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Abstract
Objective: Adipose-Derived Stem Cells (ADSCs) are less immunogenic cells and have a heterogenic cytokine 

secretion profile making them a better candidate for cell-based immunotherapy. Even innately or stimulated, 
Interleukin-6 (IL-6) and Toll-like Receptor 2 (TLR2) secreted by ADSC were modulated and led to different inflammatory 
mechanism pathways through different inflammatory factors secretion. These properties can be very useful in the 
treatment of inflammation-associated chronic diseases. To be used, ex-vivo ADSC expansion is a critical issue prior 
to transplantation or cryopreservation. Functional cell changes have been reported during culture expansion being 
susceptible to interact with freezing/thawing effects leading to doubt on cell therapeutic outcomes. The aim of this 
study is to identify the effect of freezing/thawing at the different time point of expansion culture on IL-6 and TLR2 
secretion.

Methods: ADSC were collected from young female donors, expanded in culture and cryopreserved in Foetal 
Bovine Serum (FBS) and Dimethylsulfoxide (DMSO) after each passage for 6 months to a year. ADSC was then 
tested for proliferation, clonogenicity, cytokine gene expression and assessment before cryopreservation (fresh) and 
after thawing and cultured until confluence (frozen/thawed). ADSC preserved at Passage 0 (P0) were thawed and 
tested after confluence at P1.

Results: Cryopreserved ADSC as P1 resulted in increased clonogenicity, total RNA and protein secretion 
compared to the fresh ones. Relative Quantification (RQ) and cytokine assessment of IL-6, IL-10, Tumor Necrosis 
Factor (TNF)-α and TLR2 revealed a moderate up-regulation of TLR2 while significantly higher IL-6 secretion levels 
were observed in long term expanded and cryopreserved ADSC.

Conclusion: Our results suggested that cryopreserved ADSC long term expanded in culture were functionally 
different and might have impaired immunosuppressive properties through modulation of the inflammatory responses 
by IL-6 and TLR2 activation.
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Introduction
Adipose Tissue (AT) has gained more interests since reported 

to be enriched in multipotent stem cells [1,2]. These cells having 
Mesenchymal Stem Cell (MSC) characteristics were called ADSCs 
and were identified within the freshly isolated Stromal Vascular 
Fraction (SVF) which contains also smooth muscle, circulating cells 
as leukocytes, endothelial and hematopoietic progenitors, pericytes, 
fibroblasts and pre-adipocytes [3,4]. Their ability to differentiate into 
different cells belonging to mesodermic, endodermic and ectodermic 
origins has been largely documented in the literature increasing their 
attractiveness in tissue repair and regenerative medicine [1,5-9].

ADSC are known to secrete a large panel of cytokines and 
chemokines and their ability to produce inflammatory factors innately 
or after stimulation has been investigated. Native or auto-induced 

ADSC secreted IL-8, TNF-α [10-13], IL-10, TLR2 [14,15] and higher 
levels of IL-6 [15-17], being involved for distinct inflammatory signaling 
pathways. Also, in response to inflammatory stimuli, ADSC inhibited 
pro-inflammatory factors while increased that of the anti-inflammatory 
cytokines IL-10 and the TLR2 in vitro as well as in vivo [15-20].

Nevertheless, it has been reported that stimulation of distinct 
TLR elicited different inflammatory signaling pathways leading to 
differentially expressed inflammatory factors and influencing the 
ability of MSC to suppress immune cell proliferation [21]. Controlling 
these inflammatory properties might be very helpful in the treatment 
of perinatal morbidities-associated inflammation of colitis, respiratory 
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distress, Crohn’s disease, and lupus erythematosus. However, Graft 
Versus Host Disease (GVHD) has been the most studied so far. The 
biological mechanisms underlying ADSC immunological benefit 
observed have been variable over the clinical studies and might 
interfere with the cryopreservation protocols used to pool these cells. 
Being uncultured or expanded at a different time, ADSC presented 
different cell profiles having thus multiple therapeutic outcomes. It’s 
widely accepted that ADSC proliferation changed significantly within 
successive culture passages regarding stem cell-associated profile 
and multilineage differentiation ability [22-24], reflecting functional 
cell changes relating themselves to different regulation pathways and 
effectiveness. This fact was reported for fresh ADSC and might not 
be similar when using cryopreserved/thawed cells [23], suggesting an 
additional effect of Cryoprotective Agents (CPA) and the time storage 
to culture passage on the paracrine activity and response efficiency of 
fresh ADSC.

