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A B S T R A C T   

As the interest in cell-based therapies continue to increase, so does the need for assays detailing potency and 
providing platforms for identifying mechanisms of action. For most clinical implications of mesenchymal stromal 
cells, the immunomodulatory effect is crucial. While the suppressive potential on lymphocyte proliferation is 
well-described in literature, reproducible and standardized assays to document and quantify it varies from 
research group to research group and between methodologies. The aim of the present study was to utilize 
flowcytometry to quantify proliferation and identify measurements to increase the assay sensitivity to treatment 
with adipose tissue-derived stromal cells (ASC). Lymphocyte proliferation was induced by the unspecific mitogen 
phytohemagglutinin or by alloreactivity towards an irradiated donor in a mixed lymphocyte reaction. Addition of 
ASC did not change the composition of T cells, B cells, NK cells, NKT cell types considerably; likewise, no in-
creases in proliferation were observed upon inclusion of ASC, demonstrating that ASC does not evoke an additive 
response. On the contrary, the suppressive effect of ASC was documented. By applying different gating strategies 
and curve fitting, the sensitivity was increased, and dose-response relationships established. Flow cytometric 
evaluation allows for more detailed identification of the lymphocytes affected by ASC and constitute a significant 
asset in future unraveling of modes and mechanisms of action, as well as quantification of potency.   

1. Introduction 

Cellular therapies are being employed to treat diseases with limited 
options for conventional intervention. For decades, the existence of 
mesenchymal stromal cells (MSC) has been appreciated by researchers 
as a promising candidate for cell-based therapy. While originally iso-
lated from bone marrow, MSC can be isolated from several tissues 
including adipose tissue. At Cardiology Stem Cell Centre, we have 
developed methods for good manufacturing practice compliant pro-
duction of adipose tissue-derived stromal cells (ASC) for clinical use 
(Kastrup et al., 2017; Haack-Sørensen et al., 2016; Haack-Sørensen et al., 
2022). The cell product is currently involved in multiple on-going 
clinical trials. 

A set of characteristics makes ASC favorable for allogeneic therapy, 
including angiogenic (Rasmussen et al., 2011), antifibrotic (Maria et al., 
2016), and immunomodulatory capabilities (Nauta and Fibbe, 2007). 
For allogeneic purposes, especially the ability to suppress immune 

responses seem crucial. We have previously examined how ASC can 
reduce maturation of monocyte-derived dendritic cells while resulting in 
a highly trophic milieu (Juhl et al., 2020). 

To investigate the immunological profile and immunosuppressive 
potential of ASC, in vitro assays based on either mitogen-induced pro-
liferation or alloreactivity in mixed lymphocyte reactions (MLR) repre-
sent feasible models for quality testing of cell products. Concurrent with 
supplying information on the ability of a cell therapy product to inhibit 
immune cell proliferation, these assays may contribute to identifying 
mechanisms of action and eventually demonstrate potency of the ther-
apeutic product. 

While the methodological framework behind lymphocyte prolifera-
tion assays dates back decades, substantial advances in technology has 
resulted in multiple ways of assessing the proliferation. Cell counts prior 
to and following in vitro assays provides an indirect measure of prolif-
eration, not taking in to account the number of responding cells or dif-
ferences in cell divisions at an individual cell level. Other assays rely on 
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the incorporation of nucleosides into DNA strands during the S phase of 
cell-cycle, e.g., tritiated thymidine ([3H]TdR) or 5-bromo-2′-deoxyur-
idine (BrdU). In these assays, cell cultures are usually pulsed with the 
nucleoside analogues for a defined period, and the dividing cells can be 
enumerated, but does not provide information on the cumulative 
number of divisions. Markers of proliferation, such as Ki-67 and Prolif-
erating Cell Nuclear Antigen, can provide a snapshot of proliferating 
cells regardless of proliferative stage (i.e., G1, S, G2, and M). The 
methods listed have been reviewed in ref. (Romar et al., 2016). 
Collectively, the methods share the drawback of missing information 
over the entire culture period. Flow cytometric evaluation of cyto-
plasmic dyes overcomes this limitation, can be coupled with additional 
markers to further refine the analysis, and can serve as an invaluable 
tool for research (Quah and Parish, 2012). 

The aim of the present study was to establish robust in vitro models 
of ASC immunomodulatory function based on flow cytometry, to 
determine the effect of ASC on proliferation and composition of immune 
cells, to document proliferation as a reproducible measure of ASC 
immunomodulatory function and investigate means of enhancing the 
sensitivity of the assays. 

