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A B S T R A C T   

Background: Although Qing-Fei-Pai-Du decoction (QFPDD) is extensively used clinically to treat COVID-19 pa
tients, the mechanism by which it modulates the immunological and metabolic functions of liver tissue remains 
unknown. 
Purpose: The purpose of this study is to investigate the mechanism of action of QFPDD in the treatment of mice 
with coronavirus-induced pneumonia by combining integrated hepatic single-cell RNA sequencing and untar
geted metabolomics. 
Methods: We developed a human coronavirus pneumonia model in BALB/c mice by infecting them with human 
coronavirus HCoV-229E with stimulating them with cold-damp environment. We initially assessed the status of 
inflammation and immunity in model mice treated with or without QFPDD by detecting peripheral blood 
lymphocytes and inflammatory cytokines. Then, single-cell RNA sequencing and untargeted metabolomics were 
performed on mouse liver tissue. 
Results: HCoV-229E infection in combination with exposure to a cold-damp environment significantly decreased 
the percentage of peripheral blood lymphocytes (CD4+ and CD8+ T cells, B cells) in mice, which was enhanced 
by QFPDD therapy. Meanwhile, the levels of inflammatory cytokines such as IL-6, TNF-α, and IFN-γ were 
significantly increased in mouse models but significantly decreased by QFPDD treatment. Single-cell RNA 
sequencing analysis showed that QFPDD could attenuate disease-associated alterations in gene expression, core 
transcriptional regulatory networks, and cell-type composition. Computational predictions indicated that QFPDD 
rectified the observed aberrant patterns of cell-cell communication. Additionally, the metabolic profiles of liver 
tissue in the Model group were distinct from mice in the Control group, and QFPDD significantly regulated 
hepatic purine metabolism. 

Abbreviations: ADP, adenosine diphosphate; AMP, Adenosine monophosphate; AMPK, Adenosine monophosphate-activated protein kinase; ATP, adenosine 
triphosphate; Con, Control group; COVID-19, coronavirus disease 2019; DEGs, differentially expressed genes; GC-TOF/MS, gas chromatography-time-of-flight mass 
spectrometry; HCoV-229E, Human coronavirus 229E; malonyl-CoA, malonyl-coenzyme A; MERS, Middle East respiratory syndrome; QFPDD, Qing-Fei-Pai-Du 
decoction; QFPDD_H, high dosage QFPDD treatment group; QFPDD_L, low dosage QFPDD treatment group; QFPDD_M, middle dosage QFPDD treatment group; RAS, 
renin angiotensin system; RSS, regulon specificity score; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SCENIC, single-cell regulatory network 
inference and clustering; TCA, the citric acid; TCM, traditional Chinese medicine. 
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Conclusion: To the best of our knowledge, this study is the first to integrate hepatic single-cell RNA sequencing 
and untargeted metabolomics into a TCM formula and these valuable findings indicate that QFPDD can improve 
immune function and reduce liver injury and inflammation.   

Introduction 

Coronavirus disease 2019 (COVID-19) caused by severe acute res
piratory syndrome coronavirus 2 (SARS-CoV-2) is a newly severe global 
pandemic that has already claimed millions of lives, underscoring the 
critical need for better therapeutic strategies. SARS-CoV-2 shares ~79% 
sequence similarity with SARS-CoV and ~50% similarity with the 
Middle East respiratory syndrome (MERS) coronavirus, all of which 
cause severe respiratory symptoms (Hu et al., 2020; Jothimani et al., 
2020; Lu et al., 2020). Interestingly, in addition to the respiratory sys
tem, a significant majority of COVID-19 patients had varying degrees of 
liver damage (Chai et al., 2020; Jothimani et al., 2020). Numerous 
studies have reported that patients with severe symptoms are more 
likely to exhibit abnormal liver function than those with mild symptoms 
(Wang et al., 2020b). Additionally, earlier studies demonstrated that 
ACE2 receptors are expressed at a significantly higher level in chol
angiocytes, indicating that the liver might be a target organ for 
SARS-CoV-2 (Seow et al., 2021). Dysregulation of metabolism, including 
the alteration in glycerophospholipids, sphingolipids, steroid hormones, 
amino acids, and fatty acids metabolism in COVID-19 patients, has also 
been reported in COVID-19 patients (Shen et al., 2020; Song et al., 2020; 
Thomas et al., 2020), which is associated with inflammation and im
mune regulation (Cain and Cidlowski, 2017; Sevastou et al., 2013; 
Weigert et al., 2009). Therefore, disordered metabolism is a typical 
characteristic of COVID-19 patients. 

Clinical studies on prospective treatments are currently ongoing, and 
no effective treatment has been confirmed (Shi et al., 2020; Shin et al., 
2020). In China, traditional Chinese medicine (TCM) has played a sig
nificant role in the treatment of COVID-19, with the seventh edition of 
the COVID-19 guideline recommending Qing-Fei-Pai-Du decoction 
(QFPDD), for therapeutic use in light, moderate, and severe patients. 
Clinical data from 701 confirmed that QFPDD has a successful cure rate 
of more than 90% against COVID-19 (Ren et al., 2020). Additionally, 
when QFPDD was combined with western medicine, the extent of 
multi-organ damage was reduced and the immune regulation and 
anti-inflammation effects were improved compared to when western 
medicine was used alone (Xin et al., 2020), implying that QFPDD played 
its therapeutic role via systemic regulation on the whole body. There
fore, understanding the mode of action of QFPDD’s treatment of 
COVID-19 might be extremely beneficial in the war against SARS-CoV-2. 
Previous network pharmacological studies have demonstrated that 
QFPDD may target liver tissue and modulate immunological and in
flammatory responses to function as a detoxifier (Wu et al., 2020; Zhao 
et al., 2020). However, these previous investigations were mostly pre
dictive and lacked comprehensive analysis of the detoxifying organ liver 
and experimental validation, thus reducing the trust in the conclusions. 
To address these issues, we performed single-cell sequencing and 
metabolomic analysis on liver tissue from model mice treated with 
QFPDD. 

