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Abstract

The germinal matrix harbors neurogenic niches in the subpallium of the prenatal human

brain that produce abundant GABAergic neurons. In preterm infants, the germinal matrix is
particularly vulnerable to developing hemorrhage, which disrupts neurogenesis and causes severe
neurodevelopmental sequelae. However, the disease mechanisms that promote germinal matrix
hemorrhage remain unclear. Here, we review recent advances using single-cell transcriptomics
to uncover novel mechanisms that govern neurogenesis and angiogenesis in the germinal
matrix of the prenatal human brain. These approaches also reveal the critical role of immune—
vascular interaction that promotes vascular morphogenesis in the germinal matrix and how
proinflammatory factors from activated neutrophils and monocytes can disrupt this process,
leading to hemorrhage. Collectively, these results reveal fundamental disease mechanisms and
therapeutic interventions for germinal matrix hemorrhage.
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1. INTRODUCTION

Preterm birth poses a major challenge to public health and is the most common cause of
neonatal death in the United States and worldwide (1, 2). Defined as all births delivered at
less than 37 completed gestational weeks (GWSs), the preterm birth rate in the United States
ranged from 9.57% in 2014 to 10.49% in 2021 (3). Despite small variations, these numbers
have remained remarkably stable since 1990 (4). Of the nearly 4 million births recorded

in 2021 in the United States, 312,197 (8.52%) were of low birth weight (LBW) (less than
2,500 g) and 50,567 (1.38%) were of very low birth weight (VLBW) (less than 1,500 g)
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(3). Preterm infants with LBW or VLBW are often delivered before 30-32 GWs and have
a 20-25% chance of developing germinal matrix hemorrhage (GMH) due to rupture of
blood vessels in this rapidly expanding region in the prenatal human brain. Because the
germinal matrix is located immediately adjacent to the lateral ventricles, separated by just
a thin layer of immature ependyma and an actively neurogenic ventricular zone, GMH has
a high probability of extending into the ventricle to become intraventricular hemorrhage
(IVH), leading to complications including ventriculomegaly and white matter injury (5-7).
Consequently, preterm infants who survive GMH-IVH have a higher propensity to develop
cerebral palsy, cognitive impairments, and neurodevelopmental disorders (6-9). Although
GMH-1VH has been a known risk for preterm infants, there is very limited information
regarding disease mechanism, biomarkers, or therapeutic interventions that can prevent

or mitigate hemorrhage. These barriers collectively present an unmet and urgent need to
identify the underlying etiologies and targeted therapies.

Several hypotheses have been proposed for the pathogenesis of GMH-IVH in preterm
infants, including hemodynamic and respiratory disturbances, immaturity in coagulation
profile and vascular development, infection and inflammation, and genetic factors (7,
10-12). However, the mechanism(s) that promote GMH-1VH remain largely unknown.
Most preclinical models are designed to deal with the consequences of, rather than the
cause(s) leading to, hemorrhage. However, the recent advent of single-cell transcriptomics
in combination with the use of high-quality prenatal human brain tissues has uncovered
novel and fundamental principles that govern human brain development. These approaches
are pushing the boundaries of our understanding on the developmental biology of the
germinal matrix and the disease mechanism(s) for GMH-1VH. Given the tremendous
progress made in these areas during the past few years, we believe the time is right

to review these latest discoveries on the molecular and cellular mechanisms that govern
neurogenesis, angiogenesis, and immune-vascular interactions in the germinal matrix. With
the implementation of multiomics approaches to identify disease-specific biomarkers in
biofluids from control and GMH-IVH cases, we hope that these lines of research will
reveal new understandings of disease mechanisms and new breakthroughs in therapeutic
interventions for GMH-IVH.

2. GERMINAL MATRIX

2.1. Germinal Matrix: The Intersection of Neurogenesis and Angiogenesis in Prenatal
Human Brain

Broadly speaking, the germinal matrix refers to the symmetric, highly neurogenic and
angiogenic regions lining the lateral ventricles in the mammalian brain during embryonic
development. In the prenatal human brain, neuroimaging studies using magnetic resonance
imaging (MRI) reveal that the volume of the germinal matrix reaches its maximum at
23-26 GWs (13-15). As the brain development progresses, the volume of the germinal
matrix reduces, but remnants of the germinal matrix can be identified in the ventricular zone
(VZ) and subventricular zone (SVZ) along the lateral ventricles at 36 GWs to near term
(16). In general, histopathological examinations in postmortem brain tissues from preterm
infants support the growth trajectories of the germinal matrix. They also reveal that this
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brain region harbors neurogenic and gliogenic niches, which produce abundant GABAergic
neurons, excitatory neurons, oligodendroglia, and astrocytes that populate the cerebral cortex
and neighboring structures, such as the striatum and thalamus (17-20). The similarities in
the organization and gene expression profiles between the germinal matrix in the prenatal
human brain and the ganglionic eminences (GEs) in the embryonic mouse brain provide a
convenient tool to investigate the mechanisms that govern neurogenesis and angiogenesis

in this brain region. However, it remains unclear whether the mechanisms identified in
rodents are conserved in the prenatal human brain. The uncertainty between mouse models
and human diseases, however, has been addressed by a series of studies that leverage single-
cell transcriptomics and fluorescence-activated cell sorting (FACS) to directly interrogate
neurogenesis and angiogenesis in the prenatal human brain. In the following sections, we
review recent progress on neurogenesis and angiogenesis in the germinal matrix during the
second and third trimesters. These studies provide new insights into mechanisms that are
more relevant to prenatal human brain development in health and diseases.

Neurogenesis in the Germinal Matrix

The germinal matrix, also referred to as the GE, generates a large and diverse number

of cortical interneurons as well as glial cells in the mammalian brain. On the basis of

recent studies using single-cell transcriptomics, it is estimated that between 40 and 60
different subtypes of GABAergic interneurons exist in the adult mouse cortex (21). Similar
subtypes of GABAergic interneurons have been detected in the human brain, although the
relative abundance of each subtype and their distribution, morphology, and gene expression
profiles may vary (22, 23). The complexity of the GABAergic interneuron subtypes and their
unique positions in different brain regions raise the intriguing question of what neurogenesis
process produces such a diverse population of neurons. In the embryonic mouse brain,
neurogenic niches in GEs reside in the VZ, where an enriched population of radial glia
function as neural stem cells to give rise to GABAergic neuroblasts that undergo tangential
migration to populate the cerebral cortex (Figure 1a). It is now well established that in the
embryonic mouse brain, the neurogenesis process in GES begins as early as embryonic day
11.5 (E11.5) with regional specialization of the lateral ganglionic eminence (LGE) via the
expression of transcription factors Pax6 in the VZ of LGE and Pou3f1 (Oct6 or SCIP) and
Sp8 in the SVZ of LGE (24-28). In contrast, the medial ganglionic eminence (MGE) is
defined by the expression of transcription factors Nkx2-1, DIx1/2/5/6, ASCL1 (Mash1l), and
Nr2fl (COUP-TF1) in the VZ and/or SVZ (Figure 1a). As is evident from loss-of-function
analyses for these transcription factors, the genetic cascade established by the combinatorial
expression of these transcription factors provides precise regulatory mechanisms to control
interneuron development (29). In addition to the spatial regulation of the neurogenic niche
for GABAergic interneurons in the LGE and MGE, temporal regulation of cell identity
within GEs is defined by the emergence of distinct populations of progenitors that give rise
to early-born and late-born interneurons from GEs, similar to the temporal control of the
development of pyramidal neurons in the pallium (30-32).

Given the critical role of GABAergic interneurons in balancing the neural circuits, there
has been tremendous interest in investigating the origin and developmental trajectories
of GABAergic interneurons in the prenatal and early postnatal human brain. From more
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clinical perspectives, it has been hypothesized that deficits in GABAergic interneurons likely
contribute to the pathogenesis of neurodevelopmental and psychiatric disorders, including
autism, epilepsy, cerebral palsy, and schizophrenia (33-35). Of note, epilepsy and cerebral
palsy are common neurological sequalae in preterm infants who survive GMH (8, 9).
Compared with that of rodents, the human brain is gyrencephalic and therefore requires a
much larger number of cortical interneurons to populate the vastly expanded cerebral cortex.
Since GEs in the embryonic mouse brain are transient, this raises the intriguing question

as to how human GEs can produce sufficient interneurons for all brain regions. Using
retroviral labeling and live imaging in organotypic slice cultures from the frontal cortex

of prenatal human brain at 10-25 GWs, Letinic and colleagues (36) identified two distinct
sources of GABAergic interneurons, one from the progenitors in the pallium (65%) and the
other from the progenitors in GEs (35%). Consistent with these results, lentivirus-mediated
barcoding and single-cell RNA-sequencing (scRNA-seq) of neural progenitors and mature
neurons in the cerebral cortex from prenatal human brains at 15-18 GWs confirmed that
neural progenitors within the cerebral cortex can indeed produce a small number (~25%)

of GABAergic interneurons (37). While these results support the idea that the developing
cerebral cortex can indeed produce GABAergic interneurons, the magnitude of these locally
produced GABAergic interneurons seems small.

A major breakthrough in understanding the origin of GABAergic interneurons in the human
brain came from two landmark studies that revealed the remarkable similarities in the
domain organization and transcriptional regulation between the human and mouse LGE,
MGE, and CGE, defined by region and cell type—specific transcription factors that are
highly conserved across species (38—40) (Figure 1b). These studies revealed that GEs in the
prenatal human brain from the late first trimester to the mid to late second trimester (12-24
GWs) show drastic expansion in size during this period and contain a massive number of
SOX6, COUP-TFII, and SP8-expressing progenitors that are committed to the GABAergic
fate. One of these studies combines BrdU labeling with cell type—specific markers and
concludes that the human GEs are the major production sites of human GABAergic
interneurons (38). In support of the conclusions from these two studies, SCRNA-seq analyses
using GEs from prenatal human brains and embryonic mouse brains at 9-18 GWs confirm
the remarkable conservation of spatial and temporal transcriptional programs that regulate
the development of GABAergic interneurons in human and mice (41).