2. Methods 

2.1. Adipose tissue-derived stromal cells 

ASC were produced as for clinical use, which has been described 
previously (Kastrup et al., 2017; Haack-Sørensen et al., 2016; Haack- 
Sørensen et al., 2022). In brief, liposuction was performed on consenting 
healthy donors. Processing of lipoaspirates for isolation of ASC has been 
approved by the regional scientific ethical committee, Capital Region of 
Denmark. The stromal vascular fraction was isolated and expanded for 
two passages in a Quantum Cell Expansion System (Terumo BCT) with 
growth medium consisting of MEM α (Gibco), penicillin and strepto-
mycin (100 U/ml and 100 μg/ml, Gibco), and 5% human platelet lysate 
(Cook Regentec). A detailed list of reagents can be found in supple-
mentary table 1. The cell product was formulated at a concentration of 
2.2 × 107 cells/ml in CryoStor CS10 (BioLife Solutions) and cry-
opreserved in a controlled rate freezer (Kryo 560–16, Planer Limited). 
Prior to use in this study, ASC were thawed and seeded in surface treated 
T175 flasks (Nunc) and expanded for an additional passage in growth 
medium. Once 80–90% confluent, TrypLE select (Gibco) was added to 
the ASC cultures and incubated at 37 ◦C. The cultures were regularly 
observed by microscopy, and once the monolayer had dispersed, the 
flask was agitated to ensure complete detachment. The cells suspension 
was collected, transferred to centrifuge tubes (Falcon), and centrifuged 
at 300g for 5 min at room temperature (RT), followed by resuspension in 
CryoStor CS10 at a concentration of 106 cells/ml. The cell suspension 
was aliquoted in cryotubes (Nunc) and cryopreserved using CoolCell 
FTS30 (BioCision) followed by storage in liquid nitrogen. Prior to use, 
vials of ASC were thawed in 37 ◦C water bath and seeded in T175 flasks. 
Three ASC donors were included. A detailed characterization of the ASC 
product has previously been published (Haack-Sørensen et al., 2016; 
Juhl et al., 2016). 

2.2. PBMC isolation, cryopreservation, and thawing 

Peripheral blood mononuclear cells (PBMC) were isolated from buffy 
coats provided by the Department of Clinical Immunology of University 
Hospital Rigshospitalet, Copenhagen, Denmark, from anonymized 
voluntary healthy donors following informed consent. These methods 
have previously been optimized (Juhl et al., 2021). Buffy coats were 
diluted in phosphate-buffered saline (PBS) devoid of Mg2+ and Ca2+

(Gibco) at volumes of 1:4 and gently layered on Lymphoprep (Axis 
Shield) in Leucosep tubes (Greiner Bio-One). Tubes were centrifuged at 
800g for 15 min at RT without brakes. The interphase containing PBMC 
was carefully collected and transferred to new centrifuge tubes, washed 

in PBS, and centrifuged (300 g, 5 min, RT). Washing and centrifugation 
was repeated thrice. The isolated PBMC were resuspended in complete 
medium consisting of RPMI 1640 with L-glutamine and sodium bicar-
bonate (Sigma-Aldrich), 5% heat-inactivated human male AB serum 
(Sigma-Aldrich), 100 U/ml penicillin and 100 μg/ml streptomycin, and 
incubated for 1 h at 37 ◦C, 5% CO2 humid conditions. A single PBMC 
donor was irradiated at 25 Gy (Gammacell 3000, Best Theratronics Ltd.) 
to serve as a uniform source of stimulator cells. Following the resting 
period, the cells were washed and resuspended in pre-chilled cryome-
dium consisting of fetal bovine serum (Gibco) supplemented with 10% 
dimethyl sulfoxide (WAK-Chemie Medical) and adjusted to a concen-
tration of 1 × 107 cells/ml. Cells were aliquoted as 1 ml per cryotube 
(Nunc), placed in CoolCell cell freezing container for controlled − 1 ◦C/ 
min freezing overnight, and transferred to liquid nitrogen. PBMC 
derived from three donors and irradiated cells from a fourth were used. 
Every PBMC donor was tested against each ASC donor for a total of 9 
combinations per assay detailed below. 

