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Aim: To elucidate the transcriptional characteristics of COVID-19. Materials & methods: We utilized an
integrative approach to comprehensively analyze the transcriptional features of both COVID-19 patients
and SARS-CoV-2 infected cells. Results: Widespread infiltration of immune cells was observed. We identi-
fied 233 genes that were codifferentially expressed in both bronchoalveolar lavage fluid and lung samples
of COVID-19 patients. Functional analysis suggested upregulated genes were related to immune response
such as neutrophil activation and antivirus response, while downregulated genes were associated with
cell adhesion. Finally, we identified LCN2, STAT1 and UBE2L6 as core genes during SARS-CoV-2 infection.
Conclusion: The identification of core genes involved in COVID-19 can provide us with more insights into
the molecular features of COVID-19.
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Coronavirus disease 2019 (COVID-19) caused by a novel severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) is a global pandemic. To date, there are more than 2 million confirmed cases globally, and the number is
still growing. Most COVID-19 patients exhibit mild or moderate symptoms, such as cough and fever, but around
15% of patients could progress to severe pneumonia, acute respiratory distress syndrome (ARDS) or multiple
organ failure [1,2]. Host immune responses play a critically important role in the battle against the virus. However,
dysregulation of the release of inflammatory cytokines, known as cytokine storm, correlates with disease severity
and prognosis of patients [3,4].

There are no effective antiviral treatments or vaccines currently available against SARS-CoV-2. Elucidating the
pathogenesis of SARS-CoV-2, especially the transcriptional alterations in host post infection is indispensable for
winning the battle. Recently, Xiong et al. utilized the RNA-Seq approach to depict the transcriptional features
of bronchoalveolar lavage fluid (BALF) and peripheral blood mononuclear cell (PBMC) samples of COVID-19
patients and found key cytokines such as CCL2/MCP-1, CXCL10/IP-10 and CCL3/MIP-1A were excessively
released in COVID-19 [5]. Moreover, Blanco-Melo et al. compared the characteristics of host transcriptional
response of SARS-CoV-2 with other viruses and identified unique features of SARS-CoV-2 in in vitro, ex vivo and
in vivo systems [6]. These findings provided us with the in-depth knowledge of SARS-CoV-2 infection, but more
is still needed.

Joint analysis of different individual studies is gradually becoming a popular and common approach to investigate
the key features of diseases [7]. As the outputs of individual experiments may be noisy, it is important to look for
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findings that are supported by several pieces of evidence to promote the reliability. Here, we integrated the RNA-Seq
data from different individual studies of COVID-19 to systematically evaluate the transcriptional characteristics of
this disease. We first compared the immune cell infiltration features in BALF, lung and PBMC samples of COVID-
19 patients. Then, we identified some codifferentially expressed genes, which were associated with immune response
and cell adhesion. Moreover, we found three core genes, LCN2, STAT1 and UBE2L6, were consistently upregulated
across seven independent studies of SARS-CoV-2. Our findings could provide more insights into the molecular
mechanisms of this pandemic.

Materials & methods
Data collection & differential expression analysis
RNA-Seq count data of four BALF samples and three PBMC samples from three COVID-19 patients were
obtained from a recently published study [5]. RNA-Seq count data of normal human bronchial epithelium (NHBE),
transformed lung alveolar (A549) cells, transformed lung alveolar (A549) cells transduced with a vector expressing
ACE2, Calu-3 cells and COVID-19 patient samples were downloaded from the Gene Expression Omnibus (GEO)
data repository under the accession number GSE147507 (www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE1475
07). Above cells were infected with SARS-CoV-2. Differential expression analysis was conducted in the R computing
environment using the DESeq2 R package [8]. Gene expression profiles of smoking individuals and SARS-CoV
infected cells were also downloaded from the GEO database (GSE63127, www.ncbi.nlm.nih.gov/geo/query/acc
.cgi?acc=GSE63127 and GSE17400, www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE17400). 59 RNA-Seq of
The Cancer Genome Atlas (TCGA) lung adenocarcinoma paired normal samples were downloaded from Xena
datahub (https://xenabrowser.net/, TCGA Pan-Cancer cohort).

