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Abstract

Modulation of endogenous adult stem cells niches represents a promising strategy for regeneration of
tissues and to correct cell abnormalities, including cancer. Recent advances show the possibility to
target endogenous stem cells or their progenies by using nanoparticles (NPs) conjugated with specific
biomolecules. In addition, the targeting of stem cell niche can be accomplished by using stem cells
loaded with nanoparticles. This review examines principles for the targeting of endogenous stem cells

as well as factors for the modulation of stem cells.

Teaser:
Stem cell targeting is important in the context of regenerative and therapeutic medicine.

Nanoparticles alone or within stem cells offer a platform to target the stem cell niche.

Research highlights:

Nanoparticle formulations for endogenous stem cell targeting
Factors released by nanoparticles to modulate stem cell activity
Stem cells as nanoparticle carriers

Stem cells loaded with nanoparticles having the tumor homing capacity

Keywords

Stem cells; nanoparticles; nanomedicine; stem cell niche; cancer



1. Introduction
Stem cells are defined as cells that have self-renew and differentiation capacity. There are many
postnatal tissues containing stem cells, which are normally termed as adult stem cells (ASCs) or
tissue-specific stem cells. Their role is to replenish the differentiated cells as the need arises for cell
turnover or in the case of injury and stress to the tissue [1]. Numerous types of ASCs have been
identified in various organs and tissues. It is believed that bone marrow is the largest stem cell pool.
There are several ASCs being investigated from a fundamental and regenerative point of view:
hematopoietic stem cells (HSCs), mesenchymal stem cells (MSCs), neural stem cells (NSCs),
adipose-derived stem cells (ADSCs), intestinal stem cells, among others. ASCs physiologically reside
in tissue specific niches (stem cell niches). The stem cell niche has an anatomic location and
comprises a highly organized microenvironment. Within the niche, ASCs are in contact with
neighbouring cells that provide short-range signals via soluble factors and transmembrane proteins.
The niche plays an important role since it influences/controls the “stemness” of ASCs, that is, their
self-maintenance or differentiation [2]. Nevertheless, the niche may also induce pathologies by
imposing aberrant function on ASCs or other targets. Deregulations in the biological program of stem
cells may lead to the appearance of cancer stem cells [3].
Nanotechnologies are an emerging platform to control the activity of endogenous stem cells
[4, 5]. Examples of nanotechnologies used to target and control the activity of stem cells are organic
and inorganic nanoparticles (NPs). These NPs can be fabricated from a wide variety of components,
including polymers, lipids and metals [6-8]. Because of their small size, surface chemistry for cell
targeting, the possibility of remote activation, the chance of encapsulate both hydrophilic or
hydrophobic molecules while protecting them during their circulation in the body, these NPs are very
promising for the control of stem cell activity. These NPs may be used to replace viral vectors for
gene edition and therapy, and thus preventing undesired side effects. NPs offer a simpler, less

expensive, method for the transfection of stem cells, inducing a lower risk of immunogenicity,



mutagenicity or toxicity. Smart polymers have been developed featuring spatio-temporal release. The
payload of the NPs may be covalent or non-covalent attached to the formulation.

This review examines the recent developments in the intersection of two different fields,
nanomedicine and stem cells. In the first part of the review we examine the use of nanotechnologies
to control the activity of endogenous stem cells. We review the factors that modulate the stem cell
niche and we describe some examples related to the modulation of stem cells by the NPs. In the
second part of the review, we examine the use of stem cells to transport NPs to stem cell niches in

the setting of cancer.

2. NPs to target endogenous stem cells
2.1 NPs to overcome in vivo barriers

NPs are structures widely accepted as having a size between 1 and 100 nm [9], although bigger
structures up to 999 nm may also be considered. Their physical and chemical properties differ from
bulk material, and may result in different biological behavior, depending on the manufacturing and
functionalization [10]. For example, metallic NPs possess lower melting points, higher specific
surface areas, specific optical and magnetically properties and, different mechanical strengths,
compared to the original materials. Several NP formulations have been already approved for clinical
use in the context of therapeutic medicine. The first NP formulation approved by the FDA was in the
1980’s for the treatment of cancer [6]. Since then, several NP formulations have been approved,
mostly for cancer and infection diseases treatment [6].

NPs with different physical-chemical properties have been used to target endogenous stem cells.
Typically, the NPs are synthetic and biodegradable, formed by polyesters (e.g. poly(lactic-co-glycolic
acid (PLGA)) [11, 12], poly(o-amino ester)s [13], lipids [14, 15], poly(imines) [16] and
polysaccharides [16]. Natural NPs such as exosomes have been also used [17]. In both cases, NPs

with diameters between 60 and 300 nm have been used [14, 15]. The biomolecules for stem cell



regulation includes small molecules (e.g. retinoic acid (RA), curcumin, glycogen synthase kinase -3[3
inhibitor)[11, 15, 16, 18, 19], transcription factors (neurogenin)[13], cytokines/chemokines (IL-15,
IL-21, stromal cell-derived factor-1a (SDF-1a))[15, 20] and miRNAs [12].