Because of cryopreservation protocols are mostly reported for 
freshly isolated ADSC or those derived from primary culture, ADSC 
efficiency and inflammatory cytokines profile might be modulated by 
the freezing at the different time point of expansion culture and are yet to 
be determined. Most of them were reported to impact negatively ADSC 
cellular viability, Colony Forming Unit-Fibroblast (CFU-F) ability, 
differentiation potency, phenotypic and gene expression and secretion 
profile [25-29]. When separated from their microenvironment, ADSC 
cryopreservation outcomes were also differentially appreciated [22,30-
32]. ADSC might be exposed to exogenous factors such as draining 
reagents since collection suggesting that the time delay between their 
collection and separation might be associated with their efficiency.

All these parameters should be addressed to master ADSC use for 
therapeutic applications. In our study, we attempt to define the effects 
of a widely used freezing protocol at a different culture time point on 
ADSC yield, clonogenicity, protein, and total RNA (tRNA) secretion, 
and on IL-6 and TLR2 secretion.

Materials and Methods
Collection of AT

AT collection process has been endorsed by the institutional 
requirements of the Institut Pasteur Ethical Committee. Lipoaspirates 
were performed on consent young women aged from 18-48 years old 
undergoing esthetic treatments as previously described [33]. Samples 
were collected from abdominal subcutaneous tissue and stored at +4°C 
before and during transfer to the laboratory. More than 30 samples were 
collected and each of them was manipulated and tested separately.

Separation of the SVF

AT from each donor was separated on four identical samples. All 
the samples were placed at +4°C during either one day (24 h), two days 
(48 h), or five days (72 h), the last one was manipulated within 12h after 
collection. Cells were washed and digested with collagenase II (Gibco, 
Invitrogen) at 2.5% and incubated at 37°C for 30 min. At the end of 
incubation, cells were washed, and the final pellet was suspended in 
DMEM medium (Gibco, Invitrogen). Cells were tested for viability 
using the trypan blue (Gibco, Invitrogen) dye exclusion method. 
Only SVF processed less than 12 h were seeded in culture for ADSC 
expansion and cryopreservation.

In-vitro ADSC expansion

SVF from lipoaspirates were cultured in 75 cm2 flasks at 2 × 104/
cm2 density. Culture medium containing DMEM supplemented with 
10% FBS (Gibco, Invitrogen), 2% Penicillin-streptomycin (Gibco, 
Invitrogen), and 1% fungizone (Gibco, Invitrogen) was added. Flasks 
were incubated for confluence in a humidified atmosphere at 37°C and 
5% CO2. For successive passages, adherent layers were treated with 
trypsin-EDTA (Gibco, Invitrogen), and cells were tested for viability 
before seeding in culture. Cell expansion was maintained up to 4th 
passages, and ADSC aliquots were cryopreserved after each passage.

Cryopreservation protocol

Freshly isolated SVF and expanded ADSC (P0, P1, P2, P3) were 
used for cryopreservation. The freezing medium was prepared as 90% 
FBS and 10% DMSO. Cell suspensions were washed at +4°C and kept 
on ice and were assimilated at 5 × 106 cell/ml for SVF and 1 × 106 cell/
ml for expanded ADSC. Cryopreservation medium was added gently 
to the vials transferred rapidly latter at -20°C for 24 h and in a freezing 
system ensuring a steady freezing rate of -1°C/min down to -80°C. Cells 
were frozen at -80°C for 6 months to a year.

Thawing

Cells from different passages (SVF, P0, P1, P2, P3) were rapidly 
thawed by immersing the vials in a water bath for 2 min at 37°C and 
re-suspended in DMEM supplemented with 20% FBS. Cells were tested 
for viability with the trypan blue dye exclusion assay and seeded in 
culture for confluence. One day after seeding, DMEM with 20% FBS 
was replaced by the standard culture medium. Frozen/thawed SVF 
fractions were maintained until confluence and became P0. Figure 1 
summarized our process to compare expanded ADSC properties before 
and after cryopreservation.

