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Enhanced angiogenic properties
of umbilical cord blood primed
by OP9 stromal cells ameliorates
neurological deficits in cerebral
infarction mouse model

YasunoriYoshidal”’, Yuki Takeda¥’?, Kenichi Yamahara?*!, Hanae Yamamoto?,
Toshinori Takagi?, Yoji Kuramoto?, Akiko Nakano-Doi?, Takayuki Nakagomi?,
Toshihiro Soma®, Tomohiro Matsuyama®, Nobutaka Doe3* & Shinichi Yoshimura?

Umbilical cord blood (UCB) transplantation shows proangiogenic effects and contributes to symptom
amelioration in animal models of cerebral infarction. However, the effect of specific cell types within

a heterogeneous UCB population are still controversial. OP9 is a stromal cell line used as feeder cells
to promote the hematoendothelial differentiation of embryonic stem cells. Hence, we investigated
the changes in angiogenic properties, underlying mechanisms, and impact on behavioral deficiencies
caused by cerebral infarction in UCB co-cultured with OP9 for up to 24 h. In the network formation
assay, only OP9 pre-conditioned UCB formed network structures. Single-cell RNA sequencing and
flow cytometry analysis showed a prominent phenotypic shift toward M2 in the monocytic fraction

of OP9 pre-conditioned UCB. Further, OP9 pre-conditioned UCB transplantation in mice models of
cerebral infarction facilitated angiogenesis in the peri-infarct lesions and ameliorated the associated
symptoms. In this study, we developed a strong, fast, and feasible method to augment the M2, tissue-
protecting, pro-angiogenic features of UCB using OP9. The ameliorative effect of OP9-pre-conditioned
UCB in vivo could be partly due to promotion of innate angiogenesis in peri-infarct lesions.

Cerebral infarction is one of the major causes of permanent impairment and death. Currently, intravenous
thrombolytic agents and endovascular recanalization therapy are widely employed in the acute phase to pre-
vent ischemic penumbra. However, these therapies have narrow time windows and therapeutic indications are
limited to a specific patient population'. Therefore, therapeutic innovation for cerebral infarction is necessary
and highly demanding.

Compared with conventional reperfusion therapies, cell therapy is recently expected to be a more widely
applicable therapy for cerebral infarction in future?, because it has the potential to ameliorate the associated
symptoms even when it is administered during the subacute or chronic phases®.

Previous studies have suggested that umbilical cord blood (UCB) and adult peripheral blood (PB) con-
tain a certain mononuclear fraction that can accumulate at the sites of active angiogenesis and contribute to
neovascularization®®. Asahara et al. first described that CD34* hematopoietic cell population sorted from human
PB-derived mononuclear cells (PB-MNCs) could yield spindle-shaped cells with the universal hematopoietic
marker CD45 by plating onto fibronectin-coated dishes, and could promote neovascularization in a hind limb
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ischemia model®. Similar results were reported by Kalka et al. using primary adherent mononuclear cells without
CD34 sorting’.

Since then, the pro-angiogenic cell population within the heterogeneous population of mononuclear cell frac-
tion has been investigated extensively. CD14*CD45* monocytic cells in CD34*CD45* hematopoietic progenitors
in UCB or PB have been shown to form cell clusters similar to those reported by Asahara®, whereas some other
studies reported that the CD34'CD14" monocytic fraction of PB had similar features®!’. Meanwhile, a population
of pro-angiogenic cells has been shown to originate from myeloid progenitors and granulocyte-macrophage
progenitors'!. These findings are in agreement with the well-known notion that monocytes have a range of
different functional phenotypes (i.e., M1 and M2) and that M2 monocytes are associated with angiogenesis'?
as well as promotion of neurogenesis, axonal sprouting, and remyelination'?, whereas M1 monocytes are pro-
inflammatory and mediate tissue damage.

In fact, such cell fractions have been shown to facilitate revascularization of ischemic tissues such as ischemic
hind limb and in myocardial infarction'*"”. Furthermore, angiogenesis is known to be positively correlated with
neurological recovery after cerebral infarction's. Several studies demonstrated that UCB transplantation showed
pro-angiogenic effects and contributed to a reduction in the ischemic volume or symptom amelioration in ani-
mal models of cerebral infarction!”-!°. However, most of these studies used crude UCB!7!%20 or UCB-derived
mononuclear cells'®?! similar to those reported by Kalka et al. Moreover, the efficacy of CD34" cells sorted from
UCB-derived mononuclear cells® in a model of cerebral infarction is controversial?*.

These findings led us to hypothesize that augmentation of more specific pro-angiogenic cell populations in
UCB leads to enhanced therapeutic effects. Based on this hypothesis, we focused on the features of OP9, a stromal
cell line, that was initially used as feeder cell line to promote erythroid, myeloid, and lymphoid differentiation
of embryonic stem cells?. It is also known to facilitate differentiation into endothelial and hematopoietic cells
from a cell population derived from the pre-liver intraembryonic hematopoietic site**. Additionally, a certain
endothelial progenitor cell population derived from the inner surface of blood vessels was recently reported in
several organs. OP9 effectively promoted their expansion, colony formation, and differentiation into mature
endothelial cells?. Thus, OP9 might be suitable for enhancing the angiogenic properties of UCB.

In this study, we established a new culture method for UCB cells primed with OP9. We investigated whether
this ‘pre-conditioning’ method of UCB could enhance its angiogenic properties, and to identify the underlying
mechanisms and the impact of OP9 pre-conditioned UCB on behavioral deficiencies caused by an experimental
focal cerebral infarction in a mouse model using surgical occlusion of the middle cerebral artery (MCAO).

Result
OP9 pre-conditioning facilitated network formations of UCB cells in Matrigel. In vitro network
formation assays on Matrigel have long been used to assess the pro-angiogenic capacity of cultured cells>*!*26-2%,
To assess the pro-angiogenic characteristics of UCB cells, we performed the assay using PB-MNCs, UCB cells,
and OP9 pre-conditioned UCB cells (Fig. 1a). Surprisingly, following a short co-culture within 24 h, OP9-pre-
conditioned UCB cells formed capillary-like structures, whereas such structures were not observed in UCB cells
without pre-conditioning (Fig. 2a,b). When incubated with human umbilical vein endothelial cells (HUVECs),
OP9 pre-conditioned UCB cells formed a thick and solid network structures heterogeneously aligned with
HUVECs, whereas UCB cells without OP9 pre-conditioning failed to form such structural alignment with
HUVEC:s (Fig. 2¢,d). Compared with OP9-pre-conditioned UCB cells, HUVECs also formed a thin and weak
network structure on their owns (Fig. 2e). PB-MNCs were used as controls, which failed to form capillary-like
structures with HUVECs even after OP9 pre-conditioning (Fig. 2f). OP9 cells alone did not form any capillary-
like structures (data not shown).

Therefore, OP9 pre-conditioning augmented the pro-angiogenic characteristics of UCB cells within 24 h,
which were not induced in PB-MNCs.

OP9 pre-conditioning shifted the phenotype of the monocytic fraction in UCB cells from M1
to M2-dominant status. UCB cells contain heterogeneous cell populations, hence it is necessary to clarify
the cell types affected by OP9 pre-conditioning. Single-cell RNA sequencing (scRNA-seq) was used to evaluate
changes in the genetic expression profile of each cell population, where we compared both OP9 pre-conditioned
and crude UCB cells (Supplementary Fig. 1). Unsupervised clustering using t-distributed stochastic neighbor
embedding (tSNE) was employed to organize all UCB cells into transcriptionally distinct clusters and identify
the differentially expressed marker genes in each cluster. A total of 25 stable clusters emerged, including clus-
ters of monocytes, granulocytes, hematopoietic stem cells, and common myeloid and granulocyte-macrophage
progenitors (CMP/GMPs), which are known to have pro-angiogenic effects (Supplementary Fig. 1). A list of the
genes preferentially expressed in each cell type is provided in the supplementary data. A violin plot and gene
expression distribution map of CD14 and CGR3A, genes considered to be expressed preferentially in mono-
cytes, suggested that cells in cluster 4 were mainly composed of monocytes (Supplementary Fig. 1). The mono-
cytic fraction was considerably higher in OP9 pre-conditioned UCB cells than that in the crude UCB cells (8.0%
vs. 5.3%), whereas the cell count of hematopoietic stem cells and CMP/GMPs did not change (0.6% vs. 1.1% and
0.6% vs. 0.4%, respectively) (Supplementary Fig. 1).

