W) Check for updates

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

ALZHEIMER’S DISEASE

Inhaled xenon modulates microglia and ameliorates
disease in mouse models of amyloidosis and tauopathy
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Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder. Antiamyloid antibody treatments
modestly slow disease progression in mild dementia due to AD. Emerging evidence shows that homeostatic dys-
regulation of the brain immune system, especially that orchestrated by microglia, plays an important role in dis-
ease onset and progression. Thus, a major question is how to modulate the phenotype and function of microglia
to treat AD. Xenon (Xe) gas is a noble gas used in human patients as an anesthetic and a neuroprotectant used for
treating brain injuries. Xe penetrates the blood-brain barrier, which could make it an effective therapeutic. To as-
sess the effect of Xe on microglia and AD pathology, we designed a custom Xe inhalation chamber and treated
several mouse models of AD with Xe gas. Xe treatment induced mouse microglia to adopt an intermediate activa-
tion state that we have termed pre-neurodegenerative microglia (pre-MGnD). This microglial phenotypic transi-
tion was observed in mouse models of acute neurodegeneration and amyloidosis (APP/PS1 and 5xFAD mice) and
tauopathy (P301S mice). This microglial state enhanced amyloid plaque compaction and reduced dystrophic neu-
rites in the APP/PS1 and 5xFAD mouse models. Moreover, Xe inhalation reduced brain atrophy and neuroinflam-
mation and improved nest-building behavior in P301S mice. Mechanistically, Xe inhalation induced homeostatic
brain microglia toward a pre-MGnD state through IFN-y signaling that maintained the microglial phagocytic re-
sponse in APP/PS1 and 5xFAD mice while suppressing the microglial proinflammatory phenotype in P301S mice.

These results support the translation of Xe inhalation as an approach for treating AD.

INTRODUCTION

Alzheimer’s disease (AD) and primary tauopathies such as progres-
sive supranuclear palsy and frontotemporal dementia due to tauop-
athy cause progressive neurodegeneration, which ultimately leads
to death. Currently, antiamyloid antibody treatment only modestly
slows disease progression in mild dementia due to AD (1). Thus,
other therapies are needed to slow or stop the progression more ef-
fectively. Given that AD alone affects 50 million people worldwide,
with a prediction to rise to 150 million by 2050 (2), there is a dire
need for neuroprotective treatments that can minimize or attenuate
the neurodegeneration and neuroinflammation observed in this
disease. The mechanisms underlying AD are not fully understood.
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However, microglia-mediated increased inflammation and oxidative
stress, induced by abnormal protein accumulation of amyloid-f (Af)
plaques and tau tangles, has been associated with AD progression.
We identified that neurodegenerative microglia (MGnD) (3), also
called disease-associated microglia (DAM) (4), are regulated by the
reciprocal suppression of transforming growth factor-f (TGFf) and
induction of apolipoprotein E (APOE) signaling in different neuro-
degenerative models, including mouse models of AD (3). Genome-
wide association studies (GWASs) (5) identified microglia as the
primary cell type in the central nervous system (CNS) whose gene
expression pattern correlated with late-onset AD. However, no treat-
ment that focuses on microglia modulation is available.

Various medical gases have been safely used for anesthesia and
hyperbaric oxygen therapy (6). Xenon (Xe) gas is a noble gas and one
of the least reactive chemical elements, with a complete set of valence
electrons that make it stable and unreactive. Xe has been used as a
general anesthetic since the mid-1900s, but its molecular targets re-
main obscure (7). Its effects on the glutamatergic neurotransmitter
systems, especially N-methyl-p-aspartate (NMDA) receptors, are the
most thoroughly studied. However, the mechanisms by which the
potentially neuroprotective properties of Xe manifest are still unclear
(7, 8). Excitatory glutamatergic neurotransmission through NMDA
receptors is critical for synaptic plasticity and survival of neurons.
However, excessive NMDA receptor activity can contribute to exci-
totoxicity and promote cell death. Some studies have shown that the
function of NMDA receptor channels is correlated with neurotoxic-
ity and degeneration observed in AD (9). Xe is an NMDA receptor
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antagonist (10) that can enter the brain parenchyma through the
blood-brain barrier (BBB) (11), making it an effective CNS thera-
peutic. A number of in vivo and in vitro studies have examined the
efficacy of Xe in models of traumatic brain injury (TBI), hypoxia,
ischemic brain injury, and neuronal injury (12, 13). However, how
Xe inhalation might affect amyloidosis, tau pathology, neurodegen-
eration, and neuroinflammation in AD has not been examined. Xe
inhalation is being explored in clinical trials as a potential therapeu-
tic in various neurological conditions and neurodegenerative dis-
eases, but further understanding of the effects of Xe inhalation and
molecular mechanisms is necessary (14, 15).

Our current study investigated the therapeutic potential of Xe
inhalation for AD and tauopathy using various mouse models that
simulated distinct amyloidosis and tauopathy features. The APP/
PS1 (16) and 5xFAD (17) mice were used as models of amyloidosis
with AP plaque accumulation, whereas P301S mice expressing
APOE4 (TE4) were used to explore tau-induced neurodegeneration
in the context of human APOE4 (18). To study human microglial
responses, we used humanized 5x-MITRG mice engrafted with in-
duced pluripotent stem cell (iPSC)-derived human microglia (19).
An acute neurodegeneration model in which apoptotic neurons
were injected into adult mouse brains (3) was used to examine Xe’s
effects on early microglial activation. Furthermore, to assess the role
of MGnD in controlling Af accumulation and dystrophic neurites,
we generated a Clec7a-Cre®™ ™ mouse model capable of targeting
Clec7a’ MGnD. To investigate how interferon-y (IFN-y) signaling
might regulate the transition from homeostatic microglia to MGnD
in response to Xe, we used Cx3cr1-Cre®™ 2 Ifugr1"°* (Ifngr1-cKO)
mice. Together, these mouse models provided a comprehensive un-
derstanding of Xe’s impact on AD-like pathology, microglial modu-
lation, and neuroimmune interactions.

RESULTS

Xe inhalation induces a microglia phagocytic response and
suppresses the neuroinflammatory signature in mice

with neurodegeneration

To determine whether Xe inhalation could modulate MGnD, we used
an acute neurodegeneration mouse model to induce MGnD (3). Brief-
ly, apoptotic neurons were injected into the cortices and hippocampi
of naive C57BL6] mice, which induced the recruitment of microglia
toward the site of injection and changed their morphology and pheno-
type from an MO (homeostatic) (20) to an MGnD signature (3). Using
this model, we tested four different concentrations of Xe, starting with
6,12, 30, and 35% (fig. S1A). To treat mice with Xe, we constructed a
special chamber that controlled the supply of Xe and oxygen (O,). The
closed-circuit system pumps recirculated gas through soda lime to ab-
sorb carbon dioxide (CO,). CO, and O, concentrations were continu-
ously monitored. The gas mixture was premixed in an outside
container with excess pressure. When the O, concentration was re-
duced to below 18%, an additional gas mixture was supplied from the
mixing container. The system was optimized to treat up to 12 mice
simultaneously in one chamber. We used a cell sorter for microglia
isolation, followed by our specific microglia antibody, anti-FCRLS (Fc
receptor-like S) (fig. S1B) (3). When comparing different concentra-
tions of Xe, the flow cytometry results indicated that the 30 and 35%
concentrations promoted more neuron phagocytosis (fig. S1C). Tran-
scriptomic characterization of phagocytic microglia showed that 30%
Xe increased the expression of genes correlated with the IFN signature
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(Ifitml, Ifit2, and Stat4) and lysosomal and phagocytic functions
(P2ry10, Cd36, and Mrcl) and decreased the expression of genes re-
lated to nuclear factor kB (NF-kB) responses such as Il1a, Il6ra, and
Jun (fig. S1D). Ingenuity pathway analysis (IPA) indicated an up-
regulation of peroxisome proliferator-activated receptor (PPAR) and
retinoid X receptor (RXR) activity, myelination signaling, and anti-
inflammatory interleukin-10 (IL-10) signaling. Moreover, senescence
pathways associated with increased neuroinflammation—including
Toll-like receptor (TLR), IL-8, and CXCR4 signaling—were down-
regulated after Xe inhalation (30%) (fig. S1, E and F).

Xe is an inert gas, and its measurement is very difficult, often re-
quiring specialized techniques. To address this, we developed a sen-
sor capable of accurately detecting the concentration of Xe. We
calibrated the sensor to detect the percentage of Xe in a binary mix-
ture of Xe and O,. Our testing has demonstrated that our sensor is
reliable and accurate across a Xe concentration range from 0 to
100% (fig. S1, G to I). To determine how long the effects of Xe persist
in microglia, we used APP/PS1 mice, an animal model with accu-
mulation of Ap and MGnD (3), which can be followed for more ex-
tended periods than the acute neurodegeneration mouse model
(16). We treated 3-month-old APP/PS1 mice with a single dose
of 30% Xe for 40 min. Animals were euthanized 3, 7, or 14 days
after treatment, and isolated microglia were evaluated by flow cy-
tometry and RNA sequencing (RNA-seq) (fig. S2A). We found that
7 days after treatment was the peak of the microglial response, with
the highest number of differentially expressed genes (DEGs) (fig.
S2B). IPA indicated CREB, IL-15, and nitric oxide as the major path-
ways induced by Xe at this time point (fig. S2, C to G). This kinetic
evaluation showed that activation started in animals at 3 days after
treatment, with the oxidative phosphorylation metabolism recovery
at 14 days after treatment (fig. S2D). In addition, the evaluation of
homeostatic and MGnD signatures showed that Xe inhalation in-
duced expression of a subcluster of MGnD genes, such as Gpnmb,
Gas7, Clec7a, Axl, and Itgax, but maintained expression of some ho-
meostatic genes, as shown by the increased expression of Tgfbr2 and
Nr3cl (fig. S2E). Upstream regulator IPA predicted the suppression
of tumor necrosis factor (TNF) and the complement system (C3,
IKZ1, and APP) and the up-regulation of TGFp (fig. S2F). Thus, Xe
treatment suppressed inflammatory genes while maintaining up-
regulation of genes related to phagocytic functions (fig. S2G). To
validate the ability of Xe to enhance the microglial phagocytic re-
sponse, we treated wild-type C57BL/6] mice with 30% Xe for
40 min. Seven days after inhalation, we injected fluorescent Ap (1-
42) into the cortex and hippocampus, and four hours later, we evalu-
ated the phagocytic activity of microglia using flow cytometry (fig.
S2, H and I). Our results demonstrated that Xe treatment signifi-
cantly increased the percentage (P = 0.0009) of microglia that
phagocytosed AP (fig. S2H) and the amount of A that microglia
could phagocytose (P < 0.0001) (fig. S2I).

