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Chapter 6
Immunomodulatory Properties and  
Potential Therapeutic Benefits of Muse  
Cells Administration in Diabetes

Marcelo Javier Perone, María Laura Gimeno, and Florencia Fuertes

Abstract It is well established the link between inflammation and the development 
of insulin resistance and pathogenesis of type 2 diabetes. Type 1 diabetes is an auto-
immune disease characterized by the destruction of insulin-producing pancreatic β 
cells mediated by autoreactive T lymphocytes and pro-inflammatory agents. 
Therefore, developing new strategies to efficiently control dysregulated inflamma-
tion could have substantial benefits in the treatment of diabetes. Recently, a novel 
population of non-tumorigenic pluripotent stem cells, named multilineage- 
differentiating stress-enduring (Muse) cells, was discovered. Muse cells secrete sig-
nificant amounts of TGF-β1, a key cytokine governing down-modulation of T 
lymphocytes and macrophages. In this chapter, we discuss the immunomodulatory 
properties of Muse cells as well as the molecular mechanism of TGF-β1 as mediator 
of Muse cell action. We also describe the role of certain cytokines/growth factors 
highly expressed in Muse cells as potential mediators of their effects. Finally, we 
provide evidence of the beneficial effects of adipose tissue-derived Muse cells in an 
experimental mice model of type 1 diabetes.

Keywords Stem cells · Inflammation · Tissue regeneration · TGF-β1 · Interleukins 
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6.1  Introduction

Mesenchymal stromal cells (MSCs) are a group of multipotent stem cells from adult 
tissues with capacity to regulate the immune system, participating in both the innate 
and adaptive responses [1–7]. These cells have been described as capable of inhibit-
ing both T cell proliferation and cytokine secretion [1, 3, 6]. They are also able to 
drive T helper balance towards a regulatory phenotype, laying the ground for 
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tolerogenic environment. Other immunomodulatory abilities already attributed to 
MSCs are inhibition of activation and proliferation of dendritic cells [4], as well as 
blocking the proliferation of natural killer (NK) cells, being both key actors of the 
innate immune response [3, 4, 6]. These effects are thought to be a consequence of 
soluble factors released by MSCs; however, the precise mechanisms of stimulation, 
production of active agents and their secretion by MSCs are still not fully under-
stood. MSCs release soluble factors with major impact on the regulation of the 
immune system including hepatocyte growth factor (HGF), transforming growth 
factor-β1 (TGF-β1), prostaglandin E2 (PGE2) and interleukin-10 (IL-10) among 
others [5, 7]. The non-classic MHC I molecule, HLA-G, expressed in the surface of 
MSCs, has also been described as a mediator of their immunosuppressive effects [3, 
6, 8]. Based on their immunomodulatory properties, the use of MSCs has been 
thought to be an excellent therapeutic alternative for immune-mediated diseases.

In contrast to induced pluripotent stem cells (iPSCs), MSCs became good candi-
dates for cell regeneration therapy both due to their easy accessibility and their lack 
of tumorigenic activity, making them a good therapeutic alternative for immune- 
mediated diseases. However, one of the main reasons why MSCs regenerative thera-
pies have not been successful so far is because of the low rate of cell implantation 
[9, 10]. That is why, in the past few years, researchers have tried to encounter other 
candidates for cell therapy.

In 2010, a subset of pluripotent stem cells was described and named multilineage- 
differentiating stress-enduring (Muse) cells, isolated from adult tissues [11]. 
Currently, Muse cells can be isolated from mesenchymal tissues mainly skin, bone 
marrow and adipose tissue [11, 12]. These conspicuous stem cells have been char-
acterized for their SSEA-3 expression (a well-known surface marker for human 
embryonic stem cells). They also express pluripotency markers, such as octamer- 
binding transcription factor 3/4 (Oct3/4), sex-determining region Y-box 2 (Sox-2) 
and Nanog [11–13]. Furthermore, Muse cells have high capacity of migrating to 
injured areas, regenerating damage tissues and fostering function recovery.

