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Abstract 

While SARS-CoV-2 pathogenesis has been intensively investigated, the host mechanisms of viral 

clearance and inflammation resolution are still elusive because of the ethical limitation of human 

studies based on COVID-19 convalescents. Here we infected Syrian hamsters by authentic 

SARS-CoV-2 and built an ideal model to simulate the natural recovery process of SARS-CoV-2 

infection from severe pneumonia1,2. We developed and applied a spatial transcriptomic sequencing 

technique with subcellular resolution and tissue-scale extensibility, i.e., Stereo-seq3, together with 

single-cell RNA sequencing (scRNA-seq), to the entire lung lobes of 45 hamsters and obtained an 

elaborate map of the pulmonary spatiotemporal changes from acute infection, severe pneumonia to 

the late viral clearance and inflammation resolution. While SARS-CoV-2 infection caused massive 

damages to the hamster lungs, including naïve T cell infection and deaths related to lymphopenia, we 

identified a group of monocyte-derived proliferating Slamf9+Spp1+ macrophages, which were 

SARS-CoV-2 infection-inducible and cell death-resistant, recruiting neutrophils to clear viruses 

together. After viral clearance, the Slamf9+Spp1+ macrophages differentiated into Trem2+ and Fbp1+ 

macrophages, both responsible for inflammation resolution and replenishment of alveolar 

macrophages. The existence of this specific macrophage subpopulation and its descendants were 

validated by RNAscope in hamsters, immunofluorescence in hACE2 mice, and public human 
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autopsy scRNA-seq data of COVID-19 patients. The spatiotemporal landscape of SARS-CoV-2 

infection in hamster lungs and the identification of Slamf9+Spp1+ macrophages that is pivotal to viral 

clearance and inflammation resolution are important to better understand the critical molecular and 

cellular players of COVID-19 host defense and also develop potential interventions of COVID-19 

immunopathology. 

 

Running title: Spatiotemporal landscape of SARS-CoV-2 infection 

 

Keywords: SARS-CoV-2, pulmonary infection, spatial transcriptomic sequencing, macrophage, 

virus clearance, inflammation resolution  
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Introduction 

COVID-19, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, 

has become a pandemic worldwide4,5. While most patients develop mild, moderate to self-limiting 

symptoms, severe COVID-19 could result in death from severe pneumonia, acute respiratory distress 

syndrome (ARDS) and multi-organ failure6,7. Multiple studies have analyzed the innate and adaptive 

immune profiles of multiple tissues and blood samples of COVID-19 patients, shedding light on the 

immunological and immunopathological mechanisms for inflammation initiation and tissue 

damage8-14. However, it is still elusive how SARS-CoV-2 infection was dynamically cleared and 

how severe pneumonia was finally resolved because of the difficulty of human studies. 

Identifying cell subpopulations responsible for clearing SARS-CoV-2 or resolving pulmonary 

inflammation is pivotal to understanding COVID-19 pathogenesis and developing antiviral 

therapeutics15. To conquer the research difficulty, here we established an ideal model to simulate the 

viral clearance and inflammation resolution process by infecting Syrian hamsters with appropriate 

titers of authentic SARS-CoV-2. Syrian hamsters, naturally susceptible to SARS-CoV-2 infection, 

have been widely used in hundreds of studies to mimic severe COVID-19 with the aim of 

understanding the pathogenesis of SARS-CoV-2 infection, developing and evaluating the 

effectiveness of new drugs, vaccines and antibodies1,2,16-19. However, no reports have been published 

about the spatiotemporal landscape of SARS-CoV-2 clearance together with inflammation resolution 

and tissue repair. Here we applied our recently developed Stereo-seq3 and droplet-based 

high-throughput scRNA-seq to the lungs of 45 hamsters infected with or without authentic 

SARS-CoV-2. A comprehensive spatiotemporal cellular and molecular atlas of the lung tissues was 

generated, covering whole lung lobes and the whole process from tissue damage and severe 
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pneumonia to viral clearance and inflammation resolution. The data illustrated that a group of 

Slamf9+Spp1+ macrophages in the lung, which were specifically induced from monocytes during the 

acute infection phase and also kept actively proliferating, could recruit neutrophils to collaboratively 

clear SARS-CoV-2 from hamster lungs. After viral clearance, Slamf9+Spp1+ macrophages 

differentiated into Trem2+ and Fbp1+ macrophages to resolve inflammation, replenish alveolar 

macrophages, and repair damaged lungs. The data resource of the spatial dynamics of SARS-CoV-2 

infection and the identification of Slamf9+Spp1+ macrophages for SARS-CoV-2 clearance and 

inflammation resolution provide valuable information for controlling the current COVID-19 

pandemic. 

 

Results 

Whole-lung single-cell spatiotemporal changes of SARS-CoV-2 infected hamsters 

To map the panoramic view of SARS-CoV-2 lung infection and clearance, we obtained a 

comprehensive cellular and molecular atlas for the spatiotemporal changes of hamster lungs before 

and after authentic SARS-CoV-2 infection (Fig.1a). Transcriptomic data at single-cell and 

subcellular resolution (with 220 nm spots and 500 nm distance between spots) were achieved for 

centimeter-scale lung tissues across two weeks (~1 cm2, almost covering the entire lung lobe of 

hamsters at a certain cross-section). Two types of SARS-CoV-2 titers with 10-fold differences were 

applied to intranasally infect hamsters so that the pathological changes of SARS-CoV-2-induced 

severe pneumonia and particularly the viral clearance and inflammation resolution process could be 

naturally observed and dynamically investigated (Fig.1b,c, Supplementary Table 1). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 3, 2022. ; https://doi.org/10.1101/2022.05.03.490381doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.03.490381
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 

 

We obtained spatial transcriptomic data for 81 centimeter-scale lung tissues and scRNA-seq 

data for 269,199 single cells from 45 hamsters composed of three groups (Ctrl: healthy control; HD: 

high dose of SARS-CoV-2 titers, 105 TCID50; and LD: low dose of SARS-CoV-2 titers, 104 

TCID50), covering five timepoints across two weeks (Fig.1a, Extended Data Fig.1a). These data 

captured the panoramic spatiotemporal changes of hamster lungs before SARS-CoV-2 infection (d0), 

with acute tissue damages (d2), demonstrating acute immune responses (d5), exhibiting viral 

clearance (d7), and approaching inflammation resolution and tissue repair (d14).  

To gain an unbiased global overview of cellular and molecular dynamics during SARS-CoV-2 

infection at the whole-lung level, we performed unsupervised clustering and identified 15 spatial 

clusters with distinct gene expression and histological patterns (Fig.1d, Supplementary Table 2). 

Pulmonary Type II alveolar epithelial cells (ATII, Sftpc+) dispersed across lung tissues and were 

enriched in all spatial clusters (Fig.1e, Extended Data Fig.1b). In contrast, club cells (Scgb3a2+) 

were mainly detected in spatial cluster 3 and localized surrounding the airway as expected (Fig.1f, 

Extended Data Fig.1b). The N gene of SARS-CoV-2 was highly expressed in spatial cluster 7 with 

neutrophils infiltrated, which accounted for the main proportion at d2 (Extended Data Fig.1b,c). 

SARS-CoV-2 genes appeared to be dispersed across the entire lung lobe, and the dense regions to be 

speckled and aggregated alongside the airway indicated by bronchial smooth muscle cells (Myl9+) in 

spatial cluster 2 (Fig.1g, Extended Data Fig.1b). Such spatial characteristics of SARS-CoV-2 in 

hamster lungs were further supported by quantitative analysis and additional slides (Extended Data 

Fig.1d). Spatial cluster 5 and 6 were enriched by B cells (Ighm+) and plasma cells (Jchain+), 

respectively, which decreased after infection and partially recovered at d14 (Extended Data 

Fig.1b,c,e), consistent with the clinical observation of lymphopenia and impaired adaptive response 
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at the early stage of COVID-19. In contrast, neutrophils were mainly enriched in d5 and d7 

(Extended Data Fig.1b,c,f), which might account for severe pneumonia during the acute 

inflammation stage. In general, these data provide an elaborate map of the spatiotemporal changes of 

hamster lungs before and after SARS-CoV-2 infection. 

Based on the spatial expression of specific marker genes, we calculated the distance between 

multiple cell types and viral spots according to classical markers defined by literature 

(Supplementary Table 3), and revealed that the distance of viral spots to ATII and club cells was 

less than 7.5 µm at d2 and d5 (Extended Data Fig.1g). Since 7.5 µm is smaller than the diameters of 

most single cells, such close distance between viral spots and ATII and club cells indicated that ATII 

and club cells may be the major targets of SARS-CoV-2 acute infection. Likewise, neutrophils were 

also observed to have a close distance to those viral spots, especially at d5 and d7 (Extended Data 

Fig.1g), suggesting neutrophil phagocytosis of SARS-CoV-2-infected cells or direct recognition of 

SARS-CoV-2 in the elimination of invading viruses. 

The single-cell transcriptomic data revealed 76 cell subpopulations according to unsupervised 

clustering and manual curation, covering non-immune cells (epithelium, endothelium, fibroblasts and 

erythrocytes), T/NK/NKT cells, B cells, myeloid cells (alveolar macrophages, AMs; interstitial 

macrophages, IMs; monocytes/macrophages; dendritic cells, DCs; megakaryocytes), neutrophils, and 

ILC2 (Extended Data Fig.2a, Supplementary Table 4). These cell populations together with 

SARS-CoV-2 demonstrated different dynamics of lung accumulation during the infection process 

(Extended Data Fig.2b-e, Supplementary Table 5). Multiple cell types demonstrated a decreasing 

trend from d2 to d7, and then partially restored at d14, which were consistent with the observations 

of tissue damage and then alleviation. For examples, T and B cells were depleted after acute 
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infection and then partially restored from d7 to d14 (Extended Data Fig.2d, 3a), indicating 

SARS-CoV-2 infection could impair the subsequent induction of adaptive response. The 

lung-resident AMs are critical innate pulmonary sentinels for respiratory pathogens, playing 

important roles in homeostasis maintenance and pathogen clearance. Similarly, lung-resident AMs 

started to decrease after d2, and partially restore at d14 (Extended Data Fig.2d, 3a), indicating that 

SARS-CoV-2 infection damaged the lung-resident AMs to escape lung innate immune defense. In 

contrast, monocytes/macrophages and neutrophils were enriched at d5 and d7, exhibited huge 

phenotypic heterogeneity, and demonstrated profound temporal changes (Extended Data Fig.2d, 3a), 

consistent with the spatial heterogeneity revealed by our Stereo-seq data (Extended Data Fig.1f). 

