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SARS-CoV-2infectionand persistenceinthe
humanbody and brain at autopsy
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M Check for updates

Coronavirus disease 2019 (COVID-19) is known to cause multi-organ dysfunction’
during acute infection with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), with some patients experiencing prolonged symptoms, termed
post-acute sequelae of SARS-CoV-2 (refs. *°). However, the burden of infection
outside therespiratory tract and time to viral clearance are not well characterized,
particularly in the brain**™*, Here we carried out complete autopsies on 44 patients
who died with COVID-19, with extensive sampling of the central nervous systemin 11
of these patients, to map and quantify the distribution, replication and cell-type
specificity of SARS-CoV-2 across the human body, including the brain, from acute
infection to more than seven months following symptom onset. We show that
SARS-CoV-2is widely distributed, predominantly among patients who died with
severe COVID-19, and that virus replication is present in multiple respiratory and
non-respiratory tissues, including the brain, early ininfection. Further, we detected
persistent SARS-CoV-2 RNA in multiple anatomicsites, including throughout the
brain, as late as 230 days following symptom onset in one case. Despite extensive
distribution of SARS-CoV-2 RNA throughout the body, we observed little evidence of
inflammation or direct viral cytopathology outside the respiratory tract. Our data
indicate thatin some patients SARS-CoV-2 can cause systemic infection and persistin
the body for months.

COVID-19 hasrespiratory and non-respiratory manifestations' >, includ-
ingmulti-organ failure and shock among patients with severe and fatal
disease. Some individuals who survive experience post-acute sequelae
of SARS-CoV-2, also known as long COVID**. Although autopsy studies
of fatal COVID-19 cases support the ability of SARS-CoV-2 toinfect mul-
tiple organs®” 2, extrapulmonary organs often lack histopathological
evidence of virally mediated injury or inflammation'™, The paradox of

infection outside the respiratory tract withoutinjury or inflammation
raises many pathogen- and host-related questions.

Toinvestigate the cellular tropism, replication competence, persis-
tence and evolution of SARS-CoV-2 in humans, and to look for associ-
ated histopathology in infected tissues, we carried out autopsies on
44 COVID-19 cases. Our approach focused on timely, systematic and
comprehensive tissue sampling and preservation for complementary
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analyses. We carried out droplet digital polymerase chain reaction
(ddPCR) for detection and quantification of SARS-CoV-2 nucleocapsid
(N) gene targets and in situ hybridization (ISH) to validate the ddPCR
findings and determine the cellular tropism of SARS-CoV-2. Immuno-
fluorescence (IF) and chromogenicimmunohistochemistry (IHC) were
used to further validate the presence of SARS-CoV-2 in the brain. We
carried out quantitative real-time PCR with reverse transcription (RT-
gPCR) to detect subgenomic RNA, amarker suggestive of recent virus
replication®, and demonstrated replication-competent SARS-CoV-2in
selected respiratory and non-respiratory tissues, including the brain,
by virusisolationintraditional and modified Vero E6 cell culture. Insix
individuals, we measured the diversity and anatomic distribution of
intra-individual SARS-CoV-2 spike gene variants using high-throughput,
single-genome amplification and sequencing (HT-SGS).

We categorized autopsy cases as early (n=17), mid (n=13) or late
(n=14)byillness day (d) at the time of death, being <d14, d15-30 or >d31,
respectively. We defined persistence as the presence of SARS-CoV-2
RNA among late cases. We analysed and described our resultsin terms
of respiratory and non-respiratory tissues to quantify and statistically
compare SARS-CoV-2 RNA levels across tissues and cases.

Autopsy cohort overview

Between 26 April 2020 and 2 March 2021, we carried out 44 autop-
sies, allamong unvaccinated individuals who had died with COVID-19.
SARS-CoV-2PCR positivity was confirmed premortemin 42 cases and
postmortemin 2 cases (P3 and P17; Extended Data Fig.1). A total of 38
cases were SARS-CoV-2 seropositive (Supplementary Data1a), 3 were
seronegative (P27, P36 and P37), and plasmawas unavailable for 3 cases
(P3, P4 and P15). Brain sampling was accomplished in 11 cases (Fig. 1).
The cohort was racially and ethnically diverse. Thirty per cent were
female, and the median age was 62.5 years (interquartile range (IQR):
47.3-71.0; Extended Data Table 1a). A total of 61.4% had three or more
comorbidities. The medianinterval from symptom onset to final hospi-
talization and subsequently death was 6 days (IQR:3-10) and 18.5 days
(IQR:11.25-37.5), respectively (Extended Data Table 1b). The median
postmorteminterval was 22.2 h (IQR:18.2-33.9). Individual-level case
datacanbe found in Supplementary Data 2a.

Widespread infection and persistence

SARS-CoV-2 RNA was detected in 84 distinct anatomical locations
and body fluids (Supplementary Data 1b-d), with a significantly
(P<0.0001 for all) higher burden detected in respiratory compared
with non-respiratory tissues among early (2.04 + 0.10 log,,[N gene
copies] per nanogram of RNA), mid (1.36 + 0.12 log,,[N gene copies]
per nanogram of RNA) and late (0.67 + 0.11 log,,[N gene copies] per
nanogram of RNA; Extended Data Fig. 2a) cases. We compared linear
trendsin SARS-CoV-2RNA levels by illness day, as a continuous variable,
and observed asignificantly steeper negative slope of SARS-CoV-2 RNA
levels in respiratory (-3.14, s.e. 0.39) compared with non-respiratory
(-1.62,s.e.0.38; P<0.0001) tissues (Extended Data Fig. 2b,c).

We detected SARS-CoV-2 RNA in perimortem plasma of 11 early
and 1 mid case (Supplementary Data 1b,d). SARS-CoV-2 RNA was
undetectable or just above the limit of detection in peripheral blood
mononuclear cells from select early and mid cases (Supplementary
Datala). The median and IQR of SARS-CoV-2 N gene copies per nano-
gram of RNA and proportion of cases with RNA detected in each
tissue group and fluids are summarized in Extended Data Table 2.
SARS-CoV-2 RNA persistence was detected across multiple tissue
groups among all late cases despite being undetectable in plasma
inany (Supplementary Data1b-d). SARS-CoV-2 RNA was detected in
central nervous system (CNS) tissue in10/11 cases (90.9%), including
across most brain regions evaluated in 5/6 late cases, including P42
who died at D230 (Fig.1).

We detected SARS-CoV-2 subgenomic RNA across all tissue groups
and multiple fluid types, including plasma, pleural fluid and vitreous
humour (Supplementary Data 1a-c). ddPCR and subgenomic RNA
RT-qPCRresults closely correlated among 1,025 jointly tested samples
(p=0.76;95% confidence interval (Cl): 0.73-0.78), particularly among
respiratory samples (n =369, p = 0.86;95% Cl: 0.84-0.89), early cases
(n=496,p=0.88;95% Cl: 0.85-0.89) and samples that tested positive
by both assays (n =302, p = 0.91; 95% CI: 0.88-0.93; Extended Data
Fig. 2d,e). With sensitivity and specificity weighted equally, a ddPCR
value of 21.47 N copies per nanogram of RNA predicted a positive sub-
genomic RNA result with 93.0% sensitivity and 91.6% specificity, with
areceiver operating characteristic (ROC) area under the curve (AUC)
0f 0.965 (95% Cl: 0.953-0.977; Extended Data Fig. 2f).

Weisolated SARS-CoV-2in Vero E6 cell culture from diverse tissues in
and outside therespiratory tractincluding heart, [ymph node, gastro-
intestinal tract, adrenal gland and eye from early cases (Extended Data
Fig. 3a). In total, we isolated virus from 25/55 (45%) specimens tested
across four SARS-CoV-2 subgenomic RNA quantification cycle (Cq)
value intervals, with decreasing yield with rising Cq interval. Among
the 55 samples tested for virus isolation, with sensitivity and specific-
ity weighted equally, a ddPCR value of 2758 N copies per nanogram
of RNA predicted replication-competent virus with 76% sensitivity
and 90% specificity (ROC AUC = 0.887; 95% CI: 0.795-0.978), and a
subgenomic RNA value of 225,069 copies per microlitre of RNA (about
Cq22.40) predicted replication-competent virus with 72% sensitivity
and100% specificity (ROC AUC = 0.915; 95% CI: 0.843-0.987; Extended
DataFig. 3b,c).

Wereattempted virus isolation from thalamus and hypothalamus of
P38 on Vero E6-TMPRSS2-T2A-ACE2 cells™ and observed a cytopathic
effect 48 h after inoculation with thalamus tissue homogenate from
P38.RT-qPCR for SARS-CoV-2 envelope (E) genomic RNA was carried
out on the tissue homogenate and the supernatant of the virus isola-
tion process at the time of the cytopathic effect, and yielded Ct values
of 27.33 and 13.24, respectively.

