving insulin 

sensitivity and IL-10-mediated suppression of conventional T-cell proliferation. 

Moreover, Tregs inhibit the infiltration of effector T cells and facilitate the polarization 

of M1 macrophages toward M2 macrophages [91]. 

�,�Q���R�E�H�V�H���L�Q�G�L�Y�L�G�X�D�O�V�����7�K�����F�H�O�O�V���V�H�F�U�H�W�H���,�)�1�������Z�K�L�F�K���V�W�L�P�X�O�D�W�H�V���0�����S�R�O�D�U�L�]�D�W�L�R�Q���D�Q�G��

exacerbates inflammation in adipose tissue [92]. Additionally, the percentage of CD8+ 

T cells with a proinflammatory cytokine profile starts to increase in adipose tissue 

early after the onset of obesity, even before the infiltration of macrophages [67]. 

Interestingly, a mouse study revealed that despite weight loss, increased frequencies 

of macrophage-mediated CD8+ T cells remain in the adipose tissue [93]. 

Furthermore, cocultures of CD8+ T cells with monocytes showed that CD8+ T cells 

induce macrophage differentiation from monocytes and stimulate cytokine secretion, 

highlighting their critical role in regulating macrophage polarization and activation in 

obesity. However, the depletion of CD8+ T cells in obese mice decreases the levels 

�R�I�� �W�K�H�� �S�U�R�L�Q�I�O�D�P�P�D�W�R�U�\�� �F�\�W�R�N�L�Q�H�V�� �7�1�)�.�� �D�Q�G�� �,�/-6 and improves insulin sensitivity 

independent of obesity [67]. Moreover, in VAT from individuals with obesity, which is 

�D�F�W�L�Y�D�W�H�G�� �E�\�� �,�)�1���� �D�Q�G�� �7�1�)�.���� �E�R�W�K�� �V�W�U�R�P�D�O�� �Y�D�V�F�X�O�D�U�� �F�H�O�O�V�� �D�Q�G�� �D�G�L�S�R�F�\�W�H�V�� �S�U�R�G�X�F�H��

signals that attract T cells [31]. 
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2.4 Adipose Stem/Stromal Cells 

Adipose-derived stem cells (ASCs) play pivotal roles in adipose tissue physiology 

and contribute to tissue regeneration, adipocyte differentiation, immunomodulation, 

ECM remodeling, and metabolic regulation [20], [94], [95], [96]. In 2001, Zuk et al. 

identified a fibroblast-like population of cells within a processed lipoaspirate from 

humans that exhibited an immunophenotype similar to that of bone marrow-derived 

mesenchymal stem cells (BMSCs). This fibroblast-like cell population could be 

maintained in vitro for extended periods, resulting in stable population doubling and 

reduced senescence. Additionally, this cell population was able to differentiate toward 

adipogenic, osteogenic, chondrogenic and myogenic lineages in the presence of 

specific growth factors [97], [98]. 

ASCs are remarkable candidates for various tissue engineering and clinical 

therapies because of their proliferation and differentiation capacities and secretion of 

specific factors [11], [12], [13]. The International Society for Cellular Therapy (ISCT) 

and International Federation for Adipose Therapeutics and Science (IFATS) 

established a definition of ASCs based on their plasticity, adherence, maintenance of 

an undifferentiated state, self-renewal ability, unique CD marker profile, and trilineage 

differentiation potential (adipogenic, osteogenic and chondrogenic) [99], [100]. 

ASCs are a subset of mesenchymal stem cells (MSCs) that exhibit significant 

potential to regulate their microenvironment through secretory and paracrine 

functions. Conversely, the microenvironment also influences the characteristics and 

functional behaviors of ASCs/MSCs [101]. The longest and most established sources 

of MSCs are bone marrow and adipose tissue, with the placenta and umbilical cord 

being the other remarkable sources of MSCs [102]. 

2.5 Isolation of ASCs 

ASCs are readily available and easy to isolate from different adipose tissue depots 

through enzymatic and mechanical treatments [97]. The procedure for the enzymatic 

isolation of ASCs is shown in Figure 3. 

The ASC yield mainly depends upon the isolation method. For example, studies 

have reported a significantly higher yield of ASC through enzymatic isolation than 

after mechanical isolation [103]. However, the USA Food and Drug Administration 

(FDA) clearly termed enzymatic isolation as more than minimally invasive. Therefore, 

mechanical isolation methods are gaining importance. Mechanical isolation has the 
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potential to simplify the isolation process, reduce regulatory hurdles and preserve the 

natural properties of ASCs for various clinical applications [104], [105]. Furthermore, 

various medical devices have been introduced for the fast and optimal isolation of 

ASCs [106], [107]. The isolation and culture protocols for ASCs are reviewed more 

carefully by Palumbo et al. [108] and Khazaei et al. [109]. 

 

Figure 3.  Enzymatic isolation of ASCs from adipose tissue sample. Abbreviations: DPBS: 
�'�X�O�E�H�F�F�R�¶�V���S�K�R�V�S�K�D�W�H-buffered saline, ASCs: adipose stem/stromal cells and SVF: 
stromal vascular fraction. (Created in Biorender.com) 

Characterization of ASCs 

Like BMSCs, ASCs are positive for the cell surface markers CD73, CD44, CD90, 

and CD105 and negative for CD31 and CD45. In contrast to BMSCs, ASCs are 

positive for CD36 but negative for CD106. A joint statement of the IFATS and ISCT 

also suggested that CD10, CD13, CD26, CD29, CD36, CD49d, CD49e and CD146 

are additional positive markers for ASC [99]. Moreover, ASCs lack hematopoietic cell 

surface antigens such as CD11a, CD14 [110], CD19 [111], CD11b, CD34 and CD56 

[112]. 

Multipotent ASCs are capable of differentiating into mesodermal cell lineages 

such as adipocytes [113], osteocytes [114], [115], and chondrocytes [116]. Moreover, 

due to the mesodermal origin of ASCs, some studies have reported their in vitro 
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differentiation into myocytes [117], cardiomyocytes [118], and ECs [119]. Numerous 

reports have shown that ASCs have the potential to differentiate in vitro toward 

multiple ectodermal and endodermal lineages, such as those involved in hepatic 

differentiation [120] and neurogenic differentiation [121]. The characterization of 

ASCs is more carefully reviewed by Palumbo et al. [108] and Khazaei et al. [109]. 

2.6 Therapeutic Potential of ASCs 

Strong preclinical evidence supports the multifaceted therapeutic potential of ASCs, 

making them attractive candidates for regenerative medicine [11], [12]. ASCs have 

produced promising outcomes in various regenerative medicine applications, such 

as bone regeneration [122], [123], [124], cartilage repair [125], [126], and fat grafting 

in plastic surgery [127], [128]. During the initial phase of ASC research, researchers 

believed that their primary therapeutic mechanism was attributable to their 

multilineage differentiation potential. However, subsequent studies have 

demonstrated that the principal mode of action of ASCs is their secretory functions 

[9], [11], [129]. 

ASCs secrete a range of bioregulatory factors and molecules, such as EVs, 

cytokines, chemokines, growth factors, cell adhesion molecules, miRNAs, hormones 

and lipid mediators. These cellular effectors regulate the therapeutic potential of 

ASCs by promoting blood vessel formation, modulating immune responses, 

supporting wound healing, enhancing cell growth, and preventing cell death [9], [130]. 

ASCs have been tested for their therapeutic potential in several preclinical studies 

and clinical trials for disorders such as peripheral nerve injury [131], [132], traumatic 

spinal cord injury [133], neurodegenerative disease [134], bone regeneration [135], 

osteoarthritis [136], [137], diabetic wound healing [138], [139], and retinal 

degeneration [140]. In June 2022, more than 400 clinical trials were listed in 

https://clinicaltrials.gov that evaluated the potential of ASC therapy for treating 

medical disorders. However, in May 2025, the number doubled to 870 clinical trials. 

Among these 870 trials, 343 were completed, 273 were in phase II and 23 were in 

phase IV. With the search term �³�D�G�L�S�R�V�H stem �F�H�O�O�V�´, 31 clinical trials of ASC therapies 

requiring immunomodulation and 37 clinical trials of ASC therapies for vascular 

diseases were identified at the https://clinicaltrials.gov site. 

https://clinicaltrials.gov/
https://clinicaltrials.gov/
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2.6.1 ASC for immunomodulation 

ASCs are utilized in clinical therapies because of their immunomodulatory capacity, 

and several in vitro [141], [142], [143] and in vivo [144], [145], [146], [147] studies 

have indicated the functional immunomodulatory potential of ASCs. The ASC 

secretome regulates the immune system by releasing bioactive molecules, making 

ASCs potentially suitable immunomodulatory therapies for conditions such as 

multiple sclerosis�����&�U�R�K�Q�¶�V���G�L�V�H�D�V�H���D�Q�G���J�U�D�I�W-versus-host disease [129], [141]. 

�&�U�R�K�Q�¶�V���'�L�V�H�D�V�H 

�&�U�R�K�Q�¶�V�� �G�L�V�H�D�V�H�� �L�V�� �D�� �F�K�U�R�Q�L�F�� �L�Q�I�O�D�P�P�D�W�R�U�\�� �G�L�V�R�U�G�H�U�� �R�I�� �W�K�H�� �L�Q�W�H�V�W�L�Q�D�O�� �W�U�D�F�W��

characterized by epithelial barrier disruption and subsequent bacterial colonization of 

the gut. Several in vivo studies have evaluated the therapeutic potential of ASCs 

administered intraperitoneally in murine models and have shown their efficacy [148], 

[149]. For instance, researchers [148] administered ASC-derived exosomes to mice 

�D�Q�G���R�E�V�H�U�Y�H�G���U�H�G�X�F�H�G���O�H�Y�H�O�V���R�I���S�U�R�L�Q�I�O�D�P�P�D�W�R�U�\���F�\�W�R�N�L�Q�H�V�����7�1�)�.�����,�)�1�������,�/-2, and IL-

17) and increased levels of anti-�L�Q�I�O�D�P�P�D�W�R�U�\���F�\�W�R�N�L�Q�H�V�����7�*�)�������,�/-4, and IL-10) in the 

spleen and lymph nodes. In addition, flow cytometry revealed higher frequencies of 

Tregs. Similarly, other researchers [149] administered canine-derived ASCs 

�S�U�H�W�U�H�D�W�H�G���Z�L�W�K���7�1�)�.���W�R���D���P�X�U�L�Q�H���P�R�G�H�O�����7�K�H�L�U���D�Q�D�O�\�V�L�V���U�H�Y�H�D�O�H�G���L�Q�F�U�H�D�V�H�G���V�H�F�U�H�W�L�R�Q��

of the immunomodulatory factors TSG6 and prostaglandin E2 (PGE2) in ASC 

supernatants, as assessed by ELISAs, as well as increased IL-10 levels and reduced 

IL-6 and IL-�������S�U�R�W�H�L�Q���O�H�Y�H�O�V���L�Q���W�K�H���F�R�O�R�Q���W�L�V�V�X�H�����)�O�R�Z���F�\�W�R�P�H�W�U�\���I�X�U�W�K�H�U���U�H�Y�H�D�O�H�G���D��

shift in macrophage polarization, with decreased M1 populations and increased M2 

populations. 

Clinical studies have likewise provided evidence supporting the therapeutic 

�S�R�W�H�Q�W�L�D�O�� �R�I�� �$�6�&�V�� �L�Q�� �S�D�W�L�H�Q�W�V�� �Z�L�W�K�� �&�U�R�K�Q�¶�V�� �G�L�V�H�D�V�H���� �S�D�U�W�L�F�X�O�D�U�O�\�� �Z�K�H�Q�� �W�K�H�\�� �D�U�H��

administered via the fistula tract. In previous studies [150], [151]. In a study [150], 

patients were treated with 60 million ASCs and reduced circulating levels of the 

�S�U�R�L�Q�I�O�D�P�P�D�W�R�U�\�� �F�\�W�R�N�L�Q�H�V�� �7�1�)�.�� �D�Q�G�� �,�/-12 were observed. Notably, complete 

healing of both vaginal and rectal fistula tracts was achieved in five of ten patients, 

with effects sustained for up to one year. In contrast, other researchers [151] 

administered 200 million ASCs to three patients. Their findings revealed no signs of 

ongoing inflammation, as assessed by an analysis of lymphocyte subsets and the 

CD4+/CD8+ ratio, with stable fistula closure maintained for up to eight months. 
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Diabetes Mellitus Type 1 and 2 

Type 1 diabetes mellitus (T1D) and T2D are major metabolic disorders 

characterized by dysregulated insulin production and impaired pancreatic �E-cell 

function. ASC have been explored as a potential therapeutic strategy through their in 

vitro differentiation into insulin-producing cells (IPCs) and their immunomodulatory 

effects on coculture models. 

In vitro studies have demonstrated the ability of ASCs to differentiate into 

functional IPCs. In one study Rodprasert et al. showed that canine-derived ASCs 

could be efficiently differentiated into IPCs, with evidence of functional insulin 

secretion and expression of �E -cell�±specific mRNAs [152]. Another study [153] further 

demonstrated that rat-derived ASCs cocultured with pancreatic islets produced 

functional insulin in vitro. Similarly, researchers [154] cocultured mouse ASCs with 

splenocytes and observed increased pancreatic cell viability and insulin secretion, 

�D�F�F�R�P�S�D�Q�L�H�G���E�\���U�H�G�X�F�H�G���O�H�Y�H�O�V���R�I���S�U�R�L�Q�I�O�D�P�P�D�W�R�U�\���F�\�W�R�N�L�Q�H�V�����,�)�1�������,�/-2, and IL-17) 

�D�Q�G�� �L�Q�F�U�H�D�V�H�G�� �O�H�Y�H�O�V�� �R�I�� �L�P�P�X�Q�R�U�H�J�X�O�D�W�R�U�\�� �F�\�W�R�N�L�Q�H�V�� ���7�*�)������ �,�/-4, and IL-10), as 

assessed using ELISAs. 

In vivo studies have provided additional evidence of the therapeutic potential of 

ASCs. Some researchers [153] transplanted ASC�±islet cocultures beneath the 

kidney capsule of T1D mice and observed an increased differentiation efficiency and 

greater numbers of IPCs. Similarly, another study [155] reported that ASC 

administration to T1D mice increased ASC-induced Treg populations within 

pancreatic lymph nodes, as determined by flow cytometry. Extending these findings 

to T2D, the authors of [156] transplanted ASCs that were differentiated into IPCs in 

vivo under the kidney capsule of diabetic mice, which led to increased serum insulin 

levels and decreased plasma IL-6 concentrations, consistent with the beneficial 

effects observed on T1D models. 

Graft-Versus-Host Disease 

Graft-versus-host disease (GVHD) is a complex immune disorder characterized 

by inflammation in multiple organs. It arises when transplanted donor immune cells, 

primarily T cells, recognize host cells as foreign cells and mount immune responses 

against the recipient [157]. Both in vitro coculture models and in vivo transplantation 

studies in mice have suggested that ASCs play a therapeutic role in mitigating GVHD 

[158], [159]. 

The authors of [159] cocultured dendritic cells, T cells, and natural killer cells with 

different MSC subtypes, including ASCs, BMSCs, and umbilical cord-derived MSCs. 

Using flow cytometry, they compared the effects of each MSC subtype on Treg 
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activation and proliferation but did not observe significant differences. They 

subsequently transplanted different MSCs into a GVHD mouse model via a tail vein 

injection and evaluated the outcomes using fluorescence imaging, RNA sequencing, 

Gene Ontology a�Q�D�O�\�V�L�V���� �D�Q�G�� �5�7�Å�T�3�&�5���� �7�U�D�Q�V�F�U�L�S�W�R�P�L�F�� �S�U�R�I�L�O�L�Q�J�� �R�I�� �V�D�P�S�O�H�V�� �I�U�R�P��

both in vitro and in vivo experiments confirmed the therapeutic efficacy of ASCs 

relative to that of other MSC subtypes. Notably, ASC significantly upregulated the 

expression of CD55, an anti-inflammatory protein implicated in the suppression of 

tissue inflammation. Immunofluorescence staining and imaging of harvested tissues 

further showed that ASC treatment alleviated clinical GVHD symptoms. 

The authors of [158] employed a different approach: transducing ASCs with a 

lentiviral vector to achieve stable expression of IL-10 and CXCR4. In vitro coculture 

of these modified ASCs with PBMCs resulted in enhanced immunomodulatory effects 

compared with those of unmodified ASCs. Specifically, lentivirus-transduced ASCs 

inhibited T-cell proliferation; reduced the secretion of proinflammatory cytokines 

(�7�1�)�.���� �,�)�1������ �,�/-5, and IL-13); and increased the production of immunoregulatory 

�P�H�G�L�D�W�R�U�V���� �L�Q�F�O�X�G�L�Q�J�� �7�*�)������ �3�*�(������ �&�&�/������ �D�Q�G�� �,�/-10. Transplantation of modified 

ASCs in a humanized GVHD mouse model reproduced these findings: flow cytometry 

and gene expression analyses showed a reduced frequency of proinflammatory 

CD8+ T cells and increased expansion of Tregs. Immunohistochemical analysis of 

tissues from multiple organs corroborated these results, showing reduced 

inflammation and attenuated organ damage. 

2.6.2 ASCs for inducing angiogenesis 

ASCs have been studied for their angiogenic functions and supportive role in 

angiogenesis [160]. In vitro, ASCs can either differentiate into endothelial-like cells 

[23] or stabilize the microvasculature as pericytes [161]. Moreover, ASCs release 

proangiogenic growth factors and cytokines, particularly vascular endothelial growth 

factor (VEGF), accelerate micro vessel formation, and contribute to blood vessel 

maturation [16], [17]. 

In vivo studies, supported by clinical trials, have demonstrated the efficacy and 

safety of ASCs as a cell-based therapy for supporting angiogenesis [162]. In vivo 

[163] studies of a diabetic wound model and [164], [165] a skin wound model revealed 

that ASCs suppressed inflammation, accelerated wound healing and improved the 

blood supply through ASC-induced angiogenesis. A clinical pilot study [166] and 
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clinical phase II trial [167] verified that ASC-induced angiogenesis reduces tissue 

inflammation and facilitates tissue regeneration in patients with critical limb ischemia. 

2.7 Effects of Obesity and T2D on ASC Functions 

Various biological and environmental factors influence the functional characteristics 

of ASCs�����)�R�U���H�[�D�P�S�O�H�����S�U�H�Y�L�R�X�V���V�W�X�G�L�H�V���K�D�Y�H���V�K�R�Z�Q���W�K�D�W���G�L�V�H�D�V�H�V���V�X�F�K���D�V���&�U�R�K�Q�¶�V��

disease, arthritis and T2D [168], [169], [170] and habits such as smoking [171], [172], 

donor sex [173], [174], and age [175], [176], [177] impact the therapeutic potential of 

ASCs. Overall, these studies show that the �R�S�W�L�P�D�O�� �H�I�I�L�F�D�F�\�� �R�I�� �$�6�&�V�¶�� �U�H�J�H�Q�H�U�D�W�L�Y�H��

potential is highly dependent on the donor characteristics, and an assessment of the 

donor characteristics is meaningful for efficient ASC-based therapies [178]. 

Obesity-induced chronic low-grade inflammation in adipose tissue affects tissue-

resident cells such as ASCs. In vivo studies have demonstrated that obesity-induced 

inflammation in adipose tissue directly affects the regenerative functions of ASCs, 

especially their proliferation and differentiation capacities [27]. Dysfunctional ASCs 

and their proinflammatory secretome further amplify the inflammatory milieu of 

adipose tissue [179] and play a crucial role in adipose tissue remodeling [75]. Such 

studies highlight the diminished therapeutic potential of ASCs derived from obese 

adipose tissue. 

In vitro, ASCs derived from donors with obesity (obASCs) exhibit reduced 

proliferation, trilineage differentiation and angiogenic capacities [180], impaired 

migration [181], [182] and defective metabolism [20]. In addition, compared with 

ASCs derived from individuals with a normal weight (nASCs), obASCs are more 

senescent [183]. 

The impact of obesity on the differentiation potential of ASCs has been a subject 

of debate. Some studies have shown that obesity reduces the osteogenic [184] and 

adipogenic [185] differentiation potential of ASCs. However, other studies have 

shown that obesity increases the adipogenic [25], [34], [186], [187] and osteogenic 

[187] differentiation potential of ASCs. 
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2.7.1 Effects of obesity, and T2D on the immunomodulatory functions of 
ASCs 

Obesity and T2D may compromise the immunomodulatory functions of ASCs [19], 

[20], [21], [186], [188], thereby compromising their regenerative potential [189]. 

Human-derived obASCs promote a proinflammatory phenotype (M1) in murine 

macrophages and microglia, with upregulated proinflammatory gene expression, 

increased nitric oxide pathway activity and disturbed phagocytosis and migration [19]. 

Serena et al. reported that obASCs are less effective at activating M2 macrophages, 

suppressing lymphocyte proliferation and increasing transforming growth factor beta 

1 (�7�*�)���� ) secretion [21]. Additionally, compared with nASCs, obASCs exhibit 

inflammasome activation and increased migration, invasion and phagocytosis [21]. 

In in vivo and ex vivo ischemic kidney models, both nASCs and obASCs increased 

the M1 population in mice. However, obASCs failed to increase the M2 phenotype 

compared to nASCs, which resulted in a shift towards a more proinflammatory 

environment [28]. Zhu and colleagues also showed that obASCs increased the levels 

�R�I���S�U�R�L�Q�I�O�D�P�P�D�W�R�U�\���F�\�W�R�N�L�Q�H���O�H�Y�H�O�V�����7�1�)�.���V�H�F�U�H�W�L�R�Q��and M1 population compared to 

nASCs in vitro and in a mouse model [190]. 

Accordingly, in a murine model of multiple sclerosis, obASC-derived conditioned 

media significantly increased T-cell proliferation and differentiation, which was 

accompanied by high expression of proinflammatory cytokines [188]. In parallel, in 

vitro studies have confirmed the proinflammatory nature of obASCs when they are 

cocultured with immune cells [21], [189], [191], [192], [193]. 

2.7.2 Effects of obesity, and T2D on the angiogenic functions of ASCs 

Obesity affects the angiogenic functions of ASCs [23], [181], [186]. It negatively 

affects the differentiation potential of ASCs toward ECs in vitro. obASCs exhibited 

increased levels of vascular endothelial growth factor receptor 1, platelet endothelial 

cell adhesion molecule 1 (PECAM-1) and the antiangiogenic marker 

thrombospondin-1 at both the mRNA and secreted protein levels. In addition, 

compared with nASCs, obASCs had a reduced ability to form capillary-like ring 

structures when cocultured with human umbilical vein endothelial cells (HUVECs) 

[180]. Similarly, in an in vitro study performed with ASCs derived from weight-

discordant monozygotic twins, Juntunen et al. indicated that ASCs derived from the 

heavier twin had impaired vessel-forming functions in coculture with HUVECs and 
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low levels of the pericyte marker CD146 compared with ASCs obtained from their 

normal weight twin [186]. 

The effects of obesity on the angiogenic functions of ASCs have also been studied 

in vivo. For example, researchers [194] compared obASCs and owASCs by injecting 

them into the aorta of renovascular hypertensive mice. They reported that obASCs 

exhibited impaired cardiovascular systolic function and were unable to resolve 

microvascular rarefaction. An alternative approach was applied by the authors of 

[195]. They injected obASC-derived exosomes into the aortas of renovascular 

hypertensive mice. They observed increased hypertension and decreased VEGF 

expression with capillary loss in mice injected with obASC-derived exosomes 

compared with mice injected with owASC-derived exosomes [195]. In another study 

[196], obASC-derived EVs were injected into the aortas of mice with renal arterial 

stenosis. They reported that owASC-derived EVs improved renal tubular function. 

However, renal angiogenesis was disrupted by obASC-derived EVs. Alternatively, 

the authors of [28] injected obASCs into the aortas of mice with renal arterial stenosis. 

Compared with owASCs, obASCs exhibited reduced cortical perfusion. Collectively, 

these studies reveal a consistent pattern of impaired angiogenic function in obASCs 

compared with that in owASCs. In the abovementioned in vivo studies, the BMI of 

lean donors was <30 kg/m2, and these individuals were overweight [28], [194], [195], 

[196]. 

2.8 Bariatric Surgery-Related Weight Loss 

Obesity not only adversely influences the consequences of chronic diseases but also 

affects psychological and emotional well-being, disability, and quality of life. 

Therefore, the prevention of obesity is a major public health concern [197]. The 

fundamental efforts to promote weight loss are diet, changes in lifestyle and 

increased physical activity. FDA- or European Medicines Agency-approved 

medications are also available to individuals who face weight loss challenges. 

Similarly, surgical methods such as gastric bypass yield noteworthy results for 

individuals with severe obesity [198]. 

Bariatric surgery, also known as metabolic surgery, involves changes to the 

digestive system and is recognized as an effective treatment that induces weight loss 

in individuals with morbid obesity [199] (Figure 4). The effectiveness of different 

bariatric bypass procedures might differ [200], [201]. In accordance with European 

�D�Q�G���$�P�H�U�L�F�D�Q���J�X�L�G�H�O�L�Q�H�V�����S�D�W�L�H�Q�W�V���Z�L�W�K���D���%�0�,���•�������N�J���P2 �R�U���S�D�W�L�H�Q�W�V���Z�L�W�K���D���%�0�,���•������
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kg/m2 in combination with at least one obesity-associated disease, such as T2D, 

hypertension or obstructive sleep apnea, are recommended for bariatric surgery 

[202]. In a Swedish study of obese subjects, 2000 participants who underwent a 

twenty-year follow-up showed favorable results from bariatric surgery, with a 24% 

decrease in mortality, the amelioration of T2D and sleep apnea and gradual 

improvements in quality of life [203], [204], [205]. Similarly, other follow-up studies of 

bariatric surgery compared with glucagon-like peptide-1 treatment showed a 

decreased mortality rate, improved cardiovascular protection and the amelioration of 

T2D [206]. 

 

Figure 4.  Types and benefits of bariatric surgery procedures. Abbreviations: T2D: type 2 diabetes, 
CVD: cardiovascular diseases and OA: osteoarthritis. Information on classification of 
bariatric surgery has been taken from [207]. Created in Biorender.com. 

In addition to the benefits of bariatric surgeries for effective weight loss, several 

postsurgical drawbacks of the procedure such as iron deficiency [208], 

hyperinsulinemia hypoglycemia [209] and esophageal and gastric malignancies 

[210], have been reported. 
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2.8.1 Effects of weight loss on the immunomodulatory and angiogenic 
properties of ASCs 

Weight loss has been shown to affect different characteristics and functions of ASCs 

[33], [34], [35], [36], [211]. However, only a few studies have explored the effects of 

weight loss on the immunomodulatory functions of ASCs. For example, ASCs derived 

from donors with bariatric surgery-associated weight loss (wlASCs) exhibited an 

altered immunomodulatory profile. wlASCs induced M0 macrophage polarization to 

a common anti-inflammatory M2-like immunophenotype with a mix of both pro- and 

anti-inflammatory secretory responses [33]. In contrast, Silva et al. demonstrated that 

significant weight loss does not restore the obesity-induced proinflammatory cytokine 

profile of ASCs [36]. 

Bariatric surgery not only facilitates weight loss but also enhances vascular 

function and decreases the incidence of cardiovascular disorders. Bariatric surgery 

has been shown to improve retinal [212], [213] and coronary [214] microvascular 

networks in individuals with significant weight loss. In addition, with respect to CD 

marker characterization in ASCs, Silva et al. showed that bariatric surgery-associated 

weight loss increases the levels of the pericyte marker CD146 [36]. 