Such spatiotemporal characteristics of B, T, monocytes/macrophages and neutrophils highlighted 

their potential roles in SARS-CoV-2 clearance, inflammation resolution and tissue repair dynamics. 

The accompanying great phenotypic heterogeneity of these cells also highlighted the complexity of 

the whole process from SARS-CoV-2-induced severe pneumonia to inflammation resolution, for 

which Stereo-seq together with scRNA-seq mapped the cellular and molecular events with 

subcellular resolution at the tissue scale. 

In addition to epithelial cells previously regarded as the main host cells of Sarbecoviruses20, our 

study revealed that diverse pulmonary cell populations were also SARS-CoV-2 RNA-positive 

(Extended Data Fig.3b,c). Active subgenomic transcription of SARS-CoV-2 was indicated in 

multiple cell types, in which increasing detection rates along the genome of SARS-CoV-2 were 

observed from 5’ to 3’ (Extended Data Fig.3d). Dramatic temporal changes were observed for 

SARS-CoV-2 RNA-positive cells, which peaked at d2, decreased from d5 to d7, and almost 

diminished at d14 (Extended Data Fig.2b,c). Despite of such global trend, the detection rates of 
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SARS-CoV-2 RNA varied among cell populations. As expected, a high proportion and expression of 

viral RNA was observed in epithelial cells (Extended Data Fig.3c). However, AMs, IMs, 

monocytes/macrophages, neutrophils, and non-immune cells including endothelial cells and 

fibroblasts were also characterized by the high subgenomic transcription of SARS-CoV-2 (Extended 

Data Fig.3d), with the detection rates similar to or even exceeding those in epithelial cells. DCs, T 

and B cells harbored a relatively lower detection rate, particularly in plasma cells (Extended Data 

Fig.3d). These data suggested that SARS-CoV-2 results in wide intra-host transmission across 

different cell types including AMs, neutrophils, naïve T cells and other pulmonary immune cells, 

potentially infects these cells to induce cell deaths or other phenotypes, leads to lymphopenia, 

super-inflammation, profound tissue damages and severe pneumonia, and also triggers host 

responses to resolve inflammation and tissue repair at the late stage. 

 

SARS-CoV-2 infection of lung-resident macrophage subpopulation and the accompanying cell 

deaths 

While alveolar epithelial cells are assumed to be the host cells of SARS-CoV-221, which was also 

confirmed in this study, our data suggested that AMs and other lung-resident immune cells also 

constituted important populations of SARS-CoV-2 RNA-positive cells (Extended Data Fig.2e). 

Among the 16 subpopulations of macrophages identified in this study, which demonstrated distinct 

temporal enrichment characteristics, a population of Marco+Mrc1+Pparg+Ccr2- lung-resident AM 

(AM-Cd36, cluster 16) was enriched in d0 and d2, which possessed the highest proportion of 

virus-positive cells at d2 according to scRNA-seq data (up to 50%, much higher than 26% in 

epithelial cells; Fig.2a-c, Extended Data Fig.3c). This subpopulation was also characterized by 
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active subgenomic transcription of SARS-CoV-2 implied by the increasing detection rates of 

SARS-CoV-2 genes along the genome from 5’ to 3’ (Fig.2d), indicating active SARS-CoV-2 

transcription. The infection status of AM-Cd36 was further supported by the transcriptional 

alterations observed between virus-positive and virus-negative cells in AM-Cd36, of which genes 

related to “response to virus” (such as Mx1 and Isg15) and “apoptosis” (such as Bax and Foxo3) 

were upregulated (Fig.2e,f, Supplementary Table 6). The death fate of AM-Cd36 after 

SARS-CoV-2 infection indicated by upregulated Bax and Foxo3 was confirmed by the depletion of 

this type of cells at d5 and d7 and co-localization of the marker genes of AM-Cd36 and genes 

encoding cell deaths according to Stereo-seq data (Fig.2g,h). 

 It is worth noting that Stereo-seq data and scRNA-seq data revealed different patterns regarding 

the cell death signals of different cell types. Both data types indicated the consistency of 

SARS-CoV-2 signal and cell death signals, supported by the upregulated cell death-related genes in 

SARS-CoV-2 RNA-positive cells (Fig.2e) and the co-localization of SARS-CoV-2 RNAs and cell 

death-related genes in Stereo-seq data (Fig.2i). However, ATII, erythrocytes, and club cells were 

prioritized by Stereo-seq data to be the top three cell types surrounding those cell death signals 

within 7.5 µm (Fig.2j), a distance smaller than the diameters of most cells. In contrast, SARS-CoV-2 

RNA-positive ATII, erythrocytes, and club cells were only ranked #20, #29, and #26 

(Supplementary Table 5), respectively in 76 subpopulations, at the acute damage phase (d2) 

according to the scRNA-seq data, extremely lower than that of SARS-CoV-2 RNA-positive 

AM-Cd36 (Extended Data Fig.2e). Such discrepancy may be caused by the requirement of 

scRNA-seq library preparation, i.e., only live cells are eligible for scRNA-seq, and thus “survivor 

biases” may be introduced. The in situ nature of Stereo-seq may capture more cell death-related 
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events and thus is more suitable to investigate SARS-CoV-2-induced damages. While 

SARS-CoV-2-positive AM-Cd36 macrophages showed upregulation of cell death-related genes and 

resulted in depletion of AM-Cd36 from hamster lungs two days later after SARS-CoV-2 infection, it 

appeared that AM-Cd36 macrophages were more resistant to SARS-CoV-2 damages than ATII 

according to Stereo-seq data (Fig.2j). 

Besides cell death-related genes, Mki67 was also upregulated in virus-positive AM-Cd36 cells 

(Fig.2e), and consequently, we identified a proliferating AM-Cd36 subpopulation termed as 

AM-Cd36-Mki67 (cluster 19) at d2, the early stage of infection (Fig.2a-c). Proliferating AM cells 

were not observed in healthy controls, and Mki67 was not observed in other cell populations at d2, 

enabling us employ this surrogate marker to investigate the spatial distribution of AM-Cd36-Mki67. 

Spatially, the expression of Mki67 was dispersed across the centimeter-scale lung sections, with 

SARS-CoV-2-dense and sparse regions showing similar occurrence (Extended Data Fig.4a), 

suggesting that the AM-Cd36 proliferation may be in situ triggered by the viruses as a quick response. 

Because AMs are the first line of pulmonary defense that survey the lumen of respiratory tracts, our 

observations suggested that the local host innate immune system may prepare the arms race against 

SARS-CoV-2 via the in situ proliferation of AMs to drive accumulation of lung macrophages 

through self-renewal, which may occur ahead of the recruitment of potentially tissue-damaging 

inflammatory cells22. However, over-loaded viral particles may break the defense line imposed by 

AMs via inducing cell deaths of AMs (Fig.2e-g). 

In addition to ATII, erythrocytes, club cells and AM-Cd36 macrophages, lymphatic endothelial 

cells (LECs), vein endothelial cells (VECs), fibroblast, neutrophils, IMs and T/NKT cells were also 

responsible for SARS-CoV-2-induced acute tissue damages according to Stereo-seq and scRNA-seq 
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data (Fig.2j, Extended Data Fig.4b-d). SARS-CoV-2-positive cells of these cell types upregulated 

genes related to cell death (Bax, Bak1, Bcl2, Daxx or Foxo3), whose cell numbers were decreased at 

d2 or d5 according to scRNA-seq data, and spatially the marker genes of these cells were enriched in 

the 7.5 µm neighborhood of spots with cell death signals (Fig.2j). 

 

Acute infection of naïve T cells by SARS-CoV-2 and induction of T cell deaths 

Lymphopenia is frequently reported in COVID-19 patients and is predictive of severity23. However, 

it is still unknown how lymphopenia occurs during SARS-CoV-2 infection. In particular, it is unclear 

whether SARS-CoV-2 infection directly induces lymphocyte deaths for lymphopenia occurring or 

lymphopenia is only a net result of host immune activation-induced cell deaths. T cell 

subpopulations demonstrated different temporal changes (Extended Data Fig.5a). Although the 

detection rates of SARS-CoV-2 genes in T cells were relatively lower than those of macrophages and 

neutrophils, we noticed that the proportion of virus-positive naïve T cells (cluster 59, 

Cd3g+Ccr7+Tcf7+) in total virus-positive cells was much higher than those of epithelial cell 

populations at d2 according to our scRNA-seq data (Extended Data Fig.5b,c). Similar to the 

scenarios in epithelial cells, active subgenomic transcription of SARS-CoV-2 was also observed in 

naïve T cells, with the detection rates of SARS-CoV-2 genes increased along the genome from 5’ to 

3’ (Extended Data Fig.5d). These findings are consistent with our observations in human bronchial 

lavage fluid samples based on scRNA-seq, in which SARS-CoV-2 RNAs and subgenomic 

transcription in T cells were detected13. Different from previous studies, our current samples were 

derived from SARS-CoV-2-infected hamster lungs instead of lavage fluid, and we revealed that 

naïve T cells instead of activated T cells were the major victims of SARS-CoV-2 infection 
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(Extended Data Fig.5b,c), indicating potential escape of SARS-CoV-2 from host adaptive immunity 

via direct infection and reduction of naïve T cells. 

Differential gene expression analysis suggested that Mx1, Isg15 and Irf7 were upregulated in 

virus-positive naïve T cells, suggesting cellular intrinsic immune responses to viral infection (Fig.3a, 

Extended Data Fig.5e,f, Supplementary Table 6). Genes related to cell death, such as Bax, Daxx, 

Sod2 and Lgals1, were also upregulated in these naïve T cells (Fig.3a, Extended Data Fig.5e,f), 

indicating the deaths of naïve T cells with SARS-CoV-2 infection. Consistently, the number of naïve 

T cells significantly decreased at d5 and almost diminished at d7 after SARS-CoV-2 infection 

(Fig.3b). These results suggested that the naïve T cells infected with SARS-CoV-2, or at least 

invaded by SARS-CoV-2, could be induced to cell deaths. In contrast, few virus-positive activated T 

cells were detected, further indicating such kind of T cell deaths before T cell activation. Together, 

these phenomena suggest that the lymphopenia observed in COVID-19 patients may be caused, at 

least partially, by SARS-CoV-2 infection-induced deaths of naïve T cells. 

