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Abstract

Background Neonatal hyperoxia exposure is associated with brain injury and poor neurodevelopment outcomes

in preterm infants. Our previous studies in neonatal rodent models have shown that hyperoxia stimulates the brain’s
inflammasome pathway, leading to the activation of gasdermin D (GSDMD), a key executor of pyroptotic inflamma-
tory cell death. Moreover, we found pharmacological inhibition of caspase-1, which blocks GSDMD activation, attenu-
ates hyperoxia-induced brain injury in neonatal mice. We hypothesized that GSDMD plays a pathogenic role in hyper-
oxia-induced neonatal brain injury and that GSDMD gene knockout (KO) will alleviate hyperoxia-induced brain injury.

Methods Newborn GSDMD knockout mice and their wildtype (WT) littermates were randomized within 24 h

after birth to be exposed to room air or hyperoxia (85% O,) from postnatal days 1 to 14. Hippocampal brain inflam-
matory injury was assessed in brain sections by immunohistology for allograft inflammatory factor 1 (AlF1) and CD68,
markers of microglial activation. Cell proliferation was evaluated by Ki-67 staining, and cell death was determined

by TUNEL assay. RNA sequencing of the hippocampus was performed to identify the transcriptional effects of hyper-
oxia and GSDMD-KO, and gRT-PCR was performed to confirm some of the significantly regulated genes.

Results Hyperoxia-exposed WT mice had increased microglia consistent with activation, which was associated

with decreased cell proliferation and increased cell death in the hippocampal area. Conversely, hyperoxia-exposed
GSDMD-KO mice exhibited considerable resistance to hyperoxia as O, exposure did not increase AIFT +, CD68 +,

or TUNEL +cell numbers or decrease cell proliferation. Hyperoxia exposure differentially requlated 258 genes in WT
and only 16 in GSDMD-KO mice compared to room air-exposed WT and GSDMD-KO, respectively. Gene set enrich-
ment analysis showed that in the WT brain, hyperoxia differentially regulated genes associated with neuronal and vas-
cular development and differentiation, axonogenesis, glial cell differentiation, hypoxia-induced factor 1 pathway,

and neuronal growth factor pathways. These changes were prevented by GSDMD-KO.

Conclusions GSDMD-KO alleviates hyperoxia-induced inflammatory injury, cell survival and death, and altera-
tions of transcriptional gene expression of pathways involved in neuronal growth, development, and differentiation
in the hippocampus of neonatal mice. This suggests that GSDMD plays a pathogenic role in preterm brain injury,
and targeting GSDMD may be beneficial in preventing and treating brain injury and poor neurodevelopmental out-
comes in preterm infants.
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Introduction
Each year more than 15 million infants are born preterm
worldwide [1]. Extremely premature infants born at less
than 28 weeks of gestational age are at great risk of hav-
ing a multi-organ injury that predominantly involves the
lung and brain [2-5]. Born with immature lungs, these
premature infants suffer respiratory failure soon after
birth and often require oxygen (O,) therapy and mechan-
ical ventilation to survive. However, life-sustaining high-
concentration O, therapy (hyperoxia) can cause lung
inflammation that ultimately leads to bronchopulmo-
nary dysplasia (BPD), characterized by disrupted alveolar
and vascular development and reduced lung function [2,
3]. The immature brains in these premature infants are
also affected by the hyperoxia that results in inflamma-
tion leading to short-term and long-term neurodevelop-
mental sequelae, such as intraventricular hemorrhage,
encephalopathy of prematurity, cerebral palsy, intellec-
tual disability, and cognitive deficits [4, 5]. Therefore,
survivors of BPD are known to suffer not only from long-
term lung disease but also suffer from long-term sequelae
involving the brain leading to long-term neurodevelop-
mental impairment (NDI). Moreover, there is mounting
clinical evidence that severe BPD is an independent risk
factor for adverse neurodevelopmental outcomes, even
without catastrophic brain injury [5-7]. Furthermore,
many preclinical studies using rodent models also sup-
port the critical role of neonatal hyperoxia in inducing
various injuries in developing brains [8-10].
Inflammasomes are large macromolecular signaling
complexes that, when activated by pathogens or host-
derived danger signals, lead to the activation of the
inflammatory caspases, which in turn control the pro-
teolytic activation of two highly proinflammatory IL-1
family cytokines, IL-1p and IL-18 [11-14]. Stimulation
of these inflammasome cascades also activates gasder-
min D (GSDMD), a 53-kilodalton (kDa) cytosolic pro-
tein, which has been recently found to be a key executor
of pyroptosis, a form of programmed inflammatory cell
death [11-14]. GSDMD is cleaved by inflammasome-
associated inflammatory caspases 1/4/5 in humans and
1/11 in rodents, which releases a 30-kDa N-terminal
domain (p30) that oligomerizes in the cell membrane
to form pores, which cause localized cellular swelling,
membrane rupture, and cell death, known as pyroptosis.
In addition, the pores formed by GSDMD-p30 oligomeri-
zation also allow rapid release of active IL-1p and IL-18,
resulting in secondary inflammation. Growing evidence
shows activation of the inflammasome cascade in the

lung and brain secondary to hyperoxia [15-17]. Previous
studies have demonstrated early activation of the NLRP3
inflammasome with an increased IL1f:IL1ra ratio is a key
mechanism in the development of BPD [18, 19]. Many
studies have demonstrated a critical role for GSDMD in
regulating pyroptosis and inflammation in various adult
diseases. Recent studies from our laboratory have high-
lighted the crucial role of GSDMD in hyperoxia-induced
and mechanical ventilation-associated neonatal lung and
brain injury in rodent models [15, 16, 20]. Most recently,
we have demonstrated that GSDMD gene knockout (KO)
[11] ameliorated hyperoxia-induced BPD and retinopathy
of prematurity (ROP) in mouse models [21], indicating a
critical role for GSDMD in hyperoxia-induced preterm
multi-organ injury.

