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Arnaud et al. show that human astrocytes

carrying the main genetic risk for

Alzheimer’s disease, namely APOE4, are

more prone to inflammation. They identify

TAGLN3 downregulation in astrocytes as

a mechanism underlying inflammatory

dysfunctions in APOE4 carriers. There-

fore, they highlight TAGLN3 as a target of

interest for anti-neuroinflammatory

strategies.
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SUMMARY
Apolipoprotein E4 (APOEε4) is the major allelic risk factor for late-onset sporadic Alzheimer’s disease (sAD).
Inflammation is increasingly considered as critical in sAD initiation and progression. Identifying brain molec-
ular mechanisms that could bridge these two risk factors remain unelucidated. Leveraging induced pluripo-
tent stem cell (iPSC)-based strategies, we demonstrate that APOE controls inflammation in human astro-
cytes by regulating Transgelin 3 (TAGLN3) expression and, ultimately, nuclear factor kB (NF-kB)
activation. We uncover that APOE4 specifically downregulates TAGLN3, involving histone deacetylases ac-
tivity, which results in low-grade chronic inflammation and hyperactivated inflammatory responses.We show
that APOE4 exerts a dominant negative effect to prime astrocytes toward a pro-inflammatory state that is
pharmacologically reversible by TAGLN3 supplementation. We further confirm that TAGLN3 is downregu-
lated in the brain of patients with sAD. Our findings highlight the APOE-TAGLN3-NF-kB axis regulating neuro-
inflammation in human astrocytes and reveal TAGLN3 as a molecular target to modulate neuroinflammation,
as well as a potential biomarker for AD.
INTRODUCTION

Apolipoprotein E (APOE) is primarily known as a key regulator of

lipid homeostasis, and, within the brain, it plays a critical role in

cholesterol and phospholipids transport to neurons. APOE exists

in three main isoforms in human (APOE2, APOE3, APOE4), with

astrocytes being the main source in the brain (Pitas et al., 1987).

The APOEε4 allele is by far the major genetic variant linked to

sporadic Alzheimer’s disease (sAD) (Corder et al., 1993; Kunkle

et al., 2019). APOE4 has been previously involved in beta amy-

loid (Ab) plaque formation (Liu et al., 2017; Huang et al., 2017),

tau-mediated neurodegeneration (Shi et al., 2017; Wang et al.,

2021), and blood-brain-barrier breakdown (Montagne et al.,

2021), three of the major hallmarks of AD. Chronic neuroinflam-

mation is another key feature in AD, and the APOEε4 allele was

found to correlate with reactive gliosis in the AD brain (Zhu

et al., 2012). Overall, a large body of evidence has progressively

unveiled pleiotropic functions for APOE that are linked to AD pa-

thology (Huang andMahley, 2014), including in inflammation (Yin

et al., 2019; Rodriguez et al., 2014; Shi and Holtzman, 2018).

Indeed, studies have shown a cross-talk between APOE and in-

flammatory mediators such as cytokines (Zhang et al., 2011),

revealing an intricate APOE-mediated regulation of inflammatory
This is an open access article under the CC BY-N
and immune responses. Along this line, a recent study has re-

vealed that the APOEε4 allele primes microglial cells toward a

pro-inflammatory state in normal aging as well as in AD

(Serrano-Pozo et al., 2021). However, despite progresses, the

mechanisms by which APOE variants may affect the control of

inflammation in the brain are scarce (Yin et al., 2019). More spe-

cifically, the precise role of APOE4 in astrocytes and its mecha-

nistic connection to pathological neuroinflammation remain

unclear. Thus, identifying mechanisms underlying early astro-

cytic inflammatory dysfunctions in APOEε4 carriers may unveil

pathogenicmolecular events thatmight shed lights on the critical

role of changes in brain immune competence and their link to AD

initiation/progression.

Neuroinflammatory changes are among the earliest brain

manifestations in AD (Schöll et al., 2015), even before the onset

of Ab accumulation, and are increasingly considered as critical in

pathogenesis initiation and progression (Dominy et al., 2019;

Kinney et al., 2018). Further supported by converging genetic

data linking an increased AD risk to inflammatory-related genes,

neuroinflammation has therefore emerged as one of the possible

drivers supporting plaque formation in the brain of patients with

AD (Blasko et al., 1999; Sutinen et al., 2012). Moreover, a recent

study has demonstrated a role for microglial nuclear factor kB
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(NF-kB) signaling in mediating tau spreading and toxicity in tau-

opathy (Wang et al., 2022). Beside genetic factors, aging is the

main risk factor in AD, and immune changes brought on by

age advancement such as immunosenescence and inflammag-

ing are linked to AD pathology (Martorana et al., 2012). Yet, the

mechanisms of pathogenic inflammation in the brain remain

largely unknown. Consequently, identifying the early drivers of

altered brain immune responses remain an urgent research

need, owing to the potential to identify therapeutic targets. To

do so, however, the prevailing neuron-centric view in AD, based

on the dominant amyloid hypothesis (Selkoe and Hardy, 2016),

has to be shifted to one that also considers the contribution of

glial cells, the major cell contributors to neuroinflammation. As-

trocytes are numerous and are, functionally, an important glial

cell type in the brain but were long neglected in neurodegenera-

tive studies, though they have gained increased interest (Arranz

and De Strooper, 2019; Wang et al., 2021). Astrocytes provide

homeostatic control to the brain (Verkhratsky and Nedergaard,

2018), support neuronal functions, maintain blood-brain-barrier

integrity, and also regulate innate and adaptive immune re-

sponses in the central nervous system (CNS) (Giovannoni and

Quintana, 2020). Morphology changes in astrocytes have long

been observed in the context of neurodegenerative diseases

and linked to inflammatory responses (Sofroniew and Vinters,

2010). Moreover, the critical role of reactive astrocytes in AD

and their relevance as cell targets for therapeutic intervention

were demonstrated in AD mouse models (Ceyzériat et al.,

2018; Furman et al., 2012). Therefore, mechanistic understand-

ing on the astrocytic pathways controlling inflammation might

be of critical interest to intervene therapeutically in AD.

Given the differences between human and rodent astrocytes

(Zhang et al., 2016), it is becoming urgent to get a more compre-

hensive understanding on how APOE4 could affect inflammatory

responses from human astrocytes. Patient-specific induced

pluripotent stem cells (iPSCs) with AD-linked polymorphisms at

risk for AD, together with gene-editing techniques, offer prom-

ising models for studying disease pathogenesis in relevant cell

types, including human astrocytes (Lin et al., 2018). Leveraging

these technologies, we found that APOE4 iPSC-derived astro-

cytes exhibit a higher basal expression of inflammation-related

genes and an enhanced inducibility in response to cytokines

when compared with their APOE3 counterparts. We found that
Figure 1. hiPSC-derived APOE4 astrocytes display an exacerbated infl

hiPSCs from a non-demented (ND) control donor and patients with sporadic Alzh

3], n = 1), [APOE3/E4] ([3/4], n = 3), and [APOE4/E4] ([4/4], n = 1), were differentia

MCP-1, and TNF-a). Twenty-four h after the stimulus (Stim), cell lysates and sup

(A) Scheme depicting the experimental paradigm. Top inserts show immunostain

positive astrocytes (green, top right) counterstained with the actin filaments mar

(B) Western blot validating the APOE expression (lysates) in patient-specific hiPS

(C) Quantification of IL6, IL8, IL1B, and CCL2 mRNA levels, using qPCR analyse

(D) Representative western blots for IL-6 production (supernatants) from patient-

(E) Secreted levels of IL-6, quantified by relative intensities, from western blot an

(F) Absolute quantification of secreted IL-6 and IL-8 by ELISA.

(C–F) In all assays, one [3/3], three [3/4], and one [4/4] lines were analyzed, with

genotype/experimental condition indicates the total number of independent batc

using one-way ANOVA followed by post hoc Tukey’s test (C) or Dunnett’s test (E a

50 (top left insert) and 25 mm (top right insert).

For additional data and controls, see also Figure S1.
APOE4 causes negative dominance on APOE3 to establish a

pro-inflammatory disease phenotype in human astrocytes.

Furthermore, we identified the APOE-TAGLN3-NF-kB axis that

is dysregulated in astrocytes from patients with AD carrying

the APOEε4 allele. Indeed, in APOE4 astrocytes, we found that

TAGLN3 downregulation exacerbates inflammation through

NF-kB activation, which led us to identify TAGLN3 as an interact-

ing partner of IkBa. Further investigations demonstrate that such

a downregulation is under the control of APOE4-dependent his-

tone deacetylase (HDAC) activity. We showed that pharmaco-

logical interventions at different levels of this regulatory axis of

the brain immune system, including TAGLN3 supplementation,

can rescue the disease phenotype observed in astrocytes. We

next confirmed that TAGLN3 was downregulated in the brain

of APOEε4 carriers but also found similar results in the brain of

patients with non-APOEε4 sAD. The description of this altered

neuroinflammatory regulatory axis suggests TAGLN3 as a lead

candidate to prevent the risk for AD-like brain damages caused

by inflammatory dysfunctions.

RESULTS

APOEε4 carriers display a pro-inflammatory phenotype
in patient-specific hiPSC-astrocytes
Tofirstdeterminewhethercarrying theAPOEε4allelecanaffect in-

flammatory-associated functions in human astrocytes, we used

multiple human iPSC (hiPSC) lines derived from patients with

sADand non-demented (ND) controls. Human iPSC lines present-

ingdifferentAPOEgenotypes, including [APOE3/E3], [APOE3/E4],

and [APOE4/E4] (Figures 1A,S1A, andS1B; TableS1),werediffer-

entiated into neural progenitor derivatives prior to generating

astrocyte-like cells (Tcwet al., 2017) (Figure 1A). Successful differ-

entiation and high purity of cultures was validated by the expres-

sion of a set of astrocytic markers (GLAST, GFAP, VIMENTIN,

AQUA4, CD44), along with the absence of cells expressing the

neuronal markers NEUN and TUJ1 (Figures 1A, S1C, and S1D).

Importantly, immunoblotting analysis revealed that hiPSC astro-

cytes produce the APOE (Figure 1B). Differentiated astrocytes

were then challenged with a cocktail of pro-inflammatory cyto-

kines (interleukin-1b [IL-1b], MCP-1 and tumor necrosis factor

alpha [TNF-a]), representative ofmicroglia-secreted inflammatory

mediators in AD (Wang et al., 2015) (Figure 1A). Demonstrating
ammation

eimer’s disease (sAD), carrying different APOE polymorphisms [APOE3/E3] ([3/

ted into astrocytes prior to challenging with a pro-inflammatory cocktail (IL-1b,

ernatants were analyzed for inflammatory mediators.

ings against the NANOG pluripotency marker (purple, top left) and ALDH1L1-

ker PHALLOIDIN (white) and the Hoechst blue nuclei marker (blue).

C astrocytes. ACTIN was used as loading control.

s, from multiple patient-specific astrocytes.

specific astrocyte cultures. Ponceau staining was used as loading control.

alyses.

2–8 independent batches of differentiation for each line. The ‘‘n’’ under each

hes of differentiation analyzed and pooled. Data are presented as mean ± SEM

nd F). In (E), A.U. stands for arbitrary units (see STARMethods). Scale bars: (A),
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responsiveness to this cytokine-based cocktail, and thus astro-

cyte activation, a gene-expression profile highlighted the upregu-

lation of all four pre-selected and key pro-inflammatorymediators

we chose to analyze, namely IL6, IL8, IL1B, andCCL2 (Figure 1C).

