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BACKGROUND: In preterm birth germinal matrix hemorrhages (GMHSs) and the consequent posthemorrhagic hydrocephalus
(PHH), the neuroepithelium/ependyma development is disrupted. This work is aimed to explore the possibilities of ependymal
repair in GMH/PHH using a combination of neural stem cells, ependymal progenitors (EpPs), and mesenchymal stem cells.

METHODS: GMH/PHH was induced in 4-day-old mice using collagenase, blood, or blood serum injections. PHH severity was
characterized 2 weeks later using magnetic resonance, immunofluorescence, and protein expression quantification with
mass spectrometry. Ependymal restoration and wall regeneration after stem cell treatments were tested in vivo and in an ex
vivo experimental approach using ventricular walls from mice developing moderate and severe GMH/PHH. The effect of
the GMH environment on EpP differentiation was tested in vitro. Two-tailed Student t or Wilcoxon-Mann-Whitney U test was
used to find differences between the treated and nontreated groups. ANOVA and Kruskal-Wallis tests were used to compare
>2 groups with post hoc Tukey and Dunn multiple comparison tests, respectively.

RESULTS: PHH severity was correlated with the extension of GMH and ependymal disruption (means, 88.22% severe versus
19.4% moderate). GMH/PHH hindered the survival rates of the transplanted neural stem cells/EpPs. New multiciliated
ependymal cells could be generated from transplanted neural stem cells and more efficiently from EpPs (15% mean
increase). Blood and TNFa (tumor necrosis factor alpha) negatively affected ciliogenesis in cells committed to ependyma
differentiation (expressing Foxj1 [forkhead box J1] transcription factor). Pretreatment with mesenchymal stem cells improved
the survival rates of EpPs and ependymal differentiation while reducing the edematous (means, 18% to 0.5% decrease in
severe edema) and inflammatory conditions in the explants. The effectiveness of this therapeutical strategy was corroborated
in vivo (means, 29% to 0% in severe edema).

CONCLUSIONS: In GMH/PHH, the ependyma can be restored and edema decreased from either neural stem cell or EpP
transplantation in vitro and in vivo. Mesenchymal stem cell pretreatment improved the success of the ependymal restoration.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Nonstandard Abbreviations and Acronyms

DAPI 4’,6-diamidino-2-phenylindole

EpP ependymal progenitor

GMH germinal matrix hemorrhage

IVH intraventricular hemorrhage

Lv lateral ventricle

modGMH/PHH  moderate germinal matrix
hemorrhage/posthemorrhagic
hydrocephalus

modPHH moderate posthemorrhagic
hydrocephalus

MSC mesenchymal stem cell

NSC neural stem cell

PHH posthemorrhagic hydrocephalus

sevGMH/PHH severe germinal matrix
hemorrhage/posthemorrhagic
hydrocephalus

sevPHH severe posthemorrhagic
hydrocephalus

TNFa tumor necrosis factor alpha

lar hemorrhages (IVHs), and subsequent posthem-

orrhagic hydrocephalus (PHH) are major causes
of morbidity and mortality in the premature neonatal
population and require lifelong, complex neurosurgical
care."? PHH injuries include periventricular edema and
neuroinflammation.®

Disruption of multiciliated ependyma development*®
is a relevant and key event associated with GMH/IVH/
PHH. The ependyma constitutes a cell barrier between
the brain parenchyma and the ventricle cerebrospi-
nal fluid.5” Lysophosphatidic acid, iron, and other blood
components can be involved in ependymal disruption
and dysfunction.®® Thus, ependyma can be considered
a key therapeutic target because of its relevance for
hydrocephalus occurrence and role in cerebrospinal fluid
circulation and physiology.'’

