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SCIENCE ADVANCES | RESEARCH ARTICLE

NEUROSCIENCE

Brain hypothyroidism silences the immune response of
microglia in Alzheimer’s disease animal model

Dong Kyu Kim"*t, Hyunjung Choi**t, Woochan Lee', Hayoung Choi'?, Seok Beom Hong'?,
June-Hyun Jeong™?, Jihui Han'?, Jong Won Han"?, Hoon Ryu®, Jong-Il Kim', Inhee Mook-Jung

Thyroid hormone (TH) imbalance is linked to the pathophysiology of reversible dementia and Alzheimer’s disease
(AD). It is unclear whether tissue hypothyroidism occurs in the AD brain and how it affects on AD pathology. We
find that decreased iodothyronine deiodinase 2 is correlated with hippocampal hypothyroidism in early AD mod-
el mice before TH alterations in the blood. TH deficiency leads to spontaneous activation of microglia in wild-type
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mice under nonstimulated conditions, resulting in lowered innate immune responses of microglia in response to
inflammatory stimuli or amyloid-p. In AD model mice, TH deficiency aggravates AD pathology by reducing the
disease-associated microglia population and microglial phagocytosis. We find that TH deficiency reduces microg-
lial ecto-5’-nucleotidase (CD73) and inhibition of CD73 leads to impaired innate immune responses in microglia.
Our findings reveal that TH shapes microglial responses to inflammatory stimuli including amyloid-g, and brain
hypothyroidism in early AD model mice aggravates AD pathology by microglial dysfunction.

INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of dementia,
accounting for up to 80% of all dementia cases (1). Although some
early-onset cases are associated with inherited genetic abnormali-
ties, these constitute 1% or less of all AD cases. Most late-onset cases
are characterized by a gradual decline in cognitive function over
years (2-4). In most studies, two distinct lesions in the brain, amy-
loid plaques and neurofibrillary tangles, are required for a neuro-
pathological diagnosis of AD (5). It has also been reported that AD
pathogenesis can result from complicated pathological alterations
caused by mitochondrial malfunction, abnormal Ca** dysregula-
tion, oxidative stress, neuroinflammation, and metabolic abnormal-
ities (6-12).

Thyroid hormones (THs) are fundamental determinants of met-
abolic activity and the development of the brain (13). The concen-
trations of THs in the brain are tightly regulated by homeostatic
mechanisms, indicating that THs are essential for the preservation
of brain function throughout life. The hypothalamus-pituitary-thyroid
axis is in charge of TH production and is regulated by two primary
THs: thyroxine (T4), a prohormone produced by the thyroid gland,
and triiodothyronine (T3), the bioactive form produced by conver-
sion of T4 via deiodinase in the brain (14). Several studies have
shown that the failure of TH homeostatic regulation disrupts gene
expression modulated by TH-mediated activation of TH receptors,
affecting neural cell migration and differentiation, synaptogenesis,
and myelination (15) and contributing to the etiology of various
neurological pathologies such as multiple sclerosis, traumatic brain
injury, and Parkinson’s disease (16-19).

A variety of epidemiological studies on TH levels in patients with
AD have been conducted to investigate the effects of these hor-
mones on the incidence and progression of AD. Subclinical thyroid
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dysfunction [i.e., elevated or reduced thyroid-stimulating hormone
(TSH) levels with normal T3 and T4] has been linked to cognitive
impairment and is a risk factor for dementia (20, 21). Other studies
have reported that serum TSH levels in patients with euthyroid are
positively correlated and serum free T, (fT4) levels in cognitively
normal individuals are negatively correlated with cerebral amyloid-f
(Ap) loads (22, 23). These findings support the idea that modest dys-
regulation of THs can influence the development of AD. Moreover,
T; levels in the prefrontal cortex are reduced in postmortem brains
of patients with AD compared to controls, and T3 and T4 levels are
also reduced in the cerebrospinal fluid of patients with AD (24).
Given preclinical research on the involvement of THs in neurophe-
notypes and AD, TH deficiency could be linked to AD pathology,
including amyloid plaques and neurofibrillary tangles. However,
the mechanisms by which TH deficiency leads to AD pathological
changes are unknown at the molecular level.

In this study, we found a correlation between decreased iodothy-
ronine deiodinase 2 (DIO2) and TH deficiency in the brains of early
AD model mice, indicating that early AD pathology reduces the
conversion into active TH to restrict local availability of T in the
brain. TH deficiency led to spontaneous activation and reduced in-
nate immune responses of microglia, which manifests as a failure to
function properly or respond to pathogenic stimuli in the brain—
one of the cardinal features of AD (25). Last, we defined a molecular
mechanism in which TH-mediated microglial responsiveness was
regulated by ecto-5"-nucleotidase (CD73) encoded by T5-responsive
Nt5e gene. This study reveals a requirement of THs for microglial
functions to alleviate AD pathology and suggests a perspective on
effective TH replacement therapy for patients with AD.

RESULTS

Decreased DIO2 is associated with hippocampal
hypothyroidism in early AD model mice

We first sought to determine whether TH levels were changed in the
blood and brains of early AD model mice before the development of
widespread amyloid and tau pathologies. We measured TSH, {T4,
and fT; levels in the blood and brains of 4-month-old ADLPAPT
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(Alzheimer's disease-like pathology with APP, PSEN1, and MAPT)
mice. All THs levels in the blood did not differ between 4-month-old
ADLPYT (wild-type) and ADLP*"T mice, but fT, levels were de-
creased in 7-month-old ADLP**" mice (Fig. 1, A to C). Notably,
hippocampal fT; levels were significantly decreased in ADLPA'T
mice compared with ADLP"" mice (Fig. 1D). Universal Ts-responsive
gene expression, such as Hairless (Hr) and Kriippel-like factor
9 (KIf9) (26, 27), was also decreased in the hippocampus of
4-month-old ADLP**" mice with low hippocampal fT; (Fig. 1, E
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and F). However, fT3, Hr mRNA, and KIf9 mRNA levels were not
changed in other brain regions, including the cortex, diencephalon,
and midbrain (fig. S1, A to I).