M1 phenotypic monocytes are pro-inflammatory and mediates tissue damage, whereas the M2 phenotype is
associated with angiogenesis. Hence, we focused on the gene expression features of the monocytic cluster. The
heatmaps of typical M1 and M2 signature genes showed a clear tendency of the gene expression profile, where
the M2 marker genes, such as macrophage activating factor (MAF) and CD163, were expressed abundantly in
the monocytic cluster from OP9 pre-conditioned UCB, while the M1 specific gene expression was higher in that
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Figure 1. Methodological schematic representations for the study. (a) Protocol for the network formation assay. RBC depleted human
umbilical cord blood (UCB) cells and peripheral blood-derived mononuclear cells (PB-MNCs) were co-cultured on OP9 stromal cells
(i.e. OP9 pre-conditioning) in 10-cm dishes. After 18-24 h culture, adherent cells were harvested and subjected to in vitro network
formation assay. RBC depleted crude UCB cells and PB-MNCs cultured on fibronectin-coated dishes were used as control. (b)
Protocol for the single cell RNA sequencing (scRNA-seq) and flow cytometry. RBC depleted crude UCB cells were used as control. (c)
Protocol for intravenous administration of OP9 pre-conditioned UCB in the MCAO mouse model. Mice were randomly assigned to
three groups as follows: the UCB + OP9 group (n=11); the control group (n=11); and the sham surgery group (n=12) and underwent
MCAO or sham surgery. Two weeks after surgery, mice in the UCB + OP9 group received 100 uL of OP9 pre-conditioned UCB

(2.0x 107 cells/kg) and mice in the control group received the same amount of lactated Ringer’s solution intravenously (iv.) Next one
month after cell transplantation, a series of behavioral tests were performed, and three months after cell transplantation, five mice in
the UCB + OP9 group and five mice in the control group were randomly selected and subjected to the immunohistochemistry.
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Figure 2. In vitro network formation assay using UCB- or PB-MNC-derived adherent cells with or without
OP?9 pre-conditioning. The panel names of (a—f) are identical to those of (a-f) in Fig. 1a. UCB- or PB-MNC-
derived adherent cells with or without OP9 pre-conditioning were seeded onto Matrigel. Human umbilical
vein endothelial cells (HUVECs) were added in panels (c)-(f). (a) OP9-pre-conditioned UCB cells showing
capillary-like structures. (b) UCB cells without OP9 pre-conditioning. (c) OP9-pre-conditioned UCB cells
with HUVECs. (d) HUVECs and UCB cells without OP9 pre-conditioning. (¢) HUVECs alone (without
OP?9 pre-conditioning). (f) OP9-pre-conditioned PB-MNCs co-cultured with HUVECs. Scale bar: 100 ym,
10 x magnification.

from crude UCB (Fig. 3a). These findings suggest that the monocytic cluster from OP9 pre-conditioned UCB
was shifted toward the M2 phenotype compared to that from crude UCB.

Additionally, gene ontology (GO) analysis of differentially expressed genes between the monocytic cluster of
OP9 pre-conditioned and crude UCB revealed characteristic trends of GO term enrichment. GO terms related to
hypoxia, glycolysis, and oxidative pathways had the highest enrichment p values (Fig. 3b). These findings are in
concordance with the results of heatmaps in terms of intracellular metabolic changes, considering that hypoxia
shifts monocytes toward the M1 phenotype in which energy is obtained mainly through glycolysis, whereas
that in M2 monocytes through oxidative pathways®. To further investigate the pro-angiogenic mechanisms in
monocytic fraction, we compared the gene expression profiles associated with the regulation of cell migration
involved in sprouting angiogenesis (GO:0090049) in monocytic clusters of OP9-pre-conditiond UCB and crude
UCB. The genes were broadly up-regulated in the monocytic cluster of OP9-pre-conditioned UCB (Table 1).
Among these genes, the expression of neuropilin-1 (Nrp1) was enhanced in OP9-pre-conditioned monocytic
fraction compared with that in crude UCB. Nrpl is a transmembrane receptor binding with VEGF s and class
3 semaphorin and known to be expressed in a certain pro-angiogenic population of monocyte (i.e. neuropilin-1
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pre-conditioned UCB cells. (a) Heatmaps of typical M1 and M2 signature genes. Right sidebar depicts M1 and
M2 signature genes in blue and red respectively. Scale bar indicates gene expression levels calculated from log

normalized unique molecular index (UMI) counts (scale factor=10,000). (b) Gene ontology (GO) enrichment
analysis of differentially expressed genes between crude UCB and UCB + OP9. Enriched GO terms were
identified based on the hypergeometric test and adjusted p values were derived by the Benjamini and Hochberg

(BH) method. Top 15 enriched GO terms were shown according to -log10 p value. (¢, d) Flow cytometry

analysis of UCB and UCB + OP9. Cell viability (the ratio of living cells to all events) was analyzed using DAPI
staining. Cells in monocytic fraction (P1 population) were gated based on forward angle light scatter (FSC) and

side angle light scatter (SSC) characteristics. Then, CD80 and CD206 were used to sort M1 and M2 type cells

into Q4 and Q1 quadrants, respectively.
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Up-regulated in UCB + OP9 Up-regulated in crude UCB
Gene Fold change | p Gene | Fold change |p
Hmox1 2.2 <.01 | Hdac5 | 0.42 <.01
Itgblbpl | 3.1 <.01 | Thbsl | 0.69 <.01
Map3k3 24 <.01 | Vegfa | 0.057 <.01
Nrpl 1.8 <.01

Pdcd10 1.6 <.01

Rhoa 1.3 <.01

Spredl 5.3 <.01

Cibl 1.5 <.01

Table 1. Gene expression profiles associated with angiogenesis regulation in the monocytic cluster.

expressing monocyte; NEM)?!. Therefore, pro-angiogenic mechanisms of OP9-pre-conditioned monocytic frac-
tion could be partially explained by augmentation of NEM by OP9 pre-conditioning.

To reinforce the results of scRNA-seq, we investigated the M1/M2 phenotypic shift of these two monocytic
fractions using flow cytometry analysis. First, we assessed the viability of UCB cells using 4',6-diamino-2-phe-
nylindole (DAPI) staining, which revealed a higher viability of UCB cells in OP9 pre-conditioned UCB than that
in crude UCB (96.1% vs. 81.3% of all events; Fig. 3¢), suggesting the protective effect of OP9. CD80 and CD206
were used to differentiate M1 and M2 monocytes***. The percentage of CD80°CD206" M2 type cell count was
much higher in the monocytic fraction from OP9 pre-conditioned UCB compared with that from crude UCB
(27.9% vs. 1.7%; Q1 quadrant in Fig. 3¢), while the percentage of the total monocytic cells was comparable in both
OP9 pre-conditioned and crude UCB-derived cells (3.3% vs. 2.2% of all living cells; P2 population in Fig. 3c).

Additionally, we also observed a prominent tendency of M1-M2 shift in PB-MNCs owing to OP9 pre-condi-
tioning. The percentage of CD80~ CD206" cells was substantially higher (43.0% vs. 7.6%; Q1 quadrant in Fig. 3d),
while that of CD80* CD206~ cells was lower (3.3% vs. 11.4%; Q4 quadrant in Fig. 3d) in the monocytic fraction
from OP9-pre-conditioned PB-MNCs compared with that from crude PB-MNCs (Fig. 3d).

In several granulocytic clusters of scRNA-seq, the fraction of granulocytes was higher in OP9-pre-conditioned
UCB cells than in the crude UCB cells (granulocyte_3,4, and _5, supplementary Fig. 1). Similar to monocytes,
neutrophils are also known to have N2 phenotype that induces angiogenesis**. Therefore, we performed the
same flow cytometry analysis in granulocytic fraction (P2 population gated by SSC and FSC characteristics in
supplementary Fig. 2). However, CD80"CD206"* N2 type cells were only found in 0.12% of granulocytic fraction
in OP9 pre-conditioned UCB (Q1 quadrant in supplementary Fig. 2).

Overall, the 24 h short time OP9 pre-conditioning strongly shifted the phenotypic characteristics of the
monocytic fraction in UCB cells and PB-MNCs toward M2 dominant state, as well as its protective effect in
terms of the UCB cell viability.

Intravenous administration of OP9 pre-conditioned UCB promoted angiogenesisin peri-infarct
lesions of MCAO mice. The pro-angiogenic effect of OP9 pre-conditioned UCB cells was assessed by intra-
venous administration in the MCAO mouse model. The repair process, prominently angiogenesis, occurs in the
subacute phase after cerebral infarction®. Hence, we administered OP9 pre-conditioned UCB cells 2 weeks
after MCAO induction to enhance the angiogenic process and sacrificed these MCAO mice 3 months after UCB
administration (Fig. 1b), considering that the density of microvessels in the peri-infarct lesion was reported to
peak by day 30 and gradually decrease in 3 months*. The morphological observations in the focal ischemic
infarction were similar to that reported by the previous report®, with small arteries in the brain surface of
ischemic infarction, and microvessels in the peri-infarct lesion located at the periphery of the ischemic infarc-
tion adjacent to the normal cortex and striatum (Fig. 4a). We assessed the density of microvessels in the peri-
infarct lesion by the area measurement and cell counting of CD31*/vWF* (von Willebrand factor) cells. The
CD31/vWF double-positive area was significantly higher in the OP9 pre-conditioned UCB-administered group
(n=5) than that in the vehicle control (n=5) (***p <0.001; Fig. 4b,c). This result suggests that OP9 pre-condi-
tioned UCB cells had prominent pro-angiogenic effects on the peri-infarct lesion of MCAO mice compared to
crude UCB cells.