Xe inhalation suppresses the microglia inflammatory
phenotype associated with reduced AD pathology and
neuritic dystrophy in APP/PS1 mice

To evaluate whether Xe inhalation has a protective immunomodula-
tory role in restoring homeostatic microglial functions in AD, we
established a protocol to treat APP/PS1 mice. We initiated treatment
with Xe at 2 months of age (at the onset of amyloid deposition) and
continued weekly 40-min treatments for a total of 8 weeks. Notably,
these APP/PS1 mice started developing amyloid plaques at 6 weeks
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of age, with saturation around 8 months (3). In each group, we di-
vided the animals into Xe (30%) treatment or atmospheric air inha-
lation, which served as the control group. We isolated FCRLS™
microglia by fluorescence-activated cell sorting (FACS) and per-
formed RNA-seq analysis. Xe inhalation suppressed the classical
MGnD genes Clec7a, Clu, Lgals3, and Apoe. Moreover, homeostatic
genes were up-regulated, including Nr3cl, encoding a glucocorti-
coid receptor, and Spil (PU.1), which is essential to maintain the
homeostatic signature of microglia (Fig. 1A) (21). With a decrease
in MGnD signature gene expression, IPA showed enrichment in
pathways correlating with neuron protection and a reduction in
pathways associated with inflammation and oxidative stress (Fig. 1,
B and C). IPA and histopathology analysis showed that Xe inhala-
tion enriched synaptogenesis genes in microglia, which decreased
Lampl™* dystrophic neurites (P = 0.0026) (Fig. 1, C to E). We also
confirmed decreased expression of Clec7a™ (P = 0.0319), a surface
marker of MGnD (3) and AP plaque accumulation (P = 0.0452)
(Fig. 1, F and G). Moreover, the number and size of AP plaques pre-
senting Lamp1* dystrophic neurites decreased, particularly those of
a larger size (P = 0.0245) (Fig. 1, Hand I).

Although we showed that Xe inhalation suppressed MGnD and
restored MO microglia in acute and chronic neurodegeneration
mouse models, we did not address whether Xe treatment directly mod-
ulated microglia. We previously found that granulocyte-macrophage
colony-stimulating factor (GM-CSF) induced several MGnD mole-
cules in adult microglia in vitro, including Il1b6 and Clec7a (20). To
evaluate the direct effects of Xe on microglia, we cultured adult
mouse microglia for 5 days with the following: (i) M-CSF (10 ng/
ml) with human TGFp (50 ng/ml) to induce a homeostatic signa-
ture or (ii) GM-CSF (10 ng/ml) for MGnD differentiation (20). On
day 6, all cytokines were removed after Xe exposure for 24 hours.
RNA-seq analysis confirmed the ability of Xe to suppress the neu-
roinflammatory response directly in GM-CSF-induced MGnD-
like microglia, including the suppression of Il1b, Tnf, Nfkb1, and
Ier3 (Fig. 1]). Moreover, Xe treatment suppressed the MGnD-
related genes—including Clec7a, Ccl2, and Tnf—and induced the
expression of regulators of MO microglia, such as Salll and Tgfbr2
(Fig. 1K).

Xe inhalation induces protective MGnD during early stages
of AD in mice

The kinetics experiments showed increased expression of genes re-
lated to MGnD, including Clec7a, at 7 days after Xe treatment (fig.
S2E). Histological analysis confirmed this increase at the protein
level (P = 0.0014) (Fig. 2, A to C). To evaluate whether this microg-
lial transition was beneficial for controlling Ap accumulation and
dystrophic neurites, we generated a Clec7a-Cre*®"? mouse model
capable of targeting Clec7a™ MGnD. Because Clec7a is specifically
expressed in MGnD and not by any other neural cells in the brain
(3), the Cre-recombinase will only be active in Clec7a™ MGnD, en-
abling us to track and deplete MGnD in AD mice specifically. To
validate the specificity of our mouse model for targeting MGnD, we
crossed Clec7a-Cre®™2:ROSA26™ 1™ mice with APP/PSI mice.
At 3 months of age, the animals were treated with 75 mg of tamoxifen/
kg of body weight. One month later, the animals were euthanized,
and their brains were evaluated. We found that TdTomato expres-
sion was specific to microglia coexpressing Clec7a associated with
AP plaques (fig. S3, A and B). To confirm the MGnD signature
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of these TdTomato" cells, we quantified their cytokines by flow cy-
tometry. We found that TdTomato® microglia exhibited increased
expression of major histocompatibility complex class II (MHC-II)
(P = 0.0271), GM-CSF (P < 0.0001), and TNFa (P < 0.0001),
whereas latency-associated peptide (LAP) (TGEFp signaling) was de-
creased (P < 0.0001) (fig. S3C). RNA-seq analysis confirmed the
increased expression of MGnD genes, including Apoe, Spp1, Gas7,
and Axl, and reciprocal suppression of homeostatic genes, such as
Tmeml119, P2ryl12, Cx3crl, and Csflr (fig. S3D). Gene Ontology
(GO) analysis corroborated this profile, predicting increased glial
cell differentiation, antigen presentation, and immune response (fig.
S3E). Along with advanced age and the APOE4 genotype, females
have a higher risk of developing late-onset AD compared with their
male counterparts (22). In concordance with this, APP/PS1 female
mice have increased soluble and insoluble Ap compared with males
(23). We observed decreased expression of Clec7a-TdTomato mi-
croglia in male mice at 4 months of age compared with females
(P <0.0001) (fig. S3, F and G). Histological analysis showed that this
difference was associated with a decreased load of AP plaques and
Lamp1* dystrophic neurites in males at this time point (fig. S3H).
Linear regression analysis confirmed that TdTomato’ microglia
positively correlated with Ap accumulation (P < 0.0001) (fig. S3I)
and dystrophic neurites (fig. S3]) (P < 0.0001).

To determine how specific ablation of Clec7a* MGnD affected
disease progression and pathology, we crossed APP/PS1:Clec7a-
Cre®™ ™ mice with ROSA26-DTR™™ mice. In this mouse model, the
diphtheria toxin receptor (DTR) was specifically expressed in MGnD,
allowing for the ablation of this population upon administration of
diphtheria toxin. We initiated treatment of APP/PS1:Clec7a-Cre™ "2
ROSA-DTR®* mice with tamoxifen and diphtheria toxin at
2.5 months of age. The treatment consisted of 5 days of tamoxifen
followed by 3 days of diphtheria toxin repeated three times in a total
of 3.5 weeks. Flow cytometry showed reduced numbers of Clec7a*
microglia (P = 0.0067) (Fig. 2, D and E). Immunohistochemical stain-
ing for Clec7a*/Ibal™ microglia confirmed this reduction (P = 0.0276)
(Fig. 2, F to H). Genetic ablation of Clec7a™ MGnD resulted in in-
creased Lamp1™ dystrophic neurites (P=0.0380) and APOE (P=0.0116)
accumulation associated with Ap plaque deposition (Fig. 2, G and
H). However, after 4 weeks of continuous treatment, the APP/
PS1:Clec7a-Cre"™ 2ROSA-DTR"*™ mice showed a decrease in sur-
vival, suggesting that Clec7a-Cre™ " might be affecting other cells.
We found high expression of Clec7a-TdTomato in different tissues,
specifically in the lung and gut tissues, even without disease (fig. S3,
K and L), and more specifically in myeloid cells, such as monocytes
and neutrophils (fig. S3M). Evaluation of Clec7a expression in dif-
ferent myeloid cells showed that 100% of alveolar macrophages ex-
pressed Clec7a-TdTomato (fig. S3N). To specifically address the role
of Clec7a* MGnD in AD mice, we transplanted microglia isolated
from Clec7a-Cre™ ™ :DTR™** mice (2 months old) into 5xFAD:FIRE
(CSF1r-KO) mice at postnatal stage P1 to P3, which lack microglia.
For a control, heterozygous mice of the fms-intronic regulatory ele-
ment (FIRE) genotype were used as recipients, because they main-
tain host microglia (24). At 2.5 months of age, we injected these
mice with diphtheria toxin. We validated the Clec7a® cell depletion
by flow cytometry (P = 0.0278) (Fig. 2, I and J) and in situ
(P =0.0010) (Fig. 2, K and L). This microglial depletion increased
dystrophic neurites (P = 0.0261) (Fig. 2, M and N), confirming that
MGnD depletion was detrimental and hastened disease onset.
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Fig. 1. Xe inhalation suppresses microglia with an inflammatory phenotype and reduces AD pathology and neuronal dystrophy in APP/PS1 mice. (A) Volcano plot of
DEGs between microglia isolated from Xe-treated or air-treated APP/PS1 mice (n = 5 female mice per group). (B) Top-affected pathways from IPA of microglia from Xe versus
air groups are shown. (C) Shown are normalized data for expression of key affected genes in microglia from the Xe versus air groups; genes affected included those associated
with synaptogenesis, IL-1 signaling, and iNOS signaling pathways (n = 5 female mice per group). (D) Shown are representative confocal images of staining for LampT1,
Tmem119, and HJ3.4B (AP plaques) in brain sections from APP/PS1 mice treated with Xe or air. (E) Quantification of % Lamp1-positive area per amyloid plaque is shown (n =8
or 9 female mice per group, from three independent experiments). (F) Shown are representative confocal images of staining for Clec7a, Iba1, 4',6-diamidino-2-phenylindole
(DAPI), and HJ3.4B (Ap plaques) in brain sections from APP/PS1 mice treated with Xe or air. (G) Quantification of % Clec7a-positive area, % lba1-positive area, and % HJ3.4B (A
plaques)-positive area per amyloid plaque is presented (n = 8 or 9 female mice per group, from three independent experiments). (H) Quantification of the number of cortical
Ap plaques expressing Lamp?1 in the brains of APP/PS1 mice exposed to Xe or air is shown (n = 8 or 9 female mice per group, from three independent experiments). (I) Quan-
tification of the number of cortical Ap plaques categorized by size in the brains of APP/PS1 mice exposed to Xe or air is shown (n = 8 or 9 female mice per group, from three
independent experiments). (J) Heatmap of top DEGs affected by Xe inhalation; the dashed line represents the differences between the MGnD Xe versus MGnD air groups
(n =3 or 4 wells per group, P value < 0.05). (K) Normalized data are shown for the expression of key affected genes associated with a homeostatic and neurodegenerative
signature in MGnD (n = 3 or 4 wells per group). Data are presented as means + SEM. Two-tailed unpaired Student's t test; *P < 0.05, **P < 0.01, **#P < 0.001, and ***#P < 0.0001.
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in brain sections from APP/PS1 mice treated once with Xe or air and evaluated 3, 7, or 14 days after treatment. (B) Quantification of % Clec7a-positive area and % lIba1-
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area (%) in brain sections from mice 7 days after Xe or air treatment. Two-tailed unpaired Student’s t test (combination of female and male mice, n = 8 or 9 per group).
(D) Shown is a representative flow cytometry contour plot of brain microglia from APP/PS1 :Clec7a-Cre™2DTR™* mice (DTR) compared with APP/PS1 :DTR™* control mice
(CTRL). Clec7a expression in microglia (CD11b*, Ly6C'®, and FCRLS™) is presented. (E) Quantification of Clec7a™ microglia (combination of female and male mice,n=5to 7
per group from two independent experiments). (F) Shown are representative confocal images of brain sections from DTR versus CTRL mice stained for Clec7a, Iba1, and
HJ3.4B (AB plaques). (G) Shown are representative confocal images of brain sections from DTR versus CTRL mice stained for Lamp1, DAPI, and Apoe. (H) Quantification of %
Clec7a-, Lamp1-, and Apoe-positive areas per amyloid plaque (combination of female and male mice, n = 5 to 7 from two independent experiments). (I) Representative flow
cytometry contour plots showing Clec7a expression in brain microglia (CD11b*, Ly6C'°W, and FCRLS*) from 5xFAD:FIREM€€r9%¥99Us (CTRL) versus 5xFAD:FIREHOMO%9°Us (DTR)
mice transplanted with Clec7a-Cre™ 2 DTRMo* microglia. (J) Quantification of Clec7a™ cells in the microglia population (combination of female and male mice, n = 5 per
group). (K) Shown are representative confocal images of brain sections from DTR versus CTRL mice stained for Clec7a, Iba1, and HJ3.4B (Ap plaques). (L) Quantification of %
Clec7a-positive area per amyloid plaque (combination of female and male mice, n = 5 per group). (M) Shown are representative confocal images of brain sections from DTR
versus CTRL mice stained for GFAP, Lamp1, and HJ3.4B (Ap plaques). (N) Quantification of % Lamp1-positive area per amyloid plaque (combination of female and male mice,
n=>5 per group). Figure panels (C), (E) (H), (J), (L), and (N) were analyzed by two-tailed unpaired Student’s t test. Data are presented as means + SEM. #*P < 0.05 and **P < 0.01.
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Xe inhalation suppresses proinflammatory cytokines and
promotes interferon responses in a pre-MGnD subset in

