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• Chaperone-mediated autophagy 
(CMA) maintains mesenchymal-like 
properties of pericytes. 

• CMA is crucial for preserving the 
stemness of pericytes. 

• Inflammatory mediators reduce CMA 
activity in pericytes. 

• Reduction of CMA activity in 
pericytes impairs tissue repair and 
enhances inflammation. 

• Preserving CMA in pericytes helps 
modulate differentiation and 
supports tissue repair though their 
secretome. 
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Introduction 

Pericytes (PCs) are mural cells that surround endothelial cells 
present in capillaries, arterioles, and venules [1]. In the brain, PCs 
properly maintain the vascular network between the capillaries 
and the brain parenchyma, thereby contributing to the integrity 
of the blood–brain barrier (BBB) [1]. In addition, PCs regulate blood 
flow and vascular development, contribute to both neuroprotec-
tion and neuroinflammation, and play a role in the cell-to-cell 
communication between neurovascular units, consisting of micro-
glia, astrocytes, neurons, and endothelial cells [2,3]. 

PCs also play a role in vascular homeostasis in the central ner-
vous system (CNS) by regulating the non-permissive properties of 
the brain vasculature for leukocyte trafficking [4]. PCs show phago-
cytic properties and the ability to present antigens, enhance T cell 
homing, and act as sensors for systemic inflammation, releasing 
inflammatory mediators and altering the function of surrounding 
cells such as microglia [5–8]. In the context of degenerative dis-
eases and vascular pathologies, activated PCs worsen the outcome 
by contributing to BBB disruption by a deregulated PC proliferation 
that leads to a lack of them in blood vessels [9–13]. 

It is well known that PCs share some properties with mesenchy-
mal stem cells (MSCs) in the CNS and peripheral nervous system 
and show regenerative capacities in several pathologies such as 
ischemia–reperfusion injury [14–18], Alzheimer’s disease 
[2,10,19], and cancer [20–22]. In recent years, increasing evidence 
has shown that PCs, like MSCs, contribute to tissue remodeling in 
response to injured/damaged tissue and vascular inflammation 
[23,24], representing multipotent cells capable of differentiating 
into different cell subtypes both in vitro and in vivo [25–27]. These 
findings highlight the relevance of PC function in the context of 
diverse human pathologies, but the mechanism by which PCs are 
modulated during inflammation and whether they contribute to 
tissue repair remains unknown. 

Chaperone-mediated autophagy (CMA) is a specialized type of 
autophagy that targets and degrades soluble cytosolic proteins 
containing specific amino acid motifs (KEFRQ or KFERQ-like) in 
their sequence recognized by the cytosolic chaperone heat-shock 
cognate 71 kDa (Hsc70) [28,29]. CMA activity directly correlates 
with the levels of the lysosome-associated membrane protein 2A 
(LAMP-2A), the receptor that binds target proteins, having a key 
role as a limiting step in this pathway [30,31]. Physiologically, this 
activity is vital for preserving tissue homeostasis by selectively 
promoting the cell clearance of pathogenic proteins, such as oxi-
dized or damaged proteins. Moreover, CMA plays a critical role in 
modulating cellular proteostasis by selectively degrading func-
tional proteins implicated in cell metabolism, differentiation, and 
survival [32–36] and its activity is strongly increased under cellu-
lar stress [37–40], disrupting normal physiological functions. In 
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contrast, its failure due to aging, or its dysregulation by patholog-
ical processes, increase the susceptibility to suffering from dis-
eases, including cancers, neurodegenerative diseases and 
inflammatory disorders [41–55]. 

CMA activity has recently been reported to be a critical contrib-
utor to pluripotency of embryonic stem cells [56], and to maintain 
hematopoietic stem cell (HSC) function through protein quality 
control and adequate energy supply throughout the lifespan [57]. 
This selective autophagy process has been found to be a key mech-
anism in stem cell pluripotency control through epigenetic, tran-
scriptional, and differentiation regulation [35,58,59]. Intrinsic 
CMA activity in cancer stem cells is essential for their maintenance 
[60,61], and it is aberrantly upregulated by cancer cells in multipo-
tent PCs to modulate the immune and MSC-like properties that 
support tumor growth and survival [21,62]. We have recently 
shown that CMA-defective PCs can eliminate glioblastoma (GB) 
tumor cells [63], and we hypothesized that, as in cancer, PCs could 
modulate CMA activity as well as functions typical of MSCs (MSC-
like) in response to inflammation in damaged brain tissue [63]. 
Elucidating and understanding how inflammation modulates PC 
function in the context of tissue damage will help to find new ther-
apeutic approaches for pathologies associated with tissue repair 
during inflammation where PCs play an important role as mural 
MSC-like elements. 

Here, we show that CMA activity deeply impacts the gene 
expression profile and thus the secretome in PCs: lack of homeo-
static CMA levels in response to inflammatory stimuli decreases 
expression of genes related to stemness which abrogates PC 
MSC-like functions and induces a differentiated pro-
inflammatory phenotype. Studying the cellular response to inflam-
mation in a demyelinating mouse model we have discovered that 
the secretome of PCs modulates stemness properties of surround-
ing MSC-like PCs in the brain tissue. Demyelination-mediated 
inflammation impairs CMA activity in resident PCs which induces 
a pro-inflammatory phenotype and inhibits brain tissue regenera-
tion. We have found that intravenous administration of brain PCs 
with efficient CMA reduces inflammation and induces tissue regen-
eration, which correlates with LAMP-2A expression, and thus CMA 
activity, in host PCs after brain injury. Thus, prevention of CMA loss 
in host PCs in response to tissue inflammation leads to the mainte-
nance of MSC-like functions of PCs and a functional secretome 
required for tissue repair. 

Altogether, our findings indicate that CMA, a ubiquitous cellular 
mechanism to maintain cell homeostasis, could be targeted in host 
PCs in the context of tissue inflammation and repair. Indeed, 
manipulation of the secretome-mediated MSC-like function of 
PCs by modulating CMA activity represents an attractive approach 
for the development of new therapies for other inflammatory dis-
eases beyond cancer.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Materials and methods 

Mice 

Male and female mice of six to eight weeks-old C57BL/6-Tg 
(ACTB-EGFP)1Osb/J and WT C57BL/6 (Charles River Laboratories) 
were maintained under specific pathogen-free (SPF) conditions in 
the animal facilities of the University of Murcia and of the Institute 
of Biomedical Research of Murcia (IMIB), respectively. All animal 
procedures were approved and performed according to the guide-
lines set by the Institutional Animal Care and Use Committee of the 
University of Murcia (approved protocol A13150201) and of the 
IMIB (approved protocol A13210202). 

Pericytes isolation and culture 

Primary brain PCs (WT PCs and GFP-PCs) were isolated from 
mice according to the method of Oishi et al. [64] as described pre-
viously [21,65]. Briefly, mouse brains were extracted and dissoci-
ated. The tissue was then incubated with 1 mg/mL collagenase 
and 15 lg/mL DNase I in 10 mL Dulbecco’s modified Eagle’s med-
ium (DMEM high glucose; Gibco) at 37 °C for 30 min with gentle 
stirring. The suspension was diluted to inactivate the digestion, 
centrifuged, and resuspended in DMEM containing 20 % bovine 
serum albumin. After centrifugation, the pellet was digested again 
with the same concentrations of collagenase and DNase I for 
30 min. The cell suspension was centrifuged and washed, and the 
pellet containing the microvessel-enriched fraction was collected 
and expanded until 5th passage where just pericytes are remaining 
[65] (please see Supplementary Methods). PCs were used from the 
5th to 8th passage. PCs with impaired CMA (KO PCs), were isolated 
from brains [21,63] of Lamp2a−/− mice [45]. 

To obtain cell supernatants for the secretome assay, cell culture 
media obtained from 72 h cultures of WT and KO PCs was concen-
trated using Amicon Ultra centrifugal filters 10 k (Millipore) and 
used 10 times diluted as described previously [21]. GFP-
expressing PCs were used for cell tracking as described previously 
[21,63]. 

Cultures of WT and KO PCs were treated with 20 ng/mL murine 
IFNc (BD Biosciences) for different time points. For immunoblot-
ting and gene expression analysis, 0.5 × 106 WT and KO PCs were 
cultured in 6-well plates. Total protein lysates were obtained after 
24 and 48 h and mRNA was collected after 24 h. 

For morphometric analysis, images from both WT and KO PCs 
cells, after 120 h of culture, were acquired with a Motic AE2000 
Trinocular Microscope with a Moticam 3+ camera (Motic) and the 
Motic Images Plus 3.0 software (Motic). The cell surface area was 
analyzed by measuring the perimeter (the length of the outside 
boundary) of the selected cells using ImageJ software (NIH, USA). 

Proliferation assay 

WT and KO PCs (5 × 104 ) were cultured in 24-well plates for 24 
to 120 h. Then, both PCs were trypsinized and counted using an 
inverted fluorescence microscope (Nikon, Tokyo, Japan). Cell prolif-
eration was measured by calculating the cumulative population 
doubling (CPD), which refers to the number of times that cell num-
bers have been doubled. CPD level was calculated using the 
formula: 

PD 
1 

Log102 xLog10 
Nt 
N0 

where N0 is the number of viable cells (as determined by trypan 
blue exclusion) at seeding, whereas Nt is the number of viable cells 
at harvest. 
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Mesenchymal stem cell isolation and cell cultures 

Mesenchymal stromal vascular fraction from murine adipose 
tissue (adMSCs) was isolated and cultured with the same method 
as described above for brain PCs purification, based on the isolation 
of the first adherent fraction in the culture of perivascular cells 
from venules and arterioles and the expansion until 5th passage 
where just MSCs are remaining [66,67]. 

