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ARTICLE INFO ABSTRACT

Keywords: Background: Cerebral malaria (CM) is a fatal neuroinflammatory syndrome caused (in humans) by the protozoa
Astrocyte Plasmodium (P.) falciparum. Glial cell activation is one of the mechanisms that contributes to neuroinflammation
Cellular senescence :

in CM.
erlebral malaria Result: By studying a mouse model of CM (caused by P. berghei ANKA), we describe that the induction of
Inflammation autophagy promoted p21-dependent senescence in astrocytes and that CXCL-10 was part of the senescence-

associated secretory phenotype. Furthermore, p21 expression was observed in post-mortem brain and periph-
eral blood samples from patients with CM. Lastly, we found that the depletion of senescent astrocytes with
senolytic drugs abrogated inflammation and protected mice from CM.

Conclusion: Our data provide evidence for a novel mechanism through which astrocytes could be involved in the
neuropathophysiology of CM. p21 gene expression in blood cell and an elevated plasma CXCL-10 concentration
could be valuable biomarkers of CM in humans. In the end, we believe senolytic drugs shall open up new avenues

Senolytic drugs

to develop newer treatment options.

1. Introduction

Cerebral malaria (CM) is the deadliest complication of a Plasmodium
(P.) falciparum infection transmitted to humans by the bite of an infected
female anopheles mosquito. According to the World Health Organiza-
tion, malaria affects approximately 241 million people worldwide and
resulted in 627,000 deaths from CM in 2020 (WHO, 2021). Young
children and non-immune individuals (including pregnant women) are
particularly affected in sub-Saharan Africa (WHO, 2021). Ataxia, seizure
and coma before death and low peripheral parasitaemia are common
features of CM (Idro et al., 2005). In endemic areas, about 25 % of CM
survivors develop neurological sequelae (e.g. cognitive impairments),
long-term mental health disorders, and behavioural difficulties (Boivin

etal., 2007; Carter et al., 2005). Even though huge research efforts have
been focused on the pathophysiology of CM, many aspects of this
complex disease are still not understood and thus require further
investigation.

In the C57BL/6 mouse model of CM induced by P. berghei ANKA
(PbA), experimental cerebral malaria (ECM) is characterized by low
accumulation of parasite-infected red blood cells (iRBCs) in mice as well
as in human brain microvessels; this sequestration causes mechanical
microvessel obstruction, blood flow reduction, hypoxia, coma, and
death (Baptista et al., 2010; Strangward et al., 2017). Furthermore, this
exacerbates an inflammatory response in glial cells, with the release of
pro-inflammatory cytokines and chemokines such as tumour necrosis
factor (TNF-a) and C-X-C motif chemokine ligand-10 (CXCL-10) both of
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which are tightly correlated with brain injury in murine and in Human
CM as well as in vitro models (Dalko et al., 2016; Jain Vet al., 2008;
Shrivastava et al., 2017).

This neuroinflammatory pathway promotes the breakdown of the
blood-brain barrier (BBB) and infiltration of the central nervous system
(CNS) by pathogenic CD8™" T lymphocytes expressing CXCL-10 receptors
(CXCR3) (Dominique et al., 2000; Kossod and Grau, 1993; Shaw et al.,
2015). We recently reported that PbA-derived microvesicles (MVs)
promote the inflammatory response of astrocytes via the induction of a
non-conventional autophagy pathway involving microtubule-associated
protein 1 light chain 3 (MAP1LC3, also known as LC3) (Leleu et al.,
2021).

Along with their role in the maintenance of brain homeostasis and
BBB integrity, glial cells act as primary innate immune effector cells
involved in many pathophysiological changes in the CNS (Alireza Min-
agar et al., 2002; Benarroch, 2013; Khakh and Sofroniew, 2015). Glial
cells promote inflammation in neurodegenerative diseases by contrib-
uting to a chronic impairment in the production of pro-inflammatory
factors (Baker and Petersen, 2018). It is well known that astrocytes
induced into senescence have a number of detrimental effects, such as
glutamate excitotoxicity, impaired synaptic plasticity, neural stem cell
loss, and BBB dysfunction (Cohen and Torres, 2019). More generally, the
accumulation of senescent cells in tissues and organs and accelerated
telomere attrition are involved in many human diseases related to
ageing, neurodegeneration, and dementia (Wang et al., 2020). Telomere
attrition and the expression of cyclin-dependent kinase inhibitor 2A
(CDKN2A, also known as p16) have been observed in blood cells from
patients within three months of the onset of P. falciparum malaria
(Asghar et al., 2018). The presence of shortened telomeres has also been
observed in the tissues of P. ashfordi-infected birds and was associated
with a shorter lifespan (Asghar et al., 2015; Asghar et al., 2016). Lastly,
it was recently reported that a low level of P. falciparum parasitaemia
accelerates cellular senescence in the peripheral blood cells via inflam-
mation and a redox imbalance; these variables normalized after suc-
cessful treatment and clearance of the parasites (Miglar et al., 2021).

Cellular senescence is a cell state primarily characterized by a pro-
longed cell cycle arrest induced by cellular stress. It has recently
emerged as a fundamental ageing mechanism and contributes notably to
diseases in later life (Childs et al., 2017). This phenomenon is usually
associated with unrepaired DNA damages, including shortened and
deprotected telomeres, epigenetic alterations, oxidative damage, endo-
plasmic reticulum stress, autophagic activity, and apoptosis resistance
(Hernandez-Segura et al., 2018; Pluquet et al., 2015). The biomarkers of
the senescence-associated cell cycle arrest include the activation of the
DNA Damage Response (DDR) pathway, leading to the stabilisation and
phosphorylation of the tumor suppressor protein TP53 (p53), and the
elevated expression of the cyclin-dependent kinase inhibitor p21
(encoded by CDKNIA), and the hypophosphorylation of the tumor
suppressor protein RB (retinoblastoma protein). Alternatively, or in
addition, the expression of the cyclin-dependent kinase inhibitor p16
(encoded by CDKNZ2A) can also be increased, leading to the hypo-
phosphorylation of RB as well. The p38MAPK, a member of the stress-
activated protein kinase (SAPK) family, is also frequently activated by
phosphorylation. Another main marker of senescence is the increase in
the lysosomal $-Galactosidase activity, called the senescence-associated
B-galactosidase (SA-B-Gal) activity (Abbadie et al., 2017). Furthermore,
senescent cells develop a specific secretome known as the senescence-
associated secretory phenotype (SASP), which is characterized by high
levels of pro-inflammatory cytokines, growth factors, and matrix
remodelling enzymes (Coppe et al., 2010). All these senescent cell
hallmarks are mechanistically interconnected and could have delete-
rious consequences, notably by increasing pro-inflammatory cells and
factors in the tissue microenvironments (Birch and Gil, 2020).

