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SUMMARY
SARS-CoV-2-infected subjects are generally asymptomatic during initial viral replication but may suffer
severe immunopathology after the virus has receded and monocytes have infiltrated the airways. In bron-
choalveolar lavage fluid from severe COVID-19 patients, monocytes express mRNA encoding inflammatory
mediators and contain SARS-CoV-2 transcripts. We leverage a human small airway model of infection and
inflammation, whereby primary bloodmonocytes transmigrate across SARS-CoV-2-infected lung epithelium
to characterize viral burden, gene expression, and inflammatory mediator secretion by epithelial cells and
monocytes. In this model, lung-infiltrating monocytes acquire SARS-CoV-2 from the epithelium and upregu-
late expression and secretion of inflammatory mediators, mirroring in vivo data. Combined use of baricitinib
(Janus kinase inhibitor) and remdesivir (nucleoside analog) enhances antiviral signaling and viral clearance by
SARS-CoV-2-positive monocytes while decreasing secretion of proneutrophilic mediators associated with
acute respiratory distress syndrome. These findings highlight the role of lung-infiltrating monocytes in
COVID-19 pathogenesis and their importance as a therapeutic target.
INTRODUCTION

Coronavirus disease 2019 (COVID-19) continues to be a rapidly

evolving pandemic caused by the lung-tropic severe acute res-

piratory syndrome coronavirus-2 (SARS-CoV-2) (Weston and

Frieman, 2020). COVID-19 symptoms range from asymptomatic

to mild to severe, and the course of lung disease can be broadly

categorized into three phases (Blanco-Melo et al., 2020). In the

first phase of immune avoidance, the virus infects epithelial cells

and replicates rapidly for about 3–6 days while avoiding activa-

tion of canonical antiviral responses like type I interferon (IFN)

(Acharya et al., 2020; Tay et al., 2020). Respiratory symptoms

occur in those patients who may progress to a second phase

of ‘‘cytokine release syndrome (CRS), involving the infiltration

of blood monocytes into the lung (Henderson et al., 2020; Merad

and Martin, 2020), during which the viral titers decline. Eventu-

ally, in the second week post-infection, some patients will enter

into a third, life-threatening, phase of acute respiratory distress

syndrome (ARDS), featuring high levels of CXCL8, interleukin-
This is an open access article und
1b (IL-1b), and other proinflammatory mediators, resulting in

neutrophil recruitment (Coperchini et al., 2020; Tang et al.,

2020). Considering the distinct phases of COVID-19 (Gordon

et al., 2020), antiviral drugs like remdesivir may be particularly

effective if given early (epithelial and monocytic stages), while

immunomodulators, such as dexamethasone and the JAK1/2 in-

hibitor baricitinib, may be impactful later (monocytic and neutro-

philic stages) (Beigel et al., 2020; Kalil et al., 2021; Perez-Alba

et al., 2021).

Severe cases of COVID-19 have a dysfunctional immune

response largely reflected by the CRS and decreases in most

immune cells in the systemic compartment, including T, B, and

natural killer (NK) cells (Tan et al., 2020), aswell asmonocytes, eo-

sinophils, and basophils (Qin et al., 2020). Meanwhile, neutrophil

counts and the neutrophil-to-lymphocyte ratio are elevated in

the blood of patients with severe COVID-19 (Qin et al., 2020;

Zhang et al., 2020). It is not yet known what underlying circum-

stances cause such changes in some patients but not others. As

a result, the timing of therapeutics, in particular, host-directed
Cell Reports 39, 110945, June 14, 2022 ª 2022 The Author(s). 1
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treatments targeting the immune system, needs to be paid close

attention to in relation to the course of disease to avoid suppress-

ingantiviral responses inearly stagesorpromoting furtherdamage

in late stages. Understanding mechanistic effects of antiviral and

immunomodulatorydrugsduring the courseofCOVID-19 requires

models that can recapitulate the complex interactions between

SARS-CoV-2, host epithelial cells, and lung-infiltrating leukocytes

(Mason, 2020). To this end, we adapted a small airway model of

infection and inflammation (Dobosh et al., 2021) previously

developed and validated by our group to study lung-infiltrating

leukocytes in cystic fibrosis (CF) and ARDS (Forrest et al., 2018;

Grunwell et al., 2019). This model features a human lung epithe-

lium (HLE) monolayer differentiated at the air-liquid interface

(ALI) that enables luminal infection with SARS-CoV-2 and subse-

quent infiltration by primary human leukocytes.

Mimicking the early, epithelium-restricted stage of SARS-

CoV-2 infection in humans (Ravindra et al., 2021), HLE-ALI cells

infected with SARS-CoV-2 in vitro did not upregulate canonical

antiviral pathways or express inflammatory cytokines. Next, we

observed, by reanalysis of a previously published dataset of

single-cell RNA-seq (scRNA-seq) of bronchoalveolar lavage fluid

(BALF) from patients with severe COVID-19 (Liao et al., 2020),

that lung-infiltrating monocytes express CXCL8 and IL-1b and

contain transcripts from SARS-CoV-2; both features were reca-

pitulated by lung-infiltrating monocytes in vitro. CXCL8 and IL-1b

are critical to the development of ARDS via recruitment and acti-

vation of neutrophils (Donnelly et al., 1993; Zhou et al., 2020). We

next leveraged this model to investigate the effects on HLE-ALI

cells and lung-infiltrating monocytes of remdesivir and bari-

citinib, two drugs that have been granted emergency use autho-

rization by the US Food and Drug Administration as single and

combined therapies. While remdesivir blocked progression of

viral replication in both cell types, baricitinib selectively

enhanced the expression of antiviral genes in lung-infiltrating

monocytes. Both drugs used alone or in combination enhanced

viral clearance in monocytes. Taken together, our findings

confirm that lung-infiltrating monocytes are a critical target for

COVID-19 treatment.