Immune cell abundance quantification
The count data of BALF, lung and PBMC samples were converted to counts per million) followed by TMM
normalization using the edgeR R package [9]. The TMM normalized values were used for immune cell abundance
quantification. The single sample Gene Set Enrichment analysis (ssGSEA) algorithm was used. The cell markers of
20 immune cell types were manually collected from CellMarker database (http://biocc.hrbmu.edu.cn/CellMarker/).

Functional annotation
Gene ontology (GO) functional enrichment analysis of the consensus gene signatures identified from BALF and
lung samples was performed using clusterProfilerR package [10]. To infer the biological functions of LCN2, STAT1
and UBE2L6, we included 288 RNA-Seq data of human lung tissues from the GTEx database (downloaded from
Xena datahub, https://xenabrowser.net/, UCSC Toil RNA-seq Recompute TPM). The samples were classified into
high and low expression groups based on the median expression value of each gene. Then, differential expression
analysis was conducted by comparing high-expression group with low-expression group. The fold changes were
used as the input for GSEA analysis using clusterProfiler R package with the following parameters: nPerm = 1000,
minGSSize = 10, maxGSSize = 500.

Results
Immune cell abundance in BALF, lung & PBMC samples of COVID-19 patients
The study flowchart is illustrated in Figure 1. The dataset from Xiong et al. contains the transcriptome information in
BALF and PBMC samples of healthy donors and COVID-19 patients (three BALF controls, four BALF samples and
three PBMC controls, three PBMC samples) [5]. Another dataset contains the transcriptome information of infected
cells, a deceased patient (age 74, two lung samples) and two uninfected human lung biopsies [6].

Both innate and adaptive immune responses can be triggered upon SARS-CoV-2 infection. Understanding the
abundance of different immune cell types in the infection sites can help us gain more insights into the immune
regulation features in COVID-19. Here, we performed the ssGESA to assess the immune cell abundance in BALF,
lung and PMBC samples (Supplementary Table 1). Although the abundance of different immune cell types in
different samples of different patients exhibited heterogeneity, some common features existed.

In BALF samples, decreased levels of macrophages, cytotoxic T cells, monocytes, CD8+ T cells, dendritic cells
and T helper1 (Th1) cells were found in all four samples of COVID-19 patients compared with BALF healthy
control samples. Compared with patient 2, the two BALF samples of patient 1 showed higher abundance of mast
cells, eosinophils, neutrophils, Th17 cells and natural killer cells (Figure 2A). Patient 1 is a 74-year-old male, and
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Figure 1. Study flowchart. Two sets of RNA-seq data were analyzed. Xiong’s data, in light green, contains two datasets including three
PBMS samples and four BALF samples. GSE147507 is in brown, which consists of six datasets, including two lung samples, NHBE
SARS-CoV-2 infection, A549 1 SARS-CoV-2 infection, A549 2 SARS-CoV-2 infection, A549 ACE2 SARS-CoV-2 infection, Calu3 SARS-CoV-2
infection. In the yellow part, three datasets (two lung samples, three PBMS samples and four BALF samples) were applied for immune cell
abundance analysis. Two datasets, four BALF samples and two lung samples underwent differential expression analysis and function
annotation, in green. In the blue panel, seven datasets including four BALF samples from Xiong’s data and the six datasets from
GSE147507 were used to identify the core genes.
BALF: Bronchoalveolar lavage fluid; NHBE: Normal human bronchial epithelium; PBMC: Peripheral blood mononuclear cells.

patient 2 is a 37-year-old male. According to the laboratory reports, patient 1 displayed higher disease severity, the
number of lymphocytes in patient 1 was much lower than that of patient 2, of 0.14 x 109/l and 0.64 x 109/l,
respectively [5]. Besides, patient 1 had much higher levels of IL-6 and IL-10. Therefore, higher infiltration of
immune cells such as neutrophils and Th17 cells may account for the disease severity in patient 1.

In lung samples, higher infiltrations of natural killer cells, eosinophils and neutrophils were also observed in
COVID-19. Besides, two samples of this deceased patient displayed consistently higher levels of regulatory T (Treg)
cells, dendritic cells, T helper cells, Th9 cells, Th1 cells and Th2 cells. However, some differences also existed in
these two samples. For example, the infiltrations of macrophages, mast cells, CD4+ T cells, cytotoxic T cells and
monocytes were higher in sample 1, while CD8+ T cells, CD8+ cytotoxic T cells, memory T cells and memory B
cells were higher in sample 2 (Figure 2B).