Dissociated cell cultures of human periodontal ligament stem 
primary cells (PDLSCs), isolated and characterized by Bueno et al. 
[68,69], were used at the 4th-5th passage of cell culture in basal 
medium composed of a-MEM supplemented with 10 % serum 
(Sigma), 100 units/mL penicillin–streptomycin (Sigma), 50 mg/ 
mL L-ascorbic acid (Sigma), and 2 mM L-glutamine (Sigma) at 
37 °C  in  5  %  C  O2.

Murine microglial cell line BV2, kindly provided by Dr. Jose P. 
Lopez Atalaya [70], and human endothelial cell line EAhy926, 
kindly provided by Dr. Sonia Águila Martínez [71], were both cul-
tured in DMEM high glucose (Biowest) supplemented with 10 % 
FBS (Hyclone), 1 % penicillin–streptomycin (Sigma) and 1 % Gluta-
max (Gibco). 

Differential expression analysis, heatmap, functional annotation, and 
pathway analyses 

Differentially expressed genes (DEGs) in PCs presenting CMA 
(WT PCs) and CMA-deficient PCs (KO PCs) from raw data used for 
the previous study [63] and publicly available in the European 
Nucleotide Archive ENA (ENA PRJEB48545) were detected using 
DESeq2 v1.18.1 package [72] in R computing platform v3.4.4 [73] 
as described previously [63]. DEGs were computed using batch 
correction in the formula design (design = ∼condition + sample_b 
atch). Genes with FDR Adj. p < 0.01 were considered significantly 
differentially expressed. 

Network visualization of Gene Ontology enrichment of proteins 
of the main affected upregulated or downregulated pathways in 
KO PCs vs WT PCs was performed by STRING v11.5 functional pro-
tein association networks. Major clusters are circled, and node size 
indicates the number of proteins per node. A heatmap was gener-
ated to confirm the expression values of the most up-regulated 
genes related to stemness in WT PCs vs KO PCs with FDR < 0.01. 
To generate the heatmap, the heatmap.2 function of the R (R Core 
Team, 2021) gplots package was used. 

Real-Time PCR (qPCR) 

RNA was isolated using the RNeasy Mini Kit using manufacturer 
instructions. cDNA was synthesized from total RNA, and gene 
expression was analyzed by real-time PCR using SYBR Green in a 
QuantStudio 5 qPCR System (Applied Biosystems), as described 
previously [65]. The primer sequences are listed in Table S2. Each 
sample was measured in quadruple and expression levels were 
normalized to Actb and Hprt1 expression as the housekeeping ref-
erence. The 2-DDCt method was used to determine the relative gene 
expression. 

Cell treatments and differentiation 

For osteogenic, adipogenic, and chondrogenic differentiation, 
5 × 104 mouse WT and KO PCs were cultured in 24-well plates 
for 14 days. Cells were fixed with 4 % paraformaldehyde (PFA) 
for 20 min before staining. Osteogenic differentiation was assessed 
by Alkaline Phosphatase (ALP) staining. SIGMAFASTTM BCIP® /NBT 
(Sigma-Aldrich, B5655) tablets were dissolved according to the 
manufacturer’s instructions. Cells were incubated with the sub-
strate solution and rinsed in distilled water to remove non-
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specific staining. Lipogenic lineage was identified by the detection 
of neutral lipid accumulation with Oil Red O (Sigma-Aldrich, 
O1391) staining. After fixation, cells were covered with the work-
ing solution and washed with distilled water. Chondrogenic differ-
entiation was revealed by Alcian Blue (Sigma-Aldrich, B8438) 
staining, which detects the synthesis of acidic glycosaminoglycans. 
1 % Alcian Blue in 3 % acetic acid, pH 2.5, was added to cells and 
removed with distilled water. Images of the cells were acquired 
using a Nikon Eclipse Ti inverted microscope. Positive cells were 
quantified relative to the total number of cells per field in, at least, 
four fields. 

Staining was extracted from the cells to measure the absor-
bance of the dye in triplicate to a 96-well plate using a Synergy 
Mx plate reader (BioTek). For ALP staining, cells were lysed with 
PBS with 1% Tween-20 and the absorbance was measured at 
670 nm. Isopropanol was used to extract the oil red stained lipid 
droplets, and the absorbance was measured at 492 nm. For the 
extraction of alcian blue stain, cells were incubated with guanidine 
hydrochloride (6 M) and the absorbance was measured at 600 nm. 

Secretome analysis 

Differential levels of secreted proteins in WT PCs and KO PCs 
were qualitatively analyzed, identifying the proteins related to 
pro-regenerative or pro-inflammatory mechanisms and according 
to Biological Processes of Gene Ontology through QuickGo 
[74,75]. For previous sample preparation, secretome protein iden-
tification, and analysis by HPLC/MS system, we followed the meth-
ods previously described [63]. 

Experimental parameters for HPLC and Q-TOF were set in 
MassHunter Workstation Data Acquisition software (Agilent Tech-
nologies, Rev. B.08.00) for free label quantification and identifica-
tion [76] in three pooled of concentrated supernatants from both 
experimental lines (WT PCs; KO PCs) and the proteins in control 
cell culture media were used as negative control. KO PC and WT 
PC protein ratio was determined. The threshold was set at 
log2FoldChange ≥ 2.00 for enriched proteins in WT PCs, and 
Log2FoldChange ≤  −  2.00 for enriched proteins in KO PCs, follow-
ing other author recommendations [77]. A Venn diagram was gen-
erated with R to visualize common and distinct identified proteins 
between WT and KO PC secretome. 

Functional secretome assays 

5 × 104 PDLSCs were incubated with WT or KO PCs concentrated 
supernatants, or concentrated cell culture media (vehicle) for 
2 weeks. No other differentiation-inducing reagent or supplement 
was added to the medium. Media with PC secretome was changed 
after 7 days of culture. Perlecan (5 lg/mL; Origene #TP762044) 
and follistatin (500 ng/mL; Thermofisher #120–13), alone or com-
bined, were added every 3 days for 7 days. After 14 days, cells were 
collected for RNA or fixed for cytochemistry analysis for osteo-
genic, chondrogenic, and adipogenic differentiation. 

To test the secretome anti-inflammatory properties, 2 × 105 

cells of the microglial cell line BV2 were activated with 1 lg/mL 
lipopolysaccharide (LPS; Sigma-Aldrich) for 24 h. LPS-activated 
cells were incubated with WT or KO PC concentrated supernatants, 
or cell culture media concentrated (vehicle) for 24 h and 48 h after 
activation. Resting cells were used as control. 
ELISA 

Mouse TNF-a (Bio-Techne R&D Systems, MTA00B) and IL-1b 
(Bio-Techne, R&D Systems, MLB00C) levels secreted by microglial 
cells in the media were measured by sandwich ELISA with specific 
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anti-mouse antibodies following the manufacturer’s 
recommendations. 

Induction of demyelinating lesion and PC administration 

Lysolecithin, a membrane-solubilizing agent that exhibits 
specific toxicity toward myelinating cells [78,79], was used to 
induce a demyelinating lesion in the parietal cortex of mice. 
Eight-week-old WT C57BL/6 mice were injected with 5 lL  of  2  %
lysolecithin solution (Sigma-Aldrich) in Hanks’ Balanced Salt Solu-
tion (Gibco), as described previously [80,81]. After isoflurane anes-
thesia, mice were placed in the stereotaxic frame (RWD Life 
Science) and a craniotomy was performed in the parietal cortex 
(1-mm from the midline and 2-mm lateral to bregma) using a 
microdrill (RWD Life Science). Lysolecithin was injected at a flow 
rate of 0.5 lL/min in the hippocampus (penetrating dorsoventrally 
from the brain pial surface 1.5 mm) using a 10 lL Hamilton 26G 
syringe mounted on a Quintessential Stereotaxic Injector (Stoelting 
Co.). After injection, the needle was left in place for 4 min before 
slowly retracting and closing the wound. 

Ten days post-lesion, mice were treated with WT/KO-PCs or 
GFP-PCs (isolated from C57BL/6-Tg (ACTB-EGFP)1Osb/J mice) to 
compare to those untreated and control mice. Twelve mice were 
injected intravenously into the tail vein (IV therapy: 0.5 × 106 

cells per mouse in 200 lL) with GFP, WT or KO PCs isolated from 
the brain, and compared to five control mice treated with 
adMSCs, five untreated mice and five intact controls. Twelve con-
trol and twelve injured mice that were intravenously treated 
with GFP-PCs or GFP-adMSCs were sacrificed after 3–10 days to 
keep track of cells as we previously described [63]. For detailed 
PC tracking, please see supplementary methods. Twenty-one 
days after therapies, mice were sacrificed, and brains were fixed 
in 4 % buffered formalin (Panreac Quimica). All described proce-
dures were repeated three times. 

