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Hallmarks of life-threatening, coronavirus-induced disease include dysregulated antiviral immunity and immunopathological tissue
injury. Nevertheless, the sampling of symptomatic patients overlooks the initial inflammatory sequela culminating in severe coronavirus-
induced disease, leaving a fundamental gap in our understanding of the early mechanisms regulating anticoronavirus immunity and
preservation of tissue integrity. In this study, we delineate the innate regulators controlling pulmonary infection using a natural mouse
coronavirus. Within hours of infection, the cellular landscape of the lung was transcriptionally remodeled altering host metabolism,
protein synthesis, and macrophage maturation. Genetic perturbation revealed that these transcriptional programs were type I IFN
dependent and critically controlled both host cell survival and viral spread. Unrestricted viral replication overshooting protective IFN
responses culminated in increased IL-1b and alarmin production and triggered compensatory neutrophilia, interstitial inflammation,
and vascular injury. Thus, type I IFNs critically regulate early viral burden, which serves as an innate checkpoint determining the
trajectory of coronavirus dissemination and immunopathology. The Journal of Immunology, 2023, 210: 774�785.

Coronaviruses have emerged as a family of ssRNA viruses
causing not only mild respiratory symptoms but life-threatening
infection at the root of multiple epidemics (1), including the

recent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-
induced disease 2019 (COVID-19) pandemic (2, 3). Severe corona-
virus disease is associated with high viral titers, exacerbated tissue
injury, and dysregulated immune processes (4�6). A global effort
has identified a number of innate immune phenotypes associated
with disease severity, including increased monocyte proliferation
and dampened Ag presentation, excessive neutrophil degranulation,
impaired NK cell function, and elevated proinflammatory serum
cytokines (7�12), while contradictory prognostic associations
between type I IFN responses and disease outcome have been
reported (13�19). Nevertheless, the relationship among these three
hallmarks of disease, i.e., viral titers, immunopathology, and dysre-
gulated immunity, remains unclear. The high, early viral burden
observed in patients who go on to develop severe coronavirus-induced
disease suggests either a delayed or insufficient potency of antiviral
immune responses (20�22), whereas the relative absence of infectious
viral particles in postmortem tissues (13, 23, 24) hints at immune
responses that are sufficiently inflammatory to clear the virus and
cause excessive tissue pathology. In general, for viral infections, the

series of events triggered in early infection determines the outcome
of late immune or pathological phenotypes and the overall course of
disease (25�28). Because the sampling of symptomatic patients or
dissection of postmortem tissues captures the culmination of a series
of immune responses, the early regulation of inflammatory sequela
balancing viral clearance and immunopathology remains largely unclear
and represents a major missing link in our understanding of mecha-
nisms driving severe coronavirus-induced disease.
The key cellular players and molecular mechanisms securing early

antiviral immunity at the site of infection can be best dissected using
preclinical models. The murine coronavirus (M-CoV; also known as
the murine hepatitis virus) is a b-coronavirus that can induce a multi-
organ disease in its natural host (29, 30) mimicking the pulmonary
and extrapulmonary involvement of SARS-CoV-2 (31, 32). Genetic
studies employing this mouse pathogen have identified a number of
general regulators of coronavirus infection. In the context of i.p.
infection, a type I IFN�driven communication axis between plasma-
cytoid dendritic cells (DCs) and macrophages has been shown to
limit viral replication (33, 34), whereas in enteric coronavirus infec-
tion, NK and innate lymphoid cells contain M-CoV infection via the
proinflammatory cytokine IL-15 (35). In contrast, functional assess-
ment of antiviral mediators using mouse-adapted human coronavi-
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ruses or humanized mice has yielded contradicting results in terms
of disease mechanisms, for example, in the case of type I IFNs
(36�38). These discrepant observations may reflect the altered virulence
or tropism of mouse-adapted and humanized transgenic models, which
are not optimized to support the life cycle of a virus that has evolved
to co-opt the replication machinery of a distinct host (29, 39). Indeed,
successful viral propagation relies not only on viral entry but also
uncoating, genome replication, translation of viral proteins, and new
virion assembly and release from the host cell (40). Such curtailed viral
propagation efficiency of mouse-adapted and humanized SARS-CoV-2
models is exemplified by the low or abrogated viral transmission in
these respective models (41), in contrast with the robust transmissibility
of M-CoV (42). Thus, the timely dissection of early regulators of anti-
viral immunity is best addressed in the context of a coronavirus model
that exhibits a naturally evolved replication life cycle.
In this study, we employed the M-CoV model to dissect the

early inflammatory responses mediating antiviral immunity to pul-
monary coronavirus infection. To unleash viral replication, we
genetically abrogated IFN responsiveness and delineated the cellu-
lar and molecular sequela preceding severe coronavirus-induced
disease. Our data reveal a dynamic cellular and transcriptional
remodeling of the pulmonary landscape marked by an attenuation
of host cell metabolism, protein synthesis, and proinflammatory
macrophage maturation, which were all dependent on type I IFN
responses. Unrestricted viral replication together with impaired proin-
flammatory macrophage maturation triggered increased inflammation
and tissue injury governed by overzealous neutrophil infiltration, as
well as increased IL-1b and alarmin (S100A8/9) production. In sum-
mary, our study identifies the early threshold of viral burden as an
innate checkpoint governing efficient versus pathological antiviral
immunity during pulmonary coronavirus infection.

Materials and Methods
Mice

C57BL/6 mice were purchased from Charles River Laboratories, and LysM-Cre
mice were purchased from Jackson Laboratory. LysM-Cre Ifnarfl/fl mice were
provided by U. Kalinke (Helmholtz Center for Infection Research, Hannover,
Germany) (43). b2-Microglobulin (b2M) and IFN-a receptor (IFNAR) knock-
out mice were maintained locally at the Institute for Laboratory Animal Sciences
at the University of Zurich. All mice were on the C57BL/6 genetic background
and were housed in the Institute of Immunobiology, Kantonsspital St. Gallen
under specific pathogen-free conditions in individually ventilated cages. Experi-
ments were conducted with female mice between 8 and 12 wk of age. All
experiments were performed in accordance with federal and cantonal guide-
lines (Tierschutzgesetz) under permission numbers SG/01/19, SG/26/20, and
SG/07/21 following review and approval by the Cantonal Veterinary Office
(St. Gallen, Switzerland).

Viral infections and determination of viral titers

Mice were infected intranasally (i.n.) with 5 × 104 PFUs M-CoV A59 or
M-CoV GFP as previously described (34, 44, 45). Mice were observed daily,
and clinical disease symptoms and weights were noted. M-CoV titers were
determined by standard plaque assay using L929 cells (33).

