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Abstract

Coronavirus disease 2019 (COVID-19) was initially characterized as a respiratory illness.
Neurological manifestations were reported mostly in severely affected patients. Routes for
neuroinvasion and the presence of virus particles in situ have not been well described, raising
controversies about how the virus causes neurological symptoms. Here we report the autopsy findings
of a 1-year-old infant with COVID-19. In addition to pneumonitis, meningitis, and multiple organ
damage related to thrombosis, a previous encephalopathy may have contributed to the bad clinical
outcome. Neuropathological analysis revealed severe cerebral atrophy, cortical nerve cell loss,
extensive reactive gliosis, and mild lymphocytic infiltration in the leptomeninges. SARS-CoV-2
infected the choroid plexus, ventricle surfaces, and cerebral cortex. The predominant infection in the
choroid plexus along with discontinuous endothelium suggest that neuroinvasion occurred through
hematogenous route, due to blood—cerebrospinal fluid barrier disruption. This is the first evidence of

SARS-CoV-2 detection and its route of entry in an infant post-mortem brain.
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Introduction

COVID-19 is caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Emerged
in Wuhan, China, in December 2019, the virus speedily spread globally and has infected more than 34
million people, causing 1,016,000 deaths until late September 2020 (27), with about 35,000 new cases
per day worldwide (27), SARS-CoV-2 poses a threat to health systems, especially in countries where

the spread of virus was still not mitigated.

COVID-19 is mainly characterized by respiratory signs and symptoms, although severely affected
patients can develop acute and chronic neurological symptoms, like headache, dizziness, hypogeusia
and hyposmia (12), and clinical impairments, such as persistent fatigue (15) and
meningitis/encephalitis (16).

Neurotropism seems to be one of the characteristics of the coronavirus family. Brain samples of a
patient that developed SARS presented particles of SARS-CoV, besides an extensive neuronal necrosis
and glial hyperplasia (28). Recently, SARS-CoV-2 RNA and proteins were found in the olfactory bulb,
superior frontal gyrus, basal ganglia, upper and brainstem, and cerebellum of 53% of patients who died
from COVID-19 (13). Another study showed that brain sections of 18 patients presented low levels of
SARS-CoV-2 RNA only in 3 sections from the medulla and 3 from the frontal lobe/olfactory nerves
of 5 patients (22). Microscopic examination of these samples revealed loss of neurons in the cerebral
cortex, hippocampus, and cerebellum (22). The SARS-CoV-2 RNA had also already been reported in
cerebrospinal fluid (CSF) of one patient with viral encephalitis (16). However, the route of entry of

SARS-CoV-2 into the central nervous system has not been clarified yet.

Here we describe the pathological alterations associated with the presence of SARS-CoV-2 in post-
mortem tissues of a 1-year and 2-months-old infant, who died from respiratory failure caused by
COVID-19. The findings suggest blood-CSF barrier disruption as a via for SARS-CoV-2 entry into

the central nervous system.

Case Report

A female infant born in February 2019, at term, healthy, and with normal neurological development,
was admitted to an emergency hospital in December 2019 presenting vomits, hypotonia, and seizures.
She was discharged after 16 days presenting sporadic episodes of convulsive seizures. Since February
2020, she has been hospitalized three times with seizures and vomits. An electroencephalogram in mid
March was abnormal with diffuse slow activity. In early April she was readmitted to the hospital

presenting vomits and repetitive movements in the left upper and lower limbs, hypotonia, postural
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instability, and inability to support her head, to sit and walk. The auscultation of the respiratory system
revealed universally audible vesicular murmur, wheezing, rhonchi, and rales. She evolved with
intermittent periods of dyspnea, tachypnea, and use of accessory muscles to breathe, along with
tachycardia and fever, anemia, leukocytosis, and relative lymphopenia and neutrophilia. She also
presented elevated alanine aminotransferase, aspartate aminotransferase and C-reactive protein,
normal bilirubin, and metabolic acidosis and respiratory alkalosis, requiring oxygen therapy and
assisted ventilation. The tracheal secretion tested positive for SARS-CoV-2 by RT-PCR, and the
cranial computed tomography showed brain atrophy with compensatory hydrocephalus. She evolved
to impaired consciousness (Glasgow scale 3), hemodynamic instability, and died twenty-five days after

admission, due to respiratory failure caused by bilateral coronavirus pneumonitis.