Remarkably, Muse cells express low levels of HLA-DR, a major histocompat-
ibility class (MHC) II molecule, suggesting the potential use of Muse cells for 
allogeneic transplantation. Muse cells telomerase activity is very low, and it has 
been proven their incapacity of undergoing teratogenesis in  vivo [11, 13–16]. 
Based on all these properties, Muse cells are ideal candidates for tissue regenera-
tion and cell therapy.

6.2  Diabetes

During the last two decades, several attempts have been made to employ the admin-
istration of MSCs for the treatment of diabetes. Diabetes is a highly prevalent 
endocrine- metabolic disease with a constant growing rate, affecting nearly half a 

M. J. Perone et al.



117

billion people worldwide. It is characterized by hyperglycaemia as a result of 
whether a lack of insulin production in the pancreas (type 1 diabetes) or peripheral 
insulin resistance and insufficient insulin production (type 2 diabetes), in addition to 
genetic and environmental components. Type 1 and type 2 diabetes are distinguished 
by their etiopathogenesis, where the former is characterized by an autoimmune- 
mediated destruction of β cells in the pancreatic islets, while type 2 diabetes comes 
out as a consequence of insulin resistance, which leads to β cells inability to cope 
with high blood glucose and, eventually, their death by apoptosis [17].

In type 1 diabetic patients, autoantigens produced by damaged β cells (regardless 
of the primary stimulus) are recognized by antigen-presenting cells (APCs) and 
activate pro-inflammatory responses. In this context, MSCs and Muse cells may 
either modulate the action of the uncontrolled immune system or protect pancreatic 
β cells from death.

Dendritic cells and macrophages belong to the first line of immune cells infiltrat-
ing pancreatic islets in type 1 diabetes, followed by B and T lymphocytes. At early 
disease stages, benign T helper type 2 (Th2) cells can be found within islets, followed 
by a wave of Th1 lymphocytes generating a pro-inflammatory environment [18]. 
Later on, cytotoxic T lymphocytes (CD8+) contribute to the pathogenesis establish-
ing direct contact and damaging insulin-producing cells through the release of perfo-
rin and granzyme molecules, among other agents [17, 19]. Also, β cell damage is 
promoted by pro-inflammatory cytokines released by macrophages and activated T 
lymphocytes, such as IL-1β, TNF-α and IFN-γ [20, 21], and it is further accelerated 
by superoxide production [17]. These pro-inflammatory stimuli, together with radical 
oxygen and nitrogen species generated by the intracellular oxidative stress of β cells, 
will lead to their demise and inability of the remaining β cells to cope appropriately 
with blood glucose levels.

The pathophysiological mechanisms of type 2 diabetes differ from type 1 diabe-
tes, although recent evidence demonstrated the participation of selected compo-
nents of the immune system as well [19]. Autoreactive CD4+ T cells have been 
found in the blood of type 2 diabetic patients, and their cytokine production (par-
ticularly IFN-γ and IL-10) is similar to that observed in type 1 diabetic subjects. 
Insulin resistance in type 2 diabetes determines higher blood glucose levels which, 
combined with reduced β cell function, are translated into poor insulin output and 
subsequent dysregulated glucose homeostasis [22].

The nonobese diabetic (NOD) mouse is frequently employed as a spontaneous 
model of type 1 diabetes, in which the immune system plays an essential role in the 
pathogenesis of the disease. This mouse strain is characterized by multiple defects 
in regulatory pathways of the immune system [23]. Infiltration of leukocytes in the 
pancreatic islets – insulitis – can be observed as early as 4 weeks of age in females, 
and incidence of diabetes commonly occurs in 60–80% of 30-week-old female 
NOD mice. In this chapter, we describe the effects of adipose tissue-derived Muse 
cells modulating diabetogenic T lymphocytes and their beneficial administration in 
diabetic NOD mice.
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6.3  Immunomodulatory Action of Muse-AT Cells

Muse cells are generally obtained by cell sorting based on pluripotent surface 
marker SSEA-3 expression [11]. However, we obtained Muse cell-enriched frac-
tion from human lipoaspirates (Muse-AT cells) by simple, fast and affordable pro-
cedure, based on the original method reported by Heneidi et al. [12]. The lipoaspirate 
was treated with severe cellular stress conditions combining long-term collagenase 
incubation, lack of nutrients, low temperature and hypoxia and resulted in the 
enrichment stage-specific embryonic antigen-3 (SSEA-3)-positive cells for up to 
~60% of [13].