This work aims to systematically investigate the mechanism of action 
for QFPDD on the mice pneumonia model. We firstly evaluated the effect 
of QFPDD on the mice pneumonia model by combining human coro
navirus HCoV-229E with cold-damp environment exposure, which has 
been shown to replicate clinical pneumonia characteristics (Bao et al., 
2020a). Based on the single-cell RNA sequencing (scRNA-seq) data and 
untargeted metabolomics data, we further performed extensive data 
mining, including variation analysis of cell type composition, differen
tial expression analysis, cell-type-differential expression analysis, 
pathway analysis, transcriptional regulatory networks analysis, cell-cell 
communication analysis, cytokine and inflammatory score analysis and 

metabolic pathway analysis to explore the mechanism of action of 
QFPDD in multiple dimensions. This study also was the first report with 
direct experimental evidence supporting the clinical benefits of QFPDD, 
to the best of our knowledge, for improving the immune function of 
COVID-19 patients in the context of the pneumonia model of combined 
cold-damp environment exposure with HcoV-229E virus infection on 
mice. 

Materials and methods 

Materials and chemicals 

Mice TNF-α, IFN-γ, IL-6 ELISA kits were purchased from Bio-Techne 
Company, USA. Human coronavirus 229E (HCoV-229E) was provided 
by the Institute of Medicinal Biotechnology Chinese Academy of Medical 
Sciences. PerCP-Cyanine5.5 Anti-Mouse CD4 (RM4–5), APC Anti-Mouse 
CD8a (53–6.7), PE Anti-Mouse CD19 (1D3), and RBC Lysis Buffer (10X) 
were purchased from TONBO Biosciences (USA). Methoxyamine HCl, 
fatty acid methyl ester (C7-C30, FAMEs) standards, pyridine, anhydrous 
sodium sulfate were obtained from Sigma-Aldrich (St. Louis, MO, USA). 
MSTFA (N-Methyl-N-(trimethylsilyl) trifluoroacetamide) with 1% (v/v) 
trimethylchlorosilane (MSTFA, with 1% TMCS), hexane, dichloro
methane, chloroform, and acetone were purchased from Thermo-Fisher 
Scientific (FairLawn, NJ, USA). 

Chemical profiling of the QFPDD 

The chemical constituents of QFPDD were identified using a UHPLC- 
Q-Orbitrap High-Resolution Mass Spectrometry method. A total of 405 
compounds in the aqueous extract of QFPDD were identified, including 
40 different alkaloids, 162 flavonoids, 44 organic acids, 71 triterpene 
saponins, and 88 other different compounds. More detailed methods and 
results were shown in the published article (Liu et al., 2021). 

Animal experiment 

Animal experiments were supervised by Professor Xiaolan Cui and 
were conducted in an ABSL-2 laboratory at China Academy of Chinese 
Medical Sciences. All procedures were carried out in accordance with 
the manual for the Care and Use of Laboratory Animals authorized by 
the Animal Care and Use Committee of the Institute of Chinese Materia 
Medica, China Academy of Chinese Medical Sciences. The ethical 
registration number (2020D028) for animal experiments was registered 
on May 28, 2020. 

Briefly, SPF grade BALB/c mice (10~12 g) were purchased from the 
Beijing Huafukang Bioscience company. After one week of acclimati
zation, mice were randomly assigned into 5 groups (n = 8): Control 
(Con) group, Model group, low dosage QFPDD treatment (QFPDD_l) 
group, middle dosage QFPDD treatment (QFPDD_M) group, and high 
dosage QFPDD treatment (QFPDD_H) group. QFPDD (Dry powder) was 
provided by the JOINTOWN Pharmaceutical Group (Wuhan, China). 
Except for mice in the Con group, mice were kept in an artificial climate 
box with 90% ± 3% of relative humidity, (4 ± 2) ◦C for 4 h each day for 7 
days. On the 5th to 7th days, mice were anesthetized with ether and 
infected via nose-dripping and were anesthetized with ether and infec
ted with 50 μl of HcoV-229E (100TCID50) via nose-dripping method, 
whereas mice in the Con group were concurrently infected with culture 
solution in the absence of HcoV-229E. QFPDD was administered orally 
to mice in the QFPDD_l, QFPDD_M, and QFPDD_H groups at a dose of 
0.88 g, 1.76 g, 3.52 g dry powder/kg/d once a day, respectively, which 
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was equivalent to 0.5, 1, 2 times the clinical dosage when infected with 
HcoV-229E. The Con and Model groups received a similar volume of 
saline. On the 4th day after infection, all mice were weighed and blood 
was obtained via the orbital vein into saline to determine the lympho
cyte type ratio. Lung and liver tissues were collected for inflammatory 
cytokine analysis, scRNA-seq and untargeted metabolomics, 
respectively. 

Flow cytometry detection of peripheral blood lymphocytes 

Three drops of blood were added into 10 ml of PBS, and the sample 
was centrifuged at 1600 r•min− 1 for 5 min at room temperature. The 
supernatant was obtained, and 1 ml of red cell lysate was added to 
resuspend the red precipitate. After 5–10 min of lysis at room temper
ature, 10 ml of PBS was added to stop the lysis. The sample was 
centrifuged for 5 min at 2000 r•min− 1 at 4 ◦C. The supernatant was 
discarded and the precipitate was re-suspended in 10 ml of PBS. The 
sample was centrifuged for 5 min at 2000 r•min− 1 and 4 ◦C. The su
pernatant was discarded and 200 μl of blocking solution (PBS containing 
5% of FBS) was added to suspend the residue. The sample was trans
ferred into a 1.5 ml tube, blocked for 30 min at 4 ◦C, and centrifuged for 
5 min at 2000 r•min− 1 and 4 ◦C. The supernatant was discarded, and 50 
μl of antibody dilutant containing 0.3 μl of anti-mouse CD19-PE anti
body, 0.3 μl of anti-mouse CD4-PerCP-Cy5.5 antibody, and 0.3 μl of anti- 
mouse CD8a-APC antibody was added to the residue. After 30 min, the 
sample was resuspended in 1 ml of PBS and centrifuged at 2000 r•min− 1 

for 5 min at 4 ◦C. The supernatant was discarded, and the cells were re- 
suspended in 200 μl PBS (containing 2% FBS) and transferred to tubes 
for flow cytometry analysis. 

Detection of inflammatory cytokines in lung tissue 

50 mg of lung tissue was added to 500 μl of saline and homogenized 
using an ultrasonic cell fragmentation device. The samples were 
centrifuged at 1000 g•min− 1 for 10 min at 4 ◦C. The supernatant was 
collected and TNF-α, IL-6, IFN-γ levels were determined using the ELISA 
technique according to the manufacturers’ instructions. 