NK cell depletion

C57BL/6 mice were injected with 0.5 mg/ml anti-NK1.1 Ab i.p. 1 d before
infection with 5 × 104 PFUs M-CoV. Depleting Ab was injected every second
day after the first depletion. Control mice obtained 0.05 mg/ml anti-IgG Ab
i.p. with the same treatment regimen.

Hematopoietic and stromal cell isolation

Cell isolation from mouse lungs was performed according to standardized
protocols (46). Mice were euthanized at the indicated time points and immedi-
ately perfused with PBS. Lungs were transferred into a six-well plate contain-
ing RPMI 1640 medium (Sigma-Aldrich) supplemented with 4 U/ml elastase
(Worthington), 1 U/ml Dispase II (Roche), and 10 ml/ml DNase I (AppliChem)
and incubated for 45 min at 37◦C. Lung tissue was then mechanically disrupted
and washed in cold RPMI. Tissues were subjected to a second enzymatic

digestion in RPMI 1640 medium supplemented with 25 mg/ml Liberase
(Roche) and 0.25 mg/ml DNase I and incubated for 30 min at 37◦C. Any
larger tissue fragments were mechanically dissociated and passed through a
100-mm cell strainer. Stromal and hematopoietic cell fractions were enriched
using MACS anti-CD45 microbeads (Miltenyi Biotec).

Flow cytometry

Cell characterization was performed by incubating single-cell suspensions
in PBS containing 2% FCS and 2mM EDTA (Sigma-Aldrich) for 20min
at 4 ◦C, using Abs against Ly6C-PerCP (HK1.4; BioLegend), CD11c-
allophycocyanin-Cy7 (N418; BioLegend), I-A�I-E�AF700 (M5/114.15.2,
BioLegend), CD24-Alexa (Al.) Fluor 647 (M1/69; BioLegend), CD11b-
BV711 (M1/70; BioLegend), CD45-BV605 (104; BioLegend), CCR2-
BV421 (SA203G11; BioLegend), CD64-PE-Cy7 (X54-5/7.1; BioLegend),
Ly6G-PE (1A8; BD), CD31-PerCP (390; BioLegend), CD45-allophy-
cocyanin-Cy7 (30-F11; BioLegend), CD24-Al. Fluor 647 (M1/69;
BioLegend), I-A/I-E-BV421 (M5/114.15.2; BioLegend), CD326-PE-Cy7 (G8.8;
BioLegend), podoplanin-PE (8.1.1; BioLegend), CD45-PE (104; BioLegend),
and Annexin V�allophycocyanin (BioLegend). Ghost Dye Violet 510
(LubioScience) was used to identify dead cells. Ag-specific T cells were
detected using PE-conjugated S598 tetramers (Sanquin Reagents) after an incu-
bation of 20min at 37◦C. For measuring cytokine production, 106 cells were
incubated with brefeldin A (5mg/ml; Sigma) for 3.5h at 37◦C. For intracellu-
lar staining, cells were surface stained and fixed using Cytofix/Cytoperm (BD
Biosciences) for 20min. Fixed cells were incubated at 4◦C for 40min with
monoclonal anti�granzyme B (eBioscience) diluted in permeabilization
buffer (eBioscience). For Annexin V staining, the Annexin V�Apoptosis
Staining/Detection Kit (Abcam) was used according to the manufacturer’s
instructions. Samples were analyzed by flow cytometry using a FACS
Fortessa flow cytometer and the FACSDiva operating program. Data were
analyzed using FlowJo software (Tree Star).

Single-cell RNA sequencing analysis

Cell sorting was performed on a BD FACS Melody cell sorter using
BD Chorus software. For discrimination between live and dead cells,
7-aminoactinomycin D (Sigma-Aldrich) was added before sorting. Sorted
cells were passed through the 10× Chromium (10× Genomics) system, and
cDNA libraries were generated according to the manufacturer’s recommen-
dations (Chromium Single Cell 39 Reagent Kit [version 3 chemistry]).
Sequencing of libraries was done using the NovaSeq 6000 Illumina sequenc-
ing system at the Functional Genomic Center Zürich. Initial processing and
gene expression estimation were performed using Cell Ranger (version
5.0.1) with the Ensembl GRCm38.94 release as a reference, as well as the
M-CoV-A59 nucleocapsid gene sequence (NC_001846.1) to build index files
for alignments. Subsequent quality control was performed with the Scater
(version 1.20.1) (47) and SingleCellExperiment (version 1.10.1) (48) R/Bio-
conductor packages in R version 4.0.1. Cells with particularly high or low
numbers of detected genes or unique molecular identified counts (more than
two median absolute deviations from the median across all cells), as well as
cells with a large fraction of mitochondrial genes (more than two median
absolute deviations above the median across all cells), were removed to
avoid contamination with damaged cells. After quality control and removal
of contaminants, in total 35,616 cells were retained for further processing
using the Seurat package (version 4.0.1) (49), which corresponded to 8196
cells from naive controls, 14,646 cells from infected control mice, and 12,774
cells from infected LysM-Cre Ifnarfl/fl mice. For transcriptional analysis of
macrophages, a total of 10,678 cells were re-embedded, corresponding to 686
cells from naive mice, 7558 cells from infected control mice, and 2434 cells
from infected LysM-Cre Ifnarfl/fl mice. Data were analyzed using functions
from the Seurat package for normalization, scaling, dimensional reduction
with principal-component analysis and t-distributed stochastic neighbor
embedding (t-SNE), and graph-based clustering. Resulting clusters were char-
acterized based on expression pattern of canonical marker genes and cluster
markers calculated with the FindMarkers function of the Seurat package. Dif-
ferentially expressed genes were conceived from Wilcoxon test as implemented
in the FindMarkers function to compare expression profiles across conditions.
To investigate functional differences between inflammatory macrophages in
LysM-Cre Ifnarfl/fl and control mice, we tested differentially expressed genes in
macrophage clusters for enrichment in gene ontologies using the ‘enrichGO’
function from the clusterProfiler R/Bioconductor package (version 3.18.1)
(50). Top significant ontologies (q< 0.05) were visualized. Functional gene
signatures were summarized from top differentially expressed genes based on
their reported functions and projected on a diffusion map (51) by running the
‘DiffusionMap’ function from the destiny R package (3.4.0) (52).
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Immunofluorescence