Figure 1: Schema translating analysis protocol of ADSC before and after cryopreservation.
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Quantitative RT-PCR analysis

Total RNA was extracted from fresh SVF, expanded ADSC before 
and after freezing using General RNA extraction kit (NeoBiotech, 
France) as per manufacturer instructions. RNA purity and integrity 
were tested by gel migration before use or preservation at -80°C. Quan-
titative RT-PCR reactions were prepared as 20 µl reaction using a Tran-
script II Green One-Step qRT-PCR SuperMix (Trans, Transbionova, 
USA), run on a real-time FAST ABI Prism 7500 machine (Applied Bio-
systems) and analyzed with comparative CT (∆∆CT) in the V.2.0.6 Soft-
ware. Transcript levels expression was determined by normalizing to 
values of GAPDH expression. Results are means of three replicates. For-
ward and Reverse specific primers used were: IL-6 (F: ATTAGAGTCT-
CAACCCCCAATAAA, R: CTGAGATGCCGTCGAGGATG), IL-10 
(F: GCCTAACATGCTTCGAGATC, R: TGATGTCTGGGTCTTG-
GTTC), TLR-2 (F: GCCTACTGGGTGGAGAACCT, R: GGCCACTC-
CAGGTAGGTCTT), TNF-α (F: TCTTCTCGAACCCCGAGTGA, 
R: CCTCTGATGGCACCACCAG) and GAPDH as control assays (F: 
GAAGGTGAAGGTCGGAGT, R: GAAGATGGTGATGGGATTTC). 
Cycling parameters were 50°C for 5 min and 94°C for 30 s followed by 
45 cycles of 94°C for 5 s and 60°C for 34 s.

CFU-F assay

Expanded ADSC before and after freezing were plated in triplicate 
in 57 cm2 dishes with 3 different dilutions (5000-1000-100 cells) in 
DMEM containing 1% Penicillin-streptomycin and 10% of ADSC-
conditioned media (from SVF fresh cultures). Dishes were seeded in 
humidified 5% CO2 atmosphere at 37°C for 10-12 days. Plates were 
then washed with PBS and fixed with Formaldehyde (Sigma, Aldrich) 
before staining with Crystal Violet solution (Sigma Aldrich). A colony 
consisting of more than 50 cells was defined as a CFU-F. Plating 
efficiency was estimated as colonies per number of initially plated cells 
× 100%.

Relative total RNA (tRNA) and protein concentration 
measurements

Different culture passages were tested for protein concentration 

by UV Absorbance at 280 nm. Culture supernatants were analyzed 
in the UV-160A spectrometer (Shimadzu) and absorbance calculated 
as A=log10/I. Proteins level was reported according to 1A=1 ng/µl 
supernatant. Total RNA quantification was performed at 260 nm in 
same culture supernatants according to the correlation 1A=33 ng/µl. 
Measurements were obtained in triplicate for each sample.

Supernatant cytokine assessment

Supernatants form fresh and frozen/thawed ADSC were collected, 
aliquoted and frozen at -80°C for further analysis. All experiments were 
performed in duplicate. For each culture passage, three samples were 
analyzed. Human IL-6 Elisa kit (Neo Biotech), IL-10 Elisa kit (Neo 
Biotech), TNF-α Elisa kit (Aviva Systems Biology) and TLR2 Elisa kit 
(ElabScience) were used according to the manufacturer’s instructions. 
Optical densities were read at 450 nm, and results reported as pg/ml.

Statistics

Differences were analyzed by Student T-test for significance between 
fresh and frozen/thawed ADSC at different culture passage regarding 
parameters (cell yield, CFU-F, tRNA and proteins, inflammatory factors 
RQ). A value of P<0.05 was shown significantly.

Results
Relationships between time delay before processing, cell yield 
and ADSC recovery in SVF enriched lipoaspirates

After liposuction, samples maintained less than 12 h at +4°C 
remained more enriched in cell components as shown in Table 1. 
Processing one day after collection resulted in 5-fold significant 
decrease in cell yield. The time delay before processing was inversely 
related to the yield of SVF and to ADSC recovery in primary culture. 
The more rapidly processed, the more SVF enriched in ADSC with a 
significant relevant yield in less than 12 h group. Moreover, ADSC spent 
more time in culture for confluence with increasing time delay.