In case of stem cell niches spatially well defined, NPs can be administered directly into the
niche. This is the case of the subventricular zone (SVZ) niche located in the brain that hosts an
important niche of NSCs (Fig. 1). In this case, NP formulations may be administered by
intracerebroventricular/intracerebral infusion [16]. This strategy increases the success of targeting,
maximizing the amount of bioactive agent that reaches the stem cells. However, in most cases, the
stem cell niche is not spatially well defined. For example, the HSC niche is located in the bone marrow
within the human body (Fig. 1). In this case, the NP formulation access to this stem cell niche requires
a systemic delivery administration either within or conjugated to cells [15, 21]. Alternatively, the NPs
should have components (e.g. ligands or antibodies) in their surface to overcome the multiple barriers
in the human body and finally target the stem cell niche [22, 23]. For a more comprehensive
understanding of the biological barriers that NPs should overcome we refer readers to several recent
reviews [24, 25]. In brief, NPs should avoid kidney clearance and immunological phagocytosis before
reaching the targeted stem cells. Strategies for increasing NPs half-life in circulation focus mainly in
surface modification with poly(ethylene glycol) or biomimetic cell membrane coatings [26, 27]. Upon
arrival to the targeted tissue, NPs should succeed in exiting circulation towards stem cell niches and
surpass the endothelial barrier. In case of the brain, this means to overcome the blood brain barrier
(BBB) [25]. After stem cell targeting, the NPs need to overcome the endolysomal compartment and
reach the cell cytoplasm.

In the last years, some factors that target stem cell populations have been reported [22, 23,
28]. Magnetic resonance imaging-traceable NP formulations conjugated with a monoclonal antibody
against CD15 were very effective to target endogenous NSCs during their rostral migratory stream in

adult mouse brain [22]. The same formulation has been used successfully to track NSCs in an



ischemic stroke model [29]. The anti-CD15 conjugated NPs could label activated endogenous NSCs
in situ 7 days after ischemic stroke. This formulation offers an interesting possibility to monitor in
vivo the dynamic process of endogenous NSC activation [29]. Others stem cells have been successful
with this targeting approach. For example, magnetic resonance imaging-traceable NPs conjugated
with an antibody against GD2 have been used for the successful targeting of MSCs in the human bone
marrow [23]. Yet, NP formulations may target stem cells outside the stem cell niche. For example,
reactive oxygen species-responsive NPs loaded with SDF-1a have been administered intravenously
in mice to accelerate wound healing [30].

An attractive possibility to facilitate the targeting of the NP formulations to the stem cell niche
is by the use of external stimuli. In this case, NPs respond to magnetic forces, light, or ultrasounds
and release the cargo with spatio-temporal control. The use of external stimuli may improve
significantly the therapeutic effect of the NPs in the stem cell niches. For example, up-conversion
NPs, activated by a near-infrared laser, released efficiently kartogenin into MSCs and specifically
promoted chondrogenic differentiation [31]. In addition, the NPs may open biological barriers. For
example, the thermal energy generated by magnetic heating of magnetic NPs may increase BBB

permeability [32].

2.2 Factors to modulate in the stem cell niche

In the adult tissues, the stem cell niche is composed by a variety of cell types that contribute
for the self-renewal of the stem cell population. As a title of example, the NSC niche, at the SVZ, is
formed by ependymal cells, quiescent NSCs (type B cells), type C transit-amplifying progenitor cells,
neuroblasts (type A cells) and glia, while the HSC niche is composed by osteoblasts, vascular cells
neural cells, megakaryocytes, macrophages and immune cells [33] (Fig. 1). In both stem cell niches,
the stem cells interact with the other cells of the niche by direct (physical contact) or indirect (factors

secreted by cells).



Multiple signaling pathways regulate the activity of stem cells. So far, in the context of
endogenous stem cell regulation, Wnt [11, 15], RA [16, 18], Notch [34] and SAPK/INK [12]
signaling pathways have been explored. Wnt proteins regulate the renewal and differentiation of stem
cells [35]. In general, Wnt proteins act as short-range intercellular signals. When Wnt signals bind to
their receptors there is an accumulation of B-catenin in the nucleus that regulates gene expression and
directs cell proliferation, polarity and fate determination in the niche. NPs containing activators of
Wnt signaling enhanced the proliferation and engraftment of HSCs and leads to the proliferation of
NSCs in the hippocampus and SVZ regions of adult animals [11, 15]. Like Wnt, Notch signaling
pathway is responsible for the homeostasis of the stem cell niche. Notch signaling is activated by
direct cell-cell contact while Wnt signaling does not require cell-cell contact [33]. Ligand and receptor
are trans-membrane proteins that, upon binding, induces a proteolytic cleavage of the Notch
intracellular domain that subsequently enters the nucleus to regulate gene transcription. Notch
pathway regulates stem cell function in niches as the skin, muscle and bone marrow [33]. NPs
containing Notch inhibitors have been shown to promote muscle stem cell differentiation [34].
Another important signaling pathway in stem cell regulation is the RA. RA is a diffusible signaling
factor that is transported to the nucleus of stem cells by proteins, regulating gene expression after
binding to the RA receptors. The role of RA is firmly confirmed in neural, heart and male germ
progenitor cell differentiation [36]. RA-loaded NPs have been explored to regulate the activity of

NSCs [16, 18].

2.3 Applications of NPs to modulate stem cells
2.3.1 NSCs

In the adult mammalian brain two main neurogenic regions have been identified: the SVZ on
the lateral walls of ventricles and the subgranular zone (SGZ) on the hippocampus [37] (Fig. 1).

Modulation of the neurogenic niches has been pointed as a therapeutic strategy for brain repair for



almost 20 years [38], even so, no therapy was yet successful to completely restore brain function [5].
Recently, some of us have developed RA-loaded polymeric NPs (RA-NPs) able to induce
differentiation of NSCs into functional neurons both in vitro and in vivo [16, 18]. In vivo, the RA-
NPs were administered by intracerebroventricular infusion. RA-NPs induced the expression of Ngn/
and Mash1 pro-neurogenic genes at lower doses of RA (approximately ~2500-fold lower than soluble
RA). Because, brain vascular cells are important for the self-renewal of NSCs, in a separate study it
was investigated the effect of RA-NPs in endothelial cells. RA-NPs mediated the proliferation and
survival under ischemia of endothelial cells. Conditional medium from NP-treated endothelial cells
after hypoxia culture, showed an additional capacity to modulate proliferation and differentiation of
NSCs [39].

