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Hypoxia compromises the mitochondrial
metabolism of Alzheimer's disease microglia
via HIF1
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Genetic Alzheimer's disease (AD) risk factors associate with reduced defensive amyloid f§ plaque-associated microglia (ABAM),
but the contribution of modifiable AD risk factors to microglial dysfunction is unknown. In AD mouse models, we observe con-
comitant activation of the hypoxia-inducible factor 1 (HIF1) pathway and transcription of mitochondrial-related genes in ABAM,
and elongation of mitochondria, a cellular response to maintain aerobic respiration under low nutrient and oxygen conditions.
Overactivation of HIF1 induces microglial quiescence in cellulo, with lower mitochondrial respiration and proliferation. In vivo,
overstabilization of HIF1, either genetically or by exposure to systemic hypoxia, reduces ABAM clustering and proliferation
and increases Af} neuropathology. In the human AD hippocampus, upregulation of HIF1la and HIF1 target genes correlates with
reduced Ap plaque microglial coverage and an increase of Af plaque-associated neuropathology. Thus, hypoxia (a modifiable
AD risk factor) hijacks microglial mitochondrial metabolism and converges with genetic susceptibility to cause AD microglial

dysfunction.

n 1919, del Rio-Hortega"? grouped several morphologic entities

of the central nervous system under the term microglia (see ref. *

for a commented English translation), showing that microglia
could adapt to changing environments by activating migration,
proliferation, growth and phagocytosis.

In Alzheimer’s disease (AD), microglia adapt their morphology
and function to cluster and establish a protective barrier around
senile plaques®. Increasing evidence implicates the decline of
microglial defensive responses in the progression of the disease:
(1) single-nucleotide polymorphisms in several genetic loci encod-
ing proteins with known roles in innate immunity are associated
with an increased risk of developing AD?; (2) functional studies of
AD-related polymorphisms suggest that microglia play a protective
role in AD, which is altered by these individual loss-of-function
genetic variants®; and (3) postmortem studies in AD brains have
reported that microglial cells acquire a dysfunctional phenotype’,
degenerate® and die by apoptosis’, thereby contributing to the

deposition of amyloid p (AP) and the development of plaque-
associated dystrophic neurites®'*-".

Why do AD microglia become dysfunctional? AP activates
a plethora of signaling pathways, which converge in a common
microglial neurodegenerative phenotype (MGnD) observed in all
of the disease-associated microglia (DAM)'*'*. Loss of function of
genetic AD risk factors, such as the triggering receptor expressed
on myeloid cells 2 (TREM2) and apolipoprotein E, is associated
with microglial dysfunction characterized by reduced clustering
and survival around Af plaques'®'>'>'°. Based on these data, it has
been suggested that microglial activation may be required not only
to protect against neurodegeneration but also to avoid a low-energy
state induced by the disease'”.

Microglia are the brain cells able to survive closer to Ap plaques',
and upregulation of hypoxia-inducible factor 1 (HIF1)—the master
regulator of oxygen homeostasis'’’—has been suggested in
AP plaque-associated microglia (ABAM)'"*, indicating local low

"Instituto de Biomedicina de Sevilla (IBiS), Hospital Universitario Virgen del Rocio/CSIC/Universidad de Sevilla, Seville, Spain. 2Centro de Investigacién
Biomédica en Red sobre Enfermedades Neurodegenerativas (CIBERNED), Madrid, Spain. 3Departamento de Bioquimica y Biologia Molecular, Facultad
de Farmacia, Universidad de Sevilla, Seville, Spain. “Departamento Biologia Celular, Genetica y Fisiologia, Facultad de Ciencias, Universidad de Malaga,
Malaga, Spain. ®Instituto de Investigacién Biomédica de Malaga (IBIMA), Universidad de Mélaga, Malaga, Spain. ¢CIC bioGUNE, Basque Research and
Technology Alliance (BRTA), Derio, Spain. "Target Discovery Institute, Oxford, UK. 8Department of Neurology, Massachusetts General Hospital, Harvard
Medical School, Boston, MA, USA. °Present address: Division of Neurobiology, Department of Neurology, Medical University of Innsbruck, Innsbruck,
Austria. °Present address: School of Biochemistry and Immunology, Trinity College Institute for Neuroscience, Trinity College Dublin, Dublin, Ireland.
"Present address: Medical Research Council Centre for Inflammation Research, The Queen’s Medical Research Institute, The University of Edinburgh,
Edinburgh, UK. ?Present address: Department of Pediatric Radiology, University Clinic Leipzig, Leipzig, Germany. BThese authors contributed equally:
Rosana March-Diaz, Nieves Lara-Urefia, Carmen Romero-Molina, Antonio Heras-Garvin, Clara Ortega-de San Luis. “These authors jointly supervised this
work: Javier Vitorica, Alberto Pascual. ®e-mail: vitorica@us.es; apascual-ibis@us.es

NATURE AGING | VOL 1| APRIL 2021 385-399 | www.nature.com/nataging

385


mailto:vitorica@us.es
mailto:apascual-ibis@us.es
http://orcid.org/0000-0002-3119-961X
http://orcid.org/0000-0003-2231-2681
http://orcid.org/0000-0002-8365-2762
http://orcid.org/0000-0001-9119-1604
http://orcid.org/0000-0001-9156-4327
http://orcid.org/0000-0002-6264-6152
http://orcid.org/0000-0002-0641-7902
http://orcid.org/0000-0001-5459-6207
http://crossmark.crossref.org/dialog/?doi=10.1038/s43587-021-00054-2&domain=pdf
http://www.nature.com/nataging

NATURE AGING

ARTICLES

oxygen levels. In addition to nonmodifiable genetic risks, there are
also potentially modifiable AD risk factors that together strongly
contribute to the onset of dementia’*, by accelerating progression
of the disease through multiple mechanisms. Several of these factors
(for example, hypertension, obesity, atrial fibrillation, diabetes
mellitus, physical inactivity and smoking) converge in altering the
vascular system and/or reducing oxygen/nutrient availability”'-*.
We hypothesize that local clues synergize with systemic diseases
progressing with hypoxia to activate HIF1 and compromise micro-
glial function.

Results

The HIF1-mediated stress response pathway is induced in ABAM.
It is suspected that the messenger RNA (mRNA) levels of Hifla
and several HIF1 targets, including those involved in anaerobic
glycolysis (glucose to lactate), are upregulated in DAM'”*. The
switch from aerobic respiration to anaerobic glycolysis has been
proposed as a metabolic adaptation to sustain DAM energy
demand?, but also a detrimental event”. Therefore, we investigated
the contribution of HIF1 to ABAM transcription. First, we showed
that Hifla mRNA is expressed around A plaques in an AD mouse
model (Fig. 1a). We then combined in situ hybridization (ISH) with
immunofluorescence for the microglial ionized calcium-binding
adaptor molecule 1 (IBA1) and revealed that ABAM also expressed
high Hifla mRNA levels (Fig. 1a), whereas low expression levels
were observed in microglia distal to AP deposits and from wild-type
mice (Fig. 1a,b). To further investigate whether Hifla mRNA upreg-
ulation has functional consequences over ABAM transcription, we
used transcription factor enrichment analysis (TFEA.ChIP)*. We
found that HIFla and HIF2a were among the top proteins pre-
dicted as regulators of APP-PSENI/4+ microglial transcription
(Fig. 1c and Supplementary Table 1), suggesting a preponderant role
of HIF-mediated transcription in ABAM.

To formally demonstrate HIF1-dependent transcriptional acti-
vation in ABAM, we defined the HIF1/hypoxia-induced microg-
lial module (HMM) using a transcriptomic analysis of primary
microglial cell cultures exposed to hypoxia or normoxia (hypoxia:
1% O, for 6h; normoxia: 21% O, for 6h). First, we checked that
our cultures were enriched in microglia using immunofluorescence
(Extended Data Fig. 1a) and quantitative PCR with reverse tran-
scription (RT-qPCR; Extended Data Fig. 1b), performed principal
component analysis (Extended Data Fig. 1c), identified the dif-
ferentially expressed genes (Fig. 1d and Supplementary Tables 2
and 3), validated the differentially expressed genes by qRT-PCR
(Extended Data Fig. 1b) and demonstrated their regulation by HIF1
using inducible Cx3crl-Cre::ERT2-mediated deletion of Hifla in
primary microglial cultures (Fig. le,f). We then studied the tran-
scriptional profile of isolated microglia from two mouse models:
(1) an A plaque-depositing APP,;,SL model (APP mice; residues
1-751 of human APP with the Swedish and London mutations);
and (2) a nondepositing mouse model with knock-in of a single
copy of human MAPT encoding a p.Pro301Ser substitution (TAU
mice). To this end, we developed a protocol based on the sorting
of CD11b*/CD45* microglia into CLEC7a* (strongly expressed
by DAM'"**”) and CLEC7a” (homeostatic) subpopulations
(see Extended Data Fig. 2a-e for the gating strategy employed).
CLEC7a* microglia were increased in 12-month-old APP and
end-stage TAU mice (pathologic state), but remained unaltered in
age-matched wild-type or 3-month-old AD models (prepathologic
state; Extended Data Fig. 2f). Global gene expression profile stud-
ies (Extended Data Fig. 2g and Supplementary Table 4) followed by
gene set enrichment analysis (GSEA) revealed that pathologic-state
APP microglia showed strong enrichment of the HMM (Fig. 1g)
while the TAU model presented only mild induction (Extended
Data Fig. le and Supplementary Table 5), despite similar MGnD*
gene set (Supplementary Table 6) enrichment in both models
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(Fig. 1g, Extended Data Fig. le and Supplementary Table 5), indi-
cating a similar degree of activation. Direct comparison of the dif-
ferentially expressed genes between APP and TAU pathologic state
microglia revealed the HMM as the most enriched gene set in APP
(Extended Data Fig. 1f and Supplementary Table 5), although these
two experimental models had similar global transcription profiles
(Extended Data Fig. 2g and Supplementary Table 5).

Then, we investigated whether the HIF1 pathway was also upreg-
ulated in other DAM. We reanalyzed the global expression profile
data of microglia isolated form other neurodegenerative or aging
models using CD45/CD11b markers*~’. Expectedly, the MGnD
gene set was activated in microglia from all models (Extended
Data Fig. 1g and Supplementary Table 7), whereas the HMM was
a prominent characteristic of ABAM (Extended Data Fig. 1h and
Supplementary Table 7) and was found to be only modestly upreg-
ulated in other DAM (Supplementary Table 7), suggesting that
APAM may be metabolically challenged by low oxygen levels.

Increased oxidative phosphorylation (OXPHOS)-related tran-
scription in AD microglia. HIF1-mediated transcriptional pro-
gramming normally induces a metabolic switch from aerobic
mitochondrial respiration to anaerobic glycolysis'’. Paradoxically,
the OXPHOS gene set was dramatically enriched in both APP and
TAU neurodegenerative mouse models (Fig. 2a, Extended Data
Fig. 3a and Supplementary Tables 5 and 7), including upregula-
tion of the mRNA levels of genes encoding proteins for all of the
mitochondrial electron transport chain complexes (complexes
I-IV) and complex V (ATPase) (Fig. 2a and Extended Data Fig. 3a).
These data were confirmed by the enrichment of other gene sets
implicated in aerobic respiration and ATP production (Fig. 2b).
Moreover, gene sets related to antiviral responses and aerobic res-
piration represented around 50% of the top gene sets enriched in
DAM (Extended Data Fig. 3b and Supplementary Table 5). Finally,
we verified that the OXPHOS gene set was enriched in DAM from
all of the neurodegenerative models and, somehow surprisingly,
substantially reduced in the microglia from aged mice (Extended
Data Fig. 3c and Supplementary Table 7).