Most interestingly, our data highlighted significantly higher levels

of these genes in an APOE4-dependent manner (Figure 1C). Of

importance, IL-6 and the IL-8 (not included in our cocktail) have

been linked to the AD pathology in humans (Hull et al., 1996; Hu

et al., 2019), which led us to mainly focus our analyses on these

two pro-inflammatorymediators for the rest of our study.Western

blottingandELISAon IL-6and IL-8 further confirmed their upregu-

lation at the protein level (Figures 1D–1F). As per RNA analyses,

upregulated protein levels were directly correlated to APOE4,

following a rank potency order of [APOE4/E4] > [APOE3/

E4] > [APOE3/E3] (Figures 1D–1F). Of note, for several of the

analyzed inflammatory mediators, APOE4 astrocytes demon-

strated higher basal cytokine levels when compared with APOE3

astrocytes (Figure 1C). Of note, [APOE4/E3] astrocytes derived

from an ND control individual showed cytokine levels similar to

those obtained from patients with sAD (Figure S1E). These results

suggested that the differential efficacy in the inflammatory

response was dependent on APOE and not influenced by the

ADstatus. Further supporting theseobservations, [APOE3/E3] as-

trocytes from a patient with sAD showed an overall reduced in-

flammatory response compared with sAD APOE4 carriers (Fig-

ure S1E). Altogether, this suggests a central role for APOE in

modulating inflammation in human astrocytes.

APOEε4 knockin and APOE knockout drive a pro-
inflammatory phenotype in human astrocytes
When using patient-specific iPSCs as a modeling strategy to

study the specific action of a given protein in human cell deriva-

tives, one must consider the possibility that the genetic diversity

from each individual could bring confounding factors on a given

process. Therefore, to unequivocally investigate the role of

APOE in controlling astrocytic inflammatory responses, we

leverage the power of CRISPR technologies. We generated

[APOE4/E4] knockin (KI) and APOE knockout (KO) isogenic

clones (n = 3 clones/line) from [APOE3/E3] hiPSCs derived from

an ND donor and from a patient with sAD (Figures 2A and S2).

Sanger sequencing analyses confirmed the absence of mutation

in predicted off-target sites (Table S2). We confirmed that the kar-

yotypes of the edited [APOE4/E4]-KI clones were normal (Fig-

ure S2E). The edited lines maintained the typical hallmarks of

iPSCs as confirmed by the expression of pluripotency markers

in [APOE4/E4]-KI lines (Figure S2F). As before, isogenic

[APOE4/E4]-KI astrocytes demonstrated increased cytokine

levels at both RNA and protein levels in either unstimulated or

stimulated conditions when compared with the control (Figures

2B, S3A, and S3C). This reinforced the notion that APOE3 con-

trols inflammation in astrocytes and indicated that the presence

of the APOEε4 allele leads to chronic inflammation. Of further in-

terest, we observed similar results from isogenic APOE-KO astro-

cytes, also displaying significantly higher basal release of pro-in-

flammatory mediators and greater responses upon stimulation,

as measured by IL-6 and IL-8 levels (Figures 2B, S3A, and

S3C). These data indicate that the effects observed in APOE4 as-

trocytes could be the result, at least in part, of a loss of homeo-
4 Cell Reports 40, 111200, August 16, 2022
static function. Importantly, our results were highly reproducible

between three independent genome-edited clones. This ruled

out possible off-target effects but also the possibility that the

pro-inflammatory phenotype we observed in patient-specific as-

trocytes was the result of a reminiscent disease state prior to

reprogramming. Of note, similar results were obtained from the

[APOE3/E3] sAD line and its isogenic APOE4 and APOE-KO

genome-edited clones, as demonstrated by significantly higher

IL-8 levels (Figure S3D). Together, these data position APOE as

a core regulator of inflammation in human astrocytes and demon-

strate that APOE4 confers a higher susceptibility to inflammation.

APOE4 acts through a dominant negative effect to
dysregulate inflammation in astrocytes
Our analyses in patient-specific astrocytes revealed that APOE4

homozygotes display greater inflammatory responses than

APOE4 heterozygotes (Figures 1C–1F). This suggested that the

presence of APOE3 together with APOE4 in astrocytes could

reduce, but not fully rescue, the pro-inflammatory effect of

APOE4 alone. Accordingly, we sought to determine whether

exogenous APOE3 could modulate the inflammatory response

from [APOE4/E4] astrocytes. First, cytokine-stimulated [APOE4/

E4] astrocytes were co-treated with an [APOE3/E3] astrocyte

conditioned medium prepared for either 72 or 168 h. Twenty-

four h after co-treatment, we could not detect a significant reduc-

tion of the inflammatory responses from APOE4/E4 astrocytes

(Figure S3E). We thought that this may be explained by the low

levels of secreted APOE3 found in the conditioned media at

1.28and3.06ng/mLafter 72and168h, respectively, asmeasured

by ELISA, which led us to use higher doses of APOE3 as a recom-

binant protein in the next series of experiments. Addition of re-

combinant APOE3 to the culture significantly reduced the release

ofboth IL-6and IL-8 from [APOE4/E4] astrocytesuponstimulation

(Figures 2C and 2D). The uptake of exogenous APOE3 by astro-

cytes upon supplementation in the serum-containing culture me-

dia was confirmed in a dose-dependent manner (Figure 2C).

Inversely, incubation of [APOE3/E3] astrocytes with human

APOE4 recombinant protein led to an exacerbated inflammatory

response upon stimulation (Figures 2E and 2F). Whereas APOE3

supplementation showed a dose-response anti-inflammatory ef-

fect in the tested range of concentrations—i.e., from 15 to

120mg/mL—thestrongpro-inflammatoryeffectofAPOE4was im-

mediate and reached a plateau from the first tested dose (i.e.,

15 mg/mL). In line with our previous observations highlighting the

role of the endogenous APOE independently of an AD back-

ground, these experiments further demonstrate the direct regula-

tion of inflammation by APOE3 and the exacerbated pro-inflam-

matory responses obtained in the presence of the APOE4

isoform. Implicit in these results is that APOE4 may act through

a dominant negative effect. To test this, we first identified that

exogenous application of APOE3 at high dosage (400 mg/mL)

could significantly rescue the loss of homeostatic function that

was observed in the absence of endogenous APOE, i.e., in

APOE-KO astrocytes (Figure 3A). Next, we applied a mixture of

both APOE4 and APOE3, at different concentration ratios, in

APOE-KO astrocytes. We observed that applying a 1:40 dose ra-

tio of amixtureofAPOE4andAPOE3could start recapitulating the

pro-inflammatory phenotype observed in APOE4 astrocytes as



Figure 2. CRISPR-Cas9 editing and pharmacological interventions reveal an APOE-dependent control of inflammation in human astrocytes

(A) Scheme depicting the experimental paradigm to generate isogenic controls, allowing the generation of [APOE4/E4]-knockin (KI) and APOE-knockout (KO)

hiPSCs from [APOE3/E3] hiPSC lines.

(B) Quantification by ELISA of the levels of IL-6 and IL-8 in the supernatants of astrocyte cultures from anNDdonor (ND-1 [3/3], n = 1) and its respective independent

KI (ND-1 Ki [4/4], n = 3 independent lines) and KO (ND-1 KO, n = 3 independent lines) isogenic control lines, with 4–10 independent batches of differentiation for each

line. The ‘‘n’’ under each genotype/experimental condition indicates the total number of independent batches of differentiation analyzed and pooled.

(C–F) Upon application of a pro-inflammatory Stim, APOE3 and APOE4 as recombinant proteins (APOE3-and APOE4-rec), were respectively applied on [APOE4/

E4]-KI (n = 3, independent lines) or [APOE3/E3] astrocytes (n = 1 line). Dose-response analyses were performed.

(C and D) Representative western blots (C) and quantification (D) of IL-6 and IL-8 from APOE3-rec-treated [APOE4/E4]-KI astrocytes (n = 4/dose, with 1 or 2 in-

dependent batches of differentiation/line).

(E and F) Representative western blots (E) and quantification (F) of IL-6 and IL-8 from APOE4-rec-treated [APOE3/E3] astrocytes (n = 3/dose, with 3 independent

batches of differentiation).

Data are presented as mean ± SEM using one-way ANOVA followed by post hoc Dunnett’s test (B, D, and F). In (D) and (F), A.U. stands for arbitrary units (see

STAR Methods).

For additional data and controls, see also Figures S2 and S3.
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shown by an increase of IL-6 and IL-8 levels (Figure 3B). We

observed that this pro-inflammatory effect was further exacer-

bated and significant at a 1:4 ratio (Figure 3B). Altogether, our

data demonstrate that APOE4 loses the regulatory function of

inflammation ascribed to APOE3but also interfereswith this func-

tion in heterozygous cells.

We next tested whether this dominant negative effect of

APOE4 could be due to its change of structure. To that end,

[APOE4/E4] astrocytes were incubated with the PH-002 com-

pound, a well-characterized APOE4-structure corrector that

converts APOE4 into an APOE3-like molecule (Chen et al.,
2012). We observed that PH-002 strikingly reduced the pro-in-

flammatory phenotype displayed by [APOE4/E4] astrocytes

(Figures 3C–3E). These data showed that APOE3 finely tunes

the inflammatory response from human astrocytes and that the

conformational change in APOE4 deregulates a control system

that is otherwise safeguarded by APOE3.

APOE4 enhances basal expression of cytokine target
genes toward higher NF-kB activity
Next, we sought to investigate the mechanisms by which APOE

regulates inflammation in human astrocytes by identifying genes
Cell Reports 40, 111200, August 16, 2022 5



Figure 3. Structure-dependent dominant negative effect of APOE4 on inflammation

(A) APOE-KO astrocytes (n = 2 or 3 independent lines) were co-treated with a pro-inflammatory cocktail (Stim) along with increasing concentrations of APOE3 as

recombinant protein (n = 3/dose, with 1 batch of differentiation/line). Twenty-four h later, the secreted levels of IL-6 and IL-8 were measured by ELISA.

(legend continued on next page)
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exhibiting differential expression between [APOE4/E4] and

[APOE3/E3]. To this end, we used our experimental paradigm

in isogenic hiPSC astrocytes to evaluate gene-expression

changes that were induced by the sole T > C substitution con-

vertingAPOE3 into APOE4. At first, we found 1,441 genes exhib-

iting a higher basal expression in [APOE4/E4] astrocytes than in

[APOE3/E3] astrocytes (Figure 4A). Among them, 286 (33%)

were found to be induced by our pro-inflammatory cocktail in

[APOE3/E3] astrocytes and 85 (23%) in stimulated [APOE4/E4]

astrocytes, while 272 genes (32% of the stimulated [APOE3/

E3] and 76%of the simulated [APOE4/E4] astrocytes) were com-

mon to both genotypes. Pathway analysis revealed an enrich-

ment for genes involved in cell cycle, cell division, the regulation

of the cell-cycle process, cytokine signaling in immune system,

and cellular responses to stress amongst the top 5 pathways

foundoverrepresented in [APOE4/E4]-KI astrocytes (FigureS4A).

Interestingly, a significant number of genes eliciting a higher

basal expression in [APOE4/E4] astrocytes was known to be

cytokine-targeted genes such as CCL2, CXCL1, CXCL2,

CXCL5, CXCL6, LIF, LY6E, MX1, and WARS (Table S3). In addi-

tion, we observed that genes such as REL, RELB, NFKB1,

NFKB2, and NFKBIA, all encoding several components of the

NF-kB pathway, were significantly upregulated in [APOE4/E4]

astrocytes (Table S3). Altogether, these data suggested that

APOE4 enhances inflammation via an increase of NF-kB activity.

Moreover, we noticed that 158 genes induced in both [APOE3/

E3] and isogenic [APOE4/E4] astrocytes exhibited no difference

in their basal expression. This set of genes included several

known cytokine-induced genes such as C1QTNF1, CCL20,

CCL5, CSF2, CXCL8, IDO1, LOXL2, MMP10, OASL, PTGS2,

SP100, STAT1, IFI6, MX2, and IRF7, suggesting their regulation

toward a mechanism independent of APOE.