Cryopreservation impact on ADSC yield in expansion culture

In Figure 2, ADSC yield appeared not affected by cryopreservation 

Figure 2: A) ADSC yield before (blue bars for fresh) and after freeze/thawing (red bars) at each passage as 107 cells/cm2; B) Days for confluence were estimated. 
Results are means ± SD (n=12). *P<0.05.

Cell yield 107/ml Cells in SVF 107/cm2 ADSC 107/cm2 in P0 Days for confluence n

Less than 12 h 5228.7 ± 9545 931.6 ± 1678 86 ± 71 8 ± 1 12
24 h after 1216 ± 918* 92 ± 16.2 34 ± 52* 9 ± 1 8
48 h after 13 ± 16 11 ± 9 15 ± 21* 11.4 ± 2.7 5
72 h after 2 ± 4.5 2 ± 1.5 1.2 ± 0.8 14.2 ± 3.2 6
*P<0.05

Table 1: Cell yield and ADSC recovery regarding time delay before processing of lipoaspirates. Results are means ± SD, and n is the sample size.
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except when frozen/thawed ADSC was derived from P1 and estimated 
after culture at P2 (A). At this passage, even yield variability is 
important; cells were significantly more proliferative than fresh ones. 
Early expanded ADSC seemed to confluent slowly after thawing and 
this trend was inverted after.

The clonogenic activity of ADSC and cryopreservation

Clonogenic activity estimated by plating efficiency showed that 
fresh ADSC formed significantly more colonies at P0 (Figure 3). This 
activity appeared maintained between two groups while at P2, frozen/
thawed ADSC demonstrated significantly higher plating efficiency, 
which was not relevant for the rest of culture.

Cryopreservation effect on relative protein and tRNA 
concentration in expanded ADSC

Fresh ADSC secretion level decreased progressively during culture 
when considering both protein and tRNA (Figures 4A and 4B). 
However, proteins were significantly more secreted at P0 and their 
concentrations were relevant at P2 for the frozen/thawed ADSC (Figure 
4A). Cryopreserved ADSC secreted significantly more tRNA at P1 and 
P2 (Figure 4B).

Quantitative analysis of secreted inflammatory factors (qRT-
PCR)

The results summarized in Figure 5 showed that RQ of IL-6, IL-10, 
TNF-α, and TLR2 were differently modulated during culture expansion 

and after cryopreservation. Culture expansion did not impact 
mRNA levels of the estimated factors by fresh ADSC. Their intensity 
was otherwise weakly expressed when normalized to that of SVF 
expressions. However, TNF-α and TLR2 mRNA expression increased 
at P3 for frozen/thawed ADSC but appeared obvious when adjusted to 
the significantly higher levels of IL-6 RQ. In the same way, RQ changes 
in IL-10 expression should not be at detectable levels of those of IL-6.

Comparison of cytokine expression in culture supernatants 
of fresh and frozen/thawed ADSC

Figure 6 showed that IL-10 and TNF-α were secreted at a lower 
level throughout the culture. TLR2 was moderately released and its 
secretion increased by P3 and especially P4 by the frozen/thawed cell 
population. Both populations of ADSC released higher quantities of 
IL-6 in culture supernatants compared to the other cytokine levels. 
However, cryopreservation of ADSC at P3 extremely and significantly 
increased IL-6 secretion level (estimated at P4).

Discussion
In promoting cell-based therapies, the emerging interest in ADSC 

should not be impaired by factors influencing their proliferation and 
immunosuppressive potency. Among these factors, patient age, gender, 
and derivation site are altogether critical in ADSC behaviors as reported 
[22,34,35]. To overcome these factors, our ADSC were collected from 
abdominal subcutaneous tissue of young females as recommended 
[36]. However, the patient’s associated factors could not be excluded 
as having an unexpected reaction on frozen/thawed ADSC behaviors.

Conclusion
In the present work, we concluded that 12 h is the maximum time 

delay to have SVF fractions containing higher frequencies of ADSC 
being expandable in expansion culture. Other findings reported 
that this time might be conducted to 24 h without any loss in ADSC 
recovery [37].

