
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Journal of Neuroimmunology 361 (2021) 577728

Available online 29 September 2021
0165-5728/© 2021 Elsevier B.V. All rights reserved.

Short Communication 

The microglial NLRP3 inflammasome is involved in human SARS-CoV-2 
cerebral pathogenicity: A report of three post-mortem cases 

Viviana Falcón Cama a,h,1, Javier Marín-Prida b,1, Nelson Acosta-Rivero c,1, Emilio F. Acosta d,h, 
Leonardo Oramas Díaz a, Ana V. Casadesús e, Briandy Fernández-Marrero e, 
Nathalie Gilva-Rodríguez a, Daina Cremata-García a, Majel Cervantes-Llanos a, 
Beatriz Piniella-Matamoros a, Daisy Sánchez d, Leticia del Rosario-Cruz f, Israel Borrajero g, 
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A B S T R A C T   

We herein report, by using confocal immunofluorescence, the colocalization of the SARS-CoV-2 nucleocapsid 
within neurons, astrocytes, oligodendrocytes and microglia in three deceased COVID-19 cases, of between 78 and 
85 years of age at death. The viral nucleocapsid was detected together with its ACE2 cell entry receptor, as well 
as the NLRP3 inflammasome in cerebral cortical tissues. It is noteworthy that NLRP3 was colocalized with CD68 
+ macrophages in the brain and lung of the deceased, suggesting the critical role of this type of inflammasome in 
SARS-CoV-2 lesions of the nervous system/lungs and supporting its potential role as a therapeutic target.   

1. Introduction 

It is widely recognized that patients with coronavirus disease 2019 
(COVID-19) present diverse neurological injuries leading to long-term 
sequels, but the pathogenic mechanisms involved are still largely un-
known (Azizi and Azizi, 2020). Using confocal immunofluorescence 
analysis (Supplementary Materials and Methods), we report the poten-
tial role of NLRP3 inflammasome in brain pathogenicity of severe acute 

respiratory syndrome coronavirus-2 (SARS-CoV-2) in three deceased 
patients with COVID-19. 

2. Cases report 

The patients had a history of distinct comorbidities when they were 
diagnosed with COVID-19 (Table 1). Firstly, cellular tropism of SARS- 
CoV-2 was investigated in the cerebral cortex of evaluated patients 

Abbreviations: COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; NC, nucleocapsid; CNS, central nervous 
system; ACE2, Angiotensin-Converting Enzyme 2. 
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guillen@cigb.edu.cu (G. Guillen-Nieto), giselle.penton@cigb.edu.cu (G. Pentón-Rol).   

1 These authors contributed equally to this study and should be considered as co-first authors. 

Contents lists available at ScienceDirect 

Journal of Neuroimmunology 

journal homepage: www.elsevier.com/locate/jneuroim 

https://doi.org/10.1016/j.jneuroim.2021.577728 
Received 27 April 2021; Received in revised form 18 August 2021; Accepted 26 September 2021   

mailto:viviana.falcon@cigb.edu.cu
mailto:javier.marin@ifal.uh.cu
mailto:nelson.acosta@fbio.uh.cu
mailto:emilio.am@cea.cu
mailto:emilio.am@cea.cu
mailto:leonardo.oramas@cigb.edu.cu
mailto:anav@cim.sld.cu
mailto:briandyf@cim.sld.cu
mailto:nathalie.gilva@cigb.edu.cu
mailto:nathalie.gilva@cigb.edu.cu
mailto:daina.cremata@cigb.edu.cu
mailto:majel.cervantes@cigb.edu.cu
mailto:beatriz.piniella@cigb.edu.cu
mailto:beatriz.piniella@cigb.edu.cu
mailto:daisy.sg@cea.cu
mailto:lrosarioc@infomed.sld.cu
mailto:telepatol@hha.sld.cu
mailto:angelina.dg@cea.cu
mailto:angelina.dg@cea.cu
mailto:yorexis.ga@cea.cu
mailto:eduardo.penton@cigb.edu.cu
mailto:teremg@infomed.sld.cu
mailto:gerardo.guillen@cigb.edu.cu
mailto:gerardo.guillen@cigb.edu.cu
mailto:giselle.penton@cigb.edu.cu
www.sciencedirect.com/science/journal/01655728
https://www.elsevier.com/locate/jneuroim
https://doi.org/10.1016/j.jneuroim.2021.577728
https://doi.org/10.1016/j.jneuroim.2021.577728
https://doi.org/10.1016/j.jneuroim.2021.577728
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jneuroim.2021.577728&domain=pdf