Intravenous administration of OP9 pre-conditioned UCB ameliorated neurobehavioral abnor-
malities in MCAO mice. Finally, we performed behavioral tests in MCAO mice to assess the effects of OP9
pre-conditioned UCB on improvement of neurological disturbances caused by cerebral infarction. Behavioral
tests were conducted 1.5 month after surgery and compared within three groups [the UCB + OP9 group (n=11),
the control group (n=11), and the sham surgery group (n=12)], as shown in Fig. lc.

Before multiple comparisons, a one-way analysis of variance (ANOVA) for the Y-maze task was per-
formed, where it showed significance [F(2) =19.35, p <0.0001]. Further, a two-way repeated measures ANOVA
(rmANOVA) (i.e., the open field test, the passive avoidance learning task, and the forced swimming test) revealed
significance in the groups in all tasks [F(2, 32) =10.60, p <0.0003; F(2, 32) =6.08, p=0.0058; F(2, 32), p <0.0001,
respectively], as well as in the time effect of the passive avoidance learning task [F(2, 31) = 14.48, p <0.0001] and
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Figure 4. vWF and CD31 staining in the peri-infarct lesion of MCAO mice with or without OP9-pre-conditioned
UCB administration. Fluorescent immunohistochemistry was performed 3.5 months after surgery (n=5 in the

UCB +OP9 group and n=>5 in the control group, respectively). (a) Schematic illustration of the target region for the
area measurement of CD31/vWF (von Willebrand factor) double-positive cells by a fluorescence microscope. One
coronal section per mouse (n=5 in each group) was analyzed. Small arteries in the brain surface of ischemic infarction
(¥) and microvessels in the peri-infarct lesion located at the periphery of the ischemic infarction adjacent to the
normal cortex and striatum () were observed. Three non-overlapping random visual fields of () indicated by red
solid boxes (400 x magnification) per coronal section were analyzed to measure the CD31/vWF double-positive area.
(b) Representative images of immunofluorescent staining of brain sections. CD31/vWEF double positive cells (yellow)
with CD31* (green) and vVWE" (red) in the peri-infarct lesions (1) were subjected to the analysis in (c). Nuclei were
counterstained using DAPI (blue). Scale bar: 50 m. 200 x magnification. (c) The area measurement and cell count of
CD31*/vWF* cells per field observed in 400 x magnification (n=15 per each group). ***p <0.001, unpaired t-test.
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the group by time interaction in the forced swimming test [F(10, 160) =3.179, p=0.001]. However, rmANOVA
in the wire hung test failed to show significance.

For multiple comparisons, first, we compared the control and sham-surgery groups to assess whether MCAO
induction affected the score of each behavioral test, and whether these tests were suitable for detecting abnormal
neurological functions caused by MCAO. In the open field test, travel distance in the control group were signifi-
cantly higher than those in the sham surgery group throughout the experimental duration, reflecting an abnormal
lack of habituation and anxiety in the control group (*p <0.05, **p <0.01, ***p <0.001; Fig. 5a). Although the time
effect in rmANOVA was not statistically significant, a trend toward a time-dependent decline in travel distance
was observed in the sham surgery group, indicating a normal habituation reaction in the open field test. In the
Y-maze task, the alternation rate significantly decreased in the control group compared to that in the sham sur-
gery group, which suggested an impairment in working memory in the control group (*p <0.05; Fig. 5b). Further,
in the passive avoidance learning task, the step-through latency was elongated in the sham surgery group after
every trial day, while that in the control group did not change, indicating that mice in the sham surgery group
successfully acquired avoidance behavior, but mice in the control group did not, which may be attributed to
nociceptive memory impairment ("'p <0.01, *p <0.05, Fig. 5¢). The forced swimming test showed that mice in the
sham surgery group had a shorter immobility time than mice in the control group, indicating the development
of a loss of motivation and impairment of exercise tolerance in MCAO mice (**p <0.01, ***p <0.001; Fig. 5e).

Next, we compared the control and OP9 + UCB groups to investigate the ameliorative effects of OP9 pre-
conditioned UCB cells on behavioral task scores. The scores on the open field test, Y-maze test, passive avoidance
learning task, and forced swimming test were significantly better in the OP9 + UCB group than those in the
control group (*p<0.05, *p<0.01, "p <0.01). In the wire hang test, we could not detect significant differences
among the three groups (Fig. 5d), because our MCAO model is known to show rapid recovery from focal motor
deficits and is not always sufficient for detecting ameliorative effects on motor function®*°. However, there was
a trend that the latency to fall was shortened by MCAO induction (i.e., shorter in the control group than in the
sham surgery group) and improved by the administration of OP9-pre-conditioned UCB cells (i.e., longer in the
OP9 + CUB group than in the control group), suggesting the ameliorative effect of OP9-pre-conditioned UCB
cells in muscle weakness and exercise tolerance. Therefore, these results indicate that the behavioral abnormali-
ties caused by MCAO, such as general activity, memory impairment, exercise tolerance, and depression-like
symptoms, were improved by the administration of OP9 pre-conditioned UCB cells.

Discussion

The current study demonstrated that OP9 strongly and rapidly augmented the pro-angiogenic characteristics of
UCB cells (Fig. 2), partly by shifting their phenotype in the monocytic fraction toward an angiogenic M2 domi-
nant status (Fig. 3). It was also demonstrated that subacute intravenous administration of OP9 pre-conditioned
UCB cells ameliorated neurological deficits in the MCAO mouse model (Fig. 5), partly due to promotion of
innate angiogenesis in peri-infarct lesions (Fig. 4). To the best of our knowledge, this is the first study to report
a strong, easy, and fast modification technique for UCB to augment its pro-angiogenic features and verify its
biological effects in a subacute cerebral infarction model.

Asahara et al. first described the nomenclature of endothelial progenitor cells (EPC), a circulating cell popula-
tion that can contribute to neovascularization by accumulating in the sites of active angiogenesis®. In in vitro cell
culture assay, two different EPC-populations are reported: early and late EPCs, the former also called as myeloid
angiogenic cells (MACs) or pro-angiogenic hematopoietic cells, whereas the latter is also called as endothelial
colony forming cells (ECFCs) or endothelial outgrowth cells*"*%. They were both adherent cells isolated from
PB-MNC:s plated onto fibronectin or collagen-coated dishes under endothelial cell culture conditions but dif-
fered in their time of arising in culture?®?*#>*, Originally, it was reported that early EPC was a spindle shaped
cell population emerging at 2-3 weeks and ceased at 4 weeks, whereas late EPC was a cobblestone shaped cell
population emerging at 2-3 weeks, grew exponentially at 4-8 weeks and had capacity of multiple population
doublings without senescence?”. ECFCs have specific endothelial progenitor characteristics such as significant
proliferative capacity, network-formation potential in Matrigel and an ability to contribute to de novo blood
vessel formation in vivo?®**. In contrast, MACs share none of the properties of ECFCs, but have hematopoietic-
derived monocytic features (i.e., expression of myeloid progenitor cell markers and the ability to differentiate
into macrophages), and promote angiogenesis through a paracrine mechanism'>*-%,

Based on previous studies, MACs contain a monocyte fraction and possess similar characteristics with cell
populations widely used for cell therapies to promote angiogenesis'*. Our OP9 pre-conditioned UCB cells also
contain monocyte fraction which possesses the characteristics of MACs, such as pro-angiogenic effects through
a paracrine mechanism. However, in the network formation assay, OP9 pre-conditioned UCB cells formed a
network structure and heterogeneously aligned with HUVECs, whereas PB-MNCs did not form a network struc-
ture, although both PB-MNCs and UCB cells shifted toward the M2 phenotype by using OP9 pre-conditioning.
Therefore, it seems to be appropriate to interpret our findings in the network formation assay as follows: (i)
our OP9 pre-conditioning shifted the monocyte fraction in UCB cells toward the M2 phenotype and enhanced
their pro-angiogenic effects, (ii) these monocytes did not differentiate into endothelial cells, and (iii) OP9 pre-
conditioning might promote another undefined population in UCB cells to participate and align in the core
structure of network heterogeneously with HUVECs, supported by surrounding M2-shifted pro-angiogenic
monocytes. Previous reports demonstrated that MACs and ECFCs had a synergistic effect on neovascularization*
and unfractionated UCB-derived mononuclear cells were superior to CD34" or CD34" cell fractions in terms
of their effects on the reduction of infarction volume and amelioration of neurological deficits?!. Therefore,
these findings suggest that our method using unfractionated UCB cells co-cultured with OP9 would be a better
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Figure 5. Behavioral tests for MCAO mice with or without OP9-pre-conditioned UCB administration. Mice
were randomly assigned to three groups: the UCB + OP9 group (n=11), the control group (n=11), and the
sham surgery group (n=12). The open field test (a), the Y-maze task (b), the passive avoidance learning test

