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STATE OF THE ART REVIEW

Severe covid-19 pneumonia: pathogenesis and
clinical management

Amy H Attaway,’ Rachel G Scheraga,* Adarsh Bhimraj,' Michelle Biehl," Umur Hatipoglu*

BMJ: first published as 10.1136/bmj.n436 on 10 March 2021
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Fig 1 | SARS-CoV-2 S spike protein binds to the ACE2 receptor, which leads to proteolytic cleavage by TMPRSS2,
cathepsin L, and furin in the epithelial cell of the respiratory tract. The virus undergoes endocytosis, viral maturation,
replication, and release of more virus within the cytoplasm infecting the host cell. Consequences of infected cells
include pro-inflammatory cytokine secretion, microangiopathic vasculopathy, and B cell secretion of specific SARS-

CoV-2 antibodies
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Neurologic Manifestations of Hospitalized Patients Published online April 10, 2020.
With Coronavirus Disease 2019 in Wuhan, China
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Table 1. Clinical Characteristics of Patients With COVID-19

No. (%)
Total Severe Nonsevere
Characteristic (N =214) (n = 88) (n=126) P value®
Nervous system symptoms
Any 78 (36.4) 40 (45.5) 38 (30.2) 02
CNS 53 (24.8) 27 (30.7) 26 (20.6) .09
Dizziness 36 (16.8) 17 (19.3) 19(15.1) A2
Headache 28(13.1) 15 (17.0) 13 (10.3) .15
Impaired consciousness 16 (7.5) 13 (14.8) 3(2.4) <.001
Acute cerebrovascular disease 6(2.8) 5(5.7) 1(0.8) .03
Ataxia 1(0.5) 1(1.1) 0 MNA
Seizure 1(0.5) 1(1.1) 0 NA
PN5 19 (8.9) 7(8.0) 12 (9.5) .69
Impairment
Taste 12 (5.6) 3(3.4) 9(7.1) 24
Smell 11 (5.1) 3(3.4) 8(6.3) 34
Vision 3(1.4) 2(2.3) 1(0.8) 37
Nerve pain 5(2.3) 4 (4.5) 1(0.8) .07

Skeletal muscle injury 23 (10.7) 17 (19.3) 6(4.8) <. 001
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Neurological complications
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N (%)

All patients (N=137)

N of females (%)

Average age

Average n of

comorbidities

Cerebrovascular diseases 53 (38.7%) 20(37.7%) 68.6 3.1
Ischemic stroke 37 (27.0%) 15 (40.5%) 70.3 3

Haemorrhagic stroke 11 (8%) 4 (36.3%) 65.9 3.5
Transient ischemic attacks 4 (2.9%) 1(25%) 63.5 34
Cerebral venous thrombosis 1(0.7%) 0 (0%) 55 3

Peripheral neuropathies 31(22.6%) 6 (19.3%) 56.3 2.1
Guillain—Barreé syndrome 17(12.4%) 4(23.5%) 55.6 2.2
Critical illness polyneuropathy 9 (6.6%) 1(1.1%) 60.7 1.7
Others 5(3.6%) 1(20.0%) 542 3.6
Altered mental status 49 (35.8%) 17 (34.7%) 65.6 2.7
Encephalitis 5(3.6%) 1 (40%) 66 2.4
Myelitis 2(1.4%) 0 (0%) 64.5 3.5
Headache 3(2.2%) 1(33.3%) 61.5 0.7
Seizures 10(7.3%) 3 (30.0%) 64.4 2.9
Syncope 3(2.2%) 2 (66.7%) 72.6 37
Movement disorders 7(5%) 3 (42.8%) 70.3 3.8
Other 5(3.6%) 1(20.0%) 61.2 4.6
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Figure 1: Approximate timeline for positive diagnostic tests, clinical presentation, and pathogenesis in
COVID-19-associated neurological disease
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Table | Summary of clinical features of 43 patients with neurological complications of COVID-19

Cases Age, median Days of COVID-19 Main clinical Results of note % Naso- CSF or brain Treatment Clinical outcome
[range]; %male infection before features pharyhgeal SARS-CoV-2
neurological SARS-CoV-2 PCR+
presentation, PCR+ (x/number
median [range] tested)