Murine lungs were perfused and fixed overnight at 4◦C in 4% paraformalde-
hyde (Merck Millipore) under agitation. Tissues were embedded and oriented
in 4% low-melting agarose (Invitrogen) in PBS and cut into 60- to 80-mm
sections using a vibratome (VT-1200; Leica). Sections were blocked in PBS
containing 10% FCS, 1mg/ml anti-Fcg receptor (BD Biosciences), and 0.1%
Triton X-100 (Sigma). Sections were stained overnight with the following
conjugated Abs against M-CoV�nucleocapsid�Al. Fluor 546 (J3.3, kindly
provided by S. Siddell, University of Würzburg, Germany), CD45-Biotin
(104; BioLegend), CD45-FITC (104; BioLegend), activated caspase 3�Al.
Fluor 647 (92-605; BD), and smooth muscle actin�eFluor660 (1A4; Thermo
Fischer Scientific) and unconjugated Abs against surfactant protein C
(SFTPC)-rabbit (Invitrogen), podoplanin-hamster (8.1.1; BioLegend), and GFP-
chicken (BD). Unconjugated Abs were detected with the following secondary
Abs by incubation for 1 h at room temperature: anti-chicken Al. Fluor 488
(Thermo Fischer Scientific), goat anti�syrian hamster-D649 (Jackson Immu-
noresearch), donkey anti-rabbit-Cy3 (Jackson Immunoresearch), and strepta-
vidin-Cy3 (BioLegend). Nuclei were stained with DAPI dihydrochloride
(Life Technologies), and lung sections were mounted on glass microscopy
slides using Fluorescence Mounting Medium (Dako). Imaging was per-
formed with an LSM 980 confocal microscope (Carl Zeiss), and microscopy
data were processed with ZEN software (Zeiss) and Imaris version 9 soft-
ware (Bitplane). Overview images of lungs were acquired using tile scans at
200× magnification and overlapping tiles were fused together using ZEN
software (Zeiss). For histological quantification of cells coexpressing caspase
3 and M-CoV nucleocapsid protein, cells were counted individually and
expressed as a ratio over total M-CoV nucleocapsid�stained cells per field.

M-CoV infection of bone marrow�derived macrophages

Bone marrow was isolated from bones from LysM-Cre− littermate control
(LMC), LysM-Cre Ifnarfl/fl, and Ifnar-deficient mice. Murine bone marrow�
derived macrophages (BMDMs) were generated after culture with GM-CSF�
containing supernatant. After 7 d, 105 BMDMs were plated into 48-well
plates and on the following day incubated with 0.01 multiplicity of infection
of M-CoV at 37◦C. After 1 h, the virus-containing supernatant was replaced
with medium, and supernatants were collected after 6 or 12 h. M-CoV titers
in the supernatant were determined by standard plaque assay.

Cytokine quantification

For cytokine measurements, lung homogenate supernatants from day 2�infected
mice and uninfected mice were used. IL-1b and S100A8/9 levels were measured
using the IL-1b ELISA kit (Invitrogen) and Mouse S100A8/S100A9 ELISA kit
(Invitrogen) according to the manufacturer’s instructions. Absorbances were mea-
sured at 450 nm on a microplate reader (Tecan). TNF-a and MCP-1 cytokine
levels were quantified using the Cytometric bead assay Mouse inflammation kit
(BD Biosciences) according to the manufacturer’s instructions and measured
by flow cytometry using a FACS Fortessa flow cytometer.

Vascular permeability

Vascular permeability assays were performed as per standardized protocols (53).
A total of 40 kDa of FITC-Dextran (Invitrogen) was injected i.v. into mice. One
hour later, mice were sacrificed, and blood was collected by cardiac puncture.
Serum was diluted 1:10 in PBS, and the fluorescence intensity was measured at
528 nm on a microplate reader (Tecan). Alternatively, 200 ml of 0.5% Evans
blue (Sigma) was injected i.v. into mice. One hour later, mice were sacrificed
and perfused, and lungs were stored in 4% paraformaldehyde.

Statistical analyses

Statistical analyses were performed with GraphPad Prism 8.0 with Mann�
Whitney U test, and longitudinal comparison between different groups was
performed with one- or two-way ANOVA with Tukey’s posttest or Kruskal�
Wallis test with Dunn’s posttest. Statistical analyses are indicated in the figure
legends. Statistical significance was defined as p < 0.05.

Data and code availability

The single cell RNA-sequencing (scRNA-seq) data generated in this study have
been deposited in the BioStudies database (https://www.ebi.ac.uk/biostudies/)
under accession code E-MTAB-11781. The R code will be made available
from the authors on request.

Results
Type I IFN�responsive macrophages control acute pulmonary M-CoV
infection

To elucidate the trajectory of viral replication of the natural mouse
coronavirus, we infected C57BL/6 mice with 5 × 104 PFUs of M-CoV
via the i.n. route and measured viral titers along the upper and lower
airways and draining lymphoid tissues within the first 6 d postinfection
(p.i.). All mice used for viral titer analysis showed the presence of
virus in at least one organ (Supplemental Fig. 1A). i.n. infection of
mice led to detectable viral titers in the nasopharyngeal-associated
lymphoid tissue, the trachea, and lung already 12 h p.i. (Fig. 1A).
Viral titers in the lungs peaked between days 1 and 2 p.i. Histologi-
cal analysis of day 2�infected mouse lungs revealed that clusters of
virus-infected cells expressing the M-CoV nucleocapsid protein con-
sistently appeared in proximity to bronchioles, in line with an infec-
tion trajectory along the airways (Fig. 1B). By day 6 p.i., most mice
had cleared the virus in the upper and lower airways. In cervical
lymph nodes, replicating virus was first detectable 1 d p.i., with com-
plete clearance by day 6. Pulmonary M-CoV infection triggered a
rapid influx of myeloid cells, especially CCR21Ly6C1CD641 mono-
cyte-derived macrophages and granzyme B�expressing NK cells as
early as day 2 p.i. (Fig. 1C, 1D; Supplemental Fig. 1B�E). The num-
bers of M-CoV spike-specific, S598 tetramer-binding CD81 T
cells and activated KLRG11CD62L−CD81 T cells peaked in the
lungs on day 8 p.i. (Fig. 1E, 1F, Supplementary Fig. 1F�H),
highlighting the canonical immune processes leading to elimi-
nation of virus-infected cells (44).
Previous work has demonstrated the requirement for type I IFN

responsiveness in myeloid cells, as well as a role for NK cells in
controlling early M-CoV infection in the peritoneum and gastroin-
testinal tract, respectively (34, 35). Given the rapid increase in both
of these cell populations in the lungs of M-CoV�infected mice, we
sought to delineate the relevant cell types mediating viral contain-
ment during pulmonary M-CoV infection. To this end, we assessed
the survival of mice lacking the gene encoding the IFNAR in LysM-
Cre�targeted myeloid cells (54), as well as in mice treated with the
NK cell�depleting anti-NK1.1 Ab. Consistent with i.p. M-CoV
infection (34), mice lacking IFNAR in myeloid-lineage cells exhibited
critical infection compared with LysM-Cre− LMCs (Fig. 1G), whereas
NK cell depletion had no effect on survival (Fig. 1H, Supplemental
Fig. 1I, 1J). As anticipated, CD81 T cell�deficient, b2M-knockout
mice exhibited a high probability of succumbing to infection between
days 8 and 10 p.i. (Fig. 1I). Thus, pulmonary M-CoV infection was
accompanied by increased inflammatory macrophage and NK cell
infiltration, although type I IFN responsiveness in myeloid cells cru-
cially controlled early M-CoV infection.