Journal of Neuroimmunology 361 (2021) 577728

2

(Fig. 1). 
Importantly, the viral nucleocapsid (NC) protein was localized in a 

variety of typical cells of the central nervous system (CNS), that were 

identified using antibodies against NeuN (neurons), GFAP (astrocytes), 
CNPase (oligodendrocytes) and Iba-1 (microglia) (Fig. 1A-D; Supp. 
Fig. 2–5). In contrast, immunostaining was not detected with only 

Table 1 
Clinical and pathological characteristics of COVID-19 patients included in the present study.  

Cases 
no. 

Gender Age 
(years) 

Cause of death Comorbidities Pathological findings 

1 Male 78 Sudden cardiac death paranoid schizophrenia, chronic 
obstructive pulmonary disease, 
cardiac insufficiency 

Generalized atherosclerotic disease, nephrocalcinosis, pulmonary 
emphysema, calcified sclerosis tunica media (Monckeberg), acute 
hepatic steatosis, congestive spleen, moderate cerebral edema, reactive 
gliosis 

2 Male 85 Sepsis, pneumonia Dementia, left hip fracture Cerebral atherosclerosis grade III, reactive hepatitis, passive chronic 
hepatic severe congestion, mild cardiosclerosis, congestive spleen, 
myocardial stromal fat infiltration, severe cerebral atrophy 

3 Female 80 Asthma with respiratory 
decompensation, multiorgan 
failure 

Asthma, chronic obstructive 
pulmonary disease, obesity 

Generalized atherosclerotic disease, pulmonary edema, severe 
bronchioloalveolar permeability, moderate cardiosclerosis, 
hypertensive kidney disease, myocardial stromal fat infiltration, 
intense hepatic steatosis, acute tubular necrosis, moderate cerebral 
edema  

Fig. 1. Images represent region of interests (Rois) obtained in Supplementary Figs. 2–5 from confocal microscopy analysis of SARS-CoV-2 nucleocapsid (NC) and cell 
type markers in the brain cortex of deceased COVID-19 patients. Panels show colocalization of viral NC with Neu N (A), GFAP (B), CNPase (C) and Iba-1 (D). Arrows 
point to a Roi shown as a Zoom-in view in 3D space (b) and associated quantitative profiling of image voxel intensity of the different dyes along a 3D line segment (c) 
using the Vaa3D software. Intensity correlation analysis of Rois (a): Manders’ Coefficients (M1, M2);Costes’ Pearson’s Coefficient (CP) and P-value (P-v, %). Bars: 
50 μm. 
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secondary fluorescent probes-conjugated antibodies without primary 
antibodies in postmortem brain samples from COVID-19 deceased 
(Supp. Fig. 1). 

Next, potential mediators of the pathogenicity of this virus were 
identified in the human CNS. Interestingly, NC colocalized with the cell 
entry receptor of SARS-CoV-2, Angiotensin-Converting Enzyme 2 
(ACE2), in the brain tissue (Fig. 2A; Supp. Fig. 6). Notably, co- 
immunostaining of NC with a key player of the neuroinflammatory 
axis: the inflammasome NLRP3 (Fig. 2B; Supp. Fig. 7) was also observed. 
Furthermore, NLRP3 was co-detected with CD68, a monocyte/macro-
phage and microglia marker (Fig. 2C; Supp. Fig. 8). 

To determine whether similar viral pathogenic features were 
observed in lungs and brain, these viral and immune markers were 
studied in lungs. Remarkably, NC protein colocalized with NLRP3 and 
CD68 in postmortem lung samples (Fig. 3A and B). In contrast, no im-
munostaining was detected for NC in a lung sample of a person who died 
from a cause non-related to COVID-19 (Supp. Fig. 12). Moreover, NLRP3 
localized with CD68+ cells (Fig. 3C; Supp 9–11), suggesting that SARS- 
CoV-2 may regulate the functions of NLRP3 in monocytes/macrophages 
from lungs and brain. The pathogenesis of virus-related damage to lungs 
was evidenced by microscopic histochemical examination, showing 
features of predominant interstitial fibrosis (Fig. 3D). 

