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Abstract
How SARS-CoV-2 causes disturbances of the lung microenvironment and systemic immune response
remains a mystery. Here, we �rst analyze detailedly paired single-cell transcriptome data of the lungs,
blood and bone marrow of two patients who died of COVID-19. Second, our results demonstrate that
SARS-CoV-2 infection signi�cantly increases the cellular communication frequency between AT1/AT2
cells and highly in�ammatory myeloid cells, and induces the pulmonary in�ammation microenvironment,
and drives the disorder of �broblasts, club and ciliated cells, thereby causing the increase of pulmonary
�brosis and mucus accumulation. Third, our works reveal that the increase of the lung T cell in�ltration is
mainly recruited by myeloid cells through certain ligands/receptors (ANXA1/FPR1, C5AR1/RPS19 and
CCL5/CCR1), rather than AT1/AT2. Fourth, we �nd that some ligands and receptors such as
ANXA1/FPR1, CD74/COPA, CXCLs/CXCRs, ALOX5/ALOX5AP, CCL5/CCR1, are signi�cantly activated and
shared among patients’ lungs, blood and bone marrow, implying that dysregulated ligands and receptors
may cause the migration, redistribution and the in�ammatory storm of immune cells in different tissues.
Overall, our study reveals a latent mechanism by which the disorders of ligands and receptors caused by
SARS-CoV-2 infection drive cell communication alteration, the pulmonary in�ammatory
microenvironment and systemic immune responses across tissues in COVID-19 patients.

1 Introduction
The SARS-CoV-2 has continued to infect more than 250 million people and caused more than 5 million
deaths worldwide [1]. To date, the mechanism of SARS-CoV-2 infection causing critical illness and death
in COVID-19 patients is still unclear. Recently, a large-scale autopsy reports have demonstrated that
SARS-CoV-2 infection can cause damage to multiple organs, especially the lungs, digestive tract and
immune system [2, 3]. However, it is still a mystery how SARS-CoV-2 causes systemic immune responses
and multiple organ damages from local lungs. With the development of single-cell sequencing
technology (scRNA-seq), many novel bioinformatics tools of integrating cellular and molecular
information have been released one after another for analyzing the single-cell atlas of throat swabs,
blood, alveolar lavage �uid and parenchymal lungs in COVID-19 patients [4–7]. Especially, these data
have extended our understanding that in addition to the lungs and AT2 cells, SARS-CoV-2 had caused
strong genetic changes in a variety of organs and immune cells [4–7]. However, how does SARS-CoV-2
infection cause the pulmonary microenvironment changes and the immune response of remote organs?
as well as how do alveolar target cells with SARS-CoV-2 infection induce local and systemic
in�ammation storm, in particular the migration and redistribution of immune cells among distinct
tissues? which are yet not clear.

Cellular communication refers to the transmission of information from one cell to another cell through a
medium to produce a corresponding response [8–10]. The cell-cell communication mediated by the
ligand/receptor complex plays a vital role in coordinating a variety of biological processes such as
development, differentiation and in�ammation [8–10]. Complex extracellular reactions originate from the
binding of ligands to their cognate receptors and the activation of speci�c cell signaling pathways [8–
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10]. Therefore, localizing these ligand/receptor interactions is the important basis for understanding cell
behavior and response to neighboring cells. Previous studies have applied cell communication to
revealing the pathogenesis of COVID-19 patients. For example, some ligands and receptors such as
ANXA1-FPR1 and S100A8/9-TLR4 have been identi�ed as main mediators of cellular communication
between lung epithelial cells and myeloid cells and these signals may cause an immune storm and
systemic disorders in critically ill COVID-19 patients [7]. Even so, there are still much unknown about the
changes of the detailed intercellular communication network in the lungs after SARS-CoV-2 infection to
date.

More importantly, we want to know how do alveolar cells infected by SARS-CoV-2 induce immune
responses in both neighboring cells and remote organs? as well as how do these infected alveolar target
cells cause local and systemic in�ammation and in�ltration of in�ammatory cells (e.g. neutrophils and
monocytes/macrophages)? Of note, previous studies have shown that cell communication mediated by
ligands and receptors plays a key role in the migration and circulation of immune cells. For example, the
up-regulated CXCL9, CXL10 and CXCL1 ligands can respectively bind to their receptor CXCR3 to induce
CD8 + cells in the lymph and blood to migrate to the infection site to kill the virus in the epicutaneous
vaccinia virus infection model [11]. Especially, the C5AR1 receptor has been considered to be an
important target for treatment COVID-19 patients [12, 13]. These above studies imply that the
dysregulations of ligands and receptors may also alter cell communication to further causes the
migration and the in�ammatory storm of immune cells in different tissues in COVID-19 patients. In this
study, our goal is to reveal how SARS-CoV-2 further alters the lung ecological microenvironment and
causes the immune response of other organs after entering alveolar target cells through the single-cell
communication network analysis.

Herein, we performed the scRNA-seq of lung, blood and bone marrow of autopsy specimens from the two
COVID-19 patients in Wuhan Huoshenshan Hospital. We next carried out the unbiased analysis on these
single-cell transcriptome data. In short, our current �ndings demonstrated that the receptor/ligand-
mediated tissue or inter-tissue cell communication might be responsible for facilitating the pulmonary
microenvironmental disturbance and systemic immune responses of patients with COVID-19, which will
be also helpful for understanding on the pathogenesis of COVID-19.

2 Results And Discussion

2.1 Single-cell sequencing process and clinical
characteristics of two COVID19 patients
We here used the scRNA-seq to characterize the changes at cellular and molecular levels in the three
different organs of two died COVID19 patients. The speci�c process is as follows: the lung, blood and
bone marrow of two COVID-19 patients were respectively dissociated into single-cell suspensions for
single-cell transcriptome sequencing (Fig. 1A). Bioinformatics analysis was performed by integrating
control data from public sources (Fig. 1A). After quality control of the cells, we obtained a total of
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110,731 single cell including 21,773 bone marrow single cells (17,396 COVID19 and 4,377 healthy),
41,571 blood single cells (21,244 COVID19 and 20,327 healthy), and 47,397 lung single cells (4,241
COVID19 and 43,156 healthy). Remarkably, the multiple blood SARS-CoV-2-IgG and SARS-CoV-2-IgM test
results of the two patients showed signi�cant positive before death (Fig. 1B ~ 1C). This was consistent
with the positive result of the SARS-CoV-2 virus in the lungs. The results of immunohistochemical
staining (IHC) showed that SARS-CoV-2 virus was detected in the upper left lung and lower left lung
samples of patient 1 (Fig. 1D ~ 1E). Multiple SARS-CoV-2 viruses were also detected in the right lower
lung of patient 2 (Fig. 1F ~ 1G). Obviously, the viral load in the lungs of patient 1 is higher than that of
patient 2, which might be related to the underlying disease sepsis in patient 1. Especially, the two patients
had severe in�ammation accompanied by the signi�cant increases of C-reactive protein and interleukin 6
(Fig. 1H ~ 1I).

