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Summary 

Astrocytes were generated from PBMC-derived iPSCs of centenarians (≥100 years) who 

recovered from asymptomatic to moderate COVID-19 and from adults (<45 years) who 

experienced critical disease. Cells were infected with either the ancestral Wuhan SARS-CoV-

2 or the more virulent Gamma (P.1) variant and analyzed 48 hours post-infection. Despite 

comparable infection rates across groups, astrocytes infected with the P.1 variant released 

higher levels of viral particles than the ancestral Wuhan, indicating strain-dependent 

differences in post-entry viral dynamics. Notably, centenarian-derived astrocytes exhibited a 

more restrained inflammatory response, with reduced secretion of CXCL8 with Wuhan 

infection and CXCL10 with P.1 infection. Quantitative proteomic profiling revealed extensive 

infection-driven remodeling of the astrocyte proteome, with a largely conserved global 

response across all groups. However, centenarian astrocytes showed reduced detection of 

antigen presentation-related proteins and distinct regulation of metabolic pathways, whereas 

astrocytes from severe cases displayed broader dysregulation of stress- and immune-related 

processes and increased NRP1 abundance without corresponding changes in infection 

susceptibility. These differences may reflect intrinsic cellular states associated with resilience 

and contribute to a more controlled response to the viral challenge in centenarians. 
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Introduction 

The COVID-19 pandemic has revealed a highly heterogeneous clinical landscape, with 

outcomes ranging from asymptomatic infections to death [1]. Older adults, particularly those 

over 65 years of age, have consistently been at the highest risk for severe disease, 

hospitalization, and mortality[2]. In contrast, younger individuals have generally exhibited 

milder disease courses, although exceptions with severe cases also occurred[3]. Among the 

elderly, factors such as the presence of multiple comorbidities, senescence and chronic low-

grade inflammation ("inflammaging") are believed to contribute to the heightened 

vulnerability to SARS-CoV-2 infection [4]. However, some extraordinary cases defy this 

general trend. A subset of centenarians worldwide � individuals traditionally considered 

extremely vulnerable � demonstrated unexpected resilience, surviving COVID-19 with mild 

symptoms or even asymptomatic infections, before the availability of vaccines [5�7]. 

Understanding the biological mechanisms underlying such resilience could unveil novel 

protective pathways against viral infections and age-related immune decline. 

Apart from typical respiratory alterations, patients affected by SARS-CoV-2 frequently 

develop neurological symptoms [8]. They might range from mild clinical presentations, such 

as headache and anosmia to severe phenotypes, notably encephalopathy and seizures. 

Although the underlying mechanisms associated with them are not completely understood, 

they are most likely multifactorial and caused by endothelial dysfunction, microvascular 

thrombosis and blood-brain barrier dysfunction[9].  

Interestingly, these alterations give rise to increased vascular permeability and 

infiltrators of the immune system in the Central Nervous System (CNS), leading to tissue injury 

and glial stress. In association with hypoxia of brain parenchyma caused by cerebrovascular 

thrombosis, these pathological events lead to multiple neurological symptoms frequently 

found in SARS-CoV-2 infection[8�10].  

Astrocytes are highly important components of CNS, being associated with brain 

energetic balance, neuroimmune regulation and, in association with vascular components, 

the blood brain barrier maintenance. Astrocytes are the first CNS cells to be targeted by 

viruses during neuro infection being responsible for launching innate immune responses 

leading to secretion of cytokines and neuroinflammation [11]. Astrocytes undergo activation 

during such pathological processes, as reflected by elevated circulating levels of glial fibrillary 



acidic protein [8,12]. Indeed, recent evidence demonstrated that disruption of astrocyte 

homeostatic functions by SARSCoV-2 may contribute to the neurological disorder associated 

with COVID-19 [13].  

In this study, we adopted a reverse approach compared with most COVID-19 research: 

instead of focusing solely on susceptibility, we examined individuals at both extremes of 

clinical outcomes�resilient long-lived centenarians who recovered from COVID-19 and 

young adults who experienced severe disease, both unvaccinated. Using SARS-CoV-2 

infection in iPSC-derived astrocytes generated from PBMCs of these individuals, we sought to 

uncover differences in inflammatory responses that may reveal mechanisms underlying 

healthy aging and resilience to viral insults, using an integrative framework combining viral 

quantification assay, flow cytometry, chemokine profiling, and quantitative proteomics.  

Materials and Methods 

Volunteer Recruitment, Blood Collection, and Sample Processing

Induced pluripotent stem cells (iPSCs) used in this study were obtained from a 

previously established cell biobank derived from the �Resilient Brazilian Super Elderly� 

cohort[14], a unique resource comprising individuals who recovered from COVID-19 prior to 

vaccination. These iPSC lines were originally generated from peripheral blood mononuclear 

cells (PBMCs) collected in 2020, before the implementation of vaccination programs and the 

emergence of SARS-CoV-2 variants of concern. 

For the present study, four iPSC lines derived from centenarians were selected and 

used to generate astrocytes for downstream functional assays. A comparative group 

consisting of three iPSC lines derived from unvaccinated adults under 45 years who 

experienced critical COVID-19 requiring intubation was included. Baseline characteristics of 

these individuals are presented in Table 1.  

Human astrocytes were generated from iPSCs following a previously established two-

step differentiation protocol over four weeks [15]. Additional methodological details are 

provided in the Supplemental Material. Differentiated cells were subsequently characterized 

by immunofluorescence and gene expression analysis. Astrocyte identity was confirmed by 

the expression of the astroglial marker GFAP at both protein and transcript levels. In addition, 



the expression of SARS-CoV-2 entry factors, including ACE2 and neuropilin-1 (NRP1), was 

assessed by immunofluorescence. Representative images and quantitative analyses are 

shown in Fig. 1.  

