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Cytokine storm is recognized as one of the factors contributing to organ failures and mortality in patients with
COVID-19. Due to chronic inflammation, COVID-19 patients with diabetes mellitus (DM) or renal disease
(RD) have more severe symptoms and higher mortality. However, the factors that contribute to severe outcomes
of COVID-19 patients with DM and RD have received little attention. In an effort to investigate potential
treatments for COVID-19, recent research has focused on the immunomodulation functions of mesenchymal
stem cells (MSCs). In this study, the correlation between DM and RD and the severity of COVID-19 was
examined by a combined approach with a meta-analysis and experimental research. The results of a systematic
review and meta-analysis suggested that the odd of mortality in patients with both DM and RD was increased in
comparison to those with a single comorbidity. In addition, in the experimental research, the data showed that
high glucose and uremic toxins contributed to the induction of cytokine storm in human lung adenocarcinoma
epithelial cells (Calu-3 cells) in response to SARS-CoV Peptide Pools. Of note, the incorporation of Wharton’s
jelly MSC-derived extracellular vesicles (WJ-EVs) into SARS-CoV peptide-induced Calu-3 resulted in a sig-
nificant decrease in nuclear NF-kB p65 and the downregulation of the cytokine storm under high concentrations
of glucose and uremic toxins. This clearly suggests the potential for WJ-EVs to reduce cytokine storm reactions
in patients with both chronic inflammation diseases and viral infection.
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Introduction

S ince the end of 2019, the pandemic of pneumonia
caused by SARS-CoV-2 (COVID-19) has spread world-

wide, threatening numerous people’s lives [1]. SARS-CoV-2
infection starts when it enters into host body and binds to re-
ceptors, including angiotensin-converting enzyme 2 (ACE2)
and TMPRSS2, in several types of cells [1]. In lung epithelial
cells, this infection activates the cells to release proinflam-
matory cytokines, recruiting monocytes and macrophages
[2,3]. Meanwhile, in alveolar macrophages, SARS-CoV-2
induces the release of proinflammatory cytokines to promote
an inflammatory reaction [2,3].

All these reactions result in the release of an abundance of
proinflammatory cytokines to promote the immune response
against the virus [4]. However, overreaction in the cytokine

release causes a cytokine storm in the infected body and
dysregulates the inflammatory mechanism leading to cyto-
kine storm, impairment of the organ function, and death [5].

Numerous reports have shown that SARS-CoV-2 infec-
tion is associated with severe outcomes and relatively higher
mortality in patients with diseases associated with chronic
inflammation, such as diabetes mellitus (DM) or renal dis-
ease (RD). A study in England showed that the rate of
COVID-19-related mortality in patients with type I DM and
type II DM was 3.5-times and two times higher, respec-
tively, than that in healthy individuals [6]. In addition, a
study from the United States revealed that the mortality
rate of COVID-19 patients with DM was four times that of
patients without DM [7]. Moreover, a recent meta-analysis
conducted by Huang et al. reported that the risk ratio of
COVID-19-related mortality was more than double among
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DM patients [8]. Of note, a recent study suggests that toge-
ther with the cytokine storm induced by SARS-CoV-2 in-
fection, the chronic inflammation in patients with DM might
contribute to the more severe outcomes of the dysregulated
inflammatory reaction in COVID-19 [9].

In addition to DM, RD is also recognized as a risk factor
for severe outcomes and mortality in patients with COVID-
19. An analysis of data from more than 17 million people in
UK suggested that patients with chronic RD are at higher
risk than patients with other diseases related to the heart or
lung [10]. Moreover, patients with RD also show numerous
comorbidities, such as hypertension and DM, which con-
tribute to poor outcomes in individuals with COVID-19
infection [11–13]. Although the correlation between chronic
diseases, such as DM or RD, with the increased mortality of
patients with COVID-19 has been examined in numer-
ous studies, the combination effects of both DM and RD on
the outcomes of COVID-19 have received little attention.

Mesenchymal stem cells (MSCs) are a type of multipo-
tent stem cell; they exist in different types of tissue, includ-
ing bone marrow, adipose tissue, and Wharton’s jelly from
umbilical cord [14]. The application of MSCs in the treat-
ment of infectious diseases has been reported due to their
immunomodulatory functions, which attenuate inflamma-
tory reactions [14]. Recently, a research group reported that
transplantation of MSCs to COVID-19 patients promoted
tissue repair in the lung, and might be involved in the reg-
ulation of excessive inflammatory reaction [15]. Interest-
ingly, another study reported that MSCs show no expression
of ACE2 or TMPRESS2, and are resistant to SARS-CoV-2
infection under steady-state, inflammatory conditions, and
in the presence of SARS-CoV-2 infected cells [16].

Extensive research has shown that the functions of
MSCs are predominantly performed through paracrine
pathways by soluble mediators, such as growth factors, cy-
tokines, chemokines, and extracellular vesicles (EVs) [17].
EVs are a heterogeneous group of membrane vesicles that
includes exosomes and microvesicles, which are released
from MSCs and which contain various molecules, such as
mRNA, miRNAs, proteins, and lipids [18]. Recent research
has demonstrated that, in addition to their function as a tool
of cell-cell communication, EVs from MSCs also possess
an immunomodulation ability that is similar to that of the
parental MSCs, suggesting that EVs might be applied in the
treatment of several autoimmune diseases and infectious
diseases [19]. In addition, the cargo of EVs from normal
MSCs has been proven to prevent virus replication [20].
Notably, a recent study reported that the injection of exo-
somes from bone marrow-derived MSCs enhanced the im-
proved outcomes of patients with COVID-19 [21]. This
evidence suggests that the EVs from MSCs might be a
promising candidate for the treatment of COVID-19 patients
with more stable, effective, and safer values than the pa-
rental MSCs themselves.

In this study, a systemic review and meta-analysis were
performed to clarify the role of DM and RD in the severe
outcomes of patients with COVID-19, and then experimen-
tal research was conducted to investigate the inflammatory
reactions of Calu-3 cells in response to the induction of
SARS-CoV-2 Peptide Pools under high glucose and uremic
toxin concentrations. In addition, the effects of EVs from
MSCs on the downregulation of inflammatory reactions in

Calu-3 cells by SARS-CoV-2 Peptide Pools were also ex-
amined to study the potential of EVs for the treatment of
COVID-19.

Materials and Methods

Statement

All experiments and methods included in this study were
performed according to the amended Declaration of Hel-
sinki and were approved by the Ethics Committee of the
University of Tsukuba. The collection of human samples,
such as adipose tissue and umbilical cords, and relevant
experiments were conducted after obtaining the informed
consent of the donors.