2.2 Single cell atlas and molecular changes of alveolar
target cells
As the lungs is the main target organ of SARS-CoV-2 infection, we further explored lung cell compositions
and changes in COVID19 patients and healthy people by using cell dimensionality reduction clustering
and Uniform Manifold Approximation and Projection (UMAP) analysis [14]. We herein identi�ed a variety
of lung epithelial cells including type I alveolar cells (AT1) (AGER+), type II alveolar cells (AT2) (SFTPC+),
club cells (SCGB3A2+), ciliated cells (TPPP3+), basal cells (PTTG1+) in the lungs (Fig. 2A ~ 2B). Of note,
the types of immune cells in the lungs mainly include common neutrophils (Neu) (S100A8+), monocyte
(MS4A6A+), T cells (CD3D+), natural killer cells (NK) (GNLY+), plasma cells (MZB1+), mast cells
(TPSB2+) and macrophages (Macro) (CD68+) (Fig. 2A ~ 2B). Besides, endothelial cells (End) (CLDN5+)
and �broblasts (Fib) (DCN+) were also found in the lungs (Fig. 2A ~ 2B). Surprisingly, we discovered a
cluster of MKI67 progenitor cells (MKI67+) with highly expressed MKI67 (Fig. 2A ~ 2B). Remarkably, the
ratio of multiple cell types in the lungs is changed after infection, in particular the proportion of immune
cells, including Neu, T, NK and Mono cells, is obviously increased (Fig. 2C), implying that the invasion of
SARS-CoV-2 might lead to the enrichment of certain immune cells to the lungs. Additionally, the ratio of
both Fib and club cells is respectively signi�cantly increased (Fig. 2C), and their increases were usually
related to lung �brosis and increased lung mucus [15, 16]. In turn, we found that the ratio of AT1 and AT2
cells is drastically decreased (Fig. 2C), in particular many genes that maintain the integrity and
homeostasis of alveolar cells, such as NKX2-1 as a key transcription factor, SFTP family members, IRX2,
NPNT, SDC4, SHROOM3, TGFBR2 and TMED2, are signi�cantly down-regulated after infection (Fig. 2D ~ 
E) [17–20]. Whilst it was clear from the results of hematoxylin-eosin staining (HE) that the alveolar cells
of the left lower lung of patient 1 and the right lower lung of patient 2 are serious damage (Fig. 2F ~ G).
Taken together, these above results seem to indicate that SARS-CoV-2 infection might destroy the
integrity and homeostasis of alveolar cells.

In order to explain the above issue, we further performed a functional enrichment analysis on all
differentially expressed genes in AT1 and AT2 cells after infection. We found that these differentially
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expressed genes are signi�cantly enriched in energy electron chains, microtubule and vascular bundle
assembly, response to virus, virus life cycle, interferon response and neutrophil chemotaxis (Fig. 2H).
Usually, both AT1 and AT2 as epithelial cells do not have the ability to kill viruses [21, 22], but AT1 and
AT2 cells can release a large number of molecules to induce immune and antiviral signal response after
SARS-CoV-2 infection based on the enrichment analysis (Fig. 2H). Herein, we used the cell
communication analysis to further illustrate this �nding. Our results demonstrated that the number of cell
communications in the entire lung are signi�cantly reduced after infection (COVID-19: 3,275 vs Health:
6,573) (Fig S1A ~ S1B), which may be caused by the death of a large number of lung cells after infection.
Interestingly, the cell types with the highest communication frequency among AT2/AT1 target cells are
mainly MKI67+, End and basal cells in the normal group, but the most frequent cell type of
communication are mainly Macro, Neu and Mono cells in the infection group (Fig. 2I ~ 2J and Fig S1C ~ 
S1D). Especially, we �nd that many receptor and ligand genes altered signi�cantly of AT1 and AT2 cells
are obviously enriched in myeloid cell migration, granulocyte migration, monocyte migration and
chemotaxis (Fig. 2K). Taken together, these results seemed to imply that these signi�cantly changed
receptor and ligand genes play a crucial role in inducing AT2 and AT1 cells to communicate with innate
immune cells in the invasion of SARS-CoV-2.

2.3 Dysregulated ligands and receptors cause the disorder
of in�ammatory genes and immune cell migration
Why can SARS-CoV-2 infection obviously increase the cell communication frequency among AT1 and
AT2 cells and immune cells? We herein speculated that this increased communication frequency might
be responsible for recruiting immune cells to kill SARS-CoV-2. Remarkably, our above results have
demonstrated signi�cant increased myeloid cells and T cells in the lungs after SARS-CoV-2 infection
(Fig. 2C), which is consistent with previous studies [7, 23, 24]. However, as the �rst site of SARS-CoV-2
infection, how the AT1 and AT2 cells after infection induce the recruitment of myeloid cells and T cells,
which is still unclear. Interestingly, we here found that a group of ligand and receptor genes, such as
ANXA1_FPR1, CD74_APP, CD74_COPA, CXCL1_CXCR1, CXCL2_CXCR2, might participate in the
recruitment of myeloid cells, and mediate the cell communication between AT1/AT2 cells and myeloid
cells (Neu, Mono, Macro) after SARS-CoV-2 infection through in-depth cell communication analysis
(Fig. 3A). Of note, previous studies have indicated that the CXCLs_CXCRs family as known chemokines
can induce the recruitment of Neu and Mono [25], and the ANXA1_FPR1 is related to the increase of
myeloid cells of COVID-19 patients [7], as well as both CD74_COPA and CD74_APP serve as in�ammatory
recruitment signals, in particular the COPA gene is also involved in the occurrence of autoimmune
interstitial lung, arthritis, kidney disease and lipopneumonia [26, 27]. These results implied that the
dysregulations of some certain receptor and ligand genes might cause the disorder of their downstream
genes associated with in�ammation in myeloid cells after SARS-CoV-2 infection.