Viral genome sequencing

We used HT-SGS to analyse SARS-CoV-2 spike gene variant sequences
fromatotal of 46 tissues in 6 individuals (Extended Data Fig. 4).In P27
(D1), P19 (D7) and P18 (D9), no nonsynonymous virus genetic diversity
was detected in respiratory and non-respiratory sites despite a high
depth of single-molecule sampling. In P27, two virus haplotypes, each
with a single synonymous substitution, were preferentially detected
in non-respiratory sites including the right and left ventricles and
mediastinal lymphnode.In P38 (D13), a D8OF residue was identified in
31/31 pulmonarybut 0/490 brain sequences, and a G1219V residue was
restricted to brain variants. SARS-CoV-2 virusisolated from thalamus of
P38 through Vero E6-TEMPRSS2-TA2-ACE2 cell culture and subjected to
short-read, whole-genome sequencing matched the minor haplotype
detected from P38 RNAlater-preserved thalamus and the major hap-
lotype of P38 RNAlater-preserved hypothalamus. A nonsynonymous
substitution was also detected in P36 (D4) dura mater, albeit at very
low sampling depth (n =2 sequences), compared with non-CNS tissue.

ISHreveals the cellular tropism of SARS-CoV-2

We validated our ddPCR results by ISH for SARS-CoV-2 spike RNA in
respiratory and non-respiratory tissues in selected early, mid and
late cases across >35 cell types and hyaline membranes (Figs. 2 and 3,
Extended Data Table 3 and Supplementary Data 3). Detailed annotation
of SARS-CoV-2 spike RNA ISH-positive cells by tissue, including across
multiple brainregions, is provided in Figs. 2 and 3 and Supplementary
Data3.

To determine therelationship between SARS-CoV-2 N RNA detected
by ddPCR and SARS-CoV-2 spike RNA detected by ISH, we carried out
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Fig.1|Distribution, quantificationand replication of SARS-CoV-2 across
thehumanbody and brain. The heat map depicts the highest mean
quantification of SARS-CoV-2 RNA (N) through ddPCR presentin the autopsy
tissues of 11 patients who died with COVID-19 and underwent whole-body and
brainsampling. Patients are aligned from shortest to longest duration of illness
(DOI) before death, listed at the bottom of the figure, and grouped into early
(<14 days), mid (15-30 days) and late (=31 days) duration of illness. Tissues are

image analysis oninterventricular septal tissue from16 cases covering
afour-log range of SARS-CoV-2 N gene copies per nanogram of RNA
ddPCR values. Interventricular septum was selected for this analy-
sis owing to consistent histomorphology. Mean SARS-CoV-2 N gene
copies per nanogram of RNA significantly correlated with the median
SARS-CoV-2 spike RNA-positive cells over thirty x40 fields (p = 0.704,
95% Cl1:0.320-0.889, P=0.002; Supplementary Data 3).

SARS-CoV-2NRNA and proteinin CNS

To further validate detection and distribution of SARS-CoV-2in CNS
tissue, we used a second ISH assay targeting NRNA, and IF and chromo-
genic IHC-based assays targeting N protein. We confirmed the speci-
ficity of these assays with appropriate positive and negative controls
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organized by tissue group beginning with the respiratory tissues at the top
and CNS atthebottom. Viral RNA levels range from 0.002to 500,000 N gene
copies per nanogram of RNA input, depicted asagradient fromdark blue at the
lowest level to dark red at the highest level. Tissues that were also positive for
subgenomic RNA (sgRNA") through real-time RT-qPCR are shaded with black
vertical bars. O, other; PNS, peripheral nervous system; SM, skeletal muscle.

(Supplementary Data 3, panels yy-bbb) and applied them to selected
CNS tissues that were SARS-CoV-2 positive by ddPCR. We observed
SARS-CoV-2 RNA and protein in hypothalamus and cerebellum of an
early case (P38) and cervical spinal cord and basal ganglia of late cases
(P42 and P40, respectively), with a pattern consistent with neuronal
staining (Fig. 3).

COVID-19 histological findings

The histopathology findings from our cohort were similar to those
reportedinother caseseries (Extended DataFig.5). Of 44 cases, 38 were
determined to have died from COVID-19, and of these, 35 (92.1%) had
either acute pneumonia or diffuse alveolar damage at the time of death
(Supplementary Data 2). Phases of diffuse alveolar damage showed a
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Fig.2|RNAinsitu (RNAscope) detection of SARS-CoV-2in extrapulmonary
tissues.a-h, SARS-CoV-2virusislocalized to the Golgiand endoplasmic
reticulum, perinuclearinappearance, in the following organs and cell types
(x500 magnifications, scale bars, 2 um, all panels): thyroid of P19, demonstrating
the presence of virusin follicular cells (a), oesophagus of P18, demonstrating
the presence of virus in the stratified squamous epithelium (asterisk), as well as
signalin capillaries within the stroma (hash) (b), spleen of P19, demonstrating
the presence of virusinmononuclear leukocytesin the white pulp (c), appendix
of P19, demonstrating the presence of virus in both colonic epithelium
(asterisk) and mononuclear leukocytes in the stroma (hash) (d), adrenal gland
of P19, demonstrating the presence of virus inendocrine secretory cells (e),
ovary of P18, demonstrating the presence of virus in stromal cells of the ovary
inapost-menopausal ovary (f), testis of P20, demonstrating the presence of
virusinboth Sertolicells (asterisk) and maturing germ cellsin the seminiferous
tubules of the testis (hash) (g), endometrium of P35, demonstrating the
presence of virusinendometrial gland epithelium (asterisk) and stromal cells
(hash),inapre-menopausal endometrial sample (h). Theimages are exemplars
of extrapulmonary tissues that were positive for SARS-CoV-2 N RNA during 20
batches of ISH staining.

clear temporal progression (Extended DataFig. 6). Pulmonary throm-
boembolic complications were noted in10 (23%) cases and myocardial
infiltrates were observed in four cases, including one case of substantial
myocarditis” (P3). In the lymph nodes and spleen, we observed both
lymphodepletion and follicular and paracortical hyperplasia.

Other non-respiratory histological changes were mainly related to
complications of therapy or pre-existing comorbidities. Five cases
had old ischaemic myocardial scars and three had coronary artery
bypass graftsin place. Diabetic nephropathy and steatohepatitis were
observedinten cases (23%) and five cases (12%), respectively. One case
had known hepatitis C with cirrhosis, but the other cases of advanced
hepatic fibrosis were probably related to fatty liver disease. Hepatic
necrosis (13 cases, 30%) and changes consistent with acute kidney injury
(17 cases, 39%) were probably related to hypoxic-ischaemic injury in
these very ill patients.

In the examination of 11 brains, we found few histopathologic
changes, despite substantial viral burden. Vascular congestion was
anunusual finding that had an unclear aetiology and could be related
tothe haemodynamic changesincurred with infection. Global hypoxic-
ischaemic change was seen in two cases, one of which was a juvenile
(P36) withaseizure disorder who was found to be SARS-CoV-2 positive
onhospitaladmission, but who probably died of seizure complications
unrelated to viral infection.

Discussion

Here we provide, to our knowledge, the most comprehensive analy-
sis to date of the cellular tropism, quantification and persistence of
SARS-CoV-2 across the human body including the brain. Our focus on
short postmortemintervals,acomprehensive standardized approach
to tissue collection, dissecting the brain before fixation, preserving
tissue in RNAlater and flash freezing of fresh tissue allowed us to detect
and quantify SARS-CoV-2 RNA levels with high sensitivity by ddPCR and
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Fig.3|SARS-CoV-2 protein and RNA expressioninhuman CNS tissues.

a, High-magnification visualization of hypothalamus from P38 labelled for
SARS-CoV-2N protein (green) and neuronal nuclear (NeuN) protein (magenta),
demonstrating viral-specific protein expressionin neurons (white arrowheads)
by IF. Thez-stack orthogonal views to the right and bottom of ademonstrate
NeuN labellingin the nucleus and SARS-CoV-2 proteinin the cytoplasm of the
cell (redarrowhead). b-d, SARS-CoV-2 spike (S) (b) and N (c) RNA (brown) by
ISHand SARS-CoV-2N (d) protein (brown) by chromogenic IHC of hypothalamus
of P38. e, Infected neurons were found in the cervical spinal cord of P42 by IF,
for which white arrowheads indicate NeuN-positive neurons with associated
virus protein. Viral protein labelling was also identified in linear structures
radiating away from neuronal cell bodies suggestive of neuronal projections
(yellow arrowheads). f, A higher magnification of neuron-associated viral
proteinlabelling. g, Viral protein was also detected by IF in neurons of the
spinal ganglia at the level of the cervical spinal cord of P42 (white arrowheads).
h-j, SARS-CoV-2S (h) and N (i) RNA by ISH and SARS-CoV-2 N (j) protein by
chromogenicIHC of cervical spinal cord of P42. k-m, SARS-CoV-2 S (k) and N (I)
RNA by ISH and SARS-CoV-2 N (m) protein by chromogenic IHC, all of which are
predominantly found inthe granular layer (GL) as compared to the molecular
level (ML) of cerebellum of P38. WM, white matter.n,0, SARS-CoV-2S (n) andN
(0) RNA by ISH and SARS-CoV-2 N (p) viral protein by chromogenic IHC of basal
gangliaof P40. Hoechst 33342 was used to identify nuclei (blue) in all IFimages,
and IF images were obtained by confocal microscopy. Haematoxylin was used
asacounterstainand allISH and chromogenic IHC images were obtained by
bright-field microscopy. Scale bars, 15 pm (a), 10 pm (b-d,g-p) and 25 pm (e, f).

