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Inflammation has proven to be a key contributing factor to the pathogenesis of
ischemic and hemorrhagic stroke. This sequential and progressive response, marked by
proliferation of resident immune cells and recruitment of peripheral immune populations,
results in increased oxidative stress, and neuronal cell death. Therapeutics aimed
at quelling various stages of this post-stroke inflammatory response have shown
promise recently, one of which being differentiated induced pluripotent stem cells
(iPSCs). While direct repopulation of damaged tissues and enhanced neurogenesis
are hypothesized to encompass some of the therapeutic potential of iPSCs, recent
evidence has demonstrated a substantial paracrine effect on neuroinflammation.
Specifically, investigation of iPSCs, iPSC-neural progenitor cells (iPSC-NPCs), and
iPSC-neuroepithelial like stem cells (iPSC-lt-NESC) has demonstrated significant
immunomodulation of proinflammatory signaling and endogenous inflammatory cell
populations, such as microglia. This review aims to examine the mechanisms by which
iPSCs mediate neuroinflammation in the post-stroke environment, as well as delineate
avenues for further investigation.
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INTRODUCTION

Stroke remains a leading cause of death and long-term neurological disability in the aging
population worldwide. Despite recent therapeutic efforts and improved control of stroke risk
factors, the mean global lifetime risk of stroke has increased over the past 20 years. Historically, this
disease has predominantly affected older adults, with 36.6% of individuals over 60 experiencing a
stroke (Virani et al., 2020). There is an unmet need for expansion of effective therapeutic options
for acute ischemic stroke (AIS).

Current FDA-approved AIS therapeutics are primarily aimed at recanalization of the ischemic
vessel through thrombolytic or endovascular means (Powers et al., 2018). While these therapeutic
options do restore blood flow to deprived cells in the penumbra (Campbell et al., 2019), they possess
no direct mechanisms for neuroprotection or neuronal salvage Additionally, they come with an
increased risk of intracranial hemorrhage (Meinel et al., 2020), hemorrhagic transformation (Yaghi
et al., 2017), and 50% of thrombectomy patients remain disabled at 3 months post-stroke (Goyal
et al., 2016). For these reasons, there is an overwhelming need for the investigation, trial, and
implementation of novel therapeutic options for stroke sufferers.
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Inflammation has proven to be a key contributing factor to
the pathogenesis of ischemic and hemorrhagic stroke (Buscemi
et al., 2019; Jayaraj et al., 2019), representing an avenue for
novel AIS therapeutic targets (Iadecola and Anrather, 2011).
The post-stroke neuroinflammatory environment is marked
by a multi-stage progressive sequence of resident immune
cell activation, peripheral immune cell recruitment, and the
release of inflammatory cytokines and reactive oxygen species
(ROS). In the initiation phase, endothelial cells, perivascular
macrophages, platelets, and neutrophils are responsible for
a release of proinflammatory cytokines (IL1β, IL-1α, and
TNF-α), chemokines (CCL5, CXCL4, CXCL7), and proteases
(MMP8, MMP9, MT6-MMP) (Iadecola and Anrather, 2011;
Jayaraj et al., 2019). In turn, newly activated microglia
release pro-inflammatory cytokines, such as interleukin (IL)-
1β, IL-6, and tumor necrosis factor (TNF)-α, resulting in the
amplification phase—activating and recruiting nearby astrocytes,
dendritic cells, and T-cells (Iadecola and Anrather, 2011).
Infiltrating T-lymphocytes, which peak around 3 days post-
AIS, are responsible for perpetuating apoptosis and blood-
brain barrier (BBB) breakdown through continued cytokine
secretion (Yoshimura and Shichita, 2012). This cascade can
lead to astrocyte activation up to 28 days after stroke
(Dabrowska et al., 2019). This acute and subacute post-
stroke proinflammatory cascade presents a multi-faceted avenue
for anti-inflammatory therapeutic options, with an array of
potential therapeutic targets and an increased temporal window
compared to current thrombolytic and endovascular approaches.
Specifically, iPSCs and iPSC-derived cells have exhibited
significant immunomodulation of endogenous inflammatory cell
populations and proinflammatory signaling.

Induced Pluripotent Stem Cells as a
Stroke Therapeutic
iPSCs are a viable regenerative therapeutic in a range of
degenerative conditions. These cells, which can be induced from
somatic cells to pluripotent stem cells (Takahashi and Yamanaka,
2006; Warren et al., 2010; Li et al., 2014), allow new opportunities
for generation of neural stem cells and neural cell lineages
with less ethical concerns than embryonically derived stem cells
(Zacharias et al., 2011; Buzanska, 2018). The limitless potential
for self-renewal, proposed lower rate of transplantation rejection
of autologous cells than embryonic stem cells (De Rham and
Villard, 2014), and ability for genetic engineering, make them an
attractive therapeutic option (Suda et al., 2020). Here, the anti-
inflammatory potential of iPSCs and differentiated lineages in
models of stroke is further discussed and outlined in Figure 1.

Non-differentiated iPSCs
iPSCs as a Therapy in Ischemic Models of Stroke
Rodent middle cerebral artery occlusion (MCAO) models of
stroke have served as a means in which to test the anti-
inflammatory potential of iPSCs. While some paradigms utilize a
permanent occlusion, others invoke transient occlusions ranging
from 30- to 90- min (Shahjouei et al., 2016). This occlusion,
often through filamentous blockade of the MCA, induces

ischemic damage to the ipsilateral striatum and dorsolateral
cortex (Chiang et al., 2011). Paradigm specifics for the studies
included in this review are detailed in Table 1. In one such
model, iPSC and fibrin glue treatment resulted in a significant
decrease of interleukin (IL)-1β, TNF-α, IL-2, and IL-6 and iNOS
expression in the lesion cortex compared to non-treated groups.
Additionally, protein levels of IL-4 and IL-10 were significantly
elevated in the iPSC- and fibrin-treated group compared to
MCAO-only animals (Chen et al., 2010). This study reveals
iPSCs have the capacity to decrease inflammatory reactivity
and polarization of innate immune cells as well as attenuate
circulating proinflammatory mediators in the local ischemic
stroke environment. Future studies should be aimed at assessing
if measured anti-inflammatory cytokines, such as IL-4 and IL-
10, are secreted from transplanted and differentiated iPSCs or
if the iPSCs cause an indirect attenuation of proinflammatory
responses through direct action on innate immune modulators.

