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Aims: Current methods to induce tolerance following allotransplantation or in autoimmunity carry significant
morbidity, and research is very active in investigating alternative methods which could minimize toxicity.
Spheroids from adipose stem cells (SASCs) are increasingly gaining interest, they hold a great proliferative and
differentiating potential. An immunomodulatory effect has not been investigated on SASCs yet. In this study, we
analysed the immunomodulatory properties of SASCs and compared them to ADSCs.

Main methods: Adipose stem cells (SASCs and ADSCs) and peripheral blood mononuclear cells (PBMCs) were
collected from healthy individuals. We analysed the cytokine production and proliferation of T cells co-cultured
with adipose samples or conditioned medium.

Key findings: SASCs modulated cytokines production and proliferation of heterologous and autologous T cells. In
the heterologous assays, we observed a reduction of IFNy and IL-17 production and an increase of IL-9 in y8 T
cells. The soluble factors present in SASCs sovranatants were also able to induce a slight reduction of IFNy and an
increase of IL-9, IL-10 and IL-17 while they could not modulate the proliferative ability of y8 T cells. In the
autologous assays, we observed a reduction of the proliferative ability of T cells in co-culture at different ratios
with SASCs. Analysis of the SASCs secretome showed an increased IL-5, IL-10, IL-4 and IL-13 production
compared to the ADSCs one, demonstrating greater anti-inflammatory properties.

Significance: Our preliminary results support the idea that SASCs exert more pronounced biological immune
modulation compared to the classical adherent ADSCs, especially in heterologous experimental settings.

1. Introduction

In recent years, research has focused on the study of stem cells due to
their strong proliferative and differentiating capacity that can find ap-
plications in regenerative medicine and immunology. Nowadays, adi-
pose tissue is considered the most suitable source of stem cells, due to its
abundance, easy access, and excellent yield of adipose-derived stem cells
(ADSCs) [1,2]. Hence, ADSCs are commonly used in the treatment of
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burn scars, skin dystrophies, ischemic revascularization, tissue regen-
eration and immunomodulation. Mesenchymal stem cells (MSCs), and in
particular ADSCs, are known to be ‘immuno-privileged’ in the literature
because they have low expression of human leukocyte antigen (HLA)
and co-stimulatory molecules and also possess potent immunosuppres-
sive actions [3]. As a result of these characteristics, MSCs have emerged
as a promising cell-based therapy for immunomodulation as a thera-
peutic solution for autoimmune disorders or transplant rejection [4-8].
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In vitro experiments have proven that both ADSCs and MSCs derived
from bone marrow (BM-MSCs) can suppress T-cell proliferation induced
by alloantigens, mitogens and soluble antigens [9,10]. Interestingly, this
inhibition appears not to be MHC restricted, given that both autologous
and allogeneic ADSC can determine this suppression [11,12]. ADSCs
have been shown to possess superior immunomodulatory and suppres-
sive potential in vitro compared to BM-MSCs [13]. For the first time,
Puissant et al. investigated the in vitro immunosuppressive properties of
ADSCs demonstrating that when ADSCs were co-cultured with alloge-
neic PBMCs, they inhibited lymphocyte proliferation. This inhibition
persisted when ADSCs were separated from lymphocytes through a
permeable membrane, suggesting a secretory, rather than contact-
mediated, activity [14].

Further studies showed that ADSCs inhibited the production of pro-
inflammatory cytokines when co-cultured with activated leukocytes in
vitro (TNF-a, IFN-y and IL-12), and simultaneously increased the mRNA
expression of immunosuppressive mediators (TGF-B, HGF, IDO, and
COX-2) [15,16]. Recently, stem cells in three dimensions (3D) are
gaining increasingly because there is extensive evidence that the two-
dimensional (2D) model of cell cultures may not correctly represent
the potential of the tissue of origin. In contrast, cultures in three di-
mensions (3D) show patterns of gene and protein expression and cellular
interactions that are significantly more representative of in vivo condi-
tion [17,18]. The study of SASCs (Table 1) has provided new insights
into their biological and regenerative properties. SASCs express typical
mesenchymal stem cells markers such as CD271 and display a long in
vitro capacity to differentiate into distinctive end-stage cell types
[17,19]. They play an important role in regenerative medicine, as they
have been shown to optimally differentiate into bone and cartilage cells
in vitro. [17,21].