RESULTS

Antiviral signaling in human lung epithelium
differentiated at the air-liquid interface is blocked by
SARS-CoV-2 and is not rescued by baricitinib and/or
remdesivir
Critical aspects of virus-host interactions in the lung are species-

specific, which makes models of the human lung particularly rele-

vant formechanistic investigations.Here,wedifferentiatedanHLE

for two weeks at ALI on a scaffold enabling en masse transmigra-

tion of leukocytes to simultaneously investigate the dynamics of

luminal infection by viruses and leukocyte infiltration following

epithelial infection (Figure 1A). SARS-CoV-2-infected HLE-ALI

cells showed minimal amounts of extracellular ATP compared

with OC43- and influenza strain A/PR8/1934 (IAV)-infected cells

up to48hpost-infectionatanMOIof0.1 (Figure1B). Thissuggests

that the 48-h timepoint andMOImay be appropriate conditions to

study SARS-CoV-2 infection in the absence of substantial epithe-

lial cell toxicity.Next,weconductedamultiplexedqRT-PCRassay
2 Cell Reports 39, 110945, June 14, 2022
of infected HLE-ALI cells at different input concentrations of virus

over72hof infectionandobserved thatHLE-ALIcells infectedwith

SARS-CoV-2 andOC43downregulated antiviral genes in contrast

to IAV-infected cells (Figure 1C). For example, core IFN pathway

genes IFNA1, IFNLR1, IFNL1, IFNG, and IFNB1, and to a lesser

extent IFNAR1 were all lowered in cells infected with coronavi-

ruses,while thesamegenesweredramatically increased in IAV-in-

fectedcells.Similarly, expressionof inflammatorymediators, such

as IL1a, IL-1b, and CXCL8, was consistently downregulated in

SARS-CoV-2-infected cells, although IL1a expression was

observed in HLE-ALI cells infected with OC43. Of note, a subset

of allergy-associated genes, such as IL4, IL13, IL4R, IL13RA1,

and the common g-chain IL2RG, were upregulated in most of

the SARS-CoV-2 infection conditions. Also of interest, infection

with SARS-CoV-2 at an MOI of 1 showed upregulation of ACE2

throughout the course of infection, suggesting that the virus may

be able to enhance its own infection efficiency.

In order to better understand the global changes in the in-

fected HLE-ALI cells, we then sequenced their entire transcrip-

tome. As before, infection with IAV/PR8/1934 (IAV; MOI 0.1)

induced canonical antiviral signaling in HLE-ALI cells, most

notably IFITM1/2/3, ISG15, and OAS1/2/3, while infection with

betacoronaviruses (MOI 0.1) OC43 and SARS-CoV-2, isolate

USA-WA1/2020, did not (Figure 2A; Table S1). Across all infec-

tions, 50 gene ontology (GO) terms were significantly enriched

(Table S2). Most genes enriched in HLE-ALI cells infected with

IAV related to the immune response, particularly the response

to virus and immune effector processes. In contrast, the

enrichment profiles of HLE-ALI cells infected with OC43 and

SARS-CoV-2 related to cellular processes, such as localization,

transport, and metabolism (Figure 2B). Many of the antiviral

genes upregulated in IAV-infected HLE-ALI cells were not upre-

gulated in OC43 and SARS-CoV-2 infections (Figure 2C). Addi-

tionally, the genes associated with cellular processes in SARS-

CoV-2-infected cells were similarly downregulated or remained

unchanged in IAV-infected cells (Figure 2C; Table S2, row 9).

Further analysis of the RNA-seq dataset revealed that at 48 h

post-infection with SARS-CoV-2 at an MOI of 0.1, HLE-ALI cells

had the greatest number of uniquely differentially expressed

genes (DEGs) compared with the uninfected time = 0 control

(Figure S1A). At both 24 and 48 h post-infection, these DEGs

showed dramatic changes in pathways associated with meta-

bolic processes, showing that the HLE-ALI cells were affected

by infection with SARS-CoV-2 despite the avoidance of canoni-

cal antiviral signaling (Figure S1B; Table S3).

Following SARS-CoV-2 infection of the lung epithelium, sub-

jects may remain asymptomatic or progress toward COVID-19.

In vivo studies suggest that the pivotal response distinguishing

asymptomatic from symptomatic subjects is the induction of a

proinflammatory phase driven by lung-infiltrating monocytes

(Falasca et al., 2020; Li et al., 2021). To investigate this key pro-

cess in our model, we applied primary human blood monocytes

to the basolateral side of SARS-CoV-2-infected HLE-ALI cells

and allowed them to transmigrate across. To mimic in vivo con-

ditions, the epithelial phase of infection was allowed to proceed

for 48 h without any drug treatment, while the monocytic phase

was studied for another 24 h in vehicle control (no drug condition)

or in the presence of baricitinib (1 mM) and/or remdesivir (1 mM)



Figure 1. HLE-ALI cells grown at the air-

liquid interface can be infected by OC43,

SARS-CoV-2, and influenza and exhibit

different transcriptional responses

(A) Experimental scheme illustrating the infection

of human lung epithelium (HLE) differentiated at

the air-liquid interface (ALI) with influenza A strain

A/PR8/1934 (IAV), betacoronaviruses OC43, or

SARS-CoV-2, isolate USA-WA1/2020, for 24–72 h.

(B) Extracellular ATP generated by HLE-ALI cells

infectedwith IAV, OC43, or SARS-CoV-2 at anMOI

of 0.1 for 24–72 h was measured using a luciferase

assay. Plotted is the median with interquartile

range. No statistics were calculated due to low

sample number.

(C) Multiplexed qRT-PCR of HLE-ALI cells infected

with either no virus or influenza A strain A/PR8/

1934, betacoronaviruses OC43, or SARS-CoV-2,

isolate USA-WA1/2020, for 24–72 h at MOIs of

either 0.01, 0.1, or 1. Data were normalized using

the delta delta Ct method relative to glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH) and

the no virus condition at time 0, and then Z score

normalized. Values shown are the average of bio-

logical triplicates.
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(Figure 3A). The chemoattractants, CCL2 (250 pg/mL) and LTB4

(100 nM), were used in all conditions.

To understand the impact of monocyte transmigration on the

epithelium, we identified DEGs in HLE-ALI cells pre- versus

post-transmigration. From these DEGs, we listed the top 10

GO enrichment profiles (Figure S2; Table S4). Following transmi-

gration by monocytes, HLE-ALI cells showed an enrichment in

genes related to the regulation of cell communication, signaling,

and multicellular organismal processes, which was abrogated

when HLE-ALI cells had been infected by SARS-CoV-2 prior to

monocyte transmigration (Figure S2). Moreover, in the absence

of SARS-CoV-2, transmigration of monocytes showed many

fewer DEGs in the HLE-ALI cells (Figure S3A) than when mono-
cyte transmigration occurred in the pres-

ence of virus (Figure S1A). Approximately

55% of the upregulated DEGs were

shared in all conditions, suggesting that

these genes are commonly expressed

by HLE-ALI cells during the course of

transmigration. Furthermore, most of the

uniquely downregulated genes were

observed in the no drug condition, sug-

gesting that remdesivir and baricitinib

have minimal effects on HLE-ALI cells,

unless they are infected by SARS-CoV-2

(Figure S3A). Many of the GO terms

observed were related to changes in

cellular morphology and metabolic re-

modeling (Figure S3B; Table S5). Simi-

larly, about 59% of the upregulated

DEGs and 34% of the downregulated

genes were shared by all conditions (Fig-

ure S4A), andmany of the samemetabolic

process GO terms were observed.
Notably however, the no drug condition showed an enrichment

of GO terms associated with MHC class II antigen presentation

(Figure S4B; Table S6).

