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Abstract: Here, we aim to describe COVID-19 pathology across different tissues to clarify the disease’s
pathophysiology. Lungs, kidneys, hearts, and brains from nine COVID-19 autopsies were compared
by using antibodies against SARS-CoV-2, macrophages-microglia, T-lymphocytes, B-lymphocytes,
and activated platelets. Alzheimer’s Disease pathology was also assessed. PCR techniques were
used to verify the presence of viral RNA. COVID-19 cases had a short clinical course (0-32 days) and
their mean age was 77.4 y/o. Hypoxic changes and inflammatory infiltrates were present across all
tissues. The lymphocytic component in the lungs and kidneys was predominant over that of other
tissues (p < 0.001), with a significantly greater presence of T-lymphocytes in the lungs (p = 0.020),
which showed the greatest presence of viral antigens. The heart showed scant SARS-CoV-2 traces
in the endothelium—-endocardium, foci of activated macrophages, and rare lymphocytes. The brain
showed scarce SARS-CoV-2 traces, prominent microglial activation, and rare lymphocytes. The pons
exhibited the highest microglial activation (p = 0.017). Microthrombosis was significantly higher in
COVID-19 lungs (p = 0.023) compared with controls. The most characteristic pathological features
of COVID-19 were an abundance of T-lymphocytes and microthrombosis in the lung and relevant
microglial hyperactivation in the brainstem. This study suggests that the long-term sequelae of
COVID-19 derive from persistent inflammation, rather than persistent viral replication.
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1. Introduction

Coronaviruses (CoVs) are enveloped, positive-sense, single-stranded RNA viruses.
They are characterized by frequent genomic recombination, high prevalence, and wide
distribution, and they typically infect the respiratory and digestive tracts of several animal
species, as well as humans. In certain geographical areas, the close interface between
humans and animals facilitates zoonotic transmissions, resulting in the emergence of new
human CoVs [1]. Common human CoVs include two alpha-CoVs (HCoV-229E and HCoV-
NL63) and two beta-CoVs (HCoV-OC43 and HCoV-HKU1) which cause mild, self-limiting
upper-respiratory-tract infections [2]. Contrarily, SARS-CoV and MERS-CoV are two highly
pathogenic beta-CoVs, which have been identified as the etiologic agents of SARS (severe
acute respiratory syndrome) and MERS (middle east respiratory syndrome) outbreaks in
2002 and 2012, respectively. In autumn 2019, an outbreak of severe pneumonia of unidenti-
fied etiology was reported in Wuhan, Hubei Province, China. On 9 January 2020, China
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announced the identification of a novel beta-CoV as the etiologic agent of the outbreak. The
virus was subsequently named SARS-CoV-2 by the International Committee on Taxonomy
of Viruses. It causes a systemic disease identified as coronavirus 2019 disease (COVID-19).
The mortality rates due to SARS-CoV (9.6%) and MERS-CoV (34.3%) are significantly higher
than that of SARS-CoV-2 infection (4.4%), but the latter is more easily transmittable, which
explains its rapid spread and the massive number of cases worldwide [3]. SARS-CoV-2
represents a “perfect pandemic virus”, surpassing SARS-CoV and MERS-CoV in terms
of infected people, geographical expansion, and deaths [4]. On 1 March 2020, COVID-19
was declared a pandemic by the World Health Organization (WHO) and remains to this
day a global threat to public health (WHO-March 2020). By August 2022, there had been
589,680,368 confirmed cases of COVID-19, with 6,436,519 deaths reported to the WHO
(https:/ /covid19.who.int/ accessed on 20 August 2022). Although the respiratory system
is undoubtedly the main target of SARS-CoV-2, the infection is characterized by a broad
spectrum of clinical manifestations denoting a multiple-organ disease, which has been
confirmed by pathologic studies [5-8]. The involvement of different organs and extent of
the lesions can be considered reliable prognostic factors for adverse outcomes in COVID-19
patients and for the development of post-acute COVID-19 syndrome [9]. Indeed, post-
acute COVID-19 syndrome, divided into subacute or ongoing symptomatic COVID-19
(4-12 weeks after disease onset) and chronic or post-COVID syndrome (beyond 12 weeks),
may affect the lungs, kidneys, heart, and brain with variable severity [9]. Pulmonary
outcomes range from a chronic cough to respiratory insufficiency due to fibrosis [10], renal
dysfunction may persist and lead to chronic kidney disease [11], heart complications in-
clude arrhythmias and heart failure [10,12], and the so-called “brain fog” affects cognitive
functions after the acute phase of the disease [13].

Damage to the lungs is typically marked by diffuse alveolar damage (DAD) of vari-
able degrees and stages (acute—proliferative—fibrotic), with edema and hyaline membrane
formation, cytopathic features, and hyperplasia of type-2 pneumocytes, and the presence
of SARS-CoV-2 antigens, accompanied by macrophage and lymphocyte infiltration, or-
ganizing pneumonia, and frequent superimposed bacterial infection. Moreover, vascular
damage is often described with the formation of microthrombi and thrombi, hemorrhagic
infarctions, and pulmonary thrombo-embolism [3,14-24]. DAD is a key pathophysiolog-
ical mechanism of lung damage in SARS-CoV-2 infection that is present in 88% of cases;
however, it is not pathognomonic for COVID-19. Indeed, DAD with prominent hyaline
membrane formation is also very frequent in SARS-CoV (98%) and influenza A/HIN1
(90% in the 2009 pandemic). On the other hand, micro-thrombotic disease has been reported
with a similarly high prevalence among COVID-19 (57%) and SARS (58%) cases, while it is
lower for HIN1 (24%) flu cases [25].

At the kidney level, the main histological findings are acute tubular injury, inflam-
matory infiltrates, and microvascular occlusion of glomerular and peritubular capillaries,
frequently accompanied by arteriolosclerosis and glomerular degeneration (pre-existing
chronic renal disease). Transmission electron microscopy has revealed the presence of viral
particles in the tubular epithelium and podocytes [8,22,23,26,27].

Regarding the heart, the most common findings are pericarditis and myocarditis with
inflammatory foci associated with myocyte injury and fibrosis that may also reflect a pre-
existing disease [15,16,21,23,28-30]. In the heart, there are only scarce molecular traces
of SARS-CoV-2 [31], while macrophage infiltration is predominant with a low number
of lymphocytes [32]. Other authors have reported a predominance of thrombosis and
micro-thrombosis leading to ischemic injury [30,33].

From a neuropathologic standpoint, a wide range of changes are observed. In almost
all postmortem evaluations, brain congestion, edema, and neuronal loss caused by se-
vere hypoxic phenomena due to pulmonary and heart complications have been observed.
Moreover, inflammatory processes are frequently described, including acute disseminated
encephalomyelitis (ADEM)-like features and different patterns of immune-induced menin-
goencephalitis with meningeal, perivascular, or parenchymal lympho-monocytic infiltrates,
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while the presence of SARS-CoV-2 in the brain remains controversial. Microglial activation
with microglial nodules is often detected. In this regard, it should be considered that the
elderly population is the most affected by the severe form of COVID-19, and many patients
had pre-existing neurocognitive disorders; thus, brain inflammation changes and conse-
quent neurological manifestations may be greatly influenced by the presence of microglial
“priming” due to neurodegeneration [34—44]. Vascular injuries of either the ischemic or
hemorrhagic type are also reported, including macroscopic and microscopic lesions caused
by clotting alterations and/or endotheliitis [35,37,40-42,45-47].

Although the liver is one of the most important immunological organs in the body and
alterations in liver parameters are frequently reported in COVID-19, especially in severe
cases, the pathological findings are non-specific and the impairment of liver function does
not appear clinically relevant in SARS-CoV-2 infection [48-50].

Many assume the presence of active viral replication, not only in the lungs, but also
in other organs [51-53], probably depending on the differential expression of angiotensin-
converting enzyme 2 (ACE-2) receptors and TMPRSS-2 transmembrane protease, which are
the main cellular factors involved in viral entry [54]. COVID-19 induces multi-organ dam-
age, the pathological aspects of which are essential for understanding the pathophysiology
of the acute disease, as well as its long-term manifestations. Nonetheless, comparative
studies between the various organs involved are still lacking. The aims of this work are:
(1) to describe how the above-mentioned organs are involved and how SARS-CoV-2 spreads
and persists throughout the organism; (2) to compare the inflammatory infiltrates of the
lungs, the organ massively affected by the viral invasion, with those of the kidneys, heart,
and brain, which are non-primary targets for the virus; (3) to emphasize the pathological
features specific for SARS-CoV-2 infection through a comparison between COVID-19 and
non-COVID lungs, and between COVID-19 brains with and without neurodegenerative
burden (i.e., Alzheimer’s disease—AD pathology) and non-COVID brains with and without
AD pathology; and (4) to investigate the role of microthrombosis.

2. Materials & Methods
2.1. Study Design, Setting, Participants, and Clinical Data

This is an observational study based on a cross-sectional analysis of clinical and patho-
logical data from COVID-19 cases. The study comprises patients from elderly care units
who died during the first tumultuous pandemic peak. Most of them were not hospital-
ized, and the availability of blood tests is scant; thus, the information obtained through a
retrospective review of medical records is limited to clinical data. COVID-19 cases were
subjected to forensic autopsies, ordered by the Prosecutor. Human autopsy samples were
harvested and provided by the Unit of Legal Medicine and Forensic Sciences (Department
of Public Health, Experimental and Forensic Medicine, University of Pavia, Pavia, Italy).
All consecutive COVID-19 autopsies performed between 17 April and 4 June 2020 were con-
sidered for this study. The inclusion criteria were: (1) SARS-CoV-2 infection (Delta-variant)
confirmed by a positive pharyngeal swab and (2) continuous refrigeration of the cadaver
at 4 °C leading to the time of autopsy with adequate tissue preservation for histological
multi-organ comparison, including the brain. Of the 15 COVID-19 autopsies performed,
9 were selected, while 6 were excluded for inadequate preservation of the brain tissue.
Owing to the presence of cognitive disturbances in over half of the cases, and the fact that
these disturbances worsened during COVID-19, we chose to also evaluate the presence
of AD neuropathology. In addition, 10 matched controls were studied: for lung compari-
son, 5 cases with non-COVID pneumonia were selected from the Unit of Legal Medicine,
while, for neuropathological comparison, 5 non-COVID brains were selected from the
Abbiategrasso Brain Bank (ABB) at the Golgi-Cenci Foundation (Abbiategrasso, Milan,
Italy), including 3 cases with AD pathology and 2 with no AD pathology. A retrospective
review of medical charts was performed by two forensic medical doctors, a geriatrician,
and a neurologist in order to ascertain the clinical history of the selected cases. The patients
were clinically defined for the presence or absence of comorbidities, dementia, delirium,
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and sepsis. The DSM-5 criteria were used to define the mental state and identify any
pre-existing cognitive dysfunction, namely major neurocognitive disorder (major-NCD) to
indicate dementia and mild-NCD to designate mild cognitive impairment (MCI). Sepsis
was considered a severe bacterial superinfection with at least one positive blood culture.