SARS-CoV-2 strains and in vitro infection

The SARS-CoV-2 Wuhan strain (2020) and the highly virulent Gamma (P.1) variant 

were generously provided by Edison L. Durigon and used for in vitro infection assays. Viral 

stocks were propagated in Vero cells as previously described [16], and titers were determined 

by 50% tissue culture infective dose (TCID₅₀) assays. All experiments involving SARS-CoV-2 

were conducted under biosafety level 3 (BSL-3) conditions at the Institute of Biomedical 

Sciences, University of São Paulo, Brazil, in accordance with WHO Laboratory Biosafety 

Guidance for novel coronavirus (2019-nCoV). Human iPSC-derived astrocytes were infected 

with SARS-CoV-2 [Wuhan or Gamma (P.1)] at a fixed multiplicity of infection (MOI) of 1 in all 

experiments. During the initial adsorption phase (1 hour), a minimal volume of viral inoculum 

was applied to maximize cell�virus contact, and plates were maintained at room 

temperature. Following virus adsorption, cells were thoroughly washed and incubated in an 

astrocyte culture medium for 48 hours under standard conditions (37 °C, 5% CO₂). Mock-

infected cells were included as controls. After 48 hours, cells were harvested for downstream 

analyses. 

Cell Staining for Detection of SARS-CoV-2 Spike Protein by Flow Cytometry  

After 48 hours of infection, human iPSC-derived astrocytes were dissociated using 

Accutase (Thermo Fisher, Catalog A1110501) for 5 minutes at 37°C, collected, and washed 

twice with PBS (pH 7.4). Cells were fixed with 4% paraformaldehyde (Invitrogen) for 15 

minutes at room temperature and washed twice with PBS. Permeabilization was performed 

using PBS containing 0.1% Triton X-100 (Invitrogen) for 15 minutes at room temperature. Cells 

were then washed with a washing buffer (PBS + 1% BSA, Sigma). To block nonspecific binding, 

cells were incubated for 30 minutes at room temperature with PBS containing 5% BSA. 

Staining was performed using a SARS-CoV-2 Spike Protein recombinant rabbit monoclonal 

antibody (Thermo Fisher, Catalog 703959) diluted 1:500 in PBS + 1% BSA for 1 hour at 4 °C. 

After three washes with PBS, cells were incubated with an Alexa Fluor 647 goat anti-rabbit 

IgG secondary antibody (Thermo Fisher, Catalog A32733) diluted 1:1000 for 45 minutes at 

4 °C in the dark. Cells were then resuspended in PBS containing 1% BSA and immediately 



analyzed using a BD FACSymphony  A1 flow cytometer (BD Biosciences). A minimum of 

10,000 events was acquired per sample. Positivity thresholds were defined using isotype 

controls and uninfected cells. Data analysis was performed using FlowJo software v10.8 (BD 

Biosciences), with quantification of spike-positive (Spike+) cells based on fluorescence 

intensity in the BB515-A channel.  

SARS-CoV-2 Viral Particle Quantification by ELISA 

The quantification of SARS-CoV-2 viral particles in the culture supernatant of infected 

astrocytes was performed using a commercial enzyme-linked immunosorbent assay (ELISA) 

kit targeting the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein (Thermo 

Fisher, Catalog. EH492RB), following the manufacturer�s instructions. Briefly, culture 

supernatants were collected 48 hours post-infection, centrifuged to remove cell debris, and 

applied to 96-well plates pre-coated with capture antibodies specific for the SARS-CoV-2 RBD. 

After incubation and washing, detection was performed using an HRP-conjugated secondary 

antibody and TMB substrate. The reaction was stopped with the provided stop solution, and 

absorbance was measured at 450 nm using a microplate reader (BioTek Synergy HTX, Agilent). 

A standard curve generated with known concentrations of recombinant RBD protein was used 

to quantify viral particle equivalents in each sample. Data represents relative levels of RBD-

containing viral particles in the culture supernatants, expressed as pg/mL.  

Measurement of chemokines by cytometric bead array  

The levels of CCL2/MCP-1, CCL5/RANTES, CXCL8/IL-8, and CXCL10/IP-10 chemokines 

in the culture supernatants of iPSC-derived human astrocytes were quantified using the 

Cytometric Bead Array (CBA) with a commercial kit (BD Biosciences, Catalog. 552990), 

following the manufacturer�s instructions. Supernatants were collected 48 hours after SARS-

CoV-2 infection (MOI = 1.0). Data acquisition was performed on a BD LSRFortessa  Cell 

Analyzer (BD Biosciences), and the results were analyzed using FCAP Array Software v3.0 (BD 

Biosciences). Data represents the absolute concentrations of chemokines in the culture 

supernatants, expressed in pg/mL. 

Proteomics assay  

Proteomics profiling was performed using iPSC-derived human astrocytes, as detailed 

in the Supplemental Material. Cell pellets (1×10⁶ cells) were lysed in SDS-based buffer under 



reducing and denaturing conditions, followed by sonication, alkylation, and protein digestion 

with sequence-grade trypsin using S-Trap mini filters. Peptides were desalted, quantified, 

normalized for the concentration across samples, and pooled for quality control prior to 

analysis. Equal amounts (250 ng) of peptides were analyzed by liquid chromatography�

tandem mass spectrometry (LC�MS/MS) using a Vanquish Neo (Thermo Scientific) system 

coupled to an Orbitrap Exploris 480 mass spectrometer (Thermo Scientific), operating in data-

independent acquisition (DIA) mode with variable isolation windows. Raw data were 

processed using DIA-NN in a library-free workflow, followed by the generation of an 

experimental spectral library and protein inference at a false discovery rate (FDR) of 1%. 

Downstream statistical and bioinformatic analyses were performed in R using established 

proteomics pipelines for normalization, differential expression, pathway enrichment, and 

network analysis. Outlier exclusion criteria were defined based on deviation across multiple 

Quality Control metrics rather than a single parameter. A detailed description of protein 

extraction, mass spectrometry acquisition parameters, data processing, and bioinformatic 

analyses is provided in the Supplemental Material. 

Results 

Astrocyte infection with the virulent P.1 variant leads to increased viral particle release, 

with differential chemokine responses 

To determine whether astrocytes from centenarians and younger severely affected 

adults differ in their susceptibility to SARS-CoV-2 infection, we quantified infection rates and 

viral output across tested experimental conditions. Flow cytometry at 48 hours post-infection 

revealed that iPSC-derived astrocytes were permissive to infection, with a relatively low 

proportion (~10%) of spike-positive cells. Infection rates were similar across age groups and 

viral strains (Fig. 2c, d), indicating comparable susceptibility to viral entry and initial infection. 

