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Reactive astrocytes secrete the chaperone HSPB1 to

mediate neuroprotection
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Molecular chaperones are protective in neurodegenerative diseases by preventing protein misfolding and aggre-
gation, such as extracellular amyloid plaques and intracellular tau neurofibrillary tangles in Alzheimer’s disease
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(AD). In addition, AD is characterized by an increase in astrocyte reactivity. The chaperone HSPB1 has been pro-
posed as a marker for reactive astrocytes; however, its astrocytic functions in neurodegeneration remain to be
elucidated. Here, we identify that HSPB1 is secreted from astrocytes to exert non-cell-autonomous protective
functions. We show that in human AD brain, HSPB1 levels increase in astrocytes that cluster around amyloid
plaques, as well as in the adjacent extracellular space. Moreover, in conditions that mimic an inflammatory reac-
tive response, astrocytes increase HSPB1 secretion. Concomitantly, astrocytes and neurons can uptake astrocyte-
secreted HSPB1, which is accompanied by an attenuation of the inflammatory response in reactive astrocytes and
reduced pathological tau inclusions. Our findings highlight a protective mechanism in disease conditions that
encompasses the secretion of a chaperone typically regarded as intracellular.

INTRODUCTION

Astrocyte reactivity is a prominent feature in neurodegeneration,
including in Alzheimer’s disease (AD), with astrocytes clustering
around dense-core amyloid plaques and with the number of reactive
astrocytes increasing as disease advances (I). Among the functional,
morphological, and transcriptional changes that characterize reac-
tive astrocytes (2), an increase in the levels of the small heat shock
protein (sHSP) HSPBI1 is shared across brain injury and disease
conditions (3, 4), and HSPB1 has been proposed as a marker for
reactive astrocytes (2).

HSPBI1 [also referred to as HSP27 (human) or HSP25 (mouse)]
is an adenosine triphosphate (ATP)-independent chaperone with
an a-crystallin domain flanked by variable N- and C-terminal se-
quences, a structure that is conserved across the sHSP family (5). In
human aged and AD brain, transcription of most chaperones is gen-
erally repressed, but this is not the case for chaperones belonging to
the family of sHSPs, including HSPB1 (6). HSPBI is regarded as
protective in neurodegeneration by keeping aggregate-prone pro-
teins in a folding-competent state (7-10) and by participating in
phase separation (11, 12), as well as by exerting other functions that
include antiapoptotic (13, 14) and antioxidant properties (15), mod-
ulation of the cytoskeleton architecture (16), and maintenance of
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mitochondrial proteostasis (17). In addition, both pro- and anti-
inflammatory roles have been attributed to HSPB1 (18). Moreover,
when ubiquitously expressed, HSPB1 ameliorated some of the path-
ological, synaptic, and cognitive symptoms observed in a mouse
model of amyloid pathology (19). However, the functional implica-
tion of HSPBI in reactive astrocytes remains elusive.

While traditionally considered intracellular proteins, chaperones
are also found extracellularly (20), and transcellular chaperone sig-
naling is necessary for the maintenance of organismal proteostasis
(21). A non-cell-autonomous role of chaperones is likely to be very
important in neurodegeneration, where a failure of proteostasis in
neurons is a prominent feature (22). This supports a role for chaper-
ones as mediators of intercellular communication that might be re-
leased from astrocytes and taken up by neurons and adjacent cells to
strengthen their proteostasis systems.

An effective astrocyte-neuron communication is key to mainte-
nance of a healthy brain, and a better understanding of these ac-
tions is essential to gain insight into protective mechanisms in
neurodegeneration. Here, we set out to investigate the functional
role of HSPBI in astrocyte-neuron interactions in AD. Our data
show that HSPBI is expressed primarily in astrocytes and accumu-
lates in glial fibrillary acidic protein (GFAP)-positive astrocytes
that cluster around amyloid plaques in postmortem AD brain. In
particular, we observe an increase in HSPBI1 in the extracellular
space of astrocytes surrounding AP deposits. These data are mir-
rored in vitro, where astrocytic secretion of HSPBI is increased in
cultured rodent astrocytes subjected to a proinflammatory stimu-
lus. We observe that HSPB1 is released as a membrane-free protein
that can be internalized by surrounding cells. By virally expressing
human HSPB1 or with recombinant human HSPB1 (rhHSPB1)
treatment, we show that extracellular human HSPBI is protective
in mouse organotypic brain slices in response to proinflammatory
factors and prevents the accumulation of inclusions in a P301L/
S320F mutant tau model of neurofibrillary pathology. This work
identifies a unique mechanism by which HSPB1 is secreted from
astrocytes in reactive conditions to mediate autocrine and
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paracrine neuroprotective functions and highlights the therapeutic
potential of HSPBI to ameliorate tau pathology in AD and related
tauopathies.

RESULTS

HSPB1 expression is increased in amyloid plaque-associated
astrocytes and in their surrounding space

To gain insights into HSPBI in AD, we examined its cellular local-
ization in the temporal cortex, where severe pathology develops at
early stages. In human postmortem brains across different Braak
stages of AD severity, HSPB1 is predominantly detected in astro-
cytes, as shown by its preferential location within cells positive
for the general astrocyte marker aldehyde dehydrogenase 1 family
member L1 (ALDH1L1) (Fig. 1A and fig. S1). HSPB1 protein was
also expressed to a large extent in astrocytes positive for GFAP,
widely used as marker of reactive astrocytes (Fig. 1A and fig. S1) (2).
However, it was not detected in microglia (IBA1-positive) or oligo-
dendrocytes (CAII-positive) and only occasionally in neurons
(MAP2-positive) (Fig. 1A and fig. S1). In line with these findings,
single-cell transcriptomic data of the sHSP family extracted from
the Allen Brain Map showed that HSPB1 expression is limited to
astrocytes and endothelial cells in control human brain and that its
expression increases in astrocytes within AD progression (fig. S2).
To better understand the relationship between HSPBI1 and the as-
trocyte response to amyloid pathology in AD brain, we measured
protein levels of HSPB1 within 50 pm from the edge of Af plaques,
a distance that has been previously used to define plaque-associated
local toxicity, including the accumulation of dystrophic neurites, ac-
tivated microglia, and reactive astrocytes (23), which we referred to
as “proximal” to plaques, in relation to equivalent areas beyond
50 pm from plaques, which were considered “distal” areas (Fig. 1B).
The intensity of both GFAP and HSPB1 increased in the proximity
of plaques (Fig. 1, Cand D), and the proportion of HSPB1-expressing
cells that were also GFAP-positive increased from 42.2% + 6.4 in
areas distal from plaques to 78.8% =+ 8.5 in regions proximal to
plaques (P = 0.0007) (Fig. 1E).

Amyloid plaques frequently showed positive staining for HSPB1
(fig. S3), as has been previously documented in AD brain (24), as
well as in transgenic mouse models of AD (25), suggesting that
HSPBI1 may reach the extracellular space. A literature review of pro-
teomic studies of human cerebrospinal fluid (CSF) (26-40) revealed
that HSPB1 was identified in 12 of 14 studies that detected more
than 1000 proteins in human CSF (Fig. 1F), supporting the notion
that HSPBI is not only restricted to intracellular compartments but
also part of the extracellular milieu. Although less frequent, other
sHSPs including CRYAB are also detected in human CSF (Fig. 1F).
We reasoned that astrocytes are the source of extracellular HSPB1.
Using GFAP to indicate the confines of astrocyte intracellular
spaces, we could detect HSPB1 in the space surrounding astrocytes
(non-masked HSPB1) (Fig. 1G). Moreover, quantification showed
that extracellular HSPB1 was significantly higher around the astro-
cytes that are proximal to plaques compared to the astrocytes in dis-
tal regions (Fig. 1H). Our data show that HSPBI expression is
predominantly restricted to astrocytes in human brain. HSPB1 lev-
els are higher in those reactive astrocytes that cluster around plaques
in AD brain, as well as in their adjacent extracellular region, which,
together with evidence collected from CSF studies, suggest that
HSPB1 can be present in the extracellular space.

Yang et al., Sci. Adv. 10, eadk9884 (2024) 20 March 2024

Inflammatory reactive astrocytes secrete HSPB1

To investigate the conditions driving HSPBI1 secretion, we used
mouse primary cultures where, as in human brain, expression of
HSPBL is detected in astrocytes but not in neurons or microglia
(Fig. 2A). HSPB1 was also present in the astrocyte-conditioned me-
dium of cultured mouse astrocytes, but not when astrocytes were
treated with small interfering RNA (siRNA) to rule out any con-
tamination from proteins in the serum (Fig. 2B). Moreover, human
HSPB1 was also found in the medium of mouse astrocytes overex-
pressing V5-tagged human HSPB1 (V5-hHSPB1) (Fig. 2C). To ex-
tend these findings to human cells, we generated induced pluripotent
stem cell (iPSC)-derived astrocytes following a small-molecule in-
duction protocol and treatment with ciliary neurotrophic factor
(CNTF) for 14 days to yield mature astrocytes, as described by
Serio et al. (41) (fig. S4). HSPBI expression was confirmed in ma-
ture astrocytes from two healthy control iPSC lines (Fig. 2, D and E,
and fig. $4), as well as in their conditioned medium (Fig. 2, D and
E). These data confirm that HSPBI is secreted from mouse and hu-
man astrocytes.

Our data from human brain suggest that HSPB1 secretion
increases in GFAP-reactive astrocytes associated with amyloid
plaques. Astrocyte response is modulated by exposure to signals
from other cells, including those released from activated microglia
(3), which can be modeled by exposing astrocytes to tumor necrosis
factor o (TNFa) and interleukin-1a (IL-1at) (3). Treatment of mu-
rine primary astrocytes with these cytokines caused an increase in
markers of astrocyte reactivity, such as LCN2 and SerpinA3N
(fig. S5, A to C) (2), which was accompanied by an enhanced expres-
sion of inducible nitric oxide synthase (iNOS) and increased secre-
tion of nitric oxide (NO) to the medium (fig. S5, D to F). Treatment
with TNFa + IL-1a also induced the translocation of the p65 sub-
unit of the transcription factor nuclear factor kB (NF-xB) into the
nucleus, consistent with the induction of NF-kB-mediated inflam-
matory signaling pathways (fig. S5G), together with increased secre-
tion of the cytokine IL-6 (fig. S5H). This response is comparable to
that displayed by astrocytes cultured with medium from activated
microglia that had been exposed to lipopolysaccharide (LPS) and
interferon y (IFNY) (fig. S6, A to F), indicating that treatment with
TNFa + IL-1a recapitulates the astrocyte inflammatory reaction in
response to activated microglia. We then investigated HSPB1 secre-
tion from inflammatory reactive astrocytes stimulated with TNFa +
IL-1a, which resulted in a marked increase in the levels of endoge-
nous HSPBI1 in the extracellular medium (Fig. 2, F to H), as well as
secretion of human HSPB1 in astrocytes overexpressing V5-hHSPB1
(fig. S5, ] to L). This cannot be explained by increased expression of
HSPB1 (Fig. 2, F and I, and figs. S5I and S6, G and H) or by cell
toxicity (Fig. 2J). A significant increase in HSPB1 phosphorylation,
known to regulate its oligomerization and activity (5), was observed
in reactive astrocytes induced with either treatment of cytokines or
medium from activated microglia (fig. S5, M and N). Our findings
demonstrate that, in line with data from human AD brain, in-
flammatory reactive astrocytes increase the secretion of HSPBI,
which may potentially be regulated by changes in its phosphoryl-
ation status.

HSPB1 is secreted as a free protein, not contained within EVs
HSPBI1 does not contain a signal peptide, which prompted us to in-
vestigate its release through alternative mechanisms, such as secretion
within extracellular vesicles (EVs), where HSPB1 has been previously
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Fig. 1. HSPB1 is found in astrocytes proximal to amyloid plaques and in their surrounding space. (A) Representative images of temporal cortex from severe cases of
AD (Braak V/VI) coimmunostained with HSPB1 and ALDHL1 (astrocytes), GFAP (reactive astrocytes), IBA1 (microglia), CAll (oligodendrocytes), and MAP2 (neurons).
(B) Representative images of GFAP* and HSPB1* astrocytes clustering in the areas proximal to amyloid plaques (positive for 6E10 anti-AB). (C and D) Graphs show the mean
fluorescence intensity of GFAP (C) and HSPB1 (D) in areas proximal or distal to the plaques. N = 5 Braak V/VI cases, with a minimum of 10 images per case per condition.
(E) The percentage of HSPB1* cells that were also GFAP* was calculated in areas that are proximal or distal to the plaques. N = 5 Braak V/VI cases. (F) Summary of literature
review of the existing proteomic studies of CSF from healthy individuals, showing the total proteins detected, the number of samples tested, and the sHSPs identified.
(G) (From left to right) Representative image of astrocytes in distal or proximal areas to plaques and the area selected for analysis (comprising an area of 50-pm diameter
around nuclei); merged GFAP and HSPB1; and HSPB1 immunoreactivity in selected area; a GFAP mask is applied to distinguish between intracellular (GFAP*) and extracel-
lular (GFAP™) space; and HSPB1 signal is shown after applying the GFAP mask, which shows the area in green used for quantification (non-masked HSPB1). (H) The mean
fluorescence intensity of HSPB1 in the extracellular space (non-masked HSPB1) was calculated per astrocyte in distal or proximal regions to plaques. N = 5 Braak V/VI
cases (>50 cells per case per condition). Data are shown as means + SD. Paired Student’s t test (n = 5), *P < 0.05, ***P < 0.001.
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Fig. 2. HSPB1 secretion is increased in inflammatory reactive astrocytes. (A) Levels of HSPB1 were detected by immunoblot in primary mouse astrocytes (GFAP) but
not in neurons (B-ll-tubulin) or microglia (IBA1). (B) Primary mouse astrocytes were treated with 50 nM scramble (control) or HSPB1 siRNA, and HSPB1 was detected in
astrocyte lysates or in concentrated conditioned medium. Fresh culture medium (non-cell exposed) was used as a control to discard the presence of HSPB1 or unspecific
binding in serum. (C) Mouse astrocytes were transfected with either an empty vector or a construct to express V5-hHSPB1, which was detected by Western blotting with
a V5 antibody in either astrocyte lysates or concentrated conditioned medium. (D and E) HSPB1 was detected in iPSC-derived astrocyte total cell lysates and conditioned
medium in two control lines: C53 (D) and C70 (E). (F to I) Primary mouse astrocytes were treated with TNFa (30 ng/ml) and IL-1a (3 ng/ml) for 24 hours. (F) HSPB1 in lysates
or in concentrated medium was detected by Western blotting, and levels of HSPB1 in medium were quantified relative to intracellular HSPB1 (G) or to intracellular GAPDH
(H); intracellular HSPB1 levels were quantified relative to GAPDH (1); and LDH release to the medium was determined as a readout of cellular toxicity (J). Data are shown as
means + SD and were analyzed by unpaired Student’s t test in a minimum of three biological replicates. ***P < 0.001; ns, not significant.

detected (42-44). Size exclusion chromatography (SEC) (Fig. 3A) was  confirm that HSPB1 was not secreted within vesicles of smaller size
used to separate astrocyte-conditioned medium into fractions that that may elute at later fractions, astrocyte-conditioned medium was
are enriched in EVs (fractions 8 to 10). These fractions are character-  treated with Triton X-100 before fractionation or with proteinase
ized by the presence of the tetraspanin CD81 (Fig. 3B) and for con- K. Upon membrane disruption with Triton X-100, CD81 shifted from
taining particles of 60 to 150 nm, as detected by nanoparticle tracking  the EV fraction to the total protein fraction, while HSPB1 elution re-
analysis (NTA), which are compatible with small EVs, such as exo- mained in the same fractions (Fig. 3F). Incubation of medium from
somes (Fig. 3C) (45). Total free protein eluted in fractions 12 to 21  astrocytes expressing V5-hHSPB1 with increasing concentrations of
(Fig. 3D) and, as expected, proteins secreted through conventional proteinase K led to the degradation of HSPB1 as well as degradation
secretion such as LCN2 (46, 47) were found in these fractions of the non-EV protein LCN2 (Fig. 3G). Together, these data confirm
(Fig. 3B). Unexpectedly, HSPB1 did not elute in the EV fractions but  that astrocytic HSPB1 is not primarily secreted within EVs. More-
peaked in fractions 12 to 14, suggesting its secretion as a free protein ~ over, TNFa + IL-1a treatment did not induce changes in HSPBI se-
(Fig. 3E). While HSPB1 levels were higher in the medium upon treat-  cretion pattern or in the secretion of the EV marker CD81 (fig. S7).

