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Weeks after Symptom Onset
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Abstract

symptom onset. Lung viral culture positivity was not associated
with comorbidities or steroid use. Delta but not Beta variant

Rationale: In the upper respiratory tract, replicating (culturable)
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is recoverable for ~4-8 days after symptom onset, but there is a
paucity of data about the frequency and duration of replicating
virus in the lower respiratory tract (i.e., the human lung).

Objectives: We undertook lung tissue sampling (needle biopsy)
shortly after death in 42 mechanically ventilated decedents
during the Beta and Delta waves. An independent group of

18 ambulatory patients served as a control group.

Methods: Lung biopsy cores from decedents underwent viral
culture, histopathological analysis, electron microscopy,
transcriptomic profiling, and immunohistochemistry.

Measurements and Main Results: Thirty-eight percent (16 of
42) of mechanically ventilated decedents had culturable virus in
the lung for a median of 15 days (persisting for up to 4 wk) after

Coronavirus disease (COVID-19), caused
by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has been the
foremost killer globally over the past 3 years.

Case fatality risk in hospitalized patients,
particularly in mechanically ventilated
patients, during the Beta and Delta waves
was particularly high (~50-70% [1]). Even

lung culture positivity was associated with accelerated death and
secondary bacterial infection (P < 0.05). Nasopharyngeal culture
was negative in 23.1% (6 of 26) of decedents despite lung culture
positivity. This hitherto undescribed biophenotype of lung-
specific persisting viral replication was associated with an
enhanced transcriptomic pulmonary proinflammatory response
but with concurrent viral culture positivity.

Conclusions: Concurrent rather than sequential active viral
replication continues to drive a heightened proinflammatory
response in the human lung beyond the second week of illness
and was associated with variant-specific increased mortality and
morbidity. These findings have potential implications for the
design of interventional strategies and clinical management of
patients with severe coronavirus disease (COVID-19).

Keywords: COVID-19; SARS-CoV-2; virus replication;
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with the Omicron-related variants, case
fatality risk remains significant in elderly and
immunocompromised persons and in several
countries, including the United Kingdom,
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Italy, France, Brazil, and prominently in
China, where there is now an ongoing
epidemic of severe COVID-19 (2-10).
Better therapeutic interventions are needed.
However, despite considerable research, the
pathogenesis of severe COVID-19, relative
to viral kinetics, remains incompletely
understood.

SARS-CoV-2 detection (ascertained
through PCR positivity or antigen detection)
can persist for several weeks from symptom
onset (11). Postmortem studies have
shown persistence of SARS-CoV-2 in tissues
detected by PCR and immunohistochemistry
for up to several weeks after symptom
onset (12, 13). However, the detection of
SARS-CoV-2 in these studies may represent
not replication-competent virus (detectable
only by viral culture) but residual genomic
or antigenic material in the tissues. Shedding
of replicating virus confirmed through
serial viral culture (i.e., in vitro replication in
human cell lines) from the upper respiratory
tract (URT) has been shown to persist for only
~2-8 days after symptom onset (11, 14-23).
These findings have been confirmed in
human lung challenge studies with viable
pathogen, in which virus was cultured from
the URT until a median of 4 days (and a
maximum of 10 d) after symptom onset (24).
However, hardly anything is known about the
compartment-specific duration of actively
replicating virus in the lower respiratory tract
(LRT), particularly in acute severely ill
hospitalized patients receiving mechanical
ventilation. We hypothesized that there is
compartment-specific uncoupling of viral
replication in severe COVID-19; that is,
replicating virus can persist in the LRT beyond
10 days after symptoms onset, independent of
its persistence in the URT, and this persistence

may be associated with an altered pulmonary
immunity.

Some of the results of these studies have
been previously reported in preprint form
(https://www.medrxiv.org/content/10.1101/
2023.03.06.23286834v2).

Methods

Patients

The decedents (n = 42) were recruited from
Chris Hani Baragwanath Academic Hospital
in Johannesburg, South Africa (n = 18; Beta
group), and Groote Schuur Hospital in Cape
Town, South Africa (n =24; Delta group).
Figure 1A outlines an overview of the study
plan. Ambulatory control subjects (n =18)
were recruited at diagnosis (baseline; ~5 days
after symptom onset), 7 and 14 days after
diagnosis. Minimally invasive tissue samples
and nasopharyngeal swabs from decedents
(n=42) in the Beta and Delta waves (Figure 1B)
were taken immediately after death. In
addition, heart, liver, kidney, and adipose
tissue samples were also taken from the
Delta variant decedent cohort only. Ethical
approval was obtained from the Human
Research Ethics Committee (HREC) of the
University of Cape Town (HREC approval
number 866/2020) and the University of the
Witwatersrand (HREC approval number
M?200313). Biosafety approvals were obtained
from the Faculty Biosafety Committee of the
University of Cape Town (IBC008-2021).

Viral Culture

To establish the in vitro viral culture model,
a SARS-CoV-2 viral stock was used to infect
the human lung carcinoma cell line H1299
ACE2 in a Biosafety Level 3 laboratory,

and infection was confirmed using light
microscopy (as assessed by cytopathic effects
of the virus on the cell line) and confocal
microscopy (see Figures E1A and E1B in the
online supplement). Serial dilutions of the
viral stock were used to establish the limit of
detection of the PCR assay at 1 X 10" copies/ml
(see Figure E1C). Viral culture was performed
on the nasopharyngeal swab and lung
biopsy samples as indicated in the study
overview (Figure 1) and detailed in the
online supplement. Viral culture result
reproducibility was good (see the online
supplement).

Multiplex PCR to Detect Secondary
Bacterial Infections

The lung biopsy cores, stored in universal
transport medium, were briefly homogenized,
and 200 pl of the supernatant was applied to
the BioFire FilmArray Pneumonia panel
(Bioméieux). The panel was run using
protocol BAL version 3.3 according to the
manufacturer’s instructions, thus generating
RT-PCR readouts for 33 bacterial and viral
pathogens. Bronchopneumonia was defined
as histological evidence of a neutrophilic
alveolar infiltration together with the
detection of bacterial genomic material in
the biopsy cores.

Immunohistochemistry
Immunohistochemical staining was
performed using the Ventana automated
platform (Ventana XT Autostainer) as
indicated by the manufacturer (Roche USA).
Tissue sections were prepared, stained, and
viewed using standard techniques (25).
Antibodies included anti-CD3 (cluster of
differentiation 3) (2GV6), and anti-CD8
(SP57) (Roche USA).
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At a Glance Commentary

Scientific Knowledge on the
Subject: The widely accepted view,
based predominantly using samples
from the upper respiratory tract, is
that acute severe SARS-CoV-2
infection is characterised by a viral
replicative phase in the first week of
symptomatic illness followed by a
pro-inflammatory immunopatho-
logic phase peaking in the second
and third weeks of illness. However,
it remains unclear whether
detection of SARS-CoV-2 beyond 2
weeks after symptom onset
represents active replication-
competent virus or residual
genomic and/or antigenic material
in the tissue.