To establish the cause of reduced hippocampal T3 in early AD
model mice, we examined two possible systems that control TH ho-
meostasis at the tissue level. First, intracellular TH levels are con-
trolled by several TH converting enzymes including DIO2 and
DIO3, involved in TH metabolism (28). In cases where the action of
TH is required, cells preferentially take up circulating inactive T4
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Fig. 1. Hippocampal TH deficiency develops in early AD model mice. (A to C) Serum fT4 (A), fT; (B), and TSH (C) levels in 4-month-old ADLP"T (n = 20) and ADLP*"" mice
(n=12). (D) Tissue fT5 levels in the hippocampus of 4-month-old ADLP"T (n = 8) and ADLP**" mice (n = 7). (E and F) Expression of hippocampal TH-responsive gene tran-
script (Hr and KIf9) in 4-month-old ADLPWT (n=15)and ADLP*PT mice (n =9). (G) Expression of hippocampal Dio2 transcript in 4-month-old ADLPYT (n=18)and ADLPAPT
mice (n = 12). (H) Correlation of Dio2 transcript levels with hippocampal fT; levels in 4-month-old ADLP"T (n = 8) and ADLP**" mice (n = 7). Pearson correlation. (I) Expres-
sion of hippocampal Dio3 transcript in 4-month-old ADLPYT (n = 8) and ADLP**" mice (n = 7). (J) Correlation of Dio3 transcript levels with hippocampal T3 levels in
4-month-old ADLPWT (n=28)and ADLPT mice (n = 7). Pearson correlation. Data represent means + SEM. R? = coefficient of determination. In (A) to (G) and (1), P values
were calculated using two-tailed unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.001, and **##P < 0.0001. n.s., not significant.
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and convert it to active T3 through the action of deiodinases (29).
DIO?2 plays a role in providing active T in the central nervous sys-
tem, whereas DIO3 terminates TH activity through deiodination of
the terS};l ring (30). Hippocampal Dio2 was reduced in 4-month-old
ADLP*PT mice (Fig. 1G) and positively correlated with hippo-
campal fT; levels (Fig. 1H). In contrast, thpocampal Dio3 was
not significantly different between ADLP"" and ADLPA"™ mice,
and hippocampal fT; levels were not correlated with hippocampal
Dio3 levels (Fig. 1, Tand J). In addition, cortical Dio2 was decreased,
but no alterations were detected in other brain regions (fig. S1, J to
L). The other system influencing T availability at the tissue level
is TH transporters, which are differentially expressed among var-
ious tissues (31). Hippocampal expression of the TH transport-
ers, Slc7a5, Slc7a8, Slc16a2, Slc16a10, Slcolcl, and Slco2b1, did not
differ between ADLP"" and ADLP*"" mice, suggesting that TH
transport may therefore be intact in earlg AD model mice (fig. S2).

Similar to the phenotypes in ADLP*"T mice, hippocampal Dio2
was also reduced early in different AD model mice that develop
either amyloid or tau pathology (fig. S3A). Human sporadic AD
(sAD) and familiar AD (fAD) organoids showing amyloid and tau
pathology showed reduced DIO2 (fig. S3, B to F). fAD brain organ-
oids exhibiting more distinct AD pathological symptoms than sAD
brain organoids showed a significant decrease in DIO2 expression
compared to sAD brain organoids, suggesting that reduced DIO2 is
associated with AD pathological symptoms. Reduced DIO2 in fAD
brain organoids led to down-regulation of TH-related pathways fol-
lowing T treatment (fig. S3G). Last, DIO2 immunoreactivity was
decreased in the hippocampus of human postmortem AD brains
(fig. S3, H and I, and table S2). These data are consistent with our
findings of reduced DIO2 in the hippocampus of AD model mice.

To further investigate the distinction of local hypothyroidism in
the hippocampus, we analyzed DIO2 protein in the hippocampus
and cortex. We found a reduction in hippocampal DIO2, whereas
cortical DIO2 remained changed, despite a reduction in cortical
Dio2 (fig. S4, A and B). With the pathological progression, both hip-
pocampal Dio2 mRNA and DIO2 protein were significantly reduced
in 7-month-old AD model mice compared with 4-month-old mice,
but cortical DIO2 expression was not altered in 7-month-old AD
model mice (fig. $4, C to E), suggesting hippocampal susceptibility
of DIO2 expression to AD pathology. In addition, we analyzed DIO2
expression associated with human AD pathology and clinical symp-
toms using the human brain transcriptome database (Allen Institute
for Brain Science: Aging, dementia, and TBI study). Similar to the
reduction in hippocampal Dio2 in AD model mice, hippocampal
DIO2 was more significantly associated with both the pathological
progression and clinical phenotypes of dementia than cortical DIO2
in the parietal and temporal cortex (fig. S4, F and G). In summary,
our data suggest that local hippocampal hypothyroidism is associ-
ated with decreased DIO2 expression by AD pathology.