Systematic review and meta-analysis

An electronic literature search was conducted using
PubMed (https://pubmed.ncbi.nlm.nih.gov) and Web of Sci-
ence (https://apps.webofknowledge.com). The search terms
were (COVID-19 OR SARS-CoV-2) AND diabet* AND
(kidney OR renal). This search was completed on January 5,
2021. Duplicate articles were removed, after which the titles
and abstracts were reviewed. The full texts of the relevant
articles were sourced through PubMed, Web of Science,
and Google Scholar (scholar.google.com). The titles and
abstract and/or full text of all articles were reviewed by at
least two independent reviewers out of three authors (K.V.,
N.H., and M.F.).

A study was considered eligible if it met all of the fol-
lowing inclusion criteria: (1) involved human participants,
(2) was based on SARS-CoV-2 infection, (3) reported the
severity and/or mortality of COVID-19 in patients with RD
(including both chronic RD and acute RD) and DM (in-
cluding both Type 1 and Type 2 DM), and (4) in comparison
that in RD patients with/without DM or DM patients with/
without RD. Studies were excluded based on the following
exclusion criteria: (1) use of non-human subjects, (2) per-
formance in vitro, (3) involved fewer than 10 participants
(eg, a clinical case report), (4) review article or protocol
article, and (5) participants were specially selected based on
comorbidities other than RD and/or DM.

A meta-analysis was conducted to calculate the individual
and pooled odds ratios (ORs) and 95% confidence intervals.
The meta-analysis was performed using the RevMan 5 soft-
ware program (Version 5.4, The Cochrane Collaboration
2020, Copenhagen, Denmark).

MSC isolation and culture

Human adipose tissue was obtained from nondiabetic non-
RD donors (n = 4, male, average age: 70 years), who were
undergoing procedures in the Department of Cardiovascular
Surgery, University of Tsukuba Hospital, Tsukuba, Japan.
The isolation of MSCs was performed according to the
previously described method [22].

Briefly, adipose tissues were minced into pieces of <3 mm
in size, and then treated with 0.1% collagenase (Nitta Ge-
latin, Osaka, Japan) in PBS and 20% fetal bovine serum
(FBS; Hyclon, South Logan, UT) for 45 min at 37�C, and
filtered through a 100-mm nylon mesh (BD Biosciences, San
Jose, CA). Then, samples were centrifuged at 1600 rpm in
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7 min and washed to remove the collagenase solution. The
isolated cells were cultured in MSC culture medium con-
taining Iscove’s modified Dulbecco’s medium (IMDM)
(Thermo Fisher Scientific, Carlsbad, CA) with 10% FBS,
2 mg/mL l-glutamine (Thermo Fisher Scientific), 5 ng/mL
human basic-FGF (Peprotech, London, United Kingdom),
and 0.1% (v/v) penicillin–streptomycin (100 U/mL penicil-
lin and 0.1 mg/mL streptomycin; Thermo Fisher Scientific)
at 37�C in 5% CO2 and a humidified atmosphere.

Human umbilical cords were obtained from nondiabetic
non-RD donors (n = 4, female, average age: 32), who were
undergoing cesarean section in the Department of Obstetrics
and Gynecology, University of Tsukuba Hospital.

Human umbilical cords were cut to expose the blood
vessels and Wharton’s jelly. Then, blood vessels were re-
moved and Wharton’s jelly was collected and cut into 1–
2 mm pieces. After that, the Wharton’s jelly pieces were
incubated with Trypsin solution at 37�C for 30 min in a 5%
CO2 incubator for partial digestion. After incubation, an
equal volume of MSC culture medium was added and in-
cubated for 3 min, and then 15–20 digested tissue pieces
were carefully plated on a culture dish containing MSC
culture medium at 37�C under 5% CO2 and a humidified
atmosphere. After 3–5 days of incubation, the appearance of
isolated WJ-MSCs was confirmed and the medium was re-
placed with fresh medium. All MSCs used for the experi-
ments of this study were at passage 3–8.

Human lung adenocarcinoma epithelial cell culture
and induction with SARS-CoV-2 Peptide Pools

The Calu-3 cell line (LGC Standards, Cat No. ATCC-
HTB-55, American Type Culture Collection-ATCC, Man-
assas, VA) was kindly provided by the Department of
Human Pathology, University of Tsukuba. Calu-3 cells were
cultured in Eagle’s Minimum Essential Medium (EMEM;
Thermo Fisher Scientific) medium containing 10% FBS
with 1% penicillin/streptomycin at 37�C under 5% CO2 and
a humidified atmosphere. The medium was changed thrice
per week. Upon reaching 80% confluence, the cells were
harvested and subcultivated at a ratio of 1:5. A number of
105 Calu-3 cells were induced by SARS-CoV-2 pepTivator
Peptide Pools Prot_S (Miltenyi Biotec, Bergisch Gladbach,
Germany) at a concentration of 6 pmol for 24 h before col-
lection for further analyses.

A fluorescence activated cell sorting analysis

To examine the surface expression of ACE2 or TMPRSS2,
a number of 5 · 105 Calu-3 cells in 200mL PBS containing

3% FBS and 1% sodium azide were incubated with primary
antibody, including 5 mL rabbit anti-ACE2 antibody (Gene-
Tex, Zeeland, MI; GTX101395) or 2 mL rabbit anti-
TMPRSS2 antibody (GeneTex; GTX81494), for 30 min at
4�C in the dark. The cells were washed thrice by cold PBS
and resuspended in 200mL PBS. The cells were incubated
with secondary antibody goat anti-rabbit IgG DyLight488
(GeneTex; GTX213110-04, dilution rate 1:100) antibody for
30 min at 4�C in the dark, then washed thrice by cold PBS,
resuspended in 300mL PBS containing 3% FBS and 1%
sodium azide, and analyzed by a cell sorter (SH300S; Sony
Technology, San Jose, CA). The isotype rabbit IgG was
used as the negative control (Genetex; GTX35035). The rel-
ative surface expression was quantified by means of fluo-
rescent intensity value subtracted with isotype control value.

To examine the surface markers of MSCs, a number
of · 105 Calu-3 cells in 200 mL PBS containing 3% FBS
were incubated with primary antibodies for 30 min at 4�C in
the dark, including FITC-labeled anti-CD90 (BioLegend,
San Diego, CA; 328107), PE-labeled anti-CD105 (Bio-
Legend; 323206), PE-labeled anti-CD73 (BD Biosciences,
San Diego, CA, 550257), PE-labeled anti-CD31 (BioLegend;
303106), and APC–labeled anti-CD45 (BD Biosciences;
555485). The isotype controls include APC-labeled anti-
IgG1 (555751; BD Biosciences), PE-labeled anti-IgG1
(555749; BD Biosciences), and FITC-labeled anti-IgG1
(555748; BD Biosciences). Then, cells were washed with cold
PBS and resuspended in 300mL PBS containing 3% FBS
and analyzed by a cell sorter (SH300S; Sony Technology).