In contrast to this ischemic stroke study, other studies
suggest a less defined role of iPSCs in the stroke environment.
One rodent dMCAO model of stroke found a significantly
increased expression of SDF-1/CXCL12 (stromal derived factor-
1/lymphocyte, C-X-C motif ligand 12) in the peri-infarct area
of iPSC-treated animals above that of non-stroked animals. No
significant difference, however, was observed in the expression
of SDF-1 between stroked non-treated animals and iPSC-treated
animals (Chau et al., 2014). While SDF-1/CXCL12 is a stroke
chemotactic signal for lymphocytes, in the central nervous system
it serves to recruit endogenous NSCs to areas of injury for
tissue repair (Li et al., 2012). Therefore, the increased observed
expression of this chemokine following iPSC treatment could
be a sign of increased neuroregeneration in these ischemic
areas. Further investigation into the predominating effect of
increased CXCL12 in the post-stroke environment following
iPSC treatment is warranted to assess the comprehensive effect
on the inflammatory balance.

iPSCs as a Therapy in Hemorrhagic Models of Stroke
Outside of ischemic models of stroke, investigation of the
anti-inflammatory potential of iPSCs has been conducted in
intracranial hemorrhagic (ICH) (Théry et al., 2018) models of
stroke. In a collagenase-induced hemorrhagic rat stroke model,
significantly decreased protein and RNA levels of IL-1β, IL-6,
and TNF-α, and significantly increased expression of IL-10, were
observed at 2 days post-ICH in iPSC-treated animals compared
to PBS controls.

Immunohistological quantification on day 3 post-ICH also
revealed a significant decrease in MPO+ (myeloperoxidase,
granulocytes, and monocytes) and CD11b+ (cluster of
differentiation 11b, microglia/macrophages) cells, as well
as a decreased expression of activated Caspase-3+ (cellular
apoptosis)/NeuN+ (neuronal nuclei, neurons) cells. Lastly, Nissl
(nucleic acids) staining at day 42 post-ICH revealed less damage
to Nissl bodies and nuclei within neural cells in the iPSC-treated
group than the PBS (vehicle) group, and significantly decreased
GFAP+ expression at day 42 post-ICH was detected in iPSC-
treated tissue (Qin et al., 2015). This study demonstrates the
anti-inflammatory mechanisms of iPSCs are not limited to the
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FIGURE 1 | Induced pluripotent stem cells decrease proinflammatory responses in the post-stroke environment. iPSCs and iPSC-derived cells have been shown to
decrease proinflammatory cytokines such as TNF-α, IL-1β, and IL-6, decrease activation and polarization of local immune cells such as astrocytes (GFAP+) and
microglia (Iba1+, CD11b+, and ED1+), and increase anti-inflammatory cytokines (IL-10, IL-4) in animal models of ischemic and hemorrhagic stroke.

ischemic stroke environment but are observed in rodent models
of the hemorrhagic stroke, as well.

Limitations
While there is compelling evidence of the positive effect of non-
differentiated iPSCs on the stroke inflammatory environment,
there are limitations associated with this proposed therapeutic.
In the non-stroke condition, mouse models have revealed an
increased tumorigenicity of iPSCs over iPSC-NSCs, NSCs, and
MSCs similar to that of ESCs (Gao et al., 2016). Models of
the stroke condition, specifically, have found similar results
regarding iPSCs tumorgenicity (Yamashita et al., 2011). In
a direct comparison of iPSCs and iPSC-NSCs in a MCAO
rat model of stroke, iPSCs were found to have an increased
tumorigenic potential, while iPSC-NSCs were not (Kawai et al.,
2010; Wu et al., 2015). Due to the proposed increase in safety,
further consideration of the therapeutic potential of iPSC-NSCs
should be discussed.

Induced Pluripotent Neural Stem Cells
(iPSC-NSC)
Through the use of specific culture conditions, such as including
stromal cocultures (Chang et al., 2013b), the presence or absence
of supplemented factors, and the selection of nestin-positive
cells (Chen et al., 2010; Chang et al., 2013b), iPSCs can be
differentiated into a neural lineage. These further-differentiated
cells have been a focus of regenerative stroke research, as
they are thought to differentiate and repopulate niches of
damaged neuronal and glial cells after injury (Oki et al., 2012;

Zhang et al., 2012; Chang et al., 2013a,b; Tornero et al., 2013;
Sugai et al., 2016). Of note, attenuation of reactive gliosis in
the stroked animal brain does not impact neural stem cell
engraftment and neurogenesis (Laterza et al., 2018), revealing
iPSCs-NSCs to be a robust therapeutic option in the harsh
stroke neuroinflammatory environment. Additionally, these
cells are believed to secrete neuroprotective and regenerative
factors which promote increased recovery and improved
functional outcomes (Jiang et al., 2011; Polentes et al., 2012;
Chang et al., 2013b; Boese et al., 2018). Recent focus has
been directed on the anti-inflammatory mechanisms of these
secreted factors and their potential to dampen the post-stroke
neuroinflammatory environment through a “bystander effect”
(Smith and Gavins, 2012).

In vitro Assays of iPSC-NSCs
To further delineate potential paracrine effects of iPSC-NSCs, an
in vitro oxygen glucose deprivation (OGD) model was conducted
in which iPSC-NSCs were arranged in a membrane-separated
co-culture system with OGD cortical cells (Lee et al., 2017).
In this model, there was a significant decrease in TUNEL+
(deoxynucleotidyl transferase dUTP nick end labeling) and
GFAP+ cells as well as significant increases in residual neurons
and neurites of iPSC-NSC groups compared to OGD cells
alone. Interestingly, this pattern of responses was also seen in
iPSC groups but was not observed in bone marrow-derived
mesenchymal stem cells (BM-MSCs) or Wharton’s jelly MSC
groups. Therefore, these antiapoptotic and anti-inflammatory
responses seems to be specific to iPSCs and iPSC-NSCs.
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TABLE 1 | Studies assessing the efficacy and anti-inflammatory potential of iPSCs in models of ischemic and hemorrhagic stroke.

Cell-type Model Inflammatory finding Mechanism of administration Functional findings

Mouse primary iPSCs
(WP5 line)
(Chau et al., 2014)

Permanent MCAO in
P7 Wistar rat pups

↑ Expression of SDF-1 in iPSC
stroked animals compared to sham
animals

Direct injection of ∼1 × 105 (4
sites) into peri-infarct region
7 days post-stroke

No significant difference in left paw
reaches when compared to sham
animals

Rat iPSCs
(Qin et al., 2015)

Collagenase induced
intracerebral
hemorrhage (ICH)
stroke in
Sprague-Dawley rat
model

↓Protein and RNA levels of IL-1β,
IL-6, and TNF-α
↑ Expression of IL-10 2 days
post-ICH.
↓ MPO+ and CD11b+ cells as well
as a decreased expression of
activated caspase-3+/NeuN+ cells
3 days post ICH.
↓Damage to Nissl bodies
↓GFAP+ expression in ISC groups at
day 42 post-ICH

Direct injection of 1 × 106 cell
(3.5 mm deep relative to the
bregma, 2.5 mm upon the
hemorrhagic lesion) into the
parenchyma, 6 h post-ICH