Is it possible to utilize the spatial transcriptomics data for looking for the way how 

SARS-CoV-2 infects or invades naïve T cells? As expected, Ace2 or Tmprss2, the host factors 

proved to be crucial to SARS-CoV-2 entry21,24, was not expressed in naïve T cells (Extended Data 

Fig.5g). However, we noticed that Sftpc and Scgb1a1, marker genes of ATII cells, were upregulated 

in virus-positive naïve T cells (Extended Data Fig.5h). It was intriguing to explore whether cell 

fusion or exosome-mediated cell-to-cell communication between naïve T cells and ATII contributed 

to the presence of SARS-CoV-2 RNA-positive naïve T cells. Based on our spatial transcriptomic 

data with centimeter-scale and subcellular resolution, which enables precise quantification of 

cell-cell distance together with sufficient statistical power, we examined the spatial relationship 
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between naïve T cells and ATII, and noticed that virus-positive, but not virus-negative naïve T cells, 

were mostly surrounded by virus-positive ATII (Fig.3c). The average distance of virus-positive naïve 

T cells to their nearest virus-positive ATII was shorter than 7.5 µm, in contrast with those of 

virus-negative naïve T cell at d2, d5 and d7 (Fig.3d,e). The same analyses were applied to ATI and 

club cells but ATI cells did not show similar spatial closeness with naïve T cells (Extended Data 

Fig.5i,j). The adjacency of virus-positive naïve T cell and ATII was further validated by in situ RNA 

hybridization (Fig.3f). As SARS-CoV-2 RNA-positive naïve T cells were also observed by 

scRNA-seq, the spatial adjacency of virus-positive naïve T cells with ATII within 7.5 µm proposed 

the possibility that debris or microvesicles generated by ATII after SARS-CoV-2 infection may enter 

or invade naïve T cells, or SARS-CoV-2-infected ATII may fuse with naïve T cells in the inflamed 

niche, resulting in SARS-CoV-2 infection of naïve T cells and further causing lymphopenia via T 

cell deaths or macrophage-mediated phagocytosis. 

 

Accumulated Cd38+ and proliferating Slamf9+Spp1+ macrophages replenish hamster lung to 

restrain SARS-CoV-2 infection 

While the proportion of lung-resident AM-Cd36 decreased to extremely low levels at d5 and d7 after 

SARS-CoV-2 infection, two types of monocyte-derived macrophage subpopulations with extremely 

high detection rates of SARS-CoV-2 genes accumulated in hamster lungs and became the major cell 

populations of SARS-CoV-2 RNA-positive cells (Fig.2a-c). At d2, Mac-Cd38 (cluster 22) and 

Mac-Slamf9-Spp1 (cluster 27) occupied a small proportion of the myeloid cells within hamster lungs. 

In particular, only two cells were detected for Mac-Slamf9-Spp1 in HD group by scRNA-seq, but 

both were SARS-CoV-2 RNA-positive (Fig.4a). At d5, Mac-Cd38 became the major cell population 
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of SARS-CoV-2 RNA-positive cells instead of AM-Cd36, occupying ~20% of the entire 

virus-positive cells (Extended Data Fig.2e). The cell surface glycoprotein CD38 has been reported 

to be an inflammatory marker of human monocytes and macrophages, and to be involved in 

COVID-19 pathophysiology25,26. Accumulation of Mac-Cd38 indicated the severely inflamed status 

of the lung at d5. 

The signaling lymphocytic activation molecule (SLAM) family surface proteins have been 

proved to act as either inhibitory receptors or activating receptors to regulate immune responses27,28. 

SLAMF9, SLAM family member 9, has been previously identified in human T cells, B cells, NKs 

and DCs, whose function in immune responses remained mostly unexplored28. SPP1, osteopontin, 

has been reported to play an important role in lung fibrosis29. Notably, we identified a new 

macrophage subpopulation highly expressing Slamf9, Spp1, Siglec1 and Il10. These Slamf9+Spp1+ 

macrophages (Mac-Slamf9-Spp1) still maintained an extremely high rate of SARS-CoV-2 RNA 

positivity at d5 (88%), and the cell number of this cluster increased extremely compared with the two 

cells detected at d2, occupying 7.3% of all the SARS-CoV-2 RNA-positive cells at d5 (Fig.4a, 

Extended Data Fig. 6a). Considering the potential false negatives, such a high rate of SARS-CoV-2 

RNAs in Slamf9+Spp1+ macrophages may suggest that this macrophage subpopulation is specifically 

induced by engulfing SARS-CoV-2 particles or SARS-CoV-2-infected cells and debris. At d7, 

Slamf9+Spp1+ macrophages further increased and became the major part of SARS-CoV-2 

RNA-positive cells, but the SARS-CoV-2 RNA-positive rate of Slamf9+Spp1+ macrophages also 

decreased to 34.8%, occupying 56% of the total virus-positive cells (Fig.4a, Extended Data Fig. 6a), 

suggesting its role in limiting and clearing SARS-CoV-2 infection. The similar tendency was also 

observed in the LD group (Extended Data Fig. 6b). Cd38+ macrophages and Slamf9+Spp1+ 
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macrophages were both characterized by active subgenomic transcription of SARS-CoV-2 

(Extended Data Fig. 6c). Functional enrichment analysis based on gene ontology revealed that 

virus-positive Slamf9+Spp1+ macrophages primarily upregulated genes related to “tissue remodeling” 

and “vascular endothelial growth factor production” but not cell death-related genes (Extended Data 

Fig. 6d,e, Supplementary Table 6), implying the cell death-resistant nature of these macrophages 

and their potential roles in resolving inflammation and viral infection by pro-fibrosis. 

Similar to AM-Cd36 cells, proliferation was also observed in Slamf9+Spp1+ macrophages 

(Fig.2a-c), confirming the importance of macrophage proliferation in the arms race against viral 

infection. However, different from virus-positive AM-Cd36 cells, proliferating Slamf9+Spp1+ 

macrophages (Mac-Slamf9-Spp1-Mki67, cluster 28) were not observed to express cell death-related 

genes, supporting the role of proliferating Slamf9+Spp1+ macrophages in limiting and clearing 

SARS-CoV-2 infection besides its role in resolving inflammation. 

    We further conducted RNA velocity analysis30 based on our scRNA-seq data to interrogate the 

potential origins and destinations of Slamf9+Spp1+ macrophages. The results showed that Cd38+ 

macrophages and Slamf9+Spp1+ macrophages were derived from peripheral monocytes rather than 

lung-resident macrophages (Fig.4b). Furthermore, mutual state transitions between Cd38+ 

macrophages and Slamf9+Spp1+ macrophages may exist, probably driven by the engulfment or 

infection of SARS-CoV-2. Noticing the disappearance of Slamf9+Spp1+ macrophages after 

SARS-CoV-2 clearance at d14 (Extended Data Fig. 6f), we speculated that the specific 

transcriptional state of Slamf9+Spp1+ macrophages may be induced by engulfment or infection of 

SARS-CoV-2, because the viral infection could metabolically and epigenetically reprogram 

macrophage polarization in certain conditions such as immune evasion and immunosuppression31,32. 
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Whether such reprogramming exists and what roles it plays in SARS-CoV-2 infection and clearance 

needs to be further investigated. 

To identify the spatial context of Slamf9+Spp1+ macrophages and investigate the potential 

mechanisms underlying Slamf9+Spp1+ macrophages-mediated SARS-CoV-2 clearance, we calculated 

the density of diverse cell populations surrounding Slamf9+Spp1+ macrophages marker genes based 

on our spatial transcriptomic data at the tissue scale. We found that the density of neutrophils 

spatially surrounding Slamf9+Spp1+ macrophages increased from d5 to d7 and neutrophils formed the 

nearest cell type within the 7.5 µm neighborhood of Slamf9+Spp1+ macrophages at d7, much closer 

than ATII and erythrocytes (Fig.4c,d), suggesting that recruitment of neutrophils and coordination 

may be important to contain and eliminate SARS-CoV-2 infection. Ligand-receptor analysis based 

on scRNA-seq data suggested that Slamf9+Spp1+ macrophages may have distinct intercellular 

interactions with different neutrophil subpopulations (Extended Data Fig. 6g, Supplementary 

Table 7). In particular, Slamf9+Spp1+ macrophages expressed high levels of Ccl8, Ccl28, Ccl11 and 

Cxcl11, which might recruit Ackr1+ and Ccr10+ neutrophil precursors from the blood, as well as 

Ccr3+ and Ackr3+ mature neutrophils to their surroundings (Fig.4e). Specifically, Slamf9+Spp1+ 

macrophages may interact via the axis of Il10 and its receptor with acNeu-Isg12-Cst7 (Fig.4e), 

which highly expressed Il10rb and was also associated with SARS-CoV-2 clearance (See the next 

section for details). Spatially, these specific ligand-receptor pairs were co-localized or adjacently 

distributed according to our Stereo-seq data (Fig.4f), supporting the scRNA-seq data observations 

and suggesting the potential coordination of the different innate cell populations in clearing viruses 

through these ligand-receptor pairs. 
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To further verify the presence of the proliferating Slamf9+Spp1+ macrophages, we carried out in 

situ RNA hybridization, and observed the co-localization of Cd68, Il10 and Mki67 RNA (Fig.4g). 

The result emphasized the possibility of the in situ proliferation of lung macrophages to fight against 

virus or contribute to viral clearance during SARS-CoV-2 infection. 

 

Isg12+Cst7+ neutrophils specifically accumulated for SARS-CoV-2 elimination 

During the acute phase of inflammation, neutrophils are generally concerned to be recruited from 

peripheral blood to inflamed sites to clear infection or tissue injuries33. Consistently, we observed 

that the hamster lungs were replenished with peripherally derived neutrophils and demonstrated high 

phenotype diversity. A total of 15 subpopulations was identified for neutrophils based on our 

scRNA-seq data, including precursor, immature, mature, activated neutrophils, and two 

subpopulations highly expressing Vcan and Lyz (Extended Data Fig.7a,b). Similar to macrophage 

subsets, these neutrophil subpopulations with different cellular and functional states also 

demonstrated distinct temporal patterns (Extended Data Fig.7c,d, Supplementary Table 8). 

Similar to AM-Cd36, lowly-activated neutrophils (cluster 38, acNeu_lo) diminished after 

infection (Extended Data Fig.7d). Highly-activated neutrophils (cluster 40, acNeu_hi) were the 

major population of SARS-CoV-2 RNA-positive neutrophils at d2 (Extended Data Fig.7e). 