Transcriptional remodeling of the pulmonary landscape by M-CoV

Discrepant observations regarding the protective or pathogenic role
for type I IFNs are reported within the COVID-19 patient popula-
tion (13�19, 55), in part because of the differences in sampling
bronchoalveolar lavage (BAL) or peripheral blood at various time
points over the course of symptomatic disease. To define the early
molecular changes that accompany the rapid pulmonary influx of
innate immune cells into the lungs during natural M-CoV infection,
we sought to elucidate the transcriptional reprogramming of the pul-
monary landscape at the peak of viral infection. Given the cyto-
pathic nature of the coronavirus life cycle, we anticipated that virus-
infected cells would account for a small percentage of overall cells
in the lung. To detect and enrich for a sufficient number of live,
virus-infected cells, we infected mice with the fluorescent M-CoV
GFP virus. Consistent with the dynamics of viral replication in the
lungs (Fig. 1A), we observed the highest proportion of M-CoV
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GFP1�infected cells at 48 h p.i. (Supplemental Fig. 2A, 2B). We
reasoned that at the peak of the infection, cells would be more suscep-
tible to cell death and sensitive to sorting for downstream scRNA-seq
analysis. To achieve an optimal balance between infected cell yield
and viability, we selected the 36 h time point p.i. for cell sorting
experiments (Fig. 2A, 2B). To characterize both infected and nonin-
fected cells, we sorted for GFP1CD451/CD45− and GFP−CD451/
CD45� cells from M-CoV GFP�infected lungs at 36 h p.i. and for
CD451/CD45− cells from the lungs of naive mice (Fig. 2C). After
quality control and processing, we obtained 22,842 cells that captured
the desired spectrum of hematopoietic and nonhematopoietic cells
in the lungs (Fig. 2D). Cell types were assigned based on known
marker genes and comprised epithelial cells (Sftpc, Krt8, Epcam);
fibroblastic cells (Col3a1, Pdgfra, Pdgfrb); blood endothelial cells
(Cdh5, Pecam1, Cldn5), including a specialized population of aero-
cytes (Car4, Apln); alveolar macrophages (Fabp1, Mrc1, Marco,

Siglecf); interstitial macrophages (Fcgr4, Treml4, Fabp4, Cx3cr1);
monocyte-derived macrophages (Ccr2, Ly6c); a joint cluster of DCs
and plasmacytoid DCs (Batf3, H2-Ab1, Siglech); neutrophils (S100a9,
Ly6g); NK cells (Ncr1, Nkg7); T cells (Cd3e, Trbc2); and B cells
(Cd79a, Cd19) (Supplemental Fig. 2C) (56�59). All cell types were
present in lungs of both naive and M-CoV�infected mice, although
the altered two-dimensional distribution of cells in t-SNE plots sug-
gested significant transcriptional changes p.i. (Fig. 2E). Many of
these transcriptional shifts were observed in infected cells, as identi-
fied by the expression of M-CoV nucleocapsid transcripts, including
macrophages, neutrophils, epithelial cells, fibroblasts, and blood endo-
thelial cells (Fig. 2F). To determine the relative abundance of infected
cells, we quantified the composition of M-CoV GFP1 cells in the
lungs of infected mice by flow cytometry (Fig. 2G, Supplemental
Fig. 2D, 2E). Monocyte-derived macrophages, which matched the
phenotype of Ly6C1 inflammatory macrophages, were the most

FIGURE 1. Type I IFN�responsive macrophages control pulmonary M-CoV infection. (A) M-CoV viral titer in the nasal-associated lymphoid tissue
(NALT), trachea, lungs, and cervical lymph node at the indicated time points p.i. (B) Representative immunofluorescence image of the localization of virus-
infected cells as demarcated by M-CoV nucleocapsid (M-CoV N) staining in the lungs of infected mice 48 h p.i. Smooth muscle actin (SMA) demarcates the
bronchioles (B) and blood vessels (BV). (C�F) Flow cytometric cell enumeration of CCR21 Ly6C1 CD641 monocyte-derived macrophages (C), Granzyme
B1 NK cells (D), S5981CD81 T cells (E), and KLRG11CD62L−CD81 T cells (F) in the lungs of M-CoV�infected mice at the indicated times. (G�I) Sur-
vival curves after M-CoV infection of LysM-Cre Ifnarfl/fl mice compared with LysM-Cre�negative controls (G), anti-NK1.1�depleted mice compared with
IgG isotype-treated controls (H), and b2M−/− compared with in-house bred C57BL/6 mice (I). Data in (A) are representative of three independent experiments
with n 5 11 (day 0.5 p.i.), n 5 8 (day 1 p.i.), and n 5 12 (days 2�6 p.i.); means are indicated. Dotted lines indicate the detection limit of the assay. Data in
(B) are representative of at least six mice. Data in (C)�(F) are representative of three independent experiments with n 5 5�10 naive mice, n 5 7�20 for day
2 p.i., n 5 7�20 for day 4 p.i., n 5 7�8 for day 6 p.i., n 5 8�16 for day 8 p.i., and n 5 7�12 for day 10 p.i. Means±SEM are indicated. In (E) and (F), T cell
counts are normalized to day 0. Data in (G)�(I) are representative of two independent experiments each, with n 5 7�9 mice per group. Statistical analysis in (A)
and (C)�(F) was performed using Kruskal�Wallis test with Dunn’s multiple comparisons test. n.d., not detected.
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readily infected cell type, comprising 51.2% ± 3.3% of GFP1 cells.
Neutrophils were the second most infected cell type (24.9% ±
1.1%), followed by interstitial macrophages (4.9% ± 0.5%). Cells of
the nonhematopoietic compartment, including epithelial cells, com-
prised between 2.7% and 3.8% of M-CoV GFP1 cells. The infec-
tion of CD451 hematopoietic and SFTPC-expressing alveolar type
II epithelial cells was confirmed by confocal microscopy (Fig. 2H,
2I). Intriguingly, despite the relatively low abundance of recovered
infected epithelial cells, this cell population expressed the highest
M-CoV nucleocapsid transcript levels, suggestive of host cell type�
specific differences in supporting viral replication (Fig. 2J).