APP/PS1 mice

To determine how Xe modulates microglia and its subtypes, we per-
formed single-cell RNA-seq (scRNA-seq) of CD45"/CD11b* myeloid

cells isolated from Xe-treated or air-treated APP/PS1 female mouse
brains at 4 months of age. sScRNA-seq revealed 13 unsupervised clusters
(fig. $4, A and B), which were annotated according to microglia activation
(MO, pre-MGnD, and MGnD), cell cycle, and border-associated macro-
phages (Fig. 3, A to D, and fig. S4C). Border-associated macrophages
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Fig. 3. Xe inhalation suppresses proinflammatory cytokine production and promotes an interferon response in subsets of pre-MGnD. (A) Shown is a UMAP of
identified brain microglia cell states in APP/PS1 mice at 4 months of age after 2 months of weekly Xe or air treatment (n = 2 female mice per group). (B) Relative percent-
age of microglia subcluster states is shown. (C) Marker gene expression was determined for all microglia subcell states [P < 0.05, false discovery rate (FDR) corrected using
Benjamini-Hochberg]. (D) KEGG pathway enrichment across all microglia subcluster states is shown (*P < 0.05, **P < 0.025, and ***P < 0.01). (E) Volcano plot of DEGs
from all microglia between Xe-treated and air-treated APP/PS1 mice is shown (P < 0.05). (F) Gene module enrichment for cytokine and interferon responses of pre-MGnD
subsets is shown. (G) Gene set enrichment analysis (GSEA) pathway enrichment of DEGs for all microglia is shown (P < 0.05, FDR corrected using Benjamini-Hochberg).
(H) Shown are representative confocal images of and quantification of Stat1 and HJ3.4B (AB plaques) in brain sections from APP/PS1 mice treated with Xe or air (n =8 or 9
female mice per group, from three independent experiments). (I) Representative confocal images of and quantification of MHC-Il in brain sections from APP/PS1 mice
treated with Xe or air are shown (n = 8 or 9 female mice per group, from three independent experiments). Data are presented as means + SEM. Two-tailed unpaired
Student’s t test, *P < 0.05.
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were assigned on the basis of the established marker genes MrcI and
Clec12a (fig. S4B) (25, 26). Overall, pre-MGnD down-regulated M0
genes (Tmem119 and P2ry12). Moreover, certain activation genes were
up-regulated in comparison with M0 microglia: (i) pre-MGnD-cytokine
had up-regulated Ccl2, Illa, and Nfkbia; (ii) pre-MGnD-ribosome
showed enrichment of ribosomal genes Rps29, Rps27, and Rpl30; (iii)
pre-MGnD-interferon had up-regulated Isg15, Stat1, and Ifit3; and (iv)
pre-MGnD-heat shock protein (HSP) was enriched for HSP genes
(Fig. 3C). Pathway analysis further defined the microglia subsets (Fig.
3D). Xe treatment predominantly affected the proportions of the pre-
MGnD populations (Fig. 3B). The pre-MGnD-cytokine phenotype was
reduced, whereas the interferon, HSP, and ribosome pre-MGnD phe-
notypes were increased. MO microglia increased marginally, whereas
MGnD were reduced (Fig. 3B). Detailed investigation of the MGnD
cluster revealed a small population showing enrichment of antigen-
presenting genes, such as H2-Aa, H2-Ebl, and H2-Abl, and MHC-II
signaling, which only appeared after Xe treatment (Fig. 3, Cand D). The
change in microglia state proportions after Xe treatment was reflected
in the overall transcriptomic shift, with up-regulation of interferon,
HSP, and ribosome genes as well as antigen-presenting genes (Hspala,
Rps27, Ifi2712a, and H2-Q7) and down-regulation of proinflammatory
genes (ler2, Ccl3, Ccl4, and Ccrl2) and core NF-kB signaling regulators
(Sgkl and Nfkbiz) (Fig. 3E). Gene module analysis (top 50 enriched
genes per cluster, adjusted P < 0.05) showed that the interferon and
HSP pre-MGnD gene module was enriched, whereas the pre-MGnD-
cytokine gene module was decreased after Xe inhalation (Fig. 3F).
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrich-
ment showed concordant down-regulation of cytokine signaling,
NF-«B signaling, and TNFa signaling. At the same time, protein pro-
cessing, ribosome activity, and antigen presentation were up-regulated
(Fig. 3G). To validate these populations in situ, we determined the ex-
pression of signal transducers and activators of transcription 1 (Statl)
(pre-MGnD-interferon) and MHC-II (MGnD-antigen) protein ex-
pression in the brains of APP/PS1 mice treated with Xe. We confirmed
that Xe treatment increased the expression of Statl (P = 0.0285) and
MHC-II (P =0.0159) (Fig. 3, Hand I).

To investigate potential changes in microglia transition from MO0
to MGnD after Xe treatment, we conducted a pseudotime trajectory
analysis and identified two lineages of transition. Lineage-1 showed
transition via the pre-MGnD-ribosome cluster, whereas Lineage-2
suggested microglia initially through the pre-MGnD-HSP state, fol-
lowed by the pre-MGnD-interferon state toward the MGnD pheno-
type. We observed that Xe treatment accelerated Lineage-2 transition
toward the pre-MGnD-interferon state with earlier up-regulation of
Stat1. Lineage-1 demonstrated accelerated up-regulation of the MGnD
gene Clec7a compared with Lineage-2. Furthermore, Xe treatment
promoted Lineage-2 transition toward MGnD similar to Lineage-1 but
with a final stage of MGnD-antigen (fig. S4, D and E). These results
show that Xe treatment promoted a shift of microglia activation
from neuroinflammatory cytokine activation toward interferon-
mediated activation.

Xe inhalation enhances IFN-y signaling and suppresses the
inflammatory phenotype in human microglia in humanized
5xFAD mice

We next examined whether Xe treatment similarly affected human
microglia. We selected human iPSC-derived microglia (iMG) ex-
pressing green fluorescent protein (GFP™) (27).iMG were generated
using a method that produced >97% pure cultures that expressed

Brandao et al., Sci. Transl. Med. 17, eadk3690 (2025) 15 January 2025

common microglial genes (fig. S5A) and exhibited high similarity to
cultured adult and fetal human microglia (28). Similar to our ex-
periment with mouse microglia cultures, Xe-treated iMG showed a
decrease in the expression of proinflammatory genes correlated
with neuroinflammation and reactive oxygen species, such as
IL3RA, CCL1, CSF2, and IRAKS3 (fig. S5, B and C). IPA indicated
enrichment in cholesterol biosynthesis pathways, including liver X
receptor and PPAR-related responses, and the suppression of neuro-
inflammation by Xe treatment (fig. S5D).

To evaluate whether Xe inhalation could also modulate human
microglia in vivo, we transplanted human iMG progenitor cells into
early postnatal (P1) immunodeficient 5xFAD-MITRG (5x-MITRG)
mice (19). Previous studies have shown that this approach leads to
the widespread engraftment of human iMG, which exhibit morpho-
logical, functional, and transcriptional properties similar to human
biopsy-derived ex vivo microglia (26, 29-31). Recent studies have
shown that at 4 months of age, approximately 5% of human microg-
lia have adopted an MGnD-like transcriptional signature and that
by 6 months of age, when amyloid plaques are more prevalent, 12 to
15% of human microglia express an MGnD signature (27). Thus, we
initiated Xe treatment (Xe, 30%; 40 min once a week) at 4 months of
age and continued treatment once a week until 6 months of age. We
confirmed that iMG progenitor cell transplantation led to robust
forebrain engraftment of GFP-expressing human microglia (Fig.
4A), which were isolated by sorting for CD11b*/GFP" cells (fig.
S5E). Moreover, these transplants into transgenic 5x-MITRG mice
allowed for close examination of interactions among human mi-
croglia, mouse microglia, and Ap plaques (Fig. 4B). The evaluation
of Xe's effects showed no differences in the percentage and numbers
of engrafted iMG by flow cytometry (P = 0.6729; 0.9329) (fig. S5, F
and G) and histology (P = 0.4315) (Fig. 4C). We found that Xe inha-
lation reduced AP plaque load (P = 0.0338) (Fig. 4, D and E) and
dystrophic neurites in the cortex (P = 0.0294) (Fig. 4, F and G). In
addition, it decreased the number and size of AP plaques in both the
cortex (P = 0.04938) (Fig. 4H) and hippocampus (P = 0.0070;
0.0016) (Fig. 4I), including those containing dystrophic neurites
(P =0.0083;0.0153) (Fig. 4, ] and K). RNA-seq analysis showed that
Xe suppressed MGnD-related genes, including CLEC7A and ITGAM
in human microglia, whereas genes associated with microglial
migration, including CXCL10 and ICAM]I, and IFN-vy signaling
(ISG15, EIF2K2, and IFI27), were induced (Fig. 4L). IPA showed the
role of RNA-activated protein kinase in interferon induction and
antiviral response as the major pathway induced by Xe (Fig. 4M),
which can be activated by IFN-vy (32). Furthermore, upstream regula-
tor analysis predicted the activation of STAT1 as a microglial regulator
(Fig. 4N), which was validated by protein quantification (P = 0.0023)
(Fig. 4, O and P), aligning with mouse microglia single-cell analysis
(Fig. 3C).