To corroborate that our results were also relevant for human dis-
ease, we interrogated the data from a recent human single-cell RNA
sequencing study’. Microglia isolated from postmortem human
AD samples clustered in two groups differentiated from control
microglia (Fig. 2¢), and the genes encoding OXPHOS were signifi-
cantly overexpressed in microglial cells from AD samples (Fig. 2c).

OXPHOS upregulation constitutes a bone fide indicator of
mechanistic/mammalian target of rapamycin (mTOR) biosynthetic
activity via mitochondrial activation’, a pathway that has been
described as regulated by TREM2 (ref. 7). Interestingly, we reana-
lyzed the data from ref. ' and observed that TREM2 deficiency is
indeed associated with dramatic downregulation of the OXPHOS
gene set in microglia from the 5xfAD/+ mouse model (Fig. 2d and
Supplementary Table 9), suggesting that TREM2 activates OXPHOS
transcription in APAM. Induction of protein synthesis, another
mTOR activation landmark®”, was highly enriched in ABAM
(Extended Data Fig. 3b and Supplementary Table 5). Thus, we also
interrogated our transcriptomic data for the presence of an mTOR
signature'” (Supplementary Table 8) and found modest enrichment
in both the Af and TAU models (Extended Data Fig. 3d).

Altogether, these data strongly indicate that an increase
in transcription of the aerobic respiration-related genes takes
place, both in AD mouse models and human AD microglia in a
TREM2-dependent manner.

APAM mitochondria are characterized by elongation. We have
demonstrated that ABAM are characterized by simultaneous activa-
tion of two antagonistic pathways: (1) the HIF1 pathway (a classical
trigger of anaerobic glycolysis'’) (Fig. 1 and Extended Data Fig. 1);
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Fig. 1| HIF1-mediated transcription is activated in ABAM. a,b, ISH of Hifla mMRNA (brown) and immunohistochemistry for microglia (IBA1; green) and
nuclear (DAPI; blue) staining in brain sections of 8-month-old APP-PSENT/+ mice (a) and WT mice (b) proximal (red arrowheads) and distal (yellow
arrowheads) to Ap plaques (yellow asterisks in a). Right in b: microglial quantification of IBAT*/Hifla* cells in the wild type (WT) and in regions distal

and proximal to Ap plaques (n=4 mice; ANOVA with post-hoc Tukey's test). ¢,

Transcription factor enrichment analysis of APP-PSEN1/+ microglial

transcription®. Each dot in the volcano plot represents an individual chromatin immunoprecipitation sequencing experiment. d, Volcano plot showing the
genes included in the HMM (red dots; P< 0.07; log[fold change]l> 0.5). e, Primary microglial cell cultures from Cx3cr1-Cre::ERT2; Hifla"" mice were treated
with either vehicle (C) or tamoxifen (T) (100 nM; 6d), and the effect on HIF1a expression was assayed by gRT-PCR (left; n=7; Student'’s t-test) and
western blot (right) in normoxia (N; 21% O,; 24 h) and after DMOG (D; 0.1mM; 24 h) treatment. f, Primary microglial cell cultures from Cx3cr1-Cre::ERT2;
Hif1a™ mice were treated with either vehicle, D, T or D plus T. The mRNA fold changes in D versus vehicle (D) and D plus T versus T (D+T) are
represented. Hmbs levels were used as housekeeping controls (n=5 for Egin3, Eroll, Prr15 and MxiT; n=3 for Bhlhe40; n=6 for Ccng2; n=4 for EginT;
two-sided Student'’s t-test). g, GSEA of APP DAM versus wild-type 12-month-old microglia. The heat maps show the top-30-ranking genes of the HMM
(left) and MGnD (right) gene sets. Red symbolizes overexpression and blue represents downregulation. Right: table of the 15 top gene sets, enriched in
the APP pathologic state versus wild-type microglia, with a family-wise error rate Pvalue (Pgye) of <0.05. NES, normalized enrichment score. All data are
presented as means +s.e.m. n values represent the number of biologically independent experiments.

and (2) aerobic respiration (Fig. 2 and Extended Data Fig. 3). We
have also shown that the HIF1 pathway is particularly enriched in
APAM versus other DAM (Fig. 1 and Extended Data Fig. 1). This
peculiar metabolic adaptation of ABAM suggests that mitochondrial
activity is essential for microglial metabolic fitness in response to
Ap and that HIF1 activation could be an unwanted byproduct of the
chronic defensive activity of innate immune cell clusters (only pres-
ent in AB-depositing mouse models). In addition, a reduction of the
vasculature around A plaques has been reported consistently in the
literature in both the human AD brain and AD mouse models*,
which could also contribute to the high HIF1 activation. To better
understand this paradoxical situation, we searched for situations
where mitochondrial activity is preserved despite HIF1 activation
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and found that cells under nutrient and oxygen deprivation prevent
a HIF1-mediated switch to anaerobic glycolysis by elongating mito-
chondria®®—a well-described process that optimizes aerobic ATP
production and prevents mitophagy™. Therefore, we first evaluated
mitochondrial levels by immunofluorescence and observed clear
upregulation of NDUFS2 complex I protein in ABAM compared
with wild-type microglia or those distal to AP plaques (Fig. 3a).
As ABAM phagocytize other cells and are in close apposition with
dystrophic neurites that also contain mitochondria, we investigated
the morphology of ABAM mitochondria using electron microscopy.
Microglia distant from AP plaques presented round-shaped mito-
chondria (Fig. 3b), but ABAM showed elongated mitochondria sur-
rounded by rough endoplasmic reticulum (Fig. 3¢; characterized by
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Fig. 2 | AD microglia increase aerobic respiration-related transcription. a, GSEA of APP DAM versus wild-type 12-month-old microglia. The heat maps
show the top-30-ranking leading-edge genes of the OXPHOS gene set. Red symbolizes overexpression and blue represents downregulation. b, Aerobic
respiration-related gene sets enriched in APP DAM versus wild-type microglia (false discovery rate gvalue =0). ¢, Single-nuclei RNA sequencing of human
entorhinal cortex (http://adsn.ddnetbio.com/; ref. *"). Top row (left): uniform manifold approximation and projection visualization of microglial cells from
AD and control samples. Top row (right) and bottom row: relative gene expression (color intensity; see scale bar) of four representative OXPHOS genes.
The table (right) includes the changes in expression (log,[fold change] and false discovery rate (FDR) gvalues) of the OXPHOS genes between AD and
control microglial cells. d, Enrichment plot (left) and heat maps (right) of the oxidative OXPHOS gene set in Trem2/~; 5xfAD/+ versus 5xfAD/+ microglia.

an increased perimeter and aspect ratio) and decreased circularity
versus wild-type microglia or those distal to Ap plaques (Fig. 3d).
Altogether, these results indicate that aerobic respiration is a
common feature of neurodegenerative DAM, while the concomi-
tant activation of HIF1-mediated gene expression and elongation of
their mitochondria suggest that ABAM metabolism is compromised.

Overactivation of HIF1 induces microglial quiescence. To verify
that activation of microglia depends on mitochondrial activity, we
treated microglial cell primary cultures with oligomeric Ap (0Ap)
for 24h and measured the mitochondrial O, consumption rate.
Interestingly, 24 h after stimulation, clear upregulation of the mito-
chondrial maximal respiratory capacity was observed (Fig. 4a).
This was accompanied by a slight but significant increase in the
mitochondrial protein SDHA (complex II), a trend for NDUFS2 to
increase (complex I; Fig. 4b) and no changes in ATPsynf} (complex
V; Fig. 4b). oA also induced the microglial response characterized
by an increase of Thf and Il6 mRNA levels (Fig. 4c). Altogether, our
data indicate that, in vitro, mitochondrial activity is upregulated
by 0Af treatment; however, the magnitude of the activation was
smaller than in vivo, probably due to the rich medium used in cul-
ture. To investigate whether a reduction of mitochondrial activity
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by exacerbation of the HIF1 response could compromise microglial
responses to AP, we exposed normoxic and hypoxic microglial cell
primary cultures to oA for 24 h. Interestingly, hypoxia reduced the
basal levels of Tnfand 16 mRNA and blunted the normoxic response
to oAp (Fig. 4c). The reduction in microglial response was similar to
that observed in primary microglial cell cultures from Trem2~- mice
exposed to 3h of 0AP (Fig. 4c).

To further characterize the role of hypoxia in microglial cells, we
first reanalyzed the transcriptomic data obtained from the primary
microglial cells exposed to low oxygen levels (1% O, for 6 h; Fig. 1d
and Extended Data Fig. 1a). As expected, hypoxia induced a robust
transcriptional response characterized by coordinated induction of
glycolytic genes (Fig. 4d, Extended Data Fig. 4a and Supplementary
Table 10). Correspondingly, the glycolytic rate showed a clear
increase in primary microglial cells exposed to hypoxia (Fig. 4e).
In parallel, low oxygen levels repressed mitochondrial OXPHOS,
as shown by GSEA and oxygen consumption recordings in hypoxic
primary microglial cultures (Fig. 4f-g, Extended Data Fig. 4b and
Supplementary Table 10). Consequently, in cellulo hypoxia induced
a significant decrease in the ratio between mitochondrial oxygen
consumption and glycolytic proton efflux rates (PERs) in micro-
glia (Fig. 4h). Interestingly, the upregulation of anaerobic glycolysis
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in pathologic-state APP-PSENT/+ mice. Microglia can be recognized by their darker cytoplasm and mitochondria by their morphology. Mitochondria are
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mice; Mann-Whitney U-test with post-hoc Dunn’s test). All data are presented as means + s.e.m. n values represent the number of biologically

independent experiments.

(Fig. 4d,e and Extended Data Fig. 4c,d) was accompanied by dras-
tic downregulation of the overall cellular function, including DNA
replication, suggesting that slowdown of mitochondrial activity may
induce microglial quiescence (Extended Data Fig. 5a,b).

To evaluate whether hypoxia inhibited proliferation of microglia,
we used two models: the microglial-derived BV2 cell line; and mouse
primary microglial cell cultures. To determine whether hypoxia (1%
O, for 4-48h) modulates the BV2 cell cycle, we measured the per-
centage of cells in the GO/G1, S or G2 phase using propidium iodide
staining and flow cytometry. Brief hypoxia (4h) did not change the
BV2 cell cycle; however, 24 and 48h of hypoxia led to dramatic cell
cycle arrest (Extended Data Fig. 6a). To differentiate between the
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induction of senescence (irreversible cell cycle arrest) or quiescence
(reversible cell cycle arrest) by hypoxia, we exposed BV2 hypoxic
cultures to 24h of reoxygenation. Interestingly, the cell cycle was
completely restored after incubation in normoxia (Extended Data
Fig. 6b). To evaluate the involvement of HIF in control of the cell
cycle under hypoxia, we interfered the expression of Hifla, Epasl
(encoding for HIF2a) or Hifla and Epasl. Although the degree of
suppression reached was small (around 50-60% of the levels of non-
interfered cultures; Extended Data Fig. 6¢), we were able to observe
a decrease in hypoxia-induced cell cycle arrest when both genes
were knocked down (Extended Data Fig. 6¢). To confirm the role of
HIF in hypoxia-mediated cell cycle arrest, we first exposed BV2 cells
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to dimethyloxalylglycine (DMOG)—an inhibitor of the main nega-
tive regulators of HIF stability, the prolyl-hydroxylases (PHDs)""—
and observed a hypoxia-like cell cycle arrest in BV2 (Extended
Data Fig. 6d). Second, we performed primary microglial cell cul-
tures from either Egl9 homolog 2 (Egln2-) (encoding for PHDI),
EginI*~ (PHD2; full PHD2 deficiency is not viable) or Egln3~~ mice
(PHD3). The number of microglial cells was decreased both in the
absence of PHD?3 or in the presence of a half dose of PHD2 (Fig. 4i),
whereas no differences were observed in PHD1-deficient microglia
(Fig. 4i), further supporting a role for HIF in microglial prolifera-
tion’*. Finally, we estimated proliferation in primary microglial
cell cultures exposed to 24 h of hypoxia (1% O,), using a bromode-
oxyuridine (BrdU) incorporation assay. Hypoxia induced a notable
decrease in BrdU* microglial cells (Fig. 4j). To confirm the role
of HIF1 in microglial cell cycle arrest induced by hypoxia, we
used primary microglial cell cultures with conditional deletion of
Hifla (Fig. le) exposed to hypoxia. As expected, hypoxia produced
decrease in the number of BrdU* cells of a ~60%. However, micro-
glial proliferation was almost completely restored in HIF1a-deficient
cultures (Fig. 4k), demonstrating that HIF1 contributes to the
reversible microglial cell cycle arrest under hypoxia.