What This Study Adds to the Field:
We have identified a, hitherto,
undescribed bio-phenotype of acute
severe COVID-19 characterised by
persisting viral replication in the
lung for up to 4 weeks after
symptom onset. There was
compartment-specific (nasopharynx
versus lung) discordance. The
phenotype was associated with
variant-specific accelerated death, an
exaggerated inflammatory response,
and attenuated T-cell immunity in
the lung. This challenges the
traditional view that viral
replication occurs during the first 5
to 10 days of illness, which is
followed by an effector or
hyperinflammatory phase. This is
the first study, to our knowledge, to
systematically culture virus from the
human lung and map out its related
clinical determinants, including the
human lung transcriptomic profile
in severe COVID-19 disease.

Hematoxylin and Eosin Staining and
Transmission Electron Microscopy
Hematoxylin and eosin staining and
transmission electron microscopy were
performed according to standard
procedures (25). Hematoxylin and
eosin-stained slides were viewed using a
BX43 microscope (Olympus). Transmission
electron microscopic tissue sections were
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viewed using an EM109 microscope (Carl
Zeiss).

SARS-CoV-2 Whole-

Genome Sequencing

Total SARS-CoV-2 RNA was extracted from
lung biopsy samples and whole-genome
sequencing was performed. The generated
reads were analyzed using Exatype software
(https://exatype.com) to identify minor and
major variants. The assembled consensus
sequences were analyzed using Nextclade
Web (https://clades.nextstrain.org) for
further quality control and clade
assignment.

RNA Sequencing

Total RNA was extracted from lung biopsy
samples from the Delta group, sequenced,
and mapped consecutively to the human and
COVID-19 reference genomes using Spliced
Transcripts Alignment to a Reference version
2.7.7a (26). A differential expression (DE)
analysis was performed on the generated raw
read count file using the R package edgeR
(version 3.38.4; https://www.ensembl.org)
(27). The DE results were ranked by fold
change (FC), and the gseGO function, from
the R package clusterProfiler (version 4.0)
(28), was used to perform a gene set
enrichment analysis for Gene Ontology
biological process pathways. Pathways with a
false discovery rates (FDRs) <0.05 were
considered significant.

Confocal Microscopy

The H1299 ACE2 cells were plated, infected
with SARS-CoV-2, and allowed to adhere to
coverslip slides overnight at 37°C. The next
day, the cells were stained with or without
anti-SARS-CoV-2 S1 spike protein
(Thermo Fisher Scientific), and the slides
were mounted in Mowiol (Calbiochem)
containing n-propyl gallate (Sigma-Aldrich)
as an antifading agent. Confocal microscopy
was performed using an Axiovert 200M
LSM510 Meta NLO confocal microscope
(Zeiss).

Sample-Size Calculation and
Statistical Analysis

We hypothesized that we would detect lung
culture positivity at 14 days after symptom
onset in ~33% of decedents. A sample size of
~40 participants would allow us to ascertain
that degree of positivity with a 15% margin
of error using 95% confidence and 80%
power (determined using the open-source

calculator OpenEpi version 3; https://www.
openepi.com).

The Fisher exact test was used for
categorical variables, and for continuous
variables, the Mann-Whitney test was used
for nonparametrically distributed data
between the culture-negative and
culture-positive groups (Stata version 17
[Quantec] or Prism version 9.4.1
[GraphPad]). A P value of <0.05 was
considered to indicate statistical significance
in all statistical analyses.

Multivariable analysis was performed
in R by fitting a binomial generalized linear
model to assess the association between
steroid use and the presence of secondary
bacterial infection on culture status. The
R package tidymodels (version 1.0.0; https://
tidymodels.tidymodels.org) was used to
perform predictive modeling using the glm
binomial classification algorithm. To account
for the small sample size, 1,000 bootstraps
were performed for each analysis using the
“bootstraps” function (nonparametric) in
the package rsample (version 1.2.0; https://
rsample.tidymodels.org).

Results

Demographics and Clinical
Characteristics of the Decedents

The demographics of patients enrolled

in the study are shown in Table E1. The
median age of the patients was 53 years,

and 48% were men (20 of 42). Secondary
bacterial infections were present in 40.5%
(17 of 42), and 11% (4 of 38) had bacterial
bronchopneumonia (microbiologically and
histopathologically confirmed). The median
(interquartile range) times from symptom
onset to death, ICU admission to death, and
high-flow oxygen admission to death were
17 (9-22), 5 (2-12), and 11 (6-15) days,
respectively.

SARS-CoV-2 Replicating Persistence
in the Human Lung of Mechanically
Ventilated Decedents

We first ascertained the frequency and
duration of replicating virus in lung tissue
(which to our knowledge has not been
previously undertaken). Culturable virus in
the lung was present in 38.1% (16 of 42;
Figure 2A) of mechanically ventilated ICU
decedents at a median of 15 days (and up to
~4 weeks; see Figure E2) from symptom
onset to sampling/death (Figure 3A). As
expected, 56% (10 of 18) of a prospectively
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Figure 1. (A and B) Study overview including SARS-CoV-2 PCR-positive ambulatory control subjects (A) and mechanically ventilated decedents
(B) recruited during the Beta and Delta waves. Nasopharyngeal (NP) swabs from ambulatory control subjects with COVID-19 were obtained
approximately 5 days after symptom onset (diagnosis) and then at 12 and 19 days after symptom onset. Minimally invasive tissue samples and
NP swabs were retrieved from decedents shortly after death. *The 16 decedents that were nasopharyngeal culture-positive were not the same
patients that were lung culture-positive. *lmmunohistochemistry, RNAseq, electron microscopy and viral culture of other organs was only
performed on the Delta cohort. RNAseq = RNA sequencing; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2; +ve = positive.

recruited control group of ambulatory
patients had culturable virus, using
nasopharyngeal swab samples, at Day 5 after
symptom onset (Figure 2B). In the same
group of patients at 12 and 19 days after
symptom onset, only 5.5% (1 of 18) and 0%
(0 of 18), respectively, had culturable virus
from their nasopharyngeal swabs (Figure 2B).
By contrast, 38% of nasopharyngeal swabs
from the mechanically ventilated ICU
descendants had culturable virus (Figure 2B)
at a median of 13 days from symptom onset
to sampling/death (see Figure E3B). In
addition, SARS-CoV-2 could be detected
by PCR in multiple organs in lung
culture—positive decedents in the Delta
cohort (biopsies other than of the lung
were not performed in the Beta cohort),
suggesting widespread multiorgan viral
dissemination (Figure 2C). SARS-CoV-2