2.9 Microphysiological Systems to Study ASCs, Adipose Tissue 
and Obesity 

Three dimensional (3D) in vitro models are advanced cell culture techniques that 

recapitulate the 3D architecture of tissues and organs more accurately than 

traditional 2D cultures. These models are being increasingly used in various research 

fields, such as cancer biology, toxicology and drug screening [215]. 

Microphysiological systems (MPSs), also known as organ-on-chip technologies and 

closely related advanced organoid-based platforms, are miniaturized in vitro cell 

culture platforms designed to recapitulate key cell, tissue, or organ level functions 

within a 3D and physiologically relevant microenvironment. By incorporating 

appropriate 3D cellular organization, controlled delivery of growth factors, and, in 

many cases, dynamic perfusion, MPS enable closer mimicry of in vivo structural, 

biochemical, and mechanical conditions compared with conventional static 2D or 

basic 3D culture models. The integration of human cells into microengineered 

environments allows precise control over biochemical gradients, mechanical cues, 

and cell�±cell interactions, thereby enhancing biological relevance for investigating 
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complex tissue responses and disease-associated microenvironments. 

Consequently, MPS have emerged as powerful human-specific platforms for studying 

cell�±tissue interactions and pathophysiological processes, providing an alternative 

approach to animal-based models. 

 

MPSs have been applied to investigate various functions of ASCs, including their 

pericyte properties. For instance, the authors of [39] described a strong supportive 

role of ASCs acting as pericytes in stabilizing micro vessel formation by ECs, 

highlighting their facilitative role within the MPS. In addition to its pericyte functions, 

the MPS can also be used to examine other characteristics of ASCs, such as their 

contribution to vessel formation. For example, Mykuliak and Yrjänäinen et al. (2022) 

compared the vasculogenic potential of ASCs and BMSCs in coculture with HUVECs. 

They showed that although ASCs are capable of forming perfusable vessels, their 

vasculogenic potential is weaker than that of BMSCs [216]. Building on these 

findings, the authors of [15] explored the neurovascular properties of ASCs and 

BMSCs in coculture with cortical neurons. Their findings revealed that ASCs promote 

improved neurovascular formation in this context, yet again with lower potency than 

BMSCs. In another study, researchers [217] demonstrated the ability of ASCs to 

generate prevascularized and beige adipose organoids. Despite these advances, to 

date, only limited research has combined 3D vascular models with obASCs. In one 

study [38], obASCs were utilized as a tool to develop a 3D white adipose tissue in 

vitro model featuring vasculature-like perfusion; however, the pathological effects of 

obesity on ASC functions were not studied. 

The development of 3D in vitro adipose tissue models is essential for studying the 

physiological processes and pathological mechanisms underlying adipose tissue 

dysfunction in conditions such as obesity and T2D. These models could facilitate the 

discovery of novel therapeutic strategies for managing metabolic disorders and their 

related comorbidities [40], [41], [218]. Simpler ASC-based adipose tissue 3D in vitro 

models provide novel insights into ASC adipogenic differentiation, VEGF expression 

[219] and therapeutic efficacy [220] compared to conventional 2D cultures. 

Furthermore, models incorporating both ASCs and mature adipocytes exhibit cell 

type-specific protein expression and endocrine function; however, the inclusion of 

macrophages and ECs in such models could further increase their physiological 

relevance by more closely mimicking native adipose tissue behavior [221]. 

Additionally, ASC-integrated 3D in vitro platforms provide insights into the hallmarks 

of adipocyte dysfunction in obesity [222]. Complex MPS models consisting of several 

cell types that almost completely recapitulate adipose tissue heterogeneity could 
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provide detailed insights into metabolic diseases and the development of 

personalized medicine [38]. Therefore, a growing need exists to develop and 

standardize better adipose tissue models for a better understanding of obesity and 

T2D and to support the development of new treatments. 
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3 HYPOTHESIS AND AIMS OF THIS STUDY 

The aim of this thesis was to study the effects of the donor BMI and T2D on the 

functions of ASCs, such as immunomodulation and angiogenesis, when they are 

used for cell-based therapies. We hypothesized that donor-specific characteristics 

impact the therapeutic efficacy of ASCs. 

I. The aim was to analyze the effects of obesity and T2D on the 

immunomodulatory capacity of ASCs by assessing T-cell function in 

monoculture and coculture with ASCs derived from donors with obesity and 

T2D compared with nondiabetic donors with a normal BMI. 

We hypothesized that obesity and T2D exacerbate the immunomodulatory 

effects of ASCs on CD4+ T cells. 

II. The aim of this study was to investigate the effect of weight loss on ASCs 

derived from the same donors before and after bariatric surgery-associated 

weight loss. 

We hypothesized that weight loss positively affects the basic characteristics 

of ASCs, increases the cellular respiration of ASCs, and enhances the 

immunomodulatory effects of ASCs on macrophages. 

III. The aim was to study the effect of a �G�R�Q�R�U�¶�V���%�0�,���R�Q��the angiogenic functions 

of ASCs derived from participants with a normal BMI and from participants 

before and after bariatric surgery-associated weight loss. 

We hypothesized that �Z�H�L�J�K�W�� �O�R�V�V�� �L�P�S�U�R�Y�H�V�� �$�6�&�V�¶�� �V�X�S�S�R�U�W�� �R�I�� �Y�D�V�F�X�O�D�U��

structures, though impairments from obesity may not be fully reversed. 
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4 MATERIALS AND METHODS 

4.1 Subjects (Studies I, II and III) 

For study I, subcutaneous adipose tissue samples were obtained from the two donor 

groups. The first group consisted of donors with obesity and T2D (n=9; median BMI: 

42.56 kg/m2; median age: 57 years) who underwent gastric bypass surgery at the 

Tampere University Hospital (TAUH), Department of Gastroenterology and 

Alimentary Tract Surgery, and the other group consisted of nondiabetic donors with 

a normal BMI (n=5; median BMI: 24.8 kg/m2; median age: 47 years) who underwent 

plastic surgery at the TAUH, Department of Plastic and Reconstructive Surgery. For 

studies II and III, subcutaneous adipose tissue samples were obtained from donors 

who underwent bariatric surgery (n=3; BMI 39.89�±55.02 kg/m2; age 39�±53 years) at 

TAUH, Department of Gastroenterology and Alimentary Tract Surgery, and from the 

same donors (n=3; BMI 25.18�±31.46 kg/m2; age 41�±56 years) after weight loss 

surgery at the TAUH, Department of Plastic and Reconstructive Surgery. Study III 

also included donors with a normal BMI (n=3; BMI 24.4�±24.8 kg/m2; age 31�±56 

�\�H�D�U�V�������$�O�O���W�K�H���V�D�P�S�O�H�V���Z�H�U�H���R�E�W�D�L�Q�H�G���Z�L�W�K���W�K�H���G�R�Q�R�U�V�¶���Z�U�L�W�W�H�Q���L�Q�I�R�U�P�H�G���F�R�Q�V�H�Q�W���D�Q�G��

processed in accordance with supportive statements by the Ethics Committee of the 

Expert Responsibility area of TAUH (R15161, R16036). The donor characteristics are 

shown in Table 1. The study was conducted in accordance with the revised 

Declaration of Helsinki 1975. 
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Table 1.  Characteristics of the ASC donors for studies I-III 

ASC donor cell 
line code 

Age Sex BMI before 
surgery 
(kg/m2) 

BMI after weight 
loss 

(kg/m2) 

�¨BMI Time between 
samples 

D1 (I) 62 Male 37 NA NA NA 
D2 (I) 55 Female 48.5 NA NA NA 
D3 (I) 54 Female 43.3 NA NA NA 
D4 (I) 57 Female 40.4 NA NA NA 
D5 (I) 59 Female 32.6 NA NA NA 
D6 (I) 61 Female 50.9 NA NA NA 
D7 (I) 57 Female 49.3 NA NA NA 
D8 (I) 50 Female 41.7 NA NA NA 
D9 (I) 51 Female 42.6 NA NA NA 
ND1 *(I) 56 Male 25.2 NA NA NA 
ND2 (I/III) 31 Female 24.4 NA NA NA 
ND3 (I) 42 Female 22.49 NA NA NA 
ND4 *(I) 47 Female 25.2 NA NA NA 
ND5 (I/III) 48 Female 24.80 NA NA NA 
ND6 (III) 56 Female 24.4 NA NA NA 
Ob/Wl 1 (II/III) 45 Female 55.02 26.41 28.61 38 months 
Ob/Wl 2 (II) 52 Female 42.75 31.46 11.29 27 months 
Ob/Wl 3 (II/III) 52 Female 40.06 29.05 11.01 26 months 
Ob/Wl 4 (II/III) 39 Female 39.91 28.71 11.2 26 months 
Ob/Wl 5 (II) 39 Female 42.39 26.77 15.62 34 months 
Ob/Wl 6 (II) 53 Male 39.89 25.18 14.71 35 months 

Abbreviations: ASCs: adipose stem/stromal cells, BMI: body mass index, D: 
diabetic/obese donor, ND: nondiabetic/normal BMI, Ob/Wl: same donor before and after 
weight loss, �¨BMI: change in BMI, NA: not applicable, *overweight. Note: The information 
on medication of diabetic donors could be found from the original publication I. 

4.2 Adipose Tissue Histology and Immunohistochemistry (Study II) 

Histology and immunohistochemical staining of adipose tissue samples obtained 

before (n=6) and after weight loss (n=6) were performed to assess the adipocyte size 

and the presence of crown-like structures (CLSs) in the tissue. Methodological details 

are provided in the original publication II. 
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4.3 Isolation and Culture of ASCs (Studies I-III) 

Human ASCs were isolated from the subcutaneous adipose tissue of donors with a 

normal weight (nASC), i.e., a BMI < 25 kg/m2�����D�Q�G���I�U�R�P���R�E�H�V�H���7���'���G�R�Q�R�U�V�����%�0�,���•��������

kg/m2) who underwent bariatric surgery (obASCs) and after weight loss (wlASCs). 

ASCs were cultured in alpha MEM (Thermo Scientific) supplemented with human 

serum (HS; Serana) and 1% P/S (Lonza), which was referred to as basic medium 

(BM). ASC isolation and expansion were performed as described previously [223]. 

The experiments with ASCs were conducted at passages 4�±6. 

4.4 Isolation and Culture of Peripheral Blood Mononuclear Cells 
(Study I and II) 

PBMCs were utilized in studies I and II to assess the immunomodulatory effects of 

ASCs on T cells and macrophages, respectively. Allogenic human PBMCs (Finnish 

Red Cross Blood Service Helsinki) from healthy donors were isolated from buffy coat 

samples with Ficoll® Paque PLUS (density of 1.077 g/mL; GE Healthcare). The 

isolated cells were cryopreserved in the nitrogen gas phase and thawed for coculture 

with ASCs. 

4.4.1 T-cell purification and isolation (Study I) 

CD4+ T cells from donors (n=12) were purified from freshly prepared PBMCs by 

magnetic activated cell sorting using a human CD4+ T-cell isolation kit (Miltenyi 

Biotec). In addition, naïve CD4+ T cells (CD4+CD25�í/dim) from donors (n=4) were 

purified using a naïve CD4+ T-cell isolation kit (Miltenyi Biotec) according to the 

�P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�V�����7�K�H���L�V�R�O�D�W�H�G���F�H�O�O�V���Z�H�U�H���F�U�\�R�S�U�H�V�H�U�Y�H�G���L�Q���W�K�H���Q�L�W�U�R�J�H�Q���J�D�V��

phase and thawed for coculture with ASCs. 

4.4.2 Macrophage polarization and activation (Study II) 

M1 and M2 cells were polarized from PBMCs [224]. A total of two million PBMCs 

were seeded in 12-well plates (Nunc�Œ, Thermo Fisher Scientific) in basal RPMI 1640 

medium and incubated for 2 h at 37 °C. Afterward, polarization medium was added 
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to each well (Table 2), and the cells were incubated for 6 days at 37 °C. On Day 6, 

the polarization medium was replaced with activation medium (Table 2). 

Table 2.  Composition of polarization and activation media for macrophages 

Cell type Polarization media Activation media 

M1 

50ng/ml recombinant human 
granulocyte/macrophage colony 
stimulating factor (rhu GM-CSF), 10% 
FBS in RPMI-1640+1% P/S 

50ng/ml IFN��, 10 ng/ml lipopolysaccharide 
from E. coli (LPS) and 50 ng/ml GM-CSF, 10 % 
FBS in RPMI+1% P/S 

M2 
50ng/ml recombinant human macrophage 
colony stimulating factor (rhu M-CSF), 
10% FBS in RPMI-1640+1% P/S 

20ng/ml IL-4, 50ng/ml rhu M-CSF, 10% FBS in 
RPMI-1640+1% P/S 

Abbreviations. M1: proinflammatory macrophage, M2: Anti-inflammatory macrophage, 
rhuGM-CSF: recombinant human granulocyte/macrophage colony stimulating factor, 
�,�)�1��: Interferon gamma, LPS: lipopolysaccharide, FBS: Fetal bovine serum, P/S: 
Penicillin/Streptomycin, rhu M-CSF: recombinant human macrophage colony stimulating 
factor, IL-4: interleukin-4. 

4.5 Culturing Green Florescent Protein-Tagged Human Umbilical 
Vein Endothelial Cells (Study III) 

HUVECs expressing green fluorescent protein (GFP) were obtained from 

CellDivision (ref.CCD-6011, lot.30009). GFP-HUVECs were cultured in an 

Endothelial Cell Growth Medium-2 Bullet Kit (EGM-2; Lonza) consisting of 

Endothelial Cell Growth Basal Medium-2 (EBM-2) and Endothelial Cell Growth 

Medium-2 Supplements. Instead of the fetal bovine serum supplied with the kit, 2% 

HS (Serana) was used. The experiments with GFP-HUVECs were conducted at 

passages 4�±5. 
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4.6 Characterization and Proliferation of ASCs (Studies I-III) 

The trilineage differentiation capacity (adipogenic, osteogenic and chondrogenic) of 

ASCs was determined according to the methods of Juntunen et al. [186] in studies I�±

III. 

The surface markers CD13-BV421, CD14-APC, CD19-APC, CD29-FITC, CD31-

BV421, CD34-APC, CD36-APC, CD44-FITC, CD45RO-APC, CD54-FITC, CD73-PE, 

CD90-APC, CD105-PE, CD146-BV421, CD235A-BV421 and HLA-DR BV421 were 

assessed using a CytoFlex S flow cytometer (Beckman Coulter) to verify the 

phenotypic characteristics of the ASCs according to ISCT [100] and IFATS [99]. The 

percentage and median fluorescence intensity (MFI) of each positive cell were 

determined, and the data were analyzed using FlowJo�Œ software (BD Biosciences). 

The proliferation rates of obASCs (n=9), nASCs (n=4) in study I and obASCs 

(n=5), and wlASCs (n=5) in study II on Days 7, 9 and 11 were analyzed with a Cell 

Counting Kit-8 (CCK-������ ���'�R�M�L�Q�G�R�� �/�D�E�R�U�D�W�R�U�L�H�V���� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V��

instructions. In study I, the population doubling time (PDT) was also calculated for 

the ASCs. A total of 2000 cells/cm2 were seeded in T75 cm2 flasks, and the BM was 

changed every third day. On the seventh day of culture, the cells were harvested and 

counted with an automated cell counter (Bio-Rad). PDT was calculated with the 

�I�R�U�P�X�O�D���3�'�7��� �7���î���O�R�J�������O�R�J�1�I���í���O�R�J�1�L�������Z�K�H�U�H���7���L�V���W�K�H���F�X�O�W�X�U�H���W�L�Pe, Ni is the initial cell 

number, and Nf is the final harvested cell number. 

4.7 Detection of Reactive Oxygen Species Generated by ASCs 
(Study I) 

Reactive oxygen species generated in basal and tert-butyl hydroperoxide (TBHP; 

Sigma�±Aldrich)-induced ASCs were analyzed by labeling the cells with a 

DCFDA/H2DCFDA-Cellular ROS Assay Kit (Abcam). The antioxidant potential of 

nASCs and obASCs was compared by treating labeled cells with the oxidative agent 

TBHP. The fluorescence intensity of TBHP-treated and untreated nASCs/obASCs 

was measured with a microplate reader (Victor 1429 Multilabel Counter, Wallac). 
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4.8 Assessment of Mitochondrial Respiration (Study II) 

Mitochondrial respiration levels in obASCs (n=6) and wlASCs (n=6) were assessed 

using a Cell Mito Stress Test Kit (Agilent Technologies, Inc.). Methodological details 

are provided in the original publication II. 

4.9 Coculture Procedure 

4.9.1 ASC�±CD4+ T-cell coculture (Study I) 

The immunosuppressive effects of nASCs (n=5) and obASCs (n=9) on CD4+ T cells 

were studied by coculturing nASCs/obASCs with CD4+ T cells. For this experiment, 

nASCs/obASCs (5-6×104) were cultured overnight on 12-well plates (Corning 

CellBIND) precoated with anti-human CD3 (1 µg/mL) and anti-human CD28 (2 

µg/mL) (Miltenyi Biotec) antibodies. Purified CD4+ T cells (8×105�±106 cells/ml) were 

added on top of the adherent ASCs at a ratio of 1:10�±1:20, ASC/CD4+ T cells. CD4+ 

T-cell monocultures were utilized as controls. The cells were cultured in RPMI 1640 

medium (Gibco) supplemented with 5% HS for 5 days. 

For the CD4+ T-cell proliferation assay, recombinant IL-2 (Miltenyi Biotec) (50 

IU/mL) was added to the culture medium. For the ASC immunogenicity experiments, 

nASCs/obASCs were seeded in noncoated 12-well plates and cocultured with naïve 

CD4+ T cells (1:10, ASC/CD4+ T cells) for 6 days. 

4.9.2 Macrophage�±ASC coculture (Study II) 

The immunomodulatory effects of obASCs (n=5) and wlASCs (n=5) on M1 and M2 

macrophages were studied by culturing ob/wlASCs with polarized and activated 

macrophages. For cocultures, on Day 7 of macrophage polarization and activation, 

80,000 obASCs or wlASCs in M1/M2 activation medium were added to 

representative coculture wells and incubated at 37 °C for 3 days. On Day 10, the 

monocultures and cocultures were detached with Accutase�Œ (Thermo Fisher 

Scientific) and a cell scraper (USA Scientific, Inc.) for subsequent assays. A graphical 

illustration of the assay timeline is provided in Figure 5. On Day 11, total mRNA and 

conditioned media samples were collected to analyze the gene expression and 

cytokine secretion by macrophages and monocultured and cocultured ASCs, which 
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�Z�H�U�H���V�X�E�V�H�T�X�H�Q�W�O�\���V�W�R�U�H�G���D�W���í�������ƒ�&�����$�G�G�L�W�L�R�Q�D�O�O�\�����P�R�Q�R�F�X�O�W�X�U�H�V���R�I���R�E�$�6�&�V�����Q� �������D�Q�G��

wlASCs (n=4) were cultured in RPMI 1640 medium supplemented with L-glutamine, 

�V�R�G�L�X�P���E�L�F�D�U�E�R�Q�D�W�H�������������)�%�6�����������3���6�����D�Q�G���,�)�1��. 

 

Figure 5.  �*�U�D�S�K�L�F�D�O���L�O�O�X�V�W�U�D�W�L�R�Q���R�I���P�D�F�U�R�S�K�D�J�H���S�R�O�D�U�L�]�D�W�L�R�Q���D�Q�G���D�F�W�L�Y�D�W�L�R�Q���D�V�V�D�\�¶�V���W�L�P�H�O�L�Q�H�����&�U�H�D�W�H�G��
in BioRender.com. Adnan, A. (2025) https://BioRender.com/wt05eef. Abbreviations: M0: 
resting macrophages, obASCs: ASCs derived before weight loss, wlASCs: ASCs derived 
after weight loss 

4.9.3 Microvascular network formation (Study III) 

The angiogenic functions of nASCs (n=3), obASCs (n=3) and wlASCs (n=3) were 

assessed by coculturing n/ob/wlASCs with GFP-HUVECs. Microvascular networks 

were formed inside microfluidic devices (DAX-1; Aim Biotech) as described 

previously [216], with few modifications. Briefly, nASCs/obASCs/wlASCs were 

combined with GFP-HUVECs (at a final cell density of 6 million cells/ml) and 

centrifuged. The cell pellet was then resuspended in EBM-2 containing 2 IU/ml 

�K�X�P�D�Q���W�K�U�R�P�E�L�Q�����6�L�J�P�D�Å�$�O�G�U�L�F�K�����D�Q�G���F�R�P�E�L�Qed at a 1:1 volume ratio with 5 mg/ml 

�K�X�P�D�Q���I�L�E�U�L�Q�R�J�H�Q�����6�L�J�P�D�Å�$�O�G�U�L�F�K�������7�K�H���U�H�V�X�O�W�L�Q�J���P�L�[�W�X�U�H�����������—�O�����Z�D�V���L�Q�M�H�F�W�H�G���L�Q�W�R���W�K�H��

gel channel of the microfluidic device, inverted twice for 30 seconds and allowed to 

polymerize upside down in a humidified chamber for 30�±40 min at 37 °C. 

Microvascular networks were cultured in EGM-2 supplemented with 2% HS (Serana) 

and 2 mg/ml aprotinin (Abcam). Interstitial flow was used throughout the culture 

period to increase vascular network formation. Interstitial flow was generated by 

adding 90 µl of culture medium into both reservoirs of the upper medium channel and 

https://biorender.com/wt05eef
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50 µl of medium into both reservoirs of the lower medium channel. For improved 

microvascular network perfusability, the medium channels of the microfluidic devices 

�Z�H�U�H���F�R�D�W�H�G���Z�L�W�K���K�X�P�D�Q���S�O�D�V�P�D���I�L�E�U�R�Q�H�F�W�L�Q�����6�L�J�P�D�Å�$�O�G�U�L�F�K�����R�Q���'�D�\�������D�Q�G���V�H�H�G�H�G��

with GFP-HUVECs (1.5 million cells/ml) on Day 4. 

4.10 Analyses of CD4+ T-Cell Proliferation, Apoptosis, Cell Cycle, 
and Activation Markers (Study I) 

CD4+ T-cell proliferation was assessed in monocultures and cocultures with 

n/obASCs by labeling the cells with CellTrace Violet (1�±2 µm) (CTV; Invitrogen). On 

the fifth day of culture, T cells were collected, stained with fixable viability stain 780 

(FVS780; BD Biosciences Horizo) and an anti-CD4-FITC antibody, and then 

analyzed. 

CD4+ T-cell apoptosis in monocultures and cocultures with nASCs and obASCs 

was analyzed with Annexin V-APC/propidium iodide (PI) (Invitrogen) dual staining. 

The percentages of Annexin V+/PI�í, Annexin V+/PI+, and Annexin V�í/PI+ cells 

represent the percentages of cells in early apoptosis, late apoptosis, and necrosis, 

respectively. 

The cell cycle analysis of CD4+ T cells in monoculture and coculture was 

performed with a red blood cell cycle assay kit (Abcam). The CD4+ T-cell activation 

status was assessed by staining the cells with FVS780 and human anti-CD4-FITC 

antibodies, in addition to 1 or 2 of the following antibodies: anti-CD69-PE 

(eBioscience), anti-CD25-APC, anti-HLA-DR-BV605 (BD Horizon), anti-CD26-PE, 

and anti-CD279-PerCP. All antibodies were obtained from BD Biosciences 

Pharmingen, unless another supplier is indicated. 

A CytoFlex S flow cytometer (Beckman Coulter) and FlowJo�Œ software (BD 

Biosciences) were used to monitor and analyze the proliferation, apoptosis, cell cycle, 

and expression of activation markers in stimulated CD4+ T-cell monocultures and 

cocultures with n/obASCs. 

4.11 Treg Detection and Intracellular Cytokine Analysis (Study I) 

Intracellular staining of CD4+CD25+ T cells was performed to detect the Treg 

population using a human FOXP3 buffer set (BD Biosciences) and anti-human 

FOXP3-PE antibody (BD Pharmingen). CD4+ T-cell monocultures or cocultures with 
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n/obASCs were restimulated with a leukocyte activation cocktail (BD Biosciences) for 

2�±3 h on the day of analysis to analyze the levels of intracellular cytokines. The T 

cells were then isolated, fixed, and permeabilized using a BD Cytofix/Cytoperm kit 

(BD Biosciences). CD4+ T cells were stained with BV605-conjugated anti-human 

�,�)�1�����R�U���$�3�&-conjugated anti-human IL-10 antibodies (BD Biosciences) and analyzed 

using a CytoFlex S flow cytometer. 

4.12  ELISA, Cytokine and RT-qPCR Analyses (Studies I�±III) 

Details of the methods utilized for analyzing cellular secretory factors, plasma 

inflammatory markers and gene expression in mono- and cocultures in studies I�±III 

(Table 3) can be obtained directly from the original publications. 

Table 3.  ELISA, cytokine and RT-qPCR analysis performed in study I-III 

Analysis Study 
ELISA: Human IFN-��, IL-2, IL-17, IL-6, IL-8, PGE2, IL-10, and �7�*�)���� (Thermo Fisher Scientific) 
from cell culture supernatant 

I 

ELISA: Human CRP, Leptin and Adiponectin (R&D Systems) from blood plasma II 
ELISA: Human Angiopoietin I, �7�*�)�������D�Q�G���*�'�1�) (Abcam) from cell culture supernatant III 
RT-qPCR (Custom TaqMan Array Plates, Applied Biosystems) II and III 
Cytokine analysis: Human IL-1RA, TARC, MIP-1 �., MDC, MCP-1, IL-1��, IL-4, IL-6, IL-10, IL-12p70 
and TNF�.) (Mesoscale Diagnostics) from cell culture supernatant 

II 

Abbreviations. IFN-��: interferon gamma, IL-2: interleukin-2, IL-17: interleukin-17, IL-6: 
interleukin-6, IL-8: interleukin-8, PGE2: Prostaglandin E2, IL-10: interleukin-10, �7�*�)���� : 
transforming growth factor- beta1, GDNF: glial derived neurotropic factor, CRP: C. 
Reactive Protein, RT-qPCR: Reverse Transcription-quantitative Polymerase Chain 
Reaction, IL-1RA: interleukin-1 receptor antagonist, TARC: thymus- and activation-
regulated chemokine, MIP-���� �.����macrophage inflammatory protein 1 alpha, MDC: 
macrophage-derived chemokine, MCP-1: monocyte chemoattractant protein-1, IL-���� : 
interleukin-1beta, IL-4: interleukin-4, IL-12p70 interleukin-12p70 �D�Q�G�� �7�1�)�.: tumour 
necrosis factor-alpha. 

4.13 Immunofluorescence staining (Study III) 

Immunocytochemistry was performed to study the cellular interactions between 

n/ob/wlASCs and ECs in vascular networks. The immunostaining protocol (Table 4) 

was performed as described previously [216]. Methodological details of 

immunocytochemistry can be found in the attached manuscript. 
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Table 4.  Primary and secondary antibodies utilized in immunocytochemistry protocol of study 
III. 

Antibodies Dilution factor Manufacturer 

CD144 1:200 BD Pharmingen 

COLIV 1:150 Sigma-Aldrich 

CD31 1:25 Abcam 

�.�6�0�$ 1:200 Abcam 

Alexa Fluor 568  1:400 Thermo Fisher 

Alexa Flour 488  1:400 Thermo Fisher 

Abbreviations. CD144: vascular endothelial cadherin, COLIV: collagen type four, CD31: 
platelet endothelial cell adhesion molecule-1, �.�6�0�$�� alpha-smooth muscle actin. 

4.14 Microvessel, Perivascular and COLIV Quantification (Study III) 

The GFP signal from the ECs was used to quantify the percentage of the vascular 

area, total vascular network length, and average vessel diameter. The pericyte 

transition of nASCs, obASCs and wlASCs �Z�D�V���T�X�D�Q�W�L�I�L�H�G���I�U�R�P���W�K�H���.-SMA signal in 

terms of the pericyte area percentage, and the pericyte coverage was quantified as 
the overlapping area of the �.-SMA and GFP signals. Both quantifications (nASCs: 
n=3; obASCs: n=3; wlASCs: n=3) were performed as described previously [216]. 