A decrease of mitochondrial metabolism via HIF1 reduces
APAM. The formation of new AP plaques in APP-overexpressing
mouse models is associated with microglia proliferation'®*.
However, we have shown that, in cellulo, HIF1 overactivation
induces microglial quiescence characterized by a low response to
oAp and reversible cell cycle arrest (Fig. 4). Therefore, we postulated
that the proliferation (and therefore the clustering) of microglia
around A plaques in vivo depends on the balance between glycoly-
sis and aerobic respiration.

In normoxia, Hif genes are constitutively transcribed and trans-
lated, but the resultant protein is degraded by the proteasome through
oxygen-dependent hydroxylation by PHDs and von Hippel-Lindau
(VHL)-mediated ubiquitination”. As overstabilization of HIF1 by
VHL deficiency induces anaerobic glycolysis and inhibition of aero-
bic respiration®, we created a new conditional AD mouse model
with VHL depletion in adult microglia (Cx3cr1-Cre::ERT2; VhiV-;
APP-PSEN1/+) (Fig. 5a). VHL deficiency induced the HMM in
vivo, as demonstrated by global expression profile studies in iso-
lated microglia (Fig. 5b and Supplementary Table 11) and a decrease
in OXPHOS gene set transcription (Fig. 5¢). Interestingly, this

transcriptional regulation was associated with a decrease in the
percentage of microglia, as observed by flow cytometry (Fig. 5d).
Remarkably, VHL deficiency induced a decrease in the common
microglial signature (MGnD gene set; Fig. 5¢) in a transcriptional
phenotype similar to TREM2 deficiency (for a review, see ref. *'),
suggesting reduced APAM. Therefore, we quantified the IBA1
immunoreactivity around AP plaques and observed a decrease in
the microglial coverage of cortical Af deposits in the absence of
VHL (Fig. 5f). Altogether, these results indicate that downregula-
tion of ABAM aerobic respiration by HIF1 stabilization induces a
microglial dysfunctional phenotype similar to the one observed in
TREM2 deficiency.

Several modifiable AD risk factors (for example, hypertension,
obesity, atrial fibrillation, diabetes, physical inactivity and smoking)
converge in altering the vascular system and/or reducing oxygen/
nutrient availability?*. We reasoned that these AD risk factors
could contribute to the microglial dysfunction described in the
human AD brain by disrupting the HIF1/aerobic respiration meta-
bolic equilibrium observed in ABAM. To test this idea, we exposed
14-month-old wild-type or APP-PSEN1/+ mice to either normoxia
(21% O,) or sustained hypoxia (9% O,) for 21 d and quantified IBA1*
microglia in the hippocampus. We found a significant decrease in
the number of IBA1* microglia in hypoxic APP-PSEN1/+ mice
compared with normoxic APP-PSEN1/+ mice, whereas only a
trend was detected in hypoxic compared with normoxic wild-type
mice (Fig. 6a). Similarly, RT-qPCR in hippocampal extracts ren-
dered significantly decreased levels of Ibal mRNA without chang-
ing glial fibrillary acidic protein (Gfap) astrocytic mRNA levels in
APP-PSEN1/+ (Fig. 6b), and no differences were found in wild-type
mice (Extended Data Fig. 7a). More strikingly, the distribution of
microglia was altered by sustained hypoxia, showing an absence
of clustering around AP plaques (Fig. 6a), suggesting a defect in
APAM. Closer examination of hippocampal and cortical regions
of APP-PSEN1/+ mice revealed that hypoxic ABAM either did not
invade the plaques or were simply absent (Fig. 6¢)—a phenocopy
of the microglial dysfunction observed in microglia deficient for
VHL (Fig. 5f) and in TREM2-deficient mice*. This observation
was confirmed using tomato lectin as an independent microglial
marker (Fig. 6¢). Quantification of both the IBA1* cell number and
the area occupied by IBAI* staining per Thioflavin-S* (Thio-S*)
plaque demonstrated fewer APAM in the hippocampus and
cortex of hypoxic versus normoxic APP-PSEN1/4+ mice (Fig. 6d).

3>
>

Fig. 4 | Hypoxia induces cell cycle arrest via HIF1 in microglia in cellulo. a, Mitochondrial respiration OCR (left) and maximal respiration (right) of control
(C) or oAp-treated (10 um; 24 h) mouse primary microglial cultures by Seahorse. Dashed lines indicate injection times (n=3 independent cultures;
two-sided Student's t-test). FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone. b, Protein levels of SDHA, NDUFS2 and ATPsynf in cultures
treated as in a. RPL26 was used as a housekeeping control (n values are indicated in parentheses; two-sided Student'’s t-test). ¢, Tnf and //6 mRNA levels
in cultures treated as in a and exposed to normoxia (N; 21% O,; 24 h) or hypoxia (H; 1% O,; 24 h) (top), or from wild-type or Trem27- mice (bottom) (n
values are indicated in parentheses; two-sided Student's t-test). a.u., arbitrary units. d,f, Heat maps of mouse primary microglial cultures exposed to
hypoxia (6 h) versus normoxia. The top-30-ranking genes in two gene sets (KEGG glycolysis/gluconogenesis (d) and KEGG oxidative phosphorylation (f))
are shown. Red symbolizes overexpression and blue represents downregulation. e, ECAR (left) and basal PER (right) of mouse primary microglial cultures
in exposed to hypoxia or normoxia (24 h) by Seahorse. (n=5 for normoxia; n=6 for hypoxia; two-sided Student's t-test). 2-DG, 2-deoxy-p-glucose. g,
Mitochondrial respiration OCR (left) and basal respiration OCR (right) of mouse primary microglial cultures exposed to normoxia or hypoxia (24 h) by
Seahorse. Discontinued lines show injection times (n=5 cultures for normoxia; n= 6 cultures for hypoxia: two-sided Student'’s t-test). h, Mitochondrial
respiration OCR (mytoOCR)/basal PER (glycoPER) ratio of mouse primary microglial cultures exposed to normoxia or hypoxia by Seahorse (n=4 for
normoxia; n=6 for hypoxia; two-sided Student's t-test). i, Left: images of primary microglial cultures, stained with IBA1 (red) and GFAP (green) and
counterstained with DAPI (blue), from wild-type (Egin1*/*) or EginT*~ mice. Right: graphs showing the percentage of microglia in each mutant (knockout
(KO) or heterozygous (HET)) relative to their control (C). n values are indicated in parentheses (two-sided Student's t-test). j, Left: images of proliferation
in primary microglial cultures (red) exposed to either normoxia, hypoxia or DMOG (D; 24 h; 0.1mM) and incubated with 10 uM BrdU (3 h). Insets:
magnified views of the areas highlighted by white dashed boxes. The white arrowheads point to BrdU*/IBAT* cells and the yellow arrowhead indicates

a BrdU*/IBAT1- cell. Right: graph showing quantification of the results (n=4; two-sided Student'’s t-test). k, Left: images of primary microglial cultures
from Cx3cr1-Cre::ERT2; Hifla"™ mice treated with either vehicle (C) or tamoxifen (T; 100 nM; 6 d). Arrowheads indicate BrdU-reactive microglial cells.
Right: numbers of BrdU-reactive microglial cells exposed to hypoxia (24 h), presented as the percentage relative to those exposed to normoxia (n=7

for the control; n=6 for the tamoxifen treatment; two-sided Student's t-test). All data are presented as means +s.e.m. n values represent the number of

biologically independent experiments.
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In sharp contrast, neither the number of reactive astrocytes (GFAP*)
nor the number of total astrocytes (glutamine synthetase (GluS*))
was altered by sustained hypoxic treatment in APP-PSEN1/+ mice
(Extended Data Fig. 7b). Moreover, the ratio of astrocytes adjacent
to AP plaques (within 20um from the plaque edge) versus total
astrocytes was not significantly different (Extended Data Fig. 7b,c).
The sustained hypoxia treatment induced an expected increase
in hematocrit (Extended Data Fig. 7d) and no infarctions were
observed in the hypoxic brains of wild-type or APP-PSEN1/+ mice
(Extended Data Fig. 7e). Finally, we showed that hypoxia reduced
ABAM proliferation using Ki67 staining in the hippocampus and
cortex of APP-PSEN1/+ mice (Fig. 6e); no changes were observed
by hypoxic treatment in wild-type mice (Extended Data Fig. 7f).
Altogether, these results suggest that systemic comorbidities
may contribute to brain hypoxia/hypoperfusion-induced microglial

quiescence by disrupting the HIF1/aerobic respiration metabolic
equilibrium in ABAM.

Sustained hypoxia enhances AP local pathology. Defects in
microglial clustering around plaques by TREM?2 haploinsufficiency
decreased AP plaque compaction'®", highlighting the protective
barrier function of microglia around plaques’. We therefore asked
whether the reduced clustering of microglia induced by sustained
hypoxia correlated with an increase in Ap levels in APP-PSEN1/+
mice. We observed an increase in both dense-core Thio-S* and total
Ap* plaque load and number in the cortex of hypoxic APP-PSEN1/+
mice (9% O,) compared with normoxic (21% O,) AD littermates
(Fig. 7a-f), despite no significant differences in the total AP lev-
els by enzyme-linked immunosorbent assay (ELISA), nor in the
processing of APP*. As a control, we also showed that no Thio-S*
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Fig. 5 | Overstabilization of HIF1 reduces ABAM in vivo. Analysis of microglia from Cx3cr1-Cre::ERT2; APP-PSENT/+; VhI"- mice untreated (control; -TMX)
or treated (VHL") with tamoxifen (30 d). a, Schematic of the mouse models used to generate genetic hypoxia (HIF overstabilization by VHL deletion)

in adult microglia. b,c, GSEA. Heat maps and enrichment plots of the top-30-ranking leading-edge genes for the HMM (b) and OXPHOS (c) gene sets.
Red symbolizes overexpression and blue represents downregulation. d, Left and middle: adult microglia isolated from control mice or mice treated

(VHL") with tamoxifen (30 d) using fluorescence-activated cell sorting. Right: quantification of the percentage of CD45*/CD11b* cells in mice without

(C) or with tamoxifen (VHL") treatment (n=5; two-sided Student's t-test). e, Heat map (left) and enrichment plot (right) of the MGnD gene set. f, Left:
cortical sections stained with IBA1 (red) and Thio-S (green). Right: quantification of the percentage of the Af plaque area occupied by IBAT+ microglia in
control mice and those treated with tamoxifen (VHL; 30d). n values are indicated in parentheses (two-sided Student's t-test). All data are presented as
means +s.e.m. n values represent the number of biologically independent experiments.