Immunohistochemistry, immunofluorescence, and microscopy 

Fixed brains were paraffin-embedded and processed by the 
Pathology facility (IMIB Virgen de la Arrixaca) as described previ-
ously [21]. Three-micrometer thick serial sections were obtained 
from paraffin-embedded samples using an automatic rotary micro-
tome (Thermo Scientific). Sections were incubated overnight at 
4 °C with the following primary anti-mouse antibodies: mouse 
anti-MBP (Sigma-Aldrich, NE1019), rabbit anti-BDNF (Invitrogen, 
PAS-85730), rabbit anti-Caspase-3 (Cell Signaling, 9662), goat 
anti-Iba-1 (Abcam, ab5076), rat anti-CD68 (AbDserotec, 
MCA1957T), rabbit anti-IFNc (Bioss, bs-0480R), rabbit anti-
Laminin (GeneTex, GTX101127) and rabbit anti-CD3 (Dako, 
A0452229). Sections were then incubated with their respective 
secondary HRP or alkaline phosphatase (ALP)-labeled polymer sys-
tem (Vector ImmPress, Vector Laboratories). Finally, the 
immunoreaction was revealed by using a 3–3́Diaminobencidine 
(DAB) or (ALP) substrate kit (Dako DAB substrate kit and Vector 
Red Alkaline Phosphatase kit, respectively) which identifies posi-
tive immunoreaction as a dark brown (DAB) or light red (ALP) pre-
cipitate. Finally, sections were counterstained with Mayer’s 
hematoxylin (Carlo Erba Reagents, LLG06272066). An automatic 
digital slide scanner (Pannoramic MIDI II-3DHistech) was used 
for acquisition of images. 

For fluorescent double labelling, mouse anti-alpha-smooth 
muscle actin (a-SMA; Abcam, ab7817), goat anti-platelet derived 
growth factor receptor beta (PDGFRb; R&D Systems, BAF1042), or 
rat CD146-APC (Miltenyi Biotec, 130–118-408) antibodies were 
used in combination with rabbit anti-LAMP-2A (Invitrogen, 51– 
2200) antibody. Labelling was visualized by fluorescence micro-
scopy using the corresponding secondary antibody conjugated to
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AlexaFluor488 (Invitrogen) or Cy5 (Invitrogen). Fluorescence sam-
ples were counterstained with DAPI (Invitrogen) prior to mounting 
with Mowiol. A TCS-SP8-MP-AOBS laser scanning spectral inverted 
Confocal Microscope (Leica Microsystems) was used to analyze the 
histological sections. Maximum-intensity projection of images was 
achieved with LAS X software (Leica Microsystems) and ImageJ 
software (NIH, USA). Quantification of cells was performed using 
ImageJ (NIH, United States) software by measuring the number 
of pixels per brain or the number of positive cells around the 
injured areas in at least, four fields. 

Immunoblotting 

Total cellular lysates were prepared using RIPA buffer (1 % 
Triton-X 100, 1 % sodium deoxycholate, 0.1 % SDS, 0.15 M NaCl, 
0.01 M sodium phosphate, pH 7.2). Lysates were clarified by cen-
trifugation and the protein concentration of the supernatant frac-
tion was determined by a Bradford assay (Sigma-Aldrich, B6916). 
Primary antibodies used were rabbit anti-mouse LAMP-2A (Invit-
rogen, 51–2200), mouse anti-human LAMP2 (H4B4; Abcam, 
ab25631), rat anti-mouse iNOS (Invitrogen, PA5-17106), rabbit 
anti-mouse COX-2 (Cell Signaling Technology, 12282), rabbit 
anti-mouse a-Tubulin (Abcam, ab4074) and anti-b-actin (Santa 
Cruz Biotechnology, sc-47778). The blotting membranes were 
developed with chemiluminescent reagents (Cytiva Lifesciences, 
RPN2232) according to the instructions provided by the manufac-
turer. Quantification was performed using ImageJ (NIH, United 
States) software. 

Transfections and CMA reporter assay 

All plasmid transfections were  done  using  Lipofectamine  2000  
(Invitrogen). For CMA activity assay, 2 × 104 WT PCs were cul-
tured in 24 well-plates and transfected with the plasm id
KFERQ-PA-mCherry [82]. Twenty-four hours post-transfection, 
cells were exposed to 405 nm light immediately following treat-
ment with IFNc to photoactivate PA-mCherry. PCs were collected 
at 24 h after activation, fixed with 4 % PFA, and changes in the 
numbers of lysosomes highlighted by the reporter were analyzed 
by fluorescence microscopy. Images were acquired with a Nikon 
Eclipse Ti microscope equipped with a with 60 × Plan Apo Vc 
objective (numerical aperture, 1.40) and a digital Sight DS-QiMc 
camera (Nikon) and 387 nm/447 nm, 543 nm/593 nm filter sets 
(Semrock), and the NIS-Elements AR software (Nikon). CMA 
activity was measured as the number of fluorescent puncta per 
cell. Quantification was performed using ImageJ (NIH, United 
States). All determinations were performed in at least three 
experiments. 

For LAMP-2A-mediated restoration of CMA, 5 × 105 WT PCs 
were transfected with human LAMP-2A fused to mCherry fluores-
cent protein and cloned in pcDNA3.1 plasmid (GenScript). After 
24 h post-transfection, murine IFNc (20 ng/mL) was added and 
24 h later, human LAMP-2A expression was confirmed by 
immunoblotting comparing to control cells transfected with a 
backbone plasmid expressing mCherry. 

Statistical analysis 

Differences between groups were analyzed by one-way ANOVA 
followed by Tukey-Kramer multiple comparisons post-test. Com-
parisons between data pairs were analyzed using an unpaired 
two-tailed Student’s t-test. Statistical significance was defined as 
p < 0.05 and indicated as *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 or ns for no significance. Analysis was done with 
GraphPad Prism (version 8.3.0). 
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Results 

Intrinsic CMA activity in PCs is required to maintain their MSC-like 
properties 

To interrogate putative molecular pathways modulated by CMA 
at baseline in PCs we compared the transcriptome of LAMP-2A-
deficient PCs, completely lacking CMA activity (KO PCs), to wild-
type PCs (WT PCs) (ENA PRJEB48545) [63]. Differentially expressed 
genes (DEGs) were analyzed by Gene Ontology enrichment to 
determine the affected biological pathways (Fig. 1A). Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway enrichment anal-
ysis revealed genes involved in cell differentiation as the most 
upregulated in CMA-deficient PCs (Fig. 1A, left panel), suggesting 
that CMA activity is preventing cell differentiation and thus pro-
moting stemness properties in PCs. In accordance with our previ-
ous findings of CMA-deficient PCs exerting anti-tumoral 
properties against GB cells [63], DEGs related to immune/inflam-
matory responses were also upregulated (Fig. 1A, left panel). 
Importantly, the most downregulated pathways in PCs in absence 
of CMA were those related to developmental processes (Fig. 1A, 
right panel). Finally, the assessment of the network of CMA-
regulated pathways in PCs showed that cell communication and 
cell adhesion pathways were downregulated in the absence of 
CMA (Fig. 1A, right panel). 