Our results demonstrated that ADSC exhibited typical MSC 
characteristics and phenotypes, and their viability was optimum before 
(>90%) and after cryopreservation at 0.5-1 × 106/ml (>85%) (data not 
shown). In addition, the FBS-cryopreservation containing protocol 
used has consequently demonstrated its efficacy in terms of viability, 
proliferative, clonogenic and paracrine activity. In this study, we 
attempt to identify a better freezing time point within the culture to 
cryopreserve ADSC having high proliferative and immunosuppressive 
activities.

Figure 3: Comparison of clonogenic activity of fresh and frozen/thawed ADSC 
at every culture passage calculated as plating efficiency (%). Results are means 
± SD (n=9). *P<0.05.

Figure 4: Relative (A) protein and (B) tRNA concentrations in culture supernatants of freshly isolated (blue bars) and cryopreserved ADSC (red bars) at different 
culture passages evaluated at 280 nm and 260 nm, respectively. Results are means ± SD ng/ml (n=12). *P<0.05.
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When ADSC was stored one day at -20°C followed by -80°C for up 
to 6 months, no deleterious effect on viability, clonogenicity or cytokine 
production were shown, suggesting that avoiding -196°C storage did 
not impact on cell physiology. These results are in accordance with 
other findings where cryopreservation protocols using DMSO at -80°C 

or -196°C are equivalent without influencing differentiation ability and 
cell phenotype of ADSC [22,23,26-30].

Otherwise, whether ADSC cryopreservation within their SVF-
related microenvironment was expected to impact their therapeutic 
outcome after thawing remained unclear and should be also identified. 

Figure 5: IL-6, IL-10, TNF-α and TLR2 mRNA expressions were evaluated after each culture passage in fresh and frozen/thawed ADSC through ΔΔCt comparation. 
Data are displayed as the means ± SD of triplicates and calculated RQ values were normalized to SVF expression levels.

Figure 6: Concentrations level of Fresh (blue bars) and frozen/thawed (red bars) ADSC-derived cytokines in culture supernatants estimated as pg/ml. Results are 
means ± SD (n=3). *P<0.05.
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Autologous fat cryopreserved with CPA at -20°C, -80°C and -196°C for 
2 and 4 weeks exhibited no differences in cell viability, but when these 
cryopreserved fats were transplanted, engraftment was found reduced 
and post-thaw functional isolated ADSC was also limited in number 
[25,38,39]. These findings suggested that isolating and expanding 
ADSC prior to cryopreservation might be of clinical interest.

There is convincing evidence that the duration of culture expansion 
influenced ADSC phenotype and ascertained the relationship between 
morphological changes and physiological effect [22,40-42] which 
might explain the mechanisms whereby ADSC ensure tissue repair. 
Nevertheless, cryopreservation effect on expanded ADSC physiology 
should not be excluded adding to the complexity of their physiology-
microenvironment interactions. Firstly, we have reported that 
cryopreservation of expanded ADSC from P0 to P3 (estimated at P1 to 
P4 after thawing) did not impact the immediate post-thawing viability. 
However, these cells seemed to be slow to confluent when compared to 
fresh ones, except for P1 where post-thawing ADSC (P2) proliferated 
significantly at higher frequencies in a shorter time. Frozen ADSC at 
P1 can generate more than 1 × 109 in a limited time after thawing and 
expanding to P2. This growth kinetic might be beneficial in allogenic 
applications where increased cell doses are needed at a specific time 
point after cryopreservation.

On another side, fresh ADSC clonogenicity increased during 
culture confirming their physiological changes, but interestingly, our 
cryopreservation process significantly decreased ADSC clonogenicity 
when derived from SVF (estimated at P0), and significantly increased it 
for P1-derived cells (estimated at P2), confirming the stemness profile 
of frozen/thawed ADSC at early culture passage and their commitment 
in later ones accordingly to fresh ones. These results suggested also that 
cryopreservation did not speed up ADSC commitment status.