TH deficiency leads to impaired innate immune responses

in microglia

To determine the effect of TH deficiency on the brain, we performed
single-cell RNA sequencing (scRNA-seq) of the hippocampus in
AD model mice fed an iodine-deficient (ID) diet for 10 weeks,
which completely depleted fT, levels in the blood (Fig. 2A). A total
of 6502 single cells were sequenced. Clustering analyses revealed 11
populations in each cluster based on cell type-specific marker genes.
The cell population we identified mainly consisted of glial cells,

Kim et al., Sci. Adv. 10, eadi1863 (2024) 15 March 2024

namely, oligodendrocytes, oligodendrocyte precursor cells, and mi-
croglia (fig. S5A). Among the identified cell populations, only the
microglial population showed significant alterations by the ID
diet (fig. S5B), as reported previously (32). The observed changes in
microglial density in the hippocampus were further confirmed by
counting the number of Ibal™ cells and measuring Ibal staining in-
tensity (fig. S5, C to E). Given that THs regulate various microglial
functions, including migration and phagocytosis (33), we next
sought to determine the impact of TH deficiency on microglial
immune activity. Gene Ontology pathway analysis of differentially
expressed genes (DEGs) revealed the up-regulation of inflammation-
associated pathways in ADLP"" mice fed the ID diet, despite the
absence of AD pathology (Fig. 2B). Pathways such as “positive regu-
lation of extracellular signal-regulated kinase 1 (ERK1) and ERK2
cascade” and “positive regulation of nitric oxide biosynthetic pro-
cess” indicative of activated microglia were increased by the ID diet
(34-36). Microglial activation signatures induced by the ID diet in-
cluded up-regulation of genes including I11b, Tnfa, and multiple
chemokines (Fig. 2C). Proinflammatory genes (Il1b, Tnfa, Ccl6,
Clqa, Cd83, Abcal, and Ccr6) and anti-inflammatory cytokine
genes (114 and 1110) up-regulated in the hippocampus of ADLP""
mice fed the ID diet were validated by quantitative polymerase chain
reaction (qQPCR) (Fig. 2D).

Next, we examined microglial responsiveness modulated by
TH. Using two-photon microscopy, in vivo imaging revealed re-
duced responsweness toward acute laser-induced tissue damage
in Cx3cr18™* mice fed the ID diet (Fig. 2, E and F, and movies S1
and S2). In the absence of THs, microglia spontaneously ex-
pressed higher levels of proinflammatory (I/1b and Tnfa) and anti-
inflammatory (Il4 and I110) cytokines under nonstimulated
conditions (Fig. 2G), indicating their constitutively activated status,
consistent with the in vivo observations (Fig. 2, B and C). However,
upon lipopolysaccharide (LPS) or oligomer Ap treatment, microg-
lia produced fewer proinflammatory cytokines with no change in
anti-inflammatory cytokines. These findings suggest that the spon-
taneous activation of microglia caused by TH deficiency does not
adequately provoke immune responses to inflammatory stimuli
(Fig. 2, H and I, and fig. S6, A and B). To determine whether com-
promised microglial functions in the absence of THs are attributed
to changes in metabolic efficiency or signaling pathways of external
stimuli, we analyzed metabolic-related signaling pathways activat-
ed by immune stimuli in microglia through Western blot analysis
(25). Metabolism-related signaling pathways were normally al-
tered by LPS, independent of TH (fig. S6, C and D). These data
suggest that impaired microglial innate immune responses caused
by TH deficiency occur independently of changes in metabolic ef-
ficiency. Together, TH deficiency causes the spontaneous activation
of microglia, and TH is required to prime microglia for appropriate
immune responses to external stimuli.

TH deficiency aggravates amyloid pathology

To determine whether TH deficiency affects AD pathologies in the
hippocampus, we fed ADLP**" mice exhibiting both amyloid and
tau pathology the ID diet for 10 weeks, which completely depleted
fT4 levels in the blood (Fig. 3A). TH deficiency increased levels of
both AP, and APy, in radioimmunoprecipitation assay (RIPA)-
insoluble fractions containing amyloid plaques in the hippocampus,
as measured by enzyme-linked immunosorbent assays (ELISAs)
(Fig. 3B). We next performed immunohistochemistry for amyloid
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Fig. 2. TH deficiency induces spontaneous activation of microglia, resulting in suppressed innate immune response. (A) Scheme for inducing TH deficiency and
measuring serum fT, (n = 15 per group). (B) Gene Ontology analysis of microglial DEGs in the ID group. (C) Heatmap showing expression of inflammation-associated mi-
croglial genes. (D) Expression of inflammation-associated genes and anti-inflammatory cytokines transcript in the hippocampus by qPCR. (E) Representative in vivo mi-
croglial responses, imaged by two-photon microscopy. Shown are 7-month-old Cx3cr19"+ mice after induction of TH deficiency for 10 weeks. The white circle denotes
the site of laser damage. Scale bars, 50 pm. (F) Quantification of microglial recruitment toward the damaged site. (G) Expression of pro- (//1b and Tnfa) and anti-inflammatory
(/14 and 1170) cytokine transcript in primary microglia treated with or without Ts. (H) Expression of //7b and Tnfa transcript in LPS-pretreated primary microglia treated with
or without Ts. (I) Expression of I/1b, Tnfa, 114, and 1110 transcript in oligomer AB-pretreated primary microglia treated with or without T3. Data represent means + SEM. In (G)
to (I), P values were calculated using two-tailed unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

plaques in the hippocampus using anti-Ap antibody (4G8), which  full-length human amyloid precursor protein (APP) and cleaved

showed that the ID diet increased the area and intensity of amyloid
plaques (Fig. 3, C and D). The total number of amyloid plaques, as
well as those categorized by diameter, also increased (Fig. 3, E and
F). Higher plaque burdens were associated with a faster cognitive
decline in AD model mice fed the ID diet (Fig. 3G). To further
examine whether TH deficiency induces AP generation, we exam-
ined amyloidogenic processing. Analysis of RIPA-soluble fractions
of APy and APy, showed no effect of the ID diet on the generation
of soluble AP in the hippocampus (Fig. 3H). Moreover, the levels of