There is no therapy to treat all the consequences
associated with PHH. Therapies with neural stem cells
(NSCs)'?'® and mesenchymal stem cells (MSCs)!4-16
have reported promising results in hydrocephalus of
obstructive and posthemorrhagic origins. However, in no
case did the ependyma regenerate.'*6'7

This study investigates the possibility of directly repair-
ing the ependyma in PHH using NSCs and ependymal
progenitor (EpP) cells and the effect of an MSC environ-
ment. For this purpose, PHH has been induced in neona-
tal mice at a developmental stage equivalent to that when
neurological processes are affected in human cases after
GMH/IVH."® Intracerebroventricular injection of blood
and blood serum was used to induce PHH. In addition,
GMH was induced by collagenase injection, which has

Germinal matrix hemorrhages (GMHs), intraventricu-
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been proven to mimic human PHH.?'® The possibility and
efficiency of ependymal restoration were tested in a new
ex vivo approach using ventricular wall explants of the
mice generated with moderate GMH/PHH (modGMH/
PHH) and severe GMH/PHH (sevGMH/PHH). The
effect of inflammatory microenvironment modification
by bone marrow—derived MSCs was investigated. Epen-
dyma restoration and tissue improvement were corrobo-
rated in in vivo experiments.

METHODS

The data sets used and analyzed during the current study
are available from the corresponding authors upon reason-
able request. A detailed Methods section is available in the
Supplemental Material.

Experimental Animals

The design of the experiments and animal housing, handling,
care, and processing were conducted following the European
and Spanish laws (RD53/2013 and 2010/63UE) and the
ARRIVE guidelines (Animal Research: Reporting of In Vivo
Experiments). According to the current legislation, experimen-
tal procedures (protocol 23/04/2019/069) were approved
by the Institutional Animal Care and Use Committee of the
University of Malaga (Spain) and the Regional Government
Council (Junta de Andalucfa, Spain).

Mice (C57/BL-6J strain) were obtained from Charles River
Laboratory and bred in the Animal Experimentation Service of
the University of Malaga at 22 °C with a 12:12 light/dark cycle
and standard food and water available ad libitum. Mice of both
sexes were used in all the experiments.

GVH/PHH Induction

Four-day-old mice were anesthetized with 2% isoflurane in
0.5 L/min oxygen anesthesia and injected with blood serum in
the right lateral ventricle (LV) or both right and left LVs, whole
blood, or collagenase | in the subventricular germinal matrix of
each hemisphere, to produce GMH/IVH conditions. Mice were
euthanized at different time points after the GMH/IVH induc-
tion and used to validate the model, and in ex vivo and in vivo
transplantation experiments.

Immunofluorescence in Brain Sections
Eighteen-day-old mice (14 days after GVH/PHH induc-
tion) from the different experimental groups were analyzed:
blood serum in the right LV, n=7; blood serum in both LVs,
n=4; whole blood, n=7; collagenase, n=9; controls without
any injection, n=9; controls with saline serum injection, n=6.
Frozen sections were obtained and processed for immu-
nofluorescence. Nuclei staining was performed with DAPI
(4,6-diamidino-2-phenylindole).

Magnetic Resonance Imaging

Magnetic resonance imaging experiments were on a 9.4T Bruker
Biospec small animal magnetic resonance imaging system
(Bruker Biospec; Bruker BioSpin, Ettlingen, Germany) equipped
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with a 40-mm quadrature bird-cage resonator and 440-mT/m
gradients. Normal mice (n=6) and mice exhibiting moderate PHH
(modPHH; n=4) and severe PHH (sevPHH; n=3) were anesthe-
tized and monitored throughout the experiment. The acquisition
protocol consisted of a high-resolution T2-weighted rapid acqui-
sition with relaxation enhancement sequence with fat suppres-
sion and 3-dimensional fast imaging with steady precession.

Ultra-High-Performance Liquid
Chromatography-High-Resolution Mass
Spectrometry Analysis of Protein Expression

For ultra-high-performance liquid chromatography—high-
resolution mass spectrometry, the caudal cerebral wall was dis-
sected from control mice (n=10), mice with modPHH (n=7),
and mice with sevPHH (n=6) at 18 days of age, immediately
after euthanization by cervical dislocation. Proteins from the
samples were purified, and abundance ratios were directly cal-
culated from the grouped protein abundances. ANOVA was
based on the abundance of individual proteins or peptides.

Ventricle Wall Explant In Vitro Assays
Forty-eight hours after GMH/PHH induction with collagenase
or blood serum, mice were euthanized by decapitation; the brain
was dissected and classified according to GMH extension
and LV size into modGMH/PHH or sevGMH/PHH. Explants
from the lateral wall of the LV, the striatal wall, were carefully
positioned on Millicell culture inserts into 6-well culture plates
(3 explants per insert; Figure S1) containing 1 mL of sterile
organotypic culture medium.