NPs may also regulate NSCs in animal models having ischemic or neurodegenerative
diseases. NPs containing SDF-1oa enhanced neurogenesis and angiogenesis in animals after stroke
[40]. Moreover, intraventricular administration of miR124-loaded PLGA NPs induces neurogenesis
in a mouse model of Parkinson’s disease. This strategy offered a partial reversion of the disease motor
phenotype [12]. In an independent study, PLGA NPs encapsulating curcumin induced NSC
proliferation and neuronal differentiation in a rat model of Alzheimer's disease. The NPs reversed

Ap-mediated inhibition effects on hippocampal neurogenesis and restored cognitive ability [11].

2.3.2 HSCs

The targeting of NPs to the HSC niche in the bone marrow may be achieved by conjugating the
NPs with specific ligands. For example, PLGA NPs were surface modified with bisphosphonate to
make them with bone-binding capacity [41]. The bisphosphonates are calcium ion-chelating
molecules that after systemic administration deposit in bone tissue, particularly at the sites of high

bone remodeling.



NPs may interfere with the paracrine activity of HSCs. We demonstrated recently that protamine
sulfate-coated PLGA NPs encapsulating a magnetic resonance imaging agent have the capacity to
downregulate the immune response of HSCs [42]. The NPs decreased the secretion of pro-
inflammatory cytokines such as IFN-y, IL-8, MCP-1, MIP-13 and TNF-a. We further showed that
the decrease was mediated by an attenuation in the activity of toll-like receptors 6 and 7.

NPs may also regulate the engraftment of HSCs in the bone marrow. NPs containing a Wnt
activator have been chemically conjugated to the membrane of HSCs enabling continuous pseudo-
autocrine stimulation of the transplanted HSCs [15]. This induced a = 6 fold increase in the HSC
engraftment without affecting HSC multilineage differentiation potential.

NP-mediated modulation of HSCs has been also explored for the treatment of blood and genetic
disorders including anemia, leukemia, lymphoma and thalassemia. For example, PLGA NPs
containing triplex-forming peptide nucleic acids (PNAs) mediated gene editing in HSCs of a 3-
thalassemic mouse model [43]. PNAs bind DNA in a site-specific manner to recruit endogenous DNA
repair. The 6.9% frequency of NP-mediated gene editing in HSCs was sufficient to achieving an
improvement in the phenotype of a mouse transgenic model with a B-globin carrying a thalassemia-
associated mutation. NPs may be also used to mobilize cells to the HSC niche. For example, SDF-

la-loaded chitosan NPs were able to induce bone marrow MSCs migration in vitro [44].

3. Stem cells as NP carriers

Current therapy against cancer relies mainly on surgery and chemo- and radiotherapy.
However, it has become evident that this approach is not effective enough to fight some types of
cancer. Indeed, mortality rates are still very high because the lack of efficient treatment. Through
surgery is not always possible to remove the entire tumor and cancer drugs often display low targeting
efficacy and short half-lives. Also, effective drugs available in the market are often not able to cross

barriers, like the BBB in brain cancer, and are not able to penetrate the tumor. Cancer stem cells also



present a setback since they are resistant to current standard therapies and have proven to play an
important role in tumor recurrence [45].

NPs can be delivered to tumors through passive targeting, using the enhanced permeability
and retention effect, or through active targeting, functionalizing their surface and enabling them to
cross barriers and to enhance targeted delivery [46]. A high number of therapeutic agents can be
loaded per nanocarrier enabling a better accumulation of drug at tumor site. NPs protect the
therapeutic agent from premature degradation and allow its controlled release, decreasing toxicity to
normal tissues [45, 47]. However, NPs present several disadvantages. NPs can be engulfed by the
phagocyte system which decreases the amount of drug that actually reaches tumor site. Also, NPs
only benefit from the enhanced permeability and retention effect when tumors are highly
vascularized. As a result, NPs may present an uneven intratumoral distribution and may not be able
to effectively target infiltrative areas [45, 48, 49].

Since nanotechnology has not achieved the expected results in improving drug targeting, the
use of stem cells as a vehicle to transport NPs towards tumor areas may offer an alternative strategy
(Fig. 2). Some stem cells have tropism for injury and tumor sites. They can be loaded with NPs
without losing this capacity. They can spread through existing migratory pathways and non-typical
routes and are able to cross barriers, inclusive the BBB, providing an increased intratumoral
distribution [45, 50]. The tropism of stem cells towards tumors might be explained by the SDF-
1o/CXCR4 axis. Tumor cells express SDF-1a and the SDF-1a receptor CXCR4 is expressed on stem
cells. Basically, stem cells can migrate to the tumor site following the concentration gradient of SDF-

la, but other mechanisms might also be involved in the migration of stem cells [51] (Fig. 3).

3.1 Leukemia
Acute myeloid leukemia is characterized with high relapse rates following chemotherapy. This

relapse results from quiescent cells within the hematopoietic niche termed leukemia stem cells [52].
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NPs able to target leukemia stem cells in the bone marrow niche have been proposed as a therapeutic
solution for the relapsing of acute myeloid leukemia. Thus in the last years, several NP formulations
have been developed to target LSCs based in NPs conjugated with E-selectin thioaptamer [53],
CD45.2 antibody [54] or CD117 antibody [55]. However, this strategy has limitations because the
NPs although showing bone marrow targeting they still accumulate in other regions of the body and
thus may lead to toxic effects. We have tested recently an alternative strategy based in the use of
leukemic cells to transport light-triggerable RA-containing NPs to the leukemic stem cell niche [21].
These NPs had the capacity to differentiate efficiently in vitro human leukemia cells isolated from
bone marrow aspirates of patients with acute myeloid leukemia. Leukemia cells transfected with the
NPs were able to home in the bone marrow and recognize engrafted leukemia cells. When the NPs
were activated by a blue laser, the disassembly of the NPs promoted a biological differentiation
program in the transporting cells which in turn resulted in the secretion of vesicles containing RA

that had differentiation properties in the HSC niche (Fig. 3).

