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Neurovascular injury with complement
activation and inflammation in COVID-19

Myoung-Hwa Lee,* Daniel P. Perl,? Joseph Steiner,’ Nicholas Pasternack,’

Wenxue Li,' Dragan Maric,' Farinaz Safavi,’ Iren Horkayne-Szakaly,® Robert Jones,>
Michelle N. Stram,* Joel T. Moncur,® Marco Hefti,> Rebecca D. Folkerth*

and ®Avindra Nath?

The underlying mechanisms by which severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) leads to acute
and long-term neurological manifestations remains obscure. We aimed to characterize the neuropathological
changes in patients with coronavirus disease 2019 and determine the underlying pathophysiological mechanisms.

In this autopsy study of the brain, we characterized the vascular pathology, the neuroinflammatory changes and cel-
lular and humoral immune responses by immunohistochemistry.

All patients died during the first wave of the pandemic from March to July 2020. All patients were adults who died after
a short duration of the infection, some had died suddenly with minimal respiratory involvement. Infection with
SARS-CoV-2 was confirmed on ante-mortem or post-mortem testing. Descriptive analysis of the pathological
changes and quantitative analyses of the infiltrates and vascular changes were performed.

All patients had multifocal vascular damage as determined by leakage of serum proteins into the brain parenchyma.
This was accompanied by widespread endothelial cell activation. Platelet aggregates and microthrombi were found
adherent to the endothelial cells along vascular lumina. Immune complexes with activation of the classical comple-
ment pathway were found on the endothelial cells and platelets. Perivascular infiltrates consisted of predominantly
macrophages and some CD8" T cells. Only rare CD4" T cells and CD20" B cells were present. Astrogliosis was also
prominentin the perivascular regions. Microglial nodules were predominant in the hindbrain, which were associated
with focal neuronal loss and neuronophagia.

Antibody-mediated cytotoxicity directed against the endothelial cells is the most likely initiating event that leads to
vascular leakage, platelet aggregation, neuroinflammation and neuronal injury. Therapeutic modalities directed
against immune complexes should be considered.
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Clg=complement component 1q; C4d=complement component 4d; COVID-19=coronavirus
disease 2019; DSP=digital spatial profiling; IPA=Ingenuity Pathway Analysis; LFC=log, fold change; PCA=
principal component analysis; RLE=relative log expression; rlog=regularized log; SARS-CoV-2=severe acute

respiratory syndrome coronavirus 2

Introduction

Patients with severe acute respiratory syndrome with coronavirus-2
(SARS-CoV-2) infection can develop a wide variety of neurological
complications. In severely ill patients, an encephalopathy may occur
and has been attributed to hypoxia or multi-organ dysfunction al-
though the pathophysiology remains unclear.?> Some may develop
ischaemic or haemorrhagic strokes as well as a variety of post-viral
immune-mediated syndromes.>* Encephalitis is rare; however,
acute haemorrhagic encephalomyelitis® or an acute disseminated
encephalomyelitis including transverse myelitis have been re-
ported.®” Microvascular pathology may occur in the brain and other
organs; however, the underlying mechanisms are unknown.® It
remains unclear whether viral infection of brain cells can develop
in these patients, or whether these syndromes are secondary to
immune-mediated phenomena. SARS-CoV-2 has rarely been found
in the CSF of patients with CNS symptoms,”° and autopsy studies
have either failed to find the virus or the virus has been found
in the brain at only low copy numbers without associated inflamma-
tion, which cannot explain the widespread pathology.'*™*
Additionally, many patients complain of persistent symptoms of
cognitive difficulties, extreme fatigue, sleep and autonomic dysfunc-
tion lasting several months after recovery from the acute infection
suggesting a post-viral CNS syndrome that has been termed
long-COVID or post-acute sequelae of SARS-CoV-2 infection, which
resembles myalgic encephalomyelitis/chronic fatigue syndrome.*

To explore these possibilities, we examined autopsy brain tissue
from patients who had died with coronavirus disease-19
(COVID-19) and performed detailed virological and immunohisto-
pathological analysis.

Materials and methods

Nine patients (seven males and two females; age 24-73 years) were
studied who had died during the first wave of the pandemic (March
to July 2020). Co-morbidities included diabetes (n=2, 22%), hyper-
tension (n=1, 11%), hypertension and diabetes (n=1, 11%) and sub-
stance use disorder (n=2, 22%). Five patients (56%) had died
suddenly. Four (44%) were found dead at home, one (11%) in a sub-
way. The remaining patients died within days to weeks after onset
of symptoms. All patients had evidence of lunginvolvement at time
of autopsy but only one patient required ICU admission. All pa-
tients had nasal swabs that were polymerase chain reaction posi-
tive for SARS-CoV-2 either before or after death. Preliminary
findings from these patients were previously published.'® Patients
in this series represent a subset of patients who showed micro-
vascular abnormalities on post-mortem MRI. The control group
consisted of nine males and one female; age 43-74 years. They
were diagnosed with pulmonary infections (n=2, 20%), systemic in-
fections (n=2, 20%), hypertension (n =4, 40%), bipolar disorder (n=1,
10%) and substance use disorder (n=1, 10%). There was no statistic-
ally significant difference in demographic characteristics between
groups. Fixation duration in 10% neutral buffered formalin was 2-

7 weeks in both groups. Characteristics of COVID- 19 patients and
non-COVID-19 controls are shown in Supplementary Table 1.

Immunohistochemical analysis was performed on autopsied brain
tissues including the olfactory bulb, frontal and temporal lobes, ba-
sal ganglia, hippocampus, thalamus, midbrain, pons, medulla ob-
longata and cerebellum (Supplementary Table 2). Brains were
dissected in the coronal plane and selected regions were fixed in
10% neutral buffered formalin. The samples were then embedded
in paraffin, cut into 5-pm thick sections and mounted on
SuperFrost® Plus (Thermo Fisher Scientific). The sections were pro-
cessed as follows: the slides were deparaffinized and rehydrated
using xylene and graded ethanol. For general morphological evalu-
ation, haematoxylin and eosin staining was performed.
Immunohistochemical staining was performed either on a Leica
Bond-MAX automated slide stainer (Leica Biosystems) using proto-
cols from the manufacturer or manually. For manual staining, anti-
gen retrieval was done by heat-induced antigen retrieval methods
in 10 mM citrate buffer at pH6.0 or 10 mM Tris-EDTA buffer at
PH 9.0; or enzyme-induced antigen retrieval method with protein-
ase K. Peroxidase was blocked by incubating tissues in 0.3 to 3.0%
hydrogen peroxide for 10 min at room temperature and protein
blocking was done with protein block solution (Agilent) for 30 min
at room temperature. Sections were incubated with primary anti-
bodies overnight at room temperature. After washing with 1x
Tris-buffered saline containing 0.05% Triton X-100, sections were
incubated with PowerVision polymeric horseradish peroxidase
anti-mouse IgG (Leica Biosystems) or PowerVision poly-HRP anti-
rabbit IgG for 2h at room temperature and developed with
3,3-diaminobenzidine (DAB; Vector Laboratories). Sections were
counterstained with haematoxylin (Agilent). Antibodies used for
immunohistochemistry are listed in Supplementary Table 3.