SARS-CoV-2 RNA-positive highly-activated neutrophils upregulated genes related to IL-6 

production, and type I IFN production (Fig.5a, Supplementary Table 6), indicating the 

pro-inflammatory role of these neutrophils and potentially contributing to the acute 

super-inflammation caused by SARS-CoV-2 infection. Genes related to cell death were also 

observed to be upregulated in virus-positive highly-activated neutrophils (Fig.5a). Consequently, the 
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number of such acNeu_hi neutrophils decreased at d5 and d7 (Extended Data Fig.7f), suggesting 

that SARS-CoV-2 infection also damages lung neutrophils besides epithelial cells and lung-resident 

macrophages. 

Clusters 39 and 41 were also enriched at d2 and upregulated Tnf and Cdkn1a expression 

(Extended Data Fig.7b), suggesting an increased activation state of lung neutrophils. Sequential to 

lung neutrophil activation and death, a large number of immature neutrophils were chemoattracted 

and accumulated in the hamster lung tissues at d5 and d7 (Extended Data Fig.7d), empowering the 

host with increasingly augmented innate immune responses. 

We noticed that a new subpopulation of neutrophils characterized by high expression of Isg12, 

Cst7,Cd74, Slamf7 and Cd274 (acNeu-Isg12-Cst7, cluster 42) was enriched at d7 and formed the 

major part of total virus-positive neutrophils (Fig.5b). CST7 (cystatin F), a cysteine peptidase 

inhibitor, is known to suppress cytotoxicity of T cells and NK cells34. ISG12 (interferon-alpha 

inducible protein 27) is reported to regulate innate inflammatory responses and also inhibit viral 

replication35,36. A negative correlation was observed between the proportion of virus-positive total 

cells and that of Isg12+Cst7+ neutrophils (Fig.5c), and virus-positive Isg12+Cst7+ neutrophils 

upregulated genes related to vesicle organization and vesicle-mediated transport (Fig.5a), implying 

the possibility that these neutrophils could eliminate virus through the transport of extracellular 

vesicles37. Based on the spatial transcriptomic data, we found that, instead of activated neutrophils 

which located nearby virus, Isg12+Cst7+ neutrophils were spatially distant from viral spots (Fig.5d,e, 

Extended Data Fig.7g-j), further confirming the potential function of Isg12+Cst7+ neutrophils to 

eliminate the surrounding viruses or virus-infected cells. Moreover, Isg12+Cst7+ neutrophils 

expressed Cd274 and Il10rb (Fig.5b), potentially interacted with activated cytotoxic T cells and 
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Slamf9+Spp1+ macrophages and jointly established the favoring niches for the resolution of 

inflammation (Fig.4e). 

To further evaluate the potential origins and destinations of these Isg12+Cst7+ neutrophils, we 

conducted RNA velocity analysis for the neutrophil subpopulations. Similar to those Slamf9+Spp1+ 

macrophages which were peripheral monocytes-derived, we found that Isg12+Cst7+ neutrophils were 

also derived from those neutrophil precursors recruited from peripheral blood (Fig.5f). Different 

from Slamf9+Spp1+ macrophages, proliferation was not observed in Isg12+Cst7+ neutrophils. Instead, 

we identified three proliferating subpopulations in neutrophil precursors and immature neutrophils 

(Extended Data Fig.7a,b). RNA velocity analysis suggested that developmental linkages existed 

among these proliferating neutrophils, non-proliferating immature neutrophils, mature neutrophils, 

activated neutrophils and Isg12+Cst7+ neutrophils (Fig.5f). These data suggested that the 

proliferation may still be an important strategy for the host neutrophils to win the arms race against 

virus infection but was mainly contributed by the immature populations, contrasting with the 

proliferation of Slamf9+Spp1+ macrophages and AM-Cd36 aforementioned. 

 

Trem2+ and Fbp1+ macrophages enriched for inflammation resolution at the late stage 

Both scRNA-seq and Stereo-seq data revealed that SARS-CoV-2 were nearly absent from hamster 

lungs at d14, suggesting viral clearance by the host at the late stage of infection. Similarly, immune 

infiltration and lung injury were also attenuated at d14 revealed by pathological observations 

(Fig.1c). Accompanying with the diminishment of SARS-CoV-2, the Cd38+ macrophages, 

Slamf9+Spp1+ macrophages, and Isg12+Cst7+ neutrophils also diminished, which was consistent with 

their roles in viral clearance. Since Cd38+ and Slamf9+Spp1+ macrophages did not exhibit expression 
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of cell death-related genes, a critical question emerges, i.e., what is the destination of Cd38+ and 

Slamf9+Spp1+ macrophages after viral clearance. We interrogated the phenotypic similarity between 

d7 and d14 myeloid cells by mutually mapping cells at one day (Query) to those at the other day 

(Reference) based on supervised machine learning algorithms implemented in Seurat. The results 

suggested that tight linkage exists between Slamf9+Spp1+ macrophages and F13a1+, Trem2+ and 

Fbp1+ macrophages (Fig.6a), indicating that Slamf9+Spp1+ macrophages may differentiate into these 

macrophage subpopulations to promote inflammation resolution and tissue repair. 

Interestingly, Trem2+ and Fbp1+ macrophages were specifically enriched at d14 but 

physiologically absent in healthy controls, which were termed as AM-Trem2 (cluster 14, Trem2hi 

Spp1hi), AM-Fbp1 and AM-Fbp1-Mki67 (cluster 15 and 20, Fbp1hi; Fig.2a-c, 6b). Different from 

Trem2+ and Fbp1+ macrophages, F13a1+ macrophages (IM-F13a1, cluster 21) were enriched at d0 

and d2 but depleted at d5 and d7 and partially restored at d14 (Fig.2c). The expression of Trem2 

(triggering receptor expressed on myeloid cells 2, related to fibrosis38) and Fbp1 

(fructose-bisphosphatase 1, a key enzyme in gluconeogenesis) may modulate the metabolic state and 

the function of macrophages for inflammation resolution and tissue repair after SARS-CoV-2 

infection38,39. 

RNA velocity analysis suggested that sequential state transitions from AM-Trem2 towards 

AM-Fbp1 and AM-Cd36 may exist (Fig.6c). Similar to IM-F13a1, AM-Cd36 macrophages were 

also enriched at d0 and d2 but depleted from d5 and d7 and partially restored at d14. Mutual 

mapping between d7 and d14 together with RNA velocity results suggested that further 

differentiation or polarization of Slamf9+Spp1+ macrophages into F13a1+, Trem2+ and Fbp1+ 

macrophages may be pivotal to inflammation resolution and tissue repair after clearing 
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SARS-CoV-2.  

We validated the RNA velocity analysis results by conducting trajectory and pseudo-time 

analysis based on Monocle2. The results confirmed insights generated by RNA velocity analysis and 

further indicated genes undergoing prominent temporal changes during the differentiation, e.g., 

Trem2, Spp1, C1qa, Fcgr2b, Tnf, Cxcl14, Marco, Cd36, etc (Extended Data Fig.8a-c), consistent 

with the process from inflammation resolution and tissue repair. 

Evidenced by the spatial transcriptomics data, ATII and erythrocytes were the top two cell types 

enriched in the neighborhood of the new subpopulation of Fbp1+ AMs (Fig.6d), indicating the roles 

in tissue repair. Notably, plasma cells were observed to be relatively enriched around Fbp1+ AMs 

(Fig.6d). These plasma cells expressed Odc1, Btla and Slamf7 (Extended Data Fig.8d), indicating 

their potential roles in restraining inflammation. These plasma cells also upregulated Prdx4, Cd74 

and Apoe, compared to those at d0 (Extended Data Fig.8e), suggesting their immunosuppressive 

functions. 

The identification of proliferating AM-Fbp1 new subpopulation (AM-Fbp1-Mki67, cluster 20) 

at d14 may again suggest the importance of macrophage proliferation in inflammation resolution and 

tissue repair in addition to the arms race against viral infection22. 

We validated the presence of these Fbp1+ AMs and Trem2+ AMs specifically emerging at the 

inflammation resolution stage (d14) by in situ RNA hybridization (Extended Data Fig.8f). The 

existence of Slamf9+Spp1+, Trem2+ and Fbp1+ macrophages identified in our data were further 

supported by immunofluorescence analyses in the lung sections of authentic SARS-CoV-2-infected, 

human ACE2 transgenic mice (hACE2 mice) Fig.6e-g). Consistent with our observations in hamsters, 

SLAMF9+SPP1+CD68+ cells were observed at d7 and TREM2+CD68+ and FBP1+CD68+ cells at d14 
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in hACE2 mice after SARS-CoV-2 infection, while all these cells were not found at d0. In particular, 

we validated the presence of these macrophages based on a publically available human autopsy 

scRNA-seq dataset40. By employing a set of signature genes specifically expressed in Slamf9+Spp1+, 

Trem2+, Fbp1+, and Marco+Cd36+ macrophages identified in our study (Extended Data Fig.8g), we 

confirmed the enrichment of SLAMF9+SPP1+, TREM2+, FBP1+, and MARCO+CD36+ macrophages 

and even the proliferation of FBP1+ macrophages in lung autopsy samples of COVID-19 patients 

(Fig.6h). In contrast, autopsy samples from pulmonary bulla or lung cancers that were pathologically 

confirmed to be inflammation-free demonstrated only FBP1+ macrophages. These results suggest 

that the roles of Slamf9+Spp1+ macrophages in SARS-CoV-2 clearance, inflammation resolution, and 

tissue repair observed in hamsters may be translated to humans and thus are significant for 

developing effective COVID-19 therapeutics to control the current pandemic. 

 

Discussion 

Taken together, our spatiotemporal study of SARS-CoV-2 pulmonary infection revealed a new 

subpopulation of macrophages, i.e., Slamf9+Spp1+ macrophages, which is at the core of 

SARS-CoV-2 clearance and thereafter inflammation resolution and tissue repair. The dynamics and 

mechanisms of Slamf9+Spp1+ macrophages in clearing SARS-CoV-2 and inflammation may be 

illustrated as Extended Data Fig.9 and summarized as follows: 1) derived from peripheral 

monocytes with Mac-Cd38 as intermediates; 2) induced specifically by SARS-CoV-2 engulfment or 

infection because of the extremely high rates of SARS-CoV-2 RNA positivity in these cells; 3) 

actively proliferating to win the arms race against SARS-CoV-2 intrahost transmission; 4) cell 

death-resistant, different from lung-resident alveolar macrophages; 5) secreting chemokines Ccl11 
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and Cxcl11 to recruit neutrophils and clear SARS-CoV-2 together; 6) secreting IL-10 to induce an 

immunosuppressive niche that is co-localized by Isg12+Cst7+ neutrophils to prevent 

inflammation-induced damages; 7) differentiating into Trem2+ and Fbp1+ macrophages to further 

resolve inflammation; and 8) replenishing IMs directly or AMs indirectly. 

