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Some patients infected with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) develop severe pneumonia and acute respiratory distress syndrome’
(ARDS). Distinct clinical features in these patients have led to speculation that the
immune response to virus in the SARS-CoV-2-infected alveolus differs from that in
other types of pneumonia®. Here we investigate SARS-CoV-2 pathobiology by
characterizing theimmune response in the alveoli of patients infected with the virus.
We collected bronchoalveolar lavage fluid samples from 88 patients with SARS-CoV-
2-induced respiratory failure and 211 patients with known or suspected pneumonia
from other pathogens, and analysed them using flow cytometry and bulk
transcriptomic profiling. We performed single-cell RNA sequencing on 10
bronchoalveolar lavage fluid samples collected from patients with severe coronavirus
disease 2019 (COVID-19) within 48 h of intubation. In the majority of patients with
SARS-CoV-2infection, the alveolar space was persistently enriched in T cells and
monocytes. Bulk and single-cell transcriptomic profiling suggested that SARS-CoV-2
infects alveolar macrophages, whichin turn respond by producing T cell
chemoattractants. These T cells produce interferon-y to induce inflammatory
cytokine release from alveolar macrophages and further promote T cell activation.
Collectively, our results suggest that SARS-CoV-2 causes a slowly unfolding, spatially
limited alveolitis in which alveolar macrophages containing SARS-CoV-2 and T cells
form a positive feedback loop that drives persistent alveolar inflammation.

A minority of patients infected with SARS-CoV-2 develop severe
pneumonia that requires mechanical ventilation, and these patients
account for almost all of the morbidity and mortality associated with
the infection*™. The reported 20-40% mortality among patients
with severe SARS-CoV-2 pneumonia, combined with a severe sys-
temic inflammatory response in some patients, have led to specu-
lation that the pathobiology of SARS-CoV-2 pneumonia is distinct
from pneumonia caused by other respiratory viral and bacterial
pathogens?.

We obtained bronchoalveolar lavage (BAL) samples from 88 patients
with respiratory failure secondary to severe SARS-CoV-2 pneumonia

and compared them with BAL samples prospectively collected before
and during the COVID-19 pandemic from 211 patients with pneumonia
secondary to other pathogens and 42 intubated patients without pneu-
monia. For many patients, we were able to obtain samples within48 h
of intubation and sequentially over the course of the iliness, allowing
us to gain insights about the early pathogenesis and progression of
COVID-19-induced respiratory failure. We profiled BAL samples using
flow cytometry and performed bulk transcriptomic profiling of alveolar
macrophages. Additionally, we performed single-cell RNA sequencing
(RNA-seq) on BAL fluid collected less than 48 h after intubation from
10 patients with severe SARS-CoV-2 pneumonia. We used these data
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(Fig.1a).

Demographics of the c

Extended Data Table1).
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Fig.1|Schematic and demographics of the SCRIPT cohort.a, Our model of
thealveolus during infection with SARS-CoV-2, based on the main findings. (1)
The normal alveolus contains ACE2-expressing alveolar type 1and type 2 cells
(AT1land AT2, respectively) and TRAMs. (2) SARS-CoV-2infects AT1and AT2
cellsand TRAMs. Infected TRAMs express T cell chemokines. (3) Cross-reactive
or de novo-generated effector-memory T cells recognize SARS-CoV-2 antigens
presented by TRAMs and produce IFNy, furtheractivating TRAM to produce
cytokinesand chemokines. (4) Activated T cells proliferate and continue to
produceIFNy, eventually leading to death of infected TRAMs and recruitment
of monocytes, which rapidly differentiateinto MoAMs. (5) Recruited MoAMs
becomeinfected with SARS-CoV-2, continuing to present antigensto T cells
and maintaining the feedback loop until viral clearance isachieved. b, Timing
of hospital admission, BAL fluid collection, duration of mechanical ventilation

todevelop atestable hypothesis to explain SARS-CoV-2 pathobiology

Samples were collected as part of the Successful Clinical Response
in Pneumonia Therapy (SCRIPT) Systems Biology Center, an obser-
vational study of patients with severe pneumonia (defined as
those who require mechanical ventilation). During the initial phase
ofthe pandemic, we prospectively enrolled 88 of the 179 patients with
SARS-CoV-2-induced pneumonia and respiratory failure requiring
mechanical ventilation in the intensive care unit (ICU) at Northwest-
ern Memorial Hospital in Chicago (Fig. 1b, Extended Data Fig. 1a-c,
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and duration of hospital stay (thin grey line) in patients with severe COVID-19,
grouped by outcomes. Day Oisdefined as the day of the firstintubation.

¢, Distribution of patient age. Differences not significant by pairwise t-test with
false discoveryrate (FDR) correction.d, Proportions of women (red) and men
(blue) (pairwise xy*-tests of proportions with continuity and FDR correction).

e, Self-reported ethnicity (pairwise xy*-tests of proportions with continuity and
FDR correction). f, Body massindex (BMI) (¢-test with FDR correction). g, SOFA
score (pairwise Wilcoxon rank-sum tests with FDR correction). h, APS (pairwise
Wilcoxon rank-sum tests with FDR correction). i, Length of stay in ICU (pairwise
t-testswith FDR correction).j, Duration of mechanical ventilation (pairwise
t-testswith FDR correction). k, Mortality in patients with COVID-19 was similar
to patientsin other groups (25% versus 35%, P=0.10, x>=2.63, x*tests of
proportions).

We compared patients with COVID-19 with 253 mechanically ven-
tilated participants enrolled in the two years before and during the
pandemic. These included patients intubated for reasons other than
pneumonia (non-pneumonia control), patients diagnosed with severe
non-SARS-CoV-2 viral pneumonia (other viral pneumonia) or patients
with severe pneumonia secondary to bacterial or fungal pathogens
(other pneumonia). Compared with these patients, patients with
SARS-CoV-2 pneumonia had similar age, race and sex profiles, but had
asignificantly higher self-reported Hispanic or Latino ethnicity and
body mass index (Fig. 1c-f, Extended Data Table 1).

Severity of illness estimated using the sequential organ failure assess-
ment (SOFA) score and the acute physiology score (APS) was similar in
patients with SARS-CoV-2 pneumonia compared with other pneumonia
andwas comparable to that observed inarecent study of ARDS® (Fig. 1g, h,



L i}
-3 2-10 1 2 38

Sy

Infection status

l_i_-lll Ihll *-l* Diagnosis
Neutrophils
mil CD206-high AM
CD206-low AM
w1 Monocytes
I Il cD4* Tcells
CD8* T cells

717

Diagnosis Infection status
Non-pneumonia control [JJl Other viral peumonia [l Viral infection with bacterial or fungal co-infection
I covip-19 Other pneumonia Viral infection only

b Neutrophils CD4* T cells

1.3x10° 7.4x10%

60

1.7 x10°

100

50

Monocytes CD8* T cells

1.7x 103
5.0x102 60

2.0x10%
60 . 40

1.1 %10

Per cent of total cells

1.7x1072
5.0x 102

30

Non-pneumonia COVID-19
control

Non-pneumonia COVID-19
control

Other Viral
Pneumonia Pneumonia

Other

Other Viral
Pneumonia Pneumonia

Other

Fig.2|Atthe time ofintubation, the alveolar spacein patients withsevere
SARS-CoV-2pneumoniais enriched for T cellsand monocytes and contains
alveolar macrophages containing SARS-CoV-2 RNA and expressing
interferon-response genes. a, Hierarchical clustering of flow cytometry data
from BAL samples collected within 48 h of intubation. Column headers are
colour-coded by the diagnosis and presence or absence of co-infection
(infection status). Samples were clustered by Euclidean distance using Ward’s
method. AM, alveolar macrophages. b, Proportions of cells detected within
48 hofintubation (g<0.05, pairwise Wilcoxon rank-sum tests with FDR
correction). Comparisonsare not significant unless otherwise noted.

¢, k-means clustering of the 1,194 significantly variable genes (g < 0.05,

Extended Data Table 1). Patients with severe SARS-CoV-2 pneumonia had
longer lengths of stay in the ICU and required longer periods of ventila-
tion compared with allpneumonia and non-pneumonia controls (Fig.1i,
j)-Ontheday thattheir first BAL samples were taken, patients with severe
SARS-CoV-2 pneumonia had increased levels of C-reactive protein com-
pared with patients with other pneumonias, whereas other biomarkers
of inflammation were found at similar levels (Extended Data Fig. 1d-i).
The BAL sampling rate per day among patients with COVID-19 was not
higher than the sampling rate among patients with other pneumonias
(Extended Data Fig. 1j-1). Mortality was not different between patients
with SARS-CoV-2 pneumonia compared with the entire cohort (Fig. 1k).

BAL fluid compositionin SARS-CoV-2 pneumonia

We began by performing flow cytometry on BAL samples collected
within 48 h ofintubation (Fig. 2a, b, Extended Data Fig. 2a-e). We found
that, despite severe pneumonia requiring mechanical ventilation, only
31% of patients with severe COVID-19 exhibited neutrophilia (defined as
apercentage of neutrophils over 50%) in BAL fluid (Fig. 2a, b). Instead,
we found that in patients with severe SARS-CoV-2 pneumonia, the
alveolar space was significantly enriched for CD4* and CD8" T cells
and monocytes (Fig. 2a, b, Extended Data Fig. 3a).

Distinct macrophage response in COVID-19

As macrophages respond to alterations in their microenvironment’,
we reasoned that changes in the alveolar macrophage transcriptome
may reflect unique features of the SARS-CoV-2-infected alveolus. We
isolated alveolar macrophages from BAL fluid collected within the first
48 hafterintubation from patients with severe SARS-CoV-2 pneumonia
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and compared them with alveolar macrophages from patients with
pneumonia secondary to other pathogens, non-pneumonia controls
and healthy volunteers. k-means clustering of the 1,194 significantly
variable genes (g < 0.05, likelihood-ratio test) across diagnosisidenti-
fied Sclusters (Fig. 2c, Supplementary Data1-3). Notably, the majority
of patients with COVID-19 clustered together. Cluster 1 contained genes
specifically upregulated in patients with COVID-19 and was character-
ized by genes involved in the response to interferon. Cluster 1 also
included genes encoding the chemokines CCL7, CCL8 and CCL13,which
drive recruitment of monocytes and T cells.

Todetect virusesinalveolar macrophages, we aligned RNA-seq reads
to ahybrid genomeincluding the human, SARS-CoV-2 and influenza A/
California/07/2009 reference genomes. An additional negative-strand
SARS-CoV-2transcript, whichis transiently formed during its replica-
tion, wasincluded to detect replicating virus®. We detected SARS-CoV-2
transcriptsinalveolar macrophage transcriptomes from 67% of samples
with PCR-confirmed SARS-CoV-2infection.In 38% of these samples, we
detected both positive- and negative-strand SARS-CoV-2 transcripts
(Extended Data Fig. 3b, c).

