Downloaded from https://www.pnas.org by "UNIVERSITY OF TECHNOLOGY SYDNEY , LIBRARIAN SERIALS/ILLS" on March 27, 2024 from |P address 52.63.145.24.

PNAS

RESEARCH ARTICLE NEUROSCIENCE

L)

Check for
updates

Mitochondrial control of microglial phagocytosis by the
translocator protein and hexokinase 2 in Alzheimer’s disease

Lauren H. Fairley*', Kei Onn Lai®" (&, Jia Hui Wong®' (2, Wei Jing Chong® (2}, Anselm Salvatore Vincent®, Giuseppe D’Agostinob , Xiaoting Wu“ &,
Roshan R. Naik? ,AnushaJayaramand , Sarah R. Langleyb . Christiane RuedI“2 and Anna M. Barron®?

Edited by Patrick Stover, Texas A&M AgrilLife, College Station, TX; received May 30, 2022; accepted December 17, 2022

Microglial phagocytosis is an energetically demanding process that plays a critical role

in the removal of toxic protein aggregates in Alzheimer’s disease (AD). Recent evi- Significance

dence indicates that a switch in energy production from mitochondrial respiration
to glycolysis disrupts this important protective microglial function and may provide
therapeutic targets for AD. Here, we demonstrate that the translocator protein (TSPO)
and a member of its mitochondrial complex, hexokinase-2 (HK), play critical roles in
microglial respiratory-glycolytic metabolism and phagocytosis. Pharmacological and
genetic loss-of-function experiments showed that TSPO is critical for microglial respira-
tory metabolism and energy supply for phagocytosis, and its expression is enriched in
phagocytic microglia of AD mice. Meanwhile, HK controlled glycolytic metabolism and
phagocytosis via mitochondrial binding or displacement. In cultured microglia, TSPO
deletion impaired mitochondrial respiration and increased mitochondrial recruitment
of HK, inducing a switch to glycolysis and reducing phagocytosis. To determine the
functional significance of mitochondrial HK recruitment, we developed an optogenetic
tool for reversible control of HK localization. Displacement of mitochondrial HK inhib-
ited glycolysis and improved phagocytosis in TSPO-knockout microglia. Mitochondrial
HK recruitment also coordinated the inflammatory switch to glycolysis that occurs in
response to lipopolysaccharide in normal microglia. Interestingly, cytosolic HK increased
phagocytosis independent of its metabolic activity, indicating an immune signaling
function. Alzheimer’s beta amyloid drastically stimulated mitochondrial HK recruitment
in cultured microglia, which may contribute to microglial dysfunction in AD. Thus,
targeting mitochondrial HK may offer an immunotherapeutic approach to promote
phagocytic microglial function in AD.
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Mitochondria are emerging as the command centers of innate immune responses, con-
trolling inflammatory responses via metabolic programming; this is known as immu-
no-metabolism (reviewed in ref. 1). Recent evidence indicates that in Alzheimer’s disease
(AD), metabolic programming breaks down in microglia, which are the resident innate
immune cells of the brain, thereby disrupting important protective functions of these cells
such as phagocytosis (2). Microglial phagocytosis plays a key role in the clearance of toxic
beta amyloid (Af), aggregations of which are a hallmark of AD (3). The mechanisms
coordinating mitochondrial metabolism to fuel phagocytosis, which are disrupted in AD,
remain poorly understood. Here, we investigate the role of the mitochondrial translocator
protein (TSPO) complex in microglial metabolic programming and phagocytosis in
AD-related inflammation.

TSPO is a positron emission tomography (PET)-visible inflammatory biomarker (reviewed
in ref. 4) and therapeutic target in AD (5-7). Microglial TSPO expression is upregulated in
AD, correlating with the distribution of pathological aggregates of AP and tauopathy (8, 9).
However, despite being widely regarded as a marker of microglial activation, the specific
immunophenotype associated with TSPO and whether TSPO modulates beneficial or det-
rimental microglial functions in AD have not been determined. Further, the function of
TSPO in microglial immune responses and AD pathogenesis remains unclear. In mouse
models of AD, we and others have shown that TSPO-targeting drugs reduce Ap accumulation
and neuronal death (5, 7, 10). While TSPO has been implicated in a range of microglial
inflammatory responses, including cytokine secretion, proliferation, motility, and phagocy-
tosis (11-13), the mechanisms underlying the protective effects of TSPO-targeted drugs in
AD are not understood.

One possibility is that TSPO regulates microglial inflammatory responses via metabolic
reprogramming (14-17). Proinflammatory activation of microglia is dependent upon a
switch in energy production through mitochondrial respiration via oxidative phospho-
rylation (OXPHOSY) to glycolysis (18-22). Increased glycolysis is associated with aging
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Microglia are responsible for
protecting the brain. Defense
demands the rapid production of
large amounts of energy. But how
microglial metabolism is
controlled to fuel defense
responses such as phagocytosis
remains poorly understood. We
demonstrate that mitochondrial
translocator protein (TSPO) and
hexokinase-2 play key roles in the
control of microglial metabolism
and phagocytosis by coordinating
the balance of energy production
via two major metabolic pathways.
Microglia lacking TSPO resembled
dysfunctional microglia observed
in aging and Alzheimer's disease,
and this could be partially
reversed by blocking hexokinase-2
binding to the mitochondria. We
find that targeting mitochondrial
hexokinase-2 binding may offer
an immunotherapeutic approach
to inhibit glycolytic metabolic
reprogramming and promote
microglial phagocytosis in
Alzheimer's disease.
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and AD, linked to compromised phagocytosis and Af engulfment
(reviewed in ref. 1). This switch to aerobic glycolysis is known as
the Warburg effect, originally described in cancer. In cancer, the
balance of oxidative and nonoxidative glucose metabolism is coor-
dinated by the voltage-dependent anion channel (VDAC), which
forms part of a mitochondrial complex with TSPO (23-25).

VDAC is a mitochondrial hub protein and the major channel
for supply of mitochondrial substrates to fuel OXPHOS. In other
cell types, binding of VDAC to the glycolytic enzyme hexoki-
nase-2 (HK) allosterically increases its activity to promote glyco-
lysis whilst inhibiting OXPHOS (26). Although there is currently
little agreement on what interactors form the functional complex
with TSPO in the neuroimmunological context, the same HK
isoform is expressed by microglia and is known to play a critical
role in mediating inflammatory activation (27).

To determine the TSPO-associated immunological signature
in a model of neuroinflammation, we examined the effect of TSPO
deletion (TSPO-KO) on microglial function in models of
AD-related inflammation. We found that TSPO plays a critical
role in microglial energy production via OXPHOS to fuel phago-
cytosis. Further, we discovered new evidence that microglial met-
abolic programming and phagocytic function is regulated through
changes in subcellular localization of the key metabolic enzyme,
HK. Based on these findings, we propose that mitochondrial
TSPO and HK are a critical hub regulating the glycolytic-respira-
tory metabolic balance and phagocytosis in microglia.