While our study is limited by the observational nature based on Stereo-seq and scRNA-seq data 

and future studies are needed to confirm and substantiate these observations, it is worth noting that 

such findings were directly derived from in vivo SARS-CoV-2 infection with the lens of Stereo-seq 

and scRNA-seq. When a new infectious disease emerged, it is of urgent need to quickly identify 

those host factors that are important to limit, clear the pathogens and resolve their damages. However, 

because of the complexity of in vivo infection and the related host immune responses, traditional 

technologies cannot address such challenges due to the limitations of spatial, temporal, and cellular 

resolution, limiting the development of anti-infectious measurements and therapies. Although 

scRNA-seq provides sufficient resolution at the single-cell level, the loss of spatiotemporal 

information and the “survivor biases” introduced during scRNA-seq library preparation as we 

illustrated in this study prohibit its power to directly identify critical host factors important for 

pathogen clearance and inflammation resolution. Our study demonstrated the power of spatial omics 

technologies in illustrating the molecular and cellular details of in vivo biological events, specifically 

those locally related to cell damages and cell deaths. Therefore, single-cell spatiotemporal studies of 

in vivo biological phenomena will be a powerful paradigm to revolutionize studies including 

inflammatory damages, infectious diseases, tumours, and any other questions related to cell deaths. 

As single-cell spatiotemporal studies are inherently unbiased and observational, the generated 

hypotheses will be more reliable than guesses based on limited indices and more deserving to be 
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validated and deepened by experimental studies. Our study revealed that Slamf9+Spp1+ macrophages 

were specifically induced by SARS-CoV-2 infection. However, the conditions sufficient or 

necessary for the induction of Slamf9+Spp1+ macrophages are still unknown and further studies are 

needed to illustrate the metabolic, epigenomic, physical factors necessary for the induction and 

function of Slamf9+Spp1+ macrophages. Similarly, proliferation of different macrophage subsets and 

neutrophils has been observed to be an important mechanism to act against SARS-CoV-2 infection. 

However, the factors and conditions related to the macrophage and neutrophil proliferation in vivo 

are still unknown and require future experiments to illustrate. While the identification of naïve T 

cells undergoing SARS-CoV-2 invasion or infection by incorporating SARS-CoV-2-infected 

ATII-derived debris or microvesicles41 has been insightful based on the observations provided by 

Stereo-seq and scRNA-seq data, the detailed mechanisms and the relationship with clinical 

lymphopenia are still important questions requiring future experimental studies to address. Cd274+ 

and Cst7+ neutrophils were previously observed in the blood sample of COVID-19 patients and 

associated with disease severity13,42, confirming the clinical relevance of our finding and indicating 

the importance of this group of neutrophils in understanding COVID-19. But the detailed 

mechanisms of this group of neutrophils in SARS-CoV-2 clearance still need further experiments to 

substantiate. Since long COVID-19 has increasingly become a global concern43, the identification of 

Trem2+ and Fbp1+ macrophages by our study and the illumination of their roles in inflammation 

resolution and tissue repair is helpful to develop treatment of post-acute infection sequelae of 

COVID-19 but the underlying factors critical for the functions of these macrophage subgroups are 

still pending to clarify. 

In summary, our study depicted the spatiotemporal changes of SARS-CoV-2 pulmonary 
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infection in hamsters at single-cell resolution and characterized the cellular and molecular events 

covering the whole process from viral infection, tissue damage, immune infiltration, viral clearance, 

to inflammation resolution and tissue repair. The identification of Slamf9+Spp1+ macrophages and 

their potential descendant cells together with Isg12+Cst7+ neutrophils, which were derived from 

infiltrated peripheral immune precursors, provided actionable hypotheses for precisely understanding 

the mechanisms underlying viral clearance and inflammation resolution, which is insightful for 

developing anti-virus therapies. In particular, the identification of virus-positive naïve T cells and 

their fates towards cell deaths as well as their spatial co-localization with virus-positive ATII cells 

shed light on lymphopenia that is associated with COVID-19 severity in humans. The rich 

information of our scRNA-seq and Stereo-seq data provides a comprehensive and insightful resource 

for understanding viral diseases and developing anti-viral therapies in future. 
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and CNP0002978. All other data are included in the article and/or supporting information. 
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Fig.1 A spatiotemporal landscape of hamster lungs during SARS-CoV-2 infection 
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a. Overview of the experimental design and analysis. 

b. Proportion of SARS-CoV-2 RNA-positive spots (viral count＞0) of nine lung sections at each 

timepoint (boxplots: center line, median; box bounds, first and third quartiles; whiskers, 1.5 

times the interquartile range). Two-sided Student t-test. 

c. The histopathological changes of Ctrl and hamster lungs before and after SARS-CoV-2 infection 

at different time points (H&E staining, d2, d5, d7 and d14). Scale bar, 250 µm. 

d. Unsupervised clustering of spatial transcriptomic sections identified 15 spatial clusters. 

e. Spatial transcriptomics data of representative hamster lung tissue sections. ATII marker gene 

Sftpc, SARS-CoV-2 genes, and H&E staining of adjacent frozen section were shown. Scale bar, 

2000 µm. 

f-g. The highlight of spatial cluster 3 representing club cell-enriched region (f), and spatial cluster 2 

and 7 representing smooth muscle cell-enriched region and viral genes-highly expressed region 

(g) on a representative section, and the magnified H&E staining image of the framed region. 

Scale bar, 100 µm. 
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Fig.2 SARS-CoV-2 infection causes massive deaths of lung-resident cells at the early stage 

a. UMAP projection of AM and mono/mac showing 15 cell subpopulations. 

b. The expression of selected genes defining key AM and mono/mac subpopulations indicated by 

dashed areas. Gene description: LOC101838467, Isg12. 

c. Temporal distribution of macrophage subpopulations. Ro/e >1, enrichment; Ro/e<1, depletion. 

d. Detection rates of SARS-CoV-2 genes in AM-Cd36. 
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e. Volcano plot of differentially expressed genes between virus-positive and virus-negative cells in 

AM-Cd36 (cutoff: (|Log2FC|>0.5, Padj<0.05). 

f. Gene ontology (GO) terms enriched in upregulated genes in virus-positive AM-Cd36. 

g. Spatial distribution of cell death-related genes (death signal) and AMs, represented by three lung 

sections at d2 (HD group). Magnified size of sparse spots was applied for clarity.  

h. Number of total cells in AM-Cd36 and AM-Cd36-Mki67 detected at each timepoint. 

i. Spatial distribution of virus and death signals, represented by three lung sections at d2 (HD 

group). Magnified size of sparse spots was applied for clarity. 

j. Density of different cell types in the neighborhood of death signals of nine lung sections at d2 

(HD group). Neighborhood: <7.5 µm. Boxplots: center line, median; box bounds, first and third 

quartiles; whiskers, 1.5 times the interquartile range. 
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Fig.3 SARS-CoV-2 invades naïve T cells and induces T cell deaths 

a. The expression of selected differential expressed genes in virus-positive and virus-negative 

naïve T cells. 

b. Number of total naïve T cells detected at each timepoint. 

c. Spatial distribution of virus-positive/negative naïve T cells around ATII represented by a lung 

section at d2, d5 and d7 (HD group). The size of virus+ and virus- naïve T spots was magnified 

for clarity. 

d. Distance between virus-positive ATII cells and their nearest virus-positive/negative naïve T cells 

in nine sections of d2, d5 and d7 (HD group) respectively. Kolmogorov-Smirnov test. 
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e. The peak values of the minimum distance calculated in (d) of nine lung sections of each 

timepoint. Data are mean ± SEM. Two-sided Student t-test. 

f. Staining of virus-positive CD4 T cells and virus-positive ATII by RNAscope. Scale bar, 50 µm. 
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Fig.4 SARS-CoV-2-induced generation of Slamf9+Spp1+ macrophages for virus clearance 

a. The number of total Slamf9+Spp1+ macrophages, the proportion of virus-positive Slamf9+Spp1+ 

macrophages and their proportion in total virus-positive cells at each timepoint (HD group). 

b. RNA velocity analysis of mono/macrophage subpopulations. Arrows indicate the potential 

directions of state transitions. 
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c. Density of different cell types in the neighborhood of Mac-Slamf9-Spp1 of nine lung sections at 

d5 and d7 (HD group). Neighborhood: <7.5 µm. Boxplots: center line, median; box bounds, first 

and third quartiles; whiskers, 1.5 times the interquartile range. 

d. Spatial distribution of Mac-Slamf9-Spp1, neutrophils and ATII represented by a lung section at 

d7 (HD group). Yellow spots represented the colocalization of Mac-Slamf9-Spp1 and neutrophils, 

and red spots represented the co-localization of Mac-Slamf9-Spp1 and ATII. Magnified size of 

spots was applied for clarity. 

e. Expression of critical ligand and receptor genes in Mac-Slamf9-Spp1, Mac-Slamf9-Spp1-Mki67 

and neutrophils subpopulations. Gene description: LOC101839133, Ccl11; LOC101824449, 

Ccl8. 

f. Spatial expression of paired ligand and receptor genes represented by a lung section at d7 (HD 

group). Co-localization or adjacency of paired genes was framed. 

g. Staining of proliferating Slamf9+Spp1+ macrophages of lung sections at d7 by RNAscope. Scale 

bar, 50 µm. 
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Fig.5 Isg12+Cst7+ neutrophils accumulate for eliminating virus 

a. GO terms enriched in upregulated genes of virus-positive highly-activated neutrophils and 

Isg12+Cst7+ neutrophils. 

b. The expression of signature genes identifying acNeu-Isg12-Cst7 subpopulation. Gene description: 

LOC101838467, Isg12. 
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c. Association between the proportion of virus-positive cells and Isg12+Cst7+ neutrophils in 12 

hamsters (d2, d5 and d7, HD and LD). Spearman’s correlation. 