Moving to immune cell abundance in PBMC. The levels of Th17 cells, cytotoxic T cells, natural killer cells and
Th2 cells were decreased in all three COVID-19 patients compared with healthy donors, but the decreased level of
these immune cells in patient 2 was not that dramatic. Moreover, patient 1 and patient 3 showed a drastic global

future science group 10.2217/epi-2020-0168



Research Article Li, Wang, He et al.

CD4+ memory T cell

Macrophage

Macrophage

Cytotoxic T cell

CD8+ cytotoxic T cell

CD8+ cytotoxic T cell

Cytotoxic T cell

Cytotoxic T cell

Monocyte

Monocyte

Monocyte

CD4+ T cell

CD4+ T cell

CD4+ T cell

CD8+ T cell

CD8+ T cell

CD8+ T cell

Regulatory T (Treg) cell

Regulatory T (Treg) cell

Regulatory T (Treg) cell

Dendritic cell Dendritic cell

Dendritic cell

T helper1 (Th1) cell

T helper1 (Th1) cell

CD8+ cytotoxic T cell

CD4+ memory T cell

T helper cell T helper cell

T helper cell

T helper9 (Th9) cell

Mast cell

Mast cell

Eosinophil

Eosinophil

Neutrophil

Neutrophil

T helper17 (Th17) cell

T helper9 (Th9) cell

T helper17 (Th17) cell

T helper9 (Th9) cell

T helper2 (Th2) cell

T helper1 (Th1) cell

T helper2 (Th2) cell

T helper17 (Th17) cellT helper2 (Th2) cell

Memory B cell

Natural killer cell

Natural killer cell

Natural killer cell

Memory T cell

N1 N2 N1 N2 S1 S2 N1 P1 P2 P3N2 N3N3 P1_2 P2_2P2_1

Memory T cell

Memory T cell

Memory B cell

Memory B cell

CD4+ memory T cell

LungBALF PBMC
2

1

0

-1

-2

1.0

0.5

0.0

-0.5

-1.0

1.5

1.0

0.5
0.0

-0.5

-1.0

-1.5

P1_1

Figure 2. Immune cell types abundance quantification. (A) In BALF samples. (B) In lung samples. (C) In PBMC samples.
Blue = Lower abundance; Red = Higher abundance.
BALF: Bronchoalveolar lavage fluid; N: Normal control; P: Patient; PBMC: Peripheral blood mononuclear cells; S: Sample.

decrease of lymphocytes such as CD4+ T cells and CD8+ T cells compared with healthy donors and patient 2
(Figure 2C).

Convergence of differentially expressed genes from different COVID-19 patients identifying
consensus gene signatures
Integrating multiple independent datasets to investigate the complex molecular mechanisms is becoming a preferred
method to study the common features of diseases [7]. Here, we compared the differentially expressed genes in BALF
and lung samples of COVID-19 patients to systematically evaluate the common transcriptomic alterations in
COVID-19.

We first performed the differential expression analysis to determine the aberrantly expressed genes in COVID-19
patients (|Log2 fold change| >1, adjusted p-value < 0.05) (Supplementary Table 2). This analysis identified a total
of 7871 differentially expressed genes in BALF samples, with 4552 genes upregulated and 3319 genes downregulated
(Figure 3A), and a total of 814 genes in lung samples, with 395 genes upregulated and 419 genes downregulated
(Figure 3B). Next, we integrated the differentially expressed genes in both datasets to look for intersections. A total
of 233 genes were found to be codifferentially expressed in both samples (110 upregulated and 123 downregulated)
(Figure 3C & D). The expression changes of the above genes are shown in Figure 3E and F. For example,
some key chemokines such as CXCL10/11/17 and CCL2/3/4/7/8, as well as interferon associated molecules
including IFITM2, IFITM1, IFIT1, IFIH1, IFI6 and IFI44L were increased in both BALF and lung samples.
Functional enrichment analysis of the upregulated genes suggested these genes were mostly related to neutrophil
activation (e.g., neutrophil mediated immunity, neutrophil activation and neutrophil degranulation), chemotaxis
(e.g., leukocyte migration, leukocyte chemotaxis and leukocyte migration) and antivirus response (e.g., response to
virus, defense response to virus and negative regulation of viral process) (Figure 3G, Supplementary Figure 1A &
Supplementary Table 3).