Protein levels were determined by immunohistochemistry.
Immunostained slides were scanned using a slide scanner
(Aperio AT2, Leica Biosystems) and random images per group
were captured from the whole-slide images scanned and quantified
in a blinded manner using unbiased analysis software. The extent
of fibrinogen deposition was quantified by mapping areas of strong
and weak immunostaining using ImageJ software (National
Institutes of Health, Bethesda, MD, USA). Then, the percentage
per total area was calculated. Data are expressed as percentage of
fibrinogen deposition over the total area. The image analysing steps
are illustrated in Supplementary Fig. 4.

For quantification of CD61 platelet aggregates, the number of
vessels with CD61* platelet aggregates was evaluated using
Aperio ImageScope software (Leica Biosystems). Then, 15-20 re-
gions of each stained brain section were randomly selected. Next,
CD61* vessels were counted in each region. Each area was


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac151#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac151#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac151#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac151#supplementary-data

Neurovascular pathology in COVID-19

1.2 mm?. Data are expressed as the number of vessels with CD61*
platelet aggregates per mm?.

Platelet endothelial cell adhesion molecule 1 (PECAM-1) levels
were assessed using ImageScope software (Leica Biosystems).
From each stained brain section, 15-30 small blood vessels seen
in cross section per 10 selected regions were selected. The area of
the entire vessel and lumen area were measured by tracing the con-
tours of the entire vessel and lumen within the vessel. Area of
PECAM-1 immunostaining was determined by subtracting luminal
area from entire vessel area. To exclude the effect of vessel size, the
PECAM-1 area was normalized by dividing it by the blood vessel
area. Data are presented as mean areas of PECAM-1.

Quantification of CD68, CD3, CD4, CD8, CD20 and TMEM-119*
cells was performed using Gen5 Image Prime software (BioTek,
Winooski, VT, USA). Fifty regions of each stained brain section
were randomly selected, and the number of positive cells was
counted. Each area was 0.4 mm?. Values represent the average num-
ber of cells per area (cells/mm?). Foci of microglia (immunostaining
for CD68) that were surrounding the neurons were counted and con-
sidered to represent foci of neuronophagia. Data are expressed the
average number of foci of neuronophagia per area (n/mm?).

Multiplex fluorescence immunohistochemistry was performed on
S-pm-thick formalin-fixed paraffin-embedded sections that were
deparaffinized. Antigen was unmasked using the heat-induced
antigen retrieval method. The sections were incubated with
Human BD Fc Blocking solution (BD Biosciences) and then incu-
bated in True Black Reagent (Biotium) to quench tissue autofluores-
cence. The sections were immunoreacted for 1h at room
temperature using 1-5 pg/ml cocktail mixtures of immunocompati-
ble antibodies (Supplementary Table 3), followed by washing in PBS
with 1 mg/ml bovine serum albumin and staining the sections for
1h atroom temperature using a 1 pg/ml cocktail mixture of appro-
priately cross-adsorbed secondary antibodies (Thermo Fisher;
Jackson ImmunoResearch; Li-Cor Biosciences) conjugated to one
of the following spectrally compatible fluorophores: Alexa Fluor
430, Alexa Fluor 488, Alexa Fluor 546, Alexa Fluor 594, Alexa Fluor
647, IRDye 680LT or IRDye 800CW. After washing, the sections
were counterstained using 1 pg/ml DAPI (Thermo Fisher) for visual-
ization of cell nuclei. Slides were then coverslipped and imaged
using a multispectral epifluorescence microscope.

Images were acquired from whole specimen sections using the Axio
Imager.Z2 slide scanning fluorescence microscope (Carl Zeiss AG)
equipped with a x20/0.8 Plan-Apochromat (Phase-2) objective (Carl
Zeiss AG), an ORCA-Flash4.0 sCMOS digital camera (Hamamatsu),
a 200W X-Cite 200DC broad band lamp source (Excelitas
Technologies) and eight customized filter sets (Semrock) to detect
the following fluorophores: DAPI, Alexa Fluor 430, Alexa Fluor 488,
Alexa Fluor 546, Alexa Fluor 594, Alexa Fluor 647, IRDye 680LT and
IRDye 800CW. Image tiles (600 x 600 pm viewing area) were individu-
ally captured at 0.325 pm/pixel spatial resolution, and the tiles
seamlessly stitched into whole specimen images using the ZEN 2
image acquisition and analysis program (Carl Zeiss AG). A colour ta-
ble was applied to each image channel to either match its emission
spectrum or to set a distinguishing colour balance. Pseudo-coloured
stitched images were exported to Adobe Photoshop, spatially
aligned at a pixel level of resolution, and overlaid as individual
layers to create multicoloured merged composites.
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RNAscope in situ hybridization was performed according to the
manufacturer’s instructions (Advanced Cell Diagnostics). In brief,
formalin-fixed, paraffin-embedded section slides were dried for
1h at 60°C, deparaffinized in fresh xylene and fresh 100% ethanol.
RNAscope® hydrogen peroxide was added to the sections and incu-
bate for 10 min at room temperature. For purposes of antigen re-
trieval, the slides were boiled in RNAscope® 1x Target Retrieval
Reagent for 15 min and then incubated in RNAscope® Protease
Plus for 30 min at 40°C. After washing, the slides were covered
with drops of probes targeting specific genes that are interested
and incubated for 2 h at 40°C. After hybridizing with the probe,
the signals were amplified sequentially with amplifiers and labelled
with a label probe using the 2.5 HD Detection Kit (as per the manu-
facturer’s procedure), at 40°C or room temperature. To reveal the
signal, slides were incubated in a red working solution for 10 min
at room temperature. Slides were then counterstained with 50%
haematoxylin and mounted with EcoMount mounting medium.
Images were captured using a whole-slide scanner (Aperio AT2).
Probes used in RNAscope in situ hybridization are listed in
Supplementary Table 4.