3.2 Glioblastoma

The glioblastoma (GB) is the most common and malignant subtype of malignant glioma [56].
Despite aggressive treatment using surgical resection, radio- and chemotherapy, the prognosis of this
disease remains very poor and GB remains an extremely lethal tumor [56, 57]. This tumor is
characterized by aggressive invasion and diffuse infiltration of tumor cells into the white matter tracts
which makes complete surgical resection impossible [45, 56].

Stem cells may act as vehicles of NPs to reach the tumor sites. It has already been proven that
they are able to migrate within glioma tissue, which allows for an increased intratumoral distribution
of the NPs and dispersion into infiltrative tumor areas [45]. Both MSCs [47] and ADSCs [58] have
been used as vehicles. MSCs have been used efficiently for the transport of poly(lactic acid) NPs and

lipid nanocapsules [47]. They could efficiently internalize the NPs, being the uptake concentration
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and time-dependent, and accumulate them for at least 7 days. Cells loaded with the NPs presented a
similar migration pattern as compared to unloaded cells. Seven days after intratumoral cells injection,
cells were largely distributed at the border zone between tumour and normal parenchyma. In a
separate study, ADSCs were used as vehicles of NPs [58]. In this case, the ADSCs were transfected
with superparamagnetic iron oxide nanoparticles containing paclitaxel. Loaded ADSCs showed
selective delivery across the BBB toward brain glioma. The NPs within the cells were then activated
with a high frequency magnetic field for drug release. Importantly, glioma-bearing mice treated with
this cell-based therapy had a significantly prolonged survival time as compared with the control and

did not show pathological lesions in major organs, particularly in the liver.

3.3 Breast cancer

Stem cells, in particular MSCs, have been used as vehicles of NPs to reach breast tumors. In this
case, MSCs were loaded with silica NPs containing purpurin-18, a hydrophobic photosensitizer, for
photodynamic therapy [59]. After light activation, the NPs produce cytotoxic reactive oxygen species
to induce necrosis and/or apoptosis in cancer cells. MSCs loaded with the NPs were capable of
producing reactive oxygen species to kill cancer cells. Importantly, stem cells loaded with NPs, and
then irradiated, significantly reduce the breast tumor size and weight. In a separate study, MSCs have
been loaded with mesoporous silica NPs containing doxorubicin [46]. The NPs could accumulate for
5 days in the cytoplasm of the cells. The studies showed that the MSCs retained their in vivo homing

capacity when carrying NPs and could transport them do the tumor.

3.4 Lung cancer
Lung cancer is a major death cause in developed countries and its incidence is increasing in
developing countries [60]. The lungs are a frequent site of metastasis, being metastasis the primary

cause of cancer-associated death [61]. Metastatic cancers have a systemic nature, present resistance
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to existing therapeutics and have low targeting efficiency agents what makes them mostly incurable
[61-63]. Stem cells have been also used to target lung metastasis [48]. In this case, MSCs were loaded
with PLGA NPs containing doxorubicin. Cells with or without the NPs maintained the same tropism
toward the tumor. Importantly, in vivo studies showed that the administration of MSCs loaded with
NPs lead to their accumulation in the lungs for at least 24 h, whereas bare NPs (without MSCs) were
unable to reach the lungs. Finally, mice treated with MSCs loaded with NPs had a significant

reduction of lung metastasis.

3.5 Gastric cancer

Tumors in the digestive tract are among the most common and deadliest. Gastric cancer, alongside
with colorectal and hepatic cancers, present the highest mortality rates. Late diagnosis and lack of
efficient therapeutics make these tumors hard to treat. Standard therapy resides in surgery associated
with chemotherapeutics that normally fails to eliminate subpopulations of highly aggressive cancer
cells that are resistant to chemotherapy and are capable of developing metastasis [64]. Stem cells have
been recently used in combination with nanomedicine to target gastric cancer cells. Proliferation-
arrested human induced pluripotent stem cells have been used to transport gold NPs to gastric tumors
[51]. The tropism of induced pluripotent stem cells to tumors is not completely understood [50, 51].
After targeting the tumor, the tumor site was irradiated with a near infrared laser to heat the gold NPs

and kill the cancer cells distributed in the tumor.

4. Conclusions and future perspectives

The use of nanotherapeutics to control the activity of endogenous stem cells had some limitations,
the most important one related to the targeting. In many cases, the NPs were administered in the stem
cell niche or in its proximity. This is the case of intracerebral administration to target the NSC niche

[12, 14, 16]. Few studies have administered the NPs systemically [11, 53]. In this case, the
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biodistribution of the NPs has not been characterized and thus it is possible that the nanotherapeutics
will affect several regions in the body besides the targeted stem cell niche. The use of stem cells or
progenitor cells carrying the nanotherapeutics to the stem cell niche is a promising strategy. In this
case, the cells may transport the NPs at the cell surface [15] or within the cell cytoplasm [21]. In both
cases, the NPs should not interfere with the homing of the cells, which has already been demonstrated
in several studies. To maximize the effect of the drug in the transporting cell or in the other cells of
the niche, the release of the biomolecules should occur at the niche. In most formulations developed
so far, the formulation releases the biomolecule until reaches the niche. Few formulations have the
capacity to release at the niche [21]. Thus, further advances are necessary to develop NP formulations
that are triggered remotely. In addition, it is important that the NP formulations reach the cytoplasm
and thus escape the endolysosomal compartment during the intracellular trafficking. Finally, the
production of the NPs should be optimized to increase their reproducibility, cost-effectiveness and
biocompatibility.