ment with cytokines, its elution pattern was largely similar, indicating Alternative secretion mechanisms include the autophagosome-
that HSPB1 secretion is increased from inflammatory reactive astro-  lysosomal system, previously implicated in the secretion of HSPB1
cytes, but its secretion route is not altered (Fig. 3E). To further from macrophages (48) or endothelial cells (49). Moreover, it has
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Fig. 3. HSPB1 is not secreted within EVs. (A) SEC was used to fractionate the medium and to separate large particles such as EVs from soluble free proteins. (B) Astrocyte-
conditioned medium was fractionated by SEC, and fractions were immunoblotted for CD81 (EV marker) and LCN2 (secreted as free protein). (C) The concentration and size
distribution of particles contained in fractions 7 to 9 were analyzed by NTA. (D) Total protein concentration was determined by NanoDrop spectrophotometer in fractions
1 to 36. (E) Conditioned medium from astrocytes treated with control or TNFa + IL-1a for 24 hours was fractionated by SEC and immunoblotted for HSPB1. (F) Astrocyte
medium was treated with 1% Triton X-100 for 1 hour before SEC, followed by detection of CD81 and HSPB1. (G) Medium of astrocytes expressing V5-hHSPB1 was treated
with increasing concentrations of proteinase K, and levels of HSPB1 and LCN2 and bands resulting from its degradation were detected by Western blotting. (H) HSPB1,
LAMP1, and LC3 were detected by immunofluorescence in astrocytes treated with control or TNFa + IL-1a for 24 hours, and colocalization was determined as Pearson’s
correlation coefficient for HSPB1-LC3 (I) and HSPB1-LAMP1 (J). (K to O) Astrocytes were treated with dimethyl sulfoxide (DMSO) (control) or 20 nM Baf-A1 for 24 hours:
Levels of NAG were detected in the medium (K); HSPB1 was detected in lysates or concentrated medium after concomitant treatment with control or TNFa + IL-Ta and
Baf-A1 (L), and the levels of HSPB1 in medium (M) or the levels of intracellular HSPB1 (N) were quantified relative to GADPH in lysates; and LDH levels in medium relative
to intracellular levels (O). Data are shown as means + SD and analyzed by two-way ANOVA with Tukey’s multiple comparisons test [(M) to (O)] or unpaired Student’s t test
[() to (K)] in @ minimum of three biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001.
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recently been suggested that treatment with proinflammatory cyto-
kines leads to increased lysosomal secretion in inflammatory reac-
tive astrocytes (50). In line with these findings, we observed partial
colocalization of HSPB1 with the autophagosome marker LC3 and
with the lysosomal marker LAMP1 (Fig. 3H) and, while not signifi-
cant, this colocalization tended to increase in inflammatory reactive
astrocytes treated with TNFa + IL-1a compared to control astro-
cytes (Fig. 3, I and ]). To further validate whether lysosomes may act
as reservoirs from which HSPBL is secreted into the medium, we
induced lysosomal secretion by treating astrocytes with low doses of
bafilomycin A1 (Baf-A1) (20 nM) that induces lysosomal exocytosis
(50, 51), including the secretion of the soluble lysosomal enzyme
N-acetyl-B-D-glucosaminidase (NAG) (Fig. 3K), which was in-
creased in parallel with elevated HSPB1 in the medium (Fig. 3, L
and M) but did not increase cellular toxicity (Fig. 30). This effect did
not further exacerbate the secretion of HSPBI induced by TNFa +
IL-1a, suggesting that both treatments act upon similar secretory
mechanisms (Fig. 3, L and M). While double treatment seems to be
slightly toxic, this effect was not significant. Furthermore, it cannot
explain changes in HSPB1 secretion, since this would result in en-
hanced detection of extracellular HSPB1 upon combined treatment
(Fig. 30). Despite the low concentrations of Baf-A1 used, intracel-
lular levels of HSPBI1 also increased (Fig. 3N), suggesting that
HSPB1 may be a substrate for the autophagy lysosomal pathway,
and we can hypothesize that it can be targeted for either degradation
or secretion upon different stimuli. Together, our findings show that
HSPBL is primarily secreted as a free protein that is not contained
within EVs.

Astrocytes and neurons uptake astrocyte-secreted HSPB1

To further elucidate the fate of secreted HSPB1, astrocytes were
transfected with V5-hHSPB1 or empty vector, and conditioned me-
dium was collected after 24 hours and used to culture untransfected
astrocytes for a further 24 hours (Fig. 4A). Using antibodies against
V5 or that specifically target human HSPB1, we could detect human
HSPBIlinthelysatesofastrocytesexposedto V5-hHSPB1-containing
medium (Fig. 4B). To further confirm that astrocytes uptake HSPB1
that is free in the extracellular medium, we next treated astrocytes
with increasing concentrations of rhHSPB1. To mimic the physio-
logical concentrations and to avoid overloading with exogenous
protein, we used concentrations within the nanogram per milliliter
range, which is found in the astrocyte-conditioned medium (fig. S8)
and in human CSF (52). Exposure of astrocytes to rhHSPBI resulted
in its internalization by astrocytes, but this was prevented when the
recombinant protein was heat-inactivated, confirming that internal-
ization requires an intact protein conformation (Fig. 4C). Fluores-
cent labeling of thHSPB1 with Oregon Green was then used to
explore the subcellular localization of the internalized HSPBI,
which showed a punctate staining in the soma of astrocytes that
overlapped with lysotracker-positive vesicles (Fig. 4D).

Next, we explored whether the internalization of extracellular
hHSPBI is limited to astrocytes or whether it extends to other cell
types. As done for astrocytes, primary mouse neurons were exposed
to medium from astrocytes that have been transfected with V5-
hHSPBI1 (Fig. 4E). After 8 hours, V5-hHSPB1 was detected in the
neuron lysates (Fig. 4F). Similar findings were observed when neu-
rons were treated with exogenously added rhHSPB1 but not when
this was heat-inactivated (Fig. 4G). Likewise, in neurons exposed
to rhHSPB1-Oregon Green, it appeared as puncta that were also

Yang et al., Sci. Adv. 10, eadk9884 (2024) 20 March 2024

lysotracker positive (Fig. 4H). While these were mostly found in the
soma, some could also be found in the neuronal projections. Our
findings reveal that astrocytes and neurons can uptake astrocyte-
secreted HSPB1. Uptake of hHSPB1 seems to follow similar routes
in both astrocytes and neurons, being directed to acidic vesicles,
compatible with lysosomes and late endosomes, and suggesting its
internalization via endocytosis mechanisms. While our data in hu-
man brain show that HSPBI is detected mainly in astrocytes, these
findings could potentially explain that some neurons are also posi-
tive for HSPBI.

Extracellular HSPB1 dampens the inflammatory response in
astrocyte cultures and in an ex vivo model
Next, we explored the effect that extracellular HSPB1 may have on
astrocytes. Because sHSPs, and in particular HSPB1, have been
shown to modulate the inflammatory response (18), we questioned
whether secreted HSPB1 may also have a role in modulating astro-
cyte reactivity. As we have demonstrated that HSPB1 is secreted as a
free protein and that both astrocyte-derived and recombinant pro-
tein can be internalized in a similar manner, we used rhHSPBI to
explore this effect in a controlled environment. Pretreatment of cul-
tured astrocytes with thHSPBI1 followed by an induction of in-
flammatory reactive astrocytes with TNFa + IL-1a resulted in a
significant reduction in the astrocyte reaction, including lower lev-
els of intracellular LCN2, SerpinA3N, and iNOS (Fig. 5, B and E), an
effect that was not observed when treating with heat-inactivated
rhHSPBI (fig. S9). Concomitantly, we observed that treatment with
rhHSPBI1 reduced secretion of the toxic and proinflammatory fac-
tors LCN2 (Fig. 5, F and G) and, albeit not significant, reduced NO
(Fig. 5H), and significantly reduced secretion of the cytokine IL-6
(Fig. 51). Treatment with TNFa + IL-1a for 24 hours resulted in an
increase in cytokine and chemokine secretion as detected by an
antibody-based array (Fig. 5, ] and K, and fig. S10A), and exposure
to thHSPB1 resulted in an overall decrease of this response (Fig. 5, ]
and K), with significant reductions in IL-17, IL-6, CXCL12, IL-1ra,
and granulocyte colony-stimulating factor (G-CSF) and increases in
CCL2, CCL11, and IL-2, compared to vehicle-treated cells (Fig. 5K
and fig. S10, B to I). Our data show that treatment with rhHSPB1
ameliorates the reactive inflammatory response in primary mouse
astrocytes as shown by reduced markers of astrocyte reactivity and
reduced secretion of mediators of neurotoxicity and inflammation
such as LCN2 (46, 47) and an overall decrease in cytokine secretion.
We next used organotypic brain slice cultures as an ex vivo brain
model where neuronal and glial cells coexist and brain architecture
is preserved and that can recapitulate disease features in an acceler-
ated timescale (Fig. 6A) (53). Expression of human HSPB1 under a
short form of the GFAP promoter and its packaging into adeno-
associated viruses (AAVs) with the 2/8 serotype (fig. S11) (54) al-
lows limiting of its expression to a subset of astrocytes in brain
slices, as detected by hHSPB1 and blue fluorescent protein (BFP)
(cotranslated with hHSPB1) signal in GFAP-positive cells (Fig. 6B).
hHSPB1 was detected in lysates as well as in the medium (Fig. 6C),
providing a valuable tool to assess the effect of astrocyte-secreted
HSPBL in brain slices. Treatment with proinflammatory cytokines
TNFa + IL-1o for 24 hours led to a response that resembled that of
primary astrocytes in culture, with an increase in intracellular and
secreted LCN2 (Fig. 6, D to F). In line with our previous data,
changes in LCN2 upon inflammatory stimulation were signifi-
cantly reduced with AAV-GFAP-hHSPB1 compared to AAV-GFAP
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Fig. 4. HSPB1 is internalized by astrocytes and neurons. (A) Primary mouse astrocytes were treated for 24 hours either with conditioned medium from astrocytes
transfected with V5-hHSPB1 or with rhHSPB1. Created with BioRender.com. (B) Anti-V5 and anti-human HSPB1 (hHSPB1) antibodies were used to detect the levels of V5-
hHSPB1 in astrocyte lysates exposed to conditioned medium for 24 hours. (C) An anti-hHSPB1 antibody was used to detect the levels of human HSPB1 in astrocytes
treated with the indicated concentrations of rhHSPB1 for 24 hours or with heat-inactivated (HI) rhHSPB1. (D) Confocal live imaging of astrocytes exposed to rhHSPB1 la-
beled with Oregon Green for 24 hours and stained with lysotracker. (E) Primary mouse neurons were treated with either conditioned medium from astrocytes transfected
with V5-hHSPB1 and grown in Neurobasal medium or with rhHSPB1. Created with BioRender.com. (F) Anti-V5 and anti-hHSPB1 antibodies were used to detect the levels
of V5-hHSPB1 in neuron lysates exposed to conditioned medium for 8 hours. (G) An anti-hHSPB1 antibody was used to detect the levels of human HSPB1 in neurons
treated with the indicated concentrations of rhHSPB1, or heat-inactivated rhHSPB1, for 24 hours. Equivalent amounts of rhHSPB1 in control or upon heat inactivation were
run in parallel to confirm its detection by Western blotting. Note that the background detected in neuron lysates at 0 ng/ml is unspecific since (i) neurons in culture do not
express HSPB1, as we have shown in Fig. 2A, and (i) human HSPB1 antibody does not recognize the mouse HSPB1 [as shown in (C), where astrocytes express high levels
of murine HSPB1]. (H) Confocal live imaging of neurons exposed for 6 hours to rhHSPB1 labeled with Oregon Green and stained with lysotracker.
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Fig. 5. rhHSPB1 attenuates the astrocyte inflammatory reactive response. (A) Primary astrocytes were pretreated with rhHSPB1 for 24 hours before treatment with ei-
ther 0.1% BSA (vehicle) or rhHSPB1 (50 ng/ml) and either TNFa + IL-Tax or control for further 24 hours. Created with BioRender.com. (B) LCN2, SerpinA3N, and iNOS were
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conditioned medium and quantified relative to intracellular GAPDH levels (G). (H) The concentration of nitrites in the astrocyte medium was measured as an indirect measure
of NO using a Griess assay. (I) The levels of IL-6 in the astrocyte medium were determined by ELISA. (J and K) A cytokine array was used to determine levels of 38 cytokines in
the medium in a membrane-based sandwich immunoassay. The average z scores for each of the 38 cytokines was represented in the graph (J) or shown individually for each
cytokine in the heatmap (K), where cytokines are ranked from low to high fold change of TNFa + IL-1a/rhHSPB1 versus TNFa + IL-1a/vehicle. Cytokines with an asterisk
showed significant increase (red) or decrease (green) in TNFa + IL-1a/rhHSPB1 versus TNFa + IL-1a/vehicle condition. Data are shown as means + SD (N = 3). Two-way
ANOVA with Tukey’s or Sidak’s multiple comparisons test [(C), (D), (E), (G), (H), and (J)] or unpaired Student'’s t test (). *P < 0.05, **P < 0.01, ***P < 0.001, **##*P < 0.0001.
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Fig. 6. Astrocyte-secreted HSPB1 modulates the inflammatory response in organotypic brain slice cultures. (A) Organotypic brain slices were prepared from post-
natal mouse brain, transduced at 0 DIV with AAVs to express hHSPB1 in astrocytes under the GFAP promoter for 20 DIV followed by treatment with TNFa + IL-1a for
24 hours. Created with BioRender.com. (B) Transduction of slices with AAV-GFAP-BFP (AAV-GFAP) and AAV-GFAP-hHSPB1:BFP (AAV-GFAP-hHSPB1) shows astrocyte-
specific (GFAP™) expression of BFP and hHSPB1 (note that HSPB1 antibody has some unspecific nuclear staining). (C) Western blotting to confirm expression of hHSPB1
and its secretion in brain slices. (D to F) Changes in LCN2 were quantified in lysates (E) and in conditioned medium (F) relative to intracellular GAPDH. (G and H). A cytokine
array measured levels of 38 cytokines in the medium in a membrane-based sandwich immunoassay. The average z scores for each cytokine were represented in the graph
(G) or shown individually in the heatmap (H), where cytokines are ranked from high to low fold change of control/AAV-GFAP versus TNFa + IL-1a/AAV-GFAP. Cytokines
marked with a green asterisk were significantly decreased in TNFo + IL-10/AAV-GFAP-hHSPB1 versus TNFa + IL-1a/AAV-GFAP conditions. (I) The hippocampus was sepa-
rated and cultured for 19 days and then pretreated with rhHSPB1 (50 ng/ml) for 24 hours and with either control or TNFa + IL-1a and either vehicle (0.1% BSA) or rhHSPB1
(50 ng/ml) for further 24 hours. (J) Levels of LCN2 were detected by immunoblot in slice lysates and quantified relative to GAPDH (K). Data are shown as means + SD.N =5
[(E) and (F)], N=3[(G) and (H)], or N =6 [(J) and (K)]. Two-way ANOVA with Tukey’s or Sidak’s multiple comparisons test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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control (Fig. 6, D to F). Although less apparent than in cultured as-
trocytes, treatment with TNFa + IL-1a led to a general increased
secretion of cytokines and chemokines in brain slices, which was
overall reduced with astrocytic hHSPB1 (Fig. 6, G and H, and
fig. S10J), and which was significant for G-CSF, IL-6, and CXCL1
(Fig. 6H and fig. 510, K to M). In control conditions, expression of
hHSPBI induced secretion of a number of cytokines, in line with
what we also observed in primary astrocytes, but in most cases, this
effect was the opposite when slices were also treated with TNFa +
IL-1a (Fig. 6H). To confirm that this is a result of extracellular
HSPB1, we treated brain slices with rhHSPB1 or vehicle control, to-
gether with TNFa + IL-la. Because the effect of AAV-GFAP-
hHSPB1 was more pronounced in coronal slices from posterior
brain regions that are enriched in hippocampus, compared to slices
from the anterior brain (fig. S12, A to C), we assessed the effect of
rhHSPBI in slices from posterior regions, which resulted in a sig-
nificant reduction in intracellular and secreted levels of LCN2
(fig. S12, D to F) similar to the effect observed in slices prepared
from hippocampus (Fig. 6, I to K). Combined data from cultured
astrocytes and organotypic brain slices show that the presence of
HSPBI in the extracellular environment diminishes the inflamma-
tory reaction in astrocytes.

