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Functional and tissue enrichment analyses suggest that
SARS-CoV-2 infection affects host metabolism and catabolism
mediated by interference on host proteins
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Abstract
Infection by SARS-CoV-2, the causative agent of COVID-19, is critically connected with host metabolism. Through functional
enrichment analysis, the present study aims to evaluate the biological processes involving host proteins interfered by SARS-
CoV-2 to verify the potential metabolic impact of the infection. Furthermore, tissue enrichment analyses and differential gene
expression of host proteins were applied to understand the interference by SARS-CoV-2 on tissue levels. Results based on
functional and tissue-specific enrichment analyses, presented in this study, suggest that SARS-CoV-2, mediated interference on
host proteins, can affect the metabolism and catabolism of molecular building blocks and control intracellular mechanisms,
including gene expression in metabolism-related organs, to support viral demands. Thus, SARS-CoV-2 can broadly affect the
host metabolism and catabolism at tissue and physiological levels contributing to a more severe disease.
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Introduction

Severe acute respiratory syndrome-related coronavirus 2
(SARS-CoV-2), the causative agent of coronavirus disease
2019 (COVID-19), is phylogenetically close to SARS-CoV
and Middle East respiratory syndrome-related coronavirus
(MERS-CoV) and triggers similar symptoms as observed in
SARS and MERS—high fever, cough, sputum production,
pneumonia, dyspnea, and acute lung injury with high mortal-
ity [1–3]. Although respiratory aspects of COVID-19 have
been the main clinical concern, extra-pulmonary alterations
frequently occur, including severe inflammatory reaction, kid-
ney failure, acute cardiac injury, arrhythmias, sepsis, and
others [1, 4, 5]. Furthermore, central metabolic organs, such

as the pancreas and liver, can also be affected by SARS-CoV-
2 infection [6–8].

Despite the absence of pre-existing immunity against
SARS-CoV-2, inflammatory immune reaction has been com-
monly observed in COVID-19 [9]. Inflammation is essential
for host protection, but SARS-CoV-2 infection triggers an
aggressive inflammatory response. Consequently a vast set
of cytokines (including IL-2, IL-6, IL-7, and TNF) is pro-
duced resulting in a cytokine storm [5, 9]. Uncontrolled in-
flammation inflicts multi-organ damage [10]. Metabolic dis-
orders, such as obesity or diabetes, contribute to immune dys-
regulation and exacerbate the inflammatory reaction causing
homeostasis breakdown during SARS-CoV-2 infection [11].
Moreover, the expression of ACE2 (the receptor for SARS-
CoV-2) is enhanced in diabetic individuals in comparison
with non-diabetic ones [10, 12]. Therefore, the control of the
altered metabolism ameliorates the acute effects of SARS-
CoV-2 and reduces the inflammatory response [10]. Thus,
diabetes might contribute to a more prolonged proinflamma-
tory response and deficient control of SARS-CoV-2 replica-
tion [13].

Viruses can interfere with the expression of multiple host
genes involved in metabolism and biosynthesis of glucose,
lipid, and amino acids [14]. The partial control of the host
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metabolism by viral evolved mechanisms, hijacking nutrient,
and molecular building blocks from hosts favors the viral
replication and persistence [15]. For instance, while cytomeg-
alovirus (CMV) and dengue virus induce the elevation of glu-
cose consumption [14], MERS-CoV, human coronavirus
229E (HCoV-229E), and mouse hepatitis virus (MHV) pick
up host lipids to increase replication [16, 17]. Similar to other
human viruses, coronaviruses establish molecular interactions
with their hosts to take over the cellular mechanisms to sup-
port viral replication. Coronaviruses have adaptive benefits to
take advantage from the host operating at different organs
which disrupt a wide variety of biological processes and path-
ways [6, 18].

Better understanding of the interference of SARS-CoV-2
on host biological processes and the viral impact on the tissue
and organs can provide important insight into research and
clinical aspects of COVID-19. Thus, the present study at-
tempts to investigate and explore the most affected biological
processes which involve host proteins interfered by SARS-
CoV-2 combined with the tissue-specific differential
expression.