Despite this, infection with the Gamma (P.1) variant resulted in a significant increase in viral 

particle release, measured indirectly by the amount of the RBD portion of the Spike protein, 

compared to the Wuhan strain, irrespective of age group (Fig. 2e). These findings suggest that 

while astrocyte susceptibility is largely conserved, strain-dependent differences emerge for 

viral replication and/or release, providing a functional basis for downstream host response 

differences.



Given the similar infection rates observed across groups, we next assessed whether 

astrocytes differ in their inflammatory responses to SARS-CoV-2 infection. Chemokine 

quantification revealed no significant changes in CCL2 or CCL5 across conditions (Fig. 2f). In 

contrast, CXCL8 and CXCL10 exhibited selective modulation, particularly in centenarian-

derived astrocytes. CXCL8 levels were reduced following Wuhan infection, whereas CXCL10 

was decreased after Gamma infection, indicating a context-dependent attenuation of 

inflammatory signaling. Together, these results indicate that despite comparable infection 

levels, centenarian astrocytes mount a more restrained and selective inflammatory response, 

suggesting intrinsic differences in immune regulation that may contribute to resilience. 

Proteomics profiling of SARS-CoV-2�infected astrocytes reveals infection-driven clustering 

independent of age and viral strain  

To gain a systems-level understanding of the molecular responses underlying the 

observed phenotypic differences, we performed quantitative proteomic profiling of SARS-

CoV-2�infected astrocytes. A DIA-MS proteomics workflow (Fig. 3a) enabled robust 

quantification of changes in protein abundance associated with infection and age. Protein 

extracts were processed using S-Trap digestion, analyzed by LC-MS/MS, and computationally 

processed using DIA-NN [17]  and downstream statistical analysis using the MS-DAP pipeline  

[18] for data filtering, normalization and differential analysis. 

During the first analysis using MS-DAP, three control samples were identified as 

outliers and flagged as �excluded� in the sample metadata (Supp. Table 1) based on multiple 

orthogonal quality control metrics (identifications, abundance distribution, coefficient of 

variation, PCA, Pearson correlation), where they showed consistent deviation from the main 

cluster of control samples (Supp. Fig. S2). These samples also exhibited an atypically high 

number of identified protein groups compared to retained controls, suggesting potential 

technical variability. Importantly, their exclusion improved overall data consistency without 

affecting the observed main biological trends. 

A second analysis in the MS-DAP was performed using 18 samples distributed into five 

groups (Control or Ctrl, n=4; Gamma_adults or Ga, n=3; Gamma_centenarians or Gc, n=4; 

Wuhan_adults or Wa, n=3; and Wuhan_centenarians or Wc, n=4). A quality control pool 

consisting of a peptide mixture of all samples was included throughout the analysis, 



demonstrating technical reproducibility with a Pearson correlation from 0.97 to 0.99 (Supp. 

Fig. S3) and low Coefficient of Variation (CoV) at peptide and protein-level (mean CoV 11.7% 

and 6.7%, Supp. Fig. S2b), respectively.  

A total of 7,043 protein groups were identified across all samples, with individual 

identifications ranging from 3,980 to 6,405 protein groups (Fig. 3b), corresponding to 19,673 

to 53,898 peptides (Supp. Fig. S3b). Label-free quantification ranged from 2,892 to 5,209 

protein groups (Fig. 3c; 5,574 proteins in total), corresponding to 11,857 to 33,984 peptides 

(Supp. Fig. S3c) in 75% of the samples filtered �by contrast� between two analyzed groups. 

After applying a �global� filtering, we found that 2,724 proteins (Fig. 3c), corresponding to 

11,026 peptides (Supp. Fig. S3c), were quantified across all groups. The coefficient of 

variation across the five groups ranged from 22.3% to 30.7% for peptides (Supp. Fig. S3d) and 

22.4% to 25.9% for proteins (Supp. Fig. S3e). Principal component analysis (Figure 3D) 

showed that the first component (PC1, 63.0%) accounted for most of the variability, clearly 

separating the viral infected cells from the Ctrl group. The second component (PC2, 11.6%) 

did not reveal clear distinctions based on viral strain or patient age. Together, PC1 and PC2 

explained 74.6% of the total variance. Pearson correlation of samples (Supp. Fig. S3f) 

confirmed the presence of two distinct clusters corresponding to Ctrl and all infected groups. 

The dynamic range of the 2,724 quantified proteins across all samples (Fig. 3e) 

spanned six orders of magnitude, with histones (H2AC4, H2AX), elongation factor 1 (EEF1A2), 

galectin-1 (LGALS1), the metabolic enzyme lactate dehydrogenase (LDH2), and cytoskeletal 

proteins such as tubulins (TUBB8, TUBB2B, TUBA1C), actin (ACTG1), and vimentin (VIM) 

among the 15 most abundant proteins detected. The top 30 quantified proteins contributed 

to 23% of the total abundance (Supp. Table 2). To confirm the purity of the cell culture, 

common brain cell markers were searched, including glial fibrillary acidic protein (GFAP, 

astrocytes), macrosialin (CD68, microglia), galactocerebrosidase (GALC, oligodendrocytes), 

and tubulin β-3 (TUBB3, neurons). An enrichment of 27 common astrocyte markers [19] was 

observed, corresponding to structural and membrane proteins (VIM, GFAP, NES), glucose 

metabolism, fatty acid oxidation, and transcription factors. GFAP quantification at the 

proteomics-level agrees with the immunofluorescence and RT-PCR (Figure 1). Fourteen 

astrogliosis gene markers (Supp. Fig. S3g) were also identified, spanning intracellular, 

secreted, structural, and membrane proteins across three orders of magnitude. These 



astrocytes and astrogliosis markers (Supp. Table 2) were consistently identified across all 

�contrast� comparisons in the study (Supp. Fig. S4-S5).  

Subtle qualitative proteomic differences in infected astrocytes from centenarians and 

adults highlight reduced MHC class II detection  

To determine whether age and clinical outcome influence astrocyte proteomic 

responses to SARS-CoV-2 infection, we directly compared infected astrocytes from 

centenarians and adults within each viral strain (Gc vs. Ga or Wc vs. Wa; Fig. 4a,b).  