In the present study, we looked at whether the cellular senescence of
astrocytes and microglial cells was involved in the brain inflammation
seen in PbA-infected, CM-susceptible (cM®) C57BL/6JR mice (compared
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with inflammation free, CM-resistant (CM®) C57BL/6 WLA-Berr2 mice)
and in cohorts of P. falciparum-infected humans with severe malaria
(compared with CM-free humans having undergone acute malaria only).
We assessed the expression of cellular senescence markers and a panel of
inflammatory cytokines in vivo in the brain and in vitro in primary glial
cell cultures. We then studied the mechanisms underlying the induction
of cellular senescence by the PbA-astrocyte interaction. Lastly, we
evaluated the relationship between cellular senescence, pro-
inflammatory cytokine networks and CM in post-mortem blood and
brain tissue samples from P. falciparum-infected patients.

2. Material and methods
2.1. Primary astrocytes cell culture & parasite stimulation

Primary glial cells were gently dissociated and isolated from the
brains of 1-2 days old newborn C57BL/6 mice and cultured in vitro as
described previously (Shrivastava et al., 2017). Cultures were enriched
in astrocytes by gentle shaking during 24 h and kept in DMEM (complete
Dulbecco’s modified eagle medium; [Gibco, 11,885-084] containing 10
% fetal bovine serum (FBS; [Dutscher, S181B-500]). PbA-iRBCs were
recovered from severe combined immune deficiency mice (SCID mice;
Institut Pasteur de Lille) as described in (Leleu et al., 2021). PbA-iRBCs
were put in contact with astrocytes at a ratio of 10:1 during 24 h and
removed. Then, fresh medium was added and culture kept for further,
4,7,10 or 15 days post-stimulation. Non-stimulated astrocytes were
cultured in the same conditions and used for controls. For autophagy
inhibition, the astrocyte cultures were treated with 10 nM Bafilomycin
A; (BAF A;; MedChemExpress, HY-100558) from the beginning of the
PbA-iRBCs stimulation to 10 days post-stimulation.

2.2. Animal studies

8-10 weeks old male and female C57BL/6 mice (Janvier labora-
tories, C57BL/6JR) and B6.WLA-Berr2 congenic mice, developed in our
Lab (Keswani et al., 2020), were kept in standard conditions in the an-
imal facility of the Pasteur Institute of Lille. All mice experiments were
performed following institutional guidelines for animal care and use.
The study was approved by the French Committee for Animal Health
Care “Ministere de I’Agriculture et de la Péche” n
#22021-2019091715283871. Mice were infected intraperitoneally
using 10° RBCs infected by PbA, clone 1.49L. Same age non-infected
mice were used as negative controls. Between 6 and 10 days post-
infection, C57BL/6 infected mice developed neurological symptoms
unlike C57BL/6.WLA-Berr2 which did not develop cerebral symptoms
but died later from hyperparasitemia. Mice were monitored twice daily
following infection. Parasitemia was determined by Giemsa-stained
blood smears from the tail vein every three days. All mice were eutha-
nized between days 6 and 8 post-infection. Brains, spleens and sera
samples were collected, processed and stocked for the analyses detailed
below. For Treatment with senolytic drugs, CMS mice were treated by
oral gavage from day 2 to 8 post-infection with 5 mg/kg Dasatinib
(Sigma,SML2589) and 50 mg/Kg Quercetin (Sigma, Q4951).

o

2.3. Clinical samples procurement and inclusion criteria

Patients sample collection was done during a study evaluating im-
mune responses in malaria severity conducted at SCB Medical College
and Hospital, Cuttack, Odisha, between 2008 and 2011 as published
(Hernandez-Segura et al., 2018). Patients were categorized according to
the World Health Organization (WHO) as follows: Patients with un-
complicated Mild Malaria (MM) and patients with severe malaria (SM).
SM patients were categorized into MOD (Multiple Organ Dysfunction),
CM (Cerebral Malaria) and CM-MOD (Hernandez-Segura et al., 2018).
Thirty-seven patients were investigated in this study: 11 patients with
MM, 5 patients with MOD, 14 patients with CM and 7 patients with CM-
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MOD (Table 1). No age difference in clinical severity was observed and
the severity of the disease was uniformly spread over both genders.
P. falciparum infection was screened by immune chromatography test
(SD Bio Standard Diagnostics, India) and Giemsa stained blood smears as
previously described (Herbert et al., 2015). Post mortem Formalin-fixed
Paraffin-embedded (FFPE) human brain tissue were obtained from pa-
tients who died from CM and from non-infected controls who died from
road accident in Ivory Coast. The protocol was reviewed and approved
by the Comité National d’Ethique et de Recherche de Cote d’Ivoire
(N°56/MSLS/CNER-dkn). Written informed consent was obtained from
parents. Brain sections were used to evaluate GFAP and p21 expression
in astrocytes by confocal microscopy. The study was done according to
the guidelines in the Declaration of Helsinki. In India, it was approved by
the National Health Office Ethics committee, the Institutional Human
Ethics Committee of SCB Medical College, Cuttack, and the Institutional
Review Board of Institut Pasteur de Lille, France. In Ivory coast, samples
were collected at the Institute of Forensic Medicine-Faculty of Health,
University Félix Houphouét-Boigny of Abidjan, in accordance with the
local laws and regulations, International Conference on Harmonization -
Good Clinical Practice (ICH-GCP).

2.4. Cell sorting for isolation of brain astrocytes

Single-cell suspensions were obtained from the mice brains, using the
Neural Tissue Dissociation kit (Milteny Biotec, 130-093-231). Cells were
then stained with anti-ITGAM/CD11b (eBioScience, 12-0112-81) and
anti-SLC1A3/GLAST (Miltenyi Biotec, 130-095-814) fluorescent anti-
bodies. Astrocytes ITGAM/CD11b~ (integrin alpha M) SLC1A3/GLAST "
(solute carrier family 1 (glial high affinity glutamate transporter),
member 3) were further sorted on a FACSAria (Becton Dickinson) and
analyzed by RT-qPCR, as described previously (Keswani et al., 2020).

2.5. Affymetrix GeneChip analysis

Total RNAs were extracted from the cell lysates of the brains of
control and PbA-iRBCs infected CM® and CM® mice using a Trizol® Plus
RNA Purification Kit (Invitrogen, 15596026) according to the manu-
facturer’s instructions. As previously described, we used the Affymetrix
GeneChip® 1.0 ST Array Mouse (Keswani et al., 2020).