Methods

This study aims to investigate, by enrichment analysis, the
biological processes involved in coronaviruses-associated
host proteins and their differential expression on tissues and
organs. Two sets of host proteins that interact with
coronaviruses proteins were included in this study: a set of
host proteins associated with SARS-CoV encompassing 64
proteins [19] and a set of host proteins associated with
SARS-CoV-2 encompassing 332 proteins [20]. The
coronaviruses-associated host proteins included in this work
are described in the literature [19, 20] and detailed in supple-
mentary table 1.

A tool from g:Profiler [21], g:GOSt, performed the enrich-
ment analyses, based on Gene Ontology (GO) terms, to iden-
tify in which pathways and processes the coronaviruses-
associated host proteins are implicated. Based on
Benjamini–Hochberg False Discovery Rate (FDR) test, the
significant biological processes, with P-values inferior to
0.01, were included in the analyses. The heatmap and the
differentially expressed gene (DEG) analyses were inferred
based on values of gene expression from samples collected
from non-diseased tissue sites available on GTEx biobank
(https://www.gtexportal.org/home/) which is integrated in
FUMA platform [22]. Both analyses were performed using a
gene list (supplementary table 1) based on the host proteins
associated with SARS-CoV-2. Heatmap included the gene
expression values (TPM—transcripts per million) of the 330
genes from 30 tissue types. AATF and CISD3 genes were not
available in the database. The heatmap results were based on

the expression value log2(TPM+1) per tissue per gene, in
which TPM was winsorized at 50, allowing comparison of
expression level across genes and tissue types, as described
by Watanabe et al. (2017) [22]. Genes were organized by
hierarchical clustering. Color gradient varies from dark blue
(downregulated, min = 0) to dark red (upregulated, max = 5.
67). In addition, the DEG of 30 tissue types was analyzed
using two-sided Student’s t-tests [22]. Genes with corrected
P-value inferior to 0.05 were defined as differentially
expressed in a specific tissue.

The inference of the relationships between the host protein
sets affected by SARS-CoV and SARS-CoV-2 was made
using STRING v11 [23]. Both protein sets were included to-
gether to construct a protein–protein interaction network pre-
dicted by STRING v11. The proteins are represented by the
network nodes, and the functional associations between the
proteins are represented by the edges. The line thickness indi-
cates the strength of data support (confidence). The network
was constructed including 228 host proteins—64 SARS-
CoV-associated host proteins (red nodes) and 165 SARS-
CoV-2-associated host proteins (blue nodes). MAPK3 is pre-
sented in both dataset (purple node). Disconnected proteins
from the set of host proteins interfered by SARS-CoV-2 were
excluded.

An additional analysis to find biological processes and
pathways involved with the immune system was conducted
by the Reactome pathway database [24] based on SARS-
CoV-2-associated host proteins. The protein set was used to
construct a Voronoi diagram—a pathway map composed by
contiguous regions which correspond to the immune system-
related pathways grouped according to the relationships
among pathways specified in the event hierarchy.

Results and discussion

Figure 1a and b represent the biological process categories
impacted by coronaviruses infection—metabolism, catabo-
lism, symbiosis, immune response, and a series of intracellular
mechanisms (localization, transport/export, organization, cell
cycle, and others). Despite COVID-19 and SARS not
beingmetabolic diseases, infections by SARS-CoV and
SARS-CoV-2 are associated with metabolism disruption [6,
8, 25, 26]. In this context, Fig. 1c and d show that the host
proteins associated with coronaviruses infection are markedly
involved with carbohydrate, protein, and nucleic acid metab-
olism and catabolism.

Nucleic acid metabolism and catabolism (which include a
series of DNA/RNA processing) represent the main category
of biological processes impacted by SARS-CoV-2 (Fig. 1c).
Viruses usually disrupt themetabolism of nucleotide synthesis
favoring the need for rapid viral genome replication [27].
Regulation of catabolism of nucleic acids and their
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metabolites can contribute to viral pathogenesis [28]. For in-
stance, SARS-CoV-2 nsp8 appears to reduce the catabolism
capacity of the host exosome complex against viral mRNAs
[29]. In addition, components of exosome complex
(EXOSC2, EXOSC3, EXOSC5, and EXOSC8) included in
the set of SARS-CoV-2-associated host proteins presented

highlighted function involving nucleic acid catabolism pro-
cesses (supplementary table 2).