Given the breadth of infected cell types and evident transcrip-
tional shifts associated with viral infection, we sought to define the
transcriptional reprogramming of the cellular landscape in the lungs
at this early time point. Analysis of the gene sets enriched in infected
compared with naive mouse lungs revealed an upregulation of path-
ways associated with antiviral defense mechanisms, such as response
to virus or cytokine signaling (Fig. 2K). To examine whether tran-
scriptional changes were induced to a similar extent across different
cell types, we projected the genes found in enriched pathways on
t-SNE plots of merged naive and infected lungs. Although the upre-
gulation of IFN-stimulated genes (ISGs) was evident across cell types

FIGURE 2. Cell type�dependent infection and transcriptional remodeling of the pulmonary landscape. (A) Representative flow cytometry plots showing the
presence of M-CoV GFP1 cells in the lungs of infected, but not naive, mice at 36 h p.i. (B) Quantification of the relative abundance of GFP1 cells in naive and
36 h p.i. mouse lungs. (C) Schematic representation of the experimental approach from cell isolation to droplet-based scRNA-seq. (D and E) Dimensional reduc-
tion t-SNE plots demonstrating the cell types in the naive and M-CoV�infected lungs merged (D) or separated per naive and infected condition (E). (F) Feature
plot representing the expression pattern of the M-CoV nucleocapsid transcript. (G) Circle plot depicting the relative proportion of M-CoV GFP1 cells after 36 h
p.i. as quantified by flow cytometry. (H and I) Representative confocal microscopy images of M-CoV GFP�infected CD451 hematopoietic cells (H) and
SFTPC1 alveolar epithelial type II cells (I). (J) Violin plot of M-CoV nucleocapsid expression across cell types in M-CoV�infected lungs. (K) Significantly
enriched gene sets in the lungs of mice 36 h p.i. compared with naive mice. (L and M) Expression profiles of select genes belonging to the indicated gene sets
projected onto t-SNE plots of merged M-CoV�infected and naive lungs. (N) Significantly downregulated gene sets in the lungs of mice 36 h p.i. compared with
naive mice. (O and P) Average expression of select genes belonging to the indicated gene sets projected onto t-SNE plots of merged M-CoV�infected and naive
lungs. Data in (A) and (B) are representative of three independent experiments, with n 5 5 naive mice and n 5 8 M-CoV�infected mice. In (B), statistical analy-
sis was performed using unpaired two-tailed Student t test; means ±SEM are indicated. Data in (D)�(F) and (J)�(P) are representative of 22,842 cells. Data in
(G) are representative of three independent experiments with n 5 8 mice. Data in (H) and (I) are representative of at least four mice.
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in M-CoV�infected lungs, macrophages and neutrophils showed the
strongest level of ISG expression (Fig. 2L), with proinflammatory
cytokine transcripts most abundant in monocyte-derived macrophages
from infected mice (Fig. 2M). Gene sets downregulated in infected
lungs were associated with energy production, oxidative phosphor-
ylation, and cellular translation (Fig. 2N), consistent with known
and emerging type I IFN�mediated effector mechanisms limiting
pathogen replication (60�64). Projection of genes involved in these
pathways demonstrated the infection-associated downregulation of
metabolic programs within nonhematopoietic cell types, includ-
ing epithelial cells, blood endothelial cells, and fibroblasts (Fig.
2O, 2P). In turn, myeloid cells expressed low levels of tran-
scripts involved in fatty acid metabolism and energy production
already in the naive condition. In summary, although M-CoV was
observed to infect multiple cell types in murine lungs, cell type�
specific differences were observed pertaining to the relative abundance
of infected cells, level of viral transcript expression, and infection-
induced transcriptional reprogramming. In particular, the induction of
ISGs and proinflammatory cytokine transcripts was most pronounced
in myeloid cells, which appeared to employ these pathways to criti-
cally control early pulmonary M-CoV infection.

Type I IFN signaling curtails viral replication and host cell death

Because the sensing of type I IFNs by myeloid cells was observed
to critically protect from pulmonary coronavirus infection (Fig. 1G),
we next sought to address the spectrum of type I IFN�mediated tran-
scriptional reprogramming of macrophages. To this end, we performed
scRNA-seq of hematopoietic and nonhematopoietic cells from the
lungs of LysM-Cre Ifnarfl/fl mice at 36 h p.i. All cell populations
previously identified in Ifnar-competent mice were recapitulated
in the lungs of conditionally Ifnar-deficient mice, although the distri-
bution of cells in t-SNE plots already suggested an altered transcrip-
tional identity of macrophage populations (Supplementary Fig. 3A).
To first delineate type I IFN�induced transcriptional reprogramming
of LysM-Cre�targeted cells, we re-embedded monocyte-derived,
interstitial, and alveolar macrophages from Ifnar-sufficient, uninfected,
and M-CoV�infected mice and from Ifnar-deficient, M-CoV�infected
mice (Fig. 3A). Separation of macrophages according to infected
condition and genotype, as well as visualization using diffusion maps
as an alternative nonlineal dimensionality reduction technique (51),
suggested that macrophages from LysM-Cre Ifnarfl/fl mice adopted
an intermediate molecular state compared with those from Ifnar-
sufficient uninfected and M-CoV�infected counterparts (Fig. 3B, 3C).
In contrast with the infection-induced downregulation of gene sets
involved in metabolism and energy production (Fig. 2N�P), macro-
phages from LysM-Cre Ifnarfl/fl mice retained an elevated expression
of genes regulating metabolite and energy generation, oxidative phos-
phorylation, cytoplasmic translation, and cell chemotaxis (Fig. 3D�G).
The sustained expression of genes encoding for host cytoplasmic

translational machinery and the failure to upregulate ISGs that directly
inhibit viral replication suggested that cells lacking IFNAR may be
better able to support new virion assembly. To assess the cell-intrinsic
requirement for IFN-responsiveness on viral replication in an isolated
system, we infected BMDMs from LysM-Cre Ifnarfl/fl mice, LMCs,
and Ifnar-knockout mice. Compared with Ifnar-sufficient macrophages,
Ifnar-deficient macrophages supported increased viral replication
(Fig. 3H) and exhibited reduced cell viability at 12 h after M-CoV
infection (Fig. 3I). Consistent with the observed increase in cell
death in in vitro assays, histological assessment of apoptotic cells in
situ revealed that lungs of LysM-Cre Ifnarfl/fl mice exhibited a sig-
nificantly increased proportion of M-CoV nucleocapsid�demarcated
cells expressing caspase 3 compared with LMCs (Fig. 3J, 3K). Given
that monocyte-derived macrophages were observed to be the most
readily infected cell type in murine lungs (Fig. 2G), and that the

absence of Ifnar culminated in increased susceptibility of infected
cells in vitro, we next examined whether infected, monocyte-derived
macrophages were underrepresented in the lungs of LysM-Cre
Ifnarfl/fl mice. Consistent with the observed reduction of macrophages
bearing M-CoV nucleocapsid transcripts (Supplemental Fig. 3B), the
proportion of M-CoV GFP1 monocyte-derived macrophages was
reduced in the lungs of LysM-Cre Ifnarfl/fl mice compared with
Ifnar-sufficient mice at day 2 p.i. (Fig. 3L, 3M). To determine to
what extent the reduced abundance of this macrophage population was
due to cell death, we examined the relative expression of Annexin V,
an early apoptotic marker. Indeed, monocyte-derived macrophages
from LysM-Cre Ifnarfl/fl mice expressed higher levels of Annexin V
compared with Ifnar-sufficient controls (Fig. 3N, 3O), suggesting that
type I IFNs protect and sustain monocyte-derived macrophages. In
summary, the impaired sensing of type I IFNs unleashed viral replica-
tion while reducing host cell survival, biological effects that were con-
comitant with a failure to dampen transcriptional programs involved in
metabolism, oxidative phosphorylation, and protein translation.