Recent reports have described the immunoregulatory capacity of Muse-AT 
cells. The fact that Muse-AT cells isolated from adipose tissue secrete high levels 
of TGF- β1 is a major milestone supporting the immunomodulatory properties of 
these conspicuous stem cells [13]. TGF-β1 is a cytokine which plays a critical 
role in inflammation and other biological processes, depending on the microen-
vironment surrounding damaged tissues. We demonstrated that the expression 
level of TGF-β1 secreted by Muse-AT cells in culture increases spontaneously 
over time, reaching the highest levels between 5 and 10  days, probably as a 
response to the stringent stress culture conditions triggered by clustering forma-
tion in suspension culture.

The immunomodulatory capacity of Muse-AT cells is mainly mediated by 
secreted TGF-β1 [13]. T cells and macrophages secrete pro-inflammatory cytokines 
upon stimulation in vitro. Pro-inflammatory IFN-γ and TNF-α secreted by T cells 
and macrophages, respectively, boost the immune response. To investigate whether 
Muse-AT cells might influence the response of macrophages, we first employed the 
mouse macrophage cell line RAW 264.7. LPS activates and dramatically induces 
the secretion of TNF-α by RAW264.7 cells [24]. Muse-AT cells co-cultured with 
RAW 264.7 macrophages significantly reduced TNF-α secretion upon LPS stimu-
lation. In addition, using a transwell co-culture system to find out whether soluble 
factors were the mediators of the observed inhibition, we discovered a significant 
decrease of TNF-α production by RAW264.7 cells upon LPS stimulation. These 
results indicate that soluble mediators secreted by Muse-AT cells are, in part, 
responsible for their immunomodulatory effects. Similarly, Muse-AT cell 
conditioned- media significantly reduced TNF-α secretion by LPS-stimulated 
RAW264.7 cells. We could also confirm the presence of TGF-β1 in Muse-AT cell 
conditioned-media as the one responsible for the observed effects on RAW 264.7 
cells. Co-culture experiments were performed in the presence of SB-431542 (SB), 
a small molecule inhibitor that blocks TGF-β1 action. Under these circumstances, 
the inhibitory effect of Muse-AT cell conditioned-media was reverted, indicating 
that TGF-β1 plays a critical role as a mediator of Muse-AT cell immunomodula-
tion. The same results were obtained when a more reliable source of macrophages 
was used. Indeed, Muse-AT cell conditioned-media reduced TNF-α secretion by 
LPS- stimulated freshly isolated murine macrophages, and the incorporation of SB 
into the media restored TNF-α secretion.
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We then explored the ability of Muse-AT cells on T-lymphocyte responses. For 
this purpose, an in vitro antigen-specific T-lymphocyte assay was employed. NOD 
BDC2.5 CD4+ T cells specifically recognize a chromogranin-A peptide in the con-
text of major histocompatibility class II complex (H-2  g7) of the NOD mice. 
BDC2.5 CD4+ T lymphocytes mainly differentiate into a Th1 phenotype secreting 
high amounts of pro-inflammatory cytokines, e.g. IFN-γ, upon antigen stimulation 
and have been extensively characterized regarding pathogenicity in autoimmune 
diabetes [25]. Thus, BDC2.5 CD4+ T cells responded with a high secretion of INF-γ 
upon antigen challenge [26, 27]. Muse-AT cell conditioned-media diminished 
IFN-γ secretion by antigen-stimulated BDC2.5 CD4+ T lymphocytes in a dose- 
dependent manner. Interestingly, conditioned-media from Muse-AT cells generated 
more efficient results in blocking INF-γ secretion when compared to conditioned- 
media obtained from culturing MSCs isolated from adipose tissue. When compar-
ing TGF-β1 expression from cells isolated from a single individual, Muse-AT cells 
express higher levels than adipose MSCs, suggesting this cytokine may be respon-
sible for the observed immune downregulating effect.

