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Abstract
Growing evidence has implicated systemic infection as a significant risk factor for the development and 
advancement of Alzheimer’s disease (AD). With the emergence of SARS-CoV-2 (COVID-19) and the resultant 
pandemic, many individuals from the same aging population vulnerable to AD suffered a severe systemic 
infection with potentially unidentified long-term consequences for survivors. To study the impact of COVID-19 
survival on the brain’s intrinsic immune system in a population also suffering from AD, we profiled post-mortem 
brain tissue from patients in the UF Neuromedicine Human Brain and Tissue Bank with a diagnosis of AD who 
survived a COVID-19 infection (COVID-AD) and contrasted our findings with AD patients who did not experience 
a COVID-19 infection, including a group of brain donors who passed away before arrival of SARS-CoV-2 in the 
United States. We assessed disease-relevant protein pathology and microglial and astrocytic markers by quantitative 
immunohistochemistry and supplemented these data with whole tissue gene expression analysis performed on 
the NanoString nCounter® platform. COVID-AD patients showed slightly elevated Aβ burden in the entorhinal, 
fusiform, and inferior temporal cortices compared to non-COVID-AD patients, while tau pathology burden did 
not differ between groups. Analysis of microglia revealed a significant loss of microglial homeostasis as well as 
exacerbated microgliosis in COVID-AD patients compared to non-COVID-AD patients in a brain region-dependent 
manner. Furthermore, COVID-AD patients showed reduced cortical astrocyte numbers, independent of functional 
subtype. Transcriptomic analysis supported these histological findings and, in addition, identified a dysregulation 
of oligodendrocyte and myelination pathways in the hippocampus of COVID-AD patients. In summary, our data 
demonstrate a profound impact of COVID-19 infection on neuroimmune and glial pathways in AD patients 
persisting for months post-infection, highlighting the importance of peripheral to central neuroimmune crosstalk in 
neurodegenerative diseases.

Keywords  Microglia, COVID-19, Alzheimer’s disease, Astrocytes, Systemic infection, Neuroinflammation, 
Oligodendrocytes

Deterioration of neuroimmune homeostasis 
in Alzheimer’s Disease patients who survive 
a COVID-19 infection
Jonathan A. B. Villareal1,2, Tim Bathe1,2,6, Gabriela P. Hery3, Jennifer L. Phillips1,2, Wangchen Tsering1,2,4,6 and 
Stefan Prokop1,2,5,6*

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://orcid.org/0000-0002-5633-2149
http://crossmark.crossref.org/dialog/?doi=10.1186/s12974-024-03196-3&domain=pdf&date_stamp=2024-8-13


Page 2 of 27Villareal et al. Journal of Neuroinflammation          (2024) 21:202 

Background
Alzheimer’s disease (AD) is a chronic neurodegenerative 
disorder that has persisted as one of humanity’s longest-
lasting challenges for its aging population. Manifesting in 
the form of progressive cognitive decline and neurologi-
cal complications that can eventually lead to death, the 
brains of individuals suffering from AD are character-
ized by a compromised neural environment laden with 
beta-amyloid (Aβ) plaques and hyperphosphorylated tau 
in the form of neurofibrillary tangles (NFT). Despite the 
human brain existing as a relatively immune-privileged 
site within the body, mounting evidence has suggested 
the involvement of the peripheral and central nervous 
system (CNS) immunity – as well as the communication 
between the two - in the pathogenesis of neurodegenera-
tive proteinopathies [1–6]. While current literature on 
whether neuroimmune involvement accelerates or miti-
gates AD progression is still highly divisive, it has been 
suggested that sustained inflammation within the brain 
parenchyma could make it more vulnerable to degen-
erative processes [7]. Emerging research has now shifted 
toward understanding the potential role that peripheral 
inflammation can play in the development of neuro-
degenerative diseases such as AD. Systemic infections, 
defined as infections that are not limited to a single organ 
or region of the body, can act as sources of peripheral 
inflammation, with diseases such as influenza, sepsis, and 
more recently COVID-19 exhibiting body-wide sequelae 
[8–10].

COVID-19, caused by the SARS-CoV-2 virus and 
responsible for the recent global pandemic, is of particu-
lar interest due to its ubiquitous distribution worldwide 
and preliminary findings suggesting specific neurologi-
cal involvement amongst other symptoms [11]. As of 
March 2024, more than 774  million confirmed cases of 
COVID-19 have been reported since the emergence 
of the pathogen, accounting for over 7  million deaths 
and equivalent to almost 10% of the world’s popula-
tion having experienced systemic infection via SARS-
CoV-2, not including unreported cases [12]. COVID-19 
has presented with various neurological sequelae, with 
reports of persistent ‘brain fog’ and cognitive impair-
ment months post-infection in the absence of sustained 
viral positivity (RNA and protein) in the brain [11, 13, 
14]. These findings are suggestive of the ability of periph-
eral systemic infections (i.e. lungs in COVID-19) to com-
municate chronic damage to the brain in the absence of 
direct neuroinvasion and persistence, potentially through 
inflammation-mediated pathways. Within the CNS, 
microglia act as the main immune-modulating cell type 
and the resident macrophages of the parenchyma, with 
powerful cytokine-generating and phagocytotic func-
tions [15]. Neuropathological studies have shown that 
elderly, non-AD patients who have an active and severe 

COVID-19 infection at the time of death present with 
heightened microgliosis and microglial activation [16]. 
Similarly, patients with end-stage AD have been observed 
to possess dysregulated microglial homeostasis, with 
augmented microgliosis and chronically activated pheno-
types being shared between COVID-19 and AD [17–20]. 
Considering the significant overlap between the vulner-
able age ranges for these diseases (65 + for both COVID-
19 and AD) [21, 22], there remains an important gap in 
knowledge concerning the intersection of these two 
diseases and the interactions between their respective 
immunomodulatory effects.

To evaluate the potential effects of surviving a sys-
temic infection on AD pathophysiology, we performed 
immunohistochemical (IHC) profiling of microglia 
from individuals with a post-mortem AD diagnosis who 
either reported a COVID-19 infection during their lives 
(COVID) or did not (non-COVID). We also extended this 
analysis to astrocytes due to their accessory roles in neu-
roimmunity [23–26] as well as their role in the formation 
of the blood-brain barrier (BBB) [27, 28], both of which 
have been implicated to be involved in AD and COVID-
19 outcomes. Previous studies have identified the choroid 
plexus (CP) as a primary interface for communicating 
inflammation between the periphery and the CNS during 
active COVID-19 infection [14, 29, 30], making CP-adja-
cent regions such as the hippocampus more susceptible 
to immune augmentation. As microglial activation in AD 
shows brain region-specific patterns [31], we decided to 
evaluate these immune interactions across 4 locations in 
the brain, taking both AD staging and CP proximity into 
account. Additionally, we performed whole tissue tran-
scriptomics using the NanoString nCounter® platform to 
evaluate gene expression profiles of glial cells in COVID-
AD patients and to identify other novel changes poten-
tially associated with co-occurrence of COVID-19 and 
AD.

Methods and materials
Patient tissue samples and cohort selection
Human post-mortem tissue was obtained from the Uni-
versity of Florida Human Brain and Tissue Bank following 
approval by the UF Institutional Review Board. Alzheim-
er’s Disease neuropathological changes (ADNC) and 
AD staging for each patient were evaluated by a board-
certified neuropathologist, and all patients selected had 
a primary diagnosis of AD with “high” ADNC based on 
current NIA-AA guidelines for pathological diagnosis 
[32, 33] (Table 1). Co-pathology in the form of Lewy body 
disease LBD, Limbic-predominant age-related TDP-43 
proteinopathy (LATE), Aging-related tau astrogliopa-
thy (ARTAG), cerebral amyloid angiopathy (CAA) was 
classified according to current guidelines [32–38] and 
as detailed in previous articles from our group [31, 39] 
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(Table  2). AD patients were grouped based on whether 
they died prior to SARS-CoV-2 arrival in the United 
States (Pre-2020), did not have a medical history of 
COVID-19 infection (Non-COVID), or had one or more 
self-reported COVID-19 infections that were resolved 
or did not result in death (COVID) (Table  1) (Fig.  1D). 
The Pre-2020 group was included to assess the possibil-
ity of asymptomatic COVID-19 infection (as opposed to 
severe and reported infection) in the Non-COVID group 
and to compare it to individuals who could not have 
had COVID-19 at any point in their lives. Post-infection 
interval for COVID patients was calculated as the period 
between reported infection and time of death (Tables 1, 
and 2).