Moreover, in concordance with the biological processes identi-

fied in SARS-CoV-2-infected HLE-ALI cells pre-transmigration by

monocytes (Figure 2B), SARS-CoV-2-infected HLE-ALI cells

post-transmigration still failed to induce genes included under

the response to virus or immune system processes GO terms

(Figure S5). Taken together, these findings suggest that during

early SARS-CoV-2 infection, epithelial antiviral responses are de-

layed or blocked while favoring cellular and metabolic processes

and regulation of communication. Remdesivir treatment did not

induce an enrichment of these pathways when SARS-CoV-2
Cell Reports 39, 110945, June 14, 2022 3



Figure 2. SARS-CoV-2 prevents induction of

an antiviral response in differentiated hu-

man lung epithelium

HLE-ALI cells were infected at an MOI of 0.1 with

IAV, OC43, or SARS-CoV-2 for 48 h, after which

total RNA was extracted and library prepared

following the protocol of the TruSeq RNA Sample

Preparation Kit.

(A) Volcano plots of differentially expressed genes

(DEGs) in HLE-ALI cells infected with IAV, OC43,

and SARS-CoV-2 compared with uninfected cells.

(B) Gene ontology enrichment profiles of DEGs in

HLE-ALI cells infected with IAV, OC43, or SARS-

CoV-2. Gene names associated with GO terms

are in Table S2C. Heatmaps of targeted analysis

of genes associated with the viral response or

cellular process pathways. Gene names associated

with the cellular process terms are in Table S2, row

9, and raw expression values in Table S1.
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was present. Baricitinib treatment, however, promoted an enrich-

ment in GO terms related to the regulation of cell communication

and signaling in the SARS-CoV-2-infected epithelium post-trans-

migration, suggesting that this drug can affect epithelial signaling

(Figures S2 and S4).

After transmigration across SARS-CoV-2-infected HLE-
ALI cells, human monocytes induce proinflammatory
signaling, which is attenuated by baricitinib treatment
To investigate the expression profile of lung-infiltrating mono-

cytes during SARS-CoV-2 infection (compared with uninfected

conditions), a set of 67 genes was measured by multiplexed

qRT-PCR and grouped by unsupervised clustering (Figure 3B).

Nucleic acid signaling sensor (CGAS and STING1, DDX58, and

OAS1/2/3), kinase (TBK1), effector (RNAse L), and transcription

factor (IRF3 and IRF7) genes aswell as critical neutrophil chemo-
4 Cell Reports 39, 110945, June 14, 2022
attractant genes, such as CXCL8 and

IL-1b, were upregulated in monocytes

recruited across SARS-CoV-2-infected

HLE-ALI cells. The same set of genes

were extracted from the RNA-seq dataset

of the HLE-ALI cells pre- and post-trans-

migration. Although the post-transmigra-

tion HLE-ALI cells did not show global

enrichment of antiviral pathways by anal-

ysis of GO terms compared with the pre-

transmigration control, specific antiviral

genes, such as DDX58 and OAS1/2/3,

and the proneutrophilic chemokine

CXCL8were also upregulated (Figure S5).

This response was not affected by treat-

ment with baricitinib and/or remdesivir.

Computational analysis of a publicly

available scRNA-seq dataset from the

BALF of COVID-19 patients hospitalized

with COVID-19 (Liao et al., 2020)

confirmed that lung-infiltrating mono-

cytes (differentiated from macrophages
by exclusion of the macrophage gene MARCO) displayed

elevated CXCL8 and IL-1b in patients with severe rather than

mild disease (Figures 4A and S6). To our knowledge, this is the

only dataset that has obtained scRNA-seq from BALF of hospi-

talized patients spanning mild and severe COVID-19, pre-re-

mdesivir. Another study, which analyzed BALF from patients

with severe COVID-19, found that there was expression of

numerous inflammatory cytokines in BALF cells from a variety

of cell types, particularly neutrophils (Bost et al., 2021). However,

that study was conducted later during the course of the COVID-

19 pandemic and did not report on BALF from relatively milder

COVID-19.

Epithelial cells recovered in BALF of severe COVID-19 patients

upregulated cell-death-associated pathways and downregu-

lated genes associated with antigen presentation, both of which

may promote inflammation by innate immune cells (Figure 4B;



Figure 3. Lung-recruited primary human

monocytes induceproinflammatorysignaling

after transmigration across a SARS-CoV-2-

infected epithelium

(A) Schematic diagram of the monocyte trans-

migration process:HLE-ALI cells were differentiated

at ALI for two weeks and infectedwith SARS-CoV-2

at anMOI of 0.1 for 48 h, after which 106 monocytes

were transmigrated across the infected epithelium

toward leukotriene B4 (LTB4) (100 nM) and C-C

motif chemokine ligand 2 (CCL2) (250 pg/mL) for 24

h, in the absence or presence of remdesivir (1 mM)

and/or baricitinib (1 mM). All conditions contained

0.1% v/v DMSO.

(B) Heatmaps of selected genes from each treat-

ment condition. Monocyte mRNA was analyzed by

multiplexed qRT-PCR and first normalized to

GAPDH using the delta delta Ct method and then Z

score normalized.
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Table S7). In addition to CXCL8, mentioned above, infiltrated

monocytes present in the BALF of severe COVID-19 patients up-

regulated many chemokines, such as CCL4, CCL7, CCL4L2,

CCL3, CXCL2, CXCL3, and CCL2, most of which are potent

monocyte and macrophage chemoattractants and actually

downregulated pathways associated with antigen presentation,

similar to the epithelial cells (Figure 4B; Table S8). In addition, pa-

tients with severe disease showed a greater number of neutro-

phils in BALF compared with those with mild COVID-19, in

whom monocytes and T cells were more abundant. These re-

sponses are consistent with those observed in lung-infiltrating

monocytes produced in vitro (Figure 3B).