2.2. Autopsies and Sampling of the Organs

All autopsies were conducted respecting all the recommendations for forensic autopsy
in SARS-CoV-2 infected cadavers [55]. All tissue samples were harvested and processed as
previously described [34,56]. Briefly, the sampling protocol for pathological examination
included 1 section per each pulmonary lobe; 5 heart sections from a mid-horizontal slice
(anterior and posterior right ventricle, septum, left ventricle, and 1 epicardial coronary);
and 1 section from each kidney, including the cortex and medulla (The Royal College of
Pathologists 2020) [57]. For the neuropathological characterization, a total of 7 sections were
considered: frontal, temporal, parietal, and occipital lobes; hippocampus—entorhinal cortex;
pons; and the cerebellum. Before fixation, a small portion from the fronto-basal region
was frozen for quantitative Reverse-Transcription—-PCR (qRT-PCR) and droplet digital PCR
(ddPCR) analysis in order to detect viral RNA [58]. The liver, hypophysis, thyroid, spleen,
adrenal glands, uterus, or prostate, besides the brain, lungs, heart, and kidneys, were also
included in the routine histopathological examination. Upon Hematoxylin—Eosin (H&E)
staining, we did not observe any peculiar features that could be related to COVID-19.
Moreover, the subjects of the present study did not show any clinical signs related to a
possible liver failure or impairment. Therefore, despite the liver being one of the most
important organs of the body, we chose to perform the study on the brain, lungs, heart, and
kidneys, for which the clinical picture and the routinary H&E staining provided the most
interesting results.

In accordance with Italian Law, this research was performed on small portions of
biological samples routinely taken during autopsies that had already been examined for
diagnostic and/or forensic purposes. The subjects of the study were kept anonymous. The
reference law is the authorization n9/2016 of the guarantor of privacy, then replaced by
Regulation (EU) 2016/679 of the European Parliament and of the Council. The ABB autopsy
and sampling protocol [59] were approved by the Ethics Committee of the University of
Pavia on 6 October 2009 (Committee report 3/2009).

2.3. Histology and Immunohistochemistry

All sections were compared for morphology using Hematoxylin—Eosin (H&E) stain-
ing. Alzheimer’s Disease (AD) severity was assessed on sections immunostained with
antibodies against beta-amyloid (4G8, monoclonal antibody, BioLegend San Diego, CA,
USA; 1:1000) and phospho-tau (AT8, monoclonal antibody, clone MN1020, Thermo Fisher
Scientific Waltham, MA, USA; 1:200) and defined according to Montine’s scheme (low—
intermediate-high AD pathology) [60].

To assess SARS-CoV-2 presence, inflammatory infiltrates, and microthrombi, the
following anatomical regions were considered: inferior left lung lobe, right kidney, left
heart ventricle, frontal lobe (gray—white matter) for the forebrain, and pons for the hind-
brain. Antibodies against the following antigens were used: SARS-CoV-2 nucleocapsid
(monoclonal antibody, clone B46F, and Invitrogen Waltham, MA USA; 1:100), CD68 (mono-
cytes and activated macrophages: polyclonal antibody and Invitrogen; 1:500—brain mi-
croglia:zmonoclonal antibody clone KP1, and Dako Santa Clara, CA 95051 United States;
1:100), CD3 (T-lymphocytes: monoclonal antibody, clone SP7, and Invitrogen; 1:200—brain:
monoclonal antibody, clone F7.2.38, and Dako; 1:50), CD20 (B-lymphocytes: polyclonal
antibody and Invitrogen; 1:300—brain: monoclonal antibody, clone L26, and Dako; 1:100),
CD42b (activated platelets: monoclonal antibody, clone 42C01, and Invitrogen; 1:100), and
GFAP (astrocytes: polyclonal antibody, and Dako Z0334; 1:1000).

The most affected sections were chosen among all of the anatomical regions; succes-
sively, low magnification (4x) was used to explore the slide and higher magnifications
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(10-20x) to investigate the morphological aspects. For each representative slide, 5 areas
of 4.7 mm? were evaluated (the 4 corners and the center). In order to characterize the
infiltrate, the most affected area was selected for scoring. To grade the reactions, compara-
ble semi-quantitative 4-point scoring systems (0-3) were used. To quantify the presence
of lymphocytes and monocyte-macrophages in the different infiltrates of the various tis-
sues, we effectively applied the method described by Matschke and colleagues based on
cell counts: 0/4.7 mm? = 0, none; 1-9/4.7 mm? = 1, mild; 10-49/4.7 mm? = 2, moder-
ate; and >49/4.7 mm? = 3, severe [35]. To evaluate the activation of brain microglia, we
applied the 0-3 scoring method already consolidated in our laboratory [34]. To quan-
tify the microthrombi, the thrombosed capillaries were counted (0/4.7 mm? = 0, none;
1/4.7 mm? = 1, mild; 2/4.7 mm? = 2, moderate; and >3/4.7 mm? = 3, severe). Scores of
0-1 (none-mild) were considered not relevant in all tissues and reactions, while scores
of 2-3 represented a moderate to severe pathological alteration. Two neurologists with
expertise in neuropathology and two pathologists blinded to the clinical history performed
the pathological assessment. Whenever discrepancies between the gradings emerged, the
area was reassessed together until an agreement was reached.

2.4. Statistical Analysis

All statistical analyses were conducted using R (version 4.2.1; R Core Team; R Founda-
tion, Released 2021, Vienna, Austria). p-values of < 0.05 were considered significant. Given
the ordinal nature of the scores and the low number of cases, a nonparametric statistical test
was used. The T and B lymphocyte sum was considered as a further variable. Friedman’s
test with Durbin—Conover pairwise comparison was used to compare the different tissues
within subjects (R package PMCMR). Score differences between the cases and controls for
each organ were compared using the Mann-Whitney U test.

3. Results
3.1. General and Clinical Characteristics

The demographic and clinical features of the study participants are shown in Table 1.
The nine COVID-19 patients (four females and five males) died 0 to 32 days after diag-
nosis (mean: 10 days). At death, their mean age was 77.4 (range: 29-94), and the mean
post mortem interval was 7 days (range: 3-13). All subjects, except for patient COV2 (a
previously healthy young man), had several comorbidities of varying severity, including
pulmonary diseases, hypertension, diabetes, obesity, and cancer. None of them had severe
heart failure. Six had a history of NCD (four major-NCD and two mild-NCD), five of whom
had a clinical course complicated by delirium (three as the first COVID-19 symptom). The
other three were cognitively normal. All cases developed severe lymphopenia and typical
symptoms (fever-cough-dyspnea), except for the COV2 case, who was asymptomatic and
died from hemorrhagic shock due to accidental trauma. Three had sepsis before death
and only one was treated in an intensive care unit; however, none of them underwent
orotracheal intubation (Table 1). The five cases with non-COVID pneumonia (from the
Institute of Legal Medicine) and the five non-COVID ABB controls were matched for age
and comorbidities. These subjects died of either of the following: pneumonia—pulmonary
failure, heart failure, cachexia due to terminal dementia, or cancer.

Table 1. General and clinical information.

General and Clinical Features

Code

(Days/Hours)  gex  Age (ylo) Anamnesis; Cause of Death NCD DEL SEP
COoVv2 29 NR; hemorrhagic shock no no no
Ccova 67 Obesity, HTN, and CVD; CIP and no no yes

respiratory failure
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Table 1. Cont.

PMD General and Clinical Features
Code  (pays/Hours)
aysitiours)  gex  Age (y/o) Anamnesis; Cause of Death NCD DEL SEP
COVe 11d F 20 HTN and COPD; respiratory failure no no no
COV3 7d M 87 T2D and CVD; respiratory failure ~ Mild (vCr) L Per/Hypo no
(early onset)
COV10 74 M 81 AF and paraparesis (p?ekus GBS); Mild (VCI) Hypo yes
respiratory failure (late onset)
covi 7d F 74 NR; respiratory failure Major (AD) Hyper no
(early onset)
T2D, HTN, CVD, and AF; Major Hypo
COV5 3d F o4 multiorgan failure (AD + VaD) (early onset) yes
COVs 13d F 83 HTN; respiratory failure Major (AD) no no
HTN and cerebrovascular disease; Major Hyper/Hypo
covo 6d M 92 respiratory failure (AD + VaD) (late onset) no
11 4d F 76 AF; multiorgan failure 7 days after no no no
head trauma
HTN CVD, and cerebrovascular Major Hypo
L2 5d M 92 disease; respiratory failure (VaD) (late onset) noe
13 6d F 60 CVD; multiorgan failure 3 days no no no
after head trauma
L4 4d M 62 HTN; respiratory failure no no yes
HTN and COPD; multiorgan failure Major Hypo
L5 8d M 74 10 days after intestinal perforation (AD + VaD) (Iate onset) yes
B1 3h M 79 T2D; liver cancer no no no
Mild (VCI)
B2 8h M 79 HTN, CV'D, and cerebrgvascular and no no
disease; cachexia ] .
hemiparesis
HTN, CVD, and cerebrovascular Major
B3 16h F 8 disease; CHF (AD + VaD) no no
CVD and cerebrovascular disease; Major Hyper
B4 15h F 8 CHF (AD + VaD) (prev. ep) no
BS 15h F 89 HTN, COI.’D, and cerebrovascular Major (AD) Hyper no
disease; cachexia (prev. ep)

Note: COVID-19 cases are labeled as ‘COV’, control cases are identified as ‘B’ (Brain Bank) for brain and L (lung
control) for lungs; PMD was measured in days (d) or hours (h). Abbreviations (in alphabetical order): AD,
Alzheimer’s disease; AF, atrial fibrillation; CHF, chronic heart failure; COPD, chronic obstructive pulmonary
disease; CVD, cardiovascular disease; DEL, delirium; GBS, Guillain Barre Syndrome; HTN, hypertension; n/a,
not available; NCD, neurocognitive disorder; NR, nothing relevant in medical history; PMD, post mortem delay;
prev. ep., previous episode; SEP, sepsis; T2D, type 2 diabetes; VaD, vascular dementia; VCI, mild vascular
cognitive impairment.

3.2. Pathological Findings in COVID-19 Cases

The general and specific pathological findings of the COVID-19 cases are summarized
in Table 2, and their most representative histological details are displayed in Figure 1.

The lung samples showed: (1) severe capillary congestion, edema, and DAD with
cytopathic alterations in type-2 pneumocytes; (2) SARS-CoV-2 positivity in alveolar pneu-
mocytes of five cases, ubiquitous alveolar macrophages, interstitial pneumonia with fibrosis
and moderate to severe inflammatory septal infiltrates (mainly T-lymphocytes, present
in all cases), and frequent superimposed bacterial infection; and (3) microthrombi and
frequent clots inside the vessels in seven cases.