Tomasicchio, Jaumdally, Wilson, et al.: Persistence of SARS-CoV-2 in the Human Lung

was also detected in adipose tissue of
culture-positive decedents (hitherto
undescribed). We did not culture virus
from the organs of the decedents other
than the lung. Thus, viral genetic material
was only detectable by PCR in the lung
culture-positive patients in the other
organs. This probably indicates that the
virus disseminated systemically in these
patients, who had chronic replicative
disease in the lung and not in the other
organs. We therefore present only the PCR
results from the other organs for the lung
culture-positive patient samples in Figure
2C. Clinical characteristics, such as age and
comorbidities, were similar in the lung
culture-positive and lung culture-negative
groups (see Table E1). We found no
association between viral genetic variant
and the phenotype of replicating viral

persistence (although this might have been
a factor of the limited sample size; see
Table E5).

Time to Death in the Delta and Beta
Groups and Predictors of Lung
Culture Positivity

Next, we evaluated variant-specific
relationships to clinical outcomes.
Mechanically ventilated patients who were
SARS-CoV-2 lung culture positive in the
Delta but not the Beta group had a higher
proportion of accelerated death (i.e., shorter
duration from symptom onset to death;
Figure 3C vs. Figure 3B; P=0.004) and a
higher proportion of lung-specific secondary
bacterial infection (Figure 3F vs. Figure 3E;
P=0.032) compared with culture-negative
decedents. Similarly to the lung culture data,
the nasopharyngeal swab culture—positive
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Figure 2. Active replicating virus was recovered from the lungs of more than one-third of decedents (16 of 42). (A) Proportion of lung biopsy
samples that were culture-positive from the decedents. (B) Proportion of ambulatory patient and decedent NP swab samples that were culture-
positive. (C) PCR positivity of organs of lung culture-positive decedents from the Delta cohort (organs other than the lung were not culture-
positive). NP = nasopharyngeal; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2; -ve = negative; +ve = positive.

Delta group, but not the Beta group, had
a higher proportion of accelerated death
(see Figure E3D vs. Figure E3C; P=0.026).
The bacterial species identified from
the lung biopsies of both the Beta and
Delta groups included Streptococcus,
Staphylococcus, Haemophilus, Acinetobacter,
Proteus spp., Escherichia, Klebsiella,
Enterobacter, and Serratia (see Table E4).
Overall, both groups were infected with one
or more bacteria that were sensitive or
resistant to 3-lactams and/or carbapenems
(see Table E4). Key clinical and demographic
characteristics such as differences in
comorbidities (age, obesity, diabetes, HIV
positivity, etc.; see Table E1) associated
with drivers of severe COVID-19 and
poor prognosis could not explain these
observations, despite the lower population-
level vaccination and preexisting COVID-19
exposure rates in the Beta cohort. Steroid
use (proportion) was similar in the culture-
positive and culture-negative groups (though
the duration of steroid use was significantly
higher in the culture-negative group; see
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Table E1), and there was no significant
(P> 0.05) association between steroid use
and lung culture positivity or the presence
of secondary bacterial infection in a
multivariable analysis. If anything, there was
atrend (P=0.06) toward greater steroid
exposure in the lung culture-negative group
(in the multivariable analysis), arguing
against its role in driving viral replication.
Next, we interrogated whether
nasopharyngeal PCR characteristics (cycle
threshold [Ct] value), either at admission or
close to death, could identify the phenotype
of lung replicating viral persistence.
However, nasopharyngeal Ct at admission
and at the time of death was not associated
with lung culture positivity (Figure 3G). This
suggests that the kinetics of viral replication
were different in the URT and the LRT.

Lung Immunity and Histology of

the Culture-Negative versus
Culture-Positive Groups

We then ascertained whether the phenotype
of replicating viral persistence was associated

with attenuated or modulated lung
immunity in the Delta decedents
(transcriptomic and flow cytometric studies
were performed only in Cape Town, i.e., the
Delta decedents, because of location-specific
availability of assays and limited Beta group
biopsy cores that had been used for unrelated
studies). Immunohistochemical staining
indicated that there was significantly less
infiltration of CD3™ T cells, specifically
CD8" T cells, in the alveoli and interstitium
of the SARS-CoV-2 culture—positive compared
with the culture-negative individuals in the
Delta decedents (Figures 4A and 4B).

The typical histological features of
severe COVID-19 (e.g., diffuse alveolar
damage and microvascular thrombosis) were
similar in the SARS-CoV-2 culture-positive
and the culture-negative phenotypes,
suggesting that these events occurred in
the early rather than the persistent viral
replication phase (Figures 4C, 4D, and E4
and Tables E2 and E3). Interestingly, we
observed that some features of leukocyte
hyperactivation (i.e., hemophagocytic
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Figure 3. The phenotype of replicating viral persistence, compared with the culture-negative participants, was associated with accelerated
death and a higher frequency of bacterial bronchopneumonia in the Delta but not the Beta group. (A-C) Days from symptom onset to death for
the culture-negative (green) and culture-positive (red) groups for both groups combined (A) and for the Beta (B) and Delta (C) groups individually.
(D—F) Proportion of samples/participants with secondary bacterial infections in culture-negative and culture-positive decedents overall (i.e., the
combined Beta and Delta groups) (D), Beta group only (E), and Delta group only (F). (G) PCR cycle threshold (Ct) value at the time of death or at
admission could not discriminate or predict lung culture status. The nasopharyngeal swab PCR Ct values at admission or death were missing for some
participants because they were either diagnostically confirmed by antigen testing or the Ct value was not recorded. Because of the nature of the
pandemic and the burden of the disease on the healthcare infrastructure at the time, Ct values at peak periods were not recorded. We have
conducted sensitivity and imputation analyses indicating that these missing data points are redundant. -ve = negative; +ve = positive.
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A Proportion of CD3+ T-cells and CD8+ T-cells B
infiltrating into the alveoli and interstitial space
in culture-negative and culture-positive
individuals in the Delta group

