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Perinatal tissues, mainly the placenta and umbilical cord, contain a variety of

different somatic stem and progenitor cell types, including those of the

hematopoietic system, multipotent mesenchymal stromal cells (MSCs),

epithelial cells and amnion epithelial cells. Several of these perinatal

derivatives (PnDs), as well as their secreted products, have been reported to

exert immunomodulatory therapeutic and regenerative functions in a variety of

pre-clinical disease models. Following experience with MSCs and their

extracellular vesicle (EV) products, successful clinical translation of PnDs will

require robust functional assays that are predictive for the relevant therapeutic

potency. Using the examples of T cell and monocyte/macrophage assays, we

here discuss several assay relevant parameters for assessing the

immunomodulatory activities of PnDs. Furthermore, we highlight the need

to correlate the in vitro assay results with preclinical or clinical outcomes in

order to ensure valid predictions about the in vivo potency of therapeutic PnD

cells/products in individual disease settings.
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Introduction

The first report that cells from perinatal tissues may provide a

promising source for novel cellular therapies was published in

2004 (Bailo et al., 2004). In this pioneering study it was shown

that mesenchymal stromal cell (MSC)-like human amnion and

chorion cells obtained from human term placenta had the

capability to suppress lymphocyte responsiveness in vitro.

Furthermore, these cells could engraft into neonatal pigs and

rats without being rejected (Bailo et al., 2004). The broad

availability of placental tissues as biological waste products;

the ease in isolating and expanding perinatal cells from

various regions of the placenta; and the cells’ potent

immunomodulatory properties, have attracted increasing

research interest developing the potential of placental cells

and their secretome for treating a variety of diseases,

especially those characterized by an inflammatory disbalance

(Silini et al., 2020). To harmonize research in the field of perinatal

derivatives (PnDs), the First International Workshop on

Placenta-derived Stem Cells was held in Brescia, Italy in 2007.

In this workshop four major regions of the fetal placenta were

discussed as possible sources for therapeutically relevant stem

and progenitor cells, namely the amniotic epithelial, the amniotic

mesenchymal, the chorionic mesenchymal, and the chorionic

trophoblastic tissues (Parolini et al., 2008). Since then, a variety of

additional cell types, including endothelial cells, have been also

isolated from other perinatal tissues and studied for their

therapeutic functions. To harmonize the nomenclature and

the criteria for the definition of cells isolated from different

perinatal tissues and as an output of the European Union

Cooperation in Science and Technology (COST) Action

International Network for Translating Research on Perinatal

Derivatives into Therapeutic Approaches (SPRINT), we

recently published an update on the nomenclature and criteria

(Silini et al., 2020). Despite most PnDs, including perinatal cells

themselves as well as products obtained from their secretome,

have already demonstrated huge therapeutic potential in various

preclinical studies, no uniformity and/or standardization in

potency testing exists so far. In this manuscript we will

highlight the importance of testing the therapeutic potency of

PnDs using appropriate functional assays and introduce several

of the challenges that need to be considered for translating PnDs

into the clinics.

As there is extensive experience with MSC products most

commonly obtained from adult material, mainly adult bone

marrow and fat tissue (Moll and James. 2019; Ringdén et al.,

2022), we first summarize key aspects and challenges of the

therapeutic MSC field, and highlight the need for robust assays to

test the therapeutic potency of adult MSC and PnD products. In

addition to pro-regenerative functions, PnDs like adult MSCs are

known for their ability to modulate immune responses.

Accordingly, in the second part of this manuscript, using the

example of functional assays exploring T cell and monocyte/

macrophage activities, we provide various considerations for

setting up appropriate functional assays for evaluating the

therapeutic potency of MSC and PnD products.

Lessons from the adult MSC field

Although our main focus is PnDs, the challenges identified in

clinical translation of MSCs has provided many learning points

that are of substantial relevance to the development of envisioned

PnD therapies. Thus, for clarity it is appropriate to briefly

introduce the MSC field and some of its current limitations.

Historically, non-hematopoietic therapeutic stem cell

research began with the discovery of MSCs raised from adult

bone marrow cells in the 1960s (Friedenstein et al., 1968), and the

demonstration of their multi-lineage potential at the turn of the

millennium (Pittenger et al., 1999). Considering their

differentiation potential far beyond the mesenchymal lineage

(Munoz-Elias et al., 2003; Pittenger and Martin 2004), MSCs

quickly emerged as a promising stem cell entity for regenerative

approaches, either in the autologous or allogeneic setting.

Connected to proposed allogeneic MSCs applications, their

interaction with different allogenic immune cells has been

studied in detail.

Contrary to the initial expectations, upon administration in

vivo, allogenic MSCs are not acutely destroyed by the immune

system, but display a strong modulating function on various

immune cells by suppressing their pro-inflammatory activities

and inducing their regulatory, i.e., their tolerogenic, functions

(Bartholomew et al., 2002; Di Nicola et al., 2002; Meisel et al.,

2004). Consequently, MSCs have been increasingly tested for

their immunomodulatory capability in preclinical models, as well

as in a number of different clinical studies (Moll and James. 2019;

Ringdén et al., 2022). One of the first administrations of MSCs in

a patient with inflammatory disbalance was performed by Le

Blanc and others when they succesfully treated a steroid refractory

Graft-versus-Host Disease (GvHD) patient with adult bone marrow

derived MSCs (Le Blanc et al., 2004).

In addition to bone marrow, MSCs have been isolated from

various adult tissues, including fat (Moll and James. 2019). They

have also been isolated from perinatal tissues, namely placenta,

umbilical cord tissue and umbilical cord blood (Silini et al., 2020)

and from the human second trimester amniotic fluid (AF-MSCs)

(Roubelakis et al., 2007; Roubelakis et al., 2011; Legaki et al.,

2016). Irrespective of their origin, MSCs obtained from all tissues

share some common features that have been defined as bona fide

criteria for MSCs by the International Society of Cell and Gene

Therapy in 2006 (Dominici et al., 2006). Specifically, they grow as

plastic-adherent cells and possess the ability to differentiate to

various lineages including osteogenic, adipogenic and

chondrogenic lineages. Furthermore, MSCs express

characteristic cell surface antigens including CD73, CD90 and

CD105 and they lack expression of hematopoietic and
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endothelial cell specific antigens including CD14, CD45 and

CD34, CD11b and CD79a, or CD19 and HLA-DR (Dominici

et al., 2006). Due to their multipotency they were initially defined

as mesenchymal stem cells, however, over the years it became

clear that despite their multipotency they lack stem cell features

and thus, have been renamed in multipotent stromal cells

(Caplan 1991; Viswanathan et al., 2019).

To date, MSCs, mainly raised from adult tissues, have been

registered in more than 1,400 clinical trials, either in regenerative

settings or as immunomodulatory agents (clinicaltrials.gov). As

exemplified by the MSC treatment of GvHD patients, many

studies including a phase III clinical trial reported therapeutic

efficacy of MSC therapies in GvHD patients, while others also

including a phase III clinical trial failed to show efficacy (Baron

and Storb 2012; Galipeau 2013; Kurtzberg et al., 2020a; Kurtzberg

et al., 2020b; Kebriaei et al., 2020). Explaining the current

controversy, over the years it has become clear that, despite

some common features, MSCs represent a heterogenous cell

entity with tissue-specific and intra-individual differences

(Phinney et al., 1999; Vogel et al., 2003; Phinney 2012; Radtke

et al., 2016).

Although known for several years now, discussions about the

impact of this heterogeneity on the clinical outcome of MSC

therapies have just begun (Dunn et al., 2021; Galipeau et al., 2021;

Krampera and Le Blanc 2021). Among others, the relevance of

differences in the expression level of the clotting cascade

inducing tissue factor (TF) among MSCs of different origins

emerged as a critical discussion point. To this end, placental and

fat MSCs express higher levels of TF than BM-MSCs and thus

may provide higher thromboembolic complications risks

following MSC administration than that of BM-MSCs (Moll

et al., 2022). As a consequence of such potential functional

differences, regulatory authorities are increasingly requesting

clarity on the role of cell heterogeneity and functionality. It is

expected that, in the future, such clarity will be sought for other

non-hematopoietic stem/progenitor cell products. In this context

it is worth highlighting that this issue was critical in the US Food

and Drug Administration (FDA) evaluation of the commercial

MSC product remestemcel-L, which had shown efficacy in

suppressing paediatric acute GvHD when evaluated in a single

armed phase III clinical trial (Kurtzberg et al., 2020a; Kurtzberg

et al., 2020b). The US FDA opined that as the critical quality

attributes (CQAs) did not correlate with clinical effectiveness

and/or in vivo potency/activity, the clinical effectiveness of

individual lots of remestemcel-L being produced from graft

material of varying donors was not adequately controlled.

Without a proper CQA strategy, substantial functional

heterogeneity that often is observed between independent

MSC batches, especially when derived from different donors,

may not be detectable. Consequently, in October 2020 the US

FDA declined the approval of remestemcel-L for the treatment of

paediatric acute GvHD in the United States (https://www.fda.

gov/media/140988/download). Thus, it is evident that potency

assays based on CQAs that are linked to a clearly defined

mechanism of action (MoA), and/or CQAs that have a

demonstrated relationship with clinical efficacy are critical to

the successful translation of cellular products into the clinics.

Similar toMSCs, perinatal MSC products and other PnDs are

complex biological products with multimodal in vivo activity that

are likely to vary in donor dependent manners. Furthermore,

such activities are highly affected by cell seeding and expansion

conditions, as well as the duration of culture, both in number of

passages or the duration between passaging. Thus, it is timely to

consider and re-evaluate the reliability of existing functional

assays that are frequently used for the characterization of

PnDs, especially in view of their ability to link in vitro

regenerative/immunomodulatory properties with clinical

potency.

As such, for cell-based assays it will be important to

determine specific PnD attributes that are being measured. If

these attributes are involved in a clearly defined therapeutic MoA

by the PnD against a specific disease, these attributes could be

qualified as CQAs and the assays for these CQAs could be

eventually used as potency assays to predict and ensure

potency of individual lots of given PnD preparations. Before

discussing functional assays for predicting potency in greater

detail, basic concepts of the MoA of MSCs and PnDs will be

discussed next.

MSCs mediate many therapeutic effects
via their secretome

Administered MSCs were initially considered to home into

affected tissues and to replace lost cell types in regenerative

approaches or to modulate immune responses by direct cell-to-

cell contacts in inflamed tissues. Upon studying their

biodistribution, however, it was recognized that most of

systemically administered MSCs embolise the lungs and are

rarely recovered in affected tissues (Gao et al., 2001; Schrepfer

et al., 2007; Lee et al., 2009). Therefore, it was postulated that

MSCs may act in a paracrine, rather than in a cellular manner

(Caplan 2017). Indeed, in myocardial infarction models,

administration of their conditioned media or encapsulated

MSCs induced comparable therapeutic effects to those

achieved with systemically applied MSCs (Gnecchi et al., 2005;

Gnecchi et al., 2006; Timmers et al., 2007). Thus, it became clear

that MSCs mediate tissue repair in many applications through

their secretome, particularly EVs (Bruno et al., 2009; Lai et al.,

2010). Indeed, EVs have already shown clinical improvement in

an acute GvHD patient, in chronic kidney disease patients, in a

cochlear implant patient and in many animal models (Kordelas

et al., 2014; Nassar et al., 2016; Warnecke et al., 2021). Despite

these applications revealed positive effects of the applied MSC-

EV products, variable activities and inter-donor heterogeneity

among independent MSC-EV products should still be expected.
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Indeed, as shown at the example of murine models for GvHD,

ischemic stroke and Niemann’s Pick Type C, independent MSC-

EV preparations can differ in their ability in suppressing

respective disease symptoms (Madel et al., 2020; Wang et al.,

2020; Van Hoecke et al., 2021). Similarly, with the aim to

translate PnDs, including EVs derived thereof, into a clinical

setting, it is strongly recommended to establish a suitable potency

testing and reliable functional analysis toolbox for PnDs from the

outset.

Assays for the assessment of
immunomodulatory PnD activities

It is generally assumed that, as for adult MSCs, one of the

major PnD associated activities is their capability to modulate

immune responses (Börger et al., 2017; Silini et al., 2020).