Encephalopathy (delirium/ 57.5[39-72];40 45[-4to +2I] Delirium; psychosis Acellular CSF (6/6); non- 80(8/10) (0/0) Supportive (3/10); ste- Complete recovery (7/

psychosis) (n = 10)* specific MRI changes roids 1/10 10); partial (2/10)
(3/10)

Inflammatory CNS 53 [27-66]; 33 9 [-6to +27] Reduced conscious-  Abnormal CSF (6/11) 67 (8/12)  (0/7) Corticosteroids (10/  Recovery: complete (1/
syndromes (para-/post- ness (7/12; UMN  Abnormal MRI (11/12) 12); IVIG (3/12) 12); partial (10/12);
infectious) (n = 12)* signs (10/12) none (death 1/12)

Stroke (n = 8)* 62.5[27-85]: 75 B[-2to +22] Large vessel ischaemic 4/8 PE 75 (6/8) NA Low molecular weight Incomplete recovery (7/

stroke 6/6 High D—dimer heparin (7/8); apix- 8); death (1/8)
aban (1/8)
Peripheral syndromes (n = 8)
GBS(n=7) 57 [20-63]; 100 13[-1 to +21] Cranial and peripheral 43 (3/7) NT WIG (7/7) Incomplete recovery (5
neuropathy 7 GBSDS 2)
Plexopathy (n = |) 60; 100 14 Painless weakness 100 (1/1) NT IV steroids (1/1) Incomplete recovery ( If
1)
Miscellanecus and unchar- 20 [16—40]; 40 10[+6to +26] Raised ICP; seizures;  Abnormal C5F (2/4) 60 (3/5) {Q/1) Varied (AED; steroids Recovery complete (1/

acterized (n = 5)

myelitis

Abnormal MRI brain (4/5)

(1/5); tLP)

5); partial (3/5); nil {1/
3)

AED = anti-epileptic drug GB5DS = Guillain Barré disability score; ICP = intracranial pressure; tLP = therapeutic lumbar puncture; NT = not tested; PE = pulmenary thremboembelism; UMM = upper motor neuron.
aFeatures of eight individual patients for encephalopathy (delirium/psychosis), inflammatory CMS syndromes (para/post-infectious) and stroke described in Tables 2—4. All patient details are available in the Supplementary material,
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Figure 7. Patient 19 (A-D). Brain biopsy. HEx20 staining. A: Three microthrombi are observed (arrowhead).
B: Image with 3 vessels (arrows): the upper one preserved with endothelial reactivity, intermediate vessel
with preserved structure without viable cellularity. The lower one shows loss of endothelial cells. C: Capillary
with evident alteration of endothelial cells and loss of adhesion (fine arrow). Extravasation of inflammatory
cells with atypical lymphocytes in the perivascular space. D: Image of arteries and arterioles with reactive
endothelial cells (arrowhead), some in the vessel lumen (small arrow) and normal endothelium (large
arrow). E: Patient 3. Thrombotic material from a MT. Some endothelial cells (star) are observed.
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Table 1  Characteristics of the included studies and population, and quality assessment

Author Setting Sample Study design Study duration Agefage range Sex Quality
(m) (mean) (F:M) assessment
Younger, 2020 USA 50 Case sernes NI NI NI Good
Keller et al., 2020 Switzerland &' Case senes March 9 to April 3, 2020 (67.6) 1:7 Good
Matschke et al., 2020 Germany 43 Case senes March 13-April 24, 2020 51-94 16:27 Good
Jensen et al., 2020 UK 2 Case senes NI 6671 0:2 Good
Kantonen et al., 2020  Fmland 4 Case senes April 14-May 18, 2020 3890 13 Good
Conklin et al., 2020 JURTY 1 Retrospective March 12-May 14, 2020 57 0:1 Good
cohort
Reichard et al., 2020 USA 1 Case report NI 71 NI Good
Patel et al., 2020 USA 1 Case report NI 48 NI Good
Fabbri et al., 2020 Italy 10 Case sernes NI 51-74 37 Good
Barton et al., 2020 USA 2 Case senes March 1-31, 2020 42, 77 0:2 Good
von Weyhern et al., Germany 6 Case sernes April 1-30, 2020 58-82 1:2 Good
2020
Bradley et al., 2020 JURT.Y 14 Case senes February—March 2020 42-84 4:3 Good
Jaunmuktane et al., UK 2 Case series NI 50-60 1:1 Good
2020
Schurink et al, 2020 Netherlands 217 Prospective cohort  March 9 and May 18, 41-78 5:16 Good