Results

TSPO Deletion Alters Transcriptional Profiles in Phagocytosis,
Mitochondrial Metabolism, and Lipid Biosynthesis in
Neuroinflammation. To determine the effect of TSPO deletion on
neuroinflammatory responses, lipopolysaccharide (LPS)-induced
transcriptional profiles in the hippocampus of wildtype (WT)
and global TSPO-KO mice were compared by RNAseq. Under
control conditions, little effect of TSPO-KO was observed on
transcription, with only 27 significantly differentially expressed
genes (DEGs, false discovery rate (FDR) < 0.05, log, (fold change)
> 0.5 or < -0.5; Fig. 14). This was too few DEGs to investigate
further using over-representation or enrichment analyses. In
contrast, following stimulation with LPS, robust transcriptional
differences were observed between TSPO-KO and WT mice, with
795 significantly DEGs, supporting the notion that TSPO plays a
role in inflammatory responses in the brain (545 downregulated,
250 upregulated; Fig. 14 and SI Appendix, Table S2). Fast gene
set enrichment analysis (fGSEA) comparing LPS-stimulated
TSPO-KO and WT mice showed downregulation of immune and
inflammatory pathways and upregulation of mitochondrial and
lipid metabolism pathways (Fig. 1B and SI Appendix, Table S3).
Top downregulated immune-related processes were phagocytosis
and responses to tumor necrosis factor (TNF) and interferon (IFN)
signaling. Downregulation of phagocytosis-related pathways included
genes involved in phagocytic cup formation and closure (Znpp50b,
Irgml, and Dnm?2), phagosome acidification and respiratory burst
(Slel1al, Atp6vOe, Cyb, and Ncfl,2,4), phagosolysosome assembly
and maturation (Corola, Rab, Rac, and Vav), and expression of
phagocytosis receptors (Feyr-Fegr, Bin2, Crll, Ci3, Itgam, Iigh2, Tlr1,
Th2, Cd14, Msrl, and Marco) (Fig. 1 Band C). Key genes in down-
regulated TNF and IFN signaling pathways in TSPO-KO mice
included 77f, Tnfsf10, and Tnfrsf(13b,14). Genes involved in anti-
gen processing and presentation (7ap, H2-M3, and H2-723) and
complement cascade (C3, C5, and Cf'b) were also downregulated.
These findings support a key role for TSPO in neuroinflammatory
responses, particularly phagocytosis and cytokine signaling.
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Supporting existing consensus on TSPO’s role as a mitochon-
drial metabolic target, upregulation of genes encoding subunits
of mitochondrial complexes I, II, and IV was observed (V4
Ndufa-c, Ndufs, Sdh, and Cox). Likewise, cholesterol and fatty
acid biosynthesis genes were upregulated (Aesl, Acsbgl, Ch25h,
Fasn, Elovl, and Muvd), while synthesis and metabolism of the
inflammatory eicanosinoids were downregulated (Aloxe3, Alox5,
Alox5ap, and Prges) in LPS-stimulated TSPO-KO mice (Fig. 1 B
and (). Other functionally enriched pathways included down-
regulation of transcription and translational responses, apoptosis
and cell-death—related pathways, and upregulation of terms
related to nervous system development, myelination, ion home-
ostasis, and excitatory/inhibitory neurotransmission, including
gamma-aminobutyric acid (GABA)-ergic neurotransmission-re-
lated pathways.

Proteomic TSPO Interactome Network in AD. To gain insight
into the protein—protein interactions and molecular pathways
underlying TSPO complex function in the brain, the TSPO
interactome was captured by co-IP-MS under control and
AD inflammatory conditions using WT and APP-KI mouse
brain. A total of 124 proteins were identified as candidate
TSPO interactors, significantly enriched relative to TSPO-KO
background (87 Appendix, Table S4).

Analysis of the candidate TSPO interactors for known physical
protein—protein interactions using IntAct database revealed that the
14-3-3 family scaffold adaptor and chaperone proteins, Ywhae,
Ywhag, and Ywhaz, interact with the majority of the identified TSPO
interactors (87.5%, 63.3%, and 48.3% of TSPO interactors, respec-
tively; FDR < 0.0001). This identified the 14-3-3 adaptor proteins
as a hub in the brain TSPO interactome. The brain TSPO interac-
tome network was mapped using STRING network analysis (Fig. 1
D-F). Of the 124 identified candidate interactors, 44 were enriched
from the mitochondrial compartment. Functional enrichment of
metabolism pathways and immune system was observed in the
TSPO interactome network (FDR < 0.05; Fig. 1F and S/ Appendix,
Table S5). Metabolism pathways included the pentose phosphate
pathway, gluconeogenesis/glycolysis, tricarboxylic acid (TCA) cycle,
OXPHOS, and fatty acid metabolism. Immune system functions
included phagosome-related networks, including vacuolar ATPase
involved in phagosome acidification and cytoskeletal elements
involved in phagosome transport. The vacuolar ATPase node
involved in phagosome acidification contained proteins that have
previously been identified as microglial enriched relative to other
brain cells (Atp6vla, Atp6vlb2, Atp6v0al, and Atp6vicl) (28).
Functional enrichment of terms relating to neurotransmission
(including GABA synthesis, release, reuptake, and degradation) and
neurodegenerative disease (including AD, Parkinson disease, Prion
disease, Huntington disease, and Amyotrophic lateral sclerosis) was
also observed.

TSPO-KO Induces Mitochondrial HK (mtHK) Binding and a Switch
to Nonoxidative Cellular Bioenergetics in Cultured Microglia.
Since our transcriptomic and proteomic data implicated
TSPO in metabolism pathways and immune function, and
immunohistochemical analysis of wild type (WT) and amyloid
precursor protein knock-in (APP-KI) mouse brain showed TSPO
is predominantly expressed by microglia (S7 Appendix, Fig. S1),
we examined the effect of TSPO-KO on cellular bioenergetics in
primary cultured mouse microglia. TSPO-KO microglia exhibited
impaired mitochondrial OXPHOS and reduced mitochondrial
ATP levels (Fig. 2 A-C). A marked reduction in basal respiration
(ttest: CI=-77.6,-60.3; P<0.0001), maximal respiration (¢ test: CI
=-1.05e+02, -48.2; P=0.0014) and ATP production (¢test: Cl = -
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TSPO deletion alters immune and metabolic transcriptional responses in neuroinflammation
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Fig. 1.

Immune system

TSPO function associated with mitochondrial bioenergetics, lipid metabolism and phagocytosis pathways in mouse models of AD-related neuroinflammation.

(A) Volcano plot showing DEGs in hippocampus of WT vs. TSPO-KO mice (n = 4 mice/group). (B) Normalized enrichment score of top enriched Gene Ontology pathways
related to immune and inflammatory responses, mitochondrial and lipid metabolism identified by fGSEA analysis of LPS treated WT vs. TSPO-KO mice. (C) Heat
map of mean gene expression for selected enriched immune, mitochondrial and lipid metabolism pathways in LPS treated WT and TSPO-KO mice. (D) Schematic of
proteomic TSPO interactome analysis in brain. TSPO complexes were isolated via immunoprecipitation from wildtype and APP-KI mouse brains, using TSPO-KO as
a background control. Enriched proteins were identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS) and the interactome network mapped
using bioinformatics approaches. Created with BioRender.com. (£) Volcano plot showing proteins identified by TSPO IP-MS, with candidate TSPO interactors (orange
data points) identified as greater than twofold significantly enriched compared to background (TSPO-KO). (F) Brain TSPO interactome protein-protein interaction
network showing significantly enriched functional clusters in immune system and metabolic pathways. A, B, and F: Benjamini Hochberg (BH) corrected FDR <0.05;
NS, non-significant. E: Limma differential enrichment analysis, BH corrected FDR <0.1.