(c), the wire hang test (d), and the forced swimming test were conducted 1.5 month after the surgery. Before
multiple comparisons, one-way analysis of variance for the Y-maze task and a two-way repeated measured
ANOVA for data arising from repeated measures (i.e., the open field test, passive avoidance learning task, wire
hang test, and the forced swimming test) were used. A; p<0.05, Dunnett’s test for differences between-subject.
*p<0.05, **p<0.01, **p<0.001, Dunnett’s test in comparison of the sham surgery group with the control group
(i.e., the MCAO induced group). #p <0.05, ##p <0.01, Dunnett’s test in comparison of the OP9+ UCB group
(i.e., the MCAO induced and OP9-pre-conditioned UCB-administered group) with the control group. p <0.05,
"5 <0.01, Dunnett’s test compared with the conditioning trials of each group.
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approach to augment angiogenic features, in which several innate cell populations related to angiogenesis were
contained and modulated simultaneously by OP9 without isolating a specific cell population.

Among the various cell sources, UCB has some advantages in clinical application as a donor source of cell
therapy, especially when aiming at neovascularization. First, UCB contains stem cells with a high prolifera-
tion potential®’. Second, UCB contains a higher amount of pro-angiogenic cell populations than PB or bone
marrow*®*’. Third, UCB transplantation has a long history of being employed in clinics*, and has a lower inci-
dence and severity of graft-versus-host disease than bone marrow transplantation®-*2. Finally, UCB is obtained
less invasively and easily because it is usually discarded after birth, and a stable supply system has been estab-
lished. These characteristics further support our approach for the use and modulation of UCB in cell therapy.

Several studies have shown that M2 macrophages can be generated by co-culture with mesenchymal stem
cells (MSCs)>*-%. Furthermore, MSC-derived supernatants could potentiate macrophages toward an anti-inflam-
matory phenotype, and the administration of such “educated macrophages” significantly improved the healing
process of tendon injury, reduced the endogenous M1/M2 macrophage ratio, and promoted angiogenesis™.

OP9 has been widely known as a feeder cell to promote hematoendothelial differentiation, but is also known
to share some characteristic features with MSCs, including the immuno-phenotype, the ability of differentiation,
and immunomodulative effects”. The underlying mechanisms of OP9 pre-conditioning in UCB cells could be
attributed through “monocyte education” rather than differentiation of stem and progenitor cells, considering that
we co-cultured UCB with OP9 for only 1 d while usually it takes days to obtain myelomonocytic cells through
differentiation from embryonic stem cells using OP9%.

Although the underlying pro-angiogenic molecular mechanisms of in vivo M2-shifted monocytes were not
clarified, an interesting insight was obtained from the expression profile of the monocytic fraction in scRNA-seq.
The expression of Nrpl was enhanced in the OP9-pre-conditioned monocytic fraction compared with that in
crude UCB. Recently, several studies have demonstrated that (i) a certain population of monocytes expressed
Nrpl as a transmembrane receptor (i.e., neuropilin-1 expressing monocyte; NEM), (ii) Nrp1 bound with VEGF4;
and class 3 semaphorin, and mediated chemo-attraction of NEMs toward the site of neoangiogenesis, and (iii)
NEM:s could recruit smooth muscle cells, promote vessel maturation in arterial formation, and reduce abnormal
vascular permeability, although NEMs themselves were not incorporated into the vessel structure®>-¢!.

The current study had certain limitations. First, we did not evaluate the difference in the effect on ischemic
stroke between OP9 pre-conditioned and crude UCB. Second, although it is beyond the scope of this manuscript,
it is necessary to assess the effect of OP9 on cell populations other than the monocytic fraction, such as UCB-
derived AC133" progenitor cells>®* or UCB-derived ECFC?, as well as T cell subsets, which have been reported
to hinder neurological recovery after stroke?"%. In this regard, further analysis of gene expression profiles using
scRNA-seq may provide clues to answer these questions. Third, we did not verifly the engraftment of adminis-
tered UCB in the brain, nor investigated whether these UCB-derived cells differentiated and participated in the
structure of repaired tissues. Several reports have demonstrated engraftment of UCB-derived cells!®2626465,
while some reports failed®?%. Also, their differentiation ability is controversial. The discrepancies in these find-
ings are partially due to differences in the timeline of UCB administration after infarction (24 h-1 week after
MCADO), that of histological analysis (1 week-1 month) and the method of detecting human-derived UCB cells.
Nonetheless, the mechanisms of symptom amelioration in the current study can be explained partly by the
pro-angiogenic effect of OP9-pre-conditioned UCB cells on the innate tissue-repairing process, which has been
reported previously!”1%62,

Although these limitations exist, our OP9 pre-conditioning method is still outstanding in terms of its fast,
convenient, and feasible features, as well as its strong effect on modulating the bioactivity of UCB toward M2, a
pro-angiogenic, tissue-protective phenotype.

Conclusion

In this study, we found a strong and rapid method to augment the M2, pro-angiogenic, tissue-protective fea-
tures of UCB by co-culturing with OP9. In addition, we demonstrated that subacute administration of OP9
pre-conditioned UCB ameliorated the behavioral deficiencies induced by MCAO in a mouse model, partly by
promoting innate angiogenesis in peri-infarct lesions.

Methods

Cell preparation and culture.  Written informed consent was obtained from all donors who provided UCB
or PB, and the study protocol was approved by the Ethics Committee of Hyogo Medical University (approval
number 0325) and performed in accordance with the Declaration of Helsinki.

OP9 cells were obtained from Dr. Nobuyuki Takakura (Department of Signal Transduction, Research Insti-
tute for Microbial Diseases, Osaka University, Japan) and maintained in a Minimum Essential Medium with
nucleosides (Thermo Fisher Scientific, 41061-029; Waltham, MA) supplemented with 20% fetal bovine serum
(Biowest, S1820; Nuaille, France) and penicillin-streptomycin (Sigma-Aldrich, P7539; St. Louis, MO, USA).

Human umbilical cord-derived HUVECs were purchased from Lonza (C2517A; Basel, Switzerland) and
maintained in EGM-2 medium (CC-3162; Lonza).

RBC-depleted UCB and PB-MNCs were obtained using the EasySep RBC Depletion Reagent (Stem Cell
Technologies, Vancouver, Canada) and Ficoll-Paque PLUS (Cytiva, 17144002, MA) according to the manufac-
turer’s protocol. The cells were resuspended in DMEM/F12 (Thermo Fisher Scientific, 11330-032) supplemented
with epidermal growth factor (Peprotech, AF100-15; Cranbury, NJ), fibroblast growth factor basic (Peprotech,
100-18B), N-2 (Thermo Fisher Scientific, 17502048), and antibiotic-antimycotic (Thermo Fisher Scientific,
15240-062) and co-cultured on OP9 stromal cells (i.e., OP9 pre-conditioning) in 10-cm culture dishes at a
density of 1 x 10° cells/cm?. After 18-24 h of culture, non-adherent cells were removed, and adherent cells were
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harvested by trypsinization, washed once with medium, and then subjected to in vitro network formation assay,
flow cytometry analysis, and intravenous administration in the mouse model. For scRNA-seq, a combination of
adherent and supernatant cells derived from RBC-depleted UCB was used after OP9 pre-conditioning. Adherent
cells obtained from RBC removed crude UCB cultured on fibronectin-coated dishes were used as controls for
the network formation assay. Conversely, RBC depleted crude UCB cells and PB-MNCs were used as control for
scRNA-seq and/or flow cytometry analysis.

Network formation assay in Matrigel. UCB- or PB-derived adherent cells with or without OP9 pre-
conditioning were seeded onto 24-well tissue culture plates coated with Matrigel matrix (Corning Inc., 354234;
Corning, NY, USA) at a density of 1x 10° cells per well. DMEM (Thermo Fisher Scientific, 11885-084) with 5%
UCB serum was added, and after 24 h of incubation at 37 “C with 5% CO,, cells were observed using an inverted
microscope (BZ-X710, Keyence Corporation, Osaka, Japan; DMi8, Leica Microsystems, Watzler, Germany) at
10 x magnification for capillary-like formation, defined as an interconnected network structures.

For the co-culture experiments, HUVECs were labeled using a red fluorescent membrane labeling kit (Sigma-
Aldrich, MINI26) according to the manufacturer’s protocol. HUVECs were mixed with 1 x 10° cells of adherent
cells in Matrigel at a 1:5 ratio.