Findings from the kidneys included: (1) congestion and acute glomerular alterations
in three cases; (2) SARS-CoV-2 positivity in the tubular epithelium and the capillary en-
dothelium in three cases, and moderate to severe inflammatory infiltrates (T-lymphocytes
and B-lymphocytes in the majority of cases, while macrophages were quite rare in all but
one case); and (3) microthrombi and clots in two cases.
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SARS-Cov-2

Lung

Kidney Kidney

Heart Heart

Brain Brain

Figure 1. Pathological features of COVID-19. In the lung, H&E revealed severe congestion, diffuse
alveolar damage, and interstitial pneumonia presenting as septal infiltrate shown in the middle
of the image (A); SARS-CoV-2 positivity is evident in alveolar pneumocytes showing cytopathic
features (B) and in the bronchiolar ciliated epithelium (B’); diffuse interstitial macrophages detected
by CD68 antibody (C, arrowheads); T-lymphocyte (D) and B-lymphocyte (E) infiltrates are revealed
by CD3 and CD20 reactions, respectively; CD42b marks several microthrombi in capillary and
interstitial vessels characterized by a “rosary crown” feature (F). In the kidney, H&E labeled acute
glomerular alterations in the lower part of the image and inflammatory infiltrates at the top (G);
SARS-CoV-2 immunoreactivity detectable in some vascular endothelial cells (H, arrows); occasional
foci of macrophages detected by the CD68 antibody (I, arrowheads); as in the lung, T-lymphocyte
(J) and B-lymphocyte (K) infiltrates are revealed by CD3 and CD20 reactions, respectively; occasional
microthrombi in the glomerular capillary are marked by CD42b antibody (L). In the heart, H&E
stained parenchymal dissociation and myocyte vacuolization in the upper part of the image (M);
rare SARS-CoV-2 traces observed in the endocardium (N, arrows); occasional foci of interstitial
macrophages labeled by the CD68 antibody (O, arrowheads), rare subepicardial T-lymphocyte
(P, arrows) and B-lymphocyte (Q, arrowheads) infiltrates revealed by CD3 and CD20 reactions in the
upper and lower parts of the images, respectively; CD42b antibody marks focal and sporadic capillary
microthrombi (R). In the brain, H&E revealed diffuse neuronal loss and cortical edema characterized
by spongiosis (S); very rare SARS-CoV-2-positive cells detected in the pons (T); amoeboid microglial
cells and several microglial nodules identified by the CD68 antibody, mainly in the brainstem (U);
rare T and B lymphocytes are observed in the perivascular spaces (V) and in some nodules (W);
frequent capillary microthrombi are observed in the brainstem (X). Scale bars: 230 um (S); 162 um
(G); 140 pm (C,U); 75 um (A, EF KM,P,W); 64 um (D,1,0,Q,R X); 60 um (J); 52 um (L); 44 pm (B’);
39 um (B); and 30 um (H,N,V,T).
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Table 2. Pathological data. Acute alterations: AE, acute emphysema; AGA, acute glomerular alterations; AH, alveolar hemorrhage; BS, bacterial superimposition;
C, congestion; DAD, diffuse alveolar damage; E, edema; HA, hypoxic alterations (congestion, edema, spongiosis, and neuronal loss); IF, inflammatory foci; MA,
myocyte alterations (parenchymal dissociation and/or wavy fibers); MV, myocyte vacuolization; RA, reactive astrocytes. Chronic alterations: A, anthracosis; AD,
Alzheimer’s disease; AS, atherosclerosis; CE, chronic emphysema; CH, cardiomyocyte hypertrophy; F, fibrosis; GS, glomerulosclerosis; SVD, small-vessel disease.
Markers: AP and BL activated platelets (CD42b) and B-lymphocytes (CD20); M, macrophage /microglia (CD68); TL, T-lymphocytes (CD3); VA, viral (SARS-CoV-2)
antigen; Vd, viral droplet digital polymerase chain reaction (ddPCR); Vr, viral real-time polymerase chain reaction (RT-PCR). n/a, not available; present, +; absent, -,
COVID-19 cases are labeled as ‘“COV’, control cases are identified as ‘B’ (Brain Bank) for brain and L (lung control) for lungs.

General Pathological Features Specific Pathological Features
Lung Kidney Heart Brain Lung Kidney Heart Brain-Frontal Lobe Brain-Pons
(Acute; (Acute; (Acute; (Acute;
CASE chronic chronic chronic chronic M TL | BL | AP| VA | M TL | BL | AP| VA | M TL | BL | AP| VA | M TL | BL | AP | VA | Vr vVd | M TL| BL| AP| VA
findings) findings) findings) findings)
Mild C, AE, HA; no AD,
interstitial- no SVD,
Ccov2 subpleural Severe C MA mild + - - - n/a| n/a -
IF; F,CE, A gliosis-RA
Severe C
. e MV, BS,
covs  Sbpeuml ol MA L HAmoAD, _ _ _ . _
AH, AE, E, medullary clll T%I:C?:r 1.’ m
DAD, BS, IF; IF; GS laCH' ' gHosis
CE, A
AE,E, . . .
COVe interstitial IF;  COrtallE g HA low AD, - - - A -
EA F mild gliosis
Severe C, Severe C,
AE, DAD, AGA, MV,MA;E  Alow AD,
COov3 . . cortical- SVD, mild + - - - - + +
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Table 2. Cont.

General Pathological Features

Specific Pathological Features

Lung Kidney Heart Brain Lung Kidney Heart Brain-Frontal Lobe Brain-Pons
HA;
Severe C, Cortical- intermediate
COV8 interstitial IF; medullary F AD, - - - - + -
CE, A IF; AS perivascular
gliosis-RA
Severe C, Ha;
AH ! MA, subepi-  intermediate
COV9 . L AS cardial IF; F, AD, SVD, + - - - + -
interstitial IF; N
CE, A AS perivascular
! gliosis-RA
Mild C, E,
C:L1/B1 interDsﬁ’:ija,l IF; n/a n/a Noslzl%no n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a - - - n/a
F A
inte‘roxs]’::i,tial- No AD,
C:L2/B2 subpleural n/a n/a stroke and n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
IF; F, CE, A SVD
Mild C, Intormediate
C:L3/B3 interstitial IF; n/a n/a » SITOXE, n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
E, DAD, BS severe
. ’ gliosis
Severe C,
AE, BS, High AD,
C:L4/B4 interstitial- n/a n/a SVD, severe n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a - - n/a
subpleural gliosis
IF; A
Mﬂgsc' E High AD,
C:L5/B5 interstitial IF; n/a n/a s?vere n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
F.CE gliosis

Gradings:| GO | Gl | G2 _
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The heart samples revealed: (1) hypoxic myocytic injuries; (2) sporadic SARS-CoV-
2 traces in the endothelial and endocardial cells of one case, perivascular-parenchymal
inflammatory infiltrates (prominent only in two cases) characterized by predominant
macrophages with no evidence of T-lymphocytes and rare B-lymphocytes; and (3) relevant
microthrombi in only one case.

The neuropathological hallmarks were: (1) diffuse cortical edema due to extreme
hypoxia with cortical swelling, spongiosis, and severe neuronal rarefaction in the cerebral
cortex and hippocampus; (2) very limited traces of SARS-CoV-2 antigens in pontine neu-
rons of one case, perivascular and parenchymal inflammatory infiltrates characterized by
the enhancement of CD68-positive amoeboid cells (activated microglia), which are more
abundant in the pons (all cases) than in the frontal cortex, with a tendency to nodular
aggregation and neuronophagia, and very scant B-T lymphocytes as vascular cuffing or
inside few nodules; and (3) frequent microthrombi in the frontal lobe (eight cases) and pons
(six cases) with rare ischemic rarefaction of the surrounding tissue.

Although all COVID-19 subjects had a positive pharyngeal swab, none of them ex-
pressed positivity for SARS-CoV-2 RNA in the brain using qRT-PCR. Nonetheless, traces
of viral RNA were detected in the frontal lobe of almost all cases through ddPCR, a more
sensitive technique.

Apart from COV2, all of the other cases had pre-existing or age-related pathologies.
The lungs frequently showed emphysema, dystelectasis, and anthracosis. The kidneys
showed glomerulosclerosis and arteriolosclerosis. The heart samples presented with my-
ocardiosclerosis, lipofuscin deposits, and fatty infiltrates. The brain samples showed
different degrees of atrophy and AD pathology (six cases showing cortical neuritic plaques
associated with microglial activation and astrogliosis with reactive astrocytes), and small-
vessel disease (SVD), including enlarged perivascular spaces, arteriolosclerosis, myelin
loss, hemosiderin leakage, and microbleeds (five cases).

3.3. Pathological Findings in Control Non-COVID Cases (n = Five Lungs; n = Five Brains)

The lungs of non-COVID cases showed congestion, edema, and DAD with septal
lympho-monocytic infiltrates associated with intra-alveolar fibrinopurulent exudates con-
sisting of neutrophils and macrophages (similar to COVID-19 cases with superimposed
bacterial infection). The control brains presented both AD pathology and vascular diseases
(SVD and cerebral infarcts). Similar to the COVID-19 cases with AD, the three controls af-
fected by AD showed severe astrogliosis and cortical microglial nodules with a distribution
resembling that of neuritic plaques.

3.4. Comparison of Pathological Findings

The presence of T-B lymphocytes as a whole (sum of scores) was similar in the lungs
and kidneys (Figure 2A; Table 3), albeit with a significantly greater presence of T lympho-
cytes in the lungs (p = 0.020; Figure 2B). The lymphocyte component within the inflamma-
tory infiltrates of lungs and kidneys was clearly predominant over that of other tissues
(p < 0.001; Figure 2A; Tables 2 and 3), as well as the presence of the viral antigen, particularly
in the type-2 pneumocytes and bronchiolar epithelial cells (Figure 1B,B’). The heart had
relevant inflammatory foci in only two cases, characterized by the presence of macrophages
(Figure 10), the substantial absence of lymphocytes, and very rare SARS-CoV-2 traces in
the endothelium—endocardium (Figure 1N).
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Figure 2. Lymphocytic infiltrates. (A) Box plot comparing the sum of the B and T lymphocyte scores
across lungs, kidneys, heart, brain frontal lobe (BF), and pons (BP); the lymphocyte component within
the inflammatory infiltrates of lungs and kidneys was clearly predominant over that of other tissues
(p < 0.001); (B) box plot showing a comparison between T lymphocyte scores in the lungs and in the
kidneys; The presence of T-B lymphocytes as a whole (sum of scores) was similar in the lungs and
kidneys, albeit with a significantly greater presence of T lymphocytes in the lungs (p = 0.020).

Comparing lung T-B lymphocytes between COVID-19 cases and controls, there was
no significant difference (Figure 3A); nonetheless, the T-component was considerably more
represented in COVID-19 pneumonia (Figure 1D) (p = 0.010; Figure 3B).
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Figure 3. Comparison of lymphocytic infiltrates among the lungs of cases and controls. (A) Box plot
describing the comparison between the lung B-T lymphocyte of COVID-19 cases versus control cases;
lung T-B lymphocytes (sum of scores) did not show any significant difference; (B) lung T lymphocyte
score comparison among COVID-19 cases and control cases according to a box plot demonstrated
that the T-component was considerably more represented in COVID-19 pneumonia (p = 0.010).

As for the brain, the preponderance of microglial activation (innate immunity) over
the lymphocytic response (adaptive immunity) was distinct. In the frontal lobe, this phe-
nomenon did not differ between COVID-19 cases and controls; these two groups showed
similar levels of microglial activation, probably reflecting an inflammatory boost related to
the presence of neurodegeneration (Figure 4A). On the other hand, the significantly greater
microglial activation in the pons of COVID-19 cases (Figure 4B), associated with traces of
viral antigen (Figure 1T), emerged as a specific topographical phenomenon within the brain
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(p = 0.017; Figure 4B). Microthrombosis assumed a clinico-pathological relevance only in
the lungs, with a significant prevalence of pulmonary microthrombi in COVID-19 cases
(Figure 5; p = 0.023) in comparison with non-COVID pneumonia.

(A) Frontal Lobe Microglia
p=0.826

3.0 1

N
o
A

Frontal Lobe Microglia
. ()

T T

Covid-19 cases Control cases

GROUP

(B) Brain-Pons Microglia p= 0.017

3 4

Brain-Pons Microglia

Covid-19 cases Control cases

GROUP

Figure 4. Comparison of microglial activation between the brains of cases and controls. (A) In the
frontal lobe, microglial activation (innate immunity) did not differ between COVID-19 cases and
controls; (B) Comparison of pontine microglia between COVID-19 cases and control cases by a box
plot showed a significantly greater microglial activation in the pons of COVID-19 cases (p = 0.017).
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Figure 5. Box plot comparing activated platelets between the lungs of cases and controls demonstrat-
ing a predominance of pulmonary microthrombi in COVID-19 cases (p = 0.023).