Consequently, their immunomodulatory activities are

frequently investigated in various in vitro assays, primarily on

T cells or on macrophages. To this end, a huge variety of

protocols for simple in vitro assays and subsequent read-out

strategies have been developed. However, not all of these assays

monitor the same immunomodulatory activity. Furthermore, not

all monitored activities are involved in the mechanism by which

cells exert their therapeutic effects for an indicated disease. In

fact, in the past, most in vitro potency assays have failed to

reliably and reproducibly predict the clinical effectiveness of

administered MSCs (Galipeau et al., 2016). Thus, it is

important that potency assays intended to predict the

therapeutic function of a PnD measure the activities that are

of direct relevance to the PnD’s MoA for a specific disease.

Without favoring any specific procedure, we feel it is important

to discuss assay relevant parameters and potential caveats of

respective assays and potential read-out strategies. Of note, this

review is part of a quadrinomial series on functional assays for

validation of PnDs, spanning biological functions, such as

immunomodulation, anti-inflammation, anti-microbial/anti-

cancer, wound healing, angiogenesis and regeneration.

T cell assays

T lymphocytes are the main component of the adaptive

immune response and have an extremely high capacity to

discriminate between self and non-self. In fact, they express a

series of highly polymorphic receptors that allow them to actively

respond to antigens presented either by antigen presenting cells

or by infected cells. This type of response triggers both

CD4 T helper and cytotoxic CD8 T lymphocytes (Mueller

et al., 2013; Kumar et al., 2018). Furthermore, both CD4 and

CD8 T lymphocytes are capable of developing immunological

memory, a feature typical of adaptive immunity (Mueller et al.,

2013; Kumar et al., 2018). Coupled to their ability to discriminate

between self and non-self, T lymphocytes are the main actors in

allograft rejection; they also play a relevant role in autoimmunity

(Marino, Paster et al., 2016; Khan and Ghazanfar 2018).

However, not all T lymphocytes mediate defense functions, a

proportion of them, especially the regulatory T cells mediate

tolerogenic functions that are required during the whole course

of pregnancy and other developmental and regenerative

processes (Weirather et al., 2014; Boothby et al., 2020; Fung

et al., 2020; Green et al., 2021). As important as these regulatory

T cell functions are, regulatory T cells also promote tumor

growth and have been identified as promising targets in anti-

tumor therapies (Paluskievicz et al., 2019; Bai et al., 2020; Seed

et al., 2021).

Many degenerative and acute diseases including GvHD,

ischemic stroke, sepsis and COVID-19 are accompanied by

uncontrolled pro-inflammatory reactions, regularly also

involving T cell effector responses (Hill 2009; Nakamura

et al., 2020). Upon administration of potent PnD or adult

MSC products that promote regeneration or improvement of

acute disease symptoms, respectively, pathology associated T cell

effector responses get suppressed in vivo and frequently are

converted into regulatory T cell responses (Balza et al., 2016;

De Biasi et al., 2021; Strobl et al., 2021). Furthermore, perinatal

and adult MSC products can convey immunomodulatory

activities in different autoimmune disease models, highlight

their ability to reduce Th1/Th17 imbalances and to trigger

T cell polarization towards regulatory T cell functions (Sun

et al., 2009; Obermajer et al., 2014; Parolini et al., 2014; Tsai

et al., 2014; Wang D et al., 2014; Wang H et al., 2014; Wang et al.,

2017; Ma et al., 2019).

Coupled to such observations, it is broadly assumed that one

of the central MoA attributes of PnD and adult MSC products is

their ability to suppress T effector and to induce regulatory T cell

functions. Consequently, many groups have started to study

impacts of PnD and adult MSC products on T cells in a

variety of different T cell assays.

Fundamentally, T cell assays can be categorized by whether

they use primary or cell line derived T cells, such as Jurkat cells.

Even though the usage of cell lines allows a higher degree of

standardization, they regularly contain an array of different

genetic mutations some of which can affect the reactivity of

respective cells on environmental factors and thus change some

of their key functions (Khan and Ghazanfar, 2018). For example,

although Jurkat cells are widely used to study T cell receptor

(TCR) signaling (Abraham and Weiss, 2004), they in contrast to

primary T cells poorly respond to immunomodulatory signals

including those of MSC products (Zhang et al., 2017).

Assays using primary T cells can be subdivided in two

additional main categories, those which are based on purified

T cells (either CD3, CD4, or CD8 T cells) or those which use

mixtures of cells, typically peripheral blood mononuclear cells

(PBMCs). In virtually all T cell assay variants, T cells are

experimentally activated. As a range of different T cell
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activating stimuli are used, the variety of available T cell assays

is further multiplied. Consequently, comparison of the effects

of PnD and adult MSC products on T cell proliferation

becomes difficult when different stimuli are used.

Frequently T cells are activated by the addition of mitogens,

such as the lectin phytohemagglutinin (PHA) (Ceuppens et al.,

1988), Ionomycin (Chatila et al., 1989; Hou et al., 2018) usually

in combination with tumor promoting agents, such as phorbol

12-myristate 13-acetate (PMA) (Lehnert et al., 2014; Hou et al.,

2018) or concanavalin A (ConA) (Palacios, 1982; Arneth,

2010); or by pro-inflammatory bacterial products such as

lipopolysaccharides (LPS) (Zanin-Zhorov et al., 2007).

Another strategy is based on T cell activating antibodies

that are typically directed against the T cell surface

molecules CD3 and/or CD28 (Trickett and Kwan, 2003; Jiao

et al., 2019) (Figure 1A). Furthermore, T cells can be activated

by allogenic cells, typically in mixed lymphocyte reaction

(MLR) assays (Tomonari, 1980; Yang et al., 2009). Here,

T cells of at least one given donor are co-cultured with

immune cells of other allogenic donors, or with specific

allogenic T cell response-inducing cell line cells. In classical

MLR assays, T cell stimulating cells are regularly irradiated to

inhibit their own proliferation (Sasazuki et al., 1976)

(Figure 1A). However, assays have also been developed in

which mononuclear cells, including T cells of multiple

donors, have been combined for effective allogenic T cell

activation (Pachler et al., 2017; Madel et al., 2020)

(Table 1). Additional critical parameters in such assays are

the numbers of seeded cells, the cells’ seeding densities, the

choice of the cell culture containers, the assay duration, and the

cell culture media including their supplements, e.g., serum

and/or recombinant cytokines.

For the selection of an appropriate T cell assay, it must be

considered whether PnD or adult MSC products may act directly

or indirectly on T cells. For example, it has been reported that

MSC-EVs do not directly act on T cells; rather, they modulate the

biology of co-cultured monocytes/macrophages by altering their

secretome (Zhang et al., 2014; Zhang B. et al., 2018).

Furthermore, dosing should be carefully considered. Ideally

physiologically relevant concentrations of PND and adult

MSC products should be applied in the functional assays.

However, because MSC products may act in a complex

cascade with different cellular targets (Gimona et al., 2021), it

might be that in vivo their therapeutic activities are much more

exponentiated than in given in vitro assays. Thus, in vitro

experiments may require higher product doses than related in

vivo applications.

The mode of activation of T cells is critical for their response

to PnD or adult MSC product modulation (Kronsteiner et al.,

2011). Mitogens act on several signaling pathways, some of which

bypass the direct triggering of TCR and co-stimulatory

molecules. This is the case, for example, with ionomycin,

which induces intracellular calcium release and subsequent

phospholipase C activation, hydrolysis of phosphoinositides

and activation of Protein Kinase C (PKC) (Hossain et al.,

2007). As mentioned before, ionomycin is usually used in

combination with PMA, which is a specific activator of PKC,

thus exerting a synergistic action (Lehnert et al., 2014; Hou et al.,

2018). In contrast, ConA is an activator of the transcription

factors Nuclear Factor of Activated T cells (NFAT), a family of

transcription factors that are important in the development and

function of the immune system, including TCR engagement

(Bemer and Truffa-Bachi, 1996). PHA, can lead to rapid

T cell activation by specifically binding to the Alpha-1,6-

TABLE 1 Type of stimuli used in T-cell assays.

Population Stimulation Observed effect Reference

human T lymphocytes phytohemagglutinin (PHA) PHA as a mitogen induces T lymphocyte proliferation Ceuppens et al. (1988)

purified resting human T
lymphocytes

ionomycin ionomycin induces the proliferation of T lymphocytes Chatila et al. (1989)

peripheral blood mononuclear
cells (PBMC)

ionomycin + phorbol 12-myristate
13-acetate (PMA)

stimulation of T lymphocyte proliferation Hou et al., (2018), Lehnert
et al. (2014)

Total PBMC/purified T
lymphocytes

concanavalin A (ConA) stimulation of T lymphocyte proliferation Arneth, (2010), Palacios
(1982)

purified T lymphocytes (human
and mouse)

lipopolysaccharides (LPS) stimulation of T lymphocyte proliferation by triggering Toll-like
receptor 4 (TLR4)

Zanin-Zhorov et al. (2007)

PBMC/purified T lymphocytes anti-CD3/anti-CD28 antibodies T lymphocyte proliferation due to activating antibodies that are
typically directed against the T cell surface molecules CD3 and/or
CD28

Jiao et al. (2019), Trickett
and Kwan (2003)

PBMC (responder) vs. g-
irradiated PBMC (stimulator)

mixed lymphocyte reaction (MLR)
assay

proliferation of T lymphocytes due to HLA mismatching that
triggers the activation of the responder PBMC, while the
stimulator gamma-irradiated PBMC do not proliferate

Tomonari (1980), Yang et
al. (2009)

PBMC multidonor mixed lymphocyte
reaction (mdMLR) assay

proliferation and activation of T lymphocytes due to HLA
mismatching that triggers mutual activation of PBMC of the
different donors

Madel et al. (2020), Pachler
et al. (2017)
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Mannosylglycoprotein 6-Beta-N-Acetylglucosaminyltransferase

(Mgat5) receptor expressed on the surface of T lymphocytes,

thus triggering different signalling pathways that, in turn, induce

the recruitment of TCRs and the activation of T lymphocytes

(Demetriou et al., 2001) (Table 2 and Figure 1A). It has been

estimated that the recruitment and clustering of approximately

8,000 TCRs is required to lead to the activation of T lymphocytes.

However, it should also be emphasized that this stimulation

mode is very different from the physiological activation obtained

following stimulation with anti-CD3 and anti-CD28 antibodies

or by allogenic stimulation. This number is significantly reduced

when stimulation is performed with antibodies against CD3 and

CD28 (Viola and Lanzavecchia, 1996). Thus, mitogen activation

does not reflect the physiological situation and alters normal

T cell functions including their differentiation and maturation

capabilities from naïve to effector cells (Duarte et al., 2002; Maus

et al., 2002). Consequently, activities recorded by such assays may

not reflect the in vivo potency of PND and adult MSC products.

A common hallmark of the various type of T cell assays is that

the T cells become activated and proliferate within these assays

(Iritani et al., 2002; Obst, 2015). Coupled to the activation, T cell

gene expression profile and cytokine secretion changes.

Activation can also trigger the differentiation of naïve T

lymphocytes as well as the polarization of naïve T cells

towards different T effector cell subsets (Luckheeram et al.,

2012). Different read outs are used to analyse T cell activation

and proliferation. The proliferation rate of activated T cells is

typically analysed after staining with fluorescent dyes, e.g.,

carboxyfluorescein diacetate succinimidyl ester (CFSE) or

PKH dyes, whose intensities following labelling get mainly

reduced by cell divisions (Tario et al., 2011). The fluorescence

intensity of labelled cells is regularly monitored by flow

cytometry (Figure 1B). Depending on the purpose of the

experiment, more complex cell surface analyses can be

performed. For example, by using a selection of different

antibodies, the resolution of such assays can be increased in

order to study cell proliferation of specific T cell subsets. Flow

cytometry can be also informative without exploring the

proliferation history of respective T cells. For example,

activation of T cells results in their cell growth being

TABLE 2 Mechanism of action of the different stimuli and possible readouts.