In this study, we hypothesized GSDMD-KO would alle-
viate hyperoxia-induced brain injury in neonatal mice. To
test this hypothesis, we utilized global GSDMD-KO mice
[11] and their wildtype (WT) littermates and exposed
them to 85% O, from postnatal days (P) 1 to P14. We
found that GSDMD-KO reduced hyperoxia activation of
microglia and cell death and improved cell survival in the
hippocampal area. We also performed RNA sequencing
(RNA-seq) analyses of the hippocampus and found that
GSDMD-KO prevented hyperoxia induction of genes
involved in neuron differentiation and development, syn-
apse assembly, axonogenesis, and vascular development.
These findings not only fill a gap in understanding the
critical role of GSDMD in the pathogenesis of hyperoxia-
induced brain injury but also identify potential novel tar-
gets for preventing and treating brain injury in premature
infants.

Methods
Materials
Please see Additional file 1 for material lists.

Animals and study approval

The Animal Care and Use Committee of the University
of Miami Miller School of Medicine approved the experi-
mental protocol. All animals were cared for according to
the National Institutes of Health guidelines for the use
and care of animals. The study is reported in accordance
with ARRIVE. GSDMD-KO mice (C57BL/6N) [9] were
obtained from Jackson Laboratory (Bar Harbor, ME).
Heterozygote female and male mice were mated to pro-
duce newborn mice. Tail biopsy was done on newborn
mice at P7 for DNA extraction and PCR with primers to
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identify W'T mice and homozygous KO mice which carry
CRISPR/Cas9-derived knockout alleles that incorporate a
38 bp deletion in exon 5 of the GSDMD gene (11). Exper-
iments were done with homozygous KO mice and their
WT littermates.

Hyperoxia-induced BPD model

Newborn GSDMD-KO mice and their WT littermates
were exposed to RA (21% O,) or hyperoxia (85% O,)
from P1 to P14, as previously described [15].

Hippocampal tissue collection and brain tissue section

On P15, the pups were anesthetized by 0.1% isoflurane,
and their hippocampal tissues were collected and frozen
in — 80° C for RNA isolation. Their brain tissues were
fixed in 10% formalin, paraffin-embedded, and cut seri-
ally using a calibrated rotary microtome into 10 pm coro-
nal sections after removal of the olfactory and frontal
poles.

Assessment of GSDMD expression in specific cells

of hippocampal tissues

Brain tissue sections were immunostained with an anti-
GSDMD antibody to determine GSDMD protein expres-
sion. Double immunofluorescent staining was performed
with anti-GSDMD and antibodies for specific brain cells,
including AIF1 (microglial cells) [22], glial fibrillary acidic
protein (GFAP, astrocytes) [23], neuronal nuclei (NeuN,
neurons) [24], sex-determining region Y-related HMG
box 2 (SOX2, neural stem cells and progenitor cells) [25].

Assessment of hippocampal inflammation

Microglial infiltration was determined by immunostain-
ing with an anti-AIF1 antibody and an anti-CD68
antibody [22]. The number of AIF1-stained and CD68-
stained cells in the hippocampal sections was counted
from 5 random high-power views (HPV) taken from the
20X objective on each slide [16]. Total RNA was extracted
from frozen hippocampal tissues using the RNeasy Uni-
versal Mini Kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. RNA quality and integrity
were verified using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). All samples had RNA
integrity numbers >7. Gene expression of inflammatory
mediators, Il1f3, Ilir1, 1118, 116, and 133 was determined
by real-time qRT-PCR, which was performed on an ABI
Fast 7500 System (Applied Biosystems, Foster City, CA)
as previously described [16]. The expression levels of tar-
get genes were normalized to 18S rRNA.

Assessment of hippocampal cell proliferation and death
Cell proliferation was assessed by immunofluorescent
staining for Ki67, a nuclear proliferation marker, and the
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proliferating index was calculated as the average per-
centage of Ki67-positive nuclei in total nuclei in 5 ran-
dom HPV on hippocampal sections from each animal.
Cell death was studied using a TUNEL assay, and the
cell death index was calculated as the average percent-
age of TUNEL-positive nuclei in total nuclei in 5 random
HPV on hippocampal sections from each animal [15,
19]. Immunofluorescent staining for neural cell-specific
markers, AIF1, GFAP, NeuN, and SOX2, was performed
with a TUNEL assay to co-localize TUNEL-positive
nuclei in specific neural cells.