Next,wesought toconfirmthat changes in theexpressionof im-

munemediator geneswas reflected in protein levels present in the

apical aspect of our small airwaymodel.Monocyte transmigration

following SARS-CoV-2 infection of the epithelium led to increased

extracellular levels ofCRS-associatedmediators, suchasCXCL8,

IL-1b, IL-10, granulocyte-macrophage colony-stimulating factor

(GM-CSF), IL-1a, IL-6, granulocyte-colony-stimulating factor (G-

CSF), tumor necrosis factor alpha (TNF-a), vascular endothelial

growth factor A (VEGFA), and IFN-g, in the fluid compared with

conditions where monocyte transmigration was conducted in

the absence of virus (Figure 5A). While remdesivir treatment did

not altermediator levels, baricitinib treatment alone and in combi-
nationwith remdesivir decreasedextracel-

lular IL-10 levels. This coincided with a

decrease in IL-10 transcripts in lung-infil-

trating monocytes but not epithelial cells

(Figures 3B and S5). Baricitinib treatment

also increased extracellular CXCL8 levels,

while its combination with remdesivir

decreased IL-1a, IL-1b, IL-6, TNF-a,

VEGFA, and IFN-g levels (Figure 5A).

Treatment with baricitinib and
remdesivir decreases total viral
burden in lung-infiltrating
monocytes, which acquire SARS-
CoV-2 from infected epithelium
Importantly, the JAK1/2 pathway can pro-

mote leukocyte recruitment in the lung
and, in our model treatment with the JAK1/2 inhibitor baricitinib,

decreased the number of lung-infiltrating monocytes (Figure 5B),

which we determined by a qPCR-based DNA quantitation

method (Figure S7A). As expected, remdesivir treatment

decreased the viral burden in the HLE-ALI cells (Figure 5C), as

measured by qRT-PCR (Figures S7B and S7C), despite the

48 h afforded to the virus to infect epithelial cells prior to

treatment.

Our re-analysis of publicly available scRNA-seq data from

lung-infiltrating monocytes in the BALF of patients with severe

COVID-19 revealed that some of them harbored SARS-CoV-2

transcripts (Figure 4A). In severe COVID-19 patients included

in another BALF study, infiltrating monocytes also contained

SARS-CoV-2, although a vast majority of viral transcripts were

found in the neutrophil compartment (Bost et al., 2021). Similarly,

lung-infiltrating monocytes in our model, which were not directly

infected but rather were made to cross an infected epithelium,

also contained SARS-CoV-2 genome copies, as determined by

qRT-PCR (Figures S5D and S7D). The total viral burden in

lung-infiltrating monocytes was decreased in all treatment con-

ditions, with the greatest effect being contributed by remdesivir.

Absolute quantification of SARS-CoV-2 in both epithelial and

monocytic compartments showed similar results as relative

quantification of SARS-CoV-2 to GAPDH and 18S rRNA
Cell Reports 39, 110945, June 14, 2022 5



Figure 4. scRNA-seq of BALF from patients hospitalized with mild or severe COVID-19 shows that monocytes harbor SARS-CoV-2 genomes

and express CXCL8 and IL-1b among other chemokines

(A) Combined UniformManifold Approximation and Projection (UMAP) plots of scRNA-seq from n = 3mild patients and n = 3 severe patients. Seurat was used to

normalize gene barcodes and generate UMAP clustering plots. Expression values for SARS-CoV-2, CD14, CXCL8, and IL-1b were overlaid onto the UMAP plot.

(B) DEGs in cells identified as epithelial cells or monocytes between the severe and mild patient groups were investigated. Enriched pathways for each cell type

were plotted based onwhether they were up- or down-regulated (severe versusmild). The top 20 up- and downregulated genes were listed for both cell types and

plotted as a heatmap.
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Figure 5. Lung-infiltrating monocytes

release inflammatory mediators and harbor

replicative SARS-CoV-2

(A) Inflammatory mediators in the apical fluid

following transmigration were quantified by a

multiplexed electrochemiluminescent assay. The Z

score for each mediator in each condition was

calculated and plotted.

(B) Transmigration efficiency of monocytes was

calculated by dividing the number of monocytes in

the apical fluid after 24 h by the input number of

cells.

(C–E) RNA was extracted from each component of

the model (epithelium, lung-infiltrating monocytes,

and extracellular fluid) and reverse transcribed.

Total SARS-CoV-2 genome copies were calcu-

lated.

(F) The sum of each of the components of the

model was calculated to depict the total amount of

virus remaining in the system after monocytes

were allowed to transmigrate for 24 h.

All statistics were calculated using the Mann-

Whitney U-test in Prism between the ‘‘no drug’’

and each treatment group. *p < 0.05, **p < 0.01,

***p < 0.001. Shown are median and interquartile

range.
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transcripts (Figures S8A–S8D). SARS-CoV-2 genome copies

were also detectable in the extracellular fluid and were

decreased by treatment with remdesivir alone and combined

with baricitinib (Figure 5E). Altogether, remdesivir decreased

total virus in all compartments of the transmigration model, while

baricitinib did not have a noticeable effect despite lowering the

number of genome copies in the recruited monocytes

(Figure 5F).

In the 72 h during which the virus was applied to the HLE-ALI

cells from start to finish of transmigration experiments, HLE-ALI

cells had a median of 6.3 3 105 viral genome copies in the

absence of drugs, which is about 53 the initial input (Figure 5C).

To determine if viral replication occurred, we assessed SARS-

CoV-2 N-subgenome relative to 18S rRNA transcripts in HLE-

ALI cells. There was a detectable amount of N-subgenome

that remained unchanged in conditions including remdesivir.

However, treatment with baricitinib resulted in an �24-fold in-

crease in the N-subgenome relative amount (Figure S7E). Rela-

tive to 18S rRNA transcript, all treatment conditions increased

the amount of N-subgenome compared with the untreated con-
trol in monocytes (remdesivir:�21; barici-

tinib: �23; and remdesivir + baricitinib:

�21) (Figure S7F).

In order to gain a better understand-

ing of how SARS-CoV-2 enters mono-

cytes, we analyzed the expression of

surface angiotensin-converting enzyme

2 (ACE2) and also included various

treatments during transmigration known

to affect SARS-CoV-2 entry into cells.

Blood monocytes were found to express

surface ACE2 as measured by flow cy-
tometry, and ACE2 appeared to be slightly upregulated upon

transmigration (Figure S9A). The observation that immune

cells, including monocytes and macrophages, express ACE2

and thus could be susceptible to direct SARS-CoV-2 infection

has been validated by many groups (Abassi et al., 2020).