These results prompted us to specifically analyze the effect of

the APOE genotype on the NF-kB signaling pathway. Protein an-

alyses on different NF-kBmembers, those found overexpressed

in [APOE4/E4] astrocytes, showed an overall tendency to be

higher in [APOE4/E4] astrocytes, thus confirming gene-expres-

sion data (Figures 4B and 4C). Indeed, nearly all the NF-kBmem-

bers we analyzed were found to be significantly increased in

APOE-KO astrocytes compared with APOE3/E3 in non-stimu-

lated conditions, whereas there were no significant differences

between APOE-KO and APOE4/E4 astrocytes. Importantly,

significantly higher levels of phosphorylated IkBa, the latter be-

ing the inhibitory regulator of NF-kB when non-phosphorylated,

were also observed in [APOE4/E4] and APOE-KO astrocytes

(Figures 4B and 4C). This further suggests a constitutive hyper-

active NF-kB pathway in APOE4-carrying astrocytes, possibly
(B) APOE-KO astrocytes (n = 2 or 3 independent lines) were co-treated with a pro-

recombinant protein), at different concentration ratios as indicated (n = 3/conditio

tested isogenic clones, the secreted levels of IL-6 and IL-8 were measured by EL

ment. Data are expressed as a percentage of the control condition.

(C and D) Along with their stimulation with a pro-inflammatory cocktail (Stim), [AP

structure corrector (PH-002, 100 mM) or its control vehicle. Representative wester

E4]-KI astrocytes (n = 3/condition, with 1 batch of differentiation/line).

(E) Quantification of the levels of IL-6 and IL-8 in the supernatants of [APOE4/E4]

ulation, as measured by ELISA (n = 5/condition, with 1–2 batches of differentiati

Data are presented as mean ± SEM using unpaired two-tailed Student’s t test (D

difference (LSD) test (A and B). In (D), A.U. stands for arbitrary units (see STAR M
due to a loss of homeostatic function. The levels of p50 and

p100, members of the canonical and non-canonical pathways,

respectively, were significantly increased in APOE-KO astro-

cytes (Figures 4B and 4C). Seemingly, the levels of p52, the

active derivative of p100, were also significantly increased

in both [APOE4/E4] and APOE-KO astrocytes (Figures 4B

and 4C). Nuclear fractionation experiments confirmed increased

nuclear translocation for p50 and p52 in [APOE4/E4] astrocytes,

which is known to trigger NF-kB activation (Figures S4B and

S4C). Immunostainings against p65 further confirmed these ob-

servations and revealed an overall higher nuclear translocation of

p65, including in its phosphorylated form, in [APOE4/E4] astro-

cytes (Figures 4D and S4D). Taken together, our data highlight

that activation of the NF-kB signaling pathway is a key driver

of APOE-mediated inflammatory responses.

APOE4 downregulates TAGLN3 to drive a pro-inflam-
matory signature in human astrocytes via NF-kB acti-
vation
We next used a text-mining-based software (Patatian and Ben-

ech, 2020) to investigate the correlations between APOE, inflam-

mation, and the genes differentially expressed in [APOE4/E4]

astrocytes, which could provide further insights on themolecular

mechanisms altered by APOE4. This approach led us to identify

a correlation with the reduced expression of Transgelin 3

(TAGLN3) in [APOE4/E4] astrocytes, a gene encoding the

TAGLN3 protein that is almost exclusively expressed in the

CNS (Ito et al., 2005). We focused our attention on TAGLN3 since

previous reports have associated an increase in inflammation

with reduced expression of its close homolog SM22a/TAGLN1

in APOE-null vascular smooth muscle cells (VSMCs) (Dai et al.,

2017; Shen et al., 2010). At the protein level, we confirmed that

TAGLN3 was readily detected in APOE3 astrocytes while barely

expressed in both [APOE4/E4] and APOE-KO isogenic astro-

cytes (Figures 5A, 5B, and S5A). Addition of exogenous

APOE3 to [APOE4/E4] astrocytes restored TAGLN3 levels in a

dose-dependent manner (Figures 5C and 5D) and was accom-

panied by a remarkable decrease of the IL-6 levels (Figure 5C),

the latter confirming our observations (Figures 2C and 2D).

Similar effects were observed with the PH-002 APOE4 structural

corrector, which significantly induced TAGLN3 expression in

[APOE4/E4] astrocytes (Figures 5E and 5F) accompanied by

reduced levels of p50 and p52 (Figures 5G and 5H). Of note,

since no previous data have ever been reported regarding

TAGLN3 expression in astrocytes, we investigated the localiza-

tion of this protein after cell fractionation. TAGLN3 was mainly

detected in the cytosol and the nucleus of hiPSC astrocytes
inflammatory cocktail (Stim) along with amixture of both APOE4 and APOE3 (as

n, with 1 batch of differentiation/line). Twenty-four h later, for each of the three

ISA and compared with their respective control condition, i.e., no APOE treat-

OE4/E4]-KI astrocytes (n = 3 independent lines) were treated with an APOE4-

n blots (C) and quantification (D) of IL-6 and IL-8 from PH-002-treated [APOE4/

-Ki astrocytes (n = 3 independent lines) treated with PH-002 24 h prior to stim-

on/line).

and E) or using one-way ANOVA followed by post hoc Fisher’s least significant

ethods).
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Figure 4. APOE4-dependent pro-inflammation involves NF-kB activity

(A) Venn diagrams depicting the distribution of upregulated (red circles, top) and downregulated (blue circles, bottom) genes according to their differential

expression between [APOE3/E3] (n = 1) and their [APOE4/E4]-KI isogenic astrocytes (n = 3 independent lines), either in unstimulated (no stim) or stimulated (Stim)

conditions. Fold change (FC) cut-offs used for analyses were R1.5 and %0.6 for 975 upregulated and downregulated genes, respectively.

(legend continued on next page)
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but not in the cytoskeleton and was barely detectable at the

membrane (Figure S5B). Altogether, these data demonstrated,

within human astrocytes, the existence of intracellular mecha-

nistic connections between APOE, the regulation of TAGLN3,

and NF-kB activity.

We next conducted rescue experiments to investigate

whether this APOE-TAGLN3 axis was responsible for controlling

inflammation in human astrocytes. Exogenous application of

TAGLN3 reduced the inflammatory response of [APOE4/E4] as-

trocytes (Figures 6A and S5C–S5E). Of importance, intracellular

levels of TAGLN3 were found concomitantly rescued in the

treated cells (Figures S5C and S5D), thus demonstrating that

exogenous TAGLN3 can be internalized by astrocytes. This

was also concomitant with a significant lower expression of

p50 and p52 subunits in a dose-dependent manner, ultimately

demonstrating that TAGLN3 controls the NF-kB pathway in hu-

man astrocytes (Figures 6B and 6C). Further supporting that

TAGLN3 negatively regulates inflammation in astrocytes, the

stimulation of APOE3 astrocytes also led to TAGLN3 downregu-

lation (Figure 6D). The latter suggested that pro-inflammatory re-

sponses from astrocytes involve the removal of TAGLN3-associ-

ated inhibition on the NF-kB activity. These data demonstrate

TAGLN3 repression as a molecular mechanism underlying neu-

roinflammation in astrocytes.

Next, we asked whether TAGLN3 regulation of NF-kB activity

could be mediated, at least partly, through IkBa, which is also a

cytosolic protein. To that end, we assessed TAGLN3 interaction

with IkBa by following thermal denaturation of TAGLN3 in the

presence of increasing concentrations of IkBa using differential

scanning fluorimetry (nanoDSF) (Garnier et al., 2017). The pro-

gressive increase of free TAGLN3 denaturation temperature

(Tm) from 56.8�C up to 61�C for TAGLN3 in the presence of

6-fold excess of IkBa unambiguously demonstrates the exis-

tence of such an interaction (Figure 6E). Fitting obtained data us-

ing a 1:1 model allowed us to estimate dissociation constant (KD)

of 10 mM. Thus, our results identified TAGLN3 as a functional

downstream effector of APOE that modulates the inflammatory

response as a regulator of NF-kB activity through its direct inter-

action with IkBa.

Downregulation of TAGLN3 mediates through histone
deacetylation in APOE4 astrocytes
Next, we sought to identify upstream mechanisms by which

APOE4 could regulate TAGLN3 expression. Previous reports

have shown that SM22a/TAGLN transcription, in response to

transforming growth factor b1 (TGF-b1), is dynamically regu-

lated by changes in the histone acetylation state (Qiu et al.,

2006). Histone acetylation levels at a gene regulatory sequence

can be modified by HDACs that are therefore considered epi-
(B and C) Representative western blots (B) and quantitative analyses (C) for diffe

(ND-1 [3/3], n = 1) and their respective isogenic [APOE4/E4]-KI (ND-1 KI [4/4], n =

terparts, with 3–6 independent batches of differentiation for each line. Cells were e

‘‘n’’ under each genotype indicates the total number of independent batches of

(D) Representative images of [APOE3/E3] astrocytes and their respective [APOE

nostained against p65 (green). Nuclei were counterstained with Hoechst (blue) to

Data are presented as mean ± SEM using one-way ANOVA followed by post hoc

For additional data and controls, see also Figure S4.
genomic regulators involved in downregulating gene expres-

sion (Chen et al., 2015). Noticeably, previous data have shown

that APOE4 increases nuclear translocation of HDACs (Sen

et al., 2015). Moreover, several HDACs were found to be

increased in APOE-KO mice models (Manea et al., 2020). Our

DNA microarray array also showed the upregulation of several

HDACs in [APOE4/E4] human astrocytes such as HDACs 1/6/7/

8/9/10, which was further confirmed by qPCR analyses for

most of these HDACs (Figure S6A; Table S3). These observa-

tions prompted us to test whether TAGLN3 downregulation in

APOE4 astrocytes could result from higher HDAC activity.

[APOE4/E4] astrocytes were stimulated and treated with Vori-

nostat (SAHA), a broad inhibitor of HDAC activity. We found

that TAGLN3 expression was significantly increased at both

genic and proteic levels (Figures 7A, 7B, and S6B). As ex-

pected, parallel downregulation of the IL-6 and IL-8 inflamma-

tory mediators was observed, ruling out a global non-specific

effect of HDAC inhibition (Figures 7C and S6B). Thus, APOE

could regulate TAGLN3 expression, at least partly, through

HDAC-mediated epigenomic regulation.

TAGLN3 downregulation is a common trait in brains
from patients with AD
Next, we measured TAGLN3 expression in hiPSC lines derived

from patients with sAD and ND controls. We confirmed that

TAGLN3 downregulation was strongly associated with the

APOE4 polymorphism (Figures 7D and S7A–S7D). Furthermore,

to unequivocally evaluate TAGLN3 as a potential target in AD, we

assessed TAGLN3 expression in postmortem human brain tis-

sues from patients with [APOE3/E3] and [APOE4/E4] sAD, as

well as from the brains of [APOE3/E3] ND controls (Figure 7E;

Table S4). Protein analyses revealed a significant TAGLN3

downregulation in the temporal cortex of patients with sAD

who carried the [APOE4/E4] genotype (Figures 7F and 7G), ulti-

mately confirming our initial discovery based on hiPSC astro-

cytes. Of further interest, we also found that TAGLN3 was signif-

icantly downregulated in the brain of aged patients with sAD

carrying the [APOE3/E3] genotype (Figures 7F and 7G). The latter

is parallel to our prior observation showing that, beside its

chronic downregulation in APOE4 astrocytes, TAGLN3 downre-

gulation canalso occur in a pro-inflammatory context (Figure 6D),

independently of APOE4. Taken together, our data could sug-

gest that the pro-inflammatory environment in the brain of

patients with late-stage AD might lead to TAGLN3 downregula-

tion and further contribute to exacerbated inflammation. Non-

exclusively, these data could also suggest that TAGLN3 downre-

gulation is an early marker of glial dysfunctions, either as a

consequence of a genetic trait or other factors such as aging,

thus conferring a greater susceptibility to develop AD.
rent members of the NF-kB pathway (as indicated) in [APOE3/E3] astrocytes

3 independent lines) and APOE-KO (ND-1 KO, n = 3 independent lines) coun-

ither treatedwith a pro-inflammatory cocktail (Stim+) or the control (Stim�). The

differentiation analyzed and pooled for each condition.

4/E4]-KI astrocytes, in unstimulated (�) and stimulated (+) conditions, immu-

help the visualization of nuclear translocation.