Representative images showing CD3+ and CD8+ T-cells
infiltration into the alveoli and interstitial space of the lung in
culture-negative compared to culture-positive individuals in the
Delta decedents
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Figure 4. Higher proportions of T cells, macrophages, and pneumonocytes infiltrate into the lung of culture-negative versus culture-positive decedents in
the Delta group. (A) More CD3™* (cluster of differentiation 3) and CD8™ T cells infiltrate into the alveoli and interstitial space of the lung culture-negative
versus lung culture—positive group in the Delta decedents as assessed using immunohistochemistry (IHC). (B) Representative images (IHC) at 200X
magnification showing increased T-cell infiltration into the interstitial space (blue arrow) in lung culture—negative versus lung culture—positive subjects
in the Delta cohort. The density of CD3™ or CD8™ T cells in the alveoli or interstitial tissue were assessed and scored as medium or high. A magnitude
of 10-50% or >50% was defined as medium or high infiltration, respectively. (C and D) Histopathology findings (C) and representative images

(D) associated with diffuse alveolar damage and microvascular thrombosis in the Delta decedents. The arrows indicate key histopathological features.
The magnification setting was either 200X or 400X . The relative magnification of each light microscopy image is shown. *IHC was not performed on 5
culture-negative samples. *IHC was not performed on 1 culture-positive sample. THistology was not performed on all the biopsy samples. N/A = not
applicable; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2; -ve = negative; +ve = positive.

syndrome) were more common in the
SARS-CoV-2 culture-negative versus

the culture-positive group, potentially in
keeping with an aberrant immune response
characterized by a lack of immune regulation,
as outlined above (Figures 4C and 4D;
P=0.013).

The transcriptional analysis of
postmortem lung tissue after adjustment for
multiple testing identified a total of 11 up-
and 4 downregulated genes in the culture-
positive versus culture-negative groups
(FDR < 0.05; specific genes are discussed
further in the online supplement; see Figure
E6). To ensure that the transcriptional signal
was uniform, lung biopsy cores from each
decedent were placed in one tube containing
RNAlater (Thermo Fisher) to ensure that
enough genetic material was obtained.
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The lung culture-positive group
expressed higher concentrations of CA12
(carbonic anhydrase 12) than the lung
culture-negative group (see Figure E6 and
Table E6). This protein induces a phenotype
similar to high-altitude pulmonary edema,
with a decreased ratio of Pag, to Fip, and a
reduction of carbon dioxide concentration
(29). This was associated with increased
tachypnea and fibrinogen concentrations/
fibrin formation and the presence of hypoxia
leading to acute respiratory distress
syndrome (ARDS) (29).

Another gene that was highly
overexpressed in the culture-positive cohort
was CD177, a glycosylphosphatidylinositol-
anchored protein expressed by neutrophils.
CD177 plays a key role in neutrophil
activation, transmigration, and adhesion to

the endothelium and is associated with the
severity of COVID-19 (Figures 6 and E6;
see Table E6) (30). Fu and colleagues (31)
reported a high neutrophil-to-lymphocyte
ratio in the alveolar spaces of the lung from
deceased patients with COVID-19. Elevated
concentrations of CD177 were recently
identified by transcriptomics in the
peripheral blood (32) and by proteomics in
BAL cells (33) of patients with COVID-19
with mild and severe disease, which supports
our data suggesting an upregulation of
CD177 in the lung culture-positive
decedents.

SDCBP2 (syndecan-binding protein 2)
was significantly upregulated in the culture-
positive versus the culture-negative group
(see Figure E6 and Table E6). The protein is
a family member of the syndecans (SDCs),
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which are transmembrane proteoglycans that
facilitate the cellular entry of SARS-CoV-2
(34). Endothelial cells express SDC2
(syndecan 2) during virus internalization,
and SDCs colocalize with ACE2
(angiotensin-converting enzyme 2),
suggesting a jointly shared internalization
pathway. Hudék and colleagues (34) reported
that entry via SDCs enabled efficient gene
transduction with SARS-CoV-2 pseudovirus,
which implied that SDC-mediated
internalization pathway maintained the viral
particles’ biological activity. Viruses that target
SDCs in the lung may therefore interfere with
SDC-dependent signaling, as inhibitors of
both ACE2 and SDC reduced the cellular
entry of SARS-CoV-2, thus supporting the
complex nature of internalization.

The gene set enrichment analysis
performed using the full list of differentially
expressed genes ranked by fold change
identified activated pathways that were
associated with a proinflammatory response
related to cytokine signaling, neutrophil and
monocyte chemotaxis/recruitment, and viral
entry/defense, all of which are implicated in
COVID-19-related hypercytokinemia (35)
(Figures 5, 6, E5, and E6; see Tables E6 and

E7A). Significantly repressed pathways were
generally associated with body homeostasis
(Figures 5A and 5B). There was also
in-tandem upregulation of T-helper cell
type 1 and T-helper cell type 17 signaling
pathways (see Table E7B) but to a
substantially lesser extent than that of innate
cellular and signaling pathways (IL-1, IL-6,
and neutrophil related; see Table E7A). These
features may be consistent with an aberrant
immune response, including a lack of
activation of regulatory and immune-
suppressive pathways. T-cell exhaustion
consistent with upregulation of PD-1
(programmed cell death 1), CTLA-4
(cytotoxic T-lymphocyte-associated protein
4), and LAG (lymphocyte activating) (see
Table E7C), known to be associated with
severe COVID-19, was not observed.

The DE results also revealed that a
number of SARS-CoV-2 genes were
significantly upregulated (FDR < 0.01) in the
culture-positive versus the culture-negative
group, including nucleocapsid phosphoprotein
(log, FC =8.4) and ORF3a (log, FC=5.5),
while the surface/spike glycoprotein encoding
gene had a log, FC of 5.3 and an FDR of 0.067
(see Table E6). A visual inspection of the
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mapped SARS-CoV-2 reads revealed that
those that mapped to the 5 end of the genes
were spliced with a portion mapping to the
5’ leader sequence of the genome. This
suggests that the reads originated from
subgenomic mRNA (sgRNA) rather than
genomic RNA, which is consistent with the
active viral replication observed in the
culture-positive group.

Finally, we evaluated whether any of the
differentially expressed genes could act as
biomarkers discriminating between lung
culture—positive and lung culture-negative
individuals. Logistic regression predictive
modeling revealed that GREMI (gremlin 1,
DAN family BMP antagonist) and FGFBP1
(fibroblast growth factor-binding protein 1)
were associated, with sensitivity and specificity
greater than 90% (see Figure E6). Future
studies are warranted to determine if these
lung-based biomarkers can predict patient
culture status in blood samples.

