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Our immune system actively fights bacteria and viruses, and it must strike a delicate balance
between over- and under-reaction, just like Daedalus and Icarus in Greek mythology, who
could not escape their imprisonment by flying too high or too low. Both human amniotic
epithelial and mesenchymal stromal cells and the conditioned medium generated from their
culture exert multiple immunosuppressive activities. They have strong immunomodulatory
properties that are influenced by the types and intensity of inflammatory stimuli present in
the microenvironment. Notably, very recently, the immunomodulatory activity of human
adult renal stem/progenitor cells (ARPCs) has been discovered. ARPCs cause a decrease in
Tregs and CD3+ CD4− CD8− (DN) T cells in the early stages of inflammation, encouraging
inflammation, and an increase in the late stages of inflammation, favoring inflammation
quenching. If the inflammatory trigger continues, however, ARPCs cause a further increase
in DN T cells to avoid the development of a harmful inflammatory state. As in the flight of
Daedalus and Icarus, who could not fly too high or too low to not destroy their wings by the
heat of the sun or the humidity of the sea, in response to an inflammatory environment, stem
cells seem to behave by paying attention to regulating T cells in the balance between
immune tolerance and autoimmunity. Recognizing the existence of both suppressive and
stimulatory properties, and the mechanisms that underpin the duality of immune reaction,
will aid in the development of active immunotherapeutic approaches that manipulate the
immune system to achieve therapeutic benefit.

Keywords: immune system, stem cells, renal stem cells, perinatal stem cells, immunomodulation, T cells,
inflammatory response
IMMUNE RESPONSE IN HOMEOSTASIS OR HEALING PROCESS

Human beings are regularly exposed to millions of potential pathogen events and organisms, through
contact, inhalation or ingestion. Our innate ability to prevent or respond to pathogens is not specific,
the adaptive immune response is. Innate immune response is common among vertebrates and
invertebrates, and also plants, shielding and preserving them. Approximately 500 million years ago,
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we have pieces of evidence supporting the rise of adaptive immune
system in the evolution, confinely to vertebrates, in response to
complex systems and growing risks associated with elaborate
activities and metabolism. The adaptive immune response is
slow, particularly for the first antigen encounter. It may take
days when not weeks to activate and expand specific clones of B
and T cells, and we rely on such long-term memory to react
against previous encountered pathogens (1).

Both innate and adaptive immune components are daily
involved in preventing bacterial and viral infections, striking a
delicate balance between over- and under-reaction to such
stimuli. Such delicate and strict activity bears resemblance to
the Greek myth of “Daedalus and Icarus”, two mythological
figures whose restrained and regulated flight, neither too high
nor too low, led to successful imprisonment break. At the same
manner, when the human immune system is out of balance, not
only does it fail to defend the body, but it can even over-react
attacking itself. A deranged, rampant immune response may
mistake “self” cells for invading pathogens, leading to devastating
auto-immune disorders, like lupus and rheumatoid arthritis. At
the same manner, when the immune system misidentifies a
harmless particle (such as pollen) as an invading parasite,
allergies can develop and escalate to life-threating disease. For
a long time, immunologists and cell biologists have been
struggling to identify molecular pathways involved in such
balance and constrain or maneuver immune response towards
favorable counteroffensive.

In addition to infective prevention, the innate and adaptive
immune response maintains homeostasis and supports innate
healing process. Homeostasis is the essential process aimed to
preserve normal, healthy ranges for critical factors as energy
intake, body temperature and growth. Such articulated and
entangled system has the well-known ability to react to
external stimuli. In the “Cellular Immunology” book, Barnet
offered an important reflection on clonal selection hypothesis,
suggesting as “self-defense” was originally concerned not with
defense against infection but with the preservation of cellular
integrity of the body (2).

