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Abstract

Angiotensin-converting enzyme 2 (ACE2) plays an important role as a member of the renin—angiotensin—aldosterone system (RAAS)
in regulating the conversion of angiotensin Il (Ang II) into angiotensin (1-7) (Ang [1-7]). But at the same time, while expressed on the
surface of human cells, ACE2 is the entry receptor for SARS-CoV-2. Expression of this receptor has been described in several types of
cells, including hematopoietic stem cells (HSCs) and endothelial progenitor cells (EPCs), which raises a concern that the virus may
infect and damage the stem cell compartment. We demonstrate for the first time that ACE2 and the entry-facilitating transmembrane
protease TMPRSS?2 are expressed on very small CD133*CD34*Lin CD45 cells in human umbilical cord blood (UCB), which can be
specified into functional HSCs and EPCs. The existence of these cells known as very small embryonic-like stem cells (VSELSs) has
been confirmed by several laboratories, and some of them may correspond to putative postnatal hemangioblasts. Moreover, we
demonstrate for the first time that, in human VSELs and HSCs, the interaction of the ACE2 receptor with the SARS-CoV-2 spike
protein activates the Nlrp3 inflammasome, which if hyperactivated may lead to cell death by pyroptosis. Based on this finding, there is a
possibility that human VSELs residing in adult tissues could be damaged by SARS-CoV-2, with remote effects on tissue/organ
regeneration. We also report that ACE2 is expressed on the surface of murine bone marrow-derived VSELs and HSCs, although it
is known that murine cells are not infected by SARS-CoV-2. Finally, human and murine VSELs express several RAAS genes, which
sheds new light on the role of these genes in the specification of early-development stem cells.
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Introduction

The SARS-CoV-2 pandemic, with its high mortality, has be-
come an urgent clinical problem. This infection damages several
organs, including lungs, heart, blood vessels, kidneys, and intes-
tines and may lead to a fatal complication known as a “cytokine
storm”, which results in uncontrolled hyperactivation of the in-
nate immunity-initiated response. SARS-CoV-2 may i) directly
infect human cells and lead to their lysis or damage or #i) upreg-
ulate mediators of the renin—angiotensin—aldosterone system
(RAAS), which may eliminate cells in a Nlrp3 inflammasome
hyperactivation-mediated manner by pyroptosis [1-5].

It is well established that SARS-CoV-2 enters human cells
after binding to the angiotensin-converting enzyme 2 (ACE2)
receptor and utilizes a spike protein (S) for attachment and
entry into the cells [4, 5]. The viral S protein must be primed
by transmembrane protease 2 (TMPRSS2) to facilitate inter-
action with ACE2 and the subsequent fusion of viral and cel-
lular membranes [8]. The ACE2 receptor has been found on
the surface of many cells, and its physiological role is to pro-
cesses conversion of angiotensin II (Ang II) to angiotensin (1—
7) (Ang [1-7]) [1-3, 9]. These two members of the RAAS
family have opposite biological effects on target cells and
activate the angiotensin 1 receptor (AT;R) and MasR, respec-
tively [10]. Activation of AT|R during SARS-CoV-2 infec-
tion has detrimental effects, inducing fibrosis, an increase in
reactive oxygen species (ROS) release, vasoconstriction, and
gut dysbiosis. By contrast, the effect of MasR activation is
overall protective, ant-fibrotic, antioxidant, and vasodilatory.

It has already been demonstrated that hyperactivation of
AT;R by Ang II may lead to excessive activation of the
Nlrp3 inflammasome and cell death by pyroptosis in lung
epithelium cells, endothelium, and cardiomyocytes [11-14].
By contrast, after binding to MasR, Ang (1-7) displays the
opposite effect and has been demonstrated to stimulate prolif-
eration of skeletal muscle and hematopoietic cells [6, 15].
Unfortunately, because of ACE2 internalization during
SARS-CoV-2 infection Ang II is not processed to Ang (1-7).