ISH, aswell asisolate virus in cell culture from multiple non-respiratory
tissues including the brain, which are notable differences compared
to other studies.

We show that SARS-CoV-2 disseminates early in infection in some
patients, with a significantly higher viral burden in respiratory than
non-respiratory tissues. We demonstrated virus replication in multi-
ple non-respiratory sites during the first two weeks following symp-
tom onset and detected subgenomic RNA in at least one tissue in 14
of 27 cases beyond D14, indicating that viral replication may occur
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in non-respiratory tissues for several months. Whereas others have
proposed that the detection of SARS-CoV-2in non-respiratory tissues
mightbe due toresidual blood within tissues®'® or cross-contamination
fromthe lungs during tissue procurement®, our data indicate otherwise.
Specifically, only 12 of our cases had detectable SARS-CoV-2RNAin a
perimortem plasmasample, only 2 cases had SARS-CoV-2 subgenomic
RNA detected in plasma, and negligible, if any, RNA was detected in
banked peripheral blood mononuclear cells from representative cases.
Further, we validated detection of SARS-CoV-2 outside the respiratory
tract by direct cellular identification of virus in cells through ISH, IHC
andIF, isolation of SARS-CoV-2 by cell culture, and detection of distinct
SARS-CoV-2 spike sequence variants in non-respiratory sites.

Others have previously reported SARS-CoV-2 RNA withinthe heart,
lymphnode, smallintestine and adrenal gland®® 28, We replicate these
findings and conclusively demonstrate that SARS-CoV-2 is capable of
infecting and replicating within these and many other tissues, including
brain. Specifically, we report the recovery of replication-competent
SARS-CoV-2 from thalamus of P38 at D13 using amodified Vero E6 cell
line that stably expresses ACE2 and TMPRSS2. This along with detec-
tion of genomic RNA and subgenomic RNA through PCR, multiple
imaging modalities showing SARS-CoV-2 RNA and protein within cells
of'the CNS, and distinct minor variants detected through sequencing
in the CNS prove definitively that SARS-CoV-2 is capable of infecting
and replicating within the human brain.

HT-SGS of SARS-CoV-2 spike demonstrates homogeneous virus popu-
lations in many tissues, while also revealing informative virus variants
inothers. Lowintra-individual diversity of SARS-CoV-2 sequences has
been observed frequently in previous studies'®?, and probably relates
totheintrinsicmutation rate of the virus as well as lack of earlyimmune
pressure todrive virusevolution. Itisimportant to note that our HT-SGS
approach has both a high accuracy and a high sensitivity for minor
variants within each sample, making findings of low virus diversity
highly reliable?. Genetic compartmentalization of SARS-CoV-2 between
respiratory and non-respiratory tissues in several individuals supports
independent replication of the virus at these sites, although lack of com-
partmentalization between sites does not rule out independent virus
replication. We note several cases in which brain-derived virus spike
sequences showed nonsynonymous changes relative to sequences from
other non-CNS tissues. Further studies will be needed to understand
whether these cases might represent stochastic seeding of the CNS or
differential selective pressure on spike by antiviral antibodies in the
CNS, as others have suggested® .

Our resultsshow that although the highest burden of SARS-CoV-2is
inrespiratory tissues, the virus can disseminate throughout the entire
body. Whereas others have posited that this viral dissemination occurs
through cell trafficking" due to areported failure to culture SARS-CoV-2
from blood**, our data support an early viraemic phase, which seeds
the virus throughout the body following infection of the respiratory
tract. Recent work?® in which SARS-CoV-2 virions were pelleted and
imaged from plasma of patients with acute COVID-19 supports this
mechanism of viral dissemination. Our cohort is predominantly com-
posed of severe and ultimately fatal COVID-19 cases. However, two
cases (P36 and P42) reported only mild or no respiratory symptoms
and died with, not from, COVID-19, yet had SARS-CoV-2 RNA widely
detected across the body and brain. Additionally, P36 was ajuvenile with
anunderlying neurological condition, but without evidence of multi-
system inflammatory syndrome in children, suggesting that children
may develop systemic infection with SARS-CoV-2 without developing
ageneralized inflammatory response.

Finally, our work begins to elucidate the duration and locations at
which SARS-CoV-2 RNA can persist. Although the respiratory tract
was the most common location in which SARS-CoV-2 RNA persisted,
>50% of late cases also had persistent RNA in the myocardium, lymph
nodes fromthe head and neck and from the thorax, sciatic nerve, ocular
tissue, and in all sampled regions of the CNS, except the dura mater.
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Notably, despite having more than 100 times higher SARS-CoV-2 RNA
inrespiratory compared to non-respiratory tissuesin early cases, this
difference greatly diminished in late cases. Less efficient viral clearance
innon-respiratory tissues may be related to tissue-specific differences
in the ability of SARS-CoV-2 to alter cellular detection of viral mRNA,
interfere with interferon signalling, or disrupt viral antigen processing
and presentation®” %, Understanding mechanisms by which SARS-CoV-2
evades immune detection is essential to guide future therapeutic
approaches to facilitate viral clearance.

We detected subgenomic RNA in tissue from more than 60% of
the cohort, including in multiple tissues of a case at D99. Although
subgenomic RNA is generated during active viral replication, it is less
definitive than cell culture at demonstrating replication-competent
virus because subgenomic RNA is protected by double-membrane
vesicles that contribute to nuclease resistance and longevity beyond
immediate viral replication®* >, However, nonhuman primates exposed
toy-irradiated SARS-CoV-2 inoculumwith high subgenomic RNA copy
numbers through multiple mucosal routes had detectable SARS-CoV-2
genomic RNA but undetectable subgenomic RNA levelsinrespiratory
samples by day 1 post-inoculation®. These data suggest that detec-
tion of SARS-CoV-2 subgenomic RNA probably reflects recent viral
replication. Prolonged detection of subgenomic RNA in a subset of
our cases may, however, represent defective rather than productive
viralreplication, which hasbeen described in persistent infection with
measles virus—another single-strand enveloped RNA virus—in cases of
subacute sclerosing panencephalitis®.

Our study has severalimportant limitations. First, our cohort largely
represents older unvaccinated individuals with pre-existing medi-
cal conditions who died from severe COVID-19, limiting our ability to
extrapolate findings to younger, healthier or vaccinated individuals.
Second, our cases occurred during the first year of the pandemic,
before widespread circulation of variants of concern, and thus findings
might not be generalizable to current and future SARS-CoV-2 variants.
Finally, althoughiitis tempting to attribute clinical findings observed
in post-acute sequelae of SARS-CoV-2 to viral persistence, our study
was not designed to address this question. Despite these limitations,
our findings fundamentally improve the understanding of SARS-CoV-2
cellular distribution and persistence in the humanbody and brainand
provide astrongrationale for pursuing future similar studies to define
mechanisms of SARS-CoV-2 persistence and contribution to post-acute
sequelae of SARS-CoV-2.
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Methods

Autopsies

Autopsies were carried out and tissues were collected as previously
described®*inthe National Cancer Institute’s Laboratory of Pathology
atthe National Institutes of Health Clinical Center following consent of
the legal next of kin. Autopsy patientsin this cohort were unvaccinated
against SARS-CoV-2. Tissues preserved for histopathologic analysis and
special staining were dissected fresh at the time of autopsy, placed into
tissue cassettes, fixed for 24 h in neutral-buffered formalin, and then
transferred to 70% ethanol for 48 hbefore impregnation with paraffin.

Measurement of IgG and IgM antibodies to N and spike protein
of SARS-CoV-2

Fluid-phase luciferaseimmunoprecipitation system assays were used
to study IgG and IgM antibody response to SARS-CoV-2. For IgG lucif-
erase immunoprecipitation system measurements, Renillaluciferase—
nucleocapsid and Gaussialuciferase-spike protein extracts were used
with protein A/G beads (Protein A/G UltraLink Resin, Thermo Fisher)
as the IgG capture reagent as previously described with microtitre
filter plates®. For IgM measurements, anti-human IgM goat agarose
beads (Sigma) were substituted as the capture reagent using both the
microfilter plate and microtube format¥. The IgM immunoprecipita-
tion assays were carried out in 1.5-ml microfuge tube format contain-
ing 1 pl serum or plasma, Renilla luciferase-N (10 million light unit
input per tube) or Gaussia luciferase-spike protein (40 million light
input per tube) and buffer A (20 mM Tris, pH 7.5,150 mM NaCl, 5 mM
MgCl,, 0.1% Triton X-100) to atotal volume of 100 pl. After mixing, the
tubes were incubated at room temperature for 1 h. Next, 10 pl of the
anti-human IgM agarose bead suspension was added to each tube for
afurther 60 min, and tubes were placed on arotating wheel at 4 °C.
The samples were then washed by brief centrifugation to collect the
bead pellet at room temperature three times with 1.5 ml buffer A and
once with 1.5 ml PBS. After the final wash, the beads were mixed with
coelenterazine substrate (100 pl) and light units were measured in
atube luminometer. Known seronegative and seropositive samples
for IgG and IgM antibodies to the N and spike proteins were used for
assigning seropositive cutoff values and for standardization.