Another nucleic acid disruption occurs during infection of
avian coronavirus (infectious bronchitis virus—IBV). IBV
controls the cell cycle and forces cells into the S phase to
ensure an abundant supply of nucleotides during the viral
replication enhancing progeny production [30]. SARS-CoV
N protein manipulates the cell cycle and blocks the progres-
sion of the S phase [31]. The cell cycle is also affected during
SARS-CoV-2 infection. SARS-CoV-2, mediated E protein,
interacts with BRD4 interfering in the cell cycle [32]. BRD4
is required by herpes simplex vírus (HSV), for example, to
favor viral replication [33]. In addition, inhibition of BRD4
was associated with broad antiviral activity [34]. According to
enrichment analysis results, SARS-CoV-2-associated host
proteins, including BRD4, are involved in cell cycle processes
(Fig. 1a and supplementary table 2).

The interference in nucleic acid metabolism and catabolism
can potentially affect the regulation of host cellular mRNAs
and increase the translation of viral mRNAs. Viruses can ma-
nipulate and regulate many steps in gene expression: tran-
scription, mRNA processing, mRNA export from the nucleus,
regulation of mRNA stability, and translation [35]. SARS-
CoV-2 N protein interacts with UPF1 and PABPC1 proteins
interfering with host cellular processes of mRNA degradation
[36]. Both host proteins interfered by SARS-CoV-2 are asso-
ciated with transcriptional processes shown in enrichment
analysis results (supplementary table 2). Previous studies
show that SARS-CoV and SARS-CoV-2 can disrupt the host
genetic expression to escape from the immune system [37,
38]. While SARS-CoV reduces the innate immunity response
blocking the interferons and NFκB expression [37], SARS-
CoV-2 suppresses antiviral defenses inhibiting the global
translation of host mRNA and disturbing the protein traffick-
ing to the cell membrane [38]. In parallel, energy metabolism-
associated genes were upregulated during SARS-CoV-2 in-
fection, promoting viral replication [39].

The expression of each SARS-CoV-2-associated host pro-
tein per tissue is shown in the heatmaps (Fig. 2a). The genetic
expressions in tissues/organs that presented discrepant
patterns—upregulated and downregulated—compared with
other tissues were included in separate columns (“UP” and
“DOWN”). Many genes were pointed out (high/red or low/
blue), and further analysis of each of themwould be necessary
to understand the role of those genes on each tissue/organ. The
DEG analyses indicate that SARS-CoV-2-associated host pro-
teins are significantly upregulated in the cervix, uterus, and
ovary but downregulated in the blood, brain, heart, kidney,
liver, muscle, and pancreas in physiological status (red
columns in Fig. 2b and c). As said before, infections by
coronaviruses lead to functional disruptions of metabolic tis-
sues or organs [6, 25, 40]. Here, the ubiquitous presence of
ACE2 (angiotensin-converting enzyme 2) host receptors [41]

Fig. 1 Biological processes involving coronavirus-associated host pro-
teins. Based on functional enrichment analysis, (a) the main biological
process categories related from a set of host proteins affected by SARS-
CoV-2 are shown in blue column graph, while (b) the biological process-
es from host proteins affected by SARS-CoV are shown in light-green
column graph. The main metabolic and catabolic processes related with
SARS-CoV-2 (c) and SARS-CoV (d) are detailed. Two distinct sets
based on host proteins which interact with SARS-CoV and SARS-Cov-
2 were used to infer the biological processes. Host protein sets are avail-
able in supplementary table 1. Biological processes, with P-values < 0.01,
based on False Discovery Rate (FDR) test, found by g:Profiler software,
were considered as positive. Biological process categories were clustered
according to Gene Ontology (GO) term classification. Complete results of
biological processes involving coronavirus-associated host proteins re-
vealed by g:Profiler are available in supplementary table 2. Graphs were
designed with GraphPad Prism 7 (GraphPad Software Inc., San Diego,
CA, USA)
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provides opportunities for the virus to access these metabolic
organs. Then, SARS-CoV-2 can enter and manipulate a series
of intracellular mechanisms altering metabolism and
catabolism.