Gene expression profiles in the brainstem of three COVID-19 pa-
tients and two non-COVID-19 controls were investigated using the
NanoString GeoMX™ digital spatial profiling (DSP) platform with
the whole Transcriptome Atlas for 18704 human transcripts
(NanoString). The DSP workflow was carried out by NanoString
Technologies. Briefly, formalin-fixed, paraffine-embedded tissue
slides were deparaffinized and rehydrated using xylene and graded
ethanol. Antigen retrieval was performed in 10 mM citrate buffer at
pH 6.0 for 15 min at 100°C. A multiplexed cocktail of antibodies, each
with a unique ultraviolet-photocleavable indexing oligo, mouse
anti-GFAP antibody clone GAS (Thermo Fisher Scientific) conjugated
to Alexa Fluor 488, rabbit anti-CD45 antibody clone DOM81 (Cell
Signaling Technology) conjugated to Alexa Fluor 594, mouse
anti-CD31 (PECAM-1) antibody clone JC/70A (Abcam) conjugated to
Alexa Fluor 647 and Syto83 nucleic acid stain (Thermo Fisher
Scientific), was applied to a slide-mounted brainstem tissue section.
After staining, slides were scanned using a GeoMX™ DSP instrument
to generate digital fluorescentimages. Twelve regions of interestata
500-pm circular diameter for each immune antigen on each slide
were then selected based on the fluorescence imaging. Ultraviolet
light illuminated regions of interest to photocleave antibodies and
release oligos from region of interest. The released oligos were col-
lected and deposited into designated wells on a microtitre plate.
The oligos were then quantified by next-generation sequencing.
Reads were processed into digital counts and mapped back to each
region of interest, generating a map of transcript activity within
the tissue architecture. The workflow of DSP data generation and
representative regions of interest from each sample are illustrated
in Supplementary Fig. 21.

Normalization of raw distal counts were originally processed using
the NanoString third quartile (Q3) normalization procedure
(NanoString, Seattle, WA, USA). For Q3 normalization, raw counts
were normalized against the 75th percentile from their own regions


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac151#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac151#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac151#supplementary-data

4 | BRAIN 2022: 00; 1-14

of interest. Regions of interest were scaled so that they all have the
same value for their Q3 value. All the genes were divided by regions
of interest for their respective Q3 count and all the genes in all re-
gions of interest were multiplied by the geometric mean of Q3
counts for all regions of interest.

Quality control was performed by generating relative log expres-
sion (RLE) plots from the Q3 and median of ratios normalized
counts using the Exploratory Data Analysis and Normalization for
RNA-Seq (EDASeq) package in R (v.4.1.1) scripting language (R
Foundation for Statistical Computing). RLE plots were generated
using EDASeq’s ‘plotRLE’ function. RLE plots can indicate unwanted
sources of variation as deviations from the median expression line.
RLE plots were generated using the Q3 normalization from
NanoString, median of ratios normalization from the DESeq2 pack-
age in R,” and the raw counts. Rlog transformation was performed
using the DESeq2 package for certain analyses. Briefly, rlog trans-
forms the raw counts to the log, scale, minimizing inter-sample dif-
ferences with respect to transcripts with small counts, and then
normalizes counts to library size. Factors of unwanted variance (ex-
plained next) and sex were accounted for as batch effects using the
removeBatchEffect function in the limma package in R'® after rlog
transformation and median of ratios normalization and before
plotting.

Recent papers have identified improved methods for addressing
unwanted variance in DSP data compared to the default
NanoString analysis.’ First, lowly expressed genes (i.e. those
with five or fewer transcripts across all samples) were filtered. To
account for sources of unwanted variance in the DSP data we iden-
tified three housekeeping genes, Clorf43, EMC7 and PSMB4?° to use
as controls. Removal of unknown sources of variation was per-
formed using the ‘RUVg’ function in the remove unwanted vari-
ation from RNA-Seq Data (RUVSeq) package in R.?’ Briefly, RUVg
uses housekeeping genes to estimate unwanted variation via factor
analysis.

Differentially expressed genes between groups were identified
using the DESeq2 package in R."” Un-normalized counts were
used as input to DESeq2 and the design formula included sex
and three of the factors of unknown variation identified by
RUVSeq. Estimated log, fold change (LFC) values were shrunk
using adaptive shrinkage from the ashr package in R*? and plot-
ted using the Enhanced Volcano package in R.?> Genes with a
false discovery rate adjusted P-value <0.05 and | LFCs | >1 were
considered significant. A positive LFC indicates greater expres-
sion of a gene in patients compared to controls and a negative
LFC indicate less expression of that gene in patients compared
to controls.

Rlog transformed counts were used for principal component ana-
lysis (PCA) and heat maps. PCA was performed using the ‘prcomp’
function in R and were plotted using the ‘autoplot’ function of the
ggfortify package in R.?>* Loading plots were generated from the
PCA loadings and plotted using the ggplot2 package in R.*
Heat maps were generated to identify broad patterns in expression
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between samples among the transcripts that explained the most
variance. The median absolute deviation statistic was used to select
the top 1000 transcripts based on the amount of variability each
gene explained across samples. These genes were then plotted in
a heat map using the ‘heatmap.2’ function of the gplots package
in R. The dendrograms and sample order were determined using
complete-linkage agglomerative hierarchical clustering with a
Euclidean distance function. Z-score values were centred and
scaled along the row direction. Rows represent the median absolute
deviation 1000 genes and columns represent samples.

The top 1550 genes in terms of raw P-value from DESeq2 were im-
ported into the Qiagen Ingenuity Pathway Analysis (IPA) program
for core analyses.?® The IPA analyses were exported to R for plotting
in ggplot2. A Z-score <2 indicates significant upregulation of that
canonical pathway and a Z-score >2 indicates significant downre-
gulation of that canonical pathway.

Descriptive analyses were performed to provide information on the
general characteristics of the study population. The Kolmogorov-
Smirnov test was used to evaluate whether the distribution of nu-
merical variables was normal. Accordingly, two independent sam-
ple t-tests and one-way ANOVA were used to compare between/
among groups. The numeric variables were presented as the
mean and standard errors. Distribution of data in dot-plots is pro-
vided, as well as bars to indicate mean values in the figures. A
Pearson’s correlation coefficient was used to measure the statistic-
al relationship between variables. A P-value < 0.05 was considered
significant. Analyses were performed using GraphPad Prism
(GraphPad Software, v.9.1.2, La Jolla, CA, USA).