So, what makes the human GE unique beyond its size and persistent presence during
prenatal brain development? One intriguing feature of the human MGE noted in previous
studies is that it contains distinct clusters of radial glial fibers and neural progenitors

not seen in mouse GEs (38). However, the contents inside these clusters and how their
organization contributes to the production of GABAergic interneurons remain unclear.
In-depth histopathology characterizations of the LGE and MGE in prenatal human
brains from 14-39 GWs using markers for neural progenitors and young neurons show
that these clusters in the human MGE contain aggregates of DCX* neuroblasts, called
DCX™ cell-enriched nests (DENSs) (42). There are several features suggesting that DENs
are human brain—specific structures that can produce a large number of GABAergic
interneurons throughout most, if not all, gestational ages. First, DENSs are located in the
outer subventricular zone (0SVZ) of the human MGE, where they are surrounded by
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Nestin*;SOX2* progenitors that extend from the inner subventricular zone (iSVZ) (Figure
1b). In contrast, the DCX* cells in the neighboring LGE are loosely organized. Remarkably,
these DENS persist in the human MGE from the second to the third trimester. Even at full
term (38-40 GWs), several DENSs can still be identified in the remnants of the MGE (42).
Second, compared with DCX™ cells in the human LGE, ~20-25% of DCX™ cells within
DENSs in the MGE are MKI-67", suggesting that they are actively proliferating. Remarkably,
similar percentages of DCX™ cells in DENs persist from the second trimester to the third
trimester. In contrast, the number of MKI-67*;DCX?* cells in the LGE reduces drastically
after 17 GWSs, remains low from 22-27 GWs, and becomes undetectable from 34 GWs to
perinatal stages (42). Finally, both transcriptomic and ultrastructural analyses show that the
DCX™ young neuroblasts within DENs exhibit unique cell adhesion properties that support
the formation and maintenance of DENSs. Specifically, DCX* cells inside DENs express cell
adhesion-related nonclustered protocadherin-19 (PCDH19), whereas Nestin* progenitors
surrounding DENs express PCDH10. In support of this unique property, when progenitor
cells from the human MGE are transplanted to neonatal mouse brains, they can reorganize
themselves to form DEN-like structures, disperse and migrate long distances, integrate, and
mature into functional interneurons in mouse brains (42). Consistent with these properties,
in the perinatal and early postnatal human brain, dense populations and diverse subtypes

of GABAergic interneurons follow extensive chain migration from the VZ/SVZ to the
periventricular white matter, forming a distinct structure called Arc, which can be visualized
at T2 signal intensity in MRI (43).

Taken together, the organization of DENSs in the human MGE and the persistent and
highly proliferative properties of DCX* young GABAergic neuroblasts within DENs
provide critical insights into how the human brain evolves to have sustained production
of GABAergic interneurons. These results also shed light on how diseases in preterm
infants, such as GMH, could interrupt this process and have permanent and devastating
consequences on the production of GABAergic interneurons. On a positive note, these
results offer the exciting prospect of transplanting human GABAergic progenitors,
newly differentiated GABAergic neuroblasts, or mature GABAergic neurons as potential
therapeutics for preterm infants that survive GMH (44-46).

2.3. Angiogenesis in the Germinal Matrix

The vasculature in the adult brain provides efficient blood supply to meet the high demand
for oxygen and nutrients required by energy-intensive cognitive functions. Unlike the
endothelial cells in peripheral organs, brain endothelial cells exhibit unique features, such
as the absence of fenestration, the presence of specialized tight junctions, markedly reduced
transcytosis, and extremely low permeability. Together with pericytes and astrocytes, brain-
specific endothelial cells contribute to the formation of the blood-brain barrier (BBB) (47,
48). Using the embryonic mouse brain as a model system, several previous studies show
that Wnt, Hedgehog, retinoic acid, and integrin-mediated signaling pathways are required
for the early development of the vascular network and the initial formation of the BBB
(49-55). However, it remains unclear whether the same signaling mechanisms are required
to regulate vascular development in the prenatal human brain. It is also unclear why blood
vessels in the germinal matrix are particularly vulnerable to rupture and develop hemorrhage
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during the second trimester. Several mouse models exhibit spontaneous hemorrhage during
the embryonic brain development (56-61). However, cerebral hemorrhage in these mouse
models appears to be more widespread and not specific to the GEs. Hence, its relevance to
germinal matrix hemorrhage in preterm infants remains unclear.

Notwithstanding the aforementioned caveats, it is important to review a large body of
literature on the intersection of angiogenesis and neurogenesis in the GEs of the embryonic
mouse brain. At E12.5, endothelial cells in the VZ and SVZ of GEs form an extensive
vascular plexus that is different from the cortical plate where blood vessels are arranged
perpendicular to the pia (62, 63). Despite the presence of these vascular plexuses, the VZ
and SVZ of GEs in the embryonic mouse brain are generally hypoxic, with only 1-8%
oxygen content (64, 65). This hypoxic microenvironment has been shown to promote neural
stem cell differentiation through hypoxia-inducing factor-1a (HIF-1a), a transcription factor
that activates angiogenic genes, such as vascular endothelial growth factor (VEGF) (65).
The vascular plexuses within the hypoxic regions in the VZ and SVZ harbor a subtype of
endothelial cells, called the tip cells, which make direct contact with the dividing neural
progenitors to promote neurogenesis via a VEGF-mediated mechanism (62, 66). Disrupting
the radial glia anchorage and contact with the periventricular vessels decreases radial glial
progenitors and the production of GABAergic interneurons (67).

The advent of single-cell transcriptomics enables more in-depth investigations of the mouse
brain vasculature at the molecular and cellular level. This is further assisted by using
reporter mice for the visualization of vascular cells, such as 77e2-GFP for endothelial

cells (68), Pdgfr-GFP; CSpg4-DsRed for mural cells (69), 7ag/n-Cre;R26-stop-tdTomato
for smooth muscle cells, and Pdgfra-H2BGFP for perivascular cells (70). These genetic
tools increase the specificity to identify and characterize different vascular cell subtypes

in the early postnatal and adult mouse brain. For instance, these results show that both
mitotic endothelial cells and tip cells are identified in the mouse brain at postnatal day 7
(P7) (68) but are not detected in the adult mouse brain (70). These results also uncover

a gradual and zonal distribution of transcriptomic signatures from arterial to capillary to
venous endothelial cells along the arteriovenous axis (70, 71). Despite these advances, very
limited data are available regarding the transcriptomic characteristics of vascular cells in
the embryonic mouse brain. Compared with the wealth of literature on the mouse brain
vasculature, much less is known about angiogenesis in the germinal matrix of the prenatal
human brain. Historically, the vasculature within the germinal matrix in the second-trimester
human brain have been described as primitive and thus could not be classified distinctly as
arterioles, venules, or capillaries. Results from MRI and cranial ultrasound show that the
arterial supply to the germinal matrix comes from multiple sources, including the Heubner’s
artery from the anterior cerebral artery and the lenticulostriate branches of the middle
cerebral artery. In addition, the germinal matrix contains the terminal vein, which consists
of the medullary, choroid, and thalamostriate branches. Together, the terminal zone of the
arterial and venous vasculature creates a vascular end zone that has been postulated to be
vulnerable to vascular injury.

Several previous studies have examined the developing vasculature in the prenatal human
brain and shown that vascular density is higher in the germinal matrix compared with that
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in the gray matter and white matter (72—74). However, there are many critical barriers

and unanswered questions that preclude in-depth understanding of the region-specific
vulnerability of the vasculature in the germinal matrix. Using a large collection of prenatal
human brains from the second and third trimesters, Crouch and colleagues (75) show that
vascular density in the germinal matrix is significantly higher in the VZ and SVZ (zone 1),
which is within 100 pm from the ventricular surface (Figure 2a). Similar to the VZ/SVZ in
the GEs of the embryonic mouse brain, the VZ and SVZ in the GEs of the second-trimester
prenatal human brain contain an enriched population of Nestin* and PDGFR-B* neural
progenitors (zone 1). However, unlike the embryonic mouse brain, GEs in the prenatal
human brain undergo significant expansions in the region between 100 pm and 1 mm from
the VZ/SVZ (zone 2), which now contains abundant immature neuroblasts that are organized
in linear patterns in the LGE and clustered into DENSs in the MGE (Figure 1). Because

of the tremendous expansion of young proliferating SOX2* neural progenitors and DCX™*
neuroblasts, this region is also called the oSVZ (42) (Figure 1c). Finally, zone 3, which

is defined as 500 um distal to zone 2, contains streams of migrating neuroblasts and glial
progenitors that exit GEs into neighboring structures (75) (Figure 1c).

There are several distinct features of the nascent vasculature in the germinal matrix in

the second-trimester human brain. First, at the early stages of the second trimester (14-17
GWs), blood vessels within the VVZ/SVVZ neurogenic niches (zone 1) form an interconnected
network of vascular plexuses and have a higher density of MKI-67*;CD31* proliferating
endothelial cells (Figure 2b). These vascular plexuses are covered by MKI-677;NG2* mural
cells. As brain development progresses, the density of proliferating vascular cells reduces
significantly at 21-25 GWs. Second, in addition to increased cell proliferation, the nascent
vasculature in the second trimester displays angiogenic properties, such as increased branch
points, in the VZ/SVZ (75). Third, many CD31* endothelial cells in the vascular plexus in
the VZ/SVZ in zone 1 contain abundant filopodia, many interdigitating with NG2* mural
cells and making direct contacts with PDGFR-B™ radial glia fibers (Figure 2b). Finally,
transmission electron microscopy of the blood vessels in the VZ, SVZ, and oSVZ in the
MGE at 17 and 23 GWs shows endothelial cells exhibiting characteristic features, including
junctional complexes and Weibel-Palade bodies, and many are covered by mural cells. At
17 GWs, most blood vessels contain discontinuous basal lamina, a feature of an immature
BBB. Many of these blood vessels have an absence of endothelial lumen, suggesting they
are young “sprouts,” which become perfused starting at 23 GWSs. Collectively, these results
reveal the dynamic angiogenesis process in the germinal matrix of the second-trimester
human brain where nascent vasculature in this brain region interact with neural progenitors.
These results are reminiscent of those in the GEs of the embryonic mouse brain, suggesting
that angiogenesis and neurogenesis could have mutual interactions in the germinal matrix.

Although histological characterizations provide exquisite details about the angiogenesis
process in the germinal matrix, they offer limited information regarding the mechanisms that
promote angiogenesis in this brain region. The relatively low abundance of vascular cells
compared with that of neurons and glia in the mammalian brain further makes it challenging
to characterize the molecular properties of these cells. This obstacle has been overcome by
an integrated FACS-based approach that enriches vascular cells from the germinal matrix
and cortex in the second-trimester human brain, followed by single-cell transcriptomics
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using these enriched vascular cells to provide new insights into age-dependent and region-
specific properties of these cells during human brain development (75, 76). Specifically,
CD31 and CD13 (ANPEP) are used as respective markers for endothelial cells and mural
cells in FACS to isolate these cells for scRNA-seq. Clustering of these vascular cells on
the basis of their transcriptomic profiles shows that, as early as the second trimester, both
the germinal matrix and the cortex in the prenatal human brain contain an ensemble of
endothelial cells, including mitotic endothelial cells, tip cells, arterial endothelial cells,
venous endothelial cells and capillary endothelial cells, and mural cells, including smooth
muscle cells, pericytes, and mitotic mural cells (Figure 2). In addition to endothelial cells
and mural cells, there is a distinct and significant population of fibroblasts in prenatal human
brain at 15 and 23 GWs.