Accordingly, the inclusion of soluble ACE2 (200 mg/mL, also

contained a C-terminal 10xHis-tag) lowered the amount of

SARS-CoV-2 observed in the monocytes, as other groups

have shown (Krishnamurthy et al., 2021; Monteil et al.,

2020). Next, the use of the antibiotic dalbavancin (1 mM),

which has been shown to bind to the ACE2 receptor (Wang

et al., 2021), also decreased the amount of SARS-CoV-2 in

transmigrated monocytes. As a control, the use of either solu-

ble ACE2 or dalbavancin did not decrease the amount of

OC43 in the monocytes (Figure S9B). The dynamin GTPase

inhibitor and pinocytosis blocker dynasore (80 mM) and endo-

cytosis inhibitor pitstop2 (15 mM) also inhibited SARS-CoV-2

entry into monocytes. Taken together, these findings indicate

that SARS-CoV-2 likely enters monocytes through a variety of

mechanisms, including ACE2-receptor-mediated endocytosis,
Cell Reports 39, 110945, June 14, 2022 7



Figure 6. Treatment with baricitinib and re-

mdesivir increases the rate of viral clear-

ance in lung-infiltrating monocytes

(A) Schematic of the experimental setup to

quantify replication of the virus in monocytes.

HLE-ALI cells were infected with SARS-CoV-2 at

an MOI 0.1 for 48 h, after which 106 monocytes

were transmigrated across the infected epithe-

lium toward LTB4 (100 nM) and CCL2 (250 pg/

mL) for 24 h, in the absence/presence of re-

mdesivir (1 mM) and/or baricitinib (1 mM). Mono-

cytes were washed and purified by negative

depletion using anti-CD326 beads to remove

contaminating epithelial cells and placed into

medium with no drug, remdesivir (1 mM), and/or

baricitinib (1 mM) for 0–72 h. All conditions con-

tained 0.1% v/v DMSO.

(B) Quantification of total SARS-CoV-2 genome

copies in the monocytes.

(C) Quantification of the amount of virus in the

extracellular fluid at each time point.

(D) Quantification of the N-subgenome in mono-

cytes at each time point. Data were normalized

to 18S rRNA in the untreated condition at 0 h us-

ing the delta delta Ct method.

(E) The extracellular fluid was layered onto VeroE6

cells to perform a plaque assay from which a

TCID50 was calculated. The positive control was

the direct application of 2.5 3 104 genome copies

of SARS-CoV-2 to the cells.

(F–H) Inflammatory mediators were measured us-

ing an electrochemiluminescent assay.

All statistics were calculated with a two-way

ANOVA, main effects model in Prism with Geisser-

Greenhouse correction applied. *p < 0.05,

**p < 0.01, ***p < 0.001. Shown are median and in-

terquartile range.
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either with or without the aid of clathrin (Bayati et al., 2021), as

well as pinocytosis.

Treatmentwith baricitinib and remdesivir decreases the
rate of viral clearance and replication in lung-infiltrating
monocytes harboring SARS-CoV-2
Since SARS-CoV-2 genome copies were detectable in lung-infil-

trating monocytes, we examined whether these genomes were

replication-competent. To this end, we isolated and washed

lung-infiltrating monocytes via negative selection with anti-

CD326 beads to remove contaminating epithelial cells and

incubated the purified monocytes in fresh medium for 72 h (Fig-

ure 6A). Every 24 h, RNA and protein were isolated from the

monocytes and the extracellular fluid. In the absenceof drug, viral

genome copies in monocytes increased from 0 to 48 h and then

plateaued (Figure 6B) while extracellular viral genome copies

steadily increased across the 72 h (Figure 6C). Since baricitinib

induced the expression of several antiviral genes and remdesivir

reduced viral genome copies in lung-infiltratingmonocytes in our

model, we next tested the effect of these drugs on viral propaga-

tion upon an additional 72 h of culture. As expected, treatment
8 Cell Reports 39, 110945, June 14, 2022
with remdesivir abrogated the replication of the virus and few

genomecopiesweredetected inmonocytes. Treatmentwithbar-

icitinib decreased viral genome copies in monocytes at 48- and

72-h time points, suggesting that this drug may also promote

clearance of virus by lung-infiltrating monocytes. Furthermore,

treatment with remdesivir alone or in combination with baricitinib

resulted in a stark decrease in levels of N-subgenome in mono-

cytes at all time points (Figure 6D). Treatment with baricitinib

also loweredN-subgenome inmonocytes comparedwith the un-

treated control at 48- and 72-h time points.

Because the virus replicated its genome in lung-infiltrating

monocytes, we next sought to determine whether infectious par-

ticles could be formed from these cells. To this end, the extracel-

lular fluid from monocyte cultures collected at 48- and 72-h time

points were applied to virus-permissive VeroE6 cells. Remark-

ably, no plaques or cytopathic effects were observed

(Figures 6E and S10), an observation repeated with a foci assay.

These findings suggest that although lung-infiltrating monocytes

in our in vitromodel are amenable to SARS-CoV-2 genome repli-

cation, a blockade exists in these cells that results in abortive

virus.
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Finally, to better understand the inflammatory state of lung-

infiltrating monocytes harboring viral genome copies, we per-

formed amultiplexed electrochemiluminescent assay to quantify

mediators released by these cells. While extracellular IL-10

levels steadily increased from 0 to 48 h in the absence of drugs,

treatment with baricitinib alone or in combination with remdesivir

kept those levels low (Figure 6F). Treatment with remdesivir

alone increased extracellular IL-10 levels, although not to the

same levels as in the untreated control conditions. Extracellular

levels of CXCL8 and IL-1b were higher in the absence of drug

at 0- and 24-h time points than in all treatment groups. However,

treatment with baricitinib lowered the magnitude of IL-1b in-

crease, suggesting that this drug may promote lower grade

neutrophilic inflammation. Although treatment with remdesivir

resulted in lower levels of CXCL8 and IL-1b (Figures 6G and

6H), it elevated levels of IL-1a compared with the untreated con-

trol condition at 24- and 48-h time points (Figure S11A). IFN-g

increased over time in the untreated control condition but

remained low in all treatment groups (Figure S11B), while no ef-

fects were observed with IL-6, TNF-a, G-CSF, GM-CSF, and

VEGF-A (Figures S11C–S11G).