↑ Modified limb placing test score
compared in iPSC compared to vehicle
treated

C57/B6 mouse MEF
derived (13.5 day old
embryos) iPSCs
(Chen et al., 2010)

Proximal tMCAO (1 h)
in Long-Evans rats

↓ Il-1b, TNF-α, Il-2, and Il-6 in
iPSC + fibrin glue
↓ Expression of iNOS,
↑ IL-4 and IL-10 in iPSC + fibrin glue

Direct subdural injection 1 h
post-MCAO, immediately after
ischemic reversal

↓ Infarct volume in iPSC + fibrin glue
↑ Latency to fall on rotarod and
increased grasping power of left
forepaw in iPSC + fibrin glue compared
to control at 1, 2, 3, and 4 weeks post
MCAO

Human iPSC-NSCs
(551-8 hPSC line)
(Chang et al., 2013a)

Transient MCAO
(90 min)
Sprague-Dawley (SD)
rats

↓IBA1+, round ED1+, and GFAP+

cells in the ischemic core 8 weeks
post-transplant

Direct injection of 1 × 105

cells/mL into the contralateral
side of the infarct regions
(P + 1.0 mm, ML + 3.0 mm, and
DV −5 mm from the Bregma)
7 days post-MCAO

–

Human (20 year-old male)
iPSC-NSCs
(Lee et al., 2017)

Permanent right MCAO
and transient bilateral
common carotid
occlusion (1 h) in
Long-Evans rats

−↓ED1+ cells
No GFAP-immunoreactive astrogliosis
↓ TUNEL+ neurons and GFAP+

astrocytes in OGD injury
↓ CXCL14

1 × 106 cells in epidural fibrin
glue over the infarct cortex

↑ Grip strength,
↓ Ipsilateral forearm use bias, and
infarct volume

Human (CD34+ cord
donor blood) iPSC-NSCs
(Basuodan et al., 2018)

Endothelin-1 injection in
sensorimotor cortex at
P12 in Wistar rats

↓Reactive microglia found at the
boundary of the graft if iPSC-NSC
cells compared to EMC-alone grafts
4 weeks post grafting

Directly transplanted
intracerebrally (in ECM) into the
ischemic Sensorimotor cortex at
day 14 post-stroke

–

Murine iPSC-NSCs
(Yamashita et al., 2017)

Transient MCAO
(35 min) in C57BL/6N
mice

↓ GFAP+ expression in the cortex
and striatum of iNSC treated animals
at 7 days post-stroke, but not at
28 days post-stroke
No significant difference in IBA1+

expression was observed at either
time

Direct injection into the ipsilateral
striatum and cortex (Anterior
−0.5, 2.5 mm lateral, and
1.5–2.5 mm deep) 24 h after
ischemia induction

↑ survival, Bederson’s score, and
corner test
No significant difference in infarct
volume or rotarod at day 7 post MCAO

Human (viral transgene
-free and IMR90-1,
IMR90 clone 1)
iPSC-NSCs
(Eckert et al., 2015)

Transient MCAO
(60 min) in C57BL/6J
mice

↓ Active IBA+ cells, TNF-α, IL-6,
IL-1β, ICAM-1, VCAM-1, MCP-1,
MIP-α of iNSCl, IgG, and MMP9
treated animals compared to
non-treated animals.
↑ BDNF

Direct injection of ∼1 × 105 cells
into the ipsilesional hemisphere
(2 mm Posterior, 1.5 mm Lateral,
and 2–2.5 mm Dorsal to the
bregma) 24 h post-MCAO/R

↓ Time for adhesive removal and beam
walk
↑ Rotarod time

Human (HIPTM hNSC
BC1) iPSC-NSCs
(Baker et al., 2017)

Permanent MCAO in
landrace pigs

↓IBA1+ cells in iPSC-NSC treated vs.
non-treated animals
No change in GFAP+ cells from
non-treated animals

Direct injection into the infarcted
parenchyma 5 days post-MCAO

–

Human iPSC-lt-NESCs
(Adult male dermal
fibroblasts)
(Tatarishvili et al., 2014)

Permanent distal
MCAO and 30 min
bilateral carotid
occlusion in
Sprague-Dawley rats

No differences in the number of IBA+

microglia/macrophages
↓Number of activated ameboid IBA+

cells in treated animals.
Weak VEGF staining

Direct injection of ∼3 × 105 cells
in 2 injection sites in the injured
cerebral cortex (1.5 mm anterior,
1.5 mm lateral, and 2–2.5 mm
deep to the bregma) 28 h
post-dMCAO

↑ Performance on left paw touches on
cylinder test in treated group.
No significant improvements over
control in left backhand, right
backhand, left forehand, and right
forehand adjustments on stepping test
pattern following stroke compared to
non-stroked

Results of studies which examined anti- or pro-inflammatory markers and responses of iPSC or iPSC -derived cells in models of stroke. Functional results of treated
animals are also included if assessed in the study.
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Messenger RNA expression level analysis revealed a significant
increase in BMP7 (bone morphogenic protein 7), CXCL14 (C-
X-C motif 14, chemoattractant for monocytes and dendritic
cells), FGF12 (fibroblast growth factor 12, regulation of voltage-
gated Na+ channels), and FGF8 (neuronal migration) over
iPSCs and MSCs, as well as FGF9 (radial glia migration), and
IGFBP2 (insulin-like growth factor protein) over MSCs. While
most of these factors have known implications in neuronal
development and NSC differentiation, factors such as BMP7,
CXCL14, and IGFBP2 have been known to play a role in anti-
and proinflammatory processes as well (Lee et al., 2017).

Cytokine array analysis of culture supernatants also
revealed a significant enrichment of IGFBP2 in iPSC-NSCs
over BM-MSCs and OGD-injured cultures. When these
cytokines (BMP7, CXCL14, FGF8, FGF9, and IGFBP2) were
individually dosed onto OGD cells, a significant neuroprotective
and anti-inflammatory phenotype was observed upon
immunocytochemical quantification—similar to that observed
with iPSC-NSC co-culture. Specificity of these factors to carry
out mechanisms of neuroprotection and anti-inflammation was
confirmed by a neutralizing antibody cocktail which abolished
these effects (Lee et al., 2017). Lastly, the entire rat transcriptome
in OGD-injured cortical cells co-cultured with iPSC-NSCs
or BM-MSCs was analyzed and only 26 over expressed genes
were common between OGD and IPSC-NSCs or BM-MSC
co-cultures. Specifically, iPSC-NSCs had significantly increased
expression of genes involved in neurogenesis (Notch1, epidermal
growth factor receptor, CXCL12) and anti-apoptosis (Lee et al.,
2017). Collectively, these in vitro experiments demonstrate
that iPSCs-NSCs not only exert anti-inflammatory, neurogenic,
and anti-apoptotic effects on stressed neuronal cultures,
but also that these effects are distinct from other stem cell
sources (e.g., MSCs).