The authors confirm that the data supporting the findings of this
study are available within the article and its Supplementary
material. Derived data supporting the findings of this study are
available from the corresponding author on request.

Results

Fibrinogen is a large abundant protein in blood but is unable to
cross the intact blood-brain barrier. Inmunostaining for this pro-
tein showed areas of multifocal staining throughout the brain.
Strong diffuse immunostaining was present in the perivascular re-
gions with a gradient of weaker staining at increasing distance from
the blood vessels (Fig. 1A and B and Supplementary Fig. 1).
Fibrinogen leakage was evident in all COVID-19 cases
(Supplementary Fig. 2). The non-COVID cases showed none or
only minimal weak immunostaining (mean + SEM =1.73+0.45 ver-
sus 0.03+0.02% strong deposition, P=0.0011; mean + SEM=20.14 +
3.09 versus 0.18 +0.08% weak deposition, P<0.0001; mean + SEM =
21.88+3.43 versus 0.22 +0.10% total deposition, P <0.0001) (Fig. 1I).
In some regions of COVID-19 patients, neurons and glial cells
stained for fibrinogen, presumably representing uptake from the
parenchyma (Supplementary Fig. 3). The area involved varied
from 5-65% of the section, with strong immunostaining in <10%
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Figure 1 Microvascular injury and thrombus formation. Immunostaining for (A and B) fibrinogen, (C and D) CD61 for activated platelets, (E and F) vWF
and (G and H) PECAM-1 shows absence or minimal staining in the non-COVID-19 brain but in the COVID-19 patients, there was (B) perivascular leakage
of fibrinogen, (D) platelet aggregates, (F) thrombi and (H) increased PECAM-1 on endothelial cells. Significantly greater (I) leakage of fibrinogen (**P=
0.0011, ***P <0.0001) and (J) blood vessels with platelet aggregates were present in the COVID-19 brains (***P <0.0001). (K) PECAM-1 was significantly
increased in the brains of COVID-19 patients compared to non-COVID-19 controls (***P <0.0001). (L-N) Dots represent the average of individual values
in the brain regions that make up the forebrain or hindbrain of a patient. The forebrain includes the cerebrum, basal ganglia and thalamus. The hind-
brain contains the pons, medulla and cerebellum. (L) Strong fibrinogen deposition was equally distributed in different regions of the brain, while weak
deposition was more prevalent in the hindbrain compared to the forebrain (*P=0.04). (M) There were more thrombi in the hindbrain compared to the
forebrain of the COVID-19 patients (*P =0.04). (N) PECAM-1immunostaining was equally distributed in different brain regions of the COVID-19 patients.

Data represents mean = SEM. Scale bars = 100 pm.

of the section (Supplementary Fig. 5). Strong staining of fibrinogen
deposits showed no significant difference between brain regions,
but weak staining was more in the hindbrain than in the forebrain
(mean + SEM =26.87 +4.19 versus 15.75 + 2.66% weak deposition, P=

0.04) (Fig. 1L and Supplementary Fig. 5). One patient for whom the
olfactory bulb was available showed strong fibrinogen staining in
22% of the area (Supplementary Fig. 5). Thus, there was widespread
disruption of the blood-brain barrier in all patients. Leakage of
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plasma proteins from blood vessels into the brain parenchyma was
also confirmed by IgM staining (Supplementary Fig. 6). The pattern
is similar to that of fibrinogen leakage, although the fibrinogen leak-
age was much more prominent, probably because its molecular
mass is smaller and hence can diffuse further into the parenchyma.

To identify activated platelets, immunostaining was performed
for integrin B3 or CD61, which is a cell adhesion molecule.?”” >
Platelet aggregates were present in all brain regions of the
COVID-19 patients (Supplementary Fig. 1). Some small blood ves-
sels were occluded by the platelets, in others they lined the blood
vessels as focal aggregates adhered to the endothelial cells or
were present in the intraluminal space (Fig. 1C and D and
Supplementary Fig. 7). Platelet aggregates were also found in the
meningeal and choroid plexus blood vessels (Supplementary Fig.
7). Rare platelet aggregates were seen in the non-COVID-19 patients
(mean + SEM =162 versus 0.3+0.1 vessels with aggregates/mm?,
P<0.0001) (Fig. 1C, D and J). All COVID-19 patients had platelet ag-
gregates but were greater in the hindbrain compared to the forebrain
(mean+SEM=20+2 versus 14+1 vessels with aggregates/mm?,
P=0.04) (Fig. 1M and Supplementary Fig. 8). Cases 3, 4 and 6 had ex-
tensive platelet aggregation in all brain regions (Supplementary
Fig. 8), but microinfarcts were rarely seen. Immunostaining for
von Willebrand factor followed the pattern of CD61, confirming the
presence of thrombi in the blood vessels (Fig. 1E and F and
Supplementary Fig. 1).

Immunostaining for PECAM-1 showed increased staining in the
endothelial cells of the patients compared to controls (mean + SEM
=74.71+2.06 versus 41.29 + 4.16 mm?, P <0.0001) (Fig. 1G, H and K).
Staining showed increased intensity and surface area involvement
of the blood vessels in all brain regions with no significant differ-
ence between the different regions in COVID-19 patients (Fig. 1N
and Supplementary Fig. 9). This supports the previous observation
of increased platelets adherent to the endothelial cells.

To determine whether there was activation of the complement cas-
cade, we immunostained for several complement molecules.
Complement components 1q and 4d (Clq, C4d) were present on
endothelial cells and platelets. This was associated with deposition
of IgG and IgM. Only minimal staining was seen in the
non-COVID-19 controls (Fig. 2A-H and Supplementary Fig. 10).
Multiplex immunostaining showed co-localization of PECAM-1 on
endothelial cells with C1q, C4d and complement component com-
plex (C5b-9) along with IgG and IgM (Fig. 2I-V and Supplementary
Fig. 11). Deposition of immune complexes was seen in all regions
of the brain. C1q, IgG and IgM were also present in the perivascular
regions. They were predominantly in the extracellular matrix but
were also present in some glial cells and neurons. Focal areas of
Clq deposits were also seen on the myelin sheaths of axons
(Supplementary Fig. 12). RNA in situ hybridization for CIQA and
C3 showed that some endothelial cells and macrophages expressed
the complement genes, suggesting that these cells may contribute
to the complement cascade (Supplementary Figs 13 and 14).