The Nlrp3 inflammasome triggers an inflammatory im-
mune response via intracellular caspase 1, which leads to i)
release of the potent pro-inflammatory cytokines interleukin
13 (IL-13) and interleukin 18 (IL-18) and #i) mediates the
release of several biologically active danger-associated molec-
ular pattern molecules (DAMPs) by creating gasdermin D
(GSDMD) pore channels in cell membranes [16—18]. This
initiates a sequence of events leading to amplification of the
innate immune system response and activation of its major
humoral arm, the complement cascade (ComC) [19, 20].

Based on the aforementioned, SARS-CoV-2 may enter and
damage cells that express ACE2 entry receptor or damage
them by hyper-activation of the Ang [I-AT;R axis [21], which
may lead to excessive Nlrp3 signaling and pyroptosis [22, 23].
Since many types of cells, including HSCs and EPCs, express

both ACE2 and AT;R, this mechanism suggests that the stem
cell compartment may be a direct target for damage by the
virus. This also raises the question of potential long-term del-
eterious effects of infection on organ and tissue regeneration.
To address this important question, we became interested in
the potential effect of SARS-CoV-2 on the population of
CD45  cells, known as very small embryonic-like stem cells
(VSELs), residing in postnatal tissues. These cells, which
have been described and confirmed by several independent
laboratories [24—35], may become specified into HSCs and
EPCs and thus may revive the old concept of the presence of
postnatal hemangioblasts in bone marrow [36—40].
Interestingly, several previous reports have indicated that
hemangioblasts may be regulated by RAAS mediators [41].

Here we demonstrate for the first time that human VSELs
express ACE2, the spike protein-priming protease TMPRSS2,
and several RAAS genes. Moreover, we show that interaction
of the ACE2 receptor with the SARS-CoV-2 spike protein acti-
vates the Nlrp3 inflammasome in human cells, which, if
hyperactivated, may lead to cell death by pyroptosis, as is well
known. Based on this mechanism, early-development human
stem cells residing in adult tissues may be affected by SARS-
CoV-2, which could lead to long-term defects in tissue/organ
regeneration. We also report that ACE2 is expressed on the sur-
face of murine bone marrow-derived VSELs and HSCs, al-
though it is known that murine cells are not infected by SARS-
CoV-2. Finally, human and murine VSELs express several
RAAS genes, which sheds new light on their role in the specifi-
cation of early-development stem cells.

Materials and Methods
Mice and Umbilical Cord Blood

Pathogen-free, 6-8-week-old female C57BL/6 J mice were pur-
chased from the Jackson Laboratory (Bar Harbor, ME; USA) at
least 2 weeks before experiments. Animal studies were approved
by the Animal Care and Use Committee of the University of
Louisville (Louisville, KY, USA) and Warsaw Medical
University (Warsaw, Poland). Clinical-grade UCB research units
were shipped from the Cleveland Cord Blood Center. This study
was performed in accordance with the guidelines and approval of
the Institutional Review Board at the University of Louisville
School of Medicine (Louisville, Kentucky).

Murine Bone Marrow-Derived Mononuclear Cells
(BMMNCs)

Cells were obtained by flushing experimental mouse tibias
and femurs. Red blood cells (RBCs) were removed by lysis
in BD Pharm Lyse buffer (BD Biosciences, San Jose, CA,
USA), washed, and resuspended in appropriate media.

@ Springer



268

Stem Cell Rev and Rep (2021) 17:266-277

a 105+ 105+
P2
104 10 4+
0 o . P4 (HSC)
a a T
] Q 4T
3 3 10:-fid | s
w w ]
[-% (-9 .
P3 (VSEL)
10!
T | 100 T T T T 1 1094 T T T T 1
192 256 100 10! 102 100 104 10% 100 10! 10° 109 104 108
FITC-Lin APC-CD34
b .-
10 105+
10]..
2 3
o] O 1034 ——1 P4 (HSC)
e S ?
3 N
D w102+
101 P3 (VSEL)
DEI B:l- ZIZS 9!2 25'6 100 T T T 1 10% T T T T 1
1 1 100 10! 100 104 108 100 100 100 108 10¢ 105
FSC-H FITC-Lin PE-CD133