Extracellular matrices (ECM) can also enhance the anti-
inflammatory potential of iPSC-NSCs. In non-stroke in vivo
conditions, grafted iPSC-NSCs in ECM form rosettes, develop
radial glia, and are vascularized by 8 weeks post-engraftment.
Interestingly, while cell-free ECM grafts were found to have
reactive microglia accumulating at the boundary of the graft,
only quiescent host microglia were found within the organoid
structures of the iPSC-NSC + ECM group 4 weeks post-
engraftment. These results suggest iPSC-NSCs promote an anti-
inflammatory environment in vivo, which is not contingent on
an ischemic or hemorrhagic condition, and that they protect
against chronic innate immune cell activation following trauma
(Basuodan et al., 2018).

In vivo Assays of iPSC-NSCs
Gene expression data in in vivo rodent MCAO models revealed
significant decreases in TNF-α, IL-6, IL-1β, intercellular
adhesion molecule 1 (ICAM-1), vascular cells adhesion molecule
(VCAM-1), monocyte chemoattractant protein (MCP-1), and
macrophage inflammatory protein (MIP-α) expression of
iPSC-NSC-treated animals compared to non-treated animals.
Additional protein level analysis revealed a significant decrease
in mouse immunoglobulin G (IgG) and matrix metallopeptidase
9 (MMP9) (Eckert et al., 2015). MMP9 is believed to be released

by circulating neutrophils after they have adhered to damaged
cerebrovascular endothelium to decrease BBB integrity and
aid in neutrophil extravasation. This migration of neutrophils
into the damaged cerebral space is thought to induce more
ROS and MMP9 production from endogenous immune cells
(e.g., microglia), resulting in increased neuroinflammation and
neural cell death (Turner and Sharp, 2016). The accompanying
decreased levels of IgG in this study suggests increased
BBB integrity, hinting that an anti-inflammatory effect on
neutrophils by iPSC-NSCs may be responsible for the decreased
MMP9 (Eckert et al., 2015). More work is needed to ascertain
if the decreased levels are also due in part to decreased
microglial secretion.

Immunocytochemistry data of in vivo MCAO models of
ischemic stroke have also found similar anti-inflammatory and
neuroregenerative potential of iPSC-NSCs. Studies in rodent
models have found significant reductions in IBA1+ (Chang et al.,
2013a; Eckert et al., 2015), ED1+ (Chang et al., 2013a; Heo et al.,
2013; Lee et al., 2017), and GFAP+ cells (Chang et al., 2013a; Lee
et al., 2017) in the ischemic core of iPSC-NSC-treated animals
compared to non-treated animals. Additionally, the number of
apoptotic cells post-MCAO measured through TUNEL assay and
the number of activated inflammatory cells has been shown to be
significantly reduced in iPSC-NSC treated animals (Chang et al.,
2013a; Lee et al., 2017) as far as 8 weeks post-transplantation.
In contrast, while a transient MCAO mouse model of stroke
revealed a significant decrease in GFAP expression in the cortex
and striatum of iPSC-NSC-treated animals at 7 days post-stroke,
a difference was not seen at 28 days post-stroke. Additionally, no
significant difference in IBA1 expression was observed at either
time point in this study (Yamashita et al., 2017). Interestingly,
these animals did have improved survival, corner test results,
and Bederson score. These differences in the specific anti-
inflammatory results may be due to the timing of administered
iPSC-NSC to animals following MCAO. While the majority of
studies which found significant reductions in IBA+ and GFAP+
cells in the acute and chronic stroke environment administered
the therapeutic at subacute time points (∼7 days post-MCAO),
the latter study administered cells at an acute (24 h) timepoint.
This difference could have implications for the therapeutic
window of iPSC-NSCs to exert their effects.

To assess the translational potential of iPSC-NSCs as a clinical
stroke therapeutic, their anti-inflammatory efficacy in large
animal models of stroke must also be considered. The increased
complexity, size, and cellular organization of large animal models
serve to assess scaling, dosing, or diffusion-limited processes.
Additionally, due to a white-to-gray matter composition which
more closely resembles humans, differential effects of iPSC-NSCs
on these cells can be assessed (Ann-Christine et al., 2003; Kuluz
et al., 2007; Ahmad et al., 2015; Kaiser and West, 2020). In a
porcine MCAO model of stroke, there was a significant reduction
in IBA1+ area in iPSC-NSC-treated animals compared to non-
treated animals. There was not a significant reduction in GFAP+
cells however (Baker et al., 2019). While this study serves as
preliminary evidence of the anti-inflammatory effects of iPSC-
NSCs in more complex systems, further studies in large animal
models are needed.
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Similar to iPSC-NSCs, neuroepithelial-like stem cells have
also been differentiated from iPSCs and are distinct from radial
glia-like NSCs (Falk et al., 2012). The efficacy of these cells has
also been assessed in a range of ischemic stroke paradigms. In
a dMCAO model of stroke, iPSC-lt-NESCs were transplanted
into the cerebral cortex of rats 48 h post-stroke. There was a
significantly decreased number of ameboid activated microglia
in transplanted groups compared to vehicle treated animals
(Tatarishvili et al., 2014). Further investigation into the secreted
factors necessary to govern this cell fate distinction could give
a glimpse into the post-stroke inflammatory milieu following
iPSC-lt-NESC treatment.

Future Directions
Outside of the lineages discussed in this review, there are many
iPSC-derived lineages which exhibit noted anti-inflammatory
effects but have not yet been investigated in the context of stroke.
For example, iPSCs-MSCs (Eto et al., 2018; Zhao and Ikeya,
2018) have been shown to be safe and invoke anti-inflammatory
responses in models of irritable bowel syndrome (Yang et al.,
2019), graft vs. host disease (Ozay et al., 2019; Bloor et al., 2020),
and periodontitis (Yang et al., 2014). Additionally, BM-MSCs
have demonstrated anti-inflammatory mechanisms in ischemic
and hemorrhagic models of stroke (Boshuizen and Steinberg,
2018; Li et al., 2018; Turnbull et al., 2019), such as decreasing
ED1 + expression (Heo et al., 2013). While it is recognized
that BM-MSCs have reduced differentiation potential in extended
culture (Jung et al., 2012), iPSCs-MSCs have not demonstrated
this limitation. Therefore, based on the known anti-inflammatory
effects of iPSC-MSCs in systemic models of disease, and the
documented efficacy of BM-MSCs in stroke, iPSC-MSCs could
prove a viable therapeutic alternative to BM-MSCs.