53.0, -42.2; P < 0.0001) as measured by oxygen consumption rate
(OCR) in the Seahorse Mito Stress test was observed in TSPO-
KO microglial cultures (Fig. 2B). Reduced mitochondrial ATP
signals in TSPO-KO microglia was confirmed using the live-cell
imaging switchable fluorescent ATP probe, ATP-Red (Fig. 20).
Reduced mitochondrial membrane potential as measured by
tetramethylrhodamine, ethyl ester (TMRE) fluorescence was also

observed in TSPO-KO microglia (z test: CI = -0.795, -0.508,

PNAS 2023 Vol.120 No.8 e2209177120

P =0.0034; n = 4 to 6 wells), consistent with respiratory chain
defects and reduced OXPHOS (81 Appendix, Fig. S2A4). A modest
reduction in mitochondrial content as measured by footprint and
increase in mitochondrial fragmentation was also observed in
TSPO-KO microglia under baseline conditions (mitochondrial
footprint # test: CI = -7.47, -1.9; P = 0.001; fragmentation
¢ test: CI = 0.0144 to 0.12, P = 0.0196; SI Appendix, Fig. S2
B-D). These findings suggest TSPO plays a critical role in
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TSPO-KO impairs mitochondrial bioenergetics in mouse microglia
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Fig. 2. TSPO deletion induces mtHK
binding and impairs mitochondrial
bioenergetics in mouse microglia. (A)
Seahorse Mitostress test of WT and
TSPO-KO  cultured primary  mouse
microglia showing mean + SEM OCR
normalized to WT. Basal respiration
(basal), ATP production (ATP) and maximal
respiration (max.) indicated on WT curve.
ATP synthase inhibitor, oligomycin was
injected to inhibit ATP-linked mitochondrial
respiration as a measure of mitochondrial
ATP production. To determine maximal
respiration, the mitochondrial uncoupler
carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone (FCCP) was injected.
To determine the contribution of non-
mitochondrial respiration to the OCR,
a mixture of rotenone and antimycin
was injected, inhibiting mitochondrial
respiration. (n =7 to 8 wells/group, average
of two independent experiments). (B)
Quantification of basal respiration, maximal
respiration, and ATP production calculated
from Mitostress assay. Dots represent

é,hmmuﬂﬂmmﬂ

Distance

Intensitv (AU)
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Distance

Colocalization

microglial  cultures. Dots represent
individual cells (n = 40/group, average of

two independent experiments). (F) Representative confocal images of HKimmunoreactivity (Left, HK, green), mitochondria (Middle, ATPB, red), and colocalization index
of HK relative to ATPB immunoreactivity (Right). AU: arbitrary units. (G) Glycolysis test curve (Left, mean + SEM) and quantification of glycolytic rate (Right) in cultured WT
and TSPO-KO primary mouse microglia. Data shown as mean + SEM ECAR normalized to WT. Glucose was injected as a substrate for glycolysis. ATP synthase inhibitor,
oligomycin was injected to stimulate maximal dependence on glycolysis. 2DG was injected to competitively inhibit glucose uptake to determine non-glycolytic ECAR. (n
=15 wells/group, average of two independent experiments). (H) Lactate concentrations measured in culture media of WT and TSPO-KO primary mouse microglia. Dots
represent individual wells. (n = 4/group). WT vs. TSPO-KO groups in all figures analyzed by unpaired two-sided permutation t test. *P < 0.05. **P <0.002. ***P <0.0001.

microglial ATP production via OXPHOS. Supporting this, the
TSPO agonist Ro5-4864 increased OXPHOS in immortalized
microglial BV2 cells as measured by OCR in the Seahorse Mito
Stress (S1 Appendix, Fig. S3A).

Mitochondrial metabolic impairment in TSPO-KO microglia
was coupled with elevated activity of the rate-limiting glucose
metabolizing enzyme, HK ( test: CI = 0.63, 5.76, P=0.0252; n
=9 to 10 wells/group, average of two independent experiments;
Fig. 2D). In other cell types, HK has been shown to bind to the
TSPO complex member, VDAC, where rfecruitment of HK from
the cytosol to the mitochondria allosterically increases its enzy-
matic activity (29). Consistent with this, increased mtHK binding
was observed in TSPO-KO microglia, suggesting that loss of
TSPO activity increases mitochondrial HK recruitment (# test:
CI = 6.97 to 18.5, P = 0.0002; n = 40 individual cells/group,
average of two independent experiments; Fig. 2 £ and F). This
was coupled with a modest increase in glycolysis in cultured
TSPO-KO microglia measured by extracellular acidification rate
(ECAR) in the Seahorse Glycostress test (7 test: CI = 4.26, 44.4;
P =0.014; n = 15 wells, average of two experiments; Fig. 2G).
Elevated levels of the glycolytic metabolite, lactate, were also
observed in the media of TSPO-KO microglial cultures (# test:
CI = 0.583, 1.54; P < 0.0001; n = 4 wells/group; Fig. 2H).
Interestingly, this increase in mtHK binding was observed in

https://doi.org/10.1073/pnas.2209177120

TSPO-KO microglia despite a modest but significant decrease in
HK messenger RNA (mRNA) expression in the mouse brain
following LPS stimulation (log2 (fold change): -0.548, P =
0.013). Increased glycolysis in TSPO-KO microglia may be a
compensatory response to the severe OXPHOS deficits resulting
from loss of TSPO function since the TSPO agonist Ro5-4864
did not alter glycolysis in immortalized microglial BV2 cells

(SI Appendix, Fig. S3B).

TSPO Deletion Induces Microglial Lipid Droplet Accumulation.
Since metabolic reprogramming from OXPHOS to glycolysis is
associated with lipid droplet formation in aging and disease (30),
we investigated lipid droplet accumulation in primary microglial
cultures using the neutral lipid marker, 4,4-difluoro-4-bora-3a,
4a-diaza-s-indacene (BODIPY)-FLC12 (BD). Consistent with
the transcriptomic and proteomic data suggesting a role for
TSPO in fatty acid synthesis and metabolism, primary microglia
isolated from TSPO-KO mice exhibited enhanced lipid droplet
accumulation compared to WT primary microglia (two-way
ANOVA; Main Effect (Genotype): F (; 5 = 45.668; P < 0.001),
and LPS markedly exacerbated lipid droplet accumulation in
both cultured TSPO-KO and WT microglia (two-way ANOVA;
Main Effect (Treatment): F | 35 = 23.018; P < 0.001; n = 9/
group, average of three independent experiments, Fig. 3 A and
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B). In contrast, TSPO agonist, Ro5-4864, reduced LPS-induced
lipid droplet accumulation in immortalized microglial BV2 cells
(two-way ANOVA; Interaction Effect (Treatment x LPS): F ; 5,
=52.668; P < 0.001; Bonferroni-corrected pairwise comparison, LPS
condition Vehicle vs. Ro5-4864: P < 0.0001; n = 9/group, average
of three independent experiments; Fig. 3C). In the mouse brain,
significantly lower TSPO expression was observed in the LPS-induced
lipid droplet accumulating microglial subpopulation (¢ test: CI
= -7.78, -2.19, P < 0.001; n = 3 mice; SI Appendix, Fig. S4A).
A recent study has associated lipid droplet accumulation with
phagocytosis-impaired, dysfunctional microglial phenotypes that
develop in aging (31). Consistent with this, we observed reduced
levels of the lipid droplet marker, perilipin 2, in phagocytic
compared to nonphagocytic primary WT microglia (¢ test: CI =
-7.07e+03, -2.93e+03; P < 0.0001; n = 3/group; SI Appendix,
Fig S4B).