DISCUSSION

COVID-19 includes an early viral phase and a later immune

phase. Upon infection by SARS-CoV-2, differentiated epithelial

cells in the small airway model show enhanced proapoptotic

signaling and attenuated type I IFN signaling, which may allow

for enhanced viral propagation during early disease and prevent

mounting of an effective innate immune response by epithelial

and myeloid cells. An ineffective innate immune response with

suboptimal type I IFN signaling can impede development of sub-

sequent type II IFN (IFN-g)-dependent adaptive immune re-

sponses (Zuniga et al., 2015), as occurs in severe COVID-19

(Rao et al., 2020). Prior studies noted that SARS-CoV-2-infected

human lung tissue failed to upregulate IFN genes during infection

and that, in patients with severe COVID-19, lung-infiltrating

monocytes showed a reduced IFN signature compared with pa-

tients with mild disease (Chu et al., 2020; Schulte-Schrepping

et al., 2020). In contrast with prior studies that did not combine

differentiated epithelial cells with infiltrating leukocytes (Vander-

heiden et al., 2020), our small airway model did show increased

IFN-g release upon SARS-CoV-2 infection.

As viral burden wanes, host responses may devolve into CRS,

featuring proinflammatory mediators supporting monocyte infil-

tration combined with high IL-10 levels, which act to initially limit

neutrophil recruitment (Eroshenko et al., 2020). To overcome the

barrier posed by IL-10, lung-infiltrating virus-infectedmonocytes

may synthesize additional CXCL8, which eventually results in

neutrophil infiltration, leading to ARDS. Moreover, high levels

of monocyte-derived IL-1b can also overcome IL-10 blockade

and promote neutrophilic inflammation (Dinarello, 2018). Lung-

infiltrating monocytes in our model were infected by SARS-

CoV-2 from the epithelium. They subsequently increased

expression of proinflammatory genes, including CXCL8 and IL-

1b, among other changes in their transcriptional poise, likely to

contribute to further inflammation. This mirrors in vivo findings

that infiltrating monocytes isolated from the BALF of severe
COVID-19 patients contain SARS-CoV-2 transcripts and inc-

reased expression of CXCL8 and IL-1b and multiple other

chemokines, including CCL4, CCL7, CCL3, and CCL2. These

findings implicate lung-infiltratingmonocytes as key contributors

to COVID-19 progression. Thus, our model recapitulates the

distinct phases in the clinical progression of COVID-19, including

initial immune avoidance in epithelial cells, recruitment of airway

monocytes, and the release of inflammatory molecules reflective

of CRS and, later, ARDS.

Although the viral products detected in lung-infiltrating mono-

cytes were abortive, these cells may yet act as a reservoir of virus

or as a continuing source of inflammatory cytokines and

contribute not only to fueling the CRS but also to paving the

way for neutrophil-driven ARDS. Furthermore, it is possible

that replicative SARS-CoV-2 in airway monocytes serves as a

continual source of dsRNA-stimulation, resulting in inflammatory

cytokine release contributing to symptomatology, seen in so-

called ‘‘long-haulers,’’ i.e., patients who have relatively mild dis-

ease weeks or even months after the initial infection. Indeed, it

was previously observed that CD16+ blood monocytes ex-

pressed SARS-CoV-2 S1 spike protein up to 15 months after

initial SARS-CoV-2 infection, despite the inability to isolated

full-length viral RNA (Patterson et al., 2021). The finding that

monocytes harbor cell-associated SARS-CoV-2 copies has

been observed by others and poses a key therapeutic opportu-

nity for early host-directed disease intervention. In one study,

blood monocytes were able to be infected by SARS-CoV-2 in

an antibody-dependent manner, triggering inflammasome

activation and contributing to severe COVID-19 pathology (Jun-

queira et al., 2021). In another study, circulating lymphomononu-

clear cells, including monocytes as well as T and B cells were

susceptible to SARS-CoV-2 infection (Pontelli et al., 2020). A

third study described that blood monocytes and differentiated

macrophages could be infected by SARS-CoV-2, resulting in

abortive viral products (Boumaza et al., 2021). However, these

prior instances were in blood monocytes, not lung-infiltrating

cells, as used in our study, which we previously showed to ac-

quire a distinct transcriptional poise (Ford et al., 2021). Recently,

another group showed that tissue-resident alveolar macro-

phages take up and replicate SARS-CoV-2, after which a type I

IFN response ensued (Sefik et al., 2022).

In the Adaptive COVID-19 Treatment Trial 1 (ACTT-1), the anti-

viral remdesivir showed greatest clinical benefits (improved time

to recovery) in patients with an ordinal oxygen score of 4 or 5 (not

receiving or receiving low-flow oxygen, respectively) compared

with a placebo, suggesting that antivirals will work best in early-

stage disease (Beigel et al., 2020). ACTT-2 evaluated baricitinib

in combination with remdesivir against baricitinib alone (Kalil

et al., 2021). The combined treatment shortened total time to re-

covery and had more improvement in symptoms and fewer

adverse events than the control group. The efficacy of combined

baricitinib and remdesivir treatment was greatest in patients who

had an ordinal score of 6 at baseline (receiving high-flow oxygen

or a non-invasive ventilation), indicating the profound effects of

baricitinib onmore severe late-stage disease. In the subset of pa-

tients who started treatment at an ordinal score of 6, time to re-

covery was shorted from 18 days in the group to 10 days in the

combination group (Kalil et al., 2021).
Cell Reports 39, 110945, June 14, 2022 9
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In rhesus macaques infected with SARS-CoV-2, baricitinib

given alone from 2 to 10 days post-infection suppressed proin-

flammatory cytokine production in lung macrophages, reduced

recruitment of neutrophils, and resulted in reduced lung pathol-

ogy compared with the control group. However, viral load in

nasal and throat swabs as well as BALF was unchanged

(Hoang et al., 2021). Other groups have proposed that, in addi-

tion to its immunomodulatory effects via JAK1/2 inhibition, bar-

icitinib treatment may have a direct effect on SARS-CoV-2 viral

entry via ACE2 by inhibiting numb-associated kinases to pre-

vent clathrin-mediated endocytosis (Stebbing et al., 2020).

Our study supports the notion that treatment with baricitinib

(alone and in combination with remdesivir) reduces viral load

in lung-infiltrating monocytes and that baricitinib (alone and in

combination with remdesivir) reduces viral replication and the

release of inflammatory mediators. Meanwhile, an exploratory

trial evaluating baricitinib plus standard of care versus a pla-

cebo plus standard of care found that the treatment group

had a lower mortality rate at both 28 and 60 days, although

ventilator-free days and length of hospital duration were

unchanged (Ely et al., 2022). At such late time points post-

infection, viral titers are low and baricitinib is likely functioning

primarily as an immunomodulator.