While the functional effects of iPSCs and iPSC-derived cells in
stroke are clear—decreasing lesion volume (Chen et al., 2010; Lee
et al., 2017) and mortality (Yamashita et al., 2017) and improving
functional recovery (Chen et al., 2010; Tornero et al., 2013;
Tatarishvili et al., 2014; Eckert et al., 2015; Qin et al., 2015; Lee
et al., 2017; Yamashita et al., 2017)—the precise timing, sequence,
and degree to which anti-inflammatory mechanisms play in these
observed functional effects has yet to be fully elucidated. In
addition, recent reports have pointed to a biphasic role of post-
stroke inflammatory processes with beneficial and detrimental

effects (Jayaraj et al., 2019). Determination of the temporal
components of these iPSC anti-inflammatory mechanisms will be
essential for optimal dosing of iPSCs as well as artfully preserving
the acute beneficial post-stroke proinflammatory responses. In
regard to therapeutic administration, distinguishing if anti-
inflammatory mechanisms are carried out in a paracrine or
contact-mediated manner can help determine if transplanted
cells must be successfully engrafted to carry out their anti-
inflammatory activity. Lastly, tumorigenicity of iPSC cells, a
product of in vitro culture expansion and reprogramming,
has remained a major hurdle to clinical implementation. This
complex discussion involves consideration of the implications
of single nucleotide variants, mutations in non-coding regions,
and mutations in recognized cancer genes. Whether these
mutations would lead to cancerous proliferation or affect the
therapeutic potential of iPSC cells remains a topic of active debate
(Yamanaka, 2020) and warrants consideration of standardized
tumorigenicity tests (Kuroda et al., 2013) and inhibitors of
teratoma formation (Gorecka et al., 2019). Assessment of
these properties will be essential in ascertaining the clinical
translational potential of iPSCs as a human stroke therapeutic.

AUTHOR CONTRIBUTIONS

SS and DH designed, wrote, and edited the manuscript and have
approved it for publication. Both authors contributed to the
article and approved the submitted version.

FUNDING

This work was funded by the National Institutes of Health
(NIH) National Institute on Aging (NIA) (grant no. R01
NS099455 A1) and the National Institute of Neurological
Disorders and Stroke (NINDS) (grant nos. UO1NS113356-01
and R01NS112511-01A1).

ACKNOWLEDGMENTS

We would like to acknowledge BioRender.com, which was used
in generation of Figure 1.

REFERENCES
Ahmad, A. S., Satriotomo, I., Fazal, J., Nadeau, S. E., and Doré, S. (2015).

Considerations for the optimization of induced white matter injury preclinical
models. Front. Neurol. 6:172. doi: 10.3389/fneur.2015.00172

Ann-Christine, D., Jill, V. H., Loretta, L. G., Anje, K., Jeffrey, G., Eugene, D.,
et al. (2003). Magnetic resonance imaging studies of age-dependent responses
to scaled focal brain injury in the piglet. J. Neurosurg. 99, 542–548. doi: 10.3171/
jns.2003.99.3.0542

Baker, E. W., Kinder, H. A., and West, F. D. (2019). Neural stem cell therapy for
stroke: a multimechanistic approach to restoring neurological function. Brain
Behav. 9:e01214. doi: 10.1002/brb3.1214

Baker, E. W., Platt, S. R., Lau, V. W., Grace, H. E., Holmes, S. P., Wang, L.,
et al. (2017). Induced pluripotent stem cell-derived neural stem cell therapy

enhances recovery in an ischemic stroke pig model. Sci. Rep. 7:10075. doi:
10.1038/s41598-017-10406-x

Basuodan, R., Basu, A. P., and Clowry, G. J. (2018). Human neural
stem cells dispersed in artificial ECM form cerebral organoids
when grafted in vivo. J. Anat. 233, 155–166. doi: 10.1111/joa.
12827

Bloor, A. J. C., Patel, A., Griffin, J. E., Gilleece, M. H., Radia, R., Yeung, D. T.,
et al. (2020). Production, safety and efficacy of iPSC-derived mesenchymal
stromal cells in acute steroid-resistant graft versus host disease: a phase I,
multicenter, open-label, dose-escalation study. Nat. Med. 26, 1720–1725. doi:
10.1038/s41591-020-1050-x

Boese, A. C., Le, Q.-S. E., Pham, D., Hamblin, M. H., and Lee, J.-P. (2018). Neural
stem cell therapy for subacute and chronic ischemic stroke. Stem Cell Res. Ther.
9:154. doi: 10.1186/s13287-018-0913-2

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 March 2021 | Volume 9 | Article 647415

http://BioRender.com
https://doi.org/10.3389/fneur.2015.00172
https://doi.org/10.3171/jns.2003.99.3.0542
https://doi.org/10.3171/jns.2003.99.3.0542
https://doi.org/10.1002/brb3.1214
https://doi.org/10.1038/s41598-017-10406-x
https://doi.org/10.1038/s41598-017-10406-x
https://doi.org/10.1111/joa.12827
https://doi.org/10.1111/joa.12827
https://doi.org/10.1038/s41591-020-1050-x
https://doi.org/10.1038/s41591-020-1050-x
https://doi.org/10.1186/s13287-018-0913-2
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-647415 March 10, 2021 Time: 14:6 # 7

Spellicy and Hess iPSCs in the Post-stroke Environment

Boshuizen, M. C. S., and Steinberg, G. K. (2018). Stem cell-based
immunomodulation after stroke: effects on brain repair processes. Stroke
49, 1563–1570. doi: 10.1161/strokeaha.117.020465

Buscemi, L., Price, M., Bezzi, P., and Hirt, L. (2019). Spatio-temporal overview of
neuroinflammation in an experimental mouse stroke model. Sci. Rep. 9:507.
doi: 10.1038/s41598-018-36598-4

Buzanska, L. (2018). Human Neural Stem Cells: From Generation to Differentiation
and Application. Berlin: Springer International Publishing. doi: 10.1007/978-3-
319-93485-3

Campbell, B. C. V., Ma, H., Ringleb, P. A., Parsons, M. W., Churilov, L., Bendszus,
M., et al. (2019). Extending thrombolysis to 4&#xb7;5&#x2013;9 h and wake-
up stroke using perfusion imaging: a systematic review and meta-analysis of
individual patient data. Lancet 394, 139–147. doi: 10.1016/S0140-6736(19)
31053-0

Chang, D.-J., Lee, N., Park, I.-H., Choi, C., Jeon, I., Kwon, J., et al. (2013a).
Therapeutic potential of human induced pluripotent stem cells in experimental
stroke. Cell Transplant. 22, 1427–1440. doi: 10.3727/096368912X657314

Chang, D.-J., Oh, S.-H., Lee, N., Choi, C., Jeon, I., Kim, H. S., et al. (2013b).
Contralaterally transplanted human embryonic stem cell-derived neural
precursor cells (ENStem-A) migrate and improve brain functions in stroke-
damaged rats. Exp. Mol. Med. 45:e53. doi: 10.1038/emm.2013.93

Chau, M. J., Deveau, T. C., Song, M., Gu, X., Chen, D., and Wei, L. (2014). iPSC
transplantation increases regeneration and functional recovery after ischemic
stroke in neonatal rats. Stem Cells 32, 3075–3087. doi: 10.1002/stem.1802