Extracellular HSPB1 confers neuronal protection and
reduces tau aggregate burden in neurons

To further explore the role of secreted HSPB1, we treated primary
mouse neurons with rhHSPBI every 3 days up to 14 days in vitro
(DIV), followed by staining of neuronal projections with a MAP2
antibody (Fig. 7A). This resulted in an increase in parameters in-
dicative of neuronal branching in response to treatment with extra-
cellular human HSPB1 (Fig. 7, B to F), while no changes were
observed in the length of the neurites (Fig. 7G). Incubation of neu-
rons with conditioned medium from reactive astrocytes for 3 days
led to an expected increase in neuronal toxicity (3), as measured by
the release of lactate dehydrogenase (LDH) to the medium (Fig. 7H).
This toxicity was partially abolished in neurons treated with
rhHSPB1, supporting a neuroprotective function of extracellular
human HSPBI.

To investigate whether extracellular HSPB1 modulates tau inclu-
sion pathology in neurons, we used AAVs to express enhanced
green fluorescent protein (EGFP)-tagged human tau (htau) bearing
the P301L and S320F mutations in MAPT, which has propensity to
aggregate (54). Transduction of neurons at 6 DIV with viral vectors
expressing P301L/S320F-htau-EGFP resulted in the formation of
aggregate-like structures at 12 DIV (Fig. 7, I and J) that were posi-
tively labeled with the MC1 antibody, which detects tau in an abnor-
mal conformation (fig. S13A). The proportion of neurons with
P301L/S320F-htau-EGFP aggregates was significantly reduced
when neurons were repeatedly treated with rhHSPB1 (50 ng/ml)
(Fig. 7, ] and K), an effect that was lost when rhHSPB1 was heat-
inactivated (fig. S14) and that does not depend on changes in the
levels of total htau (Fig. 7, L and M). Moreover, treatment with rhH-
SPB1 reduced toxicity in neurons expressing mutant htau, as shown
by reduced levels of LDH in the medium (Fig. 7N).

The same AAVs were used to drive the neuronal expression of
P301L/S320F-htau-EGFP in organotypic brain slice cultures. After
28 days in culture, this model develops inclusions in neurons that
are positive for thioflavin S and that contain hyperphosphorylated,
sarkosyl-insoluble htau at 75 kDa that can be distinguished from 50

Yang et al., Sci. Adv. 10, eadk9884 (2024) 20 March 2024

to 55 kDa mouse tau (mtau) (Fig. 8, A to D, and fig. S13B) (54, 55).
First, we tested whether the increased expression of hHSPBI in as-
trocytes is sufficient to lower the accumulation of aggregated tau
(Fig. 8A). Transduction of slices with AAV-GFAP-hHSPBI reduced
the accumulation of sarkosyl-insoluble tau without affecting the lev-
els of tau in the total or sarkosyl-soluble fraction (Fig. 8, C and D,
and fig. S15, A to B). To further determine whether the effect of as-
trocytic hHSPB1 is mediated by secreted HSPB1, brain slices ex-
pressing either wild type or P301L/S320F-htau-EGFP were treated
with rhHSPB1 (50 ng/ml) or vehicle from 14 DIV and every 2 to
3 days (Fig. 8A). In line with our previous observations, the presence
of rhHSPBI in the extracellular environment resulted in a signifi-
cant decrease in the amount of mutant htau in the insoluble fraction
(Fig. 8, F and G), with no variations in tau in the total or soluble
fractions (fig. S15, E and F). These reductions in insoluble tau are
not accompanied by significant changes in tau phosphorylation in
residues S396/404 (PHF-1) (Fig. 8, C, E, F, and H, and fig. S15, C, D,
G, and H). Expression of P301L/S320F-htau-EGFP in brain slices
led to an increase in the proinflammatory factor LCN2, and in line
with our previous findings, AAV-GFAP-hHSPB1 was also able to
partially revert this effect (Fig. 8, I and J), likely mediated by either
attenuating the inflammatory changes that lead to an increase in
LCN?2 or reducing the deposition of tau pathology that triggers this
response, or a combination of both. Together, our data show that
neuronal health and aggregation of disease-related proteins can be
modulated in a non-cell-autonomous fashion by astrocyte-secreted
HSPBI1. Our findings highlight a unique route by which astrocytes
secrete HSPB1 to the medium with autocrine and paracrine protec-
tive functions (Fig. 8K).

DISCUSSION

Astrocytes contribute to neuronal function in health and disease
conditions through non-cell-autonomous mechanisms. Growing
evidence supports a role of chaperones in mediating such effects, as
shown in mouse and fly models of Huntington’s disease (56-58) or
in SOD1 cellular models of amyotrophic lateral sclerosis (ALS) (59).
Our work provides insight into this astrocyte-neuron axis and sug-
gests that in diseases such as in AD, astrocytes have developed a
strategy to counteract their own inflammatory response, maintain
neuronal health, and prevent the aggregation of disease proteins in
neurons such as tau through a mechanism that relies on the secre-
tion of HSPB1 to the medium. While reactive astrocytes may have
deleterious roles in AD, some of their responses, including secretion
of HSPBI, may serve as an initial attempt to neutralize disease
pathology.

HSPB1 is intimately linked to neurodegeneration. Mutations in
HSPB1 are reported in motor neuron diseases, including distal he-
reditary motor neuropathy type II ({HMN) and the axonal form of
Charcot-Marie Tooth disease (CMT?2), as well as in ALS (60). Pro-
teomic profiling of 14,513 proteins identified HSPB1 as one of the 58
differentially expressed proteins in human AD brain (34), and ma-
chine learning approaches have suggested HSPB1 as one of the two
biomarkers to discriminate AD, together with amyloid precursor
protein (APP) (61). When expressed under the cytomegalovirus
(CMYV) ubiquitous promoter, HSPB1 reduced the plaque load and
rescued the long-term potentiation and spatial learning impairment
in an APP/PS1 mouse model (19), an effect that may be mediated by
its ability to bind Ap in vitro and prevent its toxicity (25). HSPB1 has
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Fig. 7. Extracellular hHSPB1 promotes neuronal health and prevents human mutant tau aggregation in primary mouse neurons. (A) Primary mouse neurons were
treated with rhHSPB1 (10 ng/ml) or vehicle (0.1% BSA) every 3 days from 3 DIV, fixed on 14 DIV, and stained for MAP2. (B to G) High-content confocal microscopy was used
to determine changes in the number of segments (B), end points (C), primary branching points (D), secondary branching points (E), root points (F) per neuron, and the
total length of all neurites for each neuron (G) (N = 6). (H) Neurons were treated with conditioned medium from control or TNFa + IL-1a—treated astrocytes at 10 and
12 DIV, together with rhHSPB1 (50 ng/ml) or vehicle (0.1% BSA), and the medium was collected at 13 DIV. In parallel, neurons were treated with equivalent concentrations of
TNFa + IL-1a. Cellular toxicity was determined by measuring LDH levels in neuron-conditioned medium (N = 5). (I) Neurons were transduced at 6 DIV with AAVs to express
WT-htau-EGFP or mutant P301L/S320F-htau-EGFP and treated with either vehicle (0.1% BSA) or rhHSPB1 (50 ng/ml) every 2 days and fixed at 12 DIV. Created with BioRen-
der.com. (J) Representative images of neurons transduced with mutant P301L/S320F-htau-EGFP and treated with vehicle (0.1% BSA) or rhHSPB1 (50 ng/ml). (K) Graph
shows the percentage of EGFP-positive neurons that show mutant htau aggregates. N = 6 with >1500 cells counted per experiment. (L and M) Total levels of tau were
detected using an antibody that recognizes total tau, and the band corresponding to htau tagged to EGFP was quantified relative to -actin. (N) Cellular toxicity was de-
termined by measuring LDH levels in neuron-conditioned medium (N = 4). Data are shown as means =+ SD. Paired Student’s t test [(B) to (G) and (K)]; two-way ANOVA with
Tukey’s multiple comparisons test [(H), (M), and (N)], *P < 0.05, **P < 0.01.
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Fig. 8. Extracellular hHSPB1 reduces accumulation of sarkosyl-insoluble P301L/S320F-htau in organotypic brain slices. (A) Organotypic brain slices were trans-
duced with AAVs to express WT-htau-EGFP or mutant P301L/S320F-htau-EGFP and (i) simultaneously transduced with AAV-GFAP or AAV-GFAP-hHSPB1 or (ii) treated with
either vehicle (0.1% BSA) or rhHSPB1 (50 ng/ml) from 14 DIV and then every 2 to 3 days up to 28 DIV. Created with BioRender.com. (B) Representative images of slices with
AAV-WT-htau-EGFP or AAV-P301L/S320F-htau-EGFP. (C to E) Total lysates from AAV-GFAP-HSPB1 or control transduced slices were subjected to sarkosyl extraction to
isolate the low-speed supernatant (total tau), high-speed supernatant (soluble tau), or sarkosyl-insoluble pellet (insoluble tau). Tau (D) or Ser3%/Sert0* phosphorylated tau
(PHF-1) (E) were quantified in the whole lane (between 15 and 250 kDa) to include both mouse (mtau) and htau and any modified tau, and quantified relative to p-actin
or total tau, as indicated. (F to H) Lysates from brain slices treated with rhHSPB1 or vehicle were subjected to sarkosyl extraction, and levels of tau (G) or PHF-1 (H) were
quantified as above. (1) Intracellular LCN2 was detected in lysates from slices transduced with AAV-WT-htau-EGFP or AAV-P301L/S320F-htau-EGFP and AAV-GFAP-HSPB1
or control at 0 DIV and collected at 28 DIV. Levels of LCN2 relative to ALDH1L1 are shown (J). Data are shown as means+ SD.N =6 [(D) and (E)], N=5[(G) and (H)],orN=3
(J). Two-way ANOVA with Tukey’s multiple comparisons test [(D), (E), (G), (H), and (J)], *P < 0.05, **P < 0.01, ***P < 0.001, **#*P < 0.0001. (K) Working model showing that
reactive astrocytes that surround amyloid plaques or that are exposed to proinflammatory cytokines from activated microglia secrete HSPB1 into the extracellular space.
Secreted HSPB1 can have autocrine functions by ameliorating the reactive inflammatory response in astrocytes, as well as paracrine functions by reducing tau inclusion
pathology and promoting neuronal health in adjacent neurons. Created with BioRender.com.
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been reported to be secreted in exosomes from primary astrocytes
in response to AP (42), and in cultured cells, it can modulate APP
processing and secretion (62).

Our data show that, in AD brain, HSPB1 is predominantly ex-
pressed in astrocytes, in line with previous immunohistochemistry
studies in AD and other tauopathies, where HSPB1 expression was
mostly attributed to glial cells (24, 63), and with recent single-cell
transcriptomic studies in human AD brain (64-66). In this work, we
shed light on the functional implications of HSPB1 expression in
astrocytes and its relationship with the local environment around
amyloid plaques, rich in AP oligomers, dystrophic neurites, reactive
astrocytes, and activated microglia (23). HSPBI1 is expressed in
GFAP astrocytes, and these numbers increased in the proximity of
amyloid plaques. Increased levels of HSPBI in astrocytes are a com-
mon feature in other tauopathies such as progressive supranuclear
palsy or corticobasal degeneration (67-69). Astrocytic HSPB1 also
increases when tau pathology in mice is restricted to neurons (70),
suggesting that astrocytes respond with changes in HSPB1 across
brain disease pathology and in response to a variety of stimuli.

Our data in human postmortem tissue, primary rodent cultures,
and human cells from iPSC provide strong evidence for the secre-
tion of HSPB1 from astrocytes. While we cannot discard that endo-
thelial cells may also contribute to the extracellular HSPB1 found in
human brain, data extracted from the Atlas Brain Map show that
changes in gene expression across disease progression are mainly
observed in astrocytes, suggesting that astrocytes may be the main
source for any increase in extracellular HSPB1 in AD. We have pre-
viously shown that astrocytes increase the secretion of proteins with
chaperone activity in response to A (71). Astrocytes become reac-
tive in response to a variety of extrinsic signals (2), including the
presence of Ap oligomers or an inflammatory environment. We pro-
pose that conditions leading to astrocyte reactivity also result in in-
creased secretion of chaperones such as HSPB1. Given that HSPB1
increase has been reported in astrocytes across multiple neurologi-
cal diseases with astrocyte reactivity, including AD (24, 63) and
other tauopathies (67-69), Parkinson’s disease (72), or in brain isch-
emia (73), we can speculate that this is a conserved mechanism
across diseases. Previous evidence supports the idea of HSPB1 as an
extracellular protein with disease relevance: Elevated levels of
HSPBI are found in plasma after severe trauma (74), chronic ob-
structive pulmonary disease (75), acute ischemic stroke (76), or
during attacks in multiple sclerosis (77), as well as in various types
of cancer including pancreatic carcinoma (78) or gastric adenocar-
cinoma (79). Our literature review of the CSF proteome also points
to HSPBI1 as a common component of the brain extracellular space.
While it is plausible that a fraction of HSPBI is secreted within EV's
as previously documented for different cell types (42-44), or through
alternative secretion mechanisms that could be mediated by its in-
teraction with the plasma membrane (80), our data suggest that
most astrocytic HSPBI is not secreted within vesicles. Instead, its
secretion may be mediated through a mechanism that requires the
lysosomal machinery as previously suggested for HSPB1 secretion
from macrophages or endothelial cells in response to stimuli such as
estrogens (48, 49). While we do not rule out a direct function of se-
creted HSPBI1 by acting on proteins present in the extracellular
space, as it has been previously suggested (25, 42, 62), here, we have
studied its effect in neighboring cells. Our data show that HSPBI is
taken up by both neurons and astrocytes. In human brain, HSPB1 is
only found in a small proportion of neurons, suggesting that the
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contribution of internalized HSPBI to overall protein levels inside
these cells may be small, potentially because it is quickly degraded in
the endolysosomal compartment.

In line with previous literature showing that HSPB1 could modu-
late the inflammatory response in different cell types (18), our data
suggest that extracellular HSPB1 ameliorates some of the reactive as-
trocyte signature including a reduction in levels of proteins typically
increased in reactive astrocytes such as LCN2 or Serpina3N and de-
creased secretion of markers of an inflammatory response such as
NO and cytokines. Moreover, while the inhibitory effect of HSPB1 on
tau fibril formation and aggregation has been reported in vitro and in
cells (7-9), we propose an effect of extracellular HSPB1 on tau patho-
logical inclusions in neurons. Our data suggest that HSPBI can par-
ticipate in a form of transcellular signaling to maintain neuronal
proteostasis. A key question emerging from our data is the down-
stream effect of astrocyte-secreted HSPB1 and its potential mecha-
nisms. An internalization of HSPB1 by astrocytes and neurons and
its localization in acidic compartments would be compatible with its
binding to membrane receptors to initiate downstream signaling
pathways that could be followed by receptor-mediated endocytosis. It
has been suggested that HSPB1 modulates the inflammatory re-
sponse through binding to Toll-like receptors (TLRs) in vascular en-
dothelial cells (81, 82) and dendritic cells (83) or through scavenger
receptor A in macrophages (48). Binding of extracellular HSPB1 to
receptors in the astrocyte surface such as TLRs may explain its im-
pact on cytokine secretion, but it could also explain some of the ef-
fects observed in neurons, where TLR activation can modulate
neurite outgrowth (84). Alternatively, the observed effects may be
mediated by HSPB1 reaching the cytoplasm, for example, by lyso-
somal rupture in response to tau pathology, and having a direct func-
tion. In support of this, our data show that extracellular HSPB1
shares some functions with those reported for the intracellular
HSPBI1. HSPB1 has been reported to modulate pathways that control
the inflammatory response (18), neurite outgrowth through binding
to cytoskeleton components (16, 85), and binding to tau to prevent its
aggregation (7-9). This suggests that extracellular HSPB1 can reach
the intracellular compartment in neurons, similar to what happens to
other extracellular chaperones such as clusterin (86) and proteins in-
cluding tau or a-synuclein, which have been suggested to induce
vesicle rupture following endocytosis (87, 88).