The use of stem cells as vehicles for NPs requires further developments in the expansion of
these cells in the laboratory under controlled conditions. Moreover, studies should be performed to
determine the safety of the cells with and without the NPs, in relevant animal models. In case of stem
cells for the transport of NPs to tumors, further studies are necessary to clarify whether the
transporting cells may or not contribute for the vascularization of the tumors [65]. It will be important

to determine their function in the tumor microenvironment.

Acknowledgments

This work was financed by FEDER - Fundo Europeu de Desenvolvimento Regional funds through
the COMPETE 2020 - Operational Programme for Competitiveness and Internationalisation (POCI),
Portugal 2020, and by Portuguese funds through FCT - Fundagdo para a Ciéncia e a Tecnologia/

Ministério da Ciéncia, Tecnologia e Inovacao in the framework of the projects "Institute for Research

14



and Innovation in Health Sciences" (POCI-01-0145-FEDER-007274 to BS); EC (ERC project n°
307384, “Nanotrigger” and ERA-Chair project n° 669088, ERA@UC, both to LF). SP, MHM and
CR would like to thank to Fundagdo para a Ciéncia e a Tecnologia (FCT), Portugal, for financial

support (SFRH/BPD/96048/2013; SFRH/BD/131587/2017; SFRH/BD/52337/2013).

References

[1] A.J. Wagers, .L. Weissman, Plasticity of adult stem cells, Cell 116(5) (2004) 639-48.

[2] D.T. Scadden, The stem-cell niche as an entity of action, Nature 441(7097) (2006) 1075-1079.

[3] N. Barker, R.A. Ridgway, J.H. van Es, M. van de Wetering, H. Begthel, M. van den Born, E. Danenberg,
A.R. Clarke, O.J. Sansom, H. Clevers, Crypt stem cells as the cells-of-origin of intestinal cancer, Nature
457(7229) (2009) 608-611.

[4] L. Ferreira, J.M. Karp, L. Nobre, R. Langer, New opportunities: the use of nanotechnologies to
manipulate and track stem cells, Cell Stem Cell 3(2) (2008) 136-46.

[5] T. Santos, C. Boto, C.M. Saraiva, L. Bernardino, L. Ferreira, Nanomedicine Approaches to Modulate
Neural Stem Cells in Brain Repair, Trends Biotechnol 34(6) (2016) 437-9.

[6] R.A. Petros, J.M. DeSimone, Strategies in the design of nanoparticles for therapeutic applications, Nat
Rev Drug Discov 9(8) (2010) 615-627.

[7] C.S. Paulo, R. Pires das Neves, L.S. Ferreira, Nanoparticles for intracellular-targeted drug delivery,
Nanotechnology 22(49) (2011) 494002.

[8] T. Santos, J. Maia, F. Agasse, S. Xapelli, L. Ferreira, L. Bernardino, Nanomedicine boosts neurogenesis:
new strategies for brain repair, Integrative biology : quantitative biosciences from nano to macro 4(9) (2012)
973-81.

[9] E. Commission, Commission recommendation of 18 October 2011 on the definition of nanomaterial
(2011/696/EU), Official Journal of the European Communities: Legis (2011) 275/38 - 275/40.

[10] A. Sosnik, J. das Neves, B. Sarmento, Mucoadhesive polymers in the design of nano-drug delivery
systems for administration by non-parenteral routes: A review, Prog Polym Sci 39(12) (2014) 2030-2075.
[11] S.K. Tiwari, S. Agarwal, B. Seth, A. Yadav, S. Nair, P. Bhatnagar, M. Karmakar, M. Kumari, L.K.
Chauhan, D.K. Patel, V. Srivastava, D. Singh, S.K. Gupta, A. Tripathi, R.K. Chaturvedi, K.C. Gupta,
Curcumin-loaded nanoparticles potently induce adult neurogenesis and reverse cognitive deficits in
Alzheimer's disease model via canonical Wnt/beta-catenin pathway, ACS nano 8(1) (2014) 76-103.

[12] C. Saraiva, J. Paiva, T. Santos, L. Ferreira, L. Bernardino, MicroRNA-124 loaded nanoparticles enhance
brain repair in Parkinson's disease, Journal of controlled release : official journal of the Controlled Release
Society 235 (2016) 291-305.

[13] X. Li, S.Y. Tzeng, X. Liu, M. Tammia, Y.H. Cheng, A. Rolfe, D. Sun, N. Zhang, J.J. Green, X. Wen,
H.Q. Mao, Nanoparticle-mediated transcriptional modification enhances neuronal differentiation of human
neural stem cells following transplantation in rat brain, Biomaterials 84 (2016) 157-66.

[14] D. Carradori, P. Saulnier, V. Preat, A. des Rieux, J. Eyer, NFL-lipid nanocapsules for brain neural stem
cell targeting in vitro and in vivo, J Control Release 238 (2016) 253-62.

[15] M.T. Stephan, J.J. Moon, S.H. Um, A. Bershteyn, D.J. Irvine, Therapeutic cell engineering with surface-
conjugated synthetic nanoparticles, Nat Med 16(9) (2010) 1035-41.

[16] T. Santos, R. Ferreira, J. Maia, F. Agasse, S. Xapelli, L. Cortes, J. Braganca, J.O. Malva, L. Ferreira, L.
Bernardino, Polymeric nanoparticles to control the differentiation of neural stem cells in the subventricular
zone of the brain, ACS nano 6(12) (2012) 10463-74.

[17] S. Ju, J. Mu, T. Dokland, X. Zhuang, Q. Wang, H. Jiang, X. Xiang, Z.B. Deng, B. Wang, L. Zhang, M.
Roth, R. Welti, J. Mobley, Y. Jun, D. Miller, H.G. Zhang, Grape exosome-like nanoparticles induce
intestinal stem cells and protect mice from DSS-induced colitis, Mol Ther 21(7) (2013) 1345-57.