When combined with the bioinformatics tool RNA velocity, these approaches further
delineate the developmental trajectory of the endothelial cells. At 15 GWs, the mitotic
endothelial cells are predicted to give rise to venous endothelial cells, which progress

to become capillary endothelial cells and tip cells and finally differentiate into arterial
endothelial cells. Similar analyses on the 15-GW mural cell clusters predict that the mitotic
mural cells give rise to smooth muscle cells, fibroblasts, and a very small number of
pericytes. As the brain matures at 23 GWs, the composition of endothelial cells shows more
arterial endothelial cells and fewer capillary endothelial cells and tip cells, whereas the
composition of mural cells at 23 GWs shows fewer mitotic mural cells and fibroblasts but

a significant expansion of pericytes. Analyses of the differentially expressed genes reveal
age-dependent bioenergetic properties in the endothelial cells at 15-18 and 20-23 GWSs. The
younger endothelial cells (15-18 GWs) are more enriched with mitochondrial genes related
to oxidative phosphorylation and respiratory chain complex than the older endothelial cells
(20-23 GWs). Interestingly, ultrastructural analyses show that young endothelial cells (17
GWs) have smaller mitochondrial mass when compared with those from 21 GWSs. Seahorse
assays show that the young endothelial cells (16 GWSs) have a greater reserve capacity for
respiration and are less dependent on glycolysis for energy production than older endothelial
cells (24 GWs5).

Further analyses of the SCRNA-seq data reveal the signaling pathways that endothelial cells
and mural cells employ to promote angiogenesis. Among the most overrepresented signaling
pathways are ligand—receptor pairs involved in the formation of the extracellular matrix
(ECM), including collagen, laminin, and fibronectin (Figure 2c). Another highly enriched
signaling pathway involves growth factor midkine (MDK), which promotes hypoxia-induced
angiogenesis as well as the proliferation of neural progenitors (77). In support of these
results, immunostains and scRNA-seq show the expression of MDK receptors integrin

B1 (ITGB1) and syndecan 2 (SDC2) in endothelial and mural cells during the second
trimester in the prenatal human brain (Figure 2c). Finally, transplantation of vascular cells
isolated from the second-trimester human brain into induced pluripotent stem cell-derived
cortical organoids significantly increases the number of NeuN* and RBFOX3* (CTIP2%)
neurons and reduces cellular stress within the cortical organoids. Interestingly, within the
highly neurogenic environment in the cortical organoids, most transplanted endothelial cells
differentiate into tip cells, whereas as transplanted mural cells differentiate into smooth
muscle cells.
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Collectively, the single-cell transcriptomic data on vascular cells from the second-trimester
prenatal human brain unravel the complexities of vascular development and highlight the
critical mutual interactions of angiogenesis and neurogenesis at this stage during human
brain development. These data also provide an important blueprint for many future studies
focusing on vascular development and maturation in the human brain in the third trimester,
the perinatal and early postnatal stages, and the aging process (75). These future studies
will provide a more complete understanding of the molecular and cellular mechanisms that
govern the development of brain vasculature in health and diseases (78). There are, however,
a few caveats and unanswered questions that still need to be addressed for angiogenesis in
the second trimester. Most notably, despite the differences in the vascular density between
the VZ and SVZ in the pallium and subpallium during the second trimester, these single-cell
transcriptomic data do not show any definitive differences in endothelial or mural cells

from these regions in morphology, transcriptomes, or subtype classifications, suggesting
that region-specific factors from nonvascular cells may dictate the timing and the extent of
angiogenesis in different parts of the developing brain.

3. GERMINAL MATRIX HEMORRHAGE

3.1. Germinal Matrix Hemorrhage: Definition and Prevalence

Globally, an estimated 15 million babies are born prematurely before 37 GWs every year
(1, 2). Despite the concerted efforts to prevent preterm birth, its prevalence has remained
stable over the past decades. For preterm infants born before 30 GWSs, 20-40% develop
GMH, which leads to devastating neurodevelopmental sequelae (5, 9, 79). GMH and IVH
are large medical burdens, affecting 12,000 premature infants every year in the United States
(12). In premature infants weighing 500-750 g, GMH-1VVH occurs at a staggering rate of
45%. While more than 80% of infants with hemorrhage limited to the germinal matrix
survive, the rate drastically drops to 50% in those with IVH (5). Consequences of GMH
include cerebral edema, leukocyte infiltration, and calcification in the germinal matrix and
the periventricular white matter. Longer-term consequences include hydrocephalus, cerebral
palsy, and epilepsy.

Since preterm infants have a higher propensity to develop a myriad of comorbidities, the
etiology for GMH is most likely multifactorial. Indeed, possible mechanisms for GMH
include immaturity of the brain vasculature, incomplete development of the BBB, hypoxic-
ischemic injury, hemodynamic instability, and inflammation. Once hemorrhage occurs,

the influx of peripheral immune cells and the release of blood-related factors produce
mediators of toxic byproducts, including thrombin, hemoglobin, iron, and complement
proteins, which can perpetuate a vicious cycle that negatively impacts the proliferation

of neural progenitors (19) and further aggravates hemorrhage and tissue damage (5).

For instance, thrombin is a blood coagulation enzyme that can increase inflammation,
leading to apoptosis in periventricular neurons and ventricular dilation via increased flow of
cerebrospinal fluid from the choroid plexus. Hemoglobin and iron released from lysed red
blood cells are cytotoxic, resulting in oxidative damage of neurons and glia. Complements
such as C3a can induce neutrophil infiltration and expand infarct size. Finally, degradation
of hemoglobin produces free iron that can generate reactive oxygen species, which can lead
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to broader damage to lipids, proteins, and nucleic acids. Due to its close proximity to the
periventricular white matter, GMH can have negative impacts on the migration of neurons
and glia cells. In the following sections, we review the current literature on experimental
models of GMH, emphasizing recent discoveries using single-cell transcriptomics to reveal
the role of immune cells in the development of blood vessels in the prenatal human brain
and how aberrant inflammation promotes hemorrhage in the germinal matrix.

3.2. Genetic Models of Embryonic Brain Hemorrhage

There are few animal models where spontaneous hemorrhage occurs in the GEs during
embryonic brain development. Of these genetically engineered mouse models that do
produce brain hemorrhage during embryonic development, all support that perturbations

to angiogenesis and/or immaturity in the BBB could increase the risk of developing cerebral
hemorrhage. Most of these studies highlight the critical role of cell—cell interactions and
ligand—receptor-mediated signaling pathways in promoting angiogenesis in embryonic brain
development. For instance, canonical Wnt-p-catenin signaling, mediated by Wnt7a and
Wnt7h, is required for the proper growth of endothelial cells (50, 51). Mice lacking Wnt7a
and Wht7b exhibit profound hemorrhage phenotypes in the embryonic brain and spinal cord
(50). Integrins are transmembrane heterodimeric receptors, consisting of a and § subunits,
that link the ECM and the actin cytoskeleton in the mammalian cells (60). Several studies
show that integrins alphav (av) and beta8 (B8) are critical to maintain vascular growth

and integrity in GEs at E12.5-13.5 in the embryonic mouse brain. Mice lacking av or p8
subunits show no defects in the initial vascular growth in GEs, but starting from E12.5,
blood vessels in avp8 mutant mice exhibit increases in vascular sprouting, branching, and
proliferation, leading to vascular dysplasia and hemorrhage (56, 61, 80-83). The mechanism
that promotes hemorrhage phenotypes in integrin f8 mutants appears to be mediated by

the essential role of 8 in activating TGFP1-TGFBR2 signaling in the endothelial cells

but is not related to BBB disruption or the lack of pericyte coverage (56). Parenthetically,
mice with loss-of-function mutations in platelet-derived growth factor-B/PDGF receptor-3
(PDGF-B/PDGFRP) signaling lack pericyte coverage in the nascent brain vasculature and
have defective BBBs but show no evidence of hemorrhage (56, 84, 85). Another line of
evidence supporting the idea that perturbations to angiogenesis and vascular maturation in
GEs could contribute to GMH is that of the inducible transgenic mouse model where VEGF
expression can be temporarily upregulated in the VZ during embryonic development. This
approach produces widespread hemorrhage affecting the VZ in both GEs and the cortical
plate (59). The relevance of these results to GMH in preterm infants is underscored by the
findings that VEGF expression is more abundant in the germinal matrix compared with that
in the subcortical white matter and cortical plate and that VEGFR2 inhibitor ZD6474 can
reduce the incidence of GMH in premature rabbit pups (86).

Aside from integrin-mediated angiogenesis, disrupting the signaling pathways regulated

by G protein—coupled receptors (GPCRs) sphingosine 1-phosphate receptor (S1PR1) and
GPR124 could disrupt angiogenesis in the embryonic mouse brain, leading to hemorrhage.
The lysophospholipid sphingosine 1-phosphate (S1P) is a platelet-derived metabolic product
of cell membrane sphingolipids enriched in the circulating fluids (87). By binding to
extracellular chaperones, S1P establishes a gradient and interacts with S1PRs to regulate
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diverse functions, including vascular development and immune cell trafficking (88). Within
the GEs of the embryonic mouse brain, SIPR1-mediated endothelial cell sprouting of
filopodia regulates vascular morphogenesis and proliferation of neural progenitors in the
VZ (66). Although loss of S1IPR1 in endothelial cells does not lead to overt hemorrhage
phenotype in GEs, it promotes the extravasation of IBA1* cells into GEs and upregulates
the expression of CD16 and CXCL16 in these extravascular immune cells (89). Similar to
S1PR1, another GPCR, GPR124, also known as adenosine GPCR A2 (ADGRAZ2) or tumor
endothelial marker 5 (TEMD), is highly expressed in brain endothelial cells. Compared
with the phenotypes in endothelial cell-specific SIPR1 conditional mutant mice, mice with
complete or endothelial cell-specific GPR124 deletion show profound angiogenic sprouting
defects in the vascular plexus near the VZ and SVZ, leading to diffuse hemorrhage in

the developing forebrain (58). Interestingly, GPR124 loss-of-function phenotypes in the
endothelial cells can be rescued by restoring the canonical Wnt-p-catenin signaling (57, 90).

