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In brief

Khan et al. visualized infected cells,
ongoing viral replication, and
extracellular virions in postmortem tissue
samples of COVID-19 patients who died
during an acute phase of infection. They
identified anatomical barriers protecting
against SARS-CoV-2 neuroinvasion at
vulnerable interfaces along the olfactory
projection and in the frontal lobe of

the brain.
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SUMMARY

Can SARS-CoV-2 hitchhike on the olfactory projection and take a direct and short route from the nose into the
brain? We reasoned that the neurotropic or neuroinvasive capacity of the virus, if it exists, should be most
easily detectable in individuals who died in an acute phase of the infection. Here, we applied a postmortem
bedside surgical procedure for the rapid procurement of tissue, blood, and cerebrospinal fluid samples from
deceased COVID-19 patients infected with the Delta, Omicron BA.1, or Omicron BA.2 variants. Confocal im-
aging of sections stained with fluorescence RNAscope and immunohistochemistry afforded the light-micro-
scopic visualization of extracellular SARS-CoV-2 virions in tissues. We failed to find evidence for viral inva-
sion of the parenchyma of the olfactory bulb and the frontal lobe of the brain. Instead, we identified
anatomical barriers at vulnerable interfaces, exemplified by perineurial olfactory nerve fibroblasts enwrap-
ping olfactory axon fascicles in the lamina propria of the olfactory mucosa.

INTRODUCTION pandemic.” Acute respiratory failure is often the cause of

death.? But, despite the name of the viral agent, COVID-19 is
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-  not uniquely a respiratory disease.®* Of relevance here, a
2) is the infectious agent responsible for the COVID-19 plethora of neurological symptoms has become recognized
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that cannot be linked to the acute respiratory syndrome or be
explained by iatrogenic causes.” Much attention has been
given to the hypothesis that SARS-CoV-2 infects neurons or
other cell types in the nervous system (neurotropism) or in-
vades the nervous system (neuroinvasion) and thereby causes
pathology.®™® Prominent among the neurological manifestations
is olfactory dysfunction.®

Anosmia, the loss of smell, is a common symptom of COVID-
19, particularly in the early phases of the pandemic'® but less so
with the Omicron variant.""™"® There are only a few millimeters
between the olfactory mucosa in the upper part of the nasal cav-
ity and the olfactory bulb at the base and front of the cranial cav-
ity. From the get-go, the olfactory projection has been a prime
suspect for offering the virus a direct and short route from the
nose into the brain.'* In one scenario, SARS-CoV-2 would infect
olfactory sensory neurons (OSNs) at the level of the olfactory
epithelium; virions would make it to the olfactory bulb through
or along olfactory axon fascicles coursing within the lamina prop-
ria of the olfactory mucosa; the virus would spread from the ol-
factory bulb to the rest of the brain. This hypothetical scenario
would explain both the olfactory dysfunction and other neurolog-
ical manifestations.

A major technical hindrance for histological studies of the
olfactory system in humans, living or deceased, is the rapid
procurement of tissue samples of suitable quality and unam-
biguous identity. The olfactory mucosa is an archipelago of
islands within the respiratory mucosa. It is not possible to har-
vest samples of pure olfactory mucosa, let alone pure olfac-
tory epithelium. Furthermore, olfactory bulb biopsies cannot
be taken from living patients due to the intracranial position
and devastating consequences of the intervention. Adapting
an endoscopic technique of skull base surgery,'® we devel-
oped a postmortem bedside surgical procedure to rapidly har-
vest tissue samples of respiratory mucosa, olfactory cleft mu-
cosa, and frontal brain lobe, as well as whole olfactory
bulbs.'® We reported on a first cohort of 85 cases, comprised
of 70 COVID-19 patients infected with non-variants of concern
or the Alpha variant and 15 non-infected control patients. By
combining the RNAscope platform of ultrasensitive single-
molecule fluorescence RNA in situ hybridization'” with fluo-
rescence immunohistochemistry (IHC), we identified susten-
tacular cells as the major target cell type for SARS-CoV-2 in
the olfactory mucosa. We failed to find evidence for infection
of OSNs.

Here, we included a second cohort of 53 cases, comprised
of 45 COVID-19 patients who died a few days after diagnosis
of infection with the Delta, Omicron BA.1, or Omicron BA.2
variants and 8 non-infected control patients. Arguably, SARS-
CoV-2 would have the greatest chance of displaying its hypo-
thetical neurotropic or neuroinvasive capacity in highly vulner-
able patients with a colossal failure of the host defense and
the gravest outcome of all. But, in this second cohort as well
as in the first cohort, we failed to find evidence for neurotrop-
ism and neuroinvasion along the olfactory projection and in
the frontal lobe of the brain. We discovered that a poorly char-
acterized cell type, the perineurial olfactory nerve fibroblasts
(PONFs), forms a hitherto unrecognized anatomical barrier
against SARS-CoV-2 virions.
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RESULTS

Extended postmortem bedside surgical procedure

The study concept of ANOSMIC-19 (ANnalyzing Olfactory
dySfunction Mechanisms In COVID-19) is based on a 24/7 work-
flow that is initiated by a health care worker on an intensive care
unit or a ward placing a call to a team of Ear, Nose, and Throat
surgeons shortly after death of a COVID-19 patient. A team is
dispatched to the bed and brings along a mobile unit consisting
of a monitor, light source, camera, and endoscopic equipment.
The surgeons then promptly perform the bedside surgical pro-
cedure. Retrospectively, we refer to the cohort described in
Khan et al.’® as “cohort-I.”

In the new cohort, which we refer to as “cohort-Il,” we
extended the workflow to include, in most cases, three additional
types of samples: a sample of cerebrospinal fluid (CSF) ex-
tracted from the cisterna magna, a blood sample drawn from a
femoral vein, and several nasopharyngeal swabs taken under
endoscopic guidance (Figure 1A). We preferentially included pa-
tients who died within ~14 days after diagnosis of COVID-19 by
quantitative reverse-transcription polymerase chain reaction
(gRT-PCR), hereafter abbreviated as “days after diagnosis.”
Cohort-Il is comprised of 45 patients who died from COVID-19
(30 or 67%) or with COVID-19 (15 or 33%) in major hospitals in
Leuven (n = 38), Brussels (n = 4), and Bruges (n = 3) between
August 2021 and May 2022, and 8 non-infected control patients
who died of unrelated causes in Leuven between September
2021 and March 2022 (Figures 1B, S1, and S2). The median of
the postmortem interval (PMI) of the COVID cases was
109 min. Cohort-Il cases are numbered COVID #71 to #115
and CONTROL #17 to #24. We determined that COVID #71
through #94 were infected with the Delta variant and COVID
#95 through #115 with the Omicron BA.1 or Omicron BA.2
variants.

Viral loads and serum antibody titers
The postmortem nasopharyngeal swabs, serum samples, and
CSF samples were analyzed with the TagPath qRT-PCR assay
on the same Quantstudio 7 Flex platform, allowing for direct
comparison of the cycle threshold (Ct) values as indications
of the viral load. All 38 nasopharyngeal swabs of the Leuven
cases tested positive, with Ct values ranging from 7.9 to 31.0
(Figure 2A). Of the 36 available serum samples of the Leuven
cases, 18 (50%) tested positive, with Ct values ranging from
22.3 to 35.4 (Figure 2B). Of the 35 available CSF samples of
the Leuven cases, 2 (6%) tested positive (Figure 2C); as both
cases were RNAemic, we cannot exclude that a traumatic
puncture led to contamination with blood. Serum anti-S immu-
noglobulin G (IgG) antibody titers varied from below the detec-
tion limit (<50 arbitrary units [AU]/mL) to above the limit of
quantification (>80,000 AU/mL), indicating a broad range of hu-
moral responses against vaccine-derived spike protein and/or
virus-derived spike protein (Figures 2D and S3). Seroconver-
sion for anti-N IgG antibodies was observed in six serum
samples.

Taken together, the high viral loads of the nasopharyngeal
swabs and the frequent occurrence of an RNAemic state are
consistent with an acute phase of infection.
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B Cohort-Il (n=45)
Age 79 (75-91)
Men 31 (69%)
Medical history
Obesity or overweight 24 (53%)
Diabetes mellitus type 2 23 (51%)
Hypertension 36 (80%)
Chronic kidney disease 23 (51%)
Cardiovascular disease 25 (56%)
Chronic lung disease 19 (42%)
Blood Neurodegenerative disease 8 (18%)
Smoking (current) 5(11%)
Active oncological condition 12 (27%)
Organ transplant 1(2%)
Immunosuppresive medication 16 (36%)
COVID-19 diagnosis by PCR
< 7 days prior to death 21 (47%)
>7 and < 14 days 18 (40%)
> 14 and < 21 days 4 (9%)
> 21 and < 28 days 0 (0%)
> 28 days 2 (4%)
Vaccination status
Vaccinated 37 (82%)
Unvaccinated 4 (9%)
Unknown 4 (9%)
Cause of death (COVID-19)
from COVID-19 30 (67%)
with COVID-19 15 (33%)
Days on ICU or ward 6 (4-10)
Postmortem interval in minutes 109 (92-153)
Duration of procedure in minutes 100 (74-124)

(A) Sequence of four steps to procure bedside samples from deceased COVID-19 patients. Clockwise: in step 1, a CSF sample is extracted from the cisterna
magna by a needle puncture below the occiput. In step 2, a blood sample is drawn from a femoral vein. In step 3, several nasopharyngeal swabs are taken under
endoscopic guidance. In step 4, further under endoscopic guidance, tissue samples of respiratory mucosa and olfactory cleft mucosa are harvested; using an
endoscopic endonasal transcribriform approach, each olfactory bulb is removed separately; finally, tissue samples of the frontal lobe are harvested.