SARS-CoV-2 pneumonia persists over time

Unlike other types of pneumonia, SARS-CoV-2 pneumoniais character-
ized by along duration between symptom onset and the development
of respiratory failure (6-12 days) and a prolonged course of mechanical
ventilation'* (Fig. 1b, i, j). To determine whether the unique cellular
composition of the BAL fluid and the interferon-response signature
in alveolar macrophages persists over the course of the disease, we
analysed samples obtained early (less than 48 h) after intubation
and samples obtained more than 48 h after intubation. Hierarchical
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Fig.3 | BAL fluid from patients with SARS-CoV-2 pneumoniais persistently
enriched for T cells and characterized by aninterferon-response signature
inalveolar macrophages. a, Hierarchical clustering of flow cytometry
analysis of BAL samples from all time points from patients with serial sampling
(n>1) onthebasis of their composition. Column headers are colour-coded by
the diagnosis, patient, duration of mechanical ventilation, and presence or
absence of superinfection (infection status). Samples were clustered by
Euclidean distance using Ward’s method. b, Comparison of percentage of CD4*
and CD8' T cells and neutrophils between early (<48 h after intubation) and late
(>48h of mechanical ventilation) samples (g <0.05, pairwise Wilcoxon
rank-sumtests with FDR correction). ¢, k-means clustering of the 2,323
significantly variable genes (g <0.05, likelihood-ratio test) across diagnoses,

clustering of BAL samples from all time points from serially sampled
patients as well as direct pairwise comparison of early (less than 48 h
after intubation) versus late (more than 48 h after intubation) samples
between groups demonstrated that, in comparison with BAL samples
from other pneumonia, samples from patients with COVID-19 were
persistently enriched for T cells (Fig. 3a, b, Extended Data Fig. 4a, b).
These findings persisted in the 40% of patients with severe SARS-CoV-2
pneumoniainwhomasuperinfecting pathogen was detected over the
course of mechanical ventilation (Extended Data Table 2). Nevertheless,
neutrophils wereincreased in BAL fluid samples collected after 48 h of
mechanical ventilation in patients with COVID-19, probably attribut-
able to the duration of mechanical ventilation and the attendant risk
of bacterial superinfection (Extended Data Fig. 4c).

We then performed RNA-seq onalveolar macrophagesisolated early
(less than 48 h) and later over the course of mechanical ventilation.
k-means clustering of the 2,323 significantly variable genes (g < 0.05,
likelihood-ratio test) across diagnosesidentified five clusters (Fig. 3c,
Extended Data Fig. 5a, Supplementary Data 1-3). Genes and related
Gene Ontology (GO) biological processes associated with these clusters
were notably similar to those identified in samples collected within
48 h after intubation (Fig. 2c). Specifically, samples from patients
with COVID-19 continued to cluster together and were differentiated
by increased expression of genes in cluster 1, which was enriched for
interferon-response genes and T cell chemokines (Fig. 3¢, Extended
DataFig.5a,b).

To identify gene modules in alveolar macrophages that distin-
guish pneumonia type and outcome, we performed weighted gene
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Healthy control

co-expression network analysis (WGCNA) (Extended Data Fig. 5c, Sup-
plementary Datal). Module 15 was enriched for interferon-responsive
genesand correlated with the detection of SARS-CoV-2 transcripts, lev-
els of C-reactive protein, CD8" T cellabundance and COVID-19 diagnosis
(R=0.28,0.30,0.28,0.25, respectively). Notably, all SARS-CoV-2 genes
included in this analysis were assigned to this module, further under-
scoring the relevance of the disease diagnosis category. Consistent
withtheresults of k-means clustering, module 15was enriched for typel
andtypellinterferon-response genes (GO:0060337 and GO:0060333).
We observed a significant negative correlation between interferon
signalling and the duration of mechanical ventilation (Extended Data
Fig. 5d-f). In addition, we identified modules related to macrophage
maturation, including module 4, which exhibited a positive correla-
tion with the percentage of CD206" alveolar macrophages (R = 0.61),
and module 12, which exhibited a negative correlation with percent-
age of CD206" macrophages (R =—-0.62) (Extended Data Fig. 5c). The
unique features of SARS-CoV-2 pneumonia are furtherillustrated by a
UMAP projection of allbulk RNA-seq samples, which separated largely
by diagnosis, module 15 gene expression and abundance of T cells
(Extended Data Fig. 5g).

We took advantage of the serial samples collected from the same
patients with COVID-19 and explored the relationship between expres-
sion of canonical interferon-response genes and patient outcomes.
Analysis of the serial samples from patients with COVID-19 who were
discharged home (five patients) or to aninpatient facility (two patients)
demonstrated decreased expression of interferon-response genes as
the disease progressed, whereas in patients who were discharged to
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tissue-resident (TRAM1and TRAM2) and four subsets of monocyte-derived
(MoAM1, MoAM2, MoAM3 and MoAM4) alveolar macrophages. Each column
represents asingle patient with COVID-19. The MRCI gene encodes CD206.

along-term acute care facility (LTAC) (five patients) or who died (two
patients), the expression of interferon-response genes was largely
unchanged (Extended Data Fig. 5h). Consistent with these findings,
we observed a significant negative correlation between abundance
of SARS-CoV-2 transcripts in patients with confirmed COVID-19 and
the time since intubation (p =-0.49, Spearman correlation) (Extended
DataFig. 5i).

Immune cell circuits in SARS-CoV-2 pneumonia

We performed single-cell RNA-seq on 10 patients with COVID-19 from
whom BAL samples were collected within 48 h of intubation (Fig. 4a,
Extended DataFig. 6a-d). Weincluded two additional patients, one with
bacterial pneumonia and one non-pneumonia control (Extended Data
Fig. 6e-h). Analysis of anintegrated object resolved multiple clusters
corresponding to macrophages and other cell types (Supplementary
Data 4). Alveolar macrophages contained six clusters. Four clusters
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strand. e-g, Specific upregulation of CXCLIO (e), CCL4 (f) and IL1B(g) in TRAM2
cells. Density projection plots, expression averaged within hexagonal areas on
UMAP. h, Heat map demonstrating selected differentially expressed genes
between two subsets of tissue-resident alveolar macrophages (TRAM1and
TRAM?2).i, SARS-CoV-2infectionis spatially restricted. Combined
immunofluorescence microscopy for CD206, amarker of mature macrophages
(red arrows) and smFISH (RNAscope) for positive- (yellow arrowheads) and
negative-strand (cyan doublehead arrows) SARS-CoV-2 transcripts. Expanded
regions show infected and non-infected CD206-positive alveolar macrophages
inthe adjacentalveoli.

of monocyte-derived alveolar macrophages (MoAMs) were charac-
terized by CCL2 expression and gradually increasing expression of
genes associated with alveolar macrophage maturation. The other two
clusters expressed markers of tissue-resident alveolar macrophages
(TRAM) (Fig. 4b, Extended Data Fig. 6a). We did not detect expres-
sion of type linterferons in our single-cell dataset or in other publicly
available single-cell RNA-seq datasets®° obtained from BAL fluid later
inthe clinical course of patients with COVID-19 (data not shown). By
contrast, expression of type llinterferon (/FNG) was detected in T cells
from all ten patients with COVID-19 (Fig. 4c, Extended Data Fig. 6b).
These results suggest that the interferon-response gene signature we
observedinalveolar macrophages maybeinresponsetoIFNyreleased
fromactivated T cells.

As expected, positive- and negative-strand SARS-CoV-2 transcripts
were detected in epithelial cells. We also detected SARS-CoV-2 tran-
scripts in migratory CCR7" dendritic cells, and MoAM2 and TRAM2
clusters, which do not express ACE2 (Fig. 4d, Extended Data Fig. 6¢).
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Coronaviruses generate large numbers of positive-strand transcripts
fromasingle negative-strand template®". Consistent with this known
biology, we detected more transcripts for positive compared with
negative strands inboth our single-cell and bulk RNA-seq data (Fig. 4d,
Extended Data Figs. 3c, 6d). These results suggest that alveolar mac-
rophages contain SARS-CoV-2 and that they may support viral replica-
tion, as has been reported for SARS-CoV and Middle East respiratory
syndrome coronavirus (MERS-CoV)? ™,

TRAM2 cells containing SARS-CoV-2 exhibited a distinct transcrip-
tional program compared with uninfected TRAM1 (Fig. 4b, h, Extended
Data Fig. 6g, h, Supplementary Data 5). In patients with COVID-19,
genes distinguishing infected TRAM2 from non-infected TRAMI1 cells
included several chemokines and cytokines that are important for
T cell and monocyte recruitment, such as CCL4, CCL20, CXCL10 and
CXCL11.TRAM2 also expressed /L1B, TNFSF10 and DEFBI (Fig.4b, e-h,
Supplementary Data 6). Finally, infected TRAM2 cells were marked
byincreased expression of interferon-response genes compared with
non-infected TRAMI cells (Fig. 4b, h).

IL-6 induces the transcription of clotting factorsin the liver and tis-
sue factor in the endothelium to promote thrombosis, and elevated
levels of IL-6 predict mortality in patients with COVID-19""". Because
single-cell RNA-seq analyses of peripheral blood from patients with
COVID-19 failed to identify circulating cells producing IL-6®", it has
beensuggested thatIL-6is produced by inflammatory cellsin the alveo-
lus”. In our dataset, the overall expression of IL6 was low and primarily
restricted to very immature MoAMI cells originating from two patients
(Extended Data Fig. 7a). Furthermore, the expression levels of IL6 in
BAL fluid cells from patients with COVID-19 was similar to previously
reported /L6 expression levelsin alveolar macrophages from patients
with later-stage COVID-19° and lower than the level of IL6 expression
observedinstromal and endothelial cells from a published single-cell
RNA-seq dataset describing the healthy or fibrotic lung?. Consist-
ently, in our bulk RNA-seq data from flow cytometry-sorted alveolar
macrophages, /L6 expression was not different between patients with
pneumoniasecondary to SARS-CoV-2 compared with other respiratory
pathogens, although it was higher thanin healthy controls,inwhom /L6
transcripts were never detected (Extended Data Fig. 5b). Although we
did not sample neutrophils, there was no increased /L6 expression in
neutrophilsinsingle-cell RNA-seq datasets from BAL fluid from patients
with SARS-CoV-2 pneumonia®®.