Population Experimental procedure Observed effect Reference

naive Murine T-Cells stimulation with ionomycin Ionomycin induces intracellular calcium release and subsequent
phospholipase C activation, hydrolysis of phosphoinositides and
activation of Protein Kinase C (PKC)

Hossain et al. (2007)

PBMC stimulation with PMA PMA is a specific activator of PKC thus exerting a synergistic action Hou et al. (2018), Lehnert et al.
(2014)

purified mouse T
lymphocytes

stimulation with ConA ConA is an activator of Nuclear Factor of Activated T cells (NFAT),
a family of transcription factors that are important in the
development and function of the immune system, including TCR
engagement

Bemer and Truffa-Bachi (1996)

mouse naive purified T
lymphocytes

stimulation with PHA PHA can lead to rapid T lymphocyte activation by specifically
binding to the alpha-1,6-mannosylglycoprotein 6-beta-N-
acetylglucosaminyltransferase (Mgat5) receptor expressed on the
surface of T lymphocytes, thus triggering different signalling
pathways that, in turn, induce the recruitment of TCRs and the
activation of T lymphocytes

Demetriou et al. (2001)

purified T lymphocytes staining with carboxyfluorescein diacetate
succinimidyl ester (CFSE) or PKH

the proliferation rate of activated T lymphocytes is typically
analysed after staining with fluorescent dyes, e.g. CFSE or PKH dyes,
whose intensities decrease after cell division

Tario et al. (2011)

total PBMC/ purified T
lymphocytes

evaluation of different activation markers
by flow cytometry

cell surface molecules are established as being upregulated on
activated T lymphocytes: these include the early activation marker
CD69 and late activation markers, such as the IL-2 receptor (CD25)
and the intercellular adhesion molecule 1 (ICAM-1; CD54)

Lindsey et al. (2007), Sancho et
al. (1999)

PBMC cytokine evaluation production and release of cytokines as well as polarisation towards
specific subsets indicate a functional change in T lymphocytes as a
result of the stimulation received. By using bivalent antibodies, such
changes can be monitored using flow cytometry. More frequently,
however, the cytokine content in conditioned media is analysed by a
conventional cytokine analysis method. Elispot assays, where cells
are cultured on a membrane, allow quantification of cells secreting
specific cytokines

Bueno et al. (2001)

PBMC/ purified T
lymphocytes

analysis of Th subset polarization PnDs are able to influence the differentiation of purified naïve T
lymphocytes stimulated with monoclonal anti-CD3 and/or anti-
CD28 antibodies, converting T lymphocyte development under Th1
or Th17 differentiation conditions towards development of CD4+
Th2 T lymphocytes

Liu et al. (2014), Pianta et al.
(2015), Krampera et al. (2003)
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accompanied by changes in their light scattering features.

Furthermore, a couple of different cell surface molecules are

established as being upregulated on activated T cells. These

include the early activation marker CD69 (Lindsey et al.,

2007) and later activation markers, such as the IL-2 receptor

(CD25) and the intercellular adhesion molecule 1 (ICAM-1;

CD54) (Sancho et al., 1999) (Table 2 and Figure 1C).

Although T cell proliferation assays or analyses of the T cell

activation status are frequently used for studying the impacts of

PnD and adult MSC products, the expectation that all

therapeutically relevant products result in a suppression of

T cell proliferation or in efficient inactivation of T cells might

not necessarily be true and, indeed, has been challenged by

several groups. For example, it has been shown that following

primary activation of CD69 via the canonical NFκB signalling

pathway, MSCs can promote its expression in a non-canonical

manner. In the absence of MSCs, at a later stage, canonical NFκB
signalling apparently contributes to the reduction of

CD69 expression. Thus, canonical NFκB signalling plays a

dual role, i.e. at the early stage it activates and at a later stage

it terminates the expression of CD69. Apparently, the later

function can be suppressed by MSCs (Saldanha-Araujo et al.,

2012) (Table 2).

Following activation, T cells also change their cytokine

secretion. Indeed, the production and release of cytokines as

well as polarisation towards specific subsets are indicative for a

functional change in T lymphocytes as a result of the stimulation

received. By using bivalent antibodies, such changes can be

monitored flow cytometrically (Bueno et al., 2001). More

frequently, however, the cytokine content in conditioned

media is analyzed by a conventional cytokine analysis method.

Elispot assays, in which cells are cultured on a membrane, allow

quantification of cells secreting specific cytokines. Notably, if

T cells are cultured in the presence of other immune cells,

changes in the concentration of the cytokines in cell

supernatants may also be caused by non-T cells (Table 2).

The variability in performing T cell activation assays is

amplified by the PnD and adult MSC products to be tested. If

the function of cellular products should be evaluated, cell culture

conditions need to be used which are permissive for the cells to be

explored and the T cell containing cell fraction. In contrast, EV

and other secretome products can be added to T cells cultured

under optimal growth conditions.

The activation of T lymphocytes following the use of different

stimuli is a fundamental prerequisite to not only trigger

proliferation, but also for the differentiation of naïve T

lymphocytes and their polarization towards effector subsets.

In fact, PnD and adult MSC products have been reported to

affect the differentiation of naïve T lymphocytes towards effector

and memory subsets (Liu et al., 2014; Pianta et al., 2015). PnDs

were also shown to influence the differentiation of purified naïve

T lymphocytes, especially, they could convert T cell development

under Th1 or Th17 differentiation conditions towards

development of CD4+ Th2 T lymphocytes (Krampera et al.,

2003; Liu et al., 2014) (Figure 1D). Such impacts on T cell

polarization and differentiation can be stimulus dependent, for

example MSC secretome products could polarize T cells towards

Tregs when stimulated by allogenic antigen presenting cells

(APCs), but not if T cells were activated anti-CD3 and anti-

CD28 antibodies (Zhang S. et al., 2018) (Table 2 and Figure 1D).

We are aware there are many other parameters that

essentially influence the outcome in T cell assays and that

would be worthy of discussion, e.g., the co-incubation time of

PnD and adult MSC products and T cells. While further refining

such assays, there might even be other parameters we are not yet

aware of that could essentially affect given readouts.

Monocyte and macrophage assays

Macrophages and their progenitors, the monocytes, are cells

of innate immunity and are involved in the maintenance of tissue

homeostasis (Wynn and Vannella, 2016). During tissue injury or

infection, macrophages are triggered to phagocytose microbes

(Wynn and Vannella, 2016), secrete pro-inflammatory factors

that initiate inflammation, and recruit other immune cells to the

site of injury/infection. As the insult is cleared, macrophages

participate in tissue regeneration by secreting anti-inflammatory/

tolerogenic factors that facilitate regenerative processes such as

angiogenesis and proliferation, critical for tissue repair and

regeneration (Wynn and Vannella, 2016). This functional

plasticity of the macrophages has been conceptualized as

macrophage polarization, with pro-inflammatory macrophages

termed classically activated or M1 macrophages, and anti-

inflammatory macrophages termed alternatively activated or

M2 macrophages (Mills et al., 2000). Moreover, whilst beyond

the scope of this review, M2 macrophages show a high

complexity and can be divided into four major types based on

their roles: M2a, M2b, M2c and M2d (Murray et al., 2014; Xue

et al., 2014) (Figure 2B).

Since macrophages play decisive roles in controlling defence

or regenerative immune responses and also are involved in the

physiopathology of many diseases, they are the cell type of choice

for many research groups in evaluating the immunomodulatory

capability of therapeutic cells and their products. In this sense,

and similar to the T cells, biological assays employing monocytic

cell lines or primary cells should be developed to assess and better

characterize the effect of PnD or adult MSC products on these

immune cells. In this sense, to set up a biological assay, the choice

of a cell line or primary cells is crucial, as it is a compromise

between translationality and reproducibility. While primary cells

may better reflect the MoA of a product in vivo, high variability

between donors may hinder the development of a standardized

assay, while the opposite is true for cell lines.

In terms of cell lines, human THP-1 monocytic and murine

RAW 264.7 macrophage cells, and as primary cells, human
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peripheral blood monocytes or murine bone marrow-derived

monocytes are most frequently used. Primary monocytes can be

efficiently differentiated into macrophages (or dendritic cells)

using selective cytokine cocktails, typically either containing

GM-CSF (+IL-4) or M-CSF. Of note, and highly

compromising standardization, most laboratories have their

own strategies to prepare, culture and stimulate their

monocytic cells or macrophages.

Monocytes and macrophages are most frequently stimulated

with interferon (IFN)-γ and LPS to polarize them towards pro-

inflammatory M1 macrophages or with IL-4 and IL-13 for

obtaining anti-inflammatory M2 macrophages (Figure 2B). In

addition, a huge variety of other stimulatory molecules are used

for functional activation—including TLR agonists, nucleotide

derivatives, glucocorticoids, and antibody-Fc receptor

stimulation (Murray et al., 2014). It is however important to

note that different polarization programs may be initiated,

depending on the stimulus, and macrophages may not

polarize solely into M1 or M2 phenotypes (Xue et al., 2014).

In order to characterize the macrophage subpopulations, flow

cytometric analysis is commonly performed to assess CD80 and

CD86 positivity for pro-inflammatory M1 polarisation, and for

CD163 or CD206 positivity for anti-inflammatory

M2 polarisation. Often, released cytokines are also analysed,

with IL-1β and TNF-α considered to be markers of pro-

inflammatory M1 macrophage function, and with Arginase

(Arg)-1, IL-10, and Retnlα as markers for anti-inflammatory

M2 macrophage function (Figures 2C,D).

However, it is noteworthy to mention that many of the

murine markers have not been translated to human

macrophages and that there are markers that are only present

in murine cells while others are only present in human cells

(Murray et al., 2014). In this sense, murine macrophages are

strong producers of NO in response to LPS stimulation, while

human macrophages barely produce NO (Padgett and Pruett,

1992). Moreover, both mouse and human macrophages are able

FIGURE 1
Analysis of T-lymphocyte function. (A) T lymphocytes can be activated using various stimuli including monoclonal antibodies (stimulation with
anti-CD3 anti-CD28), and mitogens, such as PMA frequently used in combination with ionomycin. Other modes of stimulation include the use of
lipopolysaccharides that triggers TLR4 activation (thusmimicking the bacterial stimulus), and causing the release of PHA that induces the recruitment
of TCRs consequently activating T lymphocytes. Finally, T lymphocytes can also be stimulated by ConA, which causes the release of intracellular
Ca2+ that triggers the calcium cascade, and by mixed lymphocyte reactions which are based on the allogeneic response determined by HLA
mismatching between two different donors. (B) Depending on the considered mechanism of action, different readout methods are used. Flow
cytometry can perform in-depth immune-phenotype analyses. (C) Various markers can be used to analyze T cell activity in given assays, some being
selectively expressed at specific timepoints following T cell activation. (D) The functional polarization of T lymphocytes can be triggered with
different combinations of cytokines towards different CD4 Th subsets or towards different CD8 memory T cell subsets. Cytokine analyses provide
important information about resulting T cell functions. (Created with BioRender.com).
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to express Arg-1, but only the latter secrete it (de Boniface et al.,

2012). To add to the complexity, even though Arg-1 is usually

considered to be an M2 marker, M1 macrophages can also

express this enzyme and the same is true for IL-6 in mouse

cells (Murray et al., 2014). As a consequence, more than one

marker should be assessed to define the macrophage

subpopulation. When studying human monocytes and

macrophages, typically CD206 is used as a cell surface marker

protein reflecting M2 type monocytes and macrophages. In

mouse, Erg2 has recently been suggested as a reliable marker

for flow cytometric analysis (Jablonski et al., 2015). Likewise, one

should realize that the most extreme M1 and M2 macrophage

polarisation stages that can be obtained in in vitro experiments

only rarely occur in vivo, where polarisation—and subsequent

immune function—is highly dependent on tissue/disease-derived

environmental cues and on the interaction with other immune

cells (Quarta et al., 2020; 2021a) (Figure 2; Table 3).