15



[18] J. Maia, T. Santos, S. Aday, F. Agasse, L. Cortes, J.O. Malva, L. Bernardino, L. Ferreira, Controlling
the neuronal differentiation of stem cells by the intracellular delivery of retinoic acid-loaded nanoparticles,
ACS nano 5(1) (2011) 97-106.

[19] S.A. Papadimitriou, M.P. Robin, D. Ceric, R.K. O'Reilly, S. Marino, M. Resmini, Fluorescent
polymeric nanovehicles for neural stem cell modulation, Nanoscale 8(39) (2016) 17340-17349.

[20] L.N. Zamproni, M.V. Mundim, M.A. Porcionatto, A. des Rieux, Injection of SDF-1 loaded
nanoparticles following traumatic brain injury stimulates neural stem cell recruitment, Int J Pharm 519(1-2)
(2017) 323-331.

[21] C. Boto, E. Quartin, Y. Cai, A. Martin-Lorenzo, M.B.G. Cenador, S. Pinto, R. Gupta, T. Enver, L.
Sanchez-Garcia, D. Hong, R. Pires das Neves, L. Ferreira, Prolonged intracellular accumulation of light-
inducible nanoparticles in leukemia cells allows their remote activation, Nat Commun 8 (2017) 15204.

[22] X.-M. Zhong, F. Zhang, M. Yang, X.-H. Wen, X. Zhang, X.-H. Duan, J. Shen, In Vivo Targeted
Magnetic Resonance Imaging of Endogenous Neural Stem Cells in the Adult Rodent Brain, BioMed
Research International 2015 (2015) 11.

[23] P. Pang, C. Wu, M. Shen, F. Gong, K. Zhu, Z. Jiang, S. Guan, H. Shan, X. Shuai, An MRI-Visible Non-
Viral Vector Bearing GD2 Single Chain Antibody for Targeted Gene Delivery to Human Bone Marrow
Mesenchymal Stem Cells, Plos One 8(10) (2013) e76612.

[24] E. Blanco, H. Shen, M. Ferrari, Principles of nanoparticle design for overcoming biological barriers to
drug delivery, Nature biotechnology 33(9) (2015) 941-951.

[25] C. Saraiva, C. Praca, R. Ferreira, T. Santos, L. Ferreira, L. Bernardino, Nanoparticle-mediated brain
drug delivery: Overcoming blood-brain barrier to treat neurodegenerative diseases, J Control Release 235
(2016) 34-47.

[26] D. Dehaini, X. Wei, R.H. Fang, S. Masson, P. Angsantikul, B.T. Luk, Y. Zhang, M. Ying, Y. Jiang,
A.V. Kroll, W. Gao, L. Zhang, Erythrocyte—Platelet Hybrid Membrane Coating for Enhanced Nanoparticle
Functionalization, Advanced Materials 29(16) (2017) 1606209-n/a.

[27]J. Tang, D. Shen, T.G. Caranasos, Z. Wang, A.C. Vandergriff, T.A. Allen, M.T. Hensley, P.U. Dinh, J.
Cores, T.S. Li, J. Zhang, Q. Kan, K. Cheng, Therapeutic microparticles functionalized with biomimetic
cardiac stem cell membranes and secretome, Nat Commun 8 (2017) 13724.

[28] A. Schmidt, S.J. Haas, S. Hildebrandt, J. Scheibe, B. Eckhoff, T. Racek, G. Kempermann, A. Wree,
B.M. Putzer, Selective targeting of adenoviral vectors to neural precursor cells in the hippocampus of adult
mice: new prospects for in situ gene therapy, Stem Cells 25(11) (2007) 2910-8.

[29] F. Zhang, X. Duan, L. Lu, X. Zhang, X. Zhong, J. Mao, M. Chen, J. Shen, In Vivo Targeted MR
Imaging of Endogenous Neural Stem Cells in Ischemic Stroke, Molecules 21(9) (2016) 1143.

[30] T. Tang, H. Jiang, Y. Yu, F. He, S.-z. Ji, Y.-y. Liu, Z.-s. Wang, S.-c. Xiao, C. Tang, G.-Y. Wang, Z.-F.
Xia, A new method of wound treatment: targeted therapy of skin wounds with reactive oxygen species-
responsive nanoparticles containing SDF-1a, International Journal of Nanomedicine 10 (2015) 6571-6585.
[31] J. Li, Near-infrared light-triggered release of small molecules for controlled differentiation and long-
term tracking of stem cells in vivo using upconversion nanoparticles, Biomaterials v. 110 (2016) pp. 1-10-
2016 v.110.

[32] S.N. Tabatabaei, H. Girouard, A.S. Carret, S. Martel, Remote control of the permeability of the blood-
brain barrier by magnetic heating of nanoparticles: A proof of concept for brain drug delivery, Journal of
controlled release : official journal of the Controlled Release Society 206 (2015) 49-57.

[33] S.W. Lane, D.A. Williams, F.M. Watt, Modulating the stem cell niche for tissue regeneration, Nat
Biotechnol 32(8) (2014) 795-803.

[34] D. Bocking, O. Wiltschka, J. Niinimaki, H. Shokry, R. Brenner, M. Linden, C. Sahlgren, Mesoporous
silica nanoparticle-based substrates for cell directed delivery of Notch signalling modulators to control
myoblast differentiation, Nanoscale 6(3) (2014) 1490-1498.

[35] H. Clevers, K.M. Loh, R. Nusse, An integral program for tissue renewal and regeneration: Wnt
signaling and stem cell control, Science 346(6205) (2014).

[36] G. Duester, Retinoid signaling in control of progenitor cell differentiation during mouse development,
Seminars in Cell & Developmental Biology 24(10) (2013) 694-700.