In mouse models of influenza A viral pneumonia, IFNy drives
apoptosis of tissue-resident alveolar macrophages®. We therefore
investigated whether the CD206" alveolar macrophages in patients
with severe SARS-CoV-2 pneumonia were truly tissue-resident alve-
olar macrophages or maturing MoAMs. We performed cell-type
deconvolution of our bulk RNA-seq data and found that in patients
with SARS-CoV-2 pneumonia, only a small fraction of alveolar mac-
rophages were tissue-resident alveolar macrophages. Instead, the
majority of alveolar macrophages were MoAM3 cells (Extended Data
Fig.7b, c).

The BAL procedure samples cells from a lung segment, which
includes many thousands of alveoli. Therefore, the detection of infected
and non-infected alveolar macrophages in the same BAL fluid sample
in our single-cell RNA-seq data suggests that infected and uninfected
alveoli co-exist within a single lung segment. To test this prediction,
we examined lung tissue from a patient who died from SARS-CoV-2
pneumoniawhile forgoing treatments, except for comfort measures.
Using single-molecule fluorescence in situ hybridization (smFISH),
we detected positive- and negative-strand SARS-CoV-2 transcripts
in the lung epithelium and alveolar macrophages (Fig. 4i, Supple-
mentary Data 7, Supplementary Video 1). Positive-strand SARS-CoV-2
transcripts exhibited diffuse cytoplasmic staining, and the number of
punctae exceeded that of negative transcripts. As predicted from our
model of lunginfection, cells containing SARS-CoV-2 transcripts were
also detected in a spatially restricted manner, as regions of the lung
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containing the virus were adjacent to the regions with nearly normal
architecture where viral particles were absent.

Discussion

A minority of patients with severe SARS-CoV-2 pneumonia develop
respiratory failure, but it is these patients who account for almost all of
the morbidity, mortality and socioeconomic cost associated with the
COVID-19 pandemic. We systematically sampled the alveolar spacein
patients with new-onset respiratory failure secondary to SARS-CoV-2
pneumoniaand compared these samples with those from alarge com-
parison cohort of patients with pneumonia from other respiratory
pathogens collected before and during the pandemic. We used these
data to develop a model for the unique pathobiology of SARS-CoV-2
pneumonia (Fig. 1a). Our model proposes that SARS-CoV-2 initially
infects and replicates in epithelial cells in the nasopharynx, which
express relatively high levels of ACE2 compared with epithelial cells
in lower airways or the distal lung??. Whether by progressive move-
ment distally in the tracheobronchial tree or via aspiration of naso-
pharyngeal contents, some virus gains access to the distal alveolar
space. In the alveolar space, SARS-CoV-2 infects alveolar epithelial
cells and tissue-resident alveolar macrophages®. A transcriptional
program that promotes the recruitment of memory T cells to the
alveolar space is activated within infected tissue-resident alveolar
macrophages. There, memory T cells become activated, releasing
IFNy, which activates tissue-resident alveolar macrophages containing
SARS-CoV-2. Eventually, these tissue-resident alveolar macrophages
dieand monocyte-derived alveolar macrophages are recruited, which
inturnbecome infected with SARS-CoV-2 to sustain the inflammatory
signallingloop with T cells. These infected alveolar macrophages may
actsimilarly toa‘Trojan horse’, transferring the virus to adjacent lung
regions, slowly propagating SARS-CoV-2 infection across the lung.

Our modelisinformed by awealth of causal datageneratedin celland
animalmodels of SARS-CoV-2 and the related coronaviruses SARS-CoV
and MERS-CoV. SARS-CoV-2 proteins have been shown to suppress type
linterferon responses*2¢, and we did not detect ongoing expression of
type linterferons in our bulk or single-cell RNA-seq data>*?. Our data
suggesting that SARS-CoV-2 replicates in alveolar macrophages are
consistent withreports that SARS-CoV, MERS-CoV, and SARS-CoV-2 can
infect macrophagesinvitro?**28 and the detection of SARS-CoV-2in
alveolar macrophagesin autopsy studies of patients with SARS-CoV-2
pneumonia®.

Alveolar macrophage infection might result from phagocytosis
of infected alveolar epithelial cells followed by viral escape from the
lysosome. Alternatively, alveolar macrophages might be directly
infected, as was shown for SARS-CoV and MERS-CoV*?*, Finally,
antibody-dependent enhancement has been suggested from cell and
animal models of SARS-CoV and MERS-CoV infection®**,

Activation of memory T cells leads to IFNy production, local pro-
liferation of activated memory T cells, mounting of inflammatory
responses and recruitment of monocytes and T cells. We observed
enrichment of CD4" and CDS8" T cells in the alveolar space of patients
with SARS-CoV-2 pneumoniarelative to pneumonia secondary to other
pathogens. Furthermore, our single-cell RNA-seq data confirmed
production of IFNy by both CD4*and CD8" T cells. These results raise
the question of how T cells in the alveolar space become activated
following SARS-CoV-2 infection. Although tissue-resident alveolar
macrophages are poor antigen-presenting cells and do not convert
naive T cells into effector T cells®, a low level of antigen presentation
by alveolar macrophages might be sufficient to activate pre-existing
memory T cells that cross-react with SARS-CoV-2. Existence of such
cross-reactive memory T cells has been reported for SARS-CoV**and for
SARS-CoV-2**3, Alarger number of SARS-CoV-2 cross-reactive memory
T cells was observed independently in elderly people and in patients
with severe COVID-19, compared with those with mild COVID-19, These



cross-reactive T cells exhibited lower avidity and reduced antiviral
responses in response to stimulation with SARS-CoV-2 peptides com-
pared with T cells from patients who recovered from COVID-19. This
mechanism might explain the epidemiology of severe SARS-CoV-2
pneumonia, which disproportionately affects elderly individuals.

Single-cell RNA-seq atlases and smFISH studies of the normal human
lung show that only asmall number of alveolar epithelial cells express
ACE2, the gene encoding the receptor for SARS-CoV-2 entry**?*, By
contrast, thesialicacid residues that serve asreceptors forinfluenza A
virus are abundantly expressed in alveolar type 2 cells?. Thus, whereas
influenza A infects large numbers of cells leading to rapid viral rep-
lication, widespread injury, robust antiviral responses and death of
infected epithelial cells, infection by SARS-CoV-2 is likely to lead to
spatially localized areas of infection. This could explain the localized
areasof ground glassinfiltrates observedin chest computed tomogra-
phy in minimally symptomatic patients with COVID-19%. We speculate
thatalveolar macrophages containing SARS-CoV-2 might spread virus
between alveoli. For example, tissue-resident alveolar macrophages,
once thought to be sessile, were recently shown to travel between
alveoli through pores of Kohn, particularly during viral infection*. In
each new area of infection, positive feedback loops between alveolar
macrophages containing the virusand activated T cells could promote
persistent injury and inflammation.

Our model of SARS-CoV-2 pneumonia as a slowly progressive, spa-
tially restricted infection explains some of the unusual clinical features
of COVID-19. Most notably, the clinical course of severe SARS-CoV-2
pneumoniais much longer than that of other respiratory viruses. The
time from the onset of symptoms to respiratory failure in patients
with SARS-CoV-2 infection is 6-12 days, compared with 1-3 days or
even less in patients with influenza A virus infection**'. Furthermore,
inour cohortthe duration of mechanical ventilation and ICU stay were
much longer in patients with severe SARS-CoV-2 pneumonia com-
pared with other respiratory pathogens causing pneumonia, despite
a similar severity of illness and mortality. This longer clinical course
mightalso explain some of the systemic complications of the disease.
Although sparsely sampled, the levels of inflammatory biomarkers
in the blood were similar in patients with COVID-19 and those with
other aetiologies of pneumoniain our cohort, confirming more recent
systematic reports**, This observation raises the possibility that the
increased number of systemic complications observed in patients with
SARS-CoV-2 pneumonia are related to prolonged, rather than higher
level, exposure to circulating inflammatory cytokines.

In summary, we present a dataset that supports a testable model
inwhich alveolar macrophages containing SARS-CoV-2 form positive
feedback loops with IFNy-secreting T cells to promote alveolitis in
patients with severe COVID-19.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized. The investigators were not blinded
to allocation during experiments and outcome assessment.

Human participants

All research involving human participants was approved by the
Northwestern University Institutional Review Board. Samples from
patients with COVID-19, viral pneumonia and other pneumonia, and
non-pneumonia controls were collected from participants enrolled in
the Successful Clinical Response In Pneumonia Therapy (SCRIPT) study
STU00204868. Alveolar macrophages from healthy volunteers were
obtained under study STU00206783. Autopsy tissues were obtained
by the usual protocols and analysed under study STUO0079445. All
study participants or their surrogates provided informed consent.

Individuals of at least 18 years of age with suspicion of pneumonia
based on clinical criteria (including but not limited to fever, radiographic
infiltrate and respiratory secretions) were screened for enrolmentinto the
SCRIPT study. Inability to safely perform BAL or non-bronchoscopicbron-
choalveolar lavage (NBBAL) were considered exclusion criteria*. Inour
centre, patients with respiratory failure are intubated on the basis of the
judgement of bedside clinicians for worsening hypoxaemia, hypercap-
nia or work of breathing refractory to high-flow oxygen or non-invasive
ventilation modes. Extubation occurs on the basis of the judgement
of bedside clinicians following a protocol-driven trial of spontaneous
breathingin patients demonstrating physiologicalimprovementin their
cardiorespiratory status during their period of mechanical ventilation.

We collected data and samples from patients enrolled in SCRIPT
from15June 2018 to 6 July 2020 in the ICU at Northwestern Memorial
Hospital in Chicago. We prospectively enrolled 88 of the 179 patients
with SARS-CoV-2-induced pneumonia and respiratory failure requir-
ing mechanical ventilation in the ICU (Fig. 1b, Extended Data Fig. 1a,
b; Extended Data Table1), all but one of whom had been discharged at
the time of our submission. Management of patients with COVID-19
was guided by protocols published and updated on the Northwest-
ern Medicine intranet as new information became available over the
pandemic. Clinical laboratory testing including studies ordered on
BAL fluid was at the discretion of the care team; however, quantitative
cultures, multiplex PCR (BioFire Film Array Respiratory 2 panel), and
automated cell count and differential were recommended by local ICU
protocols. Most patients also underwent urinary antigen testing for
Streptococcus pneumoniae and Legionella pneumophilia serogroup
1onadmission. Clinicians were encouraged to manage all patients,
including those with COVID-19, according to ARDSNetwork protocols
including the use of a higher PEEP/lower FiO, strategy for those with
severe hypoxaemia**¢, Prone positioning (16 h per day) was performed
in all patients with a PaO,/FiO, <150 who did not have contraindica-
tions*.Inthose who had aresponse to prone positioning evidenced by
improved oxygenation, prone positioning was repeated. Oesophageal
balloon catheters (Cooper Surgical) were placed at the discretion of
the careteamto estimate transpulmonary pressure and optimize PEEP,
particularly in patients with a higher-than-normal BMI.