SARS-CoV-2 RNA quantification of tissues and body fluids

Total RNA was extracted from RNAlater (Invitrogen)-preserved tis-
sues and body fluids collected at autopsy using the RNeasy Mini, RNe-
asy Fibrous Tissue Mini, RNeasy Lipid Tissue Mini and QIAamp Viral
RNA Mini Kits (Qiagen) according to the manufacturer’s protocols.
Upstream tissue processing and subsequent RNA quantification have
been described previously®. The QX200 AutoDG Droplet Digital PCR
System (Bio-Rad) was used to detect and quantify SARS-CoV-2RNAin
technical replicates of 5.5 pl RNA for fluids and up to 550 ng RNA for
tissues. Raw datawere collected using QuantaSoft version 1.7.4.0917
and analysed using QuantaSoft Analysis Pro version 1.0.596. Results
were thennormalized to copies of N1, N2 and RP per millilitre of sam-
ple input for fluids and per nanogram of RNA concentration input
for tissues. Samples had to be positive for the human RNase P (RP)
gene at the manufacturer’s limit of detection (LOD) of >0.2 copies per
microlitre and >4 positive droplets per well to ensure RNA extraction
was successful and be reported. For samples to be considered posi-
tive for SARS-CoV-2 N1 or N2 genes, the technical replicates needed
to have an average at or above the manufacturer’s LOD of >0.1 copies
per microlitre and >2 positive droplets per well. More than 60 con-
trol autopsy tissues from uninfected individuals, representing all
organs collected for COVID-19 autopsy cases, were used to validate
the manufacturer’s emergency use authorization published LOD for
nasopharyngeal swabs for tissues (Supplementary Data le). ddPCR
data for P3 (ref. ) as well as a portion of the oral cavity® have been
reported previously.

Subgenomic RNA analysis of ddPCR positive tissues

Tissues that tested positive for one or both SARS-CoV-2 N gene
targets through ddPCR had RNA submitted for subgenomic
RNA analysis. Briefly, 5 pl of sample RNA was added to a one-step
real-time RT-qPCR assay targeting subgenomic RNA of the enve-
lope (E) gene (forward primer 5-CGATCTCTTGTAGATCTGTTCTC-3’;
reverse primer 5-ATATTGCAGCAGTACGCACACA-3’; probe
5’-FAM-ACACTAGCCATCCTTACTGCGCTTCG-ZEN-IBHQ-3")*® using
the Rotor-Gene probe kit (Qiagen) according to instructions of the
manufacturer. In each run, standard dilutions of counted RNA stand-
ards were run in parallel to calculate copy numbers in the samples.
The LOD for this assay was determined to be <40 Cq (Supplementary
Data 1) using 40 control autopsy tissues from uninfected individuals,
representing all organs collected for COVID-19 autopsy cases.

Virusisolation from select postmortem tissues

Select tissues with high viral RNA levels through ddPCR and subgenomic
RNART-qPCR measuringacross abroad range of 16 to <35 Cqunderwent
virusisolation to prove the presence of infectious virus. Virusisolation
was carried out on tissues by homogenizing the tissue in 1 ml DMEM
and inoculating Vero E6 cells in a 24-well plate with 250 pl of cleared
homogenate and a 1:10 dilution thereof. Plates were centrifuged for
30 minat1,000r.p.m.andincubated for 30 minat37 °Cand 5% CO,. The
inoculumwas thenremoved and replaced with 500 I DMEM containing
2%FBS, 50 U ml™ penicillinand 50 pg ml™ streptomycin. Six days after
inoculation, the cytopathic effect was scored. A blind passage of sam-
plesinwhich no cytopathiceffect was present was carried out accord-
ingtothesame method. Additional virusisolation from P38 thalamus
and hypothalamus was carried out using Vero E6-TMPRSS2-T2A-ACE2
(catalogue no. NR-54970, BEI Resources) grown in DMEM containing
10% FBS, 50 U mI™ penicillin, 50 pg ml™ streptomycin and 10 pg ml™
puromycin. Virusisolation was carried out as described for other tissues
onVeroE6 cells, without selection antibiotics. Tissue homogenate from
flash-frozen specimens and supernatants from plates were analysed
using RT-qPCR for SARS-CoV-2 E gene subgenomic RNA (described
above) or genomic RNA as previously described™ to rule out other
causes for the cytopathic effect. Cell lines were not authenticated in
house, but were confirmed to be free of mycoplasma contamination.

Virus sequencing
Five early cases (P18, P19, P27 and P38) and one late case (P33) with
multiple body site tissues containing subgenomic RNA levels <31 Cq
were selected for HT-SGS as previously described?. Presence of variants
of SARS-CoV-2 was analysed within and between tissues.
Supernatant fromthe virusisolation plates of thalamus of P38 were
sequenced using short-read, whole-genome sequencing. Total RNA was
depleted of rRNA using Ribo-Zero+ following the manufacturer’s proto-
col (Illumina). Cleaned RNA was eluted in water and sequencing libraries
were prepared following the Kapa RNA HyperPrep kit according to the
manufacturer’s protocol (Roche Sequencing Solutions). Briefly, 10 pl
of depleted RNA was used as a template for fragmentation (65 °C for
1min) and first-strand synthesis. To facilitate multiplexing, adapter
ligation was carried out with KAPA Unique Dual-Indexed Adapters,
and samples were enriched for adapter-ligated product using KAPA
HiFi HotStart Ready mix and arange of 9-19 PCR amplification cycles
based on SARS-CoV-2 Ct values and total RNA starting inputs. Pools
consisting of 1-6 sample libraries were used for hybrid-capture virus
enrichment using myBaits Expert Virus SARS-CoV-2 panel following
the manufacturer’s manual, version 5.01, with arange of 12-18 cycles of
post-capture PCRamplification (Arbor Biosciences). Purified, enriched
libraries were quantified ona CFX96 Real-Time System (Bio-Rad) using
KapaLibrary Quantification kit (Roche Sequencing Solutions). Libraries
were diluted to 2 nM stock, pooled together as needed in equimolar
concentrations and sequenced on the MiSeq (Illumina) generating



2 x150-bp paired-end reads. Raw sequence reads were trimmed of
lllumina adapter sequence using Cutadapt version 1.12 (ref. *°) and
then trimmed and filtered for quality using the fastq_quality_trimmer
and fastq_quality filter tools from the FASTX-Toolkit 0.0.14 (Hannon
Lab, CSHL). Reads were then mapped to the SARS-CoV-2 2019-nCoV/
USA-WA1/2020 genome (MN985325.1) using Bowtie2 version 2.2.9
(ref. *!) with parameters -local -no-mixed -X 1500. PCR duplicates
were removed using picard MarkDuplicates, version 2.26.10 (Broad
Institute).

SARS-CoV-2RNAISH

Chromogenic ISH detection was carried out using the manual
RNAScope 2.5 HD assay (catalogue no. 322310, Advanced Cell Diagnos-
tics) with a modified pretreatment protocol. Briefly, formalin-fixed
and paraffin-embedded (FFPE) tissue sections were cut at 7 pm, air
dried overnight, and baked for1-2 hat 60 °C. The FFPE tissue sections
were deparaffinized, dehydrated and then treated with pretreat1for
15 minatroom temperature. The slides were boiled with pretreatment
reagent for 15 min, digested with protease at 40 °C for 20 min, and
then hybridized for 2 hat 40 °Cwith probe-V-nCov2019-S (catalogue
no. 848561, Advanced Cell Diagnostics) or probe-V-nCoV-N (catalogue
no. 846081, Advanced Cell Diagnostics)*%. Inaddition, probe-Hs-PPIB
(peptidylprolyl isomerase B, catalogue no. 313901, Advanced Cell
Diagnostics) and probe-dapB (catalogue no. 310043, Advanced Cell
Diagnostics) were used as a positive and negative control, respec-
tively. Subsequent amplification was carried out according to the
original protocol. Detection of specific probe-binding sites was visual-
ized withRNAScope 2.5 HD Reagent Kit-BROWN chromogenic labels
(Advanced Cell Diagnostics). The slides were counterstained with
haematoxylin and coverslipped.

To correlate viral load detected between ddPCR and ISH, the inter-
ventricular septum of 16 cases spanning afour-log range of SARS-CoV-2
N copies per nanogram of RNA through ddPCR underwent ISH and
subsequent quantification using image analysis. The interventricu-
lar septum stained slides were digitalized using a NanoZoomer XR
Digital Pathology system (Hamamatsu, Hamamatsu City, Japan) at
40x magnification. Digitalized images were automatically analysed
using Visiopharm software v2021.09.02 (Visiopharm, Hgrsholm, Den-
mark). A training set was used to configure the algorithm and identify
SARS-CoV-2 RNA signals. In brief, 3,3’-diaminobenzidine (DAB) dots
of positive signals were identified using a Bayesian classifier trained
on pre-processing steps. We randomly selected 30 regions of interest
per slide and calculated the median of positive cells.