Current methods to induce tolerance following allotransplantation or
in autoimmunity carry significant morbidity, and research is very active
in investigating alternative methods which could minimize toxicity.

To date, the immunomodulatory effect of SASCs has not yet been
investigated. To the best of our knowledge, this study is the first that
investigated the immunomodulatory properties of SASCs both with
heterologous and autologous assays on yd and CD4" T lymphocytes
(Fig. 1).

¥8 T lymphocytes are a CD3™ cells population, that bridges between
innate and acquired immunity and may either support or control
inflammation by regulating epithelial cell survival and regeneration

Table 1
Spheroids of adipose stem cells features.

Spheroids of adipose stem cells (SASCs) features

Culture condition
Culture medium

3D in suspension
Home developed stem cell medium (SCM) + bFGF
+ EGF

Membrane markers CD271, CD90, CD9, CD73, CD44, CD29 [19]

Cell cycle Go/G; phase. Quiescent state [19]
In vitro differentiation Mesenchymal differentiations such as osteoblasts,
capacities chondrocytes and adipocytes [19]

In vitro characterization studies - MIRNA analysis [29]

- SASCs cell quality [17]

- Systematic review on isolation of SASCs [29]
- Osteoblastic capacities on laminectomy model
[19].

- Osteoblastic and angiogenic capacities on
calvaria model [18]

High yield:

- In thigh and abdomen donor site

- In male patients

- After centrifugation lipoaspiration method

(Di Stefano et al., 2022; [20,23])

- Preservation of stemness [30]

- Osteoblastic and chondroblastic differentiation
capacity [21]

- Chondroblastic differentiative capacity - K-
carrageenan [31]

In vivo characterization studies

Clinical information

Biocompatibility studies on
new biomaterials
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(17-18). We start studying yd T cells taking advantage of their major
histocompatibility complex (MHC) and costimulatory molecules inde-
pendence. We evaluated the production of pro- and anti-inflammatory
cytokines such as IFNy, IL-17, IL-9 and IL-10 of T cells in co-cultured
with SASCs/ADSCs for 48 h at different ratios. To assess whether these
mechanisms were attributable solely to cell-cell contact, PBMCs were
also incubated with the conditioned medium produced by SASCs or
ADSCs.

2. Materials and methods
2.1. Adipose tissue

After ethics approval and written consent in accordance with our
institution’s policy, adipose tissue, was collected from healthy in-
dividuals who underwent cosmetic procedures. Liposuction samples
were taken from different anatomical areas such as the abdomen, breast
and hip from different patients. Twelve patients (4 male and 8 female)
with a mean age of 50.0 years (range 42-64) were included in the study.

2.2. Cell cultures

The cells were isolated by a mechanical (agitation 30 min at 37 °C)
and enzymatic digestion (collagenase 150 mg/ml, Gibco, Carlsbad, CA).
After these initial treatments, samples were centrifuged at 1200 rpm for
5 min to obtain the stromal fraction vascular stromal fraction (SVF).
They were subjected to two different culture conditions. The first, to
obtain SASCs-3D, involved the use of a home-developed stem cells cul-
ture medium, which composition is extensively described in [22]
without serum, additioned with basic fibroblast growth factor (BFGF, 10
ng/ml; Sigma, St. Louis, MO) and epidermal growth factor (EGF, 20 ng/
ml; Sigma, St. Louis, MO), and ultralow flasks (Corning, NY), to prevent
cell adhesion. SASCs density (mean + SD, range) was 62,504.7 cells/ml,
ie. the average SASCs number isolated from the adipose samples
[20,23], while the cell density in vitro cultures was 250,000 cells/ml.
The second culture condition was under adhesion conditions with
DMEM supplemented with 10 % FBS, for ADSCs-2D growing in the
adherent flask (Corning, NY) in a cell density of 5000 cells per cm?. Both
were placed in a humidified incubator at 37 °C in 5 % CO- and, after
daily observations, for normal cell culture procedure the cell media were
changed twice a week. Only for SASCs and ADSCs samples to be ana-
lysed by Luminex, we collected the media after 21 days of culture,
adding fresh media once a week and then these were stored at —20 °C
until use.