Collagen type IV (COLIV) production in nASC (n=3), obASC (n=3) and wlASC 

(n=3) cocultures with ECs was studied with Fiji software, and the signals were 

quantified in terms of COLIV area coverage. 

4.15 Statistical Analysis (Studies I�±III) 

Statistical analysis was performed using GraphPad Prism software version 9.0.0 for 

studies I�±II and version 10 for study III (GraphPad, Inc.). The normality of the data 

was determined with the �6�K�D�S�L�U�R�Å�:�L�O�N test. Based on the results, appropriate 

parametric or nonparametric �W�H�V�W�V�� �Z�H�U�H�� �V�H�O�H�F�W�H�G���� �$�G�G�L�W�L�R�Q�D�O�O�\���� �S�”�� ���������� �L�Q�G�L�F�D�W�H�G��

statistical significance. 

In study I, the data are presented as the medians and ranges. P values were 

calculated using the �0�D�Q�Q�Å�:�K�L�W�Q�H�\ U test for all the data in the original publication. 

However, in this study, repeated measures one-way ANOVA was used to calculate 

the p values for ROS production, Treg frequency, and production of the cytokines 
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�,�)�1�����D�Q�G���,�/-���������6�S�H�D�U�P�D�Q�¶�V���D�Q�G���3�H�D�U�V�R�Q�¶�V���F�R�U�U�H�O�D�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W�V���Z�H�U�H���F�D�O�F�X�O�D�W�H�G��

to determine the correlations the studied variables. 

In study II, the data are presented as the means and standard deviations for the 

flow cytometric analysis and as the minimum to maximum values with boxplots for all 

other analyses. The Wilcoxon signed-rank test was used to analyze plasma 

inflammatory marker levels and gene expression in monocultures of ASCs, whereas 

paired sample t tests were used to analyze the adipocyte area, ASC surface marker 

expression, ASC proliferation, mitochondrial respiration data, and ASC cytokine 

secretion in monocultures and macrophage monocultures. A paired sample t test was 

used for normally distributed data, whereas the Wilcoxon signed-rank test was used 

for nonnormally distributed data. Additionally, repeated measures one-way ANOVA 

was used to calculate the p values for surface marker expression, gene expression 

and cytokine levels in macrophage and ASC monocultures and cocultures. A line 

graph of mitochondrial respiration was created based on the kinetic profile of the 120-

minute measurement period of samples from all donors. 

In study III, the data are presented as minimum to maximum with boxplots for RT�±

qPCR analyses and as mean with standard deviation for all other analysis. A paired 

sample t test and one-way ANOVA were used for normally distributed data, such as 

gene expression in ASC cocultures with ECs, COLIV levels and secreted factor 

levels, whereas the Wilcoxon signed-rank test and �.�U�X�V�N�D�O�Å�:�D�O�O�L�V test were used for 

nonnormally distributed data, such as vessel data and pericyte coverage. 
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5 RESULTS 

5.1 Impact of Weight Loss on Plasma Inflammatory Marker Levels 
and Adipose Tissue Histology (Study II) 

�,�Q�� �V�W�X�G�\�� �,�,���� �Z�H�� �G�H�W�H�U�P�L�Q�H�G�� �W�K�H�� �L�P�S�D�F�W�� �R�I�� �Z�H�L�J�K�W�� �O�R�V�V�� �R�Q�� �W�K�H�� �G�R�Q�R�U�¶�V�� �L�Q�I�O�D�P�P�D�W�R�U�\��

status by analyzing the levels of the adipokines leptin and adiponectin, as well as C-

reactive protein (CRP), in blood plasma samples from donors before and after weight 

loss. After weight loss, we observed a notable decrease in the level of the 

inflammatory protein CRP (Figure 6A), a significant decrease in the leptin level 

(Figure 6B) and a significant increase in the level of the anti-inflammatory adipokine 

adiponectin (Figure 6C). 

Additionally, in study II, adipose tissue sections were examined before and after 

weight loss to evaluate the size of adipocytes and the presence of CLSs. A significant 

reduction in the adipocyte area was observed following weight loss (Figure 6D). 

Furthermore, our observations revealed dying adipocytes surrounded by CD68+ 

macrophages in adipose tissue samples obtained before weight loss. No CLSs were 

observed after weight loss (see original publication II, Figure 1E�±F and 

Supplementary Figure 2A�±B for more details). 
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Figure 6.  Effects of weight loss on plasma inflammatory (CRP, leptin) and anti-inflammatory 
(adiponectin) marker levels and adipocyte areas. Decreased plasma CRP and leptin levels 
and increased adiponectin levels were detected after weight loss. n=6. A) CRP, B) leptin, 
and C) adiponectin levels. D) Adipocyte area in µm before and after weight loss. CRP: C-
Reactive Protein. The Wilcoxon test for paired samples was used. p values < 0.05 were 
considered significant. 

5.2 ASC Surface Marker Expression (Studies I�±III) 

All ASC subtypes analyzed in studies I, II and III fulfilled the surface marker criteria 

established by the ISCT/IFATS for MSCs [99], [100] although minor differences were 

observed. The cells were positive (>85%) for CD90, CD73, CD105, CD13, CD44 and 

CD29 and negative (<2%) for CD14, CD45RO, CD235a, HLA-DR, and CD34. The 

CD marker profiles varied across the three different studies for the markers CD146, 

CD36 and CD31. However, the direction of their significant differences was similar 

across the three studies. See the original publications for more details. 

5.3 ASC Mitochondrial Functions (Study I and II) 

In study I, obesity- and T2D-induced stress was measured by analyzing the basal 

and stress-responsive ROS levels in obASCs and nASCs. Compared with nASCs, 

obASCs generated elevated levels of both basal and stress-responsive ROS, 

although these increases were not statistically significant (Figure 7A). However, a 

significant positive correlation was observed between the PDT and basal ROS levels 

of ASCs. See original publication I for more details. 
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In study II, the overall mitochondrial respiration of obASCs and wlASCs was 

examined by measuring the basal and maximal respiration, adenosine triphosphate 

(ATP) production, proton leakage, and spare respiratory capacity of the cells to 

investigate the impact of obesity-induced stress on the mitochondrial functions of 

ASCs. No significant differences were observed in the individual factors between 

groups. However, the overall mitochondrial respiration rate over the 120-minute 

measurement period was significantly greater in wlASCs than in obASCs (Figure 7B; 

see original publication II; Figure 2B�±F for more details). 

 

Figure 7.  In study I, increased ROS levels, represented by the fluorescence intensity, generated in 
TBHP-treated conditions (oxidative stress condition) by nASCs (n=5) and obASCs (n=9). 
A) ROS levels, nASCs: ASCs derived from nonobese/diabetic donors, obASCs: ASCs 
derived from donors with obesity and T2D, ROS: reactive oxygen species, TBHP: tert-
Butyl hydroperoxide. RM-ANOVA. p values < 0.05 were considered significant. In study II, 
improved oxygen consumption rates of ASCs after weight loss. n=6. B) Mitochondrial 
respiration. obASCs: ASCs obtained before weight loss; wlASCs: ASCs obtained after 
weight loss; OCR: Oxygen consumption rate. Paired t test for paired samples was used. p 
values < 0.05 were considered significant. The data are presented as the medians for 
mitochondrial respiration and as the minimum to maximum values for other measured 
individual factors. 

5.4 obASC and nASC Exhibit Similar Responses to Inflammatory 
Conditions (Study I) 

In study I, the responses of naïve and stimulated nASCs/obASCs to inflammatory 

conditions, �L���H�������F�R�F�X�O�W�X�U�H���Z�L�W�K���S�U�H�D�F�W�L�Y�D�W�H�G���3�%�0�&�V���D�Q�G���,�)�1�����S�U�L�P�L�Q�J�����Z�H�U�H���H�Y�D�O�X�D�W�H�G��
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by assessing the surface expression of immune-related markers such as CD274, 

CD54, and CD86 (Figure 8). 

Under naïve conditions, CD274 was the only marker whose expression was 

significantly higher in obASCs than in nASCs (Figure 8A). However, under 

inflammatory conditions, obASCs exhibited significantly upregulated CD274, CD54, 

and CD86 expression. 

Compared with naïve obASCs, obASCs cocultured with PBMCs presented the 

greatest upregulation of the expression of all the abovementioned markers. For 

example, the percentage of positive cells and the MFI of CD274 (Figure 8A, B), CD54 

(Figure 8C, D) and CD86 (Figure 8E, F) were significantly increased in obASCs 

cocultured with PBMCs compared with those in naïve obASCs (see original 

publication I; Figure 2E, F, I, J, K and L for more details). 
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Figure 8.  Inflammation-induced expression of immune-related markers by nASCs and obASCs. 
nASCs (n=3) and obASCs (n=9). A, C, and E) Percentage of positive cells, B, D, and F) 
Expression level (MFI) within the positive population for each marker. A, B) CD274, C, D) 
CD54, E, F) CD86. nASCs: ASCs derived from nonobese/diabetic donors; obASCs: ASCs 
derived from donors with obesity and T2D�����,�)�1�������L�Q�W�H�U�I�H�U�R�Q���J�D�P�P�D, PBMCs: peripheral 
blood mononuclear cells. The Mann-Whitney test was used for statistical comparisons 
�E�H�W�Z�H�H�Q���J�U�R�X�S�V�����S���Y�D�O�X�H�V���”�����������Z�H�U�H���F�R�Q�V�L�G�H�U�H�G���V�L�J�Q�L�I�L�F�D�Q�W�����7�K�H���G�D�W�D���D�U�H���S�U�H�V�H�Q�W�H�G���D�V��
the medians. 

5.5 Significant Effects of nASCs and obASCs on T-Cell 
Proliferation, Survival and Activation Markers (Study I) 

In study I, stimulated T cells cultured alone or cocultured with n/obASCs were stained 

and analyzed by flow cytometry to determine the effects of nASCs and obASCs on 

T-cell proliferation, survival and expression of activation markers. CD4+ T-cell division 

increased significantly with anti-CD3/CD28 stimulation. However, in the CCK8 

analysis, we observed a significant decrease in the viability of CD4+ T cells cocultured 

with obASCs (Figure 9A). Moreover, compared with that in the monocultures of 
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stimulated T cells, the expansion index was significantly decreased in the cocultures 

of stimulated T cells with both nASCs and obASCs (Figure 9B). 

Additionally, when the cell division tracking dye CTV was used, stimulated CD4+ 

T cells cocultured with nASCs and obASCs exhibited significant arrest in G0 phase 

compared with stimulated CD4+ T cell monocultures (see original publication I, Figure 

3C and D for more details). 

 

Figure 9.  nASCs and obASCs mediated suppression of CD4+ T cell proliferation. CD4+ T cell (n=4), 
nASCs (n=5) and obASCs (n=9). A) The proliferation of viable CD4+ T cells monitored with 
CCK-8. B) Expansion index of CTV-labeled CD4+ T-cell proliferation. nASCs: ASCs 
derived from nonobese/diabetic donors; obASCs, ASCs derived from donors with obesity 
and T2D; CTV: CellTrace Violet; OD: optical density; st: stimulated. The Mann-Whitney 
test was used for statistical comparisons between groups. p values �”0.05 were considered 
significant. The data are presented as the medians. 
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5.6 Significantly Increased Levels of Tregs and Decreased 
�,�Q�W�U�D�F�H�O�O�X�O�D�U���,�)�1�����D�Q�G���,�/-10 Expression in T Cells Cocultured 
with n/obASCs (Study I) 

In study I, t the Treg population and intracellular cytokine levels in T cells mono- and 

cocultured with n/obASCs were detected by staining the cells and analyzing them 

using flow cytometry. Compared with CD4+ T-cell monocultures, CD4+ T cells 

cocultured with nASCs and obASCs exhibited a significantly increased median 

frequency of Tregs (CD4+CD25highFOXP3+). However, no significant differences were 

observed between the nASC and obASC cocultures (Figure 10). In contrast, 

compared with CD4+ T-cell monocultures, cocultures of both nASCs and obASCs 

with CD4+ T cells significantly reduced the percentage of CD4+ T cells expressing 

�L�Q�W�U�D�F�H�O�O�X�O�D�U���,�)�1�������)�L�J�X�U�H�������%�����D�Q�G���,�/-10 (Figure 10C) (see publication I, Figure 6B 

for more details). 

 

Figure 10.  nASC and obASC increase the Treg level and decrease intracellular cytokine expression. 
T cell (n=2-5), nASCs (n=3-4) and obASCs (n=4-9). A) Percentage of Treg frequency, B) 
Percentage of �,�)�1�����S�R�V�L�W�L�Y�H���&�'��+ T cells, C) Percentage of IL-10 positive CD4+ T cells. 
nASCs: ASCs derived from nonobese/diabetic donors; obASCs, ASCs derived from 
donors with obesity and T2D, st: stimulated. For RM ANOVA, p values < 0.05 were 
considered significant. The data are presented as the medians. 



 

64 

5.7 Downregulated Expression of Pro- and Anti-inflammatory 
Genes and the Proinflammatory Cytokine IL-12p70 in wlASC 
Monocultures (Study II) 

In study II, the pro- and anti-inflammatory statuses of obASCs and wlASCs were 

evaluated by detecting gene expression and cytokine secretion from both types of 

ASC monocultures (Figure 11). Our findings revealed the significant downregulation 

of the expression of proinflammatory genes in wlASCs (Figure 11A and B) compared 

with obASCs. Additionally, we observed a significant decrease in the expression of 

the anti-inflammatory gene TSG6 in wlASCs compared with that in obASCs (Figure 

11C; see publication II, Figure 3A and Supplementary Figure 5 for more details). 

 

Figure 11.  Comparison of gene expression and cytokine secretion between obASCs and wlASCs. 
n=4. A-C. Gene expression. Box plots of the fold change values and statistical analysis of 
the delta CT values. D. Cytokine secretion. obASCs: ASCs derived before weight loss; 
wlASCs: ASCs derived after weight loss. A) �7�1�)�., B) CCL5, C) TSG6, and D) IL-12p70. 
The Wilcoxon test was used for paired samples for gene expression, and the paired t test 
was used for cytokine secretion. p values < 0.05 were considered significant. The data are 
presented as the minimum to maximum values. 

In study II, the overall amounts of secreted proinflammatory cytokines were low in 

both obASCs and wlASCs. However, compared with obASCs, wlASCs secreted 

significantly less IL-12p70 (Figure 11D). Additionally, nonsignificant decreases in the 

levels of all studied anti-inflammatory cytokines, such as IL-4, IL-1RA, and IL-10, 

were observed after weight loss (see publication II, Supplementary Figure 6 for more 

details). 
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5.8 Downregulation of Both Proinflammatory and Anti-
inflammatory Surface Markers in Macrophages by obASCs 
and wlASCs in Cocultures (Study II) 

In study II, the surface marker expression of M1/M2 macrophages cocultured with 

ob/wlASCs was analyzed using flow cytometry to investigate the effect of weight loss 

on the immunomodulatory effects of ASCs on macrophages. In M1 macrophages, we 

observed the downregulation of the expression of the proinflammatory CD markers 

CD11C and CD86 and the anti-inflammatory marker CD163 in cocultures with both 

obASCs and wlASCs compared with those in M1 monocultures (Figure 12). 

Specifically, compared with those in M1 monocultures, the percentages of CD11C- 

and CD86-positive macrophages in M1 cocultures with wlASCs were significantly 

decreased (Figure 12A, C). Similarly, the percentage of CD163-positive 

macrophages was significantly lower in M1 cocultures with both obASCs and wlASCs 

than in M1 monocultures (Figure 12E). 

Similarly, obASCs and wlASCs downregulated the expression of the anti-

inflammatory marker CD206 in M2 macrophages. A significantly lower percentage of 

CD206-positive cells was observed in M2 cocultures with wlASCs than in M2 

cocultures with obASCs (Figure 12H; see publication II, Figure 4E, F and 

Supplementary Figure 13 for more details). 
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Figure 12.  Percentages of CD markers in M1 and M2 cells in monoculture and coculture with obASCs 
and wlASCs. n=5. A) CD11C, C) CD86, E) CD163, and G) CD206 in M1 mono-
/cocultures. B) CD11C, D) CD86, F) CD163, and H) CD206 expression in M2 mono-
/cocultures. obASCs: ASCs derived before weight loss; wlASCs: ASCs derived after 
weight loss. For RM ANOVA, p values < 0.05 were considered significant. The data are 
presented as the means and SDs. 
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5.9 Pro- and Anti-inflammatory Gene Expression and Cytokine 
Secretion in ASC Cocultures (Study II) 

5.9.1 Inconsistent regulation of pro- and anti-inflammatory gene expression 
and cytokine secretion in M1 macrophages by obASCs and wlASCs in 
cocultures 

In contrast to the surface marker results, significant decreases in the expression 

levels of proinflammatory genes, such as �,�)�1�� and �7�1�)�., were observed (Figure 13). 

Compared with their corresponding macrophage monocultures, the M1 cocultures 

with obASCs and wlASCs presented significantly lower �,�)�1�� and �7�1�)�. expression 

(Figure 13A and B). However, the expression of chemokine ligand 5 (CCL5) was 

significantly increased in M1 cocultures with both obASCs and wlASCs (Figure 13C; 

see publication II, Figure 5A-C and Supplementary Figure 14A for more details). 

Similarly, we observed a modest downregulation of anti-inflammatory gene 

expression in M1 cocultures with both obASCs and wlASCs (Figure 13). Compared 

with M1 monocultures, M1 macrophages cocultured with wlASCs presented 

significantly lower MRC1 expression (Figure 13C; see publication II, Figure 5D�±F and 

Supplementary Figure 14B�±F for more details). 

In M1 cocultures with both obASCs and wlASCs (Figure 13), notable increases in 

the secretion of the proinflammatory cytokines MCP-1, IL-6, IL-12p70, and IL-����  were 

detected. The levels of secreted IL-12p70 (Figure 13E) and IL-�������Z�H�U�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\��

higher in M1 cocultures with wlASCs than in M1 monocultures (see publication II, 

Figure 5G�±L and Supplementary Figure 14G�±K for more details). 
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Figure 13.  Comparison of gene expression and cytokine secretion between mono- and cocultures of 
M1 macrophages with obASCs and wlASCs. n=4. A-C: Gene expression in M1 mono-
/cocultures. D-F: Cytokine secretion in M1 mono-/cocultures. A) IFN��, B) �7�1�)�., C) MRC1, 
D) IL-6, E) IL-12p70, and F) IL-1RA. obASCs: ASCs derived before weight loss; wlASCs: 
ASCs derived after weight loss. For RM ANOVA, p values < 0.05 were considered 
significant. The data are presented as the minimum to maximum values. 

5.9.2 Variable regulation of pro- and anti-inflammatory gene expression and 
cytokine secretion in M2 macrophages by obASCs and wlASCs in 
cocultures 

With respect to the M2 cocultures, we did not observe any significant differences in 

proinflammatory gene expression (Figure 14A). Similar to the M1 cocultures, the 

expression of anti-inflammatory genes was slightly downregulated in the M2 
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cocultures with both obASCs and wlASCs (Figure 14). In contrast, we observed that 

compared with that in M2 monocultures, TSG6 expression was significantly higher in 

M2 cocultures with ASCs. Additionally, compared with that in M2 cocultures with 

obASCs, TSG6 expression was slightly but significantly increased in M2 cocultures 

with wlASCs (Figure 14B). 

Increased levels of the secreted proinflammatory cytokines IL-6 and IL-12p70 

were observed in M2 cocultures with both obASCs and wlASCs (Figure 14D and E). 

The secretion of IL-6 was significantly higher in M2 cocultures with wlASCs than in 

M2 monocultures (Figure 14D). In contrast to M1 cocultures, significantly decreased 

secretion of the anti-inflammatory cytokine IL-1RA was observed in M2 cocultures 

with wlASCs compared with M2 cocultures with obASCs (Figure 14F; see publication 

II, Figure 6G�±K and Supplementary Figure 15G�±K for more details). 
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Figure 14.  Comparison of gene expression and cytokine secretion between mono- and cocultures of 
M2 macrophages with obASCs and wlASCs. n=4. A-C: Gene expression in M2 mono-
/cocultures. D-F: Cytokine secretion in M2 mono-/cocultures. A) IFN��, B) TSG6, C) PPAR-
��. D) IL-6, E) IL-12p70, and F) IL-1RA. obASCs: ASCs derived before weight loss; 
wlASCs: ASCs derived after weight loss. For RM ANOVA, p values < 0.05 were 
considered significant. The data are presented as the minimum to maximum values. 
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5.10 Altered Angiogenic Gene Expression in wlASC Monocultures 
Compared with obASC (Study III) 

The expression of angiogenic genes in obASCs and wlASCs was analyzed in 

monocultures to investigate the effect of weight loss on the angiogenic potential of 

ASCs. In study III, significant downregulation of the expression of angiopoietin 1 

(ANGPT1) (Figure 15A), CD36 (Figure 15C) and cadherin 5 (CDH5) (Figure 15E) 

and significant upregulation of kinase insert domain receptor (KDR) (Figure 15B) 

expression were detected in wlASCs compared with obASCs. 

 

Figure 15.  Comparison of gene expression between obASCs and wlASCs. n=3. Box plots of the fold 
change values and statistical analysis of the delta CT values. obASCs: ASCs derived 
before weight loss; wlASCs: ASCs derived after weight loss. A) ANGPT1, B) KDR, C) 
CD36, D) CSPG4, E) CDH5, F) PECAM1, G) VWF, and H) COL4A1. The paired t test was 
used for paired samples for gene expression. p values < 0.05 were considered significant. 
The data are presented as the minimum to maximum values. 
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5.11 Effect of the Donor BMI on Angiogenic Characteristics (Study 
III) 

5.11.1 The angiogenic functions of ob/wlASC cocultures are compromised 
compared with nASC 

The vasculature characteristics of nASCs, obASCs, and wlASCs cocultured with ECs 

were analyzed to determine the angiogenic properties of the ASC subtypes. The 

quantification of vessels (Figure 16A�±C) revealed that the total vessel length was 

significantly decreased in ECs cocultured with obASCs and wlASCs compared with 

that in ECs cocultured with nASCs (Figure 16D). Interestingly, compared with that in 

the obASC cocultures, the total vessel length was significantly reduced in the EC 

cocultures with wlASCs (Figure 16D). However, compared with that in ECs 

cocultured with nASCs, the average vessel diameter in ECs cocultured with wlASCs 

was notably increased (Figure 16E). However, no significant differences in the 

percentage of vascular area were detected among the cocultures of ECs with nASC, 

obASC and wlASC (Figure 16F). 
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Figure 16.  Comparison of microvascular network formation between nASCs, obASCs and wlASCs. 
n=3. A) Representative images of microvascular networks derived from nASC-EC, 
obASC-EC and wlASC-EC co-cultures at Day 5. Scale bars, 3000 µm. D-F) Morphological 
parameters (total vasculature length, average vessel diameter, and vasculature area) of 
AS supported microvascular networks are shown individually for nASCs, obASCs and 
wlASCs derived from different donors. For RM ANOVA between n/ob/wlASC and dotted 
line shows paired t test between obASCs and wlASCs, p values < 0.05 were considered 
significant. The data are presented as medians of 36 gels (4 devices, 3 gels per device). 
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5.11.2 Comparable perivascular potential and vascular network interactions 
among cocultured nASCs, obASCs and wlASCs 

Immunofluorescence staining of EC cocultures with obASCs and wlASCs showed 

�W�K�D�W���E�R�W�K���R�E�$�6�&�V���D�Q�G���Z�O�$�6�&�V���H�[�S�U�H�V�V���.�6�0�$���D�W���F�R�P�S�D�U�D�E�O�H���O�H�Y�H�O�V���D�Q�G���S�U�H�V�H�Q�W�H�G��

similar EC interactions compared with EC cocultures with nASCs (Figure 17A�±C). No 

significant differences were observed between the EC cocultures with nASCs, 

obASCs and wlASCs (Figure 17D). 

 

Figure 17.  Comparison of nASC, obASC and wlASC pericytic capacity when cocultured with ECs in a 
microfluidic chip. (A) Representative confocal images of nASC-ECs cocultures, B-C) 
Representative confocal images of obASC-ECs and wlASC-ECs cocultures. Merged ROI 
showing alignment of perivascular ASCs ���U�H�G�����P�D�U�N�H�G���E�\���.-SMA staining) with vasculature 
(green, marked by CD31 staining) and nucleus (blue, marked by Dapi) in n/ob/wlASC-ECs 
cocultures at Day 5. Images are maximum intensity projections of confocal stacks 200 µm 
height. Scale bars, 50µm. D) Quantifications of pericyte area and pericyte coverage 
(vasculature covered by pericytes) are shown individually for n/ob/wlASCs derived from 
different donors. For RM ANOVA, p values < 0.05 were considered significant. The data 
are presented as mean with standard deviation of 15 ROIs (2 gels/donor, five ROIs per 2 
gels). 

5.11.3 Increased COLIV production in wlASC cocultures 

Immunofluorescence staining showed COLIV production in all cocultures of ECs with 

n/ob/wlASCs (Figure 18A�±C). However, compared with the nASCs, the ECs 
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cocultured with wlASCs (Figure 18D) showed significantly increased COLIV area 

coverage. In contrast, no significant differences in COLIV area coverage were 

observed between the EC cocultures with nASCs and obASCs (Figure 18D). 

 

Figure 18.  Comparison of nASC, obASC and wlASC area of COLIV production when cocultured with 
ECs in a microfluidic chip. (A) Representative fluorescent images of nASC-EC cocultures, 
B-C) Representative fluorescent images of obASC-EC and wlASC-EC cocultures. Merged 
ROIs showing COLIV production in ASCs (yellow, marked by COLIV staining) with nucleus 
(blue, marked by Dapi) in n/ob/wlASC-EC cocultures at Day 5. Scale bars, 167µm. D) 
Quantifications of area of COLIV production are shown individually for n/ob/wlASCs 
derived from different donors. For RM ANOVA, p values < 0.05 were considered 
significant. The data are presented as mean with standard deviation of 2 gels/donor. 

5.12 Dysregulated Angiogenic Gene Expression in ob/wlASCs 
(Study III) 

The angiogenic potential of nASCs, obASCs and wlASCs in coculture with ECs was 

investigated by comparing angiogenic gene expression. Significant downregulation 

of the expression of the vasculature morphogenesis and stability gene ANGPT1 was 

observed in EC cocultures with obASCs and wlASCs compared with that in EC 

cocultures with nASCs (Figure 19A). In contrast, a significant upregulation of the 

expression of the vasculature morphogenesis and stability gene KDR was observed 

in EC cocultures with ob/wlASCs compared with those in EC cocultures with nASCs 

(Figure 19B). Similarly, compared with that in EC cocultures with nASCs, the 
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expression of the pericyte marker chondroitin sulfate proteoglycan 4 (CSPG4) was 

significantly upregulated in EC cocultures with ob/wlASCs (Figure 19D). 

Correspondingly, the significant upregulation of the expression of the EC marker 

PECAM1 was also observed in ob/wlASC cocultures compared with that in nASC 

cocultures (Figure 19F). Additionally, the expression of the ECM gene collagen type 

four alpha 1 (COLIVA1) was significantly upregulated in EC cocultures with obASCs 

compared with that in EC cocultures with nASCs (Figure 19H), whereas COLIVA1 

expression was significantly downregulated after weight loss in a coculture of ECs 

with wlASCs compared with that in an EC coculture with obASCs (Figure 19H). 