[37] C.S. Bjornsson, M. Apostolopoulou, Y. Tian, S. Temple, It takes a village: constructing the neurogenic
niche, Dev Cell 32(4) (2015) 435-46.

[38] T. Zigova, V. Pencea, S.J. Wiegand, M.B. Luskin, Intraventricular administration of BDNF increases
the number of newly generated neurons in the adult olfactory bulb, Mol Cell Neurosci 11(4) (1998) 234-45.

16



[39] R. Ferreira, M.C. Fonseca, T. Santos, J. Sargento-Freitas, R. Tjeng, F. Paiva, M. Castelo-Branco, L.S.
Ferreira, L. Bernardino, Retinoic acid-loaded polymeric nanoparticles enhance vascular regulation of neural
stem cell survival and differentiation after ischaemia, Nanoscale 8(15) (2016) 8126-37.

[40] D.H. Kim, Y.K. Seo, T. Thambi, G.J. Moon, J.P. Son, G. Li, J.H. Park, J.H. Lee, H.H. Kim, D.S. Lee,
0.Y. Bang, Enhancing neurogenesis and angiogenesis with target delivery of stromal cell derived factor-
lalpha using a dual ionic pH-sensitive copolymer, Biomaterials 61 (2015) 115-25.

[41] A. Swami, M.R. Reagan, P. Basto, Y. Mishima, N. Kamaly, S. Glavey, S. Zhang, M. Moschetta, D.
Seevaratnam, Y. Zhang, J. Liu, M. Memarzadeh, J. Wu, S. Manier, J. Shi, N. Bertrand, Z.N. Lu, K. Nagano,
R. Baron, A. Sacco, A.M. Roccaro, O.C. Farokhzad, .M. Ghobrial, Engineered nanomedicine for myeloma
and bone microenvironment targeting, Proc Natl Acad Sci U S A 111(28) (2014) 10287-92.

[42] R. Cecchelli, S. Aday, E. Sevin, C. Almeida, M. Culot, L. Dehouck, C. Coisne, B. Engelhardt, M.P.
Dehouck, L. Ferreira, A Stable and Reproducible Human Blood-Brain Barrier Model Derived from
Hematopoietic Stem Cells, PloS one 9(6) (2014).

[43] R. Bahal, N. Ali McNeer, E. Quijano, Y. Liu, P. Sulkowski, A. Turchick, Y.C. Lu, D.C. Bhunia, A.
Manna, D.L. Greiner, M.A. Brehm, C.J. Cheng, F. Lopez-Giraldez, A. Ricciardi, J. Beloor, D.S. Krause, P.
Kumar, P.G. Gallagher, D.T. Braddock, W. Mark Saltzman, D.H. Ly, P.M. Glazer, In vivo correction of
anaemia in beta-thalassemic mice by gammaPNA-mediated gene editing with nanoparticle delivery, Nat
Commun 7 (2016) 13304.

[44] Y.C. Huang, T.J. Liu, Mobilization of mesenchymal stem cells by stromal cell-derived factor-1 released
from chitosan/tripolyphosphate/fucoidan nanoparticles, Acta Biomater 8(3) (2012) 1048-56.

[45] B. Auffinger, R. Morshed, A. Tobias, Y. Cheng, A.U. Ahmed, M.S. Lesniak, Drug-loaded nanoparticle
systems and adult stem cells: a potential marriage for the treatment of malignant glioma?, Oncotarget 4(3)
(2013) 378-96.

[46] J.L. Paris, P. de la Torre, M. Manzano, M.V. Cabanas, A L. Flores, M. Vallet-Regi, Decidua-derived
mesenchymal stem cells as carriers of mesoporous silica nanoparticles. In vitro and in vivo evaluation on
mammary tumors, Acta Biomater 33 (2016) 275-82.

[47] M. Roger, A. Clavreul, M.C. Venier-Julienne, C. Passirani, L. Sindji, P. Schiller, C. Montero-Menei, P.
Menei, Mesenchymal stem cells as cellular vehicles for delivery of nanoparticles to brain tumors,
Biomaterials 31(32) (2010) 8393-401.

[48] Y. Zhao, S. Tang, J. Guo, M. Alahdal, S. Cao, Z. Yang, F. Zhang, Y. Shen, M. Sun, R. Mo, L. Zong, L.
Jin, Targeted delivery of doxorubicin by nano-loaded mesenchymal stem cells for lung melanoma metastases
therapy, Sci Rep 7 (2017) 44758.

[49] W.M. Pardridge, Recent developments in peptide drug delivery to the brain, Pharmacol Toxicol 71(1)
(1992) 3-10.

[50] C. Li, J. Ruan, M. Yang, F. Pan, G. Gao, S. Qu, Y.L. Shen, Y.J. Dang, K. Wang, W.L. Jin, D.X. Cui,
Human induced pluripotent stem cells labeled with fluorescent magnetic nanoparticles for targeted imaging
and hyperthermia therapy for gastric cancer, Cancer Biol Med 12(3) (2015) 163-74.

[51] M. Yang, Y. Liu, W. Hou, X. Zhi, C. Zhang, X. Jiang, F. Pan, Y. Yang, J. Ni, D. Cui, Mitomycin C-
treated human-induced pluripotent stem cells as a safe delivery system of gold nanorods for targeted
photothermal therapy of gastric cancer, Nanoscale 9(1) (2017) 334-340.

[52] S.W. Lane, D.T. Scadden, D.G. Gilliland, The leukemic stem cell niche: current concepts and
therapeutic opportunities, Blood 114(6) (2009) 1150-7.