2.3. Cells isolation and cell culture conditions

For autologous experiments, we enrolled 12 subjects from whom we
obtained peripheral blood and adipose stem cells. For heterologous
those, we obtained peripheral blood from 12 healthy donors.

In both cases, PBMCs were isolated from peripheral blood, by density
gradient centrifugation using Ficoll-Hypaque (Pharmacia Biotech,
Uppsala, Sweden).

In heterologous coculture experiments, to avoid the natural activa-
tion of PBMCs in presence of a not autologous pool of SASCs, we
enriched our blood samples for y3 T cells by cell cultured in RPMI 1640
supplemented with 15 mM HEPES Buffer, 100 IU/mL penicillin, 0.1 mg/
mL streptomycin, 2 mM i-glutamine and 10 % heat-inactivated fetal
bovine serum (Euroclone, Milan, Italy) plus Zoledronic acid 2 pM/ml
(Novartis) and IL2 (100 U/ml) (Promega) added at the first day and IL2
every 3 days alongside with the medium refresh until to obtain a purity
about 80-90 %.

2.4. Proliferation assay

Proliferation was assessed by staining of heterologous y& T cells-
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Fig. 1. Invitro strategy for the analysis of SASCs immunomodulatory properties. A) Cytokines production and cell proliferation were evaluated on heterologous y8 T
cells in direct and indirect contact with SASCs/ADSCs. B) Cytokines production and cell proliferation were evaluated on autologous yd and CD4 T cells in direct

contact with SASCs.

enriched PBMCs and autologous PBMCs with 5 pM CFSE Cell Division
Tracker (BioLegend). After checking all cells were CFSE labelled, they
were co-cultured with SASCs and ADSCs at 1:5 and 1:10 ratio for 4 days
in RPMI or with Conditioned Medium (CM) of SASCs and ADSCs for the
same time. In particular, y& T cells-enriched were used in co-culture or
with CM of heterologous SASCs or ADSCs, while PBMCs were used for
autologous experiments. Cells treated with 5 pg/mL of
Phytohemagglutinin-L (PHA-L) were used as positive control while cells
not treated were considered as negative control. At the established time,
cells were collected and stained for TCRy8, CD3, while for autologous
experiments, cells were stained also for CD4. After staining at room
temperature in the dark room for 20’ cells were washed with cold FACS
buffer (PBS supplemented with 2 % FBS and 2 mM EDTA) and acquired
at FACS Aria (BD).

2.5. Cytokines expression assay

For both heterologous and autologous experiments, cells were co-
cultured with SASCs or ADSCs at 1:5 and 1:10 ratios for 72 h. After,
cells were treated with 1 pg/mL Ionomycin and 150 ng/ml Phorbol 12-
Myristate 13-Acetate (PMA) for 4 h. 10 pg/mL inhibitor of trans-Golgi
function (Monensin) was added in the culture after 1 h. Then, cells
were stained for surface markers TCR y8, CD3 for heterologous experi-
ments and also for CD4 for autologous experiments as previously
described. IL-10, IL-9, IL-17A and IFN-y were the evaluated cytokines by
intracellular cytokines staining with fluorocrome-conjugated anti-cyto-
kines mAbs and using Inside Stain Kit (Miltenyi Biotec) according to the
manufacturer’s instructions.