Surprisingly, despite the large number of quantified proteins, differential expression analysis 

revealed remarkably minimal differences between groups, with only a single differentially 

abundant protein (DAP) identified in each comparison. Specifically, one DAP was detected 

among 4,563 proteins in Gc vs. Ga (FDR < 0.01, |logFC| > 0.57; Fig. 4a) and one among 4,963 

proteins in Wc vs. Wa (FDR < 0.01, |logFC| > 0.58; Fig. 4b). Tropomyosin 2 (TPM2) was 

upregulated in the Gamma strain comparison (logFC = 1.2), whereas tissue inhibitor of 

metalloproteinases 2 (TIMP2) was downregulated in the Wuhan strain comparison (logFC = − 

0.92). 

Together, these findings indicate that SARS-CoV-2 infection elicits highly conserved 

global proteomic responses in astrocytes, largely independent of age or clinical outcome in 

the patient background. This apparent lack of differential abundance prompted us to explore 

complementary analytical strategies to uncover more subtle or qualitative differences 

between groups. 

To capture differences not detected by conventional differential expression analysis, 

we performed a complementary (1) presence/absence and (2) differential detection analyses. 

When performing the former analysis comparing the list of identified proteins across the five 

astrocyte groups, represented by a control defined as Mock-infected (non-infected) samples 

derived from both centenarian and adult groups (Ctrl); Gamma_adults (Ga); 

Gamma_centenarians (Gc); Wuhan_adults (Wa); Wuhan_centenarians (Wc). In at least three 

samples per group, we found eight exclusive proteins shared between Ga and Wa, and 174 

exclusives to Gc and Wc (Supp. Fig. S6a). Some of the exclusive proteins in Ga and Wa 

astrocytes (Supp. Fig. S6b) correspond to Angiotensin-converting enzyme (ACE), V-type 



proton ATPase subunit G2 (ATP6V1G2) and the Betaine-homocysteine S-methyltransferase 1 

(BHMT). Among the Gc and Wc groups we found ten hub genes associated with measles virus 

infection and the IL-1 signaling pathway (Supp. Fig. S6c). A total of 1205 proteins were shared 

among all infected astrocytes (Ga, Gc, Wa and Wc) and hub genes were enriched in organellar 

large ribosomal subunit (Supp. Fig. S6d).

Also, a differential detection analysis [18] within the MS-DAP pipeline was performed 

on proteins that showed extreme differences in the number of detected peptides between 

two sample groups (hereafter referred to as up/down-detected). This analysis is useful for 

peptides that lack data for differential expression analysis and especially for a cell-type 

proteomic design, such as in the present study. Only proteins consistently detected in at least 

three samples per group with an absolute z-score cutoff > 6 were study in the centenarians 

vs. adults-infected astrocyte proteome for both viruses (Fig. 4c,d). In the astrocyte proteome 

modulated by the Gamma strain (Fig. 4c), the histogram shows 52 and 9 proteins up- and 

down-detected, respectively, whereas 46 up- and 13 down-detected proteins were found in 

the Wuhan strain (Fig. 4d). Venn diagrams (Fig. 4e) of these results for both viruses show an 

overlap of four or five genes for down- and up-detected proteins, respectively. Despite the 

higher number of up-detected proteins, no functional enrichment of Gene Ontology 

categories was observed. The immune response via antigen processing and presentation was 

exclusively over-represented for down-detected proteins in both viruses (Fig. 4f, Supp. Table 

3) and could be explained mainly by four genes encoding components of the MHC class II 

molecules (CD74, HLA-DRA, HLA-DRB1, HLA-DRB3). 

These two approaches revealed a subset of proteins differentially detected in 

centenarian astrocytes, alongside a consistent reduction in MHC class II components. These 

findings point to qualitative, rather than quantitative, differences in immune-related 

processes between centenarian and young adult-infected groups. 

SARS-CoV-2 infection vs. Control induces extensive proteomic remodeling in human 

astrocytes 

Given the minimal differences observed between centenarian- and adult-derived 

astrocytes upon infection, we next examined the overall impact of SARS-CoV-2 infection on 

the astrocyte proteome. To assess this, we compared infected conditions (Ga, Gc, Wa, Wc) to 



the Mock-infected (non-infected) group with cells derived from both centenarian and adult 

groups. Control samples derived from centenarians and adults were combined after 

confirming highly similar global proteomic profiles, as evidenced by the absence of significant 

differences at the protein level and minimal variation at the peptide level (FDR < 0.01, |logFC| 

> 0.725, Supp. Fig. S7 and Supp. Table 4). This approach increased statistical power for 

downstream comparisons while maintaining biological consistency and enabled a robust 

assessment of infection-driven proteomic changes. Additionally, PCA (Fig. 3d) and Pearson 

correlation analysis (Supp. Fig. S3f) showed no segregation between control samples based 

on age, further supporting their integration into a single Ctrl group. 

Differential expression analyses were then performed separately for each viral strain 

and age group (Gc/Ctrl, Ga/Ctrl, Wc/Ctrl, and Wa/Ctrl; Fig. 5a). Using a 1% FDR threshold and 

a bootstrap-based fold-change estimation, we identified a total of 1,725 differentially 

abundant proteins (DAPs) across all comparisons (Fig. 5b). Specifically; 1,218 DAPs were 

detected in Gc/Ctrl (617 downregulated and 601 upregulated); 1,029 in Ga/Ctrl (447 down 

and 582 up); 1,269 in Wc/Ctrl (532 down and 737 up) and 965 in Wa/Ctrl (419 down and 546 

up) indicating a broad proteomic response to infection. 

Then, we decided to identify distinct and shared proteomic alterations across all 

detected DAPs in the four groups of SARS-CoV-2 infected (Gc, Ga, Wc, Wa) vs. Ctrl astrocytes. 