When a body is under attack, infected by micro-organisms, it
needs to invest a lot of energy to fight invaders back, through
immune cellular response. Nature developed an intriguing
mechanism, privileging immune reaction over homeostasis
(such as preserving hydration or temperature levels), in order
to ensure survival of the whole body in such critical event.
Nevertheless, homeostasis needs to be reassured as soon as
possible, and immune response is suddenly restored once the
insult is contained and the risk removed.

Therefore, scientists immediately recognized the importance
in understanding the molecular aspects of such critical response,
and they have been making huge efforts to understand and
develop a method to control and eventually enhance (innate
and/or adaptive) immune system.

In this delicate balance also some types of stem cells play a
role. Mesenchymal stromal cells (MSC) can move towards
inflammatory areas and exert immunomodulatory and anti-
inflammatory effects via cell-to-cell contacts with lymphocytes
Frontiers in Immunology | www.frontiersin.org 2
or via the generation of bioactive molecules, such as cytokines,
growth factors, and chemokines, that have autocrine/paracrine
effects (3). During the past decades, embryonic and perinatal
stem cells (derived from extra-embryonal and gestational tissues)
have attracted interest and endeavor. In particular, perinatal cells
have been recently gained recognition as advanced therapy
medical products proposed in regenerative applications (4).

Recently, it has been discovered that also human adult renal
stem/progenitor cells (ARPC) have a potent immunomodulatory
capacity and may contribute locally to limit tissue damage and
inflammation (5). Researchers are considering new ways to treat
autoimmune disorders, sepsis, and transplant surgery, exploiting
these cells (6).
HUMAN AMNIOTIC EPITHELIAL CELLS
AND THEIR IMMUNE-MODULATORY
MOLECULES

Placenta-derived perinatal stem cells are characterized by steady
immunomodulatory capacity to nourish protection from
maternal immune system. During a 9-month incubation, the
(semi)allogeneic fetus requires maternal immune adaption and
acquisition of tolerance at the maternal–fetal interface. Although
decidua-resident T cells and macrophages, characterized by
regulatory properties, have been recently described playing a
central role in promoting fetal tolerance, stromal cells have been
largely implicated in modulatory and tolerogenic effects (7). The
inner layer of human placenta, amnion-chorionic layer and
amnion membrane in particular, represents a protective barrier
against maternal recognition and fetal rejection. Several groups
have recently collected and described evidence in support of
restraining effects granted by human amniotic epithelial cells
(hAEC) towards immune effector cells. Recent reports describe
altered maturation of antigen-presenting or dendritic cells,
inhibitory effect on natural killer (NK) cell, decreased
circulatory mononuclear cell proliferation or activation, and
switch toward regulatory phenotype in B and T cells or
macrophages (8–11). All these immune-regulatory properties,
rather than immune-suppressive effects, have successfully
bridged the embryo during a 9-month development and may
convey towards new, innovative cellular treatments for
regenerative purposes.

Embryonic and perinatal tissues possess potent immune-
protective properties, not fully understood or characterized.
Constitutive expression of surface proteins and enzymes,
couple with secreted forms of modulatory mediators have been
recently described and reported critical in modulatory processes.
Initially, peculiar expression of tolerogenic human leukocyte
antigen G (HLA-G), both at mRNA and protein levels, has
been reported in embryonic tissues (12, 13), and lately
identified and described in fetal and maternal layers of human
placenta (11, 14). Conversely, to ubiquitously expressed
polymorphic HLA class Ia antigens, HLA-1b molecules display
a restricted pattern of expression in selected tissues (as thymus,
March 2022 | Volume 13 | Article 840146
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cornea, proximal nail matrix and erythroblasts) in healthy
individuals (15–17). HLA-G protein was controversy described
also in MSC (18), lately restricted to soluble forms (19). Soluble
form of HLA-G (sHLA-G) has been measured in the serum or
plasma, secreted by monocytes or T cells in pathological
conditions, such as inflammatory diseases or viral infections,
or in neoplastic and autoimmune disorders, but also in response
to solid organ transplantation (20, 21).