Like integrins, collagens are important components in the ECM and have well-documented
roles in regulating angiogenesis. Mutations in the human COL4A1 gene, which encodes
procollagen type 1V alpha 1 subunit, lead to a rare neurodevelopmental disease

called porencephaly or cystic encephalomalacia with the formation of fluid-filled cysts
involving the cerebral cortex and subcortical white matter (91). Mice that carry the
homozygous allele of the semidominant mutation in the Co/4al gene (Col4a14ex40/Aex4) die
around midgestational age, whereas ~50% of heterozygous (Col4a1t/22x40%) mice develop
spontaneous hemorrhage in the cerebral cortex due to vascular defects caused by inhibition
of secretion in both mutant and normal collagen (91). However, the pattern and the timing of
brain hemorrhage in Col4a1*/2#¥40 mutant mice are very different from those in mutant
mice where the Whnt, integrin, or GPCR signaling pathway is disrupted. Specifically,

the hemorrhage in Col4a1*/28¥40 mutant mice occurs at PO and primarily affects the
cerebral cortex due to inconsistent and highly variable basement membranes in the cerebral
vasculature.

Collectively, the brain hemorrhage phenotypes in the mutant mice discussed in this section
reveal the critical roles of the Wnt, integrin, sphingosine, GPCR, and collagen pathways
in the development of the cerebral vasculature during embryonic and early postnatal life.
However, these models do not include many key features in GMH-IVH, suggesting that
there are critical species-specific differences in cerebrovascular development in mice and
humans.

3.3. Other Experimental Models of Germinal Matrix Hemorrhage/Intraventricular
Hemorrhage

The essential role of collagens in angiogenesis and the maintenance of cerebral vasculature
have provided a convenient target to disrupt vasculature in the embryonic and perinatal
mouse brain and to model the sequalae of hemorrhage. To this end, several studies use
stereotactic injection of collagenase into the VZ/SVZ adjacent to the caudate-putamen

in neonatal rats or mice to induce hemorrhage, determine the neurological deficits, and
examine the efficacy of therapeutic interventions (92-95). Another model is the glycerol-
induced GMH-IVH in preterm rabbit pups (96). This model has been thought to be closer
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to preterm human infants because of the neuroanatomical similarities in the germinal matrix
in preterm rabbits and the prenatal human brain. Moreover, approximately 12.5-25% of
preterm rabbits delivered at 29 gestational days (full term is 31-32 days) will develop
spontaneous hemorrhage in the germinal matrix. The incidence of GMH-1VH can be further
enhanced by intraperitoneal injection of glycerol. In addition to collagenase and glycerol,
stereotactic injection of blood into the mouse neonatal GEs also captures aspects of GMH.
Intracranial injection of autologous blood collected from the tail tip of PO mouse pups led

to ventricular dilation within 4 days, but parenchymal disruption was limited to the germinal
zone (97). This injury leads to dysregulated neuronal and oligodendroglial differentiations.
A recent study confirmed that intracerebroventricular injection of age-matched blood at
E14.5 led to robust ventriculomegaly (98).

While the results from the genetic and other experimentally induced models offer insights
into the pathophysiology of and potential therapeutic targets for GMH-1VH, it remains
unclear how relevant these models are to GMH in preterm infants. As mentioned above, the
hemorrhage phenotypes in these genetic models tend to be widespread compared with the
more neuroanatomically restricted nature of GMH. Furthermore, on the basis of the single-
cell transcriptomic data of vascular cells from the second-trimester prenatal human brain, the
top signaling pathways that promote the development and interactions between endothelial
cells and mural cells are overrepresented by mechanisms related to collagen, laminin, MDK,
Notch, and CD99, with much smaller contributions from angiogenic factors, such as VEGF,
ANGPT, or PDGF (75). It remains unclear whether genetic or other experimentally induced
animal models of brain hemorrhage capture alterations in these signaling pathways.

Immune-Vascular Interface in the Germinal Matrix

As described in the previous sections, single-cell transcriptomics reveals that the germinal
matrix in the second trimester exhibits active angiogenesis driven by diverse endothelial
and mural cells that utilize a repertoire of signaling mechanisms to facilitate cell-

cell communication and maturation of the nascent vasculature (75, 78). However, the
mechanism(s) rendering nascent vasculature in the germinal matrix more vulnerable to
rupture remain unclear. Interestingly, a large retrospective study based on more than 3
million mother—infant dyads shows that maternal immune activation significantly increases
the risk of brain hemorrhage and neurological comorbidities (99). Although bacterial
infection can activate the microglia inflammasome pathway in the neonatal brain (100),

it remains unclear how inflammation disrupts the homeostatic interaction between microglia
and blood vessels in the prenatal human brain in a region-specific and stage-dependent
manner. It is also unclear which immune cell subtypes and what proinflammatory factors
produced by these cells could contribute to GMH (101, 102). Nonetheless, these results
raise the intriguing possibility that aberrant activation of immune cells can adversely affect
angiogenesis and BBB integrity in preterm infants.

Microglia are brain-resident macrophages implicated in many functions during brain
development, including synapse formation, neurogenesis, and angiogenesis (103, 104).

Our understanding of microglia is further expanded by fate-mapping and scRNA-seq to
elucidate the origins of microglia, which are not born in the brain parenchyma. Instead, they
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originate from erythromyeloid progenitors (c-Kit*;CD45~;F4/80~;CD206") in the yolk sac
and colonize the mouse brain between E8.5 and E9.5, as extensively proven using lineage
tracing, parabiosis, and neonatal bone marrow transplant studies. In the developing human
brain, microglia are observed at relatively earlier developmental stages at 4.5-5.5 GWs close
to the meninges and the choroid plexus and in the ventricular zone (105). During the second
trimester, more microglia with diverse morphology and gene expression profiles can be
identified in the telencephalon (106-108). It is now recognized that parenchymal microglia
are not the only immune cells in the brain. For instance, there are several well-documented
populations of border-associated macrophages, including macrophages in the choroid
plexus, meninges, and perivascular spaces. Focusing on perivascular macrophages, they
differ from homeostatic microglia in their origins, marker genes/proteins, and milieu during
development. In mice, perivascular macrophages are derived from perinatal meningeal
macrophages shortly after birth, and their differentiation depends on integrins and the
presence of arterial vascular smooth muscle cells (109). According to studies in mice,
perivascular macrophages can be distinguished from microglia using markers such as
Mrcl, Lyvel, Cd163, CD45M9N and MHC-11M9", In contrast, microglia express markers
such as Tmem119, Hexb, P2ry12, Sall1, CD45!°W and MHC-11'V (103, 109). Finally,
perivascular macrophages and microglia occupy different niches during development.
CD206™ perivascular macrophages are rarely found in the perivascular compartment until
P10 in mice and 41 GWs in humans (109). Instead, the perivascular compartment is
occupied by P2RY12* and CD206~ microglia in the embryonic brain.

Since microglia appear before vascularization in the brain and are tightly associated

with blood vessels during development, they are hypothesized to play active roles in
angiogenesis. In mice, early postnatal microglia at P7—P14 are recruited to blood vessel
areas void of astrocytic end feet and remain highly motile (110). These microglia
preferentially contact PDGFRB* SMA™ capillaries. In PU.1 and CSF1R mutant mice with
microglia and macrophage depletion, the complexity of vasculature is significantly reduced
(111). Specifically, microglia and macrophage enable endothelial tip cell anastomosis to
form branch points downstream of VEGF in the embryonic mouse hindbrain. In another
model with monocyte depletion, vascular complexity remains normal, suggesting the
specific role of microglia and macrophages in endothelial branch point formation. Live
imaging in the developing zebrafish showed that Pu.1* macrophages migrate to tip cells to
facilitate their fusion (111).

Given the intriguing results on the role of microglia in the embryonic mouse brain,
several studies have leveraged FACS and single-cell transcriptomics to characterize
CD45":CD11b*;DRAQ5* cells from the human brain at 9-18 GWs (112) and
CD45!%,CD11b*;,CX3CR1M;CD64" cells from the brain stem and cortex at 10-12 GWs
(113). While these studies reveal the transcriptomic and epigenomic profiles of microglia
and myeloid cells in the prenatal human brain as early as the first and second trimesters,
the exact role of these immune cells in angiogenesis remains unclear. To address this,
Chen and colleagues (89) performed histopathology analyses on how immune cells interact
with blood vessels in the prenatal human brain in the second trimester (14-23 GWSs).
These results show that a higher density of immune cells is associated with the vascular
plexus in the germinal matrix than with the capillaries in the cortical plate. Most of the
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immune cells in the germinal matrix are inside the vasculature, attached to the outer walls
of the vascular plexuses, or intermingled with neural progenitors in the SVZ or 0SVZ.
Interestingly, similar results are identified in the GEs of the embryonic mouse brain, where
microglia are associated with nascent vasculatures. Indeed, genetic or pharmacological
ablation of myeloid cells using CSF1R inhibitor PLX5622 in the embryonic mouse brain
results in region-specific and age-dependent defects in the formation of the vascular network
in the GE but not in the cortical plate or in the VZ/SVZ of the pallium (89). Consistent with
these results, bulk RNA-seq shows that CD45* immune cells from human brains at 20-23
GWs exhibit transcriptomic features that are proangiogenic. In addition, CD45* immune
cells from 20-23 GWs are more effective in promoting vascular morphogenesis in human
umbilical vein endothelial cells (HUVECS) in 3D Matrigel than those from 14-19 GWs
(Figure 3a).

To further investigate how immune cells regulate angiogenesis in a brain region—specific
manner, Chen and colleagues (89) performed scRNA-seq on FACS-isolated CD45* cells
from the germinal matrix and the cortical plate in second-trimester (15-23 GWSs) control
prenatal human brain tissues. This approach identifies 11 subtypes of immune cells,
including homeostatic microglia, white matter—associated microglia, proliferating microglia,
vasculature-associated microglia (VAM), monocytes, human leukocyte antigen (HLA™)
myeloid cells, neuron-associated microglia, T cells, and B cells (89). The diversity of these
immune cells, confirmed by high-dimensional flow cytometry using 16 different cell surface
markers, is much more comprehensive compared with those reported in other studies (112,
113). Moreover, these results reveal region-specific distribution of immune cells, with VAM,
HLA* myeloid cells, and monocytes shown to be more enriched in the germinal matrix.
Furthermore, the bioinformatic tools CellPhoneDB and NicheNet predict that the most
prominent ligand-target gene link is integrin 2 (ITGB2) from monocytes and intercellular
adhesion molecule 2 (ICAM2) receptor from endothelial cells (114). Additional ligands
employed by HLA* myeloid cells and monocytes to interact with endothelial cells include
VEGFB, IGF1, TGFB1, TNF, CXCL16, and IL1B (89). Together, these results provide
direct evidence as to how microglia and other key immune cells can communicate with
vascular cells to promote angiogenesis in the germinal matrix in the second trimester (Figure
3a). Compared with previously published datasets from prenatal human and mouse brains
(112, 113, 115, 116), results from this study not only capture the developmental trajectory
of CD45™ cells transitioning from intravascular space to parenchymal microglia but also
provide insights into the molecular mechanisms employed by subsets of CD45* cells to
promote angiogenesis in the GEs (Figure 3a). These datasets provide valuable resources for
future studies to investigate how these immune cells might impact other critical aspects of
brain development, including myelination, neuronal migration, and differentiation.