(B) Cohort-Il of 45 COVID-19 patients. Time variables are expressed as median and interquartile range Q1-Q3.

Fatal breakthrough infections

Cohort-l included patients who died between May 2020 and April
2021, an era in which COVID-19 vaccines were not yet authorized
or the Belgian vaccination campaign had just been initiated. By
contrast, 37 of the 45 COVID cases (82%) in cohort-Il were vacci-
nated. Four (9%) were not vaccinated, and the vaccination status
of 4 patients (9%) was unknown. The vaccines most commonly
administered were mRNA vaccines tozinameran/Comirnaty and
elasomeran/Spikevax, and less frequently administered were vec-
tor vaccines ChAdOx1-S/Vaxzevria and Ad26.COV2-S/Janssen
Jcovden. An infection with SARS-CoV-2 after vaccination is called
a “breakthrough infection,” aterm that encompasses a spectrum of
outcomes ranging from asymptomatic infection to death.’®'® A
challenging distinction is that some of the patients who die during
a breakthrough infection die from COVID-19 whereas others die
with COVID-19. Pragmatically, we coin the term “fatal breakthrough
infection” (FBI) for vaccinated patients in our cohorts who died from
COVID-19. Of the 37 vaccinated cases in cohort-Il, 25 (68%) are, to
the best of our clinical judgment, FBI cases. In cohort-1, only COVID
#68 was vaccinated, and this patient was judged an FBI case.

Visualizing infected cells, ongoing viral replication, and
extracellular virions

SARS-CoV-2 is a positive-sense single-stranded RNA virus.
Positive sense means that the viral genomic RNA can be

translated directly into protein. A single SARS-CoV-2 virion
contains a single positive-sense full-length genomic RNA
molecule. We performed confocal imaging of sections stained
with a combination of fluorescence RNAscope, which visual-
izes a single RNA molecule as a dot or “punctum” (plural
“puncta”),’”” and fluorescence IHC, which visualizes an anti-
gen as an immunoreactive (IR) signal.'® Our panel of viral
RNAscope probes consists of SARS-CoV-2-N (nucleocapsid;
giving rise to puncta referred to as N puncta), SARS-CoV-2-S
(spike; S puncta), SARS-CoV-2-orflab (open reading frames
1a and 1b; orflab puncta), SARS-CoV-2-N-sense (N-sense
puncta), SARS-CoV-2-S-sense (S-sense puncta), and SARS-
CoV-2-orflab-sense (orflab-sense puncta). The sense
probes detect negative-sense full-length genomic RNAs and
negative-sense subgenomic RNAs, which are produced as in-
termediates during the viral life cycle but are not incorporated
into virions released from cells.?>?" RNAscope puncta
for sense probes therefore reflect ongoing viral replication,
and sense puncta reside in a characteristic perinuclear posi-
tion. The presence of extracellular N puncta, S puncta, or or-
flab puncta combined with the absence of sense puncta re-
flects the presence of extracellular virions released from
cells. Nucleocapsid-IR signal diffusely fills an infected cell
and outlines its contours, thereby facilitating cell type
identification.

Neuron 770, 3919-3935, December 7, 2022 3921
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Figure 2. Postmortem Ct values of qRT-PCR assays and antibody serum titers

Omicron

(A) Ct values of nasopharyngeal swabs from the 38 Leuven COVID cases. The y axis plots 1/Ct x 100.

(B) Ct values of serum samples.
(C) Ct values of CSF samples.

(D) The y axis plots the log+q values of AU/mL serum for anti-S IgG antibodies. The horizontal stippled line indicates the detection limit of 50 AU/ml for the anti-S
IgG measurements. Seroconversion for anti-N IgG is indicated with “N+” above a bar. Samples from COVID #73 and #74 were taken on admission, the others

postmortem. N.A., not available. See also Figures S1, S2, and S3.

Delta and Omicron infect ciliated cells in the respiratory
epithelium

Ciliated cells are the main target cell type in the respiratory
epithelium for non-variants of concern and the Alpha variant.'®
Ciliated cells can be identified by puncta for FOXJ1, which en-

3922 Neuron 770, 3919-3935, December 7, 2022

codes a transcription factor involved in ciliogenesis, and by
KRT8-IR signal. We detected viral RNA puncta and nucleo-
capsid-IR signal in respiratory mucosa samples of 41 of the 45
COVID cases of cohort-ll (91%). We refer to such cases as
“informative” and to the other cases as “non-informative.”"'®
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In the respiratory epithelium of COVID #87, a Delta FBI patient
who died 3.7 days after diagnosis, many KRT8-IR cells harboring
FOXJ1 puncta also harbor N puncta (Figure 3A); nearly all nucle-
ocapsid-IR cells harbor N-sense puncta and orflab-sense
puncta, reflecting ongoing viral replication (Figure 3B). In
COVID #95, an Omicron BA.1 FBI patient who died 1.7 days after
diagnosis, cells harboring FOXJ7 puncta harbor N-sense puncta
and are situated along a stretch of the respiratory epithelium that
is covered by a thick layer of secreted mucus containing IR signal
for MUC5AC, a gel-forming glycoprotein secreted by goblet cells
(Figure 3C). In COVID #107, an Omicron BA.2 patient who died
1.6 days after diagnosis, many cells with the typical position
and shape of ciliated cells are nucleocapsid-IR, and all of these
harbor S-sense puncta perinuclearly (Figure 3D). In COVID #101,
an Omicron BA.2 patient who died 4.5 days after diagnosis,
densely packed S puncta occur in nucleocapsid-IR cells, with
IR signal diffusely filling the infected cells and outlining their con-
tours including their cilia (Figure 3E). In this case, some KRT8-IR
cells at the apical edge of a crypt or gland duct harbor N puncta
and a blob of secreted mucus is MUC5AC-IR (Figure 3F). Deeper
in this crypt or gland duct, there are no intracellular N puncta and
the surface of the epithelium is covered with clusters of extracel-
lular N puncta (Figure 3G); similar clusters of extracellular S
puncta are nucleocapsid-IR (Figure 3H). A massive and diffuse
infection across a broad swath of the respiratory epithelium of
COVID #101 is revealed in a tiled confocal image: nearly every
nucleocapsid-IR cell harbors N-sense puncta and orf1ab-sense
puncta (Figure 3I). Likewise, Omicron BA.1 swept across a broad
swath of the respiratory epithelium of COVID #104, who died
1.6 days after diagnosis (Figure 3J).

Taken together, Delta, Omicron BA.1, and Omicron BA.2 can
mount a massive attack on ciliated cells in the respiratory epithe-
lium. The extracellular N puncta, S puncta, and nucleocapsid-IR
signal that we captured in COVID #101 reflect extracellular vi-
rions released into the external milieu.

Progressive fasciculation, ensheathment, and
enwrapment of olfactory sensory neuron axons in the
lamina propria

We found in a subset of cases that SARS-CoV-2 invaded the in-
terstitium of the lamina propria of the olfactory mucosa. Intersti-
tial invasion raises the question of whether virions can infect cells
of the olfactory projection at the level of the lamina propria, or
hitchhike onto the olfactory projection, and then invade the brain.

Neuron

Before presenting these cases, we describe the anatomical rela-
tionships of OSN axons with other cellular components after they
exit the olfactory epithelium and enter the lamina propria.

Particularly didactic in this regard is COVID #105, in whom no
viral presence was detected. Figure 4A shows a continuous
swath of olfactory epithelium rich in cells harboring puncta for
OMP, which encodes the olfactory marker protein, a classical
marker for mature OSNs. Each mature OSN projects a single
axon through a perforation of the basement membrane into the
superficial lamina propria, where it is received by olfactory en-
sheathing cells (OECs), a type of glia cells unique to the olfactory
projection.?”~>* OECs can be identified with S100B-IR or GFAP-
IR signal. In the superficial lamina propria, the OECs run criss-
cross and are cut in various planes. Progressively, OSNs and
OECs together form olfactory axon fascicles of increasing diam-
eter and become enwrapped by pONFs.?* " This cell type can
be identified in human tissue sections with p75-IR signal, with
p75 as abbreviation for p75NTR, the p75 neurotrophin receptor
also known as low-affinity nerve growth factor receptor.®** Fig-
ure 4B shows two major cell types of the olfactory epithelium:
sustentacular cells, harboring UGT2A7 puncta, and OSNs,
labeled with TUBB3-IR signal®*°*; in the superficial lamina prop-
ria, OSN axons are intimately associated with OECs. Deeper in
the lamina propria, transversely cut olfactory axon fascicles are
enwrapped individually by pONFs (Figure 4C). The difference in
PONF enwrapment of olfactory axon fascicles in superficial vs.
deep lamina propria is prominent in Figure 4D. Closer to the crib-
riform plate, olfactory axon fascicles are thicker, and all have
become enwrapped by pONFs (Figure 4E). The OSN provenance
of the enwrapped cellular structures can be confirmed with
OMP-IR signal (Figures 4F and 4G).

Taken together, the fuzzy and loose configuration of the pro-
gressive fasciculation of OSN axons, ensheathment by OECs,
and enwrapment by pONFs poses a vulnerability to the olfactory
pathway and the brain, which is only a few millimeters away.