(Extended Data Fig. 8a) or Ap* (Extended Data Fig. 8b) plaques
were found in normoxic or hypoxic wild-type mice. Furthermore,
the size distribution of cortical Thio-S* and total Ap* plaques in
hypoxic and normoxic APP-PSEN1/+ mice revealed enrichment
in plaques under hypoxia, suggesting that low oxygen enhances Af
aggregation, resulting in more newly formed plaques (Fig. 7c,f).
Levels of soluble Ap,_,, in normoxic and hypoxic APP-PSENI1/+
mice, measured by ELISA, showed a trend to increase under hypoxia
(Fig. 7g), and dot blots with a fibrillar Ap oligomer-specific anti-
body (OC) showed a clear increase of OC immunoreactivity in cor-
tical soluble extracts from hypoxic versus normoxic APP-PSEN1/+
mice (Fig. 7h). Altogether, these data suggest that sustained hypoxia
potentiates AP aggregation and deposition in brain parenchyma.
As the result of the direct neurotoxic effect of AP, dense-core
(senile) plaques are decorated with dystrophic neurites, which can
be displayed with both ubiquitin and phospho-TAU (p-TAU) immu-
nohistochemistry. The AD-linked p.Arg47His and p.Arg62His
TREM2 variants impair the microglial barrier function and worsen
plaque-associated axonal dystrophies'-'2. Therefore, we investigated
whether sustained hypoxia could aggravate this neurodegenerative

392

feature in an AD mouse model. APP-PSEN1/+ mice exposed to
sustained hypoxia showed a trend for increased ubiquitin load
(Fig. 7i) and clear augmentation in the density of p-TAU* dystrophic
neurites per Thio-S* plaque (Fig. 7j). As expected, we also showed
that no p-TAU* dystrophic neurites (Extended Data Fig. 8c) were
found in normoxic or hypoxic wild-type mice. We have previ-
ously shown that hippocampal somatostatin and neuropeptide Y
interneurons are particularly vulnerable and die at early stages in
a similar AD mouse model®. Here, we detected a significant fur-
ther decrease in the mRNA levels of both somatostatin (Sst) and
neuropeptide Y (Npy) under sustained hypoxic stress (Fig. 7k).
Thus, these data indicate that sustained hypoxia leads to an increase
in soluble AP fibrillar oligomers and newly formed dense-core
AP plaques, and aggravates AP plaque-associated neurodegenera-
tive phenomena.

Nude AP plaques with high pathology in hypoxic brain areas.
To study the contribution of HIF1 induction in the AD human
brain, we first reanalyzed the data of an RNA sequencing study of
isolated cell types from the human brain*. Interestingly, the HIF1a
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Fig. 6 | Systemic sustained hypoxia decreases clustering of ABAM. a-e, Left: 14-month-old wild-type and APP-PSEN1/+ (AD) mice exposed to normoxia
(N; 21% O,) or sustained hypoxia (H; 9% O,) for 21d were studied. a, Hippocampal brain slices stained for IBA1. Right: quantification of the total number
of IBA1* microglia (n=3 for the wild type exposed to normoxia; n=4 for all other groups; two-sided Student's t-test). b, Relative levels of Ibal and Gfap
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group; two-sided Student's t-test). ¢, Hippocampal (Hp; left) and cortical (Cx; right) sections stained with IBA1 (brown) and Thio-S (lilac) or tomato lectin
(TL; red) and Thio-S (green). d, Quantification of the number of IBA1* microglial cells per Ap plaque (left; n=5 mice; two-sided Student's t-test) and the
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and counterstained with Thio-S (green). The arrowheads indicate Ki67*+ microglia. Insets: magnified images of the areas highlighted by white dashed
boxes. Scale bars, 50 um (main images) and 25 um (insets). Right: quantification of the density of Ki67* microglial cells (n=9 mice per group; two-sided
Student's t-test). All data are presented as means +s.e.m. n values represent the number of biologically independent experiments.

transcript was highly abundant in human microglia when com-
pared with other cell types (Fig. 8a), suggesting a preponderant role
of HIF1 in these cells. AD-associated microglial degeneration has
mainly been observed in the human hippocampus’*. To evaluate the
potential contribution of HIF1 to AD, we measured the levels of
HIF1a mRNA (by RT-qPCR) and HIF1a protein (by western blot)
in hippocampal samples from individuals with AD and healthy con-
trol individuals (Supplementary Table 12). Both mRNA (a nonsig-
nificant trend) and protein levels were upregulated, paralleling the
progression of AD pathology (Fig. 8b). The drop in HIFla levels at
advanced (Braak V-VI) compared with intermediate (Braak III-1V)
stages is probably explained by the dramatic end-stage cell death
and atrophy. We also demonstrated upregulation of the mRNA lev-
els of several HIF-regulated genes in AD (Braak V-VI) human hip-
pocampal samples (Fig. 8c), suggesting that advanced stages of the
pathology are associated with induction of HIF1.

Human microglial pathology is mainly concentrated in the hilar
region of the dentate gyrus®, a brain area with relatively low oxygen
levels to preserve neurogenesis®. To investigate the contribution
of hypoxia to microglial degeneration, we compared AP plaques
from the dentate gyrus (hypoxia-prone region) with those from the
perirhinal cortex (control region), as both brain areas accumulate
similar large diffuse neuritic plaques*. Remarkably, a significant
microglial depopulation of senile plaques was observed at Braak V-
VI stages at the molecular layer of the dentate gyrus compared with
plaques from the perirhinal cortex of the same individuals (Fig. 8d),
suggesting that local hypoxia also primes ABAM dysfunction in the
human AD brain, generating nude Ap plaques.
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An increase in plaque-associated axonal dystrophies has been
observed in the brains of carriers of the AD-linked TREM?2 vari-
ants'®"’, and sustained hypoxia incremented the local neuropathol-
ogy in an AD mouse model (Fig. 7i,j). Therefore, we investigated
whether nude AP plaques in the human dentate gyrus are also
enriched in dystrophic neurites. Triple combined immunohisto-
chemistry for p-TAU, IBA1 and AP in Braak V-VI hippocampal
samples revealed plaques presenting dystrophic neurites in the
zones that were devoid of microglia (Fig. 8e). To quantitatively dem-
onstrate the relationship between nude AP plaques and increased
local pathology, we measured the area occupied by IBA1 (micro-
glia), AT8 (p-TAU) and AP per plaque. We anticipate that a micro-
glial area lower than the AP area (protection index <1, measured
per individual plaque) should be less protected than Af plaques
with larger microglial occupancy (protection index> 1) for the for-
mation of AT8 reactive dystrophies. In fact, we demonstrated that
AP plaques with a protection index of <1 presented higher dys-
trophic neurites (Fig. 8e). As a control, we also checked that both
groups (protection index <1 and protection index>1) had similar
AP plaque size distributions (Fig. 8e).

Altogether, our data strongly suggest that, similar to what was
found in TREM2 risk allele carriers'®", nude AP plaques are asso-
ciated with hypoxia-prone human brain areas and elevated local
neuronal pathology in patients with AD.

Discussion
Increasing evidence indicates that the microglial defensive activity

is required to halt the progression of AD*>'*"'2. At the same time,
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Fig. 7 | Systemic sustained hypoxia enhances A aggregation, spreading and Af plaque-associated axonal dystrophy. a-k, 14-month-old APP-PSEN1/+
mice were exposed to normoxia (N; 21% O,) or sustained hypoxia (N; 9% O,) for 21d. a, Brain sections stained with Thio-S. b, Thio-S load (left) and
plaque density (right) after exposure to normoxia and hypoxia (n=38; four mice per group; two-sided Student'’s t-test). ¢, Size distribution of Thio-S
plaques after exposure to normoxia and hypoxia (n=8; four mice per group; two-sided Student's t-test). d, Brain sections stained for Ap. e, Ap load (left)
and plaque density (right), estimated from brain slices after exposure to normoxia and hypoxia (n=12; four mice per group; two-sided Student's t-test).

f, Size distribution of AP plaques after exposure to normoxia and hypoxia (n=12; four mice per group; two-sided Student's t-test). g, Ap,_4, levels quantified
by ELISA in soluble brain extracts after exposure to normoxia and hypoxia (n=4 mice per group; two-sided Student's t-test). h, Fibrillar A detected by dot
blot in soluble cortical extracts exposed to normoxia and hypoxia (n=4 mice per group; a reference wild-type sample is shown). i, Left: cortical sections
stained for ubiquitin (UB; right) and counterstained with Thio-S (left) under normoxia and hypoxia. Far right: quantification of the percentage of total
ubiquitin load per slice after exposure to normoxia and hypoxia (n==8; four mice per group; two-sided Student's t-test). j, Left: cortical sections stained
with Thio-S (left) and for p-TAU (right) after exposure to normoxia and hypoxia. Far right: quantification of the percentage of the individual Ap plaque area
occupied by p-TAU* neurites after exposure to normoxia and hypoxia (n values are provided in parentheses; two-sided Student'’s t-test). k, Sst and Npy
mRNA levels estimated by RT-gPCR in hippocampal extracts from normoxic (gray bars) and hypoxic APP-PSEN1/+ mice (blue bars). Gapdh mRNA was
used as a housekeeping control (n=4; two-sided Student's t-test). All data are presented as means +s.e.m. n values represent the number of biologically

independent experiments.

microglia are the cells able to survive closer to AP deposits'®.
Therefore, to understand how these cells survive and provide a
full response under challenging conditions is of utmost impor-
tance. We show here that ABAM are characterized by the paradoxi-
cal concomitant activation of HIFI-induced anaerobic glycolysis
and aerobic respiration, suggesting local metabolic stress around
AP plaques. We also show that sustained overactivation of HIF1
induces microglial quiescence in cellulo and a decrease in the ability

394

of ABAM to proliferate and cluster around Af plaques in vivo.
HIF1-mediated reduced coverage of AP plaques is associated with
worsening of AD neuropathology both in AD mouse models and in
the human AD brain, highlighting the relevance of modifiable AD
risk factors related to HIF1 activation.