2.6. Quantitative real-time PCR

Total RNAs were extracted by using the Nucleospin RNA kit
(Machery Nagel, 740,955,250). Complementary DNA (cDNA) synthesis
was done using the SuperScript VILO kit (Invitrogen, 11,754,250) as
previously described (Dalko et al., 2016). Then, RT-qPCR was performed
by mixing ¢cDNA with primers (Table S1 for mice and S2 for human)
(Eurogentec) and SYBR Green Master Mix (ThermoFisher Scientific,
4,385,612). RT-qPCR was done in Quantstudio™ 12 K Flex Real-Time
PCR system (ThermoFisher Scientific). Relative expression of genes of
interest was quantified using the AACt or ACT (for the human cDNA
samples) methods. Data were normalized to Hprtl (Hypoxanthine
Phosphoribosyltransferase 1) or Gapdh (Glyceraldehyde 3-phosphate

Table 1
Distribution of P. falciparum infected patients according to disease profile.
MM CM MOD CM-MOD  pvalue’
N 11 14 5 7 -
% females/% males 18.2/ 28.6/ 20.0/ 14.2/ 0.87
81.8 71.4 80.0 85.7
range of age(years) 20-45 15-65 16-55 15-16 -
mean of age + 95 % 30.8 + 30.6 + 32.6 + 38.4 + 0.59
CI (years) 5.4 8.5 18.3 15.7

1 Chi? testfor gender; Kruskal-Wallis test for age.
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dehydrogenase) gene expression and expressed as fold-change of gene
expression compared with the control condition.

2.7. Western blot analysis

Brain lysates from CMS and control mice were prepared using lysis
buffer (RIPA lysis buffer, Interchim, R0278) containing a Protease In-
hibitor Cocktail (Roche, 04693159001). The total protein concentration
was measured with the BCA (bicinchoninic acid assay) protein assay kit
(Interchim, UP40840A), and 1 mg/mL of protein was used. Then, pro-
tein extracts were separated on a standard SDS-PAGE (sodium dodecyl
sulfate-polyacrylamide gel electrophoresis) in 5, 10, or 15 % poly-
acrylamide gels (BioRad) and electro-transferred onto 0.2 pm nitrocel-
lulose membranes (ThermoFisher Scientific, 88,018). Membranes were
blocked for 2 h at RT with PBS (phosphate-buffered saline)-0.2 % Tween
20® (Euromedex, 2001-B) and then incubated overnight at 4 °C with the
primary antibodies, diluted in PBS-0.2 % Tween 20®, using a Cassette
Miniblot System (Immunetics, Interchim). Details of the primary anti-
bodies used are listed in Table S3. After two washes with PBS-0.2 %
Tween 20®, the immunoreactivity profile was detected by incubating
the membrane with the secondary antibodies (Table S4) diluted in PBS-
0.2 % Tween 20®for 2 h. Blots’ revelation was done using the Clarity™
Western ECL Substrate (Bio-Rad, 170-5061). Blots’ images were
captured and analyzed by the Molecular Imager ChemiDoc™ XRS +
system (Bio-Rad) using Image Lab™ software (Version 5.2, Bio-Rad).
The protein levels and ratio of phosphorylated form and total protein
were determined by densitometry using the ImageJ/FIJI software
(version 1.53, ImageJTM software, National Institutes of Health). The
protein levels in the CM5" brain were compared to the brain control
protein levels.

2.8. Staining, imaging and image processing

Immunofluorescence staining was performed as described elsewhere
with little modifications (Vazquez-Villasenor et al., 2020). Serial coronal
brain sections from optimal cutting temperature compound (OCT)
embedded tissue of control and CM" mice were cut at 5-um thickness
and spread onto Super-frost Plus slides (ThermoFisher, J1820AMNZ).
Paraffin-embedded sections derived from brain of healthy and CM pa-
tients were deparaffinised in xylene and rehydrated in alcohol gradient
series (Shan-Rong et al., 1991). Astrocyte cultures were processed for
confocal microscopy as described previously (Leleu et al., 2021). Sec-
tions were then fixed for 10 min for brain and 20 min for cell culture in 4
% paraformaldehyde (PFA, Electron Microscopy Sciences, 15,713
R7G5). Following permeabilization with 0.1 % Triton X-100 (Sigma-
Aldrich, T8787), slides were blocked with 5 % FBS for 30 min at RT and
incubated overnight at 4 °C with anti-GFAP antibody and followed
separately by anti-p21, anti-pp53,anti-Bcl-xl, anti-LC3 or CXCL-10 an-
tibodies (Table S3) diluted in blocking solution. After three PBS 1X
washes, appropriate secondary antibodies (Table S4) diluted in 5 % FBS
were then incubated for two hours for brain sections or 30 min for cell
culture at RT. All slides were incubated, after three PBS 1X washes, with
0.01 mg/ml of DAPI (Invitrogen, D1306) for cell nucleus staining.
Finally, the sections were washed and mounted onto glass slides using
mounting medium. SA-p-gal activity detection was performed as
described (Debacq-Chainiaux et al., 2009). Briefly, coronal brain sec-
tions and astrocyte cultures were fixed with 2 % formaldehyde (Sigma,
F1268)-0.2 % glutaraldehyde (Merck, 432VV351439) for 5 min then
incubated with incubated with 1 mg/ml of 5-Bromoo-4-chloro-3-indolyl
B-D-galactoside (X-Gal) (Euromedex, EU0012-D) overnight at 37 °C as
previously described. Brain sections were scanned by the Zeiss LSM710
confocal microscope (ZEISS microscopy GmbH) using an Airyscan
super-resolution module (0.325 um/pixel) with a 20X oil immersion
lens.

For imaging, fluorescent slides were scanned using the Zeiss Axi-
oScan.Z1 slide scanner (Zeiss, Jena, Germany) using 20x magnification
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(0.22 pm/pixel) and auto-estimated exposure times. The whole slide
scan was imaged using 4 epi-fluorescent filters (DAPI, Alexa 488, Cy3,
Cy5). Images were complemented with image deconvolution using
Huygens Essential software (Scientific Volume Imaging, https://svi.nl/).
Then, segmentation of individual cells is finally performed by the Imaris
Surface creation module (v9.1.2, BitPlane,https://www.bitplane.com)
to extract data for quantitative analysis. For SA--Gal staining on brain
sections, the “% area” results were used as the stained level of SA-p-gal
as previously described using ImageJ software (Lozano-Gerona and
Garcia-Otin, 2018; Tominaga et al., 2019). Percentage of SA-p-Gal™ cells
in stimulated astrocytes was determined manually.

2.9. siRNA silencing

Astrocytes were plated in 12-well plates at 5.10° cells/well and then
transfected 6 h with Rubcn/Rubicon or Atg5 siRNA (Horizon Discovery;
Dharmacon; RUBCN/rubicon 100,502,698; ATG5 11,793) at 25 nM
using the HiPerfect transfection reagent (Qiagen, 301,704) and then
stimulated with PbA-iRBCs as described in (Leleu et al., 2021).