Materials and Methods
Autopsy procedures and tissue processing

Full autopsy was performed with a post-mortem interval of 48 hours and following best practices
autopsy guidelines, according to biosafety practices in Anatomical Pathology Laboratories. All tissues
were fixed at 10% buffered formalin (pH 7.4) for at least 48 hours.

Tissue samples were processed using a standard protocol for paraffin embedding and 4-um sections
were stained with Hematoxylin and Eosin (H&E). 10-pum sections of selected areas were stained for
myelin with Luxol fast Blue. Immunohistochemistry was performed in selected areas of the nervous
tissue which presented histological lesions, using anti-glial fibrillary acidic protein (GFAP), anti-
NeuN, CD3, CD20, CD34 and CD68 antibodies, according to routine procedures with further detection
by DAB-peroxidase system.

For immunofluorescence and confocal imaging, paraffin blocks from lungs and brain (choroid plexus
[ChP], cerebral cortex, the surface of lateral ventricle, medulla oblongata, midbrain, pons and
putamen) were selected to produce a tissue microarray block, adapted from Pires et al. (20). Then, 4
pum sections were obtained and incubated with anti-SARS-CoV-2 spike protein monoclonal antibody
(SP), convalescent serum from a patient with COVID-19 (CS), and double-stranded RNA (dsRNA)
monoclonal antibody (J2) overnight at 4°C, followed by Goat anti-Mouse Alexa Fluor 488 secondary
antibody incubation. Nuclei were stained with 0.5 pg/mL 4’-6-diamino-2-phenylindole. The images

were acquired with a confocal microscope Leica TCS SP8 using a 63x objective lens.

Further details of materials and methods are described in the Supplementary Appendix.
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The research protocol was approved at the local Ethics Committee (Copa D’Or Hospital/Instituto D’Or
de Pesquisa e Ensino, IDOR, CAAE number: 37211220.0.0000.5249), and was performed according
to the Declaration of Helsinki.

Results
Morphological findings

Macroscopic and histopathological examination revealed damages in multiple organs. As expected,
coronavirus pneumonitis caused lung congestion and edema (Figs. 1a, b); the interstitial inflammation
delineated the pulmonary acini (Fig. 1b). Histologically, it was characterized by some bronchial
lymphoid aggregates, interstitial lymphocytic infiltrate, and diffuse damage of respiratory bronchioles
covered with hyaline membranes, along with collapsed alveolar space, some of them containing
eosinophilic plugs of plasma proteins and cellular debris (Fig. 1c, d). In addition, there was congestion,
edema, hemorrhagic foci, atelectasis, and recent microthrombi in some branches of pulmonary arteries

in both lungs (Supp Fig. 1a).

Other findings included venous and arterial microthrombosis in multiple organs, including small
arteries in the lungs, kidneys and left ventricular myocardium (Supp Figs. 1a-c). Venous thrombosis
was pronounced in vascular structures related to thymus, esophagus, liver and thyroid (Supp Figs. 1d-
g). We also observed a focal pelvic thrombophlebitis (Supp Fig. 1h) and a massive pancreatic ischemic
necrosis secondary to vessel thrombosis, along with extensive hemorrhage (Supp Fig. 1i) without

pancreatitis.

We also found other tissue injuries such as esophagitis and tracheitis, with lymphocyte inflammatory
infiltrate in the mucosa (Supp Figs. 2a-b), laryngitis with necrosis and mucosal erosion, and hepatic

steatosis (Supp Figs. 2c-d). Morphological findings are summarized in Supp Table 1.

Neuropathological findings

A comprehensive analysis of the encephalic tissues showed severe cerebral atrophy and consequent
large remaining space within the cranial cavity (Fig. 2a). The brain weight (635 grams) was about 33%
less than normal parameters (range weight: 940 to 1,010 grams). On sections, significant atrophy
affected the cerebral hemispheres, the cortical surfaces were thin, granulated and discolored (Fig. 2c)
and there were focal cortical depressions corresponding to areas of cortical collapse, particularly in the

temporal lobes which were extremely soft (Fig. 2b). The olfactory nerves and bulbs were not preserved
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because of the cerebral softening. Cerebellum looked normal and in the brainstem the basis pontis was

smaller.