Dissociation of liver tissue and cell isolation 

Liver tissue (each n = 1) was randomly selected from each of the 
following 3 groups: model group, QFPDD group (At high dosage QFPDD 
treatment), and Con group mice. The tissues were dissociated into a 
single-cell suspension and the chopped tissues were digested with a 
Tumor Dissociation Kit (Miltenyi Biotec, Gladbach, Germany) in MACS 
C Tubes (130–094–392, Miltenyi Biotec) according to the manufac
turer’s protocol. Then, 40 μm filters were used to filter out large parti
cles. Dead Cell Removal Kit (Miltenyi Biotec) and Red Blood Cell Lysis 
Solution (10 ×) (Sigma-Aldrich, St. Louis, MO, USA) were used to 
remove dead cells for 10 min with PBS. 

Preparation and sequencing of single-cell RNA library 

Single cells were encapsulated in droplet emulsions and Single-cell 
libraries were constructed using 10x Genomics Chromium Single Cell 
3′Library & Gel Bead Kit v2 (10 × Genomics Inc., Pleasanton, CA, 
USA,120237) according to the manufacturer’s guidelines. We used the 
Illumina sequencing platform (Novaseq 6000; Illumina, San Diego, CA, 
USA) to sequence the libraries, generating 150 bp paired-end reads. 

ScRNA-seq data pre-processing 

ScRNA-seq data were aligned to the mouse genome (version mm10), 
and gene counts were quantified using the default parameters of Cell 
Ranger (version 2.0.1, 10X Genomics). Following the Cell Ranger 
analysis, the gene-barcode matrices were processed using the Seurat R 

package (Butler et al., 2018). To prepare the matrix for further analysis, 
we first excluded cells with less than 500 detected genes and cells with a 
mitochondrial gene ratio of more than 10%. Second, we used the“dou
bletFinder_v3” function in the DoubletFinder package (version 2.0.3) to 
exclude doublets from each sample, and the number of artificial dou
blets (pN) was set to 0.25 (McGinnis et al., 2019). Third, the “Normal
izeData” function was used to normalize the data using the 
“LogNormalize” method. Then, using “FindVariableFeatures” the top 
2000 highly variable genes were identified. Finally, to mitigate the 
batch impact, we developed an integrated dataset using the “FindInte
grationAnchors” and “IntegrateData” functions. Following that, we used 
the “RunPCA” function to reduce the dimension of the combined after 
scaling and centering features. Cells were clustered at an appropriate 
resolution and visualized using a 2-dimensional t-distributed stochastic 
neighbor embedding (t-SNE) algorithm. In this study, we used the 
abundance of known marker genes to annotate the cell types. 

Variation analysis of the cell-type composition 

The number of cells of each kind in each group (Model, Con, and 
QFPDD) was tallied, as well as the percentage of each cell type. The cell 
ratio was then computed to determine the cell types that differed across 
groups. In this study, ratioC/M denoted the Control group divided by the 
Model group. If the ratioC/M is greater than 1, it indicates a reduction in 
cell numbers in the Model group and vice versa. Similarly, the ratioQ/M 
was also computed. As a result, “rescue cell types” were defined as the 
cell types that were changed in the Model group but were rescued in the 
QFPDD group. 

Differential expression and cell-type-differential expression analysis 

The Wilcoxon rank-sum test was used to compare the expression of 
different groups (Model/Con and QFPDD/Model) using the ‘‘Find
Markers’’ function of the Seurat package (version 3.2.3). Firstly, we 
identified differentially expressed genes (DEGs) across the Model and 
Con groups to generate Model-related DEGs (Model DEGs). We identi
fied DEGs between the QFPDD and Model groups to generate QFPDD- 
related DEGs (QFPDD DEGs). ‘‘Rescue DEGs’’ were defined based on 
the above results as the downregulated or upregulated genes among the 
Model DEGs that were upregulated or downregulated respectively, upon 
QFPDD. Similarly, for each cell type between different groups, differ
ential expression analysis was also performed to generate cell-type- 
DEGs, and ‘‘cell-type-rescue DEGs’’. 

Pathway analysis 

Metascape (Zhou et al., 2019) (version 3.5) (http://metascape.org) 
was used to perform GO biological process enrichment and pathway 
analyses with the ggplot2 R package used to visualize the results (p <
0.01). The enriched GO terms were shown for several groups/cell types. 

SCENIC analysis 

SCENIC analysis was performed in Python (pySCENIC) using the 
GENIE3 and RcisTarget databases with raw count matrix as input(Aibar 
et al., 2017). GENIE3 was used in a convenient way to construct gene 
regulatory networks from gene expression matrices. RcisTarget was used 
to identify potential target genes (regulons) and enrich transcription 
factor-binding motifs. The AUCell program was used to classify the ac
tivity of each regulon group within each cell. Additionally, the phyloseq 
package was used to determine regulon specificity scores for each cell 
type. 

Cytokine and inflammatory score related cell types analysis 

We downloaded a gene set named “HALLMARK INFLAMMATORY 
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RESPONSE” from MSigDB and extracted cytokine genes based on these 
references to establish inflammatory and cytokine scores (Liberzon 
et al., 2011) (see Table S1-S2). Then, using Seurat’s AddModuleScore 
function, we determined the inflammatory and cytokine scores. In this 
study, we identified the cell types as the most promising 
hyper-inflammatory cell type if the median value of its inflammatory 
score and cytokine score were both greater than zero. 