Chen, S.-J., Chang, C.-M., Tsai, S.-K., Chang, Y.-L., Chou, S.-J., Huang, S.-S., et al.
(2010). Functional improvement of focal cerebral ischemia injury by subdural
transplantation of induced pluripotent stem cells with fibrin glue. Stem Cells
Dev. 19, 1757–1765. doi: 10.1089/scd.2009.0452

Chiang, T., Messing, R. O., and Chou, W.-H. (2011). Mouse model of middle
cerebral artery occlusion. J. Vis. Exp. JoVE 48:2761. doi: 10.3791/2761

Dabrowska, S., Andrzejewska, A., Lukomska, B., and Janowski, M. (2019).
Neuroinflammation as a target for treatment of stroke using mesenchymal stem
cells and extracellular vesicles. J. Neuroinflamm. 16:178. doi: 10.1186/s12974-
019-1571-8

De Rham, C., and Villard, J. (2014). Potential and limitation of HLA-based banking
of human pluripotent stem cells for cell therapy. J. Immunol. Res. 2014:518135.
doi: 10.1155/2014/518135

Eckert, A., Huang, L., Gonzalez, R., Kim, H.-S., Hamblin, M. H., and Lee,
J.-P. (2015). Bystander effect fuels human induced pluripotent stem cell-
derived neural stem cells to quickly attenuate early stage neurological deficits
after stroke. Stem Cells Transl. Med. 4, 841–851. doi: 10.5966/sctm.2014-
0184

Eto, S., Goto, M., Soga, M., Kaneko, Y., Uehara, Y., Mizuta, H., et al. (2018).
Mesenchymal stem cells derived from human iPS cells via mesoderm and
neuroepithelium have different features and therapeutic potentials. PLoS One
13:e0200790. doi: 10.1371/journal.pone.0200790

Falk, A., Koch, P., Kesavan, J., Takashima, Y., Ladewig, J., Alexander, M., et al.
(2012). Capture of neuroepithelial-like stem cells from pluripotent stem cells
provides a versatile system for in vitro production of human neurons. PLoS One
7:e29597. doi: 10.1371/journal.pone.0029597

Gao, M., Yao, H., Dong, Q., Zhang, H., Yang, Z., Yang, Y., et al. (2016).
Tumourigenicity and immunogenicity of induced neural stem cell grafts versus
induced pluripotent stem cell grafts in syngeneic mouse brain. Sci. Rep. 6:29955.
doi: 10.1038/srep29955

Gorecka, J., Kostiuk, V., Fereydooni, A., Gonzalez, L., Luo, J., Dash, B., et al.
(2019). The potential and limitations of induced pluripotent stem cells to
achieve wound healing. Stem Cell Res. Ther. 10:87. doi: 10.1186/s13287-019-
1185-1

Goyal, M., Menon, B. K., Van Zwam, W. H., Dippel, D. W. J., Mitchell, P. J.,
Demchuk, A. M., et al. (2016). Endovascular thrombectomy after large-
vessel ischaemic stroke: a meta-analysis of individual patient data from
five randomised trials. Lancet 387, 1723–1731. doi: 10.1016/S0140-6736(16)
00163-X

Heo, J. S., Choi, S. M., Kim, H. O., Kim, E. H., You, J., Park, T., et al.
(2013). Neural transdifferentiation of human bone marrow mesenchymal stem
cells on hydrophobic polymer-modified surface and therapeutic effects in an
animal model of ischemic stroke. Neuroscience 238, 305–318. doi: 10.1016/j.
neuroscience.2013.02.011

Iadecola, C., and Anrather, J. (2011). The immunology of stroke: from mechanisms
to translation. Nat. Med. 17, 796–808. doi: 10.1038/nm.2399

Jayaraj, R. L., Azimullah, S., Beiram, R., Jalal, F. Y., and Rosenberg, G. A. (2019).
Neuroinflammation: friend and foe for ischemic stroke. J. Neuroinflamm.
16:142. doi: 10.1186/s12974-019-1516-2

Jiang, M., Lv, L., Ji, H., Yang, X., Zhu, W., Cai, L., et al. (2011). Induction of
pluripotent stem cells transplantation therapy for ischemic stroke. Mol. Cell.
Biochem. 354, 67–75. doi: 10.1016/b978-0-12-822229-4.00014-0

Jung, Y., Bauer, G., and Nolta, J. A. (2012). Concise review: induced pluripotent
stem cell-derived mesenchymal stem cells: progress toward safe clinical
products. Stem Cells 30, 42–47. doi: 10.1002/stem.727

Kaiser, E., and West, F. (2020). Large animal ischemic stroke models: replicating
human stroke pathophysiology. Neural Regener. Res. 15, 1377–1387. doi: 10.
4103/1673-5374.274324

Kawai, H., Yamashita, T., Ohta, Y., Deguchi, K., Nagotani, S., Zhang, X., et al.
(2010). Tridermal tumorigenesis of induced pluripotent stem cells transplanted
in ischemic brain. J. Cerebr. Blood Flow Metab. 30, 1487–1493. doi: 10.1038/
jcbfm.2010.32

Kuluz, J. W., Prado, R., He, D., Zhao, W., Dietrich, W. D., and Watson, B. (2007).
New pediatric model of ischemic stroke in infant piglets by photothrombosis.
Stroke 38, 1932–1937. doi: 10.1161/strokeaha.106.475244

Kuroda, T., Yasuda, S., and Sato, Y. (2013). Tumorigenicity studies for human
pluripotent stem cell-derived products. Biol. Pharm. Bull. 36, 189–192. doi:
10.1248/bpb.b12-00970

Laterza, C., Uoshima, N., Tornero, D., Wilhelmsson, U., Stokowska, A., Ge, R., et al.
(2018). Attenuation of reactive gliosis in stroke-injured mouse brain does not
affect neurogenesis from grafted human iPSC-derived neural progenitors. PLoS
One 13:e0192118. doi: 10.1371/journal.pone.0192118

Lee, I. H., Huang, S.-S., Chuang, C.-Y., Liao, K.-H., Chang, L.-H., Chuang, C.-C.,
et al. (2017). Delayed epidural transplantation of human induced pluripotent
stem cell-derived neural progenitors enhances functional recovery after stroke.
Sci. Rep. 7, 1943–1943. doi: 10.1038/s41598-017-02137-w

Li, J., Song, W., Pan, G., and Zhou, J. (2014). Advances in understanding the
cell types and approaches used for generating induced pluripotent stem cells.
J. Hematol. Oncol. 7:50. doi: 10.1186/s13045-014-0050-z