Previous studies have noted the immunomodulatory capabilities

of MSCs and their secreted EV products on enhancing M2 over

M1 macrophage polarization facilitate tissue repair (Zhang B. et al.,

2018; Willis et al., 2018; Luo et al., 2021; Chuah et al., 2022). In this

sense, MSC-EVs have been reported to modulate the macrophage

FIGURE 2
Impact of PnD on monocyte differentiation towards antigen presenting cells. (A) Perinatal Derivatives (PnD) and their secreted factors impact
monocyte differentiation towards antigen presenting cells fostering the acquisition of phenotype and functional features typical of M2macrophages.
(B) Depending on the factors present in the microenvironment monocytes can be discriminated into different subsets of M2 macrophages (M2a,
M2b, M2c andM2d) each of them being characterized by peculiar functions. (C) Summary table for themarkers specific formacrophage andDC
subsets. (D) Summary table for the cytokines released by the different macrophage/DC subsets. (Created with BioRender.com).
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phenotypes in several injuries and diseases such as severe asthma

(Dong et al., 2021), bronchopulmonary dysplasia (Willis et al., 2018),

skeletal muscle contusion (Luo et al., 2021) and cartilage/bone defects

(Zhang B. et al., 2018). This implicates the role of macrophages as the

therapeutic target ofMSCs and their EVs in tissue repair. Consistently,

depletion ofmacrophages abolished the therapeutic effects ofMSCs in

tissue repair (Luo et al., 2021). Thus, thesefindings support and should

encourage the use ofmacrophages for the development of in vitro cell-

based assays to assess the immunomodulatory capabilities also of PnD

products, especially in pathologies where this immune cell type plays

major roles. Nevertheless, referring to the tissue-dependent context

where macrophages reside, most of the currently appliedmacrophage

polarisation studies (and influence of potential modulators thereon)

lack a tissue-specific context. For example, it has recently been

demonstrated using murine iPSC-derived macrophages—and

further confirmed in vivo—that both M1 and M2 polarisation is

highly influenced by neural environments (Quarta et al., 2019; Quarta

et al., 2021b).

Regarding the modulation of monocyte/macrophage

polarisation by PnD and adult MSC products, like that of T cell

polarisation, the observed effect is dependent on the stimuli applied

to the cells. For instance, it was previously reported that MSC-EVs

activate TLR4 in a MYD88-dependent pathway in THP-1 cells

through Fibronectin Containing Extra Domain A (FN-EDA) being

present in the secretome (Zhang et al., 2014). Unlike LPS which

activates TLR4 in the same pathway, MSC-EVs did not induce the

expression of pro-inflammatory cytokines, but instead induce the

expression of anti-inflammatory cytokines, such as IL-10. This

phenomenon was reproducible in primary human and mouse

monocytes. Therefore, the design and implementation of an

in vitro macrophage polarization assay with the relevant

functional endpoints should allow the exploration of PnD and

adult MSC products onmacrophage polarization. Considering their

impact on macrophages, as one of the key immunomodulatory

functions of PnD and adult MSC products, such assays should also

enable the search for critical PnD and adult MSC attributes that

manifest their therapeutic potency (Figure 2A).

Of note, an in vitro assay has recently been established using

RAW 264.7 cells for the assessment of anti-inflammatory activities of

given MSC-EV products. The assay documents the ability of MSC-

EV preparations to inhibit IL-6 secretion in LPS-stimulated

macrophages. Interestingly, this RAW 264.7 cell-based assay

showed that different MSC-EV batches vary in their macrophage

polarisation abilities, and that its activity predictions correlate with

their documented in vivo functions obtained in a mouse model of

LPS-induced systemic inflammation (Pacienza et al., 2019).

Furthermore, as with the activation, suppression or polarisation of

T cells, developing novel assays in which the downstream effect of

polarised macrophages (e.g., by addition of PnD or adult MSC

products) is investigated on T cell function is highly advisable.

Such studies could help to elucidate cross talks between the innate

and adaptive immune systems whose dysregulation can result in the

adoption of inflammatory and autoimmune diseases (Figure 2A;

Table 3).

TABLE 3 Macrophage polarization analysis.

Experimental model Observed Effects References

PBMC or purified monocytes CD80 and CD86 positivity for pro-inflammatory M1 polarisation; CD163 or
CD206 positivity for anti-inflammatory M2 polarisation

Murray et al. (2014), Xue et al.
(2014)

PBMC or purified monocytes cytokine analysis where IL-1β and TNF-α are considered to be markers of pro-
inflammatory M1 macrophage function, IL-10 is considered a marker of M2
macrophage induction

Murray et al. (2014), Xue et al.
(2014)

PBMC or purified monocytes gene expression analysis for genes canonically expressed by M1 or M2
macrophages like iNOS, Arginase 1, Retn1a

Murray et al. (2014), Xue et al.
(2014)

PBMC or purified monocytes mMurine macrophages are strong producers of NO in response to LPS
stimulation, while human macrophages barely produce NO. Both mouse and
human macrophages are able to express Arg-1

Padgett and Pruett (1992), de
Boniface et al. (2012)

Bone marrow derived macrophages Erg2 is a new marker for flow cytometry analysis Jablonski et al. (2015)

RAW 264.7 cells MSC-EVs have been reported to modulate macrophage phenotypes in several
injuries and diseases such as severe asthma

Dong et al. (2021)

Macrophage polarization in a mouse model of
bronchopulmonary dysplasia

MSC-EVs have been reported to modulate macrophage phenotypes in several
injuries and diseases such as bronchopulmonary dysplasia

Willis et al. (2018)

RAW 264.7 cells MSC-EVs have been reported to modulate macrophage phenotypes in several
injuries and diseases such as skeletal muscle contusion

Luo et al. (2021)

Macrophage polarization in a rat osteochondral
defect model

MSC-EVs have been reported to modulate macrophage phenotypes in several
injuries and diseases such as cartilage/bone defect

Zhang Chuah et al. (2018)

THP1 cells MSC-EVs activate TLR4 in a MYD88-dependent pathway through Fibronectin
Containing Extra Domain A (FN-EDA)

Zhang et al. (2014b)

RAW 264.7 cells MSC-EVs inhibit IL-6 secretion in LPS-stimulated macrophages (RAW 264.7
cells)

Pacienza et al. (2019)
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How to identify the right assay

Due to the high number of variables and the fact that each

disease may require specific therapeutic activities, it is hard to

provide any concrete recommendations for a certain assay type.

Considering product heterogeneity, it may be best for the

establishment and validation of appropriate assays, if products

manufactured in the same standardizedmanner are available that

differ in their clinical or preclinical potency to improve

symptoms in a given disease model. Assay candidates should

provide the same prediction for an assumed MoA as observed in

vivo. To this end, as elaborated in a recent position paper on

potency testing of MSC-EV products (Gimona et al., 2021), it

might be that the MoA requires the combined action of different

biological activities, the so called MoA attributes. If different

MoA attributes are required for defining the therapeutic potency

of PnD and adult MSC products, an array matrix consisting of

several potency assays may become required for appropriate

potency testing of respective drugs (https://www.fda.gov/media/

79856/down) (Chinnadurai et al., 2018; Gimona et al., 2021).

When using primary cells as test cell type, donor-to-donor

variations in the reactivity of the assay cells, e.g., the T cells and

macrophages, need to be considered. Cell lines might be altered

so substantially that they do no longer allow monitoring of the

given cell activity. Moreover, knowing the pathophysiology of a

given disease and the role that each immune cell plays is critical

to choose the right cell type to assess the activity of a given PnD

and adult MSC product. Having identified an in vitro assay

reflecting the in vivo potency of the PnD or adult MSC products,

it needs to be considered whether or not the assay can be qualified

as a potency assay. Of note, functional assays providing

information about the potency of given PnD or adult MSC

products are not automatically potency assays. The term

Potency Assay is a regulatory authority term and deciphers an

assay which had been standardized and qualified to be very

reproducible. As elaborated in a recent white paper (Gimona

et al., 2021), a potency assay needs to be designed and to predict the

therapeutic effectiveness of the drug substance in accordance with the

International Council for Harmonisation of Technical Requirements

for Pharmaceuticals for Human Use (ICH) guidelines. Due to the

variation of the biology of primary cells, setting up potency assays

based on primary cells is very challenging (Gimona et al., 2021). Here,

cell lines might be the better choice, providing that they are able to

recapitulate the MoA of the PnD or adult MSC products that are

required to alleviate the disease. Although still in its infancy,

replacement of monocytic cell lines with standardized batches of

human iPSC-derived monocytes/macrophages may well become part

in future potency assay development. Setting up the appropriate

potency assays remains a major challenge in the field of

therapeutic development of PnD and adult MSC products.

Although the use of animal cells for testing of human therapeutics

remains controversial, murine immune cell lines such as the RAW

264.7 cells remain to date widely be used for testing the

immunomodulatory potential of MSCs and their products

(Zampetaki et al., 2004; Pacienza et al., 2019; Malvicini et al., 2022).

Conclusion

As exemplified by the decision of the US FDA to not provide

market approval to remestemcel-L, potency testing of cellular

and secretome based drugs, including PnD and adult MSC

products, is a central task for the future. Although many

functional activities can be read out in available assays, it is

necessary to confirm that these activities reflect actual MoA

attributes that are required to reduce pathophysiological

symptoms in given diseases. A functional assay reflecting such

MoA attributes, and thus the potency of PnD and adult MSC

products, is not automatically a potency assay. A potency assay

has to fulfill several regulatory requirements. We envisage that

the establishment of appropriate potency tests will remain a

major challenge in the cell and EV-based therapeutic field.

Author contributions

All authors listed have made a substantial, direct, and

intellectual contribution to the work and approved it for

publication.

Funding

This work contributes to the COST Action

CA17116 International Network for Translating Research on

Perinatal Derivatives into Therapeutic Approaches (SPRINT),

supported by COST (European Cooperation in Science and

Technology). This work was partially supported by the

European Union’s Horizon 2020 research and innovation

programme under grant agreement Nos 779293-HIPGEN and

814495-EVPRO, the Italian Ministry of Research and University

(MIUR, 5x1000), and Contributi per il funzionamento degli Enti

privati che svolgono attivitá di ricerca - C.E.P.R. (2020-2021).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Papait et al. 10.3389/fbioe.2022.981061

https://www.fda.gov/media/79856/down
https://www.fda.gov/media/79856/down
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.981061


affiliated organizations, or those of the publisher, the editors

and the reviewers. Any product that may be evaluated in this

article, or claim that may be made by its manufacturer, is not

guaranteed or endorsed by the publisher.

References

Abraham, R. T., and Weiss, A. (2004). Jurkat T cells and development of the
T-cell receptor signalling paradigm. Nat. Rev. Immunol. 4 (4), 301–8. doi:10.
1038/nri1330

Arneth, B. M. (2010). Measurement of T cell activation after 16-hr in vitro
stimulation with concanavalin A. Curr. Protoc. Cytom. 6, 1–10. doi:10.1002/
0471142956.cy0628s51

Bai, F., Zhang, P., Fu, Y., Chen, H., Zhang, M., Huang, Q., et al. (2020).
Targeting ANXA1 abrogates Treg-mediated immune suppression in triple-
negative breast cancer. J. Immunother. Cancer 8 (1), e000169. doi:10.1136/
jitc-2019-000169

Bailo, M., Soncini, M., Vertua, E., Signoroni, P. B., Sanzone, S., Lombardi, G., et al.
(2004). Engraftment potential of human amnion and chorion cells derived from
term placenta. Transplantation 78 (10), 1439–1448. doi:10.1097/01.tp.0000144606.
84234.49

Balza, E., Piccioli, P., Carta, S., Lavieri, R., Gattorno, M., Semino, C., et al.
(2016). Proton pump inhibitors protect mice from acute systemic inflammation
and induce long-term cross-tolerance. Cell. Death Dis. 7 (7), e2304. doi:10.1038/
cddis.2016.218

Baron, F., and Storb, R. (2012). Mesenchymal stromal cells: A new tool against
graft-versus-host disease? Biol. Blood Marrow Transpl. 18 (6), 822–840. doi:10.
1016/j.bbmt.2011.09.003

Bartholomew, A., Sturgeon, C., Siatskas, M., Ferrer, K., McIntosh, K., Patil, S.,
et al. (2002). Mesenchymal stem cells suppress lymphocyte proliferation in vitro and
prolong skin graft survival in vivo. Exp. Hematol. 30 (1), 42–48. doi:10.1016/s0301-
472x(01)00769-x