RNA-seq

RNA-seq was performed by BGI Genomics (Hong
Kong) with a read depth of 30 million reads per sam-
ple for 150 bp paired-end reads. The raw sequence read
in FASTQ format was aligned to the mouse (Mus mus-
culus) genome build mm_GRCm39_104 using Kallisto
[26], followed by gene summarization with tximport [27].
After checking data quality, differential expression analy-
ses comparing treatment groups to control and to each
other were performed using DESeq2 with false discovery
adjustment [28]. Genes were considered differentially
expressed based on their fold-change relative to control
(=or>1.25), P value (<0.05), and g value (<0.1) [29].
Lists of differentially expressed genes were used for func-
tional enrichment analysis of Gene Ontology and path-
way terms using the ToppCluster [30]. Only unique terms
associated with either induced or suppressed genes and
at least 2 genes were reported [31].

Data management and statistical analysis

Data were expressed as mean+SD, and comparisons
between groups were performed using one-way ANOVA
followed by Turkey’s post-hoc analysis. A P value of 0.05
was considered significant.

Results

GSDMD expression in the hippocampus

We first showed that GSDMD is expressed in the room
air-exposed WT (WT-RA) hippocampal sections, and
it was increased in the hyperoxia-exposed WT (WT-
O,) hippocampal sections. However, GSDMD was
undetectable in RA-exposed GSDMD-KO (KO-RA)
brains and hyperoxia-exposed GSDMD-KO (KO-O,)
brains (Fig. 1A). These results confirmed the absence of
GSDMD in the KO brains, and that hyperoxia increases
GSDMD protein expression in the WT hippocam-
pus. GSDMD gene expression measured by qRT-PCR
also showed GSDMD-KO mice brains lacked measur-
able GSDMD transcripts (data not shown). To deter-
mine the specific brain cells that express GSDMD, we
performed double immunofluorescence of GSDMD with
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cell-specific markers, including AIF1, GFAP, NeuN, and
SOX2. GSDMD was co-localized with AIF1, suggest-
ing GSDMD is expressed by microglial cells (Fig. 1B).
GSDMD was also co-localized with GFAP, indicating
GSDMD is expressed by astrocytes (Fig. 1C). GSDMD
was rarely co-localized with SOX2 but never co-localized
with NeuN, suggesting GSDMD is weakly expressed by
neural stem cells and progenitor cells, but not by neurons
(data not shown).

GSDMD-KO reduces hippocampal inflammation

in hyperoxia-exposed neonatal mice

We next examined hippocampal sections for micro-
glial infiltration by immunostaining to assess whether
GSDMD-KO affects hyperoxia-induced hippocampal
inflammation. Histologically, there were many microglial
cells that were positive for AIF1 and CD68 in the WT-O,
brains compared to the other three groups (Fig. 2A, B).
These cells had activated microglia features, such as
enlargement of the cell body, reduction in the territory,
irregular cell shape, and self-association for each other
(red boxes, Fig. 2A, B). Quantitative analysis showed
that the AIF1+microglial count was threefold higher in
the WT-O, group than the other three groups (P<0.001,
Fig. 2C). Similarly, the CD68+ microglial count was
twofold higher than the other three groups (2<0.0001,
Fig. 2D). Thus, GSDMD-KO ameliorated hyperoxia-
induced microglial cell activation in the hippocampus.
We further assessed inflammation by qRT-PCR for gene
expression of inflammatory mediators and demonstrated
that hyperoxia increased expression of 116, Il1r1, 1118, and
1133, but not I/1 in WT brains compared to room air-
exposed WT brains. Moreover, hyperoxic exposure failed
to increase the expression of any of these inflammation-
associated genes in GSDMD-KO hippocampi (Fig. 2E).
These data further support that GSDMD-KO reduces
hyperoxia-induced brain inflammation.

GSDMD deficiency improves cell survival and decreases
cell death in hyperoxia-exposed brains

GSDMD is a key executor of inflammasome-induced
pyroptosis, and hyperoxia is known to reduce cell sur-
vival and cause cell death in hyperoxia-induced brain
injury models. We found that the WT-O, group showed
a 67% decrease in cell proliferation compared to WT-RA

(See figure on next page.)
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(P<0.01). However, the KO-O, group had approximately
2.4 folds increased cell proliferation compared to WT-O,
group (P<0.05, Fig. 3A, andB). When we assessed cell
death, our data showed that the WT-O, group had
a nearly 50% increase in cell death compared to the
other three groups (P<0.01, Fig. 4A, andB). We further
assessed which brain cells undergo cell death by co-local-
izing TUNEL-positive nuclei with cell-specific markers.
As demonstrated in Fig. 4C, TUNEL-positive nuclei were
mainly co-localized with SOX2-positive cells, indicating
these are neural stem cells and progenitor cells. In addi-
tion, TUNEL-positive nuclei were also co-localized with
GFAP-positive cells (Fig. 4D), suggesting these are astro-
cytes. TUNEL-positive nuclei were rarely co-localized
with AIF1-positive cells (data not shown). Thus, hyper-
oxia induced cell death in neural stem cells, progenitor
cells, astrocytes, and rarely in microglial cells.