 

Figure 19.  Comparison of gene expression between nASCs, obASCs and wlASCs. n=3. Box plots of 
the fold change values and statistical analysis of the delta CT values. nASCs: ASCs 
derived from donors with normal BMI, obASCs: ASCs derived before weight loss; wlASCs: 
ASCs derived after weight loss. A) ANGPT1, B) KDR, C) CD36, D) CSPG4, E) CDH5, F) 
PECAM1, G) VWF, and H) COL4A1. For RM ANOVA, p values < 0.05 were considered 
significant. The data are presented as the minimum to maximum values. 
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6 DISCUSSION 

6.1 Metabolic Health and ASC Mitochondrial Function 

Obesity is defined as the expansion of adipose tissue and the accumulation of excess 

nutrients, which disturb metabolic homeostasis and promote systemic low-grade 

inflammation. Obesity-induced inflammation is mediated by dysregulated pro- and 

anti-inflammatory adipokines and other proinflammatory markers, such as CRP [2], 

[225]. However, bariatric surgery has been documented as an effective intervention 

for inducing significant weight loss and improving metabolic functions [29], [226], 

[227], [228], [229]. Similarly, this study revealed a significant decrease in the BMI of 

ASC donors after bariatric surgery. The results from our study were consistent with 

the previous findings of improvements in proinflammatory plasma CRP [230], [231], 

[232], leptin and anti-inflammatory adiponectin levels [32], [233], [234] after weight 

loss. 

Moreover, obesity remodels adipose tissue such that it induces adipocyte 

hypertrophy, which is further associated with the accumulation of M1 macrophages, 

the formation of CLSs and, ultimately, adipocyte death [235]. Consistent with 

previous findings, in this study, weight loss resulted in a significant reduction in the 

adipocyte size [236], [237], [238], [239]. Additionally, similar to previous reports, in 

this study, adipose tissue immunostaining revealed dying adipocytes surrounded by 

CD68+ macrophages in adipose tissue samples obtained before weight loss [240], 

[241], [242]. However, no CLSs were observed in adipose tissue samples from the 

same donors after bariatric surgery-associated weight loss, supporting the findings 

of a previous report by Palomäki et al. [242]. 

Previous studies have demonstrated that adiponectin plays a pivotal role in 

maintaining adipose tissue health and that elevated adiponectin levels are associated 

with improved metabolic function and enhanced adipose tissue homeostasis [243], 

[244], [245]. Consistent with previous studies [243], [244], [245], in this study, the 

improved metabolic results observed after weight loss suggest that increased plasma 

adiponectin levels might have ameliorated the inflammatory status of the adipose 

tissue with the removal of inflammatory CLSs and reversion of adipocyte hypertrophy. 
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Obesity-induced inflammation and T2D increase ROS production and elicit 

oxidative stress in ASCs. Such stress compromises ASC mitochondrial function, 

resulting in a decreased OCR in ASCs [246], [247], [248], [249], [250]. Excessive 

mitochondrial nutrient uptake leads to increased ATP release and excessive ROS 

generation in ASCs, causing abnormal mitochondrial function. In a previous study, 

Pérez et al. showed that ASC isolated from donors with obesity have a decreased 

mitochondrial content and functions with an impaired respiratory capacity compared 

with ASCs obtained from donors with a normal weight [249]. However, bariatric 

surgery-related weight loss has been shown to increase mitochondrial respiration in 

adipose tissue [251]. 

In this study, obesity and T2D did not significantly increase the levels of ROS 

generated under basal or oxidative stress conditions in obASCs compared with those 

in nASCs. Interestingly, a significant positive correlation was observed between the 

basal ROS concentration and PDT in both ASC subtypes. These findings could 

indicate that elevated ROS levels might be linked to a reduced proliferative capacity 

or cellular stress in ASCs. Alicka et al. also reported that obASCs exhibit elevated 

oxidative stress, which is associated with mitochondrial dysfunction and a senescent 

phenotype [246]. 

Moreover, in this study, the overall mitochondrial respiration rate was significantly 

greater in wlASCs than in obASCs. While previous studies have reported that 

significant weight loss following bariatric surgery can effectively restore ASC 

mitochondrial function [251], [252], [253], our findings indicate that the restoration of 

this function may not be uniformly reflected in all mitochondrial parameters. 

Specifically, when individual mitochondrial parameters such as basal and maximal 

respiration, ATP production, proton leakage, and spare respiratory capacity were 

assessed in ASCs before and after weight loss, we did not observe statistically 

significant changes, suggesting that the recovery of mitochondrial activity may be 

more complex or context dependent. 

The results of this study suggest that the relationship between mitochondrial 

dysfunction and obesity/T2D-induced inflammation is bidirectional. For instance, the 

excessive release of ROS from damaged mitochondria into the cytoplasm and ECM 

can trigger an innate immune response, promoting inflammation. This process is 

especially relevant in metabolic disorders in which mitochondrial quality is 

compromised. On the other hand, persistently upregulated inflammatory signals in 

individuals with obesity, such as the �S�U�R�L�Q�I�O�D�P�P�D�W�R�U�\���F�\�W�R�N�L�Q�H�V���7�1�)�.���D�Q�G���,�/-6, can 

impair mitochondrial function by increasing oxidative stress. This process may lead 

to reduced ATP production, increased ROS levels and further mitochondrial damage. 
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In the context of ASCs, this interplay is more important, as both mitochondrial health 

and inflammatory status impact the proliferation, differentiation and regenerative 

potential of ASCs [6], [250], [254]. 

6.2 Dysregulated and Attenuated Immunomodulatory Functions of 
ASCs 

ASCs induce a potent immunomodulatory response by preventing the activation of 

lymphocytes and suppressing T-cell proliferation [255]. ASCs not only limit 

proinflammatory responses but also promote the induction of Tregs, exerting a 

protective effect on inflammation [141], [256]. 

Consistent with previous studies [141], [255], [256], [257], [258], [259], in this 

study, we showed that both obASCs and nASCs significantly inhibited proliferation 

and induced apoptosis in stimulated CD4+ T cells. However, some previous studies 

have shown diminished antiproliferative effects of obASCs on PBMCs in two-way 

mixed lymphocyte reactions [189], [192] and their cell culture supernatant on 

phytohemagglutinin-stimulated T cells [21]. 

In this study, similar to nASCs, obASCs also increased the percentage of Tregs 

(CD4+ CD25+ FOXP3+) in coculture with stimulated CD4+ T cells, consistent with 

previous findings of ASC-mediated Treg induction [260], [261], [262]. The induction 

of Tregs by MSCs is driven primarily by mechanisms such as direct cell�±cell contact 

and the secretion of factors such as �3�*�(������ �7�*�)���� [263], IL-6 [256], [264], 

programmed death ligand 1 (PD-L1/CD274) [265], and indoleamine 2,3�ædioxygenase 

1 (IDO) [266]. On the other hand, we found that both ASC subtypes in cocultures with 

stimulated CD4+ T cells negligibly induced the proliferation of the CD4+ CD25high 

population. These findings suggest that ASCs promote Treg induction by inducing 

the conversion of CD4+ T cells into Treg-like cells rather than by inducing the 

proliferation of the existing Treg population. Consistent with a previous report, MSCs 

induce the differentiation of CD4+ T cells toward Tregs through phenotypic conversion 

or induction but not proliferation [265]. 

In contrast �W�R���7�U�H�J���L�Q�G�X�F�W�L�R�Q�����Z�H���G�H�W�H�F�W�H�G���V�L�J�Q�L�I�L�F�D�Q�W�O�\���U�H�G�X�F�H�G���7�*�)�������O�H�Y�H�O�V���L�Q��

the cell culture supernatants of ob/nASC cocultures with activated T cells. 

Conversely, compared with immune cell monocultures, ASC cocultures with activated 

T cells/PBMCs either do not change [260] or increase [141], [267] the levels of 

�7�*�)�������� �6�W�X�G�L�H�V�� �K�D�Y�H���V�K�R�Z�Q���W�K�D�W���7�*�)������ �L�V���F�U�X�F�L�D�O���I�R�U�� �U�H�J�X�O�D�W�L�Q�J���L�Q�I�O�D�P�P�D�W�L�R�Q���D�Q�G��

supporting the survival of naïve [268] and activated CD4�†CD44high T cells [269] upon 
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anti-CD3/CD28 antibody stimulation. Based on these findings, we suggest that in our 

cocultures, �W�K�H���U�H�G�X�F�H�G���O�H�Y�H�O�V���R�I���7�*�)�������F�R�X�O�G���E�H���G�X�H���W�R���W�K�H���S�U�H�V�H�Q�F�H���R�I��fewer viable 

CD4+ T cells. Therefore, ASCs did not receive sufficient signals from the low viable 

CD4+ T-�F�H�O�O���S�R�S�X�O�D�W�L�R�Q���W�R���H�I�I�H�F�W�L�Y�H�O�\���S�U�R�G�X�F�H���7�*�)������ 

�,�Q�� �W�K�L�V�� �V�W�X�G�\���� �Z�H�� �R�E�V�H�U�Y�H�G�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �G�H�F�U�H�D�V�H�G�� �,�)�1���� �D�Q�G�� �,�/-2 levels in 

cocultures of nASCs and obASCs with CD4+ �7�� �F�H�O�O�V���� �,�)�1���� �L�V��among the key 

components of Th1 cells [270], [271], and ASCs have been reported to significantly 

decrease the percentage of T cells �H�[�S�U�H�V�V�L�Q�J���,�)�1����among stimulated PBMCs [259]. 

Additionally, in this study, compared with those in obASCs, highly significant 

suppression of IL-2 levels was detected in cocultures of CD4+ T cells with nASCs, 

explaining the strong antiproliferative effect of nASCs on CD4+ T cells. Previous 

studies have associated this effect with MSC-induced Tregs, either through a 

reduction in IL-2 levels [264] or the secretion of PD-1 ligands [272]. 

In this study, we expected to observe dysregulated immunomodulatory effects of 

obASCs on CD4+ T cells. However, in contrast to our initial assumption, several of 

our results of immunomodulatory effects observed in CD4+ T-cell cocultures with 

obASCs are comparable to those in cocultures with nASCs. These results suggest 

that ASCs are highly adaptable to their microenvironment. Despite the increased 

proinflammatory and oxidative stress conditions associated with obesity and T2D, 

ASCs can adjust their behavior to maintain some level of immunomodulation. ASCs 

exert their effects �W�K�U�R�X�J�K���F�H�O�O�Å�F�H�O�O contact and the secretion of factors. While obesity 

and T2D impair some secretory functions, cell contact mechanisms, such as PD-L1-

mediated suppression, may remain relatively active. In this study, we found that 

obASCs remained responsive to the inflammatory environment, and when exposed 

�W�R�� �L�Q�I�O�D�P�P�D�W�R�U�\�� �F�R�Q�G�L�W�L�R�Q�V�� �V�X�F�K�� �D�V�� �,�)�1���� �S�U�L�P�L�Q�J����ASCs were able to maintain the 

upregulation of immunomodulatory molecules such as CD274, CD54 and IDO, which 

are crucial for suppressing T-cell activation and proliferation. IL-6, a pleiotropic 

cytokine, has been reported to play dual immunosuppressive and immunostimulatory 

roles in modulating the immunoregulatory functions of MSCs [273]. In this study, the 

considerable secretion of immunomodulators such as IL-6 and PGE2 contributed to 

the suppression of immune responses and the induction of the Treg population. A 

previous study [274] demonstrated that compared with nASCs, owASCs obtained 

from donors with T2D exhibit indistinguishable alterations in their immunomodulatory 

functions and are possibly suitable for autologous ASC-based therapies. Therefore, 

based on the findings of a previous study [274], we suggest that the obASCs 

analyzed in this study might be suitable for autologous cell therapy. 
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In this study, we observed irregular behaviors of both ob/wlASCs in coculture with 

M1 macrophages. Serena et al. demonstrated that obASCs exhibit a reduced ability 

to promote M2 macrophage polarization [21]. In this study, in contrast to the findings 

of Serena et al., neither obASCs nor wlASCs directed the polarization of 

macrophages with the proinflammatory M1 phenotype toward the anti-inflammatory 

M2 phenotype; i.e., ASCs did not function as anti-inflammatory cells. However, we 

studied the downregulation of the proinflammatory CD markers CD11C and CD86 

and the anti-inflammatory marker CD163 in obASC and wlASC cocultures with M1 

macrophages compared with those in M1 monocultures. 

In contrast to the surface marker levels detected in the ASC�±M1 cocultures, we 

observed significant decreases in the expression levels of proinflammatory genes, 

specifically �,�)�1�� and �7�1�)�., in the M1 cocultures with both obASCs and wlASCs 

compared with those in the M1 monocultures. However, the expression of the 

proinflammatory gene CCL5, which is associated with macrophage recruitment and 

M1 polarization during obesity-induced inflammation [275], [276], significantly 

increased in M1 cocultures with obASCs and wlASCs. Manferdini et al. reported 

contrasting results, suggesting that ASCs possess anti-inflammatory effects that 

downregulate CCL5 expression [277]. Nonetheless, a recent study demonstrated that 

ASC-derived CCL5 plays an essential role in promoting T-cell infiltration into adipose 

tissue, thereby counteracting obesity-associated inflammation [278] and acting as an 

inflammatory mediator [279]. Consistent with these studies, we speculate that the 

increased CCL5 expression in our cocultures of both ob/wlASCs and M1 

macrophages indicates a modulatory effect of ASCs. 

Similarly, we observed significantly increased secretion of the proinflammatory 

cytokines MCP-1, IL-6, IL-12p70, and IL-������ �L�Q�� �F�R�F�X�O�W�X�U�H�V�� �R�I��obASCs and wlASCs 

with M1 macrophages. Moreover, the secretion of IL-12p70 and IL-������ �Z�D�V��

significantly higher in wlASC cocultures with M1 macrophages than in M1 

macrophage monocultures. These results align with previous findings by Silva et al., 

who reported that weight loss did not reverse the obesity-induced disturbance of the 

ASC cytokine profile [36]. We also observed a simultaneous increase in the secretion 

of IL-6 and IL-4 in both obASC and wlASC cocultures with M1 macrophages 

compared with M1 macrophage monocultures. Previous studies have highlighted the 

pleiotropic role of IL-6 secretion by MSCs in mediating immunomodulatory 

responses, particularly during inflammation [87], [273]. Moreover, another study 

demonstrated that IL-6 secretion from obese donor-derived adipocytes could 

stimulate adipose tissue macrophages, leading to IL-4 signaling and contributing to 

an anti-inflammatory environment [280]. We could relate this pattern of increased IL-
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6 production in M1 macrophage cocultures to our results of increased IL-6 production 

by obASCs, suggesting an immunostimulatory or immunosuppressive role of IL-6 in 

obesity-induced inflammation. 

In this study, obASCs and wlASCs exhibited a dysregulated expression pattern 

when they were cocultured with M2 macrophages, similar to M1 macrophages. In our 

cocultures of ob/wlASCs with M2 macrophages, we anticipated an enhanced anti-

inflammatory effect or the maintenance of the phenotype of M2 macrophages, 

especially for wlASCs. In contrast to our initial assumption, we observed that M2 

macrophages repolarized toward a proinflammatory phenotype when they were 

cocultured with both obASCs and wlASCs. In this study, compared with obASCs, 

wlASCs contributed to the decreased percentage of cells expressing the anti-

inflammatory M2 marker CD206 in coculture with M2 macrophages. In contrast to our 

findings, Alves et al. reported no effect of wlASCs on the expression of CD206 in 

cocultures with monocytes [33]. We speculate that the observed differences in the 

results could be associated with variations in culture conditions. In this study, ASCs 

were cocultured with prepolarized and preactivated macrophages, which exhibit 

enhanced effector functions and an increased capacity to mediate inflammation. 

Other studies have either incubated M0 macrophages with the cell culture 

supernatants of ASCs [21] or cocultured ASCs with total monocytes [33]. 

No significant differences in proinflammatory gene expression were detected 

between obASC and wlASC cocultures with M2 macrophages, and the expression of 

anti-inflammatory genes was slightly downregulated in M2 macrophage cocultures 

with both ASC types. However, compared with M2 macrophage monocultures, M2 

macrophages cocultured with both ASC types presented significantly increased 

TSG6 expression. The ASC-secreted immunoregulatory protein TSG6 plays a crucial 

role in reprogramming macrophages toward an anti-inflammatory phenotype when 

they are in contact with ASCs [281], [282], [283], [284], [285]. Interestingly, in this 

study, TSG6 expression was significantly higher in M2 macrophages cocultured with 

wlASCs than in M2 macrophages cocultured with obASCs. In an inflammatory 

environment, �F�H�O�O�Å�F�H�O�O contact between MSCs and macrophages has been shown to 

increase the expression of TSG6 in MSCs, leading to attenuated inflammation and 

enhanced tissue repair [284], [286], [287], [288], [289]. Our findings suggest 

bidirectional communication between ASCs and M2 macrophages, and ASCs not 

only respond to macrophage signaling but also actively modulate macrophage 

function by promoting TSG6 expression. Moreover, since both ASC types increased 

TSG6 expression, these findings suggest that this immunomodulatory function of 
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ASCs was preserved in the obese microenvironment, which could be an encouraging 

sign for clinical applications. 

Similar to M1 macrophage cocultures, M2 macrophages cocultured with 

ob/wlASCs exhibited increased proinflammatory cytokine expression. M2 

macrophages cocultured with wlASCs exhibited significantly increased secretion of 

the proinflammatory cytokine IL-6 compared to M2 macrophage monocultures and 

significantly decreased secretion of the anti-inflammatory cytokine IL-1RA compared 

to obASC�±M2 macrophage cocultures. These findings differ from those of a previous 

study in which ASCs derived from donors with a BMI less than 30 kg/m2 not only 

polarized M1 macrophages toward the M2 phenotype but also enhanced the anti-

inflammatory properties of M2 macrophages when they were cultured in ASC-

conditioned medium [290]. 

The proinflammatory cytokine profile of wlASCs suggests that even after weight 

loss, ASCs may retain a form of �³�L�Q�I�O�D�P�P�D�W�R�U�\�� �P�H�P�R�U�\�´ from prior exposure to 

obesity-related inflammation, involving epigenetic modifications that persist despite 

the metabolic improvement. This study showed that wlASCs maintained a 

proinflammatory secretome upon exposure to immune cells, as indicated by the 

upregulation of IL-6 expression in wlASC�±M2 macrophage cocultures. Incomplete 

post weight loss adipose tissue remodeling, especially an imbalance of resident 

immune cells [93], could influence ASC behavior in vitro. We assume that in this 

study, weight loss might not have fully shifted the proinflammatory secretome of 

ASCs toward the anti-inflammatory secretome, especially if the adipose tissue 

microenvironment sustained residual inflammatory signals. 

Adipose tissue retains obesogenic memory and persistent obesity-induced 

alterations in adipose tissue and the stromal vascular fraction (SVF) have been 

observed [291], [292]. This imprinting might involve stable modifications to DNA 

methylation and changes to noncoding RNA expression, altering gene transcription 

without modifying the original DNA sequence [293]. Chronic and prolonged exposure 

to an inflammatory microenvironment, such as that associated with obesity and T2D, 

may imprint ASCs more profoundly than other MSC types [294], resulting in a 

sustained proinflammatory phenotype that continues even after weight loss or 

metabolic improvement. Inflammatory signals during obesity can activate 

inflammatory pathways in ASCs that induce these epigenetic changes, leading to 

increased expression of inflammatory genes [293]. We assume that these changes 

can persist long after the initial inflammatory stimulus is removed, allowing ASCs to 

maintain an increased inflammatory response when they are re-exposed to immune 

cells, as observed in this study. 
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In adipose tissue, weight loss improves immune cell infiltration but not necessarily 

immune behavior, resulting in the presence of some partially activated macrophages 

within adipose tissue, which could have long-term consequences for metabolic health 

[295], [296] and impact adipose tissue-resident ASCs. We suggest that this 

phenomenon may explain why wlASCs continued to induce inflammatory cytokine 

production in the macrophage cocultures in this study, despite systemic metabolic 

improvements. 

6.3 Angiogenesis: Lasting Impairment Despite Weight Loss 

Obesity-induced inflammation has been shown to deteriorate the angiogenic 

functions of ASCs [26], [194]. Consistent with the results of previous studies, the 

results of this study indicated that obesity impaired the angiogenic functions of ASCs 

[23], [183]. In contrast to our hypothesis, weight loss improved donor metabolic health 

[232], [242] but did not restore the angiogenic capacity of ASCs. In this study, 

compared with nASCs and obASCs, wlASCs showed dysregulated angiogenic gene 

expression and a reduced vessel-forming ability when cocultured with ECs. 

Previous studies have demonstrated that compared with nASCs, human obASCs 

disrupt angiogenic functions in vitro, with altered gene expression, growth factor 

secretion and matrix remodeling [23], [26], [181], [183]. In parallel, using a mouse 

model, Yu and colleagues observed that obASCs induce microvascular refraction to 

a greater extent than owASCs [194]. In this study, compared with EC cocultures with 

nASCs, EC cocultures with ob/wlASCs impaired angiogenic functions, especially the 

reduced vessel length in cocultures of ECs with both ob/wlASCs. Notably, weight loss 

did not increase the vessel length. Instead, the vessel length was further decreased 

in ECs cocultures with wlASCs compared to obASCs. In 2D cocultures, Juntunen et 

al. reported increased vessel length and area in EC cocultures with nASCs compared 

with those in EC cocultures of ASCs obtained from heavier monozygotic twin pairs 

[186]. We hypothesize that prolonged morbid obesity may induce persistent 

epigenetic modifications or niche-dependent alterations in ASCs. Improvements in 

donor BMI do not necessarily restore ASC functionality at the cellular level [36]. 

ASC-derived ANGPT1 [297], [298] and KDR [299] play crucial roles in vessel 

growth, function and stability. In this study, we observed the significant 

downregulation of ANGPT1 expression and significant upregulation of KDR 

expression in cocultures of ECs with both obASCs and wlASCs compared with those 

in nASCs. Consistent with previous work [300], our results demonstrated that obesity-
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induced inflammation negatively affected ASC vascular morphogenesis and stability, 

with reduced ANGPT1 expression, which persisted after weight loss. However, with 

respect to KDR expression, we speculated that the increased KDR expression in both 

ob/wlASC cocultures with ECs might be a tissue restoration mechanism through 

which ASCs mitigate tissue damage. KDR-induced angiogenesis in adipose tissue 

activates thermogenesis in white and brown adipose tissue and prevents obesity and 

associated metabolic disorders in mice [301], [302]. Moreover, in a cascading 

manner, KDR-stimulated angiogenesis reduces adipose tissue inflammation during 

obesity [303]. 

Moreover, the expression of CSPG4, a pericyte marker of mural and smooth 

muscle cells [304], increases with tissue inflammation and hypoxia [305]. In this 

study, we detected the significant upregulation of CSPG4 expression in both obASC 

and wlASC cocultures compared with that in nASC cocultures. Consistent with our 

results, Silva et al. performed a basic characterization of ASCs and observed a high 

frequency of the pericyte marker CD146 in obASCs and wlASCs [36]. 

Furthermore, obesity has been shown to deteriorate the ECM functions of ASCs 

and increase ASC-secreted COLIV levels [306], [307]. Consistent with these findings, 

in this study, we also detected significantly increased expression of the COLIVA1 

gene in cocultures of ECs with obASCs compared with cocultures of ECs with nASCs, 

which gradually and significantly decreased in wlASC cocultures compared with 

obASC cocultures. In contrast, in the quantification of COLIV immunostaining, we 

observed significantly increased COLIV area coverage in EC cocultures with wlASCs 

compared with that in cocultures of ECs with nASCs. Bonanno et al. demonstrated 

that COLIV has a dose-dependent effect on vessel function and that high 

concentrations of COLIV can inhibit angiogenesis in the neovasculature by creating 

a dense matrix and restricting cell migration [308]. We could assume that the same 

phenomenon occurred in our ASC cultures, where wlASC COLIV gene expression 

and immunostaining were high compared with those of nASCs, with a minimal vessel 

length compared with those of nASCs and obASCs. 

In addition to the epigenetic remodeling of adipose tissue immune functions [296], 

obesity-related inflammation also disrupts the angiogenic potential of ASCs at the 

microRNA (miRNA) level [26]. Diet-induced weight loss increases the circulating 

levels of miRNAs in human plasma samples [309]; however, no studies have 

analyzed the angiogenic functions of miRNAs in wlASCs. Such epigenetic changes 

might persist even after weight loss and could be one reason for the dysregulated 

angiogenic competence of wlASCs in this study. 
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Obesity induces inappropriate ECM remodeling with increased deposition of 

collagen and fibronectin. This stiffened ECM alters the functions of human ASCs 

[307], [310], deteriorating ASC matrix competence with increased COLIV secretion 

[307]. We suggest that in this study, obesity-mediated long-term dysregulation of the 

adipose tissue ECM might have caused changes in ASC matrix-forming functions, 

which persisted after weight loss. We propose that persistent adipose tissue niche 

dysfunction driven by chronic inflammation, immune cell infiltration, and altered 

signaling may have lasting negative effects on the angiogenic capacity of ASCs even 

after weight loss. 

6.4 Summary of the Key Findings 

In this study, weight loss improved the BMI and metabolic functions of ASC donors, 

such as improved plasma adipokine levels, CRP levels and adipose tissue health. 

Additionally, weight loss increased the overall mitochondrial respiration and 

decreased proinflammatory gene expression and cytokine secretion in ASC 

monocultures (Figure 20). 

Obesity and T2D impaired multiple but not all immunomodulatory effects of ASCs 

on T cells and macrophages. For example, obASCs cocultured with CD4+ T cells 

were able to reduce the viability of CD4+ T cells and increase the percentage of Tregs 

(Figure 20). Moreover, cocultures of obASCs with M1 macrophages presented 

decreased levels of the proinflammatory molecule CD86 and increased secretion of 

the anti-inflammatory cytokine IL-4. In coculture with M2 macrophages, obASCs 

increased the expression of the anti-inflammatory gene TSG6. In contrast, obASCs 

resulted in a reduced vessel length and dysregulated angiogenic gene expression 

when they were cocultured with ECs. 

Although obASCs were able to retain some of their regenerative functions, the 

degenerated immunomodulatory and angiogenic functions remained unaffected by 

substantial weight loss (Figure 20). For instance, wlASCs downregulated the 

expression of the anti-inflammatory markers CD206 and �3�3�$�5�� and the cytokine IL-

1RA and upregulated the expression of the proinflammatory cytokine IL-6 in cells 

cocultured with M2 macrophages. Additionally, wlASCs resulted in decreased vessel 

length and dysregulated angiogenic gene expression and ECM functions when 

cocultured with ECs (Figure 20). 
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Figure 20.  Graphical abstract of this dissertation study based on important findings from Study I, II 
and III. (Created in Biorender.com) 

6.5 Methodological Considerations 

The aim of this study was to compare the effects of obesity and weight loss on the 

immunomodulatory and angiogenic potential of ASCs obtained from donors with 

obesity/T2D and from the same donors before and after weight loss. Our unique study 

design, especially the follow-up setting, led to a small sample size and difficulties in 

obtaining statistically significant results. The high degree of donor-to-donor variation 

observed here with ASCs derived from different donors is typical for ASC research 

[187]. However, in many earlier studies, ASCs were obtained from a single donor, 

potentially limiting generalizability. Therefore, larger cohorts are needed to validate 

the findings of this study. 

Notably, study I lacked ASCs derived from donors with T2D and a normal BMI. 

The aim of this study was to investigate the clinical efficacy of obASCs when used to 

treat diseases requiring immunomodulation. However, the addition of such a group 

might have provided additional insights and robust evidence from the study. 

Moreover, study II lacked nASCs derived from donors with a normal BMI. The aim of 
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study II was to compare and assess the therapeutic potential of obASCs and wlASCs 

for cell-based therapies, particularly for diseases requiring immunomodulation. 