On the contrary, trophoblast cells and epithelial cells lining
the umbilical cord or amnion membrane have recently described
to expressed both membrane-bound molecules and release
soluble forms of HLA-G and HLA-E (both HLA-1b molecules)
(14, 22, 23). The non-polymorphic HLA-1b expression has been
correlated to other paracrine factors (i.e., chemo- or cyto-kines as
IFN-gamma, TGF-beta, IDO, GM-CSF, pro-inflammatory or
anti-inflammatory interleukins) (24–27) or to oxygen tension
(hypoxic or near-hypoxic conditions) (28).

Among immunomodulatory molecules, adenosine (ADO) has
recently gained an important role in different patho-physiological
settings and in innovative cell-based therapies. Extracellular ATP
is the primary substrate for ADO typically hydrolyzed by
membrane-bound ectoenzymes as CD73 (5′-nucleotidase).
CD73, even if expressed by several cells, has been for long time
recognized as identity marker for an efficient and rapid
identification of MSC products (29). CD73 represents the final
ecto-enzyme to complete the adenosinergic loop (30). A
membrane-bound ecto-nucleoside hydrolase (CD39), present on
the same cell or another adjacent element, is responsible for
hydrolyzation into mono- or di-phosphate nucleotide offered to
CD73 in the so called “canonical” pathway (31). However, such
“canonical” way is not the sole molecular pathway responsible for
T cell modulation. Another “alternative” pathway has been
recently described where nicotinamide adenine dinucleotide
(NAD+) rather than ATP is the initiating factor for modulation
for T lymphocytes (32). Nicotinamide adenine dinucleotide can be
actively secreted across cell membrane and trigger a cascade of
extracellular signals (27). CD38, another membrane ecto-
nucleotidase, lends ADPR over to CD203a, a surface nucleotide
pyrophosphatase/phosphodiesterase 1 that generates mono-
phospate adenosine (AMP) (Figure 1). Similarly to “classical”
pathway, AMP generated in the “alternative” cascade is the
converted into ADO by CD73 (31).

Several aforementioned immunomodulatory pathways were
initially identified and ascribed limitedly to MSC. In the position
manuscript published in 2006 by the International Society for
Cell and Gene Therapy (ISCT) experts, the ecto-nucleotidase
enzyme CD73 was exclusively described on MSC, leading to an
efficient identity marker to qualify stromal multipotent cells (29).
The limited but constitutive expression of CD73 on human MSC
has been lengthy maintained in quality assurance assays for MSC
therapies. Such membrane-bound enzyme has also been
detected, in combination or close proximity to all the
aforementioned ectoenzymes, on different cell populations,
namely, immune effector cells (33) or tumor cells (34). A
complete loop achieved by interaction of different cells or
eventually on a single cell has been proved to confer immune-
Frontiers in Immunology | www.frontiersin.org 3
protection. Recently, confirmation of constitutive, high-density
presence of CD73 on the surface of hAEC has been reported.
Interestingly, dichotomic effects has been measured and
described in hAEC when exposed to immune cells: while T
and NK cells are significantly inhibited in proliferation and
activation by hAEC direct contact (10) or close proximity (23).
B cell expansion in vitro has been surprisingly increased by few
amnion cells in the compartment (10). Furthermore, ATP,
NAD+ and ADO released into the extracellular space, have
been recently described having an important role in the
promotion of T and B regulatory cells and M2 macrophages
(10). The same group reported for the first time the constitutive
presence of all five plasma membrane nucleotidases on a single
non-neoplastic cell (hAEC), suggested as such ecto-enzymatic
activity plays an important role in addition to the non-
polymorphic HLA-G mediation.