GSDMD deficiency ameliorates hyperoxia modulation

of developmental processes and pathways

in the hippocampus

We performed RNA-seq analysis to understand how
GSDMD-KO affects the transcriptional response to
hyperoxia. Principal component analysis showed clear
separation of WT and KO animals by principal compo-
nent 1 (PC1). In WT animals, PC3 separated WT-RA
and WT-O,, but not KO-RA and KO-O,, which were
not separable by any of the top 10 PCs (Fig. 5A). Heat-
map of differentially expressed in WT-O, vs. WT-RA
and KO-O, vs. KO-RA and hierarchical clustering of
genes and samples showed clear clustering of samples by
genetic backgrounds and conditions (Fig. 5B).

We then performed differential expression analysis
comparing WT-O, vs. WT-RA hippocampus and KO-O,
vs. KO-RA hippocampus. In WT animals, hyperoxia dif-
ferentially regulated 258 genes with 146 genes upregu-
lated and 112 genes downregulated (Fig. 6A), whereas
in GSDMD-KO animals, hyperoxia differentially regu-
lated only 16 genes (Fig. 7A, B). Histogram of P values
in KO-O, vs. KO-RA showed uniform distribution, sug-
gesting the few differentially expressed genes identified
are likely false discoveries. We performed an overrep-
resentation analysis on Topcluster to identify biological
processes and pathways for the genes induced and sup-
pressed by hyperoxia in WT animals. The bar graph in

Fig. 1 GSDMD expression in the brains of the four study groups. A GSDMD immunostaining showed GSDMD expression was increased

in the hippocampal area of hyperoxia-exposed wildtype (WT-O,) brain (red arrows) compared to the hippocampal areas of the room air-exposed
WT (WT-RA), room air-exposed GSDMD-KO (KO-RA), and hyperoxia-exposed GSDMD-KO (KO-O,) hippocampi. Representative focal enlarged areas
of GSDMD + cells are in the red boxes. 20 x objective magnification. Scale bar: 50 um. B Double immunofluorescent staining for GSDMD (green
signal), AIF1 (red signal), and DAPI (blue signal, not shown). GSDMD was co-localized with AlIFT in WT-O, hippocampus (orange signals, white
arrows). Scale bar: 50 um. € Double immunofluorescent staining for GSDMD (green signal), GFAP (red signal), and DAPI (blue signal, not shown).
GSDMD was co-localized with GFAP in the WT-O, hippocampus (orange signals, white arrows). Scale bar: 50 pm
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Fig. 2 GSDMD-KO reduces hyperoxia-induced hippocampal inflammation. A Immunostaining for AIF1 (a microglial marker, brown signals, red
arrows) (A) and immunostaining for CD68 (a microglial marker, brown signals, red arrows) (B) showed microglia cells in the WT-O, hippocampus
were disorganized and had enlarged bodies and dendrites compared to hippocampi from WT-RA, KO-RA, and KO-O, mice. Representative focal
enlarged areas of microglial cells are in the red boxes. There was a significant increase of AIF1 4+ microglial cells (C) and CD68 + microglial cells (D)

in the WT-O, group compared to the WT-RA group, but KO-O, had reduced microglial cells compared to the WT-O, group. n=>5/group. ***P<0.001
and ****P<0.0001, WT-RA vs. WT-O,. *P < 0,001 and #*"P <0.0001, WT-0, vs. KO-O,. 20 x objective magnification. Scale bars: 50 um. E gRT-PCR
demonstrated increased gene expression of inflammatory mediators, including /16, /111, 1118, and 133, in WT-O, brains compared to WT-RA brains.
However, KO-O, mice had reduced expression of these genes compared to WT-O, brains. n=4/groups. *P<0.05 and ***P<0.001, WT-RA vs. WT-O,.

*p<0.05,P<0.01 and #*P<0.001, WT-0, vs. KO-O,

Fig. 6B shows the top Gene Ontology Biological Pro-
cesses and KEGG and Reactome pathways associated
with genes induced and suppressed by hyperoxia in WT
animals. Genes induced by hyperoxia were associated
with neuroprojection morphogenesis, neuron differen-
tiation, neuron development, axonogenesis, blood cir-
culation, hypoxia-induced factor 1 (HIF-1) pathway, cell
growth, chemotaxis, angiogenesis, and vascular devel-
opment. Suppressed genes were associated with neural
growth factor (NGF) stimulated transcription, memory,
nuclear events kinase and transcription factor activa-
tion, short-term memory, response to corticosterone, cell

surface receptor signaling pathway involved in cell—cell
signaling, ligand-activated transcription factor activ-
ity, and response to hypoxia. Network plots for the top
differentially induced gene pathways in WT brains were
axonogenesis, neuron projection guidance, developmen-
tal growth involved in morphogenesis, axon guidance,
and developmental cell growth (Fig. 6C). The top dif-
ferentially suppressed gene pathways included cogni-
tion, learning or memory, and muscle dell development
(Fig. 6D).