TSPO Modulates Ag Phagocytosis in Cultured Microglia. Next,
we investigated the effect of TSPO-KO on phagocytic functions
in microglia, which play an important protective function
in AD through clearance of AP. Cultured mouse TSPO-KO
microglia exhibited impaired phagocytosis of Ap compared to
WT microglia measured by flow cytometry (¢ test: CI = -67.5,
-53.6; P = <0.0001; n = 9/group, average of three experiments;
Fig. 3D) and visually confirmed by immunocytochemistry
(Fig. 3E). Conversely, treatment with the TSPO agonist, Ro5-
4864, increased phagocytosis of AP in immortalized microglial
BV2 cells measured by flow cytometry (# test: CI = 3.26, 31.9;
P=0.0442; n = 12/group, average of four experiments; Fig. 3F) and
confirmed by immunocytochemistry (Fig. 3G and SI Appendix,
Fig. S5A). The specificity of Ro5-4864 action for TSPO was
verified in TSPO-KO microglia, with no effect of Ro5-4864 on
AP phagocytosis observed in TSPO-KO microglia (¢ test: CI =
-4.07, 0.975, P = 0.23, n = 4 to 5 wells/group; SI Appendix,
Fig. S5B). To test the contribution of cell membrane-bound Ap
to signals measured by flow cytometry, cells were incubated at 4
°C, which inhibits phagocytic activity. Negligible A levels were
detected in Ro5-4864—treated cells incubated at 4 °C (Fig. 3F).

We hypothesized that metabolic deficiency in the TSPO-KO
microglia would result in insufficient ATP production to support
energy-demanding functions such as actin polymerization required
for phagocytosis. Consistent with this hypothesis, TSPO-KO
microglia exhibited a marked reduction in actin levels measured
using the F-actin stain, phalloidin (z test: CI = -21.9, -9.39, P <
0.0001; n = 35 to 52 individual cells/group; I Appendix, Fig. S6).
TSPO-KO did not affect cell viability in LPS or Af-treated cul-
tures (<1% propidium iodide” cells in vehicle, LPS, and AP treat-
ment conditions measured via flow cytometry).

TSPO is Upregulated in Phagocytic Microglia, Surrounding
Amyloid Plaques in Alzheimer’'s Brain. To investigate if the
functional association between TSPO and phagocytosis is
consistent with the phenotype of TSPO expression in AD,
we investigated TSPO expression in actively phagocytosing
myeloid cells isolated from the AD-mouse brain (APP-KI mice).
Phagocytic cells were identified by the presence of internalized AR
by flow cytometry (Fig. 4 A-D). The proportion of Ap" phagocytes
increased in APP-KI mice with age (one-way ANOVA; F (, |4
= 118.3 P < 0.0001; Bonferroni-corrected pairwise comparison
(2 mo vs. 4 mo): P =0.08, (4 mo vs. 9 mo): P < 0.0001; n =
6 to 7 mice/group; Fig. 4A4), and the majority were identified
as microglia through the expression of the microglia-specific
marker TMEM199 (n = 5 APP-KI mice; Fig. 4B). AB* phagocytic
microglia were characterized by elevated TSPO expression
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(Fig. 4C), as well as upregulated expression of MHCII, CD68, and
CD11c, markers previously associated with activated, phagocytic
microglia phenotypes in aging and AD (Fig. 4 C and D) (32).
In contrast to AP~ microglia, AR microglia also exhibited high
CD45 expression (Fig. 4 D and E), consistent with previous
findings that CD45" populations are the most phagocytically
active mononuclear phagocytes in the brain (33). Expression
of the microglial marker purinergic receptor P2Y12 (P2RY12)
further corroborated the microglial origin of the AB" phagocytes
despite elevated CD45 expression. CD45, MHCII, and CD11c
expression progressively increased in AP phagocytic microglia as
disease severity progressed in APP-KI mice between 5 and 10 mo
of age, perhaps reflecting the functional specialization of these
microglia in response to AP pathogenesis (Fig. 4E).
Since previous studies have implicated microglia clustered at Ap
plaques in phagocytic clearance (34), TSPO expression was analyzed
y immunohistochemistry in mouse and human AD brains.
Microglial TSPO immunoreactivity increased progressively between
4 and 9 mo of age (two-way ANOVA; Interaction (Genotype x Age):
F 1 g =6.625, P = 0.0329; Bonferroni-corrected pairwise compari-
sons: (APP-KI 4 mo vs. 9 mo): P = 0.0113; n = 3/group; SI Appendix,
Fig. S7A), and TSPO expression was significantly higher in APP-KI
mice compared to WT mice at 9 mo of age (APP-KI 9 mo vs. WT
9 mo): P = 0.0038). Significantly increased TSPO immunoreactivity
was observed in IBA-1" microglia clustered around and infiltrating
AP plaques compared to microglia distal to plaques in both APP-KI
mouse brain (# test: CI = -39.7, -19.8; P = 0.0002; n = 5/group;
Fig. 4F) and human AD tissue (¢ test: CI = -21.6, -8.94; P=0.0016;
n =7 AD brains; Fig. 4G).

TSPO Deletion Impairs Ap Phagocytosis in Alzheimer’s Mice and
Exacerbates Pathology. Since our in vitro findings demonstrated
that TSPO regulates phagocytosis and we observed increased
TSPO expression in AP" microglial phagocytes in APP-KI mice,
we examined whether TSPO knockdown affected the ability of
these cells to phagocytose AB in APP-KI crossed with TSPO
knockout mice (APP x TSPO-KO). APP x TSPO-KO mice
exhibited a significant reduction in AB" phagocytic microglia
compared to age-matched APP-KI mice (¢ test: Cl = -7.77, -3.71;
P < 0.0001; n = 5/group; Fig. 4H), despite no effect of TSPO-
KO on total microglial numbers measured by flow cytometry or
immunohistochemistry in APP-KI mice (all 2 > 0.911, Fig. 4
H and /). Reduced AB" phagocytic microglia numbers in APP x
TSPO-KO mice was associated with increased amyloid load at 12
mo of age, compared to APP-KI mice (two-way ANOVA; Main
Effect (Genotype): F ;) = 8.094 P = 0.0174; n = 3 to 4/group;
Fig. 41). No significant effect of TSPO-KO was observed on the
percentage of lipid-droplet high microglia in APP mice (z test: CI
=-1.82,8.43; P=0.147; n = 4 to 5/group; SI Appendix, Fig. S7B).

Mitochondrial HK Displacement Inhibits Glycolysis and Improves
Phagocytic Function in TSPO-KO Microglia. We hypothesized that
excessive mitochondrial HK recruitment in TSPO-KO microglia
drove glycolysis, contributing to phagocytic impairment. To test
this, we competitively displaced mitochondrial HK in TSPO-
KO microglia using a cell-permeable, truncated N-terminal HK
peptide fragment lacking the enzymatic domain (HKp, Fig. 5
A-D) (35). The ability of HKp to displace mitochondrial HK
in microglia was verified by immunocytochemistry using BV2
cells (ztest: CI = -82.1, -43.6, P = 0.008; n = 5; Fig. 5 Band C).
HK displacement with HKp reduced glycolysis as measured by
ECAR in TSPO-KO microglial cultures to WT levels (one-way
ANOVA; F (, 3 = 3.43, P = 0.049; FDR corrected pairwise
comparison scrambled peptide control in WT vs. TSPO-KO:
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Fig. 3. TSPO deletion promotes lipid droplet accumulation and impairs
phagocytosis in microglia. (A) Flow cytometry quantification (Left) and
representative histogram (Right) of BODIPY+ cells in TSPO-KO and WT primary
mouse microglia stimulated with or without LPS. Dots represent individual
wells (n = 8 to 9/group, average of three experiments). (B) Representative
confocal images of BODIPY (green) with DAPI (blue) staining in WT and TSPO-
KO mouse microglial cultures. (C) Flow cytometry quantification (Left) and
representative histogram (Right) of BODIPY" cells in BV2 immortalized mouse
microglia treated with TSPO agonist, Ro5-4864 (Ro5), or Vehicle. Dots represent
individual wells (n = 9/group, average of three experiments). (D and E) Flow
cytometry quantification (D) and representative confocal images of Ap uptake
(E) in TSPO-KO and WT cultured primary mouse microglia. Dots represent
individual wells (n = 9/group, average of three experiments). Representative 4
°C control showing negligible surface binding of Ap in absence of phagocytosis
indicated on histoplot. (F and G) Flow cytometry quantification (F) and
representative confocal images of Ap uptake (G) in cultured BV2 microglia
treated with TSPO agonist, Ro5-4864 (Ro5, 10 nM), or Vehicle (1% Ethanol).
Dots represent individual wells (n = 12/group, average of three experiments).
Representative 4 °C control showing negligible surface binding of Ap in absence
of phagocytosis indicated on histoplot. A and C: Two-way ANOVA including
LPS and genotype (A) or treatment (C) as factors with Bonferroni-corrected
pairwise comparisons. D and F: Unpaired two-sided permutation t test. *P <
0.05, **P < 0.002, ***P < 0.0001.