Macrophage infiltration, as identified by CD68 immunostaining,
was a predominant cell type in the perivascular inflammatory infil-
trate. CD68" macrophages were present in all COVID-19 cases and
there was no significant difference between them although they
were in much greater numbers compared to non-COVID cases
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(mean + SEM=289.55+14.99 versus 71.70+7.04 cells/mm? P<
0.0001) (Fig. 3A and F). Macrophages were present throughout the
brain with higher infiltration in the hindbrain compared to the fore-
brain (mean + SEM = 376.00+25.00 versus 219.25 +25.11 cells/mm?,
P=0.0007) (Fig. 3G and Supplementary Figs 15 and 16). In some
areas, aggregates of CD68* cells formed microglial nodules
(Supplementary Fig. 17).

Anti-CD3 antibody was used as a pan-T cell marker. The pattern
of T cell infiltration was similar to that of the macrophages, except
that there were fewer T cells compared to the extent of macrophage
infiltrates (mean+SEM=14.00+1.97 versus 289.55x14.99 cells/
mm?, P<0.0001) (Fig. 3B and F). Subtyping of the T cells in the peri-
vascular region showed that CD8" cells were the predominant
cell type compared to CD4" cells (mean + SEM=10.91+1.24 versus
1.26+0.22 cells/mm?, P <0.0001) (Fig. 3C, D and H and Supplementary
Figs 15 and 16). T cells were localized within perivascular
spaces with very few cells in the parenchyma (Fig. 3H and
Supplementary Fig. 15). In some blood vessels, the T cells were ad-
herent to the endothelial cells on the luminal side (Supplementary
Fig. 15). Like macrophages, the T cells were also present in all re-
gions of the brain and in all COVID-19 cases (Supplementary Figs
15 and 16). Very few CD20" B cells were present (Fig. 3E and H and
Supplementary Figs 15 and 16).

Microglia clusters associated with neuronal cell loss were promin-
entin the grey matter of the cerebellum and brainstem nuclei (Fig. 4
and Supplementary Figs. 18 and 19). Multifocal areas of loss of
Purkinje cells, molecular cells and granule cells were seen in the
cerebellum. To further delineate the pattern of Purkinje cell injury,
the neurons were stained for calbindin. Loss of neuronal processes
resulted in a stripped pattern in the molecular layer (Fig. 4B and
Supplementary Fig. 18). The number of microglia clusters sur-
rounding neurons were counted and considered to represent neu-
ronophagia. Neuronophagia was present in all COVID-19 cases
and in much greater numbers compared to non-COVID cases
(mean+SEM=1.6+0.0 versus 0.0+0.0/mm? P<0.0001) (Fig. 4G).
There were more foci of neuronophagia in the hindbrain compared
to the forebrain (mean+SEM=2.3+0.3 versus 1.2+0.2/mm? P=
0.007) (Fig. 4H and Supplementary Fig. 18).

Immunostaining of resident microglia with anti-TMEM119 anti-
body showed that activated TMEM119" cells were present in all
COVID-19 case and there was no significant difference amongst
them although they were in much greater numbers compared to
non-COVID cases (mean+SEM=230.85+30.57 versus 41.20x+
9.35 cells/mm?, P<0.0001). Activated microglia were present in all
regions of the brain but were most prominent in the hindbrain com-
pared to the forebrain (mean + SEM = 285.88 +34.28 versus 170.79+
30.48 cells/mm?, P = 0.027), where it was also associated with neuro-
nophagia (Supplementary Fig. 19).

GFAP immunostaining was used as a marker of astrocyte activa-
tion. Intense astrocyte activation was present in the perivascular
regions including the walls of the blood vessels. In the cerebellum,
Bergmann astrocytosis was present in areas of neuronal loss. Mild
to moderate diffuse astrocytosis was seen in the white matter of the
brain (Supplementary Fig. 20).
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Figure 2 Complement activation and immune complexes. Immunostaining for (A and B) Clq, (C and D) C4d, (E and F) IgG, and (G and H) IgM shows
minimal staining in the brains of non-COVID-19 controls and extensive deposition on endothelial cells in the blood vessels of COVID-19 patients.
(I-V) Multiplex immunostaining (I) minimal PECAM-1 on endothelial cells and lack of deposition of (J) C1q, (K) C4d, (L) C5b-9, (M) IgG, and (N) IgM in
a non-COVID-19 brain tissue. (O) is a composite of each of the markers. In a COVID-19 tissue, there is (P) increased PECAM-1 in endothelial cells and
deposition of (Q) C1q, (R) C4d, (S) C5b-9, (T) IgG and (U) IgM. (V) shows co-localization of these markers on the endothelial cells. Scale bars = 50 pm.

DSP data generated from multiple region of interest comparable
glial activation, immune cell infiltration and vascular niche identi-
fied using the morphological markers GFAP, CD45 and PECAM-1in 2
non-COVID-19 and 3 COVID-19 brainstems were analysed
(Supplementary Fig. 21).

We sought to determine the most appropriate method of nor-
malization/transformation since we observed unwanted variation
in the Q3 normalized counts using RLE plots (Supplementary Fig.
22). Based on previously published work on the analysis of DSP
data, we used RUVSeq and DESeq?2 to successfully address the un-
wanted variation.'® RLE plots of median of ratios normalized data in
all regions of interest indicated successful normalization

(Supplementary Fig. 22C). PCA plots that used the rlog transformed
counts and accounted for unwanted variation showed separation
of patients from controls (Supplementary Fig. 22F).

Differentially expressed genes between COVID-19 patients and
controls were then identified (absolute LFC > 1; P-adj < 0.05).
Significantly differentially expressed genes identified by differen-
tial expression analysis (DEA) in all regions of interest, PECAM-1
rich regions and CD45 rich regions of COVID-19 patients are listed
in Supplementary Table 6. The heat map indicated some separation
by patient/control status and hierarchical clustering suggested pos-
sible patient-enriched clusters on the basis of transcript expression
patterns (Fig. SA). A total of 900 genes, including 727 decreased in
patients and 173 increased in patients, were significantly differen-
tially expressed by adjusted P-value in all regions of COVID-19
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Figure 3 Characterization of inflammatory infiltrates. The perivascular region shows infiltration of (A) CD68" macrophages, (B) CD3* T cells, (C) CD4" T
cells, (D) CD8" T cells and (E) a few CD20" B cells. (F) Increased amounts of CD68" and CD3" cells were present in COVID-19 cases compared to
non-COVID-19 controls (***P <0.0001). The predominant inflammatory response is mediated by macrophages with a lesser contribution from T-cell
populations (nearly 20-fold difference). (G) CD68" cells were present in greater numbers in the hindbrain compared to the forebrain of the COVID-19
patients (***P =0.0007). Dots represent the average of individual values in the brain regions that make up the forebrain or hindbrain of a patient. The
forebrain includes the cerebrum, basal ganglia and thalamus. The hindbrain contains the pons, medulla and cerebellum. (H) CD3* and CD8" T cells
were significantly increased in COVID-19 cases compared to non-COVID-19 controls (*P=0.04, **P=0.0003, ***P <0.0001). CD8" T cells were present
in relatively higher numbers than CD4"* T cells. Only rare CD4" T cells and CD20" B cells were present. All lymphatic cell types were predominantly
in the perivascular (PV) regions with few cells in the parenchyma (PC). Data represents mean + SEM. Scale bars = 100 pm.