2.3. PHA assay 

PBMC were thawed in 37 ◦C water bath until no ice remained and 
diluted in 20 ml pre-warmed complete medium and allowed to recover 
for 1 h in a 37 ◦C, 5% CO2, humid conditions. Meanwhile, ASC were 
detached using TrypLE and seeded in surface treated round bottom 96 
well plates (Corning) at concentrations serially diluted 2-fold from to 2 
× 104 to 1.25 × 103 cells/well (ranging from ratios of 1:5 to 1:80 ASC: 
PBMC). PBMC were labeled with 5 μM CFSE (BD Biosciences) in PBS 
with 3% FBS for 10 min at 37 ◦C, followed by washing in complete 
medium. Cells were counted on a Nucleocounter NC100 (Chemometec), 
resuspended in complete medium containing 1 μg/ml PHA (PHA-L, 
Sigma-Aldrich), and seeded at a fixed cell concentration of 105 PBMC / 
well in 200 μl of medium. After 3 days, 100 μl of supernatants was 
aspirated and replenished with new PHA-containing medium. The assay 
was performed in replicates of five. The PHA assay elapsed for 5 days, at 
which point the plates were centrifuged at 100 g for 5 min at RT, su-
pernatants were collected and transferred to − 20 ◦C, and the cells were 
analyzed as described in flow cytometry. 

2.4. MLR assay 

PBMC were thawed and labeled as for the PHA assay, to be used as 
responder cells in the MLR. ASC were seeded at cell concentrations of 2 
× 104 to 2.5 × 103 cells/well (ratios of 1:5 to 1:40). PBMC were resus-
pended in complete medium and seeded at a fixed cell concentration of 
105 PBMC/well, to which an equal number of irradiated stimulator cells 
were added in a total volume of 200 μl/well. On day 3 and day 6, 100 μl 
of medium was replaced with complete medium. Five replicate wells 
were set up. The MLR assay elapsed for 8 days, plates were centrifuged 
(100 g, 5 min, RT), and supernatants were collected for storage (− 20 ◦C). 
The cells were analyzed as described in flow cytometry. 

2.5. Flow cytometry 

For flow cytometric analysis, cells were resuspended in flow 
cytometry buffer consisting of 10% heat-inactivated fetal bovine serum, 
1 mM EDTA, and 0.05% sodium azide in PBS (Hospital Pharmacy, 
Rigshospitalet). Replicate wells were pooled, centrifuged at 500 g for 5 
min at RT, and stained with Fixable Viability Stain 780 (FVS780, BD 
Biosciences), followed by washing in flow cytometry buffer. Prior to 
antibody staining, Fc-receptors were blocked (Human Fc Block, BD 
Biosciences). Samples were stained using a multicolor panel consisting 
of CD56-APC, CD19-PE-Cy7, CD3-BV510, CD4-PE, and CD8-BV421 (BD 
biosciences, see supplementary table 2 for details) as per manufacturer’s 
instruction, resuspended in 200 ul, and acquired on a FACSLyric flow 
cytometer (BD biosciences) with a fixed flow rate (medium) and 
acquisition time (120 s). This provided distinct populations for analysis. 

M. Juhl et al.                                                                                                                                                                                                                                    
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Analysis was performed in FlowLogic (version 700.1A, Inivai Technol-
ogies). The gating strategy (Fig. 1A) was based on initial gating on Size/ 
Complexity, Single Cells, and Viable cells (FVS780-). From the viable 
cells, the number of B cells (CD19+, CD3-) was determined. The CD19- 
negative fraction was analyzed for NK cells (CD56+, CD3-), NKT cells 
(CD56+, CD3+), and T cells (CD3+, CD56-). The T cells were sub-
divided in CD4+ (T helper cell) and CD8+ (cytotoxic T cell) subsets. 
Proliferation of T cell subsets was quantified by simple CFSE dilution in 
proliferating cells, proliferation beyond generation 1 (>G1), and pro-
liferation beyond generation 2 (>G2, Fig. 1B). 

For extended analysis, model fitting of proliferating cells could be 
performed in FlowLogic using the strategy illustrated in Fig. 1C. From 
the model, the fraction of proliferating cells (P, also described as fraction 
diluted), precursor frequency (PF), expansion index (EI), replicative 
index (RI), division index (DI), and proliferation index (PI) were 
calculated as described by Roederer, 2011 (Roederer, 2011). In brief, P 
details the fractions of cells in the analyzed population having divided at 
least once; the PF represents the probability of a cell dividing in response 
to stimulus and reflect how many cells of the original population having 
undergone cell division; EI is the analyzed cell count relative to the 
original cell count, whereas RI quantifies the fold expansion of solely 
proliferating cells; DI provides the average number of cell divisions as a 
metric of the entire culture, while PI reflects the average number of cell 
divisions of proliferating cells. 