Table 3. Summary of statistical analyses.

x> p-Value
Friedman rank sum test 31.8 <0.001

Pairwise comparisons (Durbin—Conover) t p-value
Sum of T-B Lymphocytes Lungs vs. Kidneys 0.438 0.665
Sum of T-B Lymphocytes Lungs vs. Heart 10.506 <0.001

Sum of T-B Lymphocytes Lungs vs. Brain frontal lobe 8.536 <0.001
Sum of T-B Lymphocytes Lungs vs. Brain pons 11.162 <0.001
Sum of T-B Lymphocytes Kidneys vs. Heart 10.068 <0.001

Sum of T-B Lymphocytes Kidneys vs. Brain frontal lobe 8.098 <0.001
Sum of T-B Lymphocytes Kidneys vs. Brain frontal pons 10.725 <0.001

4. Discussion

Due to its intrinsic characteristics, SARS-CoV-2 infection is accompanied from the
earliest stages by an extreme cytokine outpouring. This so-called “cytokine storm” is a
form of severe inflammatory response syndrome due to a hyperactivation of the innate im-
mune system with dysregulated and excessive production of pro-inflammatory cytokines,
including IL-6, IL-1, IFN, and TNF-alpha [61]. This type of reaction is specifically related to
highly pathogenic beta-CoVs and is frequently observed among patients affected by severe
COVID-19. Our results confirm that inflammatory and immune-mediated alterations aug-
ment the direct cytopathic damage induced by the virus, causing epithelial and endothelial
damage, vascular leakage, and dampening of the T-cell response, accompanied by the over-
activation of cells from the macrophage lineage. Hence, the severe form of COVID-19 is a
multi-organ disease characterized by a combination of viral invasion, lympho-monocytic
infiltration, and clotting alterations with mixed detrimental effects due to acute cytopathic
injury, inflammation, microthrombosis, and chronic suffering leading to fibrosis. Further
detrimental effects are induced by lung failure causing severe hypoxia in all tissues. The
main results to discuss are summarized in the following points. (A) SARS-CoV-2 antigens:
both pulmonary and renal tissues present capsid antigens, respectively, in the bronchial



Cells 2022, 11, 3124

15 of 23

epithelia and alveolar pneumocytes, as well as in the tubular epithelial and capillary en-
dothelial cells, but the organ with the heaviest burden of viral antigens is the lung, while
their presence is negligible in the heart (rare endothelial cells of one case) and brain (rare
pontine neurons of one case), with no evidence of active viral replication; (B) inflammatory
infiltrates: lymphocytic presence is most prominent in pulmonary and renal tissues, while
the heart and brain display very scant lymphocytes with a clear predominance of the
monocyte—-macrophage-microglia compartment; (C) comparison between COVID-19 and
other types of pneumonia: T-lymphocytes were significantly more represented in the lungs
infected by SARS-CoV-2; (D) comparison between COVID-19 and control brains: in the
frontal cortex of COVID-19 cases, there was a slight and non-significant microglial boost-
ing that was probably related to pre-existing neurodegeneration (AD pathology), rather
than to COVID-19, while microglial hyperactivation was significantly higher in the pons
of COVID-19 cases, showing several microglial nodules that appeared to be specifically
related to SARS-CoV-2 infection; (E) microthrombosis: while it is a frequent finding across
all organs, it appears to represent a specific COVID-19 feature only in the lungs.

This research work has some limitations: (1) the low number of cases of mainly elderly
people, who happen to constitute the most affected population, thus representing an
interesting standpoint; (2) the study comprised patients from elderly care units who died
during the first tumultuous pandemic peak, most of whom were not hospitalized; thus, the
serum and blood parameters measured before death were not available in most cases, and
the determination of a correlation between blood parameters and pathological changes was
not possible; (3) the lack of RNA samples from all tissues apart from the frontal lobe, as most
tissue samples from the autopsy were immediately formalin-fixed and paraffin-embedded
for safety reasons, making subsequent RNA extraction very difficult in terms of quality
and quantity; (4) the predominance of superimposed bacterial infection in the control
lungs, making them “not pure” controls for viral pneumonia; however, superimposed
bacterial infection was also very frequent in SARS-CoV-2 pneumonia. The strength of this
research is the focus on histological differences between organs and tissues of clinically
well-documented COVID-19 cases, along with the comparison with lungs and brains from
non-COVID matched controls to estimate the specific role of SARS-CoV-2 in determining
the pathological changes. Furthermore, we developed a method for histological assessment
that considered large areas of tissue to select the most affected zones of an individual organ,
which were used for scoring. This approach was proven effective in characterizing and
comparing the inflammatory infiltrates.

4.1. SARS-CoV-2 Antigens

The parallel comparison between organs confirmed that each tissue interacted differ-
ently with SARS-CoV-2, showing interesting similarities and differences. As previously
observed by us and other authors [22,24,30], SARS-CoV-2 replicates predominantly, and
persists for longer periods, in the alveolar and bronchial epithelium (five cases), where it
induces severe cytopathic effects (atypia and death of type-2 pneumocytes). These findings
correlate with the abundance of ACE2, TMPRSS?2 serine threonine transmembrane protease,
and basagin (CD147), which are expressed not only in the alveolar epithelia, but also in
the bronchial epithelia. CD147 is now being recognized as a secondary docking site that
may increase SARS-CoV-2 virulence and tropism for the upper airways compared with
SARS-CoV [62,63].

Similarly, but to a lesser degree, the kidneys showed occasional viral antigens inside
the tubular epithelial and capillary endothelial cells. The presence of viral particles in
the tubular epithelium has also been reported in other studies [27,64] and may contribute
to renal damage. Acute tubular injury is, in fact, often observed in severe COVID-19,
and the cause is likely multifactorial; it may result from hypoxia, vascular dysfunctions,
severe inflammation, and cytokine release syndrome, along with renal viral tropism, and
its consequent direct cytopathic effect on tubular epithelial cells [27,65]. In renal tissues, the
co-expression of ACE2 receptors and TMPRSS2 protease has been reported [66—68]. This
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information, coupled with our results, suggests that some viral replication may also take
place in the kidneys.

In the heart, SARS-CoV-2 positivity was found only in the endocardium and endothe-
lium of a single case. Even though many have found the presence of ACE2 and TMPRSS2
to be consistent in the heart (especially in people with heart comorbidities), our results
suggest that myocardial damage is not imputable to direct viral assault. The virus probably
penetrates the heart, but the lack of cytopathic findings and the viral antigen negativity,
observed by us as well as by others [31], indicates that the virus does not replicate within
the heart, despite the presence of ACE-2 receptors that are, however, mainly expressed by
endothelial cells. Further studies are required to elucidate the biological reasons for the
absence of active viral replication in the myocardium. It is possible that multiple alternative
causes concur with the cardiac damage, among which, invariably, are generalized hypoxia,
inflammatory damage, and microangiopathy [20,33].

From a neuropathological standpoint, our data suggest that SARS-CoV-2 slightly
penetrates the brain, but does not actively replicate within it. In the brain tissue, ACE2
and TMPRSS2 are very scarcely present [54,69]. Indeed, our results demonstrate very
limited traces of viral proteins in a cluster of neurons located in the pons of a single case.
The antigen positivity likely results from virions or viral particles ascending from the
respiratory and pharyngeal mucosa through the lower cranial nerves. This hypothesis is
in line with the findings reported by Matschke et al. [35], who identified SARS-CoV-2 in
the lower cranial nerves. SARS-CoV-2 may also be present in the brain through the direct
infection of endothelial cells that have a receptor structure favoring direct infection by the
virus. Indeed, some authors have reported the sporadic presence of viral antigens within
the brain endothelia [45,53,70] and the possible occurrence of endotheliitis [41,42,71]. In
our study, viral RNA was detected in minimal quantities in almost all brains using ddPCR,
which is a very sensitive method capable of amplifying fragments of the viral genome
originating from the blood [58].

Our data suggest that SARS-CoV-2 causes an acute infection with progressive “clean-
ing” of the virus from the affected tissues. In particular, the virus was not detectable in four
out of nine of the COVID-19 lungs, while a significant inflammatory infiltrate persisted in
all cases. Along with other studies [54,72], our data indicate that, similar to SARS-CoV and
MERS-CoV, SARS-CoV-2 does not produce a persistent infection. Eventually, the virus is
cleared from the tissues it infects; nonetheless, the consequences of the disease may last
longer, resulting in persistent symptoms lasting weeks to months after the acute phase.
Hence, an accurate analysis of the inflammatory phenomena that accompany SARS-CoV-2
infection is important.

4.2. Inflammatory Infiltrates

Examining the inflammatory infiltrates more closely, it is evident how the lymphocytic
component is essentially more prominent in the lungs, less prevalent, but still relevant, in
the kidneys, and negligible, if not absent, in the heart and brain (Figure 2A). In particular,
the sum of lymphocytes showed the highest scores in the pulmonary and renal tissues,
where it tended to be superimposable (Figure 2A). Although the lungs and kidneys seemed
to behave similarly, the lungs actively reacted to the massive viral invasion and replication,
which was not so evident in the renal tissue. Indeed, T-lymphocytes were significantly
more prominent inside the pulmonary infiltrates (Figure 2B). This was probably a specific
adaptive immune response against the intense viral replication, as demonstrated by the
presence of the highest T-lymphocyte scores in association with the abiding positivity for
SARS-CoV-2 (Table 2).

Contrarily, the heart and brain, which were less directly affected by the infection,
displayed a scant lymphocytic presence, and the preponderance of macrophages and
microglial cells, respectively, as a non-specific immune response (innate immunity) to
antigenic perturbation and immune-complex formation. In the heart samples, we observed
moderate macrophage infiltration in two cases (Table 2). Such findings confirm the possi-
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bility of a macrophagic inflammatory response in the heart that has also been reported by
others [32]. It is not yet clear whether this finding may represent a pathophysiological basis
for the occasional reported cases of myocarditis and/or pericarditis in the literature [73-75].
Overall, pathological reports regarding the heart have yielded inconsistent results, and the
mechanism of myocardial injury is probably multifactorial.

4.3. Comparison between COVID-19 and Other Types of Pneumonia

It is noteworthy that COVID-19 and non-COVID types of pneumonia share the same
pathology with congestion, edema, DAD with septal lympho-monocytic infiltrates, and
intra-alveolar exudate. A number of scientific articles have recently been published re-
garding the pulmonary features of COVID-19, describing several clinical, radiologic, and
autopsy findings that closely resemble those seen in SARS and MERS cases, and also
in other types of viral pneumonia, such as HIN1 flu cases [25]. These observations are
consistent with ours; in particular, DAD emerges as a common key pathophysiological
mechanism. Such findings suggest that the pathophysiology of alveolar damage in SARS-
CoV-2 infection is the same as that of other known causes of acute respiratory distress
syndrome (ARDS). Nonetheless, our results outline the prominent T-lymphocyte response
precisely in the site of the greatest viral replication. Indeed, even with a similar inflam-
matory infiltrate (sum of B and T lymphocytes not significantly different; Figure 3A), a
significantly greater presence of T lymphocytes was observed in COVID-19 lungs compared
with the control ones (Figure 3B). The relevant presence of T lymphocytes underlines the
role of these cells in the specific response where viral replication is particularly active. We
can assume that such a response may be common to other types of pneumonia with purely
viral etiology.