Single cell RNA sequencing. RNA-seq library construction and cDNA sequencing, including single-
cell isolation, preparation of cDNA, RNA-seq library construction, cDNA sequencing, and processing, were
performed by the NGS core facility of the Genome Information Research Center at Osaka University (Osaka,
Japan). Analysis and graphic display derived from scRNA-seq were performed by Genble Inc.(Fukuoka, Japan).
Details are described in the supplementary method 3.

Flow cytometry. Cells were incubated for 20 min at 26 °C in the dark with fluorescent conjugated antibod-
ies (as indicated in Table 2) and washed twice with PBS. Prior to analysis, cells were stained to removal dead
cells using Cellstain-DAPI solution (1:500, Dojindo, 340-07971; Kumamoto, Japan). After staining, the cells
were resuspended in 500 pL of FACS buffer for analysis using FACSArialll (BD Biosciences). Flow cytometric
data analysis was performed using the FACSDiva software (BD Biosciences). A minimum of 20,000 events were
recorded for each sample. Non-stained cells were used as control samples to determine appropriate settings for
data analysis.

Animal model of permanent focal cerebral infarction by surgical ligation of the middle cer-
ebral artery (MCAO) and administration of OP9 pre-conditioned UCB. The experimental proce-
dure was approved by the Animal Care Committee of Hyogo College of Medicine (approval number: 19-040)
and performed following the ARRIVE guidelines and the ‘Guide for the Care and Use of Laboratory Animals’
published by the National Academy of Science of the USA. Seven to nine-week-old male CB-17/Icr-+/+Jcl mice
(CLEA Japan Inc., Tokyo, Japan) were housed in a temperature (22-24 °C) and humidity (55%) controlled room
under a 12/12 light-dark schedule. The animals had free access to water and standard pellet chow ad libitum.

Mice were randomly assigned to three groups as follows: the UCB + OP9 group (MCAO followed by adminis-
tration of OP9 pre-conditioned UCB; n=11); the control group (the vehicle control group administered lactated
Ringer’s solution alone after MCAO; n=11), and the sham surgery group (n=12). Two weeks after surgery, mice
in the UCB + OP9 group received 100 pL of OP9 pre-conditioned UCB (2.0 x 10 cells/kg) and mice in the control
group received the same amount of lactated Ringer’s solution via the carotid vein under direct view.

Permanent focal cerebral infarction was induced by MCAO as described previously*’. Briefly, under general
anesthesia with 2% isoflurane (FUJIFILM Wako Pure Chemical Corporation, 099-06571; Osaka, Japan), a skin
between the left eye and left ear, was incised. After removing the left zygoma using a dental drill under an operat-
ing microscope, a 1.5 mm diameter bone window was created on the surface of the skull. Finally, the proximal
portion of the middle cerebral artery was exposed near the skull base and cut down just distal to the olfactory
tract. This MCAO model used in the current study is known to have a clearly demarcated reproducible stroke
area even in the chronic period (i.e., 14 days after MCAO induction)®.

Immunosuppressants were not administered because UCB is known to have low immunogenicity, and several
studies have reported engraftment after xenotransplantation without immunosuppressants®*®.

Fluorescent immunohistochemistry. Three months after cell transplantation, five mice in the
UCB + OP9 group and five in the control group were perfused transcardially with PBS and 4% paraformaldehyde
(PFA) after general anesthesia using isoflurane (FUJIFILM Wako Pure Chemical Corporation). The brains were
removed and fixed overnight in 4%PFA, dehydrated in 30% sucrose, frozen at— 80 °C, and sliced into 10 pm cor-
onal sections using a cryostat (NX70; PHC, Tokyo, Japan). Frozen sections were washed three times with PBS for

Antibody Dilution Catalog number
APC anti-human CD80 antibody 1:20 375404
Alexa Fluor 488 anti-human CD206 antibody 1:20 321114

Table 2. Fluorescent conjugated antibodies used in flow cytometry analysis. All antibodies were manufactured
by BioLegend.
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3 min each, blocked with Blocking One Histo (Nacalai Tesque, 06349-64; Kyoto, Japan), permeabilized with 1%
Triton X-100 in PBS for 10 min, and washed 2 times with PBS for 5 min each. The sections were then incubated
overnight at 4 °C with an anti-CD31 antibody (1:50; BioLegend, 160,202; San Diego, CA), and an anti-vWF anti-
body (1:50; Cell Signaling Technologies, 65,707; Danvers, MA). Alexa Fluor 488- and 647-conjugated antibodies
(Thermo Fisher Scientific, SA5-10327; Cell Signaling Technologies, 4416) were used as secondary antibodies
for an anti-CD31 and anti-vWF antibodies, respectively and incubated at room temperature for 2 h. Nuclei
were counterstained with DAPI (SeraCare, 71-03-01; Milford, IA, USA). CD31/vWF double-positive cells in
the peri-infarct lesion were recognized as endothelial cells forming microvessels®*%-7°. Histological images were
captured using a fluorescence microscope BZ-X710 (Keyence Corporation; Osaka, Japan) at 400 x magnification
to measure the CD31/vWF double-positive area. Fifteen fields per group (three non-overlapping random visual
fields per coronal section and one coronal section per mouse; n=>5 in each group) were analyzed. The area meas-
urement and cell count of these cells were automatically performed in each captured image using the hybrid cell
count software BZ-X analyzer in each visual field (Keyence Corporation).

Behavioral tasks. One month after cell transplantation, behavioral tasks were performed (as indicated
in the supplementary method) to assess the functional deficits and recovery of the animals after MCAO [the
UCB +OP9 group (n=11), the control group (n=11), and the sham surgery group (n=12)]. Based on our pre-
vious study using the same model and behavioral tasks”, a pre-hoc power analysis determined that a sample
size of ten in each group is sufficient to have an 80% power to detect a between-subject difference among three
groups in repeatedly measured ANOVA for the open field, the Y-maze, and the passive avoidance learning test.
Behavioral tasks were conducted by independent experimenters, blinded to the experimental groups. Abnor-
mal hyperactivity is known to be observed in mouse models after focal cerebral infarction and last up to 2-3
months’>”?, which is caused by abnormal anxiety and impairment in habituation after repeated exposure due
to memory disturbance’. In our models, these behavioral abnormalities due to MCAO can be evaluated using
travel distance in the open field test®. Muscular strength and exercise tolerance were measured by latency to fall
in the wire hang test. Spatial working memory and fear conditioned emotional memory were assessed using the
Y-maze” and passive avoidance learning tasks’®, respectively. Finally, a loss of motivation and exercise tolerance
were evaluated using the forced swimming test””. We previously confirmed the effect of MCAO induction on
the scores of the Y-maze and passive avoidance learning tasks in the chronic phase (i.e. 1-2 months after MCAO
induction)”’.

Statistical analysis. All data are expressed as meanzstandard error of the mean (SEM) and analyzed
using JMP ver. 13 (SAS Institute Inc., Cary, NC, USA). Differences between two groups were analyzed using
an unpaired two-tailed t-test, whereas analysis in more than two groups or in repeatedly measured values were
performed using post-hoc Dunnett’s test when one-way ANOVA or rmANOVA showed statistical significance.
When performing Dunnett’s test, the control group and the initial session were set as the control for the com-
parisons between groups and for the analysis of within-subject session-by-session differences, respectively. The
statistical significance was set at p <0.05.

Data availability
The authors confirm that all data underlying the findings are fully available without restriction. The datasets used
and/or analyzed during the current study are available from the corresponding author on reasonable request.

Accession codes
The scRNA-seq data were deposited on NCBI GEO with the accession number GSE207249.

Received: 15 September 2022; Accepted: 29 December 2022
Published online: 06 January 2023

References

1. Goyal, M. et al. Endovascular thrombectomy after large-vessel ischaemic stroke: A meta-analysis of individual patient data from
five randomised trials. The Lancet 387, 1723-1731. https://doi.org/10.1016/s0140-6736(16)00163-x (2016).

2. Song, C. G. et al. Stem cells: A promising candidate to treat neurological disorders. Neural Regen. Res 13, 1294-1304. https://doi.
0rg/10.4103/1673-5374.235085 (2018).

3. Stonesifer, C. et al. Stem cell therapy for abrogating stroke-induced neuroinflammation and relevant secondary cell death mecha-
nisms. Prog. Neurobiol. 158, 94-131. https://doi.org/10.1016/j.pneurobio.2017.07.004 (2017).

4. Hristov, M., Erl, W. & Weber, P. C. Endothelial progenitor cells: Mobilization, differentiation, and homing. Arterioscler. Thromb.
Vasc. Biol. 23, 1185-1189. https://doi.org/10.1161/01.ATV.0000073832.49290.B5 (2003).