From their discovery, microglial cells were characterized by a
surprising morphological plasticity’?, which is also observed around
AP plaques, where microglia proliferate, migrate and emit thick
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Fig. 8 | A human hypoxia-prone brain area contains nude Af plaques with increased local axonal dystrophy. a, Fragments per kilobase of HIFIA

per million mapped reads (FPKM) in human brain cells (http:/www.brainrnaseq.org/; ref. ). E, endothelial cells; FA, fetal astrocytes; M, microglia/
macrophages; MA, adult astrocytes; N, neurons; O, oligodendrocytes. b, Left: HIFIA RT-gPCR of human hippocampus from control individuals (C; Braak
1) and those with Braak stages II (ADID, lI-1V (ADIII-1V) and V-VI (ADV-VI). The dots represent individual values (n values are provided in parentheses;
Kruskal-Wallis test; F=7124; GAPDH used as a control). Middle: HIFla in protein extracts from human hippocampus (f-actin control). Protein extract
from Hela cells under hypoxia (1% O,; 4 h) were used as a HIF1a control. Right: box and whisker plot showing HIFla/B-actin levels (n values are provided
in parentheses; F=15.78; Kruskal-Wallis test). ¢, mRNA levels estimated by RT-gPCR of human hippocampal samples (see b) (n values are provided in
parentheses; Mann-Whitney U-test; F =32 for VEGFA; F=28 for HMOX; F =45 for SLC7AS5; F=20 for BHLHE40; F=173 for PRELID2). d, Left: staining of
microglial cells (IBA1; brown) and A plaques (dark blue) in the dentate gyrus (hypoxia-susceptible area) and perirhinal cortex (control brain area) of
human AD brain (individuals with Braak V-VI). Right: plaque periphery covered by IBAT* microglia (n values are provided in parentheses; three different
individuals with AD; Mann-Whitney U-test). e, Left: staining of microglial cells (IBAT; brown), p-TAU* dystrophic neurites (AT8; magenta) and Ap plaques
(dark blue) in the dentate gyrus of human AD brain (Braak V-VI). Right: axonal dystrophies (AT8*) and Af plaque area in samples with a protection
index (IBA1+ area/individual AB* plaques area ratio) of <1 or >1(n values are provided in parentheses; Mann-Whitney U-test). All data are presented

as means +s.e.m., except in b (right), where the boxes represent the 25-75% percentiles, the central bars represent median values and the error bars
represent the maximum and the minimum values. n values represent the number of biologically independent experiments.

cytoplasmic projections that constitute a physical barrier against Ap
spreading®'®"". These morphologic adaptations are accompanied
by exuberant transcriptional modulation that optimizes APAM
responses'“*>?’. Between these transcriptional responses, we found
that aerobic respiration is highly enriched in DAM transcription. In
innate immune cells, HIF1 activation is normally associated with
a metabolic switch from aerobic respiration to anaerobic glycolysis
and activation of a proinflammatory program that includes cyto-
kine production through increased inflammasome signaling'**.
It has been suggested that, in AD microglia, TREM2 activation
could reduce this acute response to sustain long-term activ-
ity'”. In light of our results, TREM2 activation entails aerobic
respiration-based metabolism, which may counteract a switch
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towards a proinflammatory state of DAM. In ABAM, however,
this equilibrium is at risk, as basal activity of HIF1 is detected and
mitochondria elongate, a characteristic response of cells that main-
tain aerobic respiration under low oxygen and nutrient stress®.
Mitochondrial elongation maximizes the functioning of the tricar-
boxylic acid cycle for biosynthesis and ATP production, sustaining
cell viability under oxygen and nutrient deprivation, and prevents
hypoxia- and/or low nutrient-induced mitophagy’*. TREM2 activa-
tion of mTOR has been shown to be pivotal for microglial meta-
bolic adaptation to confront AP deposition'”*, and mitochondrial
metabolism may be regulated by mTOR through increased trans-
lation of the mitochondrial transcription factor A (TFAM) and
other key factors™. However, mTOR-mediated anabolic induction is
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reduced when the nutrient supply (including oxygen) is inadequate,
via increased HIF1 transcription and translation. Further work will
be required to demonstrate the role of the TREM2/mTOR pathway
in regulation of mitochondrial ABAM metabolism.

The severe ABAM dependence on mitochondrial OXPHOS
was revealed by forcing the inhibition of microglial mitochondrial
activity via: (1) sustained hypoxia in cellulo, which induces a slow-
down in microglial proliferation and quiescence; (2) in vivo VHL
deficiency; or (3) in vivo sustained hypoxia, mimicking AD modi-
fiable risk factors that reduce brain perfusion/oxygenation (for
example, hypertension, obesity, atrial fibrillation, diabetes mellitus,
physical inactivity, smoking*' and intracerebral atherosclerosis*®).
Similarly, overactivation of HIF1 in microglia by systemic lipopoly-
saccharide injection also resulted in a shift towards anaerobic glycol-
ysis, the production of proinflammatory cytokines and worsening
of AD neuropathology”. Inversely, both sodium rutin (a natural
flavonoid that induces a switch from anaerobic glycolysis to aero-
bic respiration in microglia) and interferon gamma (an inductor of
mTOR) attenuated neuroinflammation*’, enhanced APAM cluster-
ing and phagocytosis**** and ameliorated the learning and memory
defects observed in amyloidogenic models***. Interestingly, age
(the main risk factor for AD*') may induce a decrease in the mouse
microglial OXPHOS gene set (Extended Data Fig. 3c), suggesting
that age could also merge with AD genetic'*-'?” and modifiable risk
factors in hijacking microglial aerobic respiration. The relationship
between aging and microglial mitochondrial function will require
additional experimental work.

The reduced ABAM proliferation and clustering by HIF1 over-
activation resembles the phenotype observed in: (1) the brain
of TREM?2 p.Arg47His and p.Arg62His carriers; (2) AD mouse
models with genetic Trem2 deficiency; and (3) AD mouse models
expressing these AD-linked loss-of-function alterations'®'. It also
resulted in increased neuropathology. Thus, in addition to other
factors™, systemic sustained hypoxia contributes to AD progression
by decreasing the microglial ability to proliferate and confine Ap
deposits. Therefore, genetic (TREM2/apolipoprotein E), systemic
(infections or brain hypoperfusion/hypoxia) and local stress (HIF1)
factors converge in reducing AD microglial clustering and, there-
fore, their barrier function®. Correspondingly, a recent study high-
lighted the role of brain atherosclerosis in AD, suggesting a direct
molecular link**°.

Of note, we also demonstrated that the human AD brain accu-
mulates HIF1 and HIF1 targets, that a hypoxia-prone region is
characterized by the presence of nude (microglia-free) A plaques
and that the absence of microglia correlates with increased peri-
plaque p-TAU dystrophic neurites. Notably, recent epidemiologic
studies have estimated that between one-third and one-half of AD
cases could be attributable to modifiable risk factors®-** and have
suggested that, as the age-adjusted incidence and prevalence of
dementia might be decreasing (as reviewed in ref. ?), AD may be
preventable. Our results also pave the way for the search for phar-
macologic agents that could improve the mitochondrial metabolic
fitness of microglia against the stress imposed by AP plaques and,
probably, reduce the progression of AD.

Methods

Human samples. Autopsy samples were obtained from the Neurological Tissue
Bank of IDIBELL-Hospital of Bellvitge (Barcelona, Spain). The study (CEEA-
US2017-13) was approved by the local ethics committee and the Comité de Etica
de la Investigacion (CEI), Hospital Virgen del Rocio, Seville, Spain. Samples with
signed informed consent were obtained from Banco de Tejidos de la Fundacion
CIEN (Centro de Investigaciéon de Enfermedades Neuroldgicas, Madrid, Spain)
and the Neurological Tissue Bank of IDIBELL-Hospital of Bellvitge (Barcelona,
Spain) and were classified by Braak tau pathology (Supplementary Table 12).

Mice. Mice were housed under controlled temperature (22 °C) and humidity

conditions in a 12h light/12 h dark cycle with ad libitum access to food and water.
Housing and treatments were performed according to the animal care guidelines
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of the European Community Council (86/60/EEC). All animal procedures were
conformed to under the Spanish law and approved (26/04/2016/064; Consejeria
de Agricultura, Pesca y Desarrollo Rural. Direccion General de la Produccion
Agricola y Ganadera). Heterozygous B6.Cg-Tg(APPswe,PSEN1d9E)85Dbo/J
(APP-PSEN1/+; stock number 34832-JAX), B6;C3-Tg(Prnp-MAPT*P301S)
PS19Vle/] (TAU; stock number 008169), B6.129-Hifla™*9/] (Hifla" stock
number 007561) and B6.129S4(C)- Vhi™Ua[] (VhIV; stock number 012933) mice
were obtained from The Jackson Laboratories. B6.129(C)-Cx3cr1m21(cre/ERT2)ung/ Or]
(Cx3cr1-Cre::ERT2 mice) were obtained from the European Mouse Mutant Archive
(EMMA). APP mice (Sanofi) were provided by Transgenic Alliance-IFFA Credo.
Wild-type mice were C57/BIl6]. To activate Cre:ERT2-mediated recombination,
mice were fed for 30 d with a tamoxifen diet (400 mg tamoxifen citrate per kg;
Envigo). All of the experiments were performed with a balanced number of male
and female mice.

In vivo hypoxia treatment. Mice (14 months old) were chronically exposed to 9%
O, using a specially designed hermetic chamber with O, and CO, controllers and
temperature and humidity monitoring (Coy Laboratory Products). Light, feeding
and cleaning cycles were kept uniform for all groups. Normoxic mice (controls)
were also exposed to the same chamber but under 21% O,.

BV2 cell line culture. The microglial cell line was obtained from the Interlab

Cell Line Collection (National Institute of Cancer Research and Advanced
Biotechnology Center, Italy). Cells were grown in RPMI 1640 medium (PAA) with
10% fetal bovine serum (Gibco), 2mM L-glutamine (Gibco) and 1% penicillin/
streptomycin (Gibco) in a water-saturated atmosphere of 5% CO, and 5% air.
Cells were detached by trypsinization with 0.25% trypsin-EDTA (Gibco). Cells
were always plated at 30-50% confluence to prevent anaerobic conditions and the
activation of microglial cells.

Primary microglial cell cultures. Primary microglial cultures were prepared as
previously described® from 1- to 3-d-old wild-type or Cx3cr1-Cre::ERT2; Hifla""
mouse brains.

In cellulo treatments. Tamoxifen. Primary microglial cultures were treated with
100 nM tamoxifen for 6 d before microglia isolation by mild trypsinization.

DMOG. Cells were incubated for 24h in 1 or 0.1 mM DMOG dissolved in dimethyl
sulfoxide. A similar amount of dimethyl sulfoxide was added to control cultures.

Hypoxia. Hypoxic conditions (1% O, and 5% CO,) were achieved in a humidified
variable aerobic workstation (InvivO2 300; Ruskinn).

Small interfering RNAs. BV2 cells were transfected with small interfering RNAs
(20nM) in suspension at 60-70% confluence for 48 h, using Lipofectamine 2000
(Invitrogen) as a transfection reagent following the manufacturer’ instructions.

Flow cytometry. Cell cycle analysis. BV2 cells (1 X 10°) were harvested, washed
with phosphate-buffered saline (PBS), resuspended in 5ml ice-cold 70% ethanol
and left overnight at 4 °C. Cells were resuspended in 700 pl FACS/EDTA (5mM),
incubated at room temperature for 15min, washed twice with 500 pl FACS/EDTA,
resuspended in 800 ul FACS/EDTA supplemented with 0.2 mgml™ RNAse A
(Qiagen) and incubated at 37 °C in agitation for 1.5h. Before analysis, 0.04 mgml~*
propidium iodide (Calbiochem) was added and the samples were incubated at
4°C for 15min in the dark. Cells were resuspended in 500 ul FACS/EDTA. Flow
cytometry was performed in a BD LSRFortessa and cell cycle distribution was
analyzed using BD FACSDiva software.

Acute isolation of microglia from adult brains. Isolated cells were stained with

the antibodies CD11b-APC and CD45-PE at 4°C for 30 min. Staining with
isotype control-PE and isotype control-APC was used as a negative control.

Both control and experimental samples were incubated with anti-CD16/CD32
blocker simultaneously. Cells were washed and sorted using a FACSAria Fusion
(Becton Dickinson) flow cytometer and data were acquired and analyzed with
FACSDiva software 8.0 (Becton Dickinson). The gating strategy and data analysis
were performed according to guidelines™. To separate CLEC7a high and low
populations, we used an anti-CD45-PE and an anti-CD11b-CFblue, with an
anti-CLEC7a-FITC at room temperature for 20 min. An anti-CLEC7a-FMO
control was included (cells stained with anti-CD45-PE and anti-CD11b-CFblue,
but not with anti-CLEC7a-FITC) for autofluorescence values in the FITC channel.