Proliferation assay

Calu-3 cells were seeded at 105 cells/well in a 24-well
plate in EMEM containing 10% FBS with 1% penicillin/
streptomycin at 37�C under 5% CO2 and a humidified at-
mosphere. The cells were harvested and live cell numbers
were counted every day by staining with trypan blue solu-
tion (Nacalai Tesque, Kyoto, Japan) using a hemocytometer.

Gene expression analysis

To examine the gene expression, total RNA was collected
from Calu-3 cells and isolated by Sepasol-RNA I Super G
(Nacalai Tesque) in accordance with the manufacturer’s
protocol. Total RNA (1mg) was reverse transcribed using
an RT-PCR kit (Toyobo, Osaka, Japan). cDNA was analy-
zed using a GeneAmp 7500Fast Real-Time PCR System
(Applied Biosystems) using SYBR green reagent (Toyobo).
The expression levels of the target genes were analyzed
using the DDCt method. The sequences of the primer sets
used for the PCR are shown in Table 1.

Table 1. The Primer Sets Used for Quantitative Polymerase Chain Reaction

Gene Forward primer Reverse primer

tnfa TCCTTCAGACACCCTCAACC AGGCCCCAGTTTGAATTCTT
il6 TACCCCCAGGAGAAGATTCC TTTTCTGCCAGTGCCTCTTT
il1b GGGCCTCAAGGAAAAGAATC TTCTGCTTGAGAGGTGCTGA
ifnc GAGTGTGGAGACCATCAAGGAAG TGCTTTGCGTTGGACATTCAAGTC
ace2 GGGATCAGAGATCGGAAGAAGAAA AGGAGGTCTGAACATCATCAGTG
tmprss2 AATCGGTGTGTTCGCCTCTAC CGTAGTTCTCGTTCCAGTCGT
b-actin GTGCGTGACATTAAGGAGAAGCTGTGC GTACTTGCGCTCCAGGAGGAGCAATGAT
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Magnetic Luminex performance assay

A number of 105 Calu-3 cells were induced by 6pmol
SARS-CoV-2 pepTivator Peptide Pools Prot_S (Miltenyi
Biotec) at a concentration of 6 pmol for 24 h, followed by
treatment with EVs for a further 24 h before the collection
of conditioned medium. The conditioned media were cen-
trifuged at 16,000 g for 4 min before use in a Magnetic
Luminex assay to measure the inflammatory cytokine con-
centration using a Human High Sensitivity Cytokine Pre-
mixed Kit A (R&D Systems, Minneapolis, MN) according
to the manufacturer’s instructions.

Briefly, 100mL of standard or conditioned medium was ad-
ded to each well of a 96-well plate, and then Microparticle
Cocktail was added, followed by incubation for 3 h at room
temperature and washing with Wash Buffer. Next, the mixture
was incubated with Biotin-Antibody Cocktail, including a
mixture of anti-TNFa, anti-IL6, anti-IL1b, and anti-IFNg for 1 h
at room temperature, followed by incubation with Streptavidin-
PE for 30 min at room temperature. After washing, the data
were analyzed using a Luminex� 200 Multiplexing Instru-
ment (Merck Millipore, Burlington, MA). The culture medium,
EMEM containing 10% FBS with 1% penicillin/streptomycin,
was used as the blank sample. The concentration of each
inflammatory cytokine ([X]) was calculated as follows:

X½ � ¼ X½ � measured in experiment sample

� X½ � measured in blank sample

Co-culture of MSCs and Calu-3

A number of 105 Calu-3 cells were seeded in the lower
chamber of an 8-mm pore Transwell (Corning Incorporated,
New York, NY) containing 500 mL of completed culture.
Cells were maintained at 37�C under 5% CO2 for 6 h to
allow cell attachment, and then induced by 6 pmol SARS-
CoV-2 Peptide Pools Prot_S. After that, 105 MSCs were
seeded into the upper chamber of the Transwell and the co-
culture was maintained at 37�C under a 5% CO2 atmosphere
for a further 24 h. At the end of co-culture, Calu-3 cells were
collected and the gene analysis was performed.

EV isolation

The medium of subconfluent AT-MSCs or WJ-MSCs was
changed to Iscove’s modified Dulbecco’s medium (IMDM)
with 1% penicillin/streptomycin and 0.25% EV-depleted
FBS (Thermo Fisher Scientific). After 24 h, the supernatants
were collected and centrifuged at 1000 rpm for 5 min, and
then centrifuged at 2100 rpm for 20 min to remove cell de-
bris from the medium. Cell-free supernatants were ultra-
centrifuged at 100,000 rpm for 70 min at 4�C, and the pellets
were stained with PKH26 (PKH26 linker; Sigma-Aldrich,
St. Louis, MO) for 5 min at room temperature. After that,
the washing step was performed twice by adding PBS with
0.25% EV-depleted FBS (Thermo Fisher Scientific) and
ultracentrifuged at the same conditions. After washing, pel-
lets of EVs were collected.

EVs then were characterized by quantification of the
protein concentration using the Bradford method (Bio-Rad,
Hercules, CA), size measurement using a particle size an-

alyzer (FDLS3000; Shimadzu Corporation, Kyoto, Japan),
and a morphology analysis by transmission electron mi-
croscopy ( JEM-1400Flash; JEOL Ltd., Tokyo, Japan).

Incorporation of EVs to Calu-3 cells

A number of 105 Calu-3 cells/well were seeded in a 12-
well plate and maintained at 37�C under 5% CO2 for 6 h to
allow cell attachment, and then induced by 6 pmol SARS-
CoV-2 Peptide Pools Prot_S for 24 h. After that, 20mg PKH-
26-labeled EVs was added in the Calu-3 cells for another
24 h. The incorporation of PKH-26-labeled EVs to Calu-3
cells was examined by a flow cytometry (Sony Biotech-
nology, San Jose, CA).

Western blotting

Nuclear cell extract (20 mg in each well) was electropho-
retically separated on 7.5% SDS-polyacrylamide gels and
electrotransferred to polyvinylidene difluoride membranes
(Millipore). Membranes were blocked with 5% skim milk,
and 1% FBS in TBS-T (Tris-buffered saline containing
0.1% Tween 20) for 1 h at room temperature, and then in-
cubated with primary antibodies Rabbit anti-NF-kB p65
(Proteintech, Rosemont, IL; 10745-1-AP) at 1:1000 dilution
at 4�C overnight. Goat anti-Lamin B antibody (SantaCruz
Biotechnology, Dallas, TX, sc-6216) at 1:1000 dilution was
used as the antibody for the internal control.