The explants used to study the survival of transplanted stem
cells and their progenies were fixed and immunostained or
tested with Evans blue.

Bone Marrow-Derived MSC Isolation and Culture
Bone marrow—derived MSCs were obtained and characterized
as described previously.'® Detached cells were resuspended in
saline serum to pretreat explants, primary cultures, or animals
in vivo.

NSC Isolation and Culture

The subventricular zone of the rostral-dorsal striatal wall in
newborn male and female mice was dissected and mechani-
cally dissociated to obtain NSCs.

EpP Cell Collection

EpPs were obtained from newborn mice. In this case, the sub-
ventricular zone of the medial striatal ventricle wall was dissected
out and mechanically dissociated. Cells were plated at 500 000
cells/mL using the same media on poly D-lysine—coated round
coverslips. Then, the EpPs were differently processed to treat
explants, animals in vivo, or to study in primary cultures.

Stem Cell Transplantation in Ventricular Wall
Explants

Before application, NSCs, EpPs, and MSCs were labeled in
vitro by adding fluorescent cell tracker dyes (Figure S2). The
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stem cells were resuspended in their vehicle solution (NSCs
and EpPs, 10 000 cells/plL; MSCs, 10 000 cells/uL). A volume
of 1 pL was used per ventricular wall. Controls were performed
by injection of vehicle solution. Experiments were performed
with 3 explants per experimental condition and replicated 5x, a
total of 15 explants per experimental condition.

In Vitro Differentiation of EpP Cells Under the

Effect of Blood Components

EpPs were plated at 500 000 cells/mL on poly D-lysine—
coated coverslips (5 coverslips per well) and cultured in N5
medium. Twenty-four hours after starting differentiation with
N5, blood and blood serum were applied to the culture (50 pL
per 500 000 cells/mL). In the case of TNFa (tumor necrosis
factor alpha), it was applied every 2 days at 50 ng/mL for a
maximum of 9 days. The cells were fixed and immunostained
in the different treatments at 3, 6, and 9 days to detect Foxj1
(forkhead box J1 transcription factor) protein and cilia. Each
condition was replicated 5x.

In Vitro Differentiation Recovery of EpP Cells in
the Presence of Blood Components and Bone

Marrow-Derived MSCs

MSCs (20 000 cells/mL) were added once to the EpP primary
culture, 24 hours after the medium was switched to N5, and
maintained with the different treatments for 9 days. Blood,
blood serum, and the inflammatory cytokine TNFa were also
applied as described above. Each condition was replicated 7x.

Evans Blue Assay to Test the Brain

Parenchymal Effect

LV wall explants from mice with collagenase-induced moder-
ate GMH were positioned on Millicell culture inserts in 6-well
culture plates (3 explants per insert). After 6 hours in vitro,
explants were transplanted with MSCs. EpPs were trans-
planted 24 hours later. The medium was partially changed every
48 hours. Evans blue was applied after 7 days of treatment, and
the tissue was fixed. The staining intensity indicated the grade
of tissue damage and edematous status. For each experimental
condition, we used 6 explants.

Cytokine Content in Culture Media From
Treated Explants

Media were collected to detect cytokines after different treat-
ments: without explants as the baseline for the cytokine kit
array (empty wells), nontreated explants (9 explants), MSC-
pretreated explants (9 explants), and sequential transplantation
of MSCs and EpPs in explants (9 explants). A kit array was
used to detect the expression of 62 cytokines. To obtain an
accurate cytokine value for nontreated and treated explants, we
subtracted the baseline expression of cytokines in the media
with no explants for every case.

In Vivo Transplantation of MSCs and EpPs

Two experiments were performed 4 days after GMH/PHH
induction with collagenase. In the first, MSCs were transplanted
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Figure 1. Differential lateral ventricle enlargement after germinal matrix hemorrhage induction by collagenase injection.

