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High expression of ACE2 in the human lung
leads to the release of IL6 by suppressing cellular
immunity: IL6 plays a key role in COVID-19
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Abstract. - OBJECTIVE: The pathogenesis
of coronavirus disease 2019 (COVID-19) remains
clear, and no effective treatment exists. SARS-
CoV-2 is the virus that causes COVID-19 and
uses ACE2 as a cell receptor to invade human
cells. Therefore, ACE2 is a key factor to analyze
the SARS-CoV-2 infection mechanism.

MATERIALS AND METHODS: We included
9,783 sequencing results of different organs, an-
alyzed the effects of different ACE2 expression
patterns in organs and immune regulation.

RESULTS: We found that ACE2 expression
was significantly increased in the lungs and di-
gestive tract. The cellular immunity of individu-
als with elevated ACE2 expression is activated,
whereas humoral immunity is dampened, lead-
ing to the release of many inflammatory factors
dominated by IL6. Furthermore, by studying the
sequencing results of SARS-CoV-2-infected and
uninfected cells, IL6 was found to be an indica-
tor of a significant increase in the number of in-
fected cells. However, although patients with
high expression of ACE2 will release many in-
flammatory factors dominated by IL6, cellular
immunity in the colorectum is significantly ac-
tivated. This effect may explain why individu-
als with SARS-CoV-2 infection have severe lung
symptoms and digestion issues, which are im-
portant causes of milder symptoms.

CONCLUSIONS: This finding indicates that
ACE2 and IL6 inhibitors have important value in
COVID-19.

Key Words:
COVID-19, ACEZ, IL6, Cellular immunity, Inflamma-
tory factors.

Introduction

Coronavirus is a single-stranded positive RNA
virus that infects various vertebrate hosts'. The
novel coronavirus (severe acute respiratory syn-
drome coronavirus 2, SARS-CoV-2) epidemic
spread rapidly worldwide, triggering a global
health crisis’>. SARS-CoV-2 causes coronavirus
disease 2019 (COVID-19) and belongs to the ge-
nus Betacoronavirus (B-CoV)'. SARS-CoV-2 and
severe acute respiratory syndrome coronavirus
(SARS-CoV) share 79.5% sequence homology,
with angiotensin-converting enzyme 2 (ACE2)
as the receptor, and SARS-CoV-2 enters the cell
similarly to SARS-CoV?. Therefore, ACE2 is an
important target for COVID-19. The coronavirus
can activate excessive and maladjusted host im-
mune responses, which may cause acute respira-
tory distress syndrome (ARDS)*. Autopsy analy-
sis of patients with COVID-19 and ARDS showed
that cytotoxic T cells were overactivated and that
the concentration of cytotoxic particles was el-
evated. Reports describing the immunological
characteristics of critically ill COVID-19 patients
indicated that excessive activation of humoral im-
mune pathways, including the interleukin (IL)-6
pathway, is a key mediator of respiratory failure,
shock and multiple organ dysfunction®. Coomes
et al® have shown that, in COVID-19 patients,
the IL6 levels are significantly increased and are
associated with adverse clinical outcomes. Be-
cause ACE2 and immune-related regulators play
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crucial roles in the infection and occurrence of
COVID-19, determining the relationship between
them is important. To study this subject, we ana-
lyzed the RNAseq data of SARS-CoV-2-infected
and uninfected cell lines in GSE147507 and found
that COVID-19 causes the expression of many
immune factor-related genes; one of them, IL6,
showed a significant difference. Thus, IL6 plays a
key role during COVID-19. To further determine
why SARS-CoV-2 uses ACE2 as the receptor, we
included the sequencing results of 9,783 different
organs and analyzed the effects of different ACE2
expression patterns on organs and immune regu-
lation to find the target and use this large data set
to facilitate the development of prevention and
control measures.

Materials and Methods

Data Sets

GEO (https://www.ncbi.nlm.nih.gov/geo/) is a
public knowledge base that stores high-through-
put functional genomic data in the form of mi-
croarrays and other analyses, and we obtained
GSE147507 from the GEO database expression
profiles. The GSE147507 database contains
SARS-CoV-2 infection samples and control sam-
ples based on the GPL18573 platform [Illumina
NextSeq 500 (Homo sapiens)]. From the UCSC
Xena project (HTTPS:/xenabrowser.net/datapag-
es/), we downloaded the GTEX RNA-SEQ gene
expression profile data set [RNAseq by expecta-
tion maximization (RSEM) standardization] of 31
normal human tissues, including the sequencing
results of 9,783 different organs.