Immunohistochemistry
Glial and protein IHC profiling was performed on either 
5–10 μm thick formalin-fixed paraffin-embedded (FFPE) 
sections depending on the targeted protein (Table  3). 
Staining was performed as previously described by our 
laboratory [31] and specific pretreatment protocols for 
each antibody are summarized below (Table 3). Addition-
ally, sections stained for Olig2 required agitation on an 
orbital shaker (OHAUS, tilt and speed setting 2) during 
overnight primary and secondary antibody incubations 
to produce an adequate signal. GFAP and ALDH1L1 
stains were performed with ImmPRESS HRP (Vector 
Labs) of their respective species added to the goat anti-
rabbit/mouse IgG HRP conjugated secondary antibody 
(Millipore Sigma) at a dilution of 1:1000.

Immunofluorescent double-stain analysis of CD31 and 
GFAP was performed on 5  μm thick FFPE sections fol-
lowing a majority of the same steps as described above. 
GFAP was developed in the Texas Red channel with a 
standard, directly conjugated fluorescent secondary anti-
body, and CD31 in the FITC channel using ImmPRESS 
HRP (Vector Labs) in combination with Opal HRP flu-
orophores (Akoya Biosciences, USA). Sections were 
mounted using VECTASHIELD HardSet Antifade 
Mounting Medium with DAPI (Vector Labs) and stored 
in a dark chamber at 4 °C for long-term storage. Further 
detail into the immunofluorescent staining procedure 
can be found below (TableS 3, 4 and 5).

Automated cell and protein coverage quantification
Quantification of IHC stains was performed using 
QuPath digital analysis [40] as previously performed 
and validated within our laboratory [31]. The positive 
cell detection tool was utilized for quantifying all glial 
stains and positive pixel count was used to quantify the 
percent of tissue covered by pathologies and PLP1.The 
scripts used for tissue annotation, pathological coverage 
quantification, and microglial cell count quantification 
are available in our laboratory’s previous manuscript [31], 
and were adjusted for the quantification of astrocytes and 
oligodendrocytes. Whole-tissue scanning at 20x magni-
fication of fluorescent sections was performed using an 
Oympus VS200 (Olympus, Japan), with manually applied 
focus points. QuPath was also used for colocalization and 
proximity analysis of whole-tissue immunofluorescent 
scans. For colocalization measurements, the pixel classi-
fier/thresholder tool was used to first create annotations 
for CD31 followed by the creation of GFAP annotations 
within these boundaries. The percentage overlap for the 
areas of these two annotations was determined in Excel 
using the measurement outputs from QuPath. For ves-
sel proximity analysis, a base script provided by image.
sc user Egor Zindy (EP.Zindy) [41] was modified to 
automate the creation of 7 concentric rings, each with a 
radius of 10 μm, around CD31-positive vessels across an 
entire brain region (i.e. the hippocampus). Within areas 
on the tissue where there are less than 70  μm between 
adjacent blood vessels, ring annotations will merge as to 
accurately quantify the distance from the nearest blood 
vessel while taking into account the surrounding ones as 
well. QuPath cell detection plugin StarDist [42] was then 
used to quantify GFAP-positive astrocytes within each of 
these rings to obtain proximity-based densities of the cell 
type.

Frozen tissue RNA isolation and quality analysis
Human mRNA was isolated from fresh frozen frontal 
cortex tissue that was kept at -80  °C for long-term stor-
age. One 25–35 mg chunk of tissue was disrupted into a 
fine powder in a pre-chilled mortar and pestle with liquid 
nitrogen added to the mortar to prevent thawing of the 
tissue. The powdered tissue was then transferred to pre-
chilled, RNAse-free tubes and 500 µL of TRIzol reagent 
(ThermoFisher Scientific, USA) was added. The TRIzol 
Reagent user guide provided by ThermoFisher Scientific 
(https://assets.thermofisher.com/TFS-Assets/LSG/man-
uals/trizol_reagent.pdf) was then followed until step 7 
(“Tissues” starting material, volumes adapted for 500 µL 
starting TRIzol). The aqueous phase from step 7 was then 
purified using columns from the Qiagen RNeasy Mini 
Kit (Cat. Number 74104) beginning from step 5 of the 
protocol. Isolated RNA was eluted twice (first by loading 
water onto the column and then by reloading the eluate 

Table 1  Cohort group demographics
Pre-2020 Non-COVID COVID

N 12 12 11
Mean age 77.8 78.2 79.6
Sex M/F 6/6 4/8 5/6
Mean Thal staging 4.83 5 4.82
Mean Braak staging 5.25 5.25 5.55
Mean post-mortem interval 14.8 38 36.6
Mean post-infection interval - - 4.55 months

https://assets.thermofisher.com/TFS-Assets/LSG/manuals/trizol_reagent.pdf
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/trizol_reagent.pdf
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onto the column) into RNAse-free tubes and stored at 
-20  °C for short-term use and − 80  °C for archival stor-
age. Quality analysis was performed on the Bioanalyzer 
2100 (Agilent, Denmark) platform, through which the 
RNA integrity number (RIN) and DV200 were calculated. 
Since we only planned to use the isolated RNA for high 
cycle count RT-qPCR detection of COVID transcripts 
and not for other protocols requiring higher sensitivity 
(i.e. RNA-seq or accurate quantification of low-expressed 
genes), we settled on a RIN cut-off of 3.0 for analyzed 
cases. RNA concentration was determined using a Qubit 
4 fluorometer (Invitrogen, USA), and stock solutions 
were diluted to 100 ng/µL.

RT-qPCR detection of COVID-19 mRNA
RT-qPCR detection of COVID-19 transcripts was per-
formed using the Promega GoTaq Probe 1-Step RT-qPCR 
kit (Promega, USA) on a 384 well-plate. 5 µL reactions 
were set up with 2.5 µL GoTaq probe master mix, 0.1 µL 
GoScript RT mix, 0.2 each of premixed primer/probe for 
N1 and N2 (for viral detection reactions) or 0.2 each of 
premixed primer/probe for RNAseP and nuclease-free 
water (for reactions to determine RNA template viability) 
(Integrated DNA Technologies, USA catalog #10006713), 
and 2 µL of isolated RNA per well. Reactions were run in 
duplicate with positive controls for SARS-CoV-2  N and 
E RNA (Promega, USA catalog #AM2050) and negative 
control wells with nuclease-free water in place of RNA 

template. RT-qPCR was performed using the CFX384 
Touch Real-Time PCR Detection System (BioRad, USA) 
with the cycling parameters included with the Promega 
GoTaq Probe 1-Step RT-qPCR kit modified to run for 
45 cycles of amplification. Detection of viral RNA was 
defined as if the fluorescence for the N1 + N2 reactions 
for a case exceeded the threshold line and if the case gen-
erates a quantification cycle (Cq) value.

FFPE tissue DNA isolation and qPCR genotyping for APOE
To determine patients’ ApoE genotypes, gDNA was 
extracted from a 10 μm scroll of FFPE temporal brain tis-
sue using the QIAamp DNA FFPE Advanced Kit (Qiagen, 
Germany) following manufacturer-provided protocols. 
35 µL of purified gDNA was eluted from the column, 
concentration was determined using a Qubit 4 fluorom-
eter (Invitrogen, USA), and the samples were diluted to 
a concentration of 5 ng/µL. Cases with stock concentra-
tions of gDNA lower than 5 ng/µL could not be confi-
dently genotyped and were excluded from analysis. qPCR 
genotyping was performed in a 384-well plate using the 
CFX384 Touch Real-Time PCR Detection System (Bio-
Rad, USA). 5 µL reaction wells were set up with 2.5 µL 
Taqman Genotyping Master Mix (Fisher, USA catalog 
#4371355), 0.125 µL of Taqman SNP Genotyping Assay 
for either rs7412 (Fisher, USA catalog #4351376) or 
rs429358 (Fisher, USA catalog #4351376), 0.375 µL of 
nuclease-free water, and 2 µL of 5 ng/µL gDNA. The plate 

Fig. 1  Cohort overview and regional differences in COVID-AD. (A) Four regions of interest (MFG, STG, Hippocampus (Hipp.), and FG/ITG) were analyzed 
in the brains of each patient. Regions were selected with respect to a combination of regional differences in AD progression and CP proximity. Microglial 
profiling was performed on all four regions and bulk mRNA analysis was performed on the regions nearest and furthest to the CP (hippocampus and 
medial frontal gyrus, respectively). (B) For glial profiling, hippocampal sections were segmented by annotation into the four CA subfields (CA4-CA1), the 
subiculum, and the entorhinal cortex. The FG/ITG region was attached to hippocampal sections and separated by annotation for analysis. (C) The MFG 
and STG regions were separated by annotation into cortex and white matter for glial profiling. (D) All cohort patients selected (N = 35) possessed high 
ADNC at autopsy as defined in the methods. Patients were then separated into groups based on if they suffered from and survived a COVID-19 infection 
(COVID, N = 11), did not experience a COVID-19 infection and died during the same time period as COVID patients (Non-COVID, N = 12), or died prior to 
SARS-CoV-2 arrival in the US on January 20, 2020 (Pre-2020, N = 12). Figures were created at BioRender.com.