Mice exhibited mild ventriculomegaly (moderate posthemorrhagic hydrocephalus [modPHH]) and large ventriculomegaly (severe posthemorrhagic
hydrocephalus [sevPHH]) compared with a normal mouse (control). A, T2 magnetic resonance images. B, Top, Representative examples of lateral
ventricle volume in the different experimental groups. B, Bottom, Representation of the volume fold increase compared with the normal mice mean.
*Student ¢ *R<0.05, mean+SD (control, n=6; modPHH, n=4; sevPHH, n=3), *~<0.05, **~<0.01, ANOVA/Tukey. C through F, Ependymal denudation
(arrowheads) in the lateral ventricle detected by cilia immunostaining with BIVTub (BIV-tubulin; arrows). Cell nuclei are stained with DAPI (4”,6-diamidino-
2-phenylindole; blue). Scale bars, 77 um (C, D, and F) and 300 um (E). ep indicates ependyma; ncx, neocortex; str, striatum; and v, ventricle lumen.
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with 10 000 EpPs/pL or the vehicle (control). In the second,
GMH/PHH-induced animals were injected with 10 000 MSCs/
pL (or vehicle in control) and 2 days later with 10 000 EpPs/pL
(or vehicle in control). In both experiments, 12 days later, mice
were processed as described in GYH/PHH induction section.
Ventricular walls were dissected and classified as described in
stem cell transplantation in ventricular wall explants section.
Evans blue was applied to detect edematous areas. Ventricle
walls of b animals per experimental condition were analyzed.

Image Analysis and Quantification

Confocal and fluorescence images were obtained in batches
with control and experimental samples imaged under identical
instrument settings. Quantification was manually and blindly
performed.

Statistics

Samples were analyzed using GraphPad 9.2.0 (GraphPad
Software, San Diego, CA) and Microsoft Excel 16.71. To
achieve 80% power with a 5% significance level, the required
sample size was estimated using mean differences and pooled

Stem Cell Therapy in Posthemorrhagic Hydrocephalus

SDs from preliminary quantifications. Normality was assessed
with the Shapiro-Wilk test. For Student ¢ test or the Wilcoxon-
Mann-Whitney U test, 2-tailed test was used. ANOVA and
Kruskal-Wallis tests were used to compare >2 groups with post
hoc Tukey and Dunn multiple comparison tests, respectively.
F<0.05 was considered statistically significant.

RESULTS
Generation of Moderate and sPHH

PHH was induced by injection with whole blood into the
right LV, blood serum (right LV or both LVs), and collage-
nase into the germinal matrix in both hemispheres. Neu-
ropathological analysis showed that 2 groups of animals
were identified. The first group exhibited sevPHH with at
least a 50-fold increase in the LV volume. It was obtained
with blood serum injection (2.75% of 11 total mice by
injection in right LV and 7.69% of 11 total mice by injec-
tions in both LVs), whole blood (18.2% of 13 total mice),
or collagenase (565.5% of 33 total mice). Five mice died
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Figure 2. Analysis of differential protein expression is posthemorrhagic hydrocephalus.

Overexpressed and underexpressed proteins comparing (A) mice with severe posthemorrhagic hydrocephalus (sevPHH; n=6) and (B) moderate
posthemorrhagic hydrocephalus (modPHH; n=7) with normal mice (control, n~=10). Volcano plots (top), protein-protein interaction networks, and
functional enrichment analysis (bottom) are represented. For details, see the Supplemental Material and Tables S1 through S14.
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Figure 3. Survival and differentiation of ependymal progenitors (EpPs) and neural stem cells (NSCs) in explants.

A, Dissection of explants. The double-ended red and black dashed lines represent the incision planes that expose cerebral-ventricular cavities.
Top, Isolated brain previous dissection. Bottom, Differential ventricular dilatation (dotted lines). B, Exposed lateral ventricular striatal walls (dotted
lines) showing the periventricular hemorrhages (top) and dissected explants (bottom). Left, Mouse with severe germinal matrix hemorrhage
(sevGMH) showing extensive hemorrhage. Right, Mouse with moderate germinal matrix hemorrhage (modGMH). C, Total number of (Continued)
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a day after the injection (not classified, Figure 1A and
1B). Another significant percentage of mice developed
LV mild ventriculomegaly, with at least a 2-fold volume
increase compared with normal mice after injection with
blood serum into the right LV (54.5%) or in both ventricles
(61.5%), whole blood (27.3%), and collagenase (30.3%;
Figure 1A and 1B). The latter mice were considered to
have an modPHH, as confirmed by histopathologic and
protein expression analyses described below.