2.6. Heatmap

By Luminex plates (EPXR450-12171-901 HU CYTO/CHEMO/GF
PANEL and PPX-07-MXXGTD4 HU ProcartaPlex Mix & Match, Invi-
trogen), we analysed 51 proteins on three different SASCs and two
ADSCs conditioned media collected at 21 days of in vitro culture. We
added new culture medium once a week for up to 21 days to provide new
factors without replacing the whole culture medium. The amount of new
culture medium depends on the density of the cells on the plate/flask.
Accordingly to the manufacturer instructions, for each cytokine anal-
ysis, we subtracted the control values of the basal medium used to cul-
ture SASCs or ADSCs (SCM or DMEM/10%FBS) from the value obtained
analysing SASCs or ADSCs conditioned medium, respectively. Next, we
calculated the average among the data in duplicate from SASCs and
ADSCs samples. Finally, we processed data to obtain the intensity value
in log10 and plotted with heatmaps (range —1; +1.5 logl0 intensity
value).

2.7. Flow cytometric and statistical analysis

All experiments were performed using FACSAria (BD Biosciences)
and acquired almost 100.000 events for each experimental point. Data
were analysed by FlowJo software (Tree Star, version 10.5.3). The
gating strategy involved progressively lymphocytes on FSC-A/SSC-A,
single cells on FSC-A/FSC-H, CD45+ cells on CD45/SSC-A. Then, we
used CD3/yd T cells dot plot to select y5 T cells and CD3/CD4 to select
CD4+ T cells. Statistical analysis was performed using GraphPad Prism
software (version 8.0). Data were obtained from the average of three
independent experiments and analysed for statistical significance using
unpaired, nonparametric test, two tailed (one-tailed only when indi-
cated), Mann-Whitney test and multiple comparison t-test such as
Kruskal-Wallis test for two groups and more than two groups respec-
tively. Differences between groups with a p value < 0.05 were considered
significant. All values reported in the figures were expressed as mean +
SD.

3. Results
3.1. SASCs modulate cytokines production and proliferation of y§ T cells

We performed a co-culture of SASCs or ADSCs and heterologous yd T
cell for 72 h, followed by a short-term stimulation with Ionomycin and
PMA in the presence of monensin, added after 1 h. We analysed pro-
inflammatory cytokines expression as IFN-y, IL-17, and anti-
inflammatory cytokines as IL-9 e IL-10 on y8 T cells. We used different
ratios between SASCs and yd T cells to modulate the effects exerted by
SASCs. As shown in Fig. 2A, we observed a slight reduction of IFN-y and
more marked IL-17 production at ratios 1:5 and 1:10, indicated in
representative gating strategy as shown in Supplementary Fig. 1;
correlating with these modulatory effects, we observed an increase in
anti-inflammatory cytokine IL-9 compared to RPMI control, and this
increase in stimulated condition reach statistical significance, even
though at 1:5 it is present a reduction upon stimulus. IL-10 production
did not show a relevant difference in experimental conditions. The co-
culture of ADSCs and y8 T cells also showed an immunomodulatory
effect, but less than SASCs; indeed, we did not observe a reduction of
IFN-y producing y8 T cells following stimulation and IL-17 production
increase at 1:5 ratio compared to control medium and did not show any
difference at 1:10. ADSCs induced a reduction of IL-9 production by y8 T
cells, compared with medium alone condition, while inducing a statis-
tically significant increase of IL-10 production only at a ratio of 1:5
(Fig. 2B). To better investigate the functional activity of yd T cells in the
presence of SASCs and ADSCs, we analysed their proliferation in 4 days,
according to CFSE fluorescence intensity loss and as indicated by a
representative histogram plot in Supplementary Fig. 2. The results
showed that the presence of SASCs slightly reduced y6 T cells
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proliferation, but this effect was abrogated in the presence of PHA
inducing a slight increase of their proliferative ability (Fig. 3). While the
presence of ADSCs drastically reduced the yd T cells proliferation
without stimulation, and also here, the stimulation abrogated the effect,
even if ADSCs reduced the proliferation in 1:5 ratio.