However, the inclusion of nASCs might have led to more definite conclusions about 

the effects of weight loss on ASC characteristics and functions. Moreover, in this 

study, several single markers were utilized to study the immunomodulatory functions 

of ASCs, which provided limited and specific information. Instead, the addition of 

high-throughput array-based platforms or single-cell sequencing could provide more 

robust and conclusive results. 

In addition, weight loss was facilitated by bariatric surgery, which might have 

affected the results. Bariatric surgery-related weight loss affects adipose tissue 

physiology [236], [311]. However, the current literature does not provide comparisons 

between weight loss methods, i.e., weight loss driven by lifestyle changes such as 

diet and exercise or the use of drugs such as semaglutide, and how these methods 

affect ASCs. Furthermore, most of our ASC donors were females, presumably of 

Caucasian origin and within the same age range of 39�±53 years; hence, more 

samples representing both sexes, different ethnicities and wider age ranges might be 

needed to reveal their concomitant effects on obesity, T2D and weight loss. In 

addition, the lack of in vivo validation and the short in vitro culture period in study III 

also limit the strength of the findings of this study. ASCs were collected two and half 

to three years after weight loss, but longer intervals might yield different outcomes, 

highlighting a potential limitation of the study. 

6.6 Clinical Implications and Future Directions 

Previous studies have shown that donor characteristics such as obesity [19], [20], 

[186], [188], T2D [18], [21], [192], and a significant weight loss history [33], [35], [36] 

adversely affect several functions of ASCs. These donor characteristics might impact 

the therapeutic potential, such as the immunomodulatory and angiogenic 

competence of ASCs. Thus, donor selection criteria are essential for enhancing the 

regenerative potential of ASCs when they are utilized to mitigate immune and 

vascular pathologies. Additionally, screening for metabolic markers in donors is 

crucial for determining optimal ASC therapeutic functions because of the profound 

influence of systemic metabolic health on ASC function and therapeutic potential. 

Prior research and the findings of our studies II and III indicate that autologous ASC 

therapies might not be optimal for immunomodulation and promoting vascularization 

in obese patients, even following significant weight reduction. Such findings 
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underscore the persistent impact of obesity-related cellular dysfunction on 

regenerative outcomes, highlighting the limitations in the therapeutic efficacy of 

ASCs. Therefore, careful donor screening is essential in clinical trials involving ASC-

based immunomodulatory and vascular therapies. 

Future studies should include longitudinal assessments of ASC functions at 

extended intervals following weight loss to better understand the long-term 

regenerative potential. In vivo validation using humanized or obese mouse models is 

also essential to confirm the translational relevance of in vitro findings. Additionally, 

investigating the epigenetic and metabolic programming of ASCs using novel 

techniques such as proteomic analysis and spatial and single-cell RNA sequencing 

from donors with obesity, T2D and significant weight loss may reveal persistent 

alterations that impair their immunomodulatory and angiogenic competence. 

Additionally, mitochondrial profiling of ASCs, such as that performed by the authors 

of [312], may elucidate metabolic alterations in ASCs during obesity and T2D. Finally, 

the development of targeted ex vivo conditioning strategies could represent a 

promising approach to enhance and restore ASC functionality for therapeutic 

applications [313], [314], [315]. 
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7 CONCLUSIONS 

In this study, the effects of obesity and T2D on the immunomodulatory effects of 

ASCs on CD4+ T cells were investigated by assessing T-cell function in monoculture 

and cocultures with obASCs or nASCs. Additionally, the effects of weight loss on 

ASC characteristics, metabolism and immunomodulation were studied by 

investigating obASCs and wlASCs. Moreover, the effects of donor BMI and weight 

loss on ASC angiogenic functions were studied by assessing the angiogenic potential 

of obASCs, wlASCs and nASCs in 3D coculture with ECs. The conclusions of studies 

I�±III are listed below. 

 

I. The hypothesis for study I was that obesity and T2D impair the 

immunomodulatory effects of ASCs on CD4+ T cells. We demonstrated 

that obASCs and nASCs are equally sensitive to inflammatory responses. 

Both ASC types similarly modulate the expression of CD4+ T-cell 

activation markers, including CD69, CD25, CD26, HLA-DR, and CD279, 

as well as the secretion of key effector cytokines, such as IFN-�������,�/-10, 

and IL-17A. Moreover, they both induced apoptosis in CD4+ T cells. 

Additionally, both ASC types increased the prevalence of Tregs. 

However, obesity influenced the immunomodulatory functions of factors 

secreted by ASCs, with a reduced ability to decrease IL-2 levels and 

increase IL-8 levels in coculture with CD4+ T cells. Thus, donor 

characteristics such as BMI and T2D should be considered when 

developing ASC-based therapies that rely on immunomodulation. 

 

II. The hypothesis for study II was that weight loss positively affects the basic 

characteristics of ASCs, increases the cellular respiration of ASCs, and 

enhances the immunomodulatory effects of ASCs on macrophages. In 

this study, we demonstrated that weight �O�R�V�V���L�P�S�U�R�Y�H�G���G�R�Q�R�U�V�¶���P�H�W�D�E�R�O�L�F��

health and partially restored the anti-inflammatory profile of ASCs, as 

shown by the downregulation of the proinflammatory genes �7�1�)�.�����&�&�/����

and COX2 and the secretion of the cytokine IL-12p70 in monocultures. 

However, full r�H�V�W�R�U�D�W�L�R�Q�� �R�I�� �$�6�&�V�¶�� �L�P�P�X�Q�R�P�R�G�X�O�D�W�R�U�\�� �I�X�Q�F�W�L�R�Q�V�� �L�Q��
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macrophage cocultures was insufficient, as indicated by reduced levels 

of the anti-inflammatory molecule CD206 and increased levels of the 

proinflammatory cytokine IL-6 in M2 cocultures. Therefore, in addition to 

�W�K�H�� �G�R�Q�R�U�� �%�0�,���� �I�D�F�W�R�U�V�� �V�X�F�K�� �D�V�� �W�K�H�� �G�R�Q�R�U�¶�V��weight loss history, among 

other individual characteristics, should be considered for ASC-based 

therapies. 

 

III. The hypothesis for study III was that weight loss enhances the angiogenic 

support provided by ASCs; however, the functional impairments induced 

by obesity may not be entirely reversible. Our results revealed that 

obASCs exhibit reduced angiogenic functions, as shown by the reduced 

vessel length when they are cocultured with ECs. Interestingly, the vessel 

length further decreased in EC cocultures with wlASC. Obesity and weight 

loss negatively impacted the angiogenic gene profile of ASCs in coculture 

with ECs, resulting in reduced expression of the vascular morphogenesis 

and stability marker ANGPT1 but increased expression of the pericyte 

marker CSPG4 and the endothelial marker PECAM1 compared with 

those in nASCs. Additionally, the deterioration of the function of the ECM 

marker COLIV in wlASCs was not reversed, and compared with that in 

nASCs, both gene expression and immunostaining were high. Obesity-

induced inflammation within adipose tissue significantly affects the 

angiogenic functions of ASCs, which persists after weight loss. Therefore, 

careful donor screening and therapeutic optimization of ASCs are 

essential for autologous and allogenic therapies targeting vascular 

diseases. 

The overall hypothesis of this dissertation was that donor�æspecific characteristics 

influence the therapeutic efficacy of ASCs. Collectively, the findings across the 

presented studies provide support for this hypothesis by demonstrating that donor 

metabolic status and inflammatory background modulate key immunomodulatory and 

angiogenic functions of ASC. 
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CORRIGENDUM  

In publication I: 

An error in reporting the BMI of non-diabetic donors with normal BMI. 
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Abstract 
For adipose stromal/stem cell (ASCs)-based immunomodulatory therapies, it is important to study how donor characteristics, such as obe -
sity and type 2 diabetes (T2D), in�uence ASCs ef�cacy. Here, ASCs were obtained from 2 groups, donors with T2D and obesity (dASCs) or 
nondiabetic donors with normal-weight (ndASCs), and then cultured with anti-CD3/CD28-stimulated allogeneic CD4 T cells. ASCs were studied 
for the expression of the immunomodulators CD54, CD274, and indoleamine 2, 3 dioxygenase 1 (IDO) in in�ammatory conditions. CD4 T cells 
cultured alone or in cocultures were assessed to evaluate proliferation, activation marker surface expression, apoptosis, the regulatory T cells 
(Tregs; CD4+ CD25high FOXP3+) frequency, and intracellular cytokine expression using �ow cytometry. Modulation of T-cell subset cytokines was 
explored via ELISA. In in�ammatory conditions, the expression of CD54, CD274, and IDO was signi�cantly upregulated in ASCs, with no sig -
ni�cant differences between ndASCs and dASCs. dASCs retained the potential to signi�cantly suppress CD4 T-cell proliferation, with a slightly 
weaker inhibitory effect than ndASCs, which was associated with signi�cantly reduced abilities to decrease IL-2 production and increase IL-8 
levels in cocultures. Such attenuated potentials were signi�cantly correlated with increasing body mass index. dASCs and ndASCs comparably 
reduced CD4 T-cell viability, HLA-DR expression, and interferon-gamma production and conversely increased CD69 expression, the Tregs per-
centage, and IL-17A production. Considerable amounts of the immunomodulators prostaglandin E2 (PGE2) and IL-6 were detected in the condi-
tioned medium of cocultures. These �ndings suggest that ASCs obtained from donors with T2D and obesity are receptive to the in�ammatory 
environment and able to modulate CD4 T cells accordingly.

Key words: adipose mesenchymal stromal/stem cell; immunomodulatory; type 2 diabetes; obesity; cytokines; CD4 T cell.
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Graphical Abstract 

Signi�cance Statement
The therapeutic utilization of adipose stromal/stem cells (ASCs) to treat in�ammatory diseases relies mainly on the immunoregulatory 
activities of these cells. An environment characterized by in�ammation and oxidative stress may affect the immunomodulatory function of 
ASCs from donors with type 2 diabetes (T2D) and obesity (dASCs). In our study, dASCs retained the potential to modulate CD4 T cells and 
express immunomodulators in in�ammatory conditions. However, increasing body mass index (BMI) slightly but signi�cantly attenuated 
ASC immunosuppressive functions. Despite the immunosuppressive functions of dASCs in vitro, the possible utilization of dASCs in 
therapies requiring immunomodulation needs further investigation that considers donor characteristics such as BMI.

Introduction
Type 2 diabetes (T2D) is a hyperglycemic state in which 
imbalanced metabolic and in�ammatory pathways are in-
tegrated.1 This disease is often associated with obesity 
and develops when overnutrition and physical inactivity 
combined with genetic susceptibility to cause insulin resist-
ance (IR).2,3 Obesity induces a chronic state of low-level sys-
temic in�ammation; 4,5 in this context, the in�ltration of T 
cells in adipose tissue (AT), in concert with macrophage accu-
mulation, is a major player.6 AT is a plentiful, easily accessible 
source of mesenchymal stromal/stem cells (MSCs), with min-
imal risks for donors.7 Adipose MSCs, here referred to as ad-
ipose stromal/stem cells (ASCs), represent a promising agent 
for in�ammatory disease treatment.8,9 The anti-in�ammatory 
functions of ASCs have been documented in T2D models to 
regenerate �  cells and ameliorate IR.10,11 Furthermore, ASCs 
possess antioxidative properties to mitigate oxidative stress, 
such as that associated with obesity and T2D.12

ASCs have a plastic immunomodulatory capacity to reg-
ulate T cells13-18 via direct16,17 and paracrine19-23 mechanisms. 
Among the key paracrine mediators are indoleamine 2, 
3-dioxygenase 1 (IDO)20-22 and prostaglandin E2 (PGE2).13,23 
The induction24 or expansion25 of Tregs has also been re-
ported. An in�ammatory stimulus, such as interferon-gamma 
(IFN- � ), or crosstalk with active immune cells is neces-
sary for MSCs to exert their immunosuppressive effects.14 
Despite the hypoimmunogenic nature of MSCs and the rise 
of allogeneic MSC therapy,9,26 autologous MSCs may be 

the relatively safe choice from an immunological point of 
view.26,27 The in�ammation and oxidative stress associated 
with obesity and T2D may alter the immunophenotype, im-
munosuppressive functions, and antioxidative properties of 
ASCs.4,28-30

In the present study, ASCs were isolated from nondiabetic 
donors with normal weight (ndASCs) and donors with T2D 
and obesity (dASCs). Then, the characteristics of ndASCs and 
dASCs, focusing on their suppressive capacity against CD4 
T-cell immune responses, were compared. The levels of reac-
tive oxygen species (ROS) generated by ndASCs and dASCs 
under basal and stress conditions were also measured. Both 
ASC groups were studied for the expression of CD54/intracel-
lular adhesion molecule (ICAM), CD274/programmed death 
ligand 1 (PD-L1), and IDO in the context of in�ammation 
induced by IFN-�  or coculture with preactivated peripheral 
blood mononuclear cells (PBMCs). ndASCs or dASCs were 
cultured directly with anti-CD3/CD28-stimulated allogeneic 
CD4 T cells. Following monoculture or coculture, CD4 T 
cells were analyzed by �ow cytometry to evaluate prolifer-
ation, activation, apoptosis, the Tregs frequency, and intra-
cellular cytokine production. The cytokine pro�le of CD4 T 
helper (Th) cells, including Th1 cells, Th17 cells, and Tregs, 
was explored by ELISA. Delineating the basic characteristics 
and anti-in�ammatory capability of dASCs in vitro is an es -
sential preliminary step for preclinical and clinical research 
to unravel dASC suitability for use in therapies requiring 
immunomodulation.
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Subjects and Methods
Subjects
Subcutaneous AT specimens were retrieved from 2 donor 
groups. One group included donors with T2D and obesity 
(n = 9, median BMI: 42.56, median age: 57] who underwent 
gastric bypass surgery at the Tampere University Hospital 
(TAUH), Department of Gastroenterology and Alimentary 
Tract Surgery, and another group included nondiabetic donors 
(n = 5, median BMI: 25.2, median age: 42) who underwent 
plastic surgery at the TAUH, Department of Plastic Surgery. 
The tissue samples were obtained with the donors’ written in-
formed consent and processed under ethical approval by the 
Ethics Committee of the Expert Responsibility area of TAUH 
(R15161). Donor characteristics are shown in Supplementary 
Table S1. The nondiabetic donors and donors with T2D and 
obesity had median ages (42 and 57, respectively, P = .012) 
and median BMI (25.2 and 42.6, respectively, P = .001). 
Human blood samples, used for buffy coat isolation, were 
obtained from the Finnish Red Cross Blood Service, and the 
study was conducted in accordance with the Declaration of 
Helsinki 1975, revised in Hong Kong 1989.

Cell Isolation and Culture
Human ASCs were isolated from the subcutaneous AT of 
nondiabetic and diabetic donors as previously described.31 
ASCs were cultured in basal medium (BM) composed of 
� -modi�ed minimum essential medium (� -MEM; Gibco, Life 
Technologies, Carlsbad, CA, USA), 5% human serum (HS 
type AB male, Serana, Brandenburg, Germany), 100 U/mL 
penicillin, and 100 µg/mL streptomycin (Pen/Strep; Lonza, 
Bio Wittaker, Verviers, Belgium). The cells were expanded to 
passages (P) 4-5.

To assess the effect of in�ammation on ASC 
immunomodulatory activity, ASCs were primed with recom-
binant human IFN- �  (10 ng/mL) (R&D Systems, Minneapolis, 
MN, USA) for 48 h. Conditioned medium (CM) from IFN-  
� -primed ASCs was collected and stored at �80 °C.

PBMCs were isolated by gradient centrifugation of 
heparinized blood obtained from healthy donors; the blood 
was diluted with Dulbecco’s phosphate-buffered saline 
(DPBS) (Lonza, USA) and overlaid on Ficoll Paque Plus 
(density: 1.077 g/mL; GE Healthcare, UK). CD4 T-cell lines 
(n = 12) were puri�ed from freshly prepared PBMCs by mag-
netic activated cell sorting (MACS) using a human CD4 T-cell 
isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). 
In addition, naïve CD4 T-cell (CD4+ CD25�/dim ) lines (n = 4) 
were puri�ed using a naïve CD4 T-cell isolation kit (Miltenyi 
Biotec) according to the manufacturer’s instructions. After 
isolation, the cells were cryopreserved in the gaseous phase 
of liquid nitrogen.

Phenotypic Characterization of ASCs
To verify the phenotypic characteristics of ASCs according to 
the International Society for Cell & Gene Therapy (ISCT)32 
and the International Federation for Adipose Therapeutics 
and Science (IFATS),33 ndASCs (n = 5) or dASCs (n = 9) at P5 
were assessed for the expression of the surface markers CD13, 
CD19, CD29, CD31, CD34, CD36, CD44, CD45R0, CD73, 
CD90, CD105, CD235a, and HLA-DR using a CytoFlex S �ow 
cytometer (Beckman Coulter). Additionally, we monitored 
the expression of CD54 and CD146 (Supplementary Table 
S2). The percentage of positive cells and median �uorescence 

intensity (MFI) of each molecule were determined. The MFI 
re�ects the expression level of the marker for one cell.

Surface Expression of Immune-Related Markers 
Under In�ammatory Conditions
The expression levels of the surface markers HLA-ABC, 
HLA-DR, CD86, CD40, CD54, and CD274 on ASCs under 
in�ammatory conditions were also investigated. Two dif -
ferent in�ammatory conditions for ASCs were applied: 
priming with IFN- �  (10 ng/mL) for 48 h and coculture with 
anti-CD3/CD28-prestimulated PBMCs (Section: ASC/CD4 
T-cell coculture) for 72 h.

Functional Veri�cation of ASCs
To verify the mesenchymal origin of ASCs, ndASCs (n = 5) and 
dASCs (n = 9) were induced to differentiate into osteogenic, 
adipogenic, and chondrogenic lineages. The methodology for 
the differentiation assays is illustrated in Supplementary File 
1.

ASC Proliferation Analysis
ndASCs (n = 4) and dASCs (n = 9) at P 4/5 were seeded in 
75-cm2 �asks (Nunc, Thermo Scienti�c, Carlsbad, CA, USA) 
at a density of 2000 cells/cm2, and the BM was changed every 
third day. On the seventh day, the cells were harvested and 
counted using a TC20 automated cell counter (Bio-Rad). The 
population doubling time (PDT) was calculated using the for-
mula PDT = T × log2/(logNf �  logNi), where T is the culture 
time, Ni is the initial cell number, and Nf is the �nal harvested 
cell number.34 Experiments were repeated twice. Proliferation 
was also assessed with a Cell Counting Kit-8 (CCK-8) assay 
(Dojindo Laboratories, Japan).35

Detection of ROS Generation by ASCs
Basal and tert-butyl hydroperoxide (TBHP; Sigma Aldrich, 
St. Louis, MO, USA)-induced ROS generated by ASCs were 
assessed by labeling cells using—the DCFDA/H2DCFDA-
Cellular ROS Assay Kit (Abcam, Cambridge, UK). To assess 
the antioxidative potential of ndASCs vs. that of dASCs, la-
beled ndASCs and dASCs were treated with the oxidative 
agent TBHP (110 µm) for 2 h, and then the �uorescence in-
tensity was measured using a microplate reader (Victor 1429 
Multilabel Counter, Wallac, Turku, Finland).

IDO Protein Assessment
The expression of the IDO protein, in naïve and IFN- 
� -primed ndASCs and dASCs, was quanti�ed using the 
Human IDO SimpleStep ELISA Kit (Abcam) according to 
the manufacturer’s instructions. The protein content of cell 
extracts was measured using a Pierce BCA protein assay 
kit (Thermo Fisher Scienti�c). IDO concentrations were 
normalized to a 20-µg/mL protein extract.

ASC/CD4 T-Cell Coculture for the Detection 
of Immunosuppressive Functions and 
Immunogenicity
To study immunosuppressive functions, ndASCs and dASCs at 
P5 (50-60 × 103) were separately cultured in anti-human CD3 
(1 µg/mL) and anti-human CD28 (2 µg/mL) (Miltenyi Biotec)-
precoated 12-well plates (Corning CellBIND, Corning Inc., 
NY, USA) overnight. Puri�ed CD4 T cells at a density of 8 × 
105-106 cells/mL were then added to the adherent ASCs (1:10-
1:20, ASC: CD4 T-cell ratio). In parallel, stimulated CD4 T-cell 
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monocultures were conducted in anti-CD3/CD28 precoated 
plates as controls. Cells were cultured in RPMI 1640 medium 
(Gibco) supplemented with 5% HS for 5 days. In the CD4 T-cell 
proliferation assay, recombinant human IL-2 (Miltenyi Biotec) 
(50 IU/mL) was added to the culture medium. For ASC immu-
nogenicity experiments, ndASCs and dASCs were separately 
seeded in noncoated 12-well plates and cocultured for 6 days 
with allogeneic naïve CD4 T cells (1:10, ASC:CD4 T-cell ratio).

CD4 T-Cell Proliferation, Apoptosis, Cell Cycle, and 
Activation Marker Analyses
A CytoFlex S �ow cytometer and FlowJo v.10.8.1 (Tree Star, 
Ashland, OR) were used to monitor and analyze the prolifer-
ation, apoptosis, cell cycle, and activation marker expression 
of stimulated CD4 T cells in monocultures and cocultures.

For the proliferation assay, CD4 T cells in monocultures 
and cocultures were labeled with CellTrace Violet (1-2 µm) 
(CTV; Invitrogen, Thermo Fisher Scienti�c) following the 
manufacturer’s instructions. On the �fth day of culture, the 
T cells were harvested, stained with �xable viability stain 
780 (FVS780, BD Biosciences Horizon, San Diego, CA) and  
anti-CD4-FITC, and then analyzed.

To detect apoptosis, annexin V-APC/propidium iodide 
(PI) (Invitrogen) dual staining was performed following the 
manufacturer’s instructions. The detected percentages of 
Annexin V+/PI� , Annexin V +/PI+, and Annexin V� /PI+ cells rep-
resent the percentages of cells in early apoptosis, late apop-
tosis, and necrosis, respectively.

For the cell cycle analysis, a red cell cycle assay kit (Abcam) 
was used following the manufacturer’s instructions. To as-
sess the CD4 T-cell activation status, cells were stained with 
FVS780 and human anti-CD4-FITC, in addition to 1 or 2 
of the following antibodies: anti-CD69-PE (eBioscience), 
anti-CD25-APC, anti-HLA-DR-BV605 (BD Horizon),  
anti-CD26-PE, and anti-CD279-PerCP. All antibodies were 
from BD Biosciences Pharmingen unless another supplier is 
indicated.

Tregs Detection and Intracellular Cytokine Analysis
To detect Tregs, intracellular staining of CD4+ CD25+ T 
cells was performed using a human FOXP3 buffer set (BD 
Biosciences) and anti-human FOXP3-PE antibody (BD 
Pharmingen) according to the manufacturer’s instructions. For 
intracellular cytokine analysis, CD4 T cells cultured alone or 
cocultured with ASCs were restimulated with leukocyte acti-
vation cocktail (BD Biosciences) for 2-3 h on the day of anal-
ysis. The T cells were then harvested, �xed, and permeabilized 
using a BD Cyto�x/Cytoperm kit (BD Biosciences). The T cells 
were stained with BV605-conjugated anti-human IFN-gamma 
or APC-conjugated anti-human IL-10 (BD Biosciences) and 
analyzed using a CytoFlex S �ow cytometer.

Measurement of Cytokine Concentrations by ELISA
CD4 T cells in monocultures or cocultures with ndASCs 
or dASCs (ASC: CD4 T-cell ratio, 1:15) were seeded in 
anti-CD3/CD28-precoated 6-well plates (Costar, Corning) 
to assess the effect of ASCs on Th-cell polarization. The cell-
free culture supernatants were collected on the �fth day and 
stored at �80  °C. Human IFN-gamma, IL-2, IL-17, IL-6, 
IL-8, PGE2, IL-10, and LAP (TGF-� 1) concentrations were 
assessed with ELISA kits (Thermo Fisher Scienti�c) following 
the manufacturer’s instructions. Data from 2 different T-cell 
lines were considered.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 
software version 9 (GraphPad Inc.). Data are presented as 
the median with the range. P values were calculated using 
the Mann-Whitney U test. Spearman and Pearson correlation 
coef�cients were used to correlate between studied variables. 
P �  .05 was considered signi�cant.

Results
Proliferation and ROS Levels of ndASCs and dASCs
Both ndASCs and dASCs showed the characteristic MSC 
spindle morphology (Fig. 1A), and their proliferation rates, 
represented by the PDT, were comparable (Fig. 1B). A CCK-8 
assay con�rmed the similar proliferation of ndASCs and 
dASCs (Fig. 1C). Higher levels of basal and stress-responsive 
ROS were generated by dASCs than by ndASCs, however, not 
signi�cantly ( Fig. 1D). A signi�cant positive correlation was 
observed between the PDT and basal ROS level (Spearman 
r = 0.85, P = .0004).

ndASCs and dASCs Exhibit Comparable Surface 
Phenotypes With Minor Differences
ndASCs (n = 5) and dASCs (n = 9) exhibited the ASC surface 
markers pro�le. 32,33 They were positive (>85%) for CD90, 
CD73, CD13 CD105, CD44, and CD29 and negative (<2%) 
for CD14, CD19, CD45RO, CD235a, HLA-DR, CD31, 
and CD34. dASCs exhibited low to moderate expression of 
CD146 (2.18%-23.4%), while in ndASCs, the CD146 ex-
pression was <1.5%. dASCs and ndASCs showed low median 
expression (<2 to > 11%) of CD36 and CD54. The median 
CD54 MFI was signi�cantly higher in ndASCs than in dASCs 
(Supplementary Table S3).

Functional Veri�cation
All ndASCs (n = 5) differentiated toward osteogenic lineages, 
as shown by calcium deposition. In contrast, only 2 out of 
9 dASC lines showed an osteogenic capacity (Supplementary 
Fig. S1). ndASCs and dASCs accumulated lipids, as detected 
by oil red O staining, in adipogenic differentiation medium 
(Supplementary Fig. S2). The chondrogenic differentiation 
ef�ciency varied among the donors, and some ASC lines 
formed only small amounts of sulfated glycosaminoglycans. 
The chondrogenic differentiation outcome was not consistent 
between ndASCs and dASCs (Supplementary Fig. S3).

ndASCs and dASCs Respond Similarly to 
In�ammatory Conditions
The surface expression of 6 immune-related markers (CD54, 
CD274, CD40, CD86, HLA-ABC, and HLA-DR) was assessed 
in ndASCs and dASCs under basal and 2 different in�am-
matory conditions: coculture with preactivated PBMCs and 
priming with IFN- �  (Fig. 2). For these markers, only the basal 
percentage of CD274-positive cells was signi�cantly higher in 
dASCs than in ndASCs (Fig. 2A). In response to the 2 in�am-
matory conditions, ndASCs and dASCs upregulated CD54, 
CD274 (highly), and CD40 (moderately). The CD54 MFI of 
ndASCs and dASCs was noticeably increased after coculture 
with preactivated PBMCs compared to priming with IFN- �  
(Fig. 2D). The median percentage of CD86+ ASCs (Fig. 2G) 
and the CD86 MFI (Fig. 2H) were mainly affected by coculture 
with preactivated PBMCs, not IFN-�  priming. Conversely, the 

D
ow

nloaded from
 https://academ

ic.oup.com
/stm

cls/article/41/5/505/7083014 by guest on 06 O
ctober 2025



Stem Cells , 2023, Vol. 41, No. 5 509

expression of HLA molecules was more enhanced by treat-
ment with IFN- �  than by coculture (Fig. 2J, K).

ndASCs and dASCs Signi�cantly Affect 
Proliferation and Survival of Stimulated CD4 T Cell
Stimulation with anti-CD3/CD28 (immobilized form) signif -
icantly induced CD4 T-cell division. A marked decrease in 
the number of viable CD4 T cells was detected in cocultures 
containing ndASCs or dASCs by CCK-8 analysis, and the 
expansion index was signi�cantly reduced (Fig. 3A, 3B). 
In stimulated cocultures, most CD4 T cells were trapped 
in G0, in contrast to the control stimulated monocultures 
(Fig. 3C, 3D). The antiproliferative effect of ASCs was asso-
ciated with a signi�cant increase in the late apoptotic CD4 
T-cell proportion ( Fig. 4A) and median annexin V MFI (Fig. 
4B). According to cell cycle analysis results, the presence of 
ndASCs or dASCs increased the median proportion of T cells 
in the G0/G1 phase but decreased those in the S and G2/M 
phases (Fig. 4C). Importantly, the presence of ASCs signi�-
cantly (P = .016) upregulated the proportion of lymphocytes 
in the sub-G1 phase, indicating the accumulation of apoptotic 
cells. Additionally, the CM of IFN- � -primed ndASCs or dASCs 
ef�ciently abrogated CD4 T-cell proliferation ( Fig. 4D). We 
also measured the protein expression of IDO in ndASC and 
dASC lysates before and after IFN-�  treatment to mimic the 
in�ammatory scenario created by activated T cells.20,22 IDO 
was not considerably expressed by resting ASCs; however, it 
was upregulated after priming (Fig. 4E).