The upset plot in Fig. 5b depicts 634 proteins that were found commonly dysregulated, 

indicating an overlap of DAPs within all groups, while 224 genes were exclusive to Wc/Ctrl, 

129 to Gc/Ctrl, 87 to Ga/Ctrl, and 47 to Wa/Ctrl. A similar overlapping trend was observed in 

up (Supp. Fig. S8a) and down-regulated DAPs (Supp. Fig. S8b) showing 388 and 246 common 

DAPs, respectively.  

Infection induced extensive proteomic remodeling across all conditions, and a large 

proportion of dysregulated proteins was shared across groups, highlighting a conserved core 

response. These results reinforce the notion that infection-driven changes dominate the 

astrocyte proteome, potentially masking more subtle group-specific effects. 

Conserved and group-specific proteomic responses revealed by fold-change correlation 

analysis in infected astrocytes 



Although global proteomic responses to SARS-CoV-2 infection were largely conserved 

between centenarian- and adult-derived astrocytes, we next sought to distinguish shared 

from group-specific alterations using a fold-change correlation analysis. Comparison of 

infection-induced changes (Gc/Ctrl vs. Ga/Ctrl and Wc/Ctrl vs. Wa/Ctrl; Fig. 5d,e, Supp. Table 

5) revealed a substantial overlap of DAPs between groups of both viral strains, highlighting a 

highly conserved core response to infection. In line with this, log2 fold-change values of 

shared DAPs showed a strong Pearson correlation (r = 0.98), indicating similar directionality 

and magnitude of proteomic changes across groups. 

Despite this overall similarity, contrast-specific filtering revealed subsets of DAPs 

uniquely detected in each comparison, with centenarian-derived astrocytes consistently 

showing a larger number of exclusive proteins than adult-derived cells. To enable quantitative 

comparison across groups, missing values for non-quantified proteins were handled 

consistently, allowing calculation of Pearson correlations over a shared protein space. Under 

these conditions, centenarian astrocytes exhibited lower correlations (r = 0.82�0.89), 

suggesting more heterogeneous or variable proteomic responses not captured in adult-

derived cells. Strong correlations confirmed a conserved response; however, centenarian 

astrocytes displayed a higher number of exclusive proteins. This suggests that resilience may 

be associated with additional layers of proteomic adaptation superimposed on a shared core 

response. 

To further explore these differences at a functional level, we performed 2D annotation 

enrichment analysis [20] of DAPs (Supp. Table 6) within Gamma (Gc/Ctrl vs. Ga/Ctrl, Fig. 5e) 

and the Wuhan strain (Wc/Ctrl vs. Wa/Ctrl, Fig. 5f). This revealed a broadly consistent 

enrichment pattern across groups, including upregulation of pathways related to viral 

translation, RNA binding, and ribosome function, alongside downregulation of proteasome 

activity and metabolic processes. Notably, immune-related pathways, including antigen 

processing and NF-kB signaling, showed coordinated downregulation in both strains, 

although more prominently (higher number of terms) in the Gamma condition. 

Glycosphingolipid metabolism emerged as one of the few pathways displaying opposite 

regulation between groups in the Wuhan strain. An orthogonal protein-protein interaction 

network analysis using STRING [21] further supported these findings by identifying both 

shared and group-specific functional modules (Fig. 6, Supp. Table 7).  



In the Gamma strain, common DAPs (Gc/Ctrl and Ga/Ctrl) were predominantly 

enriched in RNA and nucleotide metabolism, jointly with mitochondrial ATP synthesis, 

reinforcing the presence of a conserved infection-driven response (Fig. 6a). In contrast, DAPs 

exclusive to centenarian-derived astrocytes (Gc/Ctrl) showed enrichment in cytoplasmic 

translation, integrin-mediated cell surface interactions, and pathways related to DNA damage 

recognition, autophagy and ErbB signaling, several of which were downregulated (Fig. 6b). 

Adult-specific DAPs (Ga/Ctrl) were associated with upregulation of translation, ATP synthesis, 

and fatty acid degradation (Fig. 6c). 

A similar pattern was observed in the Wuhan strain with common DAPs (Wc/Ctrl and 

Wa/Ctrl) enriched in RNA metabolism, chaperone complex formation, and tRNA 

aminoacylation (Fig. 6d). Centenarian-specific DAPs (Wc/Ctrl) were associated with viral 

translation, host-virus receptor interactions, electron transport chain activity, and 

sphingolipid metabolism (Fig. 6e), whereas adult-specific DAPs (Wa/Ctrl) showed enrichment 

in ribosome assembly, GPI anchor biosynthesis, and NADH dehydrogenase activity (Fig. 6f). 

Selective up-regulation of NRP1 in adult-derived astrocytes highlights differential 

regulation of SARS-CoV-2 entry-associated pathways 

Given the overall conservation of infection-induced responses, we next asked whether 

pathway-level analyses could reveal more subtle, functionally relevant differences associated 

with key host factors involved in SARS-CoV-2 infection. Over-representation analysis of KEGG 

pathways using all DAPs from infection vs. Ctrl comparisons (Gc/Ctrl, Ga/Ctrl, Wc/Ctrl, and 

Wa/Ctrl) revealed a consistent enrichment of several pathways across all groups (Fig. 7a). 

These included pathways related to ribosome function, neurodegenerative diseases, and 

Coronavirus disease, indicating a shared core response to infection. In contrast, pathways 

associated with amino acid metabolism (e.g., cysteine and methionine metabolism), 

biosynthesis, and the proteasome were broadly downregulated. 

The Coronavirus disease pathway showed a high degree of gene overlap across all 

conditions (Fig. 7b), supporting its central role in the astrocyte response to infection. Closer 

inspection of this pathway (Fig. 7c) revealed differential regulation of specific components. 

Notably, Neuropilin-1 (NRP1), a key co-receptor implicated in SARS-CoV-2 entry into 



astrocytes [10], was detected in all groups but significantly up-regulated exclusively in adult-

derived astrocytes (Ga/Ctrl and Wa/Ctrl; Fig. 7d). In addition to NRP1, this pathway showed 

coordinated modulation of multiple host factors, including up-regulation of ribosomal 

components and dysregulation of signaling molecules such as EGFR, NFKB1, and MAP kinases 

(Fig. 7c,d), indicating broad remodeling of host translational and signaling machinery upon 

infection. 