d. Spatial distribution of virus and activated, non-activated mature or Isg12+Cst7+ neutrophils, 

represented by a lung section at d7 (HD group). Magnified size of all spots was applied for 

clarity. 

e. Distance of viral spots to their nearest neutrophil subpopulations of nine sections of d7 (HD 

group). Kolmogorov-Smirnov test. 

f. RNA velocity analysis of neutrophil subpopulations. Arrow direction indicates the potential 

directions of state transitions. 
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Fig.6 Identification of Trem2+ and Fbp1+ alveolar macrophages enriched for inflammation 
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resolution 

a. Phenotypic linkage between AM and mono/macrophage subpopulations from d7 and d14. 

b. Temporal changes of AM-Trem2, AM-Fbp1 and AM-Fbp1-Mki67. 

c. RNA velocity analysis of AM subpopulations. Arrows indicate the potential directions of state 

transitions. 

d. Density of different cell types in the neighborhood of AM-Fbp1 of nine lung sections at d14 (HD 

group). Neighborhood: <7.5 µm. Boxplots: center line, median; box bounds, first and third 

quartiles; whiskers, 1.5 times the interquartile range. 

e-g. Immunofluorescence analyses of the lung sections of hACE2 mice before and after 

SARS-CoV-2 infection. Staining of SLAMF9, SPP1 and CD68 at d0 and d7 (e); TREM2 and 

CD68 at d0 and d14 (f); FBP1 and CD68 at d0 and d14 (g). Scale bar, 50 µm. 

h. Identification of SLAMF9+SPP1+, TREM2+, FBP1+, FBP1+MKI67+, and 

MARCO+CD36+TREM2-FBP1- macrophages in scRNA-seq data of human lung autopsy samples 

of COVID-19 patients. Control: pulmonary bulla or lung cancer, and these samples were to be 

inflammation-free pathologically confirmed. Two-sided Wilcoxon test. 
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Extended Figures 

Extended Data Fig.1 Spatial transcriptomics of hamster lung sections 

a. Quality control of Stereo-seq data. Total genes detected and total spot numbers of 81 spatial 

transcriptomic sections (9 sections per timepoint). 

b. The expression of selected marker genes to annotate different spatial regions in each spatial 
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cluster. 

c. The proportion of each spatial cluster in total spots of each section. 

d-f. The highlight of specific spatial clusters. Smooth muscle enriched region and virus high region 

(d); B cell enriched and plasma cell enriched region (e); neutrophil enriched region (f). 

g. The peak values of the minimum distance between virus and the nearest cell types, calculated in 

the nine lung sections of each timepoint. 
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Extended Data Fig.2 A single-cell landscape of SARS-CoV-2-infected hamster lungs identifying 

76 subpopulations 

a. UMAP projection of hamster lung cells (n=269,211) showing 76 cell subpopulations. 
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Non-immune (epithelium, endothelium, fibroblast, erythrocyte); Myeloid; Neutrophil; ILC2; 

T/NK/NKT; B. 

b. Distribution of SARS-CoV-2 RNA-positive cells (n, number of total cells; nv+, number of 

virus-positive cells).  

c. Proportion of SARS-CoV-2 RNA-positive cells (viral count＞0) at each timepoint. 

d. Temporal distributions of all 76 scRNA-seq cell subpopulations at d0, d2, d5, d7 and d14 (HD 

group). Ro/e > 1, enrichment; Ro/e < 1, depletion. 

e. Distribution of SARS-CoV-2 RNA-positive cells across 76 cell subpopulations at d2, d5, d7 and 

d14 (HD group). 
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Extended Data Fig.3 Signatures of SARS-CoV-2 RNA-positive cells 

a. The proportion of various cell types of two replicated hamsters at each timepoint. 

b. Distribution of 31,924 SARS-CoV-2 RNA-positive cells (nv+, number of virus-positive cells). 

c. The relative proportion of virus-positive cells within 76 cell subpopulations. 

d. Detection rates of SARS-CoV-2 genes in main cell types. Given a viral gene gv, the detection rate 

is defined as the ratio of the number of gv
+ cells to the total cells of the specific cell type and then 

normalized by the gene length in the SARS-CoV-2 genome and multiplied by 106. 
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Extended Data Fig.4 Acute damages to multiple cell types caused by SARS-CoV-2 infection  

a. Spatial distribution of virus and AM-Cd36-Mki67 cells, represented by three lung sections at d2 

(HD group). Magnified size of sparse spots was applied for clarity. 

b. Volcano plots of differentially expressed genes between virus-positive and virus-negative cells in 

representative cell subpopulations (cutoff: (|Log2FC|>0.5, Padj<0.05). 
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c. Expression of cell death-related genes Bak1, Bax, Bcl2, Daxx and Foxo3 in virus-positive and 

virus-negative cells of representative cell subpopulations. 

d. Temporal distribution of cell subpopulations in (c) that tended to be depleted after infection. 

Ro/e >1, enrichment; Ro/e<1, depletion. 
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Extended Data Fig.5 Signatures of lung naïve T cells invaded by SARS-CoV-2 

a. Temporal distribution of T cell subpopulations. Ro/e >1, enrichment; Ro/e<1, depletion. 

b. Distribution of SARS-CoV-2 RNA-positive cells across epithelial cells and different T cell 

subpopulations at d2, d5, d7 and d14 (HD group). 
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c. The expression of marker genes of T cells (Cd3g, Cd4, Cd8b) and marker genes of naïve T cells 

(Ccr7, Tcf7) in total lung cells. 

d. Detection rates of SARS-CoV-2 genes in epithelial cells and naïve T cells. 

e. Volcano plot of differentially expressed genes between virus-positive and virus-negative naïve T 

cells (cutoff: (|Log2FC|>0.5, Padj<0.05). Orange frame highlighted genes related to cell death. 

Gene description: LOC121134510, antileukoproteinase-like.  

f. GO terms enriched in upregulated genes in virus-positive naive T cells in (e). 

g. The expression of Ace2 and Tmprss2 in total lung cells. 

h. The expression of ATII marker genes Sftpc and Scgb1a1 in virus-positive naïve T cells quantified 

by log normalized expression. Two-sided Wilcoxon test. 

i,j. The peak values of the minimum distance between virus-positive ATI (i) or club cells (j) and 

their nearest virus-positive/negative naïve T cells of nine lung sections of each timepoint (HD 

group). Two-sided Student t-test. 
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Extended Data Fig.6 Signatures of Cd38+ and Slamf9+Spp1+ macrophages infected by 
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SARS-CoV-2 

a. The relative proportion of virus-positive cells within Mac-Cd38, Mac-Slamf9-Spp1 and 

Mac-Slamf9-Spp1-Mki67 subpopulations. More than 80% of Mac-Slamf9-Spp1 cells were 

virus-positive at d5. 

b. The number of total Slamf9+Spp1+ macrophages, the proportion of virus-positive Slamf9+Spp1+ 

macrophages and their proportion in total virus-positive cells at each timepoint (LD group). 

c. Detection rates of SARS-CoV-2 genes in Cd38+ and Slamf9+Spp1+ macrophages. 

d. Volcano plot of differentially expressed genes between virus-positive and virus-negative cells of 

Cd38+ and Slamf9+Spp1+ macrophages (cutoff: (|Log2FC|>0.5, Padj<0.05).  

e. GO terms enriched in upregulated genes in virus-positive AM-Cd36 (cluster 16), Mac-Cd38 cells 

(cluster 22) and Mac-Slamf9-Spp1 (cluster 27). 

f. Number of total cells of Cd38+, Slamf9+Spp1+ and proliferating Slamf9+Spp1+ macrophages 

detected at each timepoint. 

g. Expression of paired ligand and receptor genes in Slamf9+Spp1+, proliferating Slamf9+Spp1+ 

macrophages and neutrophil subpopulations. 
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Extended Data Fig.7 Neutrophil dynamics during SARS-CoV-2 infection 

a. UMAP projection of neutrophils showing 15 cell subpopulations. 

b. The expression of signature genes defining different neutrophil subpopulations. Gene description: 

LOC101831947, Ccl4; LOC101838467, Isg12; LOC101834765, Ccr1; LOC101825533, Cfp; 

LOC101829350, Camp; LOC101828213, S100a8. 

c. Geneset score of cells in neutrophil subpopulations. 

d. Temporal distribution of neutrophil subpopulations. Ro/e >1, enrichment; Ro/e<1, depletion. 
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e. The proportion of each cell subpopulation of virus-positive neutrophils in total virus-positive 

cells in d2, d5 and d7 (HD group). 

f. Number of total cells in key neutrophil subpopulations detected at each timepoint. 

g. Spatial distribution of virus and activated, mature or Isg12+Cst7+ neutrophils, represented by a 

lung section at d2 and d5 (HD group). Magnified size of sparse spots was applied for clarity. 

h. Distance of viral spots to their nearest neutrophil subpopulations of nine lung sections of d2 and 

d5 (HD group) respectively. Kolmogorov-Smirnov test. 

i. The peak values of the minimum distance calculated in (h) of nine lung sections of each 

timepoint. Data are mean ± SEM. Two-sided Student t-test. 

j. The expression of genes that used to calculate spatial distances in the corresponding scRNA-seq 

neutrophil subpopulations. 
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Extended Data Fig.8 Signatures of Fbp1+ AMs, Trem2+ AMs and plasma cells for resolving 
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inflammation 

a. Pseudo-time trajectory initiated from AM-Trem2 towards AM-Fbp1, AM-Fbp1-Mki67 and 

AM-Cd36 predicted by Monocle2. 

b. Expression of representative genes in the route along the pseudo-time. 

c. Relative expression patterns of top 100 genes in the route along the pseudo time. 

d. The expression of signature genes of B/plasma cells. 

e. The expression of Prdx4, Cd74 and Apoe in plasma cells of d0 and d14 quantified by log 

normalized expression. Two-sided Wilcoxon test. 

f. Staining of Fpb1+ AMs and Trem2+ AMs at d14 by RNAscope. Scale bar, 50 μm. 

g. The expression of signature gens of Slamf9+Spp1+, Trem2+, Fbp1+, Fbp1+Mki67+, and 

Marco+Cd36+ macrophages in all 76 subpopulations identified in our study. 
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Extended Data Fig.9 The dynamics and mechanisms of Slamf9+Spp1+ macrophages in clearing 

SARS-CoV-2 and resolving inflammation 

Slamf9+Spp1+ macrophages are derived from peripheral monocytes, induced specifically by 

SARS-CoV-2 engulfment or infection in the lung, and are actively proliferating to win the arms race 

against SARS-CoV-2 intrahost transmission. These macrophages could secrete chemokines, such as 

Ccl11 and Cxcl11, to recruit neutrophils and clear SARS-CoV-2 co-operatively. They could also 

produce IL-10 to induce an immunosuppressive niche and could be co-localized by Isg12+Cst7+ 

neutrophils to prevent inflammation-induced damages. After virus clearance, Slamf9+Spp1+ 

macrophages could transit into Trem2+, Fbp1+ and Cd36+ alveolar macrophages to further resolve 
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inflammation and help for tissue repair.
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Methods 

Ethics Statement  

At the Institute of Laboratory Animal Science (ILAS) of Chinese Academy of Medical Sciences, the 

animal biosafety level 3 (ABSL-3) facility was used to accomplish all the experiments with Syrian 

hamsters (male and female, aged 8-10 weeks) and hACE2 mice (male and female, aged 6-11 

months). All experiments were implemented according to the Animal Welfare Act and other 

regulations associated with animals and experiments. The Institutional Animal Care and Use 

Committee (IACUC) of the ILAS, Peking Union Medical College & Chinese Academy of Medical 

Sciences, evaluated and gave permission to all the protocols in these studies, including animal 

experiments (Approval number QC21003). 