Treatment with recombinant HSPB1 has shown translational po-
tential, reducing the paralytic symptoms when injected intraperitone-
ally in the experimental autoimmune encephalomyelitis mouse model,
alongside decreased levels of the inflammatory cytokines IL-2, IL-6,
and IFNy (89). Intravenous infusion of human-derived HSPBI or
recombinant HSPB1 with a cell-penetrating peptide reduced blood-
brain barrier dysfunction and improved neurological deficits, includ-
ing reduced glia activation in mice following brain ischemia (90, 91).
Our findings provide proof of concept for HSPBI as a therapeutic tar-
getin AD and other tauopathies. Increasing the levels of HSPBI in the
brain extracellular space through strategies to deliver recombinant
protein or using astrocyte-directed gene therapy vectors constitutes
potential therapeutic avenues in AD and related tauopathies.

MATERIALS AND METHODS
Postmortem human brain
Paraffin-embedded postmortem human sections from the temporal
cortex of age-, gender-, and postmortem delay-matched confirmed
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Braak 0-VT cases (table S1) were obtained from the London Neuro-
degenerative Diseases Brain Bank at King’s College London. All tis-
sue donations were collected with informed consent for use in
research, and this study was conducted under the ethical approval of
the tissue bank (23/WA/0124 Wales REC 3).

Systematic search of human CSF proteomic studies

Publicly available proteomics data were collected using PubMed
searching for “(cerebrospinal fluid OR CSF) AND (proteome OR
proteomics) AND (human) AND (normal OR healthy OR control),”
with the filters “Full Text,” “Humans,” and “English” This search
yielded a total of 687 articles. Three additional papers were in-
cluded, which had been cited in other studies, resulting in a total of
690 papers. Studies that were not proteomics analysis of total
CSF (n =390), did not involve human CSF (n = 18), did not include
samples from healthy individuals or health status was not reported
or was unclear (n = 41), or identified fewer than 1000 proteins
(n = 226) were excluded, resulting in a final list of 15 studies, of
which 2 used the same dataset.

Estimation of sHSP cellular gene expression from single-cell
RNA sequencing studies in human brain

Gene expression in single cells was retrieved from publicly available
single-cell RNA sequencing data at the Cell Types Database from
the Allen Brain Map portal (https://portal.brain-map.org/): human
Multiple Cortical Areas SMART-seq (2019), human Primary Motor
Cortex 10x Genomics (2020), and human Middle Temporal Gyrus
references from the Seattle Alzheimer’s Disease Brain Cell Atlas
(SEA-AD) (2022) (92-94). Trimmed means were extracted for all
members of the sHSP family for the different cell populations, based
on Cell Type Taxonomies in Allen Brain MAP (https://knowledge.
brain-map.org/celltypes): neuronal (GABAergic and glutamatergic
neurons), nonneuronal (astrocytes, oligodendrocyte precursor cells,
and oligodendrocytes), and nonneural (microglia/perivascular
macrophages, endothelial cells, and vascular and leptomeningeal
cells). To determine gene expression changes in relation to AD pro-
gression, we have obtained the beta coefficient for either astrocytes
or endothelial cells for all early and late disease pseudoprogression,
available at the AD Gene Expression Trajectory Viewer (https://
sea-ad.shinyapps.io/ad_gene_trajectories/), from the SEA-AD
project (94).

Animals

All animal work was conducted in accordance with the UK Animals
(Scientific Procedures) Act 1986 Amendment Regulations 2021
under UK Home Office Personal and Project Licenses and approved
by the King’s College London Animal Welfare and Ethical Re-
view Board.

Primary mouse cultures and treatments

Mouse primary glial cultures

Primary mixed glial cultures were prepared from the cortex of a pool
of wild-type CD1 mice on postnatal days 1 to 3, as previously de-
scribed (71). Briefly, brains were harvested and placed in ice-cold
Dulbeccos modified Eagle’s medium (DMEM), meninges were re-
moved, and cerebral cortices were dissected, pooled together, and
mechanically dissociated. Glial cells were grown in DMEM (Gibco,
21969-035) supplemented with 2 mM GlutaMAX (Gibco, 35050061),
penicillin (100 U/ml), streptomycin (100 pg/ml; Gibco, 15140122), and
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10% fetal bovine serum (FBS) (Gibco, 10500064), in poly-D-lysine
(PDL; 50 pg/ml; Sigma-Aldrich, P6407)-treated flasks. To prepare
astrocyte cultures, 14 to 28 DIV mixed glial cultures were shaken at
220 rpm overnight to remove microglia. Astrocyte-enriched cultures
(>95% GFAP-positive) were trypsinized in TrypLE (Gibco,
12605010) and seeded in PDL-coated plates for 3 days until they
reached 80 to 90% confluency. To prepare primary microglia
cultures, 7-DIV mixed glial cells were treated with granulocyte-
macrophage CSF (GM-CSF; 5 ng/ml; PeproTech, 315-03-50) to en-
hance microglia proliferation, and medium was replaced with fresh
GM-CSF after 4 days. After 3 days, flasks were shaken at 220 rpm for
3 hours, and microglia cells were grown in PDL-coated plates. All
cultures were maintained at 37°C in a humidified incubator with 5%
CO,. For treatments, astrocyte and microglia culture medium was
replaced by complete DMEM containing 1% FBS.

Astrocytes were treated with TNFa (30 ng/ml, R&D Systems,
410-MT-050) and/or IL-1a (3 ng/ml, Sigma-Aldrich, 13901), Baf-
A1l (20 nM in DMSO, Alfa Aesar, J61835.M), rhHSPBI [50 ng/ml in
0.1% (w/v) bovine serum albumin (BSA) in phosphate-buffered sa-
line (PBS), R&D Systems, 1580-HS], or heat-inactivated rhHSPB1
prepared by incubating at 99°C for 30 min. For live-cell experi-
ments, thHSPB1-Oregon Green (120 ng/ml) was used. Microglia
cultures were treated with LPS (0.1 pg/ml, Sigma-Aldrich, L5293)
and IFNy (0.01 pg/ml, eBioscience, 14-8311) for 6 hours, and cells
were then washed to eliminate any remaining LPS and IFNy and
incubated for further 18 hours in complete DMEM with 1% FBS.
Mouse primary neuron cultures
Primary neurons were prepared from the cortex of wild-type CD1
embryos on E16.5 as previously described (71). Briefly, brains were
harvested and placed in ice-cold Hanks’ balanced salt solution with
Hepes, where the meninges were removed, and cerebral cortices
were dissected and digested in TryplE (Gibco, 12605010). Cells were
cultured in poly-p-lysine (Sigma-Aldrich, P7280)-coated plates and
grown in Neurobasal medium (Gibco, 21103049) supplemented
with 2% B27 (Gibco, 17504044), GlutaMAX (Gibco, 35050061), so-
dium pyruvate (Gibco, 11360070), penicillin (100 U/ml), and strep-
tomycin (100 pg/ml; Gibco, 15140122) at 37°C in a humidified
incubator with 5% CO, until 12 to 14 DIV. For treatment with
astrocyte-conditioned medium, 40% of neuronal medium was re-
placed with medium from astrocytes grown in Neurobasal medium.
For neurite growth assays, 0.1% BSA or rhHSPB1 (10 ng/ml) was
directly added to neuronal medium at 3, 6, 9, and 12 DIV and fixed
at 14 DIV. Neurons at 6 DIV were transduced with AAV's to express
wild-type (AAV2/TM8-WT-htauON4R-EGFP) or mutant (AAV2/
TM8-P301L/S320F-htau0N4R-EGFP) htau at 2.5 X 10" viral genome
(VG)s/ml, followed by treatment with either rhHSPB1 (50 ng/ml in
0.1% BSA, R&D Systems, 1580-HS) or vehicle (0.1% BSA in PBS), at
6 DIV and every 48 hours until 12 DIV.

DNA and siRNA transfection

Primary mouse astrocytes were transfected with pCMV.FRT-V5-
hHSPB1 (a gift from H. Kampinga, Addgene plasmid no. 63102) or
an empty vector (pcDNA3.1) for 24 hours in DMEM with 10% FBS,
followed by further 24 hours in DMEM with 1% FBS or complete
Neurobasal medium with 2% B27. Astrocytes were transfected with
50 nM On-Target Plus SMART pool (Dharmacon) siRNAs for
mouse HSPBI (L-045651-00) or nontargeting (Dharmacon, D-
001810-10) for 72 hours in complete DMEM with 10% FBS, fol-
lowed by further 24 hours in DMEM with 1% FBS.
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Labeling of rhHSPB1 with Oregon Green and

live-cell imaging

rhHSPB1 (R&D Systems, 1580-HS) manufacturer stock solution
was exchanged to 0.1 M sodium bicarbonate (pH 8.3) using a 3-kDa
cutoft filter (Millipore, UFC500396) and incubated in Oregon Green
488 dye (1 mg/ml; Thermo Fisher Scientific, 06149) for 1 hour at
room temperature, and unbound Oregon Green was washed in PBS
using a 3-kDa filter column until clear. Cells in 96-well plates were
treated with rhHSPB1-Oregon Green together with 100 nM Lyso-
Tracker Red DND-99 (Thermo Fisher Scientific, L7528) and imme-
diately imaged with an Opera Phenix High-Content Screening
System (Perkin-Elmer) with environment maintained at 37°C with
humidified CO,.

iPSC culture and differentiation into astrocytes

LCL culture and iPSC reprogramming

Two control human lymphoblastoid cell lines (LCLs) were obtained
from the European Collection of Authenticated Cell Cultures. Cells
were donated by two healthy males that were over the age of 40 at
the time of collection (cell lines: C53 and C70). LCLs were cultured
in nonadherent T25 tissue culture flasks at 37°C and 5% CO, in LCL
medium (RPMI 1640, Gibco, 21875034), supplemented with Gluta-
MAX (Gibco, 35050061) and 20% FBS (Gibco, 10500064). LCLs
were reprogrammed into iPSCs, as previously reported (95). Briefly,
LCLs were transfected with plasmids expressing OCT3/4, L-MYC,
KLF4, SV40LT, LIN28, SOX2, and shRNA-p53 [namely, pEP4 E02S
ET2K—a gift from J. Thomson (Addgene plasmid no. 20927),
pCXLE-hOCT3/4-shp53-F, pCXLE-hUL, and pCXLE-hSK—a gift
from S. Yamanaka (Addgene plasmid nos. 27077, 27080, and 27078]
using the Amaxa Human B Cell Nucleofector Kit (Lonza, VPA-
1001). Cells were transferred onto a feeder layer of mitomycin C-
inactivated mouse embryonic fibroblast in LCL medium for 5 days.
Medium was transitioned to reprograming medium as previously
described. Approximately 2 weeks after electroporation, small colo-
nies were detected, and the medium was transitioned to Essential
8 Flex medium (Gibco, A2858501). Colonies were manually picked
and transferred to a plate coated with Geltrex (Thermo Fisher Scien-
tific, A1413302) in Essential 8 Flex. iPSCs were routinely screened
for mycoplasma contamination using the MycoAlert Mycoplasma
Detection Kit (Lonza, LT07).

iPSC characterization

iPSCs displayed normal morphology and, as evidence of pluripo-
tency, were shown to differentiate into cells from the three germ
layers of the blastocyst, as previously described (95). Approxi-
mately 14 days after spontaneous differentiation, the cells were fixed
and stained for endodermal cells expressing a-fetoprotein (1:200,
Santa Cruz Biotechnology, sc-8108), mesodermal cells expressing
smooth muscle actin (1:200, Abcam, ab5694), and ectodermal cells
expressing p3-tubulin (1:400, Sigma-Aldrich, T8660). iPSCs were
subjected to digital karyotyping using the KaryoStat+ Karyotyping
Service (Thermo Fisher Scientific, A52849), which did not indicate
any chromosomal abnormalities.

Astrocyte differentiation from iPSCs

iPSCs were cultured in Essential 8 Flex medium and differentiated
into astrocyte progenitors, as described by Serio et al. (41), with a
few modifications. iPSCs were initially differentiated into neural
precursors (NPCs) until astroglial progenitors (APCs) were ob-
served. APCs are larger than neurons and adhere better to the plate.
Hence, APCs were purified by passaging the mixed population of
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NPCs and APCs at low density, leading to an enrichment of APCs
over NPCs. Cells were cultured and passaged at low density for 2 to
4 weeks to obtain a pure population of APCs. APCs were seeded
onto Matrigel (Corning, 356234)-coated plates and terminally dif-
ferentiated into astrocytes by the addition of CNTF (10 ng/ml; Pep-
roTech, 450-13) for at least 2 weeks. Astrocyte progenitors were
positive for vimentin (Sigma-Aldrich), and mature astrocytes were
positive for GFAP (Abcam, ab4674). Medium from mature astro-
cytes was replaced by fresh medium and collected after 24 hours.

Organotypic brain slice culture and treatments

Organotypic brain slice cultures were prepared from wild-type CD1
mice on P7, as previously described (53, 55). The sex of the pups was
not determined. Brains were dissected in ice-cold oxygenated dis-
section buffer [124 mM NaCl, 3 mM KCl, 1.25 mM KH,POy, 8.2 mM
MgSO47H,0, 2.65 mM CaCl,-2H,0, 3.5 mM NaHCO3, 1.99 mM
ascorbic acid, 10 mM glucose, ATP (0.2 mg/ml; Sigma-Aldrich,
A6419); pH 7.4], and three 350-um-thick sections cut with a Mcll-
wain tissue chopper (Stoelting, 51350) were positioned on a 0.4-pm
Millicell culture insert (Merck Millipore, 10412511) and cultured in
1 ml of slice culture medium [19.3 mM NaCl, 5 mM NaHCOs3,
2.7 mM CaCl,-2H;0, 2.5 mM MgSO47H,0, 0.5 mM ascorbic acid,
basal medium Eagle (9.19 g/liter; Sigma-Aldrich, B9638), 40 mM
glucose, 1 mM Hepes (Sigma-Aldrich, H0887), penicillin-streptomycin
(5 ml/liter; Sigma-Aldrich, 15140122), insulin (0.33 ml/liter;
Sigma-Aldrich, 9278), and 25% horse serum (Sigma-Aldrich,
H1138); pH 7]. Three to four hippocampal slices were separated
from the cortex in dorsal slices. The medium was replaced after
2.5 hours. AAV8-GFAP-BFP (1 x 10'° VGs/ml) and AAV8-GFAP-
BFP:hHSPBI (1 X 10'° VGs/ml) or AAV2/8-WT-EGFP (1 x 10"
VGs/ml) and AAV2/8-P301L/S320F-htau-EGFP (1 X 10"' VGs/
ml) were added at 0 DIV, and the medium was replaced every 2
to 3 days until 21 DIV for hHSPB1 AAVs and 28 DIV for htau
AAVs. After 14 DIV, to allow for any stress caused by the axotomy
to be resolved (53), slices were treated with rhHSPB1 (50 ng/ml) or
0.1% BSA and at each medium change (until harvesting at 28 DIV), or
treated with either TNFot + IL-1o or thHSPB1 for 24 hours in complete
Neurobasal medium with 2% B27 and collected at 21 DIV. Treatments
and controls were region-matched with slices from each
hemisphere.

Recombinant AAVs

AAV8-GFAP-BFP and AAV8-GFAP-BFP:hHSPBI1 were obtained
from VectorBuilderbypackagingpAAV[Exp]-GFAP(short)>TagBFP2:
WPRE (VectorBuilder, VB210218-1066qmw) and pAAV[Exp]-
GFAP(short)-hHSPB1[NM_001540.5]:P2A:TagBFP2:WPRE (Vector-
Builder, VB210211-1047trt) into single-stranded AAV8 viruses.
AAV2/8-WT-EGFP and AAV2/8-P301L/S320F-htau-EGFP to express
the ON4R htau under the hCBA promoter were obtained by microscale
preparation (54).