We have previously shown that CMA regulates immune 
responses in brain PCs [21]  (Fig. S1). Furthermore, we and others 
have found that MSC-like properties of PCs support GB tumor 
growth [22,62]. Then, we next asked whether CMA-regulated 
MSC-like properties in PCs could be of relevance for regenerative 
treatments in the context of other diseases [23,24]. We assessed 
downregulated DEGs related to stemness (e.g., Fzd5, Fzd8, Wnt6, 
or Fgfr3) [83–88] in pathways involved in developmental processes 
(Fig. 1A, right panel) and corroborated their increased expression 
in WT PCs (Fig. 1B). We validated the expression of those genes 
by qPCR as well as other identified genes in upregulated DEGs, 
specifically overlapping in cell differentiation and inflammatory 
response (Fig. 1A, left panel). We found a fifty percent reduction 
of all tested genes related to stemness while genes involved in dif-
ferentiation were upregulated in KO PCs (Fig. 1C) [89]. Moreover, 
our findings supported that reduced levels of LAMP-2A expression, 
and therefore of reduced CMA activity, correlated with the disap-
pearance of PC stemness phenotype (Fig. S2). Furthermore, we 
found that the multipotent lineage commitment of CMA-deficient 
PCs was affected in absence of CMA, as most cells were differenti-
ated to a lipogenic lineage after 3 days of culture (T3) (Fig. 2). This 
correlates with an expression upregulation of the lipogenic genes 
Fabp4, Pparg and Ptgs1, showing levels at least three times higher 
than in WT PCs (Fig. 1C). Importantly, while WT PCs still main-
tained their stemness in most cells after 14 days of culture (T14) 
(Fig. 2A-D), CMA-deficient PCs spontaneously changed their pre-
dominant cell lineage, showing increased alkaline phosphatase 
activity, which is associated with osteogenic differentiation 
(Fig. 2 A, B, and Fig. S3). In addition, KO PCs did not show signifi-
cant differences in the chondrogenic staining but lost the lipogenic 
staining compared to WT PCs at larger times of culture (T14) 
(Fig. 2A, B and Fig. S3). As KO PCs initially showed a phenotype 
towards a lipogenic lineage (Fig. 1C and A, B), we corroborated that 
they were not initially differentiated to another cell lineage 
(Fig. 2C). Interestingly, the expression of Axl, a tyrosine kinase 
receptor implicated in the modulation of osteogenic differentiation 
[90,91], was significantly increased twofold, whereas the expres-
sion of the osteogenic gene Spp1 was decreased by a third 
(Fig. 2C). Thus far, these results indicate that CMA might control 
the regulation of the osteogenic differentiation in PCs. Accordingly,
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Fig. 1. CMA maintains the stemness gene pattern in PCs. (A) Network visualization of Gene Ontology enrichment of proteins of the main selected affected upregulated (on the 
left) or downregulated (on the right) pathways from CMA-dependent DEGs in CMA-deficient PCs (KO). Major clusters are encircled, and node size indicates the number of 
proteins per node. (B) Heatmap of downregulated CMA-dependent DEGs corresponding to the affected pathway related to stemness, in the main affected developmental 
process of KO PCs compared to WT PCs. Red boxes represent downregulated genes, and green boxes represent upregulated genes. The value of expression intensity is based on 
the gene expression level analysis. All previous data were obtained from three RNA pools for each experimental line of at least five independent experiments. (C) Validation 
and quantification of the mRNA expression by qPCR, of some downregulated genes that were identified in the downregulated pathway related to stemness and some 
upregulated genes related to cell differentiation from CMA-dependent DEGs. Data show specifically the gene expression levels in KO PCs (relative to PC basal levels) and 
compared to WT PCs. Each sample was measured in quadruple and expression levels were normalized to Actb and Hprt1 expression as the housekeeping reference gene 
expression. All data represent mean ± SD obtained from at least, five experiments represented as dots, independently; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 
(Student’s t-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. CMA maintains multipotent cell properties of PCs. (A) Representative images of the differentiation of WT and KO PCs after 72 h (T3) and 14 days (T14) of culture. PCs
are multipotent cells that can differentiate spontaneously into different lineages. Osteogenic lineage shows positive cells for alkaline phosphatase (ALP); chondrogenic lineage
are positively stained cells by alcian blue (Al. Blue); and lipogenic lineage shows Oil Red O positive cells. Scale bar: 100 lm. (B) Graphs represent the quantification of levels o
positive cells for ALP activity, Alcian Blue, and Oil Red O staining. All data represent mean ± SD obtained from at least five experiments represented as dots, independently
*p < 0.05 (Student’s t-test). (C, D) Validation and quantification of the mRNA expression by qPCR, of some genes related to osteogenic, chondrogenic and lipogenic
differentiation in WT PCs or KO PCs after (C) 72 h (T3) and (D) 14 days (T14) of culture expressed as folds over WT PCs. Each sample was measured in quadruple and
expression levels were normalized to Actb and Hprt1 expression as the housekeeping reference gene expression. All data represent mean ± SD obtained from at least, fou
experiments represented as dots, independently; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (Student’s t-test). (E) Cell proliferation represented as cumulative
population doubling (CPD) at different time points of culture. CPD analysis was done determining viable cells by trypan blue exclusion. All data represent mean ± SD obtained
from at least three experiments represented as dots, independently; *p < 0.05; **p < 0.01 (Student’s t-test). (F) Representative images of cells after 120 h of culture showing
different size quantified as cell area (lm2 ). All data represent mean ± SD obtained from at least four fields per experiment in three independent experiments represented as
dots; *p < 0.05 (Student’s t-test). Scale bar: 100 lm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.
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KO PCs showed upregulation of osteogenic genes (Spp1, Alp, and 
Runx2) and downregulation of lipogenic genes expression (Cebpa, 
Plin 1, Plin 2, Plin 3, Plin4) after 14 days of culture (Fig. 2C, D). Sup-
porting these results, Dlk1 gene expression, a negative regulator of 
lipogenesis [92–94] was highly upregulated. Altogether, our results 
indicate that CMA regulates PC multipotency, which maintains PC 
stemness, in a cell-autonomous fashion.

Neither the neural stem/progenitor cell marker nestin, that dis-
tinguishes type II from type I PCs [25,26] nor typical proteins of the 
extracellular matrix (ECM) implicated in tissue remodeling [95,96] 
showed significant differences in presence or absence of CMA 
activity (Fig. S4). However, our findings on the loss of expression 
of genes related to stemness and cell lineage in KO PCs (Figs. 1 
and 2), were accompanied by changes in other MSC-like properties 
(Fig. 2E, F and Fig. S5). We found that PCs increased their prolifer-
ation by five times and reduced their size by fifty percent after 
3 days of culture (Fig. 2E, F). Additionally, CMA-deficient PCs 
showed different expression of hypoxia-inducible factor-1 alpha 
(HIF-1a)  (Fig. S5A), a well-known CMA substrate [38], which sug-
gest the occurrence of metabolic changes [12,97,98]. The 
epithelial-mesenchymal transition markers (EMT) E-cadherin, N-
cadherin, and occludin are implicated in PC adhesion for vascular 
stabilization [99]. Although the percentage of cells expressing 
these markers was not significantly affected in CMA-deficient PCs 
compared to controls, their expression levels per cell was fifty per-
cent reduced (Fig. S5B), corroborating the requirement of CMA 
activity to regulate cell adhesion pathways (Fig. 1A). Thus far, 
our results corroborated that CMA is essential to maintain the 
MSC-like properties of PCs. 

CMA activity in PCs is required to maintain a functional MSC-like 
secretome 

Could CMA-driven PC MSC-like properties and secretome have 
modulatory effects on the stemness functions of other PCs or other 
cells with stem-like properties needed for tissue repair? To answer 
this question, we analyzed the effect of the secretome from both 
WT and CMA-deficient PCs in the differentiation of human peri-
odontal ligament stem cells (PDLSCs), which derive from the neural 
crest as brain PCs [100–103]. PDLSCs showed a clear osteogenic 
commitment after 14 days of culture (Fig. 3A, B and Fig. S6). This 
differentiation was inhibited when they were cultured with the 
supernatants (conditioned medium) from WT PCs; however, 
supernatants from CMA-deficient PCs failed to promote this inhibi-
tion (Fig. 3A, B and Fig. S6). In contrast, PDLSCs cultured with WT 
PC supernatants maintained their chondrogenic lineage (Fig. 3A, 
C). We did not see differences when we assessed adipogenic differ-
entiation (Fig. 3A, D). Accordingly, we found that osteogenic gene 
expression in differentiated PDLSCs was significantly reduced by 
half in PDLSCs cultured with the media from WT PCs (Fig. 3E). 
These results indicate that CMA activity in the PC is critical to 
maintain a proper MSC-like secretome which could directly 
orchestrate cellular functions during tissue regeneration. 

Thus, PC stemness might be dependent on CMA activity through 
a functional secretome containing regulators responsible for stem-
ness function on surrounding cells and thus, affect tissue repair 
and regenerative processes. To determine if this was the case, we 
performed proteomic analyses to identify the most abundant pro-
teins secreted by WT PCs compared to KO PCs (Table 1). We found 
a deficient protein secretion in CMA-deficient PCs compared to WT 
PCs, with 10 differentially expressed proteins that were absent in 
KO PC cultures (Fig. 3F and Table S1). Interestingly, this analysis 
showed only 3 proteins differentially expressed in CMA-deficient 
PCs compared to WT PCs. Excitingly, several functional groups 
associated with tissue repair and regenerative processes were 
identified in the WT condition, whereas KO PCs differentially pre-
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sented groups of proteins implicated in inflammatory response 
and lipid metabolism (Fig. 3G and Table 1). Thus, according to Bio-
logical Processes of Gene Ontology, 12 proteins were identified as 
molecules that may be preferentially secreted by WT PCs and 
related to tissue development and cell differentiation mechanisms, 
such as UHRF1 (ICBP90)-binding protein 1 [104–107], follistatin-
related protein 1 [108–110] and SPARC [111–114]; 9 to wound 
healing, such as plasminogen activator inhibitor 1 [115–117] and 
perlecan [118–121]; 9 to extracellular matrix organization such 
as beta-actin-like protein 2 [122]; and 5 to angiogenic processes, 
such as antithrombin III [115,123,124]. Conversely, different pro-
tein fractions associated with extracellular matrix assembly (4 pro-
teins), inflammatory response (3 proteins), and lipid metabolism (2 
proteins) were identified in the secretome of KO PCs, including 
dipeptidyl aminopeptidase-like protein 6 [125–128] and long-
chain-fatty-acid-CoA ligase [129]  (Fig. 3G and Table 1). 

Thus, our results shed light on possible mechanisms by which 
PCs need CMA activity to maintain a regulated secretome function-
ally equivalent to that of MSCs, including proteins involved in tis-
sue repair and regeneration. Furthermore, we found secreted 
proteins enriched in WT PCs involved in anti-inflammatory pro-
cesses such as antithrombin [124], the tissue protector myokine 
follistatin [110], apolipoprotein A-I [130], the plasminogen activa-
tor inhibitor 1 [117] and the UHRF1 (ICBP90)-binding protein 1 
[107], supporting that a secretome dependent on CMA activity pro-
motes anti-inflammation. 

Importantly, we confirmed the functional effects of some of 
these proteins on PDLSCs differentiation, such as follistatin (FLT) 
and perlecan (PLC), which significantly prevented the osteogenic 
differentiation of PDLSCs after 14 days of culture (Fig. 4A-E), main-
taining their stemness with a higher synergic effect between both 
proteins added to the cultures (Fig. 4A, B and Fig. S6B). Moreover, 
our results showed the anti-inflammatory properties of the CMA-
dependent secretome of PCs. The WT supernatant addition to acti-
vated microglia cells significantly ameliorated at least three times 
the expression of pro-inflammatory genes (Fig. 4F) and the secre-
tion of pro-inflammatory cytokines such as TNF-a (Fig. 4G) and 
IL-1b (Fig. 4H), compared to activated microglia incubated with 
the control media (vehicle) or the KO PC supernatants. Addition-
ally, these findings were supported by the clear significant effect 
of the CMA-dependent secretome of PCs on the pro-
inflammatory gene expression of endothelial cells (Fig. S5). 