 



Page 6 of 27Villareal et al. Journal of Neuroinflammation          (2024) 21:202 

Table 3  IHC antibodies and pretreatments
Primary 
Antibody

Manufacturer Concerntration Section 
Thickness

Antigen 
Retrieval 
Solution

Primary 
Incubation 
Period

Secondary 
Antibody

Secondary Incu-
bation Period

Additional 
notes

Ab5 In-house 1:5000 5 µm Tris and 
0.05% 
Tween

Overnight 
@ 4°C

Vector Laborato-
ries ImmPRESS®

30 minutes 
@ room 
temperature

Described in 
Levites et al. 
2006 [49]

7F2 In-house 1:5000 5 µm Tris and 
0.05% 
Tween

Overnight 
@ 4°C

Vector Laborato-
ries ImmPRESS®

30 minutes 
@ room 
temperature

Described 
in Xia et al., 
2020 [50]

Iba1 Abcam 
- ab178847

1:8000 10 µm Citrate Overnight 
@ 4°C

Vector Laborato-
ries ImmPRESS®

30 minutes 
@ room 
temperature

P2RY12 Millipore Sigma 
- HPA014518

1:1000 10 µm Tris and 
0.05% 
Tween

Overnight 
@ 4°C

Vector Laborato-
ries ImmPRESS®

30 minutes 
@ room 
temperature

CD68 Thermo Fisher 
- TA807199

1:500 10 µm Citrate Overnight 
@ 4°C

Vector Laborato-
ries ImmPRESS®

30 minutes 
@ room 
temperature

Ferritin
 (light and 
heavy 
chains)

Millipore Sigma 
- F6136-1MG

1:1000 10 µm Tris and 
0.05% 
Tween

Overnight 
@ 4°C

Vector Laborato-
ries ImmPRESS®

30 minutes 
@ room 
temperature

GFAP Encore 
- MCA-3E10

1:1000 5 µm Tris and 
0.05% 
Tween

Overnight 
@ 4°C

Vector Laborato-
ries - BA-9200-1.5 
@ 1:1000

1 hour @ room 
temperature

Add 
ImmPRESS® 
@ 1:1000 
to second-
ary antibody 
solution

ALDH1L1 Thermo Fisher 
-  UM500039

1:400 5 µm Tris and 
0.05% 
Tween

Overnight 
@ 4°C

Vector Laborato-
ries - BA-9200-1.5 
@ 1:1000

1 hour @ room 
temperature

Add 
ImmPRESS® 
@ 1:1000 
to second-
ary antibody 
solution

Olig2 Abcam 
- ab109186

1:100 5 µm Citrate Overnight 
@ 4°C

Vector Laborato-
ries ImmPRESS®

30 minutes 
@ room 
temperature

Agitate on 
shaker dur-
ing overnight 
primary and 
secondary 
incubations

PLP1 MCAB396 1:1000 5 µm Citrate Overnight 
@ 4°C

Vector Laborato-
ries ImmPRESS®

30 minutes 
@ room 
temperature

CD3e Invitrogen
- MA5-14524

1:500 5 µm Citrate Overnight 
@ 4°C

Vector Laborato-
ries ImmPRESS®

30 minutes 
@ room 
temperature

GFAP (IF) Encore 
- MCA-3E10

1:1000 5 µm Citrate Overnight 
@ 4°C

Invitrogen Anti-
mouse DyLight 
594 conjugated 
(35510)

CD31 (IF) Proteintech
− 11265-1-AP

1:500 5 µm Citrate Overnight 
@ 4°C

Vector Laborato-
ries ImmPRESS®

30 minutes 
@ room 
temperature

Develop with 
Opal 520 @ 
1:1000 for 10 
minutes
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was sealed using a microseal ‘B’ seal (BioRad, USA cata-
log #MSB1001) and cycled 40 times with the following 
parameters: 10 min AmpliTaq Gold, UP Enzyme Activa-
tion @ 95 °C (1x); 15 s of denaturing @ 95 °C and 1 min of 
annealing/extension @ 60 °C (40x). Nucleotide identity at 
each SNP and genotype was determined using previously 
defined ratios between VIC: FAM fluorescence.

FFPE tissue RNA isolation and quality analysis
RNA was isolated from all COVID and Non-COVID 
patients within the cohort (N = 23) using the High Pure 
FFPE RNA Isolation Kit (Roche Life Science, Germany). 
Two 20  μm thick scrolls of FFPE tissue were collected 
from the hippocampus and MFG of each patient and 
placed into cassettes. RNA was extracted from the scrolls 
following the manufacturer-provided protocols [43]. The 
concentration of extracted RNA was quantified using the 
Qubit 4 fluorometer (Invitrogen, USA), and RNA qual-
ity (DV200) was assessed via Bioanalyzer 2100 (Agilent, 
Denmark). Samples were stored in RNAse-free tubes at 
-20  °C overnight prior to running the nCounter® assays, 
and were stored at -80 °C for long-term archival storage.

NanoString nCounter® gene expression analysis
Stock FFPE RNA was diluted with non-DEPC-treated 
nuclease-free water (Invitrogen, USA) using the previ-
ously collected Qubit and DV200 values to 20 ng/mL 
of mRNA with length ≥ 200 nucleotides as described 
by NanoString [44]. 5 µL of each diluted sample was 
hybridized with the NanoString nCounter® Glial Profil-
ing Panel (XT HS Glial Profiling #115000429) in a ther-
mocycler for 18 h at 65 °C (heated lid at 72 °C) following 
NanoString’s provided protocols [31, 45]. Detection using 
the NanoString nCounter® Profiler and data analysis and 
quality assessment via nSolver® was performed exactly as 
previously described [31].

Statistics
Statistical analysis was performed on GraphPad Prism 
9 and individual parameters are reported in the figure 
captions.

Results
Cohort overview and regional differences in COVID-AD
To identify the effect of COVID-19 infection on regions 
affected by AD pathology at varying points of disease 
progression, four regions, including the medial frontal 
gyrus (MFG), superior temporal gyrus (STG), hippocam-
pus, and combined fusiform and inferior temporal gyri 
(FG + ITG), were sampled for immunohistochemical anal-
ysis (Fig.  1A). As previous literature has heavily impli-
cated the choroid plexus and blood-CSF barrier in the 
transmission of peripheral COVID-19-associated inflam-
matory signals to the brain [14], the selected regions were 
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also arranged in terms of anatomical proximity to the 
lateral ventricles [46–48] (Fig.  1A), with the hippocam-
pus being the closest and the MFG the furthest. The grey 
matter (GM) of the hippocampus was further classified 
into the four cornu ammonis (CA) subfields (CA1-CA4), 
subiculum (SUB), and entorhinal cortex (EC) (Fig.  1B) 
and the STG and MFG into cortex (grey natter) and 
white matter (WM) regions (Fig.  1C). FG + ITG regions 
were attached to hippocampal sections when collected 
at autopsy but were separated during QuPath annota-
tion and considered as their own independent regions 
during quantification (Fig.  1B). These regions were 
assessed in patients with high ADNC who were sepa-
rated into groups based on if they suffered and recovered 
from at least one COVID-19 infection (COVID), did not 
report a COVID-19 infection and died during the same 
time period as COVID patients (Non-COVID), and AD 
patients who died prior to SARS-CoV-2 arrival in the US 
(Pre-2020) (see methods for additional selection criteria) 
(Fig. 1D). Additionally, patients in all three cohorts were 
negative for SARS-CoV-2 mRNA via RT-qPCR detection, 
indicating that the observed changes below persist in the 
parenchyma following the resolution of active infection.