2.6. ELISA 

Supernatants were analyzed by enzyme-linked immunosorbent assay 
for IFN-γ, IL-12p70, IL-4, IL-13, IL-10 and TGF-β using DuoSet (R&D 
Systems) according to manufacturer’s instructions. The absorbance at 
450 nm was read on a with background subtraction at 540 nm on a 
FLUOstar Omega microplate reader (BMG labtech). 

2.7. Statistics 

As data violated the assumption of normality, as assessed by Shapiro- 
Wilk test, comparisons were made using non-parametric Friedman test 
with subsequent Dunn’s test for post hoc pairwise comparisons between 
groups. Sidak correction was used for multiple comparisons, with a 
significance level of p < 0.05. Data is presented as mean ± standard 
error (SE). Statistical analysis was performed in IBM SPSS (version 25). 

3. Results 

3.1. Distribution of cell subpopulations are similar between assays and 
conditions 

The distribution of cell type frequencies was similar between assays, 
with T cells being the most abundant cell present (Fig. 2A). In response 
to stimuli, the expansion of primarily T cells results in an increased 
frequency compared to unstimulated controls. Addition of ASC in 
escalating ASC:PBMC ratios from 1:80 to 1:5 reduce the percentage of T 
cells to the level of the unstimulated control, with an expected corre-
sponding increase in remaining populations of NKT, NK, and B cells. The 
lower extent of stimulation in the MLR left room for higher frequencies 
of other populations, however, the predominant cell population was T 
cells. The numbers of remaining cell types were inadequate for accurate 
enumeration of proliferation, and consequently the quantitative ana-
lyses of proliferation were focused on T cells. 

3.2. CD4+ and CD8+ frequencies differ between assays 

While the total percentage of T cells were comparable between as-
says, the numbers of CD4+ and CD8+ cells differed in response to 
stimulus (Fig. 2 B). In the PHA assay, the potent and rapid proliferation 
resulted in a nearly equal proportion of CD4+ and CD8+ cells, in stark 

contrast to the negative control. The distribution was not altered by ASC, 
which were comparable to PHA-stimulated PBMC. In the MLR assay, the 
frequency of CD4+ cells were slightly lower compared to the unstimu-
lated negative control, while the fraction of CD8+ cells was contrarily 
elevated. Addition of ASC lowered CD4 further, but not in response to 
dose, and the CD8+ fraction increased correspondingly. 

Converted to CD4:CD8 ratios, the different composition of cells in the 
assays is highlighted (Fig. 2 C). The negative controls comprised similar 
ratios in MLR and PHA assay (2.54 ± 0.30 and 2.42 ± 0.28, respec-
tively), yet the stimulated positive controls of PHA resulted in a 
decreased ratio (1.17 ± 0.29) compared to that of MLR (2.00 ± 0.25). 

3.3. Inhibition of proliferation by ASC is mainly detectable on late 
generations of division 

Induction of proliferation by PHA or alloreactivity towards an irra-
diated donor yielded multiple successive generations of cell division. 
Addition of escalating doses of ASC to the cultures caused a substantial 
reduction in the extent of proliferating cells; especially the number of 
generations were reduced, as illustrated by the example of potent inhi-
bition of the PHA assay illustrated in Fig. 3A. The first and to some 
extent second generation of dividing cells (G1 and G2, respectively) 
remained stable and not susceptible to ASC. In contrast, the fraction of 
cells exceeding G2 was greatly reduced in response to increasing ASC: 
PBMC ratios, gradually reducing the number of cells in response to doses 
from 1:80 to 1:5. 

Data was generated from assays of three PBMC responders in com-
bination with three ASC donors, resulting in 9 replicates (Fig. 3B). 
Collectively, the frequency of proliferating cells in the PHA assay was 
expectedly higher than for the MLR assay. Escalating doses of ASC 
markedly reduced the percentage of proliferating cells. Especially for 
CD4+ lymphocytes, the addition of ASC caused a potent decrease in 
proliferation, with a similar but less pronounced trend displayed on 
CD8+ cells. The strong mitogenic response to PHA required higher ASC: 
PBMC ratios to elicit a significant inhibition compared to in the MLR. For 
the PHA assay, the inhibition was further emphasized by focusing on 
cells in >G1 and > G2, as ASC treatment had limited effect on the first 
few generations of divisions. In the MLR assay, such distinction did not 
change the results as most cells had progressed to later generations 
beyond G2, and the events in G1 and G2 did not contribute significantly 
to the sum. 