Kim et al., Sci. Adv. 10, eadi1863 (2024) 15 March 2024

soluble APP-f were not altered by the ID diet in the hippocampus
of ADLP*? mice (Fig. 3, I and J), suggesting no changes in APP
expression and processing. In addition to amyloid patholoqu, we
investigated tau pathology in the hippocampus of ADLP*" mice
fed the control or ID diet. In contrast to amyloid pathology, TH
deficiency had no significant effect on phosphorylated tau or aggre-
gated tau levels in the hippocampus (fig. S7). Together, our findings
suggest that TH deficiency accelerates the progression of amyloid
pathology and memory impairments.
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Fig. 3. TH deficiency aggravates amyloid pathology. (A) Scheme for inducing TH deficiency and measuring serum fT4 in ADLP*PT mice (control, n = 9; ID diet, n = 11).
(B) Measurement of AP and Aps; in the RIPA-insoluble fraction from the hippocampus, assessed by ELISA (control, n = 9; ID diet, n = 11). (C) Representative images of
amyloid plaques (4G8) and Iba1* microglia in the hippocampus of ADLPPT mice fed the control or ID diet. DAPI, 4',6-diamidino-2-phenylindole. Scale bar, 100 pm.
(D) Quantification of 4G8 signals (n = 6 per group). (E) Distribution of plaque size in the hippocampus of mice from control and ID diet groups. (F) Quantification of plaque
numbers in the hippocampus of mice in control and ID diet groups (n = 6 per group). (G) Percentage of alternations in a Y-maze task (control, n = 11; ID diet, n = 12).
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(B), (D), (F), (G), (H), and (J), P values were calculated using two-tailed unpaired t test. *P < 0.05, **P < 0.01, and ****P < 0.0001.

TH deficiency decreases disease-associated microglia in AD
model mice

Given the effect of TH deficiency on microglia in the brain (Fig. 2
and fig. S5) and the role of microglia in amyloid clearance (37, 38),
we next investigated whether TH deficiency caused microglial
changes in AD model mice. To characterize changes in microglial
subpopulations induced by TH deficiency, we compared microg-
lial single-cell data from ADLP**T mice fed either the control or
ID diet. Cluster analysis based on single-cell level transcriptional
profiles of microglia revealed seven distinct microglial states
across all diet conditions (control or ID diet) and genotypes
(ADLP"" or ADLP*"" mice) (Fig. 4A). These distinct microglial
subpopulations were characterized on the basis of cluster-specific
transcriptomes, mitochondrial gene ratios, and the number of
detected genes (figs. S8 and S9). We determined the pseudotime
trajectory of microglial activation from homeostatic microglia to-
ward degenerating disease-associated microglia (DAM) in AD

Kim et al., Sci. Adv. 10, eadi1863 (2024) 15 March 2024

model mice, produced using Monocle single-cell trajectory analy-
sis (Fig. 4B). Examination of the percentage of microglial subpop-
ulations revealed that the ID diet induced an increase in cluster
0 (activated) and cluster 5 (interferon-responsive) but a marked
reduction in cluster 2 (DAM) (Fig. 4C). We confirmed that TH
deficiency led to a decrease in DAM signature gene expression by
scRNA-seq and qPCR, supporting a decreased DAM population
(Fig. 4D).

Given the protective role of DAM, with potent phagocytic activ-
ity, in restricting neurodegeneration (39, 40), we next defined the
impact of TH deficiency on microglial phagocytosis in AD model
mice. Although the quantification of Ibal immunofluorescence in-
tensity and the percentage area showed no difference in microglial
activation between the two groups, we found that microglia were
not activated well, considering the increase in amyloid plaques in
the ID group (Fig. 4, F to I). The number of phagocytic microglia
with 4G8-positive signals around amyloid plaques was significantly
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Fig. 4. TH deficiency suppresses phagocytic activity of microglia in AD model mice. (A) Uniform Manifold Approximation and Projection (UMAP) plot of seven mi-
croglial subsets. (B) Monocle trajectory analysis depicting pseudotime trajectories of microglial subsets. (C) UMAP plot and the percentage of each microglia subset in
ADLP*PT mice, annotated according to diet. (D) Heatmap showing expression of DAM signature genes in microglia. (E) Expression of DAM signature gene transcripts in the
hippocampus by gPCR. (F) Representative images of Iba1* microglia around amyloid plaques (4G8) in the hippocampus of ADLP*"T mice fed a control or ID diet (arrows,
phagocytic microglia; arrowheads, barrier of microglia). Scale bars, 20 pm. (G and H) Quantification of Iba1 signals (n = 6 per group). (I) Correlation of Iba1 intensity and
4G8 intensity [Pearson correlation (M) = slope]. (J) Violin plots showing the number of phagocytic microglia per amyloid plaque. Colored dots to the right of violin plots
indicate means per individual mouse. (K) Correlation of phagocytic microglia number and plaque diameter [Pearson correlation (M) = slope]. (L) Representative images
of bead-uptake assays following the treatment of primary microglia with T3 and/or LPS. White circles indicate phagocytic microglia containing more than four beads.
(M) Quantification of phagocytic microglia. Data represent means + SEM. In (G), (H), and (J), P values were calculated using two-tailed unpaired t test. In (M), P values were
calculated using two-way analysis of variance (ANOVA). *P < 0.05, **P < 0.01, *#*P < 0.001, and **##P < 0.0001.

lower in the ID group despite their larger amyloid plaque size (Fig. 4,
J and K). The low phagocytic activity of microglia caused by TH
deficiency was also validated by in vitro bead-uptake assays (Fig. 4,
L and M). Together, our data suggest that TH deficiency increases
amyloid pathology by reducing DAM population and limiting amy-
loid clearance in microglia.