Mice With Moderate and Severe Forms of PHH
Shared Common Neuropathological Events

The same neuropathological events were detected with
the different procedures to produce PHH (Figures S3
through S5). However, this model was selected for test-
ing the therapies based on the higher efficiency of col-
lagenase injections to produce GMH/PHH and how
it mimics human disease.'® The neuropathology of this
model was then thoroughly analyzed.

Mice with modPHH and sevPHH (Figure 1C through
1F; Figure S3) showed different extensions of LV surfaces
denuded of ependyma (sevPHH, n=5; mean, 88.22% [SD,
+10.09]; modPHH, n=4; mean, 19.04% of the LV surface
[SD, £8.34]; A<0.0001, t=11, df=7, unpaired 2-tailed Stu-
dent ttest). In addition, mice with both sevPHH and mod-
PHH presented a periventricular white matter microglia
and astroglia reaction mostly associated with ependyma-
denuded surfaces (Figures S6 and S7).

The analysis of overexpressed proteins revealed, in
both sevPHH and modPHH, alterations in molecular
pathways indicative of IVH consequences (Figure 2; Fig-
ures S7 and S8; Tables S1 through S6). These results cor-
roborated the existence of 2 groups of animals, sevPHH
mice and modPHH mice, where stem cell therapy could
have differential effects according to ependyma disrup-
tion and inflammatory conditions.

Developing an Ex Vivo System to Test
Ependymal Restoration

To try ependymal restoration, we tested the combina-
tory sets of selected stem cell types: NSCs or EpPs as a
source of new ependyma and MSCs to improve the host-
ing environment. For this purpose, it was necessary to
evaluate the efficiency of the transplantation, integration,
and differentiation of the selected stem cells.

Stem Cell Therapy in Posthemorrhagic Hydrocephalus

Based on our previous results,>* MSCs would need to
be transplanted shortly after GMH/IVH induction. How-
ever, a few days after the induction of GMH/IVH, it was
impossible to identify the GMH extension or whether
the animals were developing modPHH or sevPHH by
analyzing external physical signs or the behavior of the
animal. The cerebrospinal fluid content highly varies
between the modPHH and sevPHH mice; therefore, the
unknown initial concentration of the transplanted cells
would make it impossible to determine the efficiency of
the treatments. A new ex vivo experimental system was
developed using ventricular wall explants from GMH/
IVH-induced animals to overcome the problem. Colla-
genase injection was chosen because it showed high
efficiency and consistency and mimicked blood injection.
Blood serum condition was kept for testing blood factors
independently of the cellular components.

Three days after IVH/GMH induction, animals were
euthanized and ventricular walls exposed and classi-
fied into developing modGMH/PHH or sevGMH/PHH
according to the GMH extension, ventricular size, and
periventricular damage (Figure 3A and 3B). Then, walls
were dissected, and explants were generated and cul-
tured as an ex vivo system where the different combi-
nations of stem cell therapies could be tested (Figure
S1). In this controlled system, the initial concentration of
transplanted stem cells, stem cell integration, and differ-
entiation into ependyma could be followed and studied.

Survival Rates of Transplanted Stem Cells
According to the Severity of PHH Development

The survival rate of NSCs and EpPs (including their
progeny) was studied 7 days after transplantation. The
survival rate of the transplanted NSCs and EpPs was
higher in the explants from modGMH/PHH mice than
from sevGMH/PHH mice (Figure 3C; Table S7). Pre-
treatment with MSCs improved the survival rate of EpPs
but not NSCs in explants from modGMH/PHH mice
but had no effect on explants from sevGMH/PHH mice
(Figure 3C and 3D; Table S7).