3.2. SASCs soluble factors modulate cytokines production and
proliferation of y5 T cells

To evaluate if the immunomodulatory effect of SASCs on yd T cells
required cell to cell contact or not, we cultured heterologous y3 T cells
with SASCs and ADSCs conditioned medium. The soluble factors present
in SASCs sovranatants were able to induce a slight reduction of IFN-y
production, compared to medium; moreover, we observed a statistically
significant increase of IL-9, IL-10 and IL-17 in the presence of SASCs
medium. No effect was observed in the presence of ADSCs conditioned
medium (Fig. 4A). On the contrary, we observed an effect on the pro-
liferative ability of y5 T cells by the ADSCs conditioned medium and no
effect was observed in the presence of SASCs conditioned medium.
(Fig. 4B).

3.3. Autologous SASCs interfere with cytokines production and
proliferation of T cells

Given the results obtained with y8 T cells, we investigated whether
autologous could similarly immunomodulate CD4 T cells and yd T cell
response.

To evaluate this effect, we performed autologous experiments, co-
culturing SASCs and PBMCs obtained from the same subject. SASCs
induced the production of all cytokines tested on CD4 T cells both at
ratios 1:5 and 1:10, either in unstimulated or in Ionomycin and PMA
stimulated conditions (Fig. 5A), which determined a more pronounced
increase of cytokines production acting as a reinforcing factor.

The same analysis was performed on yd T cells, showing an increase
of IFN-y, compared to the negative control, even though with a little
decrease from 1:5 to 1:10 ratio. Moreover, IL-9 expression increased
paralleling with the ratio; instead, IL-10 and IL-17 did not show
considerable changes. These results were maintained following Ion-
omycin/PMA stimulation. (Fig. 5B).

Then, we analysed the proliferative ability of y6 and CD4 T cells in
co-culture with autologous SASCs. We observed a reduction of the
proliferative ability of y8 and CD4 T cells, upon PHA stimulation, in the
presence of SASCs, compared to RPMI condition. Particularly, the pro-
liferative ability of CD4 T cells was less affected by the presence of SASCs
compared to y5 T cells. (Fig. 6).
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Fig. 3. SASCs modulate the proliferation of y5 T cells. yd T cells CFSE stained
were cultured with SASCs or ADSCs at different ratio 1:5 and 1:10 or alone in
RPMI condition for 4 days. Collected cells were analysed by flow cytometry
FACS Aria evaluating to CFSE fluorescence intensity loss. In the black bars were
represented unstimulated condition, in grey bars stimulated condition as
described in M&M as well. Data are representative 3 independent experiments.
Statistical significance comparing condition without co-culture (RPMI) and the
condition after co-culture at different ratios of Stimulated cells was indicated by
an asterisk indicating p value < 0.05.

3.4. SASC’s secretome revealed anti-inflammatory features

Secretome is the term used to identify the set of proteins released into
the extracellular space. Growing evidence shows that the analysis of the
soluble molecules of the conditioned medium is relevant for under-
standing the microenvironment in which cells live and, consequently,
the mechanisms that could inhibit or activate specific pathways. To
achieve this type of analysis, we cultured SASCs in the medium for 21
days and collected the conditioned medium for analysis by Luminex
using a 51 analytes detection plate, as described in the M&M section. In
parallel, we kept ADSCs in culture to obtain the conditioned ADSCs
medium, using it as a control.

The microarray, in Fig. 7 and in Supplementary Fig. 3, showed that
between SASCs and ADSCs there was a clear difference in the concen-
tration of different analytes, in a range from <1 to >1.5 (mean value on
the logl0 scale). Indeed, IL-10, CD62E, CD31, FGF-2, and VEGF-R2
(yellow string) were more concentrated in the conditioned SASCs me-
dium than in the ASCs medium, with expression levels <1.

CD31 and other adhesion molecules such as CD62E and VEGFR,
related to endothelial vascular growth, increased in SASCs surnatant
medium, suggesting a role in starting coagulation processes and prob-
ably in neutrophil recruitment by IL8 release. Interestingly, IL-10 and IL-
5 were increased in SASCs conditioned medium compared to ADSCs (log
mean values are 2.66 and 1.75 respectively) demonstrating that prob-
ably SASCs could have a role in the regulation of immune response.