Viruses 

The SARS-CoV-2 virus (accession number is MT093631.2, SARS 

CoV-2/WH-09/human/2020/CHN) was put into use in this study and propagated in Vero E6 cells 

incubated in Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, United States) 

supplemented with 10% fetal bovine serum (Gibco, Grand Island, United States) and incubated at 

37◦C and 5% carbon dioxide. 

Experimental hamsters 

Hamsters were intranasally inoculated with SARS-CoV-2 stock virus at 105 50% tissue culture 

infectious dose (TCID50) per mL (0.1 mL per animal) used as the high dose (HD) group, and 104 

TCID50 as the low dose (LD) group1. Hamsters intranasally inoculated with an equal volume of PBS 

were used as the healthy control (Ctrl) group. Hamsters were continuously monitored to record 

clinical symptoms, body weight, responses to external stimuli and death. Lung tissues of the infected 
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group were collected at 2, 5, 7 and 14 days after infection (n=5/ timepoint), and those of the Ctrl 

group were collected at 2 days (n=5). 

Experimental hACE2 mice 

Specific-pathogen-free, 6-11-month-old male and female hACE2 mice were obtained from the 

Institute of Laboratory Animal Sciences, Chinese Academy of Medical Sciences as described in our 

previous study15. The hACE2 mice were intranasally inoculated with SARS-CoV-2 stock virus at a 

dosage of 105 TCID50, and those intranasally inoculated with an equal volume of PBS were used as 

healthy control (d0). The infected hACE2 mice were continuously observed to record body weight, 

clinical symptoms, responses to external stimuli and death. Mice were dissected at 7 and 14 days 

after infection (d7 and d14) to collect lung tissues for further experiments. 

Hematoxylin and Eosin (H&E) Staining 

Hamster lungs were fixed in 10% formalin buffer saline (HT501128, Sigma-Aldrich) for 24 h at 

room temperature before paraffin embedding, and paraffin sections (4 µm in thickness) were applied 

following the routine operating procedure. The adjacent frozen sections (8-10 µm in thickness) of 

those sections used for Stereo-seq were fixed in acetone. All the tissue sections were stained with 

H&E. The pathological findings were carefully observed using an Olympus microscope. The 

pathological scorings of all hamster lungs were listed in Supplementary Table 1. 

In situ RNA hybridization 

In situ RNA hybridization was performed using the Advanced Cell Diagnostics RNAscope Multiplex 

Fluorescent Detection kit v2 (323100, Bio-Techne) according to the manufacturer’s instructions. 

Staining of hamster lung specimens was performed using 3 μm paraffin-embedded thick sections. 

For multiplex staining the following probes were used: Fbp1 (Mau-Fbp1 1153521-C3), Cd4 
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(Mau-Cd4 1153531-C1), Il10 (Mau-Il10 1153551-C3), Mki67 (Mau-Mki67 1153561-C2), Trem2 

(Mau-Trem2 1153571-C2), Sftpc (Mau-Sftpc 1058161-C3), Cd68 (Mau-Cd68 899591-C1), S 

(V-nCoV2019-S 848561-C2). Slides were counterstained with Mounting Medium With 

DAPI-Aqueous (ab104139, Abcam). Mounted slides were imaged on a Leica DMi8 fluorescent 

microscope (Leica Biosystems). 

Multiplex immunofluorescence staining 

All collected lung tissues from hACE2 mice were fixed in 10% formalin buffer solution (HT501128, 

Sigma-Aldrich), and paraffin sections (3–4 µm in thickness) were prepared according to routine 

operating procedure16,17. The immunofluorescence staining was performed using a PANO IHC kit 

(cat. no. 0004100100; Panovue, Beijing, China) following the manufacturer’s instructions18. 

Different primary antibodies were sequentially applied to examine specific cell markers, including 

anti-CD68 Polyclonal antibody (28058-1-AP, 1:800; proteintech) and TREM2 Polyclonal antibody 

(13483-1-AP, 1:200; proteintech), or FBP1 Polyclonal antibody (12842-1-AP, 1:100, proteintech), or 

Osteopontin Polyclonal antibody (22952-1-AP, 1:200; proteintech) and SLAMF9 polyclonal 

antibody (LM-2205R, 1:200; LMAI BIO), followed by HRP-conjugated secondary antibody 

incubation and tyramide signal amplification (TSA). The slides were microwave-treated after each 

cycle of TSA. Nuclei were stained with 4’-6’-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. 

Louis, MO) after antigen labeling. Stained slides were scanned using the 3D-histech 

(PANNORAMIC, 3DHISTECH, Hungary), which captures fluorescent spectra with identical 

exposure times using DAPI, FITC, TRICT and Cy5 channels, and the scans were combined to build 

a single stacked image. 

Single-cell RNA-seq library preparation 
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Single-cell suspension preparation. Fresh lung tissues were first rinsed with PBS, minced into small 

pieces by mechanical dissociation, and incubated for 1 h in 10 mL of DS-LT buffer (0.2 mg/mL 

CaCl2, 5 μM MgCl2, 0.2% BSA and 0.2 mg/mL Liberase in HBSS) at 37°C. After this, the tissue 

digestion was blocked by adding 3 mL of FBS, followed by filtration through a 100 µm cell strainer 

and centrifugation for 5 minutes at 500 g at 4°C. Samples were filtered through a 40 µm cell strainer 

and centrifuged for 5 minutes at 500 g at 4°C. Pellets were resuspended in cell resuspension buffer at 

1,000 cells/μL for library preparation. 

Library construction and sequencing. DNBelab C Series Single-Cell Library Prep Set (MGI, 

#1000021082) was used as described previously2. In brief, high-quality single-cell suspension was 

used for droplet generation, cell lysis and mRNA capture by microbeads were performed in the 

droplets, then emulsion breakage, beads collection, reverse transcription, finally the cDNA and 

droplet index were amplification to generate cDNA library and droplet index library respectively. All 

the processes were performed in the ABSL-3 laboratory till the PCR products of cDNA were gained. 

Library concentration was measured by use of Qubit™ ssDNA Assay Kit (Thermo Fisher Scientific, 

#Q10212) and sequenced by DNBSEQ T10 sequencer in the China National GeneBank (Shenzhen, 

China). 

Single-cell RNA-sequencing data processing 

Raw data processing. For DNBelab C4 data, PISA (v0.7, https://github.com/shiquan/PISA) was used 

for sequencing reads filtering and demultiplexing. STAR (v2.7.9a)3 was applied to mapping reads 

with reference genome integrated by Mesocricetus auratus genome (BCM_Maur_2.0) and 

SARS-CoV-2 genome (NC_045512.2). UMI counting, cell identification, and generation of 

expression matrices were accomplished by PISA.  
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Single-cell RNA-seq data. The number of detected genes, the total UMI counts and proportion of 

mitochondrial gene counts per cell were used for quality control. Low quality cells with <1,000 UMI 

counts, <300 detected genes, or >5% mitochondrial gene counts were filtered. Cells with >60000 

UMI counts or >10,000 detected genes were filtered out to remove potential doublets and multiplets. 

Then scDblFinder (v1.9.3) was applied to further identify potential doublets with its random methods 

(https://github.com/plger/scDblFinder). 

Unsupervised cell clustering and annotation. Clustering analysis of the scRNA-seq dataset was 

performed using the Seurat package (v4.0.5) and the R program (v4.1.0). UMI count matrices of 

different samples were merged together for analysis, and then normalized (LogNormalization 

function, scale.factor=10000) and scaled with Seurat. 2,000 highly variable features were identified 

and a PCA matrix with 50 components was constructed. For clustering cells precisely, we applied 

two round clustering to the dataset. The first round clustering (resolution=0.4) identified 

approximation 5 major cell types including non-immune cells, myeloid cells, T cells, B cells and 

neutrophils. Clustering results were displayed by uniform manifold approximation and projection 

(UMAP)4 dimension reduction analysis. A second round of clustering was applied to each major cell 

type based on a procedure similar to the first round of clustering. Annotation of the final clusters was 

based on the known cell markers. Finally, 269,199 identified cells were remaining for downstream 

analysis. 76 clusters were finally obtained, representing different cell subpopulation. Additionally, we 

found that 31,924 cells in all cells were detected to have viral reads (UMI > 0). We compared cell 

numbers with viral genes at different days after infection. We also calculated detection rates of the 11 

SARS-CoV-2 genes (E, M, N, ORF10, ORF1ab, ORF3a, ORF6, ORF7a, ORF7b, ORF8 and S) along 

the viral genome from 5’ to 3’ according to a procedure previously described5 to exclude its 
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relationship with library preparation methods. Additionally, Spearman’s correlation between the rate 

of virus-positive cells and the percentage of cluster acNeu-Isg12-Cst7 was calculated by the R 

function cor.test. 

Gene module analysis. To evaluate neutrophil maturation and functional scores, we calculated the 

expression level of individual neutrophils with regarding predefined genesets (Supplementary Table 

8)6. AddModuleScore function with default parameters was applied in this process. The resulting 

scores were shown in Extended Data Fig.7c. 