2020

N, not mdicated

T Only 9 patients consented to autopsy

" Only 1 patient consented to autopsy
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Neuropathology of patients with COVID-19 in Germany:
a post-mo rtem case series
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Lancet Neurol 2020; 19: 919-29
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Figure 1: Common neuropathological findings in the brains of patients who died from COVID-19

An overview of each brain region with haematoxylin and eosin staining is shown in the first column. hemical staining for the ic marker GFAP
showed variable degrees of reactive astrogliosis. Imnmunohistochemical staining for the microglia marker HLA-DR showed reactive activation of the microglia with
occasional microglial nodules in the medulla oblongata and cerebellum (green arrows). Staining for the cytotoxic T lymphocyte marker CD8 (brown) revealed
perivascular and parenchymal infiltration with CD8-positive cells. GFAP=glial fibrillary acidic protein.
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Parenchymal
microglial nodule

Perivascular
microglial activation

Perivascular space
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Figure 2: Concomitant activation of the adaptive and innate immune systems in the brain of one patient (case 2) who died from COVID-19

P i ges of double-ch ici histochemical labelling for IBA1 (brown) and CD8 (pink), as well as immunohistochemical staining for
(D68 (brown), and TMEM119 (brown) at different CNS interfaces in the upper medulla C ining was donewith in (blue). Scale bars
represent 100 pm (10 pm in the inset images). Arrows indicate CD8-positive T cells.
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Figure 5: Distribution of SARS-CoV-2 within the CNS

Representative images of viral protein-positive cells (green arrows) in the medulla oblongata detected by
anti-nucleocapsid protein antibody (A) or anti-spike protein antibody (B). (C) SARS-CoV-2 nucleoprotein
(brown staining) could also be detected in subsets of cranial nerves originating from the lower brainstem.
SARS-CoV-2=severe acute respiratory syndrome coronavirus 2.
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Central nervous system involvement by severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2)
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Neuropathology and Applied Neurobiology (2021), 47, 3-16

doi: 10.1111/nan.12667

Invited Review: The spectrum of neuropathology in

COVID-19

S. Al-Sarraj*+ (5, C. Troakest (=), B. Hanleyi, M. Osborni, M. P. Richardson§ (=), M. Hotopf§q @=),

E. Bullmore** and I. P. Everall§

infection:

SARS-CoV-2

(4) An auto-immune mechanism

Principle mechanisms of SARS-CoV-2 CNS

The virus attaches to cells in the CNS through
interaction between the spike (S) glycoprotein and

the host ACE2 receptors, which are reported to be
present in neurons as well as endothelial cells.

Potential modes of CNS involvement by

(1) Through the olfactory nerve and/or the hypoglos-
sal, facial, glossopharyngeal and vagus cranial
nerves with trans-synaptic neuronal spread to
other brain regions. Supported by frequent initial
presentation of hyposmia and hypogeusia.

(2) Haematogenous route via endothelial cell
infection, utilizing ACE2 receptors
endothelial cells followed by gaining access
through the BBB with viral budding via inter-
action with ACE2 receptors in the neurons.

(3) Immune cell route. The virus first infects the

epithelial cells of the trachea, bronchi and

Neurological manifestations in COVID-19 patients

« Dizziness, headache, nausea, impaired con-
sciousness (non-specific neurological manifesta-
tion)

+ Hypogeusia and hyposmia

« Cerebrovascular accident (infarction, intra cere-
bral bleeding, venous thrombosis)

+ Acute necrotizing encephalopathy

+ Meningo-encephalitis

+ Guillain—Barre syndrome

+ Myalgia, elevated creatine kinase and lactate
dehydrogenase levels (non-specific muscular dis-
ease features)

+ Anxiety, depression, insomnia, distress, mental
confusion (non-specific psychiatric symptoms)

Expected COVID-19 pathology in the CNS

(1) Ischaemic/hypoxic encephalopathy

(2) Increase activated microglial cells and vari-
able perivascular T lymphocyte infiltration