2.10. Cytokines/chimiokines quantification.

Cytokines and chemokines were quantified in sera of control and
PbA-infected CMS, CM® and PbA-infected and treated-CM® mice using
ELISA Kits for IL-6 (Biolegend, 431,301), CCL2 (Biologend, 432,704)
and CXCL-10 (R&D Systems, DY-466-05) in triplicates.

2.11. Statistics

Statistical analyses and plots were done with R version 1.4.2 (www.
rstudio.com). To compare the Affymetrix microarray data between the
CcMS® and CMR infected mice we performed a T test and computed an
FDR-adjusted p value. When comparing the gene expression levels and
the plasma levels between more than two groups, we used the Kruskal-
Wallis test followed by a Conover post-hoc test available in the R
package PMCMRplus. The p values are Benjamini-Hochberg adjusted.
To make graphs, we used ggplot2. ggpubr, ggsignif, rstatix packages and
GraphPad Prism (Version 5, GraphPad software, Inc.). The sample size
and the number of replicates for each experiment are mentioned in the
corresponding figure legend. Analyses of variance for cell culture anal-
ysis (ANOVA), followed by Tukey’s multiple comparisons or Bonferroni
post-hoc tests were used to compare kinetics groups and treatment
groups. For survival analyses, we used the log-Rank (Mantel-Cox) test. P
values, for each experiment were reported as significant as *P < 0.05;
**P < 0.01; ***P < 0.001, ****P < 0.0001. To look for relationships
between the studied cytokines/chemokines and the markers of senes-
cence we used the software Cytoscape v 3.9.0 and the database STRING
for the mouse. An enrichment analysis based on the GO terms and the
significantly differentially expressed genes from the transcriptomic data
was done with the R package ClusterProfiler. Then p values were
adjusted by the false discovery rate method. We used the R package
mixOmics to perform the discriminant analysis on the human data.

3. Results

3.1. High expression of markers of cellular senescence and resistance to
apoptosis are observed in the brain during ECM

To get insight into the cellular and molecular mechanisms involved
in CM pathogenesis, we used C57BL/6JR CM susceptible (CM5) and B6.
WLA-Berr2 CM resistant (CM®) mice infected with PhA. We used Affy-
metrix GeneChip mouse expression arrays to compare whole-brain
transcriptomic profiles from CMS and CM® PbA-infected and control
mice. Of the 1781 genes showing a difference between at least two
groups of mice, 660 showed significant differences in expression when
comparing CcMS with CMR mice (false discovery rate (FDR)-adjusted p-
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value < 0.05). The log2 fold-change ranged from —1.44 to 0.84. In this
cM® vs CMR comparison, we found that 320 genes were significantly
upregulated and 340 were downregulated. Next, we used the R package
Cluster Profiler to perform a Gene Ontology (GO) enrichment analysis.
Seventy-eight GO terms were found significantly enriched (FDR
adjusted p value < 0.05). Of the 141 genes classified in GO’s Mus mus-
culus senescence pathways (Fig. 1A), we identified three genes (Cdknla/
p21, PML (coding for the promyelocytic leukaemia protein) and Calr
(coding for calreticulin) that were upregulated in PbA-infected CMS®
mice, relative to PbA-infected CMR mice (Fig. 1B and C). Next, we used
real-time qPCR to quantify the mRNA expression levels of four selected
senescence biomarkers (p21, GADD45y, p38MAPK and p16) in whole-
brain and spleen extracts from non-infected and CMS and CM® PbA-
infected mice. Significantly greater expression of p21 (****P < 0.0001),
GADDA45y (****P < 0.0001) and p38MAPK (***P < 0.001) was observed
in CMS brains (Fig. 2A), whereas the expression of p16 was significantly
lower compared to CM® (**P < 0.01). The presence of a strong link
between p21 up-regulation and CM was suggested by the significant
down-regulation of p21 expression in the brain of PbA-infected CM®
mice (****P < 0.0001); this was also true for GADD45y (****P <
0.0001) and p38MAPK (**P < 0.01) (Fig. 2A). Furthermore, the
expression of anti-apoptotic genes (such as Bcl2/1 (*P < 0.05) and Mcl1
(**P < 0.01)) was significantly augmented in infected CMS mice when
compared with control mice, although no difference was observed for
Bcl2/2 and Bcl2 (Fig. 2B). All these markers were expressed in CcMS brain
samples but not in spleen samples (Supplementary Fig. 1). Quantitative
western blot analyses of brain extracts from the same mice confirmed
the elevated expression of most of the tested proteins in the CM® brain,
relative to non-infected controls: ~1.5-fold for p21 (**P < 0.01), 2-fold
for the p-p53/p53 ratio (*P < 0.05) and ~ 2-fold for the p-p38MAPK/
p38 ratio (**P < 0.01), (Fig. 2C). Moreover, to determine whether this
acquisition of senescence markers was associated with DNA damages,
we searched for the phosphorylation of ataxia telangiectasia mutated
(ATM), one marker of the activation of the DNA damage response
pathway. It is noteworthy that the phospho-ATM (p-ATM)/ATM ratio
was higher (***P < 0.01) in the CM° brain samples (Fig. 2C). Further-
more, we observed a higher proportion of SA-p-Gal-positive cells (a 5-
fold difference, *P < 0.05) on frozen coronal brain sections from cMs
mice than on sections from non-infected mice (Fig. 2D). Taken as a
whole, these data revealed the presence of senescent cells in brain tissue
samples from CM® mice.

3.2. Astrocytes are the brain cells most affected by senescence during CM

In order to determine which subpopulation(s) of glial cells under-
went senescence during ECM, we next used RT-qPCR to quantify the
expression of senescence markers by astrocytes and microglial cells in
samples of brain tissue from CM5" and CM® PbA-infected mice. Signif-
icantly greater expression of the p21, Gadd45y and Bcl-2/1 genes was
observed in astrocytes from CM® mice but not in astrocytes from CM®
mice or microglial cells isolated from CM® or CMR mice (Fig. 3A and B).
Immunofluorescence/confocal microscopy assessments of brain sections
revealed that the proportion of GFAP" activated astrocytes expressing
p21 among total GFAP* was higher in the cortex of CM® mice brain
(~40 %) than in the cortex of non-infected controls (~15 %) (Fig. 3C).
The proportion of GFAP™ p-P53" astrocytes was greater in CMS mice
(~36 %) than in non-infected control mice (13 %; *P < 0.05; Fig. 3D).
Likewise, the proportion of GFAP™ Bel-x1" astrocytes was greater in CMS
mice (~42 %) than in non-infected control mice (<20 %; **P < 0.01;
Fig. 3E). It is noteworthy that brain sections from CM® mice showed SA-
f-Gal™ staining in the areas with elevated p21 expression (Supplemen-
tary Fig. 2). Thus, the astrocytes appeared to be particularly affected by
a p21-mediated senescence process induced by PbA in the brain during
CM.
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Fig. 1. Transcriptomic senescence signature associated with ECM in the brain. (A) Senescence genes upregulated in CM® compared with CM® infected mice. 'p-
value obtained when comparing the infected CM® and CM® mice using Student’s t-test. *P < 0.05; **P < 0.01. Relative expression of (B) p21, PML and Calr in the
brains of control and infected CM® and CM® mice at day 6.5 post infection mades using Affymetrix GeneChip Mouse Expression Arrays. Data represented as mean =+
SEM. Groups (n = 3 per group) were compared with a Kruskal-Wallis test, followed by a Conover post-hoc test when significant. P values are adjusted by FDR
Benjamini-Hochberg. (C) Contribution of senescence genes to physiological processes during ECM. The FDR adjusted p-values come from a Gene Ontology

enrichment analysis.