Dunnett’s test (C). In (C), A.U. stands for arbitrary units. Scale bars: (D) 10 mm.
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Figure 5. APOE4 downregulates TAGLN3 to

promote pro-inflammation in human astro-

cytes via NF-kB activity

(A and B) Representative western blots (A) and

quantification (B) of TAGLN3 from [APOE3/E3, n =

1], [APOE4/E4]-KI (n = 3 independent lines) and

[APOE]-KO (n = 3 independent lines) astrocytes

treated with a pro-inflammatory cocktail (Stim+)

or a control (Stim�). The ‘‘n’’ under each genotype

indicates the total number of independent batches

of differentiation analyzed and pooled for each

experimental condition.

(C and D) Representative western blots of TAGLN3

and IL-6 (C) and quantitative analyses (D) of

TAGLN3 from [APOE4/E4]-Ki astrocytes (n = 3 in-

dependent lines) co-treated with a pro inflamma-

tory Stim (Stim+) and the APOE3 recombinant pro-

tein (APOE3-rec) at different doses (n = 3/dose,

with 1 batch of differentiation/line).

(E–G) [APOE4/E4]-Ki astrocytes (n = 3 indepen-

dent lines) were co-treated with a pro-inflamma-

tory cocktail (Stim) and the APOE4-structure

corrector (PH-002, 100 mM), or its control vehicle,

24 h prior to being analyzed.

(E and F) Representative western blots (E) and

quantitative analyses (F) for TAGLN3 (n = 5/condi-

tion, with 1–2 batches of differentiation/line).

(G and H) Representative Western blots (G) and

quantitative analyses (H) for p50 and p52 (n = 3/con-

dition, with 1batch of differentiation/line).

Data are presented as mean ± SEM using one-way

ANOVA followed by post hoc Dunnett’s test (B and

D) or using unpaired two-tailed Student’s t test (F

and H). In (B), (D), (F), and (H), A.U. stands for arbi-

trary units (see STAR Methods).

For additional data and controls, see also Figure S5.
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DISCUSSION

APOE has been previously associated with both pro- and anti-in-

flammatory responses in various pathological contexts, high-

lighting its intricate roles on inflammation. Several pieces of evi-

dence have suggested that APOE4 confers a higher risk for

developingCNSdiseases through dysfunctions affecting the neu-

roinflammatorymechanisms inglial cells (Yin et al., 2019; Serrano-

Pozo et al., 2021; Tzioras et al., 2019; Guo et al., 2004), but the

exact mechanisms remained unclear. Our results demonstrate

the key role of APOE in modulating the inflammatory response in

human astrocytes and highlight the APOE4 variant as a key driver

of (1) low-grade chronic inflammation and (2) exacerbated re-

sponses to cytokine stimuli that recapitulate the AD environment.

Highlightinga regulatorymechanismofAPOEonNF-kB-mediated
10 Cell Reports 40, 111200, August 16, 2022
neuroinflammation, our data further sup-

port the importance of APOE in the control

of inflammation. In line with recent obser-

vations that demonstrate the key role of

APOE in the control of the complement

cascade (Yin et al., 2019), our results

show that APOE can achieve this critical

function through distinct and non-exclu-

sivemechanisms. Based on the described
repression of SM22/TAGLN expression in APOE-deficient mice

and the concomitant loss of its inhibitory effect on NF-kB activity

(Dai et al., 2017; Shen et al., 2010), we identified a brain-specific

member of the transgelin family, TAGLN3, as a target of APOE.

Indeed, we show that the APOE4-dependent repression of

TAGLN3 is a mechanism responsible for the increased basal

and cytokine-induced expression of inflammation-related genes

in human astrocytes, which involves the loss of regulation of the

NF-kB pathway. Accordingly, this mechanism could be of major

importance inmodulating the risk of ADsinceNF-kBhas emerged

as a regulator of aging and its over-activation was described in a

number of age-associated diseases (Tilstra et al., 2011). Impor-

tantly, we also showed that TAGLN3 downregulation is not exclu-

sively driven by APOE4, as thiswas also found in the brain of aged

patients with sAD, independently of the APOE4 genotype. Thus,



Figure 6. TAGLN3 exerts a control of inflam-

mation in human astrocytes by interacting

with IkBa to negatively regulate NF-kBactiv-

ity

(A) Quantification by ELISA of IL-6 and IL-8 from

stimulated [APOE4/E4]-Ki astrocytes (n = 3 inde-

pendent lines) co-treated with two different doses

of TAGLN3 (5 and 20 mg/mL), as recombinant pro-

tein (TAGLN3-rec) (n = 5/dose, with 1–2 indepen-

dent batches of differentiation/line).

(B and C) Representative western blots (B) and

quantitative analyses (C) of P50 and P52 from

[APOE4/E4]-Ki astrocytes (n = 3 lines) co-treated

with a pro inflammatory Stim (Stim+) and the

TAGLN3 recombinant protein (TAGLN3-rec) at

different doses (n = 4–6/dose, with 1–2 indepen-

dent batches of differentiation/line).

(D) Quantification of TAGLN3 from stimulated and

non-stimulated [APOE3/E3] astrocytes by western

blot analysis (n = 7 independent batches of differ-

entiation).

(E) Denaturation temperature (Tm) of TAGLN3 in the

presence of increasing concentrations of IkBa (0–

40 mM)wasmeasured using nanoDSF (black dots).

Data were fitted (solid line) using one-t-one binding

model. Data are presented as mean ± SEM using

one-way ANOVA followed by post hoc Dunnett’s

test (A and C) or using unpaired two-tailed Stu-

dent’s t test (D). In (C) and (D), A.U. stands for arbi-

trary units (see STAR Methods).
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TAGLN3downregulationmayalsobedrivenbyothermechanisms

brought on by age advancement. For example, we showed that

TAGLN3 expression is reduced in cytokine-stimulated APOE3 as-

trocytes, thus suggesting that TAGLN3 repression may also be

representative of a chronic inflammatory state. Taken together,

these data suggest that TAGLN3 downregulation in human astro-

cytes might be an important mechanism underlying age-associ-

ated changes in brain. Thus, TAGLN3 downregulation in astro-

cytes might be a bridging molecular mechanism underlying

APOE4- or aging-associated alterations affecting neuroinflamma-

tory functions in astrocytes. This might participate to predispose

the brain to a higher risk of developing neuronal-associated path-

ological phenotypes through chronic and/or excessive production

ofpro-inflammatorymediators in response to inflammatoryevents
C

throughout life. In the future, it would be

interesting to evaluate whether TAGLN3

downregulation in APOEε4 carriers accel-

erates the pace of biological neuroimmune

aging, which may have major implications

in AD and other age-related disorders, as

recently described (Elliott et al., 2021;

Cullen et al., 2021). Furthermore, APOE4

could also negatively impact on the wors-

ening of the disease by other pathological

mechanisms such as amyloidogenesis

and tauopathy in AD, as already described

(Liu et al., 2017; Shi et al., 2017). Previous

studies have demonstrated that the

APOE4 structure is involved in changes
related to these two pathological hallmarks in AD, which can be

ameliorated with the use of an APOE4-structure corrector, PH-

002 (Chen et al., 2012). Thus, the Huang laboratory showed that

the use of PH-002 lowers Ab production and the levels of phos-

phorylated tau in APOE4 hiPSC neurons, as well as reduces

GABAergic neuron degeneration (Wang et al., 2018). Supporting

further the critical role of the APOE4 structure in the pathology,

our data showed that PH-002 can also rescue the pro-inflamma-

tory phenotype observed in astrocytes. This suggests that the

conformational structure of APOE4 also determines functional

changes driving inflammation in astrocytes, but the exact mecha-

nism(s) remained yet undetermined. These results pave the way

toward correcting the pathogenic confirmation of APOE4 as an

approach to modulate multiple and key pathological processes,
ell Reports 40, 111200, August 16, 2022 11



Figure 7. TAGLN3 downregulation, a feature found in human AD brains, involves HDACs activity in APOE4 astrocytes

(A and B) [APOE4/E4]-Ki astrocytes (n = 3 independent lines) were treated with the broad-spectrum HDAC inhibitor SAHA or with DMSO as control. Cells were

stimulated with a pro-inflammatory cocktail (Stim) and evaluated for TAGLN3, IL-6, and IL-8 expression. Representative western blots (A) and quantitative

(legend continued on next page)
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inmultiple cell types, forAPOE4-relatedADpathology. Altogether,

our studyemphasizes thenecessity for acritical reconsiderationof

the sequence of the events underlying pathogenesis, as early glial

cell dysfunctions could precede the toxic accumulation of Ab, at

least in some cases, and so the neuronal pathology.

TAGLN3 is a member of the transgelin family preferentially ex-

pressed in the CNS, but very little is known about its functions.

This protein shares homology with another transgelin member,

namely SM22a/TAGLN, which is abundant in VSMCs of verte-

brates (Lees-Miller et al., 1987). Although the role of TAGLN3 is

much less documented than TAGLN2 and SM22a/TAGLN,

they all belong to the calponin family and could be involved in

cytoskeleton organization as actin-binding proteins (Thompson

et al., 2012; Fu et al., 2000). Current knowledge on TAGLN3,

also known as neuronal protein 22 (NP22), are strictly limited to

a possible role in neuronal architecture through its domains,

consistent with those of cytoskeletal-interacting proteins (Depaz

and Wilce, 2006; Depaz et al., 2005). A role for TAGLN3 on the

astrocyte architecture cannot be excluded and will require

further investigations. This is of utmost importance considering

the role of the cytoskeletal machinery behind the dynamic shape

changes of astrocyte morphology that drive tissue remodeling

during pathogenic processes (Schiweck et al., 2018). However,

this is unlikely, as we found TAGLN3 in the cytosol and the nu-

cleus of astrocytes but not in the cytoskeleton, suggesting that

TAGLN3may have different functions in neurons and astrocytes.

Interestingly, we showed that exogenous application of TAGLN3

could rescue the disease phenotype observed in APOE4 astro-

cytes. Therefore, and considering the cross-talk between astro-

cytes and neurons, it would also be interesting to evaluate

whether neuronal TAGLN3 could be released and impact astro-

cytes. Up to now, no previous functions had ever been ascribed

to TAGLN3 in astrocytes. In this study, we identified TAGLN3 as

a regulator of inflammation in astrocytes. The inhibitory effect of

TAGLN3 on NF-kB activity can be deduced from reports high-

lighting the role of SM22 in its inhibition at the periphery (Dai

et al., 2017; Shen et al., 2010). The protein-ligand interaction

we showed between TAGLN3 and IkBa suggests that TAGLN3

may play an important role to negatively regulate NF-kB activity

in human astrocytes. We also identified TAGLN3 as a main pro-

tein downstream of APOE, involving a control through HDAC ac-

tivity, enabling the modulation of the inflammatory responses

from human astrocytes. Herein, we demonstrate that APOE4-
analyses (B) for TAGLN3 (n = 4/condition, with 1–2 independent batches of differe

batches of differentiation/line).

(C) IL-6 and IL-8 levels were assessed by ELISA from the supernatants of the diffe

ferentiation/line).

(D) Graph chart showing quantitative measurements from western blot analyses

notypes. Astrocytes from one [APOE3/E3], three [APOE3/E4], and one [APOE4/E

entiation for each line (n = 3, 9, and 3, respectively).

(E) Illustration depicting the experimental procedure used to analyze the TAGLN3

for AD (non-AD, [APOE3/E3] n = 6) or diagnosed for AD (sAD, [APOE3/E3] n = 6

(F and G) Representative western blot (F) and quantitative analysis (G) for TAGLN3

aforementioned. For each APOE genotype, 2–3 independent technical replicates

cates the total number of independent replicates analyzed and pooled. Of note,

Data are presented as mean ± SEM using unpaired two-tailed Student’s t test (B a

(D), and (G), A.U. stands for arbitrary units (see STAR Methiods).