We tested the potential of ndASCs vs. dASCs to induce 
an allogeneic T-cell immune response (immunogenicity), 
but neither ndASCs nor dASCs induced the proliferation of 
nonstimulated naïve CD4 T cells (Supplementary Fig. S4A) or 
upregulated HLA-DR expression by the T cells (Supplementary 
Fig. S4B). The CD25 MFI of CD4 T cells increased after 
coculture with ndASCs or dASCs (Supplementary Fig. S4C).

ndASCs and dASCs Regulate CD4 T-cell Activation 
Markers
Flow cytometric analysis revealed that ndASCs and dASCs 
slightly, but signi�cantly, reduced the percentage of CD4 
positive T cells (Fig. 5A). In contrast, they profoundly 
reduced the CD4 MFI (Fig. 5G). With anti-CD3/CD28 
stimulation, surface expression of CD69, CD25, HLA-DR, 
CD26, and CD279/PD-1 was induced on CD4 T cells 
(Supplementary Fig. S6B vs. S6E). ndASCs and dASCs 
comparably affected the expressions of T-cell activation 
markers, with no statistically signi�cant differences (Fig. 
5). ndASCs and dASCs signi�cantly elevated the expression 
percentage (Fig. 5B) and level (Fig. 5H) for CD69 on CD4 
T cells. Conversely, both ndASCs and dASCs slightly, but 
signi�cantly, downregulated the CD4 + CD25+ T-cell per-
centage (Fig. 5C). Notably, within the CD4 + CD25+ T-cell 
population, the CD25 MFI was increased in the presence of 
ASCs (Fig. 5I). ndASCs and dASCs reduced the CD26 MFI 
(Fig. 5J) but not the percentage of CD4+ CD26+ T-cells (Fig. 
5D). ndASCs and dASCs decreased the positive percentage 

Figure 1. Morphology, proliferation, and ROS levels of ndASCs vs. dASCs. (A) ndASCs and dASCs exhibited a typical �broblast-like morphology 
at passages �5, and both ASC populations started to �atten and striate at P6. ( B) The dASC proliferation rate was similar to that of ndASCs, as 
evidenced by comparable median population doubling times (PDTs). (C) Data represented as the medians and ranges for a CCK-8 assay demonstrated 
continuous increases in cell proliferation and viability and a similar proliferative capacity for ndASCs (n = 3) vs. dASCs (n = 9) over 9 days. (D) ROS 
levels, represented by the �uorescence intensity, generated at a basal level and in TBHP-treated conditions (oxidative stress condition) by ndASCs 
(n = 5) or dASCs (n = 9). Each individual dot represents the average of triplicates. The lines in panels B and D represent the medians. The Mann-
Whitney test was used for statistical analysis. ndASCs: adipose stem/stromal cells from nondiabetic donors. dASCs: adipose stem/stromal cells 
from donors with obesity and type 2 diabetes. Abbreviations: ROS, reactive oxygen species; TBHP, tert-butyl hydroperoxide. P �  .05 was considered 
signi�cant. Scale bar =  100 � m.
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and MFI for HLA-DR on CD4 T cells ( Fig. 5E, 5K). A sig-
ni�cant decrease in the percentage of CD4+ CD279+ T cells 
in cocultures was observed (Fig. 5F), while the CD279 MFI 
within the positive population was not signi�cantly affected 
(Fig. 5L).

ndASCs and dASCs Signi�cantly Increase Tregs 
Levels and Decrease Intracellular IFN- �  and IL-10 
Expression in T Cells
The presence of ndASCs or dASCs signi�cantly increased 
the median frequency of Tregs (CD4+ CD25high FOXP3+). 
No statistically signi�cant difference in the Tregs frequency 

was detected between ndASCs and dASCs (P = .8) (Fig. 6A). 
Signi�cant reduction in the percentages of T cells expressing 
intracellular IFN- �  (Fig. 6C) or IL-10 ( Fig. 6D) by both ASC 
types was detected.

ndASCs and dASCs Upregulate PGE2 but not Anti-
in�ammatory Cytokines in Cocultures Containing 
CD4 T Cells
Modulation of cytokines produced by CD4 T helper (Th) cells 
including the Th1, Th17, and Tregs by ASCs was detected via 
ELISA (Fig. 7). IFN- �  (Th1) expression was suppressed in 
the presence of ndASCs or dASCs. Variations in the IFN-�  

Figure 2. In�ammation-induced expression of immune-related markers by ndASCs and dASCs. ndASCs (n = 3) and dASCs (n = 9) (at P5) were studied 
to assess the modulation of immune-related markers in response to treatment with IFN- �  for 48 h or coculture with preactivated PBMCs for 72 h. Both 
the percentage of positive cells (A, C, E, G, I, and K) and the expression level (MFI) within the positive population (B, D, F, H, J, and L) for each marker 
are used to present data. Naïve ndASCs and dASCs were negative for CD40 (E), CD86 (G) and HLA-DR (K); however, they expressed CD54 (low) (C), 
CD274 (low to moderate) (A) and HL-ABC (high) (I). In�ammation highly upregulated the expression of CD274 (A, B) and CD54 (C, D) and moderately 
upregulated CD40 expression (E, F). The CD54 MFI (D) was greatly increased by coculture with preactivated PBMCs compared to direct IFN-�  priming, 
indicating the possible implication of this marker in ASC-mediated immunosuppression by facilitating activated lymphocyte binding to ASCs. The 
HLA-ABC expression level (J) and HLA-DR expression percentage (K) were mainly upregulated after ASC stimulation with IFN-� ; however, the CD86 
percentage (G) and MFI (H) were mainly modi�ed after coculture. The horizontal lines represent the medians. The Mann-Whitney test was used for 
statistical comparisons between groups. Abbreviations: CC, coculture with preactivated PBMCs; dASCs, adipose stem/stromal cells from donors with 
obesity and type 2 diabetes; MFI, median �uorescence intensity; ndASCs, adipose stem/stromal cells from nondiabetic donors. P �  .05 was considered 
signi�cant.
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concentration in response to anti-CD3/CD28 stimulation and 
ASC-mediated suppression were noticed between the 2 tested 
CD4 T-cell lines, and only the results of one line are shown 
(Fig. 7A). IL-2 was suppressed by ASCs, with a slightly but sig-
ni�cantly stronger inhibitory effect seen in ndASC cocultures 
than in dASC ones (Fig. 7B). Conversely, the concentrations 
of IL-6 ( Fig. 7C), IL-8 (Fig. 7D), and IL-17A (Th17) ( Fig. 
7E) were higher in the ndASC and dASC cocultures than in 
CD4 T-cell monoculture. Among these cytokines, only IL-8 
exhibited a signi�cant difference between the ndASC and 
dASC cocultures (Fig. 7D). The presence of ndASCs or dASCs 
in a culture containing stimulated CD4 T cells comparably 
suppressed the secretion of the Tregs mediators TGF-� 1 
(LAP) (Fig. 7F) and IL-10 (Fig. 7G) but induced that of PGE2 
(Fig. 7H). Considerable levels of IL-6 and TGF-� 1 and lower 
levels of IL-8 and PGE2 were detected in the supernatants of 
ASCs cultured separately, with nonsigni�cant differences be-
tween ndASCs and dASCs (Supplementary Fig. S8). Basal se-
cretion of IFN- �  and IL-17 by ASCs was not detectable under 

the applied analytical conditions, and basal secretion of IL-2 
and IL-10 by ASCs was not explored.

Signi�cant Effects of BMI on ASC 
Immunomodulatory Activity
According to statistical correlation analyses, a high BMI was 
found to signi�cantly decrease the ASC immunomodulatory 
potential. There were signi�cant negative correlations be-
tween BMI and the basal ASC expression levels of the surface 
immunomodulator CD54 (Pearson r = �0.77, P = .001) and 
the secreted chemokine IL-8 (Spearman r= � 0.82, P = .018). 
A higher BMI signi�cantly affected the ASC potential to de-
crease IL-2 (Pearson r = 0.7, P = .017) and promote IL-8 
(Pearson r= � 0.84, P = .001) secretion in coculture. A higher 
BMI also signi�cantly correlated with a higher percentage of 
CD146+ ASCs (Spearman r = 0.69, P = .008), and ASCs with 
higher CD146 expression had a signi�cantly lower poten-
tial to express IDO under in�ammatory conditions (Pearson  

Figure 3. ndASC- and dASC-mediated suppression of CD4 T-cell proliferation. Culture of anti-CD3/CD28-stimulated CD4 T cells in the absence or 
presence of hASCs for 5 days (1:15, ASC: CD4 T-cell ratio). The data from 2 different experiments, in which 2 CD4 T-cell lines were cultured separately 
with ndASCs (n = 5) or dASCs (n = 9), were averaged in the coculture dot plots. The proliferation of viable CD4 T cells was monitored with CCK-8 (A) 
or the cell division tracking dye CTV using FlowJo’s proliferation platform (B-D). (A) CCK-8 analysis showed a strongly reduced OD for CD4 T cells 
stimulated in the presence of ndASCs or dASCs compared to those in monoculture, re�ecting the reduced number of viable CD4 T cells in the presence 
of ASCs. The inhibitory effects of ndASCs and dASCs on CTV-labeled CD4 T-cell proliferation were indicated by the signi�cant reduction in the expansion 
index (B) and signi�cant arrest of most CD4 T cells in G0 (D) in cocultures. (C) Representative proliferation histograms for viable CD4 T cells in the 
control nonstimulated, control stimulated, cocultured with ndASCs, and cocultured with dASC groups show the generations in each culture condition. 
The horizontal lines represent the medians. The Mann-Whitney test was used for statistical comparisons between groups. ndASCs: adipose stem/
stromal cells from nondiabetic donors. Abbreviations: CTV, CellTrace violet; dASCs, adipose stem/stromal cells from donors with obesity and type 2 
diabetes; OD, optical density; Stim, stimulated. P �  .05 was considered signi�cant.
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r= �0.62, P = .025). All correlations are shown in 
Supplementary Table S4. All P values reported in the study 
from the statistical analyses are illustrated in Supporting  
File 2.

Discussion
Donor characteristics such as BMI and health status may 
affect ASC therapy. Controversial data have been published 
concerning the effect of T2D and obesity on ASC biolog-
ical and functional characteristics.4,28-30,35-40 Our research is 
one of the few studies that addressed the immunoregulatory 
functions of ASCs from T2D donors.4,28,41 To our knowledge, 
this is the �rst study to explore the effects of T2D and obe-
sity on ASCs’ modulatory functions on puri�ed CD4 T cells. 
Previous studies have used either Jurkat T lymphocytes,4 or 
whole PBMCs stimulated in mixed lymphocyte reaction,4,28 or 
with a mitogen,41 for studying the dASCs’ immunoregulatory 
functions. In the present study and under mock in�amma-
tory conditions, the expressions of the immunomodulators; 
CD54, CD274, and IDO were signi�cantly upregulated in 
ASCs, and no signi�cant differences were noted between 
dASCs and ndASCs. dASCs signi�cantly suppressed CD4 
T-cell proliferation and demonstrated a signi�cantly reduced 
ability to decrease IL-2 production and to increase IL-8 levels 
in cocultures. Furthermore, the attenuated potentials were 
correlated considerably with growing BMI.

Previous reports on the effects of obesity and T2D on ASC 
proliferation 29,30,35,42 and antioxidative properties30 have been 
contradictory. In our study, obesity and T2D did not detrimen -
tally impact the proliferation rate of ASCs, although the PDT 
was slightly longer for dASCs than for ndASCs. Furthermore, 
we did not �nd signi�cant differences in the levels of ROS 
generated by dASCs and ndASCs under basal or oxidative 
stress conditions, even though dASCs generated higher levels 
of ROS than ndASCs, suggesting a lower antioxidative po-
tential for the former population. Interestingly, we detected 
a signi�cant positive correlation between the basal ROS level 
and PDT (Spearman r = 0.85, P = .0004). In line with this, 
an elevated oxidative stress level in ASCs, from donors with 
T2D, associated with mitochondrial dysfunction and a senes-
cent phenotype has been reported.30

Both ndASCs and dASCs complied with the surface marker 
criteria set by the ISCT32 and IFATS33 for MSCs, supporting 
earlier data.4,28,29 The expression of the pericytic marker 
CD146 has been reported to be low (>10%),43 or undetect-
able44 in ASCs from nondiabetic donors, while in�ammation 
has been shown to increase its expression.43 This may ex-
plain our results, in which CD146 expression was detected 
on dASCs, not on ndASCs. This contrasts with our previous 
�nding suggesting that the percentage of CD146+ ASCs 
and their proangiogenic capacity are signi�cantly higher 
in ASCs derived from leaner than from heavier donors.35 

Figure 4. ndASC- and dASC-mediated induction of CD4 T-cell apoptosis. CD4 T cells were stimulated with immobilized anti-CD3/CD28 without or with 
ndASCs or dASCs (1:15, ASCs: CD4 T cells) for 5 days, and then the cells were stained with annexin V and PI. The data from 2 different experiments, 
1 CD4 T-cell line cultured individually with ndASCs (n = 3) or dASCs (n = 9), were averaged in the coculture dot plots. (A) Signi�cant increase in the 
percentage of late apoptotic cells in the cocultures, associated with an increase in the annexin V MFI ( B), without statistically signi�cant differences 
between ndASCs and dASCs. (C) Cell cycle phase distribution of stimulated CD4 T cells in coculture with dASCs (n = 3) or ndASCs (n = 3) relative to 
a control monoculture. (D) Expansion index for anti-CD3/CD28-stimulated CD4+ T cells (n = 1) cultured in regular medium or the CM of IFN- � -primed 
ndASCs (n = 4) or dASCs (n = 7). (E) Strong upregulation of IDO expression in response to IFN-�  priming of ASCs. The horizontal lines represent the 
medians. The Mann-Whitney test was used for statistical analysis. Abbreviations: dASCs, adipose stem/stromal cells from donors with obesity and type 
2 diabetes; ndASCs, adipose stem/stromal cells from nondiabetic donors. P �  .05 was considered signi�cant.
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The mesodermal differentiation of dASCs vs. ndASCs was 
studied and the results have been brie�y discussed in the 
Supplementary File 1.

Naïve ndASCs and dASCs exhibited the immunological 
pro�le CD40 neg CD86neg HLA-DR neg HLA-ABC high CD274low 

to moderate CD54low. Among the studied markers, only CD274/
PD-L1 exhibited signi�cantly higher expression on naïve 
dASCs than on ndASCs. This is in line with a previous report 
showing that CD274 expression was signi�cantly higher on 
ASCs derived from obese donors than on those from lean 
donors.45 This �nding may correlate with the enhanced IFN 
expression in in�amed, obese AT, inducing CD274 expres-
sion on AT cellular components.45 We detected a signi�-
cant negative correlation between the CD54 MFI and BMI, 
supporting an earlier study demonstrating reduced CD54 
expression in ASCs from obese donors compared to those 
from lean donors.42 In�ammation is a prerequisite for ASCs 
to exert immunosuppressive functions via induced expres-
sion of paracrine factors and surface molecules such as 
CD54/ICAM 16 and CD274/PD-L1.17,46 Our study revealed 
that IFN- � -primed ndASCs or dASCs, or those cocultured 
with preactivated PBMCs, reproducibly induced CD40 to 
reach moderate expression and upregulated CD274 and 
CD54 to high expression. In both in�ammatory conditions, 
the HLA-DR (HLA-class I) and HLA-ABC (HLA-class 
I) expression levels increased, with a more potent effect 
observed for direct IFN-�  treatment. We did not �nd sig -
ni�cant differences in the in�ammation-induced expression 
of immune-related markers between ndASCs and dASCs, 
suggesting that they could exert comparable immunosup-
pressive functions.

The immunotolerant pro�le, indicated by low expres -
sion/lack of HLA-DR and the costimulatory molecules 
CD40 and CD86, which are required for full activation of T 
lymphocytes,47 may contribute to the hypoimmunogenic na-
ture of ASCs.23,48 In the present study, neither ndASCs nor 
dASCs induced the proliferation of allogeneic naïve CD4+ 
CD25�  T cells or HLA-DR expression. In contrast, previous 
studies have illustrated that ASCs have the potential to in-
duce the proliferation of the resting allogeneic CD4 T-cell 
fraction in PBMCs, suggesting that ASCs are not intrinsically 
immunoprivileged.49,50

In line with previous reports, this study demonstrates 
the antiproliferative13,18,20,51,52 and proapoptotic17,52 effects 
of ASCs on T lymphocytes. Both ndASCs and dASCs sig-
ni�cantly inhibited proliferation and induced apoptosis 
in anti-CD3/CD28-stimulated CD4 T cells. Earlier studies 
showed a compromised antiproliferative effect for dASCs on 
PBMCs in a 2-way mixed lymphocyte reaction28 and dASC-
derived CM on phytohemagglutinin-stimulated T cells.4 In 
our study, there was a trend toward more potent suppres-
sion by ndASCs, but the result was not statistically signi�-
cant. Notably, in the current study, the CM of IFN- � -primed 
ndASCs and dASCs signi�cantly abrogated CD4 T-cell prolif-
eration, consistent with previous results;22 this suggested the 
immunotherapeutic ef�cacy of soluble factors and the possi-
bility of a dASC-free therapy. Priming ASCs with IFN-�  and 
measuring the level of IDO, the tryptophan-catabolizing en-
zyme that leads to inhibition of T-cell proliferation, may pro -
vide a cost-effective and reproducible method for predicting 
MSC potency.53 In the present study, ndASCs exhibited a 
higher median IDO concentration than dASCs after IFN-�  

Figure 5. ndASC- and dASC-mediated regulation of the positive-cell percentages (A-E) and MFI (F-J) of activation markers expressed by the CD4 T cell. 
CD4 T cells were stimulated with immobilized anti-CD3/CD28 with or without ASCs at a ratio of 1:15 (ASCs: CD4 T cells) for 5 days. Then, the CD4 T 
cells in stimulated monocultures or cocultures were assessed for T-cell activation, proliferation, and differentiation marker expression. The data from 2 
different experiments, in which 2 CD4 T-cell lines were cultured separately with ndASCs ( n = 5) or dASCs (n = 9), were averaged. ndASCs and dASCs 
were comparably able to modulate the surface activation pro�le of CD4 T cells. The horizontal lines represent the medians. The Mann-Whitney test was 
used for statistical analysis,: cluster of differentiation. P �  0.05 was considered signi�cant.
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treatment, which might explain the greater antiproliferative 
effect of ndASCs on stimulated CD4 T cells, although the dif-
ference was nonsigni�cant.

To study how T2D and obesity affect the capacity of ASCs 
to modulate T-cell activation, CD4 T cells in monocultures and 
cocultures were analyzed for the expression of CD4 and well-
known T-cell activation markers, including CD25, CD279, 
CD26, HLA-DR, and CD69. 54-58 In our study, ndASCs and 
dASCs profoundly reduced the expression level of the key 
receptor CD4 on T cells, suggesting signi�cant inhibition of 
CD4 T-cell activation by ASCs, as reported previously.51

ndASCs and dASCs similarly modulated the expression of 
activation markers on T cells. ASCs have previously been re-
ported to upregulate CD69,14,15,53,59,60 which corresponds to 
our results, but the opposite effect has also been reported.61 
We showed a small but signi�cant decrease in the percentage 
of CD4 T cells expressing CD25 (IL-2 receptor �  subunit) 
in the presence of ASCs, which might have resulted in the 
reduction in IL-2 signaling and CD4 T-cell proliferation, 
as previously reported.16 CD25 downregulation was asso-
ciated with a signi�cant reduction in the expression of the 
coinhibitory molecule CD279/PD-1, as has been previously 
reported.62 However, we detected a signi�cant increase in 
the CD25 MFI, which might be correlated with the observed 
increase in the Tregs proportion in cocultures, as Tregs ex-
press higher levels of CD25 than effector cells to support their 
survival.63 Importantly, we reported a profound increase in 

nonproliferating CD4 + CD25+ CD69+ T cells in the presence 
of ASCs, suggesting T cells with regulatory properties, as pre-
viously described.64 In our study, the CD26 expression level 
was signi�cantly reduced in cocultures containing ndASCs or 
dASCs, and this effect was signi�cantly correlated with the in-
hibition of CD4 T-cell proliferation by ASCs, supporting pre -
vious data.15 In our study, the expression of the late activation 
marker HLA-DR on T cells, which is involved in the “graft-  
versus-host” reaction,59 was signi�cantly compromised by 
ndASCs and dASCs, which is in line with previous reports.59,60

One of the suggested factors leading to immunomodulatory 
activity dysfunction in ASCs from donors with T2D and obe-
sity is their signi�cantly lower expression of basal TGF-� 1 
than ASCs from lean, nondiabetic donors.4,30 This difference 
in TGF-� 1 expression was not detected in our study and 
that may contribute to the maintained immunosuppressive 
potential of dASCs. We addressed the potential of ndASCs 
and dASCs to modulate the polarization of anti-CD3/CD28-
stimulated cells into Th subsets including Th1 cells, Th17 cells 
and Tregs. Consistent with the well-known ASC-mediated ex-
pansion or induction of Tregs,25,65 in our study, both ndASCs 
and dASCs increased the percentage of classical Tregs (CD4+ 
CD25+ FOXP3+) in stimulated cocultures. We found a negli-
gible level of proliferating cells in stimulated CD4+CD25high 
cells in the presence of ASCs, suggesting that ASCs in 
cocultures did not promote Tregs expansion. Cell-cell con-
tact and release of PGE2, TGF-� 1,66 IL-6, 49,64 PD-L1,67 and/

Figure 6. ndASCs and dASCs increase the Treg level and decrease intracellular cytokine expression. CD4 T cells were stimulated with immobilized 
anti-CD3/CD28 without or with ndASCs (n = 3/4) or dASCs (n = 4/9) at a ratio of 1:15 for 5 days. Then, the CD4 T cells in the stimulated monoculture 
and cocultures were assessed to determine the levels of Tregs, IFN- �  and IL-10 via intracellular staining, as described in the Methods. (A) and (B) show 
signi�cant upregulation of the level of Tregs, as represented by the increase in the frequency of CD4 + CD25+ FOXP3+ T cells (Q2) by approximately 1.9-
fold in cocultures containing either ndASCs or dASCs. The gating strategy for (B) was lymphocyte gating based on FSC and SSC, and viable CD4 T cells 
were gated and investigated for double-positive CD25 and FOXP3 staining. Analysis of intracellular IFN-�  and IL-10 expression by CD4 T cells showed a 
considerable reduction for IFN-�  (C) and a smaller reduction for IL-10 (D) in the presence of ASCs. The results from 2 experiments were averaged and 
considered in the coculture dot plots and for the IFN- �  and Treg analyses; however, only one investigation was conducted for IL-10. The horizontal lines 
represent the medians. The Mann-Whitney test was used for statistical analysis. dASCs, adipose stem/stromal cells from donors with obesity and type 
2 diabetes; ndASCs, adipose stem/stromal cells from nondiabetic donors; CD, cluster of differentiation. P �  .05 was considered signi�cant.
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or IDO 68 are among the crucial mechanisms underlying the 
MSC-mediated induction of Tregs.

Contrary to expectations, ndASCs or dASCs, in our 
coculture setting, signi�cantly reduced the TGF-� 1 and 
IL-10 concentrations detected in the coculture supernatants. 
Inconsistent results about the TGF-� 1 level in the coculture 
of ASCs and T cells/PBMCs, relative to control immune 
cells monoculture, have been earlier illustrated.14,18,65 ASCs 
have been reported either not to change TGF-� 1 concentra-
tion in coculture with activated T cells,65 or they modulated/
increased its level in coculture with activated PBMCs/ T 
cells.14,18 TGF-� 1 regulates in�ammatory responses, and the 
survival-promoting effect of TGF-� 1 on anti-CD3/CD28-
stimulated naïve CD4+69 or CD4 +CD44high70 T cells has been 
shown previously. Based on such data, we speculated that 
the TGF-� 1 decrease observed in our cocultures complies 
with the enhanced apoptosis and decreased viability of CD4 
T cells. In concordance with our ELISA results, intracellular 
detection of IL-10 by �ow cytometry revealed a decrease in 
the presence of ndASCs or dASCs. The lack of an increase 
in the anti-in�ammatory cytokine IL-10 during the Tregs-
mediated suppression of alloactivated effector cells has been 
attributed to its consumption by Tregs via an autocrine IL-10 
signaling,71 and the same scenario might be present in the cur-
rent coculture setting.

We detected a signi�cant increase in the secretion of one 
of the main Th17 cytokine IL-17A 72,73 in cocultures of ASCs 
and stimulated CD4 T cells, suggesting Th17-cell differentia-
tion 74,75 or potentially expansion of a pre-existing Th17-cell 
population 76 in the cocultures. The presence of CD4+FOXP3+ 
T cells producing IL-17A with immunosuppressive ac-
tivity, as previously reported,77 could not be excluded in 
the present study. The MSC-mediated induction of Th17 
cells has been reported to be concomitant with IL-674,76 or 
PGE275,78 upregulation. We observed a marked increase in 
PGE2 and IL-6 secretion when stimulated CD4 T cells and 
ndASCs or dASCs were cocultured. The immunosuppressive 
effect mediated by ASCs in our study might be due to the 
considerable increases in the levels of PGE2,13,23 and IL-6,64,79 
as previously documented. The dual role of the pleiotropic 
cytokine, IL-6 as an immunosuppressive mediator,49,64,79,80 
or immunosupportive one,81,82 in MSC immunoregulatory 
functions, has been reported and it is a context-dependent.