To further confirm whether the immune-regulatory potency exerted by Muse-AT 
cells on T cells might depend on their TGF-β1 expression levels, we blocked its 
signalling pathway using SB. When SB was applied to T cell cultures in the pres-
ence of Muse-AT cell conditioned-media, the secretion of IFN-γ by antigen-specific 
stimulated BDC2.5 CD4+ T lymphocytes was restored. Similar results were 
observed when a neutralizing anti-TGF-β1 antibody was added. These results con-
firmed the role of TGF-β1 as a key mediator of Muse-AT immunomodulatory activi-
ties in macrophages and T lymphocytes. In addition, we discovered upregulation of 
the classic anti-inflammatory IL-10 in the presence of Muse-AT cell conditioned- 
media in BDC2.5 CD4+ T-lymphocyte cultures [13].

6.4  Mechanistic Insights into Muse-AT Cells Activity

Based on all the results described above, we analysed the TGF-β1 signalling path-
way of Muse-AT cells. Analysing several preparations of human Muse-AT cells, we 
have found that these cells express TGF-βII receptor, the cognate receptor for TGF- 
β1, on their surface membrane (Gimeno et  al. unpublished), suggesting that this 
cytokine may promote autocrine/paracrine effects on the cells. What could be the 
role of TGF-β1 signalling in Muse-AT cells? This pleiotropic cytokine has been 
proposed as a stemness regulator of haematopoietic stem cells (HSCs); interest-
ingly, these cells require stimulation with activin-like kinase 5 (TGF-β type I recep-
tor) ligands to maintain a quiescent state within the bone marrow niche. In 
accordance to this, we observed that increments of TGF-β1 levels in Muse-AT cell 
clusters also matched with very low proliferation cell activity, while very low TGF- 
β1 levels were observed in highly proliferative ASCs. Thus, our observations led us 
to speculate that TGF-β1 autocrine/paracrine loop might help maintain Muse-AT 
cells at low proliferative rate [11]. Freshly isolated Muse-AT cells express 
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TGF-βII- receptor, suggesting that they might show an early response to TGF-β1 
ligands (see Fig. 6.1). Regarding this, Ylöstalo et al. proposed that aggregation of 
MSCs into spheroids induces a type of cellular stress that results in intracellular 
signalling leading to upregulation of anti-inflammatory effectors [28]. In vivo, acti-
vation might occur by the action of soluble factors released from injured tissues 
[29]. Accordingly, we found that Muse-AT cells spontaneously expressed high lev-
els of TGF-β1 when cultured in non-adherent conditions (e.g. after 5–10 days). Cell 
aggregation might trigger this expression. Furthermore, when cells are transplanted 
and reach damaged tissues, it can be expected to find low levels of TGF-β1 in the 
microenvironment, which in turn will allow cell differentiation and tissue repair.

TGF-β binds to its specific receptor initiating intracellular signalling cascades 
and activating several phosphorylated mediators. Among them, SMAD2 has been 
described as an important mediator of the TGF-β1 anti-inflammatory pathway [30–

Fig. 6.1 Schematic diagram illustrating the agents secreted by Muse-AT cells, their impact on 
immune cells response and possible therapeutic effects. Secreted-TGF-β1 by Muse-AT cells binds 
to its cognate receptor (TβR I/II) on T lymphocytes and macrophages. A putative intracellular 
TGF-β1 signalling pathway involves the expression of phosphorylated-SMAD proteins regulating 
the secretion of indicated cytokines. Also, putative action of biologics in indicated diseases is 
represented with “?”. X represents unknown factors. T reg T regulatory lymphocytes, MΦ 
macrophages
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32]. We analysed phosphorylated SMAD2 (pSMAD2) in T lymphocytes treated 
with Muse-AT cells conditioned-media. For this purpose, we employed BDC2.5 
CD4+ T lymphocytes, as described [25, 27]. When BDC2.5 CD4+ T lymphocytes 
were cultured in Muse-AT cell conditioned-media, pSMAD2 levels increased in an 
antigen-specific dependent manner evaluated by Western blot [13] (see Fig. 6.1).