Kim et al., Sci. Adv. 10, eadi1863 (2024) 15 March 2024

T3 administration alleviates microgliosis and AD pathology

Since the conversion of T, to T; in the brains of ADLP*?T mice was
impaired because of decreased DIO2, we assessed whether provid-
ing additional THs would alleviate AD pathology by administering
converted active T3 to ADLP*PT mice. Following daily intraperito-
neal injection of T3 for 8 weeks, we confirmed the up-regulation of
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universal T3-responsive genes in the hippocampus (fig. S10, A and
B). We next isolated sarkosyl-soluble and -insoluble tau from the hip-
pocampus of ADLP**T mice. T3 administration significantly reduced
sarkosyl-insoluble, -soluble, and phosphorylated tau in the hippocam-
pus of ADLP**T mice (fig. $10, C and D). Decreases in phosphorylated
tau (AT180) and total human tau in the hippocampus of Ts-injected
ADLP*T mice were confirmed by immunohistochemistry (fig. S10E).
In addition to tau pathology, T3 injection alleviated amyloid plaque
formation in the hippocampus of ADLP**" mice (fig. S10F). Further-
more, mitigation of AD pathology through T3 supplementation res-
cued memory impairment in ADLP**T mice (fig. S10G).

Next, we analyzed whether T3 administration mitigated AD-
related gliosis in the hippocampus. Notably, microglial activation
(Ibal™ microglia) was significantly reduced in ADLP**" mice with
T3 administration, whereas astrocytic activation (glial fibrillary
acidic protein-positive astrocytes) remained unchanged (fig. S11, A
to C). A significant decrease in the area immunoreactive for both
Ibal and CD68, a lysosomal protein expressed in macrophages and
activated micro%ha (41), was observed in the hippocampus of Ts-
injected ADLP*"T mice (fig. S11, D and E). These results suggest
that T3 supplementation ameliorates AD-associated brain patholo-
gies in ADLP*?" mice and alleviates brain lesions, predominantly by
modulating microglial activation.

CD73 expression is regulated in a TH-dependent manner
and is required for innate immune responses of microglia
To determine potential molecular mediators of TH-regulated mi-
croglial functions, we performed bulk RNA-seq of primary microglia

treated with or without T3. While we found DEGs in scRNA-seq
analyses of the hippocampus because of sequencing depth across
single cells, most microglial DEGs were highly expressed genes
associated with inflammatory response phenotypes. The TH-dependent
transcriptional profiling indicated that up-regulated DEGs predom-
inated over down-regulated genes following T treatment, suggest-
ing the role of T as a transcriptional activator (Fig. 5A). Notably, the
most up-regulated Ts-induced DEG in primary microglia, as deter-
mined by Gene Set Enrichment Analysis Singal2Noise (GSEA S2N)
analysis, was CD73 (Fig. 5B), an ecto-5'-nucleotidase known for
inducing immunosuppression through the conversion of adenosine
monophosphate to adenosine, binding to adenosine receptors on
immune cells (42, 43). The role of CD73 as an inhibitory immune
checkpoint has been explored in the context of cancer cells escaping
immune surveillance in the tumor microenvironment (44, 45). Pre-
vious studies have reported that TH up-regulates CD73 expression
in different cell types (46-48). Microglia without T3 expressed lower
levels of CD73 at both mRNA and protein levels (Fig. 5, C and D).
Moreover, CD73 was transcriptionally up-regulated by T3 in a
concentration-dependent manner, indicating that Nt5e, which
encodes CD73, is a TH-responsive gene (Fig. 5E). In line with the
regulation of CD73 expression in vitro, CD73 protein levels were
reduced in the hippocampus by the ID diet (Fig. 5F). In AD model
mice, microglia sorted by magnetic-activated cell sorting showed
decreased levels of CD73(Nt5¢) mRNA but no alteration in their
nonmicroglial cell population (Fig. 5G), supporting the conclusion
that microglia were predominantly affected by the ID diet and T
administration in vivo.

A 30, 133 DEGs 253 DEGs DEGs ordered by GSEA S2N
. .
: 5
a 29 i .
=) [
o Pe
- | 1
1 ¢ e
10- e R
I, VY
-10 5 0 5 10 S SV \» fb@»\'\ R RN a\ 3 BB “Q\" \9 & “bxﬂ‘ 38, x“h@@'\&\‘w $ *r'L O TN W&“ W
Lt @‘Q~(0\Q\; »\os\ @0 o"o <\ eQ \'0'5 @4—‘5 \\
-T3 <+— Log,FC —» +T; e Q\\ TSN @é 050 G $\
c D E F Control ID G wr
Ty =T, ADLP
[Wwe v | CcD73 250 co73 ADLPT  ns.
150~ +T, 150+ > 8 B-Actin 2 1907, !
-, [ - G-actin G 500 T 3 — .
c <Z( :[ < 000 o o°
3 B = Z 100+ I
2 100- I I B 100 mlm & 150- I £3 P4 Eo o B I
< * * Ry wok = 5 £ € 2
) T — .
< L I > T § 100 a8 8 [
Z N~ = a2 £ 504 ® ®
& 50+ 8 504 2 R s
€ (@] @ 501 S = =
o ~ N
[a)]
0 0- © ol —— O  od
1 e QL S e w— —
CD73 (Nt5e) Hr +T3  -T3 (Ts, uM) 0 03 3 Control  ID Microglia Nonmicroglia

Fig. 5. TH-dependent regulation of CD73 expression in microglia. (A) Volcano plot of microglial DEGs following T3 treatment. FC, fold change. (B) Heatmap of microg-
lial DEGs ordered using GSEA S2N. (C) Expression of CD73 (Nt5e) and Hr transcript in primary microglia treated in the absence of Ts. (D) Representative immunoblots and
quantification of CD73 in primary microglia in the absence of Ts. (E) Expression of CD73 (Nt5e) transcript in primary microglia following T3 treatment. (F) Representative
immunoblots and quantification of CD73 in the hippocampus of wild-type mice fed the ID diet (n = 15 per group). (G) Expression of CD73 (Nt5e) transcript in microglia
and nonmicroglial populations from the hippocampus of wild-type and ADLP*T mice (n = 6 per group). Data represent means + SEM. P values were calculated using