In the same fashion, SASCs released IL-4 and IL-13 more than ADSCs
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Fig. 2. SASCs modulate cytokines production. yd T cell lines were cocultured with SASCs (A) and ADSCs (B) at different ratio 1:5 and 1:10 without stimulation (NS)
or treated (S) with 1 pg/mL Ionomycin and 150 ng/ml Phorbol 12-Myristate 13-Acetate (PMA) for 72 h. Mean + SD of IL-17, IFN-y, IL-9 and IL-10 producing y8 T
cells were evaluated by flow cytometry. Data are representative 3 independent experiments. Statistical significance by using unpaired t-test (one -tailed) was
performed by comparing the stimulated condition without co-culture (RPMI) and the condition after co-culture at different ratios and it was marked by an asterisk
indicating p value < 0.05. NS means Unstimulated condition and S means stimulated condition.
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Fig. 4. Conditioned medium of SASCs modulates cytokine production and proliferation of y& T cells. A) y3 T cells were treated with 1vg/mL Ionomycin and 150 ng/
ml Phorbol 12-Myristate 13-Acetate (PMA) for 72 h. Percentages + SD of IL-17, IFN-g, IL-9 and IL-10 producing yd T cells were evaluated by flow cytometry. Data
were compared to cytokines produce by y8 T cells cultured in complete RPMI medium. B) y3 T cells CFSE stained were cultured with SASC’s conditioned medium or
in RPMI medium for 4 days. Collected cells were analysed by flow cytometry FACS Aria evaluating to CFSE fluorescence intensity loss. In the black bars were
represented unstimulated condition, in grey bars stimulated condition. Data are representative 3 independent experiments. Statistical significance was performed by
comparing the frequency of cytokines production of y8 T cells cultured in conditioned media (CM) by SASC or ADSC with frequency of the same cells cultured in
RPMI at the same time. Asterisk indicating p value < 0.05.
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Fig. 5. Autologous SASCs modulate cytokines production. Autologous CD4 (A) and yd (B) T cells were cocultured with SASCs obtained from the same patients at
different ratio 1:5 and 1:10. without stimulation (NS) or upon stimulation (S) with 1 pg/mL Ionomycin and 150 ng/ml Phorbol 12-Myristate 13-Acetate (PMA) for 72
h. Mean of the percentages + SD of IL-17, IFN-y, IL-9 and IL-10 producing CD4 or y3 T cells were evaluated by flow cytometry. Data are representative 3 independent
experiments. Statistical significance was performed by comparing Non-Stimulated (NS) and Stimulated (S) of CD4 or y8 T cells w/o SASC co-culture of the same
patients at different ratio. We compared co-culture and without coculture (RPMI) conditions in pairs for Non-Stimulated (NS) and Stimulated (S) conditions. Sta-
tistical analysis was performed by multiple unpaired t-test. Asterisk indicating p value < 0.05.
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Fig. 6. SASCs modulate the proliferation of autologous yd T cells and CD4 T cells. Both y8 T cells (A) and CD4 T cells (B) CFSE stained were cultured with SASCs
obtained from the same patients at different ratio 1:5 and 1:10 or alone in RPMI condition for 4 days with/without PMA. Collected cells were analysed by flow
cytometry FACS Aria evaluating to CFSE fluorescence intensity loss. In dark grey bars were represented cells cultured alone, in light grey bars were 1:5 ratio and
black bars were 1:10 ratio. Data are representative 3 independent experiments. We compared co-culture and without coculture (RPMI) conditions in pairs for Non-
Stimulated (NS) and Stimulated (S) conditions. Statistical analysis was performed by multiple unpaired t-test Statistically significant data were indicated by the
asterisk and represent a p value < 0.05.
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Fig. 7. SASC’s secretome revealed anti-inflammatory features. Heatmap indi-
cating the average log10 fold change in expression of 51 cytokines from SASCs
and ADSCs conditioned medium. In dark blue, the value is —1 and in bright
yellow value is over 1.5. Heatmap clearly demonstrated that among the
conditioned medium of SASCs and ADSCs, soluble molecules are present in
different concentrations. Data are representative 3 independent experiments.
The amount of soluble molecules by SASCs were obtained after subtraction of
soluble molecules of SCM control (media in which SASCs were cultured). Data
were compared with the amount of soluble molecules obtained from ADSCs.
The aliquots from each SASC or ADSC cell lines were loaded twice and average
was calculated for each ones. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