Administration of donor WT PCs after brain injury restores LAMP-2A 
expression and CMA activity in host PCs through their secretome 

Our results thus far indicate that, in PCs, CMA activity promotes 
anti-inflammatory responses and seems to activate pathways 
involved in cell adhesion, communication, and stemness. All these 
pathways support a secretome which maintains stem cell proper-
ties in PCs. As PCs with multipotent stem cell properties are needed 
for tissue regeneration [15,23,24,131], we hypothesized that tissue 
inflammation would decrease CMA activity in PCs inducing an 
inflammatory phenotype with loss of stemness. This would pro-
duce a secretome unable to sustain pro-regenerative stem cell 
properties, negatively affecting tissue repair after injury. If this is 
true, then cellular therapy with CMA-efficient PCs should be able 
to decrease inflammation and promote tissue repair as it is 
expected to occur with MSCs [132,133]. We tested this hypothesis 
by intravenous administration of brain PCs in a lysolecithin-
induced demyelinating mouse model [80] and using adipose 
tissue-derived MSCs (adMSCs) as a control treatment (Fig. 5A). 
We corroborated that exogenous PCs were able to access the brain 
tissue by showing that, three to eight days after administration, 
exogenous GFP-PCs appeared in the injured areas of the brain cor-
tex and close to the hippocampus (Fig. 5A, Fig. S8A). They were
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Table 1 
List of proteins exclusively identified in WT or KO PC secretome. 

Accession Protein name GO Biological Process Associated mechanisms MW WT PC 
Intensity 

KO PC 
Intensity 

P32261_MOUSE Antithrombin-III Wound healing Wound healingAngiogenesis 31,944 3,610,000 − 
Blood coagulation 
Hemostasis 

B1B0C7_MOUSE Basement membrane-specific 
heparan sulfate proteoglycan 
core protein 

Wound healing Tissue development & cell differentiation 
Extracellular matrix and cytoskeleton 
organization 
Wound healingAngiogenesis 

469,015 182,000 − 
Cell differentiation 
Cell adhesion 
Vesicle-mediated 
transport 
Signaling 
Circulatory system 
development 

Q8BFZ3_MOUSE Beta-actin-like protein 2 Cell motility Extracellular matrix and cytoskeleton 42,004 5,990,000 − 
Cytoskeleton 
organization 

P11087_MOUSE Collagen alpha-1(I) chain Extracellular matrix 
organization 

Tissue development & cell differentiation 
Extracellular matrix and cytoskeleton 
organization 
Wound healingAngiogenesis 

129,554 533,000 − 

Cell differentiation 
Negative regulation of 
cell-substrate adhesion 
Signaling 

P01029_MOUSE Complement C4-B Inflammatory response Inflammatory response 192,912 1,300,000 − 
Complement activation 

E9PWX1_MOUSE Dipeptidyl aminopeptidase-like 
protein 6 

Regulation of potassium 
ion transmembrane 
transport 

Inflammatory responseExtracellular 
matrix assembly 

97,222 − 1,100,000 

Proteolysis 
Q62356_MOUSE Follistatin-related protein 1 Cell differentiation Tissue development & cell 

differentiationWound healing 
34,553 1,050,000 − 

Cell motility 
Anatomical structure 
development 

E9Q1Z0_MOUSE Keratin 90 Keratinization Extracellular matrix assembly 58,223 − 229,000 
P04104_MOUSE Keratin, type II cytoskeletal 1 Keratinization Tissue development & cell 

differentiationExtracellular matrix and 
cytoskeleton organization 

65604,8 262,000 − 
Negative regulation of 
inflammatory response 
Intermediate filament 
organization 

E9PUC2_MOUSE Long-chain-fatty-acid–CoA 
ligase 3 

Lipid metabolic process Lipid metabolism 62,975 − 1,220,000 

D3Z0P3_MOUSE Serpin A11 Cell differentiation Tissue development & cell 
differentiationAngiogenesis 

26,200 262,000 − 
Negative regulation of 
endopeptidase activity 
Angiogenesis 

A0A1L1SSH9_MOUSE Osteonectin Regulation of cell 
population proliferation 

Tissue development & cell 
differentiationWound healing 

37,837 1,640,000 − 

Anatomical structure 
development 
Apoptosis 
Cell motility 
Pigmentation 

Q8VDF2_MOUSE UHRF1 (ICBP90)-binding 
protein 1 

Positive regulation of 
protein metabolic 
process 

Tissue development & cell differentiation 12,190 369,000 − 

Histone ubiquitination 
Cell cycle 
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Fig. 3. CMA maintains a functional MSCs-like secretome in PCs. (A) Representative pictures show periodontal ligament stem cells (PDLSCs) that can spontaneously 
differentiate into an osteogenic lineage (T0). ALP, Alcian Blue, and Oil Red positive PDLSCs are shown after being incubated for 14 days (T14) with the control vehicle (veh), 
with supernatants from WT PCs (WT sup) or with supernatants from KO PCs (KO sup). Scale bar: 100 lm. (B-D) Graph represents the quantification of levels of positive cells 
for ALP activity (osteogenic lineage), alcian blue (chondrocytes), and Oil Red O (adipocytes) staining, respectively. All data represent mean ± SD obtained from at least five 
experiments represented as dots, independently; ***p < 0.001; ****p < 0.0001 (ANOVA with Tukey’s post-test). (E) Quantification of the mRNA expression by qPCR of some 
genes involved in osteogenesis differentiation. Data show specifically the gene expression levels in PDLSCs (expressed as folds over control vehicle and normalized to Actb as 
the housekeeping reference gene expression) incubated with WT PCs sup or KO PCs sup. All data represent mean ± SD obtained from at least four experiments represented as 
dots, independently; **p < 0.001; ***p < 0.0001 (ANOVA with Tukey’s post-test). (F) Venn diagram of the secretome analysis of identified proteins in WT PCs and KO PCs. WT 
PCs secrete 10 exclusive proteins, sharing 15 proteins in common with KO PCs, which have 3 specific secreted proteins. (G) Chart shows the analysis of functional groups 
associated with pro-regenerative (left) and pro-inflammatory (right) mechanisms. These groups represent the percentage of proteins identified in both the secretome of WT 
PCs (right) and KO PCs (right) cultures from the total amount of identified proteins by mass spectrometry. The ratio between KO and WT PCs represents the most secreted 
proteins by each cell type. Twelve (34 %) of the proteins secreted by WT PCs were related to tissue development and cell differentiation functions (such as UHRF1 (ICBP90)-
binding protein 1, follistatin-related protein 1, and SPARC), nine (26 %) were related to wound healing (such as plasminogen activator inhibitor 1 and perlecan), nine (26 %) to 
extracellular matrix organization (such as beta-actin-like protein 2) and five (17 %) to angiogenesis functions (such as antithrombin III). On the other hand, four (45 %) of the 
proteins secreted by KO PCs were related to extracellular matrix assembly (such as dipeptidyl aminopeptidase-like protein 6 and collagen alpha-1 chain), three (33 %) were 
related to inflammatory response (such as complement C3), and two (22 %) were related to lipid metabolism (such as long-chain-fatty-acid-CoA ligase 3). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hardly detected in later time points (Fig. S8B), as we previously 
described in the context of GB-conditioned PCs intracranially 
grafted or with intravenously injected exofucosylated GFP-PCs 
[21,63].

In our model, demyelination was assessed by quantifying loss of 
expression of the tissue regeneration marker myelin basic protein 
(MBP) after lysolecithin injection in the parietal cortex, between 
cerebral cortex and hippocampus, as it is an area of the brain 
where myelin is abundant [134]. Thus, MBP expression was 
reduced by a quarter in the white matter of the hippocampus (stra-
tum lacunosum) and dentate gyrus (molecular layer) in the brains 
of injured mice (Fig. 5B, C). The lysolecithin diffusion in the tissue 
also produced cell death in the corpus callosum and the cerebral 
cortex (Fig. 5B, D). Furthermore, the tissue damage increased the 
cell expression of the neurotrophin BDNF in the injured areas 
(Fig. 5B, E). Importantly, the expression levels of MBP were signif-
icantly recovered, the cell death was reduced, and the BDNF-
expressing cells disappeared in mice treated with donor brain 
PCs, as it occurred in those treated with the control treatment of 
adMSCs and compared to untreated mice or treated with the vehi-
cle (Fig. 5B, C-E). Moreover, the treatment effect with brain PCs was 
clearly dependent on CMA, as CMA-deficient PC (KO PCs) adminis-
tration lost the potential to promote tissue repair compared to the 
one with control PCs (WT PC) (Fig. 5). By opposite, KO PCs admin-
istration reduced by half the MBP expression (Fig. 5B, C) and dou-
bled cell death compared to injured mice (Fig. 5B, D). 