RNA extraction and RT-qPCR. Primary cultures, FACS-isolated microglia and
mouse brain samples. RNA was extracted using TRIzol reagent (Life Technologies).
RNA samples (0.8 ug for mouse cortical samples and 0.5 ug for primary cultured
microglia) were treated with PerfeCTa DNase (Quanta Biosciences) and copied

to complementary DNA (cDNA) using qScript cDNA SuperMix (Quanta
Biosciences). cDNA from FACS-isolated RNA microglia was amplified following
the protocol described in the section ‘Microarrays. Real-time RT-qPCR was
performed for all samples in a ViiA 7 Real-Time PCR System (Applied Biosystems)
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using either Power SYBR Green PCR Master Mix (Applied Biosystems) or iTaq
Universal Probes Supermix (Bio-Rad) (Supplementary Table 13).

Human samples. Total RNA and proteins were extracted using TriPure Isolation
Reagent (Roche). The RNA integrity (RIN) was determined by RNA 6000 Nano
(Agilent). No significant differences between Braak groups were observed
(RIN=4.95 + 1.4). Retrotranscription using 4 ug total RNA was performed with the
High-Capacity cDNA Archive Kit (Applied Biosystems). 40 ng cDNA was mixed
with 2x TagMan Universal Master Mix (Applied Biosystems) and 20x TagMan
Gene Expression assay probes (Applied Biosystems) in an ABI Prism 7900HT
(Applied Biosystems).

Microarrays. RNA quality was assessed using an Agilent 2100 Bioanalyzer
(threshold RIN > 7). RNA amplification, cDNA hybridization and array scanning
were performed using a GeneChip WT Pico Reagent Kit, Mouse Transcriptome 1.0
Array and Scanner 3000 Affymetrix. Raw data from Expression Console Software
(Affymetrix) were exported to the R environment using LIMMA/Bioconductor
packages (RStudio). Quality assessment, data normalization and differential
expression analysis were performed using the arrayQualityMetrics package, robust
multi-array method and LIMMA/Bioconductor package, respectively. The data

are available from the Gene Expression Omnibus repository. Gene expression data
from 5xfAD, APP, TAU, Amyotrophic lateral sclerosis and aged mouse models
were analyzed by GSEA using Biological Processes C5-v5.2, KEGG and the custom
HMM, mTOR and MGnD gene sets.

Protein extraction and western blot. Primary cultures. Total proteins were
extracted using TRIzol reagent (Life Technologies) according to the manufacturer’s
instructions. When blotting for HIF1a, samples were resuspended in lysis buffer 1
(30mM Tris-HCI, 2 M thiourea, 7M urea and 4% (wt/vol) CHAPS (pH8.5)). An
RC DC protein assay kit (Bio-Rad) was used for quantifications.

Human samples. Proteins were obtained from frozen human hippocampal tissue
after sequential RNA and DNA extraction using TriPure Isolation Reagent
(Roche). Protein pellets were solubilized using 4% (wt/vol) sodium dodecyl
sulfate, 8 M urea and 40 mM Tris-HCI (pH 7.4) under rotation overnight at room
temperature and quantified by Lowry assay. Western blots were performed using
standard procedures. The antibodies used were anti-HIF1a (1:100), anti-NDUFS2
(1:1,000), anti-SDHA (1:1,000), anti-ATPsynp (1:1,000), anti-RPL26 (1:1,000)
and anti-fB-actin (1:5,000). HRP-conjugated anti-rabbit (1:10,000) or anti-mouse
(1:10,000) antibodies and a Western ECL Substrate kit (Bio-Rad) were used for
signal detection.

Immunodetection. In cellulo. Microglial cultures plated on coverslips were stained
under standard protocols with anti-IBA1 and anti-GFAP to detect astrocyte
contamination. Images were taken with a BX61 microscope (Olympus).

BrdU staining. Cultures were incubated (3h) in a media containing 10 pM BrdU
(Sigma-Aldrich). Cells were fixed with ice-cold 4% paraformaldehyde for 10 min
and permeabilized with ice-cold 70% ethanol at 4°C overnight. Samples were
treated with 2 M HCl for 15 min to denature the DNA, followed by incubation with
0.1 M sodium borate (pH 6.8) for 15min.

Mice. The brains were removed from perfused mice with PBS and immediately
fixed overnight (15h) at 4°C with 4% paraformaldehyde in PBS. Brains were
paraffin embedded using an automatic tissue processor (ASP300S; Leica) and
paraffin blocks cut into 20-um-thick coronal sections using a microtome (RM2255;
Leica). Immunostaining was performed according to standard protocols. The
primary antibodies used were as follows: anti-IBA1 (1:500), anti-GFAP (1:1,000),
anti-GS (1:1,000), anti-ubiquitin (1:400), anti-Ap 6e10 (1:500), anti-NDUFS2
(1:1,000), anti-Ki67 (1:200) and anti-p-TAU (1:500). For immunohistochemistry,
an EnVision+ kit (DAKO) was used for chromatic staining. Secondary antibodies
were added and the reaction was developed with 3,3-diaminobenzidine (DAB;
DAKO). For the immunofluorescence studies, we used secondary antibodies
(anti-mouse or anti-rabbit) conjugated with Alexa Fluor 488 or Alexa Fluor 568.
Tomato lectin staining was performed, incubating sections at 37 °C for 1h, followed
by incubation with Cy3-conjugated streptavidin (1:500). Thio-S, 4’,6-diamidino-
2-phenylindole (DAPI) and Prussian blue stainings were used as counterstains.

Humans. For double-labeling light microscopy, sections were incubated with the
microglial marker (anti-IBA1; 1:1,000), followed by the biotinylated secondary
antibody and streptavidin-conjugated horseradish peroxidase. The peroxidase
reaction was visualized with 0.05% 3-3-diaminobenzidine tetrahydrochloride
(DAB; Sigma-Aldrich), 0.03% nickel ammonium sulfate and 0.01% hydrogen
peroxide in PBS. After the DAB-nickel reaction (dark blue end product),
sections were incubated with the anti-Ap antibody (1:2,000). The second
immunoperoxidase reaction was developed with DAB only (brown reaction end
product). For triple immunolabeling, dark blue (anti-Af) and brown (anti-IBA1)
peroxidase reactions were sequentially developed. Sections were then incubated
with the p-TAU antibody (1:500) and visualized using the Vector VIP Peroxidase
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Substrate Kit (Vector Laboratories). Sections were then mounted on gelatin-coated
slides, air dried, dehydrated in graded ethanol, cleared in xylene and coverslipped
with DPX (BDH) mounting medium.

ISH and immunostaining. Brain tissues were cryoprotected in sucrose, embedded
in OCT compound (Tissue-Tek) and kept at —80°C. 10 pm coronal slices were
obtained with a cryostat (Leica). The RNAScope 2.5 (ACD) protocol was used to
detect Hifla mRNA (ACD) according to the manufacturer’s instructions, using a
HybEZ oven (ACD). Subsequent immunostaining was performed for microglia
staining (with the IBA1 marker) and nuclear staining (DAPI dye). After the
RNAscope 2.5 protocol, slices were incubated for 10 min in PBS/Triton X-100 0.3%
(vol/vol) and washed in PBS. Samples were incubated with anti-IBA1 antibody
(1:500) O/N at 4°C. Slices were then incubated with Alexa Fluor 488 anti-rabbit
(1:400) for 1h at room temperature and DAPI (Sigma-Aldrich; 1:1,000) stained
before mounting with Fluoromount-G. Images were acquired using a confocal
microscope (Nikon A1R+).

Electron microscopy. Mouse brains were processed according to standard
protocols for electron microscopy visualization. Selected areas were cut into
ultrathin sections, stained with uranyl acetate and lead citrate and examined

with an electron microscope (JEM-1400; JEOL). Quantification of mitochondrial
morphology was performed in Fiji by measuring the area, perimeter and major
and minor axes. The Fit Ellipse function was used to calculate the major and minor
axes. The circularity (4 X area/perimeter®) and aspect ratio (major axis/minor
axes) were calculated. For circularity, a value of 1.0 indicates a perfect circle. As the
value approaches 0, it indicates an increasingly elongated shape.

Bioenergetic analysis of primary microglial cell cultures. Seahorse Extracellular
Flux (XFp) Analyzer (Agilent). Primary microglial cells (3.5 10*cells per well)
were seeded (80 pl per well) in XFp cell culture mini plates and incubated

at 37°C in a humidified incubator with 5% CO, for 24 h in their cell growth
medium. For the mitochondrial stress test, oligomycin (20 pM), carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (20 pM) and rotenone/antimycin
A (10 uM) (all Agilent Seahorse) were loaded for sequential delivery. For the
glycolytic rate assay test, rotenone/antimycin A (10 pM) and 2-deoxy-D-glucose
(500mM) (both Agilent Seahorse) were similarly loaded. Following calibration,
the oxygen consumption rate (OCR), extracellular acidification rate (ECAR) and
PER were measured every 6 min for 72 min and the compounds were injected
sequentially at 18-min intervals. The OCR, ECAR and PER were automatically
calculated using Seahorse XFp software, and four to six biologically independent
replicates were assessed for each condition.

Microglial coverage and stereological quantification. Human periplaque
coverage. The periplaque microglial coverage was defined as the percentage of area
stained with IBA1 in the periplaque area (delimited by drawing a circle 30 pm from
the plaque edge). Images of IBA1/4G8-stained sections were acquired using the
automated digital microscopy system (Olympus VS120) connected to an Olympus
BX61VS with a high-resolution digital color camera (VC50 Olympus). Images
from plaques of the different brain areas (the dentate gyrus and perirhinal cortex)
were then acquired using OlyVIA 2.6 image viewer software (Olympus) (image
size = 1,654 pixels X 877 pixels; pixel size =28.34 pixels per cm). Digital images
(n=3 individuals; Braak V-VI) were processed using the Visilog 6.3 (Noesis)
image analysis system.

Dystrophy pathology related to microglial coverage. Dystrophy pathology related to
microglial coverage was quantified per plaque, analyzing the percentages of areas
stained with AT8 (p-TAU) or IBA1 in the plaque area. Images of AT8/IBA1/4G8
triple-immunostained sections from the dentate gyrus were acquired using the
digital microscopy system (Olympus VS120), as described for periplaque coverage
quantification. Digital images were processed using Fiji (Image]). Three different
binary masks (AT8-, IBA1- and 4G8-reactive areas) were generated using the color
threshold segmentation (HSB mode) and each selected area was measured. Finally,
the protection index was calculated as the ratio of IBA1/A plaque.

Number, coverage of mouse AP plaques and proliferative microglia. Amyloid
plaques were visualized with Thio-S staining and were randomly selected blind

to the treatment in the cortex and hippocampus. Quantifications were done in
superimages generated with the NewCAST system (Visiopharm) associated with
the BX61 microscope (Olympus). The number of microglial cells surrounding
amyloid plaques was determined after immunostaining for IBA1 and staining
with DAPI using immunofluorescence. The microglial coverage of individual
amyloid plaques was obtained by normalizing the IBA1-occupied area by the area
occupied for the corresponding Thio-S reactive plaque, calculated from binary
masks generated with the appropriate thresholds for all images in Fiji. The results
are presented as a percentage of IBA1 per AP plaque area. Proliferative microglia
were identified as double reactive for Ki67 and IBA1. To quantify different signals
around AP plaques, we drew a 50-um-radius circle and quantified the density using
Fiji (ISH Hifla mRNA and NDUEFS2). In the wild type and regions distal to A
plaques, full images were quantified and a density of the marker was calculated.
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Microglial stereology. The measurements were performed blind to the treatment.
This was an unbiased stereological approach using an Olympus BX61 microscope
combined with the CAST system. The sample area was then manually outlined, the
total area was quantified using CAST software and microglia between two specific
bregma points were estimated using a dissector area of 28,521.3 pm? (CAST). The
dentate gyrus was chosen as a sample area.

Amyloid plaque quantification. These measurements were blind to the treatment.
Quantifications were done in superimages generated with the NewCAST system
(Visiopharm) associated with the BX61 microscope (Olympus).