COVID-AD survivors show elevated Aβ plaque burden in 
select brain regions
To test if COVID-19 infection impacted AD-related pro-
tein pathologies, we quantified the burden of Aβ plaques 
(anti-Ab5 [49]) (Fig.  2A) and tau/NFT (anti-7F2 [50]) 
(Fig. 2F) in COVID, Non-COVID and Pre-2020 patients. 
Intriguingly, COVID patients showed higher Aβ cover-
age in the FG + ITG cortices (Fig.  2C) and EC (Fig.  3C) 
compared to Non-COVID and Pre-2020 patients. A simi-
lar trend toward elevated Aβ burden was also observed 
in the other brain regions evaluated (Fig. 2B, D-E). NFT 
coverage was largely unchanged between patient groups 
across all regions and hippocampal subfields (Figs. 2G-J 
and 3F).

COVID-AD is characterized by elevated numbers of 
hippocampal microglia
To get an initial picture of microglia in COVID patients, 
we performed IHC analysis of ionized calcium bind-
ing adaptor molecule 1 (Iba1) (Fig. 4A) which is a cyto-
plasmic protein that acts as a pan-microglial marker 
in humans [51]. Using automated cell counting via the 
QuPath software [31] (see methods section), an increase 
in Iba1-positive microglia was observed in the hippo-
campi of COVID compared to Non-COVID (Fig.  4B), 
with the latter not differing significantly from Pre-2020 
patients, validating the Non-COVID group as being rep-
resentative of a non-infected population with respect to 
microglia numbers.

These changes were most apparent in the CA4, 
CA2, CA1 subfields and the subiculum of COVID AD 
(Fig. 5C). While other regions further away from the CP 
exhibit similar trends towards higher microglia num-
bers in COVID (Fig.  4C-E), these only reached statisti-
cal significance in the MFG WM (Fig.  5B), suggesting 
that anatomically “deeper” regions closer to the choroid 
plexus could be affected more acutely by a systemic infec-
tious stimulus. Additionally, the number of Iba1-positive 
microglia was not significantly associated with Aβ plaque 
burden (Supp. Figure 1 A), confirming that our findings 
were not primarily driven by patient-to-patient variances 
in pathology.

Compounding loss of microglial homeostasis in COVID-AD 
patients
To further characterize the activation state of microglial 
populations in the COVID group, we evaluated puriner-
gic receptor P2Y12 (P2RY12) (Fig. 4F), a transmembrane 
protein expressed by highly ramified microglia that has 
previously been shown to decrease in expression with 
increasing microglial activation [52, 53]. Individuals suf-
fering from AD have been shown to have reduced num-
bers of homeostatic, P2RY12-positive microglia [18, 20] 
as a response to disease -specific protein pathology. In 
line with our Iba1-data, COVID patients showed reduced 
numbers of P2RY12-positive microglia in the hippocam-
pus (Fig.  4G) and the FG/ITG cortex (Fig.  4H) as com-
pared to the Non-COVID and Pre-2020 patients. This 
loss of microglial homeostasis was mainly detected in the 
CP-adjacent CA4-CA2 regions but could also be detected 
in the EC (Fig. 5F). STG and MFG cortices did not signifi-
cantly differ between groups in terms of P2RY12-positive 
microglia (Fig. 4I-J).

To study additional markers of microglial activation, 
we next analyzed cluster of differentiation 68 (CD68) – 
a lysosomal transmembrane protein and a marker for 
phagocytic activity in microglia [54, 55] (Fig.  6A). This 
analysis did not exhibit significant differences in num-
bers of positive cells between COVID and Non-COVID 
groups irrespective of brain region (Fig. 6B-E), suggesting 
that there is no major association between COVID infec-
tion and phagocytic activity of microglia in AD patients. 
Next, we studied ferritin, a primarily cytosolic protein 
complex composed of light and heavy (FTH1) chains 
enabling iron uptake and storage [56] (Fig.  6F). Previ-
ous studies have demonstrated an association between 
microglial ferritin expression and microglial dystrophy in 
patients with AD [57–59].

Analyzing ferritin-positive microglia, we noticed a 
trend towards increased microglia dystrophy in the hip-
pocampus, FG + ITG cortices, and MFG cortex of COVID 
compared to the Non-COVID and Pre-2020 groups 
(Fig. 6G-J), with significantly higher numbers of Ferritin 
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positive cells observed in the CA2 subfield (Fig. 7F). The 
number of positive cells for each of these three mark-
ers was again compared against Aβ burden (Supp. Fig-
ure  1E-P), revealing no significant associations between 
either marker and pathological burden.

Astrocyte populations are universally diminished in 
COVID-AD
Interested in revealing a more comprehensive image of 
the neuroimmune status possessed by COVID patients, 
we performed IHC analysis of various astrocyte-lineage 
markers in the hippocampus and MFG. By analyzing 
astrocytes from two regions at opposite distances from the 
lateral ventricles, we sought to determine whether proxim-
ity to the CP was similarly associated with more acute dif-
ferences between groups as observed within the microglial 
phenotypes. We first compared glial fibrillary acidic pro-
tein (GFAP) between groups (Fig. 8A), a marker for a sub-
population of reactive astrocytes that has been observed 
to proliferate in relation to Aβ pathological burden [26, 
60–62]. Interestingly, COVID patients had significantly 
fewer numbers of hippocampal GFAP-positive astrocytes 
than both Non-COVID and Pre-2020 patients (Fig.  8B), 
with the most acute differences occurring in the CA4 and 
CA1 hippocampal subfields (Fig. 8G). While no difference 
in GFAP-positive astrocyte quantity was observed in the 
MFG cortex (Fig. 8C), COVID patients possessed signifi-
cantly lower numbers of GFAP-positive astrocytes in the 
more CP-proximal MFG white matter (Fig. 8H).

In order to determine whether the reduction in astro-
cyte number was specific to the reactive sub-population 
or if astrocytes were universally affected in COVID 
patients, we decided to evaluate aldehyde dehydrogenase 
1 family member L1 (ALDH1L1), a pan-astrocytic marker 
[63–67] (Fig.  8D). Concordant with our GFAP data, 
COVID patients had the least number of hippocampal 
ALDH1L1-positive cells out of the three groups (Fig. 8E), 
with significantly lower numbers as compared to the Pre-
2020 cohort at the whole-region level. This astrocytic 
loss was most evident in the CA3 and EC subfields, and 
a difference between Pre-2020 and Non-COVID was 
observed in CA2 (Fig. 8I). No difference in MFG cortex 
(Fig.  8F) and white matter (Fig.  8J) ALDH1L1-positive 
astrocytes was observed. GFAP and ALDH1L1 were not 
significantly associated with plaque burden (Supp. Fig-
ure  1Q-R), suggestive of it not being a primary driving 
force for the observed astrocytic changes.

Interested in further defining whether the observed 
astrocytic loss in COVID patients was the consequence 
of whole-region vulnerability or more localized changes 
at the BBB and parenchymal microvasculature, we per-
formed immunofluorescent proximity analysis of platelet 
endothelial cell adhesion molecule (CD31 or PECAM-
1)-positive endothelial cells and astrocytes (Fig.  9A-B). 
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Pre-2020 patients were excluded from this analysis due to 
the presence of auto fluorescent artifacts in multiple cases 
within the cohort. CD31 is a transmembrane protein that 
acts as an endothelial cell marker throughout the body, 
labeling blood vessels within the brain parenchyma [68]. 
We decided to use GFAP as our marker for astrocytes due 
to its better morphological labeling of astrocyte processes 
and endfeet in combination with its more acute changes 
in the COVID cohort. Our analysis revealed no significant 
difference in hippocampal CD31-positive vessel cover-
age (Fig.  9C) and colocalization of CD31 and GFAP (i.e. 
astrocyte endfoot coverage) (Fig.  9E) between COVID 

and Non-COVID patients. Additionally, there was no 
observed loss of GFAP-positive astrocytes in proximity 
to cortical vasculature (Fig. 9F), suggestive of an alternate, 
hippocampus-specific factor not primarily associated with 
the BBB resulting in the loss of astrocytes observed in 
COVID patients.