For EVs’ markers, total protein extracted from EVs
(20mg in each well) was separated by electrophoresis fol-
lowed by the transfer to PVDF membranes. After blocking,
membranes were incubated with primary antibodies, in-
cluding rabbit anti-CD63 (Cusabio Tachnology LLC,
Houston, TX; CSB-PA006039) and rabbit anti-TSG101
(Cusabio Technology LLC; CSB-PA060017), at 1:1000 di-
lution. After extensive washing with TBS-T, the membranes
were incubated with the following Horseradish peroxidase
(HRP)-conjugated secondary antibodies: HRP-conjugated
rabbit anti-goat IgG or HRP-conjugated goat anti-rabbit IgG
(Thermo Fisher Scientific) at 1:10,000 dilution, and positive
signals were analyzed by a luminescence imager (Image Quant
LAS4000; GE Health Care, Little Chalfont, United Kingdom)
using chemiluminescence reagents (Merck Millipore). The ex-
pression level of proteins was analyzed using the ImageJ
software program [23] (NIH, Bethesda, MD).

Statistical analyses

Data were statistically analyzed by the Mann–Whitney
U-test using the GraphPad Prism 5 software program (Graph-
Pad Software, San Diego, CA). Data are presented as the
mean – standard deviation. P values of <0.05 were consid-
ered to indicate statistical significance.

Results

The combination of DM and RD increased the odds
of mortality in patients with COVID-19 according
to a meta-analysis

An electronic literature search identified 853 articles. Two
articles were identified from other sources. From these 855
articles, the full text of 148 articles was screened. A total of
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14 eligible articles published from 2020 to 2021 were in-
cluded in the qualitative synthesis. Eight of these articles
were included in the meta-analysis (Fig. 1A).

The results of the meta-analysis showed that the OR for
mortality in RD patients with DM was 1.69 times higher
compared with RD patients without DM (OR = 1.69, 95%
CI = 1.14–2.52, P < 0.01, Fig. 1B). Similarly, the results also
showed that the OR for mortality of DM patients with RD
was 2.75 times higher compared with DM patients with-
out RD (OR = 2.75, 95% CI = 2.75–3.00, P < 0.01, Fig. 1B).
Taken together, these results showed that in comparison to a
comorbidity of DM or RD, the combination of DM and RD
highly increased the odds of mortality in patients with
COVID-19.

SARS-CoV-2 Peptide Pools induced the cytokine
storm of human lung adenocarcinoma epithelial
cells, Calu-3 cells

Because both DM and RD have been reported as factors
contributing to chronic inflammation [9,24], based on the
results of the meta-analysis, we next considered whether
COVID-19 patients with DM and RD have more severe in-
flammatory cytokine storm responses to SARS-CoV2 in-
fection in comparison to those without any comorbidity
or those with DM or RD as a single comorbidity.

Previous report showed that human lung adenocarcinoma
epithelial cell (Calu-3 cell) response to respiratory syncytial
virus is similar to the normal human bronchial epithelial
cells, which is a suitable in vitro model to study the host
responses to respiratory syncytial virus infection [25]. In
addition, Calu-3 cells, which were reported to be susceptible
to SARS-CoV-2 infection [26,27], were also used as a
model of lung epithelial cells’ responses to screen antiviral
drugs to treat SARS-CoV2 [28]. Therefore, we next per-
formed experimental research on the inflammatory reactions
of Calu-3 cells in response to SARS-CoV-2 PepTivator
Peptide Pools Prot_S, a spike glycoprotein that is respon-
sible for the recognition and binding of SARS-CoV-2 to the
host cells, under high glucose and uremic toxin concentra-
tions, which are reported as consequences of DM [29] and RD
[30], respectively. After the surface expressions of ACE2 and
TMPRSS2, which are reported as the receptor of SARS-CoV2
spike protein S, in Calu-3 cells were confirmed (Fig. 2A), the
responses of Calu-3 cells to Prot_S were examined.

As shown in Fig. 2B, the induction of Prot_S showed no
alteration of the cell morphology, with Calu-3 cells main-
taining their epithelial morphology after 96 h of induction.
In addition, none of the SARS-CoV-2 Peptide Pools showed
any effect on the proliferation rate of the Calu-3 cell line,
the average doubling time of which is *33 h (Fig. 2C, D).

Viral infection is associated with the induction of a cy-
tokine storm; thus, we next examine the expression of in-
flammatory cytokines in Calu-3 cells after induction by
Prot_S. As expected, after 24 h of incubation, Calu-3 cells
induced by Prot_S showed the significant upregulation of
inflammatory cytokines, including TNFa, IL6, IL1b, and
IFNg (TNFa: 3.6-fold increase, IL6: 6.1-fold increase, IL1b:
2.3-fold increase, and IFNg: 2.6-fold increase, n = 3, *P <
0.05, **P < 0.01, Fig. 2E). Consistent with the mRNA ex-
pression, the induction of Pro_S was associated with the
increased secretion of inflammatory cytokines, including

TNFa, IL6, IL1b, and IFNg (TNFa: 1.4-fold increase, IL6:
1.3-fold increase, IL1b: 1.6-fold increase, and IFNg: 1.4-
fold increase, n = 4, P < 0.05, Fig. 2F). The NF-kB signal
transduction pathway is recognized as a mediator of the pro-
inflammatory gene expression [31]. Therefore, we next ex-
amined the involvement of the NF-kB pathway in the
induction of Calu-3 by Prot_S. Remarkably, the results
showed that in response to Prot_S, Calu-3 cells showed an
increase of nuclear p65 (2.45-fold increase, n = 3, P < 0.01,
Fig. 2G). In addition, treatment of Prot_S-induced Calu-3
cells with NF-kB inhibitor BAY 11-7082 (Sigma-Aldrich;
BAY) showed the decrease of nuclear p65 (Fig. 2H), which
resulted in the downregulation of inflammatory cytokines
(Fig. 2I), suggesting that the upregulation of p65 is involved
in the induction of a SARS-CoV2 peptide-induced cytokine
storm in Calu-3 cells.

Taken together, these data indicated that Calu-3 cells
showed the upregulation of inflammatory cytokines and
NF-kB p65 under induction by SARS-CoV-2 Peptide Pools.

MSC-derived EVs reduced the SARS-CoV-2
peptide-upregulated inflammatory cytokines
in Calu-3 cells

Recent clinical trials have reported the potential appli-
cation of MSCs, as a result of their immune-modulatory
functions, in the treatment of SARS-CoV-2 infection [15].
Therefore, we next examined how MSCs derived from ad-
ipose tissue (AT-MSCs) and Wharton’s jelly (WJ-MSCs)
regulate the SARS-CoV-2 peptide-induced inflammatory
cytokines in Calu-3 cells. AT-MSCs and WJ-MSCs were
characterized by their high proliferation rate (Fig. 3A), the
ability to differentiate into adipocytes and osteocytes (Fig. 3B),
and the expression of MSC markers: they were positive for
CD90, CD73, and CD105, and negative for CD45 and CD31
(Fig. 3C). Remarkably, co-culture of Calu-3 cells with either
AT-MSCs or WJ-MSCs in a Transwell co-culture system
reduced the upregulation of inflammatory cytokines of Calu-
3 cells, which was induced by Prot_S to the normal state,
similar to Calu-3 cells without induction by Prot_S (Fig. 3D).