Screening of Differentially
Expressed Genes

The RSEM method was used to normalize
the level 3 transcriptome data of the data set and
logarithmically convert all the gene expression
values. After normalizing the quantile, the ap-
proximate data were normally distributed’. In
this study, the R package limma was used to
analyze the gene expression data of infected and
uninfected patients meeting the mRNA require-
ments of p < 0.01, FDR < 0.01 and Log 2 fold
change (FC) | >1.5; there were two further stud-
ies, in which p indicates that hypothesis testing
is very important, and FDR is the control index
of the hypothesis testing error rate. As an indica-
tor of the selected differentially expressed gene,
the number of false rejections is proportional to
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the number of invalid hypotheses rejected. FC is
usually used to study the degree of change from
the initial value to the final value. In this study,
the ratio of the gene expression value of tumor
tissues to the gene expression value of normal
tissues is also called the difference multiple. To
facilitate visual comparison, a volcano map of
differentially expressed genes was constructed
in R®,

Gene Ontology and Pathway Enrich-
ment Analysis

Gene set enrichment analysis (GSEA) was
performed using GSEA v4.0.3 software (http:/
software.broadinstitute.org/gsea/index.jsp).
The enrichment score was compared with the
results of 1,000 randomly arranged genomes
to obtain the p-value and evaluate statistical
significance’.

Enumeration of Hematopoietic Cell
Subsets from Gene Expression Profiles

By studying the gene expression data of the
normal population, the relative proportion of
22 different genotypes was calculated by the
CIBERSORT immune infiltration algorithm to
analyze the penetration of immune cells. For
the GTEX data set, voom (observation-level
variation model) was used to convert the RNA-
seq data, and the count data were converted
to a value closer to the microarray results'.
The 22 cell types counted by the CIBERSORT
algorithm included B cells, T cells and natural
killer (NK) cells. CIBERSORT is a type of
deconvolution algorithm that uses a set of data
that is considered the least expressed amount of
each cell type, corresponding to the data repre-
senting the expression value of reference genes
(547 genes in the “feature matrix”)"". CIBER-
SORT uses Monte Carlo sampling to obtain
the p-value of each sample deconvolution and
provides the interval measurement of the re-
sults. Gene expression data sets are available
using standard annotation files and uploaded
to the CIBERSORT website (http://cibersort.
stanford.edu/). The algorithm uses the default
feature matrix to run 1,000 times. We drew
a heatmap to show the infiltration of immune
cells in different individuals. By analyzing the
correlation among immune cells in different
groups, the related heatmap was drawn. To
explore the differences in immune infiltrating
cells in different groups, we drew a violin chart
to display them directly.
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WGCNA Co-Expression
Network Construction

Gene expression data (mRNA SEQ data) were
obtained by analyzing the GTEX database. In to-
tal, 22,804 genes were identified in each sample.
We performed ANOVA, sorting from large to
small. We calculated the SD value of each gene,
sorted them from large to small and then selected
the first 5,000 genes for weighted correlation net-
work analysis (WGCNA).

The WGCNA data package in R language soft-
ware was used to construct the expression data
formal map of these 5,000 genes and construct a
gene co-expression network'2. The adjacency of
functions in the WGCNA software package was
used for unified analysis, and the adjacency ma-
trix was constructed by calculating the Pearson
correlation among all gene pairs in the sample
analyzed. In our study, soft threshold parameters
were used to ensure the accuracy of scale-free
networks. To further identify the functional mod-
ules in the co-expression network of these 5,000
genes, we used the adjacency matrix to calculate
the topological overlap measure (ToM), which
represents the overlap in the shared neighbor-
hood.

Identification of Clinically Significant
Modules

We studied and analyzed the correlation be-
tween MEs and phenotypes to understand the
relevant modules. The log 10 transformation of
the p-value (GS = LGP) in the linear regression of
gene expression and phenotype information was
defined as gene significance (GS). Additionally,
module significance (MS) was defined as the GS
mean of all genes studied in the module. General-
ly, among the modules selected, the module with
the highest absolute value of MS is considered the
module related to the expression level of ACE2.

PPI Network Construction of
Key Module Genes

Core genes can be highly connected with the
key points in related modules with important and
representative functions. We studied the top 30
core genes in the modular network as preparatory
genes for research and analysis. The string data
set is a type of network biological resource with
authority that can reveal the interaction among
proteins to obtain accurate function of the real
protein'’. The prepared core genes were uploaded
to the string database for the protein interaction
network framework, and the cut-off value was

set to 0.4. The significant modules with strong
protein-protein linkage were calculated and an-
alyzed. The default parameters were as follows:
degree cut > 2, node cut > 2, k-core > 2, and
maximum depth = 100. p < 0.05 was considered
statistically significant.

Statistical Analyses

Pearson’s y* test was used to count the dif-
ferences in ACE2 expression in different sexes
and IL6 expression in different ACE2 expression
groups. IBM SPSS statistical software version
22.0 and R version 5.3.0 (R Foundation) were
used for statistical analysis. The p-value was
two-sided, and p < 0.05 was considered statisti-
cally significant.