COVID-19 infection is associated with region-specific 
dysregulation of oligodendrocyte and myelin-associated 
pathways in AD
Seeking to evaluate potential alterations in the transcrip-
tome of COVID patients, we performed bulk mRNA 

Fig. 2  COVID-AD survivors show elevated Aβ plaque burden in select brain regions. (A) Representative images of Ab5 (Aβ plaques) immunopositivity in 
the hippocampus grey matter, FG + ITG cortex, STG cortex, and MFG cortex of cohort patients. Inserts depict morphology of pathological protein deposits 
in each patient cohort. Tissue coverage was quantified in 5 μm-thick FFPE sections as described in the methods. Scale bar = 300 μm. Percent coverage 
of cortex (grey matter in the case of hippocampus) by Ab5 in the (B) hippocampus (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11), (C) FG + ITG 
(Pre-2020 N = 9, Non-COVID N = 11, and COVID N = 10), (D) STG (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11), and (E) MFG (Pre-2020 N = 12, 
Non-COVID N = 12, and COVID N = 11) of the cohort patients. (F) Representative images of 7F2 (NFT) immunopositivity in the same regions and patients. 
Scale bar = 100 μm. (G-J) Percent coverage of the cortex in cohort patients by 7F2 in the (G) hippocampus (Pre-2020 N = 12, Non-COVID N = 12, and 
COVID N = 11), (H) FG + ITG (Pre-2020 N = 10, Non-COVID N = 11, and COVID N = 9), (I) STG (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11), and 
(J) MFG (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11). Comparisons were performed using an ordinary one-way ANOVA with Tukey’s multiple 
comparisons test, with a single pooled variance. Each group’s standard deviation is represented by error bars. “ns” = no significance, *p < 0.05, **p < 0.01, 
***p < 0.001. Any comparisons lacking asterisks have no significance. The hippocampus regions contains the average of each patients’ subfield quantifica-
tions (Figs. 3C and F)

 



Page 13 of 27Villareal et al. Journal of Neuroinflammation          (2024) 21:202 

analysis using the Human Glial Profiling panel on the 
NanoString nCounter® platform. Consecutive FFPE sec-
tions from Hippocampus/FG + ITG and MFG from the 
same patients in the COVID (N = 11, per region) and 
Non-COVID (N = 12, per region) groups were selected 
for analysis to examine regional transcriptomic differ-
ences at the extremes of the CP-proximity and AD axes. 
While disease-associated microglial and astrocytic path-
ways (“Stage 1 DAM”, “Stage 2 DAM”, “Microglia Neu-
rodegenerative Phenotype (MGnD)”, “A1 Astrocyte”) 
(Fig. 10C) were only mildly upregulated in COVID (also 
see Table 4), we noticed a dysregulation in oligoden-
drocyte and myelogenesis systems (“Oligodendrocyte 
Markers”, “Oligodendrocyte DifferentiationMaturation”, 
and “Myelogenesis”) (Fig.  10C-E). Differently expressed 

genes (DEGs) within these pathways were downregu-
lated in association with COVID-19 infection (Fig. 12C-
E), suggestive of oligodendrocyte lineage dysfunction 
as a defining characteristic of the COVID tissue micro-
environment. To evaluate these findings at the protein 
level, we performed IHC analysis of oligodendrocyte 
transcription factor 2 (Olig2), a protein marker for oligo-
dendrocyte lineage cell types (Fig. 10F) [69–72]. Loss of 
Olig2-positive staining in COVID patients was observed 
within hippocampal subfields (Fig.  12L) but not at the 
whole-tissue level (Fig.  10G) and Olig2 positivity did 
not significantly correlate with plaque coverage (Supp. 
Figure 1S).

Previous literature has also identified impaired myelin-
ation as a potential upstream event and risk factor 

Fig. 3  Quantification of white matter and hippocampal subfield AD pathology burden. QuPath quantification of plaque burden (Ab5) (A-B) and pTau 
burden (7F2) (D-E) in the STG and MFG white matter of cohort patients (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11). Comparisons were per-
formed using an ordinary one-way ANOVA with Tukey’s multiple comparisons test, with a single pooled variance. Hippocampal subfields were separated 
by annotation and analyzed in a similar manner for Ab5 coverage (C) and 7F2 coverage (F). Subfield comparisons were made using an ordinary two-way 
ANOVA with Tukey’s multiple comparisons test, with a single pooled variance. “ns” = no significance, *p < 0.05, **p < 0.01, ***p < 0.001. Any comparisons 
lacking asterisks are non-significant
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associated with AD pathogenesis [73]. Galactose-3-O-
sulfotransferase 1 (GAL3ST1), also known as cerebro-
side sulfotransferase, is a significant enzyme involved in 
myelogenesis and is the final step in producing sulfatide, 
a glycosphingolipid representing around 30% of myelin 
lipids in combination with galactocerebroside [74, 75]. 
GAL3ST1 is the most significantly downregulated gene 
in COVID patients (Figs. 10A and 12G) and is of particu-
lar importance, with reduced CNS sulfatide levels poten-
tially acting as a prodromal indicator of AD [75–77]. 

Seeking a general picture of myelin health in COVID 
patients, we performed IHC analysis of the percent 
area covered by proteolipid protein 1 (PLP1) (Fig.  10F) 
which, along with myelin basic protein, makes up 68% 
of myelin proteins [78]. No difference in PLP1 coverage 
was observed between groups in whole hippocampus 
(Fig.  10H) or subfields (Fig.  12M) and coverage did not 
correlate with plaque burden (Supp. Figure  1T), indica-
tive of a more conserved myelin response to infection 
that was not primarily driven by Aβ pathology.

Fig. 4  COVID-AD is characterized by elevated numbers of hippocampal microglia and loss of homeostatic microglia. (A) Images of Iba1-positive microg-
lia in the hippocampus, FG + ITG, STG, and MFG of Pre-2020, Non-COVID, and COVID patients. Inserts depict cellular morphology in each patient cohort. 
Iba1-positive microglia appeared morphologically diverse, ranging from moderately ramified to amoeboid in terms of process extension. Quantification 
of Iba1-positive microglia per mm2 in the cortex/grey matter of (B) hippocampus (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11), (C) FG + ITG 
(Pre-2020 N = 9, Non-COVID N = 11, and COVID N = 10), (D) STG (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11), and (E) MFG (Pre-2020 N = 12, 
Non-COVID N = 12, and COVID N = 11). Hippocampal values were obtained by averaging the Iba1 quantifications in the subfields of each patient as re-
ported below (Fig. 5C). (F) Panel depicting P2RY12-positive microglia distribution in the regions and patients mentioned above. Morphologically, P2RY12-
positive microglia were highly ramified and possessed long-reaching processes. Quantification of P2RY12-positive microglia per mm2 in the cortex/grey 
matter of (G) hippocampus (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11), (H) FG + ITG (Pre-2020 N = 9, Non-COVID N = 11, and COVID N = 10), 
(I) STG (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11), and (J) MFG (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11) in each experimental 
group. Subfield quantification data for the hippocampus region is provided below (Fig. 5F). IHC was performed in 10 μm-thick FFPE sections for both Iba1 
and P2RY12. Comparisons were performed using an ordinary one-way ANOVA with Tukey’s multiple comparisons test, with a single pooled variance. Each 
group’s standard deviation is represented by error bars. “ns” = no significance, *p < 0.05, **p < 0.01, ***p < 0.001. Any comparisons lacking asterisks have no 
significance. Scale bars = 100 μm
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TIR domain-containing adaptor molecule 1 (TICAM-
1, also known as TRIF) is another DEG of interest, 
encoding an adaptor molecule to most toll-like recep-
tors (TLR), some of which possess the capability to detect 
single-strand RNA viruses [79–81]. We demonstrate that 
COVID-19 patients possess subtly elevated TICAM-1 
expression (Figs.  10A and 12H) and NF-kappaB signal-
ing in the hippocampus (Fig. 10C), the latter of which is 
the direct effect of the TLR-TICAM-1 signaling cascade. 
Interested in determining whether the upregulation of 
these immune signaling pathways corresponded with 
increased T-cell surveillance and invasion of the hippo-
campal parenchyma in COVID patients, we performed 
IHC quantification of CD3e-positive cells to cover both 

CD8 + and CD4 + lineages (Fig. 11A). We did not observe 
a difference in the quantity of hippocampal T-cells across 
cohort groups (Fig.  11B-C), suggesting that the previ-
ously described neuroimmune changes are largely orga-
nized by innate, rather than adaptive, signaling cascades.