P =0.03, TSPO-KO scrambled peptide vs. HKp: P=0.03;n=6
to 10 wells/treatment; Fig. 5D). These findings confirmed that
the increase in glycolytic metabolism in TSPO-KO microglia
was mediated by mitochondrial HK recruitment, which may
be a compensatory response to the severe loss of mitochondrial
ATP production.

Since hyperglycolysis is associated with impaired microglial
function in aging and AD (2, 36-39), we hypothesized that exces-
sive mitochondrial HK recruitment in the TSPO-KO microglia
may contribute to their phagocytic dysfunction. To test this, we
designed an optogenetic tool for light-activated recruitment of the
HK-displacing peptide from the mitochondria to the PM, enabling
reversible, spatial, and temporal control of mitochondrial HK. This
was achieved by fusing a blue light-controlled dimerizing protein
from the previously published improved light-induced dimer opto-
genetic system (40) to the C-terminal of HKp (HKp-sspb-REP).
This was coexpressed with the ssrA dimerization counterpart tar-
geted to the PM using CAAX (ssrA-iLID-CAAX-venus) (Fig. 5E).
In the absence of blue light, HKp localized to the mitochondria
(mitochondria vs. PM ¢ test: CI = -0.427, -0.208, P < 0.001; n =
5 cells/condition; Fig. 5F). With light activation, HKp was
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reversibly targeted to the PM (paired # test: preactivation vs.
light-activated # = 3.61, P = 0.023; light-activated vs. reversal: 7 =
6.47, P=0.003; Fig. 5 G'and H). Light activation (‘ON’) increased
glycolysis in microglial BV2 cells measured by ECAR in the
Seahorse Glycostress test and lactate concentrations in the media
(¢ test: ECAR, CI = -3.8, 18.6, P = 0.016, n = 12 wells average of
two experiments; lactate, CI = -2.05, -1.16, P =0.0004; n = 6
wells/group; Fig. 5 7and /). This provided us with a light-activated
switch for the reversible control of subcellular HK localization in
living cells.

We then used our optogenetic tool, which we have called
GlycoSwitch, to test if HK displacement could rescue phagocytosis
in cultured TSPO-KO microglia. HK displacement using
GlycoSwitch increased phagocytosis by nearly 50% in TSPO-KO
microglia (OFF vs. ON ¢ test: CI = 5.57, 11.2, P < 0.0001; n = 4
wells/group, 1 outlier >2SD from mean excluded from statistical
analysis, Fig. 5K). These findings indicate that excessive mitochon-
drial HK recruitment contributed to phagocytic dysfunction in

TSPO-KO microglia.

Dynamic Regulation of Microglial Immunometabolism via
Subcellular Localization of HK. Our findings indicate that in
the absence of TSPO, HK is recruited to the mitochondria,
driving glycolysis and contributing to phagocytic dysfunction.
We then asked if mtHK binding/dissociation also plays a role in
the coordination of normal microglial metabolic and immune
responses to inflammatory stimuli. To test this, we expressed full-
length HK-2 (FL-HK) or a truncated form of HK-2 (tHK) lacking
the mitochondrial binding domain in BV2 microglia (Fig. 64)
(41). FL-HK localized predominantly to the mitochondria, while
truncated HK localized to the cytosol (Fig. 64). This enabled us to
determine the relative significance of cytosolic vs. mitochondrial
localization of HK to microglial metabolic and phagocytic function.
First, we compared HK activity in BV2 cells expressing FL-HK
vs. tHK, verifying that the HK enzymatic activity is regulated by
mtHK binding. Reduced HK activity was observed in microglia
expressing tHK, which cannot bind to the mitochondria (z test:
Cl = -4.46, -0.952, P = 0.036; Fig. 6B). This confirmed that
mitochondrial HK localization regulates HK activity in microglia,
an effect thought to be allosterically mediated upon binding to the
TSPO complex member, VDAC (26).

We then compared the effect of FL-HK and tHK on glyco-
lytic function under LPS-induced inflammatory conditions. To
distinguish the functional significance of HK localization vs.
HK enzymatic activity, we used a mutant form of HK (mHK)
that binds to the mitochondria but is catalytically inactive (41).
In LPS-stimulated microglial BV2 cells, the expression of
FL-HK increased glycolysis compared to tHK and mHK (one-
way ANOVA F, ,, _8.49; P=0.0002; FDR pairwise compar-
isons FL-HK vs. tHK P =0.003, FL-HK vs. mHK P =0.02; n
= 6 to 8 wells/group; Fig. 6C). Reduced glycolysis in tHK and
mHK expressing microglia was further corroborated by reduced
lactate levels in the media (one-way ANOVA: F, |, = 4.02, P
= 0.046; FDR pairwise comparisons FL-HK vs. tHK P = 0.039,
FL-HK vs. mHK P = 0.039; n = 5 wells/group; Fig. 6D).
Similarly, mitochondrial displacement of HK with HKp
reduced glycolytic capacity measured by ECAR in LPS stimu-
lated primary mouse microglia, returning glycolysis to levels
observed in unstimulated cells (one-way ANOVA: F , 3 =
9.882, P = 0.0025; LPS vs. LPS + HKp Bonferonni pairwise
comparisons: P = 0.003; n = 5 to 6; Fig. 6E). No significant
effect of HKp was observed on the mitochondrial membrane
potential of BV2 microglia measured by TMRE fluorescence
(#-test: Cl = 4.47e¢+03, 6.08¢+04; P = 0.076; n = 6/group,
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Fig.4. TSPO deletion impairs Ap phagocytosis in Alzheimer's mice and exacerbates pathology. (A) Representative flow cytometry gating of AB+ phagocytes in WT
(Left) and APP-KI mice (Middle). Quantification of Ap+ phagocytes in APP-KI mice at 2, 4, and 9 mo of age (Right, n = 6 to 7/group). Age-matched WT mice shown
for comparison (n = 4 to 5/group). Dots in quantification graph represent individual brains. (B) Representative flow cytometry scatter plot showing CD11b and
microglial marker, TMEM199 in Ap+ cells isolated from APP-KI mouse (>9 mo age), confirming the AB* phagocytes are microglia. (C) Uniform manifold approximation
and projection analysis showing 10,000 randomly sampled CD45" cells from 9-mo-old APP-KI mice (n = 7) with distribution of Ag, TSPO, MHCII, CD68 and CD45
enriched populations indicated as a heatmap. Red arrow indicates AB'TSPO™ population. (D) Representative flow cytometry histograms showing gating of
CD45"AB* and CD45™AB™ microglial populations isolated from 10-mo-old APP-KI mouse and relative expressmn of CD11c and microglial marker P2RY12. (E) Flow
cytometry histograms showing CD45, MHCIl and CD11c increase with age/disease progression in A" microglia (5 mo vs. 10 mo old APP-KI mice; concatenate of
CDA45+ cells, 5 mo group: n = 3 mice, 10 mo group: n =5 mice). (Fand G) Quantification and representative confocal images of TSPO immunoreactivity (TSPO-IR)
in IBA-1+ microglia located proximal (10 pm) vs. distal (80 um) to amyloid plaques in (F) APP-KI mice at 9 mo of age (n = 5/group) and (G) human AD brain (n =
7/group). (H) Flow cytometry quantification (Left) and representative histogram (Middle) of A" microglial cells gated on CD45"/CD11b" in 9-mo-old APP-KI and
APP-KI x TSPO-KO mice. No difference in total isolated CD45*/CD11b" microglia detected by flow cytometry (Right). Dots represent individual mouse brains (n =
5/group). (/) Quantification and representative confocal images of Ap and IBA-1 immunoreactivity in 11-mo-old APP-KI and APP-KI x TSPO-KO mice (n = 3 to 4/
group). HIP: hippocampus; CTX: cortex. A: One-way ANOVA analysis with Bonferroni pairwise comparisons used on APP-KI groups. F, G, and H: Unpaired two-
sided permutational t test. /: Two-way ANOVA with Bonferonni corrected pairwise comparisons. ***P < 0.001, ****P < 0.0001.