Results

SARS-CoV-2-Infected Cells Can
Cause a Storm of Inflammatory
Factors Dominated by IL6

We compared the differentially expressed
genes and enriched signaling pathways in
GSE147507-infected and uninfected cells. The
expression of inflammation-related factors in in-
fected cells increased significantly, including that
of IFNBI (logFC = 9.667475; p = 3.36E-06),
IFNL3 (logfFC = 9.234619556; p = 9.05E-00),
IFNL2 (logFC = 8.312059088; p = 3.52 E-05), IF-
NLI1 (logFC = 7.498878295 p = 5.91E-05), IFNL4
(logFC = 6.452675842; p = 0.000548969), ZBP1
(logFC = 6.071254311; p = 0.000783647), CH25H
(logFC = 5.931967285; p = 1.65 E-05), CXCLI11
(logFC = 5.693455357; p = 3.02E-05), CXCL10
(logFC = 5.53526306; p = 7.65E-06), and IL6
(logFC = 5.290455576; p = 8.67E-09). Figure 1A
shows that the significant difference in the 1L6
level is the largest, indicating the important role
of IL6 during infection. The infected cells were
enriched in pathways related to inflammatory
factors and pathways closely related to immune
cell activation (Figure 1B-F).

Infection With SARS-CoV-2 Causes
the Enrichment of Immune Cells,
Such As T Lymphocytes

From the above pathway enrichment, we found
that COVID-19 may be correlated with immune
cell activation. To this end, we predicted the
enrichment of immune cells through the related
expression of immune cell genes. We found that
infection caused plasma cells, follicular helper T
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ACEZ Expression Is Inconsistent in
Different Organs

The ACE2 receptor is the main mechanism
of COVID-19 pathogenesis. Analysis of the ex-
pression of ACE2 in different organs of the
human body revealed the COVID-19-suscep-
tible parts. We analyzed 9,783 RNAseq results
from different organs. The expression level of
ACE2 differed between men and women. How-
ever, the digestive and respiratory tracts of men
and women displayed significant upregulation of
ACE2 expression, and its expression in the male
reproductive system was significantly increased
(Figure 2A and B). ACE2 exhibited the highest
level in the digestive tract (Figures 3 and 4A).

cells, and MO macrophages to decline in number
but increased the number of regulatory T cells
(Tregs), resting dendritic cells, and activated mast
cells (Figure 2A-C). The decline in the number
of follicular helper T cells and rise in the num-
ber of Tregs indicate that infection can suppress
cellular immunity, further allowing the infection
to spread. The decrease in MO macrophages and
increase in activated mast cells can promote the
release of related inflammatory factors, thereby
destroying the body and organs.

women.

Figure 1. A, Volcano map of differential gene expression in COVID-19 and non-infection. B, Functional enrichment and
pathway analysis of the COVID-19 and non-infection groups. C, Cytokine receptor interaction pathway in COVID-19. D,
Chemokine signalling pathway in COVID-19. E, B-cell receptor signalling in COVID-19. F TOLL-like receptor signalling
pathway in COVID-19.

Regarding sex differences, ACE2 expression in
women’s blood was higher than that in men’s
blood, and ACE2 expression in the brain, breast,
esophagus, heart and skeletal muscle in men was
significantly higher than that in women (Figure
4B). This result may also explain why the inci-
dence in men is significantly higher than that in

Increased ACEZ2 Expression in
Normal Human Lungs Has An
Important Relationship with IL6

To build a WGCNA network, the lung data
from the GTEx database were downloaded.
Using R for background correction and nor-
malization, the same pre-processing was per-
formed on the original data. R package anno-
tation matching between probes and gene sym-
bols was performed to remove probes matching
multiple genes. For genes matching multiple
probes, the median was used as the final ex-
pression value. We calculated the SD value of
each gene, sorted them from large to small, and
then, selected the first 5,000 genes for WGC-
NA. Cluster analysis of the 5,000 genes was
carried out using the fastcluster function of the
WGCNA package (Figure 5A). The selection of
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Figure 2. A, Proportion of immune cell subsets in the COVID-19 and non-infection groups. B, Heatmap of different immune

cell subsets in the COVID-19 and non-infection groups. C, Violin map of the significant differences between the COVID-19
and non-infection groups.

Figure 3. RNA expression of ACE2 in normal tissues. A, ACE2 expression in different tissues from men. B, ACE2 expression
in different tissues from women.

531



Z. Bao, L.-J. Wang, K. He, X. Lin, T. Yu, J. Li, J. Gong, G. Xiang

<
.

o éuJLJ % %&£$%

Gane expresson
.

e

S P —
i S 8
BRI BT S ===
4] i BH.'i! | p | 8= ==
' L A, iHS8n Se
JI7i —]- RaTT] élﬂié T?.: e s
I T I
AL IR
Gender B3 teruie B3 moke
B o - !

i ':a]
Jé L

/&

/¥?Zfi’§ff£f?f}i/{?i?i{{?firffﬁ

Figure 4. A, Comparison of the ACE2 expression levels across 31 human tissues in GTEx. B, Comparison of ACE2 expression

levels between men and women.

the soft threshold power is an important part of
the network model. By analyzing the network
topology under 1~20 threshold weights, the rel-
ative balance scale independence and average
connectivity of the WGCNA were determined.
As shown in the figure, the power values of 5B
and 5C were selected as the minimum power
values (0.9) of the scale-free topological fit in-
dex to generate 5,000 gene hierarchical cluster-
ing trees. We set multithreads to 0.25 to merge
similar modules (Figure 5D) and generate three
modules (Figure 5E). The gene statistics of
each module are shown in Table I. The genes
that could not be included in any module were
placed in the grey module and excluded from
the subsequent analysis.