Li, M., Hale, J. S., Rich, J. N., Ransohoff, R. M., and Lathia, J. D. (2012). Chemokine
CXCL12 in neurodegenerative diseases: an SOS signal for stem cell-based
repair. Trends Neurosci. 35, 619–628. doi: 10.1016/j.tins.2012.06.003

Li, X., Huang, M., Zhao, R., Zhao, C., Liu, Y., Zou, H., et al. (2018).
Intravenously delivered allogeneic mesenchymal stem cells bidirectionally
regulate inflammation and induce neurotrophic effects in distal middle cerebral
artery occlusion rats within the first 7 days after stroke. Cell Physiol. Biochem.
46, 1951–1970. doi: 10.1159/000489384

Meinel, T. R., Kniepert, J. U., Seiffge, D. J., Gralla, J., Jung, S., Auer, E., et al.
(2020). Endovascular stroke treatment and risk of intracranial hemorrhage in
anticoagulated patients. Stroke 51, 892–898. doi: 10.1161/STROKEAHA.119.
026606

Oki, K., Tatarishvili, J., Wood, J., Koch, P., Wattananit, S., Mine, Y., et al. (2012).
Human-induced pluripotent stem cells form functional neurons and improve
recovery after grafting in stroke-damaged brain. Stem Cells 30, 1120–1133.
doi: 10.1002/stem.1104

Ozay, E. I., Vijayaraghavan, J., Gonzalez-Perez, G., Shanthalingam, S., Sherman,
H. L., Garrigan, D. T., et al. (2019). CymerusTM iPSC-MSCs significantly
prolong survival in a pre-clinical, humanized mouse model of Graft-vs-host
disease. Stem Cell Res. 35:101401. doi: 10.1016/j.scr.2019.101401

Polentes, J., Jendelova, P., Cailleret, M., Braun, H., Romanyuk, N., Tropel, P.,
et al. (2012). Human induced pluripotent stem cells improve stroke outcome
and reduce secondary degeneration in the recipient brain. Cell Transplant. 21,
2587–2602. doi: 10.3727/096368912x653228

Powers, W. J., Rabinstein, A. A., Ackerson, T., Adeoye, O. M., Bambakidis, N. C.,
Becker, K., et al. (2018). 2018 guidelines for the early management of patients
with acute ischemic stroke: a guideline for healthcare professionals from the
american heart association/american stroke association. Stroke 49, e46–e99.
doi: 10.1161/STR.0000000000000158

Qin, J., Ma, X., Qi, H., Song, B., Wang, Y., Wen, X., et al. (2015). Transplantation
of induced pluripotent stem cells alleviates cerebral inflammation and neural
damage in hemorrhagic stroke. PLoS One 10:e0129881. doi: 10.1371/journal.
pone.0129881

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 March 2021 | Volume 9 | Article 647415

https://doi.org/10.1161/strokeaha.117.020465
https://doi.org/10.1038/s41598-018-36598-4
https://doi.org/10.1007/978-3-319-93485-3
https://doi.org/10.1007/978-3-319-93485-3
https://doi.org/10.1016/S0140-6736(19)31053-0
https://doi.org/10.1016/S0140-6736(19)31053-0
https://doi.org/10.3727/096368912X657314
https://doi.org/10.1038/emm.2013.93
https://doi.org/10.1002/stem.1802
https://doi.org/10.1089/scd.2009.0452
https://doi.org/10.3791/2761
https://doi.org/10.1186/s12974-019-1571-8
https://doi.org/10.1186/s12974-019-1571-8
https://doi.org/10.1155/2014/518135
https://doi.org/10.5966/sctm.2014-0184
https://doi.org/10.5966/sctm.2014-0184
https://doi.org/10.1371/journal.pone.0200790
https://doi.org/10.1371/journal.pone.0029597
https://doi.org/10.1038/srep29955
https://doi.org/10.1186/s13287-019-1185-1
https://doi.org/10.1186/s13287-019-1185-1
https://doi.org/10.1016/S0140-6736(16)00163-X
https://doi.org/10.1016/S0140-6736(16)00163-X
https://doi.org/10.1016/j.neuroscience.2013.02.011
https://doi.org/10.1016/j.neuroscience.2013.02.011
https://doi.org/10.1038/nm.2399
https://doi.org/10.1186/s12974-019-1516-2
https://doi.org/10.1016/b978-0-12-822229-4.00014-0
https://doi.org/10.1002/stem.727
https://doi.org/10.4103/1673-5374.274324
https://doi.org/10.4103/1673-5374.274324
https://doi.org/10.1038/jcbfm.2010.32
https://doi.org/10.1038/jcbfm.2010.32
https://doi.org/10.1161/strokeaha.106.475244
https://doi.org/10.1248/bpb.b12-00970
https://doi.org/10.1248/bpb.b12-00970
https://doi.org/10.1371/journal.pone.0192118
https://doi.org/10.1038/s41598-017-02137-w
https://doi.org/10.1186/s13045-014-0050-z
https://doi.org/10.1016/j.tins.2012.06.003
https://doi.org/10.1159/000489384
https://doi.org/10.1161/STROKEAHA.119.026606
https://doi.org/10.1161/STROKEAHA.119.026606
https://doi.org/10.1002/stem.1104
https://doi.org/10.1016/j.scr.2019.101401
https://doi.org/10.3727/096368912x653228
https://doi.org/10.1161/STR.0000000000000158
https://doi.org/10.1371/journal.pone.0129881
https://doi.org/10.1371/journal.pone.0129881
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-647415 March 10, 2021 Time: 14:6 # 8

Spellicy and Hess iPSCs in the Post-stroke Environment

Shahjouei, S., Cai, P. Y., Ansari, S., Sharififar, S., Azari, H., Ganji, S., et al. (2016).
Middle cerebral artery occlusion model of stroke in rodents: a step-by-step
approach. J. Vasc. Intervent. Neurol. 8, 1–8.

Smith, H. K., and Gavins, F. N. E. (2012). The potential of stem cell therapy
for stroke: is PISCES the sign? FASEB J. 26, 2239–2252. doi: 10.1096/fj.11-
195719

Suda, S., Nito, C., Yokobori, S., Sakamoto, Y., Nakajima, M., Sowa, K., et al. (2020).
Recent advances in cell-based therapies for ischemic stroke. Int. J. Mol. Sci.
21:6718. doi: 10.3390/ijms21186718

Sugai, K., Fukuzawa, R., Shofuda, T., Fukusumi, H., Kawabata, S., Nishiyama,
Y., et al. (2016). Pathological classification of human iPSC-derived neural
stem/progenitor cells towards safety assessment of transplantation therapy for
CNS diseases. Mol. Brain 9:85. doi: 10.1186/s13041-016-0265-8

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126,
663–676. doi: 10.1016/j.cell.2006.07.024

Tatarishvili, J., Oki, K., Monni, E., Koch, P., Memanishvili, T., Buga, A. M., et al.
(2014). Human induced pluripotent stem cells improve recovery in stroke-
injured aged rats. Restor Neurol. Neurosci. 32, 547–558. doi: 10.3233/rnn-
140404