On the other hand, functional enrichment analysis of the downregulated genes showed these genes were predom-
inantly enriched in cell adhesion activities such as cell–substrate adhesion, adherens junction organization, focal
adhesion assembly, adherens junction assembly and regulation of cell junction assembly (Figure 3H, Supplementary
Figure 1B & Supplementary Table 3). On top of that, while most upregulated genes shared the similar fold changes
in both BALF and lung samples, the downregulated genes in lung samples of the deceased patient showed a higher
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Figure 3. Convergence of differentially expressed genes from different studies of COVID-19. (A) Volcano plots showing the number of
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BALF: Bronchoalveolar lavage fluid; GO: Gene ontology.

level of decrease (Figure 3F). Therefore, we speculated that the degree of the expression changes of these genes may
be associated with disease severity.

Identification of core genes in SARS-CoV-2 infected cells
Elucidating the transcriptional features in the infected cells is critically important for us to understand the patho-
genesis of COVID-19. Apart from the two aforementioned bulk RNA-Seq data from COVID-19 patients, we here
integrated another five independent SARS-CoV-2 infected cell cohorts to help us dive deeper into the SARS-CoV-2
infected cells. The five independent cohorts consisted of three cohorts of A549 cells (termed as A549 1, A549 2 and
A459 ACE2), one cohort of NHBE cells, as well as one cohort of Calu3 cells. The above cells were mock treated
or infected by SARS-CoV-2 (three mock-treated and three with SARS-CoV-2) (Supplementary Table 4).

First of all, we analyzed the differential expression of genes in each of the five studies and compared them with
bulk RNA-Seq data. We here considered genes with adjusted p-value < 0.05 significant and ignored the fold
changes because we wanted to identify more genes that actually played important roles in COVID-19 but were
filtered out due to strict criteria. Surprisingly, the number of differentially expressed genes in each individual cell
cohort differed significantly (Figure 4A & B). For example, both up- and downregulated genes in A549 1 and
NHBE were far less than those of A549 2, A549 ACE2 or BALF (Figure 4A & B). Although the transcriptional
features tended to be unique in different datasets, some core genes that displayed the same direction of alteration
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should exist post infection. Therefore, we integrated above seven studies to search for intersections and we identified
three important genes, LCN2, STAT1 and UBE2L6 (all upregulated). The fold changes of these three genes in each
dataset are shown in Figure 4C.

To investigate the biological relevance of LCN2, STAT1 and UBE2L6, GSEA was performed (Supplementary
Table 5). Higher expression of LCN2 was found to be associated with activation of innate immune response,
acute inflammatory response, humoral response, cilium movement and neutrophil migration (Figure 5A). For
STAT1, higher expression groups displayed activities such as cellular immune response, interferon gamma pathway,
lymphocyte chemotaxis, cell killing regulation and T cell receptor pathway (Figure 5B). As for UBE2L6, we found
that it was associated with cytolysis, leukocyte tethering, mitochondrial translational termination, noncoding RNA
processing and T cell mediated cytotoxicity (Figure 5C). All the above genes were related to immune responses
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Figure 5. Gene Set Enrichment Analysis of core genes identified. Gene Set Enrichment Analysis showing the
biological functions of (A) LCN2, (B) STAT1 and (C) UBE2L6. (adjusted p-value < 0.05).
GO: Gene ontology.
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and some key biological processes such as cytolysis and mitochondrial translational termination, suggesting their
important roles in COVID-19.

Assessing the expression patterns of LCN2, STAT1 & UBE2L6 in different biological & clinical contexts
Apart from type II alveolar cells, cells in different organs also express ACE2, the entry point of SARS-CoV-2,
suggesting the potential risk of infection [11]. Thus, assessing the baseline expression of the core genes in different
organs is necessary. Based on the GTEx database, we compared the expression of LCN2, STAT1 and UBE2L6
across 31 organs and sites in humans. The expression of LCN2 in lung ranked the third across the human organs
and sites (Supplementary Figure 2A). STAT1 was found to be the highest in lung, and the expression of UBE2L6
in lung ranked the second compared with other organs and sites (Supplementary Figure 2B & 2C). Moreover, it
is noteworthy that the expression variations of LCN2 were relatively high in organs such as colon and esophagus
compared with STAT1 and UBE2L6.