3.3. Astrocyte senescence is triggered by direct interaction with the
malaria parasite

To determine the molecular events implicated in the induction of
astrocyte senescence, primary culture of astrocytes derived from CMS
mice were incubated in vitro with PbA-iRBCs (Fig. 4A). The induction of
senescence was monitored by measuring SA-p-Gal activity in primary
astrocyte cultures 4, 7, 10 and 15 days after contacting with PbA-iRBCs.

24

From day 4 onwards, the proportion of SA-B-Gal ™" cells were significantly
higher in parasite-stimulated cells (~30 %; **P < 0.01) than in non-
stimulated cells (~10 %; Fig. 4B). The highest proportions of SA-
B-Gal ™" cells were observed on day 10 (~40 %; *P < 0.05) and day 15
(~37 %; **P < 0.01). This SA-B-Gal activity was correlated with
morphological changes in astrocytes, such as enlargement of the cyto-
plasm, a low nucleus/cytoplasm ratio (Fig. 4C), and a rise in the
expression of p21 (***P < 0.001; Fig. 4D) on day 10. A confocal
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Fig. 2. Expression of senescence markers in the brain during ECM. Fold-relative expression of (A) cell cycle arrest genes: p21"Af1, GADD45y, p38MAPK and
p16™%4_ (B) anti-apoptotic genes: Bcl2/1, Bcl2/2, Bcl2 and Mcll in whole-brain of control and infected CM® and CM® mice at day 6.5 post infection. Data are
presented as mean + SEM. Values (n = 3-10 per group) were compared with the control group or between selected groups using a Kruskal-Wallis test followed by a
Conover post-hoc test, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (C) Western blot analysis of phosphorylated and total p53 (phosphorylated on Serine
15), p21WAF1, p38MAPK, ATM proteins in the whole-brain lysates of control and infected CM® mice. Protein levels were shown as mean + SEM of at least three
independent experiments. The experimental group was compared to the control group using Student’s t-test (*P < 0.05; **P < 0.01). (D) Representative SA-p-Gal
staining in coronal brain sections, from control and infected CM® mice. Scale bars = 100 pm. Data are representative of three independent experiments. The
experimental group was compared to the control group, using Student’s t-test*P < 0.05.

microscopy analysis revealed that the proportion of astrocytes co-
expressing GFAP and p21 was 18 % in stimulated cultures and 6 % in

3.4. PbA-induced astrocyte senescence is triggered by LC3-dependent,
non-conventional autophagy

non-stimulated control cultures (*P < 0.05) (Fig. 4E). This finding

suggests that direct interaction with PbA-iRBCs can induce a p21-

senescence-like phenotype in astrocytes.

We then looked at whether the p2l-induced senescence process
induced by PbA-iRBCs was linked to the LC3-associated phagocytosis
(LAP) evidenced during the transfer and degradation of PhA MVs in
astrocytes as we published (Leleu et al., 2021). An immunofluorescence/
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Fig. 3. A senescence-like phenotype of astrocytes during ECM. Relative mRNA levels of p53, p21VA", GADD45y and Bcl2/1 in the sorted (A) Astrocytes and (B)
Microglia of control and infected CM® and CM® mice at day 6.5 post infection. Values were compared with the control group or between selected groups using a
Kruskal-Wallis test followed by a Conover post-hoc test. *P < 0.05; **P < 0.01. Representative immunofluorescence images showing (C) p21, (D) p-p53, (E) Bcl-xl
protein levels (red) in GFAP* astrocytes (green) in the brain of infected CM® mice compared with control scale bar represents 2000 pm. White boxes show magnified
regions (scale bars, 100 pm). Graphs show quantification of the percentage of activated astrocytes (GFAP + cells) expressing p21 or p-p53 or Bcl-xl. Data are
presented as mean + SEM. Values (n = 5 mice) were compared with the control group using Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
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stimulation by PbA-iRBCs. (B) Quantification of SA-B-Gal-positive astrocytes at 0, 4, 7, 10 and 15 days post-stimulation (n = 3-5 per condition). (C) Representative
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using Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001.

confocal microscopy analysis of astrocyte cultures stimulated (or not)
with PbA-iRBCs showed GFAP™' astrocytes (in green, in Fig. 5A) co-
expressing p21" (in red) and MAP1LC3/LC3" (in magenta); the pro-
portion of co-expressing cells was ~ 16 % with PbA-iRBCs and ~ 7 %
without (**P < 0.01). To confirm the link between LAP and p21, we used
a RNA silencing strategy to target Rubcn/Rubicon and Atg5; the latter are
known to be essential for the LAP of PbA MVs by astrocytes (Leleu et al.,
2021). After silencing Rubcn and Atg5, the expression of p21 in cultured
astrocytes on day 10 after contact with iRBCs was 2 fold-change
decreased (Fig. 5B). The same was true for the expression of Rubcn
and Atg5, but less for Map1Lc3/Lc3, in cultures treated with siRubcn and
siAtg5, compared with an iRBC-stimulated control (Fig. 5B). No effect on
p16™K* expression was observed after siRubcn treatment. We also used
confocal microscopy to study the effects of the autophagy inhibitor
bafilomycin A; (BAF A;) on PbA-induced senescence in astrocytes. The
proportion of GFAP" and P21" astrocytes was lower in BAF A;-treated
cultures (~5%; **P < 0.01) than in non-treated, PbA-stimulated cultures
(~20 %; Fig. 5C). Taken as a whole, these data strongly suggest that
autophagy is linked to the senescence processes induced by the astro-
cyte-PbA interaction.