Findings presented here are made relevant to the clinical pre-

vention and resolution of COVID-19 by, first, comparing our

in vitro data to in vivo scRNA-seq data from patients with severe

COVID-19 and, second, by using the approved drugs remdesivir

and baricitinib. These drugs may now be tested in combination

with or as comparators for emerging therapies to bring to trial.

Findings here suggest that candidate drugs can affect the

epithelium and lung-infiltrating leukocytes in different and some-

times divergent ways with regard to their impact on antiviral and

immune signaling, notably. For this reason, the use of our small

airway model as a testing platform for candidate COVID-19

drugs overcomes some limitations associated with using non-

human/non-lung in vitro models.

In conclusion, we showed that HLE cells differentiated at ALI

propagate SARS-CoV-2 and fail to induce antiviral signaling

but can recruit monocytes. These lung-infiltrating monocytes

are in turn infected by SARS-CoV-2 yet successfully induce

host antiviral pathways while also activating IL-1b and CXCL8

transcription. Critically, we show that virus-laden, IL-1b- and

CXCL8-positive monocytes are also present in vivo in the lung

fluid of patients with severe, but not mild, COVID-19. Finally,

we show that treatment with the JAK1/2 inhibitor baricitinib com-

bined with the antiviral drug remdesivir decreases monocyte

recruitment through the virus-infected epithelium and viral

burden in both cell types and also alters signaling pathways in

monocytes. Taken together, our findings establish that lung-infil-

trating monocytes retain virus and contribute to the pathogen-

esis of COVID-19 and thus must be appropriately targeted for

successful resolution of the disease.

Limitations of the study
Although the human small airway model leveraged here can be

generated with primary epithelial cells (Laucirica et al., 2022),

the present study relies on a club cell line. In addition, blood

monocytes transmigrated in the model are from healthy
10 Cell Reports 39, 110945, June 14, 2022
subjects. Use of primary monocytes from patients may shed in-

formation on disease course in light of the observations that

they may behave abnormally in severe COVID-19 (Qin et al.,

2020). Finally, this study uses the Washington strain of

SARS-CoV-2. Follow-up studies combining primary airway

epithelial cells and monocytes from infected subjects and other

SARS-CoV-2 variants of interest (e.g., Delta [B.1.617.2] or Om-

icron [B.1.1.529]) may help identify host-virus interactions

causing the divergence between asymptomatic, mild, and se-

vere cases.
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Materials availability
This study did not generate new unique reagents.

Data and code availability
d RNA-seq data has been deposited at Gene Expression Omnibus (GEO) and are publicly available as of the date of publication. It

can be accessed under accession: GEO: GSE186460 with full link here: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE186460.

This paper analyzes existing, publicly available scRNA-seq data (Liao et al., 2020) and can be accessed from the GEO database

under accession code GEO: GSE145926 with full link here: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145926.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Maintenance of submerged H441 Club cells

The H441 Club cell line was acquired from ATCC and grown in 50/50 DMEM/F12 supplemented with 1% v/v penicillin/streptomycin

and 10% FBS.

In vitro transmigration experiments and infection with virus
The H441 Club cell line is grown on Alvetex scaffolds (ReproCELL, Glasgow, UK) coated with rat-tail collagen (Sigma) for 2 weeks at

air liquid interface with 2% v/v Ultroser G (Crescent Chemical, Islandia, NY) in 50/50 DMEM/F12 supplemented with 1% v/v penicillin/

streptomycin (Forrest et al., 2018; Grunwell et al., 2019). The filters are then flipped and placed into fresh media in the bottom of the

well. Virus (PR8: A/Puerto Rico/8/1934; OC43; or NR-52281, SARS-CoV-2 Isolate USA-WA1/2020) is added to the media such that

that themultiplicity of infection (MOI) is 0.1 and incubated for 24 h (unless otherwise indicated) (Figure 1A). This setup requiresmanual

flipping of filters prior to transmigration (Dobosh et al., 2021), a delicate process to perform in BSL3 conditions. Thus, the epithelial

cells must be infected while the cells are submerged and no longer at ALI, which may introduce artifacts reminiscent of pneumonia.

The filters are transferred to RPMI media with LTB4 (100 nM) and CCL2 (250 pg/mL) with or without additional drugs. Baricitinib and

remdesivir were each used at a final concentration of 1 mM. The untreated condition contained 0.1% v/v DMSO as a vehicle control.

Blood was collected by venipuncutre in K2-EDTA tubes from healthy donord and monocytes were purified using RosetteSep

(StemCell) as described previously (Ford et al., 2021). A total of 106 cells is loaded onto the Alvetex scaffold for transmigration which

was allowed to occur for 24 h (Figure 3A). After transmigration, TriPure (Roche) was added to epithelial cells and frozen at �80�C.

METHOD DETAILS

Isolation of monocytes from transmigration fluid
To purify transmigrated cells in a low volume-manner and without the use of a centrifuge, we conjugated 8 mmmagnetic beads coated

in streptavidin (Spherotech) with biotinylated antibodies targeting CD45 and CD115. Beads and cells were incubated at room temper-

ature for 15 min and the supernatant was removed. The bead precipitate was resuspended in TriPure and frozen at �80�C.

Isolation of nucleic acids
For isolation of RNA (and DNA) from epithelial cells, after thawing, chloroform (Sigma) was added to the TriPure and RNA was ex-

tracted using the standard purification procedure in themanufacturer’s protocol followed by a sodium acetate precipitation to further

clean the RNA. For isolation of RNA (and DNA) frommonocytes, the tubes were thawed and placed on amagnet to remove the beads

from solution. The TriPure supernatant was transferred to a clean tube and chloroform was added and spun following the manufac-

turer’s protocol. Due to the small amount of expected RNA yield, the aqueous phase (containing the RNA) was mixed 1:1 with 100%

ethanol (Sigma) and loaded onto an RNA clean and concentrator-5 column (Zymo). RNA was isolated following the manufacturer’s

protocol. DNA was isolated from the organic phase following the manufacturer’s protocol.