This study shows that SARS-CoV-2-associated host pro-
teins are also involved with energy metabolism and catabo-
lism (Fig. 1c). SARS-CoV-2 might alter the host metabolism
to uptake energy to support the replication. This strategy is
usually observed in some viruses to hijack the host energy
metabolism [14]. Enterovirus 71, for example, upregulates
the energy metabolism to increase glycolysis utilization [42].
However, when glucose metabolism is inhibited, viral repli-
cation capacity becomes impaired [14]. Inhibition of glycoly-
sis suppresses SARS-CoV-2 replication [43], suggesting that
SARS-CoV-2 depends on increased glucose. SARS-CoV-2
seems to modulate the host protein repertoire to its benefits,
as well as CMV. During infection by CMV, transcript levels

of glycolytic enzymes are increased. Infected cells, in com-
parison with uninfected cells, presented elevated levels of me-
tabolites derived from glycolysis and the citric acid cycle [44].
In addition, some viruses can modify the demands of the host
through the regulation of host gene expression [45, 46].
Similarly, hepatitis C virus (HCV), for example, upregulates
the expression of metabolism genes that may act as important
factors for the HCV replication cycle [46]. In agreement, Fig.
2a and b shows that SARS-CoV-2-associated host genes are
significantly downregulated on organs that regulate glucose,
such as the pancreas, liver, andmuscular system. The potential
interference of SARS-CoV-2 on these organs may shift up the
host proteins expression to elevate the host energetic offering.

The increased glycolysis provided by viruses is not solely
required for virus assembly and replication but also may favor
host cellular survival [27]. To keep the cell alive and increase
replication resources, other coronaviruses than SARS-CoV-2

Fig. 2 Heatmap based on gene
expression (a) demonstrates the
average expression values of the
330 genes from 30 tissue types.
The heatmap results were based
on the expression value
log2(TPM+1) per tissue per gene.
Color gradient varies from dark
blue (downregulated, min = 0) to
dark red (upregulated, max =
5.67). Based on differential
genetic expression, two columns
were highlighted from the right
side of heat maps “DOWN”
(downregulated genes per tissue/
organ) and “UP” (upregulated
genes per tissue/organ). The
differential genetic expression
analyses are presented in column
graphs (b, c). Differentially
downregulated expressed gene
sets (b) are shown in the pancreas,
heart, liver, kidney, blood,
muscle, and brain. On the other
hand, the uterus, cervix, and
ovary had upregulated expressed
gene sets differentially (c). The
genes whose expression had
significant discrepancy (high or
lower) in a given tissue compared
to others for each of 30 tissue
types, highlighted in red, are
considered differentially
expressed (P-value with
Bonferroni is < 0.05). AATF and
CISD3 were not available in the
database to be included in
heatmaps
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can take over the cell cycle and manipulate apoptosis [30]. In
comparison to SARS-CoV, SARS-CoV-2 has relatively
weaker pro-apoptotic activity [47]. In agreement, Fig. 1 a
and b show that cell cycle and apoptotic processes are in-
volved with SARS-CoV-2 and SARS-CoV-associated host
proteins, respectively. Additionally, IBV alters the subcellular
localization of p53, delaying the onset of apoptosis in infected
cells [48]. Despite SARS-CoV-2 interferes with host proteins
involved in apoptosis (such as AATF, MITCH1, and RPK1),
results did not show significant apoptotic processes related to
it. Thus, SARS-CoV-2 potentially manipulates the cell cycle,
dysregulating the host cell survival, while presents a weaker
impact on apoptosis, to create a beneficial environment for
replication and propagation.

In addition to interference in cell cycle processes,
coronaviruses also interfere in host proteins involved in sev-
eral intracellular mechanisms—transport, localization, and or-
ganization mechanisms (Fig. 1a and b). SARS-CoV, MERS-
CoV, and MHV, using nsp1 protein, can destabilize the host
mRNA, while viral mRNA remains stable [49–51].
Furthermore, nsp1 protein alters subcellular localization of
nucleoporin complex components and affects nuclear-
cytoplasmic localization of host mRNA [49]. SARS-CoV
can also alter viral protein localization actively, exporting
them from nucleus to endoplasmic reticulum-Golgi to favor
virion assembly [52]. Therefore, coronaviruses seem to inter-
fere in several intracellular mechanisms which can conduct
the host metabolism and catabolism to improve viral assem-
bly, replication, and infectivity.