For additional data and controls, see also Figures S6 and S7.
dependent repression of TAGLN3 was triggered by HDAC activ-

ities. Interestingly, HDAC expression was shown to increase with

age in the brain (Gilbert et al., 2019). This could place HDAC-

mediated epigenomic changes as a unifying mechanism be-

tween APOE4 and aging that might contribute to drive astroglial

immune dysfunctions, but at a different pace, and predispose

the brain for age-related disorders such as AD through

TAGLN3 repression.

Finally, our study revealed that pharmacological targeting of

TAGLN3 is a valid approach to modulate neuroinflammation in

astrocytes and probably a better approach as opposed to up-

stream modulation of APOE that has a broad spectrum of ac-

tions. Of utmost importance, combined with our in vitro obser-

vations, our data in human brain samples support TAGLN3

downregulation as a possible biomarker in AD. This is espe-

cially true if we consider that TAGLN3 has already been de-

tected in cerebrospinal fluid (CSF) (Guldbrandsen et al.,

2014). Indeed, monitoring TAGLN3 downregulation in individ-

uals could help identify early asymptomatic stages and/

or increased risk to develop the disease, as observed in

APOE4 carriers. Of further interest would be to evaluate

whether TAGLN3 levels correlate with different clinical stages.

Interestingly, a recent transcriptomic study with spatial resolu-

tion has identified TAGLN3 as a member of a new hub of

genes downregulated in the middle temporal gyrus in aged

patients with AD diagnosed at early stage (Braak III–IV) and

linked to glial cells (Chen et al., 2021). These recent data

further support the relevance of TAGLN3 downregulation as

an early bridging mechanism between aging, inflammation,

and AD pathology. This places TAGLN3 downregulation as a

potential biomarker to predict a risk for AD and will require

further investigations. In the future, developing TAGLN3-tar-

geting strategies could ultimately facilitate the development

of prophylactic therapies or early intervention in a stratified

population at risk for numerous age-related brain diseases.

Such an approach could lead to a first-in-class, far-reaching

therapeutic eventually benefiting APOEε4 carriers at least,

which represent nearly 15% of the worldwide population.

Limitations of the study
While we demonstrated that APOE4 drives a pro-inflammatory

phenotype in human astrocytes through TAGLN3 downregula-

tion, this study still has several limitations. First, our observations
ntiation/line), IL-6, and IL-8 expression (n = 5/condition, with 1–2 independent

rent cultures/conditions (n = 8/condition, with 2–3 independent batches of dif-

for TAGLN3 from multiple patient-specific astrocytes with different APOE ge-

4] patient-specific lines were analyzed, with 3 independent batches of differ-

expression from postmortem human brain samples as follows: not diagnosed

or [APOE4/E4] n = 4).

expression in the temporal cortex from the three different groups of patients as

from a same patient have been analyzed. The ‘‘n’’ under each genotype indi-

the indicated numbers referred to the unique sample ID from each patient.

nd C) or one-way ANOVA followed by post hoc Dunnett’s test (D and G). In (B),
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are mainly based on hiPSC-derived astrocytes, which may

require further validation from primary human astrocytes. More-

over, the hiPSC-based model we used does not reproduce the

entire brain complexity where astrocytes interact with numerous

other cell types, including neurons, which could participate to

modulate this phenotype. Second, even though we identified

the NF-kB activity as one of the mechanisms underlying the

pro-inflammatory phenotype in APOE4 astrocytes, we cannot

rule out that other mechanisms/pathways are also involved.

Deeper analyses of other signaling pathways found altered in

APOE4 astrocytes will help identify other pro-inflammatory

mechanisms. Third, the HDAC-mediated control of APOE on

the TAGLN3 expression was indirectly demonstrated. More

mechanistic studieswould be required to ultimately demonstrate

how the APOE4 isoform affects TAGLN3 expression through ep-

igenomic remodeling. Lastly, postmortem human brain analyses

were performed on temporal cortex. A more thorough analyses

on other brain regions would be required, and proteomic-based

approaches would be additionally recommended to validate

further our observations and investigate TAGLN3 as a biomarker

in AD.
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Cullen, N.C., Mälarstig, A.N., Stomrud, E., Hansson, O., and Mattsson-Carlg-

ren, N. (2021). Accelerated inflammatory aging in Alzheimer’s disease and its

relation to amyloid, tau, and cognition. Sci. Rep. 11, 1965. https://doi.org/

10.1038/s41598-021-81705-7.

Dai, X., Thiagarajan, D., Fang, J., Shen, J., Annam, N.P., Yang, Z., Jiang, H., Ju,

D., Xie, Y., Zhang, K., et al. (2017). SM22a suppresses cytokine-induced

inflammation and the transcription of NF-kB inducing kinase (Nik) by modu-

lating SRF transcriptional activity in vascular smooth muscle cells. PLoS

One 12, e0190191. https://doi.org/10.1371/journal.pone.0190191.

Depaz, I.M., andWilce, P.A. (2006). The novel cytoskeleton-associated protein

Neuronal protein 22: elevated expression in the developing rat brain. Brain

Res. 1081, 59–64. https://doi.org/10.1016/j.brainres.2006.01.126.

Depaz, I.M., de las Heras, R., Kroon, P.A., and Wilce, P.A. (2005). Changes in

neuronal protein 22 expression and cytoskeletal association in the alcohol-

dependent and withdrawn rat brain. J. Neurosci. Res. 81, 253–260. https://

doi.org/10.1002/jnr.20563.

Dominy, S.S., Lynch, C., Ermini, F., Benedyk, M., Marczyk, A., Konradi, A.,

Nguyen, M., Haditsch, U., Raha, D., Griffin, C., et al. (2019). Porphyromonas

gingivalis in Alzheimer’s disease brains: evidence for disease causation and

treatment with small-molecule inhibitors. Sci. Adv. 5, eaau3333. https://doi.

org/10.1126/sciadv.aau3333.

Elliott, M.L., Caspi, A., Houts, R.M., Ambler, A., Broadbent, J.M., Hancox, R.J.,

Harrington, H., Hogan, S., Keenan, R., Knodt, A., et al. (2021). Disparities in the

pace of biological aging among midlife adults of the same chronological age

have implications for future frailty risk and policy. Nat. Aging 1, 295–308.

https://doi.org/10.1038/s43587-021-00044-4.

Fu, Y., Liu, H.W., Forsythe, S.M., Kogut, P., McConville, J.F., Halayko, A.J.,

Camoretti-Mercado, B., and Solway, J. (2000). Mutagenesis analysis of human
SM22: characterization of actin binding. J. Appl. Physiol. 89, 1985–1990.

https://doi.org/10.1152/jappl.2000.89.5.1985.

Furman, J.L., Sama, D.M., Gant, J.C., Beckett, T.L., Murphy, M.P., Bachstet-

ter, A.D., Van Eldik, L.J., and Norris, C.M. (2012). Targeting astrocytes amelio-

rates neurologic changes in a mouse model of Alzheimer’s disease.

J. Neurosci. 32, 16129–16140. https://doi.org/10.1523/JNEUROSCI.2323-

12.2012.

Garnier, C., Devred, F., Byrne, D., Puppo, R., Roman, A.Y., Malesinski, S., Go-

lovin, A.V., Lebrun, R., Ninkina, N.N., and Tsvetkov, P.O. (2017). Zinc binding to

RNA recognition motif of TDP-43 induces the formation of amyloid-like aggre-

gates. Sci. Rep. 7, 6812. https://doi.org/10.1038/s41598-017-07215-7.

Gilbert, T.M., Z€urcher, N.R., Catanese, M.C., Tseng, C.-E.J., Di Biase, M.A.,

Lyall, A.E., Hightower, B.G., Parmar, A.J., Bhanot, A., Wu, C.J., et al. (2019).

Neuroepigenetic signatures of age and sex in the living human brain. Nat.

Commun. 10, 2945. https://doi.org/10.1038/s41467-019-11031-0.

Giovannoni, F., and Quintana, F.J. (2020). The role of astrocytes in CNS inflam-

mation. Trends Immunol. 41, 805–819. https://doi.org/10.1016/j.it.2020.07.

007.

Guldbrandsen, A., Vethe, H., Farag, Y., Oveland, E., Garberg, H., Berle, M.,

Myhr, K.-M., Opsahl, J.A., Barsnes, H., and Berven, F.S. (2014). In-depth char-

acterization of the cerebrospinal fluid (CSF) Proteome displayed through the

CSF Proteome resource (CSF-PR). Mol. Cell. Proteomics 13, 3152–3163.

https://doi.org/10.1074/mcp.M114.038554.

Guo, L., LaDu, M.J., and Van Eldik, L.J. (2004). A dual role for apolipoprotein E

in neuroinflammation: anti- and pro-inflammatory activity. J. Mol. Neurosci. 23,

205–212. https://doi.org/10.1385/JMN:23:3:205.

Hu, W.T., Howell, J.C., Ozturk, T., Gangishetti, U., Kollhoff, A.L., Hatcher-Mar-

tin, J.M., Anderson, A.M., and Tyor, W.R. (2019). CSF cytokines in aging, mul-

tiple sclerosis, and dementia. Front. Immunol. 10, 480. https://doi.org/10.

3389/fimmu.2019.00480.

Huang, Y., and Mahley, R.W. (2014). Apolipoprotein E: structure and function

in lipid metabolism, neurobiology, and Alzheimer’s diseases. Neurobiol. Dis.

72 Pt A, 3–12. https://doi.org/10.1016/j.nbd.2014.08.025.

Huang, Y.-W.A., Zhou, B.,Wernig,M., and S€udhof, T.C. (2017). ApoE2, ApoE3,

and ApoE4 differentially stimulate APP transcription and Ab secretion. Cell

168, 427–441.e21. https://doi.org/10.1016/j.cell.2016.12.044.

H€ull, M., Strauss, S., Berger, M., Volk, B., and Bauer, J. (1996). The participa-

tion of interleukin-6, a stress-inducible cytokine, in the pathogenesis of Alz-

heimer’s disease. Behav. Brain Res. 78, 37–41. https://doi.org/10.1016/

0166-4328(95)00213-8.

Ito, M., Depaz, I., Wilce, P., Suzuki, T., Niwa, S.i., and Matsumoto, I. (2005).

Expression of human neuronal protein 22, a novel cytoskeleton-associated

protein, was decreased in the anterior cingulate cortex of schizophrenia. Neu-

rosci. Lett. 378, 125–130. https://doi.org/10.1016/j.neulet.2004.12.079.

Jeong, J.-Y., Yim, H.-S., Ryu, J.-Y., Lee, H.S., Lee, J.-H., Seen, D.-S., and

Kang, S.G. (2012). One-step sequence- and ligation-independent cloning as

a rapid and versatile cloningmethod for functional genomics studies. Appl. En-

viron. Microbiol. 78, 5440–5443. https://doi.org/10.1128/AEM.00844-12.

Kinney, J.W., Bemiller, S.M., Murtishaw, A.S., Leisgang, A.M., Salazar, A.M.,

and Lamb, B.T. (2018). Inflammation as a central mechanism in Alzheimer’s

disease. Alzheimers Dement. 4, 575–590. https://doi.org/10.1016/j.trci.2018.

06.014.

Kunkle, B.W., Grenier-Boley, B., Sims, R., Bis, J.C., Damotte, V., Naj, A.C., Bo-

land, A., Vronskaya, M., van der Lee, S.J., Amlie-Wolf, A., et al. (2019). Genetic

meta-analysis of diagnosed Alzheimer’s disease identifies new risk loci and

implicates Ab, tau, immunity and lipid processing. Nat. Genet. 51, 414–430.

https://doi.org/10.1038/s41588-019-0358-2.

Lees-Miller, J.P., Heeley, D.H., and Smillie, L.B. (1987). An abundant and novel

protein of 22 kDa (SM22) is widely distributed in smooth muscles. Purification

from bovine aorta. Biochem. J. 244, 705–709. https://doi.org/10.1042/

bj2440705.