5. Janic, B. et al. Human cord blood-derived AC133+ progenitor cells preserve endothelial progenitor characteristics after long term
in vitro expansion. PLoS One 5, €9173. https://doi.org/10.1371/journal.pone.0009173 (2010).

6. Asahara, T. et al. Isolation of putative progenitor endothelial cells for angiogenesis. Science 275, 964-967. https://doi.org/10.1126/
science.275.5302.964 (1997).

7. Kalka, C. et al. Transplantation of ex vivo expanded endothelial progenitor cells for therapeutic neovascularization. Proc. Natl.
Acad. Sci. USA 97, 3422-3427. https://doi.org/10.1073/pnas.97.7.3422 (2000).

8. Timmermans, E. et al. Endothelial outgrowth cells are not derived from CD133+ cells or CD45+ hematopoietic precursors. Arte-
rioscler. Thromb. Vasc. Biol. 27, 1572-1579. https://doi.org/10.1161/ATVBAHA.107.144972 (2007).

9. Harraz, M., Jiao, C., Hanlon, H. D., Hartley, R. S. & Schatteman, G. C. CD34- blood-derived human endothelial cell progenitors.
Stem Cells 19, 304-312. https://doi.org/10.1634/stemcells.19-4-304 (2001).

10. Schmeisser, A. et al. Monocytes coexpress endothelial and macrophagocytic lineage markers and form cord-like structures in

Matrigel under angiogenic conditions. Cardiovasc. Res. 49, 671-680. https://doi.org/10.1016/s0008-6363(00)00270-4 (2001).

Scientific Reports | (2023) 13:262 | https://doi.org/10.1038/s41598-023-27424-7 nature portfolio


https://doi.org/10.1016/s0140-6736(16)00163-x
https://doi.org/10.4103/1673-5374.235085
https://doi.org/10.4103/1673-5374.235085
https://doi.org/10.1016/j.pneurobio.2017.07.004
https://doi.org/10.1161/01.ATV.0000073832.49290.B5
https://doi.org/10.1371/journal.pone.0009173
https://doi.org/10.1126/science.275.5302.964
https://doi.org/10.1126/science.275.5302.964
https://doi.org/10.1073/pnas.97.7.3422
https://doi.org/10.1161/ATVBAHA.107.144972
https://doi.org/10.1634/stemcells.19-4-304
https://doi.org/10.1016/s0008-6363(00)00270-4

www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Wara, A. K. et al. Bone marrow-derived CMPs and GMPs represent highly functional proangiogenic cells: Implications for ischemic
cardiovascular disease. Blood 118, 6461-6464. https://doi.org/10.1182/blood-2011-06-363457 (2011).

Medina, R. J. et al. Myeloid angiogenic cells act as alternative M2 macrophages and modulate angiogenesis through interleukin-8.
Mol. Med. 17, 1045-1055. https://doi.org/10.2119/molmed.2011.00129 (2011).

Hu, X. et al. Microglial and macrophage polarization-new prospects for brain repair. Nat. Rev. Neurol. 11, 56-64. https://doi.org/
10.1038/nrneurol.2014.207 (2015).

Urbich, C. & Dimmeler, S. Endothelial progenitor cells: Characterization and role in vascular biology. Circ. Res. 95, 343-353.
https://doi.org/10.1161/01.RES.0000137877.89448.78 (2004).

Janic, B. & Arbab, A. S. Cord blood endothelial progenitor cells as therapeutic and imaging probes. Imaging Med. 4, 477-490.
https://doi.org/10.2217/iim.12.35 (2012).

Kanazawa, M. et al. Angiogenesis in the ischemic core: A potential treatment target?. J. Cereb. Blood Flow Metab. 39, 753-769.
https://doi.org/10.1177/0271678X19834158 (2019).

Yan, T. et al. Neurorestorative therapy of stroke in type 2 diabetes mellitus rats treated with human umbilical cord blood cells.
Stroke 46, 2599-2606. https://doi.org/10.1161/STROKEAHA.115.009870 (2015).

Huang, L. et al. Intraarterial transplantation of human umbilical cord blood mononuclear cells in hyperacute stroke improves
vascular function. Stem Cell. Res. Ther. 8, 74. https://doi.org/10.1186/s13287-017-0529-y (2017).

Hwang, S., Choi, J. & Kim, M. Combining human umbilical cord blood cells with erythropoietin enhances angiogenesis/neuro-
genesis and behavioral recovery after stroke. Front. Neurol. 10, 357. https://doi.org/10.3389/fneur.2019.00357 (2019).

Chen, J. et al. Intravenous administration of human umbilical cord blood reduces behavioral deficits after stroke in rats. Stroke 32,
2682-2688. https://doi.org/10.1161/hs1101.098367 (2001).

Boltze, . et al. Assessment of neuroprotective effects of human umbsilical cord blood mononuclear cell subpopulations in vitro and
in vivo. Cell Transplant. 21, 723-737. https://doi.org/10.3727/096368911X586783 (2012).

Nystedst, J., Makinen, S., Laine, J. & Jolkkonen, J. Human cord blood CD34+ cells and behavioral recovery following focal cerebral
ischemia in rats. Acta Neurobiol. Exp. (Wars.) 66, 293-300 (2006).

Nakano, T., Kodama, H. & Honjo, T. Generation of lymphohematopoietic cells from embryonic stem cells in culture. Science 265,
1098-1101. https://doi.org/10.1126/science.8066449 (1994).

Hamaguchi, L et al. In vitro hematopoietic and endothelial cell development from cells expressing TEK receptor in murine aorta-
gonad-mesonephros region. Blood 93, 1549-1556. https://doi.org/10.1182/blood.V93.5.1549 (1999).

Naito, H., Kidoya, H., Sakimoto, S., Wakabayashi, T. & Takakura, N. Identification and characterization of a resident vascular stem/
progenitor cell population in preexisting blood vessels. EMBO J. 31, 842-855. https://doi.org/10.1038/emboj.2011.465 (2012).
Ingram, D. A. et al. Identification of a novel hierarchy of endothelial progenitor cells using human peripheral and umbilical cord
blood. Blood 104, 2752-2760. https://doi.org/10.1182/blood-2004-04-1396 (2004).

Hur, J. et al. Characterization of two types of endothelial progenitor cells and their different contributions to neovasculogenesis.
Arterioscler. Thromb. Vasc. Biol. 24, 288-293. https://doi.org/10.1161/01.ATV.0000114236.77009.06 (2004).

Case, J. et al. Human CD34+AC133+VEGFR-2+ cells are not endothelial progenitor cells but distinct, primitive hematopoietic
progenitors. Exp. Hematol. 35, 1109-1118. https://doi.org/10.1016/j.exphem.2007.04.002 (2007).

Medina, R. J., O'Neill, C. L., Humphreys, M. W,, Gardiner, T. A. & Stitt, A. W. Outgrowth endothelial cells: Characterization and
their potential for reversing ischemic retinopathy. Invest. Ophthalmol. Vis. Sci. 51, 5906-5913. https://doi.org/10.1167/iovs.09-4951
(2010).

Muraille, E., Leo, O. & Moser, M. TH1/TH2 paradigm extended: Macrophage polarization as an unappreciated pathogen-driven
escape mechanism?. Front. Immunol. 5, 603. https://doi.org/10.3389/fimmu.2014.00603 (2014).

Zacchigna, S. et al. Bone marrow cells recruited through the neuropilin-1 receptor promote arterial formation at the sites of adult
neoangiogenesis in mice. J. Clin. Invest. 118, 2062-2075. https://doi.org/10.1172/JCI32832 (2008).

Bertani, F. R. et al. Classification of M1/M2-polarized human macrophages by label-free hyperspectral reflectance confocal micros-
copy and multivariate analysis. Sci. Rep. 7, 8965. https://doi.org/10.1038/s41598-017-08121-8 (2017).

De Sousa, J. R., Da Costa Vasconcelos, P. E. & Quaresma, J. A. S. Functional aspects, phenotypic heterogeneity, and tissue immune
response of macrophages in infectious diseases. Infect. Drug Resist. 12, 2589-2611. https://doi.org/10.2147/IDR.S208576 (2019).
Cuartero, M. I. et al. N2 neutrophils, novel players in brain inflammation after stroke: Modulation by the PPARgamma agonist
rosiglitazone. Stroke 44, 3498-3508. https://doi.org/10.1161/STROKEAHA.113.002470 (2013).

Hayashi, T., Noshita, N., Sugawara, T. & Chan, P. H. Temporal profile of angiogenesis and expression of related genes in the brain
after ischemia. J. Cereb. Blood Flow Metab. 23, 166-180. https://doi.org/10.1097/01.WCB.0000041283.53351.CB (2003).

Huang, Q. et al. The temporal expression patterns of fibronectin and its receptors-alpha5betal and alphavbeta3 integrins on blood
vessels after cerebral ischemia. Restor. Neurol. Neurosci. 33, 493-507. https://doi.org/10.3233/RNN-140491 (2015).