3.5. Proinflammatory Milieu Contributes to Germinal Matrix Hemorrhage

Past work has examined how systemic inflammation affects BBB permeability in the

adult brain. In lipopolysaccharide (LPS)-injected mice, an increased number of microglia
expressing Cldn5 migrate to blood vessels via CCR5 (117). LPS exposure also increases the
permeability of the BBB. Intriguingly, microglia seem to apply a two-stage effect on the
integrity of the BBB. Initially, vasculature-associated microglia maintain the BBB. However,
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during sustained inflammation, these microglia become phagocytic and consume astrocytic
end feet, impairing BBB function (117). Considering these results, Chen and colleagues (89)
performed scRNA-seq using FACS-isolated CD45* cells in the GE and cortex from two
GMH cases at 24-25 GWSs and two age-matched controls. This approach revealed a drastic
reduction of homeostatic microglia in the germinal matrix of preterm infants with GMH.

In addition, CD45™ cells from preterm infants with GMH harbor activated neutrophils and
monocytes, indicating potential changes in homeostatic immune—-vascular interactions. At
least two mechanisms could explain how perturbations to immune—vascular interactions
contribute to GMH. First, the significantly expanded neutrophils produce bactericidal
factors, including elastase (ELANE) and azurocidin 1 (AZU1), that could disrupt the
integrity of nascent vasculature in the germinal matrix of GMH cases (Figure 3b). In support
of this mechanism, AZU1 has been shown to increase vascular endothelial permeability and
recruit monocytes during inflammation (118). Furthermore, histopathological examinations
reveal many ELANE™ neutrophils traveling across capillaries into the brain parenchyma.
Finally, engineered microvessels and 3D Matrigel assays show that AZU1 can disrupt
human microvascular endothelial cell (HMVEC)-formed barrier permeability as well as
VEGF and CD45" cell-mediated HUVEC tube morphogenesis.

Second, aside from the bactericidal factors produced by activated neutrophils, CD45*

cell subtypes critical for vascular development in the germinal matrix exhibit prominent
transcriptomic changes that suggest their immune activation. Among the signaling pathways
identified in activated CD45" cell subtypes, upregulation of CXCL16 in monocytes

most likely creates a proinflammatory milieu to disrupt vascular integrity (119, 120).
Indeed, CXCL16, combined with ELANE, disrupts vascular endothelial cadherin junctional
complexes of endothelial cells in 3D engineered microvessels. In Matrigel assays,

CXCL16 alone is sufficient to inhibit VEGF-mediated branch morphogenesis of HUVECs.
Bioinformatic analysis revealed that upregulated expression of SIPR1 in endothelial cells
could be a potential downstream effector of CXCL16 in GMH cases. This most likely
disrupts the S1P gradient required for the migration of immune cells across vascular barriers
(88, 121). In support of this idea, endothelial cell-specific knockout of S1IPR1 in embryonic
mice leads to prominent infiltration of peripheral immune cells, including many that express
monocyte marker CD16 and CXCL16. These results suggest that CXCL16 and S1PR1

may constitute reciprocal interactions between immune cells and endothelial cells. As such,
upregulation of CXCL16 in subsets of CD45* cells and disruption of S1PR1 in endothelial
cells could propagate a vicious cycle that exacerbates the egress of activated peripheral
immune cells across the primitive BBB in GMH. Interestingly, intraperitoneal (IP) injection
of ELANE/CXCL16 in pregnant dams at E12.5 disrupts vascular integrity and leads to
hemorrhage in the VVZ of the GE but not in the VZ/SVZ of the pallium or in the cortical
plate at E13.5 (Figure 3b). Several ELANE/CXCL16-injected mouse embryos exhibit IVH.
In contrast, IP injections of ELANE/CXCL16 at E13.5 and E15.5 did not produce the same
hemorrhage phenotypes at E17.5. While the cause for the stage-dependent vulnerability to
ELANE and CXCL16 remains unclear, this may be related to the immaturity of the BBB at
E12.5-E13.5.

Collectively, these results provide supporting evidence on how inflammation perturbs the
homeostatic immune—vascular interaction in the germinal matrix to promote hemorrhage.
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There are, however, several caveats that deserve our attention. First, it is important to note
that both GMH cases used in this study are preterm infants born at 23-24 GWs with
significant complications, such as lung immaturity and necrotizing enterocolitis. Thus, it is
possible that these complications could aggravate inflammation, infection, and/or hypoxic-
ischemic injury that could disrupt angiogenesis in the germinal matrix. Second, given the
high prevalence of comorbidities in preterm infants (99, 122, 123), the causes for GMH
are likely to be multifactorial. Indeed, histopathology in several preterm infants with GMH
shows low numbers of ELANE* neutrophils close to those in age-matched controls (89).
These results suggest that other factors, such as immaturity of the brain vasculature and/or
hypoxic-ischemic injury to endothelial cells and mural cells, could also contribute to the
pathogenesis of GMH.

4. THERAPEUTIC INSIGHTS FROM SINGLE-CELL TRANSCRIPTOMICS

Advances in using single-cell transcriptomics to directly investigate neurogenesis,
angiogenesis, and immune—vascular interactions in the second-trimester human brain
provide critical insights into the functional properties of neural progenitors for GABAergic
interneurons, endothelial and mural cells for brain vasculature, and the diverse repertoire
of immune cells that contribute to neurogenesis and angiogenesis. Comparative studies
using brain tissues from control preterm infants and age-matched cases with GMH will
further identify important spatial and temporal mechanisms that interfere or disrupt brain
vasculature specifically in the germinal matrix. These results will also offer new directions
to diagnose, prevent, and treat GMH in preterm infants.

Single-cell transcriptomic data can be leveraged to monitor and identify risk factors

that promote GMH in preterm infants. For instance, highly sensitive ELISA assays can

be implemented in preterm infants to determine whether higher levels of bactericidal
factors, AZU1 and ELANE, and chemokine CXCL16 in the serum samples (between

20 and 30 GWs) positively correlate with the development of GMH. To further expand

our understanding of the mechanism of neuroinflammation beyond AZU1, ELANE, and
CXCL16, it is feasible to perform quantitative proteomic analyses using blood samples
from preterm infants and correlate these results with the single-cell transcriptomics

data from CD45* immune cells isolated from patients with GMH. On the other hand,
neuroinflammation can serve as a potential therapeutic target for preterm infants with GMH.
For instance, it is conceivable that neutralizing antibodies for neutrophil-derived bactericidal
factors AZU1 and ELANE can be used to block their roles in acute inflammation. In
addition, anti-CXCL16 antibodies are actively being developed to mitigate inflammation
associated with chronic human immunodeficiency virus infection (120), inflammation (124)
or cancer immunotherapy (119, 125). One can leverage these resources to determine
whether blocking neuroinflammation can indeed protect brain vasculature from AZU1,
ELANE, or CXCL16. The abilities to modulate neutrophil lifespan, target neutrophil
recruitment, inhibit the production of bactericidal factors, or reprogram neutrophils are
potential therapeutic interventions (126). Finally, vascular cells, including endothelial cells
and mural cells, from the germinal matrix of the second-trimester human brain can also

be further developed as potential therapeutic interventions (75, 76). These primary brain
endothelial cells can be propagated in culture for >10 passages without losing their inherent
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properties. Since endothelial cells are the primary target of proinflammatory factors AZU1,
ELANE and CXCL186, it is possible to transplant genetically engineered endothelial cells
to protect and repair vasculature damaged by activated neutrophils and monocytes and the
proinflammatory factors they produce.

ACKNOWLEDGMENTS

We thank Dr. Arturo Alvarez-Buylla, Dr. Arnold R. Kriegstein, Dr. Donna Ferriero, Dr. Elizabeth E. Crouch, Dr.
Cliff Lowell, Dr. Jason Cyster, and members of the Huang lab for many stimulating discussions during the course of
this project. This work has been supported by American Heart Association Predoctoral Fellowship 19PRE3480616
and UCSF Discovery Fellowship (to J.C.) and by National Institutes of Health (NIH) grants P01 NS083513 and
RO1 NS132595 and VA Merit Award 101 BX001108 (to E.J.H.).

LITERATURE CITED

1. World Health Organ. 2023. Born Too Soon: Decade of Action on Preterm Birth. Geneva: World
Health Organ.

2. Howson CP, Kinney MV, Lawn JE, eds. 2012. Born Too Soon: The Global Action Report on
Preterm Birth. Geneva: World Health Organ.

3. Osterman MJK, Hamilton BE, Martin JA, Driscoll AK, Valenzuela CP 2023. Births: final data for
2021. Natl. Vital. Stat. Rep 72:1-53

4. Osterman MJ, Kochanek KD, MacDorman MF, Strobino DM, Guyer B. 2015. Annual summary of
vital statistics: 2012-2013. Pediatrics 135:1115-25 [PubMed: 25941306]

5. Ballabh P, de Vries LS. 2021. White matter injury in infants with intraventricular haemorrhage:
mechanisms and therapies. Nat. Rev. Neurol 17:199-214 [PubMed: 33504979]

6. Inder TE, Perlman JM, Volpe JJ. 2017. Preterm intraventricular hemorrhage/posthemorrhagic
hydrocephalus. In Volpe’s Neurology of the Newborn, ed. Volpe JJ, Inder TE, Darras BT, de Vries
HE,du Plessis AJ, et al., pp. 777-846. Amsterdam: Elsevier

7. McMillan N, Sharma H,Manganas LN, Kirschen GW. 2021. Development and pathology of the
germinal matrix. In Factors Affecting Neurodevelopment, ed. Martin CR, Preedy VR, Rajendram R,
pp. 259-71. Cambridge, MA: Academic Press

8. Wolpe JJ. 1998. Neurologic outcome of prematurity. Arch. Neurol 55:297-300 [PubMed: 9520002]

9. Wolpe JJ. 2015. Impaired neurodevelopmental outcome after mild germinal matrix-intraventricular
hemorrhage. Pediatrics 136:1185-87 [PubMed: 26598456]

10. Leijser LM, de Vries LS. 2019. Preterm brain injury: germinal matrix-intraventricular
hemorrhage and post-hemorrhagic ventricular dilatation. Handb. Clin. Neurol 162:173-99
[PubMed: 31324310]

11. Inder TE, Perlman JM, Volpe JJ. 2018. Preterm intraventricular hemorrhage/posthemorrhagic
hydrocephalus. In Volpe’s Neurology of the Newborn, ed. JJ Volpe, pp. 637-98. Amsterdam:
Elsevier

12. Ballabh P. 2010. Intraventricular hemorrhage in premature infants: mechanism of disease. Pediatr.
Res 67:1-8 [PubMed: 19816235]