Lin, Y.-T., Seo, J., Gao, F., Feldman, H.M., Wen, H.-L., Penney, J., Cam, H.P.,

Gjoneska, E., Raja, W.K., Cheng, J., et al. (2018). APOE4 causes widespread
Cell Reports 40, 111200, August 16, 2022 15

https://doi.org/10.1016/S1474-4422(18)30490-3
https://doi.org/10.1096/fasebj.13.1.63
https://doi.org/10.1096/fasebj.13.1.63
https://doi.org/10.1186/s40478-018-0606-1
https://doi.org/10.1186/s40478-018-0606-1
https://doi.org/10.1038/nbt.1529
https://doi.org/10.1074/jbc.M111.276162
https://doi.org/10.1074/jbc.M111.276162
https://doi.org/10.1615/critrevoncog.2015012997
https://doi.org/10.1101/2021.07.07.451554
https://doi.org/10.1101/2021.07.07.451554
https://doi.org/10.1126/science.8346443
https://doi.org/10.1126/science.8346443
https://doi.org/10.1038/s41598-021-81705-7
https://doi.org/10.1038/s41598-021-81705-7
https://doi.org/10.1371/journal.pone.0190191
https://doi.org/10.1016/j.brainres.2006.01.126
https://doi.org/10.1002/jnr.20563
https://doi.org/10.1002/jnr.20563
https://doi.org/10.1126/sciadv.aau3333
https://doi.org/10.1126/sciadv.aau3333
https://doi.org/10.1038/s43587-021-00044-4
https://doi.org/10.1152/jappl.2000.89.5.1985
https://doi.org/10.1523/JNEUROSCI.2323-12.2012
https://doi.org/10.1523/JNEUROSCI.2323-12.2012
https://doi.org/10.1038/s41598-017-07215-7
https://doi.org/10.1038/s41467-019-11031-0
https://doi.org/10.1016/j.it.2020.07.007
https://doi.org/10.1016/j.it.2020.07.007
https://doi.org/10.1074/mcp.M114.038554
https://doi.org/10.1385/JMN:23:3:205
https://doi.org/10.3389/fimmu.2019.00480
https://doi.org/10.3389/fimmu.2019.00480
https://doi.org/10.1016/j.nbd.2014.08.025
https://doi.org/10.1016/j.cell.2016.12.044
https://doi.org/10.1016/0166-4328(95)00213-8
https://doi.org/10.1016/0166-4328(95)00213-8
https://doi.org/10.1016/j.neulet.2004.12.079
https://doi.org/10.1128/AEM.00844-12
https://doi.org/10.1016/j.trci.2018.06.014
https://doi.org/10.1016/j.trci.2018.06.014
https://doi.org/10.1038/s41588-019-0358-2
https://doi.org/10.1042/bj2440705
https://doi.org/10.1042/bj2440705


Article
ll

OPEN ACCESS
molecular and cellular alterations associated with Alzheimer’s disease pheno-

types in human iPSC-derived brain cell types. Neuron 98, 1141–1154.e7.

https://doi.org/10.1016/j.neuron.2018.05.008.

Liu, C.-C., Zhao, N., Fu, Y., Wang, N., Linares, C., Tsai, C.-W., and Bu, G.

(2017). ApoE4 accelerates early seeding of amyloid pathology. Neuron 96,

1024–1032.e3. https://doi.org/10.1016/j.neuron.2017.11.013.

Manea, S.-A., Vlad, M.-L., Fenyo, I.M., Lazar, A.-G., Raicu, M., Muresian, H.,

Simionescu, M., and Manea, A. (2020). Pharmacological inhibition of histone

deacetylase reduces NADPH oxidase expression, oxidative stress and the

progression of atherosclerotic lesions in hypercholesterolemic apolipoprotein

E-deficient mice; potential implications for human atherosclerosis. Redox Biol.

28, 101338. https://doi.org/10.1016/j.redox.2019.101338.

Martorana, A., Bulati, M., Buffa, S., Pellicanò, M., Caruso, C., Candore, G., and
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Emma-

nuel Nivet (emmanuel.nivet@univ-amu.fr).

Material availability
d Plasmids generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

d Any additional There are restrictions to the availability of original cell lines and their genome-edited version due to a Materials

Transfer Agreement that prohibits secondary distribution. However, the lead contact will take proper action to make the ma-

terial available on a request-basis, when permitted.

Data and code availability
d DNA microarray data have been deposited to the ArrayExpress database and are available to the public as of data of publica-

tion. The accession number is listed in the key resources table.

d This paper does not report any original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human iPS cells (hiPSC)
All hiPSC lines used in this study were purchased from the Coriell biorepository. The following cell line was obtained from the NIGMS

Human Genetic Cell Repository at the Coriell Institute for Medical Research [GM24666]. The following cell lines were obtained from

the CIRM iPSC Repository at the Coriell Institute for Medical Research [CW70019, CW50028, CW50052, CW50069, CW50082]. In-

formation about hiPSC lines are indicated in Table S1 and a certificate of analysis for each of these lines is available from suppliers. In

this study, patient/donor -specific hiPSCs carrying the sameAPOE genotypewere considered as biological replicates. All hiPSC lines

used in this study were obtained with approved MTAs from the Aix-Marseille University thus complying with all relevant ethical

regulations.

Human post-mortem brain tissues
Post-mortem human cortical brain tissue samples (temporal lobe) from 10 patients diagnosed for sAD and 6 control patients not diag-

nosed for AD were obtained from Neuro-CEB brain bank of Hôpital de la Pitié-Salpétrière (Paris, France) after informed consent of all

participants during their life and/or their legal guardians. Characteristics of the population of patients such as APOE genotype, sex,

age, post-mortem delay of storage and Braak stage are scoring bymembers of the Neuro-Ceb and listed in Table S4. All tissues were

obtained following informed consent, flash frozen at time of autopsy indicated in Table S4 and stored at�80�C until being processed

for analyses. All brain samples used in this studywere obtainedwith approvedMTAs from the Aix-Marseille University thus complying

with all relevant ethical regulations.
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METHOD DETAILS

Culture of human iPSC (hiPSC) lines
hiPSCs were cultured and maintained undifferentiated in a chemically defined growth media (StemMACSTM iPS-Brew XF medium;

Miltenyi Biotec, Paris, France) onto growth-factor-reduced MatrigelTM (Corning)-coated plates (8,6mg/cm2). In short, when reaching

70–80% confluency, hiPSCs were treated with an enzyme-free solution (hereafter referred as Gentle Dissociation Solution) contain-

ing 0.5 mM EDTA (Gibco, Thermofisher, Waltham, Massachusetts, USA), DPBS without Ca2+ and Mg2+ (Gibco) and 1.8 mg/mL NaCl

(Sigma-Aldrich, Saint-Louis, Missouri, USA). hiPSCs were incubated for 2 min in Gentle Dissociation Solution at Room Temperature

(RT). The colonies were then broken into small clusters and lifted carefully using a 5mL glass pipette at a ratio of 1:4.When necessary,

differentiated areas were removed from hiPSC cultures prior to passaging in order to maintain the cultures undifferentiated before

proceeding to their differentiation. hiPSC lines were maintained in an incubator (37�C, 5% CO2) with medium changes every day.

Differentiation of neural progenitors cells (NPCs) from hiPSCs
Human iPSCs were differentiated into neural progenitor cells (NPCs) following a monolayer culture method with a commercial dual

SMAD inhibition-mediated neural induction medium (STEMdiffTM SMADi Neural Induction Kit, Stem Cell Technologies, Vancouver,

Canada) based on a published protocol (Chambers et al., 2009). NPCswere obtained followingmanufacturer’s instructionswith slight

modifications. Undifferentiated cultures of hiPSCs were treated with Gentle Dissociation Solution for 4 min, then the solution was

removed, and cells were incubated in StemProTM AccutaseTM (Gibco) for 4 min. hiPSCs were then dislodged as single cell and trans-

ferred into Dulbecco’s Modified Eagle Medium (DMEM)/F12 (Gibco) supplemented with 20% KnockOutTM Serum Replacement

(Gibco). Then, cells were centrifuged at 200 x g for 5 min, resuspended in DPBS without Ca2+ and Mg2+, counted and centrifuged

once more at 200 x g for 5 min. Last, cells were resuspended in STEMdiffTM SMADi Neural Induction Kit + 10 mM Y-27632 (Tocris

Bioscience, Bristol, UK), a Rho-associated protein kinase inhibitor, plated onto growth-factor-reduced MatrigelTM-coated plates

(8.6mg/cm2) (320,000 cells/cm2) and maintained in an incubator (37�C, 5% CO2) with medium changes every day. Between 6

and 9 days after induction, cells were harvested as single cell using AccutaseTM, transferred into DMEM/F12 media, centrifuged at

200 x g for 5 min, resuspended in STEMdiffTM SMADi medium + 10 mM Y-27632, plated onto growth-factor-reduced MatrigelTM--

coated plates (270,000 cells/cm2) and maintained in an incubator (37�C, 5% CO2) with medium changes every day for 5 additional

days. Then, cells were passaged one more time following the same procedure. Five days after the last passage (i.e., between 16 to

19 days post-induction), differentiated cells were harvested as single cells using AccutaseTM, centrifuged at 200 x g for 5 min prior

to be resuspended in STEMdiffTM Neural Progenitor Medium (Stem Cell Technologies) and seeded onto growth-factor-reduced Ma-

trigelTM-coated plates (8.6mg/cm2) at 125,000 cells/cm2.Cellsweremaintained in an incubator (37�C, 5%CO2)withmediumchanges

every day and passaged with AccutaseTM when reaching 80–90% confluency. Of note, hiPSC-NPCs between passage 2 and 5 were

used for further maturation into astrocytes.

Differentiation of astrocytes-like cells from NPCs
hiPSCs-derivedNPCswere differentiated into astrocytes according to a previous protocol (Tcwet al., 2017). In short, NPCswere disso-

ciatedassingle cellwithAccutaseTMandseededat30,000cells/cm2ongrowth-factor-reducedMatrigelTM-coatedplates (8.6mg/cm2) in

astrocyte medium (ScienCell, Carlsbad, California, USA). Full medium changes were performed every 72 hours over a 30 day-differen-

tiation period. When cells reached 90–95%confluency (approximately 5–7 days after initial seeding), they were passaged as single cell

into astrocyte medium and cultured onto growth-factor-reduced MatrigelTM-coated plates (8.6mg/cm2) at 30,000 cells/cm2. For

passaging, hiPSC-astrocyteswere washedwith DPBSwithout Ca2+ andMg2+, incubated 5min with AccutaseTM, dissociated, washed

with DMEM/F12 prior to be centrifugated at 200 x g for 5 min and resuspended with astrocyte medium. From the next passage, differ-

entiated astrocytes were passaged at a 1:3 ratio on a weekly basis and expanded in astrocyte medium. Astrocytes between 35 and

45 days of differentiation were used throughout the study. Cells ongoing astrocyte differentiation were maintained in an incubator

(37�C, 5% CO2) with medium changes twice a week. Of note, in this study, for a given APOE genotype, each independent iPSC line

is a biological replicate and each batch of astrocytic differentiation from a given iPSC line - i.e. astrocytes generated from independent

differentiation onsets - is a technical replicate.

CRISPR/Cas9 gene correction
To enable deeper analysis of APOE4 effects on inflammation in human astrocytes, we used CRISPR/Cas9 gene editing to generate

[APOE4/E4]-Ki and APOE-KO isogenic clones (3 independent clones for each) from two different parental lines: a parental [APOE3/

E3] line derived from a ND control donor (ND-1) and a parental [APOE3/E3] line derived from a sAD patient (sAD-4) (Table S1).