The most recent paradigm is that hAEC or perinatal stem cell
in general, do not necessarily need to mature into adult somatic
cell types (multipotency), but these fetal-derived stem cells can
exert important immuno-modulatory activities via indirect
paracrine mediators. Such mediators (collectively known as
secretome) include soluble proteins (cytokines, chemokines,
growth factors and proteases) (35) and extracellular vesicles
(EVs) of micro- and nano-size (23). Notably, the expression of
both membrane-bound HLA-G and soluble form of non-
polymorphic HLA-1b molecules (sHLA-G and sHLA-E) in
every primary hAEC effects on immune cells generated by
surface molecules. To support the moiety in soluble molecules,
an impressive amount of small and large size vesicles were
released by full term hAEC, mediating anti-inflammatory, anti-
fibrotic, anti-microbial, anti-apoptotic, pro-regenerative and
immune-modulatory properties sufficient to restore normal
architecture and function to damaged organs.

FAS receptor expression has also been observed at high levels
in embryonic tissues (36, 37). Amniotic cells and their
conditioned medium have been suggested for the treatment of
chronic inflammation and immune alterations due to their broad
immunosuppressive properties (38).
ADULT RENAL STEM/PROGENITOR
CELLS: NEW PERSPECTIVE FOR
THE T CELL MODULATION

Notably, very recently the immunomodulatory activity of adult
renal stem/progenitor cells (ARPCs) has been reported. Tissue-
specific cells, expressing CD133 and CD24 antigens on their
surface, have been described as progenitors of tubular cells and
podocytes during human kidney formation (39–46). Renal
progenitors are abundant in the kidneys at 8–9 weeks of
gestation, when the kidney is largely made up of immature
metanephric mesenchyme-derived structures; the percentage of
progenitor cells decreases over the time, until they account for
around 2% of renal cells in adult human kidneys (47).

ARPCs can help in kidney regeneration in two ways: by
directly differentiating and by secreting reparative molecules.
March 2022 | Volume 13 | Article 840146

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Picerno et al. Perinatal and Renal Stem cells Immunomodulation
They can differentiate into epithelial, endothelial, osteogenic, and
adipogenic cells, among others (43, 48, 49). ARPCs have been
shown to be able to regenerate lengthy segments of renal tubules
and missing podocytes in cortical nephrons after acute kidney
injury (AKI) (50, 51). Furthermore, Toll-Like Receptor 2 (TLR2)
ligands activate CD133+ renal progenitors, which can secrete
reparative factors that can repair renal tubular cells damaged by
chemical agents like cisplatin (46).

TLR2 can act as a damage sensor, and its activation can result
in stem cell proliferation and differentiation, among other things.
Following TLR2 stimulation, cytokines and inflammatory
chemokines such as C-3 and MCP-1, IL-6, and IL-8 are released
(43, 44, 52, 53). Renal progenitors can repair both physical and
chemical damage, such as a wound in epithelial tissue caused by
Frontiers in Immunology | www.frontiersin.org 4
cisplatin, a widely used chemotherapeutic drug that can cause
nephrotoxicity side effects. Following renal tubular cell injury,
ARPCs released inhibin-A and decorin, which were directly
involved in the cell regeneration process (43).

In addition, following LPS exposure, ARPCs have the ability
to prevent endothelial dysfunction and protect the endothelium
compartment, facilitating kidney healing. The antifibrotic
activity of ARPCs is mediated by the release of antiseptic
molecules CXCL6, SAA4, and BPIFA2 (54).