13. Kinoshita Y, Okudera T, Tsuru E, Yokota A. 2001. Volumetric analysis of the germinal matrix and
lateral ventricles performed using MR images of postmortem fetuses. AJINR Am. J. Neuroradiol
22:382-88 [PubMed: 11156787]

14. Battin MR, Maalouf EF, Counsell SJ, Herlihy AH, Rutherford MA, et al. 1998. Magnetic
resonance imaging of the brain in very preterm infants: visualization of the germinal matrix,
early myelination, and cortical folding. Pediatrics 101:957-62 [PubMed: 9606219]

15. Habas PA, Kim K, Corbett-Detig JM, Rousseau F, Glenn OA, et al. 2010. A spatiotemporal atlas
of MR intensity, tissue probability and shape of the fetal brain with application to segmentation.
Neuroimage 53:460-70 [PubMed: 20600970]

Annu Rev Pathol. Author manuscript; available in PMC 2025 January 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 18

Scott JA, Habas PA, Kim K, Rajagopalan V, Hamzelou KS, et al. 2011. Growth trajectories of
the human fetal brain tissues estimated from 3D reconstructed in utero MRI. Int. J. Dev. Neurosci
29:529-36 [PubMed: 21530634]

Corbin JG, Gaiano N, Juliano SL, Poluch S, Stancik E, Haydar TF. 2008. Regulation of
neural progenitor cell development in the nervous system. J. Neurochem 106:2272-87 [PubMed:
18819190]

Ulfig N 2002. Ganglionic eminence of the human fetal brain—new vistas. Anat. Rec 267:191-95
[PubMed: 12115267]

Del Bigio MR. 2011. Cell proliferation in human ganglionic eminence and suppression after
prematurity-associated haemorrhage. Brain 134:1344-61 [PubMed: 21478186]

Rowitch DH, Kriegstein AR. 2010. Developmental genetics of vertebrate glial-cell specification.
Nature 468:214-22 [PubMed: 21068830]

Tasic B, Yao Z, Graybuck LT, Smith KA, Nguyen TN, et al. 2018. Shared and distinct
transcriptomic cell types across neocortical areas. Nature 563:72-78 [PubMed: 30382198]

Hodge RD,Bakken TE,Miller JA, Smith KA, Barkan ER, et al. 2019. Conserved cell types with
divergent features in human versus mouse cortex. Nature 573:61-68 [PubMed: 31435019]

Krienen FM, Goldman M,Zhang Q, del Rosario RCH, Florio M, et al. 2020. Innovations present in
the primate interneuron repertoire. Nature 586:262—69 [PubMed: 32999462]

Sussel L, Marin O, Kimura S, Rubenstein JL. 1999. Loss of Nkx2.1 homeobox gene function
results in a ventral to dorsal molecular respecification within the basal telencephalon: evidence
for a transformation of the pallidum into the striatum. Development 126:3359-70 [PubMed:
10393115]

Kessaris N,Magno L, Rubin AN, Oliveira MG. 2014. Genetic programs controlling cortical
interneuron fate. Curr. Opin. Neurobiol 26:79-87 [PubMed: 24440413]

Lim L, Mi D, Llorca A, Marin O. 2018. Development and functional diversification of cortical
interneurons. Neuron 100:294-313 [PubMed: 30359598]

Mi D, Li Z, Lim L, Li M, Moissidis M, et al. 2018. Early emergence of cortical interneuron
diversity in the mouse embryo. Science 360:81-85 [PubMed: 29472441]

Wonders CP, Anderson SA. 2006. The origin and specification of cortical interneurons. Nat. Rev.
Neurosci 7:687-96 [PubMed: 16883309]

Long JE, Cobos I, Potter GB, Rubenstein JL. 2009. D/x1&2and Mash1 transcription factors
control MGE and CGE patterning and differentiation through parallel and overlapping pathways.
Cereb. Cortex 19(Suppl. 1):i96-106 [PubMed: 19386638]

Franco SJ, Gil-Sanz C, Martinez-Garay |, Espinosa A, Harkins-Perry SR, et al. 2012. Fate-
restricted neural progenitors in the mammalian cerebral cortex. Science 337:746-49 [PubMed:
22879516]

Kriegstein A, Alvarez-Buylla A. 2009. The glial nature of embryonic and adult neural stem cells.
Annu. Rev. Neurosci 32:149-84 [PubMed: 19555289]

Bandler RC, Mayer C, Fishell G. 2017. Cortical interneuron specification: the juncture of genes,
time and geometry. Curr. Opin. Neurobiol 42:17-24 [PubMed: 27889625]

Canitano R, Pallagrosi M. 2017. Autism spectrum disorders and schizophrenia spectrum disorders:
excitation/inhibition imbalance and developmental trajectories. Front. Psychiatry 8:69 [PubMed:
28507523]

Chattopadhyaya B, Cristo GD. 2012. GABAergic circuit dysfunctions in neurodevelopmental
disorders. Front. Psychiatry 3:51 [PubMed: 22666213]

Marin O. 2012. Interneuron dysfunction in psychiatric disorders. Nat. Rev. Neurosci 13:107-20
[PubMed: 22251963]

Letinic K, Zoncu R, Rakic P 2002. Origin of GABAergic neurons in the human neocortex. Nature
417:645-49 [PubMed: 12050665]

Delgado RN, Allen DE, Keefe MG, Mancia Leon WR, Ziffra RS, et al. 2022. Individual human
cortical progenitors can produce excitatory and inhibitory neurons. Nature 601:397-403 [PubMed:
34912114]

Annu Rev Pathol. Author manuscript; available in PMC 2025 January 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 19

38. Hansen DV, Lui JH, Flandin P, Yoshikawa K, Rubenstein JL, et al. .2013. Non-epithelial stem cells
and cortical interneuron production in the human ganglionic eminences. Nat. Neurosci 16:1576-87
[PubMed: 24097039]

39. Ma T, Wang C, Wang L, Zhou X, Tian M, et al. 2013. Subcortical origins of human and monkey
neocortical interneurons. Nat. Neurosci 16:1588-97 [PubMed: 24097041]

40. Molnar Z, Butt SJ. 2013. Best-laid schemes for interneuron origin of mice and men. Nat. Neurosci
16:1512-14 [PubMed: 24165675]

41. Shi Y, Wang M, Mi D, Lu T, Wang B, et al. 2021. Mouse and human share conserved
transcriptional programs for interneuron development. Science 374:eabj6641 [PubMed: 34882453]

42. Paredes MF, Mora C, Flores-Ramirez Q, Cebrian-Silla A, Del Dosso A, et al. 2022. Nests of
dividing neuroblasts sustain interneuron production for the developing human brain. Science
375:eabk2346 [PubMed: 35084970]

43. Paredes MF, James D, Gil-Perotin S, Kim H, Cotter JA, et al. 2016. Extensive migration of young
neurons into the infant human frontal lobe. Science 354:aaf7073 [PubMed: 27846470]

44. Nicholas CR, Chen J,Tang Y, Southwell DG, Chalmers N, et al. 2013. Functional maturation
of hPSC-derived forebrain interneurons requires an extended timeline and mimics human neural
development. Cell Stem Cell 12:573-86 [PubMed: 23642366]

45. Southwell DG, Nicholas CR, Basbhaum Al, Stryker MP, Kriegstein AR, et al. 2014. Interneurons
from embryonic development to cell-based therapy. Science 344:1240622 [PubMed: 24723614]

46. Hunt RF, Baraban SC. 2015. Interneuron transplantation as a treatment for epilepsy. Cold Spring
Harb. Perspect. Med 5:a022376 [PubMed: 26627452]

47. Ayloo S, Gu C. 2019. Transcytosis at the blood-brain barrier. Curr. Opin. Neurobiol 57:32-38
[PubMed: 30708291]

48. Langen UH, Ayloo S, Gu C. 2019. Development and cell biology of the blood-brain barrier. Annu.
Rev. Cell Dev. Biol 35:591-613 [PubMed: 31299172]

49. Liebner S, Corada M, Bangsow T, Babbage J, Taddei A, et al. 2008. Wnt/p-catenin signaling
controls development of the blood-brain barrier. J. Cell Biol 183:409-17 [PubMed: 18955553]

50. Stenman JM, Rajagopal J, Carroll TJ, Ishibashi M, McMahon J, McMahon AP. 2008. Canonical
Whnt signaling regulates organ-specific assembly and differentiation of CNS vasculature. Science
322:1247-50 [PubMed: 19023080]

51. Daneman R, Agalliu D, Zhou L, Kuhnert F, Kuo CJ, Barres BA. 2009. Wnt/p-catenin signaling is
required for CNS, but not non-CNS, angiogenesis. PNAS 106:641-46 [PubMed: 19129494]

52. Tam SJ, Richmond DL, Kaminker JS, Modrusan Z, Martin-McNulty B, et al. 2012. Death
receptors DR6 and TROY regulate brain vascular development. Dev. Cell 22:403-17 [PubMed:
22340501]

53. Wang Y, Rattner A, Zhou Y, Williams J, Smallwood PM, Nathans J. 2012. Norrin/Frizzled4
signaling in retinal vascular development and blood brain barrier plasticity. Cell 151:1332-44
[PubMed: 23217714]

54. Alvarez JI, Dodelet-Devillers A, Kebir H, Ifergan |, Fabre PJ, et al. 2011. The Hedgehog
pathway promotes blood-brain barrier integrity and CNS immune quiescence. Science 334:1727-
31 [PubMed: 22144466]

55. Mizee MR, Wooldrik D, Lakeman KA, van het Hof B, Drexhage JA, et al. 2013. Retinoic acid
induces blood-brain barrier development. J. Neurosci 33:1660—71 [PubMed: 23345238]

56. Arnold TD, Niaudet C, Pang MF, Siegenthaler J, Gaengel K, et al. 2014. Excessive vascular
sprouting underlies cerebral hemorrhage in mice lacking aVB8-TGFp signaling in the brain.
Development 141:4489-99 [PubMed: 25406396]

57. Chang J, Mancuso MR, Maier C, Liang X, Yuki K, et al. 2017. Gpr124 is essential for blood-brain
barrier integrity in central nervous system disease. Nat. Med 23:450-60 [PubMed: 28288111]

58. Kuhnert F, Mancuso MR, Shamloo A, Wang HT, Choksi V, et al. 2010. Essential regulation
of CNS angiogenesis by the orphan G protein-coupled receptor GPR124. Science 330:985-89
[PubMed: 21071672]

59. Yang D, Baumann JM, Sun YY, Tang M, Dunn RS, et al. 2013. Overexpression of
vascular endothelial growth factor in the germinal matrix induces neurovascular proteases and
intraventricular hemorrhage. Sci. Transl. Med 5:193ra90