Immunohistochemistry of human brain sections

Temporal cortex sections (7 pm) of human AD and control brain
were prepared from formalin-fixed paraffin-embedded blocks. Sec-
tions were deparaffinized in xylene (Thermo Fisher Scientific,
X/0250/17) and rehydrated in 99% (v/v) ethanol, followed by anti-
gen retrieval in citrate buffer (0.01 M sodium citrate, pH 6) at 95° to
100°C for 5 min and 65°C for 12 min. Sections were cooled in water
and rinsed in tris-buffered saline (TBS), and a hydrophobic wax
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boarder was applied using PAP pen (SLS, HIS0500). Sections
were placed in blocking buffer [1:100 normal goat serum (Sigma-
Aldrich, G9023) in TBS] followed by primary antibody incubation
overnight: 6E10 (1:200, BioLegend 803002), ALDH1L1 (1:200,
Antibodies-online ABIN1304519), CAII (1:100, Abcam ab124687),
GFAP (1:500, Dako N1506 or Abcam ab4674), HSPB1 (1:200 Enzo
ADI-SPA-803 or HSPB1 mouse Proteintech, 66767-1-Ig), IBA1
(1:200, Wako 019-19741), and MAP2 (1:500, Sigma-Aldrich 05-346
or GeneTex GTX82661). After fluorophore-coupled secondary anti-
body (Invitrogen) incubation at 1:250, sections were treated with
0.3% (w/v) Sudan Black (Acros Organics, 190160250) in 70% etha-
nol and mounted using Fluoromount-G mounting medium with
4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen, 00-4959-52).

Analysis of human brain sections

Images were taken with either a Zeiss Axioscope-Apotome micro-
scope or a Nikon Ti-E camera inverted epifluorescence microscope
with a 40X oil immersion objective. For quantification, images were
taken in a Nikon Eclipse Ti inverted spinning disk confocal micro-
scope with 40X oil immersion/1.4-numerical aperture (NA) objec-
tive and Z-stacks, including regions with an amyloid plaque in the
center and 50 pm from the plaque edge, referred to as proximal to
plaques. Distal regions were selected from equivalent adjacent areas,
where no plaques are found within 50 pm. A minimum of 10 plaques
and equivalent control areas were taken from each case. Quantifica-
tion of mean fluorescence intensity was performed in Image]. For the
analysis of extracellular HSPB1, Z-stacks were projected with maxi-
mum intensity. Nuclear and GFAP staining were used to manually
distinguish single astrocytes, and a 50-pm diameter was defined as
the surrounding area. A mask was created using GFAP, and the mean
intensity of HSPB1 signal outside the mask was quantified in the se-
lected area in approximately 50 astrocytes per case and condition.

Collection of conditioned medium, cultured cells, and brain
slice lysates

The medium from astrocytes, microglia, or brain slices was centri-
fuged at 1000g, 4°C for 5 min to eliminate any dead cells and debris.
The supernatant was stored at —20°C. For Western blotting, the me-
dium was concentrated approximately 10 times in a 30-kDa molecu-
lar weight cutoff column (Millipore, UFC503096) and resuspended
in Laemmli buffer. Cell lysates were collected in Laemmli buffer.
Three brain slices in one insert were collected in radioimmunopre-
cipitation assay buffer (Thermo Fisher Scientific, 89900) supplement-
ed with protease inhibitors (Roche, 11836170001) and phosphatase
inhibitors (Roche, 4906845001) and homogenized in a polytetrafluo-
roethylene tissue grinder (Fisherbrand, 10075911). Protein concen-
tration was measured using a bicinchoninic acid assay (Thermo
Fisher Scientific, 23227) and resuspended in Laemmli buffer.

Western blotting

Protein extracts were separated by 10 or 12% SDS-polyacrylamide
gel electrophoresis in a Mini-PROTEAN Tetra system (Bio-Rad)
and transferred to 0.45-pum nitrocellulose membrane (Amersham
Protran, 10600002) in a Mini Trans-Blot system (Bio-Rad). After
blocking in Odyssey blocking buffer (LI-COR, 927-60003), blots
were probed with primary antibodies 1:1000: V5 (Invitrogen,
R960-25), mouse HSPB1 (Enzo, ADI-SPA-801), human HSPBI1
(Enzo, ADI-SPA-803), phospho-HSPBI1 (S82) (D1H2F6) (CST,
9709), LCN2 (R&D Systems, AF1857), SerpinA3N (R&D Systems,
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AF4709), iNOS (Abcam, ab3523), glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH; Santa Cruz Biotechnology, sc-32233), B-
actin (Abcam, ab8227 and ab8226), ALDH1L1 (Antibodies-online,
ABIN1304519), IBA1 (Wako, 019-19741), GFAP (Dako, Z0334), p-
III-tubulin (Abcam, ab18207), CD81 (Santa Cruz Biotechnology,
sc-166029), tau (Dako, A0024), and PHF-1 (P. Davies). Blots were
washed in TBS with 0.1% Tween 20 and incubated with the appro-
priate IRDye 800-or IRDye 680-conjugated anti-mouse, anti-
rabbit, or anti-goat secondary antibodies (LI-COR) diluted 1:10,000.
Signal was visualized using an Odyssey CLx infrared imager (LI-
COR) and quantified using ImageStudio Lite (Li-COR) software.

Immunofluorescence of cultured cells

Cells were fixed with 4% (w/v) paraformaldehyde (PFA; Avantor,
43368.9M) and permeabilized with 0.1% (v/v) Triton X-100 in PBS
followed by blocking in 5% (w/v) BSA (Sigma-Aldrich, A7906) and
incubation with primary antibodies: NF-kB p65 (1:500, Cell Signal-
ing Technology, 6956), human HSPB1 (1:500, Enzo, ADI-SPA-803),
MAP?2 (1:1000, GeneTex GTX82661), and MC1 (1:500, P. Davies).
Secondary antibodies (Invitrogen) were applied at 1:1000 followed
by Hoechst (0.1 pg/ml, Invitrogen, 33342) and mounted with fluo-
rescence mounting medium (DAKO $3203). For LC3 and LAMP1,
the cells were fixed with cold methanol at 4°C, followed by blocking
in 10% (v/v) goat serum: LAMP1 (1:500, Developmental Studies
Hybridoma Bank, 1D4B), LC3 (1:500, Nanotools, 0231-100/LC3-
5F10), and mouse HSPB1 (1:500, Enzo, ADI-SPA-801). For NF-kB
p65, samples were imaged using Zeiss Axioscope-Apotome micro-
scope. For MAP2 neurite outgrowth, 96-well plates were imaged us-
ing an Opera Phenix High-Content Screening System (PerkinElmer)
using 20X water objective. LC3, Lamp1, and HSPB1 staining were
imaged using Nikon Inverted AIR confocal microscope with 63x
oil immersion/1.4-NA objective and Z-stack images.

Immunofluorescence of mouse organotypic brain

slice cultures

Brain slices were fixed in precooled 4% PFA inside and outside the
insert at room temperature for 20 min, followed by incubation in
precooled 20% methanol overnight at 4°C. Insert membrane was
cut, and slices were permeabilized in 0.5% (v/v) Triton X-100 in PBS
overnight at 4°C, washed, and blocked in 20% (w/v) BSA in PBS
supplemented with 0.1% Triton X-100 overnight at 4°C. Brain slices
were then incubated for 72 hours at 4°C with 1:200 primary anti-
bodies diluted in 5% BSA in PBS supplemented with 0.1% Triton
X-100: hHSPB1 (Enzo, ADI-SPA-803) and GFAP (Abcam, ab4674).
Slices were washed with 5% BSA in PBS and incubated with 1:500
secondary antibodies (Invitrogen) at room temperature for 4 hours.
After washing in 5% BSA in PBS, the slices were incubated with
SYTO Deep Red (Invitrogen, S34900) (1:200 in 5% BSA in PBS) at
room temperature for 30 min. Brain slices were mounted onto glass
slides with ProLong Gold Antifade Mountant (Thermo Fisher Sci-
entific, P36930). Samples were imaged using Nikon Inverted AIR
confocal microscope with 63X oil immersion/1.4-NA objective and
Z-stack images.

RNA isolation and quantitative PCR

RNA was extracted from primary mouse astrocytes using the Abso-
lutely Total RNA Purification Kit (Agilent, no. 400800). cDNA
was synthesized from 200 ng of extracted total RNA reactions
using High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific,
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no. 4388950). Quantitative polymerase chain reaction (PCR) was
performed with the PowerUp SYBR Green Master Mix (Thermo
Fisher Scientific, no. A25741) by QuantStudio 7 Flex Real-Time
PCR System (Thermo Fisher Scientific, no. 4485701). GAPDH was
used as an internal control gene. The relative fold change in mRNA
between conditions was calculated and presented as 2744,
AACt = ACt (treatment) — ACt (control). Primer sequences were as
follows: HSPBI1, 5'-GAGGAGCTCACAGTGAAGAC-3' (forward)
and 5'-GCGTGTATTTCCGGGTGAAG-3' (reverse); GAPDH,
5'-GACGGCCGCATCTTCTTGTG-3’ (forward) and 5'-CAAATG-
GCAGCCCTGGTGAC-3’ (reverse).

LDH assay

Cytotoxicity was measured using CytoTox 96 Non-Radioactive Cy-
totoxicity Assay (Promega, G1780) by quantitatively measuring
LDH according to the manufacturers protocol. Absorbance was
measured at 490 nm on a CLARIOStar plate.

Griess assay

Griess reagent kit (Invitrogen, G7921) was used to quantify nitrite
levels in the medium as an indirect measure of NO levels, following
the manufacturer’s instructions. Absorbance was read at 548 nm on
a CLARIOStar plate reader.

ELISA to detect IL-6 levels

A murine IL-6 enzyme-linked immunosorbent assay (ELISA) De-
velopment Kit (PreproTech, 900-TM50) was used following the
manufacturer’s instructions in a 96-well ELISA plate (BioLegend,
423501). The plate was read at 450 nm with the wavelength correc-
tion set at 620 nm on a CLARIOStar plate reader.

Proteinase K protection assay

Equal volumes of concentrated astrocyte-conditioned medium were
incubated on ice with increasing concentrations of proteinase K
(Thermo Fisher Scientific, no. EO0491) for 30 min. Digestion was
stopped by protease inhibitor (Roche, no. 11836170001). Samples
were resuspended in Laemmli buffer and denatured with 95°C fol-
lowed by Western blotting.

Detection of NAG secretion

The presence of the lysosomal NAG in the medium was detected
using a NAG assay kit (Sigma-Aldrich, CS0780) according to the
manufacturer’s instructions. Before the assay, astrocytes were cul-
tured in phenol red-free complete medium DMEM-1% FBS
(DMEM, Gibco 31053028). Absorbance was read at 405 nm on a
CLARIOStar plate reader.

Isolation of EVs by SEC

Astrocytes were cultured in DMEM supplemented with 1% of EV-
free FBS by previously FBS centrifugation at 100,000¢ for 18 hours
at 4°C in a Beckman Coulter Optima XPN-80 ultracentrifuge, ali-
quoted. Astrocyte medium was centrifuged at 300g, 10 min at 4°C
and then at 2000g, 10 min at 4°C, followed by concentration using
an ultracentrifugal filter column (MilliporeSigma, no. UFC900308).
The medium was loaded into a SEC column (qEV10 / 35 nm, Izon,
no. SP7), and eluted fractions were collected. Protein concentration
was measured using NanoDrop spectrophotometer. For Western
blotting, each fraction was concentrated through a 3-kDa cutoft col-
umn (MilliporeSigma, UFC500396) and resuspended in Laemmli
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buffer. For membrane rupture, before SEC, Triton X-100 was added
to concentrated medium at 1% (v/v) concentration and the medium
was vortexed every 10 min and kept on ice for 1 hour.

Nanoparticle tracking analysis

EVs-rich fractions (F7 to F9) were pooled and measured by NTA
(NanoSight LM10 system) with sCMOS camera. Data were collect-
ed and analyzed using the NanoSight LM10 3.2 software. The cam-
era level was set to 14 (NTA 3.0 level), and the detection threshold
was set to 3 to reveal small particles. Ambient temperature was re-
corded manually, ranging from 19.8° to 20.1°C. The sample was di-
luted 1:200 in sterile PBS to ensure that the particle concentration
was between 1 x 10° and 1 x 10° particles/ml. Each sample was re-
corded five times for 30 s, and histograms were averaged.

Mouse cytokine array

A Proteome Profiler Mouse Cytokine Array Kit (R&D Systems,
ARY006) was used according to the manufacturer’s instructions.
Captured cytokines were visualized with 1:2000 IRDye 800cw Strep-
tavidin (LI-COR, 926-32230) and imaged with the Odyssey infrared
imaging system (LI-COR, Biosciences). Cytokine abundance was
calculated as signal intensity of each dot plot relative to the mean of
three reference spots, and z score was calculated.

Analysis of neurite outgrowth

Harmony high-content analysis software (PerkinElmer) was used to
analyze the MAP2-positive neurite properties identified with the
Find Neurites building block. Parameters were calculated per neu-
ron and averaged to total number of neurons imaged per well. All
experiments were performed in 96-well plates with a minimum of
five wells imaged per condition and per biological replicate.

Measurement of tau aggregation in neurons

Neurons were fixed in 4% (w/v) PFA at room temperature, and nu-
clei were stained with Hoechst. Using a Zeiss Axioscope-Apotome
microscope, the proportion of EGFP-positive neurons that con-
tained mutant tau aggregates was counted. Samples were blinded,
and a minimum of 500 cells was counted per replicate. Each experi-
ment was performed in three technical replicates.

Sarkosyl-insoluble tau extraction

Sarkosyl-insoluble tau was isolated from a pool of 12 mouse
brain slices. Brain slices were harvested in ice-cold homogenization
buffer [50 mM TBS, 10% (w/v) sucrose (Sigma-Aldrich, $9378),
2 mM EGTA (Sigma-Aldrich, E4378)], supplemented with prote-
ase (Roche, 11873580001) and phosphatase inhibitors (Roche,
4906845001) at 100 mg/ml and mechanically dissociated using a
Teflon glass homogenizer. The supernatant was collected following
centrifugation at 4°C for 20 min at 13,000, and an aliquot was re-
tained as the low-speed supernatant. N-lauroylsarcosine sodium salt
solution (Sarkosyl, Sigma-Aldrich, L7414) was added to the remain-
ing supernatant to a final concentration of 1% and incubated at am-
bient temperature for 30 min before centrifugation at 100,000¢ for
1 hour at 21°C using an Optima MAX-XP ultracentrifuge (Beckman
Coulter). The supernatant was collected as the high-speed superna-
tant containing sarkosyl-soluble tau. The pellet was washed with 1%
sarkosyl in homogenization buffer and centrifuged at 100,000g for
15 min at 21°C. The pellet, containing sarkosyl-insoluble tau, was
resuspended in Laemmli buffer.
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Statistical analysis

Statistical analysis was performed using GraphPad Prism 8. For
quantification of Western blot data, relative protein abundance
was calculated as the signal intensity relative to a loading control.
Data were normalized to allow for comparison across blots by
dividing each value by the sum of all data points on the same mem-
brane. Similar normalization was done for IL-6 values obtained by
ELISA. Statistical analysis was done using data from biological rep-
licates or individual human brain cases, and the number of repli-
cates is indicated in figure legends. For data with one independent
variable, a normality-and-lognormality test was performed to con-
firm the Gaussian distribution of the data; to compare two different
groups, two-tailed Student’s ¢ test was used; to compare more than
two groups, a one-way analysis of variance (ANOVA) with Tukey’s
multiple comparison was used. For data with two independent vari-
ables, a two-way ANOVA with Tukey’s or Sidak’s multiple com-
parisons was used. The confidence interval was 95%. *P < 0.05,
*#P < 0.01, ¥**P < 0.001, and ****P < 0.0001.

Supplementary Materials
This PDF file includes:

Figs.S1to S15

Table S1

REFERENCES AND NOTES

1. B.G. Perez-Nievas, A. Serrano-Pozo, Deciphering the astrocyte reaction in Alzheimer’s
disease. Front. Aging Neurosci. 10, 114 (2018).