patients compared to controls (Fig. 5B). The PCA demonstrated rela-
tively good separation between groups (Fig. 5C). PCA loading plots
were used to assess which features influenced relevant principal
components and, therefore, separation of patients from controls
(Fig. 5D). Based both on DEA and PCA, we highlight the importance
of APOD (encoding apolipoprotein D), CD74 (encoding an MHC-II
protein), GSTT1 (encoding glutathione S-transferase theta 1) and
TF (encoding coagulation factor III) transcripts as key players in
the pathophysiology of neuro-COVID-19 (Fig. 5D).

In addition, we identified 353 genes decreased in patients and
six genes increased in patients in PECAM-1 rich regions and three
genes increased in patients in CD45 rich regions of COVID-19 pa-
tients compared to controls (Fig. 5E and F). Of note, ATP synthase
and anchoring genes (ATP5MC2 and AKAP12) were decreased in
the PECAM-1 rich regions, and a metal ion transporter gene
(MT1X) was increased in patients in the CD4S5 rich regions.

Subsequent IPA revealed that altered gene expression in all re-
gions of interest of COVID-19 patients was associated with upregu-
lation of wound healing signalling pathway, signalling by Rho
family GTPases, pulmonary fibrosis idiopathic signalling pathway,
phagosome formation, neuroinflammation signalling, IL-8 signal-
ling, GNRH signalling and CREB signalling in neurons (Fig. 5G).
This supports the hypothesis that COVID-19 patients exhibit robust
innate immune responses in the brain. Transcriptional changes in
both PECAM-1-rich regions of interest and CD45-rich regions of
interest were uniquely associated with differential regulation of so-
nic hedgehog, RhoGDI, PTEN, HIPPO and coronavirus pathogenesis
pathways (Fig. 5G). PECAM-1 rich regions were associated with the

greatest degree of upregulation in the coronavirus pathogenesis
pathway.

We determined the relationship between fibrinogen leakage (per-
centage/total area) and inflammatory markers (cells/mm?), or
CD61* platelet aggregates and inflammatory markers (CD61* ves-
sels/mm?). Fibrinogen deposition was positively correlated with
the amount of CD68* cells (r=0.63, P<0.0001), TMEM119* cells (r=
0.41, P=0.0034), CD3* cells (r=0.55, P<0.0001) and CD8" cells (r=
0.43, P=0.0031). CD61" platelet aggregates were also positively cor-
related with the amount of CD68* cells (r=0.49, P=0.0003) and CD3*
cells (r=0.35, P=0.0109). A positive relationship was also found be-
tween fibrinogen deposition and CD61" platelet aggregates (r=0.37,
P=0.0084) (Fig. 6A and Supplementary Fig. 23).

We used multiple techniques to detect SARS-CoV-2 in the brain.
Polymerase chain reaction was performed using multiple primer
sets to different regions of the virus on frozen and fixed tissues. A
hybridization assay was used to capture any viral transcripts
and was followed by sequencing. Fixed tissues were subjected
to RNA in situ hybridization using RNAscope. Probes to detect
SARS-CoV-2 spike (S) gene were validated in human embryonic kid-
ney 293T cells transfected with the SARS-CoV-2 S plasmid. The cells
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Figure 4 Microglial nodules and neuronal injury. Microglial nodules, clusters of microglia, surrounding neurons in the grey matter were present.
(A) CD68" cells were found in clusters in the cerebellum of case 9. (B) Double labelling of CD68 (brown) and calbindin (red) in the cerebellum of Case
9 shows multifocal loss of neuronal processes. (C-F) Clusters of CD68" microglia surrounding neurons were present in the (C) hippocampal CA1 region
of Case 2, (D) thalamus of Case 8, (E) pons of Case 7 and (F) solitary nucleus of the medulla. (G) The number of foci of neuronophagia was significantly
increased in the brains of COVID-19 patients compared to non-COVID-19 controls (***P <0.0001). (H) There were significantly more foci of neuronopha-
gia in the hindbrain compared to the forebrain of the COVID-19 patients (*P=0.0071). Dots represent the average of individual values in the brain re-
gions that make up the forebrain or hindbrain of a patient. The forebrain includes the cerebrum, basal ganglia and thalamus. The hindbrain contains
the pons, medulla and cerebellum. Data represents mean + SEM. Scale bars = 50 pm.

were fixed in formalin and embedded in paraffin. All techniques
failed to detect any virus in the brain, including regions where there
were obvious signs of inflammation (Supplementary Fig. 24).

Discussion

Vascular pathology has been commonly described in SARS-CoV-2-
infected patients. 1-5% of hospitalized patients with COVID-19
develop strokes, some without underlying risk factors.*
Ischaemic and haemorrhagic strokes may occur.>*? Fibrin clots
have also been found in small blood vessels in the brain.*® The
cause of a hypercoagulable state is unclear but a generalized hyper-
inflammatory state'’ and anti-phospholipid antibodies have been
implicated.>* Rare cases of acute necrotizing haemorrhagic en-
cephalopathy have also been described.” Microcerebral haemor-
rhages may occur in critically ill patients.*® Using post-mortem
high-resolution MRI, we previously found that most patients had
widespread multifocal microvascular disease which corelated
with vascular leakage and injury.’® In the present study, we charac-
terized the pattern, mechanism and consequences of microvascu-
lar injury in patients with COVID-19. The loss of vascular integrity
was evident by the presence of several large proteins in the perivas-
cular regions that normally do not cross the blood-brain barrier.
These included fibrinogen, C1q, IgG and IgM. Fibrinogen was pre-
sentin high concentrations around the blood vessels with a gradual
decrease in concentrations at greater distances from the

vasculature. This suggests a leaky blood-brain barrier. All markers
of vascular injury were more common in the hindbrain. Similar de-
position of fibrinogen in the lumen of the blood vessels has been de-
scribed in active inflammatory lesions of multiple sclerosis. But
even in these patients there was no perivascular leakage of fibrino-
gen as described in our patients.*®