Perineurial olfactory nerve fibroblasts form an
anatomical barrier

We discovered a pattern of interstitial SARS-CoV-2 spreading by
virtue of the RNAscope-based visualization of extracellular vi-
rions, consistent with the well-documented hallmark of RNA-
scope to visualize single RNA molecules as puncta in light micro-
scopy.'” Figure 5 shows that pONFs form an anatomical barrier
against such virions. In reference to perineurial ONFs, we refer to

Figure 3. Infection of the respiratory mucosa with Delta, Omicron BA.1, or Omicron BA.2
Confocal images of sections through the respiratory mucosa of COVID #87 (Delta), #95 (Omicron BA.1), #104 (Omicron BA.1), #101 (Omicron BA.2), and #107
(Omicron BA.2) stained with RNAscope and IHC. Names of genes (italics) and proteins (roman) are at the bottom left, scale bars at the bottom right. DAPI served

as nuclear stain.

(A) N puncta are densely packed in cells harboring FOXJ1 puncta or containing KRT8-IR signal.

(B) Nucleocapsid-IR signal is widespread. N-sense puncta and orf1ab-sense puncta reflect ongoing viral replication.

(C) MUC5AC-IR mucus covers a stretch of respiratory epithelium with N-sense puncta in cells harboring FOXJ1 puncta.

(D) S-sense puncta occur at a characteristic perinuclear position in nucleocapsid-IR cells.

(E) Nucleocapsid-IR signal outlines the contours of ciliated cells, which harbor densely packed S puncta.

(F) At the apical edge of a crypt or gland duct, KRT8-IR cells harbor N puncta. Deeper, clusters of extracellular N puncta reflect virions released from cells.

(G) The dashed square in (F) imaged at higher magnification.

(H) In a section near (G), extracellular S puncta colocalize with nucleocapsid-IR signal.
(Iand J) Omicron BA.2 (I) or Omicron BA.1 (J) swept through a broad swath of the respiratory epithelium, with nearly every nucleocapsid-IR cell harboring N-sense

puncta and orf1ab-sense puncta.

3924 Neuron 770, 3919-3935, December 7, 2022
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Figure 4. The lamina propria of the olfactory mucosa

Confocal images of sections through the olfactory mucosa of COVID #105. No viral puncta or nucleocapsid-IR signal were detected in this non-informative case.
(A) OSNs harbor OMP puncta, S100B-IR signal identifies OECs, and p75-IR signal identifies pONFs.

(B) Sustentacular cells in the olfactory epithelium and Bowman'’s gland cells in the lamina propria harbor UGT2A1 puncta. OSN axons contain TUBB3-IR signal
and OECs contain S100B-IR signal.

(C) Layers of p75-IR pONFs surround olfactory axon fascicles. OMP puncta occur in an intraepithelial cyst or invagination of the olfactory epithelium.

(D) OMP puncta occur in the olfactory epithelium. In the deeper but not in the superficial lamina propria, OECs are enwrapped by pONFs.

(E) Axon fascicles are enwrapped by pONFs.

(F and G) OMP-IR olfactory axon fascicles are enwrapped by pONFs. The dashed square in (F) is imaged at higher magnification in (G).
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seven cases as “perineurial cases": COVID #68 (Alpha, FBI) of
cohort-1, and #87 (Delta, FBI), #89 (Delta, FBI), #90 (Delta), #94
(Delta, FBI), #108 (Omicron BA.1, unvaccinated), and #110 (Om-
icron BA.1) of cohort-II.

In COVID #68, who died 5 days after diagnosis, a collection of
N puncta in the interstitium does not intermingle with TUBB3-IR
OSN axons (Figure 5A); trains of N puncta remain outside of a
fascicle of TUBB3-IR OSN axons tightly associated with
GFAP-IR OECs (Figure 5B); and a swarm of N puncta stays clear
of the enwrapment by p75-IR pONFs (Figure 5C). In COVID #87,
who died 3.7 days after diagnosis, a thick olfactory axon fascicle
was cut longitudinally over a distance of ~1.2 mm and is enwrap-
ped without interruption by a thin layer of p75-IR pONFs; it is
accompanied by an array of N puncta in the interstitium (Fig-
ure 5D), but the fascicle is devoid of N puncta (Figure 5E). In
COVID #89, who died 5.1 days after diagnosis, N puncta are
dispersed across the interstitium of the lamina propria but not
within olfactory axon fascicles identified with S100B-IR signal
of OECs and p75-IR signal of pONFs (Figures 5F and 5G) or
with OMP-IR signal and TUBB3-IR signal of OSN axons (Fig-
ure 5H). In COVID #94, who died 8.3 days after diagnosis, dense
accumulations of N puncta are mutually exclusive with TUBB3-
IR OSN axons (Figure 5I). In COVID #108, who died 3.9 days after
diagnosis, an ant-like column of N puncta escorts a thick fascicle
of TUBB3-IR axons without invading it (Figure 5J).

We confirmed and extended these findings with RNAscope for
orflab (Figures S4A, S4B, S4D-S4G, and S4l) and S
(Figures S4C, S4F, and S4H-S4J): extracellular puncta do not
invade TUBB3-IR axon fascicles and stay clear of the enwrap-
ment by p75-IR pONFs. A haze of extracellular nucleocapsid-
IR signal colocalizes with viral puncta (Figures S4E, S4F, and
S41). There are no N-sense puncta (Figures S4A, S4B, and S4J)
or S-sense puncta (Figures S4D and S4G).

Taken together, pONFs form an anatomical barrier against
viral invasion of the olfactory projection at a vulnerable interface
in the lamina propria of the olfactory mucosa.

SARS-CoV-2 spares the parenchyma of the

olfactory bulb

The term “fila olfactoria” is used for olfactory axon fascicles
penetrating through foramina of the cribriform plate or coursing
within the cranial cavity. These thread-like structures are macro-
scopically visible (see Video S1 at 140” of Khan et al.’®). The
external surfaces of the fila olfactoria are contiguous with the lep-
tomeninges (pia and arachnoid) that snugly cover the olfactory
bulb. This anatomical contiguity raises the question of whether
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virions could sneak up from the interstitium of the lamina propria
to the leptomeninges of the olfactory bulb by hitchhiking along
the olfactory projection and then invade the parenchyma of the
olfactory bulb. We reported the presence of viral RNA in the lep-
tomeninges of the olfactory bulb in 11 of the 30 (37 %) informative
cases of cohort-1."® We now report a leptomeningeal phenotype
in 12 of the 41 informative cases (29%) of cohort-Il. Suspiciously,
six of the seven perineurial cases are also leptomeningeal.

In COVID #89, N puncta are dispersed across a SSTR2A-IR
swath of leptomeninges but do not occur in the parenchyma
(Figure 6A). In COVID #108, densely packed N puncta occur in
pia mater abutting virus-free parenchyma, in which TUBB3-IR
OSN axons terminate in globose structures, the glomeruli
(Figures 6B and 6C). Abundant N puncta in the leptomeninges
are associated with blood vessels identified with PECAM1
puncta in endothelial cells (Figure 6D). Despite the close prox-
imity to SSTR2A-IR leptomeningeal tissue, N puncta do not
occur within TUBB3-IR fila olfactoria or glomeruli (Figure 6E).
Sprinkles of N puncta accompany a TUBB3-IR filum olfactorium
and are spread across the abutting leptomeninges (Figure 6F).

Taken together, the parenchyma of the olfactory bulb is
spared from viral invasion.

Absence of evidence for viral invasion into the
parenchyma of the frontal lobe

We harvested brain tissue close to the olfactory bulb, typically
the gyrus rectus and sometimes the gyri orbitales of the frontal
lobe, in 112 of the 115 cases of cohort-l and cohort-Il. We iden-
tified the sporadic occurrence of extracellular N or S punctain 5
of the 112 cases: COVID #60 (non-variant of concern, unvacci-
nated), #87 (Delta, FBI), #89 (Delta, FBI), #108 (Omicron BA.1,
unvaccinated), and #110 (Omicron BA.1). All five cases were
RNAemic perimortem. The puncta occurred intravascularly or
perivascularly, but not in the parenchyma.

The blood-brain barrier includes the layer of endothelial cells of
cerebral blood vessels connected with tight junctions (Figure 7A).
The Virchow-Robin space (VRS) is a CSF-filled perivascular space
that exists along the larger cerebral blood vessels but not around
smaller blood vessels such as capillaries.*>*” The glia limitans
perivascularis covers the entire cerebral vasculature: all arterioles,
capillaries, and venules within the brain parenchyma are sur-
rounded by vascular endfeet of astrocytes.*® The tight junctions
among endothelial cells can be visualized as short TJP1-IR stripes,
for tight junction protein-1 (Figure 7B). Endothelial cells harbor PE-
CAM1 puncta, and astrocytes, including their endfeet, can be
identified with AQP4-IR signal, for aquaporin-4 (Figure 7C).

Figure 5. Perineurial olfactory nerve fibroblasts form an anatomical barrier
Confocal images of sections through olfactory mucosa of COVID #68 (Alpha), #87 (Delta), #89 (Delta), #94 (Delta), and #108 (Omicron BA.1).

(A) N puncta do not invade a fascicle of TUBB3-IR OSN axons.

(B) A swarm of N puncta stays separate from fascicles containing OSN axons and GFAP-IR OECs.
(C) In a section close to (B), N puncta remain outside the enwrapment by p75-IR pONFs.
(D) A longitudinally sectioned olfactory axon fascicle containing S100B-IR OECs and p75-IR pONFs is devoid of N puncta. The blood vessel at the left emits

autofluorescence.
E) The area marked with an asterisk in (D) imaged at higher magnification.

(
(
(
(

1) N puncta stay clear of a fascicle of OSN axons.