Histologically, pronounced damage was detected in many regions of the cerebral cortex, such as
laminar cortical necrosis, spongiosis, microvascular proliferation and diffuse cerebral edema (Figs. 2d
and e). All lobes were involved, although in some areas, particularly in the temporal lobes, pannecrotic
cortical lesions featured profound neuronal loss (Fig. 2f) with preserved white matter myelination (Fig.
29g). Neuron loss was also observed in the basal ganglia and the thalamus. In the hippocampus,
shrunken neurons were seen in CAL (Fig. 2i). The cerebellum was relatively well preserved, with
occasional red or shrunken Purkinje cells which were fewer in some regions. Descending axons were
reduced in the brainstem. In addition, there were few lymphocytes in the leptomeninges (Fig. 2h),
particularly in the temporal lobes, and focal perivascular and neuronal mineralization. Severe cortical
neuron loss was better detected with NeuN immunostaining (Fig. 3a and b) with consequent severe
reactive gliosis, also involving basal ganglia and the periventricular region (Fig. 3c-g) and
microglial/macrophagic proliferation (Fig. 3h and i). CD68 positive cells of histiocytic lineage were

also seen in the leptomeninges (Fig. 3j) where the lymphocytes immunostained with CD3.

SARS-CoV-2 detection in the brain and blood-CSF barrier disruption

We analyzed the lung as a positive control and, as expected, SARS-CoV-2 was present in groups of
nearby cells detected by dsSRNA, CS (data not shown) and SP (Fig. 4b-d). Among brain and brainstem
areas, we observed a pronounced SARS-CoV-2 infection localized along the ChP epithelium, mainly
in the apical cytoplasm (Fig. 4f-h and Supp Fig. 3). Considering that ChP extends within each
ventricle in the brain, not surprisingly we also detected SARS-CoV-2 positive cells, to a lesser extent,
in the ependyma of the lateral ventricle (Supp Fig. 3b-d). We also observed scarce cells positive for
SP in the cortex (Fig. 4j-1), whereas no positive cells were found in medulla oblongata, pons, midbrain,

and putamen (Supp Fig. 3e-h).

Interestingly, we also found SARS-CoV-2 infection restricted at the lumina of some choroid plexus
capillaries and vessels. This infection pattern was detected by dsRNA (Fig. 5a-c), CS (Fig. 5d-f), and
SP (Fig. 5g-i), strongly supporting the presence of the virus in those areas. Furthermore, other vessels
showed the entire wall infected by SARS-CoV-2 (Supp Fig. 4e and f). Notably, the group of cells
localized nearby the infected endothelium presented higher immunoreactivity to SARS-CoV-2 than
other cells alongside the vessels (Fig. 5a and ¢, Supp Fig. 4b, ¢ and e), suggesting the course of viral
infection and its spread. As we found substantially SARS-CoV-2 positive staining in the epithelium

and endothelium of the ChP, we investigated the integrity of ChP endothelium. The staining for the
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endothelial marker CD34 showed a discontinuity in multiple sites of the vessels of ChP, probably as a

result of SARS-CoV-2 infection (Fig. 6).

Fig. 1 Macroscopic and microscopic appearances of lungs

(a) Cut surfaces of the left (above) and the right (below) congested and edematous lungs. In (b) the
pulmonary acini (lobules) are well delimited due to the pneumonitis. Post-mortem clots are seen in
branches of pulmonary arteries. (c) Diffuse damage of respiratory bronchioles (star), associated with
eosinophilic hyaline membranes (arrowhead). Note the congestion of the alveolar capillaries, the
collapsed alveolar spaces and the interstitial lymphocytic infiltrate. (d) Respiratory bronchioles with
eosinophilic plugs (star) of plasma proteins and cellular debris. Observe the collapsed alveolar spaces
and some hyaline membranes. (c and d - H&E).
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Fig. 2 Macroscopic and microscopic appearances of brain tissue