Differentiation of EpP Cells and NSCs Into
Ependymal Cells

The efficiency of EpPs and NSCs in producing cells
committed to be ependyma expressing the transcription

Figure 3 Continued. cells that survived 7 d after transplantation. Mean+SD (bars), n=6 in each condition, **£<0.001, ***R<0.0001, ANOVA/

Tukey. Differences in the survival rates were significant between mice with moderate germinal matrix hemorrhage/posthemorrhagic hydrocephalus
(modGMH/PHH) and severe germinal matrix hemorrhage/posthemorrhagic hydrocephalus (sevGMH/PHH) with and without mesenchymal stem cell
(MSC) pretreatment (1 and 2). D, Transplanted cells, labeled with a tracker, on the surface of the explant. E, Differentiation of the transplanted NSCs
and EpPs into Foxj14 (forkhead box J1 transcription factor) cells, GFAP+ (glial fibrillary acidic protein) cells, and NG2+ (neural/glial antigen 2) cells

7 d after transplantation. Transplanted negative cells are also shown. MeanSD, n=b5 in each condition. *A<0.05, *~<0.01, **A<0.001, ***A<0.0001,
ANOVA/Tukey. F, Sample pictures used for quantification in D from animals with modGMH induced by collagenase. Left, NSCs and EpPs (green
tracker, arrow) expressing Foxj1. Asterisk points to an NSC lacking expression of Foxj1. A cluster of Foxj1+ cells derived from EpPs is framed. Middle,
NSCs and EpPs (red tracker) expressing GFAP Details (1 and 2) are shown on the right. Scale bars: 2 mm (A and B), 30 pm (D), and 20 pm (F).
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Figure 4. Differentiation into multiciliated ependyma of Foxj1+ (forkhead box J1 transcription factor) cells.

A, Percentages of ciliated Foxj1+ cells after 7 d. Mean£SD (bars), n=5, *F<0.05, ***P<0.0001, ANOVA/Tukey. B, Multiciliated progeny after 7 d
in ventricular wall explants from the animals with moderate germinal matrix hemorrhage (modGMH) generated by collagenase injection. Neural
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factor Foxj1 was investigated (Figure 3E). For description
purposes, positive cells derived from EpPs and NSCs are
called BPFoxj1+ and MNCFoxj1+, respectively. In the LV
wall explants, the 5PFoxj1+ percentage was higher than
the NSCFoxj1+ percentage (Figure 3E; Table S8). This
result was consistent for blood serum and collagenase
injections (Figure 3E; Table S8). Therefore, and not unex-
pectedly, EpPs generated more Foxj1+ cells than NSCs.
Notably, the MSC pretreatment in explants increased the
rates of ®"Foxj1+ and NSCFoxj1+ cells (Figure 3E and
3F; Table S8).

In addition to Foxj1+ cells derived from NSCs or
EpPs, other main cell types derived from transplanted
stem cells were analyzed. The presence of NG2+
(neural/glial antigen 2) and GFAP+ (glial fibrillary
acidic protein) cells and transplanted cells that did
not express any of these markers (Foxj1—/NG2—/
GFAP-), thus called negative cells, was quantified. In
the case of transplanted NSCs, other cells expressing
NG2 and GFAP were generated (Figure 3E and 3F;
Table S8). The transplanted EpPs generated GFAP+
cells but not NG2+ cells under all studied conditions
(Figure 3E and 3F; Table S8). Pretreatment with MSCs
did not change the type of progeny generated from
NSCs or EpPs for GFAP and NG2 (Figure 3E; Table
S8). However, for NSC and EpP transplantation, MSC
pretreatment revealed a generalized decrease in nega-
tive cells (Foxj1—/NG2—/GFAP—) that agreed with
the increased rate of Foxj1 positive-derived cells (Fig-
ure 3E; Table S8).

Cilia Development From Cells Committed
to Ependymal Differentiation Under PHH
Conditions

The efficiency of Foxj1+ cells in terminally differentiat-
ing into multiciliated ependymal cells was investigated.
A percentage of Foxj1+ cells did not develop multicilia;
therefore, these cells could not fully differentiate into
multiciliated ependyma (Figure 4A and 4B; Table S9).
Higher percentages of ciliated cells were detected when
transplanting EpPs compared with NSCs (Figure 4A and
4B; Table S9).

Pretreatment with MSCs did not increase the per-
centages of Foxj1+ cells developing cilia from the EpPs
(Figure 4A and 4B; Table S9). Surprisingly, the MSC
environment decreased the rate of Foxj1+ ciliated cells
derived from NSCs (Figure 4A; Table S9).