Yu, S. W, Friedman, B., Cheng, Q. & Lyden, P. D. Stroke-evoked angiogenesis results in a transient population of microvessels. J.
Cereb. Blood Flow Metab. 27, 755-763. https://doi.org/10.1038/sj.jcbfm.9600378 (2007).

Tang, Y. et al. Ischemia-induced angiogenesis is attenuated in aged rats. Aging Dis. 7, 326-335. https://doi.org/10.14336/AD.2015.
1125 (2016).

Taguchi, A. et al. Granulocyte colony-stimulating factor has a negative effect on stroke outcome in a murine model. Eur. J. Neurosci.
26, 126-133. https://doi.org/10.1111/j.1460-9568.2007.05640.x (2007).

Taguchi, A. et al. A reproducible and simple model of permanent cerebral ischemia in CB-17 and SCID mice. J. Exp. Stroke Transl.
Med. 3, 28-33. https://doi.org/10.6030/1939-067x-3.1.28 (2010).

Yoder, M. C. Defining human endothelial progenitor cells. J. Thromb. Haemost. 7(Suppl 1), 49-52. https://doi.org/10.1111/j.1538-
7836.2009.03407.x (2009).

Medina, R. J. et al. Endothelial progenitors: A consensus statement on nomenclature. Stem Cells Transl. Med. 6, 1316-1320. https://
doi.org/10.1002/sctm.16-0360 (2017).

Yoon, C. H. et al. Synergistic neovascularization by mixed transplantation of early endothelial progenitor cells and late outgrowth
endothelial cells: The role of angiogenic cytokines and matrix metalloproteinases. Circulation 112, 1618-1627. https://doi.org/10.
1161/CIRCULATIONAHA.104.503433 (2005).

Medina, R. J. et al. Molecular analysis of endothelial progenitor cell (EPC) subtypes reveals two distinct cell populations with
different identities. BMC Med. Genomics 3, 18. https://doi.org/10.1186/1755-8794-3-18 (2010).

Yoder, M. C. et al. Redefining endothelial progenitor cells via clonal analysis and hematopoietic stem/progenitor cell principals.
Blood 109, 1801-1809. https://doi.org/10.1182/blood-2006-08-043471 (2007).

Urbich, C. et al. Relevance of monocytic features for neovascularization capacity of circulating endothelial progenitor cells. Cir-
culation 108, 2511-2516. https://doi.org/10.1161/01.CIR.0000096483.29777.50 (2003).

Gammaitoni, L. et al. Elevated telomerase activity and minimal telomere loss in cord blood long-term cultures with extensive stem
cell replication. Blood 103, 4440-4448. https://doi.org/10.1182/blood-2003-09-3079 (2004).

Murohara, T. et al. Transplanted cord blood-derived endothelial precursor cells augment postnatal neovascularization. J. Clin.
Invest. 105, 1527-1536. https://doi.org/10.1172/]JCI8296 (2000).

Madlambayan, G. & Rogers, I. Umbilical cord-derived stem cells for tissue therapy: Current and future uses. Regen. Med. 1,
777-787. https://doi.org/10.2217/17460751.1.6.777 (2006).

Scientific Reports |

(2023) 13:262 | https://doi.org/10.1038/s41598-023-27424-7 nature portfolio


https://doi.org/10.1182/blood-2011-06-363457
https://doi.org/10.2119/molmed.2011.00129
https://doi.org/10.1038/nrneurol.2014.207
https://doi.org/10.1038/nrneurol.2014.207
https://doi.org/10.1161/01.RES.0000137877.89448.78
https://doi.org/10.2217/iim.12.35
https://doi.org/10.1177/0271678X19834158
https://doi.org/10.1161/STROKEAHA.115.009870
https://doi.org/10.1186/s13287-017-0529-y
https://doi.org/10.3389/fneur.2019.00357
https://doi.org/10.1161/hs1101.098367
https://doi.org/10.3727/096368911X586783
https://doi.org/10.1126/science.8066449
https://doi.org/10.1182/blood.V93.5.1549
https://doi.org/10.1038/emboj.2011.465
https://doi.org/10.1182/blood-2004-04-1396
https://doi.org/10.1161/01.ATV.0000114236.77009.06
https://doi.org/10.1016/j.exphem.2007.04.002
https://doi.org/10.1167/iovs.09-4951
https://doi.org/10.3389/fimmu.2014.00603
https://doi.org/10.1172/JCI32832
https://doi.org/10.1038/s41598-017-08121-8
https://doi.org/10.2147/IDR.S208576
https://doi.org/10.1161/STROKEAHA.113.002470
https://doi.org/10.1097/01.WCB.0000041283.53351.CB
https://doi.org/10.3233/RNN-140491
https://doi.org/10.1038/sj.jcbfm.9600378
https://doi.org/10.14336/AD.2015.1125
https://doi.org/10.14336/AD.2015.1125
https://doi.org/10.1111/j.1460-9568.2007.05640.x
https://doi.org/10.6030/1939-067x-3.1.28
https://doi.org/10.1111/j.1538-7836.2009.03407.x
https://doi.org/10.1111/j.1538-7836.2009.03407.x
https://doi.org/10.1002/sctm.16-0360
https://doi.org/10.1002/sctm.16-0360
https://doi.org/10.1161/CIRCULATIONAHA.104.503433
https://doi.org/10.1161/CIRCULATIONAHA.104.503433
https://doi.org/10.1186/1755-8794-3-18
https://doi.org/10.1182/blood-2006-08-043471
https://doi.org/10.1161/01.CIR.0000096483.29777.50
https://doi.org/10.1182/blood-2003-09-3079
https://doi.org/10.1172/JCI8296
https://doi.org/10.2217/17460751.1.6.777

www.nature.com/scientificreports/

50. Ballen, K. K., Gluckman, E. & Broxmeyer, H. E. Umbilical cord blood transplantation: The first 25 years and beyond. Blood 122,
491-498. https://doi.org/10.1182/blood-2013-02-453175 (2013).

51. Cohen, Y. & Nagler, A. Umbilical cord blood transplantation—How, when and for whom?. Blood Rev. 18, 167-179. https://doi.
0rg/10.1016/50268-960x(03)00064-x (2004).

52. Riordan, N. H., Chan, K., Marleau, A. M. & Ichim, T. E. Cord blood in regenerative medicine: Do we need immune suppression?.
J. Transl. Med. 5, 8. https://doi.org/10.1186/1479-5876-5-8 (2007).

53. Kim, J. & Hematti, P. Mesenchymal stem cell-educated macrophages: A novel type of alternatively activated macrophages. Exp.
Hematol. 37, 1445-1453. https://doi.org/10.1016/j.exphem.2009.09.004 (2009).

54. Cantu, D. A., Hematti, P. & Kao, W. J. Cell encapsulating biomaterial regulates mesenchymal stromal/stem cell differentiation and
macrophage immunophenotype. Stem Cells Transl. Med. 1, 740-749. https://doi.org/10.5966/sctm.2012-0061 (2012).

55. Selleri, S. et al. Human mesenchymal stromal cell-secreted lactate induces M2-macrophage differentiation by metabolic reprogram-
ming. Oncotarget 7, 30193-30210. https://doi.org/10.18632/oncotarget.8623 (2016).

56. Chamberlain, C. S. et al. Extracellular vesicle-educated macrophages promote early achilles tendon healing. Stemn Cells 37, 652-662.
https://doi.org/10.1002/stem.2988 (2019).

57. Gao, . et al. Characterization of OP9 as authentic mesenchymal stem cell line. J. Genet. Genomics 37, 475-482. https://doi.org/10.
1016/s1673-8527(09)60067-9 (2010).

58. Choi, K. D., Vodyanik, M. A. & Slukvin, I. I. Generation of mature human myelomonocytic cells through expansion and differen-
tiation of pluripotent stem cell-derived lin-CD34+CD43+CD45+ progenitors. J. Clin. Invest. 119, 2818-2829. https://doi.org/10.
1172/JCI38591 (2009).

59. Zentilin, L. et al. Bone marrow mononuclear cells are recruited to the sites of VEGF-induced neovascularization but are not
incorporated into the newly formed vessels. Blood 107, 3546-3554. https://doi.org/10.1182/blood-2005-08-3215 (2006).

60. Carrer, A. et al. Neuropilin-1 identifies a subset of bone marrow Grl- monocytes that can induce tumor vessel normalization and
inhibit tumor growth. Cancer Res. 72, 6371-6381. https://doi.org/10.1158/0008-5472.CAN-12-0762 (2012).

61. Groppa, E. et al. VEGF dose regulates vascular stabilization through semaphorin3A and the neuropilin-1+ monocyte/TGF-betal
paracrine axis. EMBO Mol. Med. 7, 1366-1384. https://doi.org/10.15252/emmm.201405003 (2015).