Annu Rev Pathol. Author manuscript; available in PMC 2025 January 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 20

Hynes RO. 2002. Integrins: bidirectional, allosteric signaling machines. Cell 110:673-87 [PubMed:
12297042]

Zhu J, Motejlek K, Wang D, Zang K, Schmidt A, Reichardt LF. 2002. B8 integrins are required for
vascular morphogenesis in mouse embryos. Development 129:2891-903 [PubMed: 12050137]
Komabayashi-Suzuki M, Yamanishi E, Watanabe C, Okamura M, Tabata H, et al. 2019.
Spatiotemporally dependent vascularization is differently utilized among neural progenitor
subtypes during neocortical development. Cell Rep 29:1113-29.e5 [PubMed: 31665628]
Tavazoie M, Van der Veken L, Silva-Vargas V, Louissaint M, Colonna L, et al. 2008. A specialized
vascular niche for adult neural stem cells. Cell Stem Cell 3:279-88 [PubMed: 18786415]

Huang X, Trinh T, Aljoufi A, Broxmeyer HE. 2018. Hypoxia signaling pathway in stem cell
regulation: good and evil Curr. Stem Cell Rep 4:149-57 [PubMed: 31275803]

Li G, Liu J, Guan YJi X. 2021.The role of hypoxia in stem cell regulation of the central nervous
system: from embryonic development to adult proliferation. CNS Neurosci. Ther 27:1446-57
[PubMed: 34817133]

Di Marco B, Crouch EE, Shah B, Duman C, Paredes MF, et al. 2020. Reciprocal interaction
between vascular filopodia and neural stem cells shapes neurogenesis in the ventral telencephalon.
Cell Rep. 33:108256 [PubMed: 33053356]

Tan X, Liu WA, Zhang XJ, Shi W, Ren SQ, et al. 2016. Vascular influence on ventral telencephalic
progenitors and neocortical interneuron production. Dev. Cell 36:624-38 [PubMed: 27003936]
Sabbagh MF, Heng JS, Luo C, Castanon RG, Nery JR, et al. 2018. Transcriptional and epigenomic
landscapes of CNS and non-CNS vascular endothelial cells. eLife 7:e36187 [PubMed: 30188322]
Jung B,Arnold TD, Raschperger E, Gaengel K, Betsholtz C. 2018. Visualization of vascular mural
cells in developing brain using genetically labeled transgenic reporter mice. J. Cereb. Blood Flow
Metab 38:456-68 [PubMed: 28276839]

Vanlandewijck M, He L, Mae MA, Andrae J, Ando K, et al. 2018. A molecular atlas of cell types
and zonation in the brain vasculature. Nature 554:475-80 [PubMed: 29443965]

Schaeffer S, ladecola C. 2021. Revisiting the neurovascular unit. Nat. Neurosci 24:1198-209
[PubMed: 34354283]

Ballabh P, Braun A, Nedergaard M. 2004. Anatomic analysis of blood vessels in germinal

matrix, cerebral cortex, and white matter in developing infants. Pediatr. Res 56:117-24 [PubMed:
15128918]

Grunnet ML. 1989. Morphometry of blood vessels in the cortex and germinal plate of premature
neonates. Pediatr. Neurol 5:12-16 [PubMed: 2712933]

Povlishock JT, Martinez AJ, Moossy J. 1977. The fine structure of blood vessels of the
telencephalic germinal matrix in the human fetus. Am. J. Anat 149:439-52 [PubMed: 906965]
Crouch EE, Bhaduri A, Andrews MG, Cebrian-Silla A, Diafos LN, et al. 2022. Ensembles of
endothelial and mural cells promote angiogenesis in prenatal human brain. Cell 185:3753-69.e18
[PubMed: 36179668]

Crouch EE, Diafos LN, Valenzuela EJ, Wedderburn-Pugh K, Birrueta JO, et al. 2024. Profiling
human brain vascular cells using single-cell transcriptomics and organoids. Nat. Protoc 19:603-28
[PubMed: 38102365]

Ross-Munro E, Kwa F, Kreiner J, Khore M, Miller SL, et al. 2020. Midkine: the who, what, where,
and when of a promising neurotrophic therapy for perinatal brain injury. Front. Neurol 11:568814
[PubMed: 33193008]

Crouch EE,Joseph T, Marsan E, Huang EJ. 2023. Disentangling brain vasculature in neurogenesis
and neurodegeneration using single-cell transcriptomics. Trends Neurosci. 46:551-65 [PubMed:
37210315]

Bassan H, Limperopoulos C, Visconti K, Mayer DL, Feldman HA, et al. 2007.
Neurodevelopmental outcome in survivors of periventricular hemorrhagic infarction. Pediatrics
120:785-92 [PubMed: 17908766]

McCarty JH, Monahan-Earley RA, Brown LF, Keller M, Gerhardt H, et al. 2002. Defective
associations between blood vessels and brain parenchyma lead to cerebral hemorrhage in mice
lacking av integrins. Mol. Cell. Biol 22:7667-77 [PubMed: 12370313]

Annu Rev Pathol. Author manuscript; available in PMC 2025 January 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 21

81. Proctor JM, Zang K, Wang D, Wang R, Reichardt LF. 2005. Vascular development of the
brain requires B8 integrin expression in the neuroepithelium. J. Neurosci 25:9940-48 [PubMed:
16251442]

82. Arnold TD, Ferrero GM, Qiu H, Phan IT, Akhurst RJ, et al. 2012. Defective retinal vascular
endothelial cell development as a consequence of impaired integrin aVB8-mediated activation of
transforming growth factor-p. J. Neurosci 32:1197-206 [PubMed: 22279205]

83. McCarty JH, Lacy-Hulbert A, Charest A, Bronson RT, Crowley D, et al. 2005. Selective ablation
of av integrins in the central nervous system leads to cerebral hemorrhage, seizures, axonal
degeneration and premature death. Development 132:165-76 [PubMed: 15576410]

84. Armulik A, Genove G, Mae M, Nisancioglu MH, Wallgard E, et al. 2010. Pericytes regulate the
blood-brain barrier. Nature 468:557—61 [PubMed: 20944627]

85. Daneman R, Zhou L, Kebede AA, Barres BA. 2010. Pericytes are required for blood-brain barrier
integrity during embryogenesis. Nature 468:562-66 [PubMed: 20944625]

86. Ballabh P, Xu H, Hu F, Braun A, Smith K, et al. 2007. Angiogenic inhibition reduces germinal
matrix hemorrhage. Nat. Med 13:477-85 [PubMed: 17401377]

87. Cartier A, Hla T. 2019. Sphingosine 1-phosphate: lipid signaling in pathology and therapy. Science
366:eaar5551 [PubMed: 31624181]

88. Cyster JG, Schwab SR. 2012. Sphingosine-1-phosphate and lymphocyte egress from lymphoid
organs. Annu. Rev. Immunol 30:69-94 [PubMed: 22149932]

89. Chen J, Crouch EE, Zawadzki ME, Jacobs KA, Mayo LN, et al. 2024. Proinflammatory immune
cells disrupt angiogenesis and promote germinal matrix hemorrhage in prenatal human brain. Nat.
Neurosci Sept 30. 10.1038/s41593-024-01769-2

90. Cho C, Smallwood PM, Nathans J. 2017. Reck and Gpr124 are essential receptor cofactors
for Wnt7a/Wnt7b-specific signaling in mammalian CNS angiogenesis and blood-brain barrier
regulation. Neuron 95:1056-73. Erratum. 2017. Neuron 95:1221-25 [PubMed: 28803732]

91. Gould DB, Phalan FC, Breedveld GJ, van Mil SE, Smith RS, et al. 2005. Mutations in
Col4al cause perinatal cerebral hemorrhage and porencephaly. Science 308:1167-71 [PubMed:
15905400]

92. Lekic T,Manaenko A, Rolland WTang J,Zhang JH. 2011.A novel preclinical model of germinal
matrix hemorrhage using neonatal rats. Acta Neurochir. Suppl 111:55-60 [PubMed: 21725732]

93. Li P, Zhao G, Ding Y, Wang T, Flores J, et al. 2019. Rh-IFN-a attenuates neuroinflammation and
improves neurological function by inhibiting NF-xB through JAK1-STAT1/TRAF3 pathway in an
experimental GMH rat model. Brain Behav. Immun 79:174-85 [PubMed: 30711510]

94.Tao Y, Li L, Jiang B, Feng Z, Yang L, et al. 2016. Cannabinoid receptor-2 stimulation suppresses
neuroinflammation by regulating microglial M1/M2 polarization through the cAMP/PKA pathway
in an experimental GMH rat model. Brain Behav. Immun 58:118-29 [PubMed: 27261088]

95. Segado-Arenas A, Infante-Garcia C, Benavente-Fernandez I, Sanchez-Sotano D, Ramos-Rodriguez
JJ, et al. 2018. Cognitive impairment and brain and peripheral alterations in a murine model
of intraventricular hemorrhage in the preterm newborn. Mol. Neurobiol 55:4896-910 [PubMed:
28755273]

96. Lorenzo AV, Welch K, Conner S. 1982. Spontaneous germinal matrix and intraventricular
hemorrhage in prematurely born rabbits. J. Neurosurg 56:404-10 [PubMed: 7057238]

97. Dawes WJ, Zhang X, Fancy SPJ, Rowitch D, Marino S. 2016. Moderate-grade germinal matrix
haemorrhage activates cell division in the neonatal mouse subventricular zone. Dev. Neurosci
38:430-44 [PubMed: 28343214]

98. Sadegh C, Xu H, Sutin J, Fatou B, Gupta S, et al. .2023. Choroid plexus-targeted NKCC1
overexpression to treat post-hemorrhagic hydrocephalus. Neuron 111:1591-608.e4 [PubMed:
36893755]

99. Jain S, Baer RJ, McCulloch CE, Rogers E, Rand L, et al. 2021. Association of maternal
immune activation during pregnancy and neurologic outcomes in offspring. J. Pediatr 238:87—
93.e3 [PubMed: 33965413]

100. Gravina G, Ardalan M, Chumak T, Rydbeck H, Wang X, et al. 2023. Transcriptome network

analysis links perinatal Staphylococcus epidermidis infection to microglia reprogramming in the
immature hippocampus. Glia 71:2234-49 [PubMed: 37246946]

Annu Rev Pathol. Author manuscript; available in PMC 2025 January 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Page 22

Hagberg H, Mallard C, Ferriero DM, Vannucci SJ, Levison SW, et al. 2015. The role of
inflammation in perinatal brain injury. Nat. Rev. Neurol 11:192-208 [PubMed: 25686754]
Salmaso N, Jablonska B, Scafidi J, Vaccarino FM, Gallo V. 2014. Neurobiology of premature
brain injury. Nat. Neurosci 17:341-46 [PubMed: 24569830]