2. C.Escartin, E. Galea, A. Lakatos, J. P. O'Callaghan, G. C. Petzold, A. Serrano-Pozo,

C. Steinhduser, A. Volterra, G. Carmignoto, A. Agarwal, N. J. Allen, A. Araque, L. Barbeito,
A. Barzilai, D. E. Bergles, G. Bonvento, A. M. Butt, W.-T. Chen, M. Cohen-Salmon,

C. Cunningham, B. Deneen, B. De Strooper, B. Diaz-Castro, C. Farina, M. Freeman, V. Gallo,
J.E.Goldman, S. A. Goldman, M. G6tz, A. Gutiérrez, P. G. Haydon, D. H. Heiland, E. M. Hol,
M. G. Holt, M. lino, K. V. Kastanenka, H. Kettenmann, B. S. Khakh, S. Koizumi, C. J. Lee,

S. A. Liddelow, B. A. MacVicar, P. Magistretti, A. Messing, A. Mishra, A.V. Molofsky,

K. K. Murai, C. M. Norris, S. Okada, S. H. R. Oliet, J. F. Oliveira, A. Panatier, V. Parpura,

M. Pekna, M. Pekny, L. Pellerin, G. Perea, B. G. Pérez-Nievas, F. W. Pfrieger, K. E. Poskanzer,
F.J. Quintana, R. M. Ransohoff, M. Riquelme-Perez, S. Robel, C. R. Rose, J. D. Rothstein,

N. Rouach, D. H. Rowitch, A. Semyanoy, S. Sirko, H. Sontheimer, R. A. Swanson, J. Vitorica,
1.-B. Wanner, L. B. Wood, J. Wu, B. Zheng, E. R. Zimmer, R. Zorec, M. V. Sofroniew,
A.Verkhratsky, Reactive astrocyte nomenclature, definitions, and future directions. Nat.
Neurosci. 24,312-325 (2021).

3. S.A.Liddelow, K. A. Guttenplan, L. E. Clarke, F. C. Bennett, C. J. Bohlen, L. Schirmer,

M. L. Bennett, A. E. Miinch, W.-S. Chung, T. C. Peterson, D. K. Wilton, A. Frouin, B. A. Napier,
N. Panicker, M. Kumar, M. S. Buckwalter, D. H. Rowitch, V. L. Dawson, T. M. Dawson,

B. Stevens, B. A. Barres, Neurotoxic reactive astrocytes are induced by activated microglia.
Nature 541, 481-487 (2017).

4. S.Das, Z.Li, A. Noori, B.T. Hyman, A. Serrano-Pozo, Meta-analysis of mouse transcriptomic
studies supports a context-dependent astrocyte reaction in acute CNS injury versus
neurodegeneration. J. Neuroinflammation 17, 227 (2020).

5. M. Haslbeck, S. Weinkauf, J. Buchner, Small heat shock proteins: Simplicity meets
complexity. J. Biol. Chem. 294,2121-2132 (2019).

6. M. Brehme, C.Voisine, T. Rolland, S. Wachi, J. H. Soper, Y. Zhu, K. Orton, A.Villella, D. Garza,
M. Vidal, H. Ge, R. I. Morimoto, A chaperome subnetwork safeguards proteostasis in aging
and neurodegenerative disease. Cell Rep. 9, 1135-1150 (2014).

7. J.F. Abisambra, L. J. Blair, S. E. Hill, J. R. Jones, C. Kraft, J. Rogers, J. Koren, U. K. Jinwal,

L. Lawson, A. G. Johnson, D. Wilcock, J. C. O'Leary, K. Jansen-West, M. Muschol, T. E. Golde,
E.J. Weeber, J. Banko, C. A. Dickey, Phosphorylation dynamics regulate Hsp27-mediated
rescue of neuronal plasticity deficits in tau transgenic mice. J. Neurosci. 30, 15374-15382
(2010).

8. R.Freilich, M. Betegon, E. Tse, S.-A. Mok, O. Julien, D. A. Agard, D. R. Southworth,

K. Takeuchi, J. E. Gestwicki, Competing protein-protein interactions regulate binding of
Hsp27 to its client protein tau. Nat. Commun. 9, 4563 (2018).

9. H.E.R.Baughman, T-H.T.Pham, C. S. Adams, A. Nath, R. E. Klevit, Release of a disordered
domain enhances HspB1 chaperone activity toward tau. Proc. Natl. Acad. Sci. U.S.A. 117,
2923-2929 (2020).

Yang et al., Sci. Adv. 10, eadk9884 (2024) 20 March 2024

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. D. Cox, D.R. Whiten, J. Brown, M. H. Horrocks, R. San Gil, C. M. Dobson, D. Klenerman,

A. M. van Oijen, H. Ecroyd, The small heat shock protein Hsp27 binds a-synuclein fibrils,
preventing elongation and cytotoxicity. J. Biol. Chem. 293, 4486-4497 (2018).

. Z.Liy, S.Zhang, J. Gu, Y.Tong, Y. Li, X. Gui, H. Long, C. Wang, C. Zhao, J. Lu, L. He, Y. Li,

Z.Liu, D. Li, C. Liu, Hsp27 chaperones FUS phase separation under the modulation of
stress-induced phosphorylation. Nat. Struct. Mol. Biol. 27, 363-372 (2020).

. S.Lu, J. Hu, O. A. Arogundade, A. Goginashvili, S. Vazquez-Sanchez, J. K. Diedrich, J. Gu,

J.Blum, S. Oung, Q. Ye, H. Yu, J. Ravits, C. Liu, J. R. Yates, D. W. Cleveland, Heat-shock
chaperone HSPB1 regulates cytoplasmic TDP-43 phase separation and liquid-to-gel
transition. Nat. Cell Biol. 24, 1378-1393 (2022).

. J.M.Bruey, C. Ducasse, P. Bonniaud, L. Ravagnan, S. A. Susin, C. Diaz-Latoud, S. Gurbuxani,

A. P. Arrigo, G. Kroemer, E. Solary, C. Garrido, Hsp27 negatively regulates cell death by
interacting with cytochrome c. Nat. Cell Biol. 2, 645-652 (2000).

. S.C.Benn, D. Perrelet, A. C. Kato, J. Scholz, . Decosterd, R. J. Mannion, J. C. Bakowska,

C. J. Woolf, Hsp27 upregulation and phosphorylation is required for injured sensory and
motor neuron survival. Neuron 36, 45-56 (2002).

. P.Mehlen, C. Kretz-Remy, X. Préville, A. P. Arrigo, Human hsp27, Drosophila hsp27 and

human alphaB-crystallin expression-mediated increase in glutathione is essential for the
protective activity of these proteins against TNFalpha-induced cell death. EMBO J. 15,
2695-2706 (1996).

. J.N. Lavoie, E. Hickey, L. A. Weber, J. Landry, Modulation of actin microfilament dynamics

and fluid phase pinocytosis by phosphorylation of heat shock protein 27. J. Biol. Chem.
268, 24210-24214 (1993).

. E. Adriaenssens, B. Asselbergh, P. Rivera-Mejias, S. Bervoets, L. Vendredy, V. De Winter,

K. Spaas, R. de Rycke, G. van Isterdael, F. Impens, T. Langer, V. Timmerman, Small heat
shock proteins operate as molecular chaperones in the mitochondrial intermembrane
space. Nat. Cell Biol. 25, 467-480 (2023).

. B.Dukay, B. Csoboz, M. E. Toth, Heat-shock proteins in neuroinflammation. Front.

Pharmacol. 10,920 (2019).

. M. E.Toth, V. Szegedi, E. Varga, G. Juhasz, J. Horvath, E. Borbély, B. Csibrany, R. Alfoldi,

N. Lénart, B. Penke, M. Sdntha, Overexpression of Hsp27 ameliorates symptoms of
Alzheimer’s disease in APP/PS1 mice. Cell Stress Chaperones 18, 759-771 (2013).

J.S. Mesgarzadeh, J. N. Buxbaum, R. L. Wiseman, Stress-responsive regulation of
extracellular proteostasis. J. Cell Biol. 221, 202112104 (2022).

R. . Morimoto, Cell-nonautonomous regulation of proteostasis in aging and disease. Cold
Spring Harb. Perspect. Biol. 12, a034074 (2020).

R. San Gil, L. Ooi, J. J. Yerbury, H. Ecroyd, The heat shock response in neurons and astroglia
and its role in neurodegenerative diseases. Mol. Neurodegener. 12, 65 (2017).

A. Serrano-Pozo, M. L. Mielke, T. Gomez-Isla, R. A. Betensky, J. H. Growdon, M. P. Frosch,
B.T. Hyman, Reactive glia not only associates with plaques but also parallels tangles in
Alzheimer’s disease. Am. J. Pathol. 179, 1373-1384 (2011).

M. M. M. Wilhelmus, I. Otte-Holler, P. Wesseling, R. M. W. de Waal, W. C. Boelens,

M. M. Verbeek, Specific association of small heat shock proteins with the pathological
hallmarks of Alzheimer’s disease brains. Neuropathol. Appl. Neurobiol. 32, 119-130 (2006).
J. Ojha, G. Masilamoni, D. Dunlap, R. A. Udoff, A. G. Cashikar, Sequestration of toxic
oligomers by HspB1 as a cytoprotective mechanism v. Mol. Cell. Biol. 31, 3146-3157
(2011).

S.E. Schutzer, T. E. Angel, T. Liu, A. A. Schepmoes, T. R. Clauss, J. N. Adkins, D. G. Camp,

B. K. Holland, J. Bergquist, P. K. Coyle, R. D. Smith, B. A. Fallon, B. H. Natelson, Distinct
cerebrospinal fluid proteomes differentiate post-treatment lyme disease from chronic
fatigue syndrome. PLOS ONE 6, 17287 (2011).

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

J. A. Opsahl, H. Barsnes, F. S. Berven, In-depth characterization of the cerebrospinal fluid
(CSF) proteome displayed through the CSF proteome resource (CSF-PR). Mol. Cell.
Proteomics 13,3152-3163 (2014).

Y. Zhang, Z. Guo, L. Zou, Y. Yang, L. Zhang, N. Ji, C. Shao, Y. Wang, W. Sun, Data for a
comprehensive map and functional annotation of the human cerebrospinal fluid
proteome. Data Brief 3, 103-107 (2015).

M. A. Collins, J. An, B. L. Hood, T. P. Conrads, R. P. Bowser, Label-free LC-MS/MS proteomic
analysis of cerebrospinal fluid identifies protein/pathway alterations and candidate
biomarkers for amyotrophic lateral sclerosis. J. Proteome Res. 14, 4486-4501 (2015).

C. Macron, L. Lane, A. Nufez Galindo, L. Dayon, Identification of missing proteins in
normal human cerebrospinal fluid. J. Proteome Res. 17, 4315-4319 (2018).

G. Sathe, C. H. Na, S. Renuse, A. K. Madugundu, M. Albert, A. Moghekar, A. Pandey,
Quantitative proteomic profiling of cerebrospinal fluid to identify candidate biomarkers
for Alzheimer’s disease. Proteomics Clin. Appl. 13, 1800105 (2019).

A. Lleo, R. Nuiez-Llaves, D. Alcolea, C. Chiva, D. Balateu-Pafios, M. Colom-Cadena,

G. Gomez-Giro, L. Mufioz, M. Querol-Vilaseca, J. Pegueroles, L. Rami, A. Lladd,

J. L. Molinuevo, M. Tainta, J. Clarimén, T. Spires-Jones, R. Blesa, J. Fortea, P. Martinez-Lage,
R. Sanchez-Valle, E. Sabido, A. Bayés, O. Belbin, Changes in synaptic proteins precede
neurodegeneration markers in preclinical Alzheimer’s disease cerebrospinal fluid. Mol.
Cell. Proteomics 18, 546-560 (2019).

18 of 21

¥202 ‘22 Yose N uo 610°90us 105" MMM/ SA1Y Lo} papeo|umoq



SCIENCE ADVANCES | RESEARCH ARTICLE

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Yang et al., Sci. Adv. 10, eadk9884 (2024)

C. Macron, R. Lavigne, A. Nufiez Galindo, M. Affolter, C. Pineau, L. Dayon, Exploration of
human cerebrospinal fluid: A large proteome dataset revealed by trapped ion mobility
time-of-flight mass spectrometry. Data Brief 31, 105704 (2020).

B. Bai, X. Wang, Y. Li, P-C. Chen, K. Yu, K. K. Dey, J. M. Yarbro, X. Han, B. M. Lutz, S. Rao,

Y. Jiao, J. M. Sifford, J. Han, M. Wang, H. Tan, T. |. Shaw, J.-H. Cho, S. Zhou, H. Wang, M. Niu,
A. Mancieri, K. A. Messler, X. Sun, Z. Wu, V. Pagala, A. A. High, W. Bi, H. Zhang, H. Chi,

V. Haroutunian, B. Zhang, T. G. Beach, G. Yu, J. Peng, Deep multilayer brain proteomics
identifies molecular networks in Alzheimer’s disease progression. Neuron 105, 975-991.
€7 (2020).

H.Wang, K. K. Dey, P-C. Chen, Y. Li, M. Niu, J.-H. Cho, X. Wang, B. Bai, Y. Jiao, S. R. Chepyala,
V. Haroutunian, B. Zhang, T. G. Beach, J. Peng, Integrated analysis of ultra-deep
proteomes in cortex, cerebrospinal fluid and serum reveals a mitochondrial signature in
Alzheimer’s disease. Mol. Neurodegener. 15, 43 (2020).

J. M. Bader, P. E. Geyer, J. B. Miiller, M. T. Strauss, M. Koch, F. Leypoldt, P. Koertvelyessy,

D. Bittner, C. G. Schipke, E. I. Incesoy, O. Peters, N. Deigendesch, M. Simons, M. K. Jensen,
H. Zetterberg, M. Mann, Proteome profiling in cerebrospinal fluid reveals novel
biomarkers of Alzheimer’s disease. Mol. Syst. Biol. 16, €9356 (2020).

P. Oeckl, P. Weydt, D. R. Thal, J. H. Weishaupt, A. C. Ludolph, M. Otto, Proteomics in
cerebrospinal fluid and spinal cord suggests UCHL1, MAP2 and GPNMB as biomarkers
and underpins importance of transcriptional pathways in amyotrophic lateral sclerosis.
Acta Neuropathol. 139, 119-134 (2020).

L. Higginbotham, L. Ping, E. B. Dammer, D. M. Duong, M. Zhou, M. Gearing, C. Hurst,

J.D. Glass, S. A. Factor, E. C. B. Johnson, . Hajjar, J. J. Lah, A. I. Levey, N.T. Seyfried,
Integrated proteomics reveals brain-based cerebrospinal fluid biomarkers in
asymptomatic and symptomatic Alzheimer’s disease. Sci. Adv. 6, eaaz9360 (2020).

E. B. Dammer, L. Ping, D. M. Duong, E. S. Modeste, N.T. Seyfried, J. J. Lah, A. |. Levey,

E. C. B. Johnson, Multi-platform proteomic analysis of Alzheimer’s disease cerebrospinal
fluid and plasma reveals network biomarkers associated with proteostasis and the
matrisome. Alzheimers Res. Ther. 14, 174 (2022).

Y. Liu, R. Ding, M. Li, W. Ou, X. Zhang, W. Yang, X. Huang, H. Chai, Q. Wang, TMT proteomics
analysis of cerebrospinal fluid from patients with cerebral venous sinus thrombosis.

J. Proteomics 275, 104820 (2023).

A. Serio, B. Bilican, S. J. Barmada, D. M. Ando, C. Zhao, R. Siller, K. Burr, G. Haghi, D. Story,
A. L. Nishimura, M. A. Carrasco, H. P. Phatnani, C. Shum, . Wilmut, T. Maniatis, C. E. Shaw,
S. Finkbeiner, S. Chandran, Astrocyte pathology and the absence of non-cell autonomy in
an induced pluripotent stem cell model of TDP-43 proteinopathy. Proc. Natl. Acad. Sci.
U.S.A. 110, 4697-4702 (2013).

F. Nafar, J. B. Williams, K. M. Mearow, Astrocytes release HspB1 in response to amyloid-f
exposure in vitro. J. Alzheimers Dis. 49, 251-263 (2015).

C. Shi, A. Ulke-Lemée, J. Deng, Z. Batulan, E. R. O'Brien, Characterization of heat shock
protein 27 in extracellular vesicles: A potential anti-inflammatory therapy. FASEB J. 33,
1617-1630 (2019).