4.4. Comparison between COVID-19 and Control Brains

In the analysis of the central nervous system, we focused on the frontal lobe and the
pons, which are two important areas of the forebrain and hindbrain, respectively. Brain
pathology is characterized by the hyperactivation of microglia that exhibit amoeboid mor-
phology and phagocytic properties, which have also been described by others [37,76]. In
turn, microglial amoeboid cells tend to agglomerate into micronodules. When comparing
the frontal lobe of people with COVID-19 with that of matched controls, we found similar
features (Figure 4A). It should be considered that they were almost always elderly people
with cognitive problems affected by some degree of pre-existing vascular or degenerative
pathologies that, per se, induced cortical hypoxia and inflammatory changes. Indeed,
we have already reported that, in those cases with dementia, the distribution of the in-
flammatory nodules closely paralleled that of amyloid plaques, regardless of SARS-CoV-2
infection [34]. Instead, regardless of the cognitive state, microglial hyperactivation was
significantly more intense in the pontine structures of COVID-19 cases compared with
controls (Figure 4B). This phenomenon, also observed by others [35,76], appears to be
specific to the “COVID-19 encephalopathy” and may be activated by viral debris and iso-
lated virions originating from the tracheobronchial and oropharyngeal mucosa through the
lower cranial nerves [35]. Moreover, microglial activation in the brain is probably enhanced
by infection-induced cytokine release and blood-brain barrier damage due to immune
complex formation [76]. The topography of inflammatory lesions during SARS-CoV-2
infection represents the neuropathological basis of “COVID-19 encephalopathy”, which
clinically presents as behavioral changes, lethargy, vegetative and autonomic dysfunctions,
and absence of hypoxic drive [34,76,77].

The overall impact triggered by hypoxia and inflammation may accelerate neurodegen-
eration, causing the so-called “brain fog” occurring after the acute phase of the disease [13].
These phenomena may be enhanced in the elderly by the presence of a pre-existing de-
generative burden, which causes microglial priming that, in turn, results in a more in-
tense inflammatory response, favored by “immunological senescence” (lowered adaptive
immunity with lower lymphocytic specific response) and “inflammaging” (age-related
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hyperactivation of innate immunity leading to an excessive non-specific inflammatory reac-
tion) [78-80]. Furthermore, transcriptomics studies conducted by us and others confirm the
pivotal role of hypoxia and persistent microglial activation in the brain, by demonstrating
transcriptional changes in the genes involved in the hypoxic response and the modula-
tion of several microglial functions, including migration and phagocytic induction [58,81].
Where there was no active viral replication, a non-specific macrophage-microglial response
predominated, which, in elderly subjects, can be favored by the neurodegenerative load,
hence demonstrating the importance of a comparison that included patients with AD (the
most common neurodegenerative disease).

Although several authors have proposed theories regarding a possible neurotropism of
SARS-CoV-2 and its possible persistence in the CNS causing long-term consequences [51,53,82],
in our cases, the brain showed scant lymphocytic infiltration and very limited traces of
SARS-CoV-2 antigens with no associated evidence of viral replication and encephalitis.
The pathological features we have shown are quite different from those of viral encephali-
tis caused by neurotropic viruses [83], in which the presence of abundant viral antigens,
abundant lymphocyte infiltrate, and direct cytopathic effects are observed, as well as that
occurring in the lung. From these observations and literature analysis, it is inferred that
SARS-CoV-2 is probably not a neurotropic virus and, importantly, there is no evidence
proving its persistence within the brain after acute infection, at least in most cases.

4.5. Microthrombosis

Regarding the occurrence of thrombosis and microthrombosis, it should be considered
that these phenomena, due to both clotting and endothelial alterations, are described in
more than half of COVID-19, SARS, and MERS cases, while they are fairly less common in
pneumonia caused by A/HINI. Such findings suggest that thrombotic complications may
be more specifically correlated with beta-CoVs than flu viruses [25,84,85]. In our study,
we did not observe gross abnormalities, thrombosis of the large vessels, or infarcts; these
phenomena have been reported by others [86-88] and are probably related to a protracted
clinical course, which was not the case in our series. Nonetheless, we noted frequent
microthrombosis in all organs. In particular, this phenomenon was significantly more
prominent in COVID-19 lungs compared with control lungs (Figure 5) affected by non-
COVID pneumonia. This confirms that microthrombosis is an event specific to SARS-CoV-2
infection. The pathology of such a phenomenon may be explained by Virchow’s triad:
(1) the endothelial dysfunction and endothelial damage due to viral tropism and endothe-
liitis [7]; (2) the hypercoagulability state and increased blood viscosity due to the release
of damage-associated molecular patterns (DAMPS) and to the higher load of cytokines,
immunoglobulins, and immune complexes traveling within the blood [89,90]; and (3) the
prolonged stasis that may result from immobilization during hospitalization. Microthrom-
bosis in the lungs is an event specific to SARS-CoV-2 pneumonia and contributes to the
clinical severity, lung failure, and mortality.

Our results confirm that thrombosis inside small pulmonary vessels (Figure 1F) is
a COVID-specific phenomenon. The same cannot be stated for the small vessels of the
brain, in which microthrombi are present both in cases and in controls, and are probably
more related to prolonged agony, co-morbidities, and post-mortem phenomena, rather than
to SARS-CoV-2 infection. Indeed, the only young case (COV2) with rapid death and no
concomitant pathologies had little or no presence of microthrombi in all organs, suggesting
a possible contribution of agony length, age, and co-morbidities to platelet aggregation
inside small vessels.

5. Conclusions

We can conclude that: (1) viral replication appears to be active and have a direct
pathogenetic role in the lungs and, to a lesser degree, in the kidneys; (2) the type of
infiltrate depends on the relationship that the virus establishes with the tissue; in par-
ticular, the more active viral replication is, the more T-lymphocytes are present, while
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a macrophage-microglial response predominates where there is no evidence of active
viral replication; and (3) the most specific COVID-19 pathological features consist of an
abundance of T-lymphocytes and microthrombosis at the pulmonary level, and relevant
microglial hyperactivation in the brainstem.

A careful examination of the pathological pictures present in the various tissues
is the basis for understanding acute and long-term symptoms. Overall, our findings
suggest that tissue damage in the lungs and kidneys may be caused by a direct viral
cytopathic effect along with inflammation-mediated mechanisms. On the other hand, the
heart and brain may be damaged mainly by an abnormal and persistent inflammation.
Additionally, pre-existing pathologies (e.g., neurodegeneration) and COVID-19’s clinical
course (e.g., presence of critical illness, hemodynamic instability, hypoxia, and sepsis) affect
the clinicopathological pictures. The presence of sequelae across all organs appears to be
the result of a combination of the aforementioned factors. It is probable that a complete
recovery from COVID-19 requires the termination of both viral infection and the associated
inflammation, which can take many months.

The biologically detrimental effects of SARS-CoV-2 infection and related inflammatory
changes are at least partially reversible. A deeper understanding of these phenomena is
important to improve the management of COVID-19 patients, also after the acute phase.
During the post-acute phase of the disease, rehabilitative interventions, such as physical
activity, cognitive training, and psychosocial support, should be provided as soon as
possible to restore previous functional performances.

Author Contributions: Conceptualization, T.E.P., M.M. and M.C.; Data curation, TE.P, M.M., VM.,
ET, GB, EC, SD.V, MR, VF, RRF and S5.G.; Formal analysis, TE.P., MM., ET, MR,, VE,
R.RE and A EC,; Investigation, TE.P, M-M., VM., ET,, GB,, E.C,, S.D.V, AFC, S.G. and M.C;
Methodology, TE.P, M.M., VM., G.B,, E.C.,5.D.V,, M.R. and M.C.; Resources, VF, RR.F. and 5.G;
Visualization, M.R. and R.R.F,; Writing—original draft, TE.P, MM., VM., ET,, RR.F. and AEC,;
Writing—review and editing, L.T., A.G. and M.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by Fondo di Beneficenza Intesa Sanpaolo (Italy). Project code:
B/2020/0045.

Institutional Review Board Statement: The study procedures were in accordance with the principles
outlined in the Declaration of Helsinki of 1964 and the following amendments. In accordance with
Italian Law, this research was performed on small portions of biological samples routinely taken
during autopsies that had already been examined for diagnostic and/or forensic purposes. The
subjects of the study were kept anonymous. The reference law is the authorization n9/2016 of the
guarantor of privacy, then replaced by Regulation (EU) 2016/679 of the European Parliament and
of the Council. In line with our institution’s Human Research Ethics Committee, the ABB performs
its activities following the ethical standards of the BNE Code of Conduct. The ABB autopsy and
sampling protocol were approved by the Ethics Committee of the University of Pavia on 6 October
2009 (Committee report 3/2009).

Informed Consent Statement: Informed consent was obtained from all subjectsbelonging to the ABB.

Data Availability Statement: The dataset of this research has been deposited in the official computer
archive of the Golgi-Cenci Foundation, and it is available upon request.

Acknowledgments: We are grateful to our brain donors, who are generously contributing to research.
We are grateful to Arcangelo Ceretti, Mauro Colombo, Federica Zagari, Xhulja Profka. and to
“Federazione Alzheimer Italia” for their precious work in the Brain Bank project.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

1.  Wu, D.; Wu, T,; Liu, Q.; Yang, Z. The SARS-CoV-2 outbreak: What we know. Int. |. Infect. Dis. 2020, 94, 44-48. [CrossRef]
2. Corman, V.M.; Muth, D.; Niemeyer, D.; Drosten, C. Hosts and Sources of Endemic Human Coronaviruses. Adv. Virus Res. 2018,

100, 163-188.


http://doi.org/10.1016/j.ijid.2020.03.004

Cells 2022, 11, 3124 20 of 23

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Zhu, Z.; Lian, X.; Su, X.; Wu, W,; Marraro, G.A.; Zeng, Y. From SARS and MERS to COVID-19: A brief summary and comparison of
severe acute respiratory infections caused by three highly pathogenic human coronaviruses. Respir. Res. 2020, 21, 224. [CrossRef]
Hu, B.; Guo, H.; Zhou, P,; Shi, Z.L. Characteristics of SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol. 2021, 19, 141-154.
[CrossRef]

Deshmukh, V.; Motwani, R.; Kumar, A.; Kumari, C.; Raza, K. Histopathological observations in COVID-19: A systematic review.
J. Clin. Pathol. 2021, 74, 76-83. [CrossRef] [PubMed]

Caramaschi, S.; Kapp, M.E.; Miller, S.E.; Eisenberg, R.; Johnson, J.; Epperly, G.; Maiorana, A.; Silvestri, G.; Giannico, G.A.
Histopathological findings and clinicopathologic correlation in COVID-19: A systematic review. Mod. Pathol. 2021, 34, 1614-1633.
[CrossRef] [PubMed]

Wong, D.W.L.; Klinkhammer, B.M.; Djudjaj, S.; Villwock, S.; Timm, M.C.; Buhl, EM.; Wucherpfennig, S.; Cacchi, C,;
Braunschweig, T.; Kntichel-Clarke, R.; et al. Multisystemic cellular tropism of SARS-CoV-2 in autopsies of COVID-19 patients.
Cells 2021, 10, 1900. [CrossRef] [PubMed]