3.5. Parasite-induced senescence is correlated with the production of pro-
inflammatory cytokines/chemokines by astrocytes

CXCL-10 is one of the main pro-inflammatory factors found to be
significantly overexpressed in the brain of CMS infected mice (relative to
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controls), as evidenced by transcriptomics experiments (Fig. 6A) and
RT-qPCR quantification (Fig. 6B). We also observed high levels of Cxcl-
10 gene expression in ex vivo astrocytes isolated from CMS brain
(compared cMR mice; Fig. 6C) and plasma (Fig. 6D); this finding attested
to the astrocytes’ involvement in the neuroinflammatory response to
ECM. Immunofluorescence/confocal microscopy analyses of brain sec-
tions from CM® and control mice labelled with DAPI (in blue) and anti-
GFAP (in green), anti-CXCL-10 (in magenta) and anti-p21 (in red) an-
tibodies showed that the proportion of activated GFAP™" astrocytes co-
expressing p21 and CXCL-10 was 36 % in CM5" mice and 4 % in non-
infected control mice (**P < 0.01) (Fig. 6E). Following on from our
recent observation whereby CXCL-10 secretion by PbA-iRBC-stimulated
astrocytes from CM® mice is associated with LC3 non-canonical auto-
phagy (Leleu et al., 2021), we next looked at whether CXCL-10 secretion
by senescent astrocytes is linked to autophagy in primary astrocyte
cultures treated with bafilomycin A; (BAF A;). Ten days after contact
with PbA-iRBC, the proportion of GFAP"P21Tastrocytes producing
CXCL-10 (in magenta: ~14 %) was significantly greater than in non-
stimulated cells (~2.8 %; *P < 0.05). There was no difference be-
tween control cell cultures treated with BAF A; (~2%) and non-
stimulated cells (Fig. 6F). These data were confirmed in experiments
performed 10 days after the stimulation of primary astrocyte cultures
and Rubcn and Atg5 silencing: Cxcl-10 expression was downregulated
with siRubcn (*P < 0.05; Fig. 6G). There was no difference between
control stimulated astrocytes or those with Atg5 silencing alone
(Fig. 6G). Furthermore, p21-dependent senescence interactions between
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< 0.01.

p38,p53,p21 and CXCL-10 expressed in the brain of CMS mice were also
revealed by an analysis of the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) database (Fig. 7A). CXCL-10, p21 and LC3
were positively associated but did not reach the statistical significance
(Fig. 7B). The production of two other pro-inflammatory factors
(interleukin (IL)-6 and Ccl-2) was also greater ex vivo in astrocytes

isolated from the brain of CMS mice and in vitro after PbA stimulation
(Supplementary Fig. 3). We observed interactions between senescence
factors (such as P38 and P53) and two pro-inflammatory factors (IL-6
and CCL2) (Fig. 7A). The fact that IL6 and CCL2 expression was elevated
in PbA-stimulated astrocytes silenced for Rubcn suggested that IL-6 and
CCL2 production was not related to LAP (Supplementary Fig. 4). These
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Fig. 6. Senescent astrocytes secrete CXCL-10 during ECM. (A) Relative expression of CXCL-10 in the brains of mice using Affymetrix GeneChip Mouse Expression
Arrays at day 6.5 post infection. Statistics data are indicated in the Table S5. (B) Relative expression of CXCL-10 genes in the brains of control and infected CM® and
CMR mice (n = 11-16 per group) (Statistics data are indicated in the Table S5) and in (C) the sorted astrocytes (n = 4-7 per group). (D) CXCL-10 plasma levels
measured by ELISA (n = 5 per group). Groups were compared with a Kruskal-Wallis test followed by the Conover post-hoc test when significant. P values are adjusted
by FDR Benjamini-Hochberg (Table S5). (E) Representative immunofluorescence images showing p21 (red) and CXCL-10 (magenta) protein levels in GFAP™ as-
trocytes (green) in the brain of infected CM® mice compared with control. Scale bar = 2000 pm. Graphs show quantification of the percentage of GFAP/P21/CXCL-10
positive astrocytes (n = 3 per group). Data are presented as mean + SEM. Experimental condition was compared to the control group using Student’s t-test **P <
0.01. (F) Confocal immunofluorescence images of the labelling for GFAP astrocytes (green), p21 (red) and CXCL-10 (magenta) in stimulated astrocytes treated or not
with BAF1 A,, compared with that of non-stimulated cells (Scale bar: 20 ym). Graphs show quantification of the percentage of GFAP/P21/CXCL-10 positive as-
trocytes. Data are presented as mean + SEM. experimental condition (n = 2-5 per group) was compared to the infected non-treated group using Student’s t-test *P <
0.05; **P < 0.01. (G) Relative CXCL-10 gene expression levels in non-treated, siRubcn/Rubicon-, and siAtg5- transfected astrocytes at 10 days after stimulation by
PbA-iRBCs (n = 3-5 per group). Data represent median fold-change + SEM of genes expressed. Statistical analysis was performed using one-way ANOVA with
Eunnett‘s multiple comparisons post-test, with data considered significant at *P < 0.05.

data strongly suggest that CXCL-10 secretion by senescent astrocytes pl6 expression between the CM and CM-MOD groups (Fig. 9D). These
depends (at least in part) on the autophagy of PbA-MVs. results suggested that p21-driven senescence also occurs in the PBMCs
and brain cells of patients who have died of CM.

Lastly, we evaluated the relationship between the expression of the
senescence markers p16 and p21 and plasma levels of SASP components,
including CXCL-10 (Herbert et al., 2015). To that end, we tested the
ability of cytokine and chemokine plasma levels and p21 and pl6
expression levels to discriminate between different malaria severity
groups among the patients from India. The resulting two-factor repre-
sentation shown MM, CM and the CM-MOD form distinct groups
(Fig. 9E). The parasite load increase was significantly associated with
increased risk of death in adult patients from India (Fig. 9F).

3.6. Treatment with senolytic drugs prevents the accumulation of
senescent astrocytes in the brain and blocks the onset of ECM by reducing
the inflammatory response

To confirm the impact of astrocyte senescence on the pathophysi-
ology of ECM, we treated CM® mice with a mixture of the senolytic drugs
dasatinib and quercetin after infection (Fig. 8A). Based on our data, we
believe that this dasatinib-quercetin (DQ) mixture would eliminate se-
nescent cells by inducing apoptosis in the brain of ECM (Zhang et al.,
2019a). After oral administration of DQ to CM® mice from day 2 to 8 . .
post-infection, 60 % of the mice survived (**P < 0.01) (Fig. 8B). How- 4. Discussion
ever, mice died of hyperparasitaemia 30 days following the infection
(Fig. 8C). The parasitaemia was not affected by the DQ treatment Accelerated cellular aging and a shorter lifespan were observed

(Fig. 8C). The mRNA expression of p21"WAF! (**P < 0.01), GADD45y (*P recently in birds and patients with acute malaria; however, CM patients
were not assessed (Asghar et al., 2015; Asghar et al., 2016; Asghar et al.,