average of two experiments; S/ Appendix, Fig. S84). Nor was
any effect of FL-HK, tHK, or mHK expression observed on
mitochondrial respiration in LPS-stimulated BV2 microglia as
measured by OCR in the Seahorse Mitostress test (one-way
ANOVA: F(, |5 = 1.196, P = 0.33; SI Appendix, Fig. S8B).
These findings indicate that mtHK binding/dissociation is crit-
ical for coordination of microglial glycolytic reprogramming
in response to LPS-induced inflammation.

Interestingly, we found that AP markedly increased meHK bind-
ing in cultured primary mouse microglia (one-way ANOVA: F,
117) = 25.84, P<0.0001; Bonferonni pairwise comparisons Vehicle
vs. AP P<0.0001; n = 40/group, average of two experiments; Fig. 6
Fand G). We hypothesized that AP may induce a switch to glyc-
olytic metabolism in microglia in AD. Consistent with this, micro-
glia isolated from APP-KI mice exhibit increased glycolysis and
reduced mitochondrial respiration as measured by ECAR and
OCR in the Seahorse, respectively (¢ test: glycolysis, CI = 8.85,
44.6, P=0.009; maximal respiration CI = -98.6, -10.3, P=0.029;
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ATP production CI = -1.02¢+02, -4.24, P=0.053; n =9 to 11
mice/group; SI Appendix, Fig. S9). Since a switch from OXPHOS
to glycolysis is associated with microglial phagocytic dysfunction
in AD, we tested whether mtHK binding/dissociation regulated
microglial phagocytic function. BV2 microglia expressing tHK
exhibited higher phagocytic activity compared to cells expressing
either FL-HK or mHK (one-way ANOVA: F, 35 = 11.78, P =
0.0001; FDR pairwise comparisons tHK vs. FL-HK P < 0.0001,
tHK vs. mHK P = 0.0002; n = 13 wells/group, average of three
experiments; Fig. 6H). Given mutant HK did not induce phago-
cytosis compared to FL-HK, this suggested cytosolic HK may
promote phagocytosis by a mechanism independent of its meta-
bolic function. Supporting this, in contrast to tHK, inhibition of
glycolysis with the nonmetabolizable analog glucose, 2-deoxyglu-
cose (2-DG), inhibited phagocytosis (¢ test: CI = -10.95 to -2.249,
P=0.013; n = 3 wells/group; Fig. 6/). HK displacement using our
optogenetic tool GlycoSwitch also increased BV2 microglial phago-
cytosis by nearly 20% (¢ test: CI = -22.3, -8.43, P = 0.0004;
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Displacement of mitochondrial HK using
competitive peptide (HKp) in microglia
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stimulation. (H) Quantification of GlycoSwitch-HKp-RFP colocalization with the PM targeted dimer, GlycoSwitch-CAAX measured by PCC. Data normalized to
prestimulation OFF condition. Individual dots represent single cells. (n = 5 cells). (/) Glycolysis test curve (Left) and quantification of glycolysis (Right) in BV2 cells
expressing GlycoSwitch in either ON or OFF state. Data shown as mean ECAR + SEM measured in the Seahorse Glycostress test. Data normalized to control
group expressing optogenetic vector lacking the HKp domain. n = 12 wells/group, average of two experiments. (/) Lactate concentrations measured in media
of BV2 microglia expressing GlycoSwitch in either ON or OFF state. Individual dots represent wells. n = 6/group. (K) Quantification of phagocytic uptake of latex
beads measured by flow cytometry in cultured primary mouse TSPO-KO microglia expressing GlycoSwitch in either ON or OFF state. N = 4 well/group. Outlier
indicated as hollow dot. (L) Representative confocal images of TSPO-KO microglia expressing GlycoSwitch activated in either OFF or ON state showing ingested
beads (red), F-actin marker, phalloidin (green) and nuclear stain (DAPI, blue). B and H-K: Unpaired two-sided permutational t test. D: One-way ANOVA with FDR
corrected pairwise comparisons. F: Paired two-sided ¢ test. *P < 0.05, ****P < 0.0001.

Fig. 6)). These findings suggest that disruption of mtHK binding
may potentially be targeted to regulate microglial immunometa-
bolic function and promote phagocytosis in Af-related
neuropathology.

Discussion

Here, we provide insights into the mechanisms coordinating
microglial metabolism to fuel phagocytosis, an important protec-
tive function in AD. We demonstrate that TSPO and HK play
critical roles in the coordination of microglial respiratory-glycolytic
metabolism and phagocytosis. TSPO was required for microglial
energy production via OXPHOS to fuel phagocytosis. Microglia
lacking TSPO resembled dysfunctional microglia observed in
aging and AD. In the absence of TSPO, HK was recruited to the
mitochondria, inducing glycolysis and contributing to phagocytic
dysfunction. AP similarly induced excessive recruitment of HK to
the mitochondria. Based on these findings, we propose that mito-
chondrial TSPO and HK together are a key mitochondrial hub
regulating glycolytic-respiratory balance and phagocytosis of

https://doi.org/10.1073/pnas.2209177120

microglia and are promising targets for the development of novel
immunotherapeutics in AD.