Additionally, SARS-CoV and SARS-CoV-2 may impact
protein metabolism and catabolism. Figure 1c and d show that
protein metabolic and catabolic processes are rather affected
than energy or fat. For instance, depletion of protein stores
influences many aspects of morbidity and mortality from in-
fectious diseases [53]. To support the large amounts of viral
replication, the influenza virus appears to obtain essential ami-
no acids reducing their levels in infected tissues [28].
Similarly, in this context, HIV-1 also induces a deep effect
in host protein metabolism to sustain the replication [54].
Taken together, the interference of SARS-CoV and SARS-
CoV-2 on protein metabolic and catabolic processes presented
here may reflect the demand for synthesis of viral proteins.
Viral proteins are preferentially synthesized instead of host
cell proteins. Acquisition of molecular building blocks from
the host to viral replication machinery leads to disruption of
physiological processes [35].

Disrupted protein metabolism and catabolism by SARS-
CoV-2 seem to have significant implications. In liver cells,
SARS-CoV-2 appears to inhibit protein synthesis [55].
Consequently, the levels of albumin and coagulation factors
may be reduced [55–57]. The lack of protein synthesis by the
liver has been associated with the severity of COVID-19 and
poor prognosis [55]. Figure 2 a and b show differential

expression of SARS-CoV-2-associated host proteins in the
liver, which may corroborate the viral influence in hypoalbu-
minemia and impairment of coagulation factor synthesis. In
addition, the significant interference of SARS-CoV-2 on host
metabolism and catabolism of protein, presented in this study
by tissue enrichment analyses, might be a possible explanation
for protein catabolic processes that promote muscle mass
losses, resulting in sarcopenia followed by respiratory and
cardiac function impairment in patients with COVID-19
[58]. SARS-CoV-2 respiratory infection can potentially im-
pact the musculoskeletal system [59], which is considered an
important store for protein able to regulate levels of amino
acids and glucose in the circulation [60].

Tissue enrichment analyses indicate that differential ex-
pression of host proteins can occur in the heart and kidney
as well (Fig. 2a and b). The presence of SARS-CoV-2 has
been documented in the myocardium, being also actively rep-
licating in the heart [61]. Although protein metabolism or
catabolism alterations were not reported in the heart from
COVID-19 patients, SARS-CoV-2 appears to induce direct
myocardial damage and stimulate inflammatory reaction
followed by a cytokine storm [61, 62]. Acute viral myocarditis
and cytokine cardiomyopathy can be found together with re-
nal dysfunction [63]. Protein leakage resulting from tubular
damage by SARS-CoV-2 has been reported [63]. The tissue
i n j u r i e s m e d i a t e d b y SARS -C oV - 2 a n d t h e
hyperinflammatory response have a significant role to the se-
verity of the infection [62, 63]. In general, excessive proin-
flammatory cytokines can result in protein catabolism, organ
failure, and, subsequently, death [53]. Thus, the combination
between protein catabolism and metabolism with elevated
production of proinflammatory cytokines potentially in-
creases the severity of COVID-19 progression.

Comparing the coronavirus impact on the host (Fig. 1a and
b), SARS-CoV seems to affect symbiotic processes more ex-
pressively than SARS-CoV-2. The results can partially ex-
plain the bad prognosis of SARS-CoV-infected patients and
the high mortality rate of SARS when compared to COVID-
19 [64, 65]. Although SARS-CoV and SARS-CoV-2 have
been associated with different sets of host proteins
(supplementary table 1), both protein sets showed close rela-
tionships (supplementary figure 1). This result suggests that
SARS-CoV and SARS-CoV-2 could affect the same path-
ways but at different points contributing to different pathogen-
esis mechanisms by both coronaviruses.