Based on extensive research on the functions of MSCs,
it is reported that MSCs exert their paracrine functions
through soluble mediators, including EVs [32]. In addition,
it is reported that exosomes from bone marrow-derived
MSCs showed the capacity to restore oxygenation, down-
regulate the cytokine storm, and reconstitute the immunity
of patients with COVID-19 [21]. In this study, we examined
whether or not EVs derived from AT-MSCs (AT-EVs) and
WJ-MSCs (WJ-EVs) also showed recovery effects on SARS-
CoV-2 PepTivator-induced cells. First, the analysis of EVs
under a transmission electron microscope showed that both
AT-EVs and WJ-EVs exhibited a round shape with a di-
ameter of 200 nm (Fig. 3E). In addition, both AT-EVs and
WJ-EVs showed the expression of EV markers, which were
positive for CD63 and TSG101 (Fig. 3F).

Next, the PKH-26-red-labeled AT-EVs or WJ-EVs were
incorporated into the Prot_S-induced Calu-3 cells. The in-
corporation of AT-EVs or WJ-EVs into the Calu-3 cells was
confirmed by the PKH-26-red signals under a fluorescence
microscope (Fig. 3G). As a result, the incorporation of AT-
EVs or WJ-EVs significantly reduced the expression and
secretion of inflammatory cytokines, including TNFa, IL6,
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FIG. 1. A systematic review and meta-analysis of the correlation between DM and RD and the risk of mortality in patients
with COVID-19. (A) A flow diagram of the systematic review. A flow diagram of the number of articles identified and
examined at each stage of the systematic review. A total of eight articles published from 2020 to 2021 met all inclusion
criteria and were included in the meta-analysis. (B) Odds ratios for COVID-19-related mortality in patients with RD, DM, or
RD and DM. DM, diabetes mellitus; RD, renal disease.
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IL1b, and IFNg, in Prot_S-induced Calu-3 cells to normal
levels, similar to those in Calu-3 cells without induction
(Fig. 3H, I). Moreover, treatment with AT-EVs or WJ-EVs
resulted in a significant decrease of NF-kB p65 in the nu-
cleus of Prot_S-induced Calu-3 cells (Fig. 3J).

Taken together, these data suggested AT-EVs or WJ-EVs
possess the ability to reduce the cytokine storm and the level
of nuclear NF-kB p65 in Calu-3 cells after induction by
SARS-CoV-2 Peptide.

High glucose and uremic toxin concentrations
induced the expression of inflammatory cytokines
in Calu-3 cells

Recent studies reported the higher mortality rate and se-
verity of COVID-19 in patients with DM or RD [6–13]. In
addition, our meta-analysis results showed that the risk ratio
for COVID-19-related mortality was higher in COVID-19
patients with DM or RD as a single comorbidity. DM is as-
sociated with increased blood glucose concentrations [33],
while RD is associated with the accumulation of high con-
centrations of uremic toxins [30], suggesting the involve-

ment of one of the factors associated with the induction of
inflammatory cytokines [34,35]. Therefore, in this study, we
next examined how high glucose or uremic toxin concen-
trations affect the cytokine storm induction of cells induced
by SARS-CoV2.

The addition of glucose (concentration 10–30 mM) was
not associated with the alteration of proliferation or apo-
ptosis of Calu-3 cells (Fig. 4A, B). However, in comparison
to cells cultured under normal conditions, a high glucose
concentration (10–30 mM) induced the expression of inflam-
matory cytokines, including TNFa, IL6, and IL1b, (10 mM
Glucose: TNFa: 3.5-fold increase, IL6: 6.4-fold increase,
and IL1b: 2.2-fold increase; 20 mM Glucose: TNFa: 3.8-
fold increase, IL6: 5.9-fold increase, and IL1b: 2.6-fold
increase; and 30 mM Glucose: TNFa: 3.2-fold increase, IL6:
6.6-fold increase, and IL1b: 2.1-fold increase, n = 3, *P <
0.05, **P < 0.01, Fig. 4C).

Of note, the mRNA expression of ACE2 and TMPRSS2
in Calu-3 cells cultured under high concentrations of glu-
cose was upregulated in comparison to those cultured under
normal conditions (ACE2, 10 mM Glucose: 10.2-fold in-
crease, 20 mM Glucose: 9.7-fold increase, 30 mM Glucose:

FIG. 2. SARS-CoV-2 Peptide Pools induced cytokine storm in Calu-3 cells. (A) The surface expression of ACE2 and
TMPRSS2 in Calu-3 cells examined by flow cytometry. (B) The morphology of Calu-3 cells under a microscope at
40 · magnification. Bars indicated 100mm. (C) The proliferation of Calu-3 cells. (D) Doubling time of Calu-3 (n = 3). (E)
The inflammatory cytokine gene expression in Calu-3 cells (n = 3). (F) The inflammatory cytokine secretion in Calu-3 cells
(n = 4). (G) The nuclear p65 protein expression in Calu-3 cells. (H) The nuclear p65 protein expression in Calu-3 cells in the
presence of NF-kB inhibitor BAY11-7082. I. The inflammatory cytokine gene expression in Calu-3 cells in the presence of
NF-kB inhibitor. The data represent the mean – SD. **P < 0.01, *P < 0.05, ns: no significance. The experiments were
performed in triplicate.
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FIG. 3. MSC-EVs reduced the upregulation of the cytokine storm in Calu-3 cells induced by SARS-CoV-2 Peptide Pools.
(A) Growth curve of MSCs. (B) Adipogenic and osteogenic differentiation of MSCs after 20 days. Adipo: Adipogenic
differentiation, Osteo: Osteogenic differentiation. The photos were taken under a microscope at 200 · magnification. Bars
indicated 100mm. (C) Cell surface markers of MSCs. (D) The inflammatory cytokine expression in Calu-3 cell co-culture
with MSCs. Four independent cell lines of MSCs were used in the above experiments (n = 4). (E) The morphology of EVs
under a transmission electron microscopy. Bars indicated 100 nm. (F) The marker expression of EVs. (G) The incorporation
of EVs into human lung epithelial cells after 24 h. The photos were taken under a microscope at 40 · magnification. Bars
indicated 100mm. (H) The inflammatory cytokine expression in Calu-3 cells incorporated with EVs. (I) The inflammatory
cytokine secretion in Calu-3 cells incorporated with EVs (n = 4). ( J) The nuclear p65 protein expression in Calu-3 cells
incorporated with EVs. EVs isolated from four independent cell lines of MSCs were used in the above experiments (n = 4).
The data represent the mean – SD. **P < 0.01, *P < 0.05, ns: no significance. The experiments were performed in triplicate.
MSC, mesenchymal stem cell; EV, extracellular vesicle.
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9.9-fold increase and TMPRSS2, 10 mM Glucose: 7.8-fold
increase, 20 mM Glucose: 8.0-fold increase, 30 mM Glu-
cose: 7.9-fold increase n = 3, **P < 0.01, ***P < 0.001,
Fig. 4D, F). Consistent with the mRNA expression, Calu-3
cells cultured under high concentrations of glucose showed
the increased surface expression of ACE2 and TMPRSS2
protein compared to those cultured under normal conditions
(ACE2, 10 mM Glucose: 3.4-fold increase, 20 mM Glucose:
3.6-fold increase; and 30 mM Glucose: 3.8-fold increase and
TMPRSS2, 10 mM Glucose: 2.5-fold increase, 20 mM
Glucose: 2.4-fold increase; and 30 mM Glucose: 2.7-fold
increase, n = 3, *P < 0.05, **P < 0.01, Fig. 4E, G).