Autopsy specimen used for smFISH (RNAscope) (Fig. 4i): an
81-year-old woman with end-stage renal disease and cirrhosis was
admitted forafever of 38.5 °C. She had a positive nasopharyngeal swab
for SARS-CoV-2. The patient developed increased O, requirements and
was subsequently transferred to the COVIDICU. IntheICU, the decedent
developed hypotension to about 60/40 mm Hg and after discussion
withthe clinical team, the decedent’s family elected to focus on comfort
care. The patient died 8 days after admission.

NBBAL and BAL procedures
Consent was obtained from patients or their surrogates for broncho-
scopic procedures. Bronchoscopic BAL was performed in intubated

ICU patients with flexible, single-use Ambu aScope (Ambu) devices.
Patients were given sedation and topical anaesthetic at the physician
proceduralist’s discretion. Vital signs were monitored continuously
throughout the procedure. The bronchoscope was wedged in the seg-
ment of interest based on available chest imaging or intra-procedure
observations, aliquots of 30 ml of normal saline at a time, generally
90-120 mltotal, were instilled and aspirated back. The fluid returned
following the first aliquot was routinely discarded. Samples were split (if
sufficient return volume was available) and sent for clinical studies and
analiquot wasreserved for research. A similar procedure was applied
to NBBAL; however, NBBAL was performed with directional (lateral)
but not visual guidance, and as usual procedural care by arespiratory
therapist rather than a pulmonologist*.

Forbronchoscopies performed in patients with COVID-19, additional
precautions were taken to minimize the risk to healthcare workers
including only having essential providers presentin the room, clamping
of the endotracheal tube, transient disconnection of the inspiratory
limb fromthe ventilator, and preloading of the bronchoscope through
the adaptor*. Sedation and neuromuscularblockade to prevent cough
were administered for these procedures at the physician’s discretion.
In most cases of early bronchoscopy, the procedure was performed
immediately after intubation, taking advantage of neuromuscular
blockade administered for the intubation procedure.

For all patients with COVID-19, samples were collected from regions
of greatest chest radiograph abnormality by a critical care physician
using a disposable bronchoscope. The majority of samples before
the pandemic were collected by respiratory therapists usinga NBBAL
catheter that is the same diameter as a standard bronchoscope with
the catheter directed to the most radiographically affected lung. For
bothbronchoscopic and NBBAL, the recommended instillate volume
was 120 ml and the initial aliquot was discarded if adequate return
was obtained**.

Pneumonia adjudication

Five critical care physicians (J.M.K., C.O.P.,B.D.S.,J.M.W. and R.G.W.)
retrospectively adjudicated patients as COVID-19 pneumonia,
non-COVID-19 viral pneumonia, pneumoniasecondary to other patho-
gens, or non-pneumonia controls (intubated for reasons other than
pneumonia), according to a standardized adjudication procedure
(the adjudication protocol can be found in Supplementary Data 8).
Non-pneumonia controls were defined as patients who underwent BAL
to exclude pneumoniabut had negative quantitative cultures, anega-
tive multiplex PCR for viral and bacterial pathogens (when available)
and negative urine antigens for S. pneumoniae and L. pneumophilia
serogroup1,aswellasanalternative diagnosis. The treating clinician’s
impression was considered, but concordance was not required. Sub-
sequent course and the entirety of the clinical record was used for
adjudication. Some of the patients adjudicated as non-pneumonia
controls developed ventilator-associated pneumonia later in their
clinical course. Viral pneumonia was diagnosed on the basis of detec-
tion of a respiratory viral pathogen from either a nasopharyngeal
swab or BAL fluid in the appropriate clinical setting. Bacterial pneu-
monia was defined as positive quantitative cultures with more than
100 colony-forming units per ml, detection of a bacterial pathogen by
PCRanalysis of BAL fluid or a positive urine antigen. Over the course of
the study, BAL fluid was analysed using a methicillin-resistant Staphy-
lococcus aureus (MRSA) PCR (MRSA/SA SSTI) and the BioFire FilmArray
Respiratory 2 (RP2) panel and Pneumonia panels. SARS-CoV-2 was
detected withavariety of assay platforms including the Cepheid Gene
Expert, Abbott ID NOW, Becton Dickinson, and alocally developed and
validated PCR. For some patients without COVID-19, the diagnosis of
pneumonia was made on the basis of clinical suspicion, radiographic
findings and response to antimicrobial therapy in the absence of an
identified pathogen. Ventilator-associated pneumonia was diagnosed
asdetection of anew respiratory pathogen using quantitative culture or
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PCRmorethan48hafterintubation, the detection of anew respiratory
pathogen onserial BAL samples, or the reappearance of arespiratory
pathogen after a negative BAL on a subsequent study. Clinical labora-
tory data were obtained from the Northwestern Medicine Enterprise
Data Warehouse using Structured Query Language (SQL). APS and
SOFA scores were generated from the Electronic Health Record using
previously validated programming.

Flow cytometry and cell sorting

NBBAL and BAL samples were filtered through a 70-pm cell strainer,
pelleted by centrifugation at 300gfor 10 minat 4 °C, followed by hypo-
tonic lysis of red blood cells with 2 mI BD PharmLyse reagent for 2 min.
Lysis was stopped by adding 13 ml MACS buffer (Miltenyi Biotech). Cells
were pelleted againand resuspendedin 100 pl of 1:10 Fc-Block (Human
TruStain FcX, Biolegend) in MACS buffer, and a 10-pl aliquot was taken
for counting using K2 Cellometer (Nexcelom) with AO/Pl reagent. The
volume of Fc-Block was adjusted so the concentration of cells was always
less than 5 x 10’ cells per ml and the fluorophore-conjugated antibody
cocktail wasaddedin1:1ratio (Extended Data Table 3). After incubation
at4 °Cfor30 min, cells were washed with 5mIMACS buffer, pelleted by
centrifugation, and resuspended in 500 pl MACS buffer with 2 pl SYTOX
Greenviability dye (ThermoFisher). Cells were sorted on aFACS Arialll
SORPinstrument using a100-umnozzle at 20 psi. Cells were sorted into
300 pl of MACS buffer for bulk RNA-seq or 300 pl of 2% BSA in PBS for
single-cell RNA-seq. Sample processing was performed in BSL-2 facil-
ity using BSL-3 practices. Analysis of the flow cytometry data was per-
formed using FlowJ010.6.2. using auniform sequential gating strategy
(Extended DataFig.2a, b) reviewed by threeinvestigators (S.S.,B.D.S.and
AV.M.).Immune populations were defined using canonical markers***
asshownin Extended DataFig. 2a, b. Alveolar macrophages were defined
by the expression of CD206 (mannose receptor). We further subdivided
alveolar macrophages into CD206'"° alveolar macrophages, which rep-
resent differentiating monocyte-derived alveolar macrophages, and
CD206" alveolar macrophages, which include both tissue-resident
alveolar macrophages, present in the lung before the onset of pneu-
monia, and mature monocyte-derived alveolar macrophages. Because
CD206" alveolar macrophages can be found in BAL fluid from both
healthy volunteers and patients across different types of pneumonia,
and the presence of CD206" alveolar macrophages varies across the
patients with pneumonia*~*!, we focused our transcriptomic analysis
on CD206" alveolar macrophages. Abundance of specific populations
inindividual BAL fluid samples can be found in Supplementary Data 9.

Bulk RNA-seq of flow cytometry-sorted alveolar macrophages
Immediately after sorting, cells were pelleted by centrifugation and
lysed in 350 pl RLT Plus lysis buffer (Qiagen) supplemented with
2-mercaptoethanol. Lysates were stored at —80 °C until RNA isolation
using the AllPrep DNA/RNA Micro kit according to the manufactur-
er’s protocol (Qiagen). RNA quality and quantity were assessed using
TapeStation 4200 High Sensitivity RNA tapes (Agilent), and RNA-seq
libraries were prepared from 250 pg of total RNA using SMARTer
Stranded Total RNA-seq Kit v2 (Takara Bio). Libraries were pooled using
dualindexing and sequenced on aNextSeq 500 instrument (Illumina), 75
cycles, single-end, to anaverage sequencing depth of 19.55 million reads.
FASTQ files were generated using bcl2fastq (Illumina). To enable
detection of viralRNA, a custom hybrid genome was prepared by joining
FASTA, GFF and GTF files for GRCh37.87, SARS-CoV-2 (NC_045512.2),
and Influenza A/California/07/2009 (GCF_001343785.1), which was
the dominant strain of influenza throughout BAL fluid collection at
our hospital®. An additional negative strand transcript spanning the
entirety of the SARS-CoV-2 genome was then added to the GTF and
GFF files to enable detection of SARS-CoV-2 replication. Normalized
countstables later revealed high enrichment of SARS-CoV-2 transcripts
in patients diagnosed with COVID-19, and enrichment of influenza A
virus genes in patients marked as other viral pneumonia. Of note, as

ouralveolar macrophage sorting strategy for bulk RNA-seq (Extended
Data Fig. 2a, b) focused only on CD206" cells, our bulk RNA-seq data
probably underestimate infection of alveolar macrophages infected
with SARS-CoV-2 (Fig. 2d).

Tofacilitatereproducible analysis, samples were processed using the
publicly available nf-core/RNA-seq pipeline version 1.4.2 implemented
in Nextflow 19.10.0 using Singularity 3.2.1-1with the minimal command
nextflow run nf-core/rnaseq -r 1.4.2 -singleEnd -profile singularity -
reverseStranded -three_prime_clip_r2 3°*". In brief, lane-level reads
were trimmed using trimGalore! 0.6.4 and aligned to the hybrid genome
described above using STAR 2.6.1d°. Gene-level assignment was then
performed using featureCounts 1.6.4%. Putative sample swaps were
identified first by comparing known patient sex with sex determined
by levels of XISTand RPS4Y1 expression, followed by single-nucleotide
polymorphism analysis with NGSCheckMate v.1.0.0 in FASTQ mode
using default settings®. Samples exhibiting unexpected correlation
were excluded from analysis.