Discussion

The widely accepted view in severe acute
COVID-19 is that resolution of the initial
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Figure 5. The transcriptomic analysis revealed that the culture-positive group, in comparison with the culture-negative group, had enrichment of
activated pathways associated with inflammation, innate immunity, responses to cytokines, and responses to virus/bacterial stimuli in the Delta
descendants. (A) Dot plot illustrating the significantly activated and suppressed pathways along with the gene count and ratio for each pathway.
(B) Enrichment map illustrating the significantly activated and suppressed pathways together with the gene count and ratio for each pathway.
SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.
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viral replication phase in the first week after
symptom onset is followed by an effector or
hyperinflammatory phase in the second and
third weeks of illness, which is characterized by
diffuse alveolar damage, thromboinflammation,
and endotheliopathy (36). Indeed, the
Infectious Diseases Society of America
recommends the use of remdesivir for only
5 days in patients with severe illness and not
at all in mechanically ventilated patients
(37). However, our results, based on
postmortem lung biopsies obtained using
minimally invasive tissue sampling methods
shortly after death, indicated that in
contradistinction to the URT, where
replication often ceases within ~8 days of
symptom onset, in the human lung, virus

is culturable in ~40% of mechanically
ventilated patients until death (a median

of 15 days and up to 4 weeks after symptom
onset; see Figure 1 for the study overview).
To ensure reproducibility of the lung
biopsy procedure, histological analysis was
performed to confirm that the tissue was
derived from the lung only (to ensure that
there was no contamination from other
tissue or muscle, which would have been
detected on histopathological analysis at the
least to some extent). The upregulation of
muscle-associated gene pathways may have
been related to virus-associated myositis or
ICU-associated myopathy. The culture-
positive group in the Delta cohort had
accelerated death and a higher proportion
of secondary bacterial infection in the lung
compared with the culture-negative group.
This may be explained by the Delta variant’s
being more transmissible (38) and associated
with enhanced replication, a higher viral load
(39), and greater immune escape (40) than the
Beta variant.

Nasopharyngeal SARS-CoV-2 viral load
(on the basis of Ct value) at admission and
at death was not predictive of lung culture
positivity. SARS-CoV-2 culture positivity in
the lungs of decedents was associated with
attenuated pulmonary T-cell immunity and
an exaggerated proinflammatory phenotype.
Importantly, this was concurrent with, rather
than sequential to, the viral replication or
viral culture—positive phase.

These findings challenge the traditional
paradigm of an initial viral replicative phase
in the first week of severe illness sequentially
followed by an effector or inflammatory
phase (36). Our data suggest that in ~40% of
ventilated patients, viral replication persisted
until death (i.e., the third and fourth weeks
of illness and a median of 15 days after
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symptom onset) compared with ~2 to

~8 days in the URT as outlined in several
studies, including a live-virus human
challenge study (11, 14-24). One outlier
study reported culturing virus from the URT
for up to 3 weeks after symptom onset (41).
However, a large proportion of patients were
immunocompromised, samples at diagnosis
and follow-up were combined (skewing the
results), a high proportion of participants
were healthcare workers (reinfection may
have been a confounder), and, as the authors
suggested, a limitation was that the Vero cell
line used was overtly permissive to infection
compared with the human lung carcinoma
cell line H1299 ACE2, which is a biologically
representative cell line (and one that we
used). Another recent study showed that
infectious virus production peaked in the
human lung within 2 days, but this model
used ex vivo agarose infused devascularized
and explanted human lung slices, which are
not representative of what is occurring in
freshly harvested human lung (42). The
culture-based findings in the aforementioned
studies must be explicitly distinguished from
studies that detected residual free viral
genomic RNA (but not replicating virus)
embedded in the respiratory tract tissue

of patients who had severe disease for an
extended period of time (13, 43, 44). Indeed,
SARS-CoV-2 RNAs have been detected in
patient tissue many months after recovery
from acute infection (45-47). It was initially
suggested that sgRNA (small strands of
reverse transcribed RNA) could be used as

a proxy to infer viral replication. However,
several recent studies have indicated that it
has poor predictive value as a proxy for viral
replication (48, 49). Indeed, Stein and
colleagues (13) detected sgRNA in multiple
postmortem organ biopsies, including the
brain, several months after symptom

onset. Thus, the data presented in this paper
shows for the first time, that we can culture
virus conclusively and comprehensively
using from lung tissue (the gold standard to
detect viral replication) beyond two weeks
after symptom onset.

We demonstrated active viral
replication in the lungs of acutely ill
ventilated patients for up to ~4 weeks after
symptom onset. This challenges the current
practice of using antivirals such as remdesivir
for only 5 days and suggests that a longer
duration of treatment may be required in
critically ill patients. Furthermore, antivirals
such as remdesivir are not recommended
for use by the Infectious Diseases Society of

America in mechanically ventilated patients
(conditional recommendation), as it was
believed that such patients (often in the third
week of their illness) are no longer in the
viral replicative phase, and published
controlled trial data showed no mortality
benefit of remdesivir in such patients

(37, 50). However, these studies
demonstrated a group effect, and the
analyses did not adjust for disease severity
or the time from symptom onset to death in
mechanically ventilated patients (51). Our
data suggest that a significant number of
patients will likely benefit from antivirals
during mechanical ventilation. Indeed,
several observational studies have
demonstrated a survival benefit using
remdesivir in mechanically ventilated
patients, but this requires further
clarification in appropriate trials (51-53).

It is also possible that the very advanced
immunopathology in some patients may
render antivirals redundant. In a multivariate
analysis, we found no association between
steroid use and lung viral culture positivity;
in fact, steroid use was lower in the viral
culture—positive group (and there was a
trend toward an inverse relationship in the
multivariable analysis, and often culture
positivity persisted beyond the 10 days of
steroid use.

The transcriptomic data suggested that
in a significant number of patients, the
hyperinflammatory and viral replication
phases occur concurrently in the third and
fourth week of illness, in contradistinction to
the widely held view that these are sequential
phases. Antiviral and selective proinflammatory
responses were overrepresented in the
SARS-CoV-2 culture—positive compared
with the culture-negative decedents, and
we did not detect attenuated type 1 IFN
responses at the site of disease, in contrast to
other findings (54-58). Three prior studies
(one that enrolled five patients with
COVID-19) evaluated transcriptomic lung
responses in patients with severe COVID-19
versus healthy control subjects (54, 55, 59).
These first-level studies logically attempted
to address the significance of transcriptomic
changes specific to COVID-19 by using
healthy control subjects or nondiseased
parts of the lung from patients with lung
cancer. However, we specifically sought to
compare culture-positive versus culture-
negative groups (hitherto not undertaken)
to identify pathways that facilitate
permissiveness to ongoing viral replication.
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Association of the innate immune response, response to virus, response to
cytokine, inflammatory pathways, and genes upregulated in the culture-positive
group compared to the culture-negative group
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Figure 6. Transcriptomic analysis showing the association among the innate immune response, response to virus, response to cytokine,
inflammatory pathways, and genes upregulated in the culture-positive group versus the culture-negative group. The cnetplot illustrates the
overlap of genes and their fold changes for selected activated pathways. Significant genes (adjusted P<0.05) that are annotated to the
pathways are highlighted in red. CD = cluster of differentiation; LAG3 = lymphocyte activating 3.