Enhanced down-regulation of cell cycle, antigen presentation, and DNA repair pathways in 

adult-derived astrocytes 

To further define the functional consequences of the pathway-level differences 

identified above, we performed gene set enrichment analysis using Reactome pathways 

across all infection vs. Ctrl comparisons (Supp. Tables 8-9, Supp. Fig. S9).  This analysis 

revealed both shared and group-specific pathway alterations, with markedly more extensive 

dysregulation observed in astrocytes derived from adults than in centenarians. 

Across both viral strains, centenarian-derived astrocytes (Gc/Ctrl and Wc/Ctrl; Supp. Fig. 

S9a,c) exhibited relatively limited pathway modulation, predominantly characterized by 

upregulation of translation-related processes and a modest downregulation of innate 

immune pathways. In contrast, adult-derived astrocytes (Ga/Ctrl and Wa/Ctrl; Supp. Fig. 

S9b,d) displayed a broader pattern of dysregulation, including widespread downregulation of 

pathways associated with innate immunity, antigen presentation, and inflammatory 

signaling. Notably, pathways related to APC-mediated degradation of cell cycle proteins, NF-

κB signaling, stabilization of p53, and DNA damage repair mechanisms were consistently 

downregulated in adults across both conditions. While minor strain-specific differences were 

observed, the overall pattern of enhanced pathway suppression in adult-derived astrocytes 

remained conserved between Gamma and Wuhan infections. 

Discussion 



Understanding SARS-CoV-2 infection in astrocytes is particularly relevant given their 

central role in maintaining homeostasis of the central nervous system. Dysfunction of these 

cells can disrupt metabolic support, neurotransmitter balance, and inflammatory regulation-

processes implicated in cognitive impairment and neuropsychiatric manifestations reported 

in a subset of COVID-19 patients [13]. In this context, postmortem analyses have provided 

compelling in vivo evidence that astrocytes represent a primary cellular target of SARS-CoV-2 

within the human brain [10]. 

Complementary in vitro studies further demonstrated that astrocytes are permissive 

to productive SARS-CoV-2 infection despite negligible ACE2 expression. Andrews et al. [22] 

identified alternative coreceptors, including CD147 and DPP4, as critical mediators of 

astrocyte infection, linking viral tropism to astrocyte reactivity, inflammatory signaling, and 

gliosis-like responses. Moreover, Kong et al. [23]showed that neuropilin-1 (NRP1) acts as a 

major entry receptor in astrocytes. In contrast, a recent report based in iPSC-derived 

astrocytes showed that these cells are susceptible to infection but not permissive to SARS 

CoV-2 replication but trigger neuroinflammation, neurotransmission dysregulation and cell 

death [24]. Notably, even a limited rate of infection—approximately 2–6% of GFAP⁺ cells at 4 

days post-infection�is sufficient to trigger robust inflammatory and interferon responses, 

generating a hostile microenvironment that impairs neuronal viability.  

In line with these findings, we observed detectable infection of iPSC-derived 

astrocytes in our study model (~10%). Indeed, as centenarian donors experienced mild 

disease whereas adult donors had critical COVID-19, age and disease severity are not 

independent variables in our study design. Therefore, the observed differences may reflect a 

combination of age-related and disease severity�associated effects rather than a single 

isolated factor. 

No significant differences in infection rates were detected between astrocytes 

exposed to the Wuhan strain and those infected with the Gamma (P.1) variant, suggesting 

comparable efficiency of initial astrocyte entry even for a more virulent variant under these 

experimental conditions. However, despite similar infection rates, astrocytes infected with 

the P.1 variant released significantly higher levels of viral proteins (RBD portion of the Spike 

protein) into the culture supernatant compared with those infected with the Wuhan strain. 

This observation is consistent with previous studies showing that the P.1 variant displays 

accelerated replication kinetics and achieves higher infectious titers than the ancestral strain 



in human epithelial cell models, including Caco-2 and Calu-3 cells [25]. Together, these 

findings suggest that the increased virulence of the P.1 variant may be driven not by enhanced 

cell entry, but rather by differences in intracellular replication dynamics and/or viral egress.  

Despite the relatively low infection rate, this level of astrocyte infection was sufficient 

to elicit a measurable inflammatory response, particularly following exposure to the P.1 

variant. In this context, we observed that centenarian-derived astrocytes exhibited 

significantly reduced secretion of CXCL8 and CXCL10 when compared with adult-derived 

astrocytes after Wuhan or P.1 infection, respectively. Notably, even a limited proportion of 

infected astrocytes may be sufficient to modulate the inflammatory milieu through paracrine 

signaling, whereby infected cells influence the neighboring uninfected astrocytes. This finding 

is particularly intriguing, as CXCL8 [26]and CXCL10[27] are key mediators of 

neuroinflammation and immune cell recruitment, and their dysregulated expression has been 

implicated in CNS pathology [28]. The attenuated chemokine response observed in 

centenarian astrocytes may therefore reflect an intrinsic capacity to restrain excessive 

inflammatory amplification in response to a more virulent viral challenge, potentially 

contributing to preserved CNS homeostasis in extreme longevity.  

To further elucidate the intrinsic cellular alterations associated with SARS-CoV-2 

infection in astrocytes, we employed a proteomic approach to comprehensively profile 

infection-induced molecular changes. Although only a limited number of differentially 

abundant proteins were identified in SARS-CoV-2-infected astrocytes from centenarians vs. 

adults within the same virus strain, specific candidates may still provide biological insight. For 

instance, tropomyosin 2 (TPM2), upregulated in Gamma-infected centenarian astrocytes, has 

been associated with cytoskeletal organization and may reflect adaptive remodeling 

processes [29]. Conversely, TIMP2, which was downregulated in centenarian-derived 

astrocytes infected with Wuhan, is involved in extracellular matrix regulation. While matrix 

metalloproteinases have been implicated in viral infection processes [30], the functional 

relevance of TIMP2 modulation in this context remains unclear and warrants further 

investigation. 

Although the differential detection analysis performed by MS-DAP should be 

interpreted with caution, it suggests an over-representation of proteins associated with 

antigen processing and presentation, particularly components of the MHC class II pathway. 