Bemer, V., and Truffa-Bachi, P. (1996). T cell activation by concanavalin A in the
presence of cyclosporin A: Immunosuppressor withdrawal induces NFATp
translocation and interleukin-2 gene transcription. Eur. J. Immunol. 26 (7),
1481–1488. doi:10.1002/eji.1830260712

Boothby, I. C., Cohen, J. N., and Rosenblum, M. D. (2020). Regulatory T cells in
skin injury: At the crossroads of tolerance and tissue repair. Sci. Immunol. 5 (47),
eaaz9631. doi:10.1126/sciimmunol.aaz9631

Börger, V., Bremer, M., Ferrer-Tur, R., Gockeln, L., Stambouli, O., Becic, A., et al.
(2017). Mesenchymal stem/stromal cell-derived extracellular vesicles and their
potential as novel immunomodulatory therapeutic agents. Int. J. Mol. Sci. 18
(7), 1450. doi:10.3390/ijms18071450

Bruno, S., Grange, C., Deregibus, M. C., Calogero, R. A., Saviozzi, S., Collino, F.,
et al. (2009). Mesenchymal stem cell-derived microvesicles protect against acute
tubular injury. J. Am. Soc. Nephrol. 20 (5), 1053–1067. doi:10.1681/ASN.
2008070798

Bueno, C., Almeida, J., Alguero, M. C., Sánchez, M. L., Vaquero, J. M., Laso, F.
J., et al. (2001). Flow cytometric analysis of cytokine production by normal
human peripheral blood dendritic cells and monocytes: Comparative analysis of
different stimuli, secretion-blocking agents and incubation periods. Cytometry
46 (1), 33–40. doi:10.1002/1097-0320(20010215)46:1<33:aid-cyto1035>3.0.co;
2-s

Caplan, A. I. (1991). Mesenchymal stem cells. J. Orthop. Res. 9 (5), 641–650.
doi:10.1002/jor.1100090504

Caplan, A. I. (2017). New MSC: MSCs as pericytes are sentinels and gatekeepers.
J. Orthop. Res. 35 (6), 1151–1159. doi:10.1002/jor.23560

Ceuppens, J. L., Baroja, M. L., Lorre, K., Van Damme, J., and Billiau, A. (1988).
Human T cell activation with phytohemagglutinin. The function of IL-6 as an
accessory signal. J. Immunol. 141 (11), 3868–3874.

Chatila, T., Silverman, L., Miller, R., and Geha, R. (1989). Mechanisms of T cell
activation by the calcium ionophore ionomycin. J. Immunol. 143 (4), 1283–1289.

Chinnadurai, R., Rajan, D., Qayed, M., Arafat, D., Garcia, M., Liu, Y., et al. (2018).
Potency analysis of mesenchymal stromal cells using a combinatorial assay matrix
approach. Cell. Rep. 22 (9), 2504–2517. doi:10.1016/j.celrep.2018.02.013

Chuah, S. J., Yong, C. W., Teo, K. Y. W., Chew, J. R. J., Cheow, Y. A., Zhang, S.,
et al. (2022). Mesenchymal stromal cell-derived small extracellular vesicles
modulate macrophage polarization and enhance angio-osteogenesis to promote
bone healing. Genes. Dis. 9 (4), 841–844. doi:10.1016/j.gendis.2021.11.012

De Biasi, S., Tartaro, D. L., Gibellini, L., Paolini, A., Quong, A., Petes, C., et al.
(2021). Endogenous control of inflammation characterizes pregnant women with

asymptomatic or paucisymptomatic SARS-CoV-2 infection. Nat. Commun. 12 (1),
4677. doi:10.1038/s41467-021-24940-w

de Boniface, J., Mao, Y., Schmidt-Mende, J., Kiessling, R., and Poschke, I. (2012).
Expression patterns of the immunomodulatory enzyme arginase 1 in blood, lymph
nodes and tumor tissue of early-stage breast cancer patients.Oncoimmunology 1 (8),
1305–1312. doi:10.4161/onci.21678

Demetriou, M., Granovsky, M., Quaggin, S., and Dennis, J. W. (2001). Negative
regulation of T-cell activation and autoimmunity byMgat5 N-glycosylation.Nature
409 (6821), 733–739. doi:10.1038/35055582

Di Nicola, M., Carlo-Stella, C., Magni, M., Milanesi, M., Longoni, P. D.,
Matteucci, P., et al. (2002). Human bone marrow stromal cells suppress
T-lymphocyte proliferation induced by cellular or nonspecific mitogenic stimuli.
Blood 99 (10), 3838–3843. doi:10.1182/blood.v99.10.3838

Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F., Krause,
D., et al. (2006). Minimal criteria for defining multipotent mesenchymal stromal
cells. The International Society for Cellular Therapy position statement.
Cytotherapy 8 (4), 315–317. doi:10.1080/14653240600855905

Dong, B., Wang, C., Zhang, J., Zhang, J., Gu, Y., Guo, X., et al. (2021). Exosomes
from human umbilical cord mesenchymal stem cells attenuate the inflammation of
severe steroid-resistant asthma by reshaping macrophage polarization. Stem Cell.
Res. Ther. 12 (1), 204. doi:10.1186/s13287-021-02244-6

Duarte, R. F., Chen, F. E., Lowdell, M. W., Potter, M. N., Lamana, M. L., Prentice,
H. G., et al. (2002). Functional impairment of human T-lymphocytes following
PHA-induced expansion and retroviral transduction: Implications for gene therapy.
Gene Ther. 9 (20), 1359–1368. doi:10.1038/sj.gt.3301807

Dunn, C. M., Kameishi, S., Grainger, D. W., and Okano, T. (2021). Strategies to
address mesenchymal stem/stromal cell heterogeneity in immunomodulatory
profiles to improve cell-based therapies. Acta Biomater. 133, 114–125. doi:10.
1016/j.actbio.2021.03.069

Friedenstein, A. J., Petrakova, K. V., Kurolesova, A. I., and Frolova, G. P. (1968).
Heterotopic of bone marrow. Analysis of precursor cells for osteogenic and
hematopoietic tissues. Transplantation 6 (2), 230–247. doi:10.1097/00007890-
196803000-00009

Fung, T. H. W., Yang, K. Y., and Lui, K. O. (2020). An emerging role of regulatory
T-cells in cardiovascular repair and regeneration. Theranostics 10 (20), 8924–8938.
doi:10.7150/thno.47118

Galipeau, J., Krampera, M., Barrett, J., Dazzi, F., Deans, R. J., Joost, D. B., et al.
(2016). International Society for Cellular Therapy perspective on immune
functional assays for mesenchymal stromal cells as potency release criterion for
advanced phase clinical trials. Cytotherapy 18 (2), 151–159. doi:10.1016/j.jcyt.2015.
11.008

Galipeau, J. (2013). The mesenchymal stromal cells dilemma--does a negative
phase III trial of random donor mesenchymal stromal cells in steroid-resistant
graft-versus-host disease represent a death knell or a bump in the road? Cytotherapy
15 (1), 2–8. doi:10.1016/j.jcyt.2012.10.002

Galipeau, Jacques, Krampera, Mauro, Leblanc, Katarina, Nolta, Jan A., Phinney,
Donald G., Shi, Yufang, et al. (2021). Mesenchymal stromal cell variables
influencing clinical potency: The impact of viability, fitness, route of
administration and host predisposition. Cytotherapy 23 (5), 368–372. doi:10.
1016/j.jcyt.2020.11.007

Gao, J., Dennis, J. E., Muzic, R. F., Lundberg, M., and Caplan, A. I. (2001). The
dynamic in vivo distribution of bone marrow-derived mesenchymal stem cells after
infusion. Cells Tissues Organs 169 (1), 12–20. doi:10.1159/000047856

Gimona, M., Brizzi, M. F., Choo, A. B. H., Dominici, M., Davidson, S. M., Grillari,
J., et al. (2021). Critical considerations for the development of potency tests for
therapeutic applications of mesenchymal stromal cell-derived small extracellular
vesicles. Cytotherapy 23 (5), 373–380. doi:10.1016/j.jcyt.2021.01.001

Gnecchi, M., He, H., Liang, O. D., Melo, L. G., Morello, F., Mu, H., et al. (2005).
Paracrine action accounts for marked protection of ischemic heart by Akt-
modified mesenchymal stem cells. Nat. Med. 11 (4), 367–368. doi:10.1038/
nm0405-367

Gnecchi, M., He, H., Noiseux, N., Liang, O. D., Zhang, L., Morello, F., et al. (2006).
Evidence supporting paracrine hypothesis for Akt-modified mesenchymal stem
cell-mediated cardiac protection and functional improvement. FASEB J. 20 (6),
661–669. doi:10.1096/fj.05-5211com

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Papait et al. 10.3389/fbioe.2022.981061

https://doi.org/10.1038/nri1330
https://doi.org/10.1038/nri1330
https://doi.org/10.1002/0471142956.cy0628s51
https://doi.org/10.1002/0471142956.cy0628s51
https://doi.org/10.1136/jitc-2019-000169
https://doi.org/10.1136/jitc-2019-000169
https://doi.org/10.1097/01.tp.0000144606.84234.49
https://doi.org/10.1097/01.tp.0000144606.84234.49
https://doi.org/10.1038/cddis.2016.218
https://doi.org/10.1038/cddis.2016.218
https://doi.org/10.1016/j.bbmt.2011.09.003
https://doi.org/10.1016/j.bbmt.2011.09.003
https://doi.org/10.1016/s0301-472x(01)00769-x
https://doi.org/10.1016/s0301-472x(01)00769-x
https://doi.org/10.1002/eji.1830260712
https://doi.org/10.1126/sciimmunol.aaz9631
https://doi.org/10.3390/ijms18071450
https://doi.org/10.1681/ASN.2008070798
https://doi.org/10.1681/ASN.2008070798
https://doi.org/10.1002/1097-0320(20010215)46:1<33:aid-cyto1035>3.0.co;2-s
https://doi.org/10.1002/1097-0320(20010215)46:1<33:aid-cyto1035>3.0.co;2-s
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1002/jor.23560
https://doi.org/10.1016/j.celrep.2018.02.013
https://doi.org/10.1016/j.gendis.2021.11.012
https://doi.org/10.1038/s41467-021-24940-w
https://doi.org/10.4161/onci.21678
https://doi.org/10.1038/35055582
https://doi.org/10.1182/blood.v99.10.3838
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1186/s13287-021-02244-6
https://doi.org/10.1038/sj.gt.3301807
https://doi.org/10.1016/j.actbio.2021.03.069
https://doi.org/10.1016/j.actbio.2021.03.069
https://doi.org/10.1097/00007890-196803000-00009
https://doi.org/10.1097/00007890-196803000-00009
https://doi.org/10.7150/thno.47118
https://doi.org/10.1016/j.jcyt.2015.11.008
https://doi.org/10.1016/j.jcyt.2015.11.008
https://doi.org/10.1016/j.jcyt.2012.10.002
https://doi.org/10.1016/j.jcyt.2020.11.007
https://doi.org/10.1016/j.jcyt.2020.11.007
https://doi.org/10.1159/000047856
https://doi.org/10.1016/j.jcyt.2021.01.001
https://doi.org/10.1038/nm0405-367
https://doi.org/10.1038/nm0405-367
https://doi.org/10.1096/fj.05-5211com
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.981061


Green, S., Politis, M., Rallis, K. S., Saenz de Villaverde Cortabarria, A., Efthymiou,
A., Mureanu, N., et al. (2021). Regulatory T cells in pregnancy adverse outcomes: A
systematic review and meta-analysis. Front. Immunol. 12, 737862. doi:10.3389/
fimmu.2021.737862

Hill, G. R. (2009). Inflammation and bone marrow transplantation. Biol. Blood
Marrow Transpl. 15, 139–141. doi:10.1016/j.bbmt.2008.11.008

Hossain, Mohammad, Giver, Cynthia R., and Waller., Ned (2007). Short-term
ionomycin exposure activates naive murine T-cells and induces a rapid
phenotypic shift to memory T-cell status: Potential for use as a method to
reduce GvHD activity of allogeneic T-cells. Blood 110 (11), 2182. doi:10.1182/
blood.V110.11.2182.2182

