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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 (0bASCs) undergoing bariatric surgery and from the same donors after
weight loss (WIASCs). Plasma samples, adipose tissue histology, and ASC characteristics, such as mitochondrial respiration and
inflammatory factors, were studied before and after weight loss. The immunomodulatory capacity of ob/wlASCs was evaluated in
cocultures with prepolarized and preactivated proinflammatory (M1) and anti-inflammatory (M2) macrophages by determining
macrophage surface markers, gene expression, and cytokine secretion.

Results: Weight loss significantly decreased plasma leptin levels and increased adiponectin levels. After weight loss, crown-like
structures (CLSs) were undetectable, and the adipocyte size decreased. Weight loss significantly improved mitochondrial respira-
tion in ASCs and resulted in a notable increase in their proliferative capacity. The proinflammatory marker genes tumor necrosis
factor alpha (TNF-a), chemokine ligand 5 (CCL5), and cyclooxygenase-2 (COX2), as well as the proinflammatory cytokine
interleukin 12p70 (IL-12p70), were significantly downregulated, while the anti-inflammatory gene tumor necrosis factor-inducible
gene 6 (TSG6) was also significantly downregulated in ASC monocultures after weight loss. Following weight loss, ASCs exhibited
increased proinflammatory properties when cocultured with macrophages, characterized by the downregulation of anti-
inflammatory factors, along with the upregulation of several proinflammatory factors, compared with the effects of macrophage
monocultures. Conversely, wlASCs demonstrated improved immunosuppressive functions in coculture with macrophages, as
indicated by the upregulation of TSG6 gene expression and interleukin 4 (IL-4) secretion.

Conclusions: Weight loss improved donors’ metabolic health and partially recovered ASCs” anti-inflammatory gene expression
and cytokine secretion profiles 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, fibrosis, 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-
flammatory (M1) macrophages toward anti-inflammatory
(M2) macrophages [11-13] and modulate T-cell functions
[14-16] in an inflammatory milieu.

Obesity-induced chronic low-grade inflammation 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 inflammation and promoting insulin
sensitivity [20], whereas M1 macrophages are associated with
obesity-induced inflammation [21].

Obesity-induced inflammation not only interrupts the
macrophage equilibrium in adipose tissue [22, 23] and accel-
erates the secretion of proinflammatory 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 (0bASCs) 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-inflammatory
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 inflammatory 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 profile, polarizing MO macrophages toward an M2-
like phenotype with a mixed (M1/M2) secretory response.
This suggests that weight loss history could influence ASC-
based therapies for inflammatory 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 findings, 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 efficacy 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 (0bASCs) and
after weight loss (wlASCs) from donors who underwent bar-
iatric surgery, maintaining a similar genetic background before
and after weight loss. Donor inflammatory 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 profiles, pro- and
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anti-inflammatory 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 Inflammatory 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 fixed and
stabilized with PAXgene tissue fix and PAXgene tissue stabi-
lizer (PAXgene Tissue System, PreAnalytix GmbH) and
stored at —20°C. The adipose tissue was sectioned (7 um)
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-Image] 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-
ge]. Only complete adipocytes in the field of view were
considered.

2.4. Cell Isolation and Culture. Human ASCs were isolated
from subcutaneous adipose tissue before (0bASCs) and after
weight loss (wlASCs), cultured, and expanded as described
previously [16, 39] in alpha MEM (Thermo Scientific) 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 inflammation 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 (IFNy)
(10ng/mL; R&D Systems), 10% fetal bovine serum (FBS;
Thermo Fisher Scientific, 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.). Briefly, 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 10mM glucose,
1 mM pyruvate, and 2mM 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 pM), the maximal
OCR after carbonyl cyanide-p-trifluoromethoxyphenylhy-
drazone treatment (2 pM), and nonmitochondrial respira-
tion after treatment with antimycin A and rotenone
(0.5 uM). 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 profile of the 120-min measurement
period from all donors.

2.6. Surface Marker Profile 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 flow cytometer (Beckman
Coulter). A total of 10,000 events were recorded during the flow
cytometry analysis. The percentage and median fluorescence
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=15)
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-
tific) 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



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 Scientific StemPro) with
the help of a cell scrapper (USA Scientific, 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
0bASCs (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 IFNy.

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 flow 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 S12CF). A
total of 20,000 events were recorded during flow cytometry
analysis. The raw data were analyzed using Flow]Jo 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 (qQRT-PCR)
was performed with a QuantStudio 12K Flex System (Applied
Biosystems) using TagMan 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
quantification of gene expression was performed using the
2744 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
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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 inflammatory protein 1 alpha [MIP-1a],
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-a]) 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 SQI120 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 flow cytometric analysis
and as the minimum to maximum with boxplots for all other
analyses. The Wilcoxon signed-rank test was used to analyze
plasma inflammatory marker and ASC gene expression in
monocultures, while paired sample t-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 sample t-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 the p 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 profile of the 120-min measurement period
from all donors. Additionally, p <0.05 indicated statistical
significance.

3. Results

3.1. Decreased Plasma Levels of Inflammatory 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) significantly decreased after bariatric surgery
(ABMI: average 15.41, p=0.0313) (Table S6).

Previous reports have highlighted an imbalance of plasma
pro- and anti-inflammatory markers associated with obesity
and related metabolic disorders [49, 50]. To determine how
weight loss impacts donor inflammatory 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 findings revealed
a notable decrease in the inflammatory CRP level (Figure 1A),
a significant decrease in the leptin level (p = 0.0312; Figure 1B),
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Ficure 1: Effects of weight loss on plasma inflammatory (CRP, leptin) and anti-inflammatory (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=06. The Wilcoxon test for paired samples was used. p Values < 0.05 were considered significant. (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
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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; wiD, donor after weight loss. See also Figure S2.

and a significant increase in the anti-inflammatory adiponec-
tin level (p =0.0312) 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
significant reduction in the adipocyte area (p =0.0163) fol-
lowing weight loss (Figure 1D), which was consistent with
previous findings [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 findings of a previous report by Mal-
iniak et al. [58].

3.3. Improved Mitochondrial Respiration Capacity of ASCs
After Weight Loss. Obesity-induced inflammation 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 (1 = 6) and wlASCs (1 = 6) by measuring
the basal, maximal respiration, ATP production, proton leakage,
and spare respiratory capacity of the cells. Although we did not
observe significant differences when comparing individual
factors (Figure 2B—F), consistent with previous findings, we
found that the overall mitochondrial respiration rate over
the 120-min measurement period was significantly 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 inflammation may alter
the typical surface marker profile of ASCs [16, 63, 64]. In this
study, both obASCs (n=5) and wlASCs (n=6) met the
defined 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,
CD45R0, CD235a, HLA-DR, and CD34 (Figures S3 and S4).
Interestingly, the median percentage of CD36-positive cells
was significantly lower in wlASCs (p = 0.0110) than in obASCs
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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 findings 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 significantly greater in wlASCs (p=0.0456) than in
obASCs (Figure S3N). Furthermore, the MFI of the pericytic
marker CD146 [68] decreased significantly in ASCs after
weight loss (p=0.0017) (Figure S4M).

3.5. Pro- and Anti-Inflammatory Gene Expression and
Cytokine Secretion in ASC Monocultures

3.5.1. Downregulation of Both Pro- and Anti-Inflammatory
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, Ofiate 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 specifically 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-
inflammatory gene expression levels in ASC monocultures
(Figure 3A-D and Figure S5). Our findings revealed signifi-
cant downregulations in the expression of proinflammatory
genes in wlASCs (n =4) compared with obASCs (n =4, TNF-
a: p=0.0329, chemokine ligand 5 [CCL5]: p=0.0158, and
cyclooxygenase-2 [COX2]: p=0.0076; Figure 3A—C). Addi-
tionally, we observed a significant decrease in the expression
of the anti-inflammatory gene tumor necrosis factor-
inducible gene 6 (TSG6) in wWIASCs (p =0.0378) compared
with obASCs (Figure 3D).