Cell-cell communication analysis 

CellChatDB was used to predict cell-cell interactions based on the 
expression of well-characterized ligand-receptor pairs in a variety of cell 
types (Jin et al., 2021). To conclude, we loaded the counts’ data into 
CellChat using the established procedure and utilized standard settings 
for the preprocessing functions “identifyOverExpressedInteractions”, 
and “identifyOverExpressedGenes”. We used the pre-compiled mouse 

Fig. 1. QFPDD enhanced immune functions in pneumonia mice. (A) Abundance of CD4+ and CD8+ T lymphocytes and B lymphocytes in the peripheral blood (n 
= 8); (B) Lung inflammatory cytokines (n = 8). Con: Control group; Model: pneumonia Model group; QFPDD_l, QFPDD_M and QFPDD_H group: Mice were orally 
administrated with a low, middle and high dose of QFPDD (0.88 g, 1.76 g, 3.52 g dry powder/kg), respectively. Significance was evaluated by one-way ANOVA, 
followed by Dunnett’s multiple comparisons test. * p < 0.05 and ** p < 0.01. Results are presented as means ± SEM. 
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Protein-Protein-Interactions as a prior network knowledge and selected 
the Secreted Signaling pathways for the database. The primary analyses 
were conducted using the core functions “computeCommunProbPath
way”, “computeCommunProb”, and “aggregateNet” were used for the 
main analyses. Finally, discrepancies in cell-cell interactions were 
determined using the functions “compareInteractions” and 
“netVisual_diffInteraction”. 

Metabolomics analysis using GC-TOF/MS 

The untargeted metabolomics profiling of liver samples by gas 
chromatography-time-of-flight mass spectrometry (GC-TOF/MS) was 
carried out using the XploreMET platform (Metabo-Profile, Shanghai, 
China) based on previously reported methodologies with slight modifi
cations (Qiu et al., 2014). The metabolites were identified by compari
son to known structures in the JiaLib metabolite database. 

Statistical analysis 

Data were shown as means ± SEM. Multiple comparisons were per
formed using one-way ANOVA and Dunnett’s multiple comparisons test. 
The student’s t-test was used to compare between two groups. p < 0.05 
was considered statistically significant. 

Results 

QFPDD enhanced the immune function and reduced inflammation in 
pneumonia mice 

We investigated the proportion of peripheral blood lymphocytes and 
lung inflammatory cytokines in mice pneumonia model to determine the 
effect of QFPDD on the immune system and inflammation. We observed 
a significant decrease in the proportion of peripheral lymphocytes 
(CD4+ T, CD8+ T, B cells) as well as a significant increase in lung TNF-α, 
IL-6, and IFN-γ in the Model group, indicating that the immune system 
was dysregulated in this pneumonia model. Importantly, we found that 
QFPDD significantly increased the percentages of CD4+ and CD8+ T 
lymphocytes in peripheral blood in mice in a dose-dependent manner, 
and increased the percentage of B lymphocytes in the QFPDD_M group 
compared to the Model group (Fig. 1A), suggesting that QFPDD has an 
immune-enhancing impact. Additionally, lung TNF-α significantly 
decreased in the QFPDD_L and QFPDD_H groups. IFN-γ also decreased in 
the QFPDD_M and QFPDD_H groups, while IL-6 only decreased in the 
QFPDD_L group compared to the Model group (Fig. 1B), indicating that 
QFPDD had an anti-inflammatory impact. 

Construction of mouse single-cell atlases in liver tissue by scRNA-Seq 

To obtain a better understanding of the effect of QFPDD on the 
makeup of cell types and transcriptional patterns in liver tissue, we 
created single-cell atlases for the Con, Model, and QFPDD groups. 10 ×
Genomics was used to convert single-cell suspensions of the scRNA-seq 
samples to barcoded libraries. Cell Ranger software (version 3.1.0) was 
used for the initial data analysis of the sequencing data. A total of 42,942 
viable cells were obtained after quality control for subsequent analyses. 
All data were hosted in Synapse.org and available at https://www.sy 
napse.org/#!Synapse:syn26018286. To identify each cell type, we 
used the DoubletFinder and Seurat R packages to perform quality con
trol, normalization, batch effect correction, and clustering on the 
sequencing data, and then annotated each cell type based on the 
expression levels of canonical cell-type-specific markers. In general, we 
identified 22 cell clusters in liver tissues that could be classified into 
seven major cell types: B cells (identified by Cd79a, Cd79b, and Ebf1), 
endothelial cells (identified by Bmp2 and Fabp4), HSC cells (identified 
by Dcn, Angptl6, Bgn, Colec11, and Col3a1), Hepatocyte (identified by 
Acaa1b, Akr1c6, Car3, A1dob, and Apoc3), Macrophage cells (identified 

by Adgre1, Aif1, C1qb, Csf1r, and C1qc), Neutrophils cells (identified by 
S100a9, S100a8, G0s2 and Retnlg) and T cells (identified by Cd3e, Cd3g, 
and Cd3d) (Fig. 2A-C). In summary, we developed a tissue character
ization of the cellular diversity of the liver, established a comparative 
framework, and developed a cellular strategy for future QFPDD 
research. 

QFPDD rescue the intestinal cell population as demonstrated by scRNA-seq 
analysis 

We independently analyzed the proportions of each cell type in each 
of the three groups to characterize the dynamics of cell-type composi
tion. Figure S1A depicts the Single-Cell Atlases for each group. The cell 
ratio of various cell types in each group was analyzed and we identified 
the proportional variations in multiple cell types between the Model 
group and the Con group, and QFPDD was able to rescue many of these 
differences (Fig. 2D-E). For example, the Model group had a larger 
percentage of hepatocytes than the Con group, which was decreased by 
QFPDD. Additionally, the percentage of HSC cells increased in the Model 
group compared to the Con group but decreased in the QFPDD group. 
QFPDD was also able to rescue the increased macrophage cells. T cells 
and B cells percentages decreased in the Model compared to Con but 
increased in the QFPDD group. These findings suggested that QFPDD is 
capable of reversing the populations of different types in mouse liver 
tissue and reconstructing the mice’s cellular ecosystem. 

QFPDD reverses disease-associated changes in gene expression and cell 
type-specific gene expression in liver tissue 

To elucidate the molecular mechanism associated with QFPDD, 
hundreds of DEGs were found between model and control mice and 
between QFPDD and model mice dubbed as ‘‘Model DEGs’’ and ‘‘QFPDD 
DEGs,’’ respectively. In this, ‘‘rescue DEGs’’ were identified, which were 
defined as genes among model DEGs that were partially reversed by 
QFPDD. As shown in Fig. 3A, the majority of DEGs have been rescued by 
QFPDD, and Fig. 3B-C depicts the Venn diagram. Additionally, we 
examined two sets of genes: upregulated model DEGs that were elevated 
by QFPDD and downregulated model DEGs that were lowered by 
QFPDD. These DEGs accounted for around 1.2 percent of the model 
DEGs, showing that QFPDD had minor adverse effects in mice 
(Figures S1B–S1C). Following that, we explored the biological impli
cations of QFPDD using metascape (http://metascape.org/). The QFPDD 
upregulated genes were enriched for SRP-dependent cotranslational 
protein targeting to membrane, positive regulation of lymphocyte acti
vation, B cell differentiation, lymphocyte differentiation, and CD4- 
positive, and alpha-beta T cell differentiation (Fig. 3D). The QFPDD 
downregulated genes were enriched in many metabolic pathways, such 
as the drug metabolic process, the citric acid (TCA) cycle, and respira
tory electron transport (Fig. 3E). These findings showed that metabolic 
disorders may be regulated by QFPDD. 