(3) Cerebrovascular disease

« Haemorrhagic infarction

« Ischaemic infarction

« Intracerebral haemorrhage

« Acute multiple necrotizing encephalopathy

(4) Opportunistic infection

(5) Encephalitis/meningitis

(6) Acute myelitis

(7) Guillain-Barre syndrome

(8) Demyelinating diseases

alveolar cells of the lung. Then it infects the
resident immune cells, which carry the virus
to other organs including the brain.
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CORONAVIRUS

Non-neuronal expression of SARS-CoV-2 entry genes
in the olfactory system suggests mechanisms
underlying COVID-19-associated anosmia
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Fig. 2. Coronavirus cell entry-related genes are expressed in human RE and OE but are not detected in human OSNs.
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Olfactory transmucosal SARS-CoV-2 invasion as a
port of central nervous system entry in individuals
with COVID-19
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LETTERS: NEW OBSERVATIONS

A Post-COVID-19 Parkinsonism
in the Future?

Focal Point
COVID-19: can we learn from

encephalitis lethargica?

Aligksandr V. Boika, MD, FhD
Department of Neurdlogy and Neurosurgery, Belarusian Medical
Academy of Post-Graduate Education, Minsk, Belarus

www.thelancet.com/neurology Vol19 July 2020

Antonino Giordano, Ghil Schwarz, Laura Cacciaguerra,
Federica Esposito, Massimo Filippi
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EMERGING INFECTIOUS DISEASES

1918 Influenza: the Mother
of All Pandemics

Number 1—January 2006 - Main Article Jeffery K. Taubenberger* and David M. Morenst

PERSPECTIVE

Deaths per 1,000 persons

£29 7127 ar24 agq 10149 1116 12114 111 218 2] 45
1218 1919

Figure 1. Three pandemic waves: weekly combined influenza and
pneumonia mortality, United Kingdom, 1918-1919 (21).
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Review: Neuropathology of acute phase encephalitis
The centennial lesson of encephalitis lethargica lethargica: a review of cases from the epidemic period
L. L. Anderson®, J. A. Vilensky* and R. C. Duvoisint
Bart Lutters, BSc, Paul Foley, PhD, and Peter ). Koehler, MD, PhD g:r;zseﬁ:rdence *Department of Anatomy and Cell Biology, Indiana University School of Medicine, Fort Wayne, Indiana, and
Neurology” 2018;90:563-567. doi:10.1212/WNL.0000000000005176 pk;)ehl er@neurohistory.nl {Department of Neurology, University of Medicine and Dentistry of New Jersey (Emeritus), New Brunswick, New
Jersey, USA
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Pﬂﬂlﬂlﬂglc examination revealed acute inflammation of the Figure 1. Number of encephalitis lethargica cases reported per
brainstem, marked by small cell infiltration of the gray matter year.

around the third ventricle and cerebral aqueduct, the area of
The fact that few patients were reported to have had

the oculomotor nuclei, and the floor of the fourth ventricle. ‘ _
influenza suggests that influenza was not the cause of EL.
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Influenza caused epidemic encephalitis (encephalitis lethargica):
The circumstantial evidence and a challenge to the nonbelievers

C.P. Maurizi*

Retired Pathologist, 103 Bartl

J Neurovirel. 2008 May : 14(3): 177-185. do1:10.1080/13550280801995445.

The relationship between encephalitis lethargica and influenza: A
critical analysis

Movement Disorders
Vol. 25, No. 9, 2010, pp. 1116-1123
© 2010 Movement Disorder Society

Sherman McCaII1, Joel

Historical Review

A Historical Analysis of the Relationship Between Encephalitis
Lethargica and Postencephalitic Parkinsonism: A Complex
Rather than a Direct Relationship

Joel A. Vilensky, PhD.'* Sid Gilman, MD.* and Sherman McCall, MD’
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Pathological T Proteins

in Postencephalitic
Parkinsonism: Comparison |

Figure 1. Distribution of newrofibrillary tangles in the supragranular layers of primary motor cortex (A), superior frontal cortex (B),
inferior temporal cortex (C), and in the CAl field of the hippocampus (D) in Case 1. All these cortical structures are severely af-