3.5.2. Decreased Secretion of the Proinflammatory Cytokine IL-
12p70 by ASCs After Weight Loss. Obesity-induced inflamma-
tion alters cytokine secretion in adipose tissue [70], which
changes the ASC cytokine profile to be more proinflammatory
[35]. For example, obesity-induced inflammation 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 proinflammatory 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 proinflammatory cytokines were
low in both obASCs (n=4) and wlASCs (n=4) (Figure S6).
However, compared with obASCs, wlASCs (p=0.0409)
secreted significantly less IL-12p70 (Figure 3E). Additionally,
nonsignificant decreases in the levels of all the studied anti-
inflammatory 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-Inflammatory
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
BMLI. Specifically, conditioned media or exosomes from ASCs

obtained from donors with normal weight have been shown
to reduce inflammation 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 findings, our study revealed that ASCs
did not direct M1 macrophages toward the M2 phenotype;
that is, they did not function as anti-inflammatory cells. In
our study, compared with those in M1 monocultures, down-
regulation of the proinflammatory cluster of differentiation
(CD) markers CD11C and CD86 and the anti-inflammatory
marker CD163 was observed in cocultures with both obASCs
and wlASCs (Figure 4). Specifically, significant decreases in
the percentages of CD11C (p=10.0166)- and CD86 (p=
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 significantly lower in M1 cocultures with
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both 0bASCs (p=0.0072) and wlASCs (p =0.0009) than in
M1 monocultures (Figure 4G).

3.7. Downregulation of the Anti-Inflammatory 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-inflammatory phenotype when cocul-
tured with ASCs, particularly wlASCs. However, contrary
to our expectation, we observed that M2 macrophages repo-
larized toward a proinflammatory phenotype when they
were cocultured with both types of ASCs. In our study,
obASCs and wlASCs downregulated the anti-inflammatory
marker CD206 in M2 macrophages. A significantly lower
percentage of CD206-positive cells was observed in M2 cocul-
tures with wlASCs (p =0.0177) than in M2 cocultures with
obASCs (Figure 4]). Additionally, the MFI of CD206 was sig-
nificantly lower in M2 cocultures with both obASCs (p=
0.0083) and wlASCs (p =0.0061) than in M2 monocultures

(Figure S13]). Furthermore, we also noted a significantly
decreased MFI of HLA-DR in M2 cocultures with obASCs
(p =0.0392) compared with M2 monocultures (Figure S13F).

3.8. Pro- and Anti-Inflammatory Gene Expression and Cytokine
Secretion in M1 Macrophage Cocultures

3.8.1. Inconsistent Regulation of Pro- and Anti-Inflammatory
Gene Expression in M1 Macrophages by obASCs and wlIASCs
in Cocultures. In contrast to our surface marker results, we
observed significant decreases in the expression levels of
proinflammatory genes, specifically IFNy and TNF-a, in
macrophage cocultures with both obASCs and wlASCs
(Figure 5). Compared with their corresponding macrophage
monocultures, the M1 cocultures with obASCs and wlASCs
(obASCs; p=0.0151 and wlASCs; p = 0.0343) presented sig-
nificantly lower IFNy expression (Figure 5A). Similarly, the
expression of TNF-a was significantly lower in M1 cocultures
(obASCs; p=0.0058 and wlASCs; p=0.0176) than in their
respective macrophage monocultures (Figure 5B).
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(C) CCL5, (D) MRCI, (E) TSG6, (F) PPAR-y, (G) MCP-1, (H) IL-6, (I) MDC, (J) IL-12p70, (K) IL-1RA, and (L) IL-4. For RM ANOVA, p values
< 0.05 were considered significant. The data are presented as the minimum to maximum values. M1, proinflammatory macrophages; obASCs,
ASCs derived before weight loss; wlIASCs, ASCs derived after weight loss. See also Figure S14.

Interestingly, CCL5, which is associated with macro-
phage recruitment and M1 polarization during obesity-
induced inflammation [79-81], exhibited a different pattern.
In our study, the expression of CCL5 was significantly
increased in M1 cocultures with both obASCs and wlASCs
(obASCs; p=10.0088 and wlASCs; p=0.0025) (Figure 5C).
This result contrasts with those of previous studies suggest-
ing that ASCs possess anti-inflammatory abilities that down-
regulate CCL5 expression [82]. However, a recent study reported
that ASC-mediated CCL5 plays a crucial role in T-cell accumula-
tion within adipose tissue, antagonizing obesity-induced inflam-
mation [83].

In our study, we observed a modest downregulation of
anti-inflammatory 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 significantly lower mannose receptor
C-type 1 (MRC1) expression (p = 0.0382) (Figure 5D). In M1
cocultures with obASCs, peroxisome proliferator-activated
receptor-y (PPARy) expression was significantly lower (p =
0.0068) than that in M1 monocultures (Figure 5F). Similarly,
KLF-4 expression in M1 cocultures with obASCs was signifi-
cantly lower (p=0.0061) than that in M1 monocultures
(Figure S14B). Furthermore, compared with M1 monocul-
tures, M1 cocultures with obASCs presented significantly
decreased human leukocyte antigen G (HLA-G) expression
(Figure S14F).

3.8.2. Increased Secretion of Proinflammatory 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 proinflamma-
tory cytokines MCP-1, IL-6, IL-12p70, and IL-1f. IL-12p70
and IL-1f secretion levels were significantly greater, particu-
larly in wlASCs, than in M1 monocultures. We observed
significantly increased secretion of MCP-1 in M1 cocultures
with obASCs (p =0.0242) compared with M1 monocultures
(Figure 5G). These results align with previous findings 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 (p =10.0257, Figure 5J) and IL-14 (p =0.0352, Figure
S14H) were significantly greater in M1 cocultures with
wlASCs than in M1 monocultures. In contrast, a significant
decrease in the secretion of the proinflammatory chemokine
MDC was observed in M1 cocultures with ASCs (obASC:s;
p=0.0166 and wlASCs; p=0.0388) compared with M1l
monocultures (Figure 5I).

The secretion levels of IL-6 and IL-4 were significantly
greater in both obASC (IL-6; p=0.0098 and IL-4; p=
0.0266) and wlASC (IL-6; p=0.0024 and IL-4; p =0.0025)
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 inflammation [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-inflammatory 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-Inflammatory Gene Expression and
Cytokine Secretion in M2 Macrophage Cocultures

3.9.1. Inconsistent Regulation of Pro- and Anti-Inflammatory
Gene Expression and Cytokine Secretion in M2 Macrophages
by 0bASCs and wlASCs in Cocultures. With respect to the M2
cocultures, we did not observe any significant differences in
proinflammatory gene expression (Figure 6A-C). Like in M1
cocultures, the expression of anti-inflammatory 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-
inflammatory phenotype when in contact with ASCs [87-91].
In line with these findings, we observed that TSG6 expression
was significantly greater in M2 cocultures with ASCs (0bASCs;
p=0.0197 and wlASCs; p=0.0172) than in M2 monocul-
tures. Additionally, TSG6 expression was slightly but signifi-
cantly greater in M2 cocultures with wlASCs (p = 0.0315) than
in M2 cocultures with obASCs (Figure 6E). In an inflam-
matory environment, MSC expression of TSG6 increases,
especially in contact with macrophages, leading to attenu-
ated inflammation and enhanced tissue repair [87, 92-96].