3.4. The cytokines in co-cultures of ASC are skewed towards less 
inflammatory profile 

Inhibition of lymphocyte proliferation by ASC is evidence of a critical 
function, yet offers little insight to the phenotypical or polarization 
status of the resulting cells. To elucidate this aspect, supernatants were 
sampled for IFN-γ, IL-12p70, IL-4, IL-13, IL-10 and TGF-β. Of these, only 
IFN-γ and IL-10 could be detected (Fig. 3C). In the PHA assay, the pos-
itive control contained 351.47 ± 61.07 pg/ml IFN-γ, which gradually 
declined with increasing ratios of ASC from 1:80 to 1:5 (208.22 ± 44.41 
pg/ml). Normalized to the respective positive control, this corresponds 
to a reduction of 47.30 ± 6.84%. Despite the considerable reduction in 
IFN-γ, IL-10 levels remained remarkably stable between conditions and 
did not respond to ratios of ASC from PHA control (244.31 ± 19.67) to 
1:5 (216.56 ± 17.48 pg/ml). 

In the MLR assay, the concentrations of IFN-γ and IL-10 displayed a 
different trend. The concentration of IFN-γ was reduced by the presence 
of ASC, but not in response to ratio, from positive control (239.36 ±
18.93 pg/ml) to 1:5 (206.21 ± 20.39 pg/ml). IL-10 concentrations, on 
the other hand, rose according to ASC ratio from MLR (257.01 ± 38.57 
pg/ml) to 1:5 (331.59 ± 26.34 pg/ml), reflecting a relative increase of 
41.56 ± 11.25%. 
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Fig. 1. Gating strategy. (A) Cell populations were identified by inclusion of cells of proliferating lymphocytes by Size and complexity, cell aggregates were removed based on a Single cells gate, from which Viable events 
were processed. B cells were defined based on CD19 expression, and CD19-negative events were divided in CD3+ CD56+ NKT cells, CD3- CD56+ NK cells and CD3+ CD56- T cells. The T cells were further divided in 
CD4+ or CD8+ fractions and proliferation of these subpopulations was quantified. (B) Simple quantification of all proliferating cells (Proliferating), cells having divided more than once (Above generation 1, >G1), and 
cells divided more than twice (Above generation 2, >G2) for PHA assay (Top) and MLR assay (Bottom). For MLR, the y-axis is scaled to 25% of max to visualize proliferating generations. (C) Extended analysis by curve- 
fitting the CFSE-intensity of proliferating cells. Antigen-fluorophore-laser-bandpass geometry is used for axis labels. 
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3.5. Improving sensitivity by extended analysis 

Although a more nuanced picture of the effect of ASC on lympho-
cytes could be generated by focusing on late generations of proliferating 
cells, particularly in the PHA assay, the metrics produced from a simple 
gating strategy are confined to a snapshot of the culture at the time of 
termination of the assay. More elaborate models have been developed to 
provide further information, which we used to extend the analysis. 

Exploring these variables demonstrated clear differences between 
the assays, e.g., in the fraction of proliferating cells (proliferating; P) and 
the frequency of responding cells in the original population (precursor 
frequency, PF) (Fig. 4). PF amounted to nearly 60% (CD4: 0.589 ±
0.060; CD8: 0.599 ± 0.019) for the PHA assay while a modest few 
percent gave rise to the entire response in the MLR (CD4: 0.032 ± 0.003; 
CD8: 0.025 ± 0.002). Meanwhile, the few alloreactive cells of the MLR 
divided more than the PHA-stimulated counterparts, as evident in the 
fold expansion of proliferating cells (replicative index; RI) and the 
average divisions of proliferating cells (proliferation index; PI). It should 
be noted that the MLR elapsed for longer (8 versus 5 days). The differ-
ence in responding cells is obvious in the fold expansion (expansion 
index; EI) and number of divisions (division index; DI): most cells in the 

MLR remain undivided while most cells in the PHA are actively dividing 
and thus inflating both metrics. In all cases except PF and DI for the MLR, 
CD8+ had higher mean values than CD4+ cells. 

ASC tended to reduce proliferation of preferentially CD4+ lympho-
cytes when assessing inhibition of P, PF, and DI (Fig. 5), suggesting that 
fewer CD4+ cells are permitted to enter cell cycle than their CD8+
counterparts. However, the effect on the dynamics on the actively 
dividing cells, as reflected in inhibition of EI, RI, and PI, demonstrates 
similar trends between proliferating CD4+ and CD8+ cells. 