We thus further explored the expressions of in�ammation-related genes. Surprisingly, we found that the
myeloid cells recruited by both AT1 and AT2 cells have higher in�ammatory activity accompanied by
signi�cantly increased in�ammatory gene set scores in Neu and Mono/Macro cells (Fig. 3B ~ 3C).
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Especially, many in�ammation-related genes, such as C5AR1, CD55, CSF3R, CXCL8, HIF1A, NAMPT and
NFKB1A, are signi�cantly higher expressed in the Neu cells (Fig. 3D), as well as C5AR1, CD14, CSF3R,
CXCL8, HIF1A, IFNAR1, NAMPT and NFKB1A are obvious higher expressed in the Mono/Macro cells of
the lungs after SARS-CoV-2 infection (Fig. 3E). Previous reports have shown that both the ligand ANXA1
and receptor FPRs can served as an upstream signal to promote the up-regulation of granulocyte
macrophage colony stimulating factor (GM-CSF) and cause the maturation and migration of neutrophil
cells and macrophages [28]. In particular CSF3R as an in�ammation marker can act as a receptor for GM-
CSF [29], as well as the FPR-1 and its ligand are also necessary for effectively recruiting neutrophils to the
damaged lung tissue and the reduction of neutrophils are protected from pulmonary �brosis [30].
Additionally, C5AR1 can act as an upstream signal of Toll-like pathways (NFKB1, TLR1, TLR2, etc.) [31–
33], which can further activate the downstream in�ammatory cytokines, such as TNFRA family members
(TNFAIP6, TNFRSF1B, TNFSF10) and IL family members (IL18R1, IL1B, IL7R) [34, 35]. And that epithelial
cells can release CXCLs to induce neutrophil in�ltration and up-regulate the expression of the
in�ammatory gene NAMPT [36]. These studies indicate that the dysregulations of receptor and ligand
genes may result in the disorders of in�ammatory genes. Together, our study seemed to suggest that the
in�ammatory storm of different myeloid cells might be driven by the dysregulations of certain ligand and
receptor genes after SARS-CoV-2 infection.

Herein, we also explored how the AT1 and AT2 cells recruit T cells into the lungs to kill SARS-CoV-2 after
infection. We �rstly found that there is almost no cell communication between AT1 and AT2 cells and T
cells after infection (Fig. 3F), implying that the recruitment of T cells in the lung might be not directly
related to AT1 and AT2 cells. Secondly, we found that T cells could communicate with myeloid cells in the
lung, in particular their communication can be mainly mediated by some ligand and receptor genes such
as ANXA1_FPR1, C5AR1_RPS19 and CCL5_CCR1 (Fig. 3F). Interestingly, studies have demonstrated that
the combination of C5AR1 and RPS19 is one of the main reasons for the activation of the coagulation
complement system [37, 38], and C5AR1 monoclonal antibody is also considered to be a effective drug
for the treatment of coagulopathy caused by SARS-CoV-2 [13, 39], as well as the combination of CCL5
and CCR1 can induce the recruitment of T cells to in�ammation and viral sites to inhibit the virus [40–42].
Taken together, these results seemed to indicate that myeloid cells have obvious duality in the lungs after
SARS-CoV-2 infection. On the one hand, these myeloid cells induced by infected AT1/AT2 through
in�ammatory ligands and receptors may be the source of the lung in�ammation storm [43]. On the other
hand, these myeloid cells of the lungs can further induce T lymphocytes to migrate into the lungs and kill
SARS-CoV-2 (Fig. 3G).

2.4 Lung in�ammation drives the increase of �brosis and
mucus accumulation
In this study, the HE staining shows a signi�cant �brosis increase in the lung tissues of the two dead
COVID-19 patients (Fig. 4A ~ 4B), and the apoptosis score of �broblasts is also signi�cantly reduced
compared with the control (Fig. 4C), which implies that severe lung in�ammation might lead to the
increase of lung �brosis in the two COVID-19 patients. Remarkably, under certain physiological and
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pathological conditions, epithelial cells can undergo phenotypic transformation and become
myo�broblasts that can produce extracellular matrix, which is called epithelial-mesenchymal transition
(EMT) [44]. In particular, the type II EMT can induce �broblasts and other related cells for tissue repair
after trauma and in�ammatory injury, and the characteristic of tissue �brosis is endless wound repair
caused by continuous in�ammation [45, 46]. Therefore, we here further investigate gene expressions in
�broblasts of the lungs. Our results demonstrated that differentially expressed genes in �broblasts are
signi�cantly enriched in the biological processes of extracellular matrix decomposition, cell adhesion, and
extracellular matrix assembly (Fig. 4D), indicating that the cytoskeleton and cell morphology had been
altered after SARS-CoV-2 infection. Interestingly, we also found that collagen-related proteins (e.g.
COL1A1, COL1A2, COL3A1), laminin proteins (e.g. LAMA2, LAMB1), in�ammatory marker proteins (e.g.
S100A8, S100A9), the matrix metalloproteinase MMP2, �bronectin FN1 and the key regulator ZEB1 of
EMT were signi�cantly upregulated in the �broblasts of COVID-19 patients (Fig. 4E). Of note, these above
genes are all related to the increase of EMT-mediated �brosis [45–47]. As expected, �brosis in COVID-19
patients can indeed be driven by EMT, with a signi�cantly increased EMT score (Fig. 4F) and the decrease
of MAL2, CLND4 and TJP1 of epithelial cell as well as the increase of VIM and CDH2 of mesenchymal
cell in AT1/AT2 cells (Fig S2). Especially, previous studies have demonstrated that the activation of
certain receptors and ligands (e.g. CD74_APP and CD74_COPA) signals affects downstream gene
expressions and promotes in�ammation and lung diseases [48–50], and the activation of COL1A2_a2b1,
COL3A1_a2b1 and FN1_a3b1 signals drives the process of EMT, interstitial pneumonia and pulmonary
�brosis [10, 51, 52]. Together, our work suggested that some receptors and ligands, such as CD74_APP,
CD74_COPA, COL1A2_a2b1, COL3A1_a2b1 and FN1_a3b1 not only mediate the cell communication
between AT2 cells and �broblasts but also facilitate the increase of lung �brosis EMT-mediated by the
lung in�ammation (Fig. 4G).