Fig.1 Gating strategy for sorting human CD34" and CD133* VSELs and
HSCs by FACS. UCB-derived VSELs and HSCs were isolated from
human UCB mononuclear cells (MNCs) following magnetic isolation
of CD34 or CD133-positive cells and immunostaining. UCB derived
populations of MNCs was visualized by dot plot showing forward scatter
(FSC) vs. side scatter (SSC) signals, which are related to the size and
granularity/complexity of the cells. Cells from region P1 were further

Sorting Strategy for VSELs and HSCs from Human
Umbilical Cord Blood (UCB)

VSELs (Lin /CD34%/CD45  or Lin /CD133%/CD45") and
HSCs (Lin /CD34/CD45" or Lin /CD133*/CD45"%) were
isolated from human umbilical cord blood (hUCB) samples
from healthy full-term newborns. Samples were obtained
through a partnership with the Cleveland Cord Blood Bank
Center under IRB approval for scientific research purposes.
Briefly, mononuclear cells (MNCs) were isolated from hUCB
samples by density-gradient centrifugation on a Ficoll-Paque
gradient (p =1.077 g/mL; GE Healthcare). MNCs were then
labelled with anti-CD34 or anti-CD 133 MicroBeads (Miltenyi
Biotec) and separated on magnetic columns (Miltenyi Biotec).
The cell population of CD34" or CD133*-enriched cells was
stained with fluorescence-labeled antibodies (all Becton
Dickinson) for the hematopoietic lineage marker (Lin),
CD45, and CD34 or CD133. The following murine anti-
human antibodies were employed for staining: anti-CD235a
(FITC; clone GA-R2 [HIR2]), anti-CD2 (FITC; clone RPA-
2.10), anti-CD3 (FITC; clone UCHT1), anti-CD14 (FITC;

@ Springer

analyzed for CD45 and Lin expression. The population of CD45"/Lin~
objects was included in region P2. Cells from region P2 were analyzed for
CD45 and CD34 expression and subsequently sorted into Lin /CD34*/
CD45 cell (VSEL, region P3) and Lin /CD34%/CD45" cell (HSC, region
P4) subpopulations (Panel a) or CD45 and CD133 expression and sorted
into Lin /CD133*/CD45" cell (VSEL, region P3) and Lin /CD133"/
CD45" cell (HSC, region P4) subpopulations (Panel b)

clone M5E2), anti-CD16 (FITC; clone 3G8), anti-CD19
(FITC; clone, HIB19), anti-CD24 (FITC; clone ML5), anti-
CD56 (FITC; clone NCAM16.2), anti-CD66b (FITC; clone
G10F5), anti-CD45 (PE-Cy7; clone HI30), and anti-CD34
(APC; clone 581) or anti-CD133 (PE; clone AC133).
Staining was performed in RPMI-1640 medium supplement-
ed with 2% FBS on ice for 30 min. The cells was subsequently
washed, resuspended in RPMI1640 containing 2% FBS, and
sorted using a MoFlo XPD cell sorter (Beckman Coulter) as a
highly purified population of Lin /CD34*/CD45~ VSELs and
Lin/CD34%/CD45" HSC using the strategy presented in
Fig. 1a or Lin /CD133%/CD45  VSELs and Lin /CD133*/
CD45" HSCs using the strategy presented in Fig. 1b.

Sorting Strategy for VSELs and HSCs from Murine
Bone Marrow

Lin-/Sca-1*/CD45™ cells (VSELs) and Lin /Sca-1"/CD45"
cells (HSCs) were isolated from the BM of adult C57BL/6
mice (five weeks old; Jackson Laboratory, USA). Bone mar-
row was flushed from the cavities of tibias and femurs, and the
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Table 1 List of primer sequences used for Real-Time qPCR analysis
of cells isolated from human umbilical cord blood.