We investigated whether the vascular compromise could be re-
lated to endothelial cell dysfunction. Previous studies have shown
extensive endothelial cell injury in the lungs.*® Another study
showed damage to endothelial cells in the brain resulting in empty
basement membranes known as string blood vessels.?” We found
increased levels of PECAM-1 on endothelial cells. In contrast, an
in vitro study showed a decrease in PECAM-1 on endothelial cells
following treatment with recombinant spike protein of
SARS-CoV-2.%8 Thus, the mechanism of increased PECAM-1 levels
in the endothelial cells remains unclear. However, this molecule
can serve as an adhesion molecule for platelets and platelet aggre-
gates that were adhered to the endothelial cells was a prominent
observation in this study. The platelets were activated and, in
some instances, caused occlusion of the small blood vessels.
These observations were supported by spatial transcriptomics
data. The primary genes driving separation between CODIV-19 pa-
tients and controls, CD74 and TF, both contribute to thrombosis for-
mation. In addition to its role in immune function, CD74 is known to
be involved in thrombosis formation by contributing to the platelet
cytoplasmic Ca®* signalling pathway.>® TF contributes to throm-
bosis formation by encoding coagulation factor III (TF, tissue factor)
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Figure 5 Spatial gene expression profiling. Gene expression data of the brainstem obtained with the NanoString GeoMx platform was analysed by DEA,
PCA and IPA. (A-D) Gene expression profiling performed on all regions of interest (ROIs) was analysed. (A) Heat map of the top 1000 genes in terms of
median absolute deviation across samples. Complete-linkage hierarchical clustering with a Euclidean distance function was used to generate dendro-
grams. Column values were annotated based on COVID patient (red) or control (yellow) status. Z-scores were scaled and centred based on row values
and the histogram at the top left indicates no significant outliers or overly influential genes. (B) The volcano plot shows the relationship between
shrunken LFCs and P-values from our DEA of patients versus controls. Red dots indicate differentially expressed genes with an LFC > 1 and P<0.05.
(C) PCA plot of regularized log (rlog) transformed counts highlighting patient and control samples. (D) Loading plot of the top seven features in terms
of loadings from principal component 2, which separated patients from controls. Gene expression profiling performed on (E) PECAM-1 rich and (F)
CD45-rich regions of interest were analysed and plotted in volcano plots. (G) IPA output table shows a list of differentially regulated pathways in
the all, PECAM-1-rich and CD45-rich regions of interest of the COVID-19 brainstem. Upregulation of a pathway is represented by shades of orange

and downregulation in blue.
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Figure 6 Neurovascular injury with complement activation and inflammation in COVID-19. (A) Correlation matrix of the various cell type markers.
Pearson’s correlation coefficient (r) between two pairs of variables is shown in the heat map. The correlation coefficients are represented in terms
of the changes of the intensity of red/blue colour, as shown in the colour bar. (B) The proposed cascade of events to explain the neuropathological find-
ings is as follows: C1 binds to the IgG and IgM antibodies and activates the classic complement pathway. The end product of this cascade, C5b-9 binds to
endothelial cells and causes endothelial cell damage. This leads to activation of endothelial cells and increased PECAM-1 and VWF release, resulting in
platelet aggregation and thrombus formation. Simultaneously, there is leakage of serum proteins into the perivascular space, which leads to an influx
of monocytes and T lymphocytes into the parenchyma. Monocytes differentiate to macrophages and there is activation of microglia and astrocytes in

the brain parenchyma. This leads to neuronal injury and neuronophagia.

to initiate the coagulation cascade and has been reported to be in-
creased in COVID-19.*° The semaphore signalling and the RhoGDI
signalling pathways associated with vascular permeability were
enriched in COVID-19 patients compared to controls. This may ex-
plain the microinfarcts seen in some COVID-19 patients on MRL>!
One study found that the lungs of patients with COVID-19 have un-
ique vascular features consisting of endothelial damage, micro-
thrombosis and intussusception angiogenesis.>® They found that
out of 323 genes, 69 angiogenesis-related genes were differentially
regulated in the lungs of COVID-19 patients and the amount of new
vessels was 2.7 times as high compared to lungs of patients with in-
fluenza. Interestingly, we found 25 angiogenesis-related genes that
were differentially expressed in brain of the COVID-19 patients,

which overlapped with the previous study in lungs. We further
found that signalling pathways involved in angiogenesis were dys-
regulated. These vascular gene dysregulations are consistent with
the histopathological observations in our study.

Several makers of endothelial cell function have been studied in
COVID-19 patients. Meta-analysis showed that higher plasma le-
vels of vWF antigen, tissue-type plasminogen activator, plasmino-
gen activator inhibitor-1 antigen and soluble thrombomodulin
were associated with poor outcome.*! In the liver, strong vWF
staining in sinusoidal endothelial cells was associated with in-
creased platelet adhesion.*? Consistent with these observations,
we found increased immunostaining for vWF in the microthrombi.
Two patients had a history of drug abuse; however, there was
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nothing unusual about their vascular pathology compared to the
other patients.

To determine whether the compromise of the endothelial cells
maybe an immune-mediated phenomenon, we looked for the de-
position of immunoglobulins. Aggregates of IgG and IgM were found
on endothelial cells and platelet aggregates that co-localized with
several members of the complement cascade. The presence of
C1q, C4d and C5b-9 suggests activation of the classical complement
pathway. We also found deposition of C1q and C3 in macrophages
and endothelial cells, which has been shown to be induced by
SARS-CoV-2 spike protein.** Deposition of complement cascade
and immunoglobulins suggests an immune-mediated injury to the
endothelial cells. The antigen against which this immune response
is targeted remains unknown. Possibly, the antibodies are directed
against an antigen on the endothelial cells, e.g. anti-idiotypic anti-
bodies against the spike protein would bind to the ACE-2 receptor
on endothelial cells.** Alternatively, immune complexes formed
by the antibodies and spike protein that may bind to the ACE-2 re-
ceptor on the endothelial cells. The spike protein has been shown
to compromise the blood-brain barrier in vitro.** Elevated levels of
factors involved in the classical complement pathway have been
found in the plasma and autoantibodies that cross-react with brain
antigens and the spike protein have been described in the CSF of pa-
tients with neuro-COVID-19.% Critically ill patients with neurologic-
al manifestations have also been found to have autoantibodies in
plasma and CSF against a number of CNS antigens including endo-
thelium of blood vessels.*” Thus, while the damage to endothelial
cells may not be unique to the CNS, the consequences of the break-
down of the blood-brain barrier are unique to the CNS.