Upon antigen stimulation, naïve CD4+ T lymphocytes have the ability to differ-
entiate into several Th effector subsets. NOD BDC2.5 CD4+ T cells have a marked 
Th1 bias [25]. Surprisingly, the presence of Muse-AT cells conditioned-media in 
antigen-stimulated BDC2.5 CD4+ T cells augmented the secretion and expression 
of IL-10 and its mRNA, respectively. Therefore, Muse-AT cells change the balance 
between the hallmark Th1 cytokine (IFN-γ) and regulatory IL-10  in T 
lymphocytes.

To further evaluate the intracellular mechanisms that govern T cells regulation by 
TGF-β1-mediated Muse-AT cells conditioned-media, we evaluated the master tran-
scription factor TBX21 (T-box transcription factor, also known as T-bet) which gov-
erns Th1 differentiation and IFN-γ expression [33]. Our Western blot analysis 
indicated that Muse-AT cell conditioned-media reduced the expression of T-bet by 
antigen-specific stimulated BDC2.5 CD4+ T lymphocytes, suggesting that low lev-
els of IFN-γ expression might be due, in part, to reduced synthesis of T-bet.

Are Muse-AT cells able to modify the expression of any other master transcrip-
tion factor involved in T-lymphocyte differentiation? Although the levels of GATA-3 
mRNA, a master transcription factor for Th2 differentiation, were not influenced by 
Muse-AT cell conditioned-media in BDC2.5 CD4+ T lymphocytes, we should not 
rule out the possibility that different diabetogenic clones may respond differentially 
to the conditioned-media. On the other hand, our preliminary data suggest the exis-
tence of other biologics expressed by Muse-AT cells which might influence immune 
responses, probably through direct action on T lymphocytes and macrophages. 
Therefore, a comprehensive knowledge of the microenvironment generated by 
Muse-AT cells is further needed.

TGF-β1 is also capable of maintaining the undifferentiated state of MSCs [34]. 
The Smad3 signalling pathway, mediated by the nuclear translocation of β-catenin, 
is required for the proliferation of MSCs. Complementary to this, it has been 
observed that osteoblast maturation is induced when endogenous TGF-β1 is inhib-
ited [35]. Moreover, differentiation towards an osteogenic phenotype was inhibited 
in the presence of TGF-β1 in the medium, according to published results.

Muse cells seem to have a dual therapeutic effect: apart from their immuno-
modulatory activity, they can regenerate damaged tissue and restore its function, for 
example, inhibiting fibrosis. This is in accordance with the ability of Muse cells to 
produce matrix metalloprotease 9 (MMP-9), which has been proven to have an 
 anti- inflammatory role [36]. High levels of expression of MMP-9 by Muse cells 
could explain their capacity to degrade and remove extracellular molecules, pro-
moting fibrolysis or suppressing fibrosis and contributing to healing of the damaged 
tissue [37]. Once Muse cells reach the damaged tissue, they start differentiating into 
new cells for tissue repair. We can speculate that, during this process, a decrease in 
TGF- β1 production by Muse-AT cells would facilitate synthesis of metalloprotein-
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ases, therefore promoting fibrolysis. Furthermore, TGF-β1 also induces the expres-
sion of TIMP, a metalloproteinase inhibitor [38]; it would be interesting to analyse 
transcription levels of this protein in differentiated cells derived from Muse-AT cells 
and to compare TGF-β1 and MMP-9/TIMP levels. Crosstalk between TGF-β1 and 
metalloproteinases could explain the mechanism through which Muse-AT cells 
control fibrosis. It has also been described that TGF-β1 induces differentiation into 
myofibroblasts, therefore contributing to fibrosis [31]. It also induces the expression 
of fibronectin, a characteristic protein of the extracellular matrix (ECM) and media-
tor of cell proliferation [39, 40], preventing the degradation of ECM by regulating 
transcriptional levels of metalloproteinases and its inhibitor [38]. Taking all this into 
consideration, Muse-AT cells would act as promoters of fibrosis due to their expres-
sion of TGF-β1. However, treatment with Muse cells tested in murine models of 
liver fibrosis and nephropathy proved to be effective and showed no development of 
fibrosis [37, 41].