Menter, T.; Haslbauer, ].D.; Nienhold, R.; Savic, S.; Hopfer, H.; Deigendesch, N.; Frank, S.; Turek, D.; Willi, N.; Pargger, H.; et al.
Postmortem examination of COVID-19 patients reveals diffuse alveolar damage with severe capillary congestion and variegated
findings in lungs and other organs suggesting vascular dysfunction. Histopathology 2020, 77, 198-209. [CrossRef] [PubMed]
Nalbandian, A.; Sehgal, K.; Gupta, A.; Madhavan, M.V,; McGroder, C.; Stevens, ].S.; Cook, J.R.; Nordvig, A.S.; Shalev, D,;
Sehrawat, T.S.; et al. Post-acute COVID-19 syndrome. Nat. Med. 2021, 27, 601-615. [CrossRef] [PubMed]

Ahmad, M.S; Shaik, R.A.; Ahmad, R K,; Yusuf, M.; Khan, M.; Almutairi, A.B.; Alghuyaythat, WK.Z.; Almutairi, S.B. “LONG
COVID”: An insight. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 5561-5577. [PubMed]

Yende, S.; Parikh, C.R. Long COVID and kidney disease. Nat. Rev. Nephrol. 2021, 17, 792-793. [CrossRef]

Raveendran, A.V,; Jayadevan, R.; Sashidharan, S. Long COVID: An overview. Diabetes Metab. Syndr. Clin. Res. Rev. 2021, 15,
869-875. [CrossRef]

Hampshire, A.; Trender, W.; Chamberlain, S.R.; Jolly, A.E.; Grant, ].E.; Patrick, F.; Mazibuko, N.; Williams, S.C.R.; Barnby, ].M.;
Hellyer, P; et al. Cognitive deficits in people who have recovered from COVID-19. eClinicalMedicine 2021, 39, 101044. [CrossRef]
Vasquez-Bonilla, W.O.; Orozco, R.; Argueta, V,; Sierra, M.; Zambrano, L.I.; Mufioz-Lara, F.; Lépez-Molina, D.S.; Arteaga-Livias, K.;
Grimes, Z.; Bryce, C.; et al. A review of the main histopathological findings in coronavirus disease 2019. Hum. Pathol. 2020, 105,
74-83. [CrossRef]

Falasca, L.; Nardacci, R.; Colombo, D.; Lalle, E.; Di Caro, A.; Nicastri, E.; Antinori, A.; Petrosillo, N.; Marchioni, L.; Biava, G.;
et al. Postmortem Findings in Italian Patients with COVID-19: A Descriptive Full Autopsy Study of Cases with and without
Comorbidities. J. Infect. Dis. 2020, 222, 1807-1815. [CrossRef]

Fox, S.E.; Akmatbekov, A.; Harbert, ].L.; Li, G.; Quincy Brown, J.; Vander Heide, R.S. Pulmonary and cardiac pathology in African
American patients with COVID-19: An autopsy series from New Orleans. Lancet Respir. Med. 2020, 8, 681-686. [CrossRef]
Grosse, C.; Grosse, A.; Salzer, H.J.E; Diinser, M.W.; Motz, R.; Langer, R. Analysis of cardiopulmonary findings in COVID-19
fatalities: High incidence of pulmonary artery thrombi and acute suppurative bronchopneumonia. Cardiovasc. Pathol. 2020,
49, 107263. [CrossRef]

Edler, C.; Schroder, A.S.; Aepfelbacher, M.; Fitzek, A.; Heinemann, A.; Heinrich, F; Klein, A.; Langenwalder, F; Liitgehetmann, M.;
Meifiner, K.; et al. Dying with SARS-CoV-2 infection—An autopsy study of the first consecutive 80 cases in Hamburg, Germany.
Int. ]. Leg. Med. 2020, 134, 1275-1284. [CrossRef]

Borczuk, A.C.; Salvatore, S.P.; Seshan, S.V.; Patel, S.S.; Bussel, J.B.; Mostyka, M.; Elsoukkary, S.; He, B.; DEL Vecchio, C.;
Fortarezza, F,; et al. COVID-19 pulmonary pathology: A multi-institutional autopsy cohort from Italy and New York City. Mod.
Pathol. 2020, 33, 2156-2168. [CrossRef]

Romanova, E.S.; Vasilyev, V.V,; Startseva, G.; Karev, V.; Rybakova, M.G.; Platonov, P.G. Cause of death based on systematic
post-mortem studies in patients with positive SARS-CoV-2 tissue PCR during the COVID-19 pandemic. J. Intern. Med. 2021, 290,
655-665. [CrossRef]

Schaller, T.; Hirschbiihl, K.; Burkhardt, K.; Braun, G.; Trepel, M.; Mérkl, B.; Claus, R. Postmortem Examination of Patients with
COVID-19. JAMA 2020, 323, 2518-2520. [CrossRef]

Bradley, B.T.; Maioli, H.; Johnston, R.; Chaudhry, I; Fink, S.L.; Xu, H.; Najafian, B.; Deutsch, G.; Lacy, ].M.; Williams, T.; et al.
Histopathology and ultrastructural findings of fatal COVID-19 infections in Washington State: A case series. Lancet 2020, 396,
320-332. [CrossRef]

Duarte-Neto, A.N.; Monteiro, R.; Da Silva, L.EF.,; Malheiros, D.M.A.C.; De Oliveira, E.I>; Theodoro-Filho, ]J.; Pinho, J.R.R.;
Gomes-Gouvéa, M.S.; Salles, A.PM.; De Oliveira, LR.S.; et al. Pulmonary and systemic involvement in COVID-19 patients
assessed with ultrasound-guided minimally invasive autopsy. Histopathology 2020, 77, 186-197. [CrossRef]

Elsoukkary, S.S.; Mostyka, M.; Dillard, A.; Berman, D.R.; Ma, L.X.; Chadburn, A.; Yantiss, R.K.; Jessurun, J.; Seshan, S.V,;
Borczuk, A.C; et al. Autopsy Findings in 32 Patients with COVID-19: A Single-Institution Experience. Pathobiology 2021, 88,
56-68. [CrossRef]

Hariri, L.P,; North, C.M.; Shih, A.R; Israel, R.A.; Maley, ].H; Villalba, J.A.; Vinarsky, V.; Rubin, J.; Okin, D.A.; Sclafani, A.; et al.
Lung Histopathology in Coronavirus Disease 2019 as Compared With Severe Acute Respiratory Sydrome and HIN1 Influenza: A
Systematic Review. Chest 2021, 159, 73-84. [CrossRef]


http://doi.org/10.1186/s12931-020-01479-w
http://doi.org/10.1038/s41579-020-00459-7
http://doi.org/10.1136/jclinpath-2020-206995
http://www.ncbi.nlm.nih.gov/pubmed/32817204
http://doi.org/10.1038/s41379-021-00814-w
http://www.ncbi.nlm.nih.gov/pubmed/34031537
http://doi.org/10.3390/cells10081900
http://www.ncbi.nlm.nih.gov/pubmed/34440669
http://doi.org/10.1111/his.14134
http://www.ncbi.nlm.nih.gov/pubmed/32364264
http://doi.org/10.1038/s41591-021-01283-z
http://www.ncbi.nlm.nih.gov/pubmed/33753937
http://www.ncbi.nlm.nih.gov/pubmed/34533807
http://doi.org/10.1038/s41581-021-00487-3
http://doi.org/10.1016/j.dsx.2021.04.007
http://doi.org/10.1016/j.eclinm.2021.101044
http://doi.org/10.1016/j.humpath.2020.07.023
http://doi.org/10.1093/infdis/jiaa578
http://doi.org/10.1016/S2213-2600(20)30243-5
http://doi.org/10.1016/j.carpath.2020.107263
http://doi.org/10.1007/s00414-020-02317-w
http://doi.org/10.1038/s41379-020-00661-1
http://doi.org/10.1111/joim.13300
http://doi.org/10.1001/jama.2020.8907
http://doi.org/10.1016/S0140-6736(20)31305-2
http://doi.org/10.1111/his.14160
http://doi.org/10.1159/000511325
http://doi.org/10.1016/j.chest.2020.09.259

Cells 2022, 11, 3124 21 0f23

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Santoriello, D.; Khairallah, P.; Bomback, A.S.; Xu, K.; Kudose, S.; Batal, I.; Barasch, J.; Radhakrishnan, ].; D’Agati, V.; Markowitz, G.
Postmortem Kidney Pathology Findings in Patients with COVID-19. J. Am. Soc. Nephrol. 2020, 31, 2158-2167. [CrossRef]

Su, H.; Yang, M.; Wan, C.; Yi, L.-X,; Tang, F.; Zhu, H.-Y.; Yi, E; Yang, H.-C.; Fogo, A.B.; Nie, X.; et al. Renal histopathological
analysis of 26 postmortem findings of patients with COVID-19 in China. Kidney Int. 2020, 98, 219-227. [CrossRef]

Lindner, D.; Fitzek, A.; Brauninger, H.; Aleshcheva, G.; Edler, C.; Meissner, K.; Scherschel, K.; Kirchhof, P.; Escher, F;
Schultheiss, H.-P.; et al. Association of Cardiac Infection with SARS-CoV-2 in Confirmed COVID-19 Autopsy Cases. JAMA
Cardiol. 2020, 5, 1281-1285. [CrossRef]

Schurink, B.; Roos, E.; Radonic, T.; Barbe, E.; Bouman, C.S.C.; de Boer, H.H.; de Bree, G.J.; Bulle, E.B.; Aronica, E.M.; Florquin, S.;
et al. Viral presence and immunopathology in patients with lethal COVID-19: A prospective autopsy cohort study. Lancet Microbe
2020, 1, €290-e299. [CrossRef]

Hanley, B.; Naresh, K.N.; Roufosse, C.; Nicholson, A.G.; Weir, J.; Cooke, G.S.; Thursz, M.; Manousou, P.; Corbett, R.; Goldin, R.;
et al. Articles Histopathological findings and viral tropism in UK patients with severe fatal COVID-19: A post-mortem study.
Lancet Microbe 2020, 1, e245-e253. [CrossRef]

Dal Ferro, M.; Bussani, R.; Paldino, A.; Nuzzi, V,; Collesi, C.; Zentilin, L.; Schneider, E.; Correa, R.; Silvestri, F; Zacchigna, S.; et al.
SARS-CoV-2, myocardial injury and inflammation: Insights from a large clinical and autopsy study. Clin. Res. Cardiol. 2021, 110,
1822-1831. [CrossRef] [PubMed]

Basso, C.; Leone, O.; Rizzo, S.; De Gaspari, M.; Van Der Wal, A.C.; Aubry, M.-C.; Bois, M.C,; Lin, P.T.; Maleszewski, ].].; Stone, J.R.
Pathological features of COVID-19-associated myocardial injury: A multicentre cardiovascular pathology study. Eur. Heart ].
2020, 41, 3827-3835. [CrossRef] [PubMed]

Sang, C.J.; Burkett, A.; Heindl, B.; Litovsky, S.H.; Prabhu, S.D.; Benson, P.V.; Rajapreyar, I. Cardiac pathology in COVID-19: A
single center autopsy experience. Cardiovasc. Pathol. 2021, 54, 107370. [CrossRef] [PubMed]

Poloni, T.E.; Medici, V.; Moretti, M.; Visona, S.D.; Cirrincione, A.; Carlos, A.F,; Davin, A.; Gagliardi, S.; Pansarasa, O.; Cereda, C.;
et al. COVID-19-related neuropathology and microglial activation in elderly with and without dementia. Brain Pathol. 2021,
31, 12997. [CrossRef]