Table2  List of primer sequences used for Real-Time qPCR analysis of
murine cells isolated from bone marrow

Name of the gene Primer Sequence

B32M forward 5’-TGACTTTGTCACAGCCCAAGATA-3'
reverse  5’-AATGCGGCATCTTCAAACCT-3'

ACE2 forward 5’-TCCGTCTGAATGACAACAGC -3’
reverse 5-CACTCCCATCACAACTCCAA-3'
ATI forward 5’-CAGCCAGCGTCAGTTTCAACC -3’
reverse  5’-GGCTACAAGCATTGTGCGTCG —3’
AT2 forward 5’-GACCTTCCTGGATGCTCTGG —3’
reverse  5’-CGCAGCTGTTGGTGAATCCC -3’
MAS forward 5’-GTCCAGCACCATCTTGGTCG -3’
reverse  5’-GGAGTCTCATGGGCATAGCG -3’
NLRP3 forward 5’-GTGTGGGACTGAAGCACCTG -3’
reverse  5’-GTCTCCCAAGGCATTCTCCC -3’
IL-1 beta forward 5’-TGCCCACAGACCTTCCAGGA -3’
reverse  5’-CGGAGCGTGCAGTTCAGTGA -3’
IL-18 forward 5’-CGGCCTCTATTTGAAGATATGAC
3
reverse 5’-CCATACCTCTAGGCTGGCTA -3’
RENIN forward 5’-ATCCACCTTGCTCTGTGAAG —3°
reverse  5’-CCTGAAATACATAGTCCGCG -3’
CMAI forward 5’-GTGTGGGCAATCCCAGGAAG -3’
reverse  5’-CCGACCGTCCATAGGATACG -3’
AIM2 forward 5’-AACGTGCTGCACCAAAAGTC -3’

reverse  5’-ACGTGAAGGGCTTCTTTGCT -3’
ASC forward 5’-CCCAAGCAAGATGCGGAAGC -3’
reverse  5-TTAGGGCCTGGAGGAGCAAG -3’
forward 5’-GATTGAGGGCAGGCAGCACA -3’
reverse  5-TCTGGTGACCTTGAGGACGG -3’

NLRPI

cell suspension was collected and filtered through a 70-pum
strainer (BD Bioscience). The population of total nucleated
cells (TNCs) was obtained after lysis of RBCs using 1x BD
Pharm Lyse buffer (BD Pharmingen, USA), washed with
phosphate-buffered saline (DPBS; w/o Ca®* or Mg”*; Life
Technologies), and resuspended in PBS containing 2% fetal
bovine serum (FBS, Thermo Fisher Scientific). Staining for
VSELs and HSCs was performed with fluorescence-labeled
antibodies for CD45, the hematopoietic lineage marker (Lin),
and Sca-1. The following anti-mouse antibodies were
employed for staining: rat anti-CD45 (allophycocyanin
[APC]-Cy7; clone 30-F11), anti-CD45R/B220 (phycoery-
thrin [PE]; clone RA3-6B2), anti-Gr-1 (PE; clone RB6-
8C5), anti-TCR« 3 (PE; clone H57-597), anti-TCRyd (PE;
clone GL3), anti-CD11b (PE; clone M1/70), anti-Ter119
(PE; clone TER-119), and anti-Ly-6A/E (also known as Sca-
1; biotin; clone E13—161.7, with streptavidin conjugated to
PE-Cy5). All antibodies were obtained from BD
Biosciences. Staining was performed in PBS with 2% FBS
on ice for 30 min. The cells were subsequently washed, resus-
pended in DMEM plus 2% FBS, and sorted using a FACS
Melody cell sorter (Becton Dickinson). The Sca-
1*Lin CD45™ cells (VSELs) and Sca-1*Lin CD45" cells
(HSCs) were isolated according to the gating and sorting strat-
egy described in Fig. 4.