The paracrine profile of frozen/thawed ADSC paved the way to 
clonogenicity and showed a significant increase in protein and tRNA 
reflecting an accumulation of membrane proteins and or an increase 
within culture supernatant of functional proteins improving thus 
different mechanism pathways. For another point of view, frozen/
thawed ADSC were more productive when derived from P1, and 
the most produced factors might be different from the inflammatory 
factors we estimated and can be related to another biological process 
as cell homing and migration. Quantitative RT-PCR results and 
cytokines assessment confirmed that IL-6 mRNA was predominantly 
present after cryopreservation as compared to IL-10 and TLR2. We 
suggested that cryopreservation might overexpress or up-regulate IL-6 
expression, probably through amplification by TLR2 induction. Even 
though early culture stage did not influence significantly IL-10, TNF-α 
and TLR2 mRNA secretion, freezing ADSC at latest culture passage 
was accompanied by enhanced IL-6 and TLR2 expression levels. This 
increase might not be explained by using FBS within culture medium 
conditions even it contains soluble factors known to be cross-reactive 
to human antibodies [43], being present with ADSC contact early in 
culture and in cryopreserving media. We reported big variability within 
ADSC samples in cytokine levels especially for IL-6 after thawing; this 
fact might be coincident with a different auto-induction cytokine 
secretion capability dependent on initial patient’s associated factors.

IL-6 cytokine effects on innate and adaptive immunity have been 
investigated within their both pro-inflammatory and anti-inflammatory 
contexts, but mostly presented as a pro-inflammatory cytokine having 
the ability to dually enforce or suppress immune responses depending 
on conditions. This cytokine is largely secreted by fresh ADSC than 
IL-10 and TNF-α [15-17,44], however, these concentration levels were 

reported for fresh expanded ADSC and remained relatively lowers when 
compared to those of cryopreserved ADSC. Indeed, cryopreservation 
increased IL-6 and TLR2 at both mRNA and protein levels, especially 
after P2 expansion. Using frozen/thawed ADSC previously expanded 
up to P2 might raise confusion on their therapeutic benefit in cell-
based immunotherapy. In the same way, most of the functional studies 
on ADSC therapeutic use missed reporting their temporal expansion 
culture or thawed state, creating doubt on their real benefit. In spite 
of being the unique alternative to pool these cells for transplantation, 
cryopreservation process might account for heterogeneous responses 
observed for ADSC clinical outcomes, even worse when applied at 
allogeneic setting. Interestingly, for more therapeutic benefit when IL-6 
antagonists have been used, disease improvement and patient wellbeing 
have been reported [45].

On another side, TLRs were presented as the major actor in the 
inflammatory effect mediated by IL-6. Activation of TLRs on MSC 
has been shown to trigger the transcription factor NF-κB inducing 
the secretion of pro-inflammatory cytokines, including TNF-α, IL-1β, 
IFN-γ, and IL-6, thereby promoting the immune response [46]. There 
is also evidence that perpetual inflammation associated with chronic 
inflammatory diseases resulted on permanent stimulation of TLR by 
their ligands continuously present within the inflamed environment, 
leading to up-regulation of IL-6 release [21]. Adding to that, ADSC 
might be auto-induced by Tumor Growth Factor-β (TGF-β), TLR2, 
TNF-αresulting in different inflammatory factors secretion panel as 
already reported [16,47-49]. In serum-free conditions, ADSC also 
secreted IL-6, IL-10, and TGF-β [44]. Distinct inflammatory signaling 
pathways were thus activated impacting the immunosuppressive activity 
of ADSC. These changes in paracrine signaling mechanism might be 
capable of modulating or reversing the polarization of macrophages 
into the immunosuppressive phenotype [50]. Other findings reported 
that IL-6 and TLR2 were responsible for monocytes migration [16,17].

In our study, the increased level of TLR2 within culture might 
suggest an up-regulation of IL-6 expression and release by ADSC. This 
improved pro-inflammatory secretion provides insights for further 
investigations relative to cell-based immunotherapy for inflammatory 
manifestations such as Crohn’s disease, colitis, and GVHD. This 
suggests that controlled temporal ADSC cryopreservation might 
avoid the need of cytokines supplementation to the graft or inversely 
the use of antagonists as immunosuppressive factors to dampen 
local inflammation and restore the therapeutic benefit of ADSC. Our 
findings suggested that cryopreservation of long term expanded ADSC 
can impair their immunosuppressive efficacy with major concerns 
regarding safety therapeutic issues.
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