It is noteworthy that colocalization of NC with markers of CNS’s 
tropism and immune responses, was observed in all deceased COVID-19 
patients, evidencing the high cerebral virulence of the SARS-CoV-2. 

3. Discussion 

SARS-CoV-2 neuroinvasion has been observed in different experi-
mental models, such as human brain organoids, and transgenic mice, 
overexpressing the human ACE2 (Sanclemente-Alaman et al., 2020). In 
a study including four brain regions from 43 COVID-19 autopsies, 
astrogliosis (37/43 cases), microglial activation (43/43 cases) and 
infiltrated cytotoxic CD8+ T cells (43/43 cases) were observed 
(Matschke et al., 2020). Out of 40 of these cases, SARS-CoV-2 RNA or 
proteins (spike or NC) were detected in brain areas of 21 (53%), with 8 
cases (20%) containing both viral components, but its presence in the 
CNS was not associated with the severity of the neuropathological 
changes (Matschke et al., 2020). Similarly, Song et al. (2021) detected 
the viral spike protein in brains of 3 deceased COVID-19 patients, spe-
cifically in cortical neurons and in the microvasculature. Accordingly, 
the present study illustrates that NC colocalizes with specific neuronal 
and glia proteins in the cerebral cortex, suggesting the possibility that 
the diverse CNS cellular tropism of SARS-CoV-2 could be highly dele-
terious as previously proposed (Pan et al., 2020). This may promote 
blood-brain barrier leakage in close association with the viral injury to 
the CNS vascular endothelium (Lee et al., 2021). 

On the other hand, in a series of 41 postmortem cases, microglial 
activation was found in 80.5% of them (34/41), confirming the impor-
tant role of this CNS cell type, as well as the infiltration of T cells (38/41 
cases) in cerebral SARS-CoV-2 injuries (Thakur et al., 2021). Moreover, 
brain samples (28/41 cases) had either low viral RNA titers or non- 
detectable levels of viral structural proteins (Thakur et al., 2021).This 
fact may reflect the extensive cerebral injuries secondary to viral 

Fig. 2. Images represent region of interests (Rois) obtained in Supplementary Figs. 6–8 from confocal microscopy analysis of SARS-CoV-2 nucleocapsid (NC) and 
markers of viral host entry and neuroinflammation in the brain cortex of deceased COVID-19 patients. Panels show colocalization of viral NC with ACE2 (A) and 
NLRP3 (B) or co-detection of CD68 with NLRP3 (C). Arrows point to a Roi shown as a Zoom-in view in 3D space (b) and associated quantitative profiling of image 
voxel intensity of the different dyes along a 3D line segment (c) using the Vaa3D software. Intensity correlation analysis of Rois (a): Manders’ Coefficients (M1, M2); 
Costes’ Pearson’s Coefficient (CP) and P-value (P-v, %). Bars: 50 μm. 
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neuroinvasion. Under these conditions, the capacity of the virus to 
replicate in brain host cells will be limited, given the CNS heterogeneous 
expression of genes relevant to viral entry (Matschke et al., 2020), and 
due to virus clearance by the neuroinflammatory response subsequent to 
the acute CNS attack (Dogra et al., 2021). In this sense, in a patient who 
died from COVID-19 with a severe neuropathological condition (large 
acute cerebral infarction) indisputably related to this disease, the viral 
RNA was not detected in any of the 16 brain regions studied (Serrano 
et al., 2021). Therefore, these studies suggest that SARS-CoV-2 CNS 
infection, replication and clearance mechanisms precede the worsening 
of COVID-19 neurological complications such as infarctions, hemor-
rhages and neurodegenerative processes; indicating that appropriate 
neurotherapeutic interventions should start as early as possible once the 
virus is detected. 