PPARYy, a critical player in macrophage polarization toward
the M2 phenotype, serves as a key regulator of the inflamma-
tory potential of tissue macrophages [97]. Moreover, in AT,
obesity-induced inflammation downregulates PPARy expres-
sion in M2 macrophages, exacerbating the inflammatory
milieu [98]. Restoring PPARy expression is essential for rein-
stating the anti-inflammatory functions of both macrophages
and adipocytes, which become compromised during obesity-
induced inflammation [99]. Surprisingly, contrary to previous
findings, our study revealed that weight loss did not lead to the
restoration of PPARy expression. Notably, in M2 cocultures
with wlASCs, PPARy expression was significantly lower (p =
0.0157) than that in M2 cocultures with obASCs (Figure 6F).
Consistent with PPARy expression, M2 cocultures with wlASCs
presented markedly reduced levels of the anti-inflammatory
protein HLA-G (Figure S15F), the secretion of which has been
reported to enhance anti-inflammatory and immunosuppres-
sive responses in an inflammatory 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 (p = 0.0464) exhibited significantly



Stem Cells International

10 5 10 5 10 4
5 5 s
g g e
(9] 9] ~
< 14 £ 1 £ 14
=] 3 o
= = s
Z. Q
= & o]
0.1 , , , 0.1 , , , 0.1
) Q Q )} Q Q
S S 3 S
+ + + +
o N o N
= = = =
(A) (B)
0.0172
1
0.0315

1000 10 - 0.0157 100,000 o

o

M2
M2 + obASC —

M2 + wlASC

{h
f{Ih
OO

M2 -

IL-1RA (pg/mL)

0.0197
[
B S
B 100- E Ei 80,000 —
S = 3
[ 5
Ed i £ 60,000 -
< 104 < 14 &
9 = a —
3 ° 6 40,000
- :
20,000 —
a &
0.1 T T T 0.1 T T T 0
g O O S Q Q
S = Z2 2
s 3 E
+ + + +
[\ o
= = s £
(E) (F)
0.0161
150,000 — 0.0464 100 —
80 —
- 3
— 100,000 — g
g @ 60
o &
= =
5N
3 & 40
S 50,000 : 0
0 oL -——

M2 —+
M2 + obASC
M2 + wlASC

M2

D ()

M2 + obASC

M2 + wlASC

M2 + 0bASC
M2 + wlASC

80,000 —

60,000 —

40,000 —

20,000 —

11

10

MRCI fold change (log10)
1

0.1 T T T
8 O O
= 2 Z
2 S
+ +
o o
= =
(D)
0.0038
10,000 —
8000
3
2 6000 — E
®
&
o -
5 4000
2000
0__*_'_'_
N
3 S
+ +
o o
b= =
(H)
0.0350

=k
(I

M2
M2 + 0bASC -
M2 + wlASC —

(K)

Ficure 6: Comparison of gene expression and cytokine secretion between mono- and cocultures of M2 macrophages with obASCs and
wIASCs; n = 4. (A)—(F) Gene expression in M2 mono-/cocultures. (G)—(K) Cytokine secretion in M2 mono-/cocultures. (A) IFNy, (B) TNF-a,
(C) CCL5, (D) MRC1, (E) TSGS6, (F) PPAR-y, (G) MCP-1, (H) IL-6, (I) MDC, (J) IL-12p70, and (K) IL-1RA. For RM ANOVA, p values < 0.05
were considered significant. The data are presented as the minimum to maximum values. M2, anti-inflammatory macrophages; obASCs,
ASCs derived before weight loss; WIASCs, ASCs derived after weight loss. See also Figure S15.



12

reduced secretion of the proinflammatory chemokine MDC
compared with their respective monocultures (Figure 6I). Fur-
thermore, increased secretion levels of the proinflammatory
cytokines IL-6 and IL-12p70 were observed in M2 cocultures
with both obASCs and wlASCs (Figure 6). The secretion of
IL-6 was significantly greater in M2 cocultures with wlASCs
(WIASCs; p=10.0038) than in M2 monocultures (Figure 6H).
Similarly, the secretion of IL-12p70 was significantly greater
in M2 cocultures with obASCs (0bASCs; p=0.0161) than
in M2 monocultures (Figure 6]). In contrast to M1 cocul-
tures, significantly increased secretion of anti-inflammatory
IL-1RA was observed in M2 cocultures with obASCs (p=
0.0350) compared with M2 cocultures with wlASCs (Figure 6K).
These findings diverge from those of previous studies where
ASCs derived from nonobese donors (BMI < 30kg/m®) not
only polarized M1 macrophages toward M2 macrophages but
also enhanced the anti-inflammatory properties of M2 macro-
phages when cultured in ASC-conditioned medium [77]. Nota-
bly, IL-4 quantification 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 inflammatory marker
levels and reduced adipose tissue inflammation. Additionally,
we detected changes in ASC characteristics or functions, such
as mitochondrial respiration, the CD marker profile, prolifer-
ation, and adipogenesis, in accordance with previous findings
[52, 58, 60, 63].

In line with Onate et al. and Serena et al. [30, 69] in
wlASC monocultures, we observed significant downregula-
tions in the expression of all studied proinflammatory genes.
Additionally, the secretion of the proinflammatory cytokine
IL-12p70 was reduced in ASCs following weight loss. How-
ever, contrary to earlier findings, the expression of the anti-
inflammatory gene TSG6 was also significantly downregu-
lated in our study. Notably, La Rusa et al. reported that TSG6,
which is secreted by MSCs, plays preventive and immuno-
modulative roles in various inflammatory diseases [90].

In contrast to prior studies [76-78], neither obASCs nor
wlASCs directed inflammatory M1 macrophages toward an
anti-inflammatory M2 phenotype. Interestingly, earlier research
suggested that ASCs guide primary human adipose tissue-
derived M0 macrophages toward the M2 phenotype [30]. Based
on these findings, we hypothesized that M2 macrophages would
either maintain or enhance their anti-inflammatory phenotype
when cocultured, especially with wlASCs. In contrast, our obser-
vations revealed that M2 macrophages were repolarized toward
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a proinflammatory phenotype in coculture with both obASCs
and wlASCs.

While numerous of our macrophage coculture results
suggest increased proinflammatory and decreased immuno-
suppressive properties with both obASCs and wlASCs, there
are notable exceptions that may reflect the transitional state
of these cells. For example, in M1 cocultures with wlASCs, we
observed significant downregulation of the proinflammatory
markers CD11C and CD86. Similarly, the secretion of the
proinflammatory chemokine MDC was significantly reduced
in cocultures of M1 macrophages with both obASCs and
wlASCs, and in M2 macrophage cocultures with wlASCs,
whereas the secretion of the anti-inflammatory cytokine IL-4
was significantly 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 profile 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 conflicting 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 conflicting results obtained in different studies. For
example, in contrast to previous work by Serena et al. [30],
where human primary adipose tissue-derived MO 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
inflammatory environment of adipose tissue, where macro-
phages exist in varying states of inflammation [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 proinflammatory 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 proinflammatory 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 influence the results and should
be considered when interpreting the findings.

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 profiles
[35]. In line with the findings of Silva et al.,, the cytokine
profile 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
confirm 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 definite 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 influ-
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 influence their immunomodula-
tory properties and regenerative efficacy. However, BMI and
weight loss history should not be considered in isolation but
rather as part of a broader donor profiling strategy that inte-
grates multiple biological and metabolic parameters. For
instance, assessing inflammatory 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, inflammation within
adipose tissue strongly affected ASCs, influencing their gene
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expression and cytokine secretion and impairing their anti-
inflammatory functions.

Bariatric surgery led to a significant 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-inflammatory 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 proinflamma-
tory properties when cocultured with macrophages, character-
ized by the downregulation of anti-inflammatory factors, along
with the upregulation of several proinflammatory 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 TSG6 gene 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 insufficient to
tully 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
efficacy 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

MI: Proinflammatory macrophages

M2: Anti-inflammatory macrophages

CRP: C-reactive protein

CLSs: Crown-like structures

OCR: Oxygen consumption rate

PBMCs:  Peripheral blood mononuclear cells

IFNy: 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 fluorescence 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-a: 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

MRCI1: Mannose receptor C-type 1

IDO-1: Indoleamine 2,3-dioxygenase 1

PPARy:  Peroxisome proliferator-activated receptor-y

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-1p: Interleukin 1 beta

MDC: Macrophage-derived chemokine

TARC: Thymus- and activation-regulated chemokine

MIP-1a:  Macrophage inflammatory protein 1 alpha.