In addition to pulmonary �brosis, whether can the patient's respiratory failure be caused by lung
obstruction? Interestingly, the HE staining revealed signi�cant mucus increase in the lungs of these two
COVID-19 patients (Fig. 4H ~ I), and the entire alveolar cell space �lled by these thick mucus might cause
dyspnea or failure in the patients. Remarkably, this phenotype from the HE staining was consistent with
the increase of the proportion of club cells, a main cell type that produces mucus, in the two COVID19
patients (Fig. 2C). Particularly, we found that some mucus components (e.g. MUC5B and MUC4) and
genes related to mucus viscosity (e.g. TGM2 and TFF3) were signi�cantly up-regulated in the two
COVID19 patients (Fig. 4J), and the mucus secretion score of club cells was accordingly increased
signi�cantly in COVID19 patients (Fig. 4K). These results indicated that SARS-CoV-2 infection improves
the ratio of club cells and mucus production. Herein, we further performed functional and transcription
factor enrichment analysis to explore the reason that drives the increase of club cell-based mucus
secretion. Our results demonstrated that differentially expressed genes in club cells were mainly enriched
in these processes such as hypoxia, C-type lectin, virus life cycle and interferon response (Fig. 4L).
Especially, HSF1, IRF8, IRF3, IRF2 and IRF1 are the top 5 enriched transcription factors (Fig. 4M). Of note,
previous studies have shown that HSF1, as a stress-induced and DNA-binding transcription factor, could
participate in regulating HIV-1 transcriptional activation and latent escape [53, 54], and the IRF family
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members as interferon regulatory factors could play vital regulatory roles in the upstream of antiviral
immunity and in�ammation [55, 56]. Additionally, our results demonstrated that many disordered genes
in ciliated cells for cleaning up mucus, were mainly enriched in these biological processes such as protein
translation, transcription initiation, microtubule movement, cilia assembly and cilia structure (Fig. 4O),
implying that the structure and movement of the cilia might be affected. Among them, some cilia
production-related regulators (e.g. FOXJ1, RFX2, and RFX3) and genes related to cilia structure, cilia
movement and microtubule bundle movement (e.g. DRC1, TEKT1, ARMC4, LRRC6, RSPH9) are
signi�cantly disordered after infection (Fig. 4P) [57–62]. Especially, ATP synthesis-related genes (e.g.
ATP5F1A, ATP5F1B, ATP5F1C, ATP5F1D, ATP5F1E, ATP5PO, ATP5PF) are signi�cantly increased in
COVID-19 patients (Fig. 4P). Remarkably, under the stimulation with high levels of extracellular ATP, the
frequency of cilia beating will be destroyed and the secretion of airway mucin can increase thousands of
times [57, 63]. These results indicated that SARS-CoV-2 may severely affect the functional homeostasis
of ciliated cells, thereby resulting in the impaired function for cleaning mucus. Taken together, our study
revealed that the dysregulation of receptors and ligands causes lung in�ammation and results in the
expression dysregulation of many mucus secretion- and cleaning-related genes to further induce the
increase of mucus production in club cells and the functional defect of cleaning mucus, thereby causing
COVID-19 patient's respiratory failure.

2.5 Single cell transcriptome and communication analyses in the blood uncover the roles of receptors
and ligands in immune responses and cell migration

Both integrating signals from different pathways and cell migrations are indispensable for diverse
physiological processes such as cell survival, cell development and immune response as well as wound
healing [64–66]. Especially, as a multifunctional cell type, immune cells can not only act as sensors to
receive external signals and instruct cell migration as well as connect to distant tissues and organs for
combating pathogens or viruses together, but also serve as regulators to control immune response and
tolerance as well as homeostasis [64–66]. This implies that the pulmonary microenvironment and
immune response disturbances caused by SARS-CoV-2 infection may be also associated with the
disorder of other tissues and organs. To answer this issue, we herein further detected the single-cell atlas
of blood from a few days before two COVID-19 patients died.

Based on the single-cell atlas of the blood of COVID-19 patients, we identi�ed multiple kinds of myeloid
cells including Neu (CSF3R+), CD14 monocyte (CD14+), CD16 monocyte (FCGR3A+), dendritic cells (DC)
(CD1C+), plasmacytoid dendritic cells (pDC) (CLEC4C+) and mast cells (CPA3+) (Fig. 5A ~ 5B), and
numerous immune cells including B cell (MS4A1+), plasma cell (MZB1+), CD4 T (CD3D+, IL7R+), CD8 T
(CD3D+, CD8A+) and NK (Fig. 5A ~ 5B), as well as other cells such as granulocyte-macrophage progenitor
(GMP) (ELANE+), megakaryocytes (Meg) (PF4+) and erythroid cells (Ery) (HBA1+) (Fig. 5A ~ 5B). Of note,
the signi�cantly increased cell type in the blood of COVID-19 patients is Neu cells (Fig. 5C), but the
signi�cantly decreased cell types are T cells and NK cells (Fig. 5C), which are agreement with the multiple
blood test results from the two COVID-19 patients (Fig. 5D ~ 5E). After admission, the ratio of their Neu
cells was signi�cantly higher than the normal value (Fig. 5D), but the lymphocyte ratio was signi�cantly
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lower (Fig. 5E). Remarkably, compared with the blood, the lymphocyte cells (e.g. T cells and NK cells) is
obviously increased in the lungs after SARS-CoV-2 infection (Fig. 2C). The reason might be that SARS-
CoV-2 infection prompts immune cells of the blood to migrate to the lungs and causes the enrichment of
many certain immune cells in the lungs. Moreover, we found that the two COVID-19 patient's monocytes
presented an abnormally disordered state (Fig. 5F), in particular both Neu and Mono cells in the blood of
COVID-19 patients demonstrated a higher in�ammatory state with a signi�cantly increased in�ammatory
score (Fig. 5G ~ 5H). Besides, we also found that multiple ligand and receptor genes as well as
in�ammation-related genes, such as C5AR1, CD55, CSF3R, CXCL8, FPR1, TLR1, HIF1A, IFNAR1A, IRF1
and NFKB1A, are also signi�cantly up-regulated in the immune cells of the blood of COVID-19 patients
(Fig. 5I), which are very similar to the lungs (Fig. 3D ~ 3E). These results indicated that the dysfunctions
of some receptor and ligand as well as in�ammation-related genes caused an excessive in�ammation in
the blood of patients after SARS-CoV-2 infection, and facilitated immune cells of the blood to migrate to
the lungs.