Li Q, Barres BA. 2018. Microglia and macrophages in brain homeostasis and disease. Nat. Rev.
Immunol 18:225-42 [PubMed: 29151590]

Thion MS, Ginhoux F, Garel S. 2018. Microglia and early brain development: an intimate
journey. Science 362:185-89 [PubMed: 30309946]

Monier A, Evrard P, Gressens P, Verney C. 2006. Distribution and differentiation of microglia in
the human encephalon during the first two trimesters of gestation. J. Comp. Neurol 499:565-82
[PubMed: 17029271]

Monier A, Adle-Biassette H, Delezoide AL, Evrard P, Gressens P, Verney C. 2007. Entry and
distribution of microglial cells in human embryonic and fetal cerebral cortex. J. Neuropathol.
Exp. Neurol 66:372-82 [PubMed: 17483694]

Rezaie P, Dean A, Male D, Ulfig N. 2005. Microglia in the cerebral wall of the human
telencephalon at second trimester. Cereb. Cortex 15:938-49 [PubMed: 15483047]

Rezaie P, Male D. 1999. Colonisation of the developing human brain and spinal cord by
microglia: a review. Microsc. Res. Tech 45:359-82 [PubMed: 10402264]

Masuda T, Amann L, Monaco G, Sankowski R, Staszewski O, et al. 2022. Specification of

CNS macrophage subsets occurs postnatally in defined niches. Nature 604:740-48 [PubMed:
35444273]

Mondo E, Becker SC, Kautzman AG, Schifferer M, Baer CE, et al. 2020. A developmental
analysis of juxtavascular microglia dynamics and interactions with the vasculature. J. Neurosci
40:6503-21 [PubMed: 32661024]

Fantin A, Vieira JM, Gestri G, Denti L, Schwarz Q, et al. 2010. Tissue macrophages act as
cellular chaperones for vascular anastomosis downstream of VEGF-mediated endothelial tip cell
induction. Blood 116:829-40 [PubMed: 20404134]

Kracht L, Borggrewe M, Eskandar S, Brouwer N, Chuva de Sousa Lopes SM, et al. 2020. Human
fetal microglia acquire homeostatic immune-sensing properties early in development. Science
369:530-37 [PubMed: 32732419]

Han CZ, Li RZ, Hansen E, Trescott S, Fixsen BR, et al. 2023. Human microglia maturation

is underpinned by specific gene regulatory networks. Immunity 56:2152—71.e13 [PubMed:
37582369]

Gerhardt T, Ley K. 2015. Monocyte trafficking across the vessel wall. Cardiovasc. Res 107:321—
30 [PubMed: 25990461]

Hammond TR, Dufort C, Dissing-Olesen L, Giera S, Young A, et al. 2019. Single-cell RNA
sequencing of microglia throughout the mouse lifespan and in the injured brain reveals complex
cell-state changes. Immunity 50:253-71.e6 [PubMed: 30471926]

Li Q, Cheng Z, Zhou L, Darmanis S, Neff NF, et al. 2019. Developmental heterogeneity

of microglia and brain myeloid cells revealed by deep single-cell RNA sequencing. Neuron
101:207-23.e10 [PubMed: 30606613]

Haruwaka K, Ikegami A, Tachibana Y, Ohno N, Konishi H, et al. 2019. Dual microglia effects
on blood brain barrier permeability induced by systemic inflammation. Nat. Commun 10:5816
[PubMed: 31862977]

Edens HA, Parkos CA. 2003. Neutrophil transendothelial migration and alteration in vascular
permeability: focus on neutrophil-derived azurocidin. Curr. Opin. Hematol 10:25-30 [PubMed:
12483108]

Darash-Yahana M, Gillespie JW, Hewitt SM, Chen Y, Maeda S, et al. 2009. The chemokine
CXCL16 and its receptor, CXCR®, as markers and promoters of inflammation-associated
cancers. PLOS ONE 4:e6695 [PubMed: 19690611]

Matloubian M, David A, Engel S, Ryan JE, Cyster JG. 2000. A transmembrane CXC chemokine
is a ligand for HIVV-coreceptor Bonzo. Nat. Immunol 1:298-304 [PubMed: 11017100]
Mendelson K, Evans T, Hla T. 2014. Sphingosine 1-phosphate signalling. Development 141:5-9
[PubMed: 24346695]

Annu Rev Pathol. Author manuscript; available in PMC 2025 January 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chenetal.

122.

123.

124.

125.

126.

Page 23

Egesa WI, Odoch S, Odong RJ, Nakalema G, Asiimwe D, et al. 2021. Germinal matrix-
intraventricular hemorrhage: a tale of preterm infants. Int. J. Pediatr 2021:6622598 [PubMed:
33815512]

McCrea HJ, Ment LR. 2008. The diagnosis, management, and postnatal prevention of
intraventricular hemorrhage in the preterm neonate. Clin. Perinatol 35:777-92 [PubMed:
19026340]

Zhang L, Ran L, Garcia GE, Wang XH, Han S, et al. 2009. Chemokine CXCL16 regulates
neutrophil and macrophage infiltration into injured muscle, promoting muscle regeneration. Am.
J. Pathol 175:2518-27 [PubMed: 19893053]

Korbecki J, Bajdak-Rusinek K, Kupnicka P, Kapczuk P, Siminska D, et al. 2021. The role of
CXCL16 in the pathogenesis of cancer and other diseases. Int. J. Mol. Sci 22:3490 [PubMed:
33800554]

Aroca-Crevillen A, Vicanolo T, Ovadia S, Hidalgo A. 2024. Neutrophils in physiology and
pathology. Annu. Rev. Pathol. Mech. Dis 19:227-59

Annu Rev Pathol. Author manuscript; available in PMC 2025 January 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al. Page 24

B LGE (Lhx6, Gli3, Gsx1/2, Meis2,
Dlx1/2/5/6, Sp8, Mash1)

B MGE (Nkx2-1, Nkx6-2, Gli1, Lhx6,
Gsx1/2, DIx1/2/5/6, Olig2, Mash1)

B CGE (Sp8, COUP-TFI/II,
Gsx1/2, DIx1/2/5/6, Mash1)

Anterior

view
Dorsal

b Midline Caudal

Rostral Lateral
Ventral

MGE transcription factors  LGE and CGE transcription factors

B NKX2-1*VZ M spg* svz " COUP-TFII* VZ
B NKX2-1* SOX6* SVZ " ISLET1*SVZ I COUP-TFII* SVZ

(DEN region) (chains of migration)

MGE (coronal section)
@& (@ DCX*S0X2* cell

77 DENs .-;:@ Nestin*;50X2* cells S cell O MKI-67* proliferating cell

] ;i - cel

Figure 1.
Generation of GABAergic interneurons in mouse and human GEs. (&) A schematic diagram

of the LGE, MGE, and CGE in the developing mouse brain at embryonic days 11.5—

12.5 and the representative transcription factors that are expressed in these regions. ()

A schematic diagram of the LGE, MGE, and CGE in the prenatal human brain at 21

GWs and the representative transcription factors that are expressed in these regions. (¢) A
schematic diagram showing a zoomed-in view of the human MGE in the second trimester,
highlighting the unique organization of DENS that are surrounded by neural progenitors.
(Left panel) Overview of the MGE at 22 GWSs showing the organization of progenitors (red
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regions) and DCX* neuroblasts (green regions). (Right panel) Higher magnification view
of the boxed area in the left panel. Nestin* ;SOX2* cells are present in the MGE within
the VZ, iSVZ, and oSVZ. These cells have proliferative abilities, especially within the
iSVZ. DCX* cells are also present as cell-dense clusters (i.e., DENs) separated by Nestin*
fibers. A subpopulation of DCX* cells express SOX2, and some can divide within DENSs.
Abbreviations: CGE, caudal ganglionic eminence; dCGE, dorsal CGE; DEN, DCX™ cell-
enriched nest; dLGE, dorsal LGE; GE, ganglionic eminence; GW, gestational week; iSVZ,
inner subventricular zone; LGE, lateral ganglionic eminence; MGE, medial ganglionic
eminence; 0SVVZ, outer subventricular zone; PoA, pre-optic area; Th, thalamus; vCGE,
ventral CGE; VLGE, ventral LGE; VZ, ventricular zone. Panels &, 6, and ¢ adapted with
permission from References 28, 40, and 42, respectively.
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Figure 2.
Neurovascular interactions in the germinal matrix of the prenatal human brain during the

second trimester. (4) A schematic diagram showing the newly formed vasculature and its
interaction with neural progenitors, including radial glia and DENS, in the germinal matrix
of the prenatal human brain in the second trimester (14-23 gestational weeks). Zone 1 refers
to the VZ and the iSVZ, and both zone 2 and zone 3 belong to the 0SVZ in the germinal
matrix. (6) A zoomed-in view of the vasculature in the VZ/iSVZ of the highlighted area in
the germinal matrix in panel a. This diagram shows an ensemble of several key vascular

cell types in the VZ/SVZ, including endothelial cells, tip cells, mitotic endothelial cells,
arterial and venous smooth muscle cells, and classic pericytes. (¢) A schematic diagram
showing the key molecular pathways that regulate the interactions between endothelial cells
and mural cells, as revealed by single-cell transcriptomics. These include collagens, laminin,
MDK, fibronectin, and syndecan. Abbreviations: DEN, DCX* cell-enriched nest; iSVZ,
inner subventricular zone; MDK, midkine; o0SVZ, outer subventricular zone; VVZ, ventricular
zone. lllustrations by Sarah Pyle.
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a Healthy control brain at 24 GWs
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Figure 3.
Roles of immune cells in vascular morphogenesis in the germinal matrix of the second-

trimester human brain in control and in GMH. (&, /eff) A graphical representation of a
hemicoronal section of prenatal human brain at 24 GWs. (&, righf) An enlarged view

of the highlighted area in the germinal matrix in the left panel, depicting how subsets

of CD45* immune cells, including monocytes (6/ue), HLA* myeloid cells (purple), and
vasculature-associated microglia (MG) (/ight green), interact with the nascent vasculature
to promote angiogenesis. (b, /ef}) A graphical representation of a hemicoronal section
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of a prenatal human brain at 25 GWs with GMH. (b, right) An enlarged view of the
highlighted area in the left diagram, depicting that activated neutrophils produce bactericidal
factors, such as ELANE and AZU1, whereas activated monocytes produce CXCL16 to
create a proinflammatory milieu that disrupts nascent vasculature and promotes GMH.
Abbreviations: AZU1, azurocidin 1; ELANE, elastase; GMH, germinal matrix hemorrhage;
GW, gestational week; HLA, human leukocyte antigen; MG, microglia. Illustrations by Ken
Probst.
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