two-tailed unpaired t test. In (E), P values were calculated using one-way ANOVA. #*P < 0.05, **P < 0.01, and ****P < 0.0001.
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To assess whether the inhibition of CD73 blocks microglial im-
mune responses to inflammatory stimuli, we pretreated microglia
with the CD73 inhibitor, adenosine 5’-(a,-methylene)diphosphate
sodium salt (AMPCP) before LPS treatment. Similar to the effects of
TH deficiency on microglial immune responses (Fig. 2, H and I),
AMPCP reduced proinflammatory cytokine gene expression in
CD73-inhibited microglia following LPS treatment (Fig. 6A). Using
two-photon microscopy, we also observed reduced microglial mo-
tility toward acute tissue damage insults in vivo following AMPCP
intraperitoneal administration (Fig. 6, B and C, and movies S3 and
S4). We next examined the role of CD73 in amyloid pathology in
ADLP*PPP! mice after AMPCP intraperitoneal administration for
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8 weeks. Amyloid plaque burdens were increased in the hippocam-
pus of the AMPCP-injected group (Fig. 6, D and E). Given the in-
creased amyloid pathology by AMPCP, microglia were relatively less
activated in the hippocampus (Fig. 6F). In addition, similar to the
decreased DAM signature gene expression in microglia of the ID
diet group (Fig. 4, D and E), overall DAM-related gene expression
was reduced in the hippocampus of AMPCP-injected mice, as as-
sessed by qPCR (Fig. 6G). Using live-cell imaging, we performed a
phagocytosis assay with primary microglia for pHrodo Red-labeled
oligomer A, which turns red fluorescence in an acidic environment
of the lysosome. After 24 hours of live-cell imaging following the
treatment of pHrodo Red-labeled oligomer Af with either vehicle
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Fig. 6. CD73 inhibition suppresses innate immune responses of microglia to inflammatory stimuli and AD pathology. (A) Expression of //7b and Tnfa transcript in
primary microglia following T, LPS, and/or AMPCP treatment. (B) Representative in vivo microglial responses after AMPCP administration, imaged by two-photon micros-
copy. Shown are 6-month-old Cx3cr19%®* mice after AMPCP administration for 4 weeks. The white circle denotes the site of laser damage. Scale bars, 25 pm. (C) Quantifica-
tion of microglial recruitment toward the damaged site. (D) Representative images of amyloid plaques (6E10) and Iba1* microglia in the hippocampus of ADLPPPST mice
injected with vehicle or AMPCP. Scale bars, 100 pm. (E) Quantification of 6E10 signals (vehicle, n = 5; AMPCP, n = 8). (F) Correlation of Iba1 intensity and 6E10 intensity.
(G) Expression of DAM signature gene transcripts in the hippocampus by qPCR. (H) Representative images of phagocytosis assays following the treatment of primary
microglia with pHrodo Red-oAf and/or AMPCP. White circles indicate phagocytic microglia containing more than four beads. Scale bars, 100 pm. (I) Quantification of
normalized intensity of pHrodo Red at 24-hour time point of live-cell imaging. a.u., arbitrary units. Data represent means + SEM. P values were calculated using two-tailed
unpaired t test. In (A), P values were calculated using two-way ANOVA. *P < 0.05, *#*P < 0.01, and ***#P < 0.0001.
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or AMPCP, we observed a significant decrease in phagocytic activity
in microglia of the AMPCP-treated group (Fig. 6, H and I). Togeth-
er, we found that TH transcriptionally modulated microglial CD73,
acting as an inhibitory immune checkpoint that ensures proper im-
mune responses to inflammatory stimuli, including Af in AD.

DISCUSSION

Here, we established that TH deficiency suppresses innate immune
responses in microglia, resulting in aggravation of AD pathology.
We found that brain hypothyroidism occurs in the hippocampus of
early AD model mice before it manifests in the blood. Notably, the
decrease in the local conversion of inactive T, to active Ts was first
detected in the hippocampus of early AD model mice and was closely
correlated with decreased DIO2. Last, we revealed that TH deficien-
cy significantly reduces the DAM population and elucidated a TH-
mediated mechanism that modulates microglial activity via CD73,
a TH-responsive gene product.

Our study of TH homeostasis at the tissue level gives support for
local hypothyroidism in AD. First, we demonstrated that TSH, fT’,
and fT, levels, used to diagnose clinical hypothyroidism (49), are
unaffected in the blood, whereas tissue T levels are reduced in the
brain beginning in the early stages of AD model mice. Among the
various brain regions, the hippocampus first showed a considerable
decrease in fT5 levels and TH-responsive gene expression, suggest-
ing a link between brain region-specific hypothyroidism, particularly
in the hippocampus, and AD. Given that structural heterogeneity
and tissue weight vary across brain regions, TH measurement with
dissected brain subregions would be possible to precisely define re-
gional hypothyroidism in each for further study. Second, down-
regulation of TH conversion to its active form shows altered TH
metabolism in the AD brains. Decreased fT levels were specifically
correlated to Dio2, which converts T4 to T3, not to other deiodinas-
es, TH degradation, transporters, or receptors expression. Reduced
hippocampal DIO2 observed in early AD model mice, unlike corti-
cal DIO2, also decreased as AD pathology progressed. Inactivation
of DIO2 by a common polymorphism (Thr*?Ala), which is suscep-
tible to ubiquitination and degradation, has been linked to tissue-
specific hypothyroidism (50, 51). However, we found that a reduction
in DIO2 in the AD brains was attributable to transcriptional down-
regulation. Further research will be required to understand the un-
derlying molecular processes by which DIO2 is down-regulated in
the AD brains.