Stem Cell Therapy in Posthemorrhagic Hydrocephalus

Effect of Treatment With MSCs on Cilia
Development From Cells Committed to the
Ependyma Under PHH Conditions

The effect of hemorrhage on ependymal differentiation
using primary EpP cell cultures was first studied (Fig-
ure 4C and 4D; Table S10). The effect of blood, blood
serum, or the inflammatory cytokine TNFa was analyzed,
and it was found that they prevent the development of
multicilia in Foxj1+ cells (Figure 4C and 4D; Table S10).
Interestingly, when Foxj1+ cells were cocultured with
MSCs under control conditions (noninflammatory envi-
ronment), the development of multicilia was hastened
(Figure 4C). However, this MSC modulation did not
affect the final percentage of differentiated multiciliated
ependymal cells (Figure 4C and 4D; Table S10).

The effect of MSCs on the ciliogenesis from EpPs
after exposure to TNFa, blood or blood serum was also
studied. Interestingly, MSC coculture improved the per-
centages of Foxj1+ cells developing cilia in the presence
of blood serum or TNFa but not whole blood (Figure 4E
and 4F; Figure S9; Table S11).

Effects of Stem Cell Therapy on the Brain
Parenchyma

The therapeutical impact of the stem cell therapy on
damaged brain parenchyma was then studied using our
ex vivo ventricular wall explants system after collagenase
injection. EpP transplantation into collagenase-induced
moderate GMH was selected based on the results of
previous experiments (Figures 3C, 3E, and 4A).

The intensity of the Evans blue staining/edema was
classified to evaluate the possible effect of the treat-
ment (Figure BA; Table S12). Transplantation of MSCs
revealed a surface reduction of severe edema and
increased the area less affected. This effect was appar-
ently higher when both MSCs and EpPs were trans-
planted (Figure 5A and 5B; Table S12).

Effects of Stem Cell Therapy on the Cytokines
Present in the Explant Media

Fold changes were registered in the expression of the
cytokines between the MSC-pretreated explants and
MSC+EpP-treated explants versus the nontreated
explants (Figure 6C; Table S13). The levels of anti-
inflammatory cytokines were generally increased in the

Figure 4 Continued. developing cilia at different times in primary cultures and conditions. A control condition is also shown. Mean£SD

(bars), n=b in each condition. *£<0.05, **P<0.01,**F<0.001, ***P<0.0001, ANOVA/Tukey. D, Sample pictures used for quantification after

9 din C. Detailed images of 1, 2, and 3 framed areas. E, Percentages of EpPs developing cilia. Mean+SEM (bars), n=7 in each condition.
*F<0.01,7P<0.001, **P<0.0001, ANOVA/Tukey. F, Sample pictures of cilia development in primary culture of EpPs after 9 d. Details of 1, 2, and
3 framed areas are shown on the bottom right. Scale bars: 15 pm (B), 30 pm (D), and 15 pm (F). DAPI indicates 4’,6-diamidino-2-phenylindole;

and TNFa, tumor necrosis factor alpha.
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Figure 5. Effect on brain parenchyma after transplantation with ependymal progenitors (EpPs) and mesenchymal stem cells (MSCs).
A, Percentages of ventricle extensions displaying different degrees of damage stained with Evans blue. Mean%SD, n=6, *£<0.05, **/<0.01,
**P<0.001, ™ P<0.0001, Kruskal-Wallis/Dunn. B, Representative ventricle surface images of A corresponding to framed areas 1 and 2 of the
explant (drawn on the upper part). C, Fold changes compared with the control condition in cytokine content. Positive/negative values indicate
increase/decrease vs nontreated explants. Asterisks show nonsignificant differences. Scale bar, 250 pm (B). modGMH indicates moderate
germinal matrix hemorrhage; and modPHH, moderate posthemorrhagic hydrocephalus.
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Figure 6. Effect of transplantation with ependymal progenitors (EpPs) and mesenchymal stem cells (MSCs) in vivo.