Bulk differential expression analysis

Allanalysis was performed using custom scriptsinRversion 3.6.3 using
the DESeq2v.1.26.0 framework®. Correspondence between lanes was
first confirmed by principal component analysis (PCA) before merging
counts using the command collapseReplicates(). One outlier sample
from the ‘other pneumonia’ group with low RIN score and exhibiting
extreme deviation on PCA and poor alignment and assignment metrics
was excluded from downstream analysis. For differential expression
analysis (DEA), both proportion of alveolar macrophage from flow
cytometry data and diagnosis were used as explanatory factors. A
‘local’model of gene dispersion was used, as this better fit dispersion
trends without obvious overfitting, and gene outlier replacement was
disabled; otherwise default settings were used (see code for details).

k-means clustering of bulk samples

A custom-built function was used (available at https://github.
com/NUPulmonary/utils/blob/master/R/k_means_Figure.R) for
k-means clustering. In brief, variable genes were identified using a
likelihood-ratio test with local estimates of gene dispersionin DESeq2
with diagnosis as the fullmodel as well as areduced model correspond-
ingtointerceptalone. Genes with ¢ >0.05were discarded. Extantgenes
were then clustered using the Hartigan-Wong method with 25random
sets and amaximum of 1,000 iterations using the kmeans function in
R stats 3.6.3. Samples were then clustered using Ward’s method and
plotted using pheatmap version1.0.12. GO term enrichment was then
determined using Fisher’s exact testin topGO version 2.38.1, with org.
Hs.eg.db version 3.10.0 and GO.db version 3.10.0 as references.

Weighted gene coexpression network analysis

WGCNA was performed manually using WGCNA v.1.69 with default
settings unless otherwise noted®’. Genes with counts >5and detection
inatleast10% of samples were included in the analysis. To best capture
patterns of co-regulation, a signed network was used. Using the pick-
SoftThreshold function, we empirically determined a soft threshold of
7 to best fit the network structure. A minimum module size of 30 was
chosen to isolate relatively large gene modules. Module eigengenes
werethenrelated back to patient and sample metadata using biweight
midcorrelation. Module GO enrichment was then determined as above
using Fisher’sexacttestintopGOv.2.38.1, withorg.Hs.eg.dbv.3.10.0asa
reference. UMAP plotting was performed using uwot version 0.1.8 using
the first 20 principal components of the same genes used in WGCNA
analysis after z-scaling and centering, with a minimum distance of 0.2
(ref. ). Default parameters were otherwise used.

Single-cell RNA-seq of flow cytometry-sorted BAL cells
For patients with COVID-19 we limited our analysis to samples in
which flow cytometry identified distinct populations of CD206" and
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CD206"° macrophages (patients1,2,3,4,5,7,8,9,Aand B). Weincluded
two additional patients, one with bacterial pneumonia secondary to
infection with Pseudomonas aeruginosa and Acinetobacter baumannii
(assigned as ‘other pneumonia’, patient 6) and one intubated for airway
protectionto facilitate endoscopy for severe gastrointestinal bleeding
without pneumonia (assigned as a ‘non-pneumonia control’, patient
C) to examine nonspecific effects of inflammation and mechanical
ventilation, respectively, on transcriptomic signatures.

Samples were enriched by flow cytometry sorting for live cells,
excluding granulocytes. Cells were sorted into 2% BSA in Dulbecco’s
PBS (DPBS), pelleted by centrifugation at 400gfor Sminat 4 °C, resus-
pended in 0.1% BSA in DPBS to about 1,000 cells pl™. Concentration
was confirmed using K2 Cellometer (Nexcelom) with AO/PI reagent
and cells were loaded on 10x Genomics Chip A with Chromium Single
Cell 5’ gel beads and reagents (10x Genomics) aiming to capture around
5,000-10,000 cells per library. Libraries were prepared according to
the manufacturer’s protocol (10x Genomics, CGO00086_RevM). After
quality checks, single-cellRNA-seq libraries were pooled and sequenced
onaNovaSeq 6000 instrument.

Data were processed using the Cell Ranger 3.1.0 pipeline (10x
Genomics). To enable detection of viral RNA, reads were aligned to
a custom hybrid genome containing GRCh38.93 and SARS-CoV-2
(NC_045512.2). An additional negative-strand transcript spanning
the entirety of the SARS-CoV-2 genome was then added to the GTF
and GFF files to enable detection of SARS-CoV-2 replication. Data
were processed using Scanpy v.1.5.1%, doublets were detected with
scrubletv.0.2.1®* and removed, ambient RNA was corrected with Fast-
CAR (https://github.com/LungCellAtlas/FastCAR), and multisample
integration was performed with BBKNN v.1.3.12%*. Only human tran-
scripts were used duringintegration, selection of highly variable genes
and clustering, SARS-CoV-2 transcripts did not influence clustering.
Gene set enrichment analysis was performed with signaturesretrieved
from the gsea-msigdb.org website® using following terms: HALL-
MARK_INTERFERON_GAMMA _RESPONSE M5913, HALLMARK_INTER-
FERON_ALPHA_RESPONSE M5911. Computations were automated
with snakemake v.5.5.4%¢.

With the exclusion of patients A and B, single-cell RNA-seq was per-
formed without multiplexing, using cells from a single patient per
single 10x Genomics chip channel. Cells from patients A and B were
splitinto three 10x Genomics chip channels: sample 14 contained cells
from patient A, sample 15 contained cells from patient Band sample 16
contained cells from patients A and B multiplexed together. To assign
cells from this sample to patients, we used souporcell v.2.04” (commit
34eade2ad3a361f045a31f53fee58c2e0c49423f) with the list of com-
mon variants for GRCh38 genome, provided on the souporcell page.
We ran souporcell for samples 14, 15 and 16 with the number of clus-
ters k=2. We computed Pearson correlation between integer-coded
single-nucleotide polymorphismsin genotypic clustersinsample pairs
14-16 and 15-16 to determine which genotypic clusters came from
the same patients. Genotypic doublets and unassigned cells were dis-
carded (see code for details).

Deconvolution of bulk RNA-seq alveolar macrophage signatures
Deconvolution of bulk RNA-seq alveolar macrophage signatures was
performed using AutoGeneS v.1.0.3% and signatures derived from the
integrated single-cell RNA-seq object. We used anintegrated single-cell
RNA-seq object containing the first 6 subjects included into analysis
(patients 1-6) to train the AutoGeneS model. Signatures were auto-
matically identified from 4,500 highly variable genes with function
optimize(ngen=200, seed =0, nfeatures =2000, mode ="fixed”) (the
codeisavailable at https://github.com/NUPulmonary/2020_Grant).The
modelwasthenapplied to bulk RNA-seq datato estimate the proportion
of specific cell types using regression. We used bulk RNA-seq samples
from healthy volunteers (which contain only tissue-resident alveolar
macrophages and do not contain inflammatory monocyte-derived

alveolar macrophages) to validate and optimize selection of the
cluster-specific genes and deconvolution results.

RNAscope of paraffin lung slices

RNAscope Multiplex V2 manual assay from ACDbio was performed on
paraffin-embedded 5-pm slices of lung tissue using mild digest times
according to manufacturer instructions as we have described. Probes
used were RNAscope Probe-V-nCoV2019-S-C3 (catalogue (cat.) no.
848561) with Akoya Bio Opal Dye 520 using the 488-nm laser line and
RNAscope Probe-nCoV2019-orflab-sense-C2 (cat. no. 859151) with
Opal Dye 690 using the 640-nm laser line. After the RNAscope assay
was complete, slides were washed twice in TBST (1x TBS pH 7.6 with
0.1% Tween-20) for 2 min with agitation. Slides were incubated in the
dark at room temperature for 30 min with 10% normal goat serum in
1x TBS with 1% BSA. The blocking solution was removed from slides
via gentle flicking. Slides were then incubated in primary antibody
solution containing anti-CD206 antibody (clone C-10) conjugated to
AF546 (Santa Cruz Biotechnology sc-376232, RRID:AB_10989352) at
1:100 dilutionin TBS with 1% BSA for 1h at room temperaturein the dark.
Slides were rinsed twice with TBST for 5 min with agitation, rinsed twice
in TBST buffer for 5min and then mounted and dried overnight. Images
were acquired at the Center for Advanced Microscopy at Northwestern
University Feinberg School of Medicine using the Nikon W1-Spinning
Disk Confocal microscope. Nucleus was added to the images using
machine-based learning network trained on one patient using DAPI
and brightfield imagesin Nikon Elements. Finalimages were rendered
using Fiji.

Statistical analysis

Statistical analysis was performed using base R v.3.6.3 with tidyverse
version 1.3.0%° and Python 3.6. For all comparisons, normality was
first assessed using a Shapiro-Wilk test and manual examination of
distributions. For parameters that exhibited a clear lack of normality,
nonparametric tests were used. In cases of multiple testing, P values
were corrected using FDR correction. In Python, we used the man-
nwhitneyu function from scipy package v.1.3.1° for nonparametric
tests, and corrected for multiple testing with the statsmodels pack-
age v.0.10.1%. Adjusted P values <0.05 were considered significant.
Two-sided statistical tests were performed in all cases.

Visualization

Plotting was performed in Figs.1-3 and Extended Data Figs. 1-3 using
ggplot2v.3.3.1unless otherwise noted. Comparisons for these figures
were added using ggsignif v.0.6.0. Heat maps in Figs. 2, 3 were gener-
ated using pheatmap v.1.0.12. Sankey or Alluvial plots in Extended
Data Fig. 1 were generated using ggalluvial v.0.12.072. Figure layouts
for Figs.1-4 and Extended Figs. 1, 3 were generated using patchwork
v.1.01and edited in Adobe lllustrator 2021. Figure 4 and Extended Data
Figs. 4, 5 were generated with matplotlib v.3.2.1%. In all box plots, box
limits represent the interquartile range (IQR) with a centre line at the
median. Whiskersrepresent the largest point within1.5x IQR. All points
areoverlaid.

Study limitations

First, this is an observational study, and in the absence of a specific
intervention targeting anecessary component of our model, our data
are hypothesis-generating. Moreover, our observational cohorts are
heterogeneous with respect to treatmentsreceived and other processes
of care. Second, although we made every attempt to standardize BAL
fluid volumes, the number of alveoli sampled and the return volume
during both bronchoscopic and non-bronchoscopic BAL are variable.
Our observations are therefore relative rather than quantitative. Third,
our flow cytometry panels, although rigorous, were limited by the
number of antibodies that could be used for high-volume characteri-
zation of clinical samples. Fourth, our BAL samples were collected as
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part of clinical care; therefore, sicker patients were more likely to be
sampled. Finally, although we made every effort to standardize care for
patients with SARS-CoV-2 pneumoniain our ICU, some of our patients
wereenrolledin clinical trials of remdesivir or sarilumab, many patients
received unproven off-label therapies—including hydroxychloroquine
andtocilizumab—and our study largely preceded reports on the use of
steroids in patients with severe SARS-CoV-2 pneumonia (Extended Data
Table1). Despite these limitations, our systems approach tounderstand
SARS-CoV-2 pathobiology provides amodel with testable predictions
that canserveasatemplate for the design of targeted interventionsin
patients with severe disease.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

BulkRNA-seq countstables and metadataareincluded as Supplemen-
tary Data 2 and 3. Single-cell RNA-seq counts tables and integrated
objectsareavailable through the Gene Expression Omnibus with acces-
sionnumber GSE155249. Raw data are available through the Sequence
Read Archive SRA/dbGaP phs002300.v1.p1.