Compared to the hippocampus, the gene expression 
changes observed in the more CP-distant MFG were 
muted and less conserved between patients (Figs. 10A-B 
and 12A-B). Pathway differences in the MFG of COVID 
and Non-COVID patients were much less pronounced 
(Fig.  10C), and the oligodendrocyte lineage dysregula-
tion observed in the hippocampus was absent (Fig. 10C). 
DEGs within the MFG were also more attenuated, with 
only a few astrocyte-associated genes (SERPINA3 and 

Fig. 5  White matter and hippocampal subfield analysis of total and homeostatic microglia in COVID-AD. Iba1-positive (A-B) and homeostatic P2RY12-
positive (D-E) microglia per mm2 in the STG and MFG white matter of Pre-2020 (N = 12), Non-COVID (N = 12), and COVID (N = 11) patients. Comparisons 
were made using an ordinary one-way ANOVA with Tukey’s multiple comparisons test, with a single pooled variance. Hippocampal subfield quantifi-
cation of Iba1-positive (C) and P2RY12-positive (F) microglia per mm2 was also performed to determine spatial location of profile changes in the hip-
pocampus. Subfield comparisons were made using an ordinary two-way ANOVA with Tukey’s multiple comparisons test, with a single pooled variance. 
Each group’s standard deviation is represented by error bars. “ns” = no significance, *p < 0.05, **p < 0.01, ***p < 0.001. Any comparisons lacking asterisks 
are non-significant
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CHI3L1) overlapping with the profile observed in the 
hippocampus (Fig. 12B, J-K). Interestingly, astrocyte and 
pro/anti-inflammatory pathways (“A2 Astrocyte”, “Astro-
cyte Markers”, “Chemokines”, “Complement System”) 
were some of the upregulated systems amongst mostly 
neutral/downregulated pathways in the COVID MFG 
(Fig. 10C). Relative comparisons between cytokine tran-
scripts included in the nCounter panel were analyzed, 
with trends towards increased CCL2 and IFNAR1 being 
observed in COVID patients (Fig. 12N).

Conclusions
Sharing a strikingly similar at-risk population, COVID-
19, AD, and their intersection represent a rapidly grow-
ing challenge for the world’s aging population. In this 
study, we conducted extensive immune and glial profiling 
of severe AD patients who survived systemic infection 
in the form of COVID-19 across multiple disease-rele-
vant brain regions. While related, informative research 
has previously been performed on this topic [82], our 
data specifically focuses on the long-term effects of 

Fig. 6  Assessment of microglial activation profiles in COVID-AD patients. (A) Representative images of CD68-positive microglia in hippocampus grey 
matter, FG + ITG cortex, STG cortex, and MFG cortex in our three patient groups. Inserts depict cellular morphology for each marker. CD68-positive microg-
lia morphology was largely spherical and ameboid, with a distinct loss of process length/extension. QuPath quantification of CD68-positive microglia per 
mm2 in (B) hippocampus grey matter (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11), (C) FG + ITG cortex (Pre-2020 N = 8, Non-COVID N = 12, and 
COVID N = 10), (D) STG cortex (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11), and (E) MFG cortex (Pre-2020 N = 12, Non-COVID N = 12, and COVID 
N = 11) in cohort patients. Measurements for the hippocampus come from the average of subfields CA4-EC (Fig. 7C). (F) Panel depicting ferritin-positive 
microglia in the hippocampal grey matter, FG + ITG cortex, STG cortex, and MFG cortex of our three patient groups. Ferritin-positive microglia appeared 
morphologically dystrophic, with retracted and “shriveled” processes. QuPath quantification of ferritin-positive microglia per mm2 in (G) hippocampus 
grey matter (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11), (H) FG + ITG cortex (Pre-2020 N = 8, Non-COVID N = 12, and COVID N = 10), (I) STG 
cortex (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11), and (J) MFG cortex (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11). Hippocampus 
means were derived from subfield averages (Fig. 7F). IHC was performed was performed in 10 μm-thick FFPE sections for both markers. Comparisons 
were performed using an ordinary one-way ANOVA with Tukey’s multiple comparisons test, with a single pooled variance. Each group’s standard devia-
tion is represented by error bars. “ns” = no significance, *p < 0.05, **p < 0.01, ***p < 0.001. Any comparisons lacking asterisks have no significance. Scale 
bars = 100 μm
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COVID-19 infection and recovery on neuroimmune 
states and potential progression of AD pathologies. In 
particular, we focused only on patients who did not die 
while experiencing a COVID-19 infection and who were 
COVID-negative at time of autopsy. Additionally, we 
were interested in the chronic neuroimmune alterations 
experienced by COVID patients and focussed on specific 
immunophenotypic shifts across cell types in the context 
of these two conditions.

Initial comparison of AD pathologies between Pre-
2020, Non-COVID, and COVID patients revealed 
significant FG + ITG and EC elevation of Aβ pathologi-
cal burden associated with COVID-19 at an average 
of 4.55 months post-infection. As one of the earliest 
brain structures affected by AD pathophysiology [83], 

EC parenchyma is already severely vulnerable to addi-
tional changes in the neural environment, potentially 
being ‘pushed over the edge’ into a more advanced dis-
ease state before other regions by elevated, periphery-
originating inflammatory signals. Elevated burdens of 
AD pathological hallmarks were also localized within 
the grey matter layers of the hippocampus, a trend that 
is also reflected throughout our glial analyses. With a 
majority of AD pathological changes occurring within 
these layers, the suggestion that COVID-associated 
neurological insults are also localized here lends to 
the idea of it being involved in disease progression. 
Importantly, the regions experiencing the most sig-
nificant increase in Aβ plaque coverage followed a pat-
tern distinct from those of the glial population changes 

Fig. 7  White matter and hippocampal subfield microglial activation profiles. Measurements for CD68-positive (A-B) and Ferritin-positive (D-E) microglia 
per mm2 in the STG and MFG white matter of Pre-2020 (N = 12), Non-COVID (N = 12), and COVID (N = 11) patients. Comparisons were made using an ordi-
nary one-way ANOVA with Tukey’s multiple comparisons test, with a single pooled variance. We also performed hippocampal subfield quantification of 
CD68-positive (C) and Ferritin-positive (F) microglia per mm2. Subfield comparisons were made using an ordinary two-way ANOVA with Tukey’s multiple 
comparisons test, with a single pooled variance. Each group’s standard deviation is represented by error bars. “ns” = no significance, *p < 0.05, **p < 0.01, 
***p < 0.001. Any comparisons lacking asterisks are non-significant
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Fig. 8  Astrocyte populations are universally diminished in COVID-AD. (A) Appearance of GFAP-positive astrocytes in the hippocampus and MFG of 
Pre-2020, Non-COVID, and COVID patients. GFAP-positive astrocytes displayed extended processes with filamentous patches in the vicinity of most 
cells. (B) QuPath quantification of hippocampal GFAP-positive cells revealed a significant reduction of reactive astrocyte number in COVID patients (Pre-
2020 N = 12, Non-COVID N = 12, and COVID N = 11). Hippocampal measurements were calculated from an average of CA4-EC subfield measurements 
(Fig. 8G). (C) There was no observed difference in GFAP positivity across groups in the MFG cortex. (D) Quantification of ALDH1L1-positive astrocytes 
was performed in the hippocampi and MFG of our cohort groups to assess the extent to which the pan-astrocyte lineage is affected in COVID patients. 
ALDH1L1-positive astrocytes displayed similar morphology to their GFAP counterparts but lacked the previously observed filamentous patches. (E) Qu-
Path quantification of ALDH1L1-positive astrocytes in the hippocampus revealed a significant reduction in number of the cell type in the COVID group 
(Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11). (F) Quantification of ALDH1L1-positive astrocytes in the MFG cortex revealed no differences 
across groups. Group averages were derived from subfield measurements (Fig. 8I). IHC was performed for both markers in 5 μm-thick FFPE sections. (G-I) 
Hippocampal subfield and (H-J) MFG white matter quantification of GFAP-positive and ALDH1L1-positive astrocytes. Comparisons were performed using 
an ordinary one-way ANOVA with Tukey’s multiple comparisons test, with a single pooled variance or an unpaired student’s t-test. Each group’s standard 
deviation is represented by error bars. “ns” = no significance, *p < 0.05, **p < 0.01, ***p < 0.001. Any comparisons lacking asterisks are non-significant. Scale 
bars = 100 μm
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described below, suggesting that neuroimmune mod-
ulation could be both a primary effect of COVID-19 
infection and upstream of any nascent accelerations 
of AD pathogenesis. Notably, milder trends towards 
increased Aβ burden were also observed in the more 
CP-proximal regions and hippocampal subfields of 
COVID patients in accordance with previous evi-
dence that implicated the CP as a major conduit for 
the transmission of systemic inflammation to the CNS 
[14, 29]. The pathological profiles of the Pre-2020 and 
Non-COVID groups were similar and did not differ 
significantly from one another, addressing the possibil-
ity of asymptomatic and undiagnosed patients existing 
within the Non-COVID group by validating its rep-
resentativeness against patients who could not have 
physically been infected by SARS-CoV-2.