SARS-CoV-2 multiplex IF

FFPE CNS sections were deparaffinized, rehydrated and subjected
to 0.01 M citrate buffer antigen retrieval for 20 min at 120 °C. Slides
were thenrinsed briefly in deionized water, washed with PBS and sub-
sequently incubated ina5% milk (catalogue no.1706404, Bio-Rad), 5%
normal donkey serum, 0.3 M glycine and 0.1% Triton X-100 blocking
solutionmade up in PBS for 30 min. Primary antibodies to SARS-CoV-2
N protein 1 (NP1, 1:1,000, custom made GenScript U864YFA140-4/
CB2093)** and neuronal nuclear protein (NeuN, 1:200, catalogue
no. MAB377, Chemicon) or transmembrane protein 119 (TMEMI119,
1:1,000, catalogue no. MAB130313, R&D Systems) were diluted in block-
ing serum and applied to slides overnight at 4 °C. The following day,
slides were washed extensively with PBS to remove any detergent and
freshly made True Black Plus solution (1:40 in PBS, catalogue no. 23014,
Biotium) was applied for 14 min. Slides were again extensively washed
and thenspecies-specific secondary conjugates (1:500, catalogue nos.
A-21206 and A-21203, Thermo Fisher) were applied for1 hat room tem-
perature. Following PBS wash, Hoechst 33342 was applied for 10 min
(1:2,000, catalogue no. H3570, Thermo Fisher) to label nuclei. Slides
were coverslipped with Prolong Gold (catalogue no. P36930, Thermo
Fisher).

SARS-CoV-2 chromogenic IHC

Chromogenic IHC was carried out on various ddPCR positive CNS and
lungtissues and negative pre-pandemic control cases demonstrating
relative expression of the target protein between infected and control
samples. Briefly, 5 um FFPE tissue sections were incubated at 60 °C for
2 h, deparaffinized in xylene, and hydrated in serial alcohol solutions to
distilled water. Heat antigen retrieval was carried out using a pressure
cooker (DAKO) by submergingslidesin1x pH 6 citrate buffer for 20 min.
Endogenous enzyme activity was quenched with 3% hydrogen perox-
ide containing sodium azide for 10 min with additional 10% non-fat
dry milk (Bio-Rad) for 20 min to prevent nonspecific binding. Tissue
sections were then incubated with polyclonal SARS or SARS-CoV-2N
antibody (1:500, custom made, GenScript U864YFA140-4/CB2093,
0.447 mg mI™)**for1hatroom temperature. Negative controls were
congruently stained on subsequent sections following the same proto-
colreplacing the primary antibody with a rabbit IgG control antibody
(0.5 mg ml™, catalogue no. 1-1000-5, Vector Laboratories). The anti-
gen-antibody reaction was detected with Dako Envision+Rb polymer
detection system (DAKO) and visualized with DAB chromogen. Sections
were lightly counterstained with haematoxylin, dehydrated ingraded
alcohols, cleared in xylene, mounted and coverslipped.

Statistical analysis

Correlations between two continuous variables were assessed using
Spearman’s rank correlation coefficient (p). Fisher’s z-transformation
was used for the calculations 0f 95% Cl and Pvalues. To compare ddPCR
levels between tissue types (respiratory versus non-respiratory), we
used linear mixed models with compound symmetry correlation
structure to account for repeated measures within each subject.
Standard residual diagnoses were used to check model assumptions.
Log-transformations were used when needed. To log;,-transform
ddPCR values, 0 values were replaced with a small positive random
number according to the detection limits. Logistic regression models
were used to generate ROC curves. Optimal cutoffvalues were selected
by treating sensitivity and specificity as equally important. SAS version
9.4 was used for all analyses. All P values are two-sided and reported
without adjustment for multiple comparisons.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The datasets that support the findings of this study are available in
Supplementary Datal, 2 and 3. Positive and negative controls for ISH,
IF and IHC are available in Supplementary Data 3. The sequencing data
of SARS-CoV-2isolated from Vero E6-TMPRSS2-T2A-ACE2 cell culture
of thalamus of P38 have been deposited to GenBank (OP125352).

Code availability

The SAS code for statistical analysis has been deposited at https://
github.com/niaid/COVID-19-Autopsy-SAS-Code. The bioinformatic
pipeline for HT-SGS data analysis has been deposited at https://github.
com/niaid/UMI-pacbio-pipeline.
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Extended DataFig. 2| Analysis of ddPCR quantification. (a) Linear mixed
model analysis of estimated difference inlogl0ddPCR SARS-CoV-2 N copies/ng
RNAbetween all respiratory and all non-respiratory tissues among early, mid,
and late cases with SEand p-values fromrelevant contrasts, (b) graph of linear
mixed model analysis comparing linear trends of logl0ddPCR SARS-CoV-2N
copies/ng RNA by loglODOI of respiratory and non-respiratory tissues,

(c) linear mixed model analysis estimating the linear trends oflogl0ddPCR
SARS-CoV-2N copies/ng RNA by loglODOIl of individual tissue groups with
intercept withstandard error (SE), and slope with SE and p-values from relevant
contrasts (asignification p-value indicates anon-zeroslope), (d) Spearman
correlationbetween ddPCR (N copies/ng RNA) and sgRNA (copies/pL RNA) for

C
Intercept
Tissue Group log1,ddPCR SE | Slope | SE | p-value
(N copies/ng RNA)
All Respiratory 3.54 0.54 | -3.14 [ 0.39 | 1x10"®
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alltissues tested for sgRNA, with subset analyses of these tissues from early,
midand late casesand all non-respiratory and respiratory samples with 95%
confidence intervals (Cl), (e) Spearman correlation between ddPCR (N copies/
ng RNA) and sgRNA (copies/pL RNA) for tissues jointly positive by both assays,
with subsetanalyses of these tissues from early, mid, and late casesand all
non-respiratory and respiratory samples with 95% Cl, (f) receiver operating
characteristic (ROC) curve of logistic regression using logl0ddPCRin tissues
topredictthedetection of sgRNAin tissues, areaunder the curveis 0.965 (95%
C10.953,0.977), optimal cut-off for ddPCRis 1.47 N copies/ng RNA (sensitivity
93.0%, specificity 91.6%). All p-values were two-sided without adjustment for
multiple comparisons.
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Extended DataFig. 3| Virusisolationsummary and correlationbetween
ddPCRand sgRNA. (a) Summary of 55 tissues selected for virus isolation
organized by the sgRNA qPCR quantification cycle (Cq) for the RNAlater
preserved tissue, (b) Receiver operating characteristic (ROC) curve of logistic
regression using log,,ddPCR to predict the presence of cytopathic effect (CPE),
areaunder the curve 0.887 (95% C10.795, 0.978), optimal cut-off for ddPCR s
758 N copies/ng RNA (sensitivity 76%, specificity 90%), (c) ROC curve of logistic

regression using log,,sgRNA to predict presence of CPE, areaunder the curve
0.915(95% C10.843,0.987), optimal cut-off for sgRNA is 25,069 copies/uL RNA
(sensitivity 72%, specificity 100%). sgRNA qPCR was additionally performed on
theflash frozen tissue homogenate and the supernatant from the least diluted
tissue culture wells with CPE in order to rule out CPE from other causes; if both
wells at that dilution showed CPE the samples were pooled.
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Extended DataFig. 5|See next page for caption.
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Extended DataFig. 5| Representative histopathologic findingsin
COVID-19 autopsy patients. (a) Lung, Subject P22, exudative phase diffuse
alveolar damage with hyaline membranes and mild interstitialinflammation
(H&E, 100x), (b) Lung, Subject P26, proliferative phase diffuse alveolar damage
and sparse inflammation (H&E, 200x), (c) Lung, Subject P22, organizing

thrombusinmedium sized pulmonary artery (H&E, 40x), (d) Lung, Subject P28.

Diffuse pulmonary hemorrhage (H&E,100x), (e) Heart, Subject P3, active
lymphocytic myocarditis with cardiomyocyte necrosis (H&E, 400x), (f) Heart,
Subject P38, microscopic focus of bland myocardial contraction band necrosis
(H&E, 400x), (g) Liver, Subject P41, steatohepatitis with mild steatosis and
scattered ballooned hepatocytes (H&E, 400x), (h) Liver, Subject P41, focal
bridging fibrosisinvolving central hepatic veins (Masson trichrome, 40x),

(i) Kidney, Subject P16, nodular glomerulosclerosis (Masson trichrome, 600x),
(j) Spleen, Subject P16, preservation of white pulp and congestion (H&E, 40x),
(k) Spleen, Subject P14, lymphoid depletion of white pulp with proteinaceous

materialand red pulp congestion (H&E,100x), (I) Spleen, Subject P34, relative
preservation of white pulp with extramedullary hematopoiesis (inset) in

red pulp (H&E, 200x), (m) Lymph node, Subject P25, follicular hyperplasia
with well-defined follicles (H&E), (n) Lymph node, Subject P25, marked
plasmacytosisin the medullary cord (H&E, 400x), (0) Lymph node, Subject P25,
marked plasmacytosis and sinus histiocytosis (H&E, 400x), (p) Brain, Subject
P35, focal subarachnoid and intraparenchymal hemorrhage (H&E, 40x),