Astrocytes also respond to neurodegeneration and are associated
with AP plaques in AD animal models (26). Moreover, reactive astro-
cytes were shown to play a beneficial role in limiting AD pathology.
Astrocyte depletion in AD mice increases plaque load, synaptic dys-
function, and memory loss (33). To evaluate whether Xe affects astro-
cytes, we isolated astrocytes from 5x-MITRG mice and performed a
Smartseq2 analysis. Our results showed that astrocytes suppressed the
expression of genes associated with AD pathology (App and Sod3)
and inflammation (Ccl19, Casp8, and Il13ral) but maintained some
activation signature with an increase in Serpina3a and Gfap (Fig. 4Q),
which was confirmed by immunofluorescence analysis (P = 0.0314)
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Fig. 4. Xe inhalation enhances IFN-y signaling and suppresses an inflammatory phenotype in human microglia associated with AD pathology in 5x-MITRG mice.
(A) Representative image of human iMG distribution in the brains of 5x-MITRG mice at 6 months of age. White square indicates magnified region of interest (ROI) and colo-
calization of iIMG with Lamp1 and 6E10 (AB plaque) staining. (B) Representative image of iMG and mouse microglia (GFP~ and Iba1*, white arrow) interacting with Ap
plaques (HJ3.4B) in the brains of 5x-MITRG mice at 6 months of age. (C) Percentage of iMG in relation to total microglia in the cortices of 5x-MITRG mice at 6 months of age.
(D) Representative confocal images of A plaques (stained with HJ3.4B) in the cortices of 5x-MITRG mice treated with Xe or air weekly for 2 months. (E) Quantification of %
HJ3.4B (AP plaques)-positive area per ROI, normalized per animal (n = 4 or 5 female mice per group). (F) Representative confocal images of cortical staining for Lamp1, Ap
plaques (HJ3.4B), and iMG in 5x-MITRG mice treated with Xe or air. (G) Quantification of % Lamp1-positive area per amyloid plaque normalized per animal (n =4 or 5 female
mice per group). (H) Quantification of the number of cortical Ap plaques divided by size (n = 5 female mice per group). (I) Quantification of the number of hippocampal Ap
plaques divided by size (n = 5 female mice per group). (J) Number of hippocampal plaques expressing Lamp1 (n = 5 female mice per group). (K) Quantification of the size
of hippocampal plaques expressing Lamp1 (n = 5 female mice per group). (L) Heatmap shows top DEGs in the iMG populations isolated from 5x-MITRG mice treated with
Xe versus air (n = 5 female mice per group, P < 0.05). (M) Top-affected pathways from IPA using DEGs from the Xe versus air comparison of iMG populations isolated from
5x-MITRG mice. (N) Schematic showing STAT1 (center) as an upstream regulator in the IPA pathways. (O) Representative confocal images of staining for HJ3.4B (Ap plaques),
iMG, and Stat1 in the cortices of 5x-MITRG mice treated with Xe or air. (P) Quantification of % Stat1 area/Iba1" cells normalized per animal (n = 4 or 5 female mice per group)
(Q) Heatmap shows DEGs in astrocytes isolated from 5x-MITRG mice treated with Xe or air (n = 5 female mice, P < 0.05). (R) Representative confocal images of staining for
GFAP, iMG, and Ap plaques (HJ3.4B) in the cortices of 5x-MITRG mice treated with Xe or air. (S) Quantification of GFAP immunoreactivity per amyloid plaque normalized per
animal (n = 4 or 5 female mice per group). (T) Top-affected pathways from IPA using DEGs from brain astrocytes isolated from 5x-MITRG mice treated with Xe or air (n =5
female mice per group). (U) Circos plot illustrates prioritized cross-talk between microglia ligands and astrocyte receptors. Regulatory potential demonstrates increased
(red) or reduced (blue) ligand-receptor cross-talk upon Xe inhalation. Data are means + SEM. Two-tailed unpaired Student'’s t test. *P < 0.05, **P < 0.01, and ***P < 0.01.
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(Fig. 4, R and S). Similar to engrafted iMG, the IFN-y response was
up-regulated in astrocytes, with an increase in Statl, Ifi214, and
Ddx60 gene expression (Fig. 4Q). IPA indicated a reactive state in as-
trocytes, including cytokine storm, WNT/calcium, and apelin adi-
pose tissue pathways, but the suppression of NF-kB, GM-CSE, and
STATS3 signaling (Fig. 4T). To determine whether Xe inhalation af-
fects microglia-astrocyte cross-talk, we analyzed ligand-receptor in-
teractions. NichNetR analysis identified CXCL10 and LGALS3BP as
the top microglial ligands interacting with astrocyte receptors in-
duced by Xe inhalation (Fig. 4U). LGALS3BP and CXCL10 have been
reported to be IFN-stimulated genes (34). These findings support the
beneficial effect of Xe as a treatment for Ap pathology by modulating
microglia and astrocytes via induction of the IFN-y response.

To further investigate whether the effect of Xe was microglia de-
pendent, we depleted brain myeloid cells in 5xFAD mice using

A B
A CTRL Air CTRL Xenon
CD45" CD11b" CD45" CD11b"
20
» ]
@ 2 15
°
o
2 3 10
[ =
2 PLX-5622 Air PLX-5622 Xenon 2 5
o| |cD45" CcD11b" CD45" CD11b"
(@]
0
Q&
&
CD45-BUV661 ”
E

CTRL air CTRL Xenon

-
o
£
©
4
@
=
>
3
=
=]
e
=

G Soluble AB,,
15 10
a L] g’
£ A > 0.8
g 10 B g 2
= Y o 0.6
) AZA 1]
g o % 54
c 0.5{ [qe A EN :
§ £02
0.0 LAt 0.0
® S &
N N
& GG 49
O
& QY &
Q\/

PLX-5622 (Plexicon), a CSF1R inhibitor (35). We administered
Plexicon in chow to 5xFAD mice at 4 months of age and continued
treatment until the end of the experiment. One week after Plexicon
administration, we initiated Xe treatment once a week for 8 weeks,
following the same protocol as with 5x-MITRG mice. Flow cytom-
etry analysis confirmed a fourfold reduction in total myeloid cells
in the brain (P < 0.0001) (Fig. 5, A and B). Moreover, histopathol-
ogy analysis confirmed decreased Ibal™ microglia surrounding Ap
plaques (P = 0.0012) (Fig. 5, C and D). Furthermore, Xe inhalation
reduced AP plaque accumulation (P = 0.0463) and dystrophic neu-
rites (P = 0.0437) in the cortices of these animals, an effect that was
lost when brain myeloid cells were depleted (P = 0.0210) (Fig. 5, E
and F). Despite its effects on the cortex, Xe treatment did not alter
the soluble and insoluble A concentration in the total mouse brain
(Fig. 5, G and H).

CTRL air

CTRL Xenon

N W M

-

Iba1 area (%) per plaque

o

Fig. 5. Brain myeloid cells are necessary for the beneficial effect of Xe. (A) A representative flow cytometry contour plot shows the percentages of myeloid cells (CD45*
and CD11b*) in the brains of 5xFAD mice fed PLX-5622 (to deplete microglia) treated with Xe or air for 40 min weekly between 4 and 6 months of age. (B) Shown is the
percentage of myeloid cells after PLX-5622 and Xe or air treatment. One-way ANOVA (n = 8 female mice per group). (C) Representative confocal images of staining for A
plaques (HJ3.4B) and Iba1 in the cortices of 5XxFAD mice treated with PLX-5622 and Xe or air. (D) Quantification of % Iba1-positive area per amyloid plaque, normalized per
animal (n = 8 female mice per group). (E) Representative confocal images of thioflavin-S (Ap plaques) and Lamp1 staining in the cortices of 5xFAD mice treated with PLX-
5622 and Xe or air. (F) Quantification of % Lamp1- and thioflavin-S (Ap plaques)-positive areas per ROI, normalized per animal (n = 8 female mice per group), one-way
ANOVA. (G and H) Quantification of soluble (G) and insoluble (H) Ap40 and AB42 from total brains of 5xFAD mice treated with PLX-5622 and Xe or air (n = 8 female mice
per group). Data are presented as means + SEM. One-way ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Blocking IFN-y signaling impairs the Xe modulatory effect
on microglia in an acute neurodegeneration mouse model
To identify possible mechanisms by which Xe modulates microglial
responses in the context of AD, we reanalyzed our results to evaluate
whether Xe affected glutamate ionotropic receptors (fig. S6A),
which have been reported to be suppressed by Xe treatment (7).
However, we did not find statistical differences in the expression of
glutamate receptor genes in microglia from APP/PS1 (fig. S6B) and
5xFAD mice (fig. S6C), suggesting that Xe operates through a differ-
ent mechanism.

Xe treatment consistently induced the IFN response in microglia
across different mouse models (Figs. 3 and 4). Previous reports
showed that higher concentrations of IFN-y in plasma were associ-
ated with slower cognitive decline, less tau accumulation, and less
neurodegeneration in patients with AD (36). Moreover, IFN-y over-
expression in 3xTg-AD mice diminished phospho-tau pathology
(37). Because both mouse and human microglia showed augmenta-
tion of genes downstream of interferon signaling, we sought to in-
vestigate how IFN-y signaling regulates the transition from MO to
MGnD. To address this question, we injected fluorescently labeled
apoptotic neurons into the cortices and hippocampi of C57BL/6
mice previously treated with an IFN-y neutralizing antibody or an
immunoglobulin G (IgG) isotype control followed by Xe inhalation
and microglia isolation (fig. S7A). IFN-y quantification confirmed
depletion of systemic cytokine (P = 0.0009) after IFN-y neutralizing
antibody treatment (fig. S7B). RNA-seq analysis showed that sys-
temic blockade of IFN-y before Xe treatment suppressed expression
of microglial IFN-y-related genes (Cebpb, Cxcl9, and Akt2) while
increasing the proinflammatory response by up-regulation of Ccr2,
Ccr5, Irak2, and Mapk9 (fig. S7C). IFN-y blockade impaired the up-
regulation of genes associated with glial cell differentiation, cell mo-
tility, and protein maturation commonly induced by Xe inhalation
(fig. S7D). IPA showed that IFN-y blockade impaired the suppres-
sion of macrophage classical activation signaling and IL-15 produc-
tion by Xe, whereas neuroinflammation signaling and IL-1-mediated
inhibition of RXR function were increased (fig. S7E). These results
suggest that IFN-y signaling was necessary for Xe activity in the mi-
croglial response to phagocytosis of apoptotic neurons.