Hou, H., Zhou, Y., Yu, J., Mao, L., Bosco, M. J., Wang, J., et al. (2018).
Establishment of the reference intervals of lymphocyte function in healthy
adults based on IFN-γ secretion assay upon phorbol-12-myristate-13-acetate/
ionomycin stimulation. Front. Immunol. 9, 172. doi:10.3389/fimmu.2018.00172

Iritani, B. M., Delrow, J., Grandori, C., Gomez, I., Klacking, M., Carlos, L. S., et al.
(2002). Modulation of T-lymphocyte development, growth and cell size by the Myc
antagonist and transcriptional repressor Mad1. Embo J. 21 (18), 4820–4830. doi:10.
1093/emboj/cdf492

Jablonski, K. A., Amici, S. A., Webb, L. M., Ruiz-Rosado Jde, D., Popovich, P. G.,
Partida-Sanchez, S., et al. (2015). Novel markers to delineate murine M1 and
M2 macrophages. PLoS One 10 (12), e0145342. doi:10.1371/journal.pone.0145342

Jiao, J., Zhao, X., Hou, R., Wang, Y., Chang, W., Liang, N., et al. (2019).
Comparison of two commonly used methods for stimulating T cells. Biotechnol.
Lett. 41 (12), 1361–1371. doi:10.1007/s10529-019-02743-w

Kebriaei, P., Hayes, J., Daly, A., Uberti, J., Marks, D. I., Soiffer, R., et al. (2020). A
phase 3 randomized study of remestemcel-L versus placebo added to second-line
therapy in patients with steroid-refractory acute graft-versus-host disease. Biol.
Blood Marrow Transpl. 26 (5), 835–844. doi:10.1016/j.bbmt.2019.08.029

Khan, U., and Ghazanfar, H. (2018). T lymphocytes and autoimmunity. Int. Rev.
Cell. Mol. Biol. 341, 125–168. doi:10.1016/bs.ircmb.2018.05.008

Kordelas, L., Rebmann, V., Ludwig, A. K., Radtke, S., Ruesing, J., Doeppner, T. R.,
et al. (2014). MSC-Derived exosomes: A novel tool to treat therapy-refractory graft-
versus-host disease. Leukemia 28 (4), 970–973. doi:10.1038/leu.2014.41

Krampera, M., Glennie, S., Dyson, J., Scott, D., Laylor, R., Simpson, E., et al.
(2003). Bone marrow mesenchymal stem cells inhibit the response of naive and
memory antigen-specific T cells to their cognate peptide. Blood 101 (9), 3722–3729.
doi:10.1182/blood-2002-07-2104

Krampera, M., and Le Blanc, K. (2021). Mesenchymal stromal cells: Putative
microenvironmental modulators become cell therapy. Cell. Stem Cell. 28 (10),
1708–1725. doi:10.1016/j.stem.2021.09.006

Kronsteiner, B., Wolbank, S., Peterbauer, A., Hackl, C., Redl, H., van Griensven,
M., et al. (2011). Human mesenchymal stem cells from adipose tissue and amnion
influence T-cells depending on stimulation method and presence of other immune
cells. Stem Cells Dev. 20 (12), 2115–2126. doi:10.1089/scd.2011.0031

Kumar, B. V., Connors, T. J., and Farber, D. L. (2018). Human T cell
development, localization, and function throughout life. Immunity 48 (2),
202–213. doi:10.1016/j.immuni.2018.01.007

Kurtzberg, J., Abdel-Azim, H., Carpenter, P., Chaudhury, S., Horn, B., Mahadeo,
K., et al. (2020a). A phase 3, single-arm, prospective study of remestemcel-L, ex vivo
culture-expanded adult human mesenchymal stromal cells for the treatment of
pediatric patients who failed to respond to steroid treatment for acute graft-versus-
host disease. Biol. Blood Marrow Transpl. 26 (5), 845–854. doi:10.1016/j.bbmt.2020.
01.018

Kurtzberg, J., Prockop, S., Chaudhury, S., Horn, B., Nemecek, E., Prasad, V., et al.
(2020b). Study 275: Updated expanded access program for remestemcel-L in
steroid-refractory acute graft-versus-host disease in children. Biol. Blood Marrow
Transpl. 26 (5), 855–864. doi:10.1016/j.bbmt.2020.01.026

Lai, R. C., Arslan, F., Lee, M. M., Sze, N. S., Choo, A., Chen, T. S., et al. (2010).
Exosome secreted by MSC reduces myocardial ischemia/reperfusion injury. Stem
Cell. Res. 4 (3), 214–222. doi:10.1016/j.scr.2009.12.003

Le Blanc, K., Rasmusson, I., Sundberg, B., Gotherstrom, C., Hassan, M., Uzunel,
M., et al. (2004). Treatment of severe acute graft-versus-host disease with third party
haploidentical mesenchymal stem cells. Lancet 363 (9419), 1439–1441. doi:10.1016/
S0140-6736(04)16104-7

Lee, R. H., Pulin, A. A., Seo, M. J., Kota, D. J., Ylostalo, J., Larson, B. L., et al.
(2009). Intravenous hMSCs improve myocardial infarction in mice because cells
embolized in lung are activated to secrete the anti-inflammatory protein TSG-6.
Cell. Stem Cell. 5 (1), 54–63. doi:10.1016/j.stem.2009.05.003

Legaki, E., Roubelakis, M. G., Theodoropoulos, G. E., Lazaris, A., Kollia, A.,
Karamanolis, G., et al. (2016). Therapeutic potential of secreted molecules derived
from human amniotic fluid mesenchymal stem/stroma cells in a mice model of
colitis. Stem Cell. Rev. Rep. 12 (5), 604–612. doi:10.1007/s12015-016-9677-1

Lehnert, C., Weiswange, M., Jeremias, I., Bayer, C., Grunert, M., Debatin, K. M.,
et al. (2014). TRAIL-receptor costimulation inhibits proximal TCR signaling and
suppresses human T cell activation and proliferation. J. I. 193 (8), 4021–4031.
doi:10.4049/jimmunol.1303242

Lindsey, W. B., Lowdell, M. W., Marti, G. E., Abbasi, F., Zenger, V., King, K. M.,
et al. (2007). CD69 expression as an index of T-cell function: Assay standardization,
validation and use in monitoring immune recovery. Cytotherapy 9 (2), 123–132.
doi:10.1080/14653240601182838

Liu, W., Morschauser, A., Zhang, X., Lu, X., Gleason, J., He, S., et al. (2014).
Human placenta-derived adherent cells induce tolerogenic immune responses. Clin.
Transl. Immunol. 3 (5), e14. doi:10.1038/cti.2014.5

Luckheeram, R. V., Zhou, R., Verma, A. D., and Xia, B. (2012). CD4+T cells:
Differentiation and functions. Clin. Dev. Immunol. 2012, 1–12. doi:10.1155/2012/
925135

Luo, Z., Lin, J., Sun, Y., Wang, C., and Chen, J. (2021). Bone marrow stromal cell-
derived exosomes promote muscle healing following contusion through
macrophage polarization. Stem Cells Dev. 30 (3), 135–148. doi:10.1089/scd.2020.
0167

Ma, D., Xu, K., Zhang, G., Liu, Y., Gao, J., Tian, M., et al. (2019).
Immunomodulatory effect of human umbilical cord mesenchymal stem cells on
T lymphocytes in rheumatoid arthritis. Int. Immunopharmacol. 74, 105687. doi:10.
1016/j.intimp.2019.105687

Madel, Rabea Julia, Börger, Verena, Dittrich, Robin, Bremer, Michel, Tobias,
Tertel, Babo, Hideo A., et al. (2020). Independent human mesenchymal stromal
cell-derived extracellular vesicle preparations differentially affect symptoms in an
advanced murine Graft-versus-Host-Disease model. bioRxiv 2020, 423658. doi:10.
1101/2020.12.21.423658

Malvicini, R., Santa-Cruz, D., De Lazzari, G., Tolomeo, A. M., Sanmartin, C.,
Muraca, M., et al. (2022). Macrophage bioassay standardization to assess the anti-
inflammatory activity of mesenchymal stromal cell-derived small extracellular
vesicles. Cytotherapy. doi:10.1016/j.jcyt.2022.05.011

Marino, J., Paster, J., and Benichou, G. (2016). Allorecognition by T
Lymphocytes and allograft rejection. Front. Immunol. 7, 582. doi:10.3389/
fimmu.2016.00582

Maus, M. V., Thomas, A. K., Leonard, D. G., Allman, D., Addya, K., Schlienger,
K., et al. (2002). Ex vivo expansion of polyclonal and antigen-specific cytotoxic T
lymphocytes by artificial APCs expressing ligands for the T-cell receptor, CD28 and
4-1BB. Nat. Biotechnol. 20 (2), 143–148. doi:10.1038/nbt0202-143

Meisel, R., Zibert, A., Laryea, M., Gobel, U., Daubener, W., and Dilloo, D. (2004).
Human bone marrow stromal cells inhibit allogeneic T-cell responses by
indoleamine 2, 3-dioxygenase-mediated tryptophan degradation. Blood 103 (12),
4619–4621. doi:10.1182/blood-2003-11-3909

Mills, C. D., Kincaid, K., Alt, J. M., Heilman, M. J., and Hill, A. M. (2000). M-1/M-
2 macrophages and the Th1/Th2 paradigm. J. Immunol. 164 (12), 6166–6173.
doi:10.4049/jimmunol.164.12.6166

Moll, G., James, A., Kamhieh-Milz, J., Bieback, K., Ringden, O., Volk, H. D., et al.
(2019). Ankrum, julian kamhieh-milz, karen bieback, olle Ringdén, hans-dieter
volk, sven geissler, and petra ReinkeIntravascular mesenchymal stromal/stem cell
therapy product diversification: Time for new clinical guidelines. Trends Mol. Med.
25 (2), 149–163. doi:10.1016/j.molmed.2018.12.006

Moll, G., Ankrum, J. A., Olson, S. D., and Nolta, J. A. (2022). Improved MSC
minimal criteria to maximize patient safety: A call to embrace tissue factor and
hemocompatibility assessment of MSC products. Stem Cells Transl. Med. 11 (1),
2–13. doi:10.1093/stcltm/szab005

Mueller, S. N., Gebhardt, T., Carbone, F. R., and Heath, W. R. (2013). Memory
T cell subsets, migration patterns, and tissue residence. Annu. Rev. Immunol. 31,
137–161. doi:10.1146/annurev-immunol-032712-095954

Munoz-Elias, G., Woodbury, D., and Black, I. B. (2003). Marrow stromal cells,
mitosis, and neuronal differentiation: Stem cell and precursor functions. Stem Cells
21 (4), 437–448. doi:10.1634/stemcells.21-4-437

Murray, P. J., Allen, J. E., Biswas, S. K., Fisher, E. A., Gilroy, D.W., Goerdt, S., et al.
(2014). Macrophage activation and polarization: Nomenclature and experimental
guidelines. Immunity 41 (1), 14–20. doi:10.1016/j.immuni.2014.06.008

Nakamura, A., Otani, K., and Shichita, T. (2020). Lipid mediators and sterile
inflammation in ischemic stroke. Int. Immunol. 32 (11), 719–725. doi:10.1093/
intimm/dxaa027

Nassar, W., El-Ansary, M., Sabry, D., Mostafa, M. A., Fayad, T., Kotb, E., et al.
(2016). Umbilical cord mesenchymal stem cells derived extracellular vesicles can
safely ameliorate the progression of chronic kidney diseases. Biomater. Res. 20, 21.
doi:10.1186/s40824-016-0068-0

Obermajer, N., Popp, F. C., Soeder, Y., Haarer, J., Geissler, E. K., Schlitt, H. J., et al.
(2014). Conversion of Th17 into IL-17a(neg) regulatory T cells: A novel mechanism
in prolonged allograft survival promoted by mesenchymal stem cell-supported