We then performed a direct comparison of KO-O,
with WT-O, animals. In this comparison, we found
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Fig. 3 GSDMD-KO improves cell survival in hyperoxia-exposed brains. A Representative immunofluorescence staining for Ki67 (pink signals,

red arrows) and DAPI nuclear staining (blue signals) in brain tissue sections from WT-RA, WT-O,, KO-RA, and KO-O, mice. Representative focal
enlarged areas of Ki67 + stained cells are in the white boxes. B Quantification of proliferation index (percentage of Ki67 +nuclei/total cell nuclei)
showed a decreased Ki67 +cells in the WT-O, group. In contrast, the GSDMD-KO group exposed to hyperoxia had increased Ki67 + cells compared
to the WT-0, group. n=5/group. ***P<0.001, WT-RA vs. WT-0,. *P < 0.05, WT-0, vs. KO-0,. 20 x objective magnification. Scale bars: 50 um

1291 genes were differentially regulated in the dot-
plots, as illustrated in Fig. 7A. Genes induced by hyper-
oxia in GSDMD-KO brains relative to WT brains were
associated with negative regulation of nervous system
development, regulation of neuronal synaptic plastic-
ity, hippocampus development, negative regulation of
neurogenesis, endothelial cell chemotaxis, postsynapse
organization, extracellular structure organization, and
VEGFA/VEGEFR?2 signaling (Fig. 7B). Supressed genes
included neurotransmitter receptors and postsynap-
tic signal transmission, neuroactive ligand receptor
interaction, synaptic transmission, synapse asseembly,
blood vessel diameter maintenance, vascular process
in circulatiory system, reponse to BMP, and oligoden-
drocyte differentiation (Fig. 7B). Network plots for the
top differentially induced gene pathways in the KO
brains were regulation of neurogenesis, axonogenesis,

(See figure on next page.)

synapse organization, dentate gyrus development, and
limbi system development (Fig. 7C). Top suppressed
gene pathways included regulation of blood circulation,
glial cell differention, axon guidance, and myelination
(Fig. 7D). These findings suggest that in the setting of
hyperoxia, GSDMD-KO modulated important develop-
mental pathways in the hippocampus.

We performed qRT-PCR to verify select genes differ-
entially regulated by hyperoxia and GSDMD-KO. Rep-
resentative genes whose expression was increased by
hyperoxia in the WT brains but reduced by GSDMD-
KO included basic helix-loop—helix family member
€40 (Bhlhe40), endothelin 1 (Ednl), immediate early
response 3 (ler3), and Serpinel which are involved in
the neurovascular injury, synaptic plasticity, apoptosis,
and cellular senescence (Fig. 8).

Fig. 4 GSDMD-KO prevents cell death induced by hyperoxia. A TUNEL assay (green signals) and DAPI nuclear stain (blue signals) were used
to identify dead cell nuclei (teal signals). Representative focal enlarged areas of TUNEL + stained cells were in the white boxes. B Quantification

of cell death index (percentage of apoptotic nuclei divided by total nuclei) revealed that WT hippocampus had increased cell death when exposed
to hyperoxia. In contrast, hyperoxia-exposed KO hippocampus had significantly less cell death. n=5/group. **P<0.01, WT-RA vs. WT-O, *P<0.001,
WT-0O, vs. KO-O, 20 x objective magnification. Scale bars: 50 um. C TUNEL assay (green signal) was performed with immunofluorescence for SOX2
(red signal), and DAPI (blue signal, not shown). TUNEL-positive nuclei were co-localized in SOX2-positive cells in WT-O, hippocampus (white/yellow
nuclei, white arrows). Scale bar: 50 um. D TUNEL (green signal) was performed with immunofluorescence for GFAP (red signal), and DAPI (blue
signal, not shown), TUNEL-positive nuclei were co-localized in GFAP-positive cells in WT-O, hippocampus (teal nuclei/red cells, white arrows). Scale
bar: 50 pm
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Fig. 5 GSDMD-KO prevents transcriptional changes induced by hyperoxia in the hippocampus. A Principal component analysis (PCA) plot showing
separation of WT and GSDMD-KO mice by PC1 and WT-RA and WT-O, animals by PC3, but no separation between KO-O, and KO-RA. B Heatmap
of differentially expressed genes in WT-O, vs. WT-RA and KO-O, vs. KO RA with hierarchical clustering of treatment groups. n=4 animals/group

in WT groups. n=3 animals/group in KO groups

Discussion

BPD, characterized by inflammatory lung injury, con-
tinues to be a major contributor to morbidity and
mortality in extremely premature infants and is also a
predictor of NDI [4, 5, 32]. Currently, no therapies are
effective and safe for either condition. Previous stud-
ies from our lab have demonstrated a critical role for
GSDMD activation in hyperoxia-induced mouse mod-
els of BPD and brain injury [15]. Furthermore, our pre-
vious studies also have shown that adoptive transfer of
GSDMD-laden extracellular vesicle (EV) derived from
hyperoxia-exposed rat models into healthy neonatal
rats induced pathological hallmarks of BPD, and these
GSDMD-laden EVs can cross the blood—brain barrier
causing inflammatory brain injury [16]. In this study,
we focused our investigations on the effects of global
GSDMD-KO in a neonatal mouse model of hyperoxia-
induced brain injury. We provided evidence, for the
first time to the best of our knowledge, that GSDMD
deficiency ameliorates hyperoxia-induced inflamma-
tion and cell death in the hippocampus as well as alters
hyperoxia-modulated transcriptomes and distinctive
enriched biological pathways in the hippocampus.
However, since we used a global GSDMD KO model,
it is likely that both KO of brain endogenous GSDMD
expression as well as circulating EV GSDMD expression
contribute to our observations. Both mechanisms can
reduce GSDMD effects on brain inflammatory response
and cell pyroptosis. Future studies are needed to differ-
entiate these two mechanisms by generating lung cell-
specific or brain cell-specific GSDMD gene deletion.