To confirm the IFN-y effect exclusively in microglia, we repeated
the experiment in Cx3cr1-Cre™ 8 *Ifngr1™* (Ifngr1-cKO) mice treated
with tamoxifen to delete Ifngrl 1 month before injection of apoptotic
neurons. This approach limited the Ifngrl deletion to long-lived cells
such as microglia and border-associated macrophages. Fourteen hours
after Xe inhalation, phagocytic and nonphagocytic microglia were iso-
lated for RNA-seq analysis. The suppression of Ifngrl was confirmed
by gene expression (P=0.0006) (Fig. 6A) associated with IFN-y-related
genes such as Vamp3, 1fi208, and Eif5a (Fig. 6, B and C). Approximate-
ly 70% of DEGs modulated by Xe were lost in Ifngr1-cKO mice, includ-
ing the suppression of proinflammatory regulators, such as Stat3, Nrp1,
and TIr9, and immune checkpoint genes, such as Cd274 (programmed
death-ligand 1, PD-L1) and Inpp5d (Fig. 6C) (38). We found that Xe-
mediated IFN-y signaling was responsible for regulation of leukocyte
differentiation and mitochondrial organization, which contributed to
control of the cellular response to TNE At the same time, Xe-mediated
IFN-vy signaling reduced NF-kB activity, cytokine-mediated pathway
signaling, and negative regulation of motility (Fig. 6, D and E). IPA
revealed mitochondrial function as the most affected, followed by the
induction of genes related to inflammation and pyroptosis (Fig. 6F).
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These data show that IFN-y signaling was essential for regulating the
effects of Xe on microglia during acute neurodegeneration.

Given that accessing pathological changes in our acute mouse
model was not feasible, we evaluated the effects of an IFN-y blocker in
mice with amyloid deposition. We treated APP/PS1 mice at 6 months
of age once a week for 2 weeks with an IFN-y-neutralizing antibody;,
administered 24 hours intraperitoneally before Xe exposure. After
14 days, we euthanized the animals and assessed microglial signatures
and disease pathology. Our findings revealed that blocking IFN-y in-
creased the microglial proinflammatory response, as evidenced by the
up-regulation of Nfkbia, IlIrl, and Cd14 (Fig. 6G), and pathways re-
lated to granzymes and TNFR1. This increase in microglial proinflam-
matory response was associated with the suppression of IFN-y-related
pathways, such as T helper 1 (Ty1) pathways, through an increase in
suppressor of cytokine signaling 1 (SOCS1) (Fig. 6, H and I). More-
over, histological analysis showed increased AP plaque deposition
(P = 0.0497) (Fig. 6, ] and K) and dystrophic neurites (P = 0.0469)
(Fig. 6, L and M). The blocking of IFN-y signaling in response to acute
Xe exposure decreased Clec7a* microglia (P = 0.0284) (Fig. 6, N and
0). This was confirmed by flow cytometry analysis (P = 0.0097) (Fig.
6, P and Q) and indicated the role of IFN-y signaling to induce MGnD
in the presence of amyloid plaques (39).

Xe inhalation increases IFN-y production in CD8T cells in
mice with amyloidosis
Our findings suggest that Xe induced a pre-MGnD intermediate mi-
croglial state mediated by IFN-y signaling. We recently showed that
IFN-y-responsive pre-MGnD restricted neurodegenerative pathol-
ogy in an amyloidosis mouse model (39). As a systemic treatment,
Xe is expected to affect various cell populations, including peripheral
immune cells that may influence microglial polarization. Flow cy-
tometry analysis of the APP/PS1 mouse brain revealed a small popu-
lation of infiltrating immune cells, including T cells (fig. S8, A and
B), one of the major sources of IFN-y (40). However, Xe treatment
did not alter the number of cells infiltrating the mouse brain, sug-
gesting that the BBB was not directly affected (fig. S8C). To explore
whether Xe can induce IFN-y signaling in T cells, we conducted a
kinetic experiment evaluating the splenic T cell signature in APP/
PS1 mice at 3, 7, and 14 days after Xe inhalation (fig. S9A). We found
that at 3 and 7 days after inhalation, several genes associated with
IFN-y signaling were increased, including Stat1, Cd74, Sirpa, Capg,
and Vamp8 (fig. S9, B and C). Intriguingly, the peak of T cell activa-
tion, as indicated by the number of DEGs, preceded that of microg-
lial activation, which peaked at 3 days after inhalation (fig. S9D). IPA
showed an increase in Tyl and IFN-y pathways, as well as in gran-
zymes and GM-CSE, indicating an increase in the activation of these
cells (fig. S9E). However, some pathways showed an opposite effect
over time, with endothelial nitric oxide synthase (eNOS) and AMP-
activated protein kinase (AMPK) signaling being suppressed and the
regulation of IL-2 expression in activated and anergic T lymphocytes
up-regulated at 7 days after inhalation (fig. SOE). Upstream regulator
analysis indicated an increase in GM-CSF (CSF2) and suppression of
SOCS]I, corroborating the increase in IFN-y signaling by Xe at 3 days
after inhalation (fig. S9F). PD1 (PDCD1) was predicted to be up-
regulated at 7 days after inhalation, correlating with the T cells’ aner-
gic response (fig. S9G).

To confirm an increased expression of IFN-y in T cells during
disease progression, we evaluated IFN-y expression in T cells from
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Fig. 6. Blocking IFN-y signaling impairs the Xe modulatory effect in microglia. (A) Normalized counts of Ifngr1 gene expression in brain microglia from wild type
x3cr1-Cre"Tifngr1™® mice [wild type (WT)] and Ifngr1 conditional knockout (Cx3cr1-Cre® 2:ifngr17°) mice (Ifngr1-cKO). One-way ANOVA (n = 4 female mice per group).
(B) Volcano plots of DEGs in phagocytic microglia from Ifngr1-cKO versus WT groups treated with Xe (n = 4 female mice per group). (C) Heatmap shows phagocytic mi-
croglia DEGs induced by Xe and maintained by IFN-y signaling (black dashed lines). (D) GO pathways induced by Xe treatment. (E) GO pathways suppressed by Xe treat-
ment. (F) Top-affected pathways from IPA based on Ifngr1-cKO versus WT groups treated with Xe. (G) Heatmap of gene expression in microglia isolated from the brains of
APP/PS1 mice treated with IgG isotype control antibody or IFN-y blocking antibody and Xe or air for 2 weeks. (H) Top-affected pathways from IPA of DEGs in brain microg-
lia from APP/PS1 mice treated with IFN-y blocking antibody or IgG isotype control antibody (n = 4 or 5 female mice per group). () Activated and inhibited upstream regu-
lators predicted by IPA. (J) Representative confocal images of cortical thioflavin-S (AB plaques) staining in brain sections from APP/PS1 mice treated with IgG isotype
control antibody or IFN-y blocking antibody and Xe or air for 2 weeks. (K) Quantification of % thioflavin-S (Ap plagues)-positive area per ROI, normalized per animal (n =4
or 5 female mice per group). (L) Representative confocal images of cortical Lamp1 and thioflavin-S (A plaques) staining in brain sections from APP/PS1 mice treated with
IgG isotype control antibody or IFN-y blocking antibody and Xe or air for 2 weeks. (M) Quantification of % Lamp1-positive area per amyloid plaque, normalized per animal
(n =4 or 5 female mice per group). (N) Representative confocal images of cortical Clec7a, Ap plaques (HJ3.4B), and Iba1 staining in brain sections from APP/PS1 mice
treated with IgG isotype control antibody or IFN-y blocking antibody and Xe or air for 2 weeks. (O) Quantification of % Iba1- and Clec7a-positive areas per amyloid plaque,
normalized per animal (n = 4 or 5 female mice per group). (P) Representative flow cytometry contour plot showing Clec7a expression in a microglia population (CD11b*,
Ly6C'°W, and FCRLS™) from the brains of APP/PS1 mice treated with IgG isotype control antibody or IFN-y blocking antibody and Xe or air for 2 weeks. (Q) Quantification
of Clec7a™ cells (n = 4 or 5 female mice per group). Data are presented as means =+ SEM. Figure panels (K), (M), (O), and (Q) were analyzed by two-tailed unpaired Student’s
t test; panel (A) was analyzed by one-way ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.001.
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the blood, spleens, and brains from 5xFAD mice after Xe treatment
(fig. S9H). We found that Xe increased IFN-y expression in CD8
(P = 0.0289) but not CD4 (P = 0.3863) T cells in the blood 3 days
after Xe inhalation (fig. S9I); this was lost at 7 days after inhalation
(P =0.1173) (fig. S9J). This increase in IFN-y expression was pres-
ent in splenic CD8 T cells 2 months after Xe continuous treatment
(P = 0.0471) (fig. S9K). Moreover, mouse brain evaluation showed
an increase in the percentage of CD8 T cells that expressed IFN-y
(P =0.0221) (fig. S9, L and M) and in the expression of IFN-y by
these cells (P = 0.0201) (fig. S9, N and O).

Xe inhalation reduces brain atrophy, preserves dentate
gyrus layer thickness, and decreases astrogliosis in TE4 mice
We evaluated whether Xe inhalation could ameliorate tauopathy and
associated neurodegeneration in the P301S tau human APOE4
knock-in mouse model (TE4) (18). Our primary question for these
experiments was whether exposure to Xe compared with atmo-
spheric air reduced neurodegeneration in TE4 mice. Starting at
6 months of age, when tau pathology begins to develop, until
9.5 months of age, when mice exhibit robust tau pathology, neurode-
generation, glial activation, and synapse loss, TE4 mice received weekly
40-min-long treatments with either 30% Xe or atmospheric air
(control). In this experimental paradigm, APOE4 KI (E4) mice that
received atmospheric air treatments were included as another con-
trol group. At 9.5 months of age, mice were euthanized, and tissue
was harvested. We first assessed whether Xe inhalation affected tau
and microglia-mediated neurodegeneration. It is known that TE4
mice develop marked hippocampal and entorhinal/piriform cortex
atrophy and concomitant ventricular enlargement (18, 41). We
found that Xe treatment resulted in a small but significant increase in
the hippocampus volume (P = 0.0210) and a trend toward increased
volume in the entorhinal/piriform cortex (P = 0.0627) (Fig. 7, A and
B). Xe inhalation also resulted in a trend toward a reduction in ven-
tricle volume compared with the atmospheric air-treated control
groups (P = 0.0572) (Fig. 7, A and B). In addition, the dentate gyrus
granular cell neuronal layer was significantly thicker in animals
treated with Xe than in the control group (P = 0.045) (Fig. 7, C and
D). We performed a nest-building behavior test (42) on these mice 2
days before brain tissue collection. We observed that TE4 mice that
received Xe inhalation showed a trend toward better performance
compared with mice that received control air inhalation (Fig. 7E).
Dentate gyrus layer thickness was positively and significantly corre-
lated with hippocampal volume in all TE4 mice that received either
Xe treatment or the control air treatment (P < 0.0001) (Fig. 7F). For
these experiments, data from E4 mice at 9.5 months of age that de-
velop no neurodegeneration are shown (Fig. 7, A to R). However, the
E4 mouse data were not compared directly with the TE4 mouse data
in the statistical tests performed because the E4 mice developed no
neurodegeneration (they are only shown as a reference).