TSPO has been widely investigated as a biomarker of neu-
roinflammation in AD, and TSPO ligands exert protective effects
by reducing AP accumulation in AD mouse models (5, 10).
However, although commonly cited as a marker of ‘detrimental
inflammation’, the precise immunophenotype associated with
TSPO expression and how TSPO exerts its antiamyloidogenic
effects are unknown. We provide evidence that TSPO plays a
crucial role in promoting phagocytic clearance of Ap via regu-
lation of metabolic programming. In AD brains, TSPO-positive
microglia clustered around AP plaques, and phagocytic microglia
in AD mouse models were TSPO-enriched. This is consistent
with previous studies showing enriched TSPO expression in
microglia around plaques. For example, increased TSPO mRNA
expression measured by single-cell RNAseq has been identified
as a marker of the phagocytic ‘disease-associated microglia’ or
DAMs (2, 42), and TSPO mRNA (34) and protein (2) were
increased in AP+ phagocytic microglia isolated from the brains
of AD mice. Further, we show that these TSPO-enriched
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Fig. 6. mtHK binding/displacement regulates microglial glycolysis and phagocytic function in inflammation. (A)
Representative confocal images of BV2 microglia expressing full-length HK (FL-HK, green, Top panel) and truncated
HK (tHK, green, Bottom panel) after 1 h treatment with 500 nM Ap. Mitochondrial (ATPB) costaining indicated in
red. (B) HK activity measured in lysates of microglial BV2 cells expressing full length HK-2 (FL-HK) or truncated HK
(tHK). Dots represent individual wells, n = 4/group. (C) Glycolysis test curve (Left) and quantification of glycolysis
(Right) in vehicle (Veh) or LPS treated BV2 cells expressing FL-HK, tHK or mutant HK (mHK) measured in the
Seahorse Glycostress test. Control vehicle and LPS groups were transfected with an empty vector control. Data
shown as mean + SEM ECAR. n = 6 wells/group. (D) Lactate concentrations measured in culture media of BV2 cells
expressing FL-HK (FL), tHK or mHK. Dots represent individual wells. n = 5/group. (E) Glycolysis test curve (Left) and
quantification of glycolysis (Right) in primary WT mouse microglia treated with either vehicle or LPS + HKp showing
mean ECAR + SEM. n = 5 to 6 wells/group. (F) Representative confocal images showing mitochondria (Left, ATPB,
red), HK immunoreactivity (Middle, HK, green) and colocalization index of HK relative to ATPB immunoreactivity
(Right) in primary mouse microglia treated with vehicle (Top), LPS (Middle) or AB (Bottom). (G) Quantification of
mitochondrial HK (mt HK) enrichment in cultured mouse microglia treated with vehicle, LPS or Ap. Dots represent
individual cells (n = 20/group). (H) Phagocytosis calculated as % cells ingested latex beads measured via flow
cytometry in BV2 microglia expressing FL-HK (FL), tHK or mHK. Data expressed relative to FL-HK group. Dots
represent individual wells. n = 16/group, average of four independent experiments. (/) Effect of 2DG compared to
vehicle (Veh) on phagocytosis of latex beads in cultured microglial BV2 cells measured by flow cytometry. n = 3/
group. (/) Quantification of phagocytic uptake of latex beads measured by flow cytometry in cultured immortalized
microglial BV2 cells expressing GlycoSwitch activated in either ON or OFF state. Data expressed relative to ON
group. Dots represent individual wells. n = 14 well/group, average of two independent experiments. B, /, and J:
Unpaired two-sided permutational t test. C-F and H: One-way ANOVA with FDR pairwise comparisons. *P < 0.05,
**P <0.003, ***P < 0.0002.

prodromal AD have been associated
with slower disease progression,
consistent with a protective role of
TSPO-associated  inflammatory
responses (44).

Interestingly, TSPO  deletion
induced a microglial phenotype that
overlapped with dysfunctional micro-
glia observed in aging, characterized
by metabolic changes, accumulation
of lipid droplets, and phagocytic
impairment (31). For instance,
Marschallinger et al. (31) identified a
unique subpopulation of phagocyt-
ic-impaired microglia that exhibit
increased lipid-droplet formation and
increase with aging and AD. Lipids
can be synthesized from acyl-CoA
generated from metabolism of carbo-
hydrates such as glucose. In aging and
disease, this is linked to metabolic
reprogramming from OXPHOS to
glycolysis (30). We propose that
TSPO deletion similarly results in a
switch to conversion of glucose into
lipids for storage. Supporting this, in
the TSPO-KO mouse brain, tran-
scriptional downregulation of genes
involved in mitochondrial respiration
and OXPHOS and upregulation of
genes associated with lipid synthesis
were observed. This included ACLY,
a key enzyme involved in the shift
from carbohydrate metabolism via
the TCA cycle to cholesterol and fatty
acid synthesis. This is consistent with
previous studies that have reported
altered OXPHOS following stimula-
tion with TSPO ligands (45) or
TSPO deletion (13) and additionally
suggest that TSPO may affect lipid
synthesis pathways to alter lipid drop-
let accumulation in microglia. TSPO
has long been known to affect lipid
biosynthesis and usage, specifically
cholesterol, in other cell types, with
a hypothesized role in steroidogenesis
its most widely studied function.
While recent genetic loss of function
studies have shown that TSPO is not
critical for steroidogenesis in the
periphery (46, 47), TSPO deletion

drastically reduced steroidogenesis in

microglia are characterized by high expression of several markers
previously associated with phagocytic microglial phenotypes.
This included CD11c, MHCII, and CD68. CD11c¢" microglial
subpopulations have been described across a number of studies
in AD and aging (see ref. 32 for full review), and these popula-
tions are characterized by enhanced capacity for uptake and
lysosomal degradation of AP (43). These findings indicate that
in AD, TSPO-PET signals are a marker of activated phagocytic
microglia and therefore may be useful for monitoring the efficacy
of novel immunotherapeutics aimed at promoting phagocytic
function. Supporting this, elevated TSPO-PET signals in

PNAS 2023 Vol.120 No.8 2209177120

the brain (48). Although microglia are not steroidogenic cells, our
findings suggest that TSPO may play a role in regulation of the
synthesis of lipids including cholesterol from carbohydrates.
Therefore, our findings may offer a potential alternative explana-
tion of the effect of TSPO on steroidogenesis via effects on lipid
synthesis from carbohydrate substrates to alter cholesterol bioavail-
ability for steroidogenesis.

Microglial TSPO function was regulated by ligand binding. We
demonstrated specific functional activation of TSPO via synthetic
ligand binding to induce phagocytosis. Two key endogenous
TSPO ligands, cholesterol and diazepine binding inhibitor (49),
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are disrupted in microglia in AD. How these ligands affect micro-
glial TSPO activity would be of high interest for future investiga-
tions. Structural changes in response to TSPO-ligand binding are
thought to affect its stability (50), self-oligomerization (51, 52),
or complex formation (e.g., ref. 53). Proteomic analysis of the
TSPO interactome network identified the 14-3-3 family scaffold
adaptor and chaperone proteins, as a hub in the TSPO-interactome
network. The 14-3-3 adaptor proteins are metabolic regulators
(54) and have been previously shown to interact with the TSPO
complex in Leydig cells (55), with 14-3-3 adaptor phosphoserine
protein binding motifs identified on functionally important sites
on both TSPO and VDAC (55, 56). Our findings indicate these
adaptor proteins may also be key components of the functional
TSPO complex in the brain; future studies are needed to deter-
mine if these interactions are regulated by endogenous and syn-
thetic ligands. Other previously reported interactors of the
TSPO-VDAC complex identified here in the brain TSPO inter-
actome included AT synthase (Atp5al) (57), mitochondrial
solute carrier family 25 (58), and mitochondrial creatine
kinase (59, 60). Interestingly, ATP synthase has also been previ-
ously shown to be regulated by the 14-3-3 adaptor proteins. TSPO
interactions with the 14-3-3 adaptor proteins and ATP synthase
may potentially explain how TSPO promotes OXPHOS. Since
TSPO is predominantly expressed in microglia in the AD brain,
TSPO-targeted drugs may provide a microglia-specific target to
stimulate OXPHOS. This is of significance since, unlike TSPO-
targeted drugs, most metabolic regulators either lack cell-type
specificity or are toxic.