Remarkably, ACE2 and TMPRSS2 have been demonstrated to be extremely important for SARS-CoV-2 to
enter cells [67]. To our surprise, we could hardly detect the expressions of ACE2 and TMPRSS2 in the
blood of COVID-19 patients (Fig S3A ~ S3B). So why and how do immune responses and in�ammation in
the blood of COVID-19 patients be caused without the expressions of ACE2 and TMPRSS2? In this work,
we further explored the issue. Interestingly, we found the highly expressed genes C5AR1 and FPR1 in
myeloid cells of the patient blood (Fig. 5I), which have been proved to are cell communication molecules
that can transmit in�ammatory signals [37, 38, 68, 69]. The previous study urges us to investigate further
which signal molecules could cause in�ammation of the blood. We thus detailedly analyzed these
signi�cantly changed ligands and receptors in the blood after SARS-CoV-2 infection. As shown in Fig
S3C, these signi�cantly altered ligand and receptor genes in the blood are mainly enriched in the
migration, proliferation and cell adhesion functions of leukocytes and myeloid cells, suggesting that
these ligand and receptor genes could be responsible for in�ammation and cell migrations. Especially, we
found that some signi�cantly changed ligand and receptor genes in the blood such as ALOX5_ALOX5AP,
ANXA1_FPR1, ANXA1_FPR2, C5AR1_RPS19, CCL5_CCR1 and CD74_MIF (Fig. 5J), which are similar to
that in lung (Fig. 3). Of note, many signi�cantly changed ligand and receptor genes in blood have been
demonstrated to be in�ammation and cell migration. For example, arachidonate 5-lipoxygenase (ALOX5)
and arachidonic acid 5-lipoxygenase activating protein (ALOX5AP) are key enzymes and membrane
proteins for the synthesis of pro-in�ammatory products leukotrienes that have been proven to be related
to the respiratory system and the heart [70]. Patients with sickle cell disease have increased in�ammation
and circulating leukotrienes and a high incidence of hyperresponsiveness, which is related to the increase
in ALOX5AP induced by the up-regulated placental growth factor PlGF [71]. In addition, ALOX5AP is highly
upregulated in circulating monocytes in patients with severe sepsis and can predict the clinical prognosis
of patients [72]. Besides, CXCLs released by astrocytes and neurons could induce in�ammatory
neutrophils to enter the blood-brain barrier to increase encephalitis after herpes simplex virus infection
[73]. The lungs could recruit a large number of in�ammatory neutrophils in the blood transfusion-related
Balb/c mouse acute lung injury model, as well as combinating the selectin ligand PSGL-1 and CXCR2
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could promote the vasculature migration of neutrophils and combine with activated platelets to cause
pathogenic in�ammation [74]. Especially lack of PSGL-1 receptor or inhibition of PSGL-1 can prevent liver
damage during endotoxemia [75]. Additionally, studies have revealed that the up-regulated C5AR1 could
also lead to excessive in�ammation and coagulation complement system disorders [38], as well as the
CD74 could be involved in MIF-mediated in�ammation via interacting with MIF on the membrane surface
of alveolar macrophages to activate the p44/p43 MAPK signaling pathway and induce the accumulation
of neutrophils in the alveolar cavity [76].

Taken together, our study seemed to imply that certain receptor and ligand genes in the blood of patients
can act as sensors and cell communication molecules to respond to in�ammatory signals from the lung,
subsequently induce immune responses and promote immune cells (e.g. T cells) to migrate to the lungs
for �ghting on SARS-CoV-2 together. On the one hand, thereby their dysregulations further lead to an
increase in in�ammatory cells and a decrease in immune cells (e.g. lymphocytes) in the blood. On the
other hand, they can serve as regulators and in�ammation-related genes to participate in the regulations
of immune response, tolerance and homeostasis, thus their dysfunctions result in an excessive
in�ammation in the blood of COVID-19 patients.

2.6 The decrease of lymphocytes in bone marrow is responsible for immune clearance failure in the blood
and lungs

Our above works have demonstrated that SARS-CoV-2 infection caused the decrease of lymphocytes
(especially T cells) in the blood, which is agreement with previous studies [77, 78]. In fact, studies have
also revealed a signi�cant reduction of lymphocytes of patient's blood after coronaviruses SARS-CoV or
MERS-CoV infections [79, 80]. On the contrary, lymphocytes are signi�cantly increased in the blood after
other virus infections (e.g. In�uenza virus, Epstein-Barr virus, Cytomegalovirus, Measles virus) [81–83].
The reasons for the decrease of lymphocytes in the blood after SARS-CoV-2 infection have be suggested
to be the circulating migration to the peripheral target organs for destroying SARS-CoV-2 or be due to
apoptosis and autophagy lead to lymphocyte failure [84]. Another reason is thought to be impairment of
the bone marrow's function to produce lymphocytes, thereby promoting the decrease of lymphocytes in
the blood of patients after SARS-COV-2 infection [85]. To further reveal whether the bone marrow is
involved in response to SARS-CoV-2 infection and is responsible for the decline of lymphocytes, we here
systematically analyzed the single cell data of the bone marrow from the two COVID-19 patients.

Herein, we identi�ed common progenitor cells and stem cells in bone marrow including erythroid
progenitor cells (Eryp) (GYPA+), Ery (HBA1+), GMP (CTSG+), hematopoietic stem cells (HSC) (MYB+),
mesenchymal stem cells (MSC) (CD34+) and so on, and many myeloid cells such as Neu (CSF3R+),
monocyte-derived dendritic cells (MDCs) (CST3+), Mono (LYZ+), pDC (CLEC4C+) and so on, as well as T
cells (CD3D+), NK cells (GNLY+), B cells (CD79A+), plasma cells (MZB1+) and other immune cells
(Fig. 6A ~ 6B). Furthermore, we identi�ed Meg (PLEK+) and a small number of End cells (PDK4+) (Fig. 6A 
~ 6B). Of note, among all these cell types, the increased proportion of Neu, GMP and Plasma cells is
highest after SARS-CoV-2 infection (Fig. 6C). Remarkably, the proportion of Neu in bone marrow of
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COVID-19 patients is also increased signi�cantly (Fig. 6C), which is similar with the blood and lungs
(Fig. 5C and Fig. 2C), whilst the proportion of T cells and Mono in the bone marrow of COVID-19 patients
was signi�cantly reduced (Fig. 6C), which is also similar with the blood (Fig. 5C). These results indicate
that the bone marrow does respond to SARS-CoV-2 infection.