Type I IFNs sustain proinflammatory macrophage maturation

In the COVID-19 patient population, both dampened IFN responses
and dysfunctional innate immunity correlate with worse disease out-
come (8�12, 15�19). Nevertheless, the underlying mechanisms driv-
ing these phenotypes and whether they are linked remains unclear
and difficult to address in humans given the rapid induction and res-
olution of type I IFNs. Enrichment analysis of gene sets preferen-
tially expressed at a high level in Ifnar-deficient compared with
Ifnar-sufficient macrophages highlighted an IFN-induced antiviral
state associated with translational and metabolic reprogramming
(Fig. 3D). To assess whether the production of proinflammatory
cytokines by monocyte-derived macrophages (Fig. 2M) was also
dependent on type I IFNs, we examined the pathways that failed to
be upregulated in Ifnar-deficient macrophages on M-CoV infection.
Gene set charting suggested that the inflammation-induced matura-
tion of macrophages expressing inflammatory mediators such as Tnf,
Ccl2, and Cxcl10 was dependent on IFNAR signaling (Fig. 4A�D)
and restricted to LysM-Cre�targeted myeloid cells (Supplemental
Fig. 3C�E). This appeared in contrast with the IFN-independent
expression of leukocyte migration genes (Fig. 3G). Comparison of
these two cytokine and chemokine expression profiles revealed a
dichotomy between Tnf, Il6, Ccl2, and Cxcl10 expression in Ifnar-
sufficient macrophages versus Il1b, S100a8, and S100a9 expression
in Ifnar-deficient macrophages (Fig. 4E). We next assessed the
expression profile of these cytokines and chemokines in macrophages
relative to the overall cellular landscape of infected lungs in control
and LysM-Cre Ifnarfl/fl mice. Neutrophils expressed the highest tran-
script levels of Il1b, S100a8, and S100a9, and these gene expression
profiles were elevated in the lungs of conditionally Ifnar-deficient
mice compared with Ifnar-sufficient mice (Supplemental Fig. 3F).
Protein-level validation of these IFN-dependent and -independent
gene expression changes was confirmed in lung homogenate super-
natants from M-CoV�infected mice, with lungs from Ifnar-deficient
mice exhibiting elevated IL-1b and S100A8/9 production and damp-
ened amounts of MCP-1 (encoded by Ccl2) and TNF on day 2 p.i.
(Fig. 4F�I). Collectively, these data revealed an IFN-dependent
maturation of proinflammatory macrophages producing cytokines
and chemokines such as TNF and CCL2, respectively. Strikingly,
an increase in IL-1b and alarmins appeared as a compensatory process
in the context of Ifnar deficiency.

Compensatory neutrophilia and vascular permeability exacerbate lung
pathology

Given the observed impact of type I IFNs in driving the transcrip-
tional remodeling and inflammatory maturation of cells in M-CoV�
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FIGURE 3. IFNAR signaling restricts metabolic resources and cytoplasmic translation machinery to curtail viral replication and host cell death. (A and B) Dimen-
sional reduction t-SNE plot of pulmonary macrophages from Ifnar-sufficient naive and M-CoV�infected control mice and infected LysM-Cre Ifnarfl/fl mice either
merged (A) or shown per individual condition and genotype (B). (C) Diffusion map of macrophage subsets from naive and M-CoV�infected control mice and
infected LysM-Cre Ifnarfl/fl mice. (D) Significantly enriched gene sets in lung macrophages of infected LysM-Cre Ifnarfl/fl compared with infected control mice.
(E�G) Average expression of selected genes belonging to the indicated gene sets projected onto t-SNE plots of naive and M-CoV�infected control macrophages and
LysM-Cre Ifnarfl/fl macrophages. (H and I) Quantification of M-CoV titers (H) and cell viability (I) in BMDM cultures from LysM-Cre− LMC and LysM-Cre
Ifnarfl/fl and Ifnar−/− mice at 12 h after infection (multiplicity of infection 0.1). (J) Representative immunofluorescence images of apoptotic M-CoV nucleocapsid�
stained, virus-infected cells as demarcated by caspase 3 staining in the lungs of LysM-Cre Ifnarfl/fl and LysM-Cre− LMC mice 48 h p.i. Arrowheads demarcate the
magnified cell in the inset image. (K) Histological quantification of the ratio of caspase 3 and M-CoV nucleocapsid costained cells per total M-CoV nucleocap-
sid�demarcated cells in lungs of LysM-Cre Ifnarfl/fl and LysM-Cre− LMC mice 48 h p.i. (L) Representative flow cytometric plots of M-CoV GFP1 live cells
(Li) and M-CoV GFP1 monocyte-derived macrophages (Lii) from lungs of LysM-Cre− LMC and LysM-Cre Ifnarfl/fl M-CoV�infected mice. (M) Quantification of
the percent abundance of LysM-Cre− GFP1 monocyte-derived macrophages from CD451 cells in the lungs of LysM-Cre Ifnarfl/fl and LysM-Cre− LMC
mice. (N and O) Representative histograms (N) and quantification (O) of the mean fluorescent intensity (MFI) of Annexin V among monocyte-derived macro-
phages in the lungs of LysM-Cre Ifnarfl/fl and LysM-Cre− LMC mice. scRNA-seq data in (A)�(G) are representative of 10,678 macrophages. Data in (H) and
(I) are representative of four independent experiments with n 5 6�7 repeats for each genotype. p values as per one-way ANOVA with Tukey’s multiple compar-
isons test; means ±SEM are depicted. Data in (L) and (M) are representative of two independent experiments with n 5 6 LysM-Cre− LMC and n 5 7 LysM-
Cre Ifnarfl/fl mice. Data in (J), (K), (N), and (O) are representative of two independent experiments with n 5 6 LysM-Cre− LMC and n 5 6 LysM-Cre Ifnarfl/fl