Temporal distribution of different cell subpopulations. The temporal distribution of cell populations 

was indicated by Ro/e value, which was calculated by the following formula previously described 

(https://github.com/Japrin/STARTRAC)7: 

��/� � �����	�
����
��
 

In which the observed variable is the cell number of a given ��������������  at a specific 

����������, and the expected variable is calculated by the following formula, which represents the 

expected cell number distribution for �������������� at ����������: 

����
��
 � ������

� �� 

In which ���� is the total cell number of all subpopulations, ��  is the cell number of the given 

�������������� , and ��  is the cell number of all subpopulations at the specific 

����������.  Ro/e > 1, it suggests that cells of the specific subpopulation are more frequently 

observed than random expectations at the specific timepoint (enrichment). If Ro/e < 1, it suggests 

that cells of the specific subpopulation are observed with less frequency than random expectations at 

the specific timepoint (depletion). The relevant results were shown in Extended Data Fig.2d and 

Supplementary Table 5. 
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Differential gene expression and Gene Ontology enrichment analysis. To investigate the effects of 

viral RNA in one subpopulation, we identified differentially expressed genes between viral RNA 

positive and negative cells by performing two-sided unpaired Wilcoxon tests based on the 

tl.rank_genes_groups function of the python package Scanpy (v1.8.1) (method='wilcoxon', 

corr_method = 'benjamini-hochberg'). Differentially expressed genes were identified by two rules, 

i.e., log2foldchanges >0.5 and Padj<0.05. Over-representation analysis were processed in 6 

subpopulations (Naïve_T, AM-Cd36, Mac-Il10-Spp1, Mac-Cd38, acNeu-Isg12-Cst7 and acNeu_hi) 

using enrichGO (OrgDb=org.Mm.eg.db, pAdjustMethod="BH") function of the Cluster Profiler R 

package (v4.0.5)8. The relevant results were shown in Supplementary Table 6. 

RNA velocity analysis. In order to find the relationships between different cell types in main lineages, 

RNA velocity analysis for neutrophils were conducted by using the scVelo python package9. The 

“basics” analysis was applied by following the tutorial (https://scvelo.readthedocs.io/VelocityBasics/). 

Different samples were analyzed separately and visualized based on the UMAP coordinates 

generated during the clustering step. In addition to neutrophils, monocytes/macrophages were 

analyzed independently according to the same procedure. 

Pseudo-time analysis of macrophages. To analyze dynamic biological processes among AM-Trem2, 

AM-Fbp1, AM-Fbp1-Mki67 and AM-Cd36, we used the monocle R package (v2.20.0)10-12. We 

extracted UMI counts matrix of 4 subpopulation motioned above as input. We processed the 

pseudo-time analysis followed tutorial described in 

http://cole-trapnell-lab.github.io/monocle-release/docs/ with default parameters. Additionally, we 

sorted 517 genes out with parameters of mean_expression >= 0.1 and dispersion_empirical >= 1 * 

dispersion_fit for constructing single cell trajectories. After ordering cells, we clustered genes by 
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pseudotemporal expression pattern. We got 110 genes belonging to four different clusters with 

statistical significance, which were showed in Extended Data Fig.8c. 

Phenotypic linkage evaluation of myeloid cells between d7 and d14. We conducted cell type 

prediction analysis to scRNA-seq data of d7 and d14 (HD) cells to find potential phenotypic linkages 

between those cells. This process was performed by the functions FindTransferAnchors and 

TransferData function implemented in the software package Seurat, with 50 dims and all detected 

genes in scRNA-seq data as parameters. The prediction results of macrophages and monocytes were 

shown in Fig.6a. 

Cell subpopulation similarity analysis between Syrian hamsters and COVID-19 patients. We also 

analyzed snRNA-seq data derived from autopsy lung tissues of COVID-19 patients13, to confirm 

whether subpopulations changes were similar between humans and Syrian hamsters. With 

homologene R package (v 1.4.68.19.3.27), we selected whole 13419 homologous genes, including 

MARCO/Marco, CD68/Cd68, CD36/Cd36, TREM2/Trem2, FBP1/Fbp1, SLAMF9/Slamf9 and 

MKI67/Mki67. We applied a set of signature gene combinations to represent the cell types 

(Mac-Slamf9-Spp1: CD68+SLAMF9+SPP1+; AM-Trem2: CD68+TREM2+; AM-Fbp1: CD68+FBP1+; 

AM-Fbp1-Mki67: CD68+FBP1+MKI67+; AM-Cd36: CD68+MARCO+CD36+TREM2-FBP1-), which 

performed well in the scRNA-seq data generated by our study. Then we detected cell proportions 

with signature gene combinations expression, which were shown in Fig.6h. 

Stereo-seq library preparation and sequencing 

Tissue processing. Lung tissue frozen sections were adhered to the Stereo-seq chip surface and 

incubated at 37� for 3-5 minutes. Then, the sections were fixed in methanol and incubated for 40 

minutes at -20� before Stereo-seq library preparation. The same sections were stained with nucleic 
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acid dye (Thermo fisher, Q10212) and imaging was performed with a Ti-7 Nikon Eclipse microscope 

prior to in situ capture at the channel of FITC. 

Library construction and sequencing. Stereo-seq library construction was described previously14. 

For the Stereo-seq library construction of the Syrian hamster infected by SARS-CoV-2, all the 

processes were performed in the ABSL-3 laboratory till the PCR products of cDNA were gained. In 

brief, RNA released from the tissue was captured by the DNB on the chip after tissue sections were 

permeabilized, followed by reverse transcription. Then the cDNA was released from the stereo-chip 

and moved out of ABSL-3 lab for amplification. The concentration of PCR product was quantified 

by Qubit™ dsDNA Assay Kit (Thermo, Q32854). A total of 40~60 ng of DNA was proceeded to 

fragmentation and amplification. PCR products were purified using the VAHTSTM DNA Clean Beads 

(0.6× and 0.2×), used for DNB generation, and finally sequenced on MGI DNBSEQ-T10 sequencer.  

Stereo-seq raw data processing. Fastq files were generated using a MGI DNBSEQ-T10 sequencer. 

Mesocricetus auratus genome (BCM_Maur_2.0) and SARS-CoV-2 genome were integrated as one 

reference for read mapping by STAR. One base mismatch was allowed to correct sequencing and 

PCR errors. Mapped reads were counted and annotated using an BGI-developed open-source 

pipeline SAW (https://github.com/BGIResearch/SAW). 

Binning data of spatial Stereo-seq data. Because one Stereo-seq chip contained millions of DNBs 

(diameter: 220 nm), we merged adjacent 15*15 DNBs to one bin15 spot as a fundamental unit for 

downstream analysis, including cell type identification, spatial distance and cell density calculation. 

Additionally, matrices of different spatial Stereo-seq samples were normalized to 1,000,000 counts 

before analysis. For unsupervised clustering of the spatial transcriptomics data, bin80 spots were 

applied by merging adjacent 80*80 DNBs.  
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Quality control and batch effect correction of bin80 spatial Stereo-seq data. Stereo-seq data were 

quality-controlled by filtering low-quality spots for each chip based on the number of detected genes 

and the total UMI counts in each spot. We got 22,927 bin80 spots (40 μm resolution) per section, 557 

genes and 1,115 UMI counts per spot of 15 histologically intact bin80 chips after quality control. 

Then bin80 Stereo-seq data matrices were merged, log-normalized and scaled by the R package 

Seurat, just like scRNA-seq matrices. We identified 2,000 highly variable features and calculated a 

PCA matrix with 20 components. RunHarmony function in the Harmony package was used to do 

batch effect correction for different chips. 

Unsupervised spot clustering and subsets annotations. After unsupervised clustering 

(resolution=0.5) calculation, we identified 15 subsets of all selected bin80 spots of 15 selected chips. 

Clustering results were displayed by their spatial coordination (spatial_x and spatial_y) at the capture 

chip, which showed the real spatial orientation of spots in tissues. Annotation of the resulting clusters 

to tissue regions was based on the known markers and the spatial information. Subsets were named 

by the most enriched cell types or highly expressed genes of clusters (Supplementary Table 2). 

Cell types identifying in bin15 spatial Stereo-seq data. Our bin15 spatial transcriptomics datasets 

contained an average of 656,311 bin15 spots (7.5 μm resolution) of all 81 chips. For 18 cell types we 

concerned, we used one to four marker genes of the corresponding cell types as surrogate markers 

(Supplementary Table 3) to investigate their spatial relationship with other cells. For SARS-CoV-2, 

bin15 spots with either of the 12 viral genes (E, M, N, ORF10, ORF1a, ORF1ab, ORF3a, ORF6, 

ORF7a, ORF7b, ORF8 and S) positive were treated as virus-positive spots. 

Distance between different cell types. With locations of spots containing cells we concerned, we 

calculated the minimum distance to other cells around. For each spot of cell type A, we calculated 
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the Euclidean distance of this spot to its nearest spot of cell type B to represent their spatial 

relationship, based on the spatial coordinates of bin15 Stereo-seq data. Then we obtained a distance 

distribution for cell type A to cell type B. The peak value of the distance distribution in each chip was 

then extracted to summarize the spatial relationship from cell type A to cell type B. Obviously, this 

distance statistics was asymmetrical. Distance statistics from cell type A to cell type B and its reverse 

one were both used to interpret the spatial transcriptomics data. 

Cell type density statistics. For each spot positive for marker genes of Mac-Slamf9-Spp1, AM-Fbp1 

and death signals, we calculated the Gaussian density within its neighborhood for 18 other cell types. 

For spot i, whose coordinate is (�� , ���, the density was calculated by the following formula: 


�������,� � � I�� �� ! ��"� #  �� ! ��"�$ % ��� � exp �!  �� ! ��"� #  �� ! ��"� 2*�
�

 �	�,
���
��� �
���

 

Where, 

I +� �� ! ��"� #  �� ! ��"�$ % ��, �  - 1, � �� ! ��"� #  �� ! ��"�$ % ��

0, � �� ! ��"� #  �� ! ��"�$ 0 ��  1 
r = 15 (equal to 7.5 μm)，σ=50 

and the average Gaussian density in each chip of other 18 cell types in circle of different radii around 

death signals, Mac-Slamf9-Spp1 and M-Fbp1 were shown in Fig.2j, 4c and 6d. 

Statistical analysis 

Statistics were processed with R statistical software v4.1.2 unless otherwise specified. Unpaired 

two-tailed t-tests, two-sided Wilcoxon test and Kolmogorov-Smirnov test were used as indicated. 
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