We then evaluated the in�ammatory scores of Neu and Mono cells in the bone marrow, �nding that the
in�ammatory scores COVID-19 patients are signi�cantly higher than those of normal people (Fig. 6D ~ 
6E). Particularly, in�ammation genes such as C5AR1, CD55, CSF3R, CXCL8, FPR1, KLF6 and NFKB1A
were signi�cantly up-regulated in Neu and Mono cells of the bone marrow of COVID-19 patients (Fig. 6F).
It is worth noting that the in�ammatory scores in the bone marrow area are not as strong as those in the
lungs and blood because the number of in�ammatory genes in the bone marrow are obvious lower that
the lungs and blood in the COVID-19 patients (Fig. 3, Fig. 5 and Fig. 6). We further found that the bone
marrow of COVID-19 patients almost detected the expressions of ACE2 and TMPRSS2 (Fig S4A ~ S4B),
suggesting that the in�ammatory response of the bone marrow myeloid cells might be caused by signal
transmission between distinct cells or tissues, rather than SARS-CoV-2 directly infect the bone marrow
[67]. Interestingly, we performed the functional enrichment analysis of ligands and receptors and found
that many signaling molecules of the bone marrow cells are widely enriched in the leukocyte and myeloid
cell migration, activation, proliferation and chemotaxis (Fig S4C). Therefore, we next focused on the
signi�cantly changed ligands and receptors in the bone marrow of COVID-19 patients. We surprisingly
found that ALOX5_ALOX5AP, ANXA1_FPR1, CCL5_RPS19, CCL5_CCR1, CD74_COPA, etc. (Fig. 6G) also
exist in both the lung and blood (Fig. 5 and Fig. 3), implying that the excessive in�ammatory response of
myeloid cells in three different tissues and the recruitment of T cells are mediated by a set of similar
signaling molecules.

Interestingly, many studies have urged that immune cells from bone marrow and lymph can migrate to
peripheral organs to perform a variety of speci�c functions. For example, the large number of neutrophils
could be quickly in�ltrated the heart to promote tissue healing and damage in the mouse model of
cardiac infarction [86]. Remarkably, the up-regulated expressed CXCL9, CXL10 and CXCL1 can
respectively function as CXCR3 ligands on T cells to ensure CD8 + T cells migration and location to the
speci�cally peripheral organs or tissues to further kill virus-containing cells [11]. Especially, CXCR3 can
act as a lymph node memory molecule to induce migration of CD8 + T cells to the infected peripheral
tissues during the secondary viral infection [87], as well as the up-regulation expression of CXCR3 allows
T cells with circulating effectors to home to in�amed lymph nodes [87]. Additionally, the high expressions
of CXCL10 and CCL2 were observed in SARS-CoV infected patients, especially their up-regulation can
inhibit the development of hematopoietic precursor cells and cause lymphopenia in patients infected with
SASR-CoV [88–91]. Of note, our present results revealed that the multiple members of CXCLs and CXCRs
families are also obviously up-regulated in the lungs, blood and bone marrow of COVID-19 patients.
Together, our study seemed to indicate that after the lungs was infected by SARS-CoV-2, ligands and
receptors of the blood and bone marrow tissues quickly respond to the in�ammatory signaling from the
lung and promote the activation of immune cells and migrate them to the lungs for �ghting SARS-CoV-2.
However, the abnormal expressions of many ligands and receptors further disrupt the normal movement
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and circulation of T cells among the lungs, blood and bone marrow tissues, thereby causing the increase
of T cells and in�ammatory storm in the lung, while the decrease of T cells in the blood and bone marrow
of COVID-19 patients.

In this work, we next further explored the effects of apoptosis, autophagy and cell proliferation on
changes of T cells in the bone marrow, blood and lungs of COVID-19 patients. We �rstly demonstrated
that after SARS-CoV-2 infection, the apoptosis scores of T cells were signi�cantly increased in the bone
marrow, blood and lungs of COVID-19 patients (Fig. 6H). In particular, T cells in the lungs have the highest
apoptosis score (Fig. 6H), suggesting that the high viral load might exacerbate the apoptosis of T cells in
the lungs. Secondly, we found that the proliferation scores of bone marrow and lungs signi�cant increase
after SARS-CoV-2 infection, but the blood is obviously decreased (Fig. 6I). Remarkably, the lung cell
proliferation score and apoptosis score are signi�cant increasing at the same time, implying that the high
virus environment in the lungs not only induces the continuous proliferation of T cells, but continuously
promotes the apoptosis T cells, which seems to be caused by continuous struggle between T cells and
SARS-CoV-2 in the lungs. Thirdly, we discovered that the autophagy score of bone marrow is signi�cantly
increased after SARS-CoV-2 infection and is also the highest in COVID-19 patients, but the autophagy
scores of both blood and lungs are signi�cantly reduced (Fig. 6J). Of note, we observed changes in the
order of T cell depletion in different tissues in the normal and COVID-19 groups suggesting SARS-CoV-2
infection reshaped the distribution pattern of T cell apoptosis, proliferation and autophagy in different
tissues. For example, T cells in the bone marrow had the lowest apoptosis score in the healthy group, but
the blood T cells in the infected group (Fig. 6H). Overall, our work revealed that the depletion patterns of T
cells from three different tissues are different, i.e. the lungs are mainly through the pattern of increasing
apoptosis, the blood is mainly through the patterns of increasing apoptosis and decreasing proliferation,
as well as the bone marrow is mainly through the pattern of increasing apoptosis and autophagy.

3 Conclusion
In this study, we have systematically analyzed the functional role of the ligand/receptor-mediated tissue
and inter-tissue cell communication in SARS-CoV-2 infection for the �rst time, and uncovered the
mechanism by which the ligand/receptor mediated cell communication alteration causes the
in�ammatory storm and the disorder of immune cell redistribution observed clinically in COVID-19
patients (Fig. 7). Namely, after SARS-CoV-2 enters the alveolar target cells AT1/AT2, AT1/AT2 cells are
destroyed and release a large amount of in�ammatory cytokines and speci�c ligands and receptors (e.g.
ANXA1_FPRs, CXCLs_CXCRs, CD74_APP, CD74_COPA) (Fig. 7). Next, these in�ammatory ligands further
bind to their receptors on the free myeloid cells (Neu, Mono/Macro) in the lung tissue and rapidly induce
them to be enriched into the infection site. On the one hand, the enriched Neu, Mono/Macro cells can
destroy SARS-CoV-2 viruses and remove damaged cells and tissues. On the other hand, Neu,
Mono/Macro cells release plenty of in�ammatory genes to form the pulmonary in�ammatory
microenvironment, which in turn promotes pulmonary �brosis and leads to lung obstruction and poor gas
exchange by disrupting the cell dysfunction club and ciliated cells (Fig. 7). Whilst, activated myeloid cells
further induce T cells in the blood and bone marrow to migrate into the infection site through certain
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ligand and receptor pairs (e.g. ALOX5_ALOX5AP, C5AR1_RPS19, CCL5_CCR1) to enhance the ability of
killing SARS-CoV-2 (Fig. 7). Especially, multiple activated ligand and receptor pairs such as ANXA1_FPRs,
CXCLs_CXCRs, C5AR1_RPS19, CD74_COPA and ALOX5_ALOX5AP are shared among the lungs, blood and
bone marrow, which may induce immune cell migration among the lungs, blood and bone marrow tissues
(Fig. 7), thereby eventually leading to the pulmonary in�ammatory microenvironment and systemic
immune responses of COVID-19 patients.