It is well-known that the etiology of lung injury and
BPD in preterm infants is multifactorial. However, hyper-
oxia is thought to be a significant contributor to the
inflammatory response mediated by macrophages and
neutrophils, which invade the endothelium and alveolar
spaces of premature lungs, causing lung injury and sub-
sequent development of BPD [3]. A previous study from
our laboratory demonstrated that hyperoxia-exposed
GSDMD-KO animals had significantly less alveolar
macrophage and neutrophil infiltration, an improve-
ment in alveolarization and gas exchange surface area,
improved vascularization and less vascular remodeling/
muscularization compared to the WT mice indicating
improvements in the hyperoxia-induced lung injury, and
deranged alveolar and vascular development that are
seen in BPD [21].

In addition, mounting evidence suggests hyperoxia is
an important trigger of brain injury. Studies have shown
that the developmental stages of the lung and brain
in rodent models are comparable to preterm humans
[33-35]. In most rodent models, lung injury has been
noticed after exposure to hyperoxia for 7-14 days,
whereas brain injury has been detected after exposure
to hyperoxia for just 6 to 48 h. In our study, rodent
models were exposed to hyperoxia for 14 days, aiming
to investigate the chronic effects of hyperoxia on brain
injury, and laying the foundation for further potential
investigations of the complex lung—brain axis interac-
tions which result in multiple comorbidities in preterm
infants.
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Our current study demonstrated a marked increase of
GSDMD expression in the hippocampus of hyperoxia-
exposed WT mice. We further showed that GSDMD
was strongly expressed in microglial cells and astrocytes
and weakly expressed in neural stem cells and progeni-
tor cells. The strong expression of GSDMD in microglial
cells was correlated with increased microglial cell acti-
vation and increased gene expression of inflammatory
mediators, 116, 1l1r1, 1118, and 1l33. These cytokines are
known to be predominately produced by microglial cells,
with basal amounts produced under steady-state condi-
tions and greatly elevated amounts produced in response
to pathogens, tissue damage, and other danger-associ-
ated molecular triggers, such as hyperoxic tissue damage

[36]. They play pivotal roles in CNS infection, neurode-
generation, and injury. Our results support the crucial
role of GSDMD in mediating hyperoxia-induced brain
inflammation.

Based on the evidence of GSDMD involvement in the
inflammasome pathway, we investigated the effects of
GSDMD-KO on cell proliferation and death. Although
cell proliferation was generally low in all study groups,
the GSDMD-KO brain had a higher proliferating index
than WT brain under hyperoxic conditions. Based on
the location of these proliferating cells in the subgranu-
lar zone (SGZ) of the dentate gyrus as well as the cornu
ammonis and surrounding hippocampus, these cells
are likely neural stem cells and progenitor cells that are



Challa et al. Journal of Neuroinflammation (2023) 20:205

40 E E
1 I
1 I
1 |
1 I
1 |
30 4 =t
G_ucy1a1 1
Drd1 * : :
aQ Gira3 * Camkag~Poch’
2 s Hsasts > ~Olfma-Asict
S i Penk®  Sv2 Trim66
§ Trh Adora2a TacIoE.
" Caa’
: Chat 1si1 Gm10925
Shox2. | 8 .
soxia -KKE Hpd-
o JApoi7o .0cR3 %if 2990
T T T
5 0 5
Log, fold change
© NS e Log,FC e pwvaue e p-valueandlog,FC
B K0-0; vs WT-0,
-10 5 0 5

Negatve regulation of nervous system development
Regulaton of neuronal synaptic plasticity

Page 11 of 15

C CTa— Induced genes
L
Dmrta2 e
Pppica Soxit
Foxg1
% 0 W2/ Raf112
Y Lhx2 e °
Cck\  Rinar®L oS! K™ sor
N Somase ita »
°
a $o2\  Nordht 78—
Cha1 regulati f neurogenesi
o2 egulation of neurogenesis size
e N2\ /Dab1 \ [ 33
Tbce L0 - Cyfipi~. ~Camk2b %%
Dscagit axonogenesisEphas Styosd .0 ®
° Z 0
Bhih 229“*“8 2 . Lrpa. 'g'mau e Cttnbp2
e’ . 173 Kaim 48dnf ttnbp: category
Epha6 Fa13 | Epha? shisgs axcnogeness
Efnadg” Cdhif o i oo e dewsmen
dentate gyrus development Attigag39 Fina emiic system development
A e Prica NP1 o reguiation of neurcgeness
el ©, " synapse organization — Sppn2 — sywese comacn
/ Actd ®
limbic-system development Houtods
L
Neurod6 Crksr2g KikB
b Gz G2
o s Wasft
o
Emx2 o A.d o2 Snca chng“
Neurod1 Prt1 ! oM 1
Fog Hrap Shank1
L
Zbtb18