62. Iskander, A. et al. Intravenous administration of human umbilical cord blood-derived AC133+ endothelial progenitor cells in rat
stroke model reduces infarct volume: Magnetic resonance imaging and histological findings. Stem Cells Transl. Med. 2, 703-714.
https://doi.org/10.5966/sctm.2013-0066 (2013).

63. Shichita, T. et al. Pivotal role of cerebral interleukin-17-producing gammadeltaT cells in the delayed phase of ischemic brain injury.
Nat. Med. 15, 946-950. https://doi.org/10.1038/nm.1999 (2009).

64. Ou, Y. et al. Intravenous infusion of GDNF gene-modified human umbilical cord blood CD34+ cells protects against cerebral
ischemic injury in spontaneously hypertensive rats. Brain Res. 1366, 217-225. https://doi.org/10.1016/j.brainres.2010.09.098 (2010).

65. Cui, X. et al. Therapeutic benefit of treatment of stroke with simvastatin and human umbilical cord blood cells: Neurogenesis,
synaptic plasticity, and axon growth. Cell Transplant. 21, 845-856. https://doi.org/10.3727/096368911X627417 (2012).

66. Taguchi, A. et al. Administration of CD34+ cells after stroke enhances neurogenesis via angiogenesis in a mouse model. J. Clin.
Invest. 114, 330-338. https://doi.org/10.1172/JCI20622 (2004).

67. Park, D. H. et al. Human umbilical cord blood cell grafts for brain ischemia. Cell Transplant. 18, 985-998. https://doi.org/10.3727/
096368909X471279 (2009).

68. Xia, Y. et al. Small extracellular vesicles secreted by human iPSC-derived MSC enhance angiogenesis through inhibiting STAT3-
dependent autophagy in ischemic stroke. Stem Cell. Res. Ther. 11, 313. https://doi.org/10.1186/s13287-020-01834-0 (2020).

69. Hicks, C. et al. In vivo and in vitro characterization of the angiogenic effect of CTX0E03 human neural stem cells. Cell Transplant.
22, 1541-1552. https://doi.org/10.3727/096368912X657936 (2013).

70. Huang, H., Huang, Q., Wang, E, Milner, R. & Li, L. Cerebral ischemia-induced angiogenesis is dependent on tumor necrosis fac-
tor receptor 1-mediated upregulation of alpha5betal and alphaVbeta3 integrins. J. Neuroinflam. 13, 227. https://doi.org/10.1186/
$12974-016-0697-1 (2016).

71. Yoshida, Y. et al. Intravenous administration of human amniotic mesenchymal stem cells in the subacute phase of cerebral infarc-
tion in a mouse model ameliorates neurological disturbance by suppressing blood brain barrier disruption and apoptosis via
immunomodulation. Cell Transplant. 30, 9636897211024184. https://doi.org/10.1177/09636897211024183 (2021).

72. Winter, B. et al. Anxious and hyperactive phenotype following brief ischemic episodes in mice. Biol. Psychiatry 57, 1166-1175.
https://doi.org/10.1016/j.biopsych.2005.02.010 (2005).

73. Tatebayashi, K. et al. Adipose-derived stem cell therapy inhibits the deterioration of cerebral infarction by altering macrophage
kinetics. Brain Res. 1712, 139-150. https://doi.org/10.1016/j.brainres.2019.01.037 (2019).

74. Balkaya, M., Krober, J. M., Rex, A. & Endres, M. Assessing post-stroke behavior in mouse models of focal ischemia. J. Cereb. Blood
Flow Metab. 33, 330-338. https://doi.org/10.1038/jcbfm.2012.185 (2013).

75. Hazane, E, Krebs, M. O., Jay, T. M. & Le Pen, G. Behavioral perturbations after prenatal neurogenesis disturbance in female rat.
Neurotox. Res. 15, 311-320. https://doi.org/10.1007/s12640-009-9035-z (2009).

76. Stubley-Weatherly, L., Harding, J. W. & Wright, J. W. Effects of discrete kainic acid-induced hippocampal lesions on spatial and
contextual learning and memory in rats. Brain Res. 716, 29-38. https://doi.org/10.1016/0006-8993(95)01589-2 (1996).

77. Can, A. et al. The mouse forced swim test. J. Vis. Exp. https://doi.org/10.3791/3638 (2012).

Acknowledgements

The authors thank Drs. Mariko Kamihigashi, Hiroyuki Tanaka, Hideaki Sawai, and Hiroaki Shibahara, depart-
ment of obstetrics and gynecology, Hyogo Medical University for preparing human umbilical cord blood. The
authors also thank the staff in Joint-Use Research facilities, Hyogo Medical University, for allowing us to use
their resources, including FACS analyzer. We acknowledge the NGS core facility of the Genome Information
Research Center at the Research Institute for Microbial Diseases of Osaka University and Genble Inc. for the
support in RNA sequencing and data analysis.

Author contributions

Y.T. conducted experiments. Y.Y. analyzed and interpreted the data, and drafted the manuscript. H.Y. and A.D.
made substantial contributions to conducting experiments. T.N., T.S., and T.M. participated in experimental
design and data interpretation. N.D. and Y.K. made substantial contributions to the analysis of behavioral tasks.
T.T. and K.Y. revised the manuscript. S.Y. made substantial contributions to the study conception and design.
K.Y. analyzed and interpreted the data with Y.Y., approved the final version of the article to be published, and
agreed to be accountable for all aspects of the work. All authors have read and approved the final manuscript.

Scientific Reports |

(2023) 13:262 | https://doi.org/10.1038/s41598-023-27424-7 nature portfolio


https://doi.org/10.1182/blood-2013-02-453175
https://doi.org/10.1016/s0268-960x(03)00064-x
https://doi.org/10.1016/s0268-960x(03)00064-x
https://doi.org/10.1186/1479-5876-5-8
https://doi.org/10.1016/j.exphem.2009.09.004
https://doi.org/10.5966/sctm.2012-0061
https://doi.org/10.18632/oncotarget.8623
https://doi.org/10.1002/stem.2988
https://doi.org/10.1016/s1673-8527(09)60067-9
https://doi.org/10.1016/s1673-8527(09)60067-9
https://doi.org/10.1172/JCI38591
https://doi.org/10.1172/JCI38591
https://doi.org/10.1182/blood-2005-08-3215
https://doi.org/10.1158/0008-5472.CAN-12-0762
https://doi.org/10.15252/emmm.201405003
https://doi.org/10.5966/sctm.2013-0066
https://doi.org/10.1038/nm.1999
https://doi.org/10.1016/j.brainres.2010.09.098
https://doi.org/10.3727/096368911X627417
https://doi.org/10.1172/JCI20622
https://doi.org/10.3727/096368909X471279
https://doi.org/10.3727/096368909X471279
https://doi.org/10.1186/s13287-020-01834-0
https://doi.org/10.3727/096368912X657936
https://doi.org/10.1186/s12974-016-0697-1
https://doi.org/10.1186/s12974-016-0697-1
https://doi.org/10.1177/09636897211024183
https://doi.org/10.1016/j.biopsych.2005.02.010
https://doi.org/10.1016/j.brainres.2019.01.037
https://doi.org/10.1038/jcbfm.2012.185
https://doi.org/10.1007/s12640-009-9035-z
https://doi.org/10.1016/0006-8993(95)01589-2
https://doi.org/10.3791/3638

www.nature.com/scientificreports/

Funding
This work was supported by JSPS KAKENHI Grant-in-Aid for Scientific Research (C) [Grant Number
JP22K09221].

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-27424-7.

Correspondence and requests for materials should be addressed to K.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

ov License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:262 | https://doi.org/10.1038/s41598-023-27424-7 nature portfolio


https://doi.org/10.1038/s41598-023-27424-7
https://doi.org/10.1038/s41598-023-27424-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Enhanced angiogenic properties of umbilical cord blood primed by OP9 stromal cells ameliorates neurological deficits in cerebral infarction mouse model
	Result
	OP9 pre-conditioning facilitated network formations of UCB cells in Matrigel. 
	OP9 pre-conditioning shifted the phenotype of the monocytic fraction in UCB cells from M1 to M2-dominant status. 
	Intravenous administration of OP9 pre-conditioned UCB promoted angiogenesis in peri-infarct lesions of MCAO mice. 
	Intravenous administration of OP9 pre-conditioned UCB ameliorated neurobehavioral abnormalities in MCAO mice. 

	Discussion
	Conclusion
	Methods
	Cell preparation and culture. 
	Network formation assay in Matrigel. 
	Single cell RNA sequencing. 
	Flow cytometry. 
	Animal model of permanent focal cerebral infarction by surgical ligation of the middle cerebral artery (MCAO) and administration of OP9 pre-conditioned UCB. 
	Fluorescent immunohistochemistry. 
	Behavioral tasks. 
	Statistical analysis. 

	References
	Acknowledgements