In our study, ndASCs or dASCs signi�cantly reduced IFN-�  
and IL-2 levels but increased the IL-8 concentration in the 
coculture supernatant. In support of the ELISA results, �ow 
cytometric analysis of intracellular IFN-�  produced similar 
results. IFN-�  is one of the functional components of Th1 
cells,72,73 and the percentage of T cells expressing IFN-�  in 
anti-CD3/CD28-stimulated PBMCs has been reported to be 

Figure 7. Modulation of CD4 T-cell cytokine secretion by ndASCs and dASCs. For detection of cytokine levels in direct cocultures containing ndASCs 
(n = 3/4) or dASCs (n = 6-9) and anti-CD3/CD28-stimulated CD4 T cells (n = 2), conditioned media/supernatants were collected on day 5 and stored 
at –80 °C, and then they were analyzed by ELISA to assess 8 soluble mediators. The results from 2 different CD4 T-cell lines were averaged in the 
coculture dot plots, except for IFN- � , for which the results of only one CD4 T-cell line are shown. ( A) IFN-� , (B) IL-2, (C) IL-6, (D) IL-8, (E) IL-17, (F) LAP, (G) 
IL-10, and (H) PGE2. The horizontal lines represent the medians. The Mann-Whitney test was used for statistical analysis. Abbreviations: CC, coculture; 
dASCs, adipose stem/stromal cells from donors with obesity and type 2 diabetes; LAP, latent form of TGF- � 1; ndASCs, adipose stem/stromal cells from 
nondiabetic donors. P �  .05 was considered signi�cant.
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signi�cantly decreased by ASCs.17,51 ndASCs were able to sup-
press IL-2 levels signi�cantly more strongly than dASCs in 
cocultures containing CD4 T cells, which might explain the 
greater antiproliferative effect on CD4 T cells observed with 
ndASCs. In previous studies, this effect was attributed to the 
MSC-induced Tregs-mediated deprivation of IL-264 or secre-
tion of PD-1 ligands.62 In our study, the basal CD54 expres-
sion (CD54 MFI) in ASCs was positively correlated with their 
antiproliferative effect on T cells and their downregulatory 
effect on IL-2 levels in cocultures. The level of the chemo-
kine IL-8 was strongly increased in the CD4 T-cell cocultures 
containing ndASCs or dASCs, with a signi�cantly more potent 
effect observed with the former cell type. Recently, it has been 
reported that stimulated CD4 T cells can upregulate CD40 on 
ASCs and trigger IL-8 production by ASCs in a CD40 ligand-
dependent manner, enabling ASCs to perform crosstalk with 
immune cells in an in�ammatory context. 83

The small sample size of the nondiabetic with normal 
weight and T2D, obese groups is a study limitation, and 
larger study groups may be needed to con�rm our results. 
The wide disparity between the BMI for nondiabetic and 
diabetic donors is a potential study limitation that needs 
to be considered in future studies. Another limitation of 
this study could be the signi�cant difference in age be-
tween the enrolled diabetic, obese donors (median age 57), 
and nondiabetic with normal weight donors (median age 
42). A larger prospective cohort of diabetic donors may be 
needed to determine whether age is an important variable 
that may have biased our �ndings. However, our �ndings 
of the maintained immunomodulatory features of dASCs 
agree with the results of a previous study on age-matched 
diabetic and nondiabetic donors.41 It has been reported 
that metformin, a diabetic drug, improves the stemness,84 
and immunomodulatory potential, 85 of nondiabetic ASCs. 
The diabetic donors in the present study were administered 
different therapeutic regimens for T2D and the unknown 
effect(s) of medications on ASC functions could be a study 
limitation that needs to be taken into account in the future. 
Similarly, unknown donor ethnicity might also be a possible 
limitation in this study. Additionally, further experiments 
are needed to unravel the mechanism underlying the ASC-
induced generation of Tregs and their immunosuppressive 
functionality as well as to explore whether the IL-17A 
increase is correlated with pro-in�ammatory or immuno -
suppressive effects. Moreover, it would be interesting to 
study the effect of T cells from diabetic donors on ASC 
immunomodulation capacity.

Conclusion
Our results indicate that ASCs derived from donors with 
T2D and obesity can be expanded in vitro and are sensitive 
to the in�ammatory environment, similar to ASCs derived 
from nondiabetic individuals. The ndASC- and dASC-
mediated inhibition of CD4 T-cell proliferation was asso-
ciated with CD4 T-cell apoptosis. In addition, ndASCs and 
dASCs comparably modulated the expression of CD4 T-cell 
activation markers, such as CD69, CD25, CD26, HLA-DR, 
and CD279, and the secretion of effector cytokines, such 
as IFN-� , IL-10, and IL-17A. Both ndASCs and dASCs also 
signi�cantly increased the Tregs frequency. BMI signi�-
cantly affected the immunoregulatory properties of ASCs, 
as shown by the reduced abilities of dASCs to decrease IL-2 

production and increase IL-8 levels in cocultures containing 
CD4 T cells. Such attenuated potentials were signi�cantly 
correlated with increasing BMI. IFN- �  priming signi�cantly 
potentiated the immunosuppressive functions of dASCs and 
ndASCs.
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Background:The success of adipose stromal/stem cell (ASC)-based therapies may depend on donor characteristics such as body
mass index (BMI). A high BMI may negatively impact the therapeutic potential of ASCs, but the effects of weight loss on ASC-
mediated immunoregulation have not been extensively studied.
Methods:ASCs were obtained from donors with obesity (obASCs) undergoing bariatric surgery and from the same donors after
weight loss (wlASCs). Plasma samples, adipose tissue histology, and ASC characteristics, such as mitochondrial respiration and
in� ammatory factors, were studied before and after weight loss. The immunomodulatory capacity of ob/wlASCs was evaluated in
cocultures with prepolarized and preactivated proin� ammatory (M1) and anti-in� ammatory (M2) macrophages by determining
macrophage surface markers, gene expression, and cytokine secretion.
Results:Weight loss signi� cantly decreased plasma leptin levels and increased adiponectin levels. After weight loss, crown-like
structures (CLSs) were undetectable, and the adipocyte size decreased. Weight loss signi� cantly improved mitochondrial respira-
tion in ASCs and resulted in a notable increase in their proliferative capacity. The proin� ammatory marker genes tumor necrosis
factor alpha (TNF-� ), chemokine ligand 5 (CCL5), and cyclooxygenase-2 (COX2), as well as the proin� ammatory cytokine
interleukin 12p70 (IL-12p70), were signi� cantly downregulated, while the anti-in� ammatory gene tumor necrosis factor-inducible
gene 6 (TSG6) was also signi� cantly downregulated in ASC monocultures after weight loss. Following weight loss, ASCs exhibited
increased proin� ammatory properties when cocultured with macrophages, characterized by the downregulation of anti-
in� ammatory factors, along with the upregulation of several proin� ammatory factors, compared with the effects of macrophage
monocultures. Conversely, wlASCs demonstrated improved immunosuppressive functions in coculture with macrophages, as
indicated by the upregulation ofTSG6gene expression and interleukin 4 (IL-4) secretion.
Conclusions:Weight loss improved donors’ metabolic health and partially recovered ASCs’ anti-in� ammatory gene expression
and cytokine secretion pro� les in monocultures. However, it was inadequate to fully restore the immunosuppressive functions of
ASCs in cocultures with macrophages. Therefore, not only donor BMI but also weight loss history, among other donor char-
acteristics, might be considered for optimal ASC-based therapy.
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1. Introduction

The potential of adipose stromal/stem cell (ASC)-based ther-
apies relies on their proliferation and differentiation capacity
[1–3] as well as their secretory factors affecting angiogenesis,
wound healing [4], cell survival,� brosis, and neovasculariza-
tion [5]. In particular, the immunomodulatory functions of
ASCs have drawn attention to their utilization in cell-based
therapies [6–8]. It has been demonstrated that ASCs secrete
cytokines and exosomes that regulate the number and activity
of immune cells [9, 10]. For example, ASCs can polarize proin-
� ammatory (M1) macrophages toward anti-in� ammatory
(M2) macrophages [11–13] and modulate T-cell functions
[14–16] in an in� ammatory milieu.

Obesity-induced chronic low-grade in� ammation impacts
the physiology of adipose tissue [17] and disturbs the balance
and functions of immune cells, such as T cells and macro-
phages, residing in adipose tissue [18]. M1 and M2 macro-
phages are abundant in adipose tissue, and their phenotypes
are regulated by the surrounding environment [19]. In non-
obese individuals, M2 macrophages maintain adipose tissue
homeostasis, preventing in� ammation and promoting insulin
sensitivity [20], whereas M1 macrophages are associated with
obesity-induced in� ammation [21].

Obesity-induced in� ammation not only interrupts the
macrophage equilibrium in adipose tissue [22, 23] and accel-
erates the secretion of proin� ammatory adipokines and cyto-
kines [24] but also may affect ASC functions [25], such as
their immunomodulatory capacity [16, 25, 26]. Compared
with ASCs derived from normal-weight donors, human
ASCs derived from obese donors (obASCs) exerted reduced
immunosuppressive effects on mouse T cells in vitro [27],
with similar effects on mouse macrophages in vivo [8, 28,
29]. In contrast, compared with obASCs, ASCs derived from
donors of normal weight exerted strong immunosuppressive
effects on the macrophage phenotype [30]. Additionally, a
recently published study showed that ASCs derived from previ-
ously morbidly obese donors behaved similarly to ASCs derived
from overweight donors, as both promote M2 macrophage
polarization and exhibit a mixed pro- and anti-in� ammatory
secretome [31].

Bariatric surgery is an effective weight loss procedure
[32] that may restore metabolic functions by reducing sub-
cutaneous fatty acid uptake and positively affecting hepato-
kines and plasma in� ammatory markers [22, 23]. While the
majority of studies focusing on the effects of donor weight on
ASC properties have compared ASCs derived from donors
with either normal weight or obesity [8, 16, 25–30], only a
few studies have focused on the effects of weight loss [31,
33–35]. Moreover, only a few studies have reported the
effects of bariatric surgery-associated weight loss, including
reduced DNA damage, improved viability, and decreased adi-
pogenic differentiation of either ASCs or the stromal vascular
fraction [33, 34]. Additionally, some studies have shown the

effects of obesity, weight loss, and bariatric surgery-related
weight loss on angiogenic [36] and pericyte functions [35].
However, some of these studies have not mentioned the
weight loss methods employed [36]. Few studies have exam-
ined the clinical implications of weight loss-induced changes
in ASCs despite their use in regenerative medicine and immu-
notherapy [31, 33–35]. For instance, Alves et al. reported that
ASCs from ex-obese donors exhibit an altered immunomod-
ulatory pro� le, polarizing M0 macrophages toward an M2-
like phenotype with a mixed (M1/M2) secretory response.
This suggests that weight loss history could in� uence ASC-
based therapies for in� ammatory diseases such as Crohn’s
disease and spinal cord injury [31]. Similarly, Schmitz et al.
[34] observed a negative correlation between donor weight
loss history and ASC functional activities, including prolifera-
tion and migration capacity, indicating that ASCs from indivi-
duals who have lost weight may have diminished regenerative
potential. In addition, Silva et al. found that weight loss follow-
ing bariatric surgery alters ASC properties and increases pericyte
function, monocyte chemoattractant protein-1 (MCP-1) secre-
tion, and lipid accumulation, which could affect their regenera-
tive potential. However, further molecular investigations are
needed to ensure that autologous ASC therapies remain effective
post-weight loss [35]. Despite these� ndings, there is a lack of
follow-up in vitro and in vivo studies from the same individual
before and after the weight loss investigating the long-term
effects of bariatric surgery-induced weight loss on ASC function,
particularly their immunomodulatory interactions with macro-
phages, which are key immune cells regulating adipose tissue
homeostasis [37]. Understanding these changes is critical to
optimizing ASC-based therapeutic applications and ensuring
their ef� cacy in clinical settings. Therefore, this study aimed
to analyze the effects of weight loss on the characteristics and
immunomodulatory functions of ASCs derived from the
same donors before and after bariatric surgery-associated
weight loss.

In this study, ASCs were isolated before (obASCs) and
after weight loss (wlASCs) from donors who underwent bar-
iatric surgery, maintaining a similar genetic background before
and after weight loss. Donor in� ammatory status was exam-
ined by analyzing plasma C-reactive protein (CRP), leptin, and
adiponectin concentrations. From adipose tissue histological
samples, adipocyte size and the presence of crown-like struc-
tures (CLSs) were evaluated. The surface marker expression
and differentiation capacity of obASCs and wlASCs were also
analyzed. Moreover, the oxygen consumption rate (OCR) of
ASCs was studied by examining mitochondrial functions. To
evaluate the immunomodulatory capacity of ASCs, macro-
phages were polarized and activated toward the M1 and M2
phenotypes from peripheral blood mononuclear cells (PBMCs)
and studied in direct cocultures with ASCs to mimic the
environment of adipose tissue where cells are in contact
with each other [22, 23]. Surface marker pro� les, pro- and
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anti-in� ammatory gene expression, and cytokine secretion
in mono- and cocultures were assessed to study cell� cell
interactions.

2. Materials and Methods

2.1. Subjects.Subcutaneous adipose tissue samples were
obtained from donors who underwent bariatric surgery
(n = 6, body mass index [BMI] 39.89–55.02, age 39–53) at
the Tampere University Hospital (TAUH), Department of
Gastroenterology and Alimentary Tract Surgery, and from
the same donors (n = 6, BMI 25.18–31.46, age 41–56) after
weight loss at the TAUH, Department of Plastic and Recon-
structive Surgery. The samples were obtained with the donors’
written informed consent and processed in accordance with
supportive statements by the Ethics Committee of the Expert
Responsibility area of TAUH (R16036). The donor character-
istics are summarized in Table S1. The study was conducted in
accordance with the revised Declaration of Helsinki 1975.

2.2. Plasma In� ammatory Markers.The levels of plasma
CRP, leptin, and adiponectin were measured before (n = 6)
and after weight loss (n = 6) by enzyme-linked immunosor-
bent assays (ELISAs; R&D Systems) following the manufac-
turer’s instructions.

2.3. Adipose Tissue Histology.The adipose tissue samples
before (n = 6) and after weight loss (n = 6) were� xed and
stabilized with PAXgene tissue� x and PAXgene tissue stabi-
lizer (PAXgene Tissue System, PreAnalytix GmbH) and
stored at� 20°C. The adipose tissue was sectioned (7µm)
and stained with hematoxylin and eosin (HE). Adipose tissue
chromogenic staining was performed using a mouse mono-
clonal antibody against CD68 (M087601-2, 1:100 dilution;
Dako Agilent Technologies) with a Ventana BenchMark GX
with an Ultraview Dab Kit (Roche Diagnostics) and an Auto-
stainer 480S (Lab Vision Corporation). The histological images
were taken with an Olympus VS200 microscope scanner
(Olympus Life Science), and adipocyte size was calculated
with Fiji-ImageJ software [38]. To record adipocyte area,
random sections of the HE images were selected from
which single adipocytes were manually marked, and their
areas were calculated using the ROI Manager tool in Ima-
geJ. Only complete adipocytes in the� eld of view were
considered.

2.4. Cell Isolation and Culture.Human ASCs were isolated
from subcutaneous adipose tissue before (obASCs) and after
weight loss (wlASCs), cultured, and expanded as described
previously [16, 39] in alpha MEM (Thermo Scienti� c) sup-
plemented with human serum (Serana) and 1%P/S (Lonza)
(basic medium, BM). The experiments with ASCs were con-
ducted in passages 4–5.

To assess the effect of in� ammation on the immunomod-
ulatory activity of ASCs, ASCs were cultured in RPMI-1640
supplemented with L-glutamine, sodium bicarbonate (SIGMA,
Life Science), recombinant human interferon-gamma (IFN� )
(10 ng/mL; R&D Systems), 10% fetal bovine serum (FBS;
Thermo Fisher Scienti� c, Gibco) and 1% P/S for 48 h prior
to coculture with polarized and activated macrophages.

Allogenic human PBMCs (Finnish Red Cross Blood Ser-
vice Helsinki) from healthy donors were isolated from buffy
coat samples with Ficoll Paque PLUS (density of 1.077 g/mL;
GE Healthcare). The isolated cells were cryopreserved in the
nitrogen gas phase.

2.5. Assessment of Mitochondrial Respiration.Mitochondrial
respiration levels in obASCs (n = 6) and wlASCs (n = 6) were
assessed using a Cell Mito Stress Test Kit (Agilent Technol-
ogies, Inc.). Brie� y, a total of 25,000 cells/well were seeded in
a 24-well plate for 48 h. On the day of analysis, the mainte-
nance medium (10%FBS in RPMI) was replaced with a Sea-
horse assay medium supplemented with 10 mM glucose,
1 mM pyruvate, and 2 mM glutamine. The OCR was mea-
sured at the basal level and after the addition of oxidative
phosphorylation modulators; this parameter included pro-
ton leakage after oligomycin treatment (1� M), the maximal
OCR after carbonyl cyanide-p-tri� uoromethoxyphenylhy-
drazone treatment (2� M), and nonmitochondrial respira-
tion after treatment with antimycin A and rotenone
(0.5� M). Measurements were taken with an XFe24 Seahorse
Analyzer, and the data were analyzed with an Agilent Sea-
horse Analytics data acquisition device (Agilent Technolo-
gies). A line graph for mitochondrial respiration was created
based on the kinetic pro� le of the 120-min measurement
period from all donors.

2.6. Surface Marker Pro� le of ASCs.For surface marker anal-
yses, ASCs were cultured in BM. To verify the phenotypic
characteristics of the ASCs according to the International
Society for Cell& Gene Therapy (ISCT) [40] and the Inter-
national Federation for Adipose Therapeutics and Science
(IFATS) [41], the surface markers CD13-BV421, CD14-APC,
CD19-APC, CD29-FITC, CD31-BV421, CD34-APC, CD36-
APC, CD44-FITC, CD45RO-APC, CD54-FITC, CD73-PE,
CD90-APC, CD105-PE, CD146-BV421, CD235A-BV421 and
human leukocyte antigen–DR isotype (HLA-DR) BV421 (Table
S2) were assessed using a CytoFlex S� ow cytometer (Beckman
Coulter). A total of 10,000 events were recorded during the� ow
cytometry analysis. The percentage and median� uorescence
intensity (MFI) of each positive cell were determined, and the
data were analyzed using FlowJo software (BD Biosciences).

2.7. Proliferation and Multipotent Differentiation Capacity.
The proliferation rates of obASCs (n = 5) and wlASCs (n = 5)
were analyzed with a Cell Counting Kit-8 (CCK-8) assay
(Dojindo Laboratories) according to the manufacturer’s instruc-
tions. To evaluate the multipotential differentiation capacity of
ASCs, obASCs (n= 5) and wlASCs (n= 5) were differentiated
into adipogenic, osteogenic, and chondrogenic lineages [16]. For
more details about the proliferation assay and multipotential
differentiation, see Supporting Information 1.

2.8. Macrophage Polarization, Activation, and Coculture
Assay.M1 and M2 cells were polarized from PBMCs [42].
A total of 2 million PBMCs in basal RPMI-1640 medium
were seeded in 12-well plates (Nunc, Thermo Fisher Scien-
ti� c) and incubated for 2 h at 37°C. Afterward, a polarization
medium was added to each well (Table S3), and the cells were
incubated for 6 days at 37°C. On Day 6, the polarization
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medium was replaced with the activation medium (Table S3).
For cocultures, on Day 7, 80,000 obASCs and wlASCs in
M1/M2 activation medium were added to representative
coculture wells and incubated at 37°C for 3 days. On Day
10, mono- and cocultures were detached with Accutase cell
dissociation reagent (Thermo Fisher Scienti� c StemPro) with
the help of a cell scrapper (USA Scienti� c, Inc.) for subsequent
assays. A graphical illustration of the assay timeline is pro-
vided in Figure S1. On Day 11, total messenger RNA (mRNA)
and conditioned media samples were collected to analyze
the gene expression and cytokine secretion of macrophages
and monocultured and cocultured ASCs, which were sub-
sequently stored at� 80°C. Additionally, monocultures of
obASCs (n = 4) and wlASCs (n = 4) were cultured in RPMI-
1640 supplemented with L-glutamine and sodium bicar-
bonate with 10%FBS and 1%P/S supplemented with IFN� .

2.9. Surface Markers of Macrophages.The immunopheno-
types of M1 and M2 monocultures (Figures S10 and S11)
and their coculture with obASCs and wlASCs were studied
by multicolor � ow cytometric analysis in a FACSAria (BD
Biosciences) and CytoFlex S. Monoclonal antibodies against
CD86-PE, HLA-DR-FITC, CD163-CF594, CD90-APC, CD206-
BV421, and CD11C-PECy7 were used (Table S2). FACS
analysis was performed with BD CompBead Plus beads (BD
Bioscience), and cell viability was determined with Fixable
Viability Stain 510 (BD Biosciences). M1 and M2 type
macrophages were selected for the analysis based on their
size and granularity (Figures S10 and S11). The obASCs
and wlASCs were excluded from the macrophage cocultures
based on CD90 expression (Figure S12B,E) to analyze the live
population of M1 and M2 macrophages (Figure S12C,F). A
total of 20,000 events were recorded during� ow cytometry
analysis. The raw data were analyzed using FlowJo software.
MFI (n= 8) and percentage (n = 10) data for a population of
positive cells were analyzed (Supporting Information 1).

2.10. Gene Expression Analysis.Total mRNA was isolated
from mono- and cocultures of obASCs (n = 4), wlASCs
(n = 4), and macrophages using a NucleoSpin RNA II kit
(Macherey-Nagel GmbH& Co.). Complementary DNA
was synthesized with a High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems), and quantitative real-time
reverse transcription polymerase chain reaction (qRT-PCR)
was performed with a QuantStudio 12K Flex System (Applied
Biosystems) using TaqMan Fast Advanced Master Mix
(Thermo Fisher) and Custom TaqMan Array Plates
(Applied Biosystems) (Table S4). 18S ribosomal RNA and
glyceraldehyde 3-phosphate dehydrogenase were used as
reference genes for normalizing the qRT-PCR data. Relative
quanti� cation of gene expression was performed using the
2� �� Ct method [43]. In ASC monocultures, the gene expres-
sion levels are shown relative to the average expression in
obASCs, whereas, in cocultures, the gene expression levels
are shown relative to the average expression in macrophage
monocultures.

2.11. Cytokine Analysis.The cytokines produced by mono-
and cocultures of obASCs (n = 4), wlASCs (n = 4), and

macrophages during the macrophage polarization and acti-
vation assays were studied in conditioned media. Eleven
cytokines and chemokines (interleukin 1 receptor antagonist
[IL-1RA], thymus- and activation-regulated chemokine
[TARC], macrophage in� ammatory protein 1 alpha [MIP-1� ],
macrophage-derived chemokine [MDC], Monocyte chemoat-
tractant protein-1 [MCP-1], interleukin 1 beta [IL-1� ], interleu-
kin 4 [IL-4], interleukin 6 [IL-6], interleukin 10 [IL-10],
interleukin 12p70 [IL-12p70] and tumor necrosis factor alpha
[TNF-� ]) were assessed with a custom-made V-PLEX Assay
(Mesoscale Diagnostics, LLC) [44] (Table S5). All the assays
were performed in duplicate. Analyses were performed using
an MSD QuickPlex SQ120 instrument and DISCOVERY
WORKBENCH (MesoScale Diagnostics, LLC).

2.12. Statistical Analysis.Statistical analysis was performed
using GraphPad Prism software version 9.0.0 (GraphPad,
Inc.). The Shapiro–Wilk test was used to assess the normality
of the data. Based on its results, appropriate parametric or
nonparametric tests were selected. The data are presented as
the mean and standard deviation for� ow cytometric analysis
and as the minimum to maximum with boxplots for all other
analyses. The Wilcoxon signed-rank test was used to analyze
plasma in� ammatory marker and ASC gene expression in
monocultures, while paired samplet-tests were used to ana-
lyze adipocyte area, ASC surface marker expression, ASC
proliferation, mitochondrial respiration data, and ASC cytokine
secretion in monocultures and macrophage monocultures. A
paired samplet-test was used for normally distributed data,
whereas the Wilcoxon signed-rank test was used for nonnor-
mally distributed data. Additionally, repeated measures
one-way ANOVA was used to calculate thep values for
macrophage and ASC mono- and coculture surface marker
expression, gene expression and cytokine analysis. A line
graph for mitochondrial respiration was created based on
the kinetic pro� le of the 120-min measurement period
from all donors. Additionally,p� 0:05 indicated statistical
signi� cance.

3. Results

3.1. Decreased Plasma Levels of In� ammatory Markers After
Weight Loss.Bariatric surgery has been demonstrated to
facilitate weight loss and improve metabolic functions [32,
45–48]. In our study, we observed that the BMI of ASC
donors (n = 6) signi� cantly decreased after bariatric surgery
(� BMI: average 15.41,p¼0:0313) (Table S6).

Previous reports have highlighted an imbalance of plasma
pro- and anti-in� ammatory markers associated with obesity
and related metabolic disorders [49, 50]. To determine how
weight loss impacts donor in� ammatory status, we analyzed
the adipokines leptin and adiponectin, as well as CRP, in
blood plasma samples from donors before (n = 6) and after
weight loss (n = 6). Our results aligned with those of previous
studies showing improvements in plasma adipokines [24, 51]
and CRP levels [52, 53] after weight loss. Our� ndings revealed
a notable decrease in the in� ammatory CRP level (Figure 1A),
a signi� cant decrease in the leptin level (p¼0:0312; Figure 1B),
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and a signi� cant increase in the anti-in� ammatory adiponec-
tin level (p¼0:0312) following weight loss (Figure 1C).

3.2. Decreased Adipocyte Size and the Absence of CLSs in
Adipose Tissue Samples After Weight Loss.Heinonen et al.
[54] demonstrated that obesity-related remodeling of adi-
pose tissue results in adipocyte hypertrophy, which is further
associated with the accumulation of M1 macrophages, the
formation of CLSs and, ultimately, adipocyte death. To eval-
uate the impact of weight loss on adipocyte size and the
presence of CLSs, we examined adipose tissue sections before
(n = 6) and after weight loss (n = 6). Notably, we observed a
signi� cant reduction in the adipocyte area (p¼0:0163) fol-
lowing weight loss (Figure 1D), which was consistent with
previous � ndings [55–57]. Additionally, our observations
revealed dying adipocytes surrounded by CD68+ macro-
phages in adipose tissue samples obtained before weight loss.
No CLSs were observed after weight loss (Figure 1F/Figure
S2B), supporting the� ndings of a previous report by Mal-
iniak et al. [58].

3.3. Improved Mitochondrial Respiration Capacity of ASCs
After Weight Loss.Obesity-induced in� ammation has been
demonstrated to induce oxidative stress in adipocytes. This
stress impairs their mitochondrial functions and reduces the

OCR of ASCs, especially compared to ASCs derived from indi-
viduals of normal weight [59–61]. However, bariatric surgery-
related weight loss has been shown to increase mitochondrial
respiration within adipose tissue [62]. To investigate this phe-
nomenon further, we examined the overall mitochondrial respi-
ration rates of obASCs (n= 6) and wlASCs (n= 6) by measuring
the basal, maximal respiration,ATP production, proton leakage,
and spare respiratory capacity of the cells. Although we did not
observe signi� cant differences when comparing individual
factors (Figure 2B–F), consistent with previous� ndings, we
found that the overall mitochondrial respiration rate over
the 120-min measurement period was signi� cantly greater
in wlASCs (p < 0:0001) than in obASCs (Figure 2A).

3.4. Decreased Adipocyte and Pericyte Surface Marker Levels
After Weight Loss.Obesity-induced in� ammation may alter
the typical surface marker pro� le of ASCs [16, 63, 64]. In this
study, both obASCs (n = 5) and wlASCs (n = 6) met the
de� ned surface marker criteria established by the ISCT/IFATS
for mesenchymal stem cells (MSCs), albeit with minor differ-
ences. The cells were positive (>85%) for CD90, CD73, CD105,
CD13, CD44, and CD29 and negative (<2%) for CD14,
CD45RO, CD235a, HLA-DR, and CD34 (Figures S3 and S4).