We analyzed the interaction among the three
modules and constructed the network heat map
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(Figure 5F). Each module was independent
from each other, and each module was high-
ly independent from each other, with relative-
ly independent gene expression. Additionally,
the characteristic genes were calculated and
clustered according to their correlation with
exploring the co-expression similarity of all
modules (Figure 5G). We found that the three
modules are mainly divided into two clusters.
Turquoise was positively correlated with high
ACE2 expression. The protein interaction of the
turquoise gene set was submitted to STRING,
and the binding confidence interval of trunca-
tion value was set as 0.4. In Plugin Molecular
Complex Detection (MCODE), significant mod-
els with strong protein-protein connections were
calculated and selected, with default parameters
(degree cut>2, node score cut>2, K-core>2, and
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Figure 5. WGCNA of low and high ACE2 expression in the human lung. A, Clustering was based on the GTEx expression
data. The top 5,000 genes with the highest SD values were used for WGCNA. The colour intensity was proportional to
expression status (ACE2 low and high). B, Analysis of the scale-free fit index for various soft-thresholding powers (§). C,
Analysis of the mean connectivity for various soft-thresholding powers. Overall, 4 is the power value with the best fit. D,
Cluster dendrogram of module eigengenes. E, Cluster dendrogram of genes in GTEx. Each branch in the figure represents one
gene, and every colour below represents one co-expression module. F, Heatmap of the correlation between module eigengenes
and a high ACE2 expression status. The turquoise module was the most positively correlated with high ACE2 expression. G

Scatter plot of module eigengenes in the turquoise module.

Table I. Gene statistics in each module of the ACE2 status
of the lung.

Module Genes
Blue 97
Grey 183
Turquoise 217

maximum depth =100). A p-value < 0.05 indi-
cated statistical significance. The nodal degree
candidate genes were sequenced, and the core
genes were selected for further analysis. Figure
6A and B shows hub genes in turquoise. [L6 was
the dominant gene, indicating it plays the most
important role in ACE2 expression.
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Figure 6. A, Top hub genes in the turquoise module of the human colorectum. B, Number of node strings of hub genes
in the turquoise module. Edges represent protein-protein associations. Cambridge blue: from curated databases. Violet:
experimentally determined. Green: neighbourhood. Red: gene fusions. Blue: gene co-occurrence. Reseda green: text mining.

Black: co-expression. Lilac: protein homology.

Increased Expression of ACEZ Can
Downregulate Cellular Immunity and
Increase Humoral Immunity in the Lung
The lung is the main infection site of COVID-19,
and the ACE2 receptor is the main target.
COVID-19 can release many immune factors and
suppress cellular immunity. To study the effect of
high ACE2 expression on lung immune-related
cells, we compared the proportion of immune
cell subsets in the different ACE2 expression
groups and found that the ACE2 high-expression
group had plasma cells, M0 macrophages, M2
macrophages, resting dendritic cells, and neutro-
phils that were significantly more abundant than
those in the low-expression group. CD8 T cells,
Tregs and resting mast cells were significantly
less abundant in the ACE2 high-expression group
than in the low-expression group. People with
high expression of ACE2 may not only be easily
susceptible to COVID-19 but also have lower cel-
lular immunity and develop excessive release of
inflammatory mediators (Figure 7).

High Expression of IL6 in the Lung,
Colorectum and Skin Is Associated
With High Expression of ACEZ

IL6 is the core inflammatory factor released
after infection with COVID-19. The IL6 expres-
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sion level was the highest in the normal lung
(Figure 8A and B). However, the relationship
between ACE2 and IL6 has not been thorough-
ly studied. We divided the cohort into the high
and low ACE2 expression groups and compared
IL6 expression in these two groups. High ACE2
expression was correlated with high IL6 expres-
sion in the lung, colorectum and skin. The lung
represents the respiratory system, the colorectal
represents the digestive system, and the skin
communicates with the outside world. The in-
creased ACE2 expression in these systems may
be related to the release of inflammatory factors.
This finding also revealed that individuals with
high ACE2 expression may be more prone to in-
flammatory factor storms.

Increased ACEZ Expression in
Normal Human Colorectal Tissue Is
Associated With IL6 But Can Lead to
the Upregulation of Cellular Immunity
Similarly, we used the WGCNA method to
identify the core genes of ACE2 with different
expression levels in the colorectum (Table II).
IL6 was still the core gene with high ACE2 ex-
pression (Supplementary Figure 1 and Supple-
mentary Figure 2). By analyzing the expression
of ACE2 and the enrichment of immune cells, we
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Figure 7. A, Proportion of immune cell subsets in the low and high ACE2 expression groups in the human lung. B, Heatmap
of different immune cell subsets in the low and high ACE2 expression groups. C, Violin map of the significant differences

between the low and high ACE2 expression groups.