Symbiotic processes implicate the balance or disruption of
host organism structures or processes mediated by another one
[66]. The symbiotic processes suggest the harmful disequilib-
rium extended to humans, while coronavirus-specific immune
response is absent. Although the enrichment analyses show
that coronavirus-associated host proteins are involved in a few
processes of the immune system, COVID-19 progression is
related to inadequate immune response, especially
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encompassing cytokine hyperproduction and exacerbated in-
flammation [1, 6]. Despite the restricted number of immune
system processes involving SARS-CoV-2 host proteins, the
results revealed neutrophil involvement in immune system
processes (supplementary table 2 and Table 1). The limitation
to find robust significant results associated with the immune
system may be due to a subtle biological signal of the molec-
ular set applied. Although the analysis of gene sets on enrich-
ment analysis enhances the statistical power of the method,
broader terms such as immune response processes can require
a larger list of related genes to be enriched [67]. Alternatively,
to investigate the immunological role of the host protein set
interfered during SARS-CoV-2 infection, an additional anal-
ysis using Reactome pathway database was performed
(supplementary figure 2). A Voronoi diagram was constructed
based on the hierarchical representation of pathways and bio-
logical processes, including immune system activities.
However, significant immunological pathways are poorly rep-
resented. Neutrophil involvement is also highlighted here,
corroborating the previous results. This granulocyte has an
important role in the COVID-19 cytokines storm [68, 69],
and neutrophils exhibit an intense response during SARS-
CoV-2 infection, including an exacerbated production of in-
flammatory molecules [68].

The inflammatory state caused by SARS-CoV-2 could al-
ter the microenvironment of immune tolerance needed in
pregnancy [70]. However, the impact of SARS-CoV-2 in
pregnancy is not entirely clear [71], and vertical transmission
was not reported at the present moment. The female reproduc-
tive system appears to not be affected during COVID-19 [72].
The expression of ACE2 and TMPRSS2 is reduced in the
uterus and ovary [73]. This fact suggests the low potential of
infection by SARS-CoV-2 on the uterus and ovary. On the
other hand, SARS-CoV-2 was already detected in these

organs [74]. High levels of glucose stored in the uterus [75]
promoted by ovarian hormones, which also leads to protein
catabolism [76], may favor the permanence of SARS-CoV-2.
Significant upregulation of SARS-CoV-2-associated host pro-
teins in the uterus, cervix, and ovary (Fig. 2 a and c) which
involve broad metabolic and catabolic processes may be con-
venient to viral persistence on those organs. However, this
issue must be elucidated for further studies, as well as the
long-term effects of COVID-19 on female fertility and
pregnancy.

SARS-CoV-2 infection and the host metabolism are inti-
mately connected. SARS-CoV-2 might trigger stress condi-
tions and increased secretion of hyperglycemic hormones in
diabetic patients, elevating blood glucose level [77].
Hyperglycemia via insulin resistance in diabetic patients or
even in obese individuals induces elevated levels of inflam-
matory cytokines [78]. Consequently, metabolic diseases in-
duce a dysregulated immune response state that can affect the
response to pathogens [10, 13]. Hyperimmune conditions in
diabetes and obesity appear to exacerbate the cytokine storm
triggered by SARS-CoV-2 [10, 78, 79]. Moreover, ACE2 was
highly expressed in diabetic and obese individuals in compar-
ison with control individuals [78, 80]. Taken together,
COVID-19 patient with a previous metabolic disturbance,
such as diabetes or obesity, presents greater risk to develop a
more severe infection course than people who are metaboli-
cally healthy before acquiring the infection [6, 10, 26]. The
broad interference of SARS-CoV-2 on the host catabolism
and metabolism, and the potential functional disruption on
metabolism-related organs, shown in this study, can be sub-
stantially harmful to patients presenting comorbidities.

The combination between functional and tissue-specific
enrichment analyses, presented in this study, suggests that
SARS-CoV-2 through interference on host proteins affects
metabolism and catabolism of molecular building blocks and
alters intracellular mechanisms, including gene expression, to
support viral demands. SARS-CoV-2 regulation of gene ex-
pression in organs with a central role on host metabolism may
shift COVID-19 towards a more severe and critical stage.
Concomitantly, catabolism can impair the progression of the
disease. Thus, catabolic response, as metabolic response, in-
duced by coronavirus should be considered a clinical concern
during the course of COVID-19.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s42770-021-00497-0.
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Table 1 Immune system
processes involving
SARS-CoV-2-associated
host proteins

Immune system processes involving
SARS-CoV-2-associated host proteins

Granulocyte activation

Leukocyte degranulation

Myeloid cell activation involved in
immune response

Myeloid leukocyte activation

Myeloid leukocyte mediated immunity

Neutrophil activation

Neutrophil activation involved in immune
response

Neutrophil degranulation

Neutrophil mediated immunity

The results were obtained using g:Profiler
software and are fully available in supple-
mentary table 2
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