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Papait et al. 10.3389/fbioe.2022.981061

https://doi.org/10.3389/fimmu.2021.737862
https://doi.org/10.3389/fimmu.2021.737862
https://doi.org/10.1016/j.bbmt.2008.11.008
https://doi.org/10.1182/blood.V110.11.2182.2182
https://doi.org/10.1182/blood.V110.11.2182.2182
https://doi.org/10.3389/fimmu.2018.00172
https://doi.org/10.1093/emboj/cdf492
https://doi.org/10.1093/emboj/cdf492
https://doi.org/10.1371/journal.pone.0145342
https://doi.org/10.1007/s10529-019-02743-w
https://doi.org/10.1016/j.bbmt.2019.08.029
https://doi.org/10.1016/bs.ircmb.2018.05.008
https://doi.org/10.1038/leu.2014.41
https://doi.org/10.1182/blood-2002-07-2104
https://doi.org/10.1016/j.stem.2021.09.006
https://doi.org/10.1089/scd.2011.0031
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.1016/j.bbmt.2020.01.018
https://doi.org/10.1016/j.bbmt.2020.01.018
https://doi.org/10.1016/j.bbmt.2020.01.026
https://doi.org/10.1016/j.scr.2009.12.003
https://doi.org/10.1016/S0140-6736(04)16104-7
https://doi.org/10.1016/S0140-6736(04)16104-7
https://doi.org/10.1016/j.stem.2009.05.003
https://doi.org/10.1007/s12015-016-9677-1
https://doi.org/10.4049/jimmunol.1303242
https://doi.org/10.1080/14653240601182838
https://doi.org/10.1038/cti.2014.5
https://doi.org/10.1155/2012/925135
https://doi.org/10.1155/2012/925135
https://doi.org/10.1089/scd.2020.0167
https://doi.org/10.1089/scd.2020.0167
https://doi.org/10.1016/j.intimp.2019.105687
https://doi.org/10.1016/j.intimp.2019.105687
https://doi.org/10.1101/2020.12.21.423658
https://doi.org/10.1101/2020.12.21.423658
https://doi.org/10.1016/j.jcyt.2022.05.011
https://doi.org/10.3389/fimmu.2016.00582
https://doi.org/10.3389/fimmu.2016.00582
https://doi.org/10.1038/nbt0202-143
https://doi.org/10.1182/blood-2003-11-3909
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.1016/j.molmed.2018.12.006
https://doi.org/10.1093/stcltm/szab005
https://doi.org/10.1146/annurev-immunol-032712-095954
https://doi.org/10.1634/stemcells.21-4-437
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1093/intimm/dxaa027
https://doi.org/10.1093/intimm/dxaa027
https://doi.org/10.1186/s40824-016-0068-0
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.981061


minimized immunosuppressive therapy. J. I. 193 (10), 4988–4999. doi:10.4049/
jimmunol.1401776

Obst, R. (2015). The timing of T cell priming and cycling. Front. Immunol. 6, 563.
doi:10.3389/fimmu.2015.00563

Pachler, K., Ketterl, N., Desgeorges, A., Dunai, Z. A., Laner-Plamberger, S., Streif,
D., et al. (2017). An in vitro potency assay for monitoring the immunomodulatory
potential of stromal cell-derived extracellular vesicles. Int. J. Mol. Sci. 18 (7), 1413.
doi:10.3390/ijms18071413

Pacienza, N., Lee, R. H., Bae, E. H., Kim, D. K., Liu, Q., Prockop, D. J., et al. (2019).
In vitro macrophage assay predicts the in vivo anti-inflammatory potential of
exosomes from human mesenchymal stromal cells. Mol. Ther. - Methods & Clin.
Dev. 13, 67–76. doi:10.1016/j.omtm.2018.12.003

Padgett, Eric L., and Pruett, Stephen B. (1992). Evaluation of nitrite production by
human monocyte-derived macrophages. Biochem. Biophysical Res. Commun. 186
(2), 775–781. doi:10.1016/0006-291X(92)90813-Z

Palacios, R. (1982). Concanavalin A triggers T lymphocytes by directly interacting
with their receptors for activation. J. Immunol. 128 (1), 337–342.

Paluskievicz, C. M., Cao, X., Abdi, R., Zheng, P., Liu, Y., and Bromberg, J. S.
(2019). T regulatory cells and priming the suppressive tumor microenvironment.
Front. Immunol. 10, 2453. doi:10.3389/fimmu.2019.02453

Parolini, O., Alviano, F., Bagnara, G. P., Bilic, G., Bühring, H. J., Evangelista,
M., et al. (2008). Concise review: Isolation and characterization of cells from
human term placenta: Outcome of the first international workshop on placenta
derived stem cells. Stem Cells 26 (2), 300–311. doi:10.1634/stemcells.2007-
0594

Parolini, O., Souza-Moreira, L., O’Valle, F., Magatti, M., Hernandez-Cortes, P.,
Gonzalez-Rey, E., et al. (2014). Therapeutic effect of human amniotic membrane-
derived cells on experimental arthritis and other inflammatory disorders. Arthritis
Rheumatol. 66 (2), 327–339. doi:10.1002/art.38206

Phinney, D. G. (2012). Functional heterogeneity of mesenchymal stem cells:
Implications for cell therapy. J. Cell. Biochem. 113 (9), 2806–2812. doi:10.1002/jcb.
24166

Phinney, D. G., Kopen, G., Righter, W., Webster, S., Tremain, N., and Prockop, D.
J. (1999). Donor variation in the growth properties and osteogenic potential of
human marrow stromal cells. J. Cell. Biochem. 75 (3), 424–436. doi:10.1002/(sici)
1097-4644(19991201)75:3<424:aid-jcb8>3.0.co;2-8
Pianta, S., Bonassi Signoroni, P., Muradore, I., Rodrigues, M. F., Rossi, D., Silini,

A., et al. (2015). Amniotic membrane mesenchymal cells-derived factors skew T cell
polarization toward Treg and downregulate Th1 and Th17 cells subsets. Stem Cell.
Rev. Rep. 11 (3), 394–407. doi:10.1007/s12015-014-9558-4

Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca,
J. D., et al. (1999). Multilineage potential of adult human mesenchymal stem cells.
Science 284 (5411), 143–147. doi:10.1126/science.284.5411.143

Pittenger, M. F., and Martin, B. J. (2004). Mesenchymal stem cells and their
potential as cardiac therapeutics. Circ. Res. 95 (1), 9–20. doi:10.1161/01.RES.
0000135902.99383.6f

Quarta, A., Berneman, Z., and Ponsaerts, P. (2021a). Functional consequences
of a close encounter between microglia and brain-infiltrating monocytes during
CNS pathology and repair. J. Leukoc. Biol. 110 (1), 89–106. doi:10.1002/jlb.
3ru0820-536r

Quarta, A., Berneman, Z., and Ponsaerts, P. (2020). Neuroprotective modulation
of microglia effector functions following priming with interleukin 4 and 13: Current
limitations in understanding their mode-of-action. Brain Behav. Immun. 88,
856–866. doi:10.1016/j.bbi.2020.03.023

Quarta, A., Le Blon, D., D’Aes, T., Pieters, Z., Hamzei Taj, S., Miró-Mur, F., et al.
(2019). Murine iPSC-derived microglia and macrophage cell culture models
recapitulate distinct phenotypical and functional properties of classical and
alternative neuro-immune polarisation. Brain Behav. Immun. 82, 406–421.
doi:10.1016/j.bbi.2019.09.009

Quarta, A., Meese, T., Pieters, Z., Van Breedam, E., Le Blon, D., Van Broeckhoven,
J., et al. (2021b). Murine induced pluripotent stem cell-derived neuroimmune cell
culture models emphasize opposite immune-effector functions of interleukin 13-
primed microglia and macrophages in terms of neuroimmune toxicity. Glia 69 (2),
326–345. doi:10.1002/glia.23899

Radtke, S., Gorgens, A., Liu, B., Horn, P. A., and Giebel, B. (2016). Human
mesenchymal and murine stromal cells support human lympho-myeloid
progenitor expansion but not maintenance of multipotent haematopoietic stem
and progenitor cells. Cell. Cycle 15 (4), 540–545. doi:10.1080/15384101.2015.
1128591

Ringdén, O., Moll, G., Gustafsson, B., and Sadeghi, B. (2022). Mesenchymal
stromal cells for enhancing hematopoietic engraftment and treatment of graft-
versus-host disease, hemorrhages and acute respiratory distress syndrome. Front.
Immunol. 13, 839844. doi:10.3389/fimmu.2022.839844

Roubelakis, M. G., Bitsika, V., Zagoura, D., Trohatou, O., Pappa, K. I.,
Makridakis, M., et al. (2011). In vitro and in vivo properties of distinct
populations of amniotic fluid mesenchymal progenitor cells. J. Cell. Mol. Med.
15 (9), 1896–1913. doi:10.1111/j.1582-4934.2010.01180.x

Roubelakis, M. G., Pappa, K. I., Bitsika, V., Zagoura, D., Vlahou, A., Papadaki, H.
A., et al. (2007). Molecular and proteomic characterization of human mesenchymal
stem cells derived from amniotic fluid: Comparison to bone marrow mesenchymal
stem cells. Stem Cells Dev. 16 (6), 931–952. doi:10.1089/scd.2007.0036

Saldanha-Araujo, F., Haddad, R., Kelen, C., Malmegrim de Farias, R., Alessandra
de Paula Alves SouzaPalma, Patrícia V., et al. (2012). Mesenchymal stem cells
promote the sustained expression of CD69 on activated T lymphocytes: Roles of
canonical and non-canonical NF-κB signalling. J. Cell. Mol. Med. 16 (6), 1232–1244.
doi:10.1111/j.1582-4934.2011.01391.x

Sancho, D., Yáñez-Mó, M., Tejedor, R., and Sánchez-Madrid, F. (1999).
Activation of peripheral blood T cells by interaction and migration through
endothelium: Role of lymphocyte function antigen-1/intercellular adhesion
molecule-1 and interleukin-15. Blood 93 (3), 886–896. doi:10.1182/blood.v93.3.
886.403k10_886_896

Sasazuki, T., McMichael, A., Radvany, R., Payne, R., andMcDevitt, H. (1976). Use
of high dose X-irradiation to block back stimulation in the MLC reaction. Tissue
Antigens 7 (2), 91–96. doi:10.1111/j.1399-0039.1976.tb01037.x

Schrepfer, S., Deuse, T., Reichenspurner, H., Fischbein, M. P., Robbins, R. C., and
Pelletier, M. P. (2007). Stem cell transplantation: The lung barrier. Transpl. Proc. 39
(2), 573–576. doi:10.1016/j.transproceed.2006.12.019

Seed, R. I., Kobayashi, K., Ito, S., Takasaka, N., Cormier, A., Jespersen, J. M., et al.
(2021). A tumor-specific mechanism of T(reg) enrichment mediated by the integrin
αvβ8. Sci. Immunol. 6 (57), eabf0558. doi:10.1126/sciimmunol.abf0558

Silini, A. R., Di Pietro, R., Lang-Olip, I., Alviano, F., Banerjee, A., Basile, M., et al.
(2020). Perinatal derivatives: Where do we stand? A roadmap of the human
placenta and consensus for tissue and cell nomenclature. Front. Bioeng.
Biotechnol. 8, 610544. doi:10.3389/fbioe.2020.610544

Strobl, J., Gail, L. M., Kleissl, L., Pandey, R. V., Smejkal, V., Huber, J., et al. (2021).
Human resident memory T cells exit the skin and mediate systemic Th2-driven
inflammation. J. Exp. Med. 218 (11), e20210417. doi:10.1084/jem.20210417

Sun, L., Akiyama, K., Zhang, H., Yamaza, T., Hou, Y., Zhao, S., et al. (2009).
Mesenchymal stem cell transplantation reverses multiorgan dysfunction in systemic
lupus erythematosus mice and humans. Stem Cells 27 (6), 1421–1432. doi:10.1002/
stem.68

Tario, J. D., Jr., Muirhead, K. A., Pan, D., Munson, M. E., and Wallace, P. K.
(2011). Tracking immune cell proliferation and cytotoxic potential using flow
cytometry. Methods Mol. Biol. 699, 119–164. doi:10.1007/978-1-61737-950-5_7

Timmers, L., Lim, S. K., Arslan, F., Armstrong, J. S., Hoefer, I. E., Doevendans, P.
A., et al. (2007). Reduction of myocardial infarct size by human mesenchymal stem
cell conditioned medium. Stem Cell. Res. 1 (2), 129–137. doi:10.1016/j.scr.2008.
02.002

Tomonari, K. (1980). Cytotoxic T cells generated in the autologous mixed
lymphocyte reaction. I. Primary autologous mixed lymphocyte reaction.
J. Immunol. 124 (3), 1111–1121.