Code availability

Allcode used for analysis is available at https://github.com/NUPulmo-
nary/2020_Grant. High-level bulk and single-cell RNA-seq data can be
exploredviaourin-house databrowsers at https:/www.nupulmonary.
org/covid-19/.
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Extended DataFig.1|Overview of the study and biomarkers. We compared
BAL fluid obtained sequentially from 88 patients with severe SARS-CoV-2
pneumoniarequiring mechanical ventilation with that from 38 patients with
confirmed pneumoniasecondary to other respiratory viruses (other viral
pneumonia), 173 patients with non-viral pneumonia (other pneumonia) and 42
mechanically ventilated patients without pneumonia undergoing BAL (non-
pneumonia controls). a, Sankey diagramillustrating steps in analysis
performed for atleast one BAL sample for participants with COVID-19, other
viral pneumonia, non-viral pneumonia (other pneumonia), non-pneumonia
controlsand healthy controls. Thisincludes samples from patients (1) enrolled
inthe SCRIPT study (346 patients), (2) analysed via flow cytometry (241
patients), (3) for whom bulk RNA-seq was performed on flow cytometry-sorted
alveolar macrophages (181 patients) and (4) for whom single-cell RNA-seq was
performed on cells from BAL fluid (10 patients with SARS-CoV-2 pneumonia, 1
patient withbacterial pneumoniaand1patientintubated for reasons other
than pneumonia (gastrointestinal bleeding requiring endoscopy, anon-
pneumonia control)). Some samples were cryopreserved and sorted post-
cryorecovery.Because cryopreservation affects the number of neutrophils,
these samples were notincluded in flow cytometric analysis but were used for

bulkRNA-seq profiling of flow cytometry-sorted alveolar macrophages.
Samples for which flow or bulk RNA-seq analysis was skipped are represented
by alluviaflowing over the grouping bars. b, Sankey diagramillustrating steps
inanalysis performed for all BAL samples from participants with COVID-19,
other viral pneumonia, non-viral pneumonia (other pneumonia) and non-
pneumonia controls. Thisincludes samples from patients (1) enrolled in the
SCRIPT study (564 samples), (2) analysed via flow cytometry (352 samples), (3)
forwhom bulk RNA-seq was performed on flow cytometry-sorted alveolar
macrophages (232 samples) and (4) for whom single-cell RNA-seq was
performed on cells from BAL fluid (12 samples). ¢, Self-reported smoking
status. Significantly fewer active smokers were observed in the COVID-19
cohortas compared withall control groups (g < 0.05, pairwise y*tests of
proportions with continuity and FDR correction). d-i, Biomarkers: C-reactive
protein (CRP) (d), D-dimer (e), ferritin (f), procalcitonin (g), creatine
phosphokinase (CPK) (h) and lactate dehydrogenase (LDH) (i). The green-
shaded areaindicates thenormalrange. j, Number of patients remaining on
mechanical ventilation. k, Number of BAL samples taken per day of mechanical
ventilation.l, The BAL samplingrate per day among patients with COVID-19 was
not higher than the sampling rate among patients with other pneumonias.
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Extended DataFig.2|Representative gating strategy toidentifyimmune
cellsubsetsinBAL samples. a, We developed agating strategy that enabled us
to quantifyimmune cell populations including monocytes, alveolar
macrophage subsetsand T cell subsets. We defined alveolar macrophages by
their expression of CD206, subdividing theminto early monocyte-derived
alveolar macrophages (CD206'°) and more mature (CD206") alveolar
macrophages. T cells were identified as CD3-positive and further subdivided
into CD4"and CD8" T cells. T, cells wereidentified as CD3"CD4"CD25°CD127".
Neutrophils wereidentified as CD15" cells. Monocytes were identified as
HLA-DR'CD4'CD206" cells. Of note, only CD206" alveolar macrophages were
flow cytometry-sorted for bulk RNA-seq analysis (Figs. 2, 3); hence, early
MoAMs (MoAM1and MoAM2in our single-cell RNA-seq data (Fig. 4a-h)) were
notcaptured inbulk RNA-seq. Arepresentative sample from a patient without
neutrophiliaisshown. Solidred arrows indicate direct sequential gating,
dashedbluearrowsindicate Boolean ‘not’ gates. Numbers on plotsindicate the

percentage of the parent population. Axis labelsindicate laser line (UV,355nm;
V,405nm;B,488 nm; YG, 552 nm; and R, 640 nm), bandpassfilter,
fluorochrome and antigen/dye. b, Representative sample from a patient with
neutrophiliaillustratesloss of CD206" alveolar macrophages and influx of
monocyte-derived CD206" alveolar macrophages. ¢, d, Contour plotand
histogram overlaysillustrating forward (FSC) and side scatter (SSC) properties
ofthe CD3"* T cells (CD3), CD15* neutrophils (CD15), monocytes, CD206"
alveolar macrophages (CD206'°) and CD206" alveolar macrophages (CD206")
intherepresentative sample froma patient without neutrophilia (c) and with
neutrophilia (d). Note that neutrophils have higher side scatter than
monocytes. e, Representative contour plots illustrating asample with two
distinct populations of CD206" alveolar macrophages. Single-cell RNA-seq
analysis (Fig. 4a—h) suggests that CD206" alveolar macrophages
(double-headed arrow) are bonafide tissue-resident alveolar macrophages.
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Extended DataFig.3|Atthe time ofintubation, the alveolar spacein
patients withsevere SARS-CoV-2 pneumoniais enriched for T cells and
monocytes and contains alveolar macrophages containing SARS-CoV-2
RNA. a, Proportions of cells detected within48 h of intubation (g < 0.05,
pairwise Wilcoxon rank-sum tests with FDR correction). Comparisons are not

significant unless otherwise noted. b, Hierarchical clustering of viral reads for
SARS-CoV-2andinfluenza A/California/07/2009 virus using Ward’s method;
log,,(DESeq2-normalized counts) are shown. ¢, Cumulative coverage plot of
RNA-seqreads from flow cytometry-sorted alveolar macrophages aligned to
the SARS-CoV-2genome.
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Extended DataFig. 4 |The BAL fluid from patients with SARS-CoV-2
pneumoniais persistently enriched for T cellsirrespective of
superinfectionstatus. a, Heat map of flow cytometry data demonstrating
composition of BAL samples fromall time points, grouped by diagnosis and
ordered by the duration of mechanical ventilation. Column headers are
colour-coded by the diagnosis, duration of mechanical ventilation (white
indicates chronically ventilated patients), and presence or absence of
superinfection (infection status). ‘Infection status’ refers only to the COVID-19
and ‘other viral pneumonia’ groups; blanks in these groups refer to samples for
which microbiology datawereincomplete and infectious status could not be

determined. ‘Viralinfection only’ refers to viral pathogens as the only detected
pathogeninasample, and ‘viralinfection with bacterial/fungal superinfection’
referstodetection of aviral pathogen with one or more bacterial or fungal
co-pathogens. b, Comparison of percentage of CD206"° and CD206" alveolar
macrophages between early (<48 hafterintubation) and late (>48 h of
mechanical ventilation) samples (g <0.05, pairwise Wilcoxon rank-sum tests
with FDR correction). ¢, Comparison of CD4"and CD8* T cell and neutrophil
abundanceinthe COVID-19 group, with and without superinfectioninearly and
late sampling. Superinfectionisrepresented by lighter bars. Differences
betweengroups are not significant after FDR correction.
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Extended DataFig.5|SARS-CoV-2 pneumoniais characterizedbya
persistentinterferon-responsesignature inalveolar macrophages.

a, k-means clustering of the 2,323 significantly variable genes (< 0.05,
likelihood-ratio test) across diagnosis, columns represent each individual
patient, grouped by diagnosis and ordered by day from first intubation.
‘Infection status’ refers only to the COVID-19 and ‘other viral pneumonia’
groups; blanks in these groups refer to samples for whichmicrobiology data
wereincomplete and infectious status could not be determined. ‘Viral
infectiononly’refers to viral pathogens as the only detected pathogenina
sample and ‘viralinfection with bacterial/fungal superinfection’ refers to
detection ofaviral pathogen with one or more bacterial or fungal co-
pathogens. Representative genes and GO biological processes are shown for
each cluster. Column headers are colour-coded by diagnosis and duration of
mechanical ventilation (white indicates chronically ventilated patients).

b, Expression of selected genes between the groups. Expression of /L6 is not
increasedin any group. All significant comparisons are shown (g < 0.05, Wald

testwith FDR correctionin DESeq2).c, WGCNA. d-f, Interferon-response
signaturesin alveolar macrophages from patients with COVID-19 gradually
decrease over the course of disease. Correlation between average expression
of genes from GO:0060337 typelinterferonsignalling pathway (R=-0.51,
P=5.7x107¢, Pearson correlation) (d), GO:0060333 interferon-y-mediated
signalling pathway (R=-0.22, P=0.06, Pearson correlation) (e), module 15 of
WGCNA (R=-0.40,P=5.5%10"* Pearson correlation) (f) and time on
mechanical ventilation. Grey boundaries represent 95% confidence intervals.
g, UMAP projections of allbulk RNA-seq samples. Average expression of
WGCNA module15 (left) and percent of CD3* T cells in BAL (right) are shown by
pointarea. h, Heat map demonstrating time-dependent changesin gene
expression of the canonicalinterferon-response genes from module 15 from
patients with positive outcomes (discharged home or inpatient facility), poor
outcomes (dischargedtoaLTAC or deceased). i, Correlationbetween detection
of SARS-CoV-2reads and disease progression (p=-0.49, P=8.3x107*,
Spearman correlation).
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Extended DataFig. 6 |Single-cell RNA-seqidentifies a positive feedback
loopbetween IFNy-producing T cells and SARS-CoV-2-infected alveolar
macrophages. a, Subsets of alveolar macrophages and T cells are represented
by thecells fromall 10 patients with COVID-19. b, IFNG expressionis detectedin
Tcellsfromall10 patients with COVID-19, T cells with at least one count of IFNG
were used for analysis. ¢, Detection of the SARS-CoV-2 negative strand. Density
projection plot, with expression averaged within hexagonal areas on UMAP.