Table IlI. Gene statistics in each module of the ACE2 status
of the colon and small intestine.

Module Genes
Blue 486
Brown 131
Green 41
Grey 92
Turquoise 778
Yellow 126

found that, in the colorectal group, the number
of memory B cells, plasma cells, CD8 T cells,
resting memory CD4 T cells, activated memory
CD4 T cells, T follicular helper cells, Tregs, and
resting NK cells was significantly higher in the
low-expression group. The number of activat-
ed NK cells, monocytes, MO macrophages, M1
macrophages, M2 macrophages, resting dendritic
cells, resting mast cells, activated mast cells, eo-
sinophils, and neutrophils were significantly low-
er in the high-expression population than in the
low-expression population. This finding contrast

535



Z. Bao, L.-J. Wang, K. He, X. Lin, T. Yu, J. Li, J. Gong, G. Xiang

-

il

o

.

:

s |7 )

YLl
V4 fff

i777137337 ,yf/ 77 ffngf; 177

i

) acezLER acean

organ

B stpome_tene [

parcess

5 sdvma god B prstery_gere

=

oac

J
o] eomand
ore FRarOs
oan
wesw
O

L T

Sloom_tate

St
ey
—
wg
-

ey

B3 prostaw

B3 sy gvw
e ey (Teaow
B v

B wol_riewte
B e

E e

=

D tyee gax
B3 wvery_tesese
B3 uswe_seve
B3 wana

3 vagra

M,

/4

ﬁi;ffff,ﬁfﬂffyfﬂ;»yfgf

Figure 8. A, Comparison of IL6 expression levels across 31 human tissues in GTEx. B, Comparison of IL6 expression levels

between the low and high ACE2 expression groups.

that in the lungs, showing more evident immune
cell enrichment (Supplementary Figure 3). In
the colorectal group, the cellular immunity of
the population with high ACE2 expression in-
creased significantly, and the humoral immunity
decreased significantly. This finding can also ex-
plain why most patients with COVID-19 develop
severe pneumonia but rarely die due to diges-
tive tract manifestations. Although studies have
shown that viruses in the digestive tract can cause
related symptoms, patients with severe digestive
tract infections and mortality are rare.

Although IL6 Expression Is Significantly
Increased in Individuals with High ACEZ
Expression in the Skin, Immune-Related
Enrichment Is Not Observed

Through WGCNA of skin ACE2 in high-ex-
pression and low-expression populations (Table
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IIT), no association was found between ACE2
and related genes (Supplementary Figure 4).
Through correlation analysis, immune enrich-
ment was not significantly different regarding
ACE2 expression in the skin and the enrichment
of immune-related cells (Supplementary Figure
5). This result shows that the skin is not affected
by the virus. We analyzed the relationship be-
tween ACE2 and IL6 expression in 13 organs of

Table Ill. Gene statistics in each module of the ACE2 status
of the skin.

Module Genes
Blue 38
Brown 34
Grey 233
Turquoise 84
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the human body and found that ACE2 expression
in the respiratory system and digestive system
was higher than that in other organs, but the
immune enrichment of the lung and colorectal
systems was correlated, precisely because of the
lung. ACE2 is highly expressed in this compart-
ment, the cellular immunity of the high-expres-
sion population is low, and the humoral immunity
is strong, thus causing severe pneumonia after
viral infection. However, the digestive system
showed the opposite manifestation. The digestive
system already has strong immunity; although
ACE2 is highly expressed as a virus receptor,
the digestive system can kill the virus through
cellular immunity.

Discussion

In severe SARS patients, the mortality rate
is very high'. Two severe coronaviruses have
caused severe respiratory syndrome in the past
100 years: SARS-CoV and Middle East respi-
ratory syndrome coronavirus (MERS-CoV)*!.
However, effective treatment or a vaccine against
the fatal respiratory syndrome caused by SARS-
CoV-2 is lacking, other than control measures.
Why is this virus so infectious and lethal? This
problem has been troublesome. Fortunately, we
found evidence that ACE2 is one of the host re-
ceptors required for SARS-CoV group members
(including SARS-CoV-2) to enter the cell'. This
is a unique feature of the virus, but it has caused
new concerns. Why do these viruses choose
ACE2 as their receptor? Angiotensin II (Ang II)
is a small linear peptide composed of 8 amino
acids and is the main effector of the renin-angio-
tensin system (RS). Ang II is the ligand for two
main receptors — Ang II 1 receptor (ATIR) and
AT2R — which are specific G protein-coupled
type 1 and 2 receptors on the surface of target
cells. Ang II participates in regulating biological
functions, such as vasomotion, water-salt bal-
ance, inflammatory responses, cell proliferation,
and apoptosis, through the above two receptors'”.
To this end, we analyzed the expression of ACE2
in the normal population. Additionally, we ana-
lyzed the impact of high ACE2 expression and
low ACE2 expression on the human body to un-
ravel this mystery.