We identified two lung-based of tracheal aspirates or blood (if they are There are several limitations to our
biomarkers (GREM1 and FGFBPI) that concordant with lung findings), could findings. First, our findings are relevant to
could predict culture positivity. Although potentially serve as biomarkers to identify acute severe COVID-19 ARDS/pneumonia
these are lung-specific biomarkers, this and direct appropriate treatment protocols requiring mechanical ventilation and may
preliminary analysis in a limited number of to culture-positive persons, but further not be applicable to milder forms of disease
samples suggests that in the future, RT-PCR  investigation is needed. seen in hospitalized patients or chronic

Tomasicchio, Jaumdally, Wilson, et al.: Persistence of SARS-CoV-2 in the Human Lung 849



infection seen in immunocompromised
patients.

Second, we studied only patients with
the Beta and Delta variants, as these were the
predominant variants at the time of the
study. However, Omicron has also been
associated with severe disease in several
settings, including the surge of severe
COVID-19 unfolding in China.

Third, we did not study a control group
comprising severe ARDS due to other causes,
because our express aim was to investigate
the presence and duration of viral replication
in the LRT in severe COVID-19. Fourth,
the sample size limited our ability to make
conclusions about several aspects. However,
the highly resource intensive and demanding
nature of the study limited our ability to
recruit higher numbers of participants.

Fifth, it could be suggested that there
may have been sampling error and variability
of the viral culture assay. However, the
reproducibility of the viral culture technique
using six samples across two separate runs
had a low SE, which was indicative of high
reproducibility.

Sixth, we did not compare the culture
status of the LRT in the ambulatory control
subjects versus the decedents. This was due
to ethical reasons and the potential risks of
viral transmission to the medical and
research staff during bronchoscopic
procedures.

Finally, the transcriptional signature
and flow cytometric findings may have been
affected by postmortem sampling, but several
detailed studies have shown (60) that most
protein and RNA species are preserved and
stable for several hours after death. Given
that biopsies for the transcriptional studies
were taken ~2 hours after death, we believe
that they are broadly representative of the
picture at the time of death.

Conclusions

In summary, our data suggest that in
COVID-19, there is considerable
heterogeneity in the frequency and duration
of viral replication in the URT versus the
LRT (i.e., lungs) beyond the second week of
illness and that in a significant proportion
of seriously ill patients, persisting viral

replication occurs concurrently and may
drive an exaggerated proinflammatory
response (higher than in culture-negative
persons), rather than sequentially, as is
widely believed. These findings have
potential implications for the use of antiviral
therapy in seriously ill patients with
COVID-19 and suggest that better
biomarkers are needed to identify patient
phenotypes and subsets that might benefit
from concurrent antiinflammatory and
antiviral therapy.

Author disclosures are available with the
text of this article at www.atsjournals.org.

Acknowledgment: The authors thank

C. Arnold-Day, M. Crowther, N. Fernandes, and
L. Mitchell from the Division of Critical Care,
Department of Anesthesia and Perioperative
Medicine, University of Cape Town, for
identifying and referring potential patients into
the study. The authors also thank the families
of the deceased, who gave us permission to
conduct the study, which may advance our
understanding of SARS-CoV-2 pathogenesis
to inform future clinical management of
respiratory pathogen pandemics.

References

1. Davies MA, Morden E, Rousseau P, Arendse J, Bam JL, Boloko L, et al.
Outcomes of laboratory-confirmed SARS-CoV-2 infection during
resurgence driven by Omicron lineages BA.4 and BA.5 compared with 11.
previous waves in the Western Cape Province, South Africa. Int J Infect

Dis 2023;127:63-68.

2. Johns Hopkins University Center for Systems Science and Engineering.

10. Ward IL, Bermingham C, Ayoubkhani D, Gethings OJ, Pouwels KB,
Yates T, et al. Risk of COVID-19 related deaths for SARS-CoV-2

omicron (B.1.1.529) compared with delta (B.1.617.2): retrospective
cohort study. BMJ 2022;378:¢070695.

Fontana LM, Villamagna AH, Sikka MK, McGregor JC. Understanding
viral shedding of severe acute respiratory coronavirus virus 2 (SARS-

CoV-2): review of current literature. Infect Control Hosp Epidemiol

2021;42:659-668.

COVID-19 dashboard. Baltimore, MD: Johns Hopkins University; 2022 12. Ramos-Rincon JM, Herrera-Garcia C, Silva-Ortega S, Portilla-Tamarit J,

[accessed 2022 Dec 18]. Available from: https://coronavirus.jhu.edu/

map.html.

3. Cai J, Deng X, Yang J, Sun K, Liu H, Chen Z, et al. Modeling transmission

Alenda C, Jaime-Sanchez FA, et al. Pathological findings associated

with SARS-CoV-2 on postmortem core biopsies: correlation with clinical

presentation and disease course. Front Med 2022;9:874307.

of SARS-CoV-2 Omicron in China. Nat Med 2022;28:1468—1475. 13. Stein SR, Ramelli SC, Grazioli A, Chung JY, Singh M, Yinda CK, et al.;

4. Chen X, Yan X, Sun K, Zheng N, Sun R, Zhou J, et al. Estimation of
disease burden and clinical severity of COVID-19 caused by Omicron
BA.2 in Shanghai, February-June 2022. Emerg Microbes Infect 2022;

11:2800-2807.

5. Colnago M, Benvenuto GA, Casaca W, Negri RG, Fernandes EG,
Cuminato JA. Risk factors associated with mortality in hospitalized
patients with COVID-19 during the Omicron wave in Brazil. Bioeng

2022;9:584.

6. Gautret P, Hoang VT, Jimeno MT, Lagier JC, Rossi P, Fournier PE, et al.
The severity of the first 207 infections with the SARS-CoV-2 Omicron
BA.2 variant, in Marseille, France, December 2021-February 2022.

J Med Virol 2022;94:3494-3497.

7. Jassat W, Mudara C, Ozougwu L, Tempia S, Blumberg L, Davies MA,
et al.; DATCOV Author Group. Difference in mortality among individuals

758-763.

NIH COVID-19 Autopsy Consortium. SARS-CoV-2 infection and
persistence in the human body and brain at autopsy. Nature 2022;612:

14. Basile K, McPhie K, Carter |, Alderson S, Rahman H, Donovan L, et al.

©2952-e2959.