F and G) Arrays of N puncta do not invade axon fascicles containing OECs and enwrapped by pONFs.
H) Fascicles of OMP-IR and TUBB3-IR OSN axons remain free of N puncta. The blood vessel at the center emits autofluorescence.

(J) An ant-like column of N puncta escorts a fascicle of OSN axons. See also Figure S4.
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Figure 6. The olfactory bulb parenchyma is spared from invasion by SARS-CoV-2

(A) In COVID #89 (Delta), N puncta occur in a partially detached swath of SSTR2A-IR pia mater (to the right) and do not invade the parenchyma (to the left).
(B-F) COVID #108 (Omicron BA.1). The parenchyma including TUBB3-IR glomeruli (to the right) is spared from infection, whereas the abutting SSTR2A-IR pia
mater (to the left) contains densely packed N puncta (B and C). An area of pia mater contains densely packed N puncta in the vicinity of PECAM1 puncta
identifying endothelial cells, and the parenchyma containing GFAP-IR signal is free of N puncta (D). N puncta are dispersed within leptomeninges but not within
TUBBS3-IR structures (E). Accompanying, but not invading, a filum olfactorium of TUBB3-IR OSN axons are sprinkles of N puncta, and the abutting leptomeninges
contain dispersed N puncta (F).

COVID #60 had a malignant brain tumor and died 40 h after
diagnosis due to increased intracranial pressure that was
treated with high doses of corticosteroids; a serum sample
taken a few hours prior to the time of death had a Ct of 33.6.
A few N puncta are visible within the lumen of a blood vessel
outlined with CD31-IR endothelial cells harboring PECAM1
puncta (Figure 7D), and a compact cluster of N puncta appears
to have leaked through the endothelial wall (Figure 7E). In
COVID #87, N puncta occur intravascularly and perivascularly
but remain confined to the VRS and do not reach beyond the
AQP4-IR ring of astrocytic endfeet (Figures 7F and 7G). In
COVID #89 (Figure 7H) and in COVID #110 (Figure 71), N puncta
occur within the lumen of a blood vessel but not beyond the
AQP4-IR ring. In COVID #108, puffs of N or S puncta appear
to have leaked through the endothelial wall identified with
PECAMT1 puncta (Figures 7J-7L), TJP1-IR signal (Figure 7J),
and CD31-IR signal (Figure 7K) but did not proceed into the
parenchyma (Figure 7L).

Taken together, we failed to find evidence for viral invasion of
the parenchyma of the frontal lobe in 112 of 112 (100%) cases.
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The cerebrospinal fluid remains free from infectious
SARS-CoV-2 virions

Finally, we asked whether SARS-CoV-2 virus could be grown in
culture from CSF samples extracted postmortem from the
cisterna magna (Figure 8A). As substrate we used inserts of hu-
man airway epithelial cell cultures with an air-liquid interface.
These differentiated primary cultures possess the architecture
and cellular complexity of the epithelium of the human respira-
tory tract and serve as assays for profiling antiviral drugs against
SARS-CoV-2,%? including Delta and Omicron BA.1.° An inoc-
ulum is applied to the apical side of an insert; the apical side is
washed with medium at several time points; RNA is extracted
from the wash fluids; and SARS-CoV-2 RNA is quantified by
qRT-PCR.

In Figure 8B, we verified that CSF does not inhibit growth of
SARS-CoV-2 in this platform by adding CSF from CONTROL
#19 to an inoculum of Delta strain hCoV-19/Belgium/rega-
7214/2021.*" In parallel, we tested CSF samples of nine Delta
cases, including COVID #83, whose CSF sample had a Ct of
31.1; no virus replication was detected. In a second
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experiment (Figure 8C), virus could be grown from the naso-
pharyngeal swab, but not from the CSF sample, of COVID
#99, and neither could it be grown from CSF samples of
nine other Delta and Omicron BA.1 cases, including COVID
#87 and #89, whose frontal lobe samples contained N puncta.
In a third experiment (Figure 8D), virus could be isolated from
nasopharyngeal swabs of four cases, except for COVID #1083,
who died 14.1 days after diagnosis, but not from paired CSF
samples, including COVID #108, whose frontal lobe sample
contained N puncta. Finally, virus grew from a freshly taken
nasopharyngeal swab, but not from the paired CSF sample
of COVID #96 (Figure 8E).

Taken together, in none of 25 COVID cases could we grow
SARS-CoV-2 from CSF samples, including from three cases
with viral puncta in the frontal lobe sample. By contrast,
paired nasopharyngeal swabs routinely gave rise to virus
production.

In summary, based on the results of this study and Khan
et al.,'® we conclude that SARS-CoV-2 does not infect OSNs, ol-
factory bulb neurons, or neurons in the frontal lobe; it does not
invade olfactory axon fascicles, fila olfactoria, the parenchyma
of the olfactory bulb and of the frontal lobe; and virions are not
recoverable from CSF samples.

DISCUSSION

In this virocentric view of COVID-19, we visualized infected cells,
ongoing viral replication, and extracellular virions in postmortem
tissue samples of patients who died during an acute phase of
SARS-CoV-2 infection.

Catching SARS-CoV-2 in the act of the attack

Cohort-Il of ANOSMIC-19 comprises 45 patients who died
from or with COVID-19 shortly after diagnosis in three
major hospitals in Belgium over a period of eight months in
2021 and 2022 that spanned the Delta, Omicron BA.1, and
Omicron BA.2 waves of the pandemic in Belgium. Our method
of procuring postmortem tissue samples takes place at
the bedside soon after the death of the patient, with a rapid
endoscopic method that allows for precise harvesting of
endonasal and intracranial tissue samples. Consistent with
the short PMIs, none of the 45 COVID cases and 8 control
cases had to be excluded because of poor tissue quality.
We report the period until death that elapsed from the time

Neuron

the positive nasopharyngeal swab was taken rather than
from the onset of symptoms, which is an unreliable measure,
particularly in patients who were already in ill health prior to
the infection.

Challenges to find evidence for neuroinvasion by SARS-
CoV-2

Our gRT-PCR assays revealed RNAemia in 50% of the postmor-
tem serum samples. RNAemia, the presence of viral RNA in the
blood, may reflect viremia, the presence of virus in the blood.***
This frequent observation of RNAemia and the close association
of N and S puncta with blood vessels in the frontal lobe samples
of our five COVID cases suggest RNAemia as an explanation for
positive gRT-PCR results on homogenized brain samples in
some of the literature on autopsies. Blood is present in all tis-
sues, and to various extents. Unless a blood sample from around
the time of death is available, caution must be exercised when
interpreting claims of neuroinvasion that are largely based on
such gRT-PCR analyses.

An early claim of neuroinvasion proposed the olfactory
pathway as a port of central nervous system entry.® But, the
sole antibody for a viral antigen that was used in this study®,
3A2, gives similar IR signals in control cases.®***® Throughout
cohort-l and cohort-ll, we have included control cases in parallel,
following the same protocols of tissue sample procurement, fix-
ation, processing, staining, and imaging. This two-armed study
design safeguards us against false-positive signals during the
course of a multi-year project.

The fluorescence RNAscope platform has a high signal-to-
noise ratio, yielding a high specificity. The sense probes reflect
ongoing viral replication, and sense puncta have a characteristic
perinuclear location. The combination of nucleocapsid being the
most abundant SARS-CoV-2 protein,*” being a cytosolic protein
as opposed to membrane-bound spike, and diffusely filling in-
fected cells and outlining their contours, underlies the strong
and distinctive nucleocapsid-IR signals in our confocal images.
With the dual visualization of RNAscope puncta and nucleo-
capsid-IR signal, a given cell type or a particular cell can be un-
mistakably identified as a target cell type or infected, respec-
tively. Applying these stringent criteria, we failed to find
evidence for neurotropism—defined as the ability of a virus to
infect and replicate in cells of the nervous system®—in OSNs, ol-
factory axon fascicles, fila olfactoria, and the parenchyma of the
olfactory bulb and of the frontal lobe.

Figure 7. Absence of SARS-CoV-2 invasion of the parenchyma of the frontal lobe

(A) Schematic of a cross section through a blood vessel.

(B-L) Confocal images of sections through frontal lobe samples of control cases (B and C) and COVID cases (D-L).

(B) TJP1-IR stripes label tight junctions among endothelial cells of a cerebral blood vessel.

(C) PECAM1 puncta label endothelial cells of a blood vessel and AQP4-IR signal labels the endfeet of astrocytes forming the glia limitans perivascularis. The
unstained, dark ring between the area with PECAM1 puncta and the AQP4-IR ring is the VRS.

(D and E) In COVID #60 (non-variant of concern), N puncta occur within the lumen of a blood vessel filled with red blood cells (D). A swarm of N puncta appears to
have burst through the endothelial layer of a blood vessel (E). Endothelial cells harbor PECAM1 puncta and contain CD31-IR signal.

(F and G) In COVID #87 (Delta), N puncta are dispersed intravascularly (F) and perivascularly (G). The white dots in the parenchyma represent autofluorescence

signal from lipofuscin, emitting in all channels.

(H) In COVID #89 (Delta), N puncta occur within the lumen of a blood vessel filled with red blood cells but not beyond the AQP4-IR ring.

(I) In COVID #110 (Omicron BA.1), N puncta occur perivascularly but not beyond the AQP4-IR ring.

(J-L) In COVID #108 (Omicron BA.1), puffs of N puncta (J and L) or S puncta (K) appear to have leaked through a blood vessel wall identified with PECAM1 puncta
(J-L), TJP1-IR signal (J), or CD31-IR signal (K). Viral puncta have not penetrated into the parenchyma (L).
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Figure 8. SARS-CoV-2 cannot be cultured from CSF samples of COVID cases

(A) The cisterna magna is punctured with a needle at the back of the head and a CSF sample is extracted.