(log mean values are 1 and 1.52). These latter are immunoregulatory
cytokines related to type-2 cytokine responses as well as IL-9 (log mean
value is 1.11). The more precise analysis showed that SASCs could
modulate a variety of IL1-related immune responses, particularly in the
acute phase of infection and inflammation by the production of IL1Ra
(log mean value is 3.32) that directly inhibits the activities of IL-1.

4. Discussion

The main drawback of solid organ allotransplantations is the harmful
adverse effects associated with the lifelong administration of immuno-
suppressive agents. Research is very active to investigate alternative
methods for inducing tolerance while minimizing toxicity. Cell therapy
is generally an excellent alternative to drug therapies, and among these,
mesenchymal stem cells (MSCs) appear to be a choice for the treatment
of solid organ transplanted patients [24]. Indeed, several studies
demonstrated that MSCs were able to modulate the rejection process,
affecting different immune cells such as dendritic cells, the CD4™ T
helper and regulating the modulation of CD8™ cytotoxic T lymphocytes
and natural killer cells [25]. Today, no one has ever investigated the
immunomodulatory potential of SASCs, and given the excellent pre-
mises, we were encouraged to investigate this field. In the last years,
SASCs have been extensively characterised, showing the improved
ability to preserve the stemness for a long time and to differentiate into
mesenchymal lineages compared to ADSCs [17,21].

In our study, firstly, we compared the in vitro immunomodulatory
effect of SASCs and ADSCs analysing their effect on the proliferation and
cytokines production of heterologous T cells. SASCs affected
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proinflammatory functions of yd T cells, reducing the IL-17 and IFN-y
expression, typical pro-inflammatory cytokines and increasing the anti-
inflammatory IL-9 cytokines. TGF-p and IL-4 are potent cytokines in
promoting the generation of IL-9-secreting cells. As we demonstrated in
Fig. 7 and in a previous study of Di Stefano et al. [17], SASCs produced
and released both cytokines. These latter are associated with immuno-
suppressive function, but it is already known that when in combination,
they induce IL9 production by T cells. We hypothesize that at 1:10 ratio,
the pool of TGF-f} and IL4 in the media increased compared to 1:5 ratios,
while at 1:5 ratio, under the same condition, both cytokine concentra-
tions were insufficient to induce IL9 production. Thus, upon in vitro
stimulation, the production of IL9 by y8 T cells was promoted. In non-
stimulated conditions, the percentage of IL9-producing y5 T cells was
also decreased related to the ratio (1:5 compared to 1:10 ratio), and
SASCs showed their immunosuppressive effect. Importantly, SASCs
decreased the proliferative response of y5 T cells isolated from healthy
donors, but the effect was not strong enough to overcome the prolifer-
ative stimulus of PHA. This did not occur when ADSCs were brought into
contact with y8 T lymphocytes (with and without stimulation), they
strongly decreased the T cell proliferation. The immunomodulation is
more related to functional activity rather than proliferation of cell
population, following functional plasticity of these cells.

To determine the relative importance of soluble factors or cell con-
tact in the stem cells inhibitory effect, we observed that conditioned
medium of SASCs, collected for 21 days in culture, modulated the cy-
tokines production from y5 T cells, while no effect was observed on cell
proliferative ability. The conditioned medium of SASCs, however,
stimulated the production of all cytokines, both anti-inflammatory (a
relevant aspect in our study) but also pro-inflammatory. This last finding
could be explained by the analysis of secretomes where we detected an
upregulation of cytokines that polarise towards IL-17, such as IL-6 and
IL-23, compared to the values measured in ADSCs. However, we un-
derlie that our experiments are susceptible to inter-sample variability,
whereby our positive controls showed some variation from experiment
to experiment. Moreover, when the proliferation assay was performed
using the conditioned medium of the SASCs, we evaluated a strong in-
hibition of proliferation unlike the conditioned medium of ADSCs even
under stimulation.