Age is an independent risk factor for COVID-19. Higher expression of ACE2 was found in smoking individu-
als [12]. Therefore, examining the expression features of LCN2, STAT1 and UBE2L6 in different clinical contexts
such as age, gender and smoking status could help us learn more about the pathogenesis of COVID-19 in different
populations. Here, we found that the expressions of LCN2, STAT1 and UBE2L6 in different gender and smoking
status were not significantly different (Figure 6A & C, p-value > 0.05). But a slight higher expression of STAT1 in
the aged population was observed (Figure 6B, middle panel p-value: 0.082).

SARS-CoV and SARS-CoV-2 shared around 80–90% sequence identity [13]. We have identified LCN2, STAT1
and UBE2L6 as core genes in SARS-CoV-2 infected cells. One question is whether these genes would display sample
direction of alterations in both SARS-CoV and SARS-CoV-2 infected cells. We here collected the transcriptome of
airway epithelial cells after being infected with SARS-CoV. We found that the expressions of STAT1 and UBE2L6
were significantly increased in SARS-CoV infected airway epithelial cells after 24 and 48 h (Figure 6D, middle and
right panel, p < 0.05). But the expression of LCN2 was not significantly altered in SARS-CoV (Figure 6D, left
panel, p > 0.05), indicating the possibly unique role of LCN2 in COVID-19.

Discussion
COVID-19 caused by SARS-CoV-2 continues to spread across the globe, carrying a mortality of approximately
3.7%. ARDS and cytokine storm syndrome are the leading causes of mortality in patients with COVID-19 [14].
Neutrophilia is regarded as an important risk factor associated with the development of ARDS and progression
from ARDS to death [15,16]. Neutrophilia and increased level of neutrophil-to-lymphocyte ratio are reported to be
correlated with disease severity and prognosis of COVID-19 patients [17]. Consistently, the BALF sample of patient
1 (higher disease severity compared with patient 2 and patient 3) and the lung sample of the 74-year-old deceased
patient displayed a higher level of neutrophil infiltration. Besides, the consensus upregulated genes from BALF and
lung samples were also significantly related to neutrophil activities such as neutrophil activation and neutrophil
degranulation. Therefore, these data suggested the upregulation of these genes played a key role in neutrophil
recruitment in COVID-19. Th17 type responses are found in patients with SARS-CoV-2 and contribute to the
cytokine storm. IL-1β and TNF-α, which can promote vascular permeability and leakage [18], are important
cytokines involved in Th17 type responses. In the BALF sample of patient 1, we also witnessed a higher level of
infiltration of Th17 cells. Taken together, infiltration of immune cells such as neutrophils and Th17 cells could be
an important immune phenotype in COVID-19 and collectively contribute to the disease severity in patients with
COVID-19.

On the other hand, the downregulated genes were predominantly enriched in cell adhesion activities such as
cell–substrate adhesion, adherens junction organization, focal adhesion assembly and adherens junction assembly.
Previous studies demonstrated that the downregulated cell adhesion activity was associated with increased perme-
ability of blood vessels. Increased permeability of blood vessels could promote immune cell infiltration, but at the
same time, allow more fluid to enter the tissues, resulting in edema [19,20]. In a pathological report of a COVID-19
patient, pulmonary edema was observed [21]. Therefore, downregulation of these genes may also play a key role in
the pathophysiology of COVID-19.