Data Availability Statement

The data that support the findings of this study are available
in the supporting information of this article.

Ethics Statement

The project “The effect of overweight and smoking on the
biological properties of adipose tissue stem cells and the reg-
ulation of the immune response” was approved by the Ethics
Committee of the Expert Responsibility area of Tampere Uni-
versity Hospital with approval number R16036 on 5.4.2016
and an extension provided on 19.6.2019.

Consent

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Author Contributions

Amna Adnan: conception, experimental design, data collec-
tion and interpretation, manuscript writing, and final approval
of manuscript. Miia Juntunen: isolating ASCs, preparation
and phenotype characterization of ASCs, data collection, man-
uscript writing, and final approval of manuscript. Tuula Tyr-
viinen: provision of adipose tissue specimen before weight
loss and final approval of manuscript. Minna Kelloniemi:

Stem Cells International

provision of adipose tissue specimen after weight loss and final
approval of manuscript. Laura Kummola: supervising flow
cytometer experiments, data interpretation, manuscript revi-
sion, and final approval of manuscript. Reija Autio: supervis-
ing the statistical analysis, data interpretation, manuscript
revision, and final approval of manuscript. Mimmi Patri-
koski: conception and design, financial support, manuscript
writing, and final approval of manuscript. Susanna Miettinen:
conception and design, financial support, manuscript writing,
and final approval of the manuscript.

Funding

This work was supported by The Research Council of Fin-
land (decisions 336666, 326588, 312413, 353177, and 356966
for Susanna Miettinen), State Funding for University-Level
Health Research, Tampere University Hospital, Wellbeing
Services County of Pirkanmaa (Susanna Miettinen), Acad-
emy of Finland (decision 311084 for Mimmi Patrikoski),
Finnish Cultural Foundation (Miia Juntunen and Mimmi
Patrikoski), and the Tampere University Doctoral Pro-
gramme in Medicine, Biosciences and Biomedical Engineer-
ing (Amna Adnan and Miia Juntunen).

Acknowledgments

Ms. Anna-Maija Honkala and Ms. Sari Kalliokoski, Adult
Stem Cell group, Tampere University, Finland, are acknowl-
edged for their technical assistance. The authors acknowl-
edge the Biocentre Finland, Tampere Imaging Facility, Flow
Cytometry Facility, and Tampere Histology Core, Faculty of
Medicine and Life Sciences, Tampere University, for their
services. The authors also deeply acknowledge Associate Pro-
fessor Erja Kerkeld, Development Manager at Finnish Red
Cross Blood Service, for providing her scholarly knowledge
on macrophage polarization assay.

Supporting Information

Additional supporting information can be found online in
the Supporting Information section. (Supporting Information)
Table S1. Characteristics of the ASCs donors in the study.
Table S2. Antibodies for the surface marker expression anal-
ysis. Proliferation and Multipotent Differentiation Capacity.
Osteogenic Differentiation. Chondrogenic Differentiation.
Adipogenic Differentiation. Proliferation Analysis of ASCs.
Table S3. Composition of polarization and activation media
for macrophage polarization assay. Figure S1. Graphical illus-
tration of macrophage polarization and activation assay’s
timeline. Table S4. TagMan assay probes and likely source
of genes used for qRT PCR. Table S5. V-plex assay kits for
cytokine analysis. Table S6. Statistical analysis of donor vari-
ables before and after the weight loss. Figure S2. The effect of
weight loss on adipocyte area and crown-like structures
(CLS). Figure S3. Comparison of different surface marker
expressions between obASCs and wlASCs. Figure S4. Com-
parison of different surface marker expressions between
obASCs and wlASCs. Figure S5. Comparison of gene expres-
sion between obASCs and wlASCs. Figure S6. Comparison of


https://doi.org/10.1155/sci/1212255

Stem Cells International

cytokine secretion between obASCs and wlASCs. Additional
Result: Multipotent Differentiation Capacity of obASCs and
wlASCs. Figure S7. Multipotent differentiation capacity of
ASCs before and after the weight loss. Additional Result:
Increased Proliferation after Weight loss. Figure S8. Prolifer-
ation capacity of ASCs before and after the weight loss. Addi-
tional Result: Cytochemical Staining. Additional Result:
Phenotypic Characterization of Macrophage. Figure S9. Mor-
phology of different macrophages after 6 days culture in 10%
FBS medium. Figure S10. Representative gating images of M1
and M2 type macrophages from one experiment. Figure S11.
Surface markers of M1 and M2 type macrophages. Figure S12.
Representative gating images of M1 and M2 type macro-
phages with ASC cocultures from one donor. Figure S13.
MFI of CD markers in M1 and M2 cells in monoculture
and coculture with obASCs and wlASCs. Figure S14. Com-
parison of gene expression and cytokine secretion between
mono- and cocultures of M1 with obASCs and wlASCs.
Figure S15. Comparison of gene expression and cytokine
secretion between mono- and cocultures of M2 with obASCs
and wlASCs. Supporting Information References.

References

[1] S. Al-Ghadban and B. A. Bunnell, “Adipose Tissue-Derived
Stem Cells: Immunomodulatory Effects and Therapeutic
Potential,” Physiology 35, no. 2 (2020): 125-133.

[2] F. De Francesco, G. Ricci, F. D’Andrea, G. F. Nicoletti, and
G. A. Ferraro, “Human Adipose Stem Cells: From Bench to
Bedside,” Tissue Engineering Part B: Reviews 21, no. 6 (2015):
572-584.

[3] A. Kurki, K. Paakinaho, M. Hannula, et al., “Promoting Cell
Proliferation and Collagen Production With Ascorbic Acid
2-Phosphate-Releasing  Poly(l-Lactide-Co-¢-Caprolactone)
Membranes for Treating Pelvic Organ Prolapse,” Regenera-
tive Biomaterials 11 (2024): rbae060.

[4] K. Czerwiec, M. Zawrzykraj, M. Deptuta, et al., “Adipose-
Derived Mesenchymal Stromal Cells in Basic Research and
Clinical Applications,” International Journal of Molecular
Sciences 24, no. 4 (2023): 3888.

[5] G. Hutchings, K. Janowicz, L. Moncrieff, et al., “The
Proliferation and Differentiation of Adipose-Derived Stem
Cells in Neovascularization and Angiogenesis,” International
Journal of Molecular Sciences 21, no. 11 (2020): 3790.

[6] M. Pappalardo, L. Montesano, F. Toia, et al., “Immunomo-

dulation in Vascularized Composite Allotransplantation:

What is the Role for Adipose-Derived Stem Cells?” Annals of

Plastic Surgery 82, no. 2 (2019): 245-251.

R. Schifer, G. Spohn, M. Bechtel, et al, “Human

Mesenchymal Stromal Cells are Resistant to SARS-CoV-2

Infection Under Steady-State, Inflammatory Conditions and

in the Presence of SARS-CoV-2-Infected Cells,” Stem Cell

Reports 16, no. 3 (2021): 419-427.

[8] X. Y. Zhu, N. Klomjit, S. M. Conley, et al., “Impaired

Immunomodulatory Capacity in Adipose Tissue-Derived

Mesenchymal Stem/Stromal Cells Isolated From Obese

Patients,” Journal of Cellular and Molecular Medicine 25,

no. 18 (2021): 9051-9059.

M. Patrikoski, B. Mannerstrom, and S. Miettinen, “Perspec-

tives for Clinical Translation of Adipose Stromal/Stem Cells,”

Stem Cells International 2019 (2019): 5858247.

[7

—

©
X0

15

[10] T. Sun, C. Zhou, F. Lu, Z. Dong, J. Gao, and B. Li, “Adipose-
Derived Stem Cells in Immune-Related Skin Disease: A
Review of Current Research and Underlying Mechanisms,”
Stem Cell Research & Therapy 15, no. 1 (2024): 37.