Cell counting by DNA quantification
Traditional cell counting by hemocytometer was not available in the BSL3. To solve this problem, an estimate of cell number was

achieved by quantifying the amount of DNA in the sample. The extracted genomic DNA is amplified using a primer and probe pair

which bind an exon-intron junction of AP endonuclease 1 (APEX1; Table S9). These sequences appear once in the genome and

the primers and probe do not exhibit off-target amplification. Luna Universal Probe qPCR Master Mix (New England Biolabs) was

used to amplify the gDNA. A standard curve to calculate copy number was generated using a double stranded gBlock from IDTwhich

contains the expected binding sequence (Table S10). The copy number was then divided by two to account for diploidy and multi-

plied by the dilution factor to estimate the total number of cells. Naturally, this number is an estimate as dividing cells as well as dead

cells, which have not yet fully degraded their DNA, will elevate the count resulting in an overestimate of the total cell yield.
e2 Cell Reports 39, 110945, June 14, 2022
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Flow cytometric analysis of monocytes
Purified bloodmonocytes fromblood before and after transmigration across HLE-ALI cells with or without infectionwith SARS-CoV-2

were stained (R&D Systems) for the presence of surface ACE2 and then measured by flow cytometry on a Cytoflex S (Beckman

Coulter).

Extracellular ATP assay
100 mL of extracellular fluid was centrifuged at 800 xg for 10 min and then used with the Promega Realtime-Glo Extracellular ATP

Assay following the manufacturer’s instructions. Luminescence was measured on a SpectraMax iD3 (Molecular Devices).

Quantification of viral RNA via qRT-PCR
Total RNA is reverse-transcribed using SuperScript IV (ThermoFisher) and an anchored oligo-d(T)20 primer followed by amplification

with a primer probe pair which targets the N gene (Table S9) and Luna Universal Probe qPCRMaster Mix (New England Biolabs) was

used to amplify the cDNA. A standard curve to calculate copy number was also generated using a double stranded gBlock from IDT

which contains the expected binding sequence (Table S10).

qRT-PCR
RNA is reverse-transcribed using SuperScript IV and anchored oligo-d(T)20 primers to make a cDNA library that can be usedmultiple

times. cDNA is amplified using relevant primer pairs (Table S9) and SYBR Green in an Applied Biosystems 7500. Data are analyzed

via the ddCt method for 18S rRNA and GAPDH (reference controls).

RNA quantification and quality control
RNA was initially quantified by Nanodrop 1000 spectrophotometer (ThermoScientific). For samples that would be analyzed by RNA-

seq, an aliquot was further quality controlled by an Agilent Bioanalyzer 2100.

Transcriptomic analysis of monocytes
Isolated RNA was reverse transcribed using Superscript IV Reverse Transcriptase (ThermoFisher Scientific) and an anchored oligo-

d(T)20 primer following the manufacturer’s protocol. A Fluidigm Biomark machine and Delta Gene Assay chip (96 3 96) was used to

conduct multiplexed qPCR of 96 genes and 96 samples. Data was analyzed using a modified version of the jpouch script available in

GitHub (https://github.com/jpouch/qPCR-Biomark; Date of Access: May 31st, 2020).

RNA-sequencing of epithelial cells
For RNA-seq, purified RNA was given to the Yerkes Genomics Core for processing. Briefly, rRNA is depleted and the TruSeqRNA

Sample Preparation v2 kit and LS protocol is used. All the produced Fastq files from single end reads were aligned to the human

reference genome (GRCh38.p13- Ensembl) using the alignment tool HISAT2 (version 2.1.0), using the default settings (Siren et al.,

2014). Then, BAM files reads were sorted using SAMtools (Li et al., 2009). The resulting BAM files were used as input to determine

read counts using FeatureCounts (1.5.2) (Liao et al., 2014). All processed counts were used to conducted differential expression anal-

ysis using DEseq2 (Love et al., 2014), considering as differentially expressed genes, genes with fold changes >2 folds, and a False

discovery rate <0.1. Finally, to understand the functions of the differentially expressed genes Metacore server is used against

pathway maps and networks. RNA-seq data has been deposited at GEO and are available as of the date of publication. It can be

accessed under accession: GEO: GSE186460.

Protein extraction
Once the DNA was removed from the organic phase, the supernatant was mixed 1:1 with 1% v/v SDS and loaded onto a 3,000 kDa

MWCO column (Sartorius) and spun at 3,000 xg for 2 min. The column was buffer exchanged with 500 mL of 1% v/v SDS five times.

Quantification of inflammatory mediators
Tenmediators (CXCL8, G-CSF, GM-CSF, IFNg, IL-1a, IL1b, IL-6, IL-10, IL-18, TNFa) weremeasured using a chemiluminescent assay

according to themanufacturer’s protocol (U-plex;Meso Scale Diagnostics). In general, tomeasure CXCL8, samples had to be diluted

1:10, but for all other cytokines we did not need to dilute the samples.

Single-cell RNA sequencing
The scRNA-seq FASTQs data from BALF of mild and severe patients were acquired from the GEO database under accession code

GEO: GSE145926 (Liao et al., 2020): https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145926. The Cell Ranger Software

(v.3.1.0) was used to perform barcode processing and single-cell 50 uniquemolecular identifier (UMI) counting. To detect SARS-CoV-

2 reads, a customized reference was built by integrating human GRCh38 and SARS-CoV-2 genome (severe acute respiratory

syndrome coronavirus 2 isolate Wuhan-Hu-1, complete genome, GenBank MN908947.3). Specifically, splicing-aware aligner

STAR (Dobin et al., 2013) was used in FASTQs alignment. Cell barcodes were then determined based on the distribution of UMI

counts automatically. The filtered gene-barcode matrices were first normalized using ‘LogNormalize’ methods in Seurat v.3 (Stuart
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et al., 2019) with default parameters. The top 2,000 variable genes were then identified using the ‘vst’ method by the

FindVariableFeatures function. To remove the batch effect between the mild and severe datasets, the standard integration workflow

of Seurat v.3 was used with the first 30 dimensions from canonical correlation analysis as the input of the ‘FindTransferAnchors()’

function. PCA was performed using the top 2,000 variable genes of the integrated matrix. Then UMAP was performed on the top

30 principal components for visualizing the cells. Meanwhile, graph-based clustering was performed on the PCA-reduced data

for clustering analysis with Seurat v.3. The resolution was set to 0.8 to obtain the UMAP.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistics were calculated using GraphPad Prism 9.2.0. Details of each test number of including the n, where n is the independent

biological replicates, plotted data always indicate the median with the interquartile range, as well as threshold cutoffs for statistical

significance are indicated in the legends accompanying the figures.
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