d, Coverage plot of single-cell RNA-seq reads aligned to the SARS-CoV-2
genome. Cumulative datafromtenindividuals. Reads were aligned to genes on
the positive strand or to the entire negative strand. e. UMAP plot showing

UMAP1

integrative analysis 0f 105,715 cellsisolated from 10 patients with severe
COVID-19 within 48 hafter intubation (Fig. 4a-h), oneintubated patient with
bacterial pneumoniaand oneintubated non-pneumonia control patient.

f, Cells from non-pneumonia control (patient 6) and a patient with bacterial
pneumonia (patient C) primarily contribute to the TRAMI1 cluster and have
limited contribution to MoAM clusters. g, UMAP plot showing cells from
non-pneumonia control (patient 6) and a patient with bacterial pneumonia
(patient C) from the integrative analysisin Extended DataFig. Se. h, Presence of
co-infection does not affect clustering. UMAP plot showing cells from patients
withand without co-infection from the integrative analysis in Fig. 4.
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Extended DataFig.7|Deconvolution of bulk RNA-seqdemonstrateslossof  proportionofalveolar macrophage subsets predicted from deconvolution

tissue-resident alveolar macrophages and persistence of mature analysis. Dataare grouped by condition and ordered by proportion of CD206"
monocyte-derived alveolar macrophagesin patients with severe alveolar macrophages. ¢, Proportion of alveolar macrophage cell types in
COVID-19. a, Dot plot showing /L6 expression across celltypes. Dot size is patients with COVID-19 in comparison to other types of pneumonia obtained
proportional to the number of cells expressing /L6 in the corresponding from deconvolution analysis (pairwise Wilcoxon rank-sum tests with FDR
cluster. Datafromthe present study (G) are presented per patient, data from correction; *¢<0.05,**¢<0.01,***q<0.001).

ref.® (L) andref.?° (H.) are averaged by condition. b, Heat map demonstrating
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Extended Data Table 1| Demographics of the SCRIPT cohort, grouped by diagnosis

COVID-19 (N = 88)  Non-Pneumonia Control (N = 42) Other Pneumonia (N = 173) Other Viral Pneumonia (N = 38)

Ethnicity
Hispanic or Latino
Not Hispanic or Latino
Unknown or Not Reported
Race

38/ 88 (43.2%)
39/ 88 (44.3%)
11/ 88 (12.5%)

6/ 42 (14.3%)
33/ 42 (78.6%)
3/42 (7.1%)

13/ 173 (7.5%)
148/ 173 (85.5%)
12/ 173 (6.9%)

8/38 (21.1%)
271 38 (71.1%)
3/38 (7.9%)

American Indian/ Alaska Native 0/ 88 (0.0%) 0/ 42 (0.0%) 1/173 (0.6%) 1/ 38 (2.6%)
Asian 1/88 (1.1%) 2/ 42 (4.8%) 7/ 173 (4.0%) 1/ 38 (2.6%)
Black/ African American 20/ 88 (22.7%) 7142 (16.7%) 38/ 173 (22.0%) 7/ 38 (18.4%)
Unknown or Not Reported 33/ 88 (37.5%) 5/ 42 (11.9%) 13/ 173 (7.5%) 4/38 (10.5%)
White 34/ 88 (38.6%) 28/ 42 (66.7%) 114/ 173 (65.9%) 25/ 38 (65.8%)
Age
Minimum 21 19 22 34
Median (IQR) 59.50 (46.00, 68.25) 62.00 (46.75, 71.50) 65.00 (51.00, 73.00) 59.50 (52.25, 69.00)
Mean (SD) 57.09 + 14.64 59.14 + 17.89 61.44 + 16.06 60.66 + 13.64
Maximum 86 90 99 88
Sex
Female 30/ 88 (34.1%) 19/ 42 (45.2%) 69/ 173 (39.9%) 17/ 38 (44.7%)
Male 58/ 88 (65.9%) 23/ 42 (54.8%) 104/ 173 (60.1%) 21/ 38 (55.3%)
Discharge Status
Deceased 22/ 88 (25.0%) 15/ 42 (35.7%) 60/ 173 (34.7%) 14/ 38 (36.8%)
Home 38/ 88 (43.2%) 18/ 42 (42.9%) 37/ 173 (21.4%) 8/ 38 (21.1%)
Inpatient Facility 16/ 88 (18.2%) 7142 (16.7%) 53/ 173 (30.6%) 14/ 38 (36.8%)
LTAC 11/88 (12.5%) 2/ 42 (4.8%) 22/173 (12.7%) 2/ 38 (5.3%)
Other 1/88 (1.1%) 0/ 42 (0.0%) 1/173 (0.6%) 0/ 38 (0.0%)
Smoking Status
Current Smoker 0/ 88 (0.0%) 6/ 42 (14.3%) 23/ 173 (13.3%) 5/ 38 (13.2%)
Never Smoker 41/ 88 (46.6%) 25/ 42 (59.5%) 73/ 173 (42.2%) 17/ 38 (44.7%)
Past Smoker 14/ 88 (15.9%) 9/ 42 (21.4%) 62/ 173 (35.8%) 15/ 38 (39.5%)
(

Unknown or Not Reported
Days of Intubation

33/ 88 (37.5%)

2/ 42 (4.8%)

15/ 173 (8.7%)

1/ 38 (2.6%)

Minimum 1 0 0 1
Median (I1QR) 18.00 (10.00, 33.00) 4.00 (2.00, 8.75) 7.00 (3.00, 13.00) 7.00 (3.00, 13.00)
Mean (SD) 25.48 + 25.06 793+ 11.48 10.62 + 10.98 9.79 £+ 8.91
Maximum 153 58 68 34
Unknown/ Missing 0 (0.00%) 0 (0.00%) 1(0.58%) 0 (0.00%)
Length of ICU Stay
Minimum 3 1 1 1
Median (IQR) 21.00 (12.75, 31.50)  5.50 (3.00, 11.50) 9.00 (5.00, 18.00) 10.50 (4.50, 13.75)
Mean (SD) 24.49 + 16.96 10.17 + 12.87 13.87 £ 13.41 11.39 £ 8.10
Maximum 85 68 84 33
Unknown/ Missing 0 (0.00%) 0 (0.00%) 2 (1.16%) 0 (0.00%)
BMI
Minimum 20.62 16.56 12.46 17.34
Median (IQR) 31.21 (26.76, 37.09) 27.41 (24.59, 33.83) 25.89 (21.90, 32.32) 26.78 (23.19, 32.75)
Mean (SD) 3317+ 9.14 30.77 £ 9.78 2748 + 8.15 28.73 + 8.37
Maximum 81.81 70.6 70.25 55.76
Unknown/ Missing 0 (0.00%) 1(2.38%) 1(0.58%) 0 (0.00%)
SOFA
Minimum 1.83 1.75 1 2
Median (I1QR) 7.02 (5.49, 9.33) 6.58 (4.87, 10.49) 6.54 (4.47, 9.66) 6.04 (4.03, 8.88)
Mean (SD) 7.44 + 2.65 7.38 £ 3.31 7.35+ 3.62 6.54 £ 3.02
Maximum 15.84 13.75 18.5 13.17
Unknown/ Missing 0 (0.00%) 0 (0.00%) 2 (1.16%) 0 (0.00%)
APS
Minimum 33 28.25 21.2 26.33
Median (IQR) 70.27 (57.75, 82.11)  60.67 (46.31, 80.88) 64.22 (51.14, 80.55) 70.60 (51.20, 78.77)
Mean (SD) 69.54 + 16.98 65.08 + 21.89 66.85 + 23.08 66.68 + 19.89
Maximum 103.36 115.5 161 106.5
Unknown/ Missing 13 (14.77%) 1(2.38%) 19 (10.98%) 1(2.63%)
Remdesivir Study
Enrolled 17/ 88 (19.3%) 0/ 42 (0.0%) 0/ 173 (0.0%) 0/ 38 (0.0%)
Not Enrolled 71/ 88 (80.7%) 42/ 42 (100.0%) 173/ 173 (100.0%) 38/ 38 (100.0%)
Sarilumab Study
Enrolled 30/ 88 (34.1%) 0/ 42 (0.0%) 0/ 173 (0.0%) 0/ 38 (0.0%)
Not Enrolled 58/ 88 (65.9%) 42/ 42 (100.0%) 173/ 173 (100.0%) 38/ 38 (100.0%)
Steroids
Treated 30/ 88 (34.1%) 0/ 42 (0.0%) 0/ 173 (0.0%) 0/ 38 (0.0%)
Unreated 58/ 88 (65.9%) 42/ 42 (100.0%) 173/ 173 (100.0%) 38/ 38 (100.0%)
Hydroxychloroquine
Treated 17/ 88 (19.3%) 0/ 42 (0.0%) 0/ 173 (0.0%) 0/ 38 (0.0%)
Unreated 71/ 88 (80.7%) 42/ 42 (100.0%) 173/ 173 (100.0%) 38/ 38 (100.0%)

All patients were admitted to Northwestern Memorial Hospital in Chicago between 15 June 2018 and 6 July 2020. Bronchoscopy was most commonly performed as part of routine clinical

care to guide antimicrobial therapy. Patients with ARDS were managed using a high positive end-expiratory pressure, low tidal volume ventilation strategy and were ventilated prone when
suggested by ARDSnet guidelines. Patients received steroids and off-label IL-6 receptor antagonists (tocilizumab or sarilumab) at the discretion of the clinical team. Any hydroxychloroquine
use is reported, but hydroxychloroquine was routinely stopped upon ICU admission. Some patients were enrolled in multicentre placebo-controlled trials of remdesivir or sarilumab, treatment
assignment is blinded.