When we analyzed the core genes of individ-
uals with high or low expression of ACE2 in the
lungs, we found that IL6 is the target of differenc-
es in this group of people. IL6 is a cytokine of the

chemokine family. IL6 targets many cells, includ-
ing macrophages, hepatocytes, resting T cells, ac-
tivated B cells, and plasma cells'®. Thus, individ-
uals with high ACE2 expression are more likely
to develop a storm of IL6-based inflammatory
factors. The clues regarding how the increased
levels of IL6 in ARDS affect immunity come
from experimentally induced viral pulmonary
infection, in which IL6 may have background
protection or aggravating effects, including mod-
ulating the infection severity, survival rate and
tissue remodeling. However, in general, the data
for coronavirus family members are limited. In
human epithelial cells, SARS-CoV induces more
IL6 than influenza A virus and parainfluenza 2
virus but induces less soc3 expression than other
viruses, suggesting that the IL6 response to this
virus may be more exaggerated”. We also ana-
lyzed the RNAseq data of COVID-19-infected
and uninfected cell lines in GSE147507 for the
first time and found that the difference in IL6
expression was the most significant. Individuals
with high ACE2 expression are also more likely
to produce more IL6. Michot et al*® reported on
the limited findings of the IL6 inhibitor tocili-
zumab in COVID-19 treatment. Anti-IL6 recep-
tor inhibitor treatment can reduce the risk of pro-
gression to SARS by reducing cytokine storms
in the lungs of COVID-19 patients®®. However,
this finding was from one case report. Aziz et al®
included 8 related studies in a systematic review
and found that, in patients with COVID-19, the
IL6 levels were significantly increased and asso-
ciated with adverse clinical outcomes. In the pre-
liminary study, the use of tocilizumab to inhibit
IL6 seemed effective and safe’. We found that, in
addition to high ACE2 expression Oin the lungs,
high ACE2 expression in the colorectum and skin
is related to IL6. However, why do patients pres-
ent with severe pulmonary symptoms rather than
gastrointestinal and skin symptoms?

Presently, very limited information exists
concerning the innate immune status of the
host with SARS-CoV-2 infection. In a report of
99 cases investigated in Wuhan, an increase in
total neutrophils (38%), a decrease in total lym-
phocytes (35%), an increase in serum IL6 levels
(52%), and an increase in c-reactive protein lev-
els (84%) were observed®. Another report from
Wuhan?' showed that, in 41 patients in the in-
tensive care unit, the total neutrophils increased
and total lymphocytes decreased compared with
those in non-intensive care patients, with a sig-
nificant difference. Neutropenia and lymphope-
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nia are also related to the severity of the disease
and death. These clinical features suggest the
possibility that a highly proinflammatory state
is involved in disease progression and severity.
An early increase in the level of proinflamma-
tory cytokines in the serum was also observed
in SARS-CoV and MERS-CoV infections, sug-
gesting similar cytokine storm-mediated disease
severity?”?. SARS-CoV directly infects macro-
phages and T cells, a key feature of SARS-
CoV pathogenesis. It remains unclear whether
SARS-CoV-2 infects any immune cells*. Cel-
lular immunity has always been a great weapon
for killing viruses. We found that, in the lungs of
the normal population with high ACE2, cellular
immunity is significantly lower than that in the
ACE2 low-expression population, but humoral
immunity is higher than that in the low-expres-
sion population. This related mechanism has not
been researched and clarified, but individuals
with high ACE2 expression are not only sus-
ceptible to COVID-19 but also more likely to
develop immunodeficiency and further spread
the virus. This finding may also be an important
reason why COVID-19 is more likely to invade
people with high ACE2 expression.

Although the typical manifestations of this in-
fection, such as fever, cough and pneumonia, are
well understood, the incidence of typical gas-
trointestinal symptoms (such as diarrhea, in the
range of 1%-3.8%) reported by earlier studies is
lower?*. Several articles reported on gastrointes-
tinal symptoms, detection of the virus in feces,
and potential pathophysiology, including the ex-
pression of viral receptors in the gastrointestinal
tract”. In approximately 50% of COVID-19 cas-
es, SARS-CoV-2 was present in stool samples
and the intestinal mucosa of infected patients,
suggesting that intestinal symptoms may be
caused by intestinal epithelium-expressed ACE2
facilitating cell invasion, and the gastrointestinal
tract may be another route of infection. In more
than half of patients, SARS-CoV-2 RNA in stool
samples remained positive for an average of 11
days after the clearance of respiratory samples?.
Our research also found that ACE2 expression
in the digestive tract was significantly increase.
In patients with high ACE2 expression, the IL6
content was also significantly increased. How-
ever, why do viruses easily invade the digestive
tract, such as the colorectum, but very few pa-
tients die due to digestive tract infections? This
issue has not been resolved. Our study found for
the first time that, in the group with increased
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colorectal ACE2 expression, cellular immunity
was significantly higher than that in the group
with low ACE2 expression, while humoral im-
munity was lower than that in the group with
low ACE2 expression. This finding also explains
why patients susceptible to COVID-19 have
evident pulmonary symptoms but have milder
digestive symptoms because the digestive tract
can produce sufficient cellular immunity against
viruses.