[11] P. Anderson, L. Souza-Moreira, M. Morell, et al., “Adipose-
Derived Mesenchymal Stromal Cells Induce Immunomodu-
latory Macrophages Which Protect From Experimental
Colitis and Sepsis,” Gut 62, no. 8 (2013): 1131-1141.

[12] C. Manferdini, F. Paolella, E. Gabusi, et al., “Adipose Stromal
Cells Mediated Switching of the Pro-Inflammatory Profile of
M1-Like Macrophages Is Facilitated by PGE2: In Vitro
Evaluation,” Osteoarthritis and Cartilage 25, no. 7 (2017):
1161-1171.

[13] W.]. Song, Q. Li, M. O. Ryu, et al, “TSG-6 Secreted by
Human Adipose Tissue-Derived Mesenchymal Stem Cells
Ameliorates DSS-Induced Colitis by Inducing M2 Macro-
phage Polarization in Mice,” Scientific Reports 7, no. 1 (2017):
5187.

[14] R.Baharlou, N. Rashidi, A. Ahmadi-Vasmehjani, M. Khoubyari,
M. Sheikh, and S. Erfanian, “Immunomodulatory Effects of
Human Adipose Tissue-Derived Mesenchymal Stem Cells on T
Cell Subsets in Patients With Rheumatoid Arthritis,” Iranian
Journal of Allergy, Asthma and Immunology 18, no. 1 (2019):
114-119.

[15] A. Fiori, S. Uhlig, H. Kliiter, and K. Bieback, “Human
Adipose Tissue-Derived Mesenchymal Stromal Cells Inhibit
CD4+ T Cell Proliferation and Induce Regulatory T Cells as
Well as CD127 Expression on CD4+CD25+ T Cells,” Cells
10, no. 1 (2021): 58.

[16] M. Mahmoud, M. Juntunen, A. Adnan, et al., “Immunomod-
ulatory Functions of Adipose Mesenchymal Stromal/Stem
Cell Derived From Donors With Type 2 Diabetes and Obesity
on CD4 T Cells,” Stem Cells 41, no. 5 (2023): 505-519.

[17] T. Kawai, M. V. Autieri, and R. Scalia, “Adipose Tissue
Inflammation and Metabolic Dysfunction in Obesity,”
American Journal of Physiology-Cell Physiology 320, no. 3
(2021): C375-C391.

[18] T. McLaughlin, S. E. Ackerman, L. Shen, and E. Engleman,
“Role of Innate and Adaptive Immunity in Obesity-
Associated Metabolic Disease,” Journal of Clinical Investiga-
tion 127, no. 1 (2017): 5-13.

[19] A. Shapouri-Moghaddam, S. Mohammadian, H. Vazini,
et al., “Macrophage Plasticity, Polarization, and Function in
Health and Disease,” Journal of Cellular Physiology 233, no. 9
(2018): 6425-6440.

[20] N. Sharma, M. Akkoyunlu, and R. L. Rabin, “Macrophages-
Common Culprit in Obesity and Asthma,” Allergy 73, no. 6
(2018): 1196-1205.

[21] A. Castoldi, C. Naffah de Souza, N. O. S. Cimara, and
P. M. Moraes-Vieira, “The Macrophage Switch in Obesity
Development,” Frontiers in Immunology 6 (2016): 637.

[22] M. A. Exley, L. Hand, D. O’Shea, and L. Lynch, “Interplay
Between the Immune System and Adipose Tissue in Obesity,”
Journal of Endocrinology 223, no. 2 (2014): R41-R48.

[23] J. Y. Huh, Y. J. Park, M. Ham, and J. B. Kim, “Crosstalk
Between Adipocytes and Immune Cells in Adipose Tissue
Inflammation and Metabolic Dysregulation in Obesity,”
Molecules and Cells 37, no. 5 (2014): 365-371.

[24] V.]. Vieira-Potter, “Inflammation and Macrophage Modu-
lation in Adipose Tissues,” Cellular Microbiology 16, no. 10
(2014): 1484-1492.

[25] F. Louwen, A. Ritter, N. N. Kreis, and J. Yuan, “Insight into
the Development of Obesity: Functional Alterations of



16

Adipose-Derived Mesenchymal Stem Cells,” Obesity Reviews
19, no. 7 (2018): 888-904.

[26] M. A. A. Harrison, R. M. Wise, B.P. Benjamin,
E. M. Hochreiner, O. A. Mohiuddin, and B. A. Bunnell,
“Adipose-Derived Stem Cells From Obese Donors Polarize
Macrophages and Microglia Toward a Pro-Inflammatory
Phenotype,” Cells 10, no. 1 (2020): 26.

[27] A. L.Strong, A. C.Bowles, R. M. Wise, et al., “Human Adipose
Stromal/Stem Cells From Obese Donors Show Reduced
Efficacy in Halting Disease Progression in the Experimental
Autoimmune Encephalomyelitis Model of Multiple Sclerosis,”
Stem Cells 34, no. 3 (2016): 614-626.

[28] N.Klomyjit, S. M. Conley, X. Y. Zhu, et al., “Effects of Obesity
on Reparative Function of Human Adipose Tissue-Derived
Mesenchymal Stem Cells on Ischemic Murine Kidneys,”
International Journal of Obesity 46, no. 6 (2022): 1222-1233.

[29] S.Yu, N. Klomjit, K. Jiang, et al., “Human Obesity Attenuates
Cardioprotection Conferred by Adipose Tissue-Derived
Mesenchymal Stem/Stromal Cells,” Journal of Cardiovascular
Translational Research 16, no. 1 (2023): 221-232.

[30] C. Serena, N. Keiran, V. Ceperuelo-Mallafre, et al., “Obesity
and Type 2 Diabetes Alters the Immune Properties of Human
Adipose Derived Stem Cells,” Stem Cells 34, no. 10 (2016):
2559-2573.

[31] D. V. Lopes Alves, C. Claudio-da-Silva, M. C. A. Souza,
et al., “Adipose Tissue-Derived Mesenchymal Stromal Cells
From Ex-Morbidly Obese Individuals Instruct Macrophages
towards a M2-Like Profile In Vitro,” International Journal of
Stem Cells 16, no. 4 (2023): 425-437.

[32] P. E. O’Brien, A. Hindle, L. Brennan, et al, “Long-Term
Outcomes After Bariatric Surgery: A Systematic Review and
Meta-Analysis of Weight Loss at 10 or More Years for All
Bariatric Procedures and a Single-Centre Review of 20-Year
Outcomes After Adjustable Gastric Banding,” Obesity
Surgery 29, no. 1 (2019): 3-14.

[33] M. C. Mitterberger, M. Mattesich, and W. Zwerschke,
“Bariatric Surgery and Diet-Induced Long-Term Caloric
Restriction Protect Subcutaneous Adipose-Derived Stromal/
Progenitor Cells and Prolong Their Life Span in Formerly
Obese Humans,” Experimental Gerontology 56 (2014): 106—
113.

[34] D. Schmitz, J. W. Robering, V. Weisbach, et al., “Specific
Features of Ex-Obese Patients Significantly Influence the
Functional Cell Properties of Adipose-Derived Stromal
Cells,” Journal of Cellular and Molecular Medicine 26, no. 16
(2022): 4463-4478.

[35] K. R. Silva, S. Liechocki, J. R. Carneiro, et al., “Stromal-
Vascular Fraction Content and Adipose Stem Cell Behavior
are Altered in Morbid Obese and Post Bariatric Surgery Ex-
Obese Women,” Stem Cell Research & Therapy 6, no. 1
(2015): 72.

[36] F. Frias, B. Matos, M. Jarnalo, et al., “Stromal Vascular
Fraction Obtained From Subcutaneous Adipose Tissue: Ex-
Obese and Older Population as Main Clinical Targets,”
Journal of Surgical Research 283 (2023): 632-639.