TH deficiency has a substantial effect on the microglial popula-
tion in the brain. In the context of TH deficiency, our single-cell
dataset demonstrated that microglia in wild-type mice exhibit spon-
taneous activation states and subsequently reduced immune re-
sponses to external stimuli. Previous research has found that TH
plays a role in microglia development, morphological differentia-
tion, and proliferation (32, 52, 53). A decrease in microglia density
increases the brain area for which each microglial cell is responsible
and may increase the external stimuli to which microglia are ex-
posed, resulting in reduced innate immune responses. However, mi-
croglia in AD respond differently to TH deficiency. In cases when
microgliosis has already developed because of amyloid pathology,
TH deficiency is primarily responsible for lowering microglial im-
mune function. Significantly, TH deficiency reduces DAM popula-
tion and reduces phagocytic clearance of amyloid plaques. The
decrease in DAM cluster, the population of phagocytic microglia,

Kim et al., Sci. Adv. 10, eadi1863 (2024) 15 March 2024

caused by TH deficiency leads to the growth of amyloid plaques.
Thus, our findings suggest that THs are required for DAM develop-
ment in the AD brains.

To explain the mechanism underlying reduced innate immune
responses of microglia by TH deficiency, we investigated genomic ac-
tions of TH in microglia using bulk RNA-seq. CD73, the top-ranked
DEG transcriptionally regulated by TH, functions as an inhibitory
immune checkpoint by converting adenosine monophosphate to
adenosine, which activates immune suppression via adenosine
receptors (54). A recent study found that CD73, through supplying
adenosine to neurons, exerts microglia-derived negative feedback
on neuronal activity in the brain (55). Our findings showed that in-
hibiting CD73 phenocopies reduced immune responses in microg-
lia caused by TH deficiency. Microglia with low CD73 levels due to
TH deficiency are in an activated state because the lack of immuno-
suppressive adenosine spontaneously activates microglia even un-
der nonstimulated conditions. Spontaneously activated microglia
do not properly provoke innate immune responses to immune,
damage, and disease insults. Reduced microglial CD73 caused by
TH deficiency in early AD model mice results in the reduced innate
immune responses that limit amyloid clearance by microglia.

In summary, our findings define a reciprocal relation between
AD pathology and hypothyroidism, notably in the brain. Reduced
DIO2 levels are associated with down-regulated TH pathways in the
hippocampus at an early stage of AD model mice. TH deficiency in
the brain has a substantial impact on microglia, leading to reduced
immune responses in microglia and an aggravation of AD pathogen-
esis (Fig. 7). This suggests that THs play a critical role in the recipro-
cal link between microglia and AD pathogenesis. Understanding
altered TH metabolism in the AD brains will lead to therapeutic
strategies for AD while preserving microglial immune functions.

MATERIALS AND METHODS
The methods are described in detail in the Supplementary Materials.

Animals

5xFAD transgenic mice harboring mutated human APP (AP
M671L, 1716V, V7171) and presenilinl (PSEN1M!46L1286V) were obtained
from the Jackson laboratory (Tg6799, stock number 006554). JNPL3
transgenic mice harboring mutated human tau”**'" were obtained
from Taconic (TauP301L-JNPL3, stock number 2508). For observa-
tions of both amyloid and neurofibrillary tangle pathologies, the
two strains were crossed to generate ADLP transgenic mice, as pre-
viously described (56). Progeny with four genotypes—ADLP"?,
ADLPAPPPSI ADLP™ and ADLP**" —showing Ap and/or tau pa-
thologies were confirmed by PCR from ear clippings. Because AD
pathologies are more rapidly exacerbated in female mice compared
with male mice, only female ADLP transgenic mice were used in
these studies. Transgenic mice expressing green fluorescent protein
under control of the endogenous Cx3cr1 locus (Cx3crl &P/8f mice)
were obtained from the Jackson laboratory (stock number 008451).
These mice were crossed with C57BL/6, and their offspring (Cx3cr18%/*
mice) were used for in vivo two-photon imaging of microglial mor-
phology and function. All animals were maintained in a specific
pathogen—free animal facility of Seoul National University and were
housed under a 12/12-hour light-dark cycle with ad libitum access
to food and water. All animal experimental procedures were carried
out in accordance with the principles of Laboratory Animal Care
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(National Institutes of Health publication no. 85-23, revised 1985)
and the Animal Care and Use Guidelines of Seoul National Univer-
sity, Seoul, Korea.

Induction of hypothyroidism

Hypothyroidism was induced by feeding 16-week-old ADLP and
Cx3cr1¥%* mice an ID diet supplemented with 0.15% propylthio-
uracil (Envigo, TD.95125) for 10 weeks. Control euthyroid mice of
the same age were fed a normal diet for 10 weeks.

T3 and AMPCP injections

For T3 administration in ADLP mice, 3,3',5-triiodo-l-thyronine sodi-
um salt (T3; Sigma-Aldrich, T6397) was prepared at 50 mg/ml in 1 M
NaOH and diluted in saline to obtain a stock solution of 0.3 mg/ml.
Vehicle control consisted of 6 mM NaOH in saline. Twenty-week-old
ADLP mice were injected intraperitoneally with 100 pl of vehicle or T
(corresponding to 1.0 mg/kg) 5 days per week for 8 weeks. For the
injection of AMPCP (Tocris, no. 3633), 20-week-old Cx3cr 19+ mice
received an intraperitoneal injection of 100 pl of vehicle (distilled water)
or AMPCP (10 mg/kg) 5 days per week for 4 weeks. Eight-week-old
ADLPAPPPS! mice received an intraperitoneal injection of 100 pl of
vehicle (distilled water) or AMPCP (10 mg/kg) 5 days per week for
8 weeks to examine the change in amyloid pathology.