Conclusions

Our study found for the first time that individ-
uals with elevated ACE2 expression in the lungs
have upregulated humoral immunity and are
prone to develop an inflammatory cytokine storm
dominated by IL6 and that the cellular immunity
of these individuals is decreased significantly.
IL6 is the cytokine that changes most significant-
ly during COVID-19. This result also explains
why the population susceptible to COVID-19 is
more likely to develop severe lung infections and
injuries, ultimately leading to breathing diffi-
culties. However, because the digestive tract has
higher ACE2 expression, it is more susceptible to
COVID-19 but has stronger cellular immunity.
Thus, the digestive tract releases inflammatory
factors and causes damage at the same time, but
it also has sufficient immunity to fight the virus,
possibly explaining why digestive tract symp-
toms are mild. Together, these findings indicate
that ACE2 and IL6 inhibitors have important
value in COVID-19.

Conflict of Interest
The Authors declare that they have no conflict of interests.

Declaration of Funding Interests

Guangzhou Science and Technology Project of Tradition-
al Chinese Medicine and Integration of Traditional Chinese
and Western Medicine (20192A011024). Flagship Specialty
Construction Project-General Surgery (711003).

References

1) Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, Wang
W, Song H, Huang B, Zhu N, Bi Y, Ma X, Zhan F,
Wang L, Hu T, Zhou H, Hu Z, Zhou W, Zhao L,
Chen J, Meng Y, Wang J, Lin Y, Yuan J, Xie Z, Ma
J, Liu WJ, Wang D, Xu W, Holmes EC, Gao GF,



COVID-19, ACEZ, IL6, cellular immunity, Inflammatory factors

6)

7)

10)

11)

12)

13)

14)

Wu G, Chen W, Shi W, Tan W. Genomic charac-
terisation and epidemiology of 2019 novel coro-
navirus: implications for virus origins and recep-
tor binding. Lancet 2020; 395: 565-574.

Horton R. Offline: 2019-nCoV outbreak-early les-
sons. Lancet 2020; 395: 322.

Zhou P, Yang XL, Wang XG, Hu B, Zhang L,
Zhang W, Si HR, Zhu Y, Li B, Huang CL, Chen
HD, Chen J, Luo Y, Guo H, Jiang RD, Liu MQ,
Chen Y, Shen XR, Wang X, Zheng XS, Zhao K,
Chen QJ, Deng F, Liu LL, Yan B, Zhan FX, Wang
YY, Xiao GF, Shi ZL. A pneumonia outbreak as-
sociated with a new coronavirus of probable bat
origin. Nature 2020; 579: 270-273.

Channappanavar R, Perlman S. Pathogenic hu-
man coronavirus infections: causes and conse-
quences of cytokine storm and immunopatholo-
gy. Semin Immunopathol 2017; 39: 529-539.

Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang
C, Liu S, Zhao P, Liu H, Zhu L, Tai Y, Bai C,
Gao T, Song J, Xia P, Dong J, Zhao J, Wang
FS. Pathological findings of COVID-19 associated
with acute respiratory distress syndrome. Lancet
Respir Med 2020; 8: 420-422.

Aziz M, Fatima R, Assaly R. Elevated interleu-
kin-6 and severe COVID-19: a meta-analysis. J
Med Virol 2020. doi: 10.1002/jmv.25948.

Li B, Dewey CN. RSEM: accurate transcript
quantification from RNA-Seq data with or with-
out a reference genome. BMC Bioinform 2011;
12: 323.

Li H, Su Q, Li B, Lan L, Wang C, Li W, Wang
G, Chen W, He Y, Zhang C. High expression of
WTAP leads to poor prognosis of gastric can-
cer by influencing tumour-associated T lympho-
cyte infiltration. J Cell Mol Med 2020; 24: 4452-
4465.

Yang L, Peng X, Li Y, Zhang X, Ma Y, Wu C, Fan
Q, Wei S, Li H, Liu J. Long non-coding RNA HO-
TAIR promotes exosome secretion by regulating
RAB35 and SNAP23 in hepatocellular carcinoma.
Mol Cancer 2019; 18: 78.

Law CW, Chen Y, Shi W, Smyth GK. Voom: pre-
cision weights unlock linear model analysis tools
for RNA-seq read counts. Genome Biol 2014; 15:
R29.

Newman AM, Liu CL, Green MR, Gentles AJ,
Feng W, Xu Y, Hoang CD, Diehn M, Alizadeh AA.
Robust enumeration of cell subsets from tissue
expression profiles. Nat Methods 2015; 12: 453-
457.

Langfelder P, Horvath S. WGCNA: an R package
for weighted correlation network analysis. BMC
Bioinform 2008; 9: 559.

Snel B, Lehmann G, Bork P, Huynen MA. STRING:
a web-server to retrieve and display the repeated-
ly occurring neighbourhood of a gene. Nucleic
Acids Res 2000; 28: 3442-3444.

Lazzerini M, Putoto G. COVID-19 in ltaly: momen-
tous decisions and many uncertainties. Lancet
Glob Health 2020; 8: e641-e642.