Following that, we assigned model, QFPDD, and rescue DEGs to each 
cell type to separate the effects of QFPDD. Surprisingly, as indicated by 
the rose diagrams, hepatocyte, macrophage, and neutrophil were the 
most substantially affected cell types in the liver tissues by Model and 
QFPDD, as well as rescue DEGs (Fig. 3F-H), indicating that these cell 
types may be the primary target cells. Furthermore, enrichment analysis 
revealed that the DEGs of QFPDD were associated with metabolic 
pathways in hepatocyte cells, including cofactor metabolic process, 
amino acids, derivatives of metabolism, respiratory electron transport, 
and citric acid (TCA) cycle (Fig. 3I). In macrophage cells, pathways 
associated with inflammation and innate immune response included 
angiogenesis, inflammatory response, and IL− 17 signaling pathway 
(Fig. 3J) and in neutrophil cells, pathways enriched with SRP- 
dependent cotranslational protein targeting the membrane, ribosome 
assembly, and regulation of cell− cell adhesion (Fig. 3K). Notably, Alb, 
Trf, and Car3 were DEGs in all cell types affected by QFPDD, indicating 
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Fig. 2. Liver tissue single-cell atlas. (A) Cell distribution in scRNA-seq, as visualized by tSNE, colored by cluster number. (B) Cell distribution in scRNA-seq 
visualized by tSNE, colored by major cell type compartments. (C) Violin plot showing cell type marker expressions of all cell types. (D) Proportions of cell types 
in each group. Colors indicate cell type information. (E) Dotplots showing changes in cell type proportions among the three groups. 
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that these proteins are critical in the therapeutic mechanism of QFPDD 
(Fig. 3L). 

Taken together, these findings, offer a broad characterization of 
QFPDD in mouse liver tissue at the single-cell level and demonstrate the 
value of large-scale, parallel gene expression studies for investigating 
complex biological events. These investigations gave insights into the 
cell-specific effects of QFPDD and may help paint a more comprehensive 
picture to gain a deeper understanding of QFPDD. 

QFPDD treatment recovers the activity of transcript factors 

Transcription factors and their downstream-regulated genes consti
tute a complex and intertwined network of gene regulation that estab
lishes and maintains cell identity. We used single-cell regulatory 
network inference and clustering (SCENIC) to predict the core tran
scription factors in the liver tissues to further infer the activity of regulon 
(a TF together with its target genes comprise a regulon) for the most 

Fig. 3. QFPDD was an effective intervention for reprogramming model transcriptome. (A) Barplot showing the number of DEGs in model, QFPDD, and rescue 
DEGs. (B) Venn diagrams showing the number of overlaps between upregulated DEGs in Model and downregulated DSEGs in QFPDD groups. (C) Venn diagrams 
showing the number of overlaps between downregulated DEGs in Model and upregulated DEGs in QFPDD groups. (D) Representative GO terms and pathways 
enriched with upregulated genes in QFPDD group. (E) Representative GO terms and pathways enriched with downregulated genes in QFPDD group. (F),-(H) Rose 
diagrams showing the abundance of DEGs in the Model, QFPDD, and rescue in each cell type. (I),-(K) Representative GO terms and pathways enriched in each cell 
type DEGs of QFPDD. l) Venn diagrams showing the abundance of DEGs of QFPDD in each cell type. 
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strongly affected hepatocyte, macrophage, and neutrophil. In this study, 
we created a regulon specificity score (RSS) based on Jensen-Shannon 
divergence and selected the top 15 regulons with higher RSS values as 
key transcription factors for each cell type. Rara, Jdp2, and Nfil3 were 
identified as the most specific regulons associated with neutrophils by 
network analysis (Fig. 4A). The TSNE plot adds to the evidence that the 
activities of these regulons are extremely specific to neutrophils 
(Fig. 4B). We determined the ratioC/M of core transcription factors, 
which represents the control divided by the Model group. If the value of 
ratioC/M is greater than 1, it reflects a reduction in the activity of these 
transcription factors in the Model group and vice versa. Similarly, the 
ratioQ/M was calculated, and the findings revealed that the majority of 
the key transcription factors dysregulated during the Model group could 
be rescued by QFPDD in neutrophils (Fig. 4C). The macrophage is 
another well-known cell type and the most specific regulons revealed by 
our network investigation were Gcm1 and Rxra (Fig. 4D–E), and the 
regulatory activity was likewise rescued by QFPDD (Figs. 4F). The 
other, hepatocyte cell, having identified Nr1i2 and Foxa3 as the most 
specific regulons (Figs. 4G-H), most core-specific regulons could still be 
rescued by QFPDD (Figs. 4I). These findings reveal that QFPDD may 
reprogram disease-compromised transcriptional regulatory networks 
and that QFPDD can restore the activity of transcription factors that 
have been deactivated by disease. 

Macrophages and neutrophils as crucial sources of inflammatory storms 

The proportions of the immune cells were then estimated, and the 
immune cells account for about half of the total, indicating a strong 
immune-inflammatory storm in the liver tissue. Based on the cytokine 
and inflammatory response genes we collected, we then looked into the 
likely causes of inflammatory storms. We first defined a cytokine and an 
inflammatory score for each cell type, then utilized these two interre
lated scores as markers to assess each cell type’s potential contribution 
to the inflammatory storm. We discovered that macrophages and neu
trophils had seemingly increased expression of inflammatory and cyto
kine genes, and their scores were all greater than zero based on our 
scRNA-seq data (Figs. 5A-D), suggesting that these cells were the 
likely primary sources of the inflammatory storm. According to previous 
research, neutrophils, which have been linked to the inflammatory 
response in COVID-19 patients, may influence platelet functioning at the 
disease stage (Ren et al., 2021). 