[37] T. Chavakis, V. I. Alexaki, and A. W. Ferrante Jr., “Macrophage
Function in Adipose Tissue Homeostasis and Metabolic
Inflammation,” Nature Immunology 24, no. 5 (2023): 757-766.

[38] J. Schindelin, I. Arganda-Carreras, E. Frise, et al., “Fiji: An
Open-Source Platform for Biological-Image Analysis,”
Nature Methods 9, no. 7 (2012): 676-682.

[39] B. Lindroos, S. Boucher, L. Chase, et al., “Serum-Free, Xeno-
Free Culture Media Maintain the Proliferation Rate and

Stem Cells International

Multipotentiality of Adipose Stem Cells in Vitro,” Cytotherapy
11, no. 7 (2009): 958-972.

[40] M. Dominici, K. Le Blanc, I. Mueller, et al., “Minimal Criteria
for Defining Multipotent Mesenchymal stromal cells. The
International Society for Cellular Therapy Position State-
ment,” Cytotherapy 8, no. 4 (2006): 315-317.

[41] P. Bourin, B. A. Bunnell, L. Casteilla, et al., “Stromal Cells
From the Adipose Tissue-Derived Stromal Vascular Fraction
and Culture Expanded Adipose Tissue-Derived Stromal/
Stem Cells: A Joint Statement of the International Federation
for Adipose Therapeutics and Science (IFATS) and the
International Society for Cellular Therapy (ISCT),” Cytother-
apy 15, no. 6 (2013): 641-648.

[42] K. Hyvarinen, M. Holopainen, V. Skirdenko, et al.,
“Mesenchymal Stromal Cells and Their Extracellular Vesicles
Enhance the Anti-Inflammatory Phenotype of Regulatory
Macrophages by Downregulating the Production of Interleu-
kin (IL)-23 and IL-22,” Frontiers in Immunology 9 (2018): 771.

[43] K. J. Livak and T. D. Schmittgen, “Analysis of Relative Gene
Expression Data Using Real-Time Quantitative PCR and the
2—AACT Method,” Methods 25, no. 4 (2001): 402-408.

[44] B. Sun, N. Tang, M. J. Peluso, et al., “Characterization and
Biomarker Analyses of Post-COVID-19 Complications and
Neurological Manifestations,” Cells 10, no. 2 (2021): 386.

[45] P. Dadson, E. Ferrannini, L. Landini, et al., “Fatty Acid Uptake
and Blood Flow in Adipose Tissue Compartments of Morbidly
Obese Subjects With or Without type 2 Diabetes: Effects of
Bariatric Surgery,” American Journal of Physiology-Endocrinology
and Metabolism 313, no. 2 (2017): E175-E182.

[46] D. Dilimulati, L. Du, X. Huang, et al., “Serum Fibrinogen-
Like Protein 1 Levels in Obese Patients Before and After
Laparoscopic Sleeve Gastrectomy: A Six-Month Longitudinal
Study,” Diabetes, Metabolic Syndrome and Obesity: Targets
and Therapy 15 (2022): 2511-2520.

[47] J. Faramia, G. Ostinelli, V. Drolet-Labelle, F. Picard, and
A. Tchernof, “Metabolic Adaptations After Bariatric Surgery:
Adipokines, Myokines and Hepatokines,” Current Opinion in
Pharmacology 52 (2020): 67-74.

[48] J. Poloczek, W. Kazura, E. Kwasnicka, J. Gumprecht,
J. Jochem, and D. Stygar, “Effects of Bariatric Surgeries on
Fetuin-A, Selenoprotein P, Angiopoietin-Like Protein 6, and
Fibroblast Growth Factor 21 Concentration,” Journal of
Diabetes Research 2021 (2021): 5527107.

[49] K. Nimptsch, S. Konigorski, and T. Pischon, “Diagnosis of
Obesity and Use of Obesity Biomarkers in Science and
Clinical Medicine,” Metabolism: Clinical and Experimental
92 (2019): 61-70.

[50] M. Tanaka, “Improving Obesity and Blood Pressure,”
Hypertension Research 43, no. 2 (2020): 79-89.

[51] M. Bantula, V. Tubita, J. Roca-Ferrer, et al., “Differences in
Inflammatory Cytokine Profile in Obesity-Associated
Asthma: Effects of Weight Loss,” Journal of Clinical Medicine
11, no. 13 (2022): 3782.

[52] G. H. Ballantyne, A. Gumbs, and I. M. Modlin, “Changes in
Insulin Resistance Following Bariatric Surgery and the
Adipoinsular Axis: Role of the Adipocytokines, Leptin,
Adiponectin and Resistin,” Obesity Surgery 15, no. 5 (2005):
692-699.

[53] N. Sebunova, J. Stsepetova, T. Kullisaar, et al., “Changes in
Adipokine Levels and Metabolic Profiles Following Bariatric
Surgery,” BMC Endocrine Disorders 22, no. 1 (2022): 33.

[54] S. Heinonen, L. Saarinen, J. Naukkarinen, et al., “Adipocyte
Morphology and Implications for Metabolic Derangements



Stem Cells International

(55]

(56]

(57]

(58]

(59]

[60]

[61]

(62]

(63]

(64]

(65]

[66]

[67]

(68]

in Acquired Obesity,” International Journal of Obesity 38,
no. 11 (2014): 1423-1431.

T. McLaughlin, F. Abbasi, C. Lamendola, G. Yee, S. Carter,
and S. W. Cushman, “Dietary Weight Loss in Insulin-
Resistant Non-Obese Humans: Metabolic Benefits and
Relationship to Adipose Cell Size,” Nutrition, Metabolism
and Cardiovascular Diseases 29, no. 1 (2019): 62-68.

D. Eriksson-Hogling, D. P. Andersson, J. Backdahl, et al,
“Adipose Tissue Morphology Predicts Improved Insulin
Sensitivity Following Moderate or Pronounced Weight Loss,”
International Journal of Obesity 39, no. 6 (2015): 893-898.
D. P. Andersson, B. T. P. Tseng, P. Arner, and I. Dahlman,
“Long-Term Improvement of Adipocyte Insulin Action
During Body Weight Relapse After Bariatric Surgery: A
Longitudinal Cohort Study,” Surgery for Obesity and Related
Diseases 18, no. 6 (2022): 683-692.

M. L. Maliniak, A. M. Cheriyan, M. E. Sherman, et al,
“Detection of Crown-Like Structures in Breast Adipose
Tissue and Clinical Outcomes Among African-American and
White Women With Breast Cancer,” Breast Cancer Research
22, no. 1 (2020): 65.

S. Heinonen, J. Buzkova, M. Muniandy, et al, “Impaired
Mitochondrial Biogenesis in Adipose Tissue in Acquired
Obesity,” Diabetes 64, no. 9 (2015): 3135-3145.

L. M. Pérez, A. Bernal, B. de Lucas, et al., “Altered Metabolic
and Stemness Capacity of Adipose Tissue-Derived Stem Cells
From Obese Mouse and Human,” PloS One 10, no. 4 (2015):
€0123397.

B. Wang, G. Zhang, Y. Hu, et al, “Uncovering Impaired
Mitochondrial and Lysosomal Function in Adipose-Derived
Stem Cells From Obese Individuals With Altered Biological
Activity,” Stem Cell Research & Therapy 15, no. 1 (2024): 12.
M. Hansen, M. T. Lund, E. Gregers, et al., “Adipose Tissue
Mitochondrial Respiration and Lipolysis Before and After a
Weight Loss by Diet and RYGB,” Obesity 23, no. 10 (2015):
2022-2029.

M. Juntunen, S. Heinonen, H. Huhtala, et al., “Evaluation of
the Effect of Donor Weight on Adipose Stromal/Stem Cell
Characteristics by Using Weight-Discordant Monozygotic
Twin Pairs,” Stem Cell Research & Therapy 12, no. 1 (2021):
516.