Cell-based culture informs infectivity and safe de-isolation assessments
in patients with coronavirus disease 2019. Clin Infect Dis 2021;73:

15. Berengua C, Lopez M, Esteban M, Marin P, Ramos P, Cuerpo MD, et al.

152:105167.

Viral culture and immunofluorescence for the detection of SARS-CoV-2
infectivity in RT-PCR positive respiratory samples. J Clin Virol 2022;

16. Bullard J, Dust K, Funk D, Strong JE, Alexander D, Garnett L, et al.

Predicting infectious severe acute respiratory syndrome coronavirus 2
from diagnostic samples. Clin Infect Dis 2020;71:2663—-2666.

admitted to hospital with COVID-19 during the first and second waves in 17. Lan L, Xu D, Ye G, Xia C, Wang S, Li Y, et al. Positive RT-PCR test

South Africa: a cohort study. Lancet Glob Health 2021;9:e1216—e1225.
8. Maruotti A, Ciccozzi M, Jona-Lasinio G. COVID-19-induced

1502-15083.

results in patients recovered from COVID-19. JAMA 2020;323:

excess mortality in Italy during the Omicron wave. IJID Reg 18. Ling Y, Xu SB, Lin YX, Tian D, Zhu ZQ, Dai FH, et al. Persistence and
clearance of viral RNA in 2019 novel coronavirus disease rehabilitation

2022;4:85-87.

9. Maslo CMA, Laubscher A, Toubkin M, Sitharam L, Feldman C,

patients. Chin Med J (Engl) 2020;133:1039-1043.

Richards GA. COVID-19: a comparative study of severity of patients 19. Santos Bravo M, Berengua C, Marin P, Esteban M, Rodriguez C, Del

hospitalized during the first and the second wave in South Africa
[preprint]. medRxiv; 2021 [accessed 2022 Nov 15]. Available from:
https://www.medrxiv.org/content/10.1101/2021.05.11.21257033v1.

850

60:e0160921.

Cuerpo M, et al. Viral culture confirmed SARS-CoV-2 subgenomic RNA
value as a good surrogate marker of infectivity. J Clin Microbiol 2022;

American Journal of Respiratory and Critical Care Medicine Volume 209 Number 7 | April 1 2024


http://www.atsjournals.org/doi/suppl/10.1164/rccm.202308-1438OC/suppl_file/disclosures.pdf
http://www.atsjournals.org
https://coronavirus.jhu.edu/map.html
https://coronavirus.jhu.edu/map.html
https://www.medrxiv.org/content/10.1101/2021.05.11.21257033v1

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.
35.
36.

37.

38.
39.

40.

41.

Tomasicchio, Jaumdally, Wilson, et al.: Persistence of SARS-CoV-2 in the Human Lung

Singanayagam A, Patel M, Charlett A, Lopez Bernal J, Saliba V, Ellis J,
et al. Duration of infectiousness and correlation with RT-PCR cycle
threshold values in cases of COVID-19, England, January to May 2020.
Euro Surveill 2020;25:2001483.

van Kampen JJA, van de Vijver DAMC, Fraaij PLA, Haagmans BL,
Lamers MM, Okba N, et al. Duration and key determinants of infectious
virus shedding in hospitalized patients with coronavirus disease-2019
(COVID-19). Nat Commun 2021;12:267.

Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Mliller MA,
et al. Virological assessment of hospitalized patients with COVID-2019.
Nature 2020;581:465-469.

Young BE, Ong SWX, Ng LFP, Anderson DE, Chia WN, Chia PY, et al.;
Singapore 2019 Novel Coronavirus Outbreak Research Team. Viral
dynamics and immune correlates of coronavirus disease 2019
(COVID-19) severity. Clin Infect Dis 2021;73:62932—e2942.

Killingley B, Mann AJ, Kalinova M, Boyers A, Goonawardane N, Zhou J,
et al. Safety, tolerability and viral kinetics during SARS-CoV-2 human
challenge in young adults. Nat Med 2022;28:1031-1041.

Suvarna SK, Layton C, Bancroft JD. Banford’s theory and practice of
histology techniques. New York: Elsevier; 2018.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al.
STAR: ultrafast universal RNA-seq aligner. Bioinformatics 2013;29:
15-21.

Howe KL, Achuthan P, Allen J, Allen J, Alvarez-Jarreta J, Amode MR,
et al. Ensembl 2021. Nucleic Acids Res 2021;49:D884-D891.

WuT,HuE, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0:

a universal enrichment tool for interpreting omics data. /nnovation
2021;2:100141.

Deniz S, Uysal TK, Capasso C, Supuran CT, Ozensoy Guler O. Is
carbonic anhydrase inhibition useful as a complementary therapy of
COVID-19 infection? J Enzyme Inhib Med Chem 2021;36:1230—1235.

Lévy Y, Wiedemann A, Hejblum BP, Durand M, Lefebvre C, Surénaud M,
et al.; French COVID Cohort Study Group. CD177, a specific marker of
neutrophil activation, is associated with coronavirus disease 2019
severity and death. iScience 2021;24:102711.

Fu J, Kong J, Wang W, Wu M, Yao L, Wang Z, et al. The clinical implication
of dynamic neutrophil to lymphocyte ratio and D-dimer in COVID-19: a
retrospective study in Suzhou China. Thromb Res 2020;192:3-8.

Aschenbrenner AC, Mouktaroudi M, Kramer B, Oestreich M,

Antonakos N, Nuesch-Germano M, et al.; German COVID-19 Omics
Initiative (DeCOl). Disease severity-specific neutrophil signatures in blood
transcriptomes stratify COVID-19 patients. Genome Med 2021;13:7.

Zeng HL, Chen D, Yan J, Yang Q, Han QQ, Li SS, et al. Proteomic
characteristics of bronchoalveolar lavage fluid in critical COVID-19
patients. FEBS J 2021;288:5190-5200.

Hudék A, Letoha A, Szildk L, Letoha T. Contribution of syndecans to
the cellular entry of SARS-CoV-2. Int J Mol Sci 2021;22:5336.

Ragab D, Salah Eldin H, Taeimah M, Khattab R, Salem R. The COVID-19
cytokine storm; what we know so far. Front Immunol 2020;11:1446.

Merad M, Blish CA, Sallusto F, lwasaki A. The immunology and
immunopathology of COVID-19. Science 2022;375:1122—-1127.