The core genes in SARS-CoV-2 infection were identified through integrating five independent in vitro studies
and two COVID-19 patient studies. We identified three important genes, LCN2, STAT1 and UBE2L6. LCN2,
also known as neutrophil gelatinase-associated lipocalin, is a mammalian protein expressed by various cell types
and is involved in inflammation, ischemia, infection and kidney damage [22,23]. LCN2 can deactivate macrophages
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Figure 6. Expression of LCN2, STAT1 and UBE2L6 in different groups and comparison with SARS-CoV. (A) Expression
of LCN2, STAT1 and UBE2L6 in different gender. (B) Expression of LCN2, STAT1 and UBE2L6 taking age into
consideration. The median age of this 59-people-cohort is 66. Yes means age greater than 66. No means age less than
66. (C) Expression of LCN2, STAT1 and UBE2L6 in different smoking status. (D) Expression of LCN2, STAT1 and UBE2L6
in SARS-CoV.
*p-value < 0.05; **p-value < 0.01; ***p-value < 0.001.
TCGA: The Cancer Genome Atlas.
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Figure 7. A schematic model of SARS-CoV-2 infection and the role of LCN2, STAT1 and UBE2L6. SARS-CoV-2 virus
enters into the host cell, leading to increased gene expression of LCN2, STAT1 and UBE2L6. On one hand, LCN2
promotes neutrophil migration and infiltration. On the other hand, STAT1 translocates into the nucleus and facilitates
transcription of antiviral genes. Meanwhile, UBE2L6 stabilizes STAT1 to avoid termination of immune response. The
ORF6 of SARS-CoV-2 shares about 85% similarity with SARS-CoV, and whether it will block STAT1 remains to be
elucidated.

and worsen the inflammatory response, resulting in a detrimental outcome of pneumococcal pneumonia [24]. In
respiratory syncytial virus infection, overexpression of LCN2 was reported to be associated with more severe viral
infection [25]. Here, we found LCN2 was not only overexpressed in COVID-19 patients but also in infected cells.
The GO enrichment analysis network showed that LCN2 was an important gene that linked neutrophil and virus
response activities. Meanwhile, higher expression of LCN2 was related to inflammatory response, cilium movement
and neutrophil migration. Interestingly, expression of LCN2 was not altered in SARS-CoV infected cells. Therefore,
LCN2 could be an important biomarker in SARS-CoV-2 infection and play a key role in disease progression.

STAT1 is an important regulator in mediating IFN-α/β, IFN-γ and IFN-λ signaling. It was reported that STAT1
could function as a key regulator of wound healing [26]. The defects of STAT1 function may augment viral lung
disease by several potential mechanisms [26]. In SARS-CoV infection, the ORF6 of SARS-CoV can block STAT1
translocation into the nucleus, leading to the development of the disease state [27]. In our study, we found that the
mRNA level of STAT1 was increased in SARS-CoV-2 infection. Functional analysis showed that higher expression
of STAT1 displayed increased activities such as cellular immune response, interferon gamma pathway, lymphocyte
chemotaxis, cell killing regulation and T cell receptor pathway. Based on the above findings, it can be assumed that
the upregulation of the mRNA expression of STAT1 in SARS-CoV-2 infection could be a protective mechanism.
However, a recent study showed that the ORF6 of SARS-CoV-2 shared 85.7% similarity with SARS-CoV [28].
Thus, whether the ORF6 of SARS-CoV-2 could also block STAT1, leading to disease progression, needs further
investigation.

UBE2L6 is a critical enzyme involved in ISGylation [29]. Interestingly, it was reported that ISGylation can
stabilize numerous proteins including STAT1 during inflammatory response and inhibit the termination of immune
response [30]. As we discussed above, STAT1 is a key regulator in IFN signaling pathway during virus infection.
Thus, the possible cross-talk between UBE2L6 and STAT1 in SARS-CoV-2 could be a very interesting aspect
(Figure 7).

Conclusion
In conclusion, our findings identify the phenotype of immune cell abundance associated with neutrophils in
COVID-19 patients. Functional enrichment analysis showed that up-regulated genes were enriched in neutrophil
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activation, chemotaxis and anti-virus response. The cell adhesion activities were lower in down-regulated genes in
functional enrichment analysis. LCN2, STAT1 and UBE2L6 were identified as core keys in SARS-CoV-2 infection.
Our study revealed the important transcriptional features of COVID-19 and provided us with more insight into
the molecular characteristics of COVID-19

Future perspective
COVID-19, caused by a novel SARS-CoV-2, is a global pandemic. However, there are no effective antiviral
treatments or vaccines currently available against SARS-CoV-2. We integrated the RNA-Seq data of COVID-19
and identified LCN2, STAT1 and UBE2L6 as core keys in SARS-CoV-2 infection. It will be important that the
function of the three key genes in SARS-CoV-2 infection should be further investigated. Finally, joint analysis of
different individual studies is gradually becoming a popular and common approach to investigate the key features
of diseases.