Our brain-injured mice model did not show any changes in the 
expression of the basement membrane marker of blood vessels, 
laminin [135–137], nor infiltration of CD3-positive cells, suggest-
ing that the integrity of the BBB was not affected (Fig. S9). How-
ever, the demyelinating lesion increased nearly eight times the 
levels of inflammatory microglial cells, positive for the activation 
marker Iba-1, in the hippocampus of injured mice (Fig. 6A, B), 
probably to promote the elimination of myelin debris [81]. The 
appearance of cells in the damaged areas-surrounding brain thala-
mus expressing the cytokine IFNc and the phagocytic cell marker 
CD68 were also increased five times in the brains of injured mice 
(Fig. 6A, C, D). Interestingly, KO PCs administration favored the 
entry of blood cells (Fig. 6A, D). Corroborating the tissue repair, 
all these pro-inflammatory markers were reduced after PC treat-
ment, as it occurred with the control treatment with adMSCs 
(Fig. 6). Together, these results indicated that the administration 
of donor CMA-efficient PCs decreases inflammation and promotes 
tissue repair in the injured brain area in this animal model. 

We next interrogated whether CMA in host PCs was affected in 
response to tissue injury in the brains of these animals. We used 
the expression of the following PC markers in the brain microvas-
culature: Alpha-smooth muscle actin (a-SMA), platelet-derived 
growth factor receptor-beta (PDGFR-b) or CD146 to identify PCs 
located in the microvessels of the damaged brain areas and quan-
tified LAMP-2A expression levels as a marker of CMA activity 
Fig. 4. Stemness and anti-inflammatory properties of the CMA-dependent secretome 
proteins from WT PC supernatant (sup): perlecan (PLC, 5 lg/mL) and follistatin (FLT, 500
(B-D) Graphs represents the quantification of levels of positive cells for ALP activity, alci
from at least three experiments represented as dots, independently; *p < 0.05; ***p < 0.00
test). (E) Quantification of the mRNA expression by qPCR of some genes involved in osteo
as folds over control vehicle and normalized to Actb as the housekeeping reference gen
represent mean ± SD obtained from at least three experiments represented as dots, 
Quantification of the mRNA expression by qPCR of some genes involved in inflammatory
for 24 h (veh) and then incubated with WT PCs sup or KO PCs sup for 24 h after activation
housekeeping reference gene expression). Concentrated cultured media (veh) was used a
experiments represented as dots, independently; *p < 0.05; **p < 0.01 (ANOVA with Tuke
unstimulated microglial cells (CT) or activated with LPS (1 lg/mL) for 24 h (veh) and i
cultured media (veh) was used as control in activated cells. All data represent mean ±
*p < 0.05; **p < 0.01 (ANOVA with Tukey’s post-test). (For interpretation of the referenc
article.)
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(Fig. 7A, D). We found no differences in the total amount of PCs 
in the damaged areas of injured brains compared to control intact 
mice but importantly, LAMP-2A co-localizing with PC markers was 
significantly reduced by half (Fig. 7 and Fig. S10). These results 
indicate that CMA activity is downregulated in brain PCs during 
inflammation after a demyelinating injury. We then determined 
if CMA activity in PCs, responsible for maintaining MSC-like func-
tion, might contribute to tissue repair in this model of inflamed/in-
jured tissue. We quantified LAMP-2A expression in host PCs after 
intravenous injection of donor brain tissue-derived PCs. LAMP-2A 
expression was restored in host PCs when mice were treated with 
donor CMA-efficient PCs (Fig. 7A-D), as it occurred in those treated 
with the adMSCs control treatment and compared to the untreated, 
intact controls and those treated with CMA-deficient PCs. Collec-
tively, our findings suggest that intravenously administered donor 
PCs significantly restore CMA activity in host PCs, which is required 
to promote tissue regeneration, through ameliorating the brain 
inflammation by their CMA-dependent secretome. 

Inflammatory signals reduce CMA activity and abrogate stemness gene 
expression in PCs 

CMA activity is affected in other cell types and in different con-
texts of inflammation [49,138]. Thus, we wondered if inflamma-
tory mediators released after brain injury could be responsible 
for the decrease of LAMP-2A and thus CMA activity observed in 
PCs in our in vivo inflammation model. First, we tested whether 
IFNc, a cytokine produced by several cell types in the CNS during 
acute inflammation and associated with further tissue damage 
[139,140] was able to decrease LAMP-2A expression and therefore, 
the CMA activity in PCs, and we found that this was the case 
(Fig. 8A, B). We next analyzed how IFNc alters the expression of 
some genes related to stemness and cell differentiation and found 
that IFNc stimulation downregulated the expression of stemness 
genes and upregulated gene expression related to cell differentia-
tion, including those involved in osteogenesis (Fig. 8C). Thus, IFNc 
administration phenocopies the gene expression pattern in CMA-
deficient PCs (Fig. 1A, C and Fig. 2D). Importantly, the restoring 
of LAMP-2A expression in PCs upon IFNc stimulation (Fig. 8D) pre-
vented the reduction of the stemness gene expression and thus, 
rescued their stemness phenotype (Fig. 8E). These results indicated 
that CMA modulation in response to the inflammatory mediator 
IFNc affects MSC-like function of PCs. 

Next, we evaluated if reduced CMA activity in PCs in response to 
inflammation was affecting their inflammatory properties by ana-
lyzing protein levels of the inflammatory mediators iNOS and COX-
2  [49,141–143] in IFNc-treated PCs. We found that CMA-deficient 
PCs showed a stronger proinflammatory phenotype independent of 
IFNc stimulation (Fig. 8F, G). mRNA levels of both iNOS and COX-2 
(Nos2 and Ptgs2, respectively) were not affected by CMA deficiency 
(Fig. 8H). However, protein levels of COX-2 were increased four 
of PCs. (A) Representative images of PDLSCs differentiation after incubation with 
 ng/mL), alone or combined, and vehicle (veh) for 14 days (T14). Scale bar: 100 lm. 
an blue, and Oil Red O staining, respectively. All data represent mean ± SD obtained 
1; ****p < 0.0001; ns indicates no statistical significance (ANOVA with Tukey’s post-
genesis differentiation. Data show specifically the gene expression levels (expressed 
e expression) in PDLSCs incubated with PLC and FLT, alone or combined. All data 
independently; ***p < 0.001; ****p < 0.0001 (ANOVA with Tukey’s post-test). (F) 
 responses in the microglial cell line BV2 (CT: control) activated with LPS (1 lg/mL) 
 (expressed as folds over control non-activated and normalized to Actb and Hrtp1 as 
s control in activated cells. All data represent mean ± SD obtained from at least four 
y’s post-test). (G) Levels of inflammatory cytokines TNF-a and (H) IL-1b secreted by 
ncubated with WT PCs sup or KO PCs sup for 48 h after stimulation. Concentrated 
 SD obtained from at least four experiments represented as dots, independently; 
es to colour in this figure legend, the reader is referred to the web version of this 
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times in KO PCs (Fig. 8G), indicating that COX-2 protein levels are 
regulated by CMA in PCs, while iNOS is not (Fig. 8G and H). IFNc 
upregulated more than ten times the iNOS gene expression in both 
WT and CMA-deficient PCs compared to basal levels, while it did 
not change the expression of COX-2 gene (Fig. 8H). Then, increased 
iNOS expression at protein levels was caused by IFNc-mediated 
increased transcription. In contrast, IFNc increased COX-2 protein 
levels only in WT PCs, indicating that this accumulation was due 
to IFNc-mediated downregulation of CMA activity (Fig. 8G). These 
results suggest that intrinsic CMA activity modulates the proin-
flammatory phenotype of the PC by degrading or preventing accu-
mulation of positive regulators of inflammation such as COX-2, 
which might contribute to inflammation in the injured brain 
(Fig. 4F-H, Fig. 6A-D, and Fig. S7). We did not observe differences 
in macroautophagic activity between WT and KO PCs (Fig. S11), 
supporting that the observed phenotype is primarily a conse-
quence of CMA deficiency. Our results support that CMA con-
tributes to the remodeling of the proteome of PCs under 
conditions of homeostasis, enhancing a proinflammatory pheno-
type in response to IFNc stimulation by downregulating CMA 
activity. 

Overall, these findings highlight CMA activity in PCs as a key 
protective mechanism by maintaining PC stemness and modulat-
ing cell homeostasis to prevent hyperinflammation and promote 
tissue regeneration (Fig. 9). 

Discussion 

PCs exhibit some properties of MSCs and contribute to tissue 
repair after injury in different pathologies [23,24]. In addition, 
these cells are capable of differentiating into other cell types by a 
mechanism that is not well understood yet [25–27]. We have pre-
viously reported that GB induces an aberrant upregulation of CMA 
in PCs that modulates their immune function and some MSC-like 
properties to support tumor growth [21]. GB-induced CMA in the 
brain PCs alters some of these properties, including increased 
secretion of regenerative, angiogenic, and anti-inflammatory fac-
tors [21,62,63]. Thus, we have previously found that intrinsic 
CMA in PCs should explain some of their pro-tumor biology and 
support the potential of CMA-deficient PCs to be used as anti-
tumor therapeutical tools [21,62,63]. Based on the cellular pro-
cesses differentially modulated by CMA in the host PC, these cells 
might also be therapeutically effective targets in the context of 
other diseases by enhancing their MSC-like function. 