The immunomodulatory effects of SASCs were partially confirmed in
an autologous setting: we observed an increase all cytokines in CD4 T
cells, and an increase of IL-9 and IFN-y in y8 T cells. The effect of SASCs
seems different from those of adherent adipose stem cells; this last had
less effect on the cytokines production and stimulated T cells
proliferation.

For the first time, Puissant et al. have investigated the immunosup-
pressive properties of ADSCs in vitro respect to BM-MSCs, demonstrating
that they do not elicit response of allogeneic lymphocytes, lymphocyte
proliferation and suggesting a secretory activity [14].

Consequently with our study, other authors have shown that ADSCs
inhibit the production of pro-inflammatory cytokines (TNF-a, IFN-y and
IL-12) when co-cultured with activated leukocytes in vitro and simulta-
neously increase mRNA expression of mediator immunosuppressants
(TGF-p, HGF, IDO and COX-2) [15,16].

The expression and function of cell adhesion molecules are critical in
regulating interactions between leukocytes and endothelial cells and for
the starting of local inflammation [26] and for this reason we specif-
ically analysed these markers. CD31 is known as Platelet endothelial cell
adhesion molecule (PECAM-1), more expressed in SASCs supernatant, is
considered as therapeutic target in atherosclerosis, bringing the devel-
opment of specific monoclonal antibodies and recombinant proteins as
blocking agents. The extracellular domain of CD31 circulates in the
serum of patients suffering from cardiovascular diseases (myocardial
infarction, acute ischemic stroke, and multiple sclerosis,) or is found in
tissue damage and endothelial cell apoptosis [27]. Cytokine analysis
showed that the conditioned media of SASCs present a higher expression
of IL-5, IL-10, IL-4 and IL-13 levels than that of ADSCs. IL-5 is an
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interesting cytokine synthesized and secreted mainly by activated CD4 ™"
helper T cells differentiated in the T-helper-2 (Th2) subset involved in
many diseases such as allergies and in the differentiation of eosinophils
and B cells. IL-4 and IL-13 are instead related to cytokine 2 activity
which is required for the expansion of T lymphocytes. In conclusion, the
analysis of SASCs conditioned medium revealed an immunoregulatory
role of SASCs in particular towards a Th2-like response and a direct
inhibition of pro-inflammatory response Thl-like as demonstrated by
the release of IL-10 and IL-4. Moreover, we speculate a possible influ-
ence on the recruitment of innate immunity and in starting coagulation
processes. Our preliminary results support the idea that SASCs exert a
more pronounced biological immune modulation than classic adherent
ADSCs in heterologous experimental settings. In autologous evidence,
the adaptive immune response is probably involved and the mechanisms
and factors involved need further analysis as the data have not yet been
compared with those of ADSCs. These results reinforce the therapeutic
interest in SASCs, although further studies are needed to fully charac-
terize the immunosuppressive properties of these cells and to evaluate
their properties in vivo in preclinical and clinical models. Indeed, limited
clinical evidence for a possible role of stem cells in immunomodulation
after vascularized composite allotransplantation (VCA) comes from a
case report by Del Bene, who proposed autologous mesenchymal stem
cells as a new immunosuppressive strategy in a double-hand allograft
[28]. While this report is promising, it is limited to a single patient and
lack preclinical evidence in animal models.

5. Conclusions

The validation of stem cell-mediated immunosuppressive therapy
would revolutionize our clinical practice, having a potential beneficial
effect on the field of VCAs. Our preliminary results suggest that SASCs
represent a promising cell therapy for immunomodulation in preclinical
and clinical settings and provided new perspectives on the biological
potential of stem cells which deserve further in vitro and in vivo studies.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.1fs.2023.121610.
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