Summary points

• We integrated the RNA-Seq data from different individual studies of COVID-19 to systematically evaluate the
transcriptional characteristics of this disease.

• We identified 233 genes that were codifferentially expressed in both bronchoalveolar lavage fluid and lung
samples of COVID-19 patients.

• Our findings identify the phenotype of immune cell abundance associated with neutrophil in COVID-19 patients.
• Functional enrichment analysis showed that upregulated genes were enriched in neutrophil activation,

chemotaxis and antivirus response.
• The cell adhesion activities were lower in downregulated genes in functional enrichment analysis.
• LCN2, STAT1 and UBE2L6 were identified as core keys in SARS-CoV-2 infection.
• LCN2 could be an important biomarker in SARS-CoV-2 infection and play a key role in disease progression.
• Our study revealed the important transcriptional features of COVID-19 and provided us more insights into the

molecular characteristics of COVID-19.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/sup

pl/10.2217/epi-2020-0168

Acknowledgments

The authors would like to thank Y Zhou, BR ten Oever and their colleagues for sharing the valuable RNA-Seq data of COVID-19.

Financial and competing interests disclosure

The work was supported by 2019-nCoV tackling project of Chengdu Science and Technology Bureau (2020-YF05-00003-SN), Na-

tional Natural Science Foundation of China (81970026, 82000029), Health Commission of Sichuan Province (19ZD002), Science

and Technology Department of Sichuan Province (2018JY0380), project of Chengdu high level clinical key specialty. The authors

have no other relevant affiliations or financial involvement with any organization or entity with a financial interest in or financial

conflict with the subject matter or materials discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this manuscript.

Ethical conduct of research

The authors state that they have obtained appropriate institutional review board approval and have followed the principles outlined

in the Declaration of Helsinki for all human or animal experimental investigations.

References
Papers of special note have been highlighted as: • of interest; •• of considerable interest

1. Guan WJ, Ni ZY, Hu Y et al. Clinical characteristics of coronavirus disease 2019 in China. N. Engl. J. Med. 382(18), 1708–1720 (2020).

2. Huang C, Wang Y, Li X et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 395(10223),
497–506 (2020).

3. Qin C, Zhou L, Hu Z et al. Dysregulation of immune response in patients with COVID-19 in Wuhan, China. Clin. Infect. Dis. 71(15),
762–768 (2020).

future science group 10.2217/epi-2020-0168

http://www.futuremedicine.com/doi/suppl/10.2217/epi-2020-0168


Research Article Li, Wang, He et al.

4. Shi Y, Tan M, Chen X et al. Immunopathological characteristics of coronavirus disease 2019 cases in Guangzhou, China. medRxiv
doi:10.1101/2020.03.12.20034736 (2020).

5. Xiong Y, Liu Y, Cao L et al. Transcriptomic characteristics of bronchoalveolar lavage fluid and peripheral blood mononuclear cells in
COVID-19 patients. Emerg Microbes Infect 9(1), 761–770 (2020).

•• Transcriptomic characteristics of COVID-19 infected patients.

6. Blanco-Melo D, Nilsson-Payant BE, Liu W-C et al. SARS-CoV-2 launches a unique transcriptional signature from in vitro, ex vivo, and
in vivo systems. bioRxiv doi:10.1101/2020.03.24.004655 (2020).

7. Li Y, Gu J, Xu F, Zhu Q, Ge D, Lu C. Transcriptomic and functional network features of lung squamous cell carcinoma through
integrative analysis of GEO and TCGA data. Sci. Rep. 8(1), 15834 (2018).

8. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol.
15(12), 550 (2014).

9. Robinson MD, Mccarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression analysis of digital gene expression
data. Bioinformatics 26(1), 139–140 (2010).

10. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing biological themes among gene clusters. OMICS 16(5),
284–287 (2012).

11. Zou X, Chen K, Zou J, Han P, Hao J, Han Z. Single-cell RNA-seq data analysis on the receptor ACE2 expression reveals the potential
risk of different human organs vulnerable to 2019-nCoV infection. Front Med doi:10.1007/s11684-020-0754-0 (2020).