Suppressed genes

10 Hh3 o”@ g Ggina
Otof®. McP2_Gira3™ eMef2c
Sict7a8 Em:g Slesa79Grma ims2

o 8
haty | | $1622033 ) Kenga

Smag7 Sast A
Hippocampus development —— 14 Scnsag & Ye o Htgib sa:sm" Abat sglosas
Negative regulation of neurogenesis [T o Pdedt P:“D Adra2ae0rd2 » 2 5,8 .’S‘ oy
., Inc
Endohelial el chemotaxis _—y Sopth ., - CAnZ2-Alg2bep HIT P2rYE ’::;mo e Yaen
N ®Ccn2 / Chm2e: ° ®
Postsynapse organzaton — 17 Sicl & xS g - ® _© “Chma3 size
e o~ A2hif&ion of blood irculation' "¢ Gmé’ Pdetd ®
Celigowh — 27 Kcoh2 @Pigerd —— Ord1 )
1 Hend—@R0raib . [ S
Exvacelular structure organzaton — 20 e e 2 enas ® o ()
»
Exiernal encapsulatng stucture oganzaton — 20 Ros%, .YW.‘ & hs' pdora2a  Gagt °
o Isi1 w
VEGFAVEGFR2 signaling — 25 Tacrl ..51 Pbxnct
Semaia Cotnse ® LMM2 category

Response b wounding

Glial cell development
Oligodendrocyte differen tation
Response b BMP

16—
14—
19—
Vascular process in circulatory system 26—

Blood wessel dameer 19

Synapseassembly 25—

Smooth muscle conraction 23 EEE———

Synaptic 2 gic 18
figand moeptor 43
Neurotransm itter recepors and signal 2

axon gudance

Dig1 ° X1
Hdagl1 o _glial cell differentiation . yandtp Nn1-C9g¢ 8

Crj DuspTs Shhayon guidance T G2 kel cat Gferansaton
Opapia-Tait /! | \Left S S o Cnind __

Emb3 o 7\ ® o Semata’ | \FZ03g Efnas @ ,

Sisas L Bmp2 N ® Mypoi\ Gala3 2 reguiation of biood crculation
¥ 1 2 & 3( | Lam . ki roguaton of rmrciranemter levels
SicBa3” ¢ /& ¥ ygto

S T2 8. NS/ acam| @\ ggndy
Nodz | /a2 ¢ oS, Enb2, g
Nei=Poon— Natr PP™e o “Nexn
Epb41I3 inati Gning
myelination
&
?A’;lo Galast1
® o0 @
RXG Tdf Rarb

Fig. 7 GSDMD KO modulates the transcriptional response to hyperoxia in the hippocampus. A Volcano plot of genes differentially expressed

in brains of KO-O, mice compared to WT-O, mice (fold change > 1.25 and FDR < 0.1). B Gene set enrichment analysis of genes differentially
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known to be present and proliferating in the neonatal
hippocampus. Our results demonstrated that hyper-
oxia-induced hippocampal cell death was significantly
lower in the GSDMD-KO mice compared to their WT
littermates. Furthermore, the TUNEL-positive cells
were mainly co-localized with neural stem cells, pro-
genitor cells, and astrocytes in hyperoxia-exposed WT
brains. These results highlight a detrimental effect of
hyperoxia on neural stem cell physiology and func-
tion, which can lead to short-term and long-term

neurodevelopmental impairment, as observed in pre-
term infants with a history of chronic oxygen therapy
[4].

Our RNA-seq findings reveal that hyperoxia-induced
structural damage is associated with the altered expres-
sion of many gene pathways that can impact brain devel-
opment in WT mice but not in GSDMD-KO mice. There
was a clear separation of WT and KO mice by PC1, and
WT-RA vs. WT-O, on PC3. However, there was no clear
separation of KO-RA vs. KO-O, in PC3, indicating that
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GSDMD-KO prevents hyperoxia-induced transcriptome
changes in the mouse brain. These observations were
further supported by the distinct heatmap of differen-
tially expressed genes and hierarchical clustering of genes
by genetic backgrounds and conditions in WT-O, vs.
WT-RA and KO-O, vs. KO-RA animals.

On differential expression analysis, hyperoxia differ-
entially regulated 258 genes, with 146 genes upregulated
and 112 genes downregulated in the WT animals. How-
ever, hyperoxia only differentially regulated 16 genes in
the GSDMD-KO animals. On overrepresentation analy-
sis of the WT brains, hyperoxia-induced genes are asso-
ciated with neuroprotection morphogenesis, neuron
differentiation and development, axonogenesis, blood
circulation, HIF-1 pathway, cell growth, chemotaxis,
angiogenesis, and vascular development. Suppressed
genes were associated with NGF-stimulated transcrip-
tion, memory, transcription factor activation, short-
term memory, response to corticosterone, cell surface
receptor signaling pathway involved in cell-cell signal-
ing, ligand-activated transcription factor activity, and
response to hypoxia. However, these changes were pre-
vented by GSDMD-KO, which led to the regulation of
fewer genes that were not associated with these processes
or pathways, suggesting they are GSDMD-dependent.
HIF-1 signaling pathways are critically involved in the
embryonic and postnatal stages of brain development by

targeting the highly active maturational and angiogenic
processes [37]. VEGF is known to be a major target gene
for HIF-1. Hyperoxia-induced destabilization of HIF-1
downregulates the expression of proangiogenic factors,
such as VEGF and its receptors VEGFR1 and VEGFR2,
leading to derangement of angiogenesis and vascular
development [38, 39]. NGF is a neurotrophic factor that
plays a central role in the growth, development, and pro-
tection of the central and peripheral nervous systems [40,
41] and is, therefore, critical for prenatal and postnatal
brain development. Preventing its downregulation by
hyperoxia by GSDMD-KO highlights a crucial function
of GSDMD in neonatal brain development.