We then investigated the effects of QFPDD on the inflammatory 
storm and discovered that QFPDD significantly reduced the scores of 
hyper-inflammatory cell types (Fig. 5E-F), indicating that QFPDD might 
reduce the inflammatory storm effect. Taken together, neutrophils and 
macrophages may be important mediators of the inflammatory storm in 
liver tissue, and QFPDD may considerably lessen the inflammatory 
storm phenomena of liver tissue. 

QFPDD reverses aberrant cell-cell communication patterns 

The R package “CellChat” was used to thoroughly examine cell-cell 
communications between different cell types in different groups. We 
determined the intensity of ligand-receptor interactions in each pair of 
cell types in the Model, Con, and QFPDD groups. Computational analysis 
revealed an increase in the interaction intensity of cell-cell communi
cation in the Model group compared with the Con group (Fig. 5G). 
QFPDD, on the other hand, reversed several forms of cell-cell commu
nication between certain cell types (Fig. 5H). In particular, the in
teractions between macrophage and neutrophils with other cell types in 
the Model group were significantly elevated and may be reversed by 
QFPDD, implying that QFPDD might modulate the interaction intensity 
of hyper-inflammatory cell types. Fig. 5I-J shows the core pairings. 
Some pairs, such as Il34-Csf1r, Csf-Csf1r, Cxcl2-Ackr1, and Osm- 
(Lifr+Il6st) were significantly reversed in neutrophils by QFPDD, 
whereas Pdgfb-Pdgfrb, Lgals9-Cd45, Il34-Csf1r, Igf1-Igf1r, Hbegf-Egfr, 

and Csf1-Csf1r were significantly reversed in macrophages by QFPDD. 
These findings suggested that QFPDD reduced aberrant patterns of cell- 
cell communication, particularly in hyper-inflammatory cell types, 
demonstrating its therapeutic potential. 

QFPDD regulates liver metabolic profiles in mice with pneumonia 

Because the liver is a key organ in maintaining body metabolic ho
meostasis, we used the GC-TOF/MS technique to examine the regulatory 
effect of QFPDD on hepatic metabolism in the Con, Model, and QFPDD 
groups. The metabolic profiles of the three groups showed good sepa
ration in the PLS-DA model (Fig. 6A), indicating that QFPDD influenced 
liver metabolism in this pneumonia model. There were 55 liver me
tabolites found between the Model and Con groups, and 13 metabolites 
identified between the Model and QFPDD groups (Fig. 6B-C, Table S3, 
Table S4). Amino acid-related pathways (aminoacyl-tRNA biosynthesis 
pathway, arginine biosynthesis pathway, alanine, aspartate, and gluta
mate metabolism pathway) were altered in the Model group (Fig. 6D). 
Furthermore, the liver glutathione metabolism pathway was also dys
regulated in the Model group (Fig. 6D), which plays a significant role in 
the antioxidation and detoxification processes of the liver. The different 
metabolites between QFPDD and Model metabolites, on the other hand, 
were mainly involved in nucleotide metabolism (purine metabolism 
pathway, pyrimidine metabolism pathway) (Fig. 6E). The relative in
tensity data revealed that numerous amino acids were downregulated in 
the liver of the Model group (Fig. 7A). Furthermore, arginine biosyn
thesis metabolites (oxoglutaric acid, l-glutamine, l-citrulline, aspartic 
acid, ornithine), glutathione metabolism (ornithine, putrescine, sper
midine), alanine, aspartate, and glutamate metabolism (l-glutamine, 
pyruvic acid, aspartic acid, oxoglutaric acid, succinic acid), arginine and 
proline metabolism (ornithine, putrescine, spermidine, l-proline, pyru
vic acid), D-Glutamine and D-glutamate metabolism (l-glutamine, oxo
glutaric acid), TCA cycle (oxoglutaric acid, pyruvic acid, succinic acid), 
beta-Alanine metabolism (1,3-diaminopropane, aspartic acid, spermi
dine) were significantly altered in the Model group (Fig. 7B), suggesting 
that extensive metabolic disorders occurred in the liver of the Model 
group. Furthermore, we found no significant restorative effect of QFPDD 
on these metabolites. However, purine metabolism metabolites in the 
Model group and QFPDD group were higher than in the Con group 
(Fig. 7C). 

Discussion 

HcoV-229E and SARS-CoV-2 belong to the same coronavirus family, 
and HcoV-229E, which causes mild respiratory disease and is a major 
cause of common colds (10~30% of the cases), was first reported in the 
1960s (Hamre and Procknow, 1966; McIntosh et al., 1967; van der 
Hoek, 2007). Meanwhile, COVID-19 was first reported in a humid sea
food market during winter, suggesting that a cold and humid environ
ment may be favorable for COVID-19 development. HcoV-229E, 
combined with cold-damp environments, successfully induced pneu
monia in BALB/c mice models (Bao et al., 2020a; b). These two factors 
were also shown to induce a typical increase in lung pro-inflammatory 
cytokine levels and a decrease in the abundance of immune cells in 
peripheral blood, clinical features that are comparable to those of 
COVID-19 patients (Huang et al., 2020; Qin et al., 2020; Song et al., 
2020; Wang et al., 2020a). Clinically, QFPDD has beneficial immune 
modulatory effects (Xin et al., 2020), such as improving the levels of 
total lymphocyte and white blood cell counts and mitigating the extent 
of multi-organ impairments in COVID-19 patients. 