12. Huang C, Wang Y, Li X et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 395(10223),
497–506 (2020).

13. Zhou P, Yang XL, Wang XG et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 579(7798),
270–273 (2020).

14. Mehta P, Mcauley DF, Brown M et al. COVID-19: consider cytokine storm syndromes and immunosuppression. Lancet 395(10229),
1033–1034 (2020).

15. Wu C, Chen X, Cai Y et al. Risk factors associated with acute respiratory distress syndrome and death in patients with coronavirus
disease 2019 pneumonia in Wuhan, China. JAMA Intern. Med. doi:10.1001/jamainternmed.2020.0994 (2020).

16. Zemans RL, Matthay MA. What drives neutrophils to the alveoli in ARDS? Thorax 72(1), 1–3 (2017).

17. Liu Y, Du X, Chen J et al. Neutrophil-to-lymphocyte ratio as an independent risk factor for mortality in hospitalized patients with
COVID-19. J. Infect. 81(1), e6–e12 (2020).

18. Wu D, Yang XO. TH17 responses in cytokine storm of COVID-19: an emerging target of JAK2 inhibitor Fedratinib. J. Microbiol.
Immunol. Infect. 53(3), 368–370 (2020).

19. Daniel AE, Van Buul JD. Endothelial junction regulation: a prerequisite for leukocytes crossing the vessel wall. J. Innate Immun. 5(4),
324–335 (2013).

20. Komarova YA, Kruse K, Mehta D, Malik AB. Protein interactions at endothelial junctions and signaling mechanisms regulating
endothelial permeability. Circ. Res. 120(1), 179–206 (2017).

21. Xu Z, Shi L, Wang Y et al. Pathological findings of COVID-19 associated with acute respiratory distress syndrome. Lancet Respir Med
8(4), 420–422 (2020).

22. Chan YR, Liu JS, Pociask DA et al. Lipocalin 2 is required for pulmonary host defense against Klebsiella infection. J. Immunol.
(Baltimore, Md.: 1950) 182(8), 4947–4956 (2009).

23. Flo TH, Smith KD, Sato S et al. Lipocalin 2 mediates an innate immune response to bacterial infection by sequestrating iron. Nature
432(7019), 917–921 (2004).

• Function of LCN2 in bacterial infection.

24. Warszawska JM, Gawish R, Sharif O et al. Lipocalin 2 deactivates macrophages and worsens pneumococcal pneumonia outcomes. J.
Clin. Invest. 123(8), 3363–3372 (2013).

25. Sawatzky J, Soo J, Conroy AL et al. Biomarkers of systemic inflammation in ugandan infants and children hospitalized with respiratory
syncytial virus infection. Pediatr. Infect. Dis. J. 38(8), 854–859 (2019).

26. Frieman MB, Chen J, Morrison TE et al. SARS-CoV pathogenesis is regulated by a STAT1 dependent but a type I, II and III interferon
receptor independent mechanism. PLoS pathogens 6(4), e1000849 (2010).

• Function of STAT1 in SARS-CoV pathogenesis.

27. Frieman M, Yount B, Heise M, Kopecky-Bromberg SA, Palese P, Baric RS. Severe acute respiratory syndrome coronavirus ORF6
antagonizes STAT1 function by sequestering nuclear import factors on the rough endoplasmic reticulum/Golgi membrane. J. Virol.
81(18), 9812–9824 (2007).

28. Gordon DE, Jang GM, Bouhaddou M et al. A SARS-CoV-2-human protein-protein interaction map reveals drug targets and potential
drug-repurposing. bioRxiv doi:10.1101/2020.03.22.002386 (2020).

10.2217/epi-2020-0168 Epigenomics (Epub ahead of print) future science group



An integrative analysis identifying transcriptional features & key genes involved in COVID-19 Research Article

29. Orfali N, Shan-Krauer D, O’donovan TR et al. Inhibition of UBE2L6 attenuates ISGylation and impedes ATRA-induced differentiation
of leukemic cells. Mol. Oncol. 14(6), 1297–1309 (2019).

30. Przanowski P, Loska S, Cysewski D, Dabrowski M, Kaminska B. ISG’ylation increases stability of numerous proteins including Stat1,
which prevents premature termination of immune response in LPS-stimulated microglia. Neurochem. Int. 112, 227–233 (2018).

future science group 10.2217/epi-2020-0168



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