(q) Brain, Subject P44, vascular congestion (H&E, 40x), (r) Brain, Subject P43,
intravascular platelet aggregates (anti-CD61 stain, 100x). AllH&E (and Masson
trichrome) photomicrographs are exemplars of histopathology observed
across adiversity of patients within the cohort, see Extended Data Table 4 for
asummary of histopathology observed across the autopsy cohort and
Supplemental data2b for individual case-level data. The histopathologic
observations were validated by aminimum of two board certified anatomic
pathologist.
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Extended Data Table 1| Autopsy cohort demographics, comorbidities, and clinical intervention summary

a b

Age (years) (n=44) Disease Course Intervals Median (IQR)
Median (IQR) 62.5 (47.3-71.0) Symptom onset to hospitalization*, days 6 (3-10)
Age by group (years) n (%) Hospitalization* to death, days 12 (5.75-30.25)
0-17 1(2.3) Symptom onset to death, days 18.5 (11.25-37.5)
18-24 1(2.3) Postmortem interval, hr 22.2 (18.2-33.9)
25-34 2 (4.5) Pharmacologic Interventions n (%)
35-44 6(13.6) Vasopressors 38 (86.4)
45-54 4(9.1) Antibiotics 41 (93.2)
55-64 11 (25.0) Paralytics 25 (56.8)
65-74 11 (25.0) Systemic steroids 39 (88.6)
75-84 5(11.4) Systemic anticoagulation 34 (77.3)
285 3(6.8) Inhaled vasodilators 10 (22.7)
Sex Remdesivir 16 (36.4)
Male 30 (68.2) Tocilizumab 4(9.1)
Female 13 (29.5) Convalescent plasma 6 (13.6)
|ﬂtefsex. ) 1(2.3) Nonpharmacologic Interventions
RacelEthplth . Extracorporeal membrane oxygenation (ECMO) 10 (22.7)
Non-Hispanic Asian _ 123 Invasive mechanical ventilation (IMV) 34 (77.3)
Non-Hispanic Black or African American 18 (40.9) Non-invasive ventilation (NIV) 4(91)
Non-Hispanic White 18 (40.9) Nasal Cannula 5(11.4)
Hispanic or Latino 7(15.9) Tracheostomy 9 (20.5)
Body mass index (BMI) Chest tube(s) 11 (25.0)
<18.5 2(4.5) Renal replacement therapy 18 (40.9)
18.5-24.9 9 (20.5)
25-29.9 10 (22.7)
30-34.9 9 (20.5)
35.0-39.9 6(13.6)
240 8 (18.1)
Comorbidities pre-COVID-19 diagnosis
1+ 43 (97.7)
2+ 34 (77.3)
3+ 27 (61.4)
Autoimmune disease 5(11.4)
Cancer 7 (15.9)
Cardiovascular disease 15 (34.1)
Cerebrovascular disease 5(11.4)
Chronic immunosuppression 4(9.1)
Chronic respiratory disease 16 (36.4)
Diabetes mellitus 14 (31.8)
History of thromboembolic event(s) 4(9.1)
Hypertension 27 (61.4)
Hyperlipidemia 14 (31.8)
Liver disease 3(6.8)
Obesity (BMI 230) 23 (52.3)
Renal disease 8 (18.2)

(a) Summary of demographics and known comorbidities for autopsy cases, (b) Summary of illness course and clinical care for autopsy cases. Data compiled from available patient medical
records. ECMO/extracorporeal membrane oxygenation. *In reference to final hospitalization prior to death if hospitalized multiple times following COVID-19 diagnosis. IQR/interquartile range.



Extended Data Table 2 | Summary of SARS-CoV-2 RNA and subgenomic RNA by tissue group over time

a

b

pol Median N Interquartile Range Tissue  DOI (days) d;:lnPf/F;+ sgRNA+ (n,%) Tissue  DOI (days) d;i:(j/l}-* sgRNA+ (n,%)
Tissue gene ) 7o , %)
Group (day copies/ ng All Respiratory 43/44,99.7 24/43,55.8 Endocrine 23/44,52.3 9/23, 39.1
s) RNA Q1 Q3 <14 2/2, 100 1/2, 50 <14 12/16, 75.0 512,41.7
Nasopharyn 15-30 111, 100 1/1, 100 Adrenal 15-30 4/13,30.8 0/4,0
<14 156317545 02399 189,771.2393 * 22 22200 220 Stand = b EBe
NeedEm  man i e e Total 5/5,100 2/5,20.0 Total 21/43,48.8 5/21,23.8
<14 8/11,72.7 5/8,62.5 <14 10/16,62.5 7/10,70.0
231 0.0484 0.0171 0.3285 Oropharynx 15-30 5/11,45.5 2/5,40.0 Thyroid 15-30 4/12,33.3 0/4,0
<14 0.7074 0.1679 5.6633 231 4/13,30.8 1/3,33.3 231 3/13,23.1 0/3,0
Oropharynx 1530 0.0052 0.0000 0.1855 Total 17/35, 48.6 8/16, 50.0 Total 17/41,41.5 7/17.41.2
<14 15/17, 88.2 12/15, 80.0 Muscle, Skin, & Nerve 30/44, 68.2 9/30, 30.0
=31 0.0000 0.0000 0.0060 Lower 15-30 11/13,84.6 111,91 <14 12117,70.6 5/12,41.7
Lower s14 22.7900 0.3319 396.2547 Airway 231 13/14,92.9 113,7.7 Psoas 15-30 713,538 17,143
Airway 15-30 0.0261 0.0033 0.0741 Total 39/44, 88.6 14/39, 35.9 Muscle 231 3/14,21.4 03,0
>31 0.0088 0.0000 0.0389 <14 16/17,94.1 14/16,87.5 Total 22/44, 50.0 6/22,27.3
<14 2468247 55016  1,821.3350  LungParenchyma .20 13113, 100 513,385 i ORI IR
Lung 231 14/14, 100 3/14,21.4 Skin 15-30 1/1, 100 0/1,0
Parenchyma  15-30 0.2926 0.0147 1.9439 Total 43/44,97.7 22/43,51.2 231 17,143 01,0
231 0.0322 0.0035 0.2270 All Cardiovascular 35/44,79.5 14/35, 40 Total 5/11,45.5 1/5, 20.0
<14 1.2451 0.0244 12.2114 <14 13/14,92.9 10/13,76.9 <14 13/15,86.7 5/13,38.5
Vasculature 1530 0.0000 0.0000 0.0336 Vasculature 15-30 6/10,60.0 2/6,33.3 Sciatic 15-30 5/10,50.0 0/5,0
231 7/14,50.0 117,143 Nerve 231 7/14,50.0 2/7,28.6
=i IO L 2 Total 26/38, 68.4 13/26, 50.0 Total 25/39, 64.1 7/25,28.0
<14 1.0062 0.0000 14.7105 <14 14/17,82.4 8/14,57.1 Ocular 22/38,57.9 7122,31.8
Myocardium  15-30 0.0000 0.0000 0.0138 EETEm 15-30 8/13,61.5 08,0 <14 9/12,75.0 619,667
>31 0.0000 0.0000 0.0082 231 9/14,64.3 0/9,0 gzzwua; 15-30 4/9,44.4 0/4,0
Total 31/44,70.5 831,258 231 6/11,54.5 1/5%,20.0
N =14 HUE el AR <14 15/17, 88.2 7115, 46.7 Total 19/32, 59.4 7/18, 38.9
Pericardium 15-30 0.0000 0.0000 0.0404 pericardium 15-30 5/13,38.5 15,20.0 <14 10112, 83.3 3/10,30.0
231 0.0000 0.0000 0.0037 231 413,308 0/4,0 EBhERE 15-30 2/6,33.3 02,0
LN from <14 3.9345 0.2294 5.9371 Total 24/43, 55.8 8/24,33.3 231 = 5/11,:?,;9 T 0/5,1;/ 7 are
All Lymphoid 38/44, 86.4 15/38, 39.5 otal . 17,17,
Head/Neck 15-30 0.0000 0.0000 0.0199 e <14 4/5,80.0 3/4,75.0 Central Nervous System 1011, 90.9 410, 40.0
231 0.0251 0.0018 0.1238 LN from 15-30 2/6,33.3 02,0 <14 2/2,100 112, 50.0
=14 1.3989 0.0567 21.8166 Head/Neck >31 6/8,75 0/6,0 Cervical 15-30 11, 100 0/1,0
LN from Thorax  15-30 0.1041 0.0348 0.6487 Total 12/19, 63.2 3/12, 25.0 Spinal Cord 231 5/6,83.3 0/5,0
>31 0.0779 0.0000 0.3470 <14 15/17,88.2 1115,73.3 Total 8/9,88.9 1/8,12.5
LN from 15-30 11/13,84.6 2/11,18.2 <14 2/3,66.7 112,50.0
LN from <14 0.0181 0.0000 0.8165 Thorax — B8 i o Olfactory 1530 12500 o0
Abdomen 15-30 0.0000 0.0000 0.0203 Total 38/43, 88.4 15/38, 39.5 Nerve 231 3/5,60.0 03,0
231 0.0000 0.0000 0.0000 <14 6/12,50.0 206,333 Total 6/10, 60.0 1/6, 16.7
<14 0.0420 0.0000 0.5095 LN from 15-30 419, 44.4 0/4,0 <14 1/2,50.0 01,0
Abdomen 231 1/5,20.0 01,0 Basal 15-30 1/2,50.0 01,0
SHED il o o weTy Total 11/26, 42.3 211, 18.2 Ganglia 231 3/4,75.0 0/3,0
231 0.0000 0.0000 0.0000 <14 12/17,70.6 3/12,25.0 Total 5/8,62.5 05,0
<14 0.0144 0.0000 0.6235 S 15-30 3/13,23.1 03,0 <14 3/3, 100 1/3,33.3
Gastrointestinal  15-30 0.0000 0.0000 0.0091 231 2/14,143 0/2,0 Cerebral 15-30 1/2,50.0 1/1,100
231 0.0000 0.0000 0.0000 Total 17/44, 38.6 3/17.17.6 R 231 5/6,83.3 0/5,0
Al Gastrointestinal 32/44,72.7 8/32,25.0 Total 9/11,81.8 29,222
X ik e ey 4z <14 13117,76.5 2/13,15.4 <14 3/3,100 113,333
Liver 15-30 0.0000 0.0000 0.0035 Small 15-30 7113,53.8 17,143 EieED 15-30 1/2,50.0 11,100
231 0.0000 0.0000 0.0000 Intestine 231 5/14,35.7 0/5,0 231 4/5,80.0 0/4,0
<14 0.0354 0.0000 0.3606 Total 25/44,56.8 3/25,12.0 Total /10, 80.0 2/8,25.0
<14 12117,70.6 3/12,25.0 <14 2/3,66.7 02,0
Pancreas 15-30 0.0000 0.0000 0.0069 Large 15-30 413,308 0/4,0 Cerebellum 15-30 112,50.0 01,0
231 0.0000 0.0000 0.0000 Intestine >31 314,214 113,333 >31 6/6, 100 0/6,0
<14 0.1998 0.0000 2.6556 Total 19/44, 43.2 4/19, 21.1 Total 9/11,81.8 0/9, 0
Genitourinary 15-30 0.0000 0.0000 0.0249 <14 10/17,58.8 4110, 40.0 <14 2/2,100 1/2,50.0
531 0.0000 0.0000 0.0035 Liver 15-30 5/13,38.5 0/5,0 Thatamus 15-30 1/2,50.0 01,0
<4 0.0450 0.0000 0.3527 231 3/14,21.4 0/24,0 231 5/6,83.3 0/5,0
= : : : Total 18/44,40.9 417,235 Total 8/10, 80.0 1/8,12.5
Endocrine 15-30 0.0000 0.0000 0.0032 <14 1117, 64.7 3/11,27.3 <14 2/2,100 1/2,50.0
231 0.0000 0.0000 0.0000 — 15-30 3/12,25.0 0/3,0 Hypothalam 15-30 111, 100 01,0
<14 0.7588 0.0000 3.0667 231 2/14,14.3 02,0 us 231 414,100 0/4,0
Total 16/43, 37.2 3/16,18.8 Total 7/7, 100 17,14.3
SEEHILEED | S OED DR 0.2074 G ertourinary 22144, 50.0 7122,31.8 14 212,100 02,0
=31 0.0000 0.0000 0.0038 <14 12117,70.6 412,333 Corpus 1530 11,100 01,0
<14 0.7091 0.0244 1.5590 Kidney 15-30 5/13,38.5 0/5,0 el 231 4/4,100 0/4,0
Other 15-30 0.0000 0.0000 0.0000 231 3/14,21.4 1/3,33.3 Total 7/7, 100 07,0
531 0.0000 0.0000 0.0000 Total 20/44, 45.5 5/20, 25.0 <14 3/3,100 2/3,66.7
- em—— — Geer <14 7/10,70.0 17,14.3 Dura Mater 15-30 01,0 NA
Peripheral = - : L Testis 15-30 1/8,12.5 0/1,0 231 0/5,0 NA
Nervous System  19-30 0.0024 0.0000 0.0347 231 3112,25.0 03,0 Total 3/9,33.3 23,667
231 0.0449 0.0000 0.3336 Total 11/30, 36.7 /11,91 Fluids 17/43,39.5 3117,17.6
<14 14388 0.0092 13.4383 <14 3/5,60.0 0/3,0 <14 11116, 68.8 2/11,18.2
15-30 0/3,0 NA Perimortem 15-30 111,91 01,0
Ocular 15-30 0.0000 0.0000 0.0307 Ovary 231 NA NA Plasma 231 014,0 NA
231 0.0000 0.0000 0.0045 Total 38, 37.5 03,0 Total 12/41,29.3 2/12,16.7
@il <14 0.1349 0.0112 2.3441 <14 111, 100 0/1,0 <14 6/14,42.9 1/6,16.7
Nervous 15-30 0.0047 0.0000 1.4675 Ujzms 15-30 2/2,100 1/2,50.0 Ocular 15-30 311,273 0/3,0
System 231 NA NA Humors 231 2/10,20.0 0/1*,0
231 0.0207 0.0035 03227 ZotaL 33,100 13,333 Zotal 1135314 0.9