Bhimraj AMR, Shumaker AH, Baden L, Cheng VC, Edwards KM,
Gallagher JC, et al. IDSA guidelines on the treatment and management
of patients with COVID-19. Arlington, VA: Infectious Diseases Society
of America; 2022 [accessed 2022 Dec 18]. Available from: https:/www.
idsociety.org/practice-guideline/covid-19-guideline-treatment-and-
management/#Recommendations15-17:Remdesivir.

Chavda VP, Apostolopoulos V. Global impact of delta plus variant and
vaccination. Expert Rev Vaccines 2022;21:597—-600.

Liu Y, Rocklov J. The reproductive number of the Delta variant of
SARS-CoV-2 is far higher compared to the ancestral SARS-CoV-2
virus. J Travel Med 2021;28:taab124.

Micochova P, Kemp SA, Dhar MS, Papa G, Meng B, Ferreira IATM,
et al.; Indian SARS-CoV-2 Genomics Consortium (INSACOG);
Genotype to Phenotype Japan (G2P-Japan) Consortium; CITIID-NIHR
BioResource COVID-19 Collaboration. SARS-CoV-2 B.1.617.2 Delta
variant replication and immune evasion. Nature 2021;599:114-119.

Folgueira MD, Luczkowiak J, Lasala F, Pérez-Rivilla A, Delgado R.
Prolonged SARS-CoV-2 cell culture replication in respiratory samples

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

from patients with severe COVID-19. Clin Microbiol Infect 2021;27:
886-891.

Pechous RD, Malaviarachchi PA, Banerjee SK, Byrum SD, Alkam DH,
Ghaffarieh A, et al. An ex vivo human precision-cut lung slice platform
provides insight into SARS2 CoV-2 pathogenesis and antiviral drug
efficacy [preprint]. bioRxiv; 2023 [accessed 2023 May 18]. Available
from: https://www.biorxiv.org/content/10.1101/2023.04.18.537373v1.full

Xu Q, Milanez-Almeida P, Martins AJ, Radtke AJ, Hoehn KB, Oguz C,
et al. Adaptive immune responses to SARS-CoV-2 persist in the
pharyngeal lymphoid tissue of children. Nat Immunol 2023;24:186—199.

Zoliner A, Koch R, Jukic A, Pfister A, Meyer M, Rossler A, et al.
Postacute COVID-19 is characterized by gut viral antigen persistence
in inflammatory bowel diseases. Gastroenterol 2022;163:495-506.e8.

Choi B, Choudhary MC, Regan J, Sparks JA, Padera RF, Qiu X, et al.
Persistence and evolution of SARS-CoV-2 in an immunocompromised
host. N Engl J Med 2020;383:2291-2293.

Griffin I, Woodworth KR, Galang RR, Burkel VK, Neelam V, Siebman S,
et al. Recurrent SARS-CoV-2 RNA detection after COVID-19 illness
onset during pregnancy. Emerg Infect Dis 2022;28:873-876.

Rodriguez-Grande C, Alcala L, Estévez A, Sola-Campoy PJ,
Buenestado-Serrano S, Martinez-Laperche C, et al.; Gregorio Maranon
Microbiology-ID COVID 19 Study Group2. Systematic genomic and
clinical analysis of severe acute respiratory syndrome coronavirus 2
reinfections and recurrences involving the same strain. Emerg Infect
Dis 2022;28:85-94.

Alexandersen S, Chamings A, Bhatta TR. SARS-CoV-2 genomic and
subgenomic RNAs in diagnostic samples are not an indicator of active
replication. Nat Commun 2020;11:6059.

Hwang HS, Lo CM, Murphy M, Grudda T, Gallagher N, Luo CH, et al.
Characterizing SARS-CoV-2 transcription of subgenomic and genomic
RNAs during early human infection using multiplexed droplet digital
polymerase chain reaction. J Infect Dis 2023;227:981-992.

WHO Solidarity Trial Consortium. Remdesivir and three other drugs for
hospitalised patients with COVID-19: final results of the WHO Solidarity
randomised trial and updated meta-analyses. Lancet 2022;399:1941-1953.

Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC,
et al.; ACTT-1 Study Group Members. Remdesivir for the treatment of
COVID-19—final report. N Engl J Med 2020;383:1813—-1826.

Lapadula G, Bernasconi DP, Bellani G, Soria A, Rona R, Bombino M,
et al.; Remdesivir-Ria Study Group. Remdesivir use in patients
requiring mechanical ventilation due to COVID-19. Open Forum Infect
Dis 2020;7:0faa481.

Pasquini Z, Montalti R, Temperoni C, Canovari B, Mancini M, Tempesta M,
et al. Effectiveness of remdesivir in patients with COVID-19 under
mechanical ventilation in an Italian ICU. J Antimicrob Chemother 2020;
75:3359-3365.

Budhraja A, Basu A, Gheware A, Abhilash D, Rajagopala S, Pakala S,
et al. Molecular signature of postmortem lung tissue from COVID-19
patients suggests distinct trajectories driving mortality. Dis Model Mech
2022;15:dmm049572.

Melms JC, Biermann J, Huang H, Wang Y, Nair A, Tagore S, et al. A
molecular single-cell lung atlas of lethal COVID-19. Nature 2021;595:
114-119.

Tay MZ, Poh CM, Rénia L, MacAry PA, Ng LFP. The trinity of COVID-19:
immunity, inflammation and intervention. Nat Rev Immunol 2020;20:
363-374.

van de Veerdonk FL, Giamarellos-Bourboulis E, Pickkers P, Derde L,
Leavis H, van Crevel R, et al. A guide to immunotherapy for COVID-19.
Nat Med 2022;28:39-50.

Wang EY, Mao T, Klein J, Dai Y, Huck JD, Jaycox JR, et al.; Yale
IMPACT Team. Diverse functional autoantibodies in patients with
COVID-19. Nature 2021;595:283-288.

Wang S, Yao X, Ma S, Ping Y, Fan Y, Sun S, et al. A single-cell
transcriptomic landscape of the lungs of patients with COVID-19. Nat
Cell Biol 2021;23:1314-1328.

Deinhardt-Emmer S, Wittschieber D, Sanft J, Kleemann S, Elschner S,
Haupt KF, et al. Early postmortem mapping of SARS-CoV-2 RNA in
patients with COVID-19 and the correlation with tissue damage. eLife
2021;10:e60361.

851


https://www.idsociety.org/practice-guideline/covid-19-guideline-treatment-and-management/#Recommendations15-17:Remdesivir
https://www.idsociety.org/practice-guideline/covid-19-guideline-treatment-and-management/#Recommendations15-17:Remdesivir
https://www.idsociety.org/practice-guideline/covid-19-guideline-treatment-and-management/#Recommendations15-17:Remdesivir
https://www.biorxiv.org/content/10.1101/2023.04.18.537373v1.full