(a) Unfixed brain in situ does not fill the base of the skull due to marked atrophy. (b) Coronal section
of the brain with cortical atrophy and wide sulci. The flat cortical surface of the right hemisphere is
due both to edema and fixation artifacts. The temporal lobes (stars) have collapsed due to cortical
necrosis, as seen histologically in (f). (c) Cut surface of fixed brain showing thin granular and
discolored cortex. (d) Histological section of cortex and white matter, showing cortical laminar
necrosis. Detail in (e). There is severe nerve cell loss and vascular proliferation, but the molecular
layer (left) is relatively spared. (g) White matter myelination is preserved as seen with the Luxol Fast
Blue staining. (h) Mild lymphocytic infiltration is seen in the leptomeninges. In (i), CA1 hippocampal
neurons (mid-upper right) although present, are shrunken compared to those in CA2 (lower left).(d-f
and h-i - H&E).
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Fig. 3 Immunostainings with NeuN (a-b), GFAP (c-g) and CD68 (h-j) in cerebral areas

Severe cortical nerve cell loss (a) compared with a transition with a better-preserved area (b), where
scattered pyramidal neurons are present. (c) Severe reactive gliosis involving cortex and white matter,
except in an area where the cortical nerve cell and axonal loss (in the corresponding white matter) was
not so severe (upper right corner). A detail of the cortical gliosis is seen in (d), including the subpial
region (arrowheads), sparing part of the molecular layer. (e) Caudate nucleus and periventricular
region, including the ependymal surface with severe gliosis. Details in (f) and (g), respectively. (h)
Microglial and macrophagic proliferation in cortex and white matter (detail in i). In (j) a detail of CD68
positive cells of histiocytic lineage in the leptomeninges.
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4 Light and immunofluorescence staining photomicrographs for spike protein (SP) in the

brain (cerebral cortex and choroid plexus) and lung

(a) Lung tissue with marked pneumonitis. (b-d) SARS-CoV-2 infected cells in the lung detected by
SP (green) and nuclear staining in blue (DAPI). (e) Choroid plexus of the cerebral lateral ventricle.
Note vascularized and ramified papillary structures covered with a simple cuboidal epithelium. (f-h)
SARS-CoV-2 infected cells in the choroid plexus detected by SP. (i) Molecular layer of cerebral
cortex. (j-1) SARS-CoV-2 infected cells detected in the cortex by SP. (a, e, i - H&E).



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 October 2020

Fig. 5 Immunofluorescence photomicrographs for SARS-CoV-2 in the choroid plexus
endothelium. Immunostaining for dsSRNA (a-c), CS (d-f) and spike protein (SP) (g-i) in green and
nuclear staining in blue (DAPI). SARS-CoV-2 infection at the lumina of capillaries and vessels (stars)

and nearby cells infected (arrowheads). Details in (c), (f) and (i).
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Fig. 6 CD34 immunoreaction for endothelial cells in the choroid plexus. (a-f)
CD34 is discontinuous or weakly stained (arrowheads) in several regions of the choroid plexus vessel
walls.
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Discussion

We reported the histopathological post-mortem findings of a 1-year and 2-months-old infant that died
of COVID-19. We observed a severe pneumonitis and a massive cerebral hypotrophy and edema with
morphological appearances of hypoxic encephalopathy (a co-morbidity that might have contributed to
the bad outcome of COVID-19), secondary to the prolonged episodes of seizures and the respiratory
disease. We also demonstrated that SARS-CoV-2 substantially infected the choroid plexus epithelium

and endothelium, some ependymal cells and in a lesser extension the cerebral cortex.

The cause of death was a severe pneumonitis with diffuse respiratory bronchiolar and alveolar damage,
together with massive pancreatic ischemic necrosis secondary to a large vessel thrombosis, both
reported in patients infected with the SARS-CoV-2 (5,4). In addition, the infant presented multiple
thrombotic events in several organs. Post-mortem studies have shown microangiopathy and

microthrombosis in major organs, including the lungs (5,2).

Another hallmark of severe COVID-19 is the overproduction of proinflammatory cytokines which
leads to systemic inflammation (18) and contributes to thrombus formation (25,10). We observed
leukocytes infiltration, hyaline membranes and plugs of plasma proteins and cellular debris in the lung

parenchyma, but lymphoid depletion was also detected in lymphoid tissues, as previously reported (5).