Here, we provide new data supporting our hypothesis, showing 
that CMA-deficient PCs lose their functional resemblance with 
MSCs and acquire a differentiated phenotype (Figs. 1 and 2). 
CMA-defective PCs predominantly show a differentiation pheno-
type towards the lipogenic lineage (Fig. 1C, Fig. 2A, B, C, and 
Fig. S3), and this differentiation is spontaneously switched to a dif-
ferent lineage during long-term culture without any conditioned 
media for specific cell lineage differentiation (Fig. 2A, B, C). Even 
Fig. 5. Intravenous PC administration promotes tissue repair in lesioned brains. (A) Timeline
brain PCs or adMSCs, ten days post-lesion. Brain GFP-PCs were used as tracking cells. Aft
Expression of the regenerative marker myelin basic protein (MBP), the cleaved caspase-
neurotrophic factor (BDNF) in brain tissue lesioned with lysolecithin and after treatment w
untreated (Veh) or treated with control adMSCs, WT or KO PCs. Representative images of M
lysolecithin was injected. Caspase-3 and BDNF images show the injured areas by lysolecithin
Quantification of MBP expression relative to total injured area of MBP immune-positive pa
from at least three experiments represented as dots, independently; ***p < 0.001; ns indic
caspase-3 immune-positive cells per brain in at least, four fields. All data represent mean
**p < 0.01; ***p < 0.001; ****p < 0.0001 (ANOVA with Tukey’s post-test). (E) Quantificatio
mean ± SD obtained from at least three experiments represented as dots, independently; *
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though we did not check for a later osteogenic differentiation phe-
notype, it is important to mention that other authors have 
observed calcium deposits in PCs from different tissues [144– 
146] using inductor media of osteogenic differentiation to promote 
bone tissue regeneration [144,145,147,148]. Brain pericytes may 
probably also present this phenotype, but we only evaluated their 
spontaneous multipotency to verify the changes that CMA defi-
ciency was causing in their mesenchymal properties. 

In contrast, PCs presenting functional CMA remain undifferenti-
ated and maintain their capacity to differentiate into either osteo-
genic, adipogenic, or chondrogenic cell lineages. Recent results in 
other biological systems have demonstrated the relevance of 
autophagy for maintaining the stemness condition of HSC, whereas 
the ubiquitin-dependent proteasome pathway is used for differen-
tiating HSPCs [149]. This supports the idea that CMA degrades pro-
teins that regulate cell differentiation in PCs when they are 
growing ex vivo immediately after isolation or even after several 
days in culture, maintaining PC multipotency as MSCs. 

Although our results indicate that CMA-defective PCs can be 
spontaneously differentiated into cells with an osteogenic pheno-
type in culture (Fig. 2A, B, D), basal levels of CMA prevent lipogenic 
cell differentiation in resting conditions (Fig. 1C and Fig. 2A, B, C 
and Fig. S3). In line with the results, PCs have/acquire some prop-
erties [15,23,144,145,147,150] but not others of MSC 
[4,5,21,65,151]. Thus, brain PCs may not present capabilities to 
specifically differentiate to adipose cell lineage, as particularly 
those MSCs derived from dental pulp or periodontal ligament, with 
also neural crest origin and a tendency to differentiate into osteo-
genic and none-adipose tissue [102,112,152]. The results show that 
osteogenic gene expression is not induced in CMA-defective PCs in 
resting conditions, but CMA activity in basal levels seems to con-
trol genes involved in cell differentiation to regulate their osteo-
genic lineage (Fig. 2C). Moreover, PCs with reduced CMA activity 
in response to inflammation lead to the induction of osteogenic 
gene expression with a clear loss of stemness. This finding supports 
that cell differentiation in PCs is prevented through CMA activity to 
maintain their MSC-like function including inflammatory proper-
ties (Fig. 1C, 4F-H, and 8D-H). The results showing that CMA-
defective PCs present a prone lipogenic lineage with upregulated 
lipogenic and inflammatory genes such as Fabp4, Pparg, Ptgs1, 
Cebpa and Plin1-4 (Fig. 1C and Fig. 2C), suggest a pre-
differentiated cell type prone to the adipogenic cell lineage. This 
is due to the failure in degrading proteins involved in the lipidic 
metabolism and the control of cell differentiation from one lineage 
to another [58,153,154]. Conversely, this phenotype does not con-
tribute to protect from inflammation and seems to release adipoki-
nes via altered CMA activity contributing to inflammation 
[49,63,129,138,155,156]. 

Interestingly, our characterization of CMA-deficient PCs indi-
cates that in the absence of CMA activity, PCs are entailed to type 
II PCs which differentially to adipogenic type I that can produce 
fibrosis [157,158]. They are nestin-positive cells that can partici-
 of demyelinating lesion and treatment with PCs. Mice were treated intravenously with 
er three weeks (twenty days), mice were euthanized, and brains  were  extracted.  (B) 
3 as cell death marker (positive cells marked with arrows), and the brain-derived 
ith brain donor PCs. Images are representative of control mice (CT) and injured mice 
BP expression show the hippocampus (HP) and dentate gyrus (DG) areas where the 
diffusion in the corpus callosum (cc) and cerebral cortex (CTX). Scale bars: 100 lm. (C) 
rticles (pixels) per brain in, at least, four fields. All data represent  mean  ±  SD  obtained  
ates no statistical significance (ANOVA with Tukey’s post-test). (D) Quantification of 
 ± SD obtained from at least, three experiments represented as dots, independently; 
n of BDNF immune-positive cells in, at least, four fields per brain. All data represent 
p <  0.05;  **p < 0.01; ***p < 0.001 (ANOVA with Tukey’s post-test).
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Fig. 6. Intravenous PC administration decreases inflammation in lesioned brains. (A) Expression of the inflammation markers Iba-1, IFNc, and the activation phagocytic 
marker CD68 (positive cells marked with arrows) in the hippocampus (HP) and the thalamus (TH) close to the brain area lesioned with lysolecithin and after treatment with 
donor brain PCs. Images are representative of control mice (CT) and injured mice untreated (Veh) or treated with control adMSCs, WT or KO PCs. Scale bars: 100 lm. Bottom 
right corner panels show Iba-1, IFNc, and CD68 positive cells in bigger magnification. (B-D) Relative quantification of Iba-1 positive particles (pixels) or IFNc, and CD68 
positive cells around the injured area per brain in at least, four fields. All data represent mean ± SD obtained from at least, three experiments represented as dots, 
independently; **p < 0.01; ***p < 0.001; ns indicates no significance (ANOVA with Tukey’s post-test).
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Fig. 7. Donor PC therapy restores CMA in host PCs in damaged tissue. (A) Representative images showing co-localization of puncta pattern expression of LAMP-2A protein
(green) with a PC marker, a-SMA (red), analyzed in host PCs of microvessels (v) of control mice, in mice brain with lesioned areas (injured) and treated intravenously with
control adMSCs and with donor brain WT or KO PCs. Nuclei were stained with DAPI (blue). Scale bar: 100 lm. Right panels show bigger magnification of double positive cells
(B) Representative images showing co-localization of puncta pattern expression of LAMP-2A protein (in green) with a PC marker, PDGFRb (in red), analyzed in host PCs o
microvessels (v) of control mice, in mice brain with lesioned areas and treated intravenously with control adMSCs and with donor brain WT or KO PCs. Right panels show
bigger magnification of double positive cells. Nuclei were stained with DAPI (blue). Scale bars: 100 lm. (C) Representative images showing co-localization of puncta pattern
expression of LAMP-2A protein (in green) with a PC marker, CD146 (in red), analyzed in host PCs of microvessels (v) of control mice, in mice brain with lesioned areas and
treated intravenously with donor brain PC. Right panels show bigger magnification of double positive cells (Scale bars: 20 lm). Nuclei were stained with DAPI (blue). Scale
bars: 100 lm. (D) Relative quantification of percentage of PCs in brain microvessels expressing the PC marker a -SMA (n = 40 a -SMA+ PCs per condition), PDGFRb (n = 20
PDGFRb+ PCs per condition), or CD146 (n = 35 CD146+ PCs per condition) and the CMA receptor LAMP-2A (PC/LAMP-2A+/+ ) over total PCs. All data represent mean ± SD
obtained from at least, three experiments represented as dots, independently; *p < 0.05; **p < 0.01; ***p < 0.001; ns indicates no statistical significance (ANOVA with Tukey’
post-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

16
 
 
. 
f 
 
 
 
 
 
 
s 



M.D. Salinas, C.M. Martínez, F.J. Roca et al. Journal of Advanced Research xxx (xxxx) xxx