Load. The Thio-S and AP plaque loads were estimated using Fiji. A segmented
binary mask was generated and the area occupied by detected particles over a
specific constant threshold was quantified. The load was defined as the percentage
of the total cortex area occupied by Thio-S and Ap.

Density. This parameter was calculated by dividing the number of detected
particles obtained in parallel to the load quantification described above by the
sampled cortical area.

Frequency. The size of each detected particle obtained with the load quantification
above was registered and the density was calculated for different intervals of
plaque size.

Dystrophic neurite quantification. Amyloid plaques were visualized upon
Thio-S staining. These measurements were blind to the treatment. Quantifications
were done in superimages generated with the NewCAST system (Visiopharm)
associated with the BX61 microscope (Olympus).

Ubiquitin load. The ubiquitin load was estimated using Fiji. A segmented binary
mask was generated and the area occupied by detected particles over a specific
constant threshold was quantified. The load was defined as the percentage of the
cortical brain area occupied by ubiquitin.

p-TAU load. Plaques were randomly selected by Thio-S staining and the Thio-S
and p-TAU areas were estimated using Fiji in individual plaques. The results are
presented as a percentage of the p-TAU area per amyloid plaque area.

AP ELISA. For soluble Ap,_,, quantification, proteins were extracted from acutely
dissected hemibrains using a Dounce’s homogenizer in PBS (8% wet weight/
volume buffer) containing phosphatase and protease inhibitors (Sigma-Aldrich;
1:1,000). Samples were consecutively centrifuged at 600, 15,000 and 100,000g in
an Optima MAX ultracentrifuge (Beckman Coulter) at 4°C. The supernatant was
carefully decanted and stored on ice until it was used for the assay. For standard
curve samples, lyophilized Ap,_,, synthetic peptide (AnaSpec) was used. A Human
AB,_,, ELISA Kit (Invitrogen) was used following the manufacturer’s instructions.
Measurements were normalized by protein levels using the RC DC protein assay
kit (Bio-Rad).

Dot blot. Cortical soluble extracts were obtained as described for soluble AP
quantification. Total protein was quantified with the RC DC kit (Bio-Rad)
according to the manufacturer’s guidelines and using bovine serum albumin for
the standard curve. 1 pg of each soluble extract was spotted onto a nitrocellulose
membrane (GE Healthcare) and air dried for 30 min. The membrane was incubated
overnight with the primary antibody OC (Millipore; 1:5,000). Signal detection was
performed using a secondary HRP-conjugated anti-rabbit antibody and Western
ECL Substrate kit (Bio-Rad).

Statistical analysis. All individual measurements constitute biological replicates.
Samples with n <9 were analyzed using parametric tests. Samples with 7>9

were evaluated for normal distribution using D’Agostino and Pearson’s omnibus
normality test. Comparisons between two groups were performed with a two-sided
unpaired Student’s ¢-test, whereas comparisons between more than two groups
were done with analysis of variance (ANOVA) with Tukey’s test. The data are
expressed as means + s.e.m., as specified in the figure captions. P <0.05 was
considered statistically significant. For human samples, different groups were
compared using the Mann-Whitney U-test. Statistical analyses and graphs were
performed/generated in GraphPad Prism version 9.0 (GraphPad).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Transcriptomics data are available from the Gene Expression Omnubus with the
following accession numbers: GSE97423 (mouse primary microglial cultures
exposed to normoxia or hypoxia); GSE129296 (isolated Clec7a* microglia

from wild-type, APP and TAU mice); and GSE168059 (isolated microglia from
APP-PSEN1/+; VHL"" with or without tamoxifen treatment). Source data are
provided with this paper.
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Extended Data Fig. 1| HIF1-mediated transcription in DAM. a, Immunocytochemistry of primary cultures of microglia (left panel) and astrocytes (right
panel) using antibodies against IBA1 (red) and GFAP (green). Scale bar is 20 um. b, Relative levels of Cd33 and Gfap mRNAs estimated by gRT-PCR (a.u.
arbitrary units) in microglial (M) and astrocyte cultures (A). Hmbs levels were used as housekeeping control (n is indicated between brackets, independent
cultures, Student's t-test, two-sided). ¢, Principal component analysis showing the separation between biological replicates of mouse primary microglial
cell cultures exposed to normoxia (N: 21% O,, 6 h) or hypoxia (H: 1% O,, 6 h). d, Primary microglial cell cultures were exposed to N or H (24 h) and

the relative levels of several mRNAs included in the HIF1/hypoxia-induced microglial module (HMM) were estimated by gqRT-PCR. Hmbs levels were
used as housekeeping control (n is indicated between brackets, biological independent cultures, Student’s t-test, two-sided). e-h, Gene set enrichment
analysis (GSEA). e, GSEA of APP,,SL/+ (left and middle right) or MAPTp301S/+ end-stage (ES) (middle left and right) DAM versus (vs) wild-type (WT)
12-month-old (mo) microglia. Enrichment plots of the HMM (left) and MGnD (right) GSs. The table contains the 15 top GSs with a FWER-p-value less
than 0.05. f, GSEA of APP,.,SL/+ versus (vs) MAPTp301S/+ end-stage (ES). g, h, GSEA 5xfAD/+ DAM vs wild-type (WT) microglia (g, upper row MGnD
GS; h, HMM GS); SOD1p.G93A/+ DAM vs WT microglia (g, left in the lower row); 24-mo vs 5-mo WT microglia (g, right in the lower row). Data are
represented as mean + S.E.M.
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Extended Data Fig. 2 | Gating strategy to isolate CLEC7a* microglia. Gate identification was performed according to guidelines and previous reports in
contour density plots. a, Debris, and dead cells were discarded by forward (FSC) and side (SSC) scatters dispersion of events. b, Singlets of events were
selected according to FSC height (FSC-H) versus area (FSC-A). ¢, Microglial cells, reactive for CD45 and CD11b markers, were selected (black box).

d, e, The gate selected to isolate CLEC7a* microglia is shown in (d) and was defined by performing the same experiment without CLEC7a antibody (e).

f, Flow cytometry contour density plots of CD11b/CD45 reactive microglia with low (CLEC7a") and high (CLEC7a*) levels. Right graph represents the
percentage of Clec7a* microglia in each experimental group; wild-type (WT), APP,,SL/+ (APP/+) and MAPTp301S/+ (TAU/+); (nis indicated between
brackets, biological independent experiments, ANOVA, Tukey's test). g, Principal component analysis (left panels) and volcano plots (right panels) of the
microarray studies presented in Figs. 1and 2. Data are represented as mean + S.E.M.
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Extended Data Fig. 3 | Mitochondrial activation in DAM. a, GSEA of APP,.,SL/+ (left) or MAPTp301S/+ ES DAM (middle and right) versus (vs) wild-type
(WT) 12mo microglia. Enrichment plots and heat maps (middle) of top 30 ranking leading edge genes of the oxidative phosphorylation (OXPHOS)

GS. Red symbolizes overexpression and blue down regulation (see Supplementary Data Table for shade values). b, Sector graphs of the most enriched
biological functions between the 15 top GSs enriched in APP,,SL/+ and MAPTp.P301S/+ DAM vs WT microglia. ¢, GSEA of 5xfAD/+; SOD1p.G93A/+,
and aged (24mo) DAM vs WT age matched or young (5mo) microglia. Enrichment plots and heat maps of up to the top 30 ranking leading edge genes of
OXPHOS GS. d, GSEA of APP,,SL/+ DAM vs wild-type (WT) 12mo microglia. Enrichment plot of the oxidative phosphorylation (OXPHOS) GS.
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Extended Data Fig. 4 | Gene sets enriched in hypoxic primary microglial cell cultures. Enrichment plots of the GSs upregulated in hypoxic (1% O,; 6 h)
versus normoxic (1% O,) primary microglial cell cultures. a, KEGG_GLYCOLYSIS_GLUCONEOGENESIS GS. b, KEGG_OXIDATIVE_PHOSPHORYLATION GS.
¢, d, Only significantly overrepresented GSs from biological processes (€) or KEGG (d) categories are displayed (FDR g-value < 0.05).
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Extended Data Fig. 5 | Gene sets downregulated in hypoxic primary microglial cell cultures. Enrichment plots of the GSs downregulated in hypoxic
(1% O,; 6h) versus normoxic (1% O,) primary microglial cell cultures. a, b, Only significantly overrepresented GSs from biological processes (a) or
KEGG (b) categories are displayed (FDR g-value < 0.05).

NATURE AGING | www.nature.com/nataging


http://www.nature.com/nataging

ARTICLES NATURE AGING

a . Normoxia y Hypoxia b ., Reoxygenation 100
1500 1500 1500 % 80
] ] ] <
£ 1000 1000-] £ 1000 g o0
=1 4 - =1 E
Q - . o . [%
N ] ] © ] S 4w
500 — 500 500 3
] ] ] 8 20
0] 0 0
50 100 50 100 50 100 o
c Pl (r.u.) Pl (r.u.) Pl (r.u.)
Hif1a Epas1
4007 siControl  siHIF1a siEpas1 siHIF1a/Epas1 8004 siControl  siHIF1a siEpas1 siHIF1a/Epas1
0 1%}
o °©
3 800 . > 600 4 .
Q0 . 2
L]
2 2
S 200 o © 400 -
o . o
= : s
& 100 i + i I Z 2004 ;':_ : . —1[ —}E
1S % %‘ ° —:} _i:_ + S - 3 _:i:_ % ry °
+ 0 . . = 4+ F = $+
RS ,{7) b\ KIS ‘o\ @ Qa\ ‘o\ @/b‘\ O O N ORI R RO RSN AN
\(\ \(\ \o \(\ \(\/ \(\ {b\Q \\Q \° \Q\\(\ O\Q \(\//_®\(\ & \° \(\0\0 Ib\o & \° ’b\o 10\(\ \°
@ e e FFO NSO @ N O &N FHOFF o -P Q)
Sl @ N ®O N Ao NP Ao D SF AQO N 6‘ S &N A0 @ \v
eé& N9 é“ &0 & O &0 @«6\ SR S & ™ © o
120
siControl siHIF1a siEpast siHIF1a/Epas1
100 _G'2_ = —— " -8 8B §B §B—H0B §B "B . d
2 1007 o= T o=
VBO G2
% | 2 80
Y 2
< Y
L o % 60
o &
S %; 40
o
g 407 E 20
(0]
(@) N
204 N H D
TR S D e o N
N A N o o & o
Y 2 2 2 2 (\/ 2 (\/ (\/ (\/ (\/ Q/
N SNV N N N N
© @ O e e O N A A SNG4
& & © & \&O F & &S
60&\ \2\4? 'S éoé\ &Q Q éoé\ ) Q « & Q

Extended Data Fig. 6 | Hypoxic cell cycle arrest in BV2 cells. a, b, d, Cell cycle analysis using propidium iodide (PI) staining of BV2 cells exposed to
normoxia (N: 21% O,, 48h, a, left graph), hypoxia (H: 1% O,, 48h, a, right graph), reoxygenation (R: 24h H and 24hN, b), or DMOG (D; 0.1mM 24 h). The
quantification of the percentage of cells found in the different cell cycle phases is shown in (b) and (d) (n=3 biological independent cultures). ¢, BV2 cells
were treated with a scrambled siRNA (siControl) or siRNAs against Hifla (siHIF1a), Epas] (siEpas1) and HIF1a-Epas1 (siHIF1a/Epas1). Interfered cells were
exposed to N, H (24 h), or D (24 h) and the mRNA levels of Hifla (left graph) and Epas1 (right graph), and the cell cycle (lower row) were estimated by
gRT-PCR (n is indicated between brackets, biological independent cultures). Data are represented as mean + S.E.M.
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Extended Data Fig. 7 | Systemic sustained hypoxia does not alter A} plaque-associated astrocytes or wild-type microglia. a, Relative levels of