G. Pachon-Pena, C. Serena, M. Ejarque, et al, “Obesity
Determines the Immunophenotypic Profile and Functional
Characteristics of Human Mesenchymal Stem Cells From
Adipose Tissue,” Stem Cells Translational Medicine 5, no. 4
(2016): 464-475.

H. Gao, F. Volat, L. Sandhow, et al., “CD36 is a Marker of
Human Adipocyte Progenitors With Pronounced Adipo-
genic and Triglyceride Accumulation Potential,” Stem Cells
35, no. 7 (2017): 1799-1814.

M. Kruse, S. Hornemann, A. C. Ost, et al., “An Isocaloric
High-Fat Diet Regulates Partially Genetically Determined
Fatty Acid and Carbohydrate Uptake and Metabolism in
Subcutaneous Adipose Tissue of Lean Adult Twins,”
Nutrients 15, no. 10 (2023): 2338.

J. Rakocevic, D. Orlic, O. Mitrovic-Ajtic, et al., “Endothelial
Cell Markers From Clinician’s Perspective,” Experimental
and Molecular Pathology 102, no. 2 (2017): 303-313.

E. Manocha, A. Consonni, F. Baggi, et al., “CD146™ Pericytes
Subset Isolated From Human Micro-Fragmented Fat Tissue
Display a Strong Interaction With Endothelial Cells: A
Potential Cell Target for Therapeutic Angiogenesis,” Interna-
tional Journal of Molecular Sciences 23, no. 10 (2022): 5806.

(69]

[70]

(71]

(72]

(73]

(74]

(75]

[76]

(77]

(78]

(79]

(80]

(81]

(82]

(83]

17

B. Onate, G. Vilahur, S. Camino-Lopez, et al., “Stem Cells
Isolated from Adipose Tissue of Obese Patients Show
Changes in Their Transcriptomic Profile that Indicate Loss in
Stemcellness and Increased Commitment to an Adipocyte-
Like Phenotype,” BMC Genomics 14, no. 1 (2013): 625.

G. S. Hotamisligil, “Inflammation, Metaflammation and
Immunometabolic Disorders,” Nature 542, no. 7640 (2017):
177-185.

A. D. Hildreth, E. T. Padilla, M. Gupta, et al., “Adipose cDCls
Contribute to Obesity-Associated Inflammation Through
STING-Dependent IL-12 Production,” Nature Metabolism 5,
no. 12 (2023): 2237-2252.

H. Nam, B. S. Ferguson, J. M. Stephens, and R. F. Morrison,
“Impact of Obesity on IL-12 Family Gene Expression in
Insulin Responsive Tissues,” Biochimica et Biophysica Acta
(BBA) - Molecular Basis of Disease 1832, no. 1 (2013): 11-19.
H.-D. Chang and A. Radbruch, “The Pro- and Anti-
Inflammatory Potential of Interleukin-12,” Annals of the New
York Academy of Sciences 1109, no. 1 (2007): 40-46.

G. Trinchieri, “Proinflammatory and Immunoregulatory
Functions of Interleukin-12,” International Reviews of
Immunology 16, no. 3-4 (1998): 365-396.

N. D. Verma, B. M. Hall, K. M. Plain, et al., “Interleukin-12
(IL-12p70) Promotes Induction of Highly Potent Th1-Like
CD4(+)CD25(+) T Regulatory Cells That Inhibit Allograft
Rejection in Unmodified Recipients,” Frontiers in Immunol-
ogy 5 (2014): 190.

J. Dong, B. Wu, and W. Tian, “Human Adipose Tissue-Derived
Small Extracellular Vesicles Promote Soft Tissue Repair
Through Modulating M1-to-M2 Polarization of Macrophages,”
Stem Cell Research & Therapy 14, no. 1 (2023): 67.

S. Stojanovic and S. Najman, “The Effect of Conditioned
Media of Stem Cells Derived From Lipoma and Adipose
Tissue on Macrophages’ Response and Wound Healing in
Indirect Co-Culture System In Vitro,” International Journal
of Molecular Sciences 20, no. 7 (2019): 1671.

H. Zhao, Q. Shang, Z. Pan, et al., “Exosomes From Adipose-
Derived Stem Cells Attenuate Adipose Inflammation and
Obesity Through Polarizing M2 Macrophages and Beiging
in White Adipose Tissue,” Diabetes 67, no. 2 (2018): 235-
247.

J. Huber, F. W. Kiefer, M. Zeyda, et al., “CC Chemokine and
CC Chemokine Receptor Profiles in Visceral and Subcutane-
ous Adipose Tissue are Altered in Human Obesity,” The
Journal of Clinical Endocrinology & Metabolism 93, no. 8
(2008): 3215-3221.

M. Keophiphath, C. Rouault, A. Divoux, K. Clement, and
D. Lacasa, “CCL5 Promotes Macrophage Recruitment and
Survival in Human Adipose Tissue,” Arteriosclerosis, Throm-
bosis, and Vascular Biology 30, no. 1 (2010): 39-45.

S. Kochumon, A. A. Madhoun, F. Al-Rashed, et al., “Adipose
Tissue Gene Expression of CXCL10 and CXCL11 Modulates
Inflammatory Markers in Obesity: Implications for Metabolic
Inflammation and Insulin Resistance,” Therapeutic Advances in
Endocrinology and Metabolism 11 (2020): 2042018820930902.
C. Manferdini, M. Maumus, E. Gabusi, et al, “Adipose-
Derived Mesenchymal Stem Cells Exert Antiinflammatory
Effects on Chondrocytes and Synoviocytes From Osteoar-
thritis Patients Through Prostaglandin E2,” Arthritis &
Rheumatism 65, no. 5 (2013): 1271-1281.

X. Liao, Q. Zeng, L. Xie, et al,, “Adipose Stem Cells Control
Obesity-Induced T Cell Infiltration Into Adipose Tissue,” Cell
Reports 43, no. 3 (2024): 113963.



18

[84] J. Ackermann, L. Arndt, J. Froba, et al., “IL-6 Signaling Drives
Self-Renewal and Alternative Activation of Adipose Tissue
Macrophages,” Frontiers in Immunology 15 (2024): 1201439.

[85] A.Dorronsoro, V. Lang, I. Ferrin, et al., “Intracellular Role of
IL-6 in Mesenchymal Stromal Cell Immunosuppression and
Proliferation,” Scientific Reports 10, no. 1 (2020): 21853.

[86] D. Luan, B. Dadpey, J. Zaid, et al., “Adipocyte-Secreted IL-6
Sensitizes Macrophages to IL-4 Signaling,” Diabetes 72, no. 3
(2023): 367-374.

[87] Y. Li, D. Zhang, L. Xu, et al, “Cell-Cell Contact With
Proinflammatory Macrophages Enhances the Immunothera-
peutic Effect of Mesenchymal Stem Cells in Two Abortion
Models,” Cellular & Molecular Immunology 16, no. 12 (2019):
908-920.

[88] Y. Zhao, X. Y. Zhu, T. Song, et al., “Mesenchymal Stem Cells
Protect Renal Tubular Cells via TSG-6 Regulating Macro-
phage Function and Phenotype Switching,” American
Journal of Physiology-Renal Physiology 320, no. 3 (2021):
F454-F463.

[89] A.J.Dayand C. M. Milner, “T'SG-6: A Multifunctional Protein
With Anti-Inflammatory and Tissue-Protective Properties,”
Matrix Biology 78-79 (2019): 60-83.

[90] D.La Russa, C. Di Santo, I. Lizasoain, A. Moraga, G. Bagetta,
and D. Amantea, “Tumor Necrosis Factor (TNF)-a-
Stimulated Gene 6 (TSG-6): A Promising Immunomodula-
tory Target in Acute Neurodegenerative Diseases,” Interna-
tional Journal of Molecular Sciences 24, no. 2 (2023): 1162.