(a). Summary of the median and interquartile range of Nucleocapsid gene copies/ng RNA across by tissue group and duration of illness (days), (b) summary of the number and percentage of
cases with SARS-CoV-2 RNA detected via droplet digital (dd)PCR by tissue group for all cases and by tissue and duration of illness (days). The number and percentage of tissues positive for

ddPCR that were additionally positive for subgenomic (sg)RNA PCR s listed in the right most column. *A tissue positive via ddPCR was not tested via subgenomic RNA PCR. CNS/central nervous
system, LN/lymph node.
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Extended Data Table 3 | SARS-CoV-2 cellular tropism

SARS-CoV-2 cellular tropism demonstrated by in situ hybridization
Associated panel(s)

Tissue Cell type(s) . . Supplementary
Fig.2 Fig.3 Data 3
Sinus turbinate Mucus secreting epithelium a
Lip Squamous epithelium, minor salivary gland b, c
Trachea Endothelium, smooth muscle, chondrocyte k, gg
B Bronchial epithelium, endothelium, mucus secreting .
ronchus . . d, e jj
epithelium, smooth muscle
L Pneumocytes (Type | & II), hyaline membrane, mononuclear £
ung 9
leukocyte
Aorta Tunica intima, tunica media i, ]
Heart Cardiac myocyte h
Pericardium Fibroblast ii
Lymph node Mononuclear leukocytes bb, cc
Spleen Mononuclear leukocytes c dd
Esophagus Stratified squamous epithelium b |
lleum Intestinal epithelium, smooth muscle ff
Appendix Colonic epithelium, mononuclear leukocytes d
Colon Colonic epithelium, mononuclear leukocytes n
Liver Hepatocytes, bile duct epithelium, Kupffer cells o,p
Pancreas Exocrine pancreatic cells, arterial smooth muscle q, ee
Kidney Glomerular epithelium, tubular epithelium t,u
Testi Sertoli cells, maturing germ cells, spermatid, Leydig cells,
estis - A g Yy, z, aa
seminiferous tubule epithelium
Ovary Stromal cells f X
Uterus Endometrial gland epithelium, stroma, myometrium h vV, W
Adrenal gland Endocrine secretory cells, adrenal cortical epithelium e r
Thyroid Follicular cells a s
Psoas muscle Skeletal muscle kk
Skin Epithelium, outer root sheath of hair follicle hh
Sciatic nerve Schwann cells I
Cervical spinal cord Ependymal cells, NOS (white matter) h,i VV, XX
Basal ganglia NOS n,o S
Frontal lobe NOS mm
Parietal lobe NOS nn
Temporal lobe NOS ww
Occipital lobe Endothelium, NOS 00
Midbrain NOS tt
Cerebellum Neurons within granular layer k,l uu
Thalamus NOS qq
Hypothalamus NOS b,c rr
Corpus Callosum NOS pp

Summary of tissues with cell types that were identified as SARS-CoV-2 positive by in situ hybridization (ISH) with the associated panels demonstrating the cellular tropism within Fig. 2, Fig. 3,
and Supplementary Data 3. NOS/not otherwise specified.



Extended Data Table 4 | Histopathologic findings of COVID-19 autopsy cases

Cause of Dea.th N=44 Lymph Node Findin955 N _(%) or
Death with (but not from) COVID-19 6 (14%) Median (IQR)
Death from COVID-19 or complications 38 (86%) Lymphodepletion

- 1 N (%) or Present 5 (12%)

Pulmonary Findings Median (IQR) Some, Partial Preservation 4 (10%)

II_??fthI’;llJ_ng th\alig_hth(tg)2 , ;gg (gg? No Lymphodepletion 31 (78%)

i ung Wei . .