(B-E) CSF samples and nasopharyngeal swabs were used to inoculate the apical side of inserts of primary cultures of human airway epithelial cells. CSF does not
interfere with replication of a Delta strain; no virus grew from CSF samples of nine COVID cases (B). The positive control was the nasopharyngeal swab of COVID
#99 (Omicron BA.1) and the negative control was the CSF sample of CONTROL #22; no virus could be grown from CSF samples of ten COVID cases (C). Paired
nasopharyngeal swab and CSF samples of six COVID cases were tested; no virus could be grown from CSF samples (D). Virus could be grown from a freshly
taken nasopharyngeal swab, but not from the paired CSF sample, of COVID #96 (Omicron BA.1) (E).
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What about neuroinvasiveness, defined as the ability of a virus
to enter the nervous system?® Could virions invade the olfactory
projection and the brain without infecting cells? In other words,
could SARS-CoV-2 be neuroinvasive but not neurotropic? The
pristine condition of our tissue samples, the power of the RNA-
scope platform, and the precision of confocal imaging enabled
us to light-microscopically visualize extracellular virions released
from infected cells and spreading interstitially through tissues.
The smallest extracellular puncta may well represent single vi-
rions, consistent with the extensively documented hallmark of
RNAscope visualizing single RNA molecules as puncta.'” By us-
ing a battery of RNAscope probes and an anti-nucleocapsid anti-
body, we failed to find evidence for neuroinvasion of the paren-
chyma of the olfactory bulb and of the frontal lobe.

But the human brain is a large and anatomically highly struc-
tured organ, and we reasoned that we should also look for the
presence of infectious virions in the CSF. The brain of an adult
human is bathed in ~150 mL of CSF,*® of which we tapped
~5 mL from the cisterna magna, which communicates with the
other ventricles. We failed to find evidence for infectious virions
in CSF samples, including from one COVID case with a positive
gRT-PCR result of the CSF sample (#83) and three COVID cases
with N puncta in frontal lobe samples (#87, #89, and #108). By
contrast, SARS-CoV-2 could be routinely grown from paired
nasopharyngeal swabs.

Taken together, we failed to find evidence for neurotropism
and neuroinvasion in two successive cohorts comprised of a to-
tal of 115 patients infected with non-variants of concern, Alpha,
Delta, Omicron BA.1, or Omicron BA.2 and surviving between
0 and 40 days after diagnosis. The colossal failure of host de-
fense would afford the most permissive conditions for viral repli-
cation and spreading in these individuals. We submit that our
analyses of these cases represent the most stringent test imag-
inable to date for the neurotropic and neuroinvasive capacity of
SARS-CoV-2.

Admittedly, the absence of evidence does not equal the evi-
dence of absence. It is ultimately not possible to prove a negative
in science and in medicine. Certain types of neurons may even-
tually be found to be infected, perhaps in a subset of patients, in
certain disease courses or phases, or elsewhere in the brain. A
future variant may inflict (collateral) damage to the brain by newly
acquired neurotropic or neuroinvasive properties without
suffering disadvantage in the incessant evolutionary race to
ever-greater transmissibility, fitness, and immune evasion.

Perineurial olfactory nerve fibroblasts form an
anatomical barrier
By analogy with peripheral nerves, which have an endoneurium,
a perineurium, and an epineurium, pONFs are said to be in a peri-
neurial position with regard to the olfactory nerve. These cells
enwrap, as one or a few layers, olfactory axon fascicles consist-
ing of OSN axons ensheathed by OECs. The term “fibroblast”
may well reflect the depth of our lack of knowledge about this
cell type rather than a cell-biological characteristic. Ultrastruc-
turally, rat pONFs are extremely thin elongated cells with nuclei
that reach 15 pm in length.?®

In the seven perineurial cases of cohort-l and cohort-ll, the
lamina propria of the olfactory mucosa contains extracellular
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N, S, and orflab puncta, reflecting virions spreading within
the interstitium. Viral invasion of the lamina propria may occur
when the olfactory epithelium is structurally damaged due to
massive infection of sustentacular cells, ensuing desquama-
tion, and erosion of the basement membrane. Alternatively,
and not mutually exclusively, virions may invade the lamina
propria via the hematogenous route. Indeed, the five perineu-
rial cases for whom blood samples were available were RNAe-
mic. Collections of extracellular N puncta assume several
geometric configurations. They may follow the paths of lowest
resistance and be propelled by bulk flow toward the cranial
cavity.”® They approach and come so close to olfactory
axon fascicles that they seem to trail their contours, but
they do not infect pPONFs and do not penetrate beyond the
p75-IR enwrapment.

The mechanistic basis of the pONF barrier remains to be
determined.®® We speculate that this barrier may also be effec-
tive against some of the many other pathogens that infect the
nasal mucosa and could threaten the brain."’

Absence of evidence for invasion of the parenchyma of
the olfactory bulb

We detected extracellular N and S puncta in the leptomeninges
(pia mater and arachnoid) that cover the surface of the olfactory
bulb. These leptomeninges are anatomically contiguous with the
external surfaces of olfactory axon fascicles and fila olfactoria.
We reported a leptomeningeal phenotype in 11 of the 30 informa-
tive cases of cohort-I in Khan et al.’® and now add 12 of the 41
informative cases of cohort-Il for a total of 23 of the 71 informa-
tive cases (32%). The absence of sense puncta in the leptome-
ninges argues against ongoing viral replication at these sites.
Suspiciously, six of the seven perineurial cases are also leptome-
ningeal; the case with the weakest perineurial phenotype (COVID
#90) is not leptomeningeal. It is tempting to speculate that peri-
neurial cases and leptomeningeal cases belong to the same
spectrum, with virions hitchhiking along the external surface of
the pONF enwrapment into the leptomeninges covering the ol-
factory bulb.

The fate of the leptomeningeal virions is uncertain, but they do
not invade the parenchyma of the olfactory bulb. The leptome-
ninges-parenchyma interface is vulnerable, as the olfactory
bulb contains the second-order neurons of the olfactory
pathway, the mitral and tufted cells, which project their axons
via the olfactory tract to the piriform cortex and many other brain
regions. Hence, infection of these neurons would be an effective
way for SARS-CoV-2 to spread throughout the brain, but it is a
road not taken.

Our findings of leptomeningeal virions in 32% of informative
cases are consistent with those of a neuropathological study
that examined 16 brain regions in COVID-19 decedents by
gRT-PCR for several SARS-CoV-2 gene sequences.’” In 8 out
of 21 cases (38%), viral RNA was detected in olfactory bulb sam-
ples, and in some of these cases also in amygdala and entorhinal
area, brain regions closely connected to the olfactory bulb, but
typically not elsewhere in the brain. It would be interesting to
determine with RNAscope in cases of the Beach cohort
whether viral RNA is detectable in the leptomeninges covering
the olfactory bulb vs. in the parenchyma.
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Absence of evidence for invasion of the parenchyma of
the frontal lobe

In a mere 5 of 112 cases of cohort-l and cohort-Il for whom
frontal lobe tissue samples were available, we detected viral
signal—sporadically, as clusters or puffs of extracellular N
puncta or S puncta, the proverbial needles in a haystack. Viral
puncta did not present within the parenchyma but were confined
to the lumen of a blood vessel or appeared to have leaked
through the endothelial layer. Viral puncta did make it as far as
the VRS, but not beyond the glia limitans perivascularis, which
is formed by AQP4-IR vascular endfeet of astrocytes and covers
the cerebral vasculature along its entire length of several hun-
dred kilometers. Strikingly, the antibody response to vaccine-
derived spike protein and/or virus-derived spike protein was
close to non-existent in these five cases: COVID #60, #89,
#108, and #110 had anti-S IgG titers below the limit of detection
(<50 AU/mL), and COVID #87 had a very low titer of 80.2 AU/mL.
Moreover, there was no seroconversion for anti-N IgG in these
five cases. Thus, even in the context of an abysmal failure of
the humoral response to the vaccine and/or the virus, SARS-
CoV-2 failed to invade the parenchyma of the olfactory bulb
and of the frontal lobe.

Regular glymphatic cleansing of the brain®® may efficiently
dilute virions that made it to the CSF or entered the brain paren-
chyma. Meningeal lymphatic vessels may help dispose of SARS-
CoV-2 virions.®* On the other hand, the integrity of the anatom-
ical barriers may be compromised and breaches resulting in
neuroinvasion may be possible. The blood-brain barrier is leaky
in neurodegenerative disorders such as Alzheimer’s disease.””
Interestingly, perineurial case #94, whose CSF sample tested
positive by gRT-PCR, had Alzheimer’s disease. Microbleeds or
fleeting events of microneuroinvasion may go unnoticed in histo-
logical studies like ours but might be sufficient to trigger a
sequence of pathobiological events culminating in chronic neu-
roinflammation and lasting dysfunction such as some of the
neurological manifestations of long COVID.>®

A look ahead

Similar to sustentacular cells in the olfactory epithelium playing
the role of unsung heroes of the sense of smell,'® perineurial ol-
factory nerve fibroblasts are another band of unsung heroes:
they form a protective anatomical barrier at a vulnerable inter-
face of the olfactory projection. Through mechanisms that
remain to be elucidated, this enigmatic cell type appears to
seal olfactory axon fascicles hermetically from invasion by
SARS-CoV-2 virions only 100 nm in diameter.