4. Discussion 

From the data presented, it is evident that ASC can efficiently inhibit 
lymphocyte proliferation. For PHA assays, the effect was most profound 
on CD4+ lymphocytes, especially when analyzing the late generations of 
proliferation. The trend was shared by CD8+ cells, but with a less 
obvious dose-response, displaying a minor effect when quantifying all 
proliferating CD8+ cells but substantial for late generations. The data 
demonstrates how the sensitivity of the PHA assay can be increased 
simply by focusing on inhibition of lymphocytes in later generations. 

The MLR produced fewer numbers of proliferating cells, which were 

Fig. 2. Limited effect on cell type distribution by ASC addition to assays. (A) Enumeration of T, NKT, NK, and B cells. (B) T lymphocyte frequencies in proportions of 
CD4+ and CD8+ events relative to number of viable CD3+ cells (mean ± SE) and (C) CD4:CD8 ratio based on conditions (mean ± SE). Asterisk (*) denotes sig-
nificant differences (Sidak-adjusted p < 0.05) from negative control, determined by Friedman test followed by Dunn’s test. n = 9. 
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highly susceptible to ASC intervention and did not differ considerably 
between all proliferating, >G1, and > G2 populations. The frequency of 
alloreactive T cells are generally much lower compared to a mitogen 
such as PHA, with estimates ranging from 1 to 10% (DeWolf et al., 
2018). Of note, the frequency of alloreactive CD4+ cells exceed CD8+
cells, which offers some explanation as to why the CD4:CD8 ratio is 
higher in MLR. The ASC CD4+ caused a strong reduction of all prolif-
erating cells, which was mirrored in the inhibition of CD8+ prolifera-
tion. The vast majority of proliferating cells had divided multiple times 
beyond G2. Focusing on the lymphocytes in >G1 or > G2 did not reveal 
any differences, as the early generations make up an infinitesimal 
contribution to the proliferating cell population. 

Assays were designed for uniformity and feasibility. We therefore 
based the methods on cryopreserved PBMC to allow for repeated testing 
of a given donor across multiple ASC donors. In doing so, simultaneous 
experimentation of several PBMC donors became a viable option to 
reduce variation. Assay parameters for duration, cell concentrations, 
and cryopreservation medium have previously been optimized (Juhl 
et al., 2021). 

The overall composition of viable cell types present in the two 
different assays was not changed dramatically by addition of ASC. 
Rather, the elevated presence of T cells introduced by PHA or MLR was 
returned towards levels of unstimulated control cells, while the 

frequencies of NK, NKT cells, and B cells filled the gap. The preserved 
cell type constitution suggests that ASC mode of action targets prolif-
erating T cells without creating favorable conditions for other cell types 
in these assays. 

The methods for extended analyses employed in this study allowed 
for flowcytometric identification of seven distinct CFSE peaks repre-
senting eight generations (G0-G7), the final generation having a theo-
retic intensity <0.8% of the original population. The uniform 
distribution enabled an extended analysis based on fitting models, 
which provided additional metrics.. Of these metrics, P, PF, and DI of 
CD4+ cells were more affected by ASC than CD8+ cells. It could be 
argued that the CD4+ cells are more susceptible to inhibition by ASC 
than CD8+ cells; yet, when focusing on proliferating cell expansion in 
terms of EI, RI, and PI, similar inhibition of CD4+ and CD8+ cell pro-
liferation was observed in response to ASC. Despite differences in ab-
solute cell counts and predisposition, the similarities in reduction of RI 
infers that the underlying mechanisms of action are shared between 
CD4+ and CD8+ subsets. DI offers a parameter depending on PF as well 
as the number of divisions and seems more analogous to the findings 
observed with the >G1 and >G2-gating strategy. An option to simplify 
the outcome is to describe the inhibition in proliferation inferred by ASC 
(as illustrated in Fig. 5). While intuitively easier to interpret, this 
simplification comes at a cost of losing the actual biological meaning of 