Matschke, J.; Liitgehetmann, M.; Hagel, C.; Sperhake, J.P.; Schroder, A.S.; Edler, C.; Mushumba, H.; Fitzek, A.; Allweiss, L.;
Dandri, M.; et al. Neuropathology of patients with COVID-19 in Germany: A post-mortem case series. Lancet Neurol. 2020, 19,
919-929. [CrossRef]

Von Weyhern, C.H.; Kaufmann, I.; Neff, F.; Kremer, M. Early evidence of pronounced brain involvement in fatal COVID-19
outcomes. Lancet 2020, 395, e109. [CrossRef]

Al-Dalahmah, O.; Thakur, K.T.; Nordvig, A.S.; Prust, M.L.; Roth, W.; Lignelli, A.; Uhlemann, A.-C.; Miller, E.H.; Kunnath-
Velayudhan, S.; del Portillo, A.; et al. Neuronophagia and microglial nodules in a SARS-CoV-2 patient with cerebellar hemorrhage.
Acta Neuropathol. Commun. 2020, 8, 147. [CrossRef]

Al-Sarraj, S.; Troakes, C.; Hanley, B.; Osborn, M.; Richardson, M.P.; Hotopf, M.; Bullmore, E.; Everall, L.P. Invited Review: The
spectrum of neuropathology in COVID-19. Neuropathol. Appl. Neurobiol. 2021, 47, 3-16. [CrossRef]

Deigendesch, N.; Sironi, L.; Kutza, M.; Wischnewski, S.; Fuchs, V.; Hench, J.; Frank, A.; Nienhold, R.; Mertz, K.D.; Cathomas, G;
et al. Correlates of critical illness-related encephalopathy predominate postmortem COVID-19 neuropathology. Acta Neuropathol.
2020, 140, 583-586. [CrossRef]

Jaunmuktane, Z.; Mahadeva, U.; Green, A.; Sekhawat, V.; Barrett, N.A.; Childs, L.; Shankar-Hari, M.; Thom, M.; Jager, H.R.;
Brandner, S. Microvascular injury and hypoxic damage: Emerging neuropathological signatures in COVID-19. Acta Neuropathol.
2020, 140, 397-400. [CrossRef]

Kirschenbaum, D.; Imbach, L.L.; Rushing, E.J.; Frauenknecht, K.B.M.; Gascho, D.; Ineichen, B.V.; Keller, E.; Kohler, S.; Lichtblau, M.;
Reimann, R.R;; et al. Intracerebral endotheliitis and microbleeds are neuropathological features of COVID-19. Neuropathol. Appl.
Neurobiol. 2021, 47, 454-459. [CrossRef]

Lee, M.-H.; Perl, D.P; Nair, G.; Li, W.; Maric, D.; Murray, H.; Dodd, S.J.; Koretsky, A.P.; Watts, ].A.; Cheung, V.; et al. Microvascular
Injury in the Brains of Patients with COVID-19. N. Engl. |. Med. 2021, 384, 481-483. [CrossRef]

Reichard, R.R.; Kashani, K.B.; Boire, N.A.; Constantopoulos, E.; Guo, Y.; Lucchinetti, C.F. Neuropathology of COVID-19: A
spectrum of vascular and acute disseminated encephalomyelitis (ADEM)-like pathology. Acta Neuropathol. 2020, 140, 1-6.
[CrossRef]

Solomon, I.H.; Normandin, E.; Bhattacharyya, S.; Mukeriji, S.S.; Keller, K.; Ali, A.S.; Adams, G.; Hornick, J.L.; Padera, RF,, Jr.;
Sabeti, P. Neuropathological Features of COVID-19. N. Engl. ]. Med. 2020, 383, 989-992. [CrossRef]

Bryce, C.; Grimes, Z.; Pujadas, E.; Ahuja, S.; Beth Beasley, M.; Albrecht, R.; Hernandez, T.; Stock, A.; Zhao, Z.; Al Rasheed, M.;
et al. Pathophysiology of SARS-CoV-2: Targeting of endothelial cells renders a complex disease with thrombotic microangiopathy
and aberrant immune response. The Mount Sinai COVID-19 autopsy experience. Mod. Pathol. 2021, 34, 1456-1467. [CrossRef]
Kantonen, J.; Mahzabin, S.; Mayranpad, M.I; Tynninen, O.; Paetau, A.; Andersson, N.; Sajantila, A.; Vapalahti, O.; Carpén, O.;
Kekaéldinen, E.; et al. Neuropathologic features of four autopsied COVID-19 patients. Brain Pathol. 2020, 30, 1012-1016. [CrossRef]
Meinhardt, J.; Radke, J.; Dittmayer, C.; Franz, J.; Thomas, C.; Mothes, R.; Laue, M.; Schneider, J.; Briinink, S.; Greuel, S.; et al.
Olfactory transmucosal SARS-CoV-2 invasion as a port of central nervous system entry in individuals with COVID-19. Nat.
Neurosci. 2021, 24, 168-175. [CrossRef]


http://doi.org/10.1681/ASN.2020050744
http://doi.org/10.1016/j.kint.2020.04.003
http://doi.org/10.1001/jamacardio.2020.3551
http://doi.org/10.1016/S2666-5247(20)30144-0
http://doi.org/10.1016/S2666-5247(20)30115-4
http://doi.org/10.1007/s00392-021-01910-2
http://www.ncbi.nlm.nih.gov/pubmed/34282465
http://doi.org/10.1093/eurheartj/ehaa664
http://www.ncbi.nlm.nih.gov/pubmed/32968776
http://doi.org/10.1016/j.carpath.2021.107370
http://www.ncbi.nlm.nih.gov/pubmed/34273507
http://doi.org/10.1111/bpa.12997
http://doi.org/10.1016/S1474-4422(20)30308-2
http://doi.org/10.1016/S0140-6736(20)31282-4
http://doi.org/10.1186/s40478-020-01024-2
http://doi.org/10.1111/nan.12667
http://doi.org/10.1007/s00401-020-02213-y
http://doi.org/10.1007/s00401-020-02190-2
http://doi.org/10.1111/nan.12677
http://doi.org/10.1056/NEJMc2033369
http://doi.org/10.1007/s00401-020-02166-2
http://doi.org/10.1056/NEJMc2019373
http://doi.org/10.1038/s41379-021-00793-y
http://doi.org/10.1111/bpa.12889
http://doi.org/10.1038/s41593-020-00758-5

Cells 2022, 11, 3124 22 0f 23

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.
73.

74.

75.

Zhang, Y.; Zheng, L.; Liu, L.; Zhao, M.; Xiao, J.; Zhao, Q. Liver impairment in COVID-19 patients: A retrospective analysis of 115
cases from a single centre in Wuhan city, China. Liver Int. 2020, 40, 2095-2103. [CrossRef]

Baskiran, A.; Akbulut, S.; Sahin, T.T.; Tunger, A.; Kaplan, K.; Bayindir, Y.; Yilmaz, S. Coronavirus Precautions: Experience of High
Volume Liver Transplant Institute. Turk. |. Gastroenterol. 2022, 33, 145-152. [CrossRef]

Sahin, T.T.; Akbulut, S.; Yilmaz, S. COVID-19 pandemic: Its impact on liver disease and liver transplantation. World ]. Gastroenterol.
2020, 26, 2987-2999. [CrossRef]

Yachou, Y.; El Idrissi, A.; Belapasov, V.; Ait Benali, S. Neuroinvasion, neurotropic, and neuroinflammatory events of SARS-CoV-2:
Understanding the neurological manifestations in COVID-19 patients. Neurol. Sci. 2020, 41, 2657-2669. [CrossRef] [PubMed]
Guo, T,; Fan, Y,; Chen, M.; Wu, X,; Zhang, L.; He, T.; Wang, H.; Wan, J.; Wang, X.; Lu, Z. Cardiovascular Implications of Fatal
Outcomes of Patients with Coronavirus Disease 2019 (COVID-19). JAMA Cardiol. 2020, 5, 811-818. [CrossRef]

Baig, A.M.; Khaleeq, A.; Ali, U.; Syeda, H. Evidence of the COVID-19 Virus Targeting the CNS: Tissue Distribution, Host-Virus
Interaction, and Proposed Neurotropic Mechanisms. ACS Chem. Neurosci. 2020, 11, 995-998. [CrossRef]

Iadecola, C.; Anrather, J.; Kamel, H. Effects of COVID-19 on the Nervous System. Cell 2020, 183, 16-27.el. [CrossRef]

Moretti, M.; Malhotra, A.; Visona, S.D.; Finley, S.J.; Osculati, A.M.M.; Javan, G.T. The roles of medical examiners in the COVID-19
era: A comparison between the United States and Italy. Forensic Sci. Med. Pathol. 2021, 17, 262-270. [CrossRef]

Moretti, M.; Belli, G.; Morini, L.; Monti, M.C.; Osculati, A.M.M.; Visona, S.D. Drug abuse-related neuroinflammation in human
postmortem brains: An immunohistochemical approach. J. Neuropathol. Exp. Neurol. 2019, 78, 1059-1065. [CrossRef]

Osborn, M.; Lucas, S.; Stewart, R.; Swift, B.; Youd, E. Briefing on COVID-19. Autopsy practice relating to possible cases
of COVID-19 (2019-nCov, novel coronavirus from China 2019/2020). The Royal College of Pathologists. 2020. Available
online: https:/ /www.rcpath.org/uploads/assets/d5e28baf-5789-4b0f-acecfe370eee6223 / fe8fa85a-f004-4a0c-81ee4b2b9cd12cbf/
Briefing-on-COVID-19-autopsy-Feb-2020.pdf (accessed on 3 May 2020).

Gagliardi, S.; Poloni, E.T.; Pandini, C.; Garofalo, M.; Dragoni, F.; Medici, V.; Davin, A.; Visona, S.D.; Moretti, M.; Sproviero, D.;
et al. Detection of SARS-CoV-2 genome and whole transcriptome sequencing in frontal cortex of COVID-19 patients. Brain Behav.
Immun. 2021, 97, 13-21. [CrossRef]

Poloni, T.E.; Medici, V.; Carlos, A.F,; Davin, A.; Ceretti, A.; Mangieri, M.; Cassini, P.; Vaccaro, R.; Zaccaria, D.; Abbondanza, S.; et al.
Abbiategrasso Brain Bank Protocol for Collecting, Processing and Characterizing Aging Brains. ]. Vis. Exp. 2020, 2020, e60296.
[CrossRef]

Montine, T.J.; Phelps, C.H.; Beach, T.G.; Bigio, E.-H.; Cairns, N.J.; Dickson, D.W.; Duyckaerts, C.; Frosch, M.P; Masliah, E.;
Mirra, S.S.; et al. National Institute on Aging-Alzheimer’s Association guidelines for the neuropathologic assessment of
Alzheimer’s disease: A practical approach. Acta Neuropathol. 2012, 123, 1-11. [CrossRef]

Ragab, D.; Salah Eldin, H.; Taeimah, M.; Khattab, R.; Salem, R. The COVID-19 Cytokine Storm; What We Know So Far. Front.
Immunol. 2020, 11, 1446. [CrossRef]

Zhang, Y,; Tang, L.V. Overview of Targets and Potential Drugs of SARS-CoV-2 According to the Viral Replication. J. Proteome Res.
2021, 20, 49-59. [CrossRef] [PubMed]

Wang, K.; Chen, W.; Zhang, Z.; Deng, Y.; Lian, ].-Q.; Du, P; Wei, D.; Zhang, Y.; Sun, X.-X.; Gong, L.; et al. CD147-spike protein is a
novel route for SARS-CoV-2 infection to host cells. Signal Transduct. Target. Ther. 2020, 5, 283. [CrossRef]

Farkash, E.A.; Wilson, A.M.; Jentzen, ].M. Ultrastructural Evidence for Direct Renal Infection with SARS-CoV-2. JASN 2020, 31,
1683-1687. [CrossRef] [PubMed]

Lynch, M.R.; Tang, J. COVID-19 and Kidney Injury. Rhode Isl. Med. ]. 2020, 103, 24-28.