Next, the effects of uremic toxins on Calu-3 cells treated
with p-cresol were examined. No significant effects on the
proliferation and apoptosis of Calu-3 cells were observed
with low concentrations of p-cresol (5 mg/L or 10 mg/L),
while an increased concentration of p-cresol (15 mg/L) in-
hibited the proliferation and induced the apoptosis of the
cells (Fig. 4H, I). In addition, treatment with p-cresol at
10 mg/L significantly induced the expression of TNFa and
IL6 (TNFa: 2.4-fold increase and IL6: 3.5-fold increase,
n = 3, *P < 0.05, **P < 0.01, Fig. 4J) in Calu-3 cells. On
the other hand, p-cresol showed no significant effect on the
expression of ACE2 and TMPRSS2 (Fig. 4K).

Of note, the combination of both glucose and p-cresol
treatment resulted in the significant upregulation of ACE2 (9.5-
fold increase at mRNA level and 3.5-fold increase at protein
level, n = 3, P < 0.01, Fig. 4L, M) and TMPRSS2 (6.5-fold in-
crease at mRNA level and 2.1-fold increase at protein level,
n = 3, *P < 0.05, **P < 0.01, Fig. 4N, O), similar to what was
observed in Calu-3 cells cultured under a high glucose con-
centration. In addition, under high glucose and uremic toxin,
Calu-3 cells showed the induced expression of inflammatory
cytokines, such as TNFa, IL6, and IL1b (TNFa: 5-fold in-
crease, IL6: 7.5-fold increase, and IL1b: 2.5-fold increase,
n = 3, *P < 0.05, **P < 0.01, Fig. 4P) at the mRNA level and the
induced secretion of inflammatory cytokines at the protein le-
vel (TNFa: 1.4-fold increase, IL6: 1.5-fold increase, and IL1b:
1.8-fold increase, n = 4, *P < 0.05, **P < 0.01, Fig. 4Q).

Taken together, these data indicate that high glucose and
p-cresol concentrations affected the upregulation of inflam-
matory cytokines in Calu-3 cells; meanwhile, only a high
glucose concentration induced the expression of ACE2.

WJ-EVs, but not AT-EVs reduced the SARS-CoV-2
peptide-induced cytokine storm in Calu-3 cells
under high glucose and uremic toxin concentrations

Next, we examined whether culturing in high glucose
and/or uremic toxin concentrations induces inflammatory
cytokines of Calu-3 cells with SARS-CoV-2 infection. As
expected, culturing in high glucose or uremic toxin con-
centrations induced the responses of Calu-3 to SARS-CoV-2
Peptide Pools, which exhibited the higher expression and
secretion of inflammatory cytokines, including TNFa, IL6,
IL1b, and IFNg (Fig. 5A, B), in comparison to those indu-
ced by Prot_S under normal culture conditions. In addition,
in comparison to single effects of either glucose or p-cresol,
the culture in both high glucose and uremic toxin concen-
tration showed the higher induction of cytokine storm such
as TNFa, IL6, IL1b, and IFNg in Calu-3 cells by Prot_S in both
mRNA expression and secreted protein levels (Fig. 5A, B).

We next examined whether AT-EVs and WJ-EVs affect
Prot_S-induced inflammatory cytokines in Calu-3 cells cul-
tured under high glucose conditions and/or in the presence
of uremic toxin. After induction by Prot_S under high glu-
cose and/or uremic toxin concentrations, the incorporation
of either AT-EVs or WJ-EVs into Calu-3 cells was con-
ducted. Notably, the incorporation of AT-EVs into Prot_S-
induced Calu-3 cells cultured under high glucose and/or
uremic toxin concentrations showed no downregulation
of the expression and secretion of inflammatory cytokines
(Fig. 5C). In contrast, the incorporation of WJ-EVs signifi-
cantly reduced the expression of inflammatory cytokines
in Calu-3 cells induced by Prot_S, even under high glucose
and/or uremic toxin concentrations (high glucose concen-
tration: TNFa: 2.8-fold decrease, IL6: 4.2-fold decrease,
IL1b: 2.6-fold decrease, and IFNg: 2.7-fold decrease; high
uremic toxin concentration: TNFa: 2.2-fold decrease, IL6:
3.4-fold decrease, IL1b: 2.5-fold decrease, and IFNg: 2.2-
fold decrease, and high glucose and uremic toxin concentra-
tions: TNFa: 4.6-fold decrease, IL6: 3-fold decrease, IL1b:
3.5-fold decrease, and IFNg: 2.6-fold decrease, n = 4, *P <
0.05, **P < 0.01, Fig. 5C).