NLRP3 inflammasome activation and the subsequent production of 
IL-1β in dysregulated reactive microglia, has been associated with CNS 

pathology (Barclay and Shinohara, 2017). Accordingly, our findings 
shed light on the plausible pathogenic role, as well as the possible 
pharmacological targeting, of this intracellular multiprotein complex on 
SARS-CoV-2 brain damage. We co-detected NLRP3 expression along 
with CD68 in brain samples, a marker previously related to the ramified 
state of activated microglia, possibly indicating its phagocytic activity 
(Hendrickx et al., 2017). Previously, higher NLRP3 levels were also 
observed in the lungs, in agreement with our observations, indicating 
that the activation of this inflammasome type may be a crucial SARS- 
CoV-2 pathogenicity mediator in the lungs and brain (Rodrigues et al., 
2020). In the lungs, CD68+ macrophages have been observed within the 
alveolar space in 10/12 biopsies of COVID-19 patients, taken within 20 
days of symptoms onset (Doglioni et al., 2021). These pieces of evidence 
support the hypothesis of early NLRP3 inflammasome activation in 
SARS-CoV-2 infected macrophages (lungs) and microglia (brain), pro-
moting the progression to complications in the respiratory and nervous 

Fig. 3. Images represent region of interests (Rois) (A-C) obtained in Supplementary Figs. 9–11 from confocal microscopy analysis of SARS-CoV-2 nucleocapsid (NC) 
and markers of innate immune response in lungs of deceased COVID-19 patients. Panels show colocalization of viral NC with NLRP3 (A) and CD68 (B) or co-detection 
of NLRP3 with CD68 (C). Arrows point to a Roi shown as a Zoom-in view in 3D space (b) and associated quantitative profiling of image voxel intensity of the different 
dyes along a 3D line segment (c) using the Vaa3D software. Intensity correlation analysis of Rois (a): Manders’ Coefficients (M1, M2);Costes’ Pearson’s Coefficient 
(CP) and P-value (P-v, %). Bars: 50 μm. D) Representative images of Picro Mallory staining in postmortem lung sections of cases 1 (P1), 2 (P2) and 3 (P3) showing 
interstitial fibrosis. Collagen is stained in blue. Bars: 200 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

V.F. Cama et al.                                                                                                                                                                                                                                 
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systems, respectively (Brodin, 2021); possibly in a cumulative way, 
along with its well-known cytokine release syndrome (Moore and June, 
2020). Interestingly, an added factor to this puzzle is the bidirectional 
communication between these organs, as NLRP3 inflammasome com-
ponents may reach the brain through extracellular vesicles, also possibly 
carrying SARS-CoV-2 viral particles, coming from infected lungs, and 
vice versa (Kerr et al., 2018). Considering this, the specific inhibition of 
NLRP3 inflammasomes could be a rational approach for improving the 
COVID-19 severity conditions and its CNS-associated injuries. Indeed, 
several biotechnological and synthetic candidates targeting NLRP3 are 
already under development (Freeman and Swartz, 2020); while alter-
native strategies for inhibiting NLRP3 have also been proposed, such as 
the natural-occurring tetrapyrrolic compound Phycocyanobilin 
(McCarty et al., 2021). In this sense, cumulative experimental evidence 
strongly supports the safe application of this compound for COVID-19- 
induced damage to the nervous system (Pentón-Rol et al., 2021). 
Moreover, pharmacological synergy may be achieved by combining 
such NLRP3 inhibition approach with therapies that can restrict the 
cytokine release syndrome in severe COVID-19 patients, such as the 
recently described CIGB-258 peptide (JUSVINZA®) (Hernández-Cedeño 
et al., 2021). 

In a broad perspective, our evidence raises the question of whether 
SARS-CoV-2 may also activate other inflammasome types that are pre-
sent in neurons or astrocytes, such as NLRP1 and AIM2, or NLRP2, 
respectively (de Rivero Vaccari et al., 2014). These are relevant topics 
worth investigating. Further studies with more cases and age/sex- 
matching controls are also needed for the generalization of our find-
ings. Nonetheless, this paper gives novel clues for dissecting the complex 
neuroimmunological mechanisms of SARS-CoV-2-induced injury of the 
human CNS. 

4. Conclusion 

This study reveals that SARS-CoV-2 infection of the brain occurs in 
multiple CNS cell types, and induces the activation of the NLRP3 
inflammasome in the microglia, which may be involved in diverse 
neurological complications related to COVID-19. Therefore, our data 
points to therapeutic strategies focusing on inhibiting microglial NLRP3 
inflammasome for preventing neurological sequels, as well as for neuro- 
recovery promotion of COVID-19 patients. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jneuroim.2021.577728. 
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Matías-Guiu, J.A., Matías-Guiu, J., Gómez-Pinedo, U., 2020. Experimental models 
for the study of central nervous system infection by SARS-CoV-2. Front. Immunol. 
11, 2163. 