When directly comparing KO-O, with WT-O,, we
found 1291 genes were differentially regulated, with
genes associated with negative regulation of nervous sys-
tem development, regulation of neuronal synaptic plas-
ticity, hippocampus development, negative regulation of
neurogenesis, endothelial cell chemotaxis, postsynapse
organization, extracellular structure organization, and
VEGFA/VEGEFR?2 signaling being upregulated. Upregu-
lation of these important neurodevelopmental pathways
by GSDMD-KO indicates they are GSDMD responsive
under hyperoxia exposure, which may lead to better
brain development in neonatal mice. Further upregula-
tion of VEGFA/VEGFR? signaling by GSDMD-KO may
facilitate neurovascular development, which is important
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for brain function. We discovered some down-regulated
gene pathways by GSDMD-KO that were associated
with neurotransmitter receptors and postsynaptic signal
transmission, neuroactive ligand receptor interaction,
synaptic transmission, synapse assembly, blood vessel
diameter maintenance, vascular process in circulatory
system, reponse to BMP, and oligodendrocyte differen-
tiation. We speculate changing in these pathways may
provide balance for normal brain development under
hyperoxia. Our network plotting data further support the
critical role of GSDMD in modulating important neu-
rodevelopmental pathways in the hippocampus.

We reported four representative genes whose expres-
sion was increased by hyperoxia in WT brains but
reduced by GSDMD-KO, which included Bhlhe40, Ednl,
ler3, and Serpinel. Bhlhe40 is a transcription factor that:
(1) directly represses gene expression via binding to class
B E-Box sequences (CACGTG) [42]; (2) directly activates
gene expression by binding to Sp1 sites [43, 44]; and (3)
indirectly regulates gene expression by interacting with
basal transcription machinery, other transcription fac-
tors, or histone modifiers [45—-47]. It is highly expressed
in the hippocampus and involved in a number of essen-
tial functions, such as hypoxia, DNA damage responses,
and metabolism [45, 48-50]. It plays a role in regulating
neuronal excitability and synaptic plasticity in the hip-
pocampus [51]. Edul is involved in regulating neuro-
transmission, microglial proliferation, and maintenance,
and EDN1-endothelin receptor B complex contributes
to oligodendrocyte differentiation and myelin deficits
during preterm white matter injury [52-54]. ler3 gene
is involved in regulating apoptosis in various organs [55,
56], and its role in preterm brain injury is unknown. Ser-
pinel, also known as plasminogen activator inhibitor-1
(PAI1) is involved in regulating cellular senescence and
neuroinflammation [57, 58]. Serpinel acts as a regula-
tor of peripheral neutrophil migration, independent of
its role as a protease inhibitor, contributing to ischemic
stroke [59]. These findings further demonstrate that
the genes and the corresponding pathways regulated by
hyperoxia could be prevented by GSDMD-KO, thereby
alleviating inflammatory responses, cell death, and vas-
cular and tissue remodeling in premature brains.

We conclude that deficiency of GSDMD largely
attenuates the damaging effects of hyperoxia on the
premature brain at structural and cellular levels, which
are linked to transcriptome modifications. GSDMD-
KO resulted in the upregulation of gene pathways
related to neuronal synaptic plasticity, hippocampus
development, neurogenesis, endothelial cell chemo-
taxis, postsynapse organization, extracellular struc-
ture organization, and VEGFA/VEGFR2 signaling.
GSDMD-KO resulted in downregulating gene pathways
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associated with neurotransmitter receptors and post-
synaptic signal transmission, neuroactive ligand recep-
tor interaction, synaptic transmission and synapse
assembly, blood vessel diameter maintenance, and
oligodendrocyte differentiation. Although the cellu-
lar sources for these transcriptome modifications are
unknown due to the limitations of whole hippocampal
RNA-seq, which lacks the ability to detect gene expres-
sion in specific brain cells compared to single-cell
RNA-seq, which can detect hyperoxia-induced gene
changes in specific brain cells. We plan to perform sin-
gle-cell RNA-seq in future studies to expend and con-
firm our whole hippocampal RNA-seq data.

The results from this study, combined with our recently
published data on the effects of GSDMD deficiency in
ameliorating hyperoxia-induced lung and retinal injury
in neonatal mice [21], highlight that the inflammasome—
GSDMD cascade is central to hyperoxia-induced prema-
ture multi-organ injury. Thus, targeting GSDMD may be
beneficial in preventing and treating neonatal brain, lung,
and retinal damage in premature infants.
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