Limitations of the study

The scope of the study was limited to light-microscopically visu-
alizing whether SARS-CoV-2 is capable of neurotropism and
neuroinvasion in samples of olfactory cleft mucosa, olfactory
bulb, and frontal lobe. We took the viewpoint of the virus and
not of the host response for a host of reasons, including the het-
erogeneity of patients in terms of comorbidities, medical treat-
ments, previous exposures to SARS-CoV-2 (diagnosed or undi-
agnosed), vaccination regimens, and antibody titers to spike and
nucleocapsid antigens. An investigation of neuroinflammation
was beyond the scope of the study. Most COVID-19 patients,
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vaccinated or unvaccinated, recover from their infection, raising
the fundamental question as to whether postmortem studies
adequately reflect the situation in individuals with a non-fatal dis-
ease outcome. This issue will be almost impossible to resolve, as
there are no ethically justifiable indications for brain biopsies
from living COVID-19 patients. We sampled only the gyrus rectus
and gyri orbitales and may have overlooked neurotropism and
neuroinvasion elsewhere in the brain. A study of a postmortem
cohort cannot be undertaken longitudinally, by its very nature.
Instead, we must make inferences from snapshots taken during
many singular courses of infection and then attempt to fill in the
dots and make associations. It does appear, though, that SARS-
CoV-2 is stopped dead in its tracks by several anatomical bar-
riers at vulnerable interfaces, even in extremely weak individuals
with an abysmal level of defense who lost the battle.
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Antibodies

Anti-Aquaporin 4, C-terminus antibody Millipore Cat#AB3594;
RRID: AB_91530

Anti-CD31 antibody Abcam Cat#ab28364;

GFAP antibody

Cytokeratin 8 antibody

Mouse monoclonal MUC5AC

antibody (45M1)

Rabbit monoclonal SARS-CoV/SARS-CoV-
2 Nucleocapsid antibody (clone #001)
Goat Anti-Olfactory Marker Protein
Antibody, unconjugated

Monoclonal Anti-Nerve Growth Factor
Receptor (NGFR p75) antibody

S100B Recombinant monoclonal antibody
(S100B/1706R)

Rabbit polyclonal antiserum Somatostatin
receptor subtype 2A

Z0-1 tight junction protein antibody

Mouse monoclonal anti-Tubulin beta
3/TUBB3 (TUJ1)

Donkey anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor Plus 488

Donkey anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor Plus 555

Donkey anti-Mouse IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor Plus 555

Donkey anti-Goat IgG (H + L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor
Plus 555

Donkey anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor Plus 647

Donkey anti-Mouse IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor Plus 647

Donkey anti-Goat IgG (H + L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor
Plus 647

Novus Biologicals

Novus Biologicals

Thermo Fisher Scientific
Sino Biological

FUJIFILM Wako Shibayagi
Sigma-Aldrich

Enzo Life Sciences
Biotrend

Novus Biologicals
BioLegend

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

RRID: AB_726362

Cat#NB300-141;
RRID: AB_10001722

Cat#NBP2-67468;
RRID: AB_2922444

Cat#MA5-12178;
RRID: AB_10978001

Cat#40143-R001;
RRID: AB_2827974

Cat#544-10001-WAKO;
RRID: AB_664696

Cat#N5408;
RRID: AB_477280

Cat#ENZ-ABS307;
RRID: AB_2922445

Cat#NB-49-016-50ul

Cat#NBP1-85046;
RRID: AB_11006040
Cat#801202;

RRID: AB_10063408

Cat#A32790;
RRID: AB_2762833

Cat#A32794;
RRID: AB_2762834

Cat#A32773;
RRID: AB_2762848

Cat#A32816;
RRID: AB_2762839

Cat#A32795;
RRID: AB_2762835

Cat#A32787;
RRID: AB_2762830

Cat#A32849;
RRID: AB_2762840
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Tissue, blood, and CSF samples from
COVID-19 patients and control patients

Ethical Committee of the University
Hospitals Leuven, in Leuven, Belgium
(S64042), the General Hospital Sint-Jan
Brugge-Oostende AV in Bruges, Belgium
(2736), and the Universitair Ziekenhuis
Brussel in Brussels, Belgium (EC-2021-360)

clinicaltrials.gov (NCT04445597)

Chemicals, peptides, and recombinant proteins

Mount Solid antifade
RNAscope Target Retrieval Reagent
RNAscope Protease |l

RNAscope Hydrogen Peroxide and
Protease Plus

RNAscope Probe Diluent
10% neutral buffered formalin
Tissue-Tek O.C.T. compound
Opal 520

Opal 570

Opal 690

1x Plus Ampilification Diluents

abberior

Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics

Advanced Cell Diagnostics
Electron Microscopy Sciences
Sakura

Akoya Biosciences

Akoya Biosciences

Akoya Biosciences

Akoya Biosciences

Cat#MM-2011-2X15ML
Cat#322000
Cat#322337
Cat# 322330

Cat#300041
Cat#15740-04
Cat#4583
Cat#FP1487001KT
Cat#FP1488001KT
Cat#FP1497001KT
Cat#FP1498

Donkey serum Sigma-Aldrich Cat#S30-100ML
Sucrose Sigma-Aldrich Cat#S0389-1KG
DAPI (4',6-Diamidino-2-Phenylindole, Thermo Fisher Scientific Cat#D1306
Dihydrochloride)

Critical commercial assays

RNAscope Multiplex Fluorescent Detection Advanced Cell Diagnostics Cat#323110

Kit v2

RNAscope 4-Plex Ancillary Kit Advanced Cell Diagnostics Cat#323120
RNAscope Hs-FOXJ1 (C1) Advanced Cell Diagnostics Cat#430921
RNAscope Hs-FOXJ1 (C2) Advanced Cell Diagnostics Cat#430921-C2
RNAscope Hs-OMP (C1) Advanced Cell Diagnostics Cat#824181

RNAscope Hs-PECAM1-01 (C1)
RNAscope Hs-PECAM1-01 (C2)
RNAscope Hs-PECAM1-01 (C4)
RNAscope Hs-UGT2A1 (C1)
RNAscope V-nCoV-N (C1)

RNAscope V-nCoV-N (C2)

RNAscope V-SARS-CoV-2-N-O2-
sense (C1)

RNAscope V-SARS-CoV-2-N-02-
sense (C3)

RNAscope V-nCoV2019-orf1ab-sense (C1)
RNAscope V-nCoV2019-S (C1)
RNAscope V-nCoV2019-S-sense (C1)
RNAscope V-nCoV2019-S-sense (C3)
RNAscope V-nCoV-orflab-O1 (C1)

Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics

Advanced Cell Diagnostics

Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics

Cat#487381-C1
Cat#487381-C2
Cat#487381-C4
Cat#814271
Cat#846081
Cat#846081-C2
Cat#863841

Cat#863841-C3

Cat#859151
Cat#848561
Cat#845701
Cat#845701-C3
Cat#859981

Software and algorithms

Zeiss ZEN 2.6 system
GraphPad Prism v9.2
Adobe lllustrator 2020

Zeiss
GraphPad
Adobe

https://www.zeiss.com
https://graphpad.com
Adobe Creative Cloud
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Adobe Acrobat Pro DC Adobe Adobe Creative Cloud

Other

Zeiss LSM 800 Zeiss https://www.zeiss.com

Leica CM3050 S cryostat Leica https://www.leicabiosystems.com

RESOURCE AVAILABILITY

Lead contact
Further information and requests should be directed to the lead contact, Peter Mombaerts (peter.mombaerts@gen.mpg.de).

Materials availability
This study did not generate new unique reagents.

Date and code availability
o Clinical data about the patients are confidential, subject to compliance with applicable personal data protection laws, and not
publicly available.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design and data collection

The foundation of the study protocol ANOSMIC-19 (ANalyzing Olfactory dySfunction Mechanisms in COVID-19) is the bedside pro-
curement of postmortem tissue samples. This national multicenter study was approved by the Ethical Committees of the University
Hospitals Leuven in Leuven, Belgium (S64042), of the General Hospital Sint-Jan Brugge-Oostende AV in Bruges, Belgium (2736), and
of the Universitair Ziekenhuis Brussel in Brussels, Belgium (EC-2021-360), and registered on clinicaltrials.gov (NCT04445597).
The Ethikrat — Kommission des Prasidenten of the Max Planck Society did not require a separate ethics review by a medical ethics
committee (Applications No: 2020_14, 2020_30, and 2020_31). Patients were >18 years old at the time of inclusion. Written informed
consent from next of kin was obtained prior to tissue harvesting in accordance with the recommendations of the local Ethical
Committee.

COVID-19 patients were diagnosed with a SARS-CoV-2 infection by qRT-PCR from a nasopharyngeal swab and died during their
subsequent COVID-19 hospitalization. Control patients had a negative gRT-PCR test from a postmortem nasopharyngeal swab
taken a few days prior to their time of death and died of other causes than COVID-19. The electronic health records of each patient
were retrospectively reviewed and analyzed to obtain information about demographics, comorbidities, disease course, and hospi-
talization history.

The collection, processing, and disclosure of personal data (such as patient demographic, health, and medical information) are
subject to compliance with Regulation (EU) 2016/679, also referred to as the General Data Protection Regulation, and the Belgian
Law on the protection of natural persons regarding the processing of personal data. Therefore, combinations of data deemed to
be identificatory to specific persons cannot be disclosed. For instance, details of the vaccination record of an individual decedent
cannot be reported.

The narrowing of the time between diagnosis and death to ~14 days led to the inclusion of a greater proportion of patients from a
ward (41 or 91%) than from an ICU (4 or 9%) compared to cohort-I (respectively 46% and 54%).