R. Bonavita, G. Scerra, R. Di Martino, S. Nuzzo, E. Polishchuk, M. Di Gennaro, S. V. Williams,
M. G. Caporaso, C. Caiazza, R. Polishchuk, M. D’Agostino, A. Fleming, M. Renna, The
HSPB1-p62/SQSTM1 functional complex regulates the unconventional secretion and
transcellular spreading of the HD-associated mutant huntingtin protein. Hum. Mol. Genet.
32,2269-2291 (2023).

C.Théry, K. W. Witwer, E. Aikawa, M. J. Alcaraz, J. D. Anderson, R. Andriantsitohaina,

A. Antoniou, T. Arab, F. Archer, G. K. Atkin-Smith, D. C. Ayre, J.-M. Bach, D. Bachurski,

H. Baharvand, L. Balaj, S. Baldacchino, N. N. Bauer, A. A. Baxter, M. Bebawy, C. Beckham,
A. B. Zavec, A. Benmoussa, A. C. Berardi, P. Bergese, E. Bielska, C. Blenkiron,

S. Bobis-Wozowicz, E. Boilard, W. Boireau, A. Bongiovanni, F. E. Borras, S. Bosch,

C. M. Boulanger, X. Breakefield, A. M. Breglio, M. A. Brennan, D. R. Brigstock, A. Brisson,
M. L. Broekman, J. F. Bromberg, P. Bryl-Gdrecka, S. Buch, A. H. Buck, D. Burger, S. Busatto,
D. Buschmann, B. Bussolati, E. . Buzas, J. B. Byrd, G. Camussi, D. R. Carter, S. Caruso,

L. W. Chamley, Y-T. Chang, C. Chen, S. Chen, L. Cheng, A. R. Chin, A. Clayton, S. P. Clerici,
A. Cocks, E. Cocucci, R. J. Coffey, A. Cordeiro-da-Silva, Y. Couch, F. A. Coumans, B. Coyle,

R. Crescitelli, M. F. Criado, C. D'Souza-Schorey, S. Das, A. D. Chaudhuri, P. de Candia,

E. F. De Santana, O. De Wever, H. A. Del Portillo, T. Demaret, S. Deville, A. Devitt, B. Dhondt,
D. Di Vizio, L. C. Dieterich, V. Dolo, A. P. D. Rubio, M. Dominici, M. R. Dourado,

T. A. Driedonks, F. V. Duarte, H. M. Duncan, R. M. Eichenberger, K. Ekstrom,

S. El Andaloussi, C. Elie-Caille, U. Erdbruigger, J. M. Falcon-Pérez, F. Fatima, J. E. Fish,

M. Flores-Bellver, A. Forsonits, A. Frelet-Barrand, F. Fricke, G. Fuhrmann, S. Gabrielsson,

A. Gdmez-Valero, C. Gardiner, K. Gartner, R. Gaudin, Y. S. Gho, B. Giebel, C. Gilbert,

M. Gimona, |. Giusti, D. C. Goberdhan, A. Goérgens, S. M. Gorski, D. W. Greening, J. C. Gross,
A. Gualerzi, G. N. Gupta, D. Gustafson, A. Handberg, R. A. Haraszti, P. Harrison, H. Hegyesi,
A. Hendrix, A. F. Hill, F. H. Hochberg, K. F. Hoffmann, B. Holder, H. Holthofer,

B. Hosseinkhani, G. Hu, Y. Huang, V. Huber, S. Hunt, A. G.-E. Ibrahim, T. Ikezu, J. M. Inal,

M. Isin, A. Ivanova, H. K. Jackson, S. Jacobsen, S. M. Jay, M. Jayachandran, G. Jenster,
L.Jiang, S. M. Johnson, J. C. Jones, A. Jong, T. Jovanovic-Talisman, S. Jung, R. Kalluri,

S.-l. Kano, S. Kaur, Y. Kawamura, E. T. Keller, D. Khamari, E. Khomyakova, A. Khvorova,

20 March 2024

46.

47.

48.

49.

50.

51.

52

53.

54.

55.

P. Kierulf, K. P.Kim, T. Kislinger, M. Klingeborn, D. J. Klinke, M. Kornek, M. M. Kosanovi¢,
A.F.Kovécs, E-M. Kramer-Albers, S. Krasemann, M. Krause, I. V. Kurochkin, G. D. Kusuma,
S. Kuypers, S. Laitinen, S. M. Langevin, L. R. Languino, J. Lannigan, C. Lésser, L. C. Laurent,
G. Lavieu, E. Lazaro-Ibanez, S. Le Lay, M.-S. Lee, Y. X. F. Lee, D. S. Lemos, M. Lenassi,

A. Leszczynska, . T. Li, K. Liao, S. F. Libregts, E. Ligeti, R. Lim, S. K. Lim, A. Liné,

K. Linnemannsténs, A. Llorente, C. A. Lombard, M. J. Lorenowicz, A. M. Lérincz, J. Létvall,
J. Lovett, M. C. Lowry, X. Loyer, Q. Lu, B. Lukomska, T. R. Lunavat, S. L. Maas, H. Malhi,

A. Marcilla, J. Mariani, J. Mariscal, E. S. Martens-Uzunova, L. Martin-Jaular, M. C. Martinez,
V. R. Martins, M. Mathieu, S. Mathivanan, M. Maugeri, L. K. McGinnis, M. J. McVey,

D. G. Meckes, K. L. Meehan, I. Mertens, V. R. Minciacchi, A. Méller, M. M. Jgrgensen,

A. Morales-Kastresana, J. Morhayim, F. Mullier, M. Muraca, L. Musante, V. Mussack,

D. C. Muth, K. H. Myburgh, T. Najrana, M. Nawaz, |. Nazarenko, P. Nejsum, C. Neri, T. Neri,
R. Nieuwland, L. Nimrichter, J. P. Nolan, E. N. M. Nolte-'t Hoen, N. N. Hooten, L. O'Driscoll,
T.O’Grady, A. O’'Loghlen, T. Ochiya, M. Olivier, A. Ortiz, L. A. Ortiz, X. Osteikoetxea,

O. @stergaard, M. Ostrowski, J. Park, D. M. Pegtel, H. Peinado, F. Perut, M. W. Pfaffl,

D. G. Phinney, B. C. Pieters, R. C. Pink, D. S. Pisetsky, E. P. von Strandmann, I. Polakovicova,
1. K. Poon, B. H. Powell, I. Prada, L. Pulliam, P. Quesenberry, A. Radeghieri, R. L. Raffai,

S. Raimondo, J. Rak, M. I. Ramirez, G. Raposo, M. S. Rayyan, N. Regev-Rudzki, F. L. Ricklefs,
P. D. Robbins, D. D. Roberts, S. C. Rodrigues, E. Rohde, S. Rome, K. M. Rouschop,

A. Rughetti, A. E. Russell, P. Saa, S. Sahoo, E. Salas-Huenuleo, C. Sénchez, J. A. Saugstad,
M. J. Saul, R. M. Schiffelers, R. Schneider, T. H. Schayen, A. Scott, E. Shahaj, S. Sharma,

O. Shatnyeva, F. Shekari, G. V. Shelke, A. K. Shetty, K. Shiba, P. R.-M. Siljander, A. M. Silva,
A. Skowronek, O. L. Snyder, R. P. Soares, B. W. Sodar, C. Soekmadii, J. Sotillo, P. D. Stahl,

W. Stoorvogel, S. L. Stott, E. F. Strasser, S. Swift, H. Tahara, M. Tewari, K. Timms, S. Tiwari,
R.Tixeira, M. Tkach, W. S. Toh, R. Tomasini, A. C. Torrecilhas, J. P. Tosar, V. Toxavidis,

L. Urbanelli, P. Vader, B. W. van Balkom, S. G. van der Grein, J. Van Deun,

M. J. van Herwijnen, K. Van Keuren-Jensen, G. van Niel, M. E. van Royen, A. J. van Wijnen,
M. H. Vasconcelos, I. J. Vechetti, T. D. Veit, L. J. Vella, E. Velot, F. J. Verweij, B. Vestad,

J. L.Vifas, T. Visnovitz, K. V. Vukman, J. Wahlgren, D. C. Watson, M. H. Wauben, A. Weaver,
J. P.Webber, V. Weber, A. M. Wehman, D. J. Weiss, J. A. Welsh, S. Wendt, A. M. Wheelock,
Z.Wiener, L. Witte, J. Wolfram, A. Xagorari, P. Xander, J. Xu, X. Yan, M. Yafez-Mé, H. Yin,
Y.Yuana, V. Zappulli, J. Zarubova, V. Zékas, J.-Y. Zhang, Z. Zhao, L. Zheng, A. R. Zheutlin,
A. M. Zickler, P. Zimmermann, A. M. Zivkovic, D. Zocco, E. K. Zuba-Surma, Minimal
information for studies of extracellular vesicles 2018 (MISEV2018): A position statement
of the International Society for Extracellular Vesicles and update of the MISEV2014
guidelines. J. Extracell. Vesicles 7, 1535750 (2018).

F. Bi, C. Huang, J. Tong, G. Qiu, B. Huang, Q. Wu, F. Li, Z. Xu, R. Bowser, X.-G. Xia, H. Zhou,
Reactive astrocytes secrete Icn2 to promote neuron death. Proc. Natl. Acad. Sci. U.S.A. 110,
4069-4074 (2013).

E.Jang, J.-H. Kim, S. Lee, J.-H. Kim, J.-W. Seo, M. Jin, M.-G. Lee, |.-S. Jang, W.-H. Lee, K. Suk,
Phenotypic polarization of activated astrocytes: The critical role of lipocalin-2 in the
classical inflammatory activation of astrocytes. J. Immunol. 191, 5204-5219 (2013).

K. Rayner, Y.-X. Chen, M. McNulty, T. Simard, X. Zhao, D. J. Wells, J. de Belleroche,

E.R. O'Brien, Extracellular release of the atheroprotective heat shock protein 27 is
mediated by estrogen and competitively inhibits acLDL binding to scavenger receptor-A.
Circ. Res. 103, 133-141 (2008).

Y.--J. Lee, H.-J. Leg, S.-H. Choi, Y. B. Jin, H. J. An, J.-H. Kang, S. S. Yoon, Y.-S. Lee, Soluble
HSPB1 regulates VEGF-mediated angiogenesis through their direct interaction.
Angiogenesis 15,229-242 (2012).

B. Rooney, K. Leng, F. McCarthy, I. V. L. Rose, K. A. Herrington, S. Bax, M. Y. Chin, S. Fathi,
M. Leonetti, A. W. Kao, J. E. Elias, M. Kampmann, mTOR controls neurotoxic lysosome
exocytosis in inflammatory reactive astrocytes. bioRxiv 10.1101/2021.09.11.459904
[Preprint] (2021).

H. Tapper, R. Sundler, Bafilomycin A1 inhibits lysosomal, phagosomal, and plasma
membrane H(+)-ATPase and induces lysosomal enzyme secretion in macrophages. J. Cell.
Physiol. 163, 137-144 (1995).

J. G. Hecker, H. Sundram, S. Zou, A. Praestgaard, J. E. Bavaria, S. Ramchandren,

M. McGarvey, Heat shock proteins HSP70 and HSP27 in the cerebral spinal fluid of
patients undergoing thoracic aneurysm repair correlate with the probability of
postoperative paralysis. Cell Stress Chaperones 13, 435-446 (2008).

C. L. Croft, W. Noble, Preparation of organotypic brain slice cultures for the study of
Alzheimer’s disease. F1000Res 7, 592 (2018).

C. L. Croft, P. E. Cruz, D. H. Ryu, C. Ceballos-Diaz, K. H. Strang, B. M. Woody, W.-L. Lin,

M. Deture, E. Rodriguez-Lebroén, D. W. Dickson, P. Chakrabarty, Y. Levites, B. I. Giasson,

T. E. Golde, rAAV-based brain slice culture models of Alzheimer’s and Parkinson’s disease
inclusion pathologies. J. Exp. Med. 216, 539-555 (2019).

P. Beltran-Lobo, M. M. Hughes, C. Troakes, C. L. Croft, H. Rupawala, D. Jutzi, M.-D. Ruepp,
M. Jimenez-Sanchez, M. S. Perkinton, M. Kassiou, T. E. Golde, D. P. Hanger, A. Verkhratsky,
B. G. Perez-Nievas, W. Noble, P2X7R influences tau aggregate burden in human
tauopathies and shows distinct signalling in microglia and astrocytes. Brain Behav.
Immun. 114, 414-429 (2023).

19 of 21

¥202 ‘22 Yose N uo 610°90us 105" MMM/ SA1Y Lo} papeo|umoq



SCIENCE ADVANCES | RESEARCH ARTICLE

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

Yang et al., Sci. Adv. 10, eadk9884 (2024)

A. 0. Oliveira, A. Osmand, T. F. Outeiro, P. J. Muchowski, S. Finkbeiner, aB-Crystallin
overexpression in astrocytes modulates the phenotype of the BACHD mouse model of
Huntington’s disease. Hum. Mol. Genet. 25, 1677-1689 (2016).

M. Bason, M. Meister-Broekema, N. Alberts, P. Dijkers, S. Bergink, O. C. M. Sibon,

H. H. Kampinga, Astrocytic expression of the chaperone DNAJBG6 results in non-cell
autonomous protection in Huntington'’s disease. Neurobiol. Dis. 124, 108-117 (2019).

L. Abjean, L. Ben Haim, M. Riquelme-Perez, P. Gipchtein, C. Derbois, M.-A. Palomares,

F. Petit, A.-S. Hérard, M.-C. Gaillard, M. Guillermier, M. Gaudin-Guérif, G. Aurégan, N. Sagar,
C. Héry, N. Dufour, N. Robil, M. Kabani, R. Melki, P. De la Grange, A. P. Bemelmans,

G. Bonvento, J.-F. Deleuze, P. Hantraye, J. Flament, E. Bonnet, S. Brohard, R. Olaso,

E. Brouillet, M.-A. Carrillo-de Sauvage, C. Escartin, Reactive astrocytes promote
proteostasis in Huntington’s disease through the JAK2-STAT3 pathway. Brain 146,
149-166 (2023).

P.L. Heilman, S. Song, C. J. Miranda, K. Meyer, A. K. Srivastava, A. Knapp, C. G. Wier,

B. K. Kaspar, S. J. Kolb, HSPB1 mutations causing hereditary neuropathy in humans
disrupt non-cell autonomous protection of motor neurons. Exp. Neurol. 297, 101-109
(2017).

L. Vendredy, E. Adriaenssens, V. Timmerman, Small heat shock proteins in
neurodegenerative diseases. Cell Stress Chaperones 25, 679-699 (2020).

H. Desaire, K. E. Stepler, R. A. S. Robinson, Exposing the brain proteomic signatures of
Alzheimer’s disease in diverse racial groups: Leveraging multiple data sets and machine
learning. J. Proteome Res. 21, 1095-1104 (2022).

M. Conway, F. Nafar, T. Straka, K. Mearow, Modulation of amyloid-p protein precursor
expression by HspB1. J. Alzheimers Dis. 42, 435-450 (2014).

K. Renkawek, G. J. Bosman, W. W. de Jong, Expression of small heat-shock protein hsp 27
in reactive gliosis in Alzheimer disease and other types of dementia. Acta Neuropathol.
87,511-519 (1994).

H. Mathys, J. Davila-Velderrain, Z. Peng, F. Gao, S. Mohammadi, J. Z. Young, M. Menon,

L. He, F. Abdurrob, X. Jiang, A. J. Martorell, R. M. Ransohoff, B. P. Hafler, D. A. Bennett,

M. Kellis, L.-H. Tsai, Single-cell transcriptomic analysis of Alzheimer’s disease. Nature 570,
332-337(2019).

A. Grubman, G. Chew, J. F. Ouyang, G. Sun, X. Y. Choo, C. McLean, R. K. Simmons,

S. Buckberry, D. B. Vargas-Landin, D. Poppe, J. Pflueger, R. Lister, O. J. L. Rackham,

E. Petretto, J. M. Polo, A single-cell atlas of entorhinal cortex from individuals with
Alzheimer’s disease reveals cell-type-specific gene expression regulation. Nat. Neurosci.
22,2087-2097 (2019).

A. M. Smith, K. Davey, S. Tsartsalis, C. Khozoie, N. Fancy, S. S. Tang, E. Liaptsi, M. Weinert,
A. McGarry, R. C.J. Muirhead, S. Gentleman, D. R. Owen, P. M. Matthews, Diverse human
astrocyte and microglial transcriptional responses to Alzheimer’s pathology. Acta
Neuropathol. 143, 75-91 (2022).