At 9.5 months of age, P301S-tau transgenic mice displayed sub-
stantial tau pathology, including elevated insoluble tau, hyperphos-
phorylated tau, and neurofibrillary tangles. We next explored how Xe
inhalation affected tau pathology in the TE4 mice. First, we assessed
phosphorylated tau (p-tau) in the hippocampus and entorhinal/
piriform cortex through AT8 antibody immunostaining. This anti-
body recognizes tau protein phosphorylated at both serine-202 and
threonine-205. We did not find significant differences in the AT8 p-tau
percent area covered in the hippocampus or entorhinal/piriform cor-
tex (Fig. 7, G to I). Given that we did not observe significant changes in
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the percent area covered by AT8 immunostaining, we were interested
in next assessing a tau marker for disease-specific conformational
modifications of tau, MC1 (43). MC1 percent areas covered in the
hippocampi and entorhinal/piriform cortices were not changed be-
tween the Xe and control air inhalation groups (fig. S10). Around
9.5 months of age, p-tau immunoreactivity stained by AT8 could also
be categorized into four major p-tau staining patterns, designated as
type 1 to 4. These staining patterns also strongly correlated with brain
atrophy and more advanced pathological tau, with type 1 associated
with the most preserved brain tissue and type 4 associated with the
greatest brain atrophy (18). When AT8 p-tau immunoreactivity was
categorized into the four types, we observed that in mice that received
Xe inhalation, there was an enrichment of type 1 and 2 patterns com-
pared with the type 3 and 4 patterns. In contrast, TE4 mice that re-
ceived the control air inhalation had a predominantly type 4 pattern
associated with more advanced tau stages and neurodegeneration,
although this was not significant (Fig. 7, ] and K). In another study,
the amount of astrogliosis correlated to brain volume in a mouse
model of tauopathy and played an essential role in AD (18), so we
next assessed whether Xe inhalation affected astrogliosis in the hip-
pocampus and entorhinal/piriform cortex. We observed that Xe de-
creased astrocyte [glial fibrillary acidic protein positive (GFAP™)]
percent volume covered in the hippocampus and entorhinal/piriform
cortex (P = 0.034; 0.0495) (Fig. 7, L to N), suggesting decreased acti-
vation of astrocytes after Xe inhalation.

Xe inhalation and its effects on CD8" T cells in the dentate
gyri of TE4 mice

It has been shown that T cells are present in the brain parenchyma in
a mouse model of tauopathy and in samples of brains from patients
with AD, and their enrichment correlates to brain atrophy. This study
showed evidence of interactions between T cells and disease-related mi-
croglia subgroups (44). Our RNA-seq analysis showed the suppression
of expression of several genes related to proinflammatory responses by
astrocytes and microglia. We evaluated whether Xe inhalation affected
the number of CD8" T cells in the dentate gyri of TE4 mice (Fig. 70).
There was a trend toward decreased CD8" T cell numbers in the den-
tate gyri of mice given Xe inhalation compared with control mice re-
ceiving air (P = 0.0971) (Fig. 7P). In addition, we stained for fibrinogen,
a blood-derived protein usually barred from entering the brain paren-
chyma (Fig. 7Q). In the hippocampus, we did not observe any signifi-
cant changes in fibrinogen in the TE4 mice after Xe inhalation (Fig. 7R).

Xe inhalation leads to up-regulation of neuronal and
synaptic genes and down-regulation of inflammatory genes
in TE4 mice

To determine whether transcriptional changes were associated with
Xe inhalation in TE4 mice, we performed RNA-seq analysis of hip-
pocampal tissues from 9.5-month-old TE4 mice treated with either
Xe or air. Principal components analysis (PCA) showed specific clus-
tering among all three groups (E4, TE4 air, and TE4 Xe), with the TE4
Xe group having a signature more similar to the non-tau transgenic
E4 mice than the TE4 air mice (Fig. 8A). We identified 4390 DEGs
(adjusted P < 0.05) in the Xe inhalation group compared with the
control air inhalation group, of which 1860 genes were up-regulated
and 2530 were down-regulated. We generated a heatmap with the top
400 DEGs to visualize the significant effects. This analysis showed a
suppression of expression for several genes related to proinflamma-
tory responses (C3, S100, B2m, and Apoe) in astrocytes and microglia
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Fig. 7. Xe inhalation reduces mouse brain atrophy, rescues dentate gyrus layer thickness, and decreases GFAP* astrogliosis. (A) Representative brain section images
stained with cresyl violet Nissl from 9.5-month-old TE4 mice that received Xe gas or control air treatment for 40 min weekly from 6 to 9 months of age. Scale bar,
2.5 mm. (B) Quantification of hippocampus, ventricle, and entorhinal/piriform cortex volumes in the brains of E4 mice that received control air (n = 5), TE4 mice that received
Xe gas (n = 19 per group), and TE4 mice that received control air (n = 19 per group). (C) Representative images of cresyl violet Nissl-stained mouse brain sections showing
the dentate gyrus (DG) granule cell layers for the E4 air, TE4 air, and TE4 Xe groups. Scale bar, 1 mm. (D) Quantification of the DG granule cell layer thicknesses in the brains
of mice from the three groups. (E) Quantification of nest building behavior in the nestlet test for the three groups. (F) Correlation between DG granule cell layer thicknesses
and hippocampal volumes in TE4 mice exposed to Xe or air. (G) Representative images of brain sections stained with AT8 antibody for p-tau immunoreactivity from
9.5-month-old TE4 mice that received Xe or air treatment. Hippocampus (top images; scale bar, 500 pm) and entorhinal/piriform cortex (bottom images; scale bar, 1 mm).
(H and I) Shown is the AT8" percent area in the hippocampi (H) and entorhinal/piriform cortices (1) of brains from TE4 mice that received Xe (n = 19 per group) or air (n =19
per group). (J) Representative images of the four p-tau staining patterns with AT8 antibody in brain sections from 9.5-month-old TE4 mice that received air treatment. Scale
bar, 500 pm. (K) Quantification of AT8 p-tau staining pattern types in TE4 mice that received Xe (n = 19 per group) or air (n = 19 per group). (L) Representative images of
GFAP staining in the hippocampi and entorhinal/piriform cortices of brains from 9.5-month-old TE4 mice that received Xe or air treatment. Scale bar, 45 pm. (M) Quantifica-
tion of the percent volumes of the hippocampi with GFAP* staining in the brains of E4 mice that received air (n = 5 per group), TE4 mice that received Xe (n = 19 per group),
and TE4 mice that received air (n = 19 per group). (N) Quantification of the percent volumes of entorhinal/piriform cortices with GFAP* staining in the brains of E4 mice that
received air (n = 5 per group), TE4 mice that received Xe (n = 19 per group), and TE4 mice that received air (n = 19). (O) Representative images of CD8" T cells in the DGs of
9.5-month-old TE4 mice that received Xe or air treatment. Scale bar, 50 pm. (P) Quantification of the numbers of CD8™ T cells in the DGs of the E4 and TE4 groups. (Q) Rep-
resentative images of fibrinogen staining in the hippocampi of 9.5-month-old TE4 mice that received Xe or air treatment. Scale bar, 20 pm. (R) Quantification of fibrinogen
volumes in the hippocampi of 9.5-month-old TE4 mice that received Xe or air treatment. Each dot represents one mouse. The statistical test used for analyses was a two-
tailed Student’s t test apart from (B), which used a one-tailed Student’s t test, and (E) and (K), which used Fisher’s exact test. *P < 0.05. Data are presented as means + SEM.
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(Fig. 8B). We found that some immune checkpoint genes showed re-
duced expression, including Inpp5d and Havcr2, suggesting a more
active phenotype in hippocampal cells even with a decrease in in-
flammatory response (Fig. 8B). IPA highlighted an increase in the
glutamate receptor and calcium signaling after Xe treatment along
with suppression of neuroinflammation, production of IL-15, nitric
oxide, and reactive oxygen species (ROS) (Fig. 8C). Upstream regula-
tor analysis indicated the induction of BDNF and calmodulin and
suppression of NF-kB, IL-1, and TNF signaling (Fig. 8D).

Next, we analyzed the data via a weighted gene correlation net-
work analysis (WGCNA), which revealed nine different clustered
modules that identified the most critical genes and pathways in the
TE4 mice after Xe treatment. We found four interesting modules that
changed in opposite directions in TE4 mice that received Xe inhala-
tion compared with those that received air (Fig. 8, E to H). The black
module represented many GO biological processes involving lipid
and fatty acid metabolic and catabolic functions; some top genes in-
cluded Hadh, Hadhb, and Acadm (Fig. 8E). The blue module repre-
sented many GO biological processes involving the inflammatory
response (Fig. 8F). As predicted, this module correlated with disease
development (TE4 air versus E4 air) and was suppressed in animals
that received Xe treatment. The pink module included peptide and
amide biosynthetic and ribosomal biogenesis GO pathways (Fig.
8G). The brown module indicated changes in synaptic and neuronal
GO pathways (Fig. 8H); it was similarly induced in E4 mice and TE4
mice receiving Xe, indicating that Xe can restore neuronal function
in TE4 mice. As indicated by the WGCNA, many neuronal and syn-
aptic genes were up-regulated in mice that received Xe, and con-
versely, inflammatory genes were down-regulated (Fig. 8I). Notably,
these genes included many GABA receptors, glutamate AMPA re-
ceptors, glutamate NMDA receptors, and synapse-associated genes
such as Snap25 and StxIa. Last, we found that the RNA expression of
glutamate ionotropic receptor NMDA type subunit 1 (Grinl) and
glutamate ionotropic receptor NMDA type subunit 2A (Grin2A)
correlated positively with hippocampal volume in brain samples
from TE4 mice (P = 0.0204; 0.002) (Fig. 8, ] and K).