Previous studies suggested that the characteristics of cells
are affected by the passage number during in vitro culture
[36,37]; therefore, we next examined whether EVs from

‰

FIG. 4. High glucose or/and uremic toxin concentrations induced the expression of inflammatory cytokines in Calu-3
cells. (A) The proliferation of Calu-3 cells under high glucose concentrations. (B) The number of apoptotic cells under high
glucose concentrations. (C) The gene expression of inflammatory cytokines in Calu-3 cells under high glucose concen-
trations. (D) The gene expression of ACE2 in Calu-3 cells under high glucose concentrations. Calu-3 was treated with 10,
20, and 30 mM glucose for 24 h. (E) The surface expression of ACE2 in Calu-3 cells under high glucose concentrations. (F)
The gene expression of TMPRSS2 in Calu-3 cells under high glucose concentrations. (G) The surface expression of
TMPRSS2 in Calu-3 cells under high glucose concentrations. (H) The proliferation of Calu-3 cells in the presence of
p-cresol as an uremic toxin. (I) The number of apoptotic cells in the presence of p-cresol. (J) The gene expression
of inflammatory cytokines in Calu-3 cells in the presence of p-cresol. (K) The gene expression of ACE2 in Calu-3 cells in
the presence of p-cresol. Calu-3 cells were cultured under 5 or 10 mg/L p-cresol for 24 h. (L) The gene expression of ACE2
in Calu-3 cells in the presence of glucose and p-cresol. (M) The surface expression of ACE2 in Calu-3 cells in the presence
of glucose and p-cresol. (N) The gene expression of TMPRSS2 in Calu-3 cells in the presence of glucose and p-cresol. (O)
The surface expression of ACE2 in Calu-3 cells in the presence of glucose and p-cresol. (P) The gene expression of
inflammatory cytokines in Calu-3 cells in the presence of glucose and p-cresol. Three independent experiments were
performed for the above experiments (n = 3). (Q) The secretion of inflammatory cytokines in Calu-3 cells in the presence of
glucose and p-cresol. (n = 4). Calu-3 cells were cultured under 30 mM Glucose and 10 mg/L p-cresol after 24 h. G: Glucose,
p-cre: p-cresol. The data represent the mean – SD. ***P < 0.001, **P < 0.01, *P < 0.05, ns: no significance. The experiments
were performed in triplicate.
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MSCs at a different passage number show similar functions
to reduce Prot_S-induced inflammatory cytokines in Calu-3
cells. As shown in Supplementary Fig. S1, EVs isolated
from MSCs at passage number 2–8 showed similar effects in
which WJ-EVs, but not AT-EVs attenuate the expression of
inflammatory cytokines in Prot_S-induced Calu-3 cells under
high glucose and uremic toxin conditions.

Next, we measured the concentration of inflammatory
cytokines in Prot_S-induced Calu-3 cells. Consistent with
the mRNA expression results, the incorporation of WJ-EVs
significantly reduced the secretion of inflammatory cyto-
kines in Calu-3 cells induced by Prot_S under high glucose
and/or uremic toxin concentrations (high glucose concentra-
tion: TNFa: 1.4-fold decrease, IL6: 1.5-fold decrease, IL1b:
1.5-fold decrease, and IFNg: 1.6-fold decrease; high uremic
toxin concentration: TNFa: 1.5-fold decrease, IL6: 1.4-fold
decrease, IL1b: 1.4-fold decrease, and IFNg: 1.5-fold de-
crease, and high glucose and uremic toxin concentrations:
TNFa: 1.6-fold decrease, IL6: 1.8-fold decrease, IL1b: 1.4-
fold decrease, and IFNg: 1.6-fold decrease, n = 4, *P < 0.05,
**P < 0.01, Fig. 5D).

Moreover, the incorporation of WJ-EVs resulted in the
downregulation of nuclear NF-kB p65 in Prot_S-induced
Calu-3 cells cultured under high glucose and/or uremic toxin
concentrations, while the incorporation of AT-EVs did not
result in the downregulation of p65 (high glucose concen-
tration: 2.7-fold decrease, high uremic toxin concentration:
2.5-fold decrease, and high glucose and uremic toxin con-
centrations, 2.9-fold decrease, n = 4, P < 0.05, Fig. 5E).

Taken together, these data suggested that high glucose
and/or uremic toxins contributed to the induction of the
cytokine storm by Prot_S in Calu-3 cells (Fig. 6). Of note,
we found different effects of AT-EVs and WJ-EVs on the
altered cytokine expression levels of Prot_S-induced Calu-3
cells cultured under high glucose and/or uremic toxin con-
centrations. In fact, in comparison to AT-EVs, WJ-EVs
showed a significant suppressive effect on cytokine storm,
as evidenced by the levels of TNFa, IL6, IL1b, and IFNg,
and the nuclear protein level of NF-kB p65, which were
severely altered by Prot_S in Calu-3 cells cultured under
high concentrations of glucose and uremic toxins (Fig. 6).

Discussion

In this study, our data showed that the induction of
Prot_S, a spike protein of SARS-CoV-2, altered the cyto-
kine profile of Calu-3 cells, including TNFa, IL6, IL1b, and
IFNg. The upregulation of TNFa, IL6, IL1b, and IFNg was
reported as inflammatory cytokines associated with the post-
viral infection, which played a role in the recruitment of
more immune cells for defense against the virus [38,39]. On
the other hand, the induction of these inflammatory cyto-

kines is also recognized as a double-edged sword, in that,
the overreaction of inflammatory reaction also contributes to
cytokine storm syndrome, leading to organ failure [38]. Our
data demonstrated that after being induced by Prot_S, Calu-
3 cells showed the upregulation of TNFa, IL6, IL1b, and
IFNg, which is in line with the clinical situation of patients
with COVID-19 [38,39].

Moreover, our data also suggested the role of NF-kB p65
in the induction of inflammatory cytokines in Calu-3 cells in
response to SARS-CoV2 peptide. Previous studies reported
that the binding of SARS-CoV-2 spike protein with
ACE2 promotes the hyperinflammatory responses [40]. In
this study, we found that induction of Calu-3 cells with
SARS-CoV-2 pepTivator Peptide S, which cover the im-
munodominant sequence domains of spike protein S, re-
sulted in the increased nuclear level of NF-kB p65 protein.
In addition, the Prot_S-induced Calu-3 cells after being
treated with NF-kB inhibitor showed the reduced nuclear
expression of p65, which might be involved in the down-
regulation of inflammatory cytokines. Our data suggested
the responses of Calu-3 cells to SARS-CoV-2 in which the
binding of spike glycoprotein S to ACE2 induces the ex-
pression of p65, which activated the NF-kB-induced cyto-
kine storm.

Consistent with our finding, another study reported the
induction of nuclear translocation of NF-kB p65 in lung
carcinoma epithelial cells (A549) infected by SARS-CoV2
[41]. NF-kB has been examined as the mediator that trans-
locates to the nucleus and induces the expression of numer-
ous inflammatory genes, as well as IL6, IL1b, IL8, and IL12
[31]. Therefore, the suppression of NF-kB p65 or the cyto-
kine storm has been considered an appropriate approach for
COVID-19 treatment [42,43]. Notably, among the proin-
flammatory cytokines, IL6 is reported to potentially play an
important role in the initiation of the cytokine storm; and the
administration of tocilizumab, an anti-IL6 monoclonal an-
tibody, resulted in the improvement of the outcomes of
COVID-19 patients, with all patients discharged an average
of 15.1 days after the administration of tocilizumab [44].