Théry, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D.,
Andriantsitohaina, R., et al. (2018). Minimal information for studies
of extracellular vesicles 2018 (MISEV2018): a position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014
guidelines. J. Extracell. Vesicles 7:1535750. doi: 10.1080/20013078.2018.
1535750

Tornero, D., Wattananit, S., Grønning Madsen, M., Koch, P., Wood, J., Tatarishvili,
J., et al. (2013). Human induced pluripotent stem cell-derived cortical neurons
integrate in stroke-injured cortex and improve functional recovery. Brain 136,
3561–3577. doi: 10.1093/brain/awt278

Turnbull, M. T., Zubair, A. C., Meschia, J. F., and Freeman, W. D. (2019).
Mesenchymal stem cells for hemorrhagic stroke: status of preclinical
and clinical research. NPJ Regener. Med. 4:10. doi: 10.1038/s41536-019-
0073-8

Turner, R. J., and Sharp, F. R. (2016). Implications of MMP9 for blood brain barrier
disruption and hemorrhagic transformation following ischemic stroke. Front.
Cell. Neurosci. 10:56. doi: 10.3389/fncel.2016.00056

Virani, S. S., Alonso, A., Benjamin, E. J., Bittencourt, M. S., Callaway, C. W.,
Carson, A. P., et al. (2020). Heart disease and stroke statistics&#x2014;2020
update: a report from the American Heart Association. Circulation 141, e139–
e596. doi: 10.1161/CIR.0000000000000757

Warren, L., Manos, P. D., Ahfeldt, T., Loh, Y.-H., Li, H., Lau, F., et al. (2010).
Highly efficient reprogramming to pluripotency and directed differentiation
of human cells with synthetic modified mRNA. Cell Stem Cell 7, 618–630.
doi: 10.1016/j.stem.2010.08.012

Wu, Y., Wu, J., Ju, R., Chen, Z., and Xu, Q. (2015). Comparison of intracerebral
transplantation effects of different stem cells on rodent stroke models. Cell
Biochem. Funct 33, 174–182. doi: 10.1002/cbf.3083

Yaghi, S., Willey, J. Z., Cucchiara, B., Goldstein, J. N., Gonzales, N. R., Khatri,
P., et al. (2017). Treatment and outcome of hemorrhagic transformation
after intravenous alteplase in acute ischemic stroke: a scientific statement for
healthcare professionals from the american heart association/american stroke
association. Stroke 48, e343–e361. doi: 10.1161/STR.0000000000000152

Yamanaka, S. (2020). Pluripotent stem cell-based cell therapy&#x2014;promise and
challenges. Cell Stem Cell 27, 523–531. doi: 10.1016/j.stem.2020.09.014

Yamashita, T., Kawai, H., Tian, F., Ohta, Y., and Abe, K. (2011). Tumorigenic
development of induced pluripotent stem cells in ischemic mouse brain. Cell
Transplant. 20, 883–892. doi: 10.3727/096368910x539092

Yamashita, T., Liu, W., Matsumura, Y., Miyagi, R., Zhai, Y., Kusaki, M., et al. (2017).
Novel therapeutic transplantation of induced neural stem cells for stroke. Cell
Transplant. 26, 461–467. doi: 10.3727/096368916x692988

Yang, H., Aprecio, R. M., Zhou, X., Wang, Q., Zhang, W., Ding, Y., et al. (2014).
Therapeutic effect of TSG-6 engineered iPSC-derived MSCs on experimental
periodontitis in rats: a pilot study. PLoS One 9:e100285. doi: 10.1371/journal.
pone.0100285

Yang, H., Feng, R., Fu, Q., Xu, S., Hao, X., Qiu, Y., et al. (2019). Human induced
pluripotent stem cell-derived mesenchymal stem cells promote healing via
TNF-α-stimulated gene-6 in inflammatory bowel disease models. Cell Death
Dis. 10:718. doi: 10.1038/s41419-019-1957-7

Yoshimura, A., and Shichita, T. (2012). Post-ischemic inflammation in the brain.
Front. Immunol. 3:132. doi: 10.3389/fimmu.2012.00132

Zacharias, D. G., Nelson, T. J., Mueller, P. S., and Hook, C. C. (2011). The science
and ethics of induced pluripotency: what will become of embryonic stem cells?
Mayo Clin. Proc. 86, 634–640. doi: 10.4065/mcp.2011.0054

Zhang, W., Duan, S., Li, Y., Xu, X., Qu, J., Zhang, W., et al. (2012). Converted neural
cells: induced to a cure? Protein Cell 3, 91–97. doi: 10.1007/s13238-012-2029-2

Zhao, C., and Ikeya, M. (2018). Generation and applications of induced pluripotent
stem cell-derived mesenchymal stem cells. Stem Cells Int. 2018:9601623. doi:
10.1155/2018/9601623

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Spellicy and Hess. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 March 2021 | Volume 9 | Article 647415

https://doi.org/10.1096/fj.11-195719
https://doi.org/10.1096/fj.11-195719
https://doi.org/10.3390/ijms21186718
https://doi.org/10.1186/s13041-016-0265-8
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.3233/rnn-140404
https://doi.org/10.3233/rnn-140404
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1093/brain/awt278
https://doi.org/10.1038/s41536-019-0073-8
https://doi.org/10.1038/s41536-019-0073-8
https://doi.org/10.3389/fncel.2016.00056
https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1016/j.stem.2010.08.012
https://doi.org/10.1002/cbf.3083
https://doi.org/10.1161/STR.0000000000000152
https://doi.org/10.1016/j.stem.2020.09.014
https://doi.org/10.3727/096368910x539092
https://doi.org/10.3727/096368916x692988
https://doi.org/10.1371/journal.pone.0100285
https://doi.org/10.1371/journal.pone.0100285
https://doi.org/10.1038/s41419-019-1957-7
https://doi.org/10.3389/fimmu.2012.00132
https://doi.org/10.4065/mcp.2011.0054
https://doi.org/10.1007/s13238-012-2029-2
https://doi.org/10.1155/2018/9601623
https://doi.org/10.1155/2018/9601623
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	The Immunomodulatory Capacity of Induced Pluripotent Stem Cells in the Post-stroke Environment
	Introduction
	Induced Pluripotent Stem Cells as a Stroke Therapeutic
	Non-differentiated iPSCs
	iPSCs as a Therapy in Ischemic Models of Stroke
	iPSCs as a Therapy in Hemorrhagic Models of Stroke
	Limitations

	Induced Pluripotent Neural Stem Cells (iPSC-NSC)
	In vitro Assays of iPSC-NSCs
	In vivo Assays of iPSC-NSCs

	Future Directions

	Author Contributions
	Funding
	Acknowledgments
	References