To investigate similarities in the Xe response between TE4 and
APP/PS1 mouse models, we investigated the microglial genes mod-
ulated in TE4 mice by Xe inhalation. We found that Xe treatment
suppressed several MGnD classical genes such as Apoe, Itgax, Spp1,
Lgals3, Axl, and Trem2 (Fig. 8L). Linear regression analysis indicated
that 20% of DEGs were common between Xe-treated TE4 and APP/
PS1 mice (Fig. 8M). Between the genes regulated in the same direc-
tion, we found an induction of Grin2a, Mef2a, Adam22, and Nrxn3
expression (Fig. 8N), a presynaptic adhesion molecule that is a major
regulator of synapse development and function (45). Xe inhalation
also suppressed Apoe, Trem2, Cd86, Plin2, and Cd14 gene expression
in TE4 and APP/PSI1 mice (Fig. 8N). Notably, CD14 is an accessory
molecule that works with TLR4 to induce NF-«B activation and in-
duction of proinflammatory genes (46). The deletion of Cd14 is as-
sociated with a decrease in the number of microglia and A plaque
burden in APP/PS1 mice (47). IPA indicated increased calcium sig-
naling and antioxidant action of vitamin C and a suppression in IL-1
and ROS production as common pathways (Fig. 80).

DISCUSSION
Three classical hallmarks of Alzheimer’s disease are AP deposition,
tau tangles, and microglial activation (48). These abnormalities act
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in concert to cause neuronal damage, which in turn results in the
clinical features of the disease. Antiamyloid therapy is the first
disease-modifying treatment for AD approved by the US Food and
Drug Administration (FDA) and has a modest effect in the early
stages of the disease (1). Both amyloid and tau result in microglial
activation, a crucial component of AD pathogenesis. Microglial dys-
regulation plays an important role in both the onset and progression
of AD, and recent findings show that GWAS-associated genes are
specifically or highly expressed in microglia (5). Dysregulated mi-
croglia acquire an MGnD/DAM phenotype in response to neurode-
generation (5). Although this phenotype may help to promote Af
clearance, it is also a toxic phenotype that may result in neurotoxic-
ity. An ideal microglial phenotype to be induced for AD treatment
would be one in which microglia effectively ameliorate Ap patholo-
gy without causing cytotoxicity. We recently identified a microglial
phenotype termed “pre-MGnD” (39). This phenotype is mediated
by IFN-y signaling and is associated with restriction of A plaques,
reduction of dystrophic neurites, attenuation of plaque-associated
synaptic degradation, and cognitive improvement (39). We have
found that Xe inhalation directly promotes pre-MGnD cell subtypes
via IFN-y signaling in an acute neurodegeneration mouse model
and in Af-depositing mice.

IFN-y is a key cytokine involved in the immune response and is
crucial in innate immunity (40). IFN-y is a proinflammatory cyto-
kine because it activates immune responses, promotes nitric oxide
production and expression of antigen presentation genes, and im-
proves the phagocytic response. However, under specific circum-
stances, IFN-y can also exert anti-inflammatory effects to regulate
and resolve immune responses, including suppressing TNF and IL-1
expression by synergistically inducing IL-10 and blocking NF-xB
(49, 50). We found that Xe could stimulate peripheral immune cells,
particularly CD8 T cells, increasing IFN-y expression in the circula-
tion and the brain. This augmentation of IFN-y expression appears to
play a role in facilitating the microglia transition. Furthermore, phar-
macological and genetic targeting of IFN-y effectively abrogated the
modulatory effect of Xe on microglia, increasing their proinflamma-
tory response and accumulation of AP plaques and dystrophic neu-
rites. Notably, Xe inhalation increased the MGnD gene signature,
including the expression of Clec7a, Itgax, and Gpnmb while main-
taining the expression of some homeostatic genes, including Salll,
Tgfbr2, and Nr3cl (a glucocorticoid receptor that can suppress the
inflammatory response by blocking NF-kB activation) (51). In con-
trast, a pre-MGnD-cytokine cell subtype characterized by the induc-
tion of IL-1, TNE, chemokines, and NF-kB pathways was reduced. It
is known that IL-1 and TNF promote AP production and aggregation
in the brain (51, 52), given that excessive TNF, IL-1, and ROS can
directly damage neurons, leading to synaptic dysfunction, impaired
neuronal communication, and, ultimately, neuronal death (52).

Xe may have potential therapeutic effects, particularly in relation
to microglia modulation in AD, but has a complex mechanism of ac-
tion. Xe’s action as an NMDA receptor blocker (53) and its role in
mitophagy (54) suggests it may affect specific neuronal and cellular
processes. However, this previous analysis was made only within
limited brain regions or for a short time period (3 days). This narrow
focus might not fully account for the complexity of Xe's mechanism
of action. The consistent effects of Xe on microglia modulation in AD
animal models open up a potential therapeutic window, given that
microglial function is a critical aspect of neuroinflammation and
disease progression in AD. It will be essential to study Xe’s actions

14 0f 20

G20z ‘1€ AInc uo AsBAIUN uose |\ 861099 Te H10'30ua 10" MM//:Sd1Y WOJ} papeo jlumoq



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

Xenon group vs. Air group "
IPA pathway enrichment TSC2. Activated
- —
E4 . . GRN s
[ TE4_control PPAR signaling, e BDNF —
TE4_Xenon Calcium signaling| g IRF2BP2.
100 i . MECP2 —
antioxidant action INSIG1}
s of vitaminc| ® Calmodulin —
3 Endocannabinoid neuronal [—
b3 % synapse pathway | © ZS5°® IFITM3 —
pd Glutamate receptor: ' 0 IL27RA
S O signaling | ® Y RXRA |
8] CREB signaling in| ¢ [
*-s0 Superpathway of inositol
uperpathway of inositol | | _| e
P%ospphate gompounds ¢ .Log(P value) FB Inhibited
~100 Macrophage classical| o h \w-;—'gl':‘a
activation signaling ILS‘_
Neuroinflammation (—
-100 -50 0 50 100 150 ‘ i ° 1
I thy STAT 3 ——
Pt R  —
production} o CSF2 {m——
Production of NO and ROS/| o STING 1 {——
in macrophages' Tnf (family ) ————
—_—————— i NOS?2 ——
E4 TE4 Arr TE4 Xenon Phagosome formation | @ BHLHEA0 p—
o . Cytokine production Translatior
Carboxylic acid ic proc. Cell activation| Pepitide biosynthitic proc
Organic acid lic proc. Defense response to other organ. Amide biosynthitic proc.
Small molecule iC proc. Regulation of cytokine prod.| Pepitide r ic proc
Fiﬁ)‘/ amdgitabghc proc. Regulation of resp. to external stim. Cellular amide r ic proc.
a ty am‘ P on I ry respor Cytoplasmic translatior o
Monocarboxylic acid catab. proc. Positive regulation of Imm. system Ribosome biogen.
Lipid catabolic proc. Regulation of imm. respor Ri otein complex biogen., g
Fatty acid oxidation K activatior rRNA processin =1
Cellular lipid catabolic proc. Innate immune respor rRNA ic proc. o
_ Lipid oxidation Biological adhesior Ribosome assembl 8_
Cellular lipid metabolic proc. Gene number Response to cytokine| Gene number Ribosomal large subunit biogen.! Gene number
Organic acid ic proc. Cell adhesior 0250 Ribosomal small subunit biogen 030 13
Carboxylic acid metabolic proc. 40 Regulation of cell migratior 225 ncRNA processin: ° 20 =
Oxoacid 1C proc. *20 Regulation of cell motility ©200 |! Ribosomal small subunit y 10 o
Lipid metabolic proc. @ 10 — 3
0 90 100 10 0 30 40 0
10 12 14 6 —Log(P value) -Log(P value) ;
-Log(P value) | = g B Gabarapl1 T k=]
H I . " ggg;ﬁ% E10 Grin1 RNA vs. Hippocampus volume ﬂ
l ria2 Py =
Gria3 E 8 . °
S L} Gring E} el e
Synaptic signaling Grin2a =N . PR )
Neuron development g%?b > . <
Neuron projection development Grm 3 4 T . ' e 8
Trans-synaptic signaling Nrcam E . o Q.
) h g Slcta]. 2 Y=2931*X-1329
Chemical synaptic transmissi 1 » Snap2s g Pvalue = 0.0204 2
Anterograde trans-synaptic signaling | Sna{)z91 S 04 o
Neuron projection morphogenesis n = 5§1a £ 55 -0 . ;5 7.0 1
Plasma membrane cell projection morphogenesis 13575 K Grin1 expression Q
Cell projection morphogenesis ggggg ? «
Cell part morphogenesis Vamp4 £1 Grin2a RNA vs. Hippocampus volume Q
Cell morphogenesis L] ﬂ’dhjﬂ e 0
Cellular component morphogenesis Gene number C%a £ 8 . *
Synapse organization ® 200 b | 8,”‘70 2 6 8
Cell morphogenesis involved in neuron diffe. ® 150 N &3 4 o
Modulation of chemical synaptic ission * 100 L ﬁ(f)atgm 24 [¢))
35 40 45 50 55 60 e oTen § 2 : ¥Y=2160 * X - 10.90 <
—Log(P value) Stxabm” § ol P value = 0.0020 @
Va3 £ %5 7.0 75 8.0 85 =
Vampb Grin2a expression
I Vamp8 C
L Vim S.
TE4 Air  TE4 Xenon <
L M N O Xenon APP/PS1 and Xenon TE4 g
Hippocampla tissue fromTE4_Xenon IPA pathway enrichment <
(vs. TE4_AIR) 2| 20% 12.5TE4 Apo . Grin2a Calcium signaling| o @ g
1251 Apoe : 10.0| \ . Nrxn3 . : _ z score <
. Plin2 Antioxidant action of vitaminC{ @ @ &
S100b Egr3 1 : Adam22 ns i 2 =
10.0 - 9/ c ) Role of CHK proteins in <
. S 2 cell cycle checkpoint control| ® 0 w
\ 2 o a PPAR signaling | Y l -2 Lo
g K o ! -4 N
= 3 Oxidative phosphorylation-| @ m
- N3 IL-1signaling{ ® @ -Log(P value)
Grin2a ¥eutrophil ngtracallular ] ; gg
rap signaling pathway .
-2 Ac'lzmzz Producton of ROS | ° @ 50
R=038P<22x10_4 Vet LAM10 in macrophages @75
° -50 25 00 25 5.0 APP/PS1 | Roleof NFAT inregulationof | o o
-5 -25 00 25 5 APP/PS1 Xenon -50 25 00 5.0 immune respojise —————
Log,fold change Log,FC Xenon (MG) Xenon (TE4)

vs.
Air

vs.
Air

Fig. 8. Xe inhalation down-regulates inflammatory and oxidative stress-related genes in TE4 mice. (A) RNA was isolated from hippocampal tissues from 28 animals:
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across broader systems and time frames to understand its full poten-
tial and mechanisms, as well as its applicability for long-term treat-
ment approaches.