- . 3 .
Wlth Alz'helmer S Dlseaise and Jected by the degenerating process. Materials were stained with antibody AD2. Scale bar = 100 pm.
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Taupatias primarias vs. secundarias

| Tauopathy | List of disorders associated with various tau pathologies
AL AL J (Murray et al., 2014; Kovacs, 2015; Tacik et al., 2016)
3R Tau 3R+4R Tau Alzheimer disease (sporadic and hereditary: APF, PSENI,
— — PSEN2)
. FTLD- FTLD- Down syndrome
PiD NFT ¥
MAPT
Bemsmial I MATT Prion diseases (sCJD, vCID, gCID, GSS, FFI)

Diffuse neurofibrillary tangles with calcification
Familial British and Danish dementia
Postencephalitic parkinsonism
Subacute sclerosing panencephalitis
Myotonic dystrophy (DM1) and PROMM (DM2)
CBD Aging-related tau astrogliopathy

1% : Traumatic brain njury
Chronic traumatic encephalopathy
IgLONS5-related tauopathy
Guadeloupean parkinsonism
Parkinson—dementia complex of Guam
Non-Guamanian motor neuron disease with NFTs
Amyotrophic lateral sclerosis of Guam
X-linked parkinsonism with spasticity
Cerebrotendinous xanthomatosis
Niemann—Pick disease type C
NBIA PANK?2 and PLA2G6
SLC946 mental retardation
LRRK2, PRKN, SNCA, TARDBPF, C90rf72 gene mutations

GGT

AGD

Hoglinger et al., 2018
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Presence of tau astrogliopathy in frontotemporal dementia caused
by a novel Grn nonsense (Trp2*) mutation

Estrella Gdmez-Tortosa®™*, Yalda Baradaran-Heravi®¢, Valentina Gonzélez Alvarez
Maria José Sainz?, Cristina Prieto-Jurczynska ¢, Rosa Guerrero-Lépez ',

Pablo Agiiero Rabes?, Christine Van Broeckhoven b.c Julie van der Zee b.c

Alberto Riabano Gutiérrez ¢, on behalf of the EU EOD Consortium

’

M) Check for updates

1 @1

Dementia
AO: 60s; AD: 470

1.1 1.2
- WT
Dementia AD: 81

AO: 70s; AD: 81 PgrL: 130

W

APP variant
AO: 50; CA: 55
PgrlL: 15; APOE 3/3

\

DLFT-TDP 2 il o "
Tipo A BN DRI G T
KA o e SRS
3 : . Q.
e b \ '; A e
::‘ ‘ . » 2 ..f' i° é “:’
‘-:v "'. ’!*.' $ 5 0." LY
(5 \’ a J . % (Y3
2 2. ©
v = v P =
“ Q‘Q‘(ﬁ’ ﬁ " , ‘ " "
.\ ./llq : 6&“@ @.g‘: & . : i
» ’!. ;‘aﬂ o 8. " Yo~
ot oo "2‘8\ g ®
g ’c‘ QF “ols P L > ,‘
. % . .“’. e > ".'-.
g ™ ® . e " 4 " -~
= [ . » N :
- ) - % & 9 oty
MB e e

.3
M+

Behavioral variant
AO: 64; AD: 73
PgrL: 32; APOE 3/3

n.2 n.3
WT M+

CA: 44 CA: 39
PgrL: 147 PgrL: 38
\ ; 3 -~ ; ; !
3 : v
~ % 4 . v »
. ‘.
t
. § ¢ o .
P 3
b ’ ¢ + [}
4 .
A wiey
: 3 ol ‘
L ¢
4 ¢
. (3 s '
7 Y :
. S8 L]
L
€
o
v ¢

Amigdala, tau AT100

AO age at onset; AD age at death;
CA current age (in yrs)



Neuropathology and Applied Neurobiology (2013), 40, 654657

Scientific correspondence

TDP-43 pathology is present in most
post-encephalitic parkinsonism brains

H. Ling

J. L. Holton

A. . Lees

T. Revesz

Reta Lila Weston Institute of Neurological Studies and Queen
Square Brain Bank for Neurological Disorders, Department of
Molecular Neuroscience, Institute of Neurology, University
College London, London, UK

Table 1. Demographic and clinical findings of seven cases with post-encephalitic parkinsonism