17



3

Fig. 9. CMA role and modulation in PCs of brain homeostasis and during 
inflammation. During brain homeostasis (left), intrinsic CMA in PCs maintains 
their stemness MSC-like properties such as proliferation, adhesion, and potential to 
differentiate into different cell lineages. CMA is then required to maintain the MSC-
like-function of PCs as mural cells in the brain through their secretome, sustaining 
the secretion of pro-regenerative and immunomodulatory factors that can maintain 
the stemness of surrounding PCs and ameliorates inflammation, therefore, 
controlling their cell differentiation and contributing to tissue repair. In lesions or 
injuries that cause brain inflammation (right), proinflammatory cytokines such as 
IFNc modulate the MSC-like properties of PCs through CMA, altering its stemness 
gene expression pattern and the regenerative properties of their secretome. Thus, 
they lose their pluripotency, alter their secretome composition becoming non-
functional, and trigger an inflammatory phenotype containing proinflammatory 
factors that prevent tissue repair. 
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pate in normal and tumoral angiogenesis, and present regenerative 
properties in skeletal muscle (Fig. S4)  [25,26]. However, PCs with 
defective CMA show altered size and proliferation rate (Fig. S5A, 
B), which may be explained as a consequence of CMA-dependent 
DEGS related to cell adhesion properties (Fig. 1A), affecting PC 
adhesion required for vascular stabilization during tissue regener-
ation [99,158]. Furthermore, accumulation of HIF-1a, a substrate 
degraded by CMA, might modify PC metabolism affecting some 
MSCs-like properties in CMA-defective PCs (Fig. S5A) [12,97,98]. 
These results suggest that decreased CMA activity promotes a 
pre-differentiated PC stage through the accumulation of specific 
negative regulators and in combination with the downregulation 
of EMT markers, preventing PC stemness (Fig. S5B). In addition, 
our data suggests that CMA activity might be also necessary to 
improve tissue homing as we identified downregulated DEGs in 
CMA-deficient PCs related to cell adhesion and communication 
pathways (Fig. 1A, right) and loss of adhesion cell markers 
(Fig. S5B).Our data show that all these changes in CMA-defective 
Fig. 8. Reduced CMA activity in response to IFNc downregulates the stemness gene expr
mL) for 24 and 48 h and compared to controls. All data represent mean ± SD obtaine
***p < 0.001 (Student’s t-test). (B) CMA activity was measured by the number of puncta r
PA-mCherry reporter in IFNc-treated PCs for 24 h compared to basal activity in control PC
at least, three experiments represented as dots, independently. ****p < 0.0001 (Student’s t
downregulated genes that were identified in the downregulated pathways related to stem
cell differentiation. Data show specifically the gene expression levels in IFNc-treated PCs
and normalized to Actb and Hrtp1 as housekeeping reference gene expression. Klf4 gene w
from at least, five experiments represented as dots, independently; *p < 0.05; **p < 0.0
protein in PCs transfected with human LAMP-2A or mCherry backbone plasmids and inc
from at least six experiments represented as dots, independently. (E) Quantification of t
with human LAMP-2A or mCherry backbone plasmid and incubated or not with IFNc (20
and Hrtp1 as housekeeping reference gene expression. Klf4 gene was used as an inflam
experiments represented as dots, independently; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
levels of the inflammatory mediators iNOS and COX-2 in WT PCs and KO PCs treated or n
protein levels expressed as folds over WT levels. (H) Quantification of the mRNA expressi
folds over untreated (Control) and normalized to Actb and Hrtp1 as housekeeping refe
experiments represented as dots, independently; *p < 0.05; **p < 0.01; ***p < 0.001 (ANOV
legend, the reader is referred to the web version of this article.)
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PCs lead to a PC which lacks functional MSC-like properties. The 
PC secretome does not affect in vitro cell differentiation of MSCs, 
a process that might contribute to tissue repair after injury. Con-
versely, PCs with basal levels of effective CMA activity show a 
secretome that prevents cell differentiation and maintains the 
stemness in MSCs needed for tissue repair (Fig. 3). Loss of PC mul-
tipotent properties directly impacts the PC secretome (Fig. 3) 
which affects neighboring cells (Fig. 4). The identification of 
CMA-dependent secreted proteins in PCs, including proteins impli-
cated in reducing inflammation [107,124] and tissue repair and 
regenerative processes (Fig. 3F, G and Table S1), corroborates our 
previous results for stemness maintenance. Importantly, the dys-
functional secretome of CMA-deficient PCs and the identification 
of the secreted proteins, dipeptidyl aminopeptidase-like protein 6 
and long-chain-fatty-acid-CoA ligase (Fig. 3F and Table 1) 
[125,128,129] suggest that CMA is needed to modulate the PC pro-
teome required for its lipidic metabolism and efficient interactions 
with the extracellular matrix. Thus, an altered proteome impli-
cated in lipidic metabolism and PC-extracellular matrix interac-
tions, because of deficient intrinsic CMA levels, might contribute 
to a PC inflammatory phenotype [49,58,63] and a defective size 
and cell interactions through inefficient filopodia, key for cell com-
munication and migration [126,127]. This result also explains how 
the functional secretome dependent on CMA of donor PCs can con-
tribute, at least in part, to tissue repair and regeneration in 
response to acute inflammation (Figs. 4-6). Importantly, our results 
in vitro were corroborated in vivo in response to inflammation in a 
demyelinating mouse model. Inflammation in the brain was 
decreased after intravenous administration of PCs with efficient 
CMA (Fig. 6 and Fig. S8). We found that the function of the PC in 
this mouse model was regulated by CMA activity, specifically 
mediated by a decrease in LAMP-2A expression during inflamma-
tion, which in turn downregulates CMA activity. Importantly, 
LAMP-2A expression, and thus CMA activity, was restored after 
treatment with donor CMA-efficient PCs, whereas CMA-deficient 
PCs did not have this effect (Fig. 7). Consequently, tissue repair 
and reduced inflammation in the damaged tissue microenviron-
ment impair the inflammatory signals (Figs. 5 and 6) that affect 
the CMA activity levels in host PC (Fig. 7) and thus, promote a 
restored MSC-like phenotype (Figs. 1, 5 and 8), contributing to pre-
vent inflammation through regulation of proinflammatory factors 
(Fig. 1A, Fig. 6 and Fig. 8).

Although other authors showed that CMA can be modulated by 
different inflammatory stimuli in several pathological contexts and 
cell types [49,54,138], this is the first time that CMA activity is 
shown to be modulated by the proinflammatory cytokine IFNc. 
ession in PCs. (A) Expression levels of LAMP-2A protein in IFNc-treated PCs (20 ng/ 
d from at least three experiments represented as dots, independently; **p < 0.01; 
elative to CMA substrates at the lysosomal membrane and expressed by the KFERQ-
s. Nuclei were stained with DAPI (blue). All data represent mean ± SD obtained from 
-test). Scale bar: 50 lm. (C) Quantification of the mRNA expression by qPCR, of some 
ness from CMA-dependent DEGs and some upregulated genes related to osteogenic 
 for 24 h (relative to PC basal levels) and expressed as folds over untreated (control) 
as used as an inflammatory response control. All data represent mean ± SD obtained 
1; ***p < 0.001; ****p < 0.0001 (Student’s t-test). (D) Expression levels of LAMP-2A 
ubated or not with IFNc (20 ng/mL) for 24 h. All data represent mean ± SD obtained 
he mRNA expression by qPCR of some genes related to stemness in PCs transfected 
 ng/mL) for 48 h, expressed as folds over untreated (Control) and normalized to Actb 
matory response control. All data represent mean ± SD obtained from at least, five 
 0.0001; ns indicates no significance (ANOVA with Tukey’s post-test). (F) Expression 
ot (control) with IFNc for 24 h. (G) Densitometric quantification of iNOS and COX-2 
on by qPCR of iNOS (Nos2) and COX-2 (Ptgs2) treated for 20 h with IFNc expressed as 
rence gene expression. All data represent mean ± SD obtained from at least, four 
A with Tukey’s post-test). (For interpretation of the references to colour in this figure 
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In the context of brain inflammation, other studies have shown 
that CMA is affected during aging or inflammation [47,54,159] 
and can be modulated improving its activity with several modula-
tors [33,34,48,55]. In this work, we identify that CMA activity can 
be affected, specifically in PCs, in response to IFNc, and presum-
ably, by others inflammatory cytokines in the context of tissue 
inflammation (Figs. 4 and 5), and it can be modulated by the 
MSCs-like secretome of PCs improving its activity. Thus, our find-
ings support previous studies indicating that CMA is essential for 
brain homeostasis and show that it is essential in PCs to contribute 
to brain tissue repair. 

Our results are specific to mammalian inflammation as the 
presence of LAMP-2A, the limiting factor of CMA, and its regulatory 
mechanisms (e.g., cytokines produced during brain inflammation) 
are limited to mammals. However, similar mechanisms of protein 
degradation have been recently found in fish and birds [160–163]. 
Thus, the study of this lysosomal catabolic pathway might be 
explored in other species as new models of study for identifying 
new roles or functions. Another caveat in this study is the technical 
limitation to distinguish PC and MSC populations because they are 
very heterogeneous populations without specific biomarkers to 
differentiate from each other. However, a PC secretome with 
pluripotent properties and MSC-like function dependent on CMA 
supports strongly that PCs act as MSCs in the brain (Figs. 2-4), 
allowing to hypothesize that CMA might be required in PCs not 
only to modulate their own stem cell behavior but also to impact 
the properties of other brain stem cells (Fig. 4F-H and S7), facilitat-
ing tissue regeneration. Intrinsic CMA activity in PCs might also be 
needed to protect the brain from inflammation resulting from the 
tissue damage itself (Fig. 6A-D and 7) and thus, to contribute to tis-
sue repair. Overall, our results suggest that inflammation-
mediated decrease of CMA activity in host PCs after brain injury 
(Figs. 7 and 8) affect cell homeostasis in brain blood microvessels 
through the loss of their MSC-like properties, exacerbating inflam-
mation and altering stem cell activity through their dysfunctional 
secretome (Fig. 9). Conversely, the maintenance of an effective 
CMA activity in PCs makes them a potential source of therapeutic 
cell products to ameliorate pathogenesis in the context of diseases 
associated with regeneration of inflamed tissue by manipulating 
PC CMA activity and in turn their secretome. 
Conclusion 

Our results suggest that inflammation-mediated reduced CMA 
activity in host PCs, after brain injury, disrupts microvessel home-
ostasis, worsens inflammation, and impairs stem cell properties via 
a dysfunctional secretome. The CMA maintenance or improvement 
in PCs could support tissue regeneration by modulating their secre-
tome, offering therapeutic potential for brain inflammation and 
likely other pathologies, where PCs play a pivotal role in response 
to inflammatory signals. 
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