2018; Miglar et al., 2021). Our present study show that astrocyte
senescence possibly induced by malaria parasite that may participate in
the neuroinflammatory response during CM in mice and humans. In
contrast to the observation in birds infected with P. ashfordii (inducing
CM that induces senescence in the brain, spleen and other tissues), only
astrocytes (and not microglial cells) were seen underwent senescence
(Asghar et al., 2016). Our observations corroborate previous reports of
the astrocytes’ role in age-related neuro-inflammatory disorders and in
infectious diseases (Cohen and Torres, 2019). The transcriptomic ana-

< 0.05), and pRB (*P < 0.05) was lower in treated mice than in control
mice suggesting the clearance of senescent astrocytes in the treated
group. No significant differences were noted for p38MAPK and p16
(Fig. 8D). In line with these observations, the percentage of GFAP™
activated astrocytes expressing p21 on brain sections was lower in
infected, treated mice (~28 %) than in infected, non-treated mice (~40
%; *P < 0.05; Fig. 8E). We next evaluated the impact of the two senolytic
drugs on the inflammatory response induced in the brain after infection,
by quantifying CXCL-10 expression. Cxcl10 gene expression in the brain

was significantly lower (*P < 0.05) in infected, treated mice than in - o -
infected, non-treated mice (Fig. 8F). This difference in expression was lysess of total Eram extract and the quantification of gene expression in
associated with significantly lower serum CXCL-10 levels (****P < CM” and CM™ PbA-infected mice and the corresponding non-infected

0.0001) in infected, treated CM® mice (Fig. 8G). Altogether, these data controls, allowed to identify a parasite-induced, p53/p21-dependent
pathway involved in the astrocyte senescence. These data were
confirmed by confocal microscopy and immunofluorescence assess-
ments of p21 expression on brain sections from CMS mice and of primary
astrocyte cultures stimulated with PbA-infected RBCs. Furthermore, we
extended our findings to humans by highlighting a greater proportion of
GFAP™ astrocytes expressing p21 on brain sections from P. falciparum-
infected patients who had died of CM. P21 expression colocalized with
GFAP during astrocyte activation. High levels of P16 and P21 expression
have been detected in the frontal cortex during neuroinflammation
associated with amyotrophic lateral sclerosis — suggesting the presence
of cell cycle dysregulation and the activation of astrocyte senescence in
the early stages of the disease (Vazquez-Villasenor et al., 2020). These
mechanisms were associated to the DNA damage response (DDR) trig-
gering (Vazquez-Villasenor et al., 2020). Even though the brain cortex
undergoes major molecular and functional changes with age, the ratio
between percentage of p21-positive cells and p16-positive cells is stable
over a broad spectrum of ages in people free of neurological disorders;
hence, p21 overexpression appears to be related to a neuro-
inflammatory process (Idda et al., 2020). Another recent study demon-
strated that the S1 subunit of the spike protein from SARS-CoV-2 induces
endothelial senescence, as characterized by the expression of both p16
and p21; this senescence might impair the function of brain vessels and

suggest that the inflammatory response during ECM is associated with
the astrocyte senescence.

3.7. Relevance to p. Falciparum-induced human CM

We extended our study to humans by assessing p21 expression (using
confocal microscopy) in the brains of patients from the Ivory Coast who
had been infected with P. falciparum and had died of CM. In line with our
findings in the mouse, the percentage of activated astrocytes expressing
GFAP'p217" was higher in brain samples from the CM patients (~27 %)
than in samples from healthy individuals (~15 %; **P < 0.01; Fig. 9A).
Furthermore, we detected sequestered P. falciparum iRBCs in the
microvasculature of the same brain regions (Fig. 9B). Next, we used RT-
gPCR to quantify the mRNA expression of p21"A and p16™%4 in total
peripheral blood mononuclear cells (PBMCs) from patients from India
with mild malaria (MM), isolated CM, multi-organ failure (MOD) and
(CM-MOD). We observed significantly greater expression of p21"WAf! in
the CM (*P < 0.05) and CM-MOD groups (*P < 0.05), relative to the MM
group (Fig. 9C). The difference in p16 expression between the MM and
-MOD groups was not significant (Fig. 9D). However, the p16 expression
in the CM group (*P < 0.05) and the CM-MOD group (*P < 0.05) was
significantly lower than in the MM group, and there was no difference in
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Fig. 7. Interaction between cell cycle arrest regulators and SASP factors
during ECM. (A) Cytoscape analysis, based on the STRING database, showing
the interaction between cell cycle arrest genes (p53, p38, p21, pRb, GADD45
and p16) and SASP factors (IL-6, CXCL-10 and CCL-2). The intensity of node
coloring reflects the mean level of gene expression in the brain of infected CM®
mice at day 6.5 post infection, the transparency and thickness of the edges are
linked to the confidence in the interaction. Confidence scores range below 0.5
are not indicated. (B) Relationship between p21 or LC3 and CXCL-10 in PbA
stimulated astrocytes in vitro.

thus trigger the onset of cerebrovascular disorders like stroke and hae-
morrhage (Choi et al., 2022). It should be noted that the p16 and p21
pathways could have distinct roles in senescence: p21 seems involved in
the initiation of the process, whereas p16 would be required for long-
term maintenance of the senescence state (Herranz and Gil, 2018;
Rayess et al., 2012). In the context of CM, we also observed higher levels
of p53 protein and higher levels of the Ser-15 phosphorylated form of
p53, which is known to be induced by ATM, an upstream kinase in the
DDR pathway (Haupt et al., 1997). P21 is the main p53 target gene
known to elicit a prolonged cell cycle arrest leading to senescence
(Rufini et al., 2013). The higher observed levels of phosphorylated ATM
and P53 in CMS* mice brains suggest that the DDR-ATM/P53/p21
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pathway is involved in regulating senescence during ECM. Astrocyte
senescence was also characterized by the canonical cell enlargement, by
the increase in SA-p-Gal activity, and by the expression of some secreted
proteins characteristic of the SASP.

In our study, the senescent state of astrocytes was associated with the
apoptosis resistance, as shown by the significantly elevated expression
of Bcl2/1 (but not that of Mcl1, Bcl2/2 or Bcl2) in infected CM®* mice,
relative to infected CM® mice. In fact, the upregulation of the anti-
apoptotic protein of the Bcl-2- family, such as Bcl-2, Bel-xL, Bel-w or
Mcl-1 is one of the molecular mechanism by which senescent cells ac-
quire resistance to apoptosis. The inhibition of Bcl-2-, Bcl-w-w and Bcl-x1
proteins causes the preferential apoptosis of senescent cells and a
decrease in the proportion of SA-B-Gal™ cells (Childs et al., 2014; Yosef
et al., 2016). This apoptosis resistance makes senescent cells long-lived
cells; we propose that this could contribute to the long term sequelae in
CM survivors.