Case No. (in paper by Year History Age of parkinsonism Hrxaof Ageat Duration of
Case No.  Geddes et al. [1]) Gender  of birth  of EL onset (years) OGC  death {years)  parkinsonism (years)
1 Case 2 F 1907 Yes Unclear. ‘severe’ symptoms ~ No 79 »44
by age 15 vears
2 Case 3 M 1910 Yes 38 No 79 41
3 Case 4 M 1912 Possible 28 Yes 74 46
4 Case 5 M 1904 No 26 (0GC) Yes g4 i3
51 (tremor)
5 Case 7 F 1919 Possible 24 No 69 45
f NA F 1917 Yes 61 No 81 20
7 NA M 1922 Yes 38 Yes 79 41

E female; M, male; EL, encephalitis lethargica; Hx, history: NA, not applicable; OGC, oculogyric crisis.
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Viral Parkinsonism

Haeman Jang', David A. Boltz2, Robert G. WebsterZ, and Richard Jay Smeyne!

1Department of Developmental Neurobiology, St. Jude Children's Research Hospital, Memphis

TN
2Department of Virology, St. Jude Children's Research Hospital, Memphis TN

Table 1
Association of Virus and Parkinsonsim

Virus | Family Species References

DA | Herpesviridae Herpes simplex vims [139-152]
Epstein-Barmr vims [163]
Cytomegalovirus (ChIV) [160, 162]
Vancella zoster vimus (WZV) [164]

FMA | Bomavirndas Boma disease vims [165]
Orthomyxoviridae | Influenza virus Type A [57, 63, 63,135, 166-171]
Paranryxovindae | Measles [172,173
Picomavinsae Coxzackie vims [GG, 100, 174, 173]

Echo wvirus [178]

Polio Virus [177]
Eetrovindae Human Immunedeficiency Virus (HIV) | [178-183]
Flavivindae West Mile vims [134]

Japanese encephalitis B vimis

[110, 166, 185-192]

5t. Lowns Vs

[92, 111, 193]
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Cohorte del CAV-FRS, cerebros post mortem (n = 165)

APOE E4
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APOE e4 Genotype Predicts Severe COVID-19 in the UK

Biobank Community Cohort
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Residence, Clinical Features, and Genetic Risk
Factors Associated with Symptoms of COVID-19
in a Cohort of Older People in Madrid

Teodoro del Ser? Miguel A. Fernandez-Blazquez® Meritxell Valenti®
Maria Ascensién Zea-Sevilla® Belén Frades® Eva Alfayate® Laura Saiz®
Olga Calero® ¢ Fernando José Garcia-Lopezd Alberto Rabano?®

Miguel Medina®® Miguel Calero®®¢

2Alzheimer’s Disease Investigation Research Unit, CIEN Foundation, Institute of Health Carlos Ill, Queen Sofia
Foundation Alzheimer Research Center, Madrid, Spain; PCentro de Investigacion Biomédica en Red sobre
Enfermedades Degenerativas (CIBERNED), Instituto de Salud Carlos IIl, Madrid, Spain; “Chronic Disease Program,
Institute of Health Carlos Ill, Madrid, Spain; 9National Epidemiology Centre, Institute of Health Carlos Ill, Madrid,
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Impact of Severe Acute Respiratory
Syndrome Coronavirus 2
(SARS-CoV-2) in the Nervous System:
Implications of COVID-19 in
Neurodegeneration
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Neurological infection with

SARS-CoV-2 —the story so far

Tom Solomon@®

Key advances

-

Anosmia, encephalopathy and stroke are
the most common neurological syndromes
associated with SARS-CoV-2 infection’,
though many others have been reported.

Analysis of human biopsy samples suggests
that anosmia results predominantly from
SARS-CoV-2 infection of non-neuronal cells
in the olfactory epithelium and olfactory
bulb? leading to local inflammation and
neuronal malfunction.

A high proportion of patients admitted to
intensive care units with COVID-19 develop
delirium, and evidence suggests that this is
caused by microvascular and inflammatory
mechanisms’.

Autopsy data show activation of astrocytes
and microglia in COVID-19, particularly in
the brainstem, where there is also infiltration
of cytotoxic T cells™®.

SARS-CoV-2 can be detected in the brain
with PCR and immunohistochemistry, but
the evidence to date suggests it is mostly
invascular and immune cells rather than
directly infecting neurons’®.
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Fig. 1| Current understanding of predominant COVID-19 neurological disease mecha-
nisms. Mechanisms include a systemic inflammatory response (1), a prothrombotic state (2) and
direct viral invasion (3).
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