Recently, it has been reported, for the first time, that human
ARPCs also possess immunomodulatory capabilities (5).
Specifically, ARPCs have shown modulatory features towards
CD3+ CD4− CD8− (double negative; DN) T cells and promotive
capacity for regulatory T cells (Tregs). However, renal progenitors
FIGURE 1 | The canonical pathway of ADO production initiates with CD39, an ecto- diphosphohydrolase responsible for hydrolyzation into mono- or di-phosphate
nucleotide which are suddenly converted into soluble ADO by CD73. CD39 and CD73 can be present on the same cell or in close proximity when two cellular
elements are adjacent. Interestingly, hAEC has been recently proved to constitutively expressed both canonical ecto-enzymes on membrane surface. However, such
“canonical” way is not the sole molecular pathway responsible extracellular ADO production. Another “alternative” pathway has been described where nicotinamide
adenine dinucleotide (NAD+), rather than ATP, is the initiating factor for ADO production (and relative immune cell modulation). NAD can be actively secreted across
cell membrane and trigger a cascade of extracellular signals, starting with CD38 resulting in soluble ADPR. CD38, another membrane ecto-nucleotidase, lends ADPR
over to CD203a, a surface nucleotide pyrophosphatase/phosphodiesterase 1, that generate mono-phosphate adenosine (AMP). Similarly to “classical” pathway,
AMP generated in the “alternative” cascade is converted into ADO by CD73, the point of contact for the two canonical and alternative pathways.
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need to be triggered to achieve full potential immunomodulative
effect. Toll Like Receptor 2 (TLR2) agonists, such as lipoteichoic acid
(LTA), a major constituent of the protective wall in gram-positive
bacteria, are required to stimulate innate immune responses to
gram-positive bacteria (55), and activate ARPCs (46, 56). Activated
ARPCs have been proved to inhibit peripheral blood mononuclear
cell (PBMC) proliferation, limitedly to Treg and DN T cells. When
ARPCs detected inflammation (by LTA binding on TLR2), Treg
generation was inhibited both in the short- (5 days) and long-term
(15 days) (5, 43). If ARPCs were not activated by LTA, a partial Treg
inhibition was observed, limitedly to short-term effect. Such effect
was reverted resulting in increased Treg generation in the longer
term. Renal progenitor cells reach out immune cells through
paracrine mediators. Soluble factors as PAI1, CXCL1/GRO-a,
GM-CSF, MCP1, IL-6, IL-8, and MIF have been detected in
Frontiers in Immunology | www.frontiersin.org 5
ARPC secretome analysis when co-cultured with T cells.
Interestingly, PBMC stimulation by combination of PAI1,
CXCL1, MCP1, and GMCSF chemokines , had an
immunomodulatory effect specifically on Treg and DN T cells.

The ability of stem/progenitor cells to affect Tregs is not new.
MSC can also modulate T cell sub-populations (57, 58). Instead,
what is novel is the evidence supporting stem/progenitor cell ability
to modulate the recently discovered population of DN T cells. In
both mice and humans, DN T cells have been described as powerful
suppressor cells. They are antigen-specific suppressor cells and use
trogocytosis to regulate T cells with the same antigen specificity.
This is a distinguishing trait that makes them intriguing for cellular
treatment, transplantation, and autoimmunity. Moreover, to control
tissue immune response, proliferative DN T cells released potent
anti-inflammatory cytokines such as IL-27 and IL-10 (59).
A

B

FIGURE 2 | (A) Following a renal damage ARPCs detect the insult by the binding of Pathogen Associated Molecular Patterns (PAMPs), such as lipoteichoic acid
(LTA), or damage-associated molecular patterns (DAMPs) on the Toll-like receptor 2 (TLR2). ARPCs then inhibhit the Treg and the double negative (DN) T cells
through paracrine mediators as PAI1, CXCL1, GM-CSF, and MCP1 to favor the initial phase of inflammation. (B) ARPCs can mediate immunomodulation and affect
inflammatory state. The physiological response to tissue damage can be divided into three phases: inflammatory, reparative, and remodeling. During this process,
inflammatory status (defined as the types and concentrations of cytokines and cells of the immune system present) changes considerably: proinflammatory influences
(red dashed line) are dominant in the inflammatory, infection-fighting phase and diminish in the reparative and remodeling phases that follow, which allows wound
healing. In the context of the intensity of the immune response (right vertical axis), the inflammatory response (red dashed line) fluctuates during the wound-healing
process. Such changes in inflammation substantially alter the effects of mesenchymal stem cells (MSC)-meditated immunomodulation, which results in a variable
correlation between the intensity of inflammation and efficacy of MSC treatment (solid black line). Such changes in inflammation are also affected by ARPC-meditated
immunomodulation. ARPCs cause DN T cell decrease at the initial phase, promoting inflammation, and DN T cell increase in the late inflammation stages, favoring
the inflammation quenching.
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Allograft rejection, GVHD, and auto-immune diabetes can all be
prevented or reversed by DN T and Treg cells (60). Their
homeostatic role is attained by suppressing excessive host
immune responses (61, 62). Furthermore, recent reports suggest
that DN T cells in turn can regulate B cells, DCs, and NK cells (60).