As the quintessential immune cells of the brain, we 
first analyzed microglia using a variety of immuno-
histochemical markers to elucidate the precise neu-
roimmune profile of the COVID-AD brain. Systemic 
infection survival was significantly associated with 
chronically elevated numbers of hippocampal GM 
microglia, as evidenced by the quantification of Iba1-
positive cells. As a pan-microglial marker [51], the 
increased amount of Iba1 positivity in COVID points 
to heightened microgliosis and immune activation as 
key characteristics of systemic-CNS immune com-
munication, both of which have been previously dem-
onstrated to occur in humans with AD and models of 
the disease [15, 84, 85]. Importantly, we show that the 
proliferation of microglia associated with COVID-
19 infection is additive to the proliferation already 

Fig. 9  Proximity analysis of vasculature and astrocyte changes in COVID-AD. (A) Whole-tissue fluorescent scans of the hippocampus were taken using the 
Olympus VS200 platform at 20x magnification. Scans were loaded into QuPath, and a script was run to generate 7 concentric rings, each with a radius of 
10 μm, around all CD31-positive blood vessels. The 10 μm radius was chosen to be able to completely fit an astrocyte soma within the ring. (B) Represen-
tative 20x and 40x images of fluorescent double-staining for CD31 and GFAP (Pre-2020 N = 12, Non-COVID N = 12, and COVID N = 11). (C) % ROI covered 
by CD31-positive vasculature, (D) subfield coverage by CD31, (E) GFAP-CD31 colocalization, and astrocyte-vessel proximity analysis were all performed in 
the same section. Comparisons were performed using an ordinary one-way ANOVA with Tukey’s multiple comparisons test, with a single pooled variance 
or an unpaired student’s t-test. Each group’s standard deviation is represented by error bars. “ns” = no significance, *p < 0.05, **p < 0.01, ***p < 0.001. Any 
comparisons lacking asterisks are non-significant. Brightfield scale bars = 100 μm. Fluorescent scale bars = 60 μm and 20 μm, respectively
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Fig. 10  COVID-19 infection is associated with region-specific dysregulation of oligodendrocyte and myelin-associated pathways in AD. Volcano plots 
depicting DEGs in the hippocampus (A) and MFG (B) of COVID patients (N = 11) against a baseline of Non-COVID patients (N = 12) using the XT HS Glial 
Profiling panel on the NanoString nCounter® platform. 2 × 20 μm-thick whole tissue FFPE sections – including combined subfields and cortex/white 
matter - were used for RNA extraction. Bulk mRNA analysis was performed in the NanoString nSolver suite, with normalization of individual samples 
using six housekeeping genes included in the glial profiling panel. Benjamini-Yekutieli p-value adjustment for multiple comparisons was performed for 
differential expression. (C) Directed pathway scores in COVID hippocampus and MFG derived from the aforementioned nCounter® glial profiling panel 
with positive, lighter bars indicating upregulation and negative, darker bars indicating downregulation. Pathways in both regions are compared against a 
baseline of Non-COVID and are arranged from most upregulated to most downregulated from top to bottom. Oligodendrocyte cell-type scores (specific 
to oligodendrocyte cells) (D) and markers (cell-type markers combined with some myelination-associated and functional genes) (E) derived from genes 
included in the glial profiling panel are significantly lower (Fig. 12F) in COVID patients as compared to Non-COVID patients. (F) Representative hippocam-
pal IHC stains of Olig2 and PLP1 used for QuPath quantification in COVID (N = 11) and Non-COVID (N = 12) patients. IHC was performed in 5 μm-thick FFPE 
sections for both markers. Hippocampus Olig2 cells per mm2 (G) and PLP1 coverage (H) showed no differences at the whole region level but displayed 
some loss of Olig2 positivity in COVID patients at the subfield level (Fig. 12L). IHC comparisons were performed using an unpaired student’s t-test. Each 
group’s standard deviation is represented by error bars. “ns” = no significance, *p < 0.05, **p < 0.01, ***p < 0.001. Any comparisons lacking asterisks are non-
significant. Scale bars = 100 μm
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present within AD-afflicted, Non-COVID patients. 
This refutes the possibility that because AD patients 
are already at an advanced state of neurodegenera-
tion and inflammation, any accessory inflammatory 
insults would be essentially insignificant and negligible 
in the advancement of the disease. Complementary to 
this chronic elevation of proliferation, we observed 
a reduction in microglial homeostasis in COVID 
patients via quantification of P2RY12-positive cells. A 
marker for resting and ramified microglia [51], loss of 
P2RY12 positivity and morphological contraction of 
processes are well-documented indicators of neuroim-
mune activation, with reductions in this subpopulation 
in the parenchyma being some of the earliest microg-
lial changes observed in AD [17]. Though also present 

in other brain regions, this shift from homeostatic to 
activated microglia was most acute in the CP-adjacent 
hippocampus and the nearby FG + ITG cortices, pro-
viding further evidence of significant CP involvement 
in the transmission of inflammatory signals. Taken in 
concert, inflammation from these individual diseases 
is cumulative, resulting in microglial populations that 
are less homoeostatic and more activated than those in 
severe AD alone. Additionally, the described changes 
in the neuroimmune axis occur despite a lack of 
SARS-Cov-2 positivity at time of autopsy and with an 
indeterminate cytokine profile, suggestive of an unde-
termined, intriguing mechanism by which this microg-
lial profile is chronically altered in COVID patients.

Fig. 11  Quantification of CD3e-positive T-cells in the hippocampus CD3e-positive cells in the hippocampus were morphologically identical across 
groups, with a small, spherical soma (A). Most CD3e-positive cells were observed within the vasculature; however, some parenchymal infiltration could 
be observed, albeit in a limited manner. (B) Quantification of CD3e-positive T-cells in the hippocampus of COVID (N = 11), Non-COVID (N = 12), AND Pre-
2020 (N = 12) patients. (C) Subfield quantification of CD3e-positive cell coverage in the hippocampus. Subfield comparisons were made using an ordinary 
two-way ANOVA with Tukey’s multiple comparisons test, with a single pooled variance. Each group’s standard deviation is represented by error bars. “ns” 
= no significance, *p < 0.05, **p < 0.01, ***p < 0.001. Any comparisons lacking asterisks are non-significant. Scale bar = 60 μm
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Fig. 12  Bulk mRNA analysis of oligodendrocyte and myelin changes associated with COVID-AD. NanoString nCounter® Bulk mRNA data analysis of 
whole FFPE tissue sections from the hippocampus and MFG of COVID (N = 11) vs. Non-COVID (N = 12) patients. The top 25 DEGs based on significance 
and their fold changes from hippocampus (A) and MFG (B) are listed from 1–25 with the most significant DEGs being located at the bottom of the graph. 
Volcano plots for the DEGs making up the Oligodendrocyte Markers (C), Oligodendrocyte Differentiation/Maturation (D), and Myelogenesis (E) pathways 
in the hippocampus with a baseline of Non-COVID. (F) p-values provided by nSolver for cell-type scoring validating oligodendrocyte scoring based on 
cell-type-specific DEG markers. (G-K) Univariate comparisons of selected DEGs. Adjusted p-values for individual genes can be found on Fig. 6 and a lack 
of stars does not indicate non-significance. Hippocampal subfield quantification of Olig2-positive cells per mm2 (L) and percent coverage of tissue by 
PLP1 (M). Comparisons performed using an ordinary two-way ANOVA with Tukey’s multiple comparisons test, with a single pooled variance and *p < 0.05, 
**p < 0.01, ***p < 0.001. Each group’s standard deviation is represented by error bars. (N) Univariate comparisons of nCounter transcript counts for selected 
cytokines. Generally, targets with visually lower counts such as CCL13, IL10, IL1B, 1L6, and TNF expressed too few transcripts for reliable comparisons to 
be made. Bulk mRNA analysis was performed in the NanoString nSolver suite, with normalization of individual samples using six housekeeping genes 
included in the glial profiling panel. Benjamini-Yekutieli p-value adjustment for multiple comparisons was performed for differential expression
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Following the identification of increased microglial 
activation in COVID patients, we sought out a more 
nuanced image of the functional manifestations of this 
neuroimmune state. To do this, we evaluated various 
markers of microglial activity in our cohort groups, 
including CD68 and ferritin. No change in microg-
lial phagocytosis and general reactivity as assessed by 
CD68 immunopositivity [51, 86] was observed in the 
COVID group, however, a trend towards elevated fer-
ritin-positivity was present in the GM of all assessed 
brain regions. Though subtle, this trend suggests that 
COVID patients tend to have more dystrophic, iron-
accumulating microglia [57, 59], possibly as a result 
of chronic metabolic stress and ‘burnout’ [31, 87] or, 
more intriguingly, in response to increased levels of 
periphery-originating free iron in the brain associ-
ated with COVID-19 infection and resultant sequelae 
[88]. The activation state of CNS microglia in COVID 
patients was largely indeterminate, and further investi-
gation is required concerning the functional character-
istics of this population.