A and C, Experimental design for MSC treatment (A) and MSC-EpP treatment (B). € and D, Percentages of ventricle extensions with Evans blue
displaying different degrees of damage after MSC treatment (C) and MSC-EpP treatment (D). MeanSD, n=6, **F<0.01, Wilcoxon-Mann-Whitney U
test. Representative images for quantification (bottom). Scale bars, 260 pm. E, Integration of new multiciliated ependyma derived from transplanted
EpPs in the ventricular surface after MSC-EpP treatment. EpP cells are labeled with a cell tracker (red), cilia with BIVTub (BIV-tubulin; green), and
nuclei with DAPI (4’,6-diamidino-2-phenylindole; blue). Panoramic view of the ventricle on the left. Details of the framed areas 1 and 2 are shown
with their pseudo 3-dimensional reconstructions on the right. Scale bars, 10 um. modPHH indicates moderate posthemorrhagic hydrocephalus.
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MSC pretreatment (Figure 5C; Table S13). Cytokines
related to cell survival and homeostasis also increased in
the MSC pretreatment (Figure 5C).

The results were more variable in the analysis of pro-
inflammatory cytokines (Figure 5C; Table S13).

Combinatory Stem Cell Therapy Induces
Recovery of the Ventricular Wall In Vivo

The selected stem cell therapy was then tested in vivo.
IVH/GMH was induced by collagenase injection. Results
showed a reduction in the severity of the edema after
treatment with MSCs and combining both MSCs and EpPs
(Figure BA through 6D; Table S14). Severe edematous
areas disappeared, and moderate edema was reduced
(Figure 6D) and substituted by light edema, indicating
improvement with respect to the control and treatment with
only MSCs (Figure 6B). Transplanted EpPs integrated and
became multiciliated, indicating that our combined stem cell
therapy also induced ependyma restoration (Figure 6E).

DISCUSSION

The present investigation has proved that ependymal dis-
ruption and neuroinflammation correlate with the sever-
ity of hydrocephalus; repair of the ependyma from NSCs
and EpPs is possible in GMH/PHH pathology; and MSC
pretreatment improves the therapy.

In premature children with GMH/PHH, NSCs have
been obtained from cerebrospinal fluid collected dur-
ing neuroendoscopic lavage?' and could, therefore, be
used for regenerative purposes.?' Interestingly, neuro-
endoscopic lavage can remove blood-derived compo-
nents, attenuate inflammatory conditions, and thus favor
ependymal differentiation. However, our experimental
approach shows that EpPs would be more successful in
restoring ependyma.

We have found that EpPs can generate ependyma
better than NSCs under inflammatory conditions pres-
ent in GMH/PHH. This difference became more evident
after pretreatment with MSCs. In normal conditions, the
starting potential of NSCs and EpPs differs and could
be key for understanding the present results and their
therapeutic implications. Although NSCs display the
potential for neuron, oligodendrocyte, and ependymal
differentiation in vitro, it has been reported that most
NSCs differentiate into astrocytes when transplanted in
vivo under inflammatory conditions.? Although the trans-
planted EpPs will be most committed to differentiating
into ependymal cells, proinflammatory cytokines can
induce the loss of mature ependymal status.?®?* Both
NSCs and EpPs produced more Foxj1+ cells after MSC
pretreatment, thus indicating that MSCs generate a more
favorable environment to give rise to the cell types pre-
programmed to produce.

Stroke. 2024;55:1062-1074. DOI: 10.1161/STROKEAHA.123.044677
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In the present work, cells derived from EpPs express-
ing Foxj1 showed alterations in ciliogenesis in the pres-
ence of an inflammatory environment, blood components,
and TNFo. Normal ependymal differentiation requires
the Foxj1 transcription factor,°?® and a differentiated mul-
ticiliated ependymal state requires constant maintenance
of Foxj1.2 When Foxj1 degradation occurs, multicilia are
not maintained, and ependymal cells dedifferentiate. Pre-
treatment with MSCs on the ependyma could reduce the
negative effect of TNFa on ciliogenesis. Previous reports
have shown that MSCs, under exposure to high TNFa
levels, activate the anti-inflammatory pathway mediated
by its receptor TNFR2 (tumor necrosis factor receptor
2)?" and induce their secretion of anti-inflammatory mol-
ecules such as TGFf (transforming growth factor beta)
and IL-10 (interleukin 10).28

The tested stem cell therapy also worked in vivo, prob-
ably by the sequential nature of the strategy proposed in
this work, in which different stem cells are applied and
combined for their synergistic effect. These results make
this treatment a starting point for future clinical therapies
in GMH/PHH in humans.
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