D. V. Dabir, J. Q Trojanowski, C. Richter-Landsberg, V. M.-Y. Lee, M. S. Forman, Expression
of the small heat-shock protein alphaB-crystallin in tauopathies with glial pathology.
Am. J. Pathol. 164, 155-166 (2004).

L. Schwarz, G. Vollmer, C. Richter-Landsberg, The small heat shock protein HSP25/27
(HspB1) is abundant in cultured astrocytes and associated with astrocytic pathology in
progressive supranuclear palsy and corticobasal degeneration. Int. J. Cell. Biol. 2010, 1-10
(2010).

I. Lopez-Gonzalez, M. Carmona, L. Arregui, G. G. Kovacs, . Ferrer, aB-crystallin and HSP27
in glial cells in tauopathies. Neuropathology 34, 517-526 (2014).

P. Filipcik, M. Cente, N. Zilka, T. Smolek, J. Hanes, J. Kucerak, A. Opattova, B. Kovacech,

M. Novak, Intraneuronal accumulation of misfolded tau protein induces overexpression
of Hsp27 in activated astrocytes. Biochim. Biophys. Acta 1852, 1219-1229 (2015).

V. Matafora, A. Gorb, F. Yang, W. Noble, A. Bachi, B. G. Perez-Nievas, M. Jimenez-Sanchez,
Proteomics of the astrocyte secretome reveals changes in their response to soluble
oligomeric Ap. J. Neurochem. 166, 346-366 (2023).

K. Renkawek, G. J. Stege, G. J. Bosman, Dementia, gliosis and expression of the small heat
shock proteins hsp27 and alpha B-crystallin in Parkinson’s disease. Neuroreport 10,
2273-2276(1999).

F.R. Sharp, X. Zhan, D.-Z. Liu, Heat shock proteins in the brain: Role of Hsp70, Hsp 27, and
HO-1 (Hsp32) and their therapeutic potential. Transl. Stroke Res. 4, 685-692 (2013).

T. Haider, E. Simader, O. Gliick, H. J. Ankersmit, T. Heinz, S. Hajdu, L. L. Negrin, Systemic
release of heat-shock protein 27 and 70 following severe trauma. Sci. Rep. 9, 9595 (2019).
S. Hacker, C. Lambers, K. Hoetzenecker, A. Pollreisz, C. Aigner, M. Lichtenauer, A. Mangold,
T. Niederpold, M. Zimmermann, S. Taghavi, W. Klepetko, H. J. Ankersmit, Elevated HSP27,
HSP70 and HSP90 alpha in chronic obstructive pulmonary disease: Markers forimmune
activation and tissue destruction. Clin. Lab. 55, 31-40 (2009).

G. Gruden, F. Barutta, |. Catto, G. Bosco, M. G. Caprioli, S. Pinach, P. Fornengo,

P. Cavallo-Perin, O. Davini, P. Cerrato, G. Bruno, Serum levels of heat shock protein 27 in
patients with acute ischemic stroke. Cell Stress Chaperones 18, 531-533 (2013).

P.Ce, O. Erkizan, M. Gedizlioglu, Elevated HSP27 levels during attacks in patients with
multiple sclerosis. Acta Neurol. Scand. 124,317-320 (2011).

20 March 2024

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

W.-C. Liao, M.-S. Wu, H.-P. Wang, Y.-W.Tien, J.-T. Lin, Serum heat shock protein 27 is
increased in chronic pancreatitis and pancreatic carcinoma. Pancreas 38, 422-426 (2009).
Q. Huang, J. Ye, Q. Huang, W. Chen, L. Wang, W. Lin, J. Lin, X. Lin, Heat shock protein 27 is
over-expressed in tumor tissues and increased in sera of patients with gastric
adenocarcinoma. Clin. Chem. Lab. Med. 48, 263-269 (2010).

A. De Maio, D. M. Cauvi, R. Capone, |. Bello, W. V. Egberts, N. Arispe, W. Boelens, The small
heat shock proteins, HSPB1 and HSPB5, interact differently with lipid membranes. Cell
Stress Chaperones 24, 947-956 (2019).

D.Thuringer, G. Jego, G. Wettstein, O. Terrier, L. Cronier, N. Yousfi, S. Hébrard, A. Bouchot,
A.Hazoumé, A.-L. Joly, M. Gleave, M. Rosa-Calatrava, E. Solary, C. Garrido, Extracellular
HSP27 mediates angiogenesis through Toll-like receptor 3. FASEB J. 27, 4169-4183 (2013).
C.Jin, J. C.Cleveland, L. Ao, J. Li, Q. Zeng, D. A. Fullerton, X. Meng, Human myocardium
releases heat shock protein 27 (HSP27) after global ischemia: The proinflammatory effect
of extracellular HSP27 through toll-like receptor (TLR)-2 and TLR4. Mol. Med. 20, 280-289
(2014).

N. Yusuf, T. H. Nasti, C.-M. Huang, B. S. Huber, T. Jaleel, H.-Y. Lin, H. Xu, C. A. Elmets, Heat
shock proteins HSP27 and HSP70 are present in the skin and are important mediators of
allergic contact hypersensitivity. J. Immunol. 182, 675-683 (2009).

C.-Y. Chen, Y.-C. Shih, Y.-F. Hung, Y.-P. Hsueh, Beyond defense: Regulation of neuronal
morphogenesis and brain functions via Toll-like receptors. J. Biomed. Sci. 26, 90 (2019).

K. L. Williams, M. Rahimtula, K. M. Mearow, Heat shock protein 27 is involved in neurite
extension and branching of dorsal root ganglion neurons in vitro. J. Neurosci. Res. 84,
716-723 (2006).

P.Yuste-Checa, V. A. Trinkaus, |. Riera-Tur, R. Imamoglu, T. F. Schaller, H. Wang, |. Dudanova,
M. S. Hipp, A. Bracher, F. U. Hartl, The extracellular chaperone Clusterin enhances Tau
aggregate seeding in a cellular model. Nat. Commun. 12, 4863 (2021).

W. P. Flavin, L. Bousset, Z. C. Green, Y. Chu, S. Skarpathiotis, M. J. Chaney, J. H. Kordower,

R. Melki, E. M. Campbell, Endocytic vesicle rupture is a conserved mechanism of cellular
invasion by amyloid proteins. Acta Neuropathol. 134, 629-653 (2017).

J.J.Chen, D. L. Nathaniel, P. Raghavan, M. Nelson, R.Tian, E. Tse, J. Y. Hong, S. K. See,

S.-A. Mok, M. Y. Hein, D. R. Southworth, L. T. Grinberg, J. E. Gestwicki, M. D. Leonetti,

M. Kampmann, Compromised function of the ESCRT pathway promotes endolysosomal
escape of tau seeds and propagation of tau aggregation. J. Biol. Chem. 294, 18952-18966
(2019).

M. P.Kurnellas, S. E. Brownell, L. Su, A. V. Malkovskiy, J. Rajadas, G. Dolganov, S. Chopra,

G. K. Schoolnik, R. A. Sobel, J. Webster, S. S. Ousman, R. A. Becker, L. Steinman,

J. B. Rothbard, Chaperone activity of small heat shock proteins underlies therapeutic
efficacy in experimental autoimmune encephalomyelitis. J. Biol. Chem. 287, 36423-36434
(2012).

S.Teramoto, H. Shimura, R. Tanaka, Y. Shimada, N. Miyamoto, H. Arai, T. Urabe, N. Hattori,
Human-derived physiological heat shock protein 27 complex protects brain after focal
cerebral ischemia in mice. PLOS ONE 8, €66001 (2013).

Y. Shi, X. Jiang, L. Zhang, H. Pu, X. Hu, W. Zhang, W. Cai, Y. Gao, R. K. Leak, R. F. Keep,

M.V. L. Bennett, J. Chen, Endothelium-targeted overexpression of heat shock protein 27
ameliorates blood-brain barrier disruption after ischemic brain injury. Proc. Natl. Acad. Sci.
U.S.A. 114, E1243-E1252 (2017).

R.D.Hodge, T. E. Bakken, J. A. Miller, K. A. Smith, E. R. Barkan, L. T. Graybuck, J. L. Close,

B. Long, N. Johansen, O. Penn, Z. Yao, J. Eggermont, T. Hollt, B. P. Levi, S. I. Shehata,

B. Aevermann, A. Beller, D. Bertagnolli, K. Brouner, T. Casper, C. Cobbs, R. Dalley, N. Dee,
S.-L. Ding, R. G. Ellenbogen, O. Fong, E. Garren, J. Goldy, R. P. Gwinn, D. Hirschstein,

C. D.Keene, M. Keshk, A. L. Ko, K. Lathia, A. Mahfouz, Z. Maltzer, M. McGraw, T. N. Nguyen,
J.Nyhus, J. G. Ojemann, A. Oldre, S. Parry, S. Reynolds, C. Rimorin, N. V. Shapovalova,
S.Somasundaram, A. Szafer, E. R. Thomsen, M. Tieu, G. Quon, R. H. Scheuermann, R. Yuste,
S. M. Sunkin, B. Lelieveldt, D. Feng, L. Ng, A. Bernard, M. Hawrylycz, J. W. Phillips, B. Tasic,
H. Zeng, A. R. Jones, C. Koch, E. S. Lein, Conserved cell types with divergent features in
human versus mouse cortex. Nature 573, 61-68 (2019).

B.Tasic, Z. Yao, L. T. Graybuck, K. A. Smith, T. N. Nguyen, D. Bertagnolli, J. Goldy, E. Garren,
M. N. Economo, S. Viswanathan, O. Penn, T. Bakken, V. Menon, J. Miller, O. Fong,

K. E. Hirokawa, K. Lathia, C. Rimorin, M. Tieu, R. Larsen, T. Casper, E. Barkan, M. Kroll,

S. Parry, N. V. Shapovalova, D. Hirschstein, J. Pendergraft, H. A. Sullivan, T. K. Kim, A. Szafer,
N. Dee, P. Groblewski, |. Wickersham, A. Cetin, J. A. Harris, B. P. Levi, S. M. Sunkin,

L. Madisen, T. L. Daigle, L. Looger, A. Bernard, J. Phillips, E. Lein, M. Hawrylycz, K. Svoboda,
A.R.Jones, C. Koch, H. Zeng, Shared and distinct transcriptomic cell types across
neocortical areas. Nature 563, 72-78 (2018).

M. |. Gabitto, K. J. Travaglini, V. M. Rachleff, E. S. Kaplan, B. Long, J. Ariza, Y. Ding,

J.T. Mahoney, N. Dee, J. Goldy, E. J. Melief, K. Brouner, J. Campos, A. J. Carr, T. Casper,

R. Chakrabarty, M. Clark, J. Compos, J. Cool, N. J. V. Cuevas, R. Dalley, M. Darvas, S.-L. Ding,
T. Dolbeare, C. L. M. Donald, T. Egdorf, L. Esposito, R. Ferrer, R. Gala, A. Gary, J. Gloe,

N. Guilford, J. Guzman, W. Ho, T. Jarksy, N. Johansen, B. E. Kalmbach, L. M. Keene,

S. Khawand, M. Kilgore, A. Kirkland, M. Kunst, B. R. Lee, J. Malone, Z. Maltzer, N. Martin,

R. McCue, D. McMillen, E. Meyerdierks, K. P. Meyers, T. Mollenkopf, M. Montine, A. L. Nolan,

20 of 21

¥202 ‘22 Yose N uo 610°90us 105" MMM/ SA1Y Lo} papeo|umoq



SCIENCE ADVANCES | RESEARCH ARTICLE

J.Nyhus, P. A. Olsen, M. Pacleb, T. Pham, C. A. Pom, N. Postupna, A. Ruiz, A. M. Schantz,
S. A. Sorensen, B. Staats, M. Sullivan, S. M. Sunkin, C. Thompson, M. Tieu, J. Ting,
A.Torkelson, T. Tran, M.-Q. Wang, J. Waters, A. M. Wilson, D. Haynor, N. Gatto, S. Jayadev,
S. Mufti, L. Ng, S. Mukherjee, P. K. Crane, C. S. Latimer, B. P. Levi, K. Smith, J. L. Close,
J. A. Miller, R. D. Hodge, E. B. Larson, T. J. Grabowski, M. Hawrylycz, C. D. Keene, E. S. Lein,
Integrated multimodal cell atlas of Alzheimer’s disease. Res. Sq., rs.3.rs-2921860 (2023).
95. E.C.Hedges, S.Topp, C. E. Shaw, A. L. Nishimura, Generation of six induced pluripotent
stem cell lines from patients with amyotrophic lateral sclerosis with associated genetic
mutations in either FUS or ANXA11. Stem Cell Res. 52, 102246 (2021).

Acknowledgments: We thank G. Chennell at the Wohl Cellular Imaging Centre at King's
College London for technical support. PHF-1 and MC1 antibodies were a gift from the late

P. Davies. lllustrations were created with Biorender.com Funding: This work was supported by a
Medical Research Council Career Development Award (MR/N022696/1) and Transition Support
Award (MR/V036947/1) and the John and Lucille van Geest Charitable Trust to M.J.-S. C.L.C. was

Yang et al., Sci. Adv. 10, eadk9884 (2024) 20 March 2024

supported by a Race Against Dementia Alzheimer’s Research UK fellowship (ARUK-
RADF2019A-003). Author contributions: F.Y. and PB.-L. performed most of the experiments,
analysis, and interpretation of the data and contributed to study design. K.S., C.G,, C.L.C, AN.,
EH., FM, CT,TE.G, B.G.P-N,, D.PH., W.N., and M.J.-S. performed additional experiments;
provided study materials, analysis, and/or interpretation of the data; and/or contributed to
study design. M.J.-S. conceptualized the study, obtained funding, supervised the work, and
drafted the manuscript. All authors reviewed and approved the final manuscript. Competing
interests: The authors declare that they have no competing interests. Data and materials
availability: All data needed to evaluate the conclusions in the paper are present in the paper
and/or the Supplementary Materials.

Submitted 25 September 2023
Accepted 14 February 2024
Published 20 March 2024
10.1126/sciadv.adk9884

210f 21

¥202 ‘22 Yose N uo 610°90us 105" MMM/ SA1Y Lo} papeo|umoq


http://Biorender.com

	Reactive astrocytes secrete the chaperone HSPB1 to mediate neuroprotection
	INTRODUCTION
	RESULTS
	HSPB1 expression is increased in amyloid plaque–associated astrocytes and in their surrounding space
	Inflammatory reactive astrocytes secrete HSPB1
	HSPB1 is secreted as a free protein, not contained within EVs
	Astrocytes and neurons uptake astrocyte-secreted HSPB1
	Extracellular HSPB1 dampens the inflammatory response in astrocyte cultures and in an ex vivo model
	Extracellular HSPB1 confers neuronal protection and reduces tau aggregate burden in neurons

	DISCUSSION
	MATERIALS AND METHODS
	Postmortem human brain
	Systematic search of human CSF proteomic studies
	Estimation of sHSP cellular gene expression from single-cell RNA sequencing studies in human brain
	Animals
	Primary mouse cultures and treatments
	Mouse primary glial cultures
	Mouse primary neuron cultures

	DNA and siRNA transfection
	Labeling of rhHSPB1 with Oregon Green and live-cell imaging
	iPSC culture and differentiation into astrocytes
	LCL culture and iPSC reprogramming
	iPSC characterization
	Astrocyte differentiation from iPSCs

	Organotypic brain slice culture and treatments
	Recombinant AAVs
	Immunohistochemistry of human brain sections
	Analysis of human brain sections
	Collection of conditioned medium, cultured cells, and brain slice lysates
	Western blotting
	Immunofluorescence of cultured cells
	Immunofluorescence of mouse organotypic brain slice cultures
	RNA isolation and quantitative PCR
	LDH assay
	Griess assay
	ELISA to detect IL-6 levels
	Proteinase K protection assay
	Detection of NAG secretion
	Isolation of EVs by SEC
	Nanoparticle tracking analysis
	Mouse cytokine array
	Analysis of neurite outgrowth
	Measurement of tau aggregation in neurons
	Sarkosyl-insoluble tau extraction
	Statistical analysis

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