The encephalopathy reported here could be related to hypoxia, secondary to both the prolonged
episodes of seizures and the severe pneumonitis. However, a differential diagnosis with Alpers-
Huttenlocher syndrome (which has morphological features of anoxic encephalopathy and liver
steatosis), cannot be ruled out (21). It was not suspected in life, there was no family history and
unfortunately molecular genetic diagnosis is not available, but could explain the clinical presentation,
from the first symptoms. On the other hand, other causes of liver steatosis such as antiepileptic drugs,
steroids, taken by this child, and even under nutrition due to the various episodes of vomits in the last
few months, should also be taken into account. Together with severe cortical neuron loss, reactive
gliosis is expected in both encephalopathies, particularly in the cortex, as well as macrophagic activity.
However, excessive microgliosis and white matter gliosis was unexpected and could be related to
SARS-CoV-2 infection. In fact, it has been reported increased plasma levels of GFAP and
neurofilament light chain protein in COVID-19 severe patients, which might explain the outcomes of
cerebral injury related to SARS-CoV-2 infection (9) and the neurological signs and symptoms.
Systemic lymphoid depletion (see Supplementary Table 1), the use of steroids, and possible late and

mild viral invasion, could also explain the fact that leptomeningitis in this case (described for the first
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time in children in association with SARS-CoV-2 infection) coursed with mild lymphocytic

infiltration.

Despite the suggested neurological infection, the route of SARS-CoV-2 entry into the brain is still
under debate. Recently, it was demonstrated infection by SARS-CoV-2 associated with local ischemic
infarctions in the adult human brain (23). SARS-CoV-2 uses the angiotensin-converting enzyme 2
(ACE2) as the main entry in the host cells. ACE2 is mainly expressed in the heart, kidney, small
intestine, testis, placenta, eye and vessels. The brain presents negligible amounts of ACE2 protein,
except for the choroid plexus, which exhibits high expression of ACE2 (6,3). Indeed, we found
considerable immunostaining for SARS-CoV-2 in choroid plexus and, to a lesser extent, in ependymal
cells, but it was scarce in other brain areas, such as the cortex, probably due to a very mild infection.

Choroid plexus has a single epithelial layer attached by tight junctions that participates in the
blood-cerebrospinal fluid (CSF) barrier (11,1,7). A study evidenced SARS-CoV-2 particles in
endothelial cells, as well as inflammation (26). Another study found viral-like particles in brain
capillary endothelium suggesting the hematogenous route as the most likely pathway for SARS-CoV-
2 to the brain (17). Given the essential role of endothelium in vascular permeability homeostasis,
endothelium dysfunction caused by SARS-CoV-2 infection may contribute to the thrombo-
inflammatory process resulting in vasculopathy (14). Thus, infection of the choroid plexus could
enable SARS-CoV-2 to disrupt the CSF barrier and invade the brain and is supported by our finding

of discontinuous CD34 staining in choroid plexus endothelial cells.

Our findings are in accordance with previous works in vitro showing choroid plexus infection by
SARS-CoV-2 in brain organoids (19,8). The authors demonstrated that SARS-CoV-2 has minimal
tropism for neurons and glial cells but promotes the brain-CSF barrier breakdown (19). Likely, the
deleterious findings in the post-mortem brain tissues was due to the previous encephalopathy added to
the entry of immune cells and cytokines through the disrupted blood-CSF barrier. Supporting this
concept, SARS-CoV-2 RNA was found in the cerebrospinal fluid of one patient with COVID-19

encephalitis, as aforementioned (16).

Here we reported several multisystemic histopathological alterations caused by SARS-CoV-2 in an
infant. Severe SARS-CoV-2 cases in children are rare but concerning because they may result in death
or sequelae in many cases (24). The differences of SARS-CoV-2 behavior between children and adults
are not clear, but they seem to share hallmarks, including inflammation, thrombosis, and secondary

tissue hypoxia. Indeed, the histopathological findings showed all these aspects in addition to
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meningitis. We also showed the discontinuity of the endothelium and substantially SARS-CoV-2
infection in the choroid plexus in vivo. Our findings suggest SARS-CoV-2 neuroinvasion may occur
via blood-CSF barrier disruption. Further research is needed to better understand the mechanisms that
can trigger blood-CSF barrier disruption. Although SARS-CoV-2 does not diffuse effectively within
the brain it might profoundly damage it, since the excessive microgliosis observed in this case was
unexpected in the previous encephalopathy. This report elucidates many aspects of SARS-CoV-2
infection contributing to the search for clinical and pharmacological strategies against COVID-19.
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