mice. p values as per unpaired two-tailed Student t test; means ±SEM are indicated.
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infected lungs, we next investigated the physiological relevance of
these programs on viral clearance and pulmonary inflammation. Con-
sistent with the observed elevation of viral titers after in vitro infec-
tion, mice with a conditional Ifnar deficiency showed significantly
impaired viral clearance in the lungs at day 4 p.i. (Fig. 5A). In addition
to bearing higher viral concentration in the lungs, Ifnar-deficient mice
exhibited uncontrolled viral spread to the trachea, spleen, and liver
by 4 d p.i. (Supplemental Fig. 4A�C). Impaired viral containment in
LysM-Cre Ifnarfl/fl mice was accompanied by a concomitant increase in
the number of CD11b1CD11c1 myeloid cells in the lungs (Fig. 5B).
Flow cytometry analysis revealed that the numbers of interstitial, but
not alveolar or monocyte-derived, macrophages were significantly
increased in LysM-Cre Ifnarfl/fl mice on day 4 p.i. (Fig. 5C, 5D,
Supplemental Fig. 4D, 4E). The observed preservation of overall
numbers of monocyte-derived macrophages in the lungs of Ifnar-
deficient, M-CoV�infected mice, together with the heightened
susceptibility of this macrophage subset to cytopathic cell death
(Fig. 3K), suggested a higher turnover of these cells compared with
other tissue-resident macrophage populations. In contrast with inter-
stitial macrophages that were present at higher numbers only on

day 4 p.i., uniquely the absolute number of neutrophils was observed
to be significantly increased in the lungs of LysM-Cre Ifnarfl/fl mice
already at day 2 p.i., preceding systemic viral spread (Fig. 5F,
Supplemental Fig. 4F). Consistent with the known role for neutro-
phils in promoting edema and leukocyte infiltration (65), the lungs
of LysM-Cre Ifnarfl/fl mice showed significantly higher vascular per-
meability as measured by serum FITC-Dextran fluorescence inten-
sity on day 2 p.i. compared with Ifnar-sufficient controls (Fig. 5G)
and confirmed by the accumulation of Evans blue in the lung tissue
(Fig. 5H). Because increased vascular permeability could serve as a
portal for leukocyte infiltration into the lungs, we performed H&E
staining to determine whether vascular injury was associated with
increased lung pathology. Indeed, lungs from day 2�infected
LysM-Cre Ifnarfl/fl mice revealed an increased thickening of alveolar
walls compared with Ifnar-sufficient controls (Supplemental Fig. 4G),
indicative of exacerbated interstitial inflammation (66). Taken together,
heightened viral burden and impaired IFN-dependent, proinflammatory
macrophage maturation were counteracted by higher monocyte turn-
over, early neutrophilia, and increased pulmonary injury, which pre-
ceded systemic coronavirus dissemination.

FIGURE 4. IFN-responsiveness dictates early proinflammatory macrophage maturation in the lungs of M-CoV�infected mice. (A) Significantly downregu-
lated gene sets in lung macrophages of M-CoV�infected LysM-Cre Ifnarfl/fl compared with Ifnar-sufficient control mice. (B�D) Average expression of
selected genes belonging to the indicated gene sets is projected onto t-SNE plots of macrophages from naive and M-CoV�infected control mice and infected
LysM-Cre Ifnarfl/fl mice. (E) Average expression of inflammatory cytokines and chemokines in control and LysM-Cre�targeted, Ifnar-deficient macrophage
clusters. (F�I) Cytokine levels of IL-1b (F), S100A8/9 (G), TNF (H), and MCP-1 (I) in the lung homogenate supernatant of LysM-Cre− LMC and LysM-Cre
Ifnarfl/fl mice 2 days p.i. and naive LysM-Cre− LMC mice; means ±SEM are indicated. scRNA-seq data in (A)�(E) are representative of 10,678 macrophages.
Data in (F) are representative of four independent experiments with n 5 8 naive LysM-Cre− LMC mice, n 5 15 M-CoV�infected LysM-Cre− LMC mice,
and n 5 15 M-CoV�infected LysM-Cre Ifnarfl/fl mice. Data in (G) are representative of two independent experiments with n 5 5 naive LysM-Cre− LMC
mice, n 5 10 M-CoV�infected LysM-Cre− LMC mice, and n 5 11 M-CoV�infected LysM-Cre Ifnarfl/fl mice. Data in (H) and (I) are representative of two
independent experiments with n 5 3 naive LysM-Cre− LMC mice, n 5 7 M-CoV�infected LysM-Cre− LMC mice, and n 5 6 M-CoV�infected LysM-Cre
Ifnarfl/fl mice. p values in (F)�(I) as per one-way ANOVA with Tukey’s multiple comparisons test.
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Discussion
Dysregulated immunity is currently seen as a key determinant of immu-
nopathological tissue damage associated with severe coronavirus-
induced disease (15, 67). However, the relationships between the
dynamics of viral replication, (dys)functional antiviral immunity,
and resultant tissue damage remain unclear. In this article, we demon-
strate that high, early viral replication overshooting protective type
I IFN responses is the primary trigger of a compensatory innate
immune cascade that culminates in excessive immunopathology. By
genetically perturbing a front-line, innate defense mechanism, we
delineate the impact of viral burden and IFN responses as regulators
of excessive inflammation during pulmonary coronavirus infection.
Several hallmarks of immune dysregulation observed in individuals
with severe COVID-19 were recapitulated in exacerbated, natural
M-CoV infection, including increased monocyte turnover, elevated
IL-1b and S100A8/9 expression, and neutrophilia (8�10, 12, 68). In
contrast with the debated pathological impact of type I IFNs in clini-
cal and preclinical studies (10, 13�19, 34, 36�38), our data demon-
strate a critical role for IFNs in controlling early viral dissemination,
both by directly restricting viral replication and by securing next-
in-line, proinflammatory innate immune responses. Thus, the thresh-
old of early viral burden was found to be a key innate checkpoint
that, if insufficiently controlled by IFN-mediated defenses, triggered
dysregulated immune responses, increased tissue pathology, and severe
coronavirus-induced disease.
Genetic mutations in the IFN signaling pathway have been docu-

mented in the context of severe COVID-19 but are extremely rare
in the population (69�71). Instead, our data propose that a high viral
infection dose drives excessive disease severity, a finding corrobo-
rated by anecdotal evidence in the patient population (72) and high
viral titers at hospital admission (20�22). Indeed, early M-CoV bur-
den has previously been shown to correspond to the magnitude of
tissue damage, with higher peak viral loads exacerbating tissue