Trickett, A., and Kwan, Y. L. (2003). T cell stimulation and expansion using anti-
CD3/CD28 beads. J. Immunol. Methods 275 (1-2), 251–255. doi:10.1016/s0022-
1759(03)00010-3

Tsai, P. J., Wang, H. S., Lin, G. J., Chou, S. C., Chu, T. H., Chuan, W. T., et al.
(2014). Undifferentiated Wharton?s jelly mesenchymal stem cell transplantation
induces insulin-producing cell differentiation and suppression of T cell-mediated
autoimmunity in non-obese diabetic mice. Cell. Transpl. 24, 1555–1570. doi:10.
3727/096368914X683016

Van Hoecke, L., Caroline Van, C., Verena, B., Arnout, B., Jonas, C., Imschoot, G.
V., et al. (2021). Anti-inflammatory mesenchymal stromal cell-derived extracellular
vesicles improve pathology in niemann–pick type C disease. Biomedicines 9 (12),
1864. doi:10.3390/biomedicines9121864

Viola, A., and Lanzavecchia, A. (1996). T cell activation determined by T cell
receptor number and tunable thresholds. Science 273 (5271), 104–106. doi:10.1126/
science.273.5271.104

Viswanathan, S., Shi, Y., Galipeau, J., Krampera, M., Leblanc, K., Martin, I.,
et al. (2019). Mesenchymal stem versus stromal cells: International society for
cell & gene therapy (ISCT®) mesenchymal stromal cell committee position
statement on nomenclature. Cytotherapy 21 (10), 1019–1024. doi:10.1016/j.
jcyt.2019.08.002

Vogel, W., Grunebach, F., Messam, C. A., Kanz, L., Brugger, W., and Buhring, H.
J. (2003). Heterogeneity among human bone marrow-derived mesenchymal stem
cells and neural progenitor cells. Haematologica 88 (2), 126–133.

Wang, C., Borger, V., Sardari, M., Murke, F., Skuljec, J., Pul, R., et al. (2020).
Mesenchymal stromal cell-derived small extracellular vesicles induce ischemic

Frontiers in Bioengineering and Biotechnology frontiersin.org14

Papait et al. 10.3389/fbioe.2022.981061

https://doi.org/10.4049/jimmunol.1401776
https://doi.org/10.4049/jimmunol.1401776
https://doi.org/10.3389/fimmu.2015.00563
https://doi.org/10.3390/ijms18071413
https://doi.org/10.1016/j.omtm.2018.12.003
https://doi.org/10.1016/0006-291X(92)90813-Z
https://doi.org/10.3389/fimmu.2019.02453
https://doi.org/10.1634/stemcells.2007-0594
https://doi.org/10.1634/stemcells.2007-0594
https://doi.org/10.1002/art.38206
https://doi.org/10.1002/jcb.24166
https://doi.org/10.1002/jcb.24166
https://doi.org/10.1002/(sici)1097-4644(19991201)75:3<424:aid-jcb8>3.0.co;2-8
https://doi.org/10.1002/(sici)1097-4644(19991201)75:3<424:aid-jcb8>3.0.co;2-8
https://doi.org/10.1007/s12015-014-9558-4
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1161/01.RES.0000135902.99383.6f
https://doi.org/10.1161/01.RES.0000135902.99383.6f
https://doi.org/10.1002/jlb.3ru0820-536r
https://doi.org/10.1002/jlb.3ru0820-536r
https://doi.org/10.1016/j.bbi.2020.03.023
https://doi.org/10.1016/j.bbi.2019.09.009
https://doi.org/10.1002/glia.23899
https://doi.org/10.1080/15384101.2015.1128591
https://doi.org/10.1080/15384101.2015.1128591
https://doi.org/10.3389/fimmu.2022.839844
https://doi.org/10.1111/j.1582-4934.2010.01180.x
https://doi.org/10.1089/scd.2007.0036
https://doi.org/10.1111/j.1582-4934.2011.01391.x
https://doi.org/10.1182/blood.v93.3.886.403k10_886_896
https://doi.org/10.1182/blood.v93.3.886.403k10_886_896
https://doi.org/10.1111/j.1399-0039.1976.tb01037.x
https://doi.org/10.1016/j.transproceed.2006.12.019
https://doi.org/10.1126/sciimmunol.abf0558
https://doi.org/10.3389/fbioe.2020.610544
https://doi.org/10.1084/jem.20210417
https://doi.org/10.1002/stem.68
https://doi.org/10.1002/stem.68
https://doi.org/10.1007/978-1-61737-950-5_7
https://doi.org/10.1016/j.scr.2008.02.002
https://doi.org/10.1016/j.scr.2008.02.002
https://doi.org/10.1016/s0022-1759(03)00010-3
https://doi.org/10.1016/s0022-1759(03)00010-3
https://doi.org/10.3727/096368914X683016
https://doi.org/10.3727/096368914X683016
https://doi.org/10.3390/biomedicines9121864
https://doi.org/10.1126/science.273.5271.104
https://doi.org/10.1126/science.273.5271.104
https://doi.org/10.1016/j.jcyt.2019.08.002
https://doi.org/10.1016/j.jcyt.2019.08.002
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.981061


neuroprotection by modulating leukocytes and specifically neutrophils. Stroke 51
(6), 1825–1834. doi:10.1161/STROKEAHA.119.028012

Wang, D., Feng, X., Lu, L., Konkel, J. E., Zhang, H., Chen, Z., et al. (2014). A
CD8 T cell/indoleamine 2, 3-dioxygenase axis is required for mesenchymal stem cell
suppression of human systemic lupus erythematosus. Arthritis Rheumatol. 66 (8),
2234–2245. doi:10.1002/art.38674

Wang, D., Huang, S., Yuan, X., Liang, J., Xu, R., Yao, G., et al. (2017). The
regulation of the Treg/Th17 balance by mesenchymal stem cells in human systemic
lupus erythematosus. Cell. Mol. Immunol. 14 (5), 423–431. doi:10.1038/cmi.2015.89

Wang, H., Qiu, X., Ni, P., Qiu, X., Lin, X., Wu, W., et al. (2014). Immunological
characteristics of human umbilical cord mesenchymal stem cells and the
therapeutic effects of their transplantion on hyperglycemia in diabetic rats. Int.
J. Mol. Med. 33 (2), 263–270. doi:10.3892/ijmm.2013.1572

Warnecke, A., Prenzler, N., Harre, J., Kohl, U., Gartner, L., Lenarz, T., et al.
(2021). First-in-human intracochlear application of human stromal cell-
derived extracellular vesicles. J. Extracell. Vesicles 10 (8), e12094. doi:10.
1002/jev2.12094

Weirather, J., Hofmann, U. D., Beyersdorf, N., Ramos, G. C., Vogel, B., Frey, A.,
et al. (2014). Foxp3+ CD4+ T cells improve healing after myocardial infarction by
modulating monocyte/macrophage differentiation. Circ. Res. 115 (1), 55–67. doi:10.
1161/circresaha.115.303895

Willis, G. R., Fernandez-Gonzalez, A., Anastas, J., Vitali, S. H., Liu, X., Ericsson,
M., et al. (2018). Mesenchymal stromal cell exosomes ameliorate experimental
bronchopulmonary dysplasia and restore lung function through macrophage
immunomodulation. Am. J. Respir. Crit. Care Med. 197 (1), 104–116. doi:10.
1164/rccm.201705-0925OC

Wynn, T. A., and Vannella, K. M. (2016). Macrophages in tissue repair,
regeneration, and fibrosis. Immunity 44 (3), 450–462. doi:10.1016/j.immuni.
2016.02.015

Xue, J., Schmidt, S. V., Sander, J., Draffehn, A., Krebs, W., Quester, I., et al. (2014).
Transcriptome-based network analysis reveals a spectrum model of human
macrophage activation. Immunity 40 (2), 274–288. doi:10.1016/j.immuni.2014.
01.006

Yang, S. H., Park, M. J., Yoon, I. H., Kim, S. Y., Hong, S. H., Shin, J. Y., et al. (2009).
Soluble mediators from mesenchymal stem cells suppress T cell proliferation by
inducing IL-10. Exp. Mol. Med. 41 (5), 315–324. doi:10.3858/emm.2009.41.5.035

Zampetaki, A., Mitsialis, S. A., Pfeilschifter, J., and Kourembanas, S. (2004).
Hypoxia induces macrophage inflammatory protein-2 (MIP-2) gene expression in
murine macrophages via NF-κB: The prominent role of p42/p44 and PI3 kinase
pathways. FASEB J. 18 (10), 1090–1092. doi:10.1096/fj.03-0991fje

Zanin-Zhorov, A., Tal-Lapidot, G., Cahalon, L., Cohen-Sfady, M., Pevsner-
Fischer, M., Lider, O., et al. (2007). Cutting edge: T cells respond to
lipopolysaccharide innately via TLR4 signaling. J. Immunol. 179 (1), 41–44.
doi:10.4049/jimmunol.179.1.41

Zhang, B., Yeo, R. W. Y., Lai, R. C., Sim, E. W. K., Chin, K. C., and Lim, S. K.
(2018a). Mesenchymal stromal cell exosome-enhanced regulatory T-cell
production through an antigen-presenting cell-mediated pathway. Cytotherapy
20 (5), 687–696. doi:10.1016/j.jcyt.2018.02.372

Zhang, B., Yin, Y., Lai, R. C., Tan, S. S., Choo, A. B., and Lim, S. K. (2014).
Mesenchymal stem cells secrete immunologically active exosomes. Stem cells Dev.
23 (11), 1233–1244. doi:10.1089/scd.2013.0479

Zhang, C., Yang, S. J., Wen, Q., Zhong, J. F., Chen, X. L., Stucky, A., et al. (2017).
Human-derived normal mesenchymal stem/stromal cells in anticancer therapies.
J. Cancer 8 (1), 85–96. doi:10.7150/jca.16792

Zhang, S., Chuah, S. J., Lai, R. C., Hui, J. H. P., Lim, S. K., and Toh, W. S. (2018b).
MSC exosomes mediate cartilage repair by enhancing proliferation, attenuating
apoptosis andmodulating immune reactivity. Biomaterials 156, 16–27. doi:10.1016/
j.biomaterials.2017.11.028

Frontiers in Bioengineering and Biotechnology frontiersin.org15

Papait et al. 10.3389/fbioe.2022.981061

https://doi.org/10.1161/STROKEAHA.119.028012
https://doi.org/10.1002/art.38674
https://doi.org/10.1038/cmi.2015.89
https://doi.org/10.3892/ijmm.2013.1572
https://doi.org/10.1002/jev2.12094
https://doi.org/10.1002/jev2.12094
https://doi.org/10.1161/circresaha.115.303895
https://doi.org/10.1161/circresaha.115.303895
https://doi.org/10.1164/rccm.201705-0925OC
https://doi.org/10.1164/rccm.201705-0925OC
https://doi.org/10.1016/j.immuni.2016.02.015
https://doi.org/10.1016/j.immuni.2016.02.015
https://doi.org/10.1016/j.immuni.2014.01.006
https://doi.org/10.1016/j.immuni.2014.01.006
https://doi.org/10.3858/emm.2009.41.5.035
https://doi.org/10.1096/fj.03-0991fje
https://doi.org/10.4049/jimmunol.179.1.41
https://doi.org/10.1016/j.jcyt.2018.02.372
https://doi.org/10.1089/scd.2013.0479
https://doi.org/10.7150/jca.16792
https://doi.org/10.1016/j.biomaterials.2017.11.028
https://doi.org/10.1016/j.biomaterials.2017.11.028
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.981061

	Perinatal derivatives: How to best validate their immunomodulatory functions
	Introduction
	Lessons from the adult MSC field
	MSCs mediate many therapeutic effects via their secretome

	Assays for the assessment of immunomodulatory PnD activities
	T cell assays
	Monocyte and macrophage assays

	How to identify the right assay
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