[53] H. Zong, S. Sen, G. Zhang, C. Mu, Z.F. Albayati, D.G. Gorenstein, X. Liu, M. Ferrari, P.A. Crooks,
G.J. Roboz, H. Shen, M.L. Guzman, In vivo targeting of leukemia stem cells by directing parthenolide-
loaded nanoparticles to the bone marrow niche, Leukemia 30(7) (2016) 1582-6.

[54] A.M. Dorrance, P. Neviani, G.J. Ferenchak, X. Huang, D. Nicolet, K.S. Maharry, H.G. Ozer, P.
Hoellarbauer, J. Khalife, E.B. Hill, M. Yadav, B.N. Bolon, R.J. Lee, L.J. Lee, C.M. Croce, R. Garzon, M.A.
Caligiuri, C.D. Bloomfield, G. Marcucci, Targeting leukemia stem cells in vivo with antagomiR-126
nanoparticles in acute myeloid leukemia, Leukemia 29(11) (2015) 2143-53.

[55] B.M. Barth, I.A. E, S.S. Shanmugavelandy, J.M. Kaiser, D. Crespo-Gonzalez, N.A. DiVittore, C.
McGovern, T.M. Goff, N.R. Keasey, J.H. Adair, T.P. Loughran, Jr., D.F. Claxton, M. Kester, Targeted
indocyanine-green-loaded calcium phosphosilicate nanoparticles for in vivo photodynamic therapy of
leukemia, ACS Nano 5(7) (2011) 5325-37.

17



[56] M. Roger, A. Clavreul, M.C. Venier-Julienne, C. Passirani, C. Montero-Menei, P. Menei, The potential
of combinations of drug-loaded nanoparticle systems and adult stem cells for glioma therapy, Biomaterials
32(8) (2011) 2106-16.

[57] R. Stupp, M.E. Hegi, M.J. van den Bent, W.P. Mason, M. Weller, R.O. Mirimanoff, J.G. Cairncross, R.
European Organisation for, T. Treatment of Cancer Brain, G. Radiotherapy, G. National Cancer Institute of
Canada Clinical Trials, Changing paradigms--an update on the multidisciplinary management of malignant
glioma, Oncologist 11(2) (2006) 165-80.

[58] W.C. Huang, I.L. Lu, W.H. Chiang, Y.W. Lin, Y.C. Tsai, H.H. Chen, C.W. Chang, C.S. Chiang, H.C.
Chiu, Tumortropic adipose-derived stem cells carrying smart nanotherapeutics for targeted delivery and
dual-modality therapy of orthotopic glioblastoma, J Control Release 254 (2017) 119-130.

[59] B. Cao, M. Yang, Y. Zhu, X. Qu, C. Mao, Stem cells loaded with nanoparticles as a drug carrier for in
vivo breast cancer therapy, Adv Mater 26(27) (2014) 4627-31.

[60] D.H. Johnson, Treatment strategies for metastatic non small-cell lung cancer, Clin Lung Cancer 1(1)
(1999) 34-41.

[61] L. Kim, H.J. Byeon, T.H. Kim, E.S. Lee, K.T. Oh, B.S. Shin, K.C. Lee, Y.S. Youn, Doxorubicin-loaded
highly porous large PLGA microparticles as a sustained- release inhalation system for the treatment of
metastatic lung cancer, Biomaterials 33(22) (2012) 5574-83.

[62] S. Valastyan, R.A. Weinberg, Tumor metastasis: molecular insights and evolving paradigms, Cell
147(2) (2011) 275-92.

[63] L. Mei, Y. Liu, Q. Zhang, H. Gao, Z. Zhang, Q. He, Enhanced antitumor and anti-metastasis efficiency
via combined treatment with CXCR4 antagonist and liposomal doxorubicin, J Control Release 196 (2014)
324-31.

[64] E. Fernandes, J.A. Ferreira, P. Andreia, L. Luis, S. Barroso, B. Sarmento, L.L. Santos, New trends in
guided nanotherapies for digestive cancers: A systematic review, J Control Release 209 (2015) 288-307.
[65] J.M. Yu, E.S. Jun, Y.C. Bae, J.S. Jung, Mesenchymal stem cells derived from human adipose tissues
favor tumor cell growth in vivo, Stem Cells Dev 17(3) (2008) 463-73.

18



Diferentiation
SGz svz

Migration

G
—
Proliferation
Neurogenesis

Proliferation

‘ HSCs

A
Migration
-

Osteoblasts Macrophage ‘

9|oLIJUdA

Ependymal cells

Figure 1 — Complexity of endogenous neural and hematopoietic niches and
opportunities for stem cell modulation. (A) NSCs appear in the SVZ and SGZ in the
adult mammalian brain. NSCs in the SVZ (type B cells) give rise to transit amplifying
progenitors (type C cells) that further differentiate into neuroblasts (type A cells). (B) HSCs
reside in the bone marrow niche and interact with other cell types. In A and B, NPs may
mediate several biological processes which are highlighted in grey. BV means blood vessel.
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Figure 2- Questions that need be to addressed in the use of stem cells as transport
vehicles of NPs.



Stem cell loaded with NPs

« MSCs
e ADSCs
+ HSCs

- CXCR4

@ Cancer cell

g Cancer stem cell

—==.__Transporting stem cell

1.Cytotoxic 2.Cancer
y Endothelial cell d'_'“9 stem cell
delivery differentiation

R Nanoparticle




Figure 3 - Stem cells loaded with NPs to reach cancer stem cell niches. MSCs, ADSCs
and HSCs may act as vehicles of NPs to target tumors. Homing of stem cells to the tumor
is explained by the SDF-1a/CXCR4 axis. Stem cells migrate to the tumor following a
concentration gradient of SDF-1a. The stem cells may be then induce the differentiation of
stem cells in the niche (e.g. paracrine effect of the factors released by the NPs) (1) or
induce their death (2) (e.g. by the radicals created by the NPs within the transporting stem
cells).