In previous study, we found that most of the research tends to stay in 
clinical retrospective study, network pharmacology and molecular 
docking, and there are not many experimental studies. In other words, 
the previous investigations were just mostly predictive and lacked 
experimental validation, especially the comprehensive analysis of the 
liver tissue. This study was the first report with direct experimental 

S. Tian et al.                                                                                                                                                                                                                                     



Phytomedicine 97 (2022) 153922

9

Fig. 4. Cell-type-specific regulon activity analysis. (A) Rank for regulons in neutrophils based on regulon specificity score (RSS); (B): Neutrophil cells are 
highlighted in the t-SNE map (red dots). (C) Dotplots showing changes in the activity of main transcript factors in neutrophils among the three groups. (D), (F): Same 
as (A), (C) but for macrophage cells. (G), (I): Same as (A), (C) but for hepatocyte cells. 
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Fig. 5. Analysis of the dominant source for inflammatory cytokine storm and cell-cell communication interactions. (A) Boxplots of inflammatory scores colored by major cell types. (B) t-SNE plots of scRNA-seq 
colored by inflammatory scores. (C) Boxplots of cytokine scores colored by major cell types. (D) t-SNE plots of scRNA-seq colored by cytokine scores. (E) Analyses of inflammatory scores of hyper-inflammatory cell types 
in Model and QFPDD groups. (F) Analyses of cytokine scores of hyper-inflammatory cell types in Model and QFPDD groups. (G) Circle plot showing total inferred intercellular signaling network in the Model group, 
according to CellChatDB database. (H) Same as (G) but for QFPDD group. (I) Core pairs of neutrophils between the QFPDD (red) and model (mint green) groups. (J) Core pairs of macrophage cells between QFPDD (red) 
and model (mint green) groups. Statistical differences were assessed by the Student’s t-test. * p < 0.05 and ** p < 0.01. 

S. Tian et al.                                                                                                                                                                                                                                     



Phytomedicine 97 (2022) 153922

11

Fig. 6. Liver metabolic profiles in mice. (A) Liver metabolic profiles were analyzed using PLS-DA models, based on GC-TOF/MS method (n = 8). (B) Venn diagram 
based on the number of differential metabolites screened by the VIP > 1.0 criteria in OPLS-DA models and p < 0.05 by Student’s t-test. (C) Heatmap of liver dif
ferential metabolites (Model vs. Con, QFPDD vs. Model). * p < 0.05, ** p < 0.01 compared with Con group. # p< 0.05, ## p < 0.01 compared to Model group based on 
Student’s t-test. (D) Enriched metabolic pathways of liver differential metabolites between Model and Con group using MetaboAnalyst 5.0. (E) Enriched metabolic 
pathways of liver differential metabolites between QFPDD and Model group using MetaboAnalyst 5.0. 
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Fig. 7. QFPDD treatment significantly regulated liver purine metabolism pathway in pneumonia mice. Metabolites involved in aminoacyl-tRNA biosynthesis 
(A) and other pathways (arginine biosynthesis, glutathione metabolism, alanine, aspartate and glutamate metabolism, arginine and proline metabolism, D-Glutamine 
and D-glutamate metabolism, TCA cycle, and beta-Alanine metabolism) (B) were significantly altered in the Model group (n = 8), and QFPDD treatment regulated 
purine metabolism related metabolites (C). * p < 0.05, ** p < 0.01 compared with Con group. # p < 0.05, ## p<0.01 compared with Model group, based on Student’s 
t-test. Blue arrows imply significant downregulation while red arrows imply significant upregulation in the Model group, compared to the Con group. Results are 
presented as means ± SEM. 
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evidence supporting the clinical benefits of QFPDD for improving the 
immune function of COVID-19 patients in the context of the pneumonia 
model of combined cold-damp environment exposure with HcoV-229E 
virus infection on mice. This study is also the first to integrate hepatic 
single-cell RNA sequencing and untargeted metabolomics into a TCM 
formula. 

Firstly, QFPDD significantly increased the abundance of immune 
cells in the peripheral blood of mice with pneumonia, and decreased the 
levels of lung pro-inflammatory cytokines. These results prove the im
mune enhancement and anti-inflammatory effects of QFPDD. We further 
explored the underlying mechanisms of QFPDD using scRNA-seq anal
ysis at a single-cell level. In this study, we used a total of 42,942 cells 
from three groups of liver tissues to investigate QFPDD-associated 
therapeutic mechanisms and biological changes. We constructed a 
single-cell atlas of liver tissues and identified 7 major cell types and gene 
expression signatures for each group. QFPDD was shown to reconstitute 
the cellular ecosystem, reverse gene expression changes as well as 
changes in cell-type-specific gene expressions. In addition, the activity of 
transcript factors was also recovered by QFPDD treatment, which could 
be the mechanism through which QFPDD leads to gene expression re
covery in liver tissues. Moreover, QFPDD treatment reversed the aber
rant cell-cell communication patterns. Fig. 3L shows that Alb, Trf, and 
Car3 were the DEGs in all QFPDD-regulated cell types, implying that 
these proteins play a key role in therapeutic mechanisms of QFPDD. The 
most abundant protein in the blood is encoded by Alb (Albumin). This 
protein is involved in blood plasma colloid osmotic pressure regulation 
and serves as a carrier protein for various endogenous compounds, 
including metabolites, hormones, and fatty acids, as well as exogenous 
drugs. Alb is highly correlated with acute lung injury and, in this study, 
its expression levels were suppressed by QFPDD treatment (Liu et al., 
2020; Xia et al., 2020). By interfering with 
antithrombin/SERPINC1-mediated inhibition of coagulation proteases, 
Trf (transferrin) promotes coagulation through a mechanism that is in
dependent of its activity as an iron transporter. An elevated trans
ferrin/antithrombin ratio has been associated with COVID-19-related 
coagulopathy and worsening disease outcomes in older individuals, 
particularly in males (McLaughlin et al., 2020). Carbonic anhydrase 
isozymes are encoded by carbonic anhydrase III (Car3) gene, a multi
gene family member. These carbonic anhydrases are differentially 
expressed in many cell types and are a class of metalloenzymes that 
catalyze carbon dioxide reversible hydration. Evidence has shown that 
towards the renin angiotensin system (RAS), carbonic anhydrases have a 
major contribution and subsequently participate in SARS-CoV-2 patho
genesis in major organs such as renal, blood circulation and respiratory 
systems (Deniz et al., 2021; Reyes et al., 2020). 