AD patients with COVID-19 also presented with 
extensive hippocampal astrocyte dysregulation as 
compared to their Non-COVID counterparts exhib-
ited by our quantifications of GFAP and ALDH1L1. 
While literature concerning the presence and effect 
of GFAP-positive reactive astrogliosis in humans with 
AD remains largely incohesive, studies performed in 
disease models have shown that experimentally atten-
uating reactive astrocyte proliferation results in the 
advancement of Aβ pathology [89], highlighting our 
observation of chronically reduced GFAP-positive 
astrocytes in COVID patients as a potential avenue 
for AD advancement. We also observed an attenuated 
but similar reduction in ALDH1L1-positive astrocytes, 
suggestive of a global effect of systemic infection on 
the astrocyte lineage rather than being limited to a 
reactive subtype.

The indiscriminate nature of COVID astrocyte dys-
function and the cell type’s crucial role in the neurovas-
cular unit [90] also imply some level of BBB dysfunction 
in these patients, potentially amplifying communication 
of systemic inflammation to the CNS. This is further sup-
ported by previous reports of BBB changes existing in 
COVID-19 and AD separately [91, 92]. This hypothesis 
is also in line with our ferritin-positive microglia data, 
as destabilization in CNS iron homeostasis follows BBB 
breakdown in multiple forms of disease [93]. Despite this 
information, we did not observe focal astrocytic loss in 
proximity to blood vessels in COVID patients, which 
could be indicative of other forms of BBB insult, such as 
the dysregulation of gap junctions and increased perme-
ability between CNS and periphery. Further investigation 
is necessary to better characterize if and to what extent 

the BBB plays a role in the changes observed in AD 
patients suffering from systemic infection.

Interestingly, acute phenotypic shifts in astrocytes 
were only observed in CP-adjacent regions such as the 
hippocampus, which suggests that astrocyte dysfunc-
tion and/or loss in COVID patients is more associated 
with changes at the blood-cerebrospinal fluid barrier 
(BCSFB) rather than at the BBB and general vasculature 
throughout the brain parenchyma. As we have observed 
astrocytic loss to not be significantly tied to vessel and 
BBB proximity, it is possible that the BCSFB is the major 
effector in inflammatory signaling and dysregulation as 
the other major CNS interface with the periphery. Fur-
ther research is required to better distinguish hippocam-
pal and CP-proximal astrocytes from their counterparts 
in the MFG and other regions in COVID patients, and 
to understand the implications of these shifts on the 
neuroimmune response to COVID and AD. Aside from 
vasculature support, CNS astrocytes have robust roles in 
synaptic maintenance and the perpetuation of the neu-
roimmune response [94], and more specific functional 
characterization of COVID astrocytes should be per-
formed in the future to understand their potential impact 
on the progression of AD pathology.

Whole-tissue transcriptomic analysis of the same 
patients generally confirmed the observations made in 
our immunohistochemical studies but also revealed the 
presence of extensive oligodendrocyte lineage (OL) dys-
regulation in COVID patients. WM and OL pathway 
downregulation have been extensively documented in 
COVID-19 patients and experimental models [95–97], 
and the detection of these changes in AD patients high-
lights another infection-associated risk factor for disease 
progression considering existing literature placing myelin 
dysfunction as an early change in AD patients [73, 76, 77, 
98]. The lack of agreement in these changes at the pro-
tein level as assessed by the more broadly labeling mark-
ers OLIG2 and PLP1 could reflect a more particularized 
alteration in these pathways, such as dysregulation in 
a subset of OL cells or in the lipid composition of the 
myelin sheath instead of the lipid-protein profile. Since 
we performed whole tissue RNA analysis, we did not 
have the spatial resolution for these changes in expres-
sion to determine if they were preferentially localized to 
the cortex or WM. Furthermore, many of the changes 
observed in glia-related pathways in the hippocampal 
subfields were localized to the directly periventricular 
CA4-CA2 regions, implying that these regions receive 
the highest concentration of inflammatory signals from 
the CP before diffusing to the rest of the hippocampus. 
This was also supported by the degree of expression 
changes between the MFG and the hippocampus, with 
the latter experiencing more acute modulations of DEGs, 
pathways, and overall tissue function.
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Bulk RNA-seq also further validated patients in 
the COVID group as being previously infected, with 
individual genes upregulated in the group such as 
TICAM1 and CTSB (Supp. Fig.  4I) having previ-
ously been demonstrated to be involved in COVID-19 
pathogenesis [99–101].

Interestingly, the most conserved changes in the top 
25 DEGs between regions were those associated with 
astrocytes such as ‘CHI3L1’ and ‘SERPINA3’, again sug-
gesting the presence of CNS-wide BBB dysregulation 
which is additive to blood-CSF barrier dysfunction in 
the hippocampus resulting in differing degrees of neu-
roimmune modulation. CHI3L1 (also known as YKL40) 
is of particular interest due to emerging evidence high-
lighting its role in neuroinflammatory astrocytic mecha-
nisms, including the impairment of neurogenesis and the 
development of cognitive impairment [102, 103]. With 
upregulation of the gene being observed both near and 
far from the CP (albeit, at different intensities), it’s plau-
sible that the astrocytic phenotype is associated with BBB 
dysregulation and, with recent studies in animal models 
tying its activity to Aβ burden [104], it could be an ave-
nue for the advancement in Aβ pathology observed in 
COVID-AD patients.

Here we demonstrate the ability for COVID-associ-
ated systemic inflammatory insults to be communi-
cated to the CNS across multiple interfaces, inducing 
a pro-inflammatory neuroimmune environment. In 
patients already suffering from AD, this inflamma-
tion is cumulative, adding to pre-existing disruptions 
of microglia and brain homeostasis associated with 
the disease, potentially increasing the risk for dis-
ease advancement. Novel alterations in astrocyte 
populations and oligodendrocyte function were also 
observed, conveying the possible extent to which 
peripherally located stimuli can influence the cellular 
composition of the CNS in AD and other neurodegen-
erative diseases.

While the self-report of COVID-19 infection history 
by patients is a limitation of the study, we attempted to 
address this by adding comparisons with non-infected 
pre-2020 patients, which validated our non-COVID 
control group and allows for important insights into the 
interaction between systemic infection and AD pathology 
to be taken from this study. Previous studies performed 
by our group [20, 31] have investigated the microglial 
response to Alzheimer’s disease pathology in comparison 
to non-demented control patients. This study focused on 
the effect of a COVID-19 infection on the neuroimmune 
environment with concomitant Alzheimer’s disease 
pathology. While this study would have benefitted from 
including both COVID-negative and more importantly 
COVID-positive non-demented control patient cohorts, 
brains from donors with the latter condition were not 

available in our brain bank at the time the study was con-
ducted. It will be very important to continue to study the 
effects of severe systemic infections, including COVID-
19 and more general sepsis on the neuroimmune envi-
ronment in brains from neurologically normal donors 
and donors suffering from neurodegenerative conditions. 
Despite limitations in the power of our study, significant 
changes in the CNS environment could still be detected, 
and we encourage other centers to perform similar inqui-
ries into COVID patients at their banks as further vali-
dation of these findings will only help to accelerate our 
understanding of the interaction between these two dis-
eases and could potentially inform future therapeutic 
strategies.
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