CD74 represents the invariant chain of MHC class II, while HLA-DR molecules play a central 



role in antigen presentation to CD4⁺ T cells stru[31,32]. In our dataset, a higher number of 

detected peptides corresponding to MHC class II-related proteins was observed in infected 

astrocytes derived from adults than in centenarians. While the functional implications of this 

observation remain to be fully elucidated, it may reflect differences in immune activation 

states between groups rather than differences in infection efficiency, which was comparable 

across all conditions. 

Notably, astrocytes can produce cytokines and chemokines under both basal and 

stimulated conditions [33] and MHC class II expression has been associated with reactive or 

inflammatory astrocyte phenotypes. In this context, the reduced detection of MHC class II 

components in centenarian astrocytes may be consistent with a more restrained immune 

profile. Supporting this notion, genetic variation within the MHC region has been associated 

with COVID-19 outcomes, including enrichment of specific HLA alleles in resilient elderly 

populations [34]. Together, these findings raise the possibility that attenuated antigen 

presentation capacity in centenarian astrocytes may contribute to limiting excessive 

neuroinflammatory responses. However, functional validation will be required to determine 

whether these differences translate into altered antigen presentation capacity. 

Presence/absence protein profiling revealed ACE, ATP6V1G2, and BHMT as uniquely 

detected in infected adult-derived astrocytes. While ACE2 was not detected, the presence of 

ACE may suggest alterations in components of the renin-angiotensin system, which has been 

implicated in neuroinflammatory processes [35]. The detection of ATP6V1G2 and BHMT may 

further point to metabolic and cellular stress-related adaptations in these cells. In contrast, 

Gamma or Wuhan-infected centenarian-derived astrocytes showed unique detection of 

proteins associated with IL-1 signaling and antiviral response pathways. While the functional 

implications of these findings remain to be established, they may reflect differences in the 

regulation of immune-related pathways between groups[36,37]. Importantly, a large 

proportion of proteins were shared across all infected conditions, reinforcing the presence of 

a conserved core astrocytic response to SARS-CoV-2 infection. 

Infection with either the Gamma or Wuhan strains vs. Control triggered widespread 

proteomic alterations across all groups, predominantly affecting ribosomal function, 

proteasome degradation, amino acid metabolism, and mitochondrial energy production. 

These findings are consistent with previous reports [38,39], indicating that SARS-CoV-2 

extensively remodels host proteomes by co-opting translational machinery while perturbing 



proteostasis and cellular metabolism. The activation of stress-response pathways and 

translational inhibition underscores the substantial burden SARS-CoV-2 imposes on astrocytic 

homeostasis.  

Although the general response patterns of centenarian and adult-derived astrocytes 

within the same virus strain were highly correlated, specific differences were notable. 

Differential enrichment analyses revealed that pathways such as gluconeogenesis[40] and 

sphingolipid[41] metabolism were differentially modulated between Wuhan-infected 

centenarian and adult-derived astrocytes. These observations suggest that centenarian 

astrocytes may retain a greater degree of metabolic flexibility under infection-induced stress 

conditions. Moreover, centenarian-derived astrocytes infected with Gamma or Wuhan 

showed downregulation of ErbB signaling and DNA damage[42] recognition, potentially 

indicating a suppression of controlled pathways of cell proliferation to limit viral replication.  

Although NRP1, a key co-receptor implicated in SARS-CoV-2 entry into astrocytes, was 

detected in all groups, its significant upregulation was observed exclusively in astrocytes 

derived from adults infected with Gamma or Wuhan. This observation is consistent with 

previous reports supporting a role for NRP1 in facilitating viral entry into neural cells [10]. 

However, given that infection rates were comparable across all groups in our experimental 

conditions, the increased abundance of NRP1 in adult-derived astrocytes does not appear to 

translate into enhanced susceptibility to infection. Instead, this differential regulation may 

reflect alterations in host cell signaling, viral processing, or post-entry events rather than 

initial viral entry per se. In this context, NRP1 upregulation may represent a marker of a 

distinct cellular response to infection or a primed state associated with severe disease, rather 

than a direct determinant of infection efficiency [43]. These findings highlight the importance 

of considering host factor regulation beyond its canonical role in viral entry. 

The gene set enrichment analyses of infected vs Control revealed that adult-derived 

astrocytes exhibited a broader and more pronounced downregulation of pathways involved 

in innate immunity, antigen processing, cell cycle regulation, and p53 stabilization. These 

alterations, which were less evident in centenarian astrocytes, suggest a more extensive 

disruption of cellular regulatory programs in adult-derived cells. Such differences may reflect 

a reduced capacity to maintain cellular homeostasis under infection, potentially contributing 

to divergent cellular responses to SARS-CoV-2[44]. 



To sum up, our findings show that SARS-CoV-2 infection elicits a largely conserved 

astrocytic response, upon which subtle but consistent differences distinguish centenarian- 

from adult-derived cells, with centenarian astrocytes exhibiting a more restrained 

inflammatory profile and reduced antigen presentation signatures, while adult severely 

affected cells display broader dysregulation of immune, host factors such as NRP1 and stress-

related pathways. These results suggest that resilience to SARS-CoV-2 is not driven by reduced 

infection susceptibility, but by a more controlled cellular response associated with intrinsic 

regulatory programs of extreme longevity. 
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Figure Legends 

Figure 1. Characterization of iPSC-derived astrocytes and expression of SARS-CoV-2 entry 

factors. Astrocytes differentiated from induced pluripotent stem cells (iPSCs) of Brazilian 

centenarians (100+, IDs 01�04) and younger adults (50�, IDs 05�07) were characterized by 

immunofluorescence and gene expression analysis. Cells were stained for GFAP (astrocyte 

marker, green), ACE2 or NRP1 (red), and nuclei were counterstained with DAPI (blue). (A�D, 

I�K) Representative images showing GFAP and NRP1 expression in astrocytes derived from 

centenarians and adults, respectively. (E�H, M�O) Representative images showing GFAP and 

ACE2 expression in astrocytes from both groups. Scale bars represent 20 µm. (L) 

Quantification of fluorescence intensity (a.u.) of ACE2 and NRP1 in astrocytes, showing 

comparable ACE2 levels between groups (ns) and increased NRP1 expression in adults (**p < 



0.01). (P) GFAP expression assessed by RT-qPCR (2^-ΔΔCt), confirming astrocyte identity in 

differentiated cells compared to undifferentiated iPSCs. Data are presented as mean ± SEM.