Clinical parameters

Comorbidities were categorized in accordance with international recommendations. Overweight is as a body mass index (BMI)
>25 kg/m?, and obesity as a BMI >30 kg/m?. Presence of diabetes mellitus type 2 includes previously known and newly diagnosed
patients, based on Hb1Ac > 6.5% or active treatment on admission. Former smokers, defined as having ceased smoking >6 months
prior to inclusion, are not considered smokers in Figures 1B and S1. Hypertension is defined as grade 1 hypertension, or treatment
with antihypertensive drugs. Chronic kidney disease is defined as the presence of kidney damage or a glomerular filtration rate of
<60 mL/min/1.73 m? for >3 months. Chronic lung disease includes obstructive lung disease (chronic obstructive pulmonary disease,
asthma), interstitial lung disease, pulmonary fibrosis, and pulmonary hypertension. Cardiovascular disease comprises heart condi-
tions (such as valvular disease, heart failure, arrhythmias, cardiomyopathies, coronary artery disease), cerebrovascular antecedents,
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and history of pulmonary embolism. Neurodegenerative disease comprises all forms of dementia and progressive cognitive
impairment.

Patients were considered immunocompromised if one of the following criteria was met: (1) an active oncological condition, defined
as presence of a solid tumor or hematologic malignancy <6 months prior to inclusion; (2) immunosuppressive drugs as maintenance
therapy, including corticosteroids and chemotherapy; (3) recipient of a solid organ transplant.

The cause of death of COVID-19 patients was classified as one out of two categories. (1) Death from COVID-19: hypoxic respiratory
failure secondary to SARS-CoV-2 pneumonia or death from COVID-19 sequelae such as acute respiratory distress syndrome, fungal
or bacterial superinfection associated with SARS-CoV-2 pneumonia. (2) Death with COVID-19: cause of death not directly related to
COVID-19 such as acute cardiac arrest, cerebrovascular accidents, or deterioration of an oncological condition.

Cohort-Il patients were included between August 2021 and May 2022. During this period, "vaccinated" was defined as having
received, at least two weeks earlier, either two doses of tozinameran/Comirnaty (Pfizer-BioNTech), two doses of elasomeran/Spike-
vax (Moderna), two doses of ChAdOx1-S/Vaxzevria (AstraZeneca), or a single dose of Ad26.COV2-S/Janssen Jcovden (Johnson &
Johnson). Several patients received a booster in the fall of 2021 and some a second booster. The term "vaccinated" in this study
encompasses all these vaccination histories. Cohort-I cases died between May 2020 and April 2021, at a time when COVID-19 vac-
cines did not exist, or the Belgian vaccination campaign had just been rolled out. Only one case of cohort-l, COVID #68, was vacci-
nated. The definition of "vaccinated" will evolve in the future and the definition of "breakthrough infection" will have to be adapted
accordingly. Breakthrough infections occur frequently, and some of the patients who die during the course of a breakthrough infec-
tion succumb to the SARS-CoV-2 infection as opposed to passing away with it. The term "fatal breakthrough infection" (FBI) that we
here coin is pragmatic and concise, and refers to patients who, to the best of the clinical judgment of the physicians who treated or
reviewed the patient files, died from COVID-19 instead of with COVID-19 despite being vaccinated. The term FBI does not imply any
underlying cause such as the absence of anti-S IgG in serum on admission or postmortem. In the foreseeable future, unvaccinated
patients will no longer represent typical COVID-19 patients.

METHOD DETAILS

CSF sample extraction
The first step of the extended postmortem bedside surgical procedure is to extract a CSF sample from the cerebellomedullary
cistern, also known as the cisterna magna. The cisterna magna is located between the medulla oblongata and the cerebellum in
the posterior fossa. To achieve optimal exposure for a cisternal puncture, the decedent was positioned in a supine, anti-Trendelen-
burg position or turned sideways, depending on the physiognomy of the body. The neck of the patient was positioned in flexion, the
occiput was palpated downwards until encountering the spine of the axis vertebra and a spinal needle (22 Gauge, 90 mm) was in-
serted on the midline in the depression between these two points. The needle was directed upwards toward the midpoint of an imag-
inary line joining the left and right external auditory meatus, until the needle was felt to pierce the atlanto-occipital ligament, thereby
entering the cisterna magna. The needle hub was then inspected meticulously to ascertain that the liquid is clear and colorless, before
continuing to sample a syringe of 5 mL CSF. In case of a traumatic puncture (revealed as the presence of blood in the needle hub), the
procedure was repeated from the beginning.

CSF samples were sent to the National Reference Center for Respiratory Pathogens at the Department of Laboratory Medicine of
the University Hospitals Leuven (Leuven, Belgium) for PCR analysis and to the BSL-3 facility of the KU Leuven Rega Institute (Leuven,
Belgium) for viral culture.

Blood sample drawing

The second step of the extended postmortem bedside surgical procedure is to draw a blood sample via a femoral puncture or, when
available, via an existing central venous line. For the femoral puncture, an 18 Gauge needle was inserted ~2 cm below the midpoint be-
tween the anterior superior iliac spine and the pubic symphysis. Whole blood was collected in 5 mL Serum Separator Tubes (BD Vacu-
tainer). After centrifugation, the serum was stored in sterile tubes and serum samples were sent to the National Reference Center for Res-
piratory Pathogens at the Department of Laboratory Medicine of the University Hospitals Leuven, (Leuven, Belgium) for gRT-PCR
analysis.

Nasopharyngeal swabs

The third step of the extended postmortem bedside surgical procedure entails the initiation of the endoscopic endonasal procedure,
using a 4 mm 0° endoscope connected with a camera and monitor and a light source (Karl Storz). Prior to cutting and tissue sample
harvesting, three nasopharyngeal swabs were taken under endoscopic guidance. A first nasopharyngeal swab was used immedi-
ately for a bedside rapid antigen test, using the Panbio Abbott COVID-19 Rapid Test Device (Abbott, REF#41FK10) against
SARS-CoV-2 nucleocapsid antigen. A second nasopharyngeal swab was for TagPath COVID-19 qRT-PCR and whole-genome
sequencing at the Belgian National Reference Center for Respiratory Pathogens at the Department of Laboratory Medicine of the
University Hospitals Leuven (Leuven, Belgium). A third nasopharyngeal swab was sent to the BSL-3 facility of the KU Leuven
Rega Institute (Leuven, Belgium) for viral culture.
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Tissue sample harvesting
The fourth and final step of the extended postmortem bedside surgical procedure consists of two parts: an intranasal and an intra-
cranial part.

Intranasal tissue samples of the respiratory mucosa and olfactory cleft mucosa were collected via a classical endoscopic endo-
nasal procedure with cold instruments. The procedure was described in detail in Khan et al."® Briefly, to harvest respiratory mucosa,
we removed the inferior turbinate and the middle turbinate after cutting their attachments to the lateral nasal wall and nasal roof with
Heymann and endoscopic scissors. To harvest olfactory cleft mucosa, an elliptical incision with a sickle or beaver knife was made
running over the superior part of the septum, the cribriform plate, and the area of the vertical attachment of the superior turbinate, thus
covering the full extent of the olfactory cleft region. A subperiosteal dissection was initiated on the medial side (superior part of the
septum) and lateral side (vertical attachment of the turbinates), progressively extending to the center (cribriform plate), where the
mucosa was attached only by the remaining fila olfactoria. After transection and tearing of the fila olfactoria, the mucosa was har-
vested in one or a few pieces.

Intracranial samples of the olfactory bulbs and adjacent brain regions of the frontal lobe were collected via an endoscopic endo-
nasal transcribriform approach. The procedure was described in detail in Khan et al.,'® see also Movie S1 in that paper. Briefly, after
opening the cribriform plate with a hammer and chisel to avoid aerosol formation, the dura mater was exposed and incised longitu-
dinally with the sickle knife. The olfactory bulbs were then dissected from the surrounding tissue (such as arachnoidea and blood
vessels) and removed in an atraumatic way (blunt dissection with a ball probe) and cut posteriorly from the olfactory tract. Several
biopsies of the adjacent brain regions were taken with an upbiting forceps and fixed in 10% formalin for cryopreservation and paraffin
embedding. Brain samples were taken from the gyrus rectus or gyri orbitales from the frontal lobe and contained macroscopically
gray and white matter.

At each participating hospital, procedures were carried out by a team of two ear, nose, and throat surgeons or trainees specialized
in endoscopic sinus surgery, wearing personal protective equipment: gown, gloves, and powered air purifying respirator.

Nasopharyngeal swabs

A dedicated nasopharyngeal swab was taken preprocedurally and stored at —80°C. Later gRT-PCR analysis was performed by the
National Reference Center for Respiratory Pathogens at the Department of Laboratory Medicine, University Hospitals Leuven
(Leuven, Belgium). Viral RNA extraction was performed with the MagMAX Viral/Pathogen Il kit (Thermo Fisher Scientific,
Cat#A48383) on a KingFisher Flex System, followed by gRT-PCR with the TagPath COVID-19 gRT-PCR kit (Thermo Fisher Scientific,
Cat#A48067) on a QuantStudio 7 Flex platform (Thermo Fisher Scientific).