Ibal and Gfap mRNA extracted from the hippocampus of 14-month-old normoxic (N, 21% O,) and hypoxic (H, 9% O,) mice. Gapdh mRNA was used

as housekeeping control (Student's t-test, two-sided). b, Cortical Af> dense-core plaques stained with Thioflavin-S (Thio-S; green) surrounded by

GFAP + reactive astrocytes (red) in 14-month-old APP-PSEN1/+ mice exposed to either N or H. Scales bar are 20 um. Graphs show the quantification

of the ratio of GFAP + astrocytes far (> 20 um) per total astrocytes (Glutamine synthetase -GluS- immunoreactive astrocytes; left graph) and the ratio
of GFAP* astrocytes close (< 20 um) per total astrocytes (GluS+; right graph) (ANOVA, Tukey's test). ¢, Confocal projection of coronal brain slices from
8-month-old APP-PSENT/+ mice injected with Evans blue (EB; white) and stained with an astrocytic (GFAP; green) and a nuclear (DAPI; blue) marker.
Red arrowheads indicate reactive astrocytic endfeet. Scale bars are 20 pm. d, Hematocrit levels in N or H (Oxygen/Genotype: F=0.63, p=0.336; Oxygen:
F=283.06, p=0.000; Univariate analysis of variance, non-adjusted for multiple correlations). e, Prussian blue staining of N or H. Scales bar are 100 um.
f, Quantification of the density of Ki67+ microglial cells in N or H. (Student's t-test, two-sided). Data are represented as mean + S.E.M. n is indicated
between brackets, biological independent experiments.
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Extended Data Fig. 8 | Systemic sustained hypoxia does not induce A} deposition in wild-type mice. a-c, 14-month-old wild-type mice were exposed to
normoxia (N, 21% O,) or sustained hypoxia (H, 9% O,) for 21 days. No Thio-S (a), A% (b) or pTAU (c) reactive deposits were found (n=3 -N- or 4 -H-
biological independent mice). Scale bars are Tmm.
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection Not data collection software was used

Data analysis Fiji (v. 2.0.0)
Matlab R2018a (MathWorks)
GraphPad Prism version 9.0 (GraphPad Inc.)
BD FACSDiva software 8.0
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The raw data are available at the Source Data accompanying this article. Transcriptomics data are available at GEO with the following accession numbers: (i) Mouse
primary microglial cultures exposed to normoxia or hypoxia: GSE97423; (ii) Isolated Clec7a+ microglia from WT, APP751SL and MAPTp.P301S mice: GSE129296; and
(iii) Isolated microglia from APP-PSEN1/+; VHLFlox/— with or without TMX treatment GSE168059.
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Life sciences study design
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Sample size No sample calculations were performed. The number used was selected based in previous publications in the field.
Data exclusions  No data were excluded

Replication All the experiments were replicated in biological samples and no repetition was excluded from the study. All replication attempts were
successful. A minimum of three replications was performed.

Randomization  Allocation was random

Blinding All quantifications were done blinded (see M&M section).
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anti-AR 6e10 (Biolegend, 1:500)
anti-AR antibody (Biolegend, anti-AB17-24, clone 4G8, 1:2,000,)
anti-ATPsynR (BD, 1:1000, 612519)
anti-BrdU primary antibody (Abcam, 1:250, Ab6326)
anti-CD11b-APC, eBioscience, 1:200
anti-CD11b-CFblue (M1/70, Immunostep) 5:100
anti-CD16/CD32, eBioscience, 1:200
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Validation

anti-CLEC7a-FITC (FAB14561Gm, R&D Systems) 15:100
anti-CLEC7a-FMQ, Fluorescence Minus One

anti-GFAP Sigma, 1:1,000 G3893

anti-GS (Millipore, 1:1,000)

anti-HIF1alpha (Cayman, 1:100; 10006421)

anti-IBA1, Wako, 1:400 01-1974

anti-Ki67 (BD, 1:200, 550609)

anti-mouse (GE Healthcare, 1:10,000; NA931)
anti-NDUFS2 (AbCam, 1:1000, ab103024)

anti-RPL26 (SIGMA, 1:1000, RO655)

anti-R-actin (Abcam, 1:5,000; ab6276)

anti-SDHD (AbCam, 1:1000, ab14715)

anti-UB (DAKO, 1:400)

control-PE (e-Bioscience; 1:200)

HRP-conjugated anti-rabbit (Thermo, 1:10,000; 31460)
Isotype control-APC (eBioscience; 1:200)

p-Tau —AT8—, Thermo, 1:500

anti-AR 6e10 (Biolegend, 1:500). Ref. 7 in the main text, mouse and human.

anti-AR antibody (Biolegend, anti-AB17-24, clone 4G8, 1:2,000,). Ref. 7 in the main text, mouse and human.

anti-ATPsynR (BD, 1:1000, 612519)
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3. Kishimoto TK, Jutila MA, Berg EL, Butcher EC. Neutrophil Mac-1 and MEL-14 adhesion proteins inversely regulated by chemotactic
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6. Sanchez-Madrid F, Simon P, Thompson S, Springer TA. Mapping of antigenic and functional epitopes on the alpha- and beta-
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7. Springer T, Galfre G, Secher DS, Milstein C. Mac-1: a macrophage differentiation antigen identified by monoclonal antibody. Eur J
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9. Springer TA, Davignon D, Ho MK, Kurzinger K, Martz E, Sanchez-Madrid F. LFA-1 and Lyt-2,3, molecules associated with T
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Nature communications

miR-143/145 differentially regulate hematopoietic stem and progenitor activity through suppression of canonical TGFB signaling.
"Published figure using CD16/CD32 monoclonal antibody (Product # 48-0161-82) in Flow Cytometry"
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Oncoimmunology

The Interleukin (IL)-1R1 pathway is a critical negative regulator of PyMT-mediated mammary tumorigenesis and pulmonary
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metastasis.

"Published figure using CD45 monoclonal antibody (Product # 12-0451-82) in Flow Cytometry"
anti-CLEC7a-FITC (FAB14561Gm, R&D Systems) 15:100
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Ref. 7 in the main text, mouse and human.
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Ref. 7 in the main text, mouse and human.
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The Journal of Biological Chemistry, 03 Feb 2012, 287(12):9651-9658 Mouse and Human
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Ref. 7 in the main text, mouse and human

anti-Ki67 (BD, 1:200, 550609)

Ref. 7 in the main text, mouse and human
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Ref. 7 in the main text, mouse and human

o]
Q
—t
c
=
D
=
(D
w
D
QO
=
(@)
o
=
D
O
O
=
s
=)
(e}
w
c
3
Q
=
=

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Interlab Cell Line Collection (ICLC) (BV2) and ATTC (Hela)
Authentication Non-authenticated
Mycoplasma contamination Negative

Commonly misidentified lines  The cell lines used were no commonly misidentified
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research
Laboratory animals Mouse, both sexes, C57/BI6J and mixed background. Mice were housed under controlled temperature (222C) and humidity
conditions in a 12 h light/dark cycle with ad libitum access to food and water. Ages between 2 and 14-month-old.
Wild animals No wild mice were used

Field-collected samples  No field-collected samples were used

Ethics oversight Housing and treatments were performed according to the animal care guidelines of European Community Council (86/60/EEC).
Principles of laboratory animal care (NIH publication No. 86-23, revised 1985) were followed, as well as specific Spanish national laws
where applicable. The competent Spanish authority approved all the procedures (“Consejeria de agricultura, pesca y desarrollo rural.
Direccién general de la produccién agricola y ganadera”). All animal procedures were conformed under the Spanish law and
approved with number 26/04/2016/064 (“Consejeria de agricultura, pesca y desarrollo rural. Direccién general de la produccién
agricola y ganadera”).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Autopsy samples were obtained from the Neurological Tissue Bank of IDIBELL-Hospital of Bellvitge (Barcelona, Spain). The
study (CEEA-US2017-13) was approved by the local ethics committee and by the “Comite de Etica de la Investigacion (CEl),
Hospital Virgen del Rocio”, Seville, Spain. Samples with signed informed consent from “Banco de tejidos: Fundacion CIEN (BT-




Recruitment

Ethics oversight

CIEN; Centro de Investigacion de Enfermedades Neurologicas; Madrid, Spain)” and from the Neurological Tissue Bank of
IDIBELL-Hospital of Bellvitge (Barcelona, Spain), classified by Braak tau pathology (Supplementary Table 12):

Human samples

Sex (% female) Sex (% male) Age PMD delay

Braak 037.562.549.5+597.2+3.3

AD1161.54 384678 + 858.3+5.3

AD Ill/IV 55.6 44.4 78.3 +14.05.8 + 5.0

ADV/VI38.8961.11 79+ 10.07.5+3.7

Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Microglial cells isolation method was as described (12). Briefly, mice were anesthetised and transcardially perfused with HBSS
(—CaCl2/-MgCl2) (Gibco) and cortices were dissected and then dissociated using a Tissue Chopper (Vibratome, 800 series).
Chemical digestion was then performed with a mix of papain (Worthington) (8 U/mL) and DNAse | (SIGMA; 80 Kunitz units/
mL) followed by a Percoll gradient (GE healthcare) at 90 % in PBS (v/v). Cells were stained with primary conjugated
monoclonal antibodies CD11b-APC (eBioscience) and CD45-PE (BD Bioscience) diluted 1:200 at 4°C for 30 min. Staining with
isotype control-PE and isotype control-APC (eBioscience) at 1:200 dilution was used as negative control. Both control and
experimental samples were simultaneously incubated with anti-CD16/CD32 (e-Bioscience) blocker antibody at 1:200. Cells
were washed and sorted using a FACS Aria Fusion (Becton Dickinson) flow cytometer and data

acquired and analysed with FACSDiva software 8.0 (Becton Dickinson).

To separate CLEC7a high and low populations, we used an anti-CD45-PE (M45PE, Immunostep) 3:100 v/v and an anti-CD11b-
CFblue (M1/70, Immunostep) 5:100 v/v, combined with an anti-CLEC7a-FITC (FAB14561Gm, R&D Systems) 15:100 v/v at RT
for 20 min. An anti-CLEC7a-FMO (Fluorescence Minus One) control was included (cells stained with anti-CD45-PE and anti-
CD11b-CFblue, but not with anti-CLEC7a-FITC) in order to stablish autofluorescence values in the FITC channel.

FACS Aria Fusion (Becton Dickinson)
FACSDiva software 8.0 (Becton Dickinson)
Purity was determined by qRT-PCR of sorted cells using several markers.

Gating strategy and data analysis was made according to guidelines. (ref. 53 in the text). Isolated cells were stained with
antibodies CD11b-APC and CD45-PE at 4°C for 30 min. Staining with isotype control-PE and isotype control-APC was used as a
negative control. Both control and experimental samples were incubated with anti-CD16/CD32 blocker simultaneously. Cells
were washed and sorted using a FACS Aria Fusion (Becton Dickinson) flow cytometer and data were acquired and analyzed
with FACSDiva software 8.0 (Becton Dickinson). Gating strategy and data analysis were made according to guidelines 1. To
separate CLEC7a high and low populations, we used an anti-CD45-PE and an anti-CD11b-CFblue, with an anti-CLEC7a-FITC at
RT for 20 min. Anti-CLEC7a-FMO control was included (cells stained with anti-CD45-PE and anti-CD11b-CFblue, but not with
anti-CLEC7a-FITC) for autofluorescence values in the FITC channel.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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