The complete molecular mechanism and cytokine interplay are not completely 
understood. If TGF-β1 secretion is decreased after differentiation of Muse cells, 
other biologics may be involved in its maintenance of the stem state. For example, 
inhibition of PGE2 synthesis in human umbilical cord mesenchymal stem cells 
(hUC-MSCs) co-cultured with human peripheral blood monocytes (PBMCs) 
resulted in the loss of stem cells properties, evaluated as proliferation of hPBMCs 
and secretion of IFN-γ [7]. Interestingly, PGE2 levels were increased when stimu-
lated hPBMCs and hUC-MSCs were incubated together, indicating that a pro- 
inflammatory stimulus, possibly the secretion of IFN-γ and IL-1β, was needed to 
induce secretion of the PGE2 by MSCs. When NK cells were co-cultured with 
MSCs, a synergistic effect between indoleamine 2,3-dioxygenase (IDO) and PGE2 
was observed to inhibit the cytotoxic phenotype of these immune cells [5]. 
Remarkably, as in the case of hPBMCs and hUC-MSCs, PGE2 secretion by MSCs 
was augmented when cultured together with NK cells but not when cultured alone.

IDO is a critical enzyme that catalyses the first and rate limiting step of trypto-
phan catabolism along the kynurenine pathway, which is involved in immune toler-
ance, preventing autoimmunity or immunopathology that could result from 
uncontrolled and overreacting immune responses [42]. When IDO catalyses trypto-
phan, this essential amino acid is locally depleted, while its catabolites accumulate, 
including kynurenine and its derivatives. As a result, tryptophan shortage inhibits 
T-lymphocyte division [43], and accumulation of tryptophan catabolites induces T 
cell apoptosis and differentiation into regulatory T cells [44–46]. Muse cells were 
also reported to express IDO in the similar level to MSCs, indicating that the pro- 
inflammatory environment observed in autoimmune diseases may trigger IDO 
expression in Muse cells and contribute to the abrogation of reactive immune cells. 
This could be another mechanistic process explaining the immunosuppressive phe-
notype of Muse cells [41].

Not only soluble factors are involved in modulating the immune system. As it has 
been demonstrated [47], bone marrow stromal cells (BMSCs) suppress T-lymphocyte 
proliferation, and this inhibition is less effective when cells are cultured together but 
not allowed to have cell-to-cell contact (transwell system). Interaction between 
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MSCs and leukocytes may require the expression of several leukocyte chemokines 
by the former, such as CXCL9, CXCL10 and CXCL11 [48]. In mice, VCAM-1 and 
ICAM-1 are some of the surface molecules expressed by MSCs, also participating 
in inhibition of T-lymphocyte proliferation.

Another mechanism that might contribute to the regeneration of the tissue is the 
ability of Muse cells to migrate to damaged tissue with high efficiency. This prop-
erty enhances their potential use as regenerative and anti-inflammatory agents, since 
they act locally in the affected area. The CXCR4-SDF-1 axis is one of the pathways 
involved in homing of stem cells into the damaged tissue [49, 50], and it seems to 
be one that drives Muse cell migration. This axis was abrogated when cells were 
incubated with a CXCR4 antagonist, proving its participation in Muse cells migra-
tion in a model of liver fibrosis [37]. In addition to CXCR4-SDF-1 axis, recent study 
suggested that sphingosine-1-phosphate (S1P) is more specific migratory factor for 
Muse cells in acute myocardial infarction patients [51]. The next question that 
arouse from these observations was related to the fate of Muse cells once they have 
arrived in the damaged tissues. It has been proven that, when administered intrave-
nously, MSCs can transmigrate through the endothelial barrier and reach the lesion 
site [52, 53]. This migration may be generated by a chemokine gradient released 
from the injured tissue.