Extended Data Table 2 | Pneumonia-causing pathogens detected in the SCRIPT cohort

Pathogen

OCoOo~NOOOADWN--

Achromobacter species
Acinetobacter baumannii
Acinetobacter ursingii
Elizabethkingia meningoseptica
Enterobacter aerogenes
Enterobacter cloacae complex
Enterococcus faecalis
Enterococcus faecium
Escherichia coli

Klebsiella oxytoca

Klebsiella pneumoniae
Staphylococcus aureus
Proteus mirabilis

Providencia stuartii
Pseudomonas aeruginosa
Serratia marcescens
Stenotrophomonas maltophilia
Stomatococcus species
Streptococcus agalactiae (Group B)
Streptococcus pneumoniae
Streptococcus pseudopneumoniae
Viridans streptococcus
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Extended Data Table 3 | Flow cytometry panels, reagents and instruments configuration

Panel 1: Used in original SCRIPT study prior to March 13, 2020

Laser
1 355 nm
2
3 405 nm
4
5 488 nm
6 561nm
7
8
9 640 nm

Filter
379/28
750/50

450/50
780/60

530/30

585/15
610/20

780/60
670/30

Dye
BUV395
BUV737

eFluor450

BV786

SYTOX
Green

PE
PECF594

PECy7
APC

Antigen
CD4
CD25

HLA-DR
CD15

L/D

CD3
CD127

CD206
cD8

Clone
RPA-T4
2A3

L243
HI98

na

SK7
HIL-7R

19.2
SK1

Panel 2: Used on all samples starting March 13, 2020

Laser
1 355 nm
2
3 405 nm
4
5
6 488 nm
7 561 nm
8
9
10 640 nm
11

Filter
379/28
750/50

450/50
520/50
780/60

530/30

585/15
610/20

780/60
670/30
670/30

Dye
BUV395
BUV737

eFluord450
BV510

BV786

SYTOX
Green

PE
PECF594

PECy7
APC
APC

Antigen
CD4
CD25

HLA-DR
CD45
CD15

L/'D

CD3
CD127

CD206
CD8
EpCAM

Clone
RPA-T4
2A3

L243
HI30
HI98

na

SK7
HIL-7R

19.2
SK1
9C4

Final
dilution

1:40
1:20

1:40
1:20

1:250

1:40
1:20

1:40
1:20

Final
dilution

1:40
1:20

1:40
1:20
1:20

1:250

1:40
1:20

1:40
1:20
1:40

Catalog #/Identifier
BD Biosciences Cat# 564724, RRID:AB_2738917

BD Biosciences Cat# 564385, RRID:AB_2744342

Thermo Fisher Scientific Cat# 48-9952-42,
RRID:AB_1603291

BD Biosciences Cat# 563838, RRID:AB_2738444

Thermo Fisher Scientific Cat# S34860

Thermo Fisher Scientific Cat# 12-0036-42,
RRID:AB_10805512

BD Biosciences Cat# 562397, RRID:AB_11154212

Thermo Fisher Scientific Cat# 25-2069-42,
RRID:AB_2573426

BioLegend Cat# 344721, RRID:AB_2075390

Catalog #/Identifier
BD Biosciences Cat# 564724, RRID:AB_2738917

BD Biosciences Cat# 564385, RRID:AB_2744342

Thermo Fisher Scientific Cat# 48-9952-42,
RRID:AB_1603291

BioLegend Cat# 304036, RRID:AB_2561940
BD Biosciences Cat# 563838, RRID:AB_2738444

Thermo Fisher Scientific Cat# S34860

Thermo Fisher Scientific Cat# 12-0036-42,
RRID:AB_10805512

BD Biosciences Cat# 562397, RRID:AB_11154212

Thermo Fisher Scientific Cat# 25-2069-42,
RRID:AB_2573426

BioLegend Cat# 344721, RRID:AB_2075390
BioLegend Cat# 324208, RRID:AB_756082
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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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
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

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
Give P values as exact values whenever suitable.
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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

X
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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  BD FACSDiva 8.0.3

Data analysis gffread/0.9.11, STAR 2.6.0 (for generating reference genome), bcl2fastq/2.19.1, basespace/0.8.1, nf-core/RNA-seq pipeline 1.4.2, Nextflow
19.10.0, Singularity 3.2.1-1, graphviz/2.40.1, trimGalore! 0.6.4, STAR 2.6.1d (for use in pipeline), featureCounts 1.6.4, R 3.6.3, DESeq2 1.26.0,
pheatmap 1.0.12, topGO 2.38.1, GO.db 3.10.0, org.Hs.eg.db 3.10.0, WGCNA 1.69, uwot 0.1.8, ggsignif 0.6.0, patchwork 1.01, Cairo 1.5-12.2,
Cell Ranger 3.1.0, snakemake 5.5.4, scanpy 1.5.1, bbknn 1.3.12, autogenes 1.0.3, cellbrowser 0.5.49, gffutils 0.10.1, scrublet 0.2.1, statannot
0.2.3, statsmodels 0.10.1, leidenalg 0.8.0, seaborn 0.9.1, matplotlib 3.2.1, scipy 1.3.1

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 Research guidelines for submitting code & software for further information.

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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Code: https://github.com/NUPulmonary/2020_Grant

Bulk RNAseq: Counts tables and metadata are included as Supplemental data files 2 and 3.

Single-cell RNA-seq: Counts tables and integrated objects are available through GEO with accession number GSE155249. Raw data for bulk and single-cell RNA-seq is
in the process of being deposited to SRA/dbGaP.
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Life sciences study design

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

Sample size Sample size was determined by availability of patient samples for all conditions, and was not explicitly optimized prior to data collection

Data exclusions  Clinical data: no patients were excluded from analysis, except in cases of incorrect chart entries.
Flow cytometry: cryopreserved samples and samples with extremely low cell numbers or cell viability were excluded from analysis
Bulk RNA-seq: samples without visible 18s and 28s peaks were excluded from sequencing. Extreme outliers on PCA were excluded only in
cases where RIN score was below 5 and alignment and assignment percentages were < 25%. Exclusion criteria were not pre-registered.
Single-cell RNA-seq: Cells with less than 200 genes were excluded, as well as genes expressed in less than 3 cells within each single-cell
sample. After initial integration of samples from 6 patients (Figure S4e), we identified 2 clusters of low-quality cells, characterized by low
number of detected RNA molecules, high percentage of mitochondrial genes per cell and the lack of biologically-meaningful marker genes,
and removed cells from those clusters.

Replication All code and data required to reproduce our findings are made available for further exploration and replication. We continue to collect BAL
samples from patients with a wide range of diagnoses to confirm our findings.

Randomization  Samples were grouped solely according to diagnosis without explicit randomization

Blinding BAL samples were collected during the course of treatment by treating physicians and blinding therefore was not possible during sample
collection. Due to biosafety concerns, sample collection was also performed in an unblinded manner.

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 |:| ChlIP-seq
Eukaryotic cell lines |:| |Z Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXOXNXX[] s
OOXOOOKX

Dual use research of concern

Antibodies

Antibodies used CD4 RPA-T4::BUV395 BD Biosciences Cat# 564724, RRID:AB_2738917
CD25 2A3::BUV737 BD Biosciences Cat# 564385, RRID:AB_2744342
HLA-DR L243::eFluord50 Thermo Fisher Scientific Cat# 48-9952-42, RRID:AB_1603291
CD15 HI98::BV786 BD Biosciences Cat# 563838, RRID:AB_2738444
CD3 SK7::PE Thermo Fisher Scientific Cat# 12-0036-42, RRID:AB_10805512
CD127 HIL-7R::PECF594 BD Biosciences Cat# 562397, RRID:AB_11154212
CD206 19.2::Pe-Cy7 Thermo Fisher Scientific Cat# 25-2069-42, RRID:AB_2573426
CD8 SK1::APC BioLegend Cat# 344721, RRID:AB_2075390
EpCAM 9C4::APC BioLegend Cati#t 324208, RRID:AB_756082
CD8 SK1::APC BioLegend Cat# 304036, RRID:AB_2561940

Validation All antibodies used in this study are commercially available, and all have been validated by the manufacturers and used by other
publications. Likewise, we titrated these antibodies according to our own our staining conditions. See table 3 for antibody
information. Sort purity was further validated by bulk and single-cell RNA-seq.
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Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

See Figure 2 and Table 1

Samples from patients with COVID-19, viral pneumonia, other pneumonia and non-pneumonia controls were collected from
participants enrolled in Successful Clinical Response In Pneumonia Therapy (SCRIPT) study STU00204868. Alveolar
macrophages from healthy volunteers were obtained under study STU00206783. All subjects or their surrogates provided
informed consent. Our cohort is broadly representative of ICU cohorts in the Greater Chicago Region

Patients > 18 years of age with suspicion of pneumonia based on clinical criteria (including but not limited to fever,
radiographic infiltrate, and respiratory secretions) were screened for enrollment into the SCRIPT study. Inability to safely
obtain BAL or NBBAL were considered exclusion criteria. In our center, patients with respiratory failure are intubated based
on the judgement of bedside clinicians for worsening hypoxemia, hypercapnia, or work of breathing refractory to high-flow
oxygen or non-invasive ventilation modes. Extubation occurs based on the judgement of bedside clinicians following a trial of
spontaneous breathing in patients demonstrating physiologic improvement in their cardiorespiratory status during their
period of mechanical ventilation.

All human subjects research was approved by the Northwestern University Institutional Review Board.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

NBBAL and BAL samples were filtered through a 70-um cell strainer, pelleted by centrifugation at 300 rcf for 10 min at 4°C,
followed by hypotonic lysis of red blood cells with 2 ml of BD PharmLyse reagent for 2 minutes. Lysis was stopped by adding
13 ml of MACS buffer (Miltenyi Biotech). Cells were pelleted again and resuspended in 100 pl of 1:10 Fc-Block (Human
TruStain FcX, Biolegend) in MACS buffer, and a 10-ul aliquot was taken for counting using K2 Cellometer (Nexcelom) with AO/
Pl reagent. The volume of Fc-Block was adjusted so the concentration of cells was always less than 5x107 cells/ml and the
fluorophore-conjugated antibody cocktail was added in 1:1 ratio (see Table 3). After incubation at 4°C for 30 minutes, cells
were washed with 5 ml of MACS buffer, pelleted by centrifugation, and resuspended in 500 ul of MACS buffer with 2 pl of
SYTOX Green viability dye (ThermoFisher). Cells were sorted on a FACS Aria Ill SORP instrument using a 100-um nozzle at 20
psi. Cells were sorted into 300 pl of MACS buffer for bulk RNA-seq or 300 pl of 2% BSA in PBS for single-cell RNA-seq. Sample
processing was performed in BSL-2 facility using BSL-3 practices.

FACS Aria Il SORP

Sorting: BD FACSDiva 8.0.3
Analysis: FlowJo 10.6.2

Neutrophils: 58+32%

CD206hi Macrophages: 16+20%
CD206low Macrophages: 9+10%
Monocytes: 7+8%

CD4+ T:5+9%

CD8+ T: 5+8%

All cells were first gated as singlets (FSC-A ~ FSC-H), and then as live (SYTOX-), non-debris. We defined alveolar macrophages
by their expression of CD206, subdividing them into early monocyte-derived alveolar macrophages (CD206lo) and more
mature (CD206hi) alveolar macrophages. T cells were identified as CD3-positive and further subdivided into CD4+ and CD8+ T
cells. Tregs were identified as CD3+CD4+CD25+CD127-. Neutrophils were identified as CD15+ cells. Monocytes were
identified as HLA-DR+CD4+CD206- cells. See figure S2

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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