Determination of variants of concern

A combination of methods was used to determine the variant of concern based on RNA extracted from postmortem samples or viral
cultures. 1) Whole-genome sequencing of RNA extracted from a postmortem nasopharyngeal swab by the Laboratory of Clinical and
Epidemiological Virology of the KU Leuven Rega Institute (Leuven, Belgium). 2) Whole-genome sequencing of RNA extracted from a
piece of formalin-fixed tissue of the inferior turbinate by GenXPro (Frankfurt, Germany). 3) Whole-genome sequencing of RNA ex-
tracted from an apical wash of HAEC-ALI cultures by GenXPro (Frankfurt, Germany). 4) Variant-specific qRT-PCR assays
VoXcreen-DO, VoXcreen-BA.1-2, and VoXcreen-BA.2-4-5 on RNA extracted from a piece of formalin-fixed tissue of the inferior turbi-
nate by GenXPro (Frankfurt, Germany). We were unable to determine the variant of concern for COVID #113 and #115. Both patients
had a negative rapid antigen test result on a postmortem nasopharyngeal swab. As these cases date from well within the dominance
period of Omicron in Belgium, COVID #113 and #115 are grouped in the Omicron subcohort in Figure 2.

Serology

Antibody serum titers were measured in the Department of Laboratory Medicine, University Hospitals Leuven (Leuven, Belgium) on
the Abbott Architect platform with the SARS-CoV-2 IgG (anti-N) and IgG Il Quant (anti-S) assays using the manufacturer’s cut-offs for
positivity of 1.4 S/CO and 50 AU/mL, respectively. Serology for anti-N IgG is scored as positive vs. negative and detection of anti-N
IgG is therefore referred to as "seroconversion".

Sample processing

Tissue samples from the 45 COVID-19 cases and 8 control cases were transferred into containers with 10% neutral buffered formalin
(Sigma-Aldrich, Cat#HT5011) for >72 h to fix the tissues and inactivate SARS-CoV-2. Samples were treated for cryoprotection by
immersing serially in 15%, 25%, and 30% sucrose (Sigma-Aldrich, Cat#S0389-1KG) in 1 x PBS over a period of 9-14 days. The orien-
tation of the samples was recorded before embedding in Tissue-Tek O.C.T. compound (Sakura, Cat#4583) on dry ice. Cryosections of
6-8 um thickness were cut on a Leica CM3050 S cryostat and collected on SuperFrost Plus Gold slides (Thermo Fisher Scientific/
Menzel Glaser, Cat#K5800AMNZ72) or Superfrost Plus Micro slides (VWR, Cat#48311-703). Slides were air-dried at room tempera-
ture, and boxes of slides were sealed prior to storage at —80°C. In parallel, tissue samples of olfactory bulb and frontal lobe were pro-
cessed for paraffin embedding using a fully automated platform, 5 um paraffin-embedded sections were air-dried and stored at 4°C.
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RNAscope in situ hybridization

The fluorescence RNAscope platform was used to visualize viral RNA in the 45 COVID-19 cases and the 8 control cases. Most slides
contained multiple sections. Staining was performed with the RNAscope manual assay using the Multiplex Fluorescent Detection Kit
v2 (Advanced Cell Diagnostics, Cat#323110) according to manufacturer’s protocols. Briefly, slides were dried at 55°C overnight, then
pretreated with hydrogen peroxide, followed by permeabilization in target retrieval reagent (Advanced Cell Diagnostics, Cat#322000)
for 3 min in a steamer, and digestion with Protease Il (Advanced Cell Diagnostics, Cat#322337) at 40°C for 15 min for cryosections
and with Protease Plus (Advanced Cell Diagnostics, Cat#322330) at 40°C for 20 min for paraffin embedded sections. A combination
of probes for target RNA detection was hybridized at 40°C for 2 h. Probes in the C4 channel were developed with the RNAscope
4-Plex Ancillary Kit (Advanced Cell Diagnostics, Cat#323120). Signal amplification was followed by development of appropriate
HRP channels with dyes Opal 520 (Akoya Biosciences, Cat#FP1487001KT), Opal 570 (Akoya Biosciences, Cat#FP1488001KT),
and Opal 690 (Akoya Biosciences, Cat#FP1497001KT). DAPI (Thermo Fisher Scientific, Cat#D1306) served as nuclear stain. Slides
were mounted in Mount Solid antifade (abberior, Cat#MM-2011-2X15ML). Confocal images were taken with the Zeiss ZEN 2.6 sys-
tem on a Zeiss LSM 800.

Immunohistochemistry

For codetection of RNA and protein, IHC was performed after the final step of HRP blocker application in the RNAscope Multiplex
Fluorescent Detection protocol. Slides were blocked in 10% donkey serum (Sigma-Aldrich, Cat#S30-100ML) in 0.1% Triton/PBS at
room temperature for 1 h. The following primary antibodies were diluted in 2% donkey serum in 0.1% Triton/PBS and incubated
at 4°C overnight: Cytokeratin 8 (Novus Biologicals, Cat#NBP2-67468) at 1:300, MUC5AC (Thermo Fisher Scientific, Cat#MA5-
12178) at 1:400, SARS-CoV-2 Nucleocapsid (Sino Biological, Cat#40143-R001) at 1:100, Somatostatin receptor subtype 2A/
SSTR2A (Biotrend, Cat#NB-49-016-50ul) at 1:4000, TuJ1/TUBB3 (BioLegend, Cat#801202) at 1:100 for olfactory mucosa sections
and 1:400 for olfactory bulb sections, GFAP (Novus Biologicals, Cat#NB300-141) at 1:600, NGFR p75 (Sigma-Aldrich, Cat#N5408) at
1:200, S100B (Enzo Life Sciences, Cat#ENZ-ABS307) at 1:300, Aquaporin 4 (Millipore, Cat#AB3594) at 1:100, CD31 (Abcam,
Cat#ab28364) at 1:50, ZO-1 tight junction protein (Novus Biologicals, Cat#NBP1-85046) at 1:100 and OMP (FUJIFILM Wako Shi-
bayagi, Cat#544-10001-WAKO) at 1:500. Slides were then washed in 0.1% Triton/PBS 3 x 5 min each followed by incubation
with appropriate secondary antibodies at 1:500 in 2% normal donkey serum in 0.1% Triton/PBS at room temperature for 1 h. Sec-
ondary antibodies were Alexa Fluor Plus 488 donkey anti-rabbit (Thermo Fisher Scientific, Cat#A32790), Alexa Fluor Plus 555 donkey
anti-rabbit (Thermo Fisher Scientific, Cat#A32794), Alexa Fluor Plus 555 donkey anti-mouse (Thermo Fisher Scientific, Cat#A32773),
Alexa Fluor Plus 555 donkey anti-goat (Thermo Fisher Scientific, Cat#A32816), Alexa Fluor Plus 647 donkey anti-rabbit (Thermo
Fisher Scientific, Cat#A32795), Alexa Fluor Plus 647 donkey anti-mouse (Thermo Fisher Scientific, Cat#A32787), and Alexa Fluor
Plus 647 donkey anti-goat (Thermo Fisher Scientific, Cat#A32849). Slides were washed in 0.1% Triton/PBS 3 x 5 min each followed
by DAPI (Thermo Fisher Scientific, Cat#D1306) application for nuclei staining. Slides were mounted in Mount Solid antifade (abberior,
Cat#MM-2011-2X15ML). For IHC only, slides were pretreated in target retrieval reagent (Advanced Cell Diagnostics, Cat#322000) for
3 min in a steamer. Primary antibody application, secondary antibody detection, DAPI staining, and mounting were performed as
above. Confocal images were taken with the Zeiss ZEN 2.6 system on a Zeiss LSM 800.

SARS-CoV-2 growth in culture

Human airway epithelial cells (HAEC) from healthy donors were of bronchial origin in Figures 7B and 7C (Epithelix, Cat#EP01MD) and
Figure 8E (developed in-house), and of nasal origin (Epithelix, Cat#EP02MP) in Figure 8D. After arrival in the laboratory, the air-liquid
interface (ALI) inserts were washed with and maintained in pre-warmed MucilAir medium (Epithelix, Cat#EP04MM) at 37°C and 5%
CO, for at least four days before use. In case of in-house developed inserts, six-week differentiated inserts in the ALl system were
used that showed proper cilia beating and transepithelial electrical resistance measurements. Potential infectious particles from fresh
or frozen nasopharyngeal swabs were extracted in 1 mL of MucilAir medium. Viral inocula were prepared in either MucilAir medium or
control CSF sample to a final dilution of 5% 10% TCID50/mL. On the day of the experiment, the HAEC-ALI cultures were exposed to
200 pL of viral inocula (equal to a multiplicity of infection of 10° TCID50/insert) or 200 uL pure CSF samples or nasopharyngeal swab
solutions or fresh media at 35°C for 3 h. The apical sides of the HAEC-ALI cultures were washed with assay medium at indicated days,
RNA was extracted from the wash fluids using the NucleoSpin RNA virus kit (Macherey-Nagel, Cat#740956.50), and SARS-CoV-2
RNA was quantified by gRT-PCR using the iTaq universal probes one-step kit (Bio-Rad, Cat#1725141) with a commercial mix of
primers for the N gene (IDT Technologies, Cat#10006606) on a LightCycler 96 platform (Roche). The SARS-CoV-2 RNA concentra-
tions are expressed as copies/mL in the wash fluid of the HAEC-ALI cultures by conversion from the Ct values based on a standard
curve of DNA in water. The Lower-Limit-of-Quantification (LLOQ) was determined based on a dilution series of a SARS-CoV-2 virus
stock treated in the same way as the samples; the LLOQ is the lowest SARS-CoV-2 concentration that was still within the linear range
of this serial dilution. In Figure 8D, the inserts inoculated with the nasopharyngeal swab from COVID #108 showed fungal infection on
day 10 and were not further analyzed; one insert inoculated with the nasopharyngeal swab from COVID #103 showed fungal infection
on day 2 and was not further analyzed. In Figures 8C-8E, samples were tested in duplicate inserts; each replicate and the average
are shown.
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