In a mouse model of focal segmental glomerulosclerosis damaged kidney cells, 
Muse cells showed high efficacy of homing, tissue regeneration and function recov-
ery. Interestingly, the renal tissue of the Muse cell-treated group showed signifi-
cantly high levels of expression of IGF-1, VEGF-A, VEGF-B, VEGF-C, VEGF-D 
and EGF known factors that not only protect kidney cells from damage but also 
participate in the generation of new blood vessels, a desirable characteristic which 
may lengthen tissue survival [41]. Previous reports indicate that TGF-β1 is a recog-
nized regulator of angiogenesis, both during developmental stages and pathophysi-
ological conditions [54, 55]. Binding of TGF-β1 to its type II receptor (TβRII) 
recruits type I receptors termed activin receptor-like kinase (ALKs). Pro-angiogenic 
responses in endothelial cells are elicited by downstream phosphorylation of Smad 
1/5/8. Exploring this signalling pathway promoted by Muse cells could uncover 
new properties related to neovascularization and open new horizons for cell 
therapy.

6.5  Muse-AT Cells as Drivers of Diabetes Improvement

Strategies aim to preserve β cell function in type 1 diabetes, improve glycaemic 
control and decrease microvascular complications and hypoglycaemic events [56]. 
Despite intensive efforts, several clinical attempts have failed to preserve residual β 
cell mass for long periods of time, and progressive loss of β cells is ineluctable in 
most cases of type 1 diabetes. MSCs contribute to tissue repair and have demon-
strated potential capacity against autoimmunity development [57]. For example, 
MSCs are capable of (i) suppressing antigen- or alloantigen-challenged T cell 
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proliferation and (ii) upregulating the activity and number of T reg cells [58, 59]. 
This immunomodulatory activity is commonly associated to a decrease in inflam-
matory cytokine production [60]. Several agents produced by MSCs have been 
described as mediators of immunomodulation including heme oxygenase-1 (HO-1), 
IDO, MMPs and nitric oxide (NO). In this regard, infusion of bone marrow MSCs 
improves β cell function in diabetic NOD mice and even in patients [61].

A step forward in the characterization of Muse-AT cells would be to determine 
whether the immunomodulatory properties observed in vitro might translate into 
therapeutic benefits, reducing the incidence and/or ameliorating diabetes in mice. 
As stated earlier in this chapter, type 1 diabetes is characterized by a dysregulated 
immune system contributing to disease progression. Therefore, our findings regard-
ing the ability of Muse-AT cells to down-regulate diabetogenic BDC2.5 Th1 T lym-
phocytes encourage efforts to prove whether these cells have potential for diabetes 
treatment. Thus, if Muse-AT cells can abrogate the pro-inflammatory surge, a more 
suitable environment would be generated, and survival of insulin-producing cells 
within islets would be extended.

We tested this hypothesis employing overt diabetic NOD mice, as a model of 
spontaneous autoimmune diabetes. NOD mice were considered diabetic when 
spontaneously reached glycaemia levels above 250 mg/dl during two consecutive 
days. Diabetic animals were divided into two groups: (1) one of them received intra-
peritoneally a single injection of 1 × 106 Muse-AT cells, and (2) the control group 
was injected with the same volume of sterile PBS (100 μl). Our preliminary results 
indicated that glucose levels from the control group dramatically increased, reach-
ing glycaemia >500  mg/dl after a week, while the Muse-AT cell group showed 
oscillating blood glucose levels between 202 and 500  mg/dl during the 7-week 
period of observation (Gimeno et al., unpublished). While body weight diminished 
abruptly (between 2 and 5 g) within the 2 weeks of follow-up in the control group, 
showing clear signs of cachexia, all mice belonging to the Muse-AT cell group 
maintained a stably body weight during 7-week post-treatment. These results sug-
gest that Muse-AT cells may control the autoimmune process after onset of sponta-
neous diabetes. Current ongoing experiments in our laboratory aim to improve these 
observations by several means, including increasing the total number of injected 
Muse-AT cells, repeating the administration once a week during several weeks and/
or changing the route of administration, e.g. i.v. Also, therapy targeting major play-
ers involved in the immune-mediated destruction of β cells, such as the use of 
 sub- therapeutic doses of CD3 antibodies, in combination with Muse-AT cells would 
be an interesting approach to tackle autoimmune diabetes.