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

Ksiazek TG, Erdman D, Goldsmith CS, Zaki SR,
Peret T, Emery S, Tong S, Urbani C, Comer JA,
Lim W, Rollin PE, Dowell SF, Ling AE, Humphrey
CD, Shieh WJ, Guarner J, Paddock CD, Rota P,
Fields B, DeRisi J, Yang JY, Cox N, Hughes JM,
LeDuc JW, Bellini WJ, Anderson LJ, SARS Work-
ing Group. A novel coronavirus associated with
severe acute respiratory syndrome. N Engl J Med
2003; 348: 1953-1966.

Zaki AM, van Boheemen S, Bestebroer TM,
Osterhaus AD, Fouchier RA. Isolation of a nov-
el coronavirus from a man with pneumonia in
Saudi Arabia. N Engl J Med 2012; 367: 1814-
1820.

Kuba K, Imai Y, Ohto-Nakanishi T, Penninger JM.
Trilogy of ACE2: a peptidase in the renin-angio-
tensin system, a SARS receptor, and a partner for
amino acid transporters. Pharmacol Ther 2010;
128: 119-128.

Zhang TY, Dutta R, Benard B, Zhao F, Yin R, Ma-
jeti R. IL-6 blockade reverses bone marrow fail-
ure induced by human acute myeloid leukemia.
Sci Transl Med. 2020; 8:512-538.

Okabayashi T, Kariwa H, Yokota S, lki S, Indoh
T, Yokosawa N, Takashima |, Tsutsumi H, Fuijii
N. Cytokine regulation in SARS coronavirus in-
fection compared to other respiratory virus infec-
tions. J Med Virol 2006; 78: 417-424.

Michot JM, Albiges L, Chaput N, Saada V, Pom-
meret F, Griscelli F, Balleyguier C, Besse B, Mar-
abelle A, Netzer F, Merad M, Robert C, Barlesi F,
Gachot B, Stoclin A. Tocilizumab, an anti-IL-6 re-
ceptor antibody, to treat COVID-19-related respi-
ratory failure: a case report. Ann Oncol 2020; 31:
961-964.

Wu F, Zhao S, Yu B, Chen YM, Wang W, Song
ZG, Hu Y, Tao ZW, Tian JH, Pei YY, Yuan ML,
Zhang YL, Dai FH, Liu Y, Wang QM, Zheng JJ, Xu
L, Holmes EC, Zhang YZ. A new coronavirus as-
sociated with human respiratory disease in Chi-
na. Nature 2020; 579: 265-269.

Mahallawi WH, Khabour OF, Zhang Q, Makh-
doum HM, Suliman BA. MERS-CoV infection in
humans is associated with a pro-inflammato-
ry Th1 and Th17 cytokine profile. Cytokine 2018;
104: 8-13.

Perlman S, Dandekar AA. Immunopathogenesis
of coronavirus infections: implications for SARS.
Nat Rev Immunol 2005; 5: 917-927.

Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He
JX, Liu L, Shan H, Lei CL, Hui DSC, Du B,
Li LJ, Zeng G, Yuen KY, Chen RC, Tang CL,
Wang T, Chen PY, Xiang J, Li SY, Wang JL, Li-
ang ZJ, Peng YX, Wei L, Liu Y, Hu YH, Peng P,
Wang JM, Liu JY, Chen Z, Li G, Zheng ZJ, Qiu
SQ, Luo J, Ye CJ, Zhu SY, Zhong NS; China
Medical Treatment Expert Group for Covid-19.
Clinical characteristics of coronavirus disease
2019 in China. N Engl J Med 2020; 382: 1708-
1720.

Jin X, Lian JS, Hu JH, Gao J, Zheng L, Zhang
YM, Hao SR, Jia HY, Cai H, Zhang XL, Yu GD,

539



Z. Bao, L.-J. Wang, K. He, X. Lin, T. Yu, J. Li, J. Gong, G. Xiang

Xu KJ, Wang XY, Gu JQ, Zhang SY, Ye CY, Jin
CL, Lu YF, Yu X, Yu XP, Huang JR, Xu KL, Ni
Q, Yu CB, Zhu B, Li YT, Liu J, Zhao H, Zhang X,
Yu L, Guo YZ, Su JW, Tao JJ, Lang GJ, Wu XX,
Wu WR, Qv TT, Xiang DR, Yi P, Shi D, Chen Y,
Ren Y, Qiu YQ, Li LJ, Sheng J, Yang Y. Epide-
miological, clinical and virological characteris-
tics of 74 cases of coronavirus-infected disease

540

26)

2019 (COVID-19) with gastrointestinal symp-
toms. Gut 2020; 69: 1002-1009.

Wu Y, Guo C, Tang L, Hong Z, Zhou J, Dong X,
Yin H, Xiao Q, Tang Y, Qu X, Kuang L, Fang X,
Mishra N, Lu J, Shan H, Jiang G, Huang X. Pro-
longed presence of SARS-CoV-2 viral RNA in
faecal samples. Lancet Gastroenterol Hepatol
2020; 5: 434-435.