pathology compared with lower peak viral titers (73). Our observed
requirement of type I IFN�dependent control of viral replication is
at odds with studies using adeno-associated virus�mediated overex-
pression of human entry receptors (38), likely because of the inde-
terminate viral tropism of such models. Indeed, we demonstrate that
macrophages readily propagate M-CoV replication, a feature reported
of SARS-CoV-2 (12, 23, 74). Our data now provide mechanistic
insight into the mediators of coronavirus-induced immunopathology,
demonstrating that impaired IFN responsiveness culminates in a pref-
erential ablation of proinflammatory monocyte-derived macrophages
and a compensatory, pathological IL-1b�alarmin�neutrophil axis con-
comitant with unrestricted viral replication. Although early neutrophil-
mediated vascular remodeling crucially promotes leukocyte infiltration
into infected tissues (75), excessive neutrophilia can cause life-
threatening edema and loss of organ function (76). The concomitant
increase in S100A8/9 expression may further promote neutrophil
degranulation (77�79), exacerbating local tissue injury. Although
the temporary dampening of proinflammatory mediators such as
CCL2 and TNF observed in early M-CoV infection may appear as
a disconnect from the serological hallmarks associated with severe
clinical symptoms, the increased systemic viral dissemination and
elevated IL-1b levels are expected to rapidly reverse this pattern. In
individuals infected with a high viral dose, it is likely that exponen-
tial viral replication outpaces IFN responses, triggering such a com-
pensatory, immunopathological inflammatory cascade. This rationale
is supported by modeling studies that predict a proportionally increased
requirement for IFN responses to meet increasing viral replication rates
(26). Thus, high viral loads induce exacerbated and less efficient innate
immune responses, culminating in immunopathology and severe coro-
navirus-induced disease.
Type I IFNs are the first line of innate immune defense induced

within hours of infection to attenuate viral replication and prevent
new virion assembly, budding, and release (80). Our data demonstrate

FIGURE 5. Neutrophilia-associated lung pathology and vascular permeability in Ifnar-deficient mice. (A) Viral titers in the lungs of LysM-Cre− LMC and
LysM-Cre Ifnarfl/fl mice at days 2 and 4 after M-CoV infection. (B�F) Flow cytometric cell enumeration of CD11b1CD11c1 myeloid cells (B), interstitial
macrophages (C), alveolar macrophages (D), monocyte-derived macrophages (E), and neutrophils (F) in the lungs of M-CoV�infected LysM-Cre Ifnarfl/fl mice
compared with LysM-Cre− LMC mice at the indicated time points after infection. (G) Fold increase (f.i.) of the fluorescence intensity of serum FITC-Dextran in
LysM-Cre− LMC and LysM-Cre Ifnarfl/fl mice infected 2 days earlier with M-CoV. (H) Representative images of lungs from LysM-Cre� LMC and LysM-Cre
Ifnarfl/fl mice injected with Evans blue i.v. 2 days after M-CoV infection. Data in (A) are representative of three independent experiments with n 5 9 LysM-Cre−

LMC mice on day 2 p.i., n 5 7 LysM-Cre− LMC mice on day 4 p.i., n 5 12 LysM-Cre Ifnarfl/fl mice on day 2 p.i., and n 5 13 LysM-Cre Ifnarfl/fl mice on day
4 p.i. Statistical analysis was performed using unpaired, two-tailed Student t test; mean is indicated. Data in (B)�(F) are representative of three independent
experiments with n 5 9 LysM-Cre− LMC mice and LysM-Cre Ifnarfl/fl mice on day 2 p.i., n 5 8 LysM-Cre− LMC mice on day 4 p.i., and n 5 9 LysM-Cre
Ifnarfl/fl on day 4 p.i. p values as per one-way ANOVA with Tukey’s multiple comparisons test; means ±SEM are indicated. Data in (G) are representative of
two independent experiments with n 5 9 LysM-Cre− LMC and LysM-Cre Ifnarfl/fl mice each. Data in (H) are representative of two independent experiments
with three mice per genotype. p values as per unpaired, two-tailed Student t test; means ±SEM are indicated.
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that in addition to interfering with such canonical type I IFN�induced
antiviral mechanisms, the IFN-driven attenuation of fatty acid metabo-
lism, mitochondrial electron transport, and oxidative phosphorylation
was associated with reduced viral replication, consistent with systemic
metabolic changes observed after SARS-CoV-2 infection (81�83).
However, we also demonstrated that such IFN-dependent metabolic
changes were associated with the proinflammatory maturation of
monocyte-derived macrophages. A switch from oxidative phosphorylation
to glycolysis is involved in the activation of proinflammatory macro-
phages (84, 85), suggesting that in addition to restricting energy stores
for viral replication, the observed type I IFN�dependent dampening
of oxidative phosphorylation may enable the maturation of key innate
immune mediators. Together, such early, IFN-dependent proinflam-
matory immune responses efficiently constrain coronavirus replica-
tion, preventing viral titers from exceeding a threshold that triggers
dysregulated, immunopathological inflammatory sequela.
It is generally considered that cells in a local tissue microenviron-

ment respond ubiquitously to type I IFNs. However, IFN-induced gene
signatures depend, among other factors, on cell type� and activation
state�associated transcriptional regulation (86) that can act as an addi-
tional determinant of viral replication and tropism (87, 88). Our com-
prehensive analysis of the molecular landscape of M-CoV�infected
lungs revealed cell type�specific differences in the transcriptional
reprogramming of antiviral mechanisms. This is evidenced by the
almost complete dampening of fatty acid metabolism and extensive
upregulation of ISGs in infected macrophages compared with the
relatively modest fine-tuning of these responses in epithelial cells.
Epithelial cells are widely considered the primary target of human
coronaviruses (31, 89, 90), despite an abundance of virus-infected
macrophages detected in COVID-19 patient BAL (12, 74) or post-
mortem tissue (23). Our data demonstrate that, although epithelial
cells constitute a relatively small proportion of M-CoV�infected cells
in comparison with monocyte-derived macrophages, viral transcripts
were higher expressed in epithelial cells than in macrophages. A higher
proportion of infected macrophages bearing lower SARS-CoV-2
genome transcript levels relative to epithelial cells has also been
observed in COVID-19 patient BAL (12). Thus, it is conceivable
that such cell-intrinsic differences in IFN-regulated energy supply
and ISG signatures could explain either a higher replication capacity
of coronaviruses in epithelial cells or an increased susceptibility of
macrophages to M-CoV infection. Additional studies examining the
dependence of coronavirus tropism on cell type�dependent metabolic
regulation and ISG induction are warranted.
In summary, our study delineates the inflammatory sequela under-

lying dysregulated innate immune phenotypes associated with severe
pulmonary coronavirus infection. Using a natural mouse coronavirus,
we unveil an early immune checkpoint that regulates the balance
between efficient, proinflammatory immune responses and immuno-
pathology according to viral burden. The latter is triggered when viral
replication outpaces critical type I IFN�mediated reprogramming of
antiviral and proinflammatory defense mechanisms. Thus, type I IFN
and proinflammatory responses proportional to the early viral burden
secure resolution of pulmonary coronavirus infection by limiting
innate immunopathology and viral dissemination.
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L. Thürmann, F. Kurth, M. T. Völker, et al. 2020. COVID-19 severity correlates
with airway epithelium-immune cell interactions identified by single-cell analysis.
Nat. Biotechnol. 38: 970�979.

The Journal of Immunology 785