Once the in vivo experiment is optimized, it would be interesting to elucidate the 
mechanism by which Muse-AT cells improve glycaemic control in immune- 
mediated diabetes. In this regard, it would be possible that Muse cells can differenti-
ate into insulin-producing cells in vivo. It has already been established that Muse 
cells are able to migrate to damaged liver and differentiate into hepatocytes in a 
model of murine liver fibrosis [37]. Therefore, migration of Muse cells damage islets 
might be possible to explore. In this scenario, the anti-inflammatory environment 
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promoted by Muse-AT cell population could also protect β cells from immune- 
driven demise and, even more, nourish their functionality.

The prevalence of chronic wounds related to diabetes is a major focus of diabetes 
care and hospitalization, as many as one in four patients with diabetes develops 
diabetic foot ulcer [62]. Kinoshita et al. employed Muse cells in an experimental 
mice model of type 1 diabetes skin ulcers [63]. Skin ulcers generated in SCID mice 
suffering type 1 diabetes showed delayed wound healing compared with nondia-
betic SCID mice. Interestingly, injection of Muse cells around the wound signifi-
cantly accelerated wound healing. The mechanism by which Muse cells promotes 
wound healing remains to be elucidated. A possible explanation may be that the 
high amount of growth factors secreted by Muse cells, particularly under hypoxic 
conditions, might be responsible for their accelerated skin repair process.

6.6  Muse Cells: Source of Factors Involved in Cell Survival 
and Immunoregulation

Whether Muse-AT cells secrete soluble factors able to directly promote β cell pro-
liferation and/or survival is a matter of interest. However, there is a lack of informa-
tion so far. A microarray analysis study revealed the expression of growth factors 
such as PDGF-A, EGF and SDF-1 under hypoxic conditions; however, this study 
was limited to only one sample [63]. Researchers found secreted growth factors, 
including PDGF-BB, TGF-β, bFGF and TNF-α in large quantities, particularly 
under hypoxic conditions. EGF- and PDGF-R signalling contributes to β cell mass 
expansion during high-fat mass diet and pregnancy in mice [64] and controls age- 
dependent proliferation of β cells in mice and humans [65]. Growth factors secreted 
could explain, at least in part, the repair effect of Muse-AT cells regarding β cell 
damage during diabetes.

Recently, a comprehensive secretome study of Muse cells was reported. In brief, 
Muse cells secretome was enriched in biologics that might have potential in confer-
ring stemness preservation, cell survival under stress conditions and immunomodu-
latory properties [66]. It is worth highlighting the expression by Muse cells of 
several 14-3-3 isoforms that have the capacity to inactivate pro-apoptotic BAD, 
proteins belonging to protein kinase A pathways with putative roles in  autocrine/
paracrine signalling and proteins involved in cellular proliferation and lipid metabo-
lism, such as liver X receptor (LXR) and farnesoid X receptor (FXR) with multiple 
metabolic roles. Lastly, some components of the complement system are expressed 
by Muse cells, among other proteins with immune-associated activities, such as 
alpha-2 macroglobulin and pregnancy zone protein, together with the expression of 
large number of interleukins and factors involved in the regulation of extracellular 
matrix remodelling with recognized immune functions [66]. All these biologics are 
worth investigating to further characterize Muse and Muse-AT cells and their thera-
peutic potential.
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