4 Methods And Materials

4.1 Sample information and tissue collection
This study was conducted in accordance with legitimate ethical principles. We obtained prior approval
from the Ministry of Education of China, Southwest Hospital, Third Military Medical University (Army
Medical University) and Jinling Hospital, Nanjing University School of Medicine. Lung, bone marrow, and
blood tissues from COVID-19 patients were obtained with approval from the Research Ethics Committee
of Huoshenshan Hospital. All samples used in this study obtained written informed consent from donors
or their relatives.

We collected two bone marrow, two pbmc and four lung tissues from two patients who died of COVID-19.
Patient 1 had a malignant tumor, type 2 diabetes, and he also developed klebsiella infection, fever and
ground glass in the lungs. He died at the age of 77. Patient 2 suffered from hypertension, coronary heart
disease, Alzheimer's disease, and he was also accompanied by unknown bacterial infections, headaches,
weakness, and ground glass-like lung symptoms. He died at the age of 81. Fresh or formalin �xed,
para�n embedded (FFPE) postmortem specimens were used for viral RNA detection, tissue staining or
morphological analysis.

4.2 Tissue staining
Hematoxylin and eosin (H&E) and immunohistochemistry (IHC) staining were performed according to the
standard procedures previously described [2, 3]. The sections were incubated with the primary antibody
(Table S1) overnight at 4°C. Pathological lesions and SARS-CoV-2 spike protein were independently
quanti�ed by two pathologists. For each patient, the calculation required at least 20 randomly selected
100x microscopic �elds.

4.3 Serological testing
The blood cell ratio and count of the two COVID-19 patients were tested using Mindray's automatic blood
cell analyzer (BC-5390CRP). The instrument can detect lymphocytes, monocytes and eosinophils in
basophils and neutrophils through laser light scattering and �ow cytometry in the DIFF laser channel.
During operation, only 2ml of EDTA-K2 anticoagulated venous blood needed to be put into the sample
holder for testing.
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4.4 Tissue dissociation and single cell suspension
preparation
Fresh tissue samples were washed with Hanks Balanced Salt Solution (HBSS) and minced into pieces.
The pieces were digested in GEXSCOPE Tissue Dissociation Solution (Singleron Biotechnologies). A 40-
micron sterile strainer was used to separate cells from cell debris and other impurities. The cells were
centrifuged and cell pellets were resuspended in PBS (HyClone). To remove red blood cells, GEXSCOPE
Red Blood Cell Lysis Buffer (Singleron Biotechnologies) was added to the cell suspension. The mixture
was then centrifuged and resuspended in PBS. Cells were counted with TC20 automated cell counter (Bio-
Rad).

4.5 Single cell RNA sequencing library preparation
The concentration of single-cell suspension was adjusted to 1×105 cells/mL in PBS. Single cell
suspension was then loaded onto a micro�uidic chip (GEXSCOPE Single Cell RNAseq Kit, Singleron
Biotechnologies) and scRNA-seq libraries were constructed according to the manufacturer’s instructions
(Singleron Biotechnologies). The resulting scRNA-seq libraries were sequenced on an Illumina HiSeq X10
instrument with 150bp paired end reads.

4.6 Generation of single-cell gene expression matrices and
quality control
Raw reads were processed to generate gene expression matrices by CeleScope
(https://github.com/SingleronBio/CeleScope). We removed cells that had either lower than 200 or higher
than 5,000 expressed genes. Furthermore, we discarded cells with more than 30,000 UMIs and
mitochondria content higher than 50%.

4.7 Single cell data analysis
We used Seurat package (version 3) to integrate single cell data [92]. The CCA + anchor algorithm that
comes with the Seurat package was used to remove batch effects [92, 93]. The top 2000 feature variables
of single-cell data were used for subsequent dimensionality reduction and clustering. The
AddModuleScore function from the Seurat package was used to evaluate the cell's gene set score [92,
93]. The gene set mainly came from msigdb database (http://www.gsea-msigdb.org/gsea/msigdb) and
msigdb R package [94] including HALLMARK_INFLAMMATORY_RESPONSE, HALLMARK_APOPTOSIS,
GO_T_CELL_PROLIFERATION (GO:0042098), GO_MUCUS_SECRETION (GO:0070254, GO:0070255,
GO:0070257) and KEGG_REGULATION_OF_AUTOPHAGY (hsa04140). The Monocle2 R package was
used to perform pseudo-chronological analysis to simulate the development and differentiation trajectory
of cells [95]. The SCENIC R package was used to evaluate the transcription factors enriched in each
single cell [96]. CellPhoneDB software was used to analyze the interactions between cells and discover
important receptor ligand pairs [10]. Only ligand-receptor pairs with pvalue < 0.01 were included in
subsequent analyses.
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4.8 Differentially Expressed Gene Analysis
Using the Findmarker function of the Seurat package to �nd differentially expressed genes [92, 93].
Differential gene analysis (|logFC| > 0.25 & fdr < 0.01) was performed only when the number of cells
between the two groups was more than 10. Using bonferroni method to correct the p value. The gene
ontology and KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis of differential
genes were completed by the clusterPro�ler R package [97]. Using RcisTarget software to perform
transcription factor enrichment analysis on differentially expressed genes
(http://bioconductor.riken.jp/packages/3.8/bioc/html/RcisTarget.html).

4.9 Visualization and statistics
To assess whether cell type compositions are signi�cantly different between patients and normal groups,
we used R package ggpubr for the statistical testing and visualization (https://cran.r-
project.org/web/packages/ggpubr/index.html). Wilcox test was used to calculate the signi�cance of
gene set scores and gene expression levels between groups. P values < 0.05 were considered statistically
signi�cance.

4.10 Data availability
We analyzed the single-cell transcriptome data of four lung tissues, two bone marrow and two blood
sample derived from 2 patients with COVID-19. The raw sequencing data were deposited at GEO of
GSE154395. In addition, 8 normal lung tissues (GSE122960) [98], 2 normal bone marrow (GSE116256)
[99] and 6 normal blood tissues (GSE150728) [6] were also included in the analysis.
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Figure 1

Sampling and single-cell sequencing procedures for two COVID-19 patients.