Preparation of the CRISPR/Cas9-ApoE sgRNA plasmid

ACRISPR/Cas9-APOE sgRNA plasmid was prepared following a published protocol (Ran et al., 2013). Briefly, we designed a sgRNA

sequence within 20 nucleotides from the target site (exon 4, amino acid 112) selected with the Bioinformatic tool CRISPOR (crispor.

tefor.net). This sgRNA was chosen specifically to guide the Cas9 to cleave the double strand of DNA 3 base pairs upstream of a PAM

sequence that is near to the gene region responsible for the APOE4 polymorphism. The same sgRNA was used to generate [APOE4/

E4]-Ki and APOE-KO isogenic clones. The sgRNA sequence was as follows (5’>3’’): GCGGACATGGAGGACGTGTG (see also

Table S5).
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We used pSpCas9 (BB)-2A-Puro (PX459) V2.0 (Addgene plasmid # 62988, Addgene, Teddington, UK) and modified it to replace

the CMV promoter by the EF1 alpha promoter. The human EF1 alpha promoter was amplified from hiPSCs with the primers pAB01

and pAB02 (50-aattctgcagacaaatggctctagaGGCTCCGGTGCCCGTCAGTG-30 and 50-tccttatagtccatggtggcaccggTCACGACACCT

GAAATGGAAG-30), respectively (see also Table S5). The final product cAB03 (i.e., pX459-pEF1alpha) was then obtained by SLIC

method mixing the pX459 fragment and the EF1alpha PCR product as previously described (Jeong et al., 2012).

The sgRNA was cloned into the cAB03 open plasmid vector. For cloning, oligonucleotide pairs were hybridized with a buffer con-

taining Tris HCl (100 mM) and NaCl (500 mM) and placed in a thermocycler ramping from 95�C to 18�C at 0.05�C/s. cAB03 was

opened with BbsI (New England Labs Inc., Ipswich, Massachusetts, USA), then ligated with annealed oligonucleotides by incubating

with T4 DNA Ligase (New England Labs Inc.) 10 min at RT. The ligation product was transformed in competent bacteria DH5a (In-

vitrogen, Waltham, Massachusetts, USA) following manufacturer’s instructions. After incubation for 1 h at 37�C, the bacteria were

inoculated onto ampicillin-containing LB agar plates (100 mg/mL) and incubated overnight at 37�C. The next day, half of the bacterial

colonywas replated onto an ampicillin LB agar plate and the other half was extracted 10min at 95�C in a lysis buffer containing 20mM

Tris HCl, 2 mM EDTA and 1% Triton 100X (pH 8). Then, a PCR was performed to verify guide insertion, using primer Pr1127 (50-AC
TATCATATGCTTACCGTAAC-30, see also Table S5) that binds to the backbone and the reverse oligonucleotide used to insert the

sgRNA. The PCR product was put to migrate on a 2% gel to verify the insertion of the sgRNA (100 bp band) in the bacteria. One

or two positive clones were then sent for sequencing to confirm the presence of the sgRNA in the plasmid after miniprep extraction

(NucleoSpin� Plasmid kit, Macherey Nagel, Allentown, Pennsylvania, USA). A validated clone was then amplified, its DNA extracted

by midiprep (NucleoBond� Xtra Midi EF kit, Macherey), assayed and stored at �20�C.
Single-stranded OligodeoxyNucleotide (ssODN) design

We also designed single-stranded oligodeoxynucleotides (ssODN) to convert APOE3 to APOE4 with an editing site closed to the

PAM in order to prevent recurrent Cas9 cutting in edited cells. The sequence of the donor DNA (127 nucleotides) has been chosen

so that it contains the polymorphism site responsible for the APOE4 status (bold): GCGGACATGGAGGACGTGCG. Arms of homol-

ogy have been added on either side of this sequence to be complementary to the target region. The ssODN sequence was as follows

(5’>300): CCT GCA CCT CGC CGC GGT ACT GCA CCA GGC GGC CGC GCA CGT CCT CCA TGT CCG CGC CCA GCC GGG CCT

GCGCCGCCTGCAGCT CCT TGG ACAGCCGTGCCCGCG TCT CCT CCGCCACCGGGG TCAG. This ssODN sequence is also

listed in Table S5.

Electroporation

Undifferentiated hiPSCs were treated with Gentle Dissociation Solution for 4 min at RT. The Gentle Dissociation Solution was then

removed, and cells were treated with AccutaseTM for 4 additional minutes at 37�C. Cells were collected as single cells (i.e., dissoci-

ated colonies) and transferred into a tube containing a solution of DMEM/F12 supplemented with 20%of Knock-Out SerumReplace-

ment, using aminimum of 5 times the volume of AccutaseTM used for cell dissociation. Cells were centrifuged at 200 x g for 5min, the

cell pellet was washed with DPBS without Ca2+ and Mg2+. Cells were centrifuged one more time at 200 x g for 5 min. The cell pellet

was then re-suspended with the Resuspension Buffer R (NeonTM Transfection System 100 mL Kit, Invitrogen) to a final concentration

of 10,000 cells/mL. 100 mL of the cell suspension were transferred to a sterile 1.5 mL microcentrifuge tube and mixed with 4 mg of

sgRNA (generation of KO) or 4 mg of sgRNA along with 4 mg of ssODN (1:1 ratio). Cells were then electroporated with the NeonTM

Transfection System using the following parameters: 1,100V, 30 ms, 1 pulse. The electroporated cell suspension was then flushed

into 1 well of a 6-well Matrigel-coated plate containing StemMACSTM iPS-Brew XFmedium supplemented with 10 mMof Y-27632. Of

note, one well containing cells electroporated without plasmids was used as control to define the best time window at which the pu-

romycin treatment had to be stopped to select the electroporated cells. The next day, media was replaced with StemMACSTM iPS-

Brew XF medium supplemented with puromycin (1mg/mL) until all control electroprated cells died. Puromycin-resistant cells were

maintained in culture with iPS-Brew medium and changed every second day until clonal colonies could be observed.

Clone isolation and screening

Each individual colony (i.e., those arising from a single/isolated cell after antibiotic selection) was manually picked under a micro-

scope and cut in two halves: one half was used for genomic DNA extraction followed by PCR screening and the other half was slightly

dissociated by 2–3 up and down pipetting (using a 200 mL pipette tip) and plated back onto onewell of a 24-well Matrigel-coated plate

containing StemMACSTM iPS-Brew XF medium supplemented with 10 mM of Y-27632. Regarding the latter, each clone was main-

tained in culture until (in)-validation for the KO or Ki of interest as evaluated by PCR analysis.

For genomic DNA extraction, one half of each of the puro resistant/picked colonies was individually transferred into a 0.2 mL PCR

tube and centrifuged 5min at 300 x g. The supernatant was then removed, and the pellet washedwith 150 mL DPBSwithout Ca2+ and

Mg2+ and centrifuged 5min at 300 x g. The supernatant was removed and the cell pellet re-suspendedwith a 20 mLmix containing: 1X

of the 5X PrimeSTAR GXL Buffer (Clontech, Takara Bio, Shiga, Japan), proteinase K (0.167 mg/mL, Roche Diagnostics, Basel,

Switzerland) and ddH2O. DNA extraction was performed using a thermocycler with the following settings: 3 h at 55�C and 30 min

at 95�C. Then, a 20 mL PCR reaction was performed using 5 mL of the extracted genomic DNA and 15 mL of a PCR mix containing

1X of the 5X PrimeSTARGXL Buffer, PrimeSTARGXLDNA polymerase (0.25 U/10 mL), dNTPs (200 mMeach) and the specific primers

for each genotypic situation reported in Table S6; and PCR reaction was performed using the following PCR conditions: 1min at 94�C
for one cycle, then 10 sec at 98�C, 30 sec at 65�C, 45 sec at 68�C for 35 cycles and to finish, 5 min at 68�C for one cycle.

In the case of the screening of the KO clones, the PCR product was digested with the AflII enzyme (New England Biolabs, NEB,

Ipswich, Massachusetts, USA) whose recognition site is at the targeted cut-off site. Thus, if a clone was KO, the enzymewas not able
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to cut the DNA. In the case of KI clones, PCR screening was performed by dCAPS method(Neff et al., 1998) so that the PCR product

includes a recognition site for BssHII if and only if the expected gene editing is effective. The PCRproducts from each clonewere then

digested by BssHII, and the samples were deposited to migrate onto a 3% agarose gel and revealed to analyze the size of the am-

plicon for each individual clone.

Expected profiles:. - APOE-KO: screening with pEN23 and pEN24 primers (digestion with AflIII)
- For APOE- KO clones: 2 bands at 576 bp and 156 bp

- For WT clones: 1 band at 700 bp

- [APOE4/E4]-Ki: screening with APOE03 and APOE04 primers (digestion with BssHII)

- For edition into APOE4 homozygous: 2 bands at 101 bp and 51 bp

- For WT clones (APOE3): 1 band at 152 bp

The DNA of clones identified as possibly KO or Ki was purified using magnetic beads (AMPureXP, Beckman Coulter, Brea, Cali-

fornia, USA) and the samples were sequenced by the Sanger method. Analyses of Sanger traces were done using Snapgene soft-

ware. Briefly, sequences of KO or Ki PCR-based pre-selected clones were aligned with WT sequence to ultimately confirm the suc-

cessful edition to generate KO or Ki isogenic clones. Positives clones were kept, amplified and confirmed again by Western blot

analyses prior amplification for further experiments. A minimum of 3 independent clones for each of the edited hiPSC lines were pro-

duced to test inter-clone reproducibility of the results and so exclude biased results due to putative off-targets effects in a given

clone.

Karyotyping
Karyotyping was performed on actively dividing iPSCs, using standard RHG-banding protocols, in the Chromostem platform of the

University Hospital of Montpellier. After metaphase arrest induced by Colcemid, the cells were hypotonically shocked in 0.075MKCL

solution, fixed with methanol/acetic acid solution (3/1) and then dropped onto clean slides. At least 20metaphases were analyzed for

each cell lines using a conventional microscope and Ikaros software (Metasystems, Altlussheim, Germany).

Astrocytes treatment
For each experiment/condition involving a specific treatment (as described below), a nearly confluent culture of hiPSC-derived as-

trocytes was passaged at a 1:3 ratio and treatment was applied when the cell reached a 70% confluence (30–45 days of

differentiation).

Pro-inflammatory cocktail

Astrocytes were treated with a defined cocktail of pro-inflammatory mediators composed by three human recombinant proteins

TNF-a, MCP-1 and IL-1b with a concentration of 10 ng/mL each for 24 hours. Each of the three proteins were purchased from Pe-

protech and prepared according to the manufacturer’s instructions. All three proteins were resuspended in water and so water was

used as vehicle for control condition of this treatment.

APOE rescue experiments

For APOE rescue experiments, control [APOE3/E3] astrocytes or isogenic [APOE4/E4]-Ki cloneswere incubated for 24 hourswith the

pro-inflammatory cocktail and different doses (0, 15, 30, 50, 100 and 120 mg/mL) of APOE4 or APOE3, respectively, as human recom-

binant proteins (Peprotech, Rocky Hill, New Jersey, USA). APOE3 was resuspended in 20 mM Sodium Phosphate, pH 7.8; 0.5 mM

DTT and APOE4 was resuspended in water.

[APOE3/E3] conditioned media experiments

For astrocyte conditioned media experiments, control [APOE3/E3] astrocytes were maintained in culture for either 72h or 168h

without media changes. Of note the initial seeding density was calculated to have a nearly confluent culture at the time of collection.

Freshly collected medium was then applied on PBS-washed [APOE4/E4]-Ki astrocyte cultures and co-treated with the pro-inflam-

matory cocktail for 24h.

APOE4-structure corrector

To investigate the impact of APOE4-associated structural changes on inflammation, we incubated [APOE4/E4]-Ki astrocytes with

100 mM of a small molecule structure corrector for APOE4 named PH-002 (Chen et al., 2012) (Calbiochem, Sigma-Aldrich) during

24 hours, followed by a full medium change containing the pro-inflammatory cocktail plus a new fresh dose of PH-002 for additional

24 hours. PH-002 was resuspended in DMSO and so DMSO was used as vehicle for control condition of this treatment.

TAGLN3 rescue experiments

To confirm the impact of TAGLN3 on the inflammatory modulation, [APOE4/E4]-Ki astrocytes were incubated for 24 hours with the

pro-inflammatory cocktail and different doses (0.5 and 20 mg/mL) of TAGLN3 as human recombinant protein (Abcam, Cambridge,

UK) prior to be analysed. TAGLN3 was resuspended 0.02% DTT, 0.32% Tris HCl, 20% Glycerol, pH 8. The same buffer was used

as vehicle for control condition of this treatment.