We found the cellular infiltrates of macrophages, CD4" T cells and
CD8* T cells in COVID-19 patients using immunohistochemistry,
which was consistent with other studies.’® Mirroring these observa-
tions, the results of our spatial transcriptomics data demonstrated that
the signalling pathways involved in the migration or trafficking of
these cells were enhanced in regions rich in PECAM-1* cells or CD45*
cells. These included RhoGDI, PTEN and Gui signalling pathways. The
cellular infiltrates were predominantly in the perivascular region and
largely composed of macrophages. There were 10-fold more macro-
phages compared to T cells. Although there were few T cells, CD8" cells
out-numbered CD4+ cells and there were only rare B cells. This sug-
gests that the inflammatory infiltrate was secondary to the leakage
of serum proteins into the perivascular region as macrophages act as
scavengers and help with the repair process. This is consistent with
other studies that have found activated monocytes and macrophage
markers in CSF***° and the brain.” In one study, the CD8* T cells
were further characterized to show that they had both cytotoxic and
exhaustion markers.>® We observed that the serum proteins such as fi-
brinogen and complement were taken up by glia and neurons.
Similarly, astrocytosis was also most prominent in the perivascular re-
gions suggesting that this was secondary to the vascular injury.

We also found multifocal loss of neurons in the hind brain including
the cerebellum. This pattern of neuronal loss cannot be attributed to
hypoxia where a more diffuse pattern of injury would be expected.
The damaged neurons were often in close vicinity of the activated
macrophages or microglia and there was evidence of neuronophagia
suggesting that the neuronal injury was secondary to glial cell activa-
tion. Neuronophagia in the brainstem of patients with COVID-19 has
been described previously.”® The underlying pathophysiological me-
chanisms of COVID-19-induced neuronal injury are unclear but may
be explained by metabolic dysregulation and oxidative stress and
DNA double-strand damage. Spatial transcriptomics of the brainstem,
where neuronal injury was evident, indicated dysregulation of genes

M.-H. Lee et al.

such as APOD, GSTT1, ATP5MC2 and MT1x and signalling pathways in-
cluding PTEN signalling and PPAR signalling. Taken together, these
findings are consistent with metabolic dysregulation. For example,
APOD has been shown to be upregulated in the brain following
HCoV-0C43 infection and has a neuroprotective effect by controlling
the levels of peroxidated lipids.>* We also found genes and signalling
pathways associated with oxidative stress and DNA damage were upre-
gulated in COVID-19. These included the genes ATPSMC2 and MT1x,
Sirtuin, and the HIPPO and ATM signalling pathways. While the dysre-
gulation of these genes and pathways may explain some of the patho-
logical observations in this study, they may also represent potential
therapeutic targets.

Interestingly, several of the pathological findings were more
prominent in the hindbrain, which is consistent with other studies
although the cause remains unclear.” It has been hypothesized that
the virus may reach the brainstem via the olfactory pathways or the
vagus nerve that innervates the respiratory and gastrointestinal
tracts.”®> However, we were unable to confirm the infection in the
brainstem. Involvement of the brainstem could have dire conse-
quences since many vital functions are controlled by this region.
It may also explain many of the acute and persistent manifesta-
tions seen in patients with COVID-19.*°* Importantly, five patients
in our study died suddenly, most while sleeping, hence the possibil-
ity of central apnoea needs to be considered although cardiac ar-
rythmia or dysautonomia could be contributory.

We and others have failed to detect the SARS-CoV-2 virus using
a variety of highly sensitive techniques.’®>® However, a previous
study showed that human brain endothelial cells can be infected
with the virus in vitro.*” Another study found small amounts of de-
tectable SARS-CoV-2 RNA in a few individuals in the olfactory bulb,
medulla oblongata and the cerebellum and viral protein was found
in areas of acute infarcts.®®> A subsequent study found double
stranded RNA in pericytes of brain blood vessels of patients with
COVID-19 and implicated it in the breakdown of the blood-brain
barrier.>® Very low levels of SARS-CoV-2 were also detected in other
studies by polymerase chain reaction only, and not by RNA in situ
hybridization or by immunohistochemistry. They concluded that
the neuropathological observations did not result from direct viral
infection of brain parenchyma but were more probably due to sys-
temic inflammation.'® Our spatial transcriptomics data supports
this in that most of the pathways that we identified as differentially
regulated are related to the immune response.

On the basis of these observations, we propose the following
cascade of events. Infection with SARS-CoV-2 triggers the forma-
tion of immune complexes activating the classical complement
pathway. The mechanism by which the viral infection causes the
formation of immune complexes is not clear as we were unable
to find the virus or viral proteins in the tissues. One possibility is
that anti-idiotypic antibodies against the spike protein might bind
to the ACE-2 receptor on endothelial cells triggering the cascade
of events.** These immune complexes may cause multifocal areas
of endothelial cell activation resulting in platelet activation, aggre-
gation and formation of thrombi. Injury to the endothelial cells may
result in leakage of serum proteins into perivascular regions. This
may set up several reparative cellular processes, which include in-
filtration of monocytes that differentiate to macrophages with
phagocytic activity to clean up the proteins. The serum proteins
are also taken up by glial cells and neurons. The inflammatory pro-
cess results in microglia activation causing neuronal injury and
neuronophagia (Fig. 5B). Since several of the patients in our series
died suddenly with very minor lung involvement, we believe that
had these patients survived they would probably have progressed
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to develop long-COVID. Hence the pathological findings here are
relevant to this population as well.

Our study has several limitations. Since several patients were
found dead, medical histories and post-mortem intervals were
not available. Even though we conducted extensive studies for de-
tection of SARS-CoV-2, it is possible that our inability to detect the
virus could be a technical or sampling artefact. Although the age
groups of our patients were not perfectly matched, the controls
were older and hence would have been expected to have more vas-
cular pathology. Four of the controls had respiratory or systemic in-
fections but did not demonstrate the pathological findings seen in
the COVID-19 patients. We did not include any controls with micro-
vascular disease hence we cannot be certain if the microvascular
changes seen in the COVID-19 patients are specific for the infection.

Conclusions

Injury to the microvasculature by immune complexes with comple-
ment activation is the key central event that results in breakdown
of the blood-brain barrier, microthromboses, perivascular inflam-
mation and neuronal injury. We postulate that these events are
central to the development of the neurological manifestations
seen in acute COVID-19 and possibly in long-COVID. Importantly,
these studies suggest that therapeutic approaches targeted against
the development of immune complexes should be considered.
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