Interestingly, the median percentage of CD36-positive cells
was signi� cantly lower in wlASCs (p¼0:0110) than in obASCs

O
be

se

W
ei

gh
t-

lo
ss

P
la

sm
a 

C
R

P
 (

ng
/m

L)

1,000,000

100,000

1000

10,000

ðAÞ

O
be

se

W
ei

gh
t-

lo
ss

0.0312

P
la

sm
a 

le
pt

in
 (

pg
/m

L)

1,000,000

100,000

10,000

ðBÞ

O
be

se

W
ei

gh
t-

lo
ss

P
la

sm
a 

ad
ip

on
ec

tin
 (

ng
/m

L) 1,000,000

0.0312

100,000

10,000

ðCÞ

O
be

se

W
ei

gh
t-

lo
ss

A
di

po
cy

te
 a

re
a 

(µ
m

)

60,000

40,000

20,000

0

0.0163

ðDÞ

wlD3obD3

ðEÞ

obD3 wlD3

ðFÞ

FIGURE 1: Effects of weight loss on plasma in� ammatory (CRP, leptin) and anti-in� ammatory (adiponectin) marker levels, adipocyte areas,
and crown-like structures (CLSs). Decreased plasma CRP and leptin levels and increased adiponectin levels were detected after weight loss;
n = 6. The Wilcoxon test for paired samples was used.p Values< 0.05 were considered signi� cant. (A) CRP, (B) leptin, and (C) adiponectin
levels. Hematoxylin and eosin (HE)-stained histological samples of AT after weight loss presented a decreased adipocyte area and a lack of
CLS following CD68 chromogenic staining. (D) Adipocyte area inµm before and after weight loss. (E) Representative HE histological
samples before and after weight loss from one donor. (F) Representative CD68-positive chromogenic histological samples before and after
weight loss from one donor. Arrows indicate the accumulation of CLS around adipocytes. CRP, C-reactive protein; obD, donor before weight
loss; wlD, donor after weight loss. See also Figure S2.
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(Figure S3F). CD36 serves as a marker for human adipocyte
progenitors and mononuclear phagocytes, and its expression is
upregulated during obesity and associated with increased adi-
pogenesis [65, 66]. In line with the downregulation of CD36 and
the� ndings of our previous study [63], we observed a reduced
adipogenic capacity in wlASCs compared with obASCs.

In contrast to that of CD36-positive cells, the percentage
of vascular differentiation marker CD31-positive cells [67]
was signi� cantly greater in wlASCs (p¼0:0456Þ than in
obASCs (Figure S3N). Furthermore, the MFI of the pericytic
marker CD146 [68] decreased signi� cantly in ASCs after
weight loss (p¼0:0017) (Figure S4M).

3.5. Pro- and Anti-In� ammatory Gene Expression and
Cytokine Secretion in ASC Monocultures

3.5.1. Downregulation of Both Pro- and Anti-In� ammatory
Gene Expression in ASCs After Weight Loss.ASCs are highly
attractive for use in cellular therapies, particularly because
of their immunomodulatory functions, in which cytokine
secretion plays an important role [1]. However, Oñate et al.
and Serena et al. previously explored the impact of weight

loss on the gene expression of immunomodulatory factors in
ASCs, and none have speci� cally investigated the same
donor before and after weight loss [30, 69]. In this study,
we examined the effects of weight loss on pro- and anti-
in� ammatory gene expression levels in ASC monocultures
(Figure 3A–D and Figure S5). Our� ndings revealed signi� -
cant downregulations in the expression of proin� ammatory
genes in wlASCs (n = 4) compared with obASCs (n = 4,TNF-
� : p¼0:0329, chemokine ligand 5 [CCL5]: p¼0:0158, and
cyclooxygenase-2 [COX2]: p¼0:0076; Figure 3A–C). Addi-
tionally, we observed a signi� cant decrease in the expression
of the anti-in� ammatory gene tumor necrosis factor-
inducible gene 6 (TSG6) in wlASCs (p¼0:0378)compared
with obASCs (Figure 3D).

3.5.2. Decreased Secretion of the Proin� ammatory Cytokine IL-
12p70 by ASCs After Weight Loss.Obesity-induced in� amma-
tion alters cytokine secretion in adipose tissue [70], which
changes the ASC cytokine pro� le to be more proin� ammatory
[35]. For example, obesity-induced in� ammation elevates the
levels of IL-12p70, a member of the IL-12 family, in both
immune cells and adipocytes [71, 72]. However, cytokines of
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the IL-12 family have both proin� ammatory and immunoreg-
ulatory functions [73, 74]. As reported by Verma et al. [75],
IL-12p70 may also play a role in downregulating immune
responses by inducing regulatory T cells. In this study, the
overall secreted amounts of proin� ammatory cytokines were
low in both obASCs (n= 4) and wlASCs (n= 4) (Figure S6).
However, compared with obASCs, wlASCs (p¼0:0409)
secreted signi� cantly less IL-12p70 (Figure 3E). Additionally,
nonsigni� cant decreases in the levels of all the studied anti-
in� ammatory cytokines, such as IL-4, IL-1RA, and IL-10, were
observed after weight loss (Figure S6G–I). In line with our
results, Silva et al. [35] reported that weight loss did not fully
improve cytokine secretion by ASCs.

3.6. Downregulation of Both Pro- and Anti-In� ammatory
Surface Markers in M1 Macrophages by obASCs and wlASCs
in Cocultures.Previous studies have indicated that the immu-
nomodulatory capacity of ASCs is strongly linked to donor
BMI. Speci� cally, conditioned media or exosomes from ASCs

obtained from donors with normal weight have been shown
to reduce in� ammation and shift the macrophage phenotype
from M1 to M2 both in vitro and in vivo [76–78]. However,
ASCs derived from obese donors may promote M1 polariza-
tion [26] and exhibit a reduced or impaired ability to suppress
M1 macrophages while activating M2 macrophages [26, 30].
In contrast to previous� ndings, our study revealed that ASCs
did not direct M1 macrophages toward the M2 phenotype;
that is, they did not function as anti-in� ammatory cells. In
our study, compared with those in M1 monocultures, down-
regulation of the proin� ammatory cluster of differentiation
(CD) markers CD11C and CD86 and the anti-in� ammatory
marker CD163 was observed in cocultures with both obASCs
and wlASCs (Figure 4). Speci� cally, signi� cant decreases in
the percentages of CD11C (p¼0:0166)- and CD86 (p¼
0:0386)-positive macrophages were observed in M1 cocul-
tures with wlASCs compared with those in M1 monocultures
(Figure 4A,C). Similarly, the percentage of CD163-positive
macrophages was signi� cantly lower in M1 cocultures with
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both obASCs (p¼0:0072) and wlASCs (p¼0:0009) than in
M1 monocultures (Figure 4G).

3.7. Downregulation of the Anti-In� ammatory Marker
CD206 in M2 Macrophages by wlASCs in Cocultures.Previ-
ous studies have indicated that ASCs can guide M0 macro-
phages toward the M2 phenotype [30]. Consequently, we
anticipated that M2 macrophages would either maintain or
enhance their anti-in� ammatory phenotype when cocul-
tured with ASCs, particularly wlASCs. However, contrary
to our expectation, we observed that M2 macrophages repo-
larized toward a proin� ammatory phenotype when they
were cocultured with both types of ASCs. In our study,
obASCs and wlASCs downregulated the anti-in� ammatory
marker CD206 in M2 macrophages. A signi� cantly lower
percentage of CD206-positive cells was observed in M2 cocul-
tures with wlASCs (p¼0:0177) than in M2 cocultures with
obASCs (Figure 4J). Additionally, the MFI of CD206 was sig-
ni� cantly lower in M2 cocultures with both obASCs (p¼
0:0083) and wlASCs (p¼0:0061) than in M2 monocultures

(Figure S13J). Furthermore, we also noted a signi� cantly
decreased MFI of HLA-DR in M2 cocultures with obASCs
(p¼0:0392) compared with M2 monocultures (Figure S13F).

3.8. Pro- and Anti-In� ammatory Gene Expression and Cytokine
Secretion in M1 Macrophage Cocultures

3.8.1. Inconsistent Regulation of Pro- and Anti-In� ammatory
Gene Expression in M1 Macrophages by obASCs and wlASCs
in Cocultures.In contrast to our surface marker results, we
observed signi� cant decreases in the expression levels of
proin� ammatory genes, speci� cally IFN� and TNF-� , in
macrophage cocultures with both obASCs and wlASCs
(Figure 5). Compared with their corresponding macrophage
monocultures, the M1 cocultures with obASCs and wlASCs
(obASCs;p¼0:0151 and wlASCs;p¼0:0343) presented sig-
ni� cantly lowerIFN� expression(Figure 5A). Similarly, the
expression ofTNF-� was signi� cantly lower in M1 cocultures
(obASCs;p¼0:0058 and wlASCs;p¼0:0176) than in their
respective macrophage monocultures (Figure 5B).
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Interestingly,CCL5, which is associated with macro-
phage recruitment and M1 polarization during obesity-
induced in� ammation [79–81], exhibited a different pattern.
In our study, the expression ofCCL5 was signi� cantly
increased in M1 cocultures with both obASCs and wlASCs
(obASCs;p¼0:0088 and wlASCs;p¼0:0025) (Figure 5C).
This result contrasts with those of previous studies suggest-
ing that ASCs possess anti-in� ammatory abilities that down-
regulateCCL5expression [82]. However, a recent study reported
that ASC-mediatedCCL5plays a crucial role in T-cell accumula-
tion within adipose tissue, antagonizing obesity-induced in� am-
mation [83].

In our study, we observed a modest downregulation of
anti-in� ammatory gene expression in M1 cocultures with
both obASCs and wlASCs (Figure 5 and Figure S14). Com-
pared with M1 monocultures, M1 macrophages cocultured
with wlASCs presented signi� cantly lower mannose receptor
C-type 1 (MRC1) expression (p¼0:0382) (Figure 5D). In M1
cocultures with obASCs, peroxisome proliferator-activated
receptor-� (PPAR� ) expression was signi� cantly lower (p¼
0:0068) than that in M1 monocultures (Figure 5F). Similarly,
KLF-4expression in M1 cocultures with obASCs was signi� -
cantly lower (p¼0:0061) than that in M1 monocultures
(Figure S14B). Furthermore, compared with M1 monocul-
tures, M1 cocultures with obASCs presented signi� cantly
decreased human leukocyte antigen G (HLA-G) expression
(Figure S14F).

3.8.2. Increased Secretion of Proin� ammatory Cytokines by
ASCs Before and After Weight Loss in M1 Cocultures.In M1
cocultures with both obASCs and wlASCs (Figure 5), there
were notable increases in the secretion of the proin� amma-
tory cytokines MCP-1, IL-6, IL-12p70, and IL-1� . IL-12p70
and IL-1� secretion levels were signi� cantlygreater, particu-
larly in wlASCs, than in M1 monocultures. We observed
signi� cantly increased secretion of MCP-1 in M1 cocultures
with obASCs (p¼0:0242) compared with M1 monocultures
(Figure 5G). These results align with previous� ndings by
Silva et al. [35], where MCP-1 secretion was notably greater
in M1 cocultures with obASCs than in those with ASCs from
normal-weight donors. Similarly, the secretion levels of IL-
12p70 (p¼0:0257, Figure 5J) and IL-1� (p¼0:0352, Figure
S14H) were signi� cantly greater in M1 cocultures with
wlASCs than in M1 monocultures. In contrast, a signi� cant
decrease in the secretion of the proin� ammatory chemokine
MDC was observed in M1 cocultures with ASCs (obASCs;
p¼0:0166 and wlASCs;p¼0:0388) compared with M1
monocultures (Figure 5I).

The secretion levels of IL-6 and IL-4 were signi� cantly
greater in both obASC (IL-6;p¼0:0098 and IL-4;p¼
0:0266) and wlASC (IL-6;p¼0:0024 and IL-4;p¼0:0025)
cocultures than in M1 monocultures (Figure 5H, L, respec-
tively). Previous studies have highlighted the pleiotropic role
of IL-6 secretion by MSCs in mediating immunomodulatory

responses, particularly during in� ammation [16, 84, 85].
Interestingly, an in vivo mouse study reported that IL-6
secretion from adipocytes derived from donors with obesity
could stimulate adipose tissue macrophages, leading to IL-4
signaling and contributing to an anti-in� ammatory environ-
ment [86]. In our study, we observed simultaneous increases
in both IL-6 and IL-4 secretion. Therefore, we speculate that
the increased secretion of IL-6 plays a role in the concurrent
increase in IL-4 secretion in the cocultures.

3.9. Pro- and Anti-In� ammatory Gene Expression and
Cytokine Secretion in M2 Macrophage Cocultures

3.9.1. Inconsistent Regulation of Pro- and Anti-In� ammatory
Gene Expression and Cytokine Secretion in M2 Macrophages
by obASCs and wlASCs in Cocultures.With respect to the M2
cocultures, we did not observe any signi� cant differences in
proin� ammatory gene expression (Figure 6A–C). Like in M1
cocultures, the expression of anti-in� ammatory genes was
slightly downregulated in M2 cocultures with both obASCs
and wlASCs (Figure 6 and Figure S15). Notably,TSG6, a
protein secreted by ASCs, plays a crucial role in regulating
macrophage function and reprograms them toward an anti-
in� ammatory phenotype when in contact with ASCs [87–91].
In line with these� ndings, we observed thatTSG6expression
was signi� cantly greater in M2 cocultures with ASCs (obASCs;
p¼0:0197 and wlASCs;p¼0:0172) than in M2 monocul-
tures. Additionally,TSG6expression was slightly but signi� -
cantly greater in M2 cocultures with wlASCs (p¼0:0315) than
in M2 cocultures with obASCs (Figure 6E). In an in� am-
matory environment, MSC expression ofTSG6increases,
especially in contact with macrophages, leading to attenu-
ated in� ammation and enhanced tissue repair [87, 92–96].

PPAR� , a critical player in macrophage polarization toward
the M2 phenotype, serves as a key regulator of the in� amma-
tory potential of tissue macrophages [97]. Moreover, in AT,
obesity-induced in� ammation downregulatesPPAR� expres-
sion in M2 macrophages, exacerbating the in� ammatory
milieu [98]. RestoringPPAR� expression is essential for rein-
stating the anti-in� ammatory functions of both macrophages
and adipocytes, which become compromised during obesity-
induced in� ammation [99]. Surprisingly, contrary to previous
� ndings, our study revealed that weight loss did not lead to the
restoration ofPPAR� expression. Notably, in M2 cocultures
with wlASCs,PPAR� expression was signi� cantly lower (p¼
0:0157) than that in M2 cocultures with obASCs (Figure 6F).
Consistent withPPAR� expression,M2 cocultures with wlASCs
presented markedly reduced levels of the anti-in� ammatory
proteinHLA-G (Figure S15F), the secretion of which has been
reported to enhance anti-in� ammatory and immunosuppres-
sive responses in an in� ammatory environment [100].

3.9.2. Similar Regulation of Cytokine Secretion by ASCs Before
and After Weight Loss in M2 Cocultures.Like M1 cocultures,
M2 cocultures with wlASCs (p¼0:0464) exhibited signi� cantly

(C)CCL5, (D) MRC1, (E)TSG6, (F)PPAR-� , (G) MCP-1, (H) IL-6, (I) MDC, (J) IL-12p70, (K) IL-1RA, and (L) IL-4. For RM ANOVA,pvalues
< 0.05 were considered signi� cant. The data are presented as the minimum to maximum values. M1, proin� ammatory macrophages; obASCs,
ASCs derived before weight loss; wlASCs, ASCs derived after weight loss. See also Figure S14.
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FIGURE 6: Comparison of gene expression and cytokine secretion between mono- and cocultures of M2 macrophages with obASCs and
wlASCs;n = 4. (A)–(F) Gene expression in M2 mono-/cocultures. (G)–(K) Cytokine secretion in M2 mono-/cocultures. (A)IFN� , (B)TNF-� ,
(C) CCL5, (D) MRC1, (E)TSG6, (F)PPAR-� , (G) MCP-1, (H) IL-6, (I) MDC, (J) IL-12p70, and (K) IL-1RA. For RM ANOVA,pvalues< 0.05
were considered signi� cant. The data are presented as the minimum to maximum values. M2, anti-in� ammatory macrophages; obASCs,
ASCs derived before weight loss; wlASCs, ASCs derived after weight loss. See also Figure S15.
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reduced secretion of the proin� ammatory chemokine MDC
compared with their respective monocultures (Figure 6I). Fur-
thermore, increased secretion levels of the proin� ammatory
cytokines IL-6 and IL-12p70 were observed in M2 cocultures
with both obASCs and wlASCs (Figure 6). The secretion of
IL-6 was signi� cantly greater in M2 cocultures with wlASCs
(wlASCs;p¼0:0038) than in M2 monocultures (Figure 6H).
Similarly, the secretion of IL-12p70 was signi� cantly greater
in M2 cocultures with obASCs (obASCs;p¼0:0161) than
in M2 monocultures (Figure 6J). In contrast to M1 cocul-
tures, signi� cantly increased secretion of anti-in� ammatory
IL-1RA was observed in M2 cocultures with obASCs (p¼
0:0350) compared with M2 cocultures with wlASCs (Figure 6K).
These� ndings diverge from those of previous studies where
ASCs derived from nonobese donors (BMI< 30 kg/m2) not
only polarized M1 macrophages toward M2 macrophages but
also enhanced the anti-in� ammatory properties of M2 macro-
phages when cultured in ASC-conditioned medium [77]. Nota-
bly, IL-4 quanti� cation for M2 macrophages was not included
in the results, as IL-4 was utilized for their polarization and
activation.

4. Discussion

Human ASCs are appealing candidates for cell-based thera-
pies [1–4]. However, certain properties of ASC donors, such
as obesity, have been found to negatively impact ASC char-
acteristics and their immunomodulatory functions [16, 26,
63], thereby limiting their clinical potential. However, weight
loss has been shown to restore individuals’ metabolic health
[45, 47, 48] and improve ASC properties [33–36].

Consistent with previous studies, in our study, we observed
that weight loss led to improved plasma in� ammatory marker
levels and reduced adipose tissue in� ammation. Additionally,
we detected changes in ASC characteristics or functions, such
as mitochondrial respiration, the CD marker pro� le, prolifer-
ation, and adipogenesis, in accordance with previous� ndings
[52, 58, 60, 63].

In line with Onate et al. and Serena et al. [30, 69] in
wlASC monocultures, we observed signi� cant downregula-
tions in the expression of all studied proin� ammatory genes.
Additionally, the secretion of the proin� ammatory cytokine
IL-12p70 was reduced in ASCs following weight loss. How-
ever, contrary to earlier� ndings, the expression of the anti-
in� ammatory geneTSG6was also signi� cantly downregu-
lated in our study. Notably, La Rusa et al. reported thatTSG6,
which is secreted by MSCs, plays preventive and immuno-
modulative roles in various in� ammatory diseases [90].

In contrast to prior studies [76–78], neither obASCs nor
wlASCs directed in� ammatory M1 macrophages toward an
anti-in� ammatory M2 phenotype. Interestingly, earlier research
suggested that ASCs guide primary human adipose tissue-
derived M0 macrophages toward the M2 phenotype [30]. Based
on these� ndings, we hypothesized that M2 macrophages would
either maintain or enhance their anti-in� ammatory phenotype
when cocultured, especially withwlASCs. In contrast, our obser-
vations revealed that M2 macrophages were repolarized toward

a proin� ammatory phenotype in coculture with both obASCs
and wlASCs.

While numerous of our macrophage coculture results
suggest increased proin� ammatory and decreased immuno-
suppressive properties with both obASCs and wlASCs, there
are notable exceptions that may re� ect the transitional state
of these cells. For example, in M1 cocultures with wlASCs, we
observed signi� cant downregulation of the proin� ammatory
markers CD11C and CD86. Similarly, the secretion of the
proin� ammatory chemokine MDC was signi� cantly reduced
in cocultures of M1 macrophages with both obASCs and
wlASCs, and in M2 macrophage cocultures with wlASCs,
whereas the secretion of the anti-in� ammatory cytokine IL-4
was signi� cantly increased in M1 cocultures with both obASCs
and wlASCs. These results partially align with a study by
Lopes-Alves et al., where ASCs obtained from previously obese
donors were able to induce the M2 phenotype, although their
secretory pro� le was a mix of M1 and M2 [31]. Despite signif-
icant weight loss, our ASC donors remained overweight or
obese, which could account for the con� icting results com-
pared with those obtained with ASCs derived from normal-
weight donors. Additionally, in our study, ASCs were obtained
from the same donors before and after bariatric surgery-
related weight loss, which is a unique study setting that has
not been published previously.

The divergences in experimental designs may also play a
role in the con� icting results obtained in different studies. For
example, in contrast to previous work by Serena et al. [30],
where human primary adipose tissue-derived M0 macro-
phages were cultured in an ASC-conditioned medium, our
study focused on coculturing obASCs and wlASCs with pre-
polarized and preactivated human M1 and M2 macrophages
derived from PBMCs. This approach aims to mimic the
in� ammatory environment of adipose tissue, where macro-
phages exist in varying states of in� ammation [22, 23]. Wang
et al. [61] had similar study settings in terms of macrophage
polarization as those used in our study. However, they studied
the paracrine effects of human ASCs from normal-weight
donors versus obese donors on mouse macrophages and
reported increased expression of proin� ammatory M1 mar-
kers when cocultured with obASCs but no changes in M2-
related markers [61]. Similarly, Harrison et al. [26] reported
reduced immunomodulatory effects of human obASCs on
murine macrophages and microglia with upregulated expres-
sion of proin� ammatory genes compared with those of
normal-weight donor-derived ASCs. In our study, coculture
time points were chosen based on previous studies on the
immunomodulatory properties of MSCs to analyze MSC-
macrophage interactions [26, 42, 61]. However, variations
in coculture duration may in� uence the results and should
be considered when interpreting the� ndings.

Furthermore, in our study, after isolation from adipose
tissue, ASCs were cultured in a medium containing human
serum rather than FBS, which has been utilized in other
studies [26, 30]. However, in our study, FBS was also utilized
in cocultures with macrophages. In our preliminary experi-
ments, the macrophages were not viable in a medium con-
taining human serum; therefore, we cocultured the ASCs and
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macrophages in a medium containing FBS. In addition, the
sample collection time after weight loss might have affected
the results, as there might be changes in the weight and meta-
bolic functions of the donors over the weight loss period.
However, our schedule of obtaining samples after bariatric
surgery was quite similar to that used in a previous study;
for example, 2–4 years resulted in similar cytokine pro� les
[35]. In line with the � ndings of Silva et al., the cytokine
pro� le of ASCs in our study did not fully recover after weight
loss.

In this study, our aim was to compare the effects of weight
loss on the characteristics and functions of ASCs obtained
from the same donors before and after weight loss, which
led to a small sample size. The small sample size of the groups
is a study limitation; larger study groups may be needed to
con� rm our results. In addition, weight loss was facilitated by
bariatric surgery, which might have affected the results. Bar-
iatric surgery-related weight loss impacts adipose tissue phys-
iology [57, 101]. However, the current literature does not
provide comparisons between weight loss methods, that is,
weight loss driven by lifestyle changes such as diet and exer-
cise or the use of drugs such as semaglutide and how these
methods affect ASCs. Furthermore, most of our ASC donors
were females, presumably of Caucasian origin and within the
same age range of 39–53 years; hence, more samples repre-
senting both sexes, different ethnicities, and wider age ranges
might be needed to reveal their concomitant effects on weight
loss. Importantly, despite experiencing considerable weight
loss, all the donors were still either overweight or obese.
Hence, a study group representing individuals with constant
normal weight and a group that has reached normal weight
after weight loss should be included in future studies to draw
more de� nite conclusions about the effects of weight loss on
ASC characteristics and functions.

The selection of donors for ASC-based allogeneic thera-
pies should be guided by a comprehensive assessment of
donor health, as various biological and lifestyle factors in� u-
ence ASC function. Previous studies have demonstrated that
in addition to donor obesity [16, 25–27] and weight loss
[31, 34, 35], donor age [102–104], gender [105, 106], disease
conditions [30, 107], and lifestyle factors [108] can impact
the regenerative capacity and therapeutic potential of ASCs.
Among these factors, BMI and weight loss history are par-
ticularly relevant, as they are associated with functional
changes in ASCs that may in� uence their immunomodula-
tory properties and regenerative ef� cacy. However, BMI and
weight loss history should not be considered in isolation but
rather as part of a broader donor pro� ling strategy that inte-
grates multiple biological and metabolic parameters. For
instance, assessing in� ammatory markers, metabolic health,
or ASC functional assays could provide a more precise evalu-
ation of donor suitability for ASC-based therapies.

5. Conclusions

In our study, in individuals with obesity, in� ammation within
adipose tissue strongly affected ASCs, in� uencing their gene

expression and cytokine secretion and impairing their anti-
in� ammatory functions.

Bariatric surgery led to a signi� cant reduction in BMI
and improved individuals’ metabolic health. This approach
alters the composition of adipose tissue and impacts adipose
tissue-resident ASCs by increasing their overall cellular res-
piration and proliferation capacity while decreasing their
ability to differentiate into adipocytes.

Our study underscores the importance of examining multi-
ple pro- and anti-in� ammatory factors when investigating the
impact of donor weight on the immunomodulatory functions of
ASCs. The impact of weight loss on the immunomodulatory
functions of ASCs varied according to the markers analyzed.
Following weight loss, ASCs exhibited increased proin� amma-
tory properties when cocultured with macrophages, character-
ized by the downregulation of anti-in� ammatory factors, along
with the upregulation of several proin� ammatory factors, com-
pared with those in monocultures. Conversely, wlASCs also
demonstrated improved immunosuppressive functions in
coculture with macrophages, as indicated by the upregula-
tion of TSG6gene expression and IL-4 secretion. We could
assume that, as the ASC donors are still overweight, ASCs
have not resumed their normal functions and have mixed
immunomodulatory behavior. Thus, despite extensive weight
loss enhancing ASC metabolism, it remains insuf� cient to
fully restore the immunosuppressive functions of ASCs.

To enhance clinical decision-making, further in vivo stud-
ies are needed to determine how donor characteristics, includ-
ing BMI and weight loss history, translate into therapeutic
outcomes. Establishing standardized criteria for ASC donor
selection based on functional rather than solely anthropomet-
ric parameters will be essential for optimizing the safety and
ef� cacy of ASC-based interventions.

Nomenclature

ASCs: Adipose stromal/stem cells
MSCs: Mesenchymal stem cells
BMI: Body mass index
obASCs: ASCs obtained from donors with obesity
wlASCs: ASCs obtained from the same donors after

weight loss
M1: Proin� ammatory macrophages
M2: Anti-in� ammatory macrophages
CRP: C-reactive protein
CLSs: Crown-like structures
OCR: Oxygen consumption rate
PBMCs: Peripheral blood mononuclear cells
IFN� : Interferon gamma
LPS: Lipopolysaccharides
GM-CSF: Granulocyte-macrophage colony-stimulating

factor
M-CSF: Macrophage colony-stimulating factor
FBS: Fetal bovine serum
ELISA: enzyme-linked immunosorbent assay
ISCT: International Society for Cell& Gene Therapy
IFATS: International Federation for Adipose Therapeu-

tics and Science
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MFI: Median� uorescence intensity
qRT–PCR: Quantitative real-time reverse transcription

polymerase chain reaction
mRNA: Messenger RNA
CD: Cluster of differentiation
HLA-DR: Human leukocyte antigen–DR isotype
TNF-� : Tumor necrosis factor alpha
CCL5: Chemokine ligand 5
COX2: Cyclooxygenase-2
TSG6: Tumor necrosis factor-inducible gene 6
STAT6: Signal transducer and activator of transcription

6
MRC1: Mannose receptor C-type 1
IDO-1: Indoleamine 2,3-dioxygenase 1
PPAR� : Peroxisome proliferator-activated receptor-�
KLF4: Kruppel-like factor 4
HLA-G: Human leukocyte antigen G
IL-12p70: Interleukin 12p70
IL-1RA: Interleukin 1 receptor antagonist
IL-4: Interleukin 4
IL-10: Interleukin 10
MCP-1: Monocyte chemoattractant protein-1
IL-6: Interleukin 6
IL-1� : Interleukin 1 beta
MDC: Macrophage-derived chemokine
TARC: Thymus- and activation-regulated chemokine
MIP-1� : Macrophage in� ammatory protein 1 alpha.
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