HDAC inhibition experiments

In order to study the impact of HDAC inhibition on inflammation, we incubated astrocytes with the pro-inflammatory cocktail and

10 mM of SAHA (Vorinostat, Sigma-Aldrich) as a pan-histone deacetylase (HDAC) inhibitor. SAHA was resuspended in DMSO and

so DMSO was used as vehicle for control condition of this treatment.
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DNA microarray
Samples description

For DNA microarray analyses, hiPSC-derived astrocytes obtained from the differentiation of the hiPSC ND control line (CW70019),

which carries the [APOE3/E3] genotype, were used as control. From this hiPSC line, CRISPR-Cas9-based knock-In (KI) experiments

were performed to generate three independent clones (Clones #1, #2 and #3) carrying the [APOE4/E4] polymorphism as aforemen-

tioned. From each of these clones, independent cultures of hiPSC-derived astrocyte-like cells were generated, leading to three rep-

licates for the [APOE4/E4] genotype with a technical unicate for each clone. Considering the robustness and reproducibility of our

model, a technical unicate of the isogenic control line was used for microarray experiments. Each hiPSC-derived astrocyte cultures

were either treated for 24 h with the pro-inflammatory cocktail (described above) prior to harvesting the samples or placed in control

untreated conditions. Noteworthy, for those differentially expressed genes (APOE3/3 versus APOE4/4) we found of interest for this

study, we performed qPCR validations by using technical replicates from each biological replicate.

Samples preparation

The samples were selected for microarray analyses provided that they had an >8.0 RNA integrity number, a clear gel image and no

DNA contamination as shown by the histogram. Sample amplification, labelling, and hybridization essentially followed the one-colour

microarray-based gene expression analysis (low input quick amp labelling) protocol (version 6.5,May 2010) recommended by Agilent

Technologies (Santa Clara, California, USA). Then, 200 ng of each total RNA sample was reverse transcribed into cDNAs using the

oligo dT-T7 promoter primer. Labelled cRNAswere synthesized from the cDNAs. The reactionwas performed in a solution containing

a dNTPs mix, cyanine 3-dCTP, and T7 RNA Polymerase and was incubated at 40�C for 2 h. RNeasy mini spin columns from Qiagen

(Hilden, Germany) were used to purify the amplified cRNA samples. The cRNAs were quantified using a NanoDropTM Spectropho-

tometer version 3.2.1 (Thermo Fisher Scientific). Six hundred nanograms of cyanine 3-labelled, linearly amplified cRNAs were used

for hybridization. Hybridization on Human Gene Expression microarray slides (8360K v2 Microarray Kit (3 slides) G4858A-039494

G3, Agilent Technologies) containing 60,000 oligonucleotide probes was performed in a 65�C hybridization oven for 17 h at

10 rpm. The hybridized microarray slides were then washed according to the manufacturer’s instructions and scanned using an Agi-

lent Microarray Scanner with the Agilent Feature Extraction Software (Agilent Technologies). AgiND R package was used for quality

control and normalization. Quantile methods and a background correction were applied for data normalization. Microarray data are

available in the ArrayExpress database (164. ArrayExpress database. [www.ebi.ac.uk/arrayexpress]) under accession number E-

MTAB-9625.

Data analysis

Only genes whose intensity values were different from background were considered. Genes were selected according to a fold

change superior or equal to 1.5 for those upregulated and inferior or equal to 0.6 for those downregulated. Biological interpretation

of the data was performed using the Java/Perl software Predictsearch� (Laboratoire Genex [www.laboratoire-genex.fr]), which

has been previously described (Patatian and Benech, 2020). PredictSearch� is a powerful text mining software that identifies cor-

relations between genes and biological processes/diseases within all scientific publications, cited at least one gene or one of its

aliases in the PubMed database. The relevance of the functional correlations is supported by the Fisher test, which allows the

statistical analysis of co-citations. PredictSearch� software characterizes the pathways and functional networks in which the

selected genes found to be modulated are involved. Pathway analysis was performed using metascape (https://metascape.

org)(Zhou et al., 2019).

Total RNA isolation and quantitative real-time PCR analysis for mRNA expression
The total RNA was extracted from cultured cells with NucleoSpinTM RNA Plus (Macherey-Nagel), according to the manufacturer’s

recommendations. RNA concentration and purity were determined using a NanoDropTM-1000 Spectrophotometer (Thermo Fisher

Scientific). Single-stranded cDNAwere synthesized from 500 ng of RNA using High-Capacity RNA to cDNATM kit (Thermo Fisher Sci-

entific) suitable for quantitative PCR. RT-qPCR experiments were performed with the 7500 Fast Real-Time PCR System (Applied

Biosystems/Life Technologies). All reactions were performed using primers ordered from Integrated DNA Technologies (IDT) as

25 nmole DNA oligos and resuspended following manufacturer’s recommendations; and the iTaq Universal SYBR Green Supermix

(Bio-Rad Laboratories, Hercules, California, USA). Relative expression levels were determined according to the DDCt method with

the human housekeepingACTIN gene as endogenous control for normalization. For each condition, RNA extractions were performed

from independent cultures and the reported values are themean fold change relative to the value of the control sample (untreated cell

line or isogenic control line, depending of the experiment). Primer sequences are listed in Table S7.

Sub-cellular fractionation
Cytoplasmic and nuclear fractions were prepared from cell lysates using a ProteoExtract� Subcellular Proteome Extraction Kit (Cal-

biochem, San Diego, California, USA) according to the manufacturer’s instructions. The purity of each fraction was analyzed by

immunoblotting using antibodies against Histone 3 and GAPDH for nuclear and cytoplasmic fractions, respectively.

Immunoblotting and protein quantification
Supernatants from cells were collected and stored at �80�C in Protein LoBind Tube (Eppendorf). Cell lysates were scraped in

RIPA buffer (Sigma-Aldrich) containing a cocktail of protease inhibitors (Millipore, Burlington, Massachusetts, USA) or Protease/
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Phosphatase Inhibitor Cocktail (Cell Signaling, Danvers, Massachusetts, USA) and sonicated. For each sample, the protein

concentration was determined using a Bio-Rad DCTM protein assay kit (Bio-Rad). Proteins (15 mg) were loaded onto precasted

Tris-Tricine 16% low molecular weight gels or pre-casted Tris-Glycine 4–20% gels (Thermo Fisher Scientific) and transferred

onto nitrocellulose membranes (GE Healthcare, Chicago, Illinois, USA). After blocking with 5% milk in PBS 1X, 0.2% Tween

20 (Sigma Aldrich) (or TBS for optimized protocol for detection of phospho-proteins), membranes were probed with primary an-

tibodies against the protein of interest. Then, the appropriate HRP-conjugated secondary IgG antibodies were used

(LifeTechnologies, Carlsbad, California, USA) at an appropriate dilution based on primary antibody dilution. Immunoblot signals

were visualized with Essential V6 imaging platform (UVITEC, Cambridge, UK) using the Amersham ECL Prime (GE Healthcare)

and quantified using ImageJ software. Briefly, the expression of a given protein of interest was normalized with ACTIN for cell

lysate immunoblots and with Ponceau staining for supernatant immunoblots. The list of antibodies used in this study is reported

in the key resources table.

ELISA procedure
The levels of IL-6 and IL-8 from astrocyte culture supernatants were determined using the human IL-6 and IL-8 ELISA Development

Kit respectively (Peprotech, Neuilly-sur-Seine, France) according to the manufacturer’s recommendations.

Differential scanning fluorimetry (DSF)
Thermal stability of TAGLN3 in the presence of different concentrations of NFkBa were measured in 50 mM Tris-HCl, 1 mM TCEP,

buffer at pH 7.5 using nano differential scanning fluorimetry (DSF) instrument Prometheus NT.Plex (NanoTemper Technologies,

M€unchen, Germany). NanoDSF grade capillaries were filled with 5 mM TAGLN3 solution. Concentrations of IkBa varied from 0 to

30 mM. The capillaries were loaded into the Prometheus NT.Plex instrument and the ratio of TAGLN3 fluorescence emission inten-

sities at 330 nm (I330) and 350 nm (I350) was registered upon capillaries heating from 15�C to 95�C at rate of 1 K/min. The unfolding

mid-transition temperature (Tm) was determined from first derivative of the temperature dependence of the ratio, as implemented in

Prometheus NT.Plex software. The dependence of TAGLN3 Tm from IkBa concentration was plotted and fitted using 1:1 binding

model as described before(Vivoli et al., 2014) to estimate dissociation constant (Kd).

Human brain tissues analysis
Sample preparation

For protein extraction, brain tissue samples of 100 ± 5 mg were lysed in 1 mL of RIPA containing a cocktail of protease inhibitors

(Millipore), homogenized with Dounce homogenizer (Dutcher, Bernolshneim, France), tubes were agitated 10 min at 4�C and centri-

fugated at 12,000 x g for 10min at 4�C. Then, the supernatants were transferred into a new set of tubes and protein concentrationwas

determined using Bio-Rad DCTM protein assay kit (Bio-Rad). Western blot protocol is the same as described before. Note that 30 mg

of total protein was loaded in this case.

For RNA extraction, 80 ± 5 mg of brain tissue samples were lysed in 1 mL of TRIzolTM Reagent (Thermo Fisher), according to the

manufacturer’s recommendations. RT-qPCR protocol is the same as described before.

Immunofluorescence labelling experiments
Cells were fixed in 4% paraformaldehyde (Antigenfix, Diapath, Martinengo, Italia) for 10 minutes at RT before immunostaining. After

blocking with PBS 1X, 3% BSA, 0.1% Triton, cells were incubated overnight at 4�C with the following primary antibodies: NANOG,

ALDH1L1, Vimentin and GLAST. The corresponding secondary antibodies (coupled to Alexa Fluor� 488 or 568, LifeTechnologies,

1:800) and Hoechst (Sigma-Aldrich, 1/800) for 2 hours at RT. The list of antibodies used in this study is reported in the key resources

table. Cells were examined using a Zeiss LSM 710 Laser Scanning Confocal Microscope (Zeiss, Oberkochen, Germany) or an Axio-

Observer upright epifluorescence microscope (Zeiss) and post-acquisition was performed using the Zen software (Zeiss) and/or the

Fiji (ImageJ) software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample size was chosen to ensure sufficient statistical power for each assay throughout the study. All statistical analyses were per-

formed using GraphPad Prism software on mean values calculated from the averages of biological and/or technical replicates. In all

assays, we used multiple and independent batches of differentiation from each of the tested lines/clones, adding further statistical

power. Thus, on the figures, the individual dots in the bar charts represent independent differentiation onset. In short, hiPSC lines

derived from ND and sAD patients (ND-1, ND-2, sAD-1, sAD-2, sAD-3 and sAD-4) were differentiated in astrocyte-like cells with 3

to 7 independent batches for analyses as replicates. For isogenic Ki and KO clones from both ND-1 and sAD-4, 3 independent clones

were generated and differentiated into astrocyte-like cells with 3 to 8 independent batches for analyses as replicates. For each line, 3

independent clones were generated to: i) avoid biased results due to off-target effect, as the chance to get the same off-target modi-

fication in 3 independent clones are statistically extremely low; ii) offer the possibility to repeat experiments in three different clones,

providing enough statistical power.
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Statistical significance was calculated by two-tailed unpaired Student’s t-test to compare two experimental groups or one-way

ANOVA (multicomparisons, three or more conditions) followed by Dunnett’s post-hoc test or by Fisher’s least significant difference

(LSD) test for differences of means between each group and the control group of data or followed by Tukey’s post-hoc test for mul-

tiple comparison between groups, with p < 0.05 considered statistically significant. The exact p values are always reported, except

when p < 0.0001. No values were excluded from the analyses. Sample sizes for all experiments were chosen based on previous ex-

periences. Independent experiments were pooled and analysed together whenever possible as detailed in figure legends. All graphs

show mean values ± SEM.
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