A: Two cases of COVID-19 patients’ single-cell sequencing and bioinformatics analysis procedures. B~C:
Detection of SARS-CoV-2-IgG and SARS-CoV-2-IgM in the blood of two COVID-19 patients. The blood of
two patients was collected multiple times for testing before death. Below the dotted line represents the
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normal reference range. D~E: SARS-CoV-2 IHC detection of upper left lung and lower left lung of patient
1. F~G: SARS-CoV-2 IHC detection in two lower right lungs of patient 2. The black arrow marks the cell
where the SARS-CoV-2 protein was detected. H~I: Tests of C-reactive protein and interleukin-6 in the blood
of two COVID-19 patients. Below the dotted line or between the dotted line represents the normal
reference range.

Figure 2
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Single-cell transcriptome analysis of the lung organs.

A: The UMAP cluster map shows the cell type clustering results of the lungs of healthy and COVID-19
patients. B: The expression levels of classic marker genes corresponding to different cell types. C: The
proportion of different cell types in the healthy group and COVID-19 patients. D: The expression levels of
genes that regulate and maintain alveolar structure in the healthy group and COVID-19 patients. E: The
expression levels of genes that maintain epithelial cell homeostasis in the healthy group and COVID-19
patients. F~G: HE staining of alveolar cells of two COVID-19 patients. H: Functional enrichment analysis
of the biological processes involved in the differentially expressed genes in AT1/AT2 cells. I~J: The
frequency of cell communication between AT2 cells and other cell types in the healthy group and the
COVID-19 group. K: The biological process enrichment of signi�cantly altered ligands and receptors in
AT1/AT2 cells.
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Figure 3

AT1 and AT2 cells recruit immune cells via the cellular communication network.

A: The ligand and receptor molecules that are signi�cantly changed during the cell communication
between AT1/AT2 and myeloid cells. B~C: The in�ammatory gene set scores of neutrophils and
monocytes/macrophages in healthy groups and COVID-19 patients. D~E: Differentially expressed
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in�ammatory genes in neutrophils and monocytes/macrophages of healthy groups and COVID-19
patients. F: The receptor and ligand molecules that are signi�cantly changed during the cell
communication between AT1/AT2 and T/NK cells. G: Schematic diagram of AT1/AT2 cells recruiting
myeloid cells and T cells through speci�c ligands and receptors. The "means" in the legend represent the
activity of the cell communication molecule (ligand_receptor).

Figure 4



Page 30/36

In�ammation drives the increase of pulmonary �brosis and mucus accumulation.

A~B: HE staining shows pulmonary �brosis (black arrow area) in two COVID-19 patients. C: The
difference in apoptosis scores of �broblasts between healthy and COVID-19 groups. D: Differentially
expressed genes (DEGs) of �broblasts are enriched in the biological processes related to �brosis. E:
Expression changes of �brosis-related genes in healthy and COVID-19 groups. F: The difference in EMT
scores between healthy and COVID-19 groups. G: Signi�cantly changed ligand and receptor during the
communication between AT1/AT2 cells and �broblasts. H~I: HE staining shows that the accumulation of
mucus increased (black arrow area) in the lungs of two COVID-19 patients. J: Expression changes of
genes related to mucus formation and mucus consistency in healthy and COVID-19 groups. K: The
difference in EMT scores between healthy and COVID-19 groups. L: The DEGs of club cells are enriched in
biological processes related to in�ammation. M: Transcription factor enriched from DEGs in club cells. N:
The distribution of the number of DEGs in different cells of the lung. O: The top 10 biological process of
the enrichment of DEGs in ciliated cells. P: Expression changes of genes related to cilia function in
healthy groups and COVID-19 patients.
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Figure 5

Single cell map of blood and its molecular changes.

A: The UMAP cluster map shows the clustering results of cell types in the blood of healthy and COVID-19
patients. B: The expression levels of classical marker genes corresponding to different cell types in the
blood. C: The proportion of different cell types in the blood of healthy groups and COVID-19 patients.
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D~F: Detect the ratio of neutrophils, lymphocytes and monocytes in the blood of two COVID-19 patients.
Blood was collected multiple times for testing before death. The dashed lines represent the normal
reference range. G~H: Differences in in�ammatory gene set scores between neutrophils and monocytes
in healthy groups and COVID-19 patients. I: Differences in the expression levels of in�ammation-related
genes in neutrophils and monocytes in healthy groups and COVID-19 patients. J: Receptor and ligand
molecules that undergo signi�cant changes during cell communication between different cell types in the
blood. The "means" in the legend represent the activity of the cell communication molecule
(ligand_receptor).
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Figure 6

Single cell map of bone marrow and its molecular changes.

A: The UMAP cluster map shows the clustering results of the bone marrow cell types of healthy and
COVID-19 patients. B: The expression levels of classical marker genes corresponding to different cell
types in the bone marrow. C: The proportion of different cell types in the bone marrow of the healthy
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group and COVID-19 patients. D~E: Differences in the in�ammatory gene set scores of bone marrow
neutrophils and monocytes in the healthy group and COVID-19 patients. F: Differences in the expression
levels of in�ammation-related genes of bone marrow neutrophils and monocytes in healthy groups and
COVID-19 patients. G: Receptor and ligand molecules that undergo signi�cant changes during cell
communication between different cell types in the bone marrow. The "means" in the legend represent the
activity of the cell communication molecule (ligand_receptor). H~J: Differences in apoptosis, T-cell
proliferation, and autophagy gene set scores in different tissues of healthy groups and COVID-19
patients.
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Figure 7

Ligand/receptor-mediated immune cell migration and antiviral response patterns of lung, blood and bone
marrow.

Under normal circumstances, immune cells and signaling molecules (ligands/receptors) are free
distributed in the lungs, blood and bone marrow. After SARS-CoV-2 infection, different tissues up-regulate
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and release speci�c signaling molecules (ligands/receptors) to transmit signals and guide immune cells
to migrate to the site of infection in a directional manner. Speci�cally, infected AT1 and AT2 release
in�ammatory ligands that bind to innate immune cells and recruit them to �ght the virus. Innate immune
cells further mobilize T cells through ligand receptor-mediated cellular communication. In�ammatory
ligand receptor signaling circulates into the blood and bone marrow, activates immune responses in
distant organs and mobilizes immune cells to the site of lung infection. The continuous in�ammatory
signal leads to the lung microenvironment that drives other lung cell dysfunction and even leads to a
systemic in�ammatory storm. The purple arrows represent the transmission direction of signaling
molecules (ligands/receptors), and the blue arrows represent the migration direction of immune cells.
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