[91] Y. Hu, G.Li, Y. Zhang, et al., “Upregulated TSG-6 Expression
in ADSCs Inhibits the BV2 Microglia-Mediated Inflamma-
tory Response,” BioMed Research International 2018 (2018):
7239181.

[92] G.Di, X. Du, X. Qj, et al., “Mesenchymal Stem Cells Promote
Diabetic Corneal Epithelial Wound Healing Through TSG-6-
Dependent Stem Cell Activation and Macrophage Switch,”
Investigative Ophthalmology & Visual Science 58, no. 10
(2017): 4344-4354.

[93] H. B.Song, S. Y. Park, J. H. Ko, et al., “Mesenchymal Stromal
Cells Inhibit Inflammatory Lymphangiogenesis in the
Cornea by Suppressing Macrophage in a TSG-6-Dependent
Manner,” Molecular Therapy 26, no. 1 (2018): 162-172.

[94] W.]. Song, Q. Li, M. O. Ryu, et al., “TSG-6 Released From
Intraperitoneally Injected Canine Adipose Tissue-Derived
Mesenchymal Stem Cells Ameliorate Inflammatory Bowel
Disease by Inducing M2 Macrophage Switch in Mice,” Stem
Cell Research & Therapy 9, no. 1 (2018): 91.

[95] S. Wei, M. Li, Q. Wang, et al., “Mesenchymal Stromal Cells:
New Generation Treatment of Inflammatory Bowel Disease,”
Journal of Inflammation Research 17 (2024): 3307-3334.

[96] H. G. Wisniewski and J. Vilcek, “TSG-6: An IL-1/TNF-
Inducible Protein With Anti-Inflammatory Activity,” Cyto-
kine & Growth Factor Reviews 8, no. 2 (1997): 143-156.

[97] 1. F. Charo, “Macrophage Polarization and Insulin Resis-
tance: PPARgamma in Control,” Cell Metabolism 6, no. 2
(2007): 96-98.

[98] J. M. Olefsky and C. K. Glass, “Macrophages, Inflammation,
and Insulin Resistance,” Annual Review of Physiology 72,
no. 1 (2010): 219-246.

[99] A. M. Sharma and B. Staels, “Review: Peroxisome Proliferator-
Activated Receptor Gamma and Adipose Tissue-Understand-
ing Obesity-Related Changes in Regulation of Lipid and
Glucose Metabolism,” The Journal of Clinical Endocrinology &
Metabolism 92, no. 2 (2007): 386-395.

Stem Cells International

[100] H. M. Yang, J. H. Sung, Y. S. Choi, et al., “Enhancement of
the Immunosuppressive Effect of Human Adipose Tissue-
Derived Mesenchymal Stromal Cells Through HLA-G1
Expression,” Cytotherapy 14, no. 1 (2012): 70-79.

[101] M. A. van Baak and E. C. M. Mariman, “Mechanisms of
Weight Regain After Weight Loss—The Role of Adipose Tissue,”
Nature Reviews Endocrinology 15, no. 5 (2019): 274-287.

[102] A. C. Pandey, J. A. Semon, D. Kaushal, et al., “MicroRNA
Profiling Reveals Age-Dependent Differential Expression of
Nuclear Factor kB and Mitogen-Activated Protein Kinase in
Adipose and Bone Marrow-Derived Human Mesenchymal
Stem Cells,” Stem Cell Research & Therapy 2, no. 6 (2011):
49.

[103] J. Park, G. Park, and H. Hong, “Age Affects the Paracrine
Activity and Differentiation Potential of Human Adipose-
Derived Stem Cells,” Molecular Medicine Reports 23, no. 2
(2020): 160.

[104] B. A.Scruggs,]. A. Semon, X. Zhang, et al., “Age of the Donor
Reduces the Ability of Human Adipose-Derived Stem Cells to
Alleviate Symptoms in the Experimental Autoimmune
Encephalomyelitis Mouse Model,” Stem Cells Translational
Medicine 2, no. 10 (2013): 797-807.

[105] F. Mckinnirey, B. Herbert, G. Vesey, and S. McCracken,
“Immune Modulation via Adipose Derived Mesenchymal
Stem Cells Is Driven by Donor Sex in Vitro,” Scientific
Reports 11, no. 1 (2021): 12454.

[106] W.Shu, Y. T. Shu, C. Y. Dai, and Q. Z. Zhen, “Comparing the
Biological Characteristics of Adipose Tissue-Derived Stem
Cells of Different Persons,” Journal of Cellular Biochemistry
113, no. 6 (2012): 2020-2026.

[107] C. Serena, N. Keiran, A. Madeira, et al., “Crohn’s Disease
Disturbs the Immune Properties of Human Adipose-Derived
Stem Cells Related to Inflammasome Activation,” Stem Cell
Reports 9, no. 4 (2017): 1109-1123.

[108] A. Shaito, J. Saliba, A. Husari, et al., “Electronic Cigarette
Smoke Impairs Normal Mesenchymal Stem Cell Differentia-
tion,” Scientific Reports 7, no. 1 (2017): 14281.



	Effects of Bariatric Surgery-Related Weight Loss on the Characteristics, Metabolism, and Immunomodulation of Adipose Stromal/Stem Cells in a Follow-Up Study
	1. Introduction
	2. Materials and Methods
	2.1. Subjects
	2.2. Plasma Inflammatory Markers
	2.3. Adipose Tissue Histology
	2.4. Cell Isolation and Culture
	2.5. Assessment of Mitochondrial Respiration
	2.6. Surface Marker Profile of ASCs
	2.7. Proliferation and Multipotent Differentiation Capacity
	2.8. Macrophage Polarization, Activation, and Coculture Assay
	2.9. Surface Markers of Macrophages
	2.10. Gene Expression Analysis
	2.11. Cytokine Analysis
	2.12. Statistical Analysis

	3. Results
	3.1. Decreased Plasma Levels of Inflammatory Markers After Weight Loss
	3.2. Decreased Adipocyte Size and the Absence of CLSs in Adipose Tissue Samples After Weight Loss
	3.3. Improved Mitochondrial Respiration Capacity of ASCs After Weight Loss
	3.4. Decreased Adipocyte and Pericyte Surface Marker Levels After Weight Loss
	3.5. Pro- and Anti-Inflammatory Gene Expression and Cytokine Secretion in ASC Monocultures
	3.5.1. Downregulation of Both Pro- and Anti-Inflammatory Gene Expression in ASCs After Weight Loss
	3.5.2. Decreased Secretion of the Proinflammatory Cytokine IL-12p70 by ASCs After Weight Loss

	3.6. Downregulation of Both Pro- and Anti-Inflammatory Surface Markers in M1 Macrophages by obASCs and wlASCs in Cocultures
	3.7. Downregulation of the Anti-Inflammatory Marker CD206 in M2 Macrophages by wlASCs in Cocultures
	3.8. Pro- and Anti-Inflammatory Gene Expression and Cytokine Secretion in M1 Macrophage Cocultures
	3.8.1. Inconsistent Regulation of Pro- and Anti-Inflammatory Gene Expression in M1 Macrophages by obASCs and wlASCs in Cocultures
	3.8.2. Increased Secretion of Proinflammatory Cytokines by ASCs Before and After Weight Loss in M1 Cocultures

	3.9. Pro- and Anti-Inflammatory Gene Expression and Cytokine Secretion in M2 Macrophage Cocultures
	3.9.1. Inconsistent Regulation of Pro- and Anti-Inflammatory Gene Expression and Cytokine Secretion in M2 Macrophages by obASCs and wlASCs in Cocultures
	3.9.2. Similar Regulation of Cytokine Secretion by ASCs Before and After Weight Loss in M2 Cocultures


	4. Discussion
	5. Conclusions
	Nomenclature
	Data Availability Statement
	Ethics Statement
	Consent
	Conflicts of Interest
	Author Contributions
	Funding
	Acknowledgments
	Supporting Information
	References