We also identified a link between the cellular senescence process and
the involvement of LC3-dependent non-conventional autophagy, which
is elicited during the transfer of parasite MVs into astrocytes. In fact, the
p21-mediated senescence process induced in astrocytes after PhA con-
tact was totally abolished when autophagy was inhibited by either
silencing Rubcn or Atg5 with siRNA or treating with BAF A;. The rela-
tionship between these two cellular stress responses (i.e. autophagy and
senescence) is complex; depending on the circumstances, autophagy can
either induce or inhibit senescence (Kang and Elledge, 2016; Kwon et al.,
2017). Several researchers have suggested that autophagy (as a process
for recycling damaged cell components) might downregulate senescence
in order to prevent disorders and maintain cellular homeostasis (Hara
et al., 2006; Komatsu et al., 2006). Nevertheless, autophagy might also
promote senescence during infection in order to enable long-term sur-
vival, even though some cells are damaged in the process (Deruy et al.,
2010; Gosselin et al., 2009; Young and Narita, 2010). Autophagy also
contributes to the establishment of senescence by facilitating the release
of SASP cytokines, as we observed in CM (Narita et al., 2011; Young and
Narita, 2010; Young et al., 2009; Young et al., 2011). Furthermore,
greater expression of P38MAPK (interacting with NF-kB, which is
essential for the induction of SASP) was observed in the brain during
ECM. Involvement of P38MAPK in the production of SASP via NF-kB was
confirmed in senescent human astrocytes treated with a P38MAPK in-
hibitor; the cells secreted significantly lower amounts of SASP compo-
nents (Freund et al., 2011).

Several cytokine/chemokine components of the SASP (such as IL-6,
CCL-2 and CXCL-10) are significantly associated with CM (Dalko
et al., 2016; Dunst et al., 2017; Shrivastava et al., 2017). Our tran-
scriptomic data identified Pml, p21, Calr and Cxcl-10 as predictors of
premature senescence associated with inflammation in the brains of CM%
mice. The elevated secretion of CXCL-10, CCL-2 and TNF-« observed in
PbA-stimulated primary astrocyte cultures is directly dependent on the
autophagy of PbA-MVs (Leleu et al., 2021). It is noteworthy that the
long-term maintenance of CXCL-10 production by astrocytes might
depend on the senescence process, since the latter is altered or sup-
pressed when autophagy is inhibited. This suggests causal relationships
between autophagy, astrocyte senescence, and the neuroinflammatory
response. Indeed, the link between astrocyte senescence and CM was
confirmed in CM® mice (which do not express the hallmarks of senes-
cence in the brain after PbA infection) and in CM® mice protected from
CM by treatment with the senolytic drugs DQ. These observations were
reinforced by our modelling studies in which the CXCL-10 produced by
astrocytes in response to PbA-infection was a key early factor in the
neuroinflammation contributing to CM. Astrocyte end-feet encircling
endothelial cells have an important role in maintaining the BBB integrity
(Zhang et al., 2019a,b). In CM, activated astrocytes retract their pro-
cesses and distribute themselves unevenly in the vessel. Thus, senescent
astrocytes characterized by the expression of p21 might impair the
function of brain vessels by contributing to the loss of endothelium
integrity and the increase of BBB permeability during the onset of CM.
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Moreover, senescent aastrocytes by their secretome may increase the
production of CCL2, CCL5, CXCL9, and CXCL10 that can exacerbate the
disease by recruiting leukocytes in the brain and reduce neuronal sur-
vival during CM (Strangward P etal., 2017).

We also observed senescence on brain sections from adult CM pa-
tients, and iRBCs were sequestered in the regions that displayed
GFAP 217 senescent astrocytes. Senescence was also highlighted by
elevated p21 expression and low p16 expression in PBMCs from CM and

32

CM-MOD patients, while elevated p16 expression was observed in MM
patients.

Senescence has been already described in P. falciparum patients with
MV; it was characterized by elevated p16 expression and telomere
shortening in PBMCs (Asghar et al., 2016; Asghar et al., 2018; Miglar
et al., 2021). Of note, these observation are done in adult. Major dif-
ferences are known between CM in children and adults (Plewes et al.,
2018). Adult CM, particularly in India, is associated with a high
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Fig. 9. p21 is expressed in peripheral blood and in brain of CM patients. (A) Representative images of double immunofluorescence for GFAP (green) and p21
(red) in the human brain sections of CM patients compared with controls. Patients were compared with controls using Student’s t-test; **P < 0.01. Data are presented
as median + SEM. (B) Hematoxylin and eosin-stained sections of CM patient brains. Scale bar represents 100 pm. Quantification by RT-qPCR of relative (C) p21 and
(D) p16 genes expression in in total PBMCs from patients from India with mild malaria (MM), isolated CM, multi-organ failure (MOD) and (CM-MOD); *P < 0.05.
Groups were compared with a Kruskal-Wallis test followed by the Conover post-hoc test when significant comparing the severe cases to the mild form. Pvalues are
adjusted by FDR Benjamini-Hochberg. Error bars show the median + SEM. (E) Discriminant analysis showing the contribution of senescence markers, cytokines and
Ehemokines and parasite load in different patients’ groups. (F) Distribution of parasitic load in survived and deceased patients. Statistics data are related in Table S5.

<

proportion of a renal failure, whereas children may present with a more
isolated CNS phenotype with more frequent ring haemorrhages and
inflammatory cell accumulation in the brain microvasculature. Matu-
rational changes in the cerebral vasculature in children may account for
some of the differences in disease presentation and outcome between
children and adults including long term neurological sequelae observed
in children surviving CM (Sahu et al., 2021).

Our results strongly suggest that the p16/p21 balance not only has a
role in astrocyte senescence in CM but is also associated with disease
severity in human malaria; indeed, we found that p21-driven senescence
occurred concomitantly in PBMCs and brain cells from patients with CM.
Furthermore, CM-MOD (the most severe form of malaria) was associated
with the highest CXCL-10 levels, elevated p21 expression, and elevated
parasitaemia — particularly in patients who died. These observations
further suggest that an elevated plasma CXCL-10 level and p21 expres-
sion in PBMCs are potentially valuable biomarkers for lethal malaria.
These biomarkers could be assayed relatively easily in a peripheral
blood sample, as has already described for Alzheimer’s disease markers
(Tan et al., 2012).

In conclusion, we identified a novel mechanism by which the malaria
parasite can also promote an inflammatory response in the brain via a
senescence pathway induced by LC3-dependent autophagy. This senes-
cence contributes to the onset of CM and so senolytic drugs such as DQ
along with artemisinin-based combination might be an adjunctive
therapy for CM prevention. Lastly, the p21/CXCL-10 combination might
be a biomarker of the severity and lethality of CM in humans.
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