The upregulated genes of QFPDD were enriched in SRP-dependent 
co-translational proteins, which targets the membrane, positive regu
lation of lymphocyte differentiation, lymphocyte activation, B cell dif
ferentiation, and CD4-positive, alpha-beta T cell differentiation. The 
downregulated genes of QFPDD were enriched in many metabolic 
pathways, including drug metabolic processes, citric acid (TCA) cycle, 
and respiratory electron transport. These results indicate that metabolic 
disorders and the immune microenvironment can be regulated by 
QFPDD. The enriched primary functional pathways were strongly 
associated with the natural functions of the cells. Hepatocyte cells were 
associated with metabolic-related pathways, including cofactor meta
bolic processes, amino acids, and derivative metabolism, respiratory 
electron transport, and the citric acid (TCA) cycle; macrophage cells 
were associated with inflammation and innate immune responses, such 
as angiogenesis, inflammatory responses, and IL-17 signaling pathways; 
neutrophil cells were related with SRP-dependent cotranslational pro
tein targeting to membrane, ribosome assembly and cell-cell adhesion 
regulation. We also investigated cellular origins of a potential inflam
matory storm in liver tissues. It was established that macrophages and 
neutrophils might be key sources of the inflammatory storm, and that 
QFPDD can significantly reduce the inflammatory storm effect. 

On the other hand, amino acid metabolism was found to be altered in 
mice with pneumonia. The demand for glucose and amino acids has 
been shown to be increased in activated T cells due to proliferative 
expansion, and induction of a range of effector functions (Kedia-Mehta 
and Finlay, 2019). Therefore, the decrease in liver amino acids in the 
Model group indicated an increase in amino acid expenditure, which 
might have been as a result of immune activation in the pneumonia 
model. In addition, the increase in liver pyruvic acid and oxoglutaric 
acid suggested enhancement of the TCA cycle and energy metabolism in 
this pneumonia model. In this study, we observed a significant increase 
in liver putrescine and spermidine levels in Model group, which have 
been respectively proven to inhibit and favor pro-inflammatory M1 
macrophage polarization of (Latour et al., 2020). Therefore, elevated 
liver putrescine and spermidine levels suggest a relationship between 
liver metabolic alterations and immune responses in the pneumonia 
model. Importantly, QFPDD mainly regulated liver purine metabolism 
related metabolites. Purine nucleosides, such as adenosine and its pri
mary metabolite, inosine, belong to purine nucleosides and act as 
monomeric precursors for DNA and RNA. Adenosine is a powerful 
signaling molecule that primarily acts on its receptors, thereby playing a 
role in inflammatory regulation. Moreover, adenosine inhibits the syn
thesis of pro-inflammatory IL-12 and TNF-α cytokines (Haskó et al., 
2000a). Activation of adenosine receptors by agonists inhibits 
LPS-induced inflammation in vivo, and animals deficient in A2α aden
osine receptor were established to be sensitive to sub-threshold doses of 
inflammatory stimuli (Ohta and Sitkovsky, 2001). In summary, adeno
sine and its receptors are important in inflammatory attenuation. Ino
sine is transformed from adenosine via deamination, a process that 
mainly occurs during high intracellular concentrations of adenosine, 
which have been associated with ischemia, hypoxia, and other forms of 
cell stress (Deussen, 2000). Inosine suppressed lymphocyte and 
neutrophil macrophage activation in vitro and counteracted the 
pro-inflammatory effects of LPS in vivo (Haskó et al., 2000b). Moreover, 
it prevented systemic endotoxin-induced lung and gut injury as well as 
liver and vascular failure in mice (Soriano et al., 2001). In this study, 
elevated liver adenosine and inosine levels in the Model group might be 
a stress adaptation characteristic to overcome inflammation in the liver, 
and QFPDD might protect the liver from injury by increasing adenosine 
and inosine levels. Adenosine monophosphate (AMP) is an important 
metabolite that is also involved in purine metabolism, and can be 
generated through the dephosphorylation of adenosine triphosphate 
(ATP) and adenosine diphosphate (ADP). Elevated cellular AMP/ATP 
ratio results in AMP-activated protein kinase (AMPK) activation, 
thereby regulating glucose and lipid metabolism in the liver. Thus, 
elevated AMP levels in the QFPDD group indicated the regulatory effects 
of QFPDD on liver metabolism through AMPK. Liver malonic acid levels 
were also shown to be downregulated in the Model group, compared to 
the Con group, and QFPDD treatment significantly increased malonic 
acid levels, relative to the Model group. Malonic acid can be transformed 
into malonyl-coenzyme A (malonyl-CoA), which can be decarboxylated 
within the TCA cycle to acetyl-CoA and therefore fully oxidized. Besides, 
in mammalian metabolism, malonyl-CoA is positioned at a central reg
ulatory node to coordinate fatty acid oxidation and synthesis. Thus, 
QFPDD might influence the TCA cycle and fatty acid metabolism path
ways in the liver by elevating malonic acid levels. These findings were 
confirmed by scRNA-seq analysis data. Expressions of the key gene 
associated with metabolic pathways were also found to be regulated by 
QFPDD, which might result in enhanced immune functions. 

In summary, in this paper, we for the first time integrated multidis
ciplinary technologies to explore the pharmacological mechanism of 
QFPDD. The novelty of our research rooted in providing an experimental 
and computational basis for further discovery of TCM formula and 
botanical drug for the treatment of COVID-19. These novel results may 
also guide future research on TCM in infectious diseases and 
hyperimmune-related diseases. Simultaneously, these findings provided 
key information and guidance for further investigation on the 
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pharmacologically active substances and clinical applications of QFPDD. 
This study is associated with some limitations. First, the relatively 

small number of single cell-sequences might affect the stability of the 
results. In future studies, we will expand the sample size. Second, more 
experimental studies should be performed to confirm the functional 
roles of the key genes. Despite the limitations, our findings elucidate on 
the effects of QFPDD on coronavirus-induced pneumonia in mice, and 
will form the basis for investigating the mechanisms of QFPDD. To the 
best of our knowledge, this is the first study to report the therapeutic 
mechanisms of QFPDD at single-cell level. 

Conclusions 

In HcoV-229E infection combined with cold-damp environment- 
induced mice pneumonia model, QFPDD treatment enhanced immune 
responses and anti-inflammatory effects. Single-cell RNA sequencing 
analysis showed that QFPDD could attenuate liver disease-associated 
alterations in gene expression, core transcriptional regulatory net
works, cell-type composition and cell-cell communication. In addition, 
QFPDD significantly upregulated some liver metabolites involved in 
purine metabolism, which were related with inflammation regulation. 
In summary, this study is the first to integrate hepatic single-cell RNA 
sequencing and untargeted metabolomics to illustrate the modulatory 
effect of QFPDD on immunological and metabolic functions of liver 
tissue, highlighting the critical significance of TCM in boosting host 
immune functions against COVID-19. 
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