Live imaging using in vivo two-photon laser

scanning microscopy

All animal studies and maintenance were approved by the Institu-
tional Animal Care and Use Committee of Seoul National Uni-
versity, Korea. A thinned-skull window for live imaging was
prepared by first anesthetizing mice by intramuscular injection
of a tiletamine-zolazepam (Virbac) and xylazine (Bayer) mixture
(1.2 mg/kg). The scalp and periosteum were removed, and then the
skull was carefully thinned to a thickness of 15 to 20 pm using a mi-
crodrill. An LSM 7 MP system (Carl Zeiss) with a water-immersion
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objective lens (W Plan-Apochromat 20x/1.0 Differential Interfer-
ence Contrast (DIC) M27 70 mm; Carl Zeiss) and Chameleon Ul-
tra Titanium-Sapphire femtosecond laser (Coherent) was used for
live imaging with two-photon laser scanning microscopy. Microglial
green fluorescent protein signals were collected through a 500- to
555-nm Non-Descanned Detector (NDD) filter after excitation with
a 920-nm laser. Following ablation of a focal (15 pm in diameter)
brain region of interest by laser irradiation at a wavelength of 920
nm with 100% laser power, z-stack images (total depth, 50 pm; in-
terval, 1 pm) were obtained every 1 min for 30 cycles. Microglial
responses after laser ablation were analyzed as previously described
(25). Briefly, all z-stack images were projected onto a single plane,
and then two irradiated point-centered region of interest circles
(outer circle, 140 pm in diameter; inner circle, 70 pm in diame-
ter) were made on the plane. Response index at each time point
was calculated as (inner circle fluorescence intensity, — inner circle
fluorescence intensityg)/outer circle fluorescence intensity,. Two-
photon laser scanning microscopy images were processed and
analyzed using Volocity software (PerkinElmer).

Primary microglia culture

Primary microglial cells were prepared from newborn mouse pups
(postnatal day 1; C57BL/6 mice). Cortices and hippocampi were
scooped out from mouse pup brains and collected in ice-cold Hanks’
balanced salt solution. After the meninges were carefully removed,
the tissues were transferred to a 15-ml tube containing 3 ml of cul-
ture medium (DMEM containing fetal bovine serum and penicillin/
streptomycin). The contents were triturated using a fire-polished
Pasteur pipette and filtered through a 40-pm cell strainer. The
resulting cells in culture medium were plated on Poly-D-Lysine
(PDL)-coated T75 flasks, maintained in a 37°C, and humidified 5%
CO; incubator for 11 to 12 days. At 11 to 12 days in vitro, floating
microglial cells in T75 flasks were harvested and then replated at the
appropriate density on PDL-coated plates for experiments.
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Phagocytosis assay

Primary microglial cells (1.5 x 10° cells per well) were seeded into
each well of a 12-well tissue culture plate, incubated at 37°C, and
humidified 5% CO; incubator to stabilize and attach to the plate. To
determine the phagocytic activity of microglia, pHrodo iFL Red
(Thermo Fisher Scientific, P36014) was labeled for oligomer Af;_4,
according to the protocol provided by the manufacturer. After stabi-
lizing microglia, T3 was pretreated for 24 hours, followed by the treat-
ment of 4 uM pHrodo iFL Red-labeled oligomer Ap;_4, with vehicle
or 10 pM AMPCP for 24 hours. Since pHrodo iFL Red-labeled
oligomer Ap;_4, turned red fluorescence (excitation/emission =
544/570) in the acidic microenvironment inside the cell, integrated
red fluorescence intensity was recorded every hour for 24 hours by
Image ExFluorer (Live Cell Instrument).

Bulk RNA-seq

Total RNA was collected from fresh mouse primary microglial cells
from mice in vehicle and hypothyroidism groups and used to build
next-generation RNA-seq libraries. The libraries were prepared us-
ing the TruSeq Stranded mRNA LT Sample Prep Kit. The generated
libraries were sequenced on the Illumina Novaseq platform using
paired-end 101-base pair reads reaching more than 50 million.

The resulting RNA-seq data were aligned to the mm10 mouse refer-
ence genome and normalized to fragments per kilobase of transcript
per million mapped reads (FPKM) using RSEM-1.3.3. DEGs were
identified using the edgeR-3.36.0 R package. After filtering for
hypothyroidism-specific up-regulated and down-regulated genes with
P < 0.05 and log; fold change > 1, we identified 253 up-regulated and
133 down-regulated genes. The heatmap with FPKM z scores was
sorted according to the GSEA S2N score for DEGs |S2N]| > 1.3.

Single-cell RNA sequencing

Freshly isolated mouse hippocampi were dissociated into single cells
using the Miltenyi Adult Brain Dissociation Kit on a gentleMACS
Octo Dissociator with Heaters (37C ABDK 02 program). Dissoci-
ated cells were stained with the Fixable Viability Dye eFluor 660
(eBioscience), and viable cells free of debris were isolated using a BD
FACSAria cell sorter (BD Biosciences). Before creating GEM:s (gel-
bead-in-emulsions), a 10x 3’ CellPlex Kit was used to multiplex
all cells from four samples (CMO301, CM0O302, CMO303, and
CMO304). scRNA-seq libraries were constructed using the 10x
Chromium Next GEM Single Cell 3" Kit v3.1 and sequenced using
the Illumina NovaSeq platform.

CellRanger 6.0.1 was used to align scRNA-seq data to the mouse
reference genome mm10, and CellBender remove-background was
used to remove background ambient RNA. After creating an object
with Seurat 4.0.3 (57), cells with fewer than 500 genes or those with a
mitochondrial gene content greater than 5% were excluded. SCTrans-
form was used to normalize gene expression data, and all cells from the
four sample groups were integrated using the canonical correlation
analysis method. Cell types were determined by database-driven an-
notation using cell type-specific expression marker genes and the
single-cell Mouse Cell Atlas (scMCA 0.2.0) (58). Monocle3 1.0.0 (59)
calculates pseudotime for trajectory analysis of microglial cells.

Statistics

Data are presented as means + SEM. Data with P < 0.05 were
considered statistically significant. Two-tailed Student’s ¢ test,
one-way analysis of variance (ANOVA), and two-way ANOVA
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with Tukey’s post hoc test were performed in GraphPad Prism
version 8.0.

Study approval

All animal experiments were conducted in accordance with the
guidelines of and approved by the Institutional Animal Care and
Use Committee of Seoul National University (SNU-190729-1).
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