Combined. LunggWe(?g)ht ) 1600((528)) Follicular Hyperplasia

Diffuse Alveolar Damage Present 22 (55%)
Exudative 14 (32%) Present, regressed 2 (5%)
Proliferate 15 (34%) Paracortical Hyperplasia 32 (80%)
Eibr?:sing 7 (162/0) Plasmacytosis 19 (48%)

Acute Pr?éur?wlcj;(ija 287((681?/3) .Plas-maF)Iasti floted 4 (10%)

Pulmonary Edema 30 (68%) Hepatic Findings

Pulmonary Hemorrhage (at least focal) 14 (32%) Liver Weight (g)* 1670 (900)

Pulmonary Thromboembolism, Infarction 10 (23%) Hepatic necrosis

Ergz%y)sematous changes (underlying 12 27%) None 30 (70%)

Cardiac Findings fonal . 12 (28%)
Heart Weight (g) 500 (175) % Zonal Necrosis 30% (40%)
Myocardial Infiltrate 4 (9%) Massive 1(2%)

Focal infiltrate without myocyte 3 (7%) Steatosis
B?f(f:[lzsﬁymphocytic myocarditis 1(2%) None to Minimal 24 (36%)
Myocardial Ischemic Necrosis Mild 14 (33%)
Remote, fibrotic 5 (11%) Moderate 5 (12%)
Acute microscopic ischemia 4 (9%) Steatohepatitis 5 (12%)
Coronary Artery Disease with 2 50% in at Portal Inflammation
least 1 artery 16 (36%) -
= None to Minimal 16 (37%)

Renal Fmdllngs ' Mild 23 (53%)
Left Kidney Weight (g)* 180 (107) Moderate 4 (9%)
Right Kidney Weight (g)* 168 (79) Fibrosis
IC;?Ljarr;ges consistent with Acute Kidney 17 (39%) None 27 (63%)
Changes consistent with Diabetic 10 (23%) F’eripoﬂal or perisi.n.usoidfal 6 (14%)
glomerulopathy Periportal and perisinusoidal 1(2%)

Splenic Findings Bridging fibrosis 6 (14%)
Splenic Weight (g) 235 (215) Cirrhosis 3 (7%)
Follicular hyperplasia 15 (34%) Central Nervous System Findings (N=11)
Lymphodepletion Brain Weight (g) 1350 (230)

Present 8 (18%) Hypoxic/lschemic Injury (focal or diffuse) 5 (45%)

Some, Partial Preservation 34 (77%) Vascular congestion 5 (45%)

No Lymphodepletion 2 (5%) Focal (microscopic) hemorrhage 2 (18%)
Red Pulp Congestion 35 (80%) No pathological findings 3 (27%)
Infarction 2 (5%)

Summary of histopathologic findings across organ system across 44 autopsy cases. Central nervous system findings are reported for the 11 cases in which consent for sampling was obtained.
"Includes one case in which the COVID lungs were transplanted and data from explanted lungs used in table. ?Individual lung weights were missing in 4 cases. *Findings missing on 1 case due to
extreme autolysis. “Weight missing on one case. *Lymph node findings missing in 4 cases.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
/N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

XI A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
/N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O OO0 000F%

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  ddPCR raw data was collected using QuantaSoft version 1.7.4.0917 (Bio-Rad).

Data analysis ddPCR raw data was analyzed using QuantaSoft Analysis Pro version 1.0.596 (Bio-Rad).
HT-SGS data analysis is described in detail in PMID 33831133; the bioinformatic pipeline for HT-SGS data analysis has been deposited (https://
github.com/niaid/UMlI-pacbio-pipeline)
Raw sequence reads from the P38 thalamus isolated virus were trimmed of Illlumina adapter sequence using Cutadapt version 1.1241 and
then trimmed and filtered for quality using the fastq_quality_trimmer and fastq_quality_filter tools from the FASTX-Toolkit 0.0.14 (Hannon
Lab, CSHL);reads were mapped to the SARS-CoV-2 2019-nCoV/USA-WA1/2020 genome (MN985325.1) using Bowtie2 version 2.2.942 with
parameters --local --no-mixed -X 1500; PCR duplicates were removed using picard MarkDuplicates, version 2.26.10 (Broad Institute).
Digitalized ISH images were automatically analyzed using Visiopharm software v2021.09.02 (Visiopharm, Hgrsholm, Denmark).
All statistical analysis were performed using SAS version 9.4. The SAS code for statistical analysis has been deposited (https://github.com/
niaid/COVID-19-Autopsy-SAS-Code).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The datasets that support the findings of this study are available in Supplementary Data 1, 2 and 3. Positive and negative controls for ISH, IF, and IHC are available in
Supplementary Data 3. The sequencing of SARS-CoV-2 isolated from Vero E6-TMPRSS2-T2A-ACE2 cell culture of P38 thalamus has been deposited to GenBank
(OP125352).

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The sample size of autopsy cases (n=44) was not predetermined as this was an observational study. Tissue and fluids samples were collected
from autopsy each case as able and exact numbers were not predetermined. Cases and tissues selected for sequencing via HT-SGS were
determined by gRNA and sgRNA levels within the tissues as determined by ddPCR and qPCR, respectively. n values reported in Extended Data
Fig. 4 refer to the depth of sequencing reads recovered for the haplotype(s) detected within the individual tissue.

Data exclusions | No data were excluded from analyses.

Replication ddPCR results were generated from technical replicates with all samples required to meet manufacturer internal control standard levels.
All tissues that underwent ISH, chromogenic IHC, and IF staining had concurrent internal and external positive and negative controls; for ISH
images displayed in Fig 2 and Fig. 3 replicates of the listed samples or another sample from the same anatomic location in a different patient
were performed; all samples were orthogonally confirmed by ddPCR for SARS-CoV-2 and the ISH assay was validated across a 4-log dynamic
range against ddPCR.
In Extended Data Fig. 5 all H&E (and Masson trichrome) photomicrographs are exemplars of histopathology observed across a diversity of
patients within the cohort, see extended data table 4 and supplemental data 2. The histopathologic observations were validated by a
minimum of two board certified anatomic pathologist.

Randomization  This was an observational study.

Blinding This was an observational study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Antibodies

Antibodies used 1) Rabbit anti-SARS_CoV_2 Nucleocapsid protein 1 (Wuhan) 1:250, GenScript #U864YFA140-4/CB2093
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Antibodies used 2) Mouse anti-NeuN clone A60 1:200, Millipore Sigma #MAB377, lot# 060101159
3) Donkey anti-Rabbit 1gG (H+L) Highly cross-Adsorbed Secondary Antibody, Alexa Fluor 488 conjugate, ThermoFisher #A-21206, lot#
2289872
4) Donkey anti-Mouse 1gG (H+L) Highly cross-Adsorbed Secondary Antibody, Alexa Fluor 594 conjugate, ThermoFisher #A-21203, lot#
10608644
5) Human TMEM119 Antibody, R&D Systems #MAB10313, lot#CNBT0120051
6) Rabbit IgG, Control Antibody, Vector Laboratories, Inc. #/-1000-5, lot#ZH1201

Validation 1) Validation by Munster et al. described here: https://doi.org/10.1038/s41586-020-2324-7. Antibody was additionally validated by C.
Winkler using mock and SARS-CoV-2 infected Vero cells and human cerebral organoids.
2) Validation details can be found here: https://www.emdmillipore.com/US/en/product/Anti-NeuN-Antibody-clone-A60,MM_NF-
MAB377, specificity: MILLIPORE's exclusive monoclonal antibody to vertebrate neuron-specific nuclear protein called NeuN (or
Neuronal Nuclei) reacts with most neuronal cell types throughout the nervous system of mice including cerebellum, cerebral cortex,
hippocampus, thalamus, spinal cord and neurons in the peripheral nervous system including dorsal root ganglia, sympathetic chain
ganglia and enteric ganglia. Developmentally, immunoreactivity is first observed shortly after neurons have become postmitotic, no
staining has been observed in proliferative zones. The immunohistochemical staining is primarily localized in the nucleus of the
neurons with lighter staining in the cytoplasm. The few cell types not reactive with MAB377 include Purkinje, mitral and
photoreceptor cells. The antibody is an excellent marker for neurons in primary cultures and in retinoic acid-stimulated P19 cells. It is
also useful for identifying neurons in transplants.”
3) Details from Thermo Fisher can be found here: https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-lgG-H-L-
Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21206
4) Details from Thermo Fisher can be found here: https://www.thermofisher.com/antibody/product/Donkey-anti-Mouse-lgG-H-L-
Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21203, validation: These donkey anti-mouse 1gG (H+L) whole secondary
antibodies have been affinity-purified and show minimum cross-reactivity to bovine, chicken, goat, guinea pig, hamster, horse,
human, rabbit, rat, and sheep serum proteins. Cross-adsorption or pre-adsorption is a purification step to increase specificity of the
antibody resulting in higher sensitivity and less background staining. The secondary antibody solution is passed through a column
matrix containing immobilized serum proteins from potentially cross-reactive species. Only the nonspecific-binding secondary
antibodies are captured in the column, and the highly specific secondaries flow through. The benefits of this extra step are apparent
in multiplexing/multicolor-staining experiments (e.g., flow cytometry) where there is potential cross-reactivity with other primary
antibodies or in tissue/cell fluorescent staining experiments where there may be the presence of endogenous immunoglobulins.
5) Details from R&D Systems can be found here: https://www.rndsystems.com/products/human-tmem119-
antibody-1023426_mab10313.
6) Details from Vector Laboratories, Inc. can be found here: https://vectorlabs.com/products/antibodies/rabbit-
igg#product.info.overview.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Vero E6 cells (organism: Cercopithecus aethiops/tissue: kidney/disease: none) were obtained from Ralph Baric at the
University of North Carolina, Chapel Hill and Vero E6-TMPRSS2-T2A-ACE?2 cells (organism: Cercopithecus aethiops/tissue:
kidney/disease: none) were newly procured from BEI Resources (NR-54970; https://www.beiresources.org/Catalog/
cellBanks/NR-54970.aspx).

Authentication Vero E6 cells and Vero E6-TMPRSS2-T2A-ACE?2 cells not authenticated in house.
Mycoplasma contamination All cells are tested monthly to confirm the absence of Mycoplasma.

Commonly misidentified lines  No commonly misidentified cells were used.
(See ICLAC register)
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