The physiological response to tissue damage usually follows a
three-step pattern: inflammatory, reparative, and remodeling.
Inflammation status (expressed as the types and quantity of
immune system cytokines and cells present) may significantly
vary. Inflammation intensity is high in the infection-fighting
stage, while decreases in the subsequent reparative and
remodeling stages that enable wound healing (63). As a result,
ARPCs reduce Tregs and DN T cells in the early stages of a tissue
damage, encouraging inflammation, whereas they increase these
regulatory cells in the late stages of the tissue repair process,
favoring inflammation quenching. In chronic inflammatory
event, ARPCs further support DN T cell generation to prevent
escalation and related risks (Figure 2). The ARPCs therefore
reveals useful also in the setting of AKI in which the role of
innate immunity in acute tissue injury is well established, with
engagement of complement, cytokines, and leucocytes (64).

Different stimuli may modulate the immunomodulatory
activity of ARPCs. Both IFN-a or IFN-b can suppress renal
progenitor differentiation into mature podocytes (65) whereas no
data are present on IFN-g stimulation on ARPCs. However,
tubular epithelial cells express PD-L1, an inducible antigen that
negatively regulates T-cell responses elicited by IFN-g (66).
Further studies are needed to deep this recently discovered
ARPC ability to regulate T cells.
DEADALUS AND ICARUS: THE
IMPORTANCE OF STRIKING BALANCE

Still more than two thousand years later, Greek mythology passes
an invaluable heritage of knowledge in the form of tales where
general concepts can help and lead to a more general level of
knowledge.We find inDaedalus and Icarus flight a perfect analogy
with the immune balance. Daedalus, to revert his own fate and fly
away from their imprisonment, wore wings made of feathers and
wax. But the wise father warned him on the importance of a
balanced and a fine-tuned control: an unbalanced flight would
have eventually resulted in wing consumption by the heat of the
sun or the humidity of the sea, leading to fatal loss. Icarus, the
boisterous son, disattended the recommendations of his father,
paying such uncontrolled, heighten flight with his own life. Such
ancient allegoric tale perfectly resembles our modern view of
immune system response. Human immune system over- or
under-reaction to external or internal stimuli leads to an
uncontrolled cascade of effects, eventually leading to death. A
closer look to renal progenitor cells in response to an
Frontiers in Immunology | www.frontiersin.org 6
inflammatory environment leads to a close similarity between
ARPC and the wise Daedalus, where a tweaked and calibrated
regulation in Tregs and DN T cells conveys towards efficient
balance between immune tolerance and autoimmunity.

Moving from the awareness that many renal diseases are
characterized by inflammatory infiltrating T cells, and the recent
identification of prevalence in DN T cells, further research into
the role of ARPCs in immune system modulation may pave the
road to new therapeutic interventions or adjunct cell-based
therapies for both acute and chronic kidney disorders. It is in
such direction, that new proposed approaches based on allogenic
perinatal stem cells offering an immune privileged locale to the
kidney stem/progenitor cells of the recipient can convoy towards
innovative therapies, where immune-modulation, rather than
immune-suppression, will support regenerative capacity,
abetting normal immune response towards eventual infective
agents (such as SARS viruses and COVID-19).

Innovative stem cell strategies are promising new cellular tool
for advanced medical treatments, currently evaluated and tested
by different groups worldwide, aimed to refine and handle
balance between immune-repression and immune-stimulation.
Recognizing the existence of both suppressive and stimulatory
properties, and the mechanisms that underpin the duality of
immune reaction, will eventually aid in the development of active
immunotherapeutic approaches that manipulate the immune
system to achieve therapeutic benefit.
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