Fig. 3. Inhibition of T cells primarily affects late generations of dividing cells. (A) Representative experiment of PHA stimulated cells displaying strong suppression of 
proliferation. Panels are divided in CD4 (blue) and CD8 (orange) T cells and gating on proliferating cells, cells exceeding generation 1 (>G1), and generation 2 (>G2) 
is illustrated by dotted lines. (B) Percentages of proliferating cells in PHA assay and MLR assay. Asterisk (*) denotes significant differences from positive control, 
dagger (†) from negative control. n = 9. (C) ASC treatment procures a less inflammatory cytokine profile dependent on assay. IFN-γ and IL-10 was measured in 
supernatants upon completion of assays and put relative to positive controls. For PHA stimulated cells IFN-γ = 351.47 ± 61.07 pg/ml and IL-10 = 244.31 ± 19.67 
pg/ml, in MLR conditions IFN-γ = 239.36 ± 18.93 pg/ml and IL-10 = 257.01 ± 38.57 pg/ml. Asterisk (*) denotes significant differences (Sidak-adjusted p < 0.05) 
from negative control, determined by Friedman test followed by Dunn’s test. n = 9. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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the parameters. Other potential methods include effective concentration 
calculations (e.g. EC50) (Li et al., 2018) or area under curve (Nicotra 
et al., 2020). 

The assays revealed a relationship between inhibition and dose. For 
the MLR assay, the efficient inhibition of proliferation even at lower 
ratios, in conjunction with increased variation and lower overall fre-
quencies, displayed less obvious differences between ASC ratios. The 
increased effect on MLR can possibly be explained by the cells having 
gone through multiple additional divisions, as we demonstrate that the 
effect of ASC is preferentially detectable on the late generations of 
dividing cells, but the less inflammatory environment cannot be ruled 
out as an important contributor. 

The strong reduction of proliferation of primarily late generations of 
dividing cells in PHA has previously been observed, as Krampera et al. 

found a significant accumulation of T cells in early generations and few 
progressing to late ones when co-cultured with MSC, evident at ratios of 
1:10 (Krampera et al., 2003). If these populations express differential 
targets of intervention (e.g., PD1, FAS, etc.) compared to earlier gen-
erations, identifying these targets could aid in identifying novel mech-
anisms of action, as it is possible that these cells are more susceptible to 
ASC. Upon activation, T cells rapidly proliferate to increase cell numbers 
to efficiently counter pathogens, and during this expansion effector 
functions are increased (Gett and Hodgkin, 1998). Considering how 
normal immune function relies not just on the ability to form a response, 
but also to subsequently resolve the potentially damaging situation, it 
makes for an interesting thought that the late generations may express 
higher levels of immune checkpoint markers creating a greater predis-
position to inhibition than earlier generations. Indeed, the ASC utilized 

Fig. 4. Extended analysis of proliferation. Upper: Examples of curve-fitting in PHA and MLR assays. Lower: The effect of escalating doses of ASC on P, PF, EI, RI, DI, 
and RI of CD4+ and CD8+ cells. Asterisk (*) denotes significant differences from positive control. P: Proliferating, PF: Precursor frequency, EI: Expansion index, RI: 
Replication index, DI: Division index, PI: Proliferation index. Asterisk (*) denotes significant differences (Sidak-adjusted p < 0.05) from negative control, determined 
by Friedman test followed by Dunn’s test. n = 9. 
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here do express markers such as Programmed Death Ligand 1 (PD-L1) 
and produce Indoleamine 2,3-dioxygenase (IDO) in response to IFN-γ 
treatment (unpublished results) in line with reports by others (François 
et al., 2012; Davies et al., 2017), and the increased effect on the late 
generations of division suggests a heterogenicity in susceptibility that 
increases with proliferation. Alternatively, ASC may arrest T cells, hin-
dering progression to later generations and resulting in the observed 
inhibition, but the extended analysis of PHA assays suggest otherwise. 
While the PF is affected to some extent, the inhibition of RI far exceeds it; 
even when varying numbers of cells of the original lymphocyte popu-
lation starts dividing, the resulting expansion of cells is affected simi-
larly and potently. This is also reflected in EI and DI. 

Despite the well-documented ability of MSC to inhibit T cell prolif-
eration (Krampera et al., 2003; Di Nicola et al., 2002; Franco da Cunha 
et al., 2020; Martínez-Peinado et al., 2018; Das et al., 2019; Weiss et al., 
2020; van den Akker et al., 2018), no single mechanism of action has 
been identified. Conflicting data has been presented on central media-
tors, including secreted factors such as TGF-b, HGF, IDO and PGE-2 and 
membrane-bound proteins including PD-L1, PD-L2, and FasL (Krampera 
et al., 2003; Davies et al., 2017; Di Nicola et al., 2002; Aggarwal and 
Pittenger, 2005; Tse et al., 2003; Akiyama et al., 2012). 