Serrano, G.E., Walker, J.E., Arce, R., Glass, M.J., Vargas, D., Sue, L.I., Intorcia, A.J., 
Nelson, C.M., Oliver, J., Papa, J., Russell, A., Suszczewicz, K.E., Borja, C.I., 
Belden, C., Goldfarb, D., Shprecher, D., Atri, A., Adler, C.H., Shill, H.A., Driver- 
Dunckley, E., Mehta, S.H., Readhead, B., Huentelman, M.J., Peters, J.L., Alevritis, E., 
Bimi, C., Mizgerd, J.P., Reiman, E.M., Montine, T.J., Desforges, M., Zehnder, J.L., 
Sahoo, M.K., Zhang, H., Solis, D., Pinsky, B.A., Deture, M., Dickson, D.W., Beach, T. 
G., 2021. Mapping of SARS-CoV-2 brain invasion and histopathology in COVID-19 
disease. medRxiv. https://doi.org/10.1101/2021.02.15.21251511. 

Song, E., Zhang, C., Israelow, B., Lu-Culligan, A., Prado, A.V., Skriabine, S., Lu, P., 
Weizman, O.E., Liu, F., Dai, Y., Szigeti-Buck, K., Yasumoto, Y., Wang, G., Castaldi, C., 
Heltke, J., Ng, E., Wheeler, J., Alfajaro, M.M., Levavasseur, E., Fontes, B., 
Ravindra, N.G., Dijk, D.V., Mane, S., Gunel, M., Ring, A., Kazmi, S.A.J., Zhang, K., 
Wilen, C.B., Horvath, T.L., Plu, I., Haik, S., Thomas, J.L., Louvi, A., Farhadian, S.F., 
Huttner, A., Seilhean, D., Renier, N., Bilguvar, K., Iwasaki, A., 2021. Neuroinvasion 
of SARS-CoV-2 in human and mouse brain. J. Exp. Med. 3, e20202135218. 

Thakur, K.T., Miller, E.H., Glendinning, M.D., Al-Dalahmah, O., Banu, M.A., Boehme, A. 
K., Boubour, A.L., Bruce, S.S., Chong, A.M., Claassen, J., Faust, P.L., Hargus, G., 
Hickman, R.A., Jambawalikar, S., Khandji, A.G., Kim, C.Y., Klein, R.S., Lignelli- 

V.F. Cama et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.jneuroim.2021.577728
https://doi.org/10.1016/j.jneuroim.2021.577728
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0005
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0005
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0005
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0010
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0010
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0015
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0015
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0020
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0020
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0020
https://doi.org/10.1159/000514822. Epub ahead of print
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0030
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0030
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0030
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0030
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0030
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0035
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0035
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0040
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0040
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0040
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0040
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0045
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0045
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0045
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0045
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0045
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0050
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0050
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0050
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0050
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0055
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0055
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0055
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0055
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0060
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0060
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0060
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0060
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0060
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0060
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0065
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0065
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0065
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0070
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0070
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0075
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0075
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0075
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0075
https://doi.org/10.2174/1570159X19666210408123807
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0085
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0085
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0085
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0085
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0085
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0085
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0085
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0085
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0085
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0085
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0085
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0090
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0090
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0090
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0090
https://doi.org/10.1101/2021.02.15.21251511
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0100
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0100
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0100
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0100
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0100
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0100
http://refhub.elsevier.com/S0165-5728(21)00255-1/rf0100


Journal of Neuroimmunology 361 (2021) 577728

6

Dipple, A., Lin, C.C., Liu, Y., Miller, M.L., Moonis, G., Nordvig, A.S., Overdevest, J.B., 
Prust, M.L., Przedborski, S., Roth, W.H., Soung, A., Tanji, K., Teich, A.F., Agalliu, D., 
Uhlemann, A.C., Goldman, J.E., Canoll, P., 2021. COVID-19 neuropathology at 

Columbia University Irving medical center/New York Presbyterian hospital. Brain. 
https://doi.org/10.1093/brain/awab148. 

V.F. Cama et al.                                                                                                                                                                                                                                 

https://doi.org/10.1093/brain/awab148