Pan, X.W,; Xu, D.; Zhang, H.; Zhou, W.; Wang, L.H.; Cui, X.G. Identification of a potential mechanism of acute kidney injury
during the COVID-19 outbreak: A study based on single-cell transcriptome analysis. Intensive Care Med. 2020, 46, 1114-1116.
[CrossRef]

Hassanein, M.; Radhakrishnan, Y.; Sedor, J.; Vachharajani, T.; Vachharajani, V.T.; Augustine, J.; Demirjian, S.; Thomas, G.
COVID-19 and the kidney. Clevel. Clin. ]. Med. 2020, 87, 619-631. [CrossRef]

Mizuiri, S. ACE and ACE2 in kidney disease. World ]. Nephrol. 2015, 4, 74-82. [CrossRef]

Liu, J; Li, Y;; Liu, Q.; Yao, Q.; Wang, X.; Zhang, H.; Chen, R.; Ren, L.; Min, J.; Deng, E; et al. SARS-CoV-2 cell tropism and
multiorgan infection. Cell Discov. 2021, 7, 17. [CrossRef]

Beyerstedt, S.; Barbosa Casaro, E.; Bevilaqua Rangel, E. COVID-19: Angiotensin-converting enzyme 2 (ACE2) expression and
tissue susceptibility to SARS-CoV-2 infection. Eur. J. Clin. Microbiol. Infect. Dis. 2021, 40, 905-919. [CrossRef]

Varga, Z.; Flammer, A ].; Steiger, P.; Haberecker, M.; Andermatt, R.; Zinkernagel, A.S.; Mehra, M.R.; Schuepbach, R.A.; Ruschitzka,
F.; Moch, H. Endothelial cell infection and endotheliitis in COVID-19. Lancet 2020, 395, 1417-1418. [CrossRef]

Boldrini, M.; Canoll, PD.; Klein, R.S. How COVID-19 Affects the Brain. JAMA Psychiatry 2021, 78, 682-683. [CrossRef]

Paul, J.E; Charles, P.;; Richaud, C.; Caussin, C.; Diakov, C. Myocarditis revealing COVID-19 infection in a young patient. Eur.
Heart ]. Cardiovasc. Imaging 2020, 21, 776. [CrossRef]

Mele, D.; Flamigni, F; Rapezzi, C.; Ferrari, R. Myocarditis in COVID-19 patients: Current problems. Intern. Emerg. Med. 2021, 16,
1123-1129. [CrossRef]

Kumar, R.; Kumar, J.; Daly, C.; Edroos, S.A. Acute pericarditis as a primary presentation of COVID-19. BM] Case Rep. 2020,
13, €237617. [CrossRef]


http://doi.org/10.1111/liv.14455
http://doi.org/10.5152/tjg.2022.21748
http://doi.org/10.3748/wjg.v26.i22.2987
http://doi.org/10.1007/s10072-020-04575-3
http://www.ncbi.nlm.nih.gov/pubmed/32725449
http://doi.org/10.1001/jamacardio.2020.1017
http://doi.org/10.1021/acschemneuro.0c00122
http://doi.org/10.1016/j.cell.2020.08.028
http://doi.org/10.1007/s12024-021-00358-0
http://doi.org/10.1093/jnen/nlz084
https://www.rcpath.org/uploads/assets/d5e28baf-5789-4b0f-acecfe370eee6223/fe8fa85a-f004-4a0c-81ee4b2b9cd12cbf/Briefing-on-COVID-19-autopsy-Feb-2020.pdf
https://www.rcpath.org/uploads/assets/d5e28baf-5789-4b0f-acecfe370eee6223/fe8fa85a-f004-4a0c-81ee4b2b9cd12cbf/Briefing-on-COVID-19-autopsy-Feb-2020.pdf
http://doi.org/10.1016/j.bbi.2021.05.012
http://doi.org/10.3791/60296
http://doi.org/10.1007/s00401-011-0910-3
http://doi.org/10.3389/fimmu.2020.01446
http://doi.org/10.1021/acs.jproteome.0c00526
http://www.ncbi.nlm.nih.gov/pubmed/33347311
http://doi.org/10.1038/s41392-020-00426-x
http://doi.org/10.1681/ASN.2020040432
http://www.ncbi.nlm.nih.gov/pubmed/32371536
http://doi.org/10.1007/s00134-020-06026-1
http://doi.org/10.3949/ccjm.87a.20072
http://doi.org/10.5527/wjn.v4.i1.74
http://doi.org/10.1038/s41421-021-00249-2
http://doi.org/10.1007/s10096-020-04138-6
http://doi.org/10.1016/S0140-6736(20)30937-5
http://doi.org/10.1001/jamapsychiatry.2021.0500
http://doi.org/10.1093/ehjci/jeaa107
http://doi.org/10.1007/s11739-021-02635-w
http://doi.org/10.1136/bcr-2020-237617

Cells 2022, 11, 3124 23 of 23

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

Lee, M.H.; Perl, D.P; Steiner, J.; Pasternack, N.; Li, W.; Maric, D.; Safavi, F.; Horkayne-Szakaly, I.; Jones, R.; Stram, M.N_; et al.
Neurovascular injury with complement activation and in fl ammation in COVID-19. Brain 2022, 145, 2555-2568. [CrossRef]
Poloni, T.E.; Carlos, A.F.; Cairati, M.; Cutaia, C.; Medici, V.; Marelli, E.; Ferrari, D.; Galli, A.; Bognetti, P.; Davin, A.; et al.
Prevalence and prognostic value of Delirium as the initial presentation of COVID-19 in the elderly with dementia: An Italian
retrospective study. eClinicalMedicine 2020, 26, 100490. [CrossRef]

Akbar, A.N.; Gilroy, D.W. Aging immunity may exacerbate COVID-19. Science. Am. Assoc. Adv. Sci. 2020, 369, 256-257.
Mueller, A.L.; Mcnamara, M.S.; Sinclair, D.A. Why does COVID-19 disproportionately affect older people? Aging 2020, 12,
9959-9981. [CrossRef] [PubMed]

Salimi, S.; Hamlyn, ].M.; Le Couteur, D. COVID-19 and Crosstalk with the Hallmarks of Aging. J. Gerontol. Ser. A Biol. Sci. Med.
Sci. 2020, 75, e34—e41. [CrossRef] [PubMed]

Fullard, J.F; Lee, H.-C.; Voloudakis, G.; Suo, S.; Javidfar, B.; Shao, Z.; Peter, C.; Zhang, W.; Jiang, S.; Corvelo, A.; et al. Single-
nucleus transcriptome analysis of human brain immune response in patients with severe COVID-19. Genome Med. 2021, 13, 118.
[CrossRef] [PubMed]

Dong, M.; Zhang, J.; Ma, X,; Tan, J.; Chen, L,; Liu, S.; Xin, Y.; Zhuang, L. ACE2, TMPRSS2 distribution and extrapulmonary organ
injury in patients with COVID-19. Biomed. Pharmacother. 2020, 131, 110678. [CrossRef]

Ludlow, M.; Kortekaas, J.; Herden, C.; Hoffmann, B.; Tappe, D.; Trebst, C.; Griffin, D.E.; Brindle, H.; Solomon, T.; Brown, A.S,;
et al. Neurotropic virus infections as the cause of immediate and delayed neuropathology. Acta Neuropathol. 2016, 131, 159-184.
[CrossRef]

Ackermann, M.; Verleden, S.E.; Kuehnel, M.; Haverich, A.; Welte, T.; Laenger, F.; Vanstapel, A.; Werlein, C.; Stark, H.; Tzankov, A;
et al. Pulmonary Vascular Endothelialitis, Thrombosis, and Angiogenesis in COVID-19. N. Engl. ]. Med. 2020, 383, 120-128.
[CrossRef]

McFadyen, ].D.; Stevens, H.; Peter, K. The Emerging Threat of (Micro)Thrombosis in COVID-19 and Its Therapeutic Implications.
Circ. Res. 2020, 127, 571-587. [CrossRef]

Pisano, T.J.; Hakkinen, I.; Rybinnik, I. Large Vessel Occlusion Secondary to COVID-19 Hypercoagulability in a Young Patient: A
Case Report and Literature Review. . Stroke Cerebrovasc. Dis. 2020, 29, 105307. [CrossRef]

Baram, A.; Kakamad, FEH.; Abdullah, H.M.; Mohammed-Saeed, D.H.; Hussein, D.A.; Mohammed, S.H.; Abdulrahman, B.B.;
Mirza, A.].; Abdulla, B.A.; Rahim, H.M.; et al. Large vessel thrombosis in patient with COVID-19, a case series. Ann. Med. Surg.
2020, 60, 526-530. [CrossRef]

Avila, J.; Long, B.; Holladay, D.; Gottlieb, M. Thrombotic complications of COVID-19. Am. ]. Emerg. Med. 2021, 39, 213-218.
[CrossRef]

Iba, T; Levy, ].H.; Levi, M.; Thachil, J. Coagulopathy in COVID-19. J. Thromb. Haemost. 2020, 18, 2103-2109. [CrossRef]

Soy, M.; Keser, G.; Atagiindiiz, P; Tabak, F; Atagiindiiz, I.; Kayhan, S. Cytokine storm in COVID-19: Pathogenesis and overview
of anti-inflammatory agents used in treatment. Clin. Rheumatol. 2020, 39, 2085-2094. [CrossRef]


http://doi.org/10.1093/brain/awac151
http://doi.org/10.1016/j.eclinm.2020.100490
http://doi.org/10.18632/aging.103344
http://www.ncbi.nlm.nih.gov/pubmed/32470948
http://doi.org/10.1093/gerona/glaa149
http://www.ncbi.nlm.nih.gov/pubmed/32544216
http://doi.org/10.1186/s13073-021-00933-8
http://www.ncbi.nlm.nih.gov/pubmed/34281603
http://doi.org/10.1016/j.biopha.2020.110678
http://doi.org/10.1007/s00401-015-1511-3
http://doi.org/10.1056/NEJMoa2015432
http://doi.org/10.1161/CIRCRESAHA.120.317447
http://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105307
http://doi.org/10.1016/j.amsu.2020.11.030
http://doi.org/10.1016/j.ajem.2020.09.065
http://doi.org/10.1111/jth.14975
http://doi.org/10.1007/s10067-020-05190-5

	Introduction 
	Materials & Methods 
	Study Design, Setting, Participants, and Clinical Data 
	Autopsies and Sampling of the Organs 
	Histology and Immunohistochemistry 
	Statistical Analysis 

	Results 
	General and Clinical Characteristics 
	Pathological Findings in COVID-19 Cases 
	Pathological Findings in Control Non-COVID Cases (n = Five Lungs; n = Five Brains) 
	Comparison of Pathological Findings 

	Discussion 
	SARS-CoV-2 Antigens 
	Inflammatory Infiltrates 
	Comparison between COVID-19 and Other Types of Pneumonia 
	Comparison between COVID-19 and Control Brains 
	Microthrombosis 

	Conclusions 
	References