The cytokine profile of PHA and MLR assays was affected by ASC, 
tipping the balance towards a more regulatory signature, yet the 
mechanisms of how the environment was established differed. In the 
PHA assay, the levels of IFN-γ were reduced by introduction of elevating 
ratios of ASC while IL-10 remained steady. On the contrary, MLR assay 
did not result in increased concentrations of IFN-γ but rather a dose- 
responsiveness of IL-10 on the addition of ASC. In either case, the net 
effect is a less inflammatory profile. Contradicting results of the effect of 
MSC on IFN-γ secretion by T cells have been reported, ranging from 
increased levels (Kronsteiner et al., 2011; Castro-Manrreza et al., 2014) 
to significantly decreased (Aggarwal and Pittenger, 2005). We found 
that for the PHA assay, higher levels of IFN-γ were observed, consistent 
with the extensive proliferation. IL-10 remained steady, suggesting little 
IL-10 production of the proliferating cells. As ASC hampered the ability 

of PBMC to proliferate, the gradual decrease in IFN-γ concentration may 
reflect the decline in cell numbers rather than a change of polarization. 
Interestingly, the reduction in proliferating cells did not affect the con-
centration of IL-10. The decrease in IFN-γ in MLR was minor and did not 
correlate to dose of ASC, while the concentration of IL-10 did increase 
with escalating ratios of ASC, indicating a shift in polarization towards a 
less inflammatory milieu. As mentioned, it is possible that the discrep-
ancy in IFN-γ between assays lies in the number of proliferating cells, 
and that the low reactivity in MLR is not sufficient to affect the entire 
volume of the medium. Likewise, it is possible that the vast number of 
proliferating cells in the PHA assay are targeted by IL-10 and less re-
mains in solution, and the limited detection in supernatants is deceptive 
of actual function. François et al. demonstrated that a profound source of 
IL-10 in MSC-treated MLR is through induced monocyte differentiation 
to M2 macrophages, and that depletion of monocytes in MLR limited the 
suppression of T cell proliferation (François et al., 2012), which may not 
be the case in the PHA assay. Though it seems obvious to attribute the 
increased IFN-γ levels to CD8+ T cells, as IFN-γ represents a prototypical 
effector cytokine of cytotoxic T cells, fully differentiated CD8+ lym-
phocytes are capable of producing large amounts of IL-10 to self-control 
and limit damage (Zhang and Bevan, 2011), which is not reflected in the 
cytokine readouts. Parts of the immunomodulatory function of MSC, 
such as IDO, is substantially increased or even dependent on IFN-γ 
(Krampera et al., 2003). Our results illustrate discrepancies in the con-
centration between assays, making it possible that the mechanisms at 
hand may differ based on set-up and stimuli. 

As part of the study design, changes of medium were included during 
the assays, which for testing of a metabolically active intervention, such 
as a cell product, serves to counter exhaustion of nutrients. If not taken 
into account, these effects could mask true modes of action, hinder 
detection of underlying mechanisms of action, and create erroneous 
assumptions. However, the change of medium has most likely resulted in 
investigated cytokines IL-12p70, IL-4, IL-13, and TGF-b being below 
detection level. From the present study, we consider the change of me-
dium an acceptable trade-off, yet we urge future studies to investigate 

Fig. 5. Inhibitory effect of ASC as percentages. Asterisk (*) denotes significant differences from lowest ratio (1:40 and 1:80 for MLR and PHA assay, respectively). P: 
Proliferating, PF: Precursor frequency, EI: Expansion index, RI: Replication index, DI: Division index, PI: Proliferation index. n = 9. 
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the effect of medium changes in detail. 
Naturally, it is encouraged to develop as simple, robust, and repro-

ducible assays as possible in order to attribute the changes to ASC 
function and not assay variability. However, the differences highlighted 
here would be difficult to investigate using simpler methods such cell 
counting or incorporation of [3H]TdR and BrdU in DNA, as these would 
not discern between cell types and rather provide a single cell expansion 
index most comparable to RI. 

Immune assays of proliferation, such as the MLR and PHA assays, are 
important tools and may serve as a solid foundation for standardized 
biological assays. The value of these biological assays lies in the promise 
of aiding identification of mechanisms of action, comparison between 
ASC donors, testing batches, and ultimately establishing potency assays 
for clinical cell products. For successful implementation, a sturdy and 
reproducible methodology as the one presented here is crucial. Clinical 
translation of cell therapy relies on potency assays, and potency assays 
require robust biological assays. For establishing robust biological as-
says, we have described in detail the methods and conclusions needed to 
progress, with the prospect of contributing to further advancements of 
ASC therapy. 
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