In the effort to find an effective treatment for COVID-19,
several research groups have suggested the application of
MSCs due to the immune-modulation ability of these adult
stem cells. Several promising outcomes have been reported
after the transplantation of ACE2(-) MSCs in patients with
COVID-19, including a decreased level of TNFa, an increase
in peripheral lymphocytes, the disappearance of overactiva-
ted cytokine-secreting immune cells, and the improvement
of the pulmonary function [15]. In the light of the immu-
nomodulatory effects of MSCs on SARS-CoV2-infected
lung cells, our data demonstrated that both MSCs derived
from adipose tissue and those derived from Wharton’s jelly
clearly showed the ability to downregulate the expression

‰

FIG. 5. WJ-EVs reduced the cytokine storm of Calu-3 cells induced by SARS-CoV-2 Peptide Pools in high glucose and
uremic toxin concentrations. (A) The inflammatory cytokine gene expression in Prot_S-induced Calu-3 cells (n = 3). (B) The
inflammatory cytokine secretion in Prot_S-induced Calu-3 cells (n = 4). (C) The inflammatory cytokine gene expression in
Prot_S-induced Calu-3 cells incorporated with EVs. (D) The inflammatory cytokine secretion in Prot_S-induced Calu-3
cells incorporated with EVs. (E) The nuclear p65 protein expression in Prot_S-induced Calu-3 cells. EVs isolated from four
independent cell lines of MSCs were used in the above experiments (n = 4). G: Glucose, p-cre: p-cresol. The data represent
the mean – SD. **P < 0.01, *P < 0.05, ns: no significance. The experiments were performed in triplicate. WJ-EV, Wharton’s
jelly MSC-derived extracellular vesicle.
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of inflammatory cytokines, such as TNFa, IL6, IL1b, and
IFNg, in Calu-3 cells induced to the normal state by Prot_S
(Fig. 3D).

Notably, in addition to MSCs, numerous studies have
suggested the application of MSC-EVs as a cell-free therapy
for viral infectious diseases [19,21,45]. Actually, a recent
study reported the ability of exosomes from bone marrow-
derived MSCs to improve the outcomes of patients with
COVID-19 based on the ability to induce oxygenation,
downregulate the cytokine storm, and induce the recovery
of the immune system [21]. Consistently, in our data, the
incorporation of either adipose tissue-derived or WJ-derived
MSC-EVs into Prot_S-induced Calu-3 cells significantly
reduced the altered expression and secretion of inflamma-
tory cytokines, suggesting that MSC-EVs might serve as a
promising candidate for the treatment of COVID-19.

It has been reported that some background health condi-
tions, including DM and RD, increase the risk of mortality
among COVID-19 patients. Meta-analysis studies have re-
ported the increased risk of mortality in COVID-19 patients
with DM [46,47] or RD [47]. Our study showed that
COVID-19 patients with both RD and DM had even higher
odds of mortality in comparison to those with RD or DM
alone. Supporting our results, a study from Mexico reported
that the risk of mortality in COVID-19 patients is increased
along with an increase in the number of comorbidities [48].
Interestingly, our data showed that under a high glucose
concentration in the presence of uremic toxin, Calu-3 cells
showed the induction of inflammatory cytokines.

Notably, in response to the induction of SARS-CoV2
Prot_S, the upregulation of inflammatory cytokines was
higher in comparison to cells cultured under normal condi-
tions. As a high glucose concentration is associated with DM

pathology, while uremic toxin is associated with RD, our
data suggested that glucose and uremic toxins contribute to
the overreaction of cytokine storm to SARS-CoV2 in patients
with chronic inflammatory diseases such as DM, RD, or di-
abetic nephropathy. Therefore, there is an urgent need to
develop an appropriate and effective treatment to reduce the
cytokine storm in COVID-19 patients with DM and RD.

Moreover, in view of the severe outcomes of COVID-19
patients with DM, our data also suggested the role of a high
glucose concentration in the upregulation of ACE2, an entry
receptor of SARS-CoV2. Our data are consistent with previous
reports on the induction of ACE2 by high glucose concentrations
in several cell types, including vascular smooth muscle cells and
pancreatic b-cells [49–51]. In addition, another study also
showed the higher protein expression of ACE2 in the lungs of
DM patients in comparison to those without DM, suggesting that
DM patients might have a higher risk of SARS-CoV-2 infection
[52]. Therefore, it is necessary to develop specific treatments to
prevent the risk of COVID-19 infection in DM patients.

Conclusions

Taken together, this study suggested that high concentra-
tions of glucose and uremic toxins might contribute to the
overreaction of the cytokine storm induced by SARS-CoV2
infection, thus resulting in the more severe outcomes and
higher mortality in patients with diseases associated with
chronic inflammation, such as DM and RD. Of note, our data
also clearly showed that using WJ-EVs would be one of the
best immunomodulation therapies for treating the SARS-
CoV2-induced cytokine storm in patients with DM and RD. In
addition, it is worth clarifying the efficiency of using WJ-EVs
in the treatment of other infectious diseases in the near future.

FIG. 6. Proposed model: The ability of WJ-EVs in the downregulation of cytokine storm induced by SARS-CoV2 under
high concentrations of glucose and uremic toxins. SARS-CoV-2 Peptide induces the cytokine storm, which might be
involved in the activation of NF-kB p65 in human lung adenocarcinoma epithelial cells. In patients with DM and RD, the
high concentrations of glucose and uremic toxins contribute to the severe cytokine storm induction by SARS-CoV2. WJ-
EVs, but not AT-EVs, show the ability to reduce the NF-kB p65 and suppress the cytokine storm induced by SARS-CoV2 in
the extraordinary worse situation as high glucose and uremic toxin level.
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50. Härdtner C, C Mörke, R Walther, C Wolke and U
Lendeckel. (2013). High glucose activates the alternative
ACE2/Ang-(1-7)/Mas and APN/Ang IV/IRAP RAS axes in
pancreatic b-cells. Int J Mol Med 32:795–804.

51. N. LE, EA M. and MK U. (2007). Mechanism of high
glucose–induced Angiotensin II production in rat vascular
smooth muscle cells. Circ Res 101:455–464.

52. Wijnant SRA, M Jacobs, HP Van Eeckhoutte, B Lapauw,
GF Joos, KR Bracke and GG Brusselle (2020). Expression
of ACE2, the SARS-CoV-2 receptor, in lung tissue of pa-
tients with type 2 diabetes. Diabetes 69:2691–2699.

Address correspondence to:
Osamu Ohneda, MD, PhD

Laboratory of Regenerative Medicine
and Stem Cell Biology
University of Tsukuba

Tsukuba 305-8575
Japan

E-mail: oohneda@md.tsukuba.ac.jp

Received for publication March 26, 2021
Accepted after revision May 31, 2021

Prepublished on Liebert Instant Online June 2, 2021

772 KHANH ET AL.