In APP/PS1 mice, MGnD are crucial in reducing the amyloid
burden by engulfing and degrading AP plaques, compacting them to
limit AP toxicity (4), and sequestering toxic protein aggregates from
surrounding neurons (55). APP/PS1 mice treated with Xe inhala-
tion for 2 months demonstrated enhanced AP plaque compaction
associated with reduced neurotoxicity and dystrophic neurites. No-
tably, the MGnD profile with increased Clec7a expression is directly
related to AP accumulation (3), and reducing plaque burden can
also suppress this signature. To evaluate whether the decrease in
MGnD signaling at the end of Xe treatment resulted from reduced
plaque burden or direct modulation by Xe, we conducted a short-
term treatment demonstrating MGnD polarization by Xe. Using a
Clec7a-Cre™ ™ mouse model designed to target MGnD specifically,
we validated the significance of MGnD in reducing dystrophic neu-
rites during disease onset.

To investigate how Xe inhalation affected tau pathology, we used
the TE4 mouse model of tauopathy. We observed larger brain hip-
pocampal volumes and decreased neuronal loss in the mouse den-
tate gyrus, which was associated with a trend toward improved
nest-building behavior in TE4 mice that received Xe treatment com-
pared with control animals exposed to air inhalation. Although we
did not assess other behaviors in these mice, we have found that an
improvement in nest-building behavior scores in TE4 mice corre-
lates to performance on other cognitive tasks that assess aspects of
memory, such as the Y-maze, and in contextual and auditory cued
conditioning tests (44). Although Xe inhalation reduced hippocam-
pal atrophy in the TE4 mice, these mice still exhibited considerable
neurodegeneration. Xe inhalation did not affect p-tau accumulation
or disease-specific conformational modification of tau or p-tau
staining patterns. However, notably, we have previously shown that
this mouse model with human APOE4 knocked in develops greater
tau pathology than mouse models expressing other human ApoE
isoforms or with ApoE knocked out (18). Thus, there may be addi-
tional effects from the presence of the APOE4 isoform contributing
to tau pathology that Xe inhalation may not overcome that need to
be defined by studying the effects of Xe on mice expressing different
APOE isoforms or in mice lacking APOE.

Under basal conditions, astrocytes produce the majority of APOE
in the CNS. However, upon specific insults such as brain injury or
neurodegeneration, Apoe expression can also be strongly up-regulated
in microglia (3). Recently, we showed that removal of APOE4 from
astrocytes in a mouse model of tau pathology resulted in decreased
neurodegeneration, p-tau pathology, and synaptic loss and microglial
phagocytosis of synaptic elements, suggesting a key role for astrocytic
Apoe in synaptic degeneration (41). We found that, unlike 5x-MITRG
mice (19), Xe suppressed astrogliosis in TE4 mice (18). On the basis of
our experience, these contradictory observations are likely the result
of different experimental designs and comparisons. Despite both
mouse models being treated with Xe at the same concentration, there
were big differences between them, including variations in age, brain
regions analyzed (cortex versus hippocampus), the presence of human
microglia, and the absence of adaptive immune cells in the 5x-MITRG
mouse model. In contrast, the P301S mice displayed a disease on the
basis of tau phosphorylation and aggregation with marked neuronal
loss, synaptic loss, and brain atrophy. Another important distinction is
that our P301S mice were developed on a human APOE4 background
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(18). A recent publication from our group demonstrated that APOE4
restrains microglia polarization to MGnD, resulting in decreased
galectin-3 expression and, consequently, less astrocyte activation (39).
Thus, it is possible that differences in the APOE background could
modulate part of the differences in astrogliosis induced by Xe ob-
served in the two different models.

Synapse loss has been well characterized in mouse models of
tauopathies (56-58). TE4 mice that received control air inhalation
showed down-regulation of many synaptic and neuronal genes.
Conversely, TE4 mice receiving Xe inhalation showed up-regulation
of similar genes and a gene expression profile similar to that of E4
control mice. In line with these findings, a previous study in a mouse
model of TBI treated with Xe showed reduced astrogliosis (59). Our
WGCNA revealed that Xe inhalation in TE4 mice down-regulated
lipid and fatty acid genes, including Plin2, Lampl, Cd68, Lamp2,
Grn, and Gpnmb. We recently showed that TE4 mice developed
abundant brain lysosomal damage and lipid accumulation (60). Our
RNA-seq results indicated that pathways that were dysregulated in
TE4 mice were reversed in the opposite direction to a certain extent
after Xe inhalation.

We evaluated the similarities between TE4 and APP/PS1 mouse
models after Xe inhalation. We found that Xe suppressed the expres-
sion of several MGnD classical genes such as Itgax, Sppl, Lgals3,
Axl, and Trem2. It has been demonstrated that microglia-mediated
damage, rather than direct pathological tau-induced neurotoxicity,
is required for neurodegeneration in a tauopathy mouse model (61).
These results indicate that Xe inhalation affected microglial path-
ways rather than directly affecting tau-induced neuronal damage.

To evaluate the effect of Xe inhalation on the modulation of hu-
man microglia in AD pathology, we used the humanized 5xFAD
mouse model transplanted with human iMG (28). These cells have
gene expression profiles and functional properties similar to those
of primary human microglia (62) and have shown effectiveness in
reducing AP burden and modulating amyloid pathology in the
5%xFAD mouse model (63). We found that Xe inhalation reduced Ap
plaque load and dystrophic neurons even after these pathologies
were well established. Furthermore, RNA-seq analysis showed that
Xe suppressed genes associated with MGnD such as Clec7a and CD9
(3) while inducing a gene expression signature indicative of IFN-y
signaling. In 5x-MITRG mice, astrocytes associated with human
microglia showed enrichment for IFN-y signaling, accompanied by
the suppression of genes related to GM-CSE, IL-8, IL-6, and NF-kB
activation.

In summary, our findings demonstrate that inhaled Xe modu-
lates microglia and ameliorates disease in mouse models of amyloi-
dosis and tauopathy. Clinical testing of Xe treatment in healthy
volunteers will start in early 2025.

MATERIALS AND METHODS

Study design

This study aimed to determine whether Xe inhalation could be used
to treat mouse models of AD. To assess whether Xe inhalation could
modulate brain microglia and to determine the optimal Xe concen-
tration, we used an acute neurodegeneration mouse model in which
fluorescent apoptotic mouse neurons were injected into the cortices
and hippocampi of naive C57BL/6] mice, which were then treated
with Xe at concentrations ranging from 6 to 35%. The optimal dose
and timing of Xe treatment resulting in microglia modulation was
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also conducted in APP/PS1 mice and was determined to be 30%. To
evaluate whether Xe inhalation had a protective immunomodula-
tory role in restoring microglial function in AD mouse models, we
treated APP/PS1, P301S-APOE4 (TE4), and 5xFAD mice with 30%
Xe in an inhalation chamber (fig. S1I). We performed scRNA-seq of
brain myeloid cells from APP/PS1 mice to understand how Xe mod-
ulated microglia and its subtypes. To further investigate whether the
effects of Xe were microglia dependent, we depleted brain myeloid
cells in 5XFAD mice using PLX-5622. We assessed the importance of
MGnD for AD pathology using our Clec7a-Cre®*"? mice. In addi-
tion, we transplanted human iMG into 5x-MITRG mice to evaluate
whether Xe inhalation could modulate human microglia. Last, the
role of IFN-y in modulating microglial function in response to Xe
treatment was investigated using neutralizin% antibodies against
IFN-y and transgenic (Cx3Cr1-Cre®™ 2 Ifngr1™'®) mice. Data col-
lection and analysis were not performed blinded. Outliers were re-
moved using GraphPad Outlier Calculator, which uses the robust
regression and outlier removal test (ROUT). All animal procedures
and experiments were performed under guidelines approved by the
Institutional Animal Care and Use Committee (IACUC) at Brigham
and Women’s Hospital, Harvard Medical School, University of
California, Irvine, and Washington University School of Medicine.

Mice

C57BL/6-] (stock no. 000664), B6-5xFAD (stock no. 034848-JAX),
Cx3crl-CrefR™? (stock no. 021160), IfngrlFlOX (stock no. 025394),
ROSA26-DTR"™ (stock no. 007900), ROSA26:Td Tomato™ '™ (stock
no. 007914), P301S-tau transgenic mice (stock no 008169), and Cs-
flr (AFIRE/AFIRE) (stock no. 007914) mice were purchased from
Jackson Laboratory. APOE4 (E4) mice were generated by replacing
the mouse genomic sequence from the translation initiation codon
in exon 2 to the termination codon in exon 4 with its human coun-
terparts flanked by loxP sites (64). APP/PS1 (16) mice were provid-
ed by M. Jucker (University of Tubingen). 5XFAD-MITRG mice
(28, 62, 65) were generated and xenotransplanted bz M.B.-J’s labora-
tory (University of California Irvine). Clec7a-Cre® ™ mice were de-
veloped in O.Bs laboratory.

Xe inhalation

A closed-circuit gas inhalation system provided by General Biophys-
ics (www.generalbiophysics.com) was used to administer either the
Xe experimental or air control inhalation treatment. This system in-
cluded an airtight sealed mouse chamber with a pump, allowing for
continuous gas recirculation, gas concentration sensors, and a CO,
absorber (fig. S1I). In this work, we used two versions of this system.
The first accommodated up to six mice per treatment in the airtight
chamber with a 4-liter volume. It had CO; and O, gas monitors, a
recirculation pump, and a CO, absorber. The gas mixture was pre-
pared in a separate container by hyperbaric mixing and then was
delivered to the treatment chamber, creating the required average
concentrations of Xe and oxygen. The second and more advanced
version of the system accommodated up to 12 mice per treatment,
and, in addition to the features of the first version, this one was
equipped with a proprietary Xe gas concentration monitor (www.
generalbiophysics.com, model A). This allowed complete control of
the gas concentrations to be established when the gases were sup-
plied to the treatment chamber directly from the gas cylinders
through the flow meters. In both chambers, O, and CO, concentra-
tions were continuously monitored. A CO, absorbent helped to
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maintain the CO, concentration between 600 and 1500 parts per
million (ppm) in the first chamber with an average of 900 ppm and
600 and 900 ppm in the second chamber. The pure Xe gas was pro-
vided by General Biophysics and was produced by Linde Gas &
Equipment Inc. The minimum Xe gas purity was 99.99%. The oxy-
gen was purchased from Airgas with 100% purity.

Statistical analysis

All results are reported as mean + SEM, and all statistical analyses
were conducted in Prism 9 (GraphPad). Gaussian distribution was
evaluated using the D’Agostino-Pearson normality test. Statistical
analysis between two groups was performed using a Student’s ¢ test
under a normal distribution. Statistical analysis between two groups
with categorical data was performed using Fisher’s exact test. Com-
parisons among multiple groups were analyzed by one-way analysis
of variance (ANOVA) with Tukey’s multiple comparison correction.
Correlations were assessed with linear regressions. P value less than
0.05 (P < 0.05) was considered a statistically significant difference.
ns, P> 0.05; *P < 0.05; ¥**P < 0.01; ¥**P < 0.001; ****P < 0.0001.
The number of mice per group (1) used for each experiment can be
found in the figure legends.
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