Unexpectedly, we found that elevated glycolysis in TSPO-KO
microglia was mediated by a compensatory increase in activity of
the glucose-metabolizing enzyme, HK. This was mediated by the
recruitment of HK to the mitochondria. Previous studies have
shown that HK binds to mitochondria through interaction with
VDAC (26), which forms a complex with TSPO (58). In other cell
types, mitochondrial HK recruitment is controlled by phosphoryl-
ation of either HK (61) or VDAC (62, 63). HK and VDAC are
phosphorylated by protein kinase B (AKT) and the mechanistic
target of rapamycin (mTOR) (62, 64), which are known key reg-
ulators of glycolysis in activated microglia (65). While the role of
AKT and mTOR in HK mitochondrial recruitment remains to be
verified in microglia, a previous study has shown altered VDAC
phosphorylation levels in the AD brain (66) providing an avenue
for investigation in the disease context. Furthermore, TSPO has
also been shown to regulate VDAC phosphorylation (53), providing
a potential avenue for crosstalk between TSPO and HK activity.

Mitochondrial HK displacement could at least in part rescue
phagocytic defects in TSPO-KO microglia. A recent study has
shown that inhibition of HK increases mitochondrial ATP pro-
duction by inducing fatty acid oxidation (67). This may explain
how mitochondrial HK displacement could rescue phagocytic
deficits in TSPO-KO microglia despite severely impaired
OXPHOS of glucose substrates. Interestingly, we found that
cytosolic HK increased microglial phagocytosis independent of
its enzymatic activity. This suggests that HK acts not only as a
metabolic enzyme but also as an immune signaling molecule in
microglia—integrating metabolic and immune responses. A
previous study has similarly reported an immune signaling func-
tion of cytosolic HK in macrophages, where cytosolic HK sig-
naled the activation of the NLRP3 inflammasome (35). These
findings have two important implications. First, HK expression
levels do not accurately reflect HK activity or function since
changes in subcellular localization play an important role in the
regulation of HK function. This has important conceptual
implication for our understanding of mechanisms beyond
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transcriptional control in the regulation of microglial immu-
nometabolism. Second, displacement of mitochondrial HK may
provide an improved approach for regulation of microglial
immunometabolic function compared to approaches aimed at
inhibition of HK levels or activity. This is an important con-
sideration in the development of potential therapeutics devel-
opment targeting HK.

Materials and Methods

Detailed descriptions of methods are provided in the S/ Appendix.

Animals and Treatments. C57BL/6 (WT), homozygous TSPO-KO (47), APP
NL-G-F knock-in (APP-KI) (68), and APP-KI x TSPO-KO mice were used. All exper-
iments were carried out in accordance with the National Advisory Committee
for Laboratory Animal Research guidelines and approved by the by the NTU
Institutional Animal Care and Use Committee (IACUCK A0384).

RNAseq Data Generation and Analysis. Total RNA was extracted from WTand
TSPO-KO mouse hippocampus from animals treated with phosphate-buffered
saline or LPS (from Escherichia coli, Sigma Aldrich; 1 mg/kg/day i.p. for 4 d).
OligodT mRNAseq stranded library was prepared using NEBNext Ultra library
preparation kit and sequenced using Illumina HiSeqTM. Differential expression
analysis was performed using DESEQ2 (69). For gene set enrichment, fGSEA
package (70) was used.

Immunoprecipitation Mass-Spectrometry (IP-MS). Proteins were IP from
mouse brain homogenate using rabbit anti-TSPO antibody (Abcam 109497) and
identified by LC-MS/MS. Differential enrichment analysis using Bioconductor
R package Limma version 3.13 was used to identify candidate interactors (FDR
< 10%, fold change > 2) (71). Network and functional enrichment analysis of
identified candidate interactors was carried out using Cytoscape (72), InTact
(73), and StringApp plugins version 3.8 (74).

Cell Culture and Treatments. Immortalized murine microglial BV2 cells
(Accegen Biotechnology, ABC-TC212S) and primary microglia were derived from
WT (C57BL/6J), and TSPO-KO neonatal mice (75) were used. Cells were trans-
fected using lipofectamine 2000, and the following plasmids were purchased
from Addgene: pLL7.0: ssrA-iLID-CAAX-venus (from KRas4.B) (Addgene #60411;
deposited as a gift from Brian KuhIman)(76), FLHKII-pGFPN3 (Addgene #21920),
TrHKII-pGFPN3 (Addgene #21921), and MuHKII-pGFPN3 (Addgene #21922;
deposited as a gift from Hossein Ardehali) (41). For light activation in the opto-
genetic studies, cells were illuminated with 500 pW/cm? white light irradiance
froma LED for 1 h.

Mitochondrial Bioenergetics. OCR and ECAR were measured using an XFe96
Extracellular Flux Analyzer with the XF Cell Mito Stress Test Kit (#103015-100,
Mitochondrial Biosciences) and Glycolysis Stress Test Kit (#103017-100). Lactate
concentrations were measured using an L-Lactate Colorimetric Assay kit (ab65331,
Abcam Plc, UK), and HK activity was measured using Hexokinase Activity Assay
Kit (Abcam, ab136957).

In Vitro Phagocytosis Assay. Cultured BV2 cells or primary microglia were incu-
bated with latex beads (Sigma Aldrich, L4530) or 500 nM fluorescently labeled
oligomeric AB for 2 h. Uptake was measured by flow cytometry. To determine AB
binding to the cell surface without phagocyticinternalization, cells were incubated
with A at 4 °C.

Flow Cytometry. Myeloid cells were isolated from hemibrains as previously
described (77) and incubated with anti-mouse CD16/32 followed by labeling
with conjugated antibodies or dye. The following were used: CD11¢(BD Horizon,
clone: N418), CD11b (BioLegend,clone: M1/70), CD45 (BioLegend, clone:
30F11), F4/80 (BioLegend,clone: BM8), CD16/32 (BioLegend,clone: 93), MHCII
(BioLegend,clone: M5/114.15.2), CD11¢ (BioLegend, clone: HL3), CD68 (BD
Pharmigen, clone: FA/11), P2RY12 (BioLegend, 848006), TMEM119 (Ab225494,
clone: 106-6), BODIPY-FLC12 (D3822, Thermo Fisher), and propidium iodide
(P3566 Thermo Fisher). Cell suspensions were analyzed using an LSRII flow
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cytometer (Becton Dickinson), and data were analyzed with FlowJo software
(TreeStar).

Immunostaining. Fixed cells, mouse brain sections or post-mortem human
brain sections were permeabilized with 0.1% Triton X-100 then immunostained
before mounting in fluoroshield with DAPI (Abcam, ab104139). Primary antibod-
ies used were rabbit anti-hexokinase (1:500, Abcam, ab227198), mouse anti-
ATPB (1:1,000, Abcam, ab14730), rabbit anti-IBA-1 (1:500, Wako, 019-19741),
rabbit anti-GFAP (Abcam, ab7260), Alexa Fluor 488 conjugated anti-PBR (Abcam,
ab199779), and mouse anti-Ap (Merck, MABN639). Phalloidin-647 (Abcam,
ab176759) was used for F-actin labeling. Images were captured using a confo-
cal microscope (Zeiss Laser Scanning Microscope-780 upright microscope) and
analyzed using Imaris 9.2.0 or Image J/Fiji (78).

statistical Analysis. GraphPad Prism 8.2.1 (GraphPad Software) or the online
server at http://www.estimationstats.com (79) was used for statistical analyses
and generation of plots.

Data, Materials, and Software Availability. Study data can be accessed via https:/
researchdata.ntu.edu.sg/dataverse/neurobiologyaging (80) and analysis pipelines
are available at this link https://github.com/Neurobiology-Aging-and-Disease-Lab/
Fairley-Lai-et-al- (81).
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