Figure 2. SARS-CoV-2 infects iPSC-derived human astrocytes with strain-dependent 

differences in viral release and chemokine responses. iPSC-derived astrocytes from 

unvaccinated Brazilian centenarians (IDs 1�4) and young adults (IDs 5�7) were infected with 

SARS-CoV-2 (Wuhan strain or Gamma (P.1) variant; MOI = 1.0) for 48 h. (A�B) Representative 

immunofluorescence images showing GFAP+ astrocytes (green), SARS-CoV-2 spike protein 

(red), and nuclei (DAPI, blue). Panel A shows astrocytes derived from a centenarian, and panel 

B from a young adult. Viral puncta are observed within GFAP+ cells in both groups, indicating 

that astrocytes are permissive to infection. Scale bars: 5 µm. (C�D) Flow cytometry analysis 

shows similar proportions of spike-positive astrocytes across age groups and viral strains, 

indicating comparable susceptibility to infection. (E) ELISA quantification of viral particles in 

culture supernatants reveals a marked increase in viral release following P.1 infection 

compared to the Wuhan strain, in both centenarian- and adult-derived astrocytes. (F) 

Chemokine levels measured by CBA (CCL2, CCL5, CXCL8, CXCL10) show no significant changes 

for CCL2 and CCL5, whereas CXCL8 and CXCL10 display selective modulation, particularly in 

centenarian-derived astrocytes, consistent with a more regulated inflammatory response. 

Data are presented as mean ± SEM. *p < 0.05.

Figure 3. Proteomics workflow and results obtained in this study. (A) Experimental protocol 

implemented for astrocyte cells. (B) Number of protein groups identified and (C) quantified 

across all samples and comparisons. (D) Principal Component Analysis (PCA) of 11,026 

peptides from 2,724 proteins across all groups. Numbers indicate paired biological replicates, 

and conditions are as follows: Ctrl: Control, Ga: Gamma_adults, Gc: Gamma_centenarians, 

Wa: Wuhan_adults, Wc: Wuhan_centenarians. (E) Ranking plot of the 2,724 quantified 

proteins, highlighting 27 genes corresponding to astrocyte markers.

Figure 4. Differential expressions or detection analysis of Gc vs. Ga and Wc vs. Wa 

astrocytes. Volcano plots showing DAPs (FDR < 0.01) in Gc vs. Ga (A) and Wc vs. Wa (B). 



Histogram of differential detection analysis displaying proteins with strong z-score 

differences in observed peptides between Gc vs. Ga (C) and Wc vs. Wa (D). Venn diagram (E) 

and Gene Ontology Biological Process (GOBP) enrichment analysis (F) of differentially 

detected proteins (absolute z-score > 6) derived from (C) and (D), showing significant 

enrichment only for down-detected proteins. Ga: Gamma_adults; Gc: Gamma_centenarians; 

Wa: Wuhan_adults; Wc: Wuhan_centenarians. 

Figure 5. Differential expression analysis of infected vs. Ctrl astrocytes and fold-change 

correlation between centenarians and adults within each strain (Gamma and Wuhan). (A) 

Volcano plots of infected groups (Gc, Ga, Wc, Wa) vs. Ctrl. (B) UpSet plot of DAPs found in the 

four infected groups vs. Ctrl. Fold-change correlation expressed through a logFC-logFC plots 

(C-D) and 2D enrichment annotation (E-F) of Gc/Ctrl vs Ga/Ctrl and Wc/Ctrl vs Wa/Ctrl 

astrocytes. Ctrl: Control, Ga: Gamma_adults, Gc: Gamma_centenarians, Wa: Wuhan_adults, 

Wc: Wuhan_centenarians. 

Figure 6. Protein-protein interaction network analysis of common and exclusive DAPs 

identified in Figure 6C-D. (A) Common in Gc/Ctrl vs. Ga/Ctrl, (B) exclusive in Gc/Ctrl, (C) 

exclusive in Ga/Ctrl, (D) common in Wc/Ctrl vs. Wa/Ctrl, (E) exclusive in Wc/Ctrl, and (F) 

exclusive in Wa/Ctrl. Ctrl: Control, Ga: Gamma_adult, Gc: Gamma_centenarian, Wa: 

Wuhan_adult, Wc: Wuhan_centenarian. Log2 Fold-changes (logFC) corresponds to infected 

groups (Ga, Gc, Wa or Wc) vs. Ctrl.  

Figure 7. Over-representation analysis of DAPs in infected groups vs. Ctrl using KEGG 

pathways and the representation of the Coronavirus disease pathway. (A) Enrichment 

analysis of all DAPs found in each contrast of infected groups (Gc, Ga, Wc, Wa) vs. Ctrl for 

each age (c or a). (B) The Circos plot shows overlapping genes associated with COVID-19 

pathways across contrasts. (C) Schematic representation of the Coronavirus disease pathway 

(image generated by KEGG pathviewer). (D) Box plots of relevant DAPs identified in (C) and 

involved in COVID-19. Significance thresholds: ns (not significant, FDR > 0.01), ** (significant, 



FDR < 0.01). Ctrl: Control, Ga: Gamma_adults, Gc: Gamma_centenarians, Wa: Wuhan_adults, 

Wc: Wuhan_centenarians.

















Table 1 

Table 1. Demographic and clinical data of the study volunteers.  

Info/Group CENTENARIANS YOUNG ADULTS 

ID 01 02 03 04 05 06 07 

Sex F M M F M F M 

Age* 114 110 106 100 44 26 31 

Comorbidities* 
Alzheimer; 

Hypertension; 

Epilepsy 

Hypertension 

Benign 

prostatic 

hyperplasia 

Alzheimer;  

Hearing loss 

None None None 

COVID 

severity 
Moderate Moderate Asymptomatic  Mild Critical Critical Critical 

*Age and medical comorbidities were self-reported. 
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