Name of the Primer Sequence

gene

B2M forward 5’-CATACGCCTGCAGAGTTAAGCA-3’
reverse  5’-GATCACATGTCTCGATCCCAGTAG-3'

ACE2 forward 5’-TTCTGGGCAAACTCTATGCTG-3'
reverse  5’-CTCGTGATGGGCTGTCAAG-3'

ATI forward 5’-GCTTCCTGTTCCCTTTCCTA-3’
reverse 5’-TCATTTCTTGGCTTGTTCTTCT-3’

AT2 forward 5’-GATCTGGTGCAGTTACATCTCAG-3’
reverse  5’-CTTACTCAGCTCCCGCATG-3’

AT3 forward 5’-ACATTCTGGGCTTCGTGTTC-3’
reverse  5’-TGTCATCATTCCTTGGCGTA-3’

MAS forward 5’-TTCAGTTGGAAGCGGAGTTT-3’
reverse  5-TGGCACAGAGACCTGCTACA-3’

TMPRSS?2 forward 5'-GGATTGTGGGTGGATTGAA-3’
reverse  5-GCTGCTGAGGGGTTCTTC-3”

REN forward 5’-GCGAGATTGGCATCGGTA-3’
reverse 5-TCCCACAAGCAAGGTAGAGG-3’

AGT forward 5’-AGCATCTCGGTGTCTGTGC-3’
reverse  5’-AGCAGGGTGGCTCTCTCAC-3’

ACE forward 5’-GGTAGTGCCTTTCCCAGACA-3’
reverse  5’-GACTCCGCCCAGAACTCAG-3’

NLRP3 forward 5’-ACCAGCCAGAGTGGAATGAC-3’
reverse  5’-ATGGAGATGCGGGAGAGATA-3’

CASP1 forward 5’-GCTTTCTGCTCTTCAACACC-3’
reverse  5-AAAATGTCCTCCAAGTCACAAG-3’

IL-1 beta forward 5’-AGTTGACGGACCCCAAAAG-3’
reverse 5’-CTTCTCCACAGCCACAATGA-3’

IL-18 forward 5’-ACAACTTTGGCCGACTTCAC-3’
reverse  5’-GTCTGGTCTGGGGTTCACTG-3’

GSDM forward 5’-CTGGGTCTTGCTAGAAGAATGTGG-3’
reverse  5-CTGGCCTAGACTTGACAATA

GGAAC-3’
HMGBI forward 5’-GGAGGAGCACAAGAAGAAGC-3’

reverse  5’-GGGGGATGTAGGTTTTCATTT-3’

Detection of ACE2 on the Surface of Human Cells by
FACS

ACE2 expression was detected on human UCB-derived
VSELs and HSCs. Briefly, mononuclear cells (MNCs) were
isolated from hUCB samples by density-gradient centrifuga-
tion on a Ficoll-Paque gradient (p=1.077 g/mL; GE
Healthcare). MNCs were then labelled with anti-CD34 or
anti-CD133 MicroBeads (Miltenyi Biotec) and separated on
magnetic columns (Miltenyi Biotec). The cell population of
CD34* or CD133"-enriched cells was stained with
fluorescence-labeled antibodies for the hematopoietic lineage
marker (Lin — listed in VSELs and HSCs sorting method),
CD45 (PE-Cy7; clone HI30, Becton Dickinson), and CD34
(APC; clone 581, Beckman Dickinson) or CD133 (APC;
clone AC133, Beckman Dickinson). Additionally, cells were
stained with ACE2 antibody (PE, clone E-11, Santa Cruz).
Staining was performed in RPMI-1640 medium supplement-
ed with 2% FBS on ice for 30 min. The cells were subsequent-
ly washed, resuspended in RPMI1640 containing 2% FBS,
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Fig. 2 Expression of SARS-CoV-2 entry receptors and selected RAAS
genes in purified human VSELs and HSCs. Expression of ACE2,

AGTRI1, AGTR2, MASI, CMAL, RENIN and TMPRSS2 mRNAs in
UCB MNC and UCB purified VSELs and HSCs as measured by RT-

o

and analyzed on BD LSR II flow cytometer (Becton
Dickinson).

Real-Time RT-PCR

VSELs, HSCs, and MNCs FACS-sorted from murine bone
marrow as well as VSELs, HSCs, and MNCs isolated from
UCB were lysed, and then total RNA was isolated using the
miRNeasy Mini kit (Qiagen, CA). cDNA was prepared from
RNA template using the iScript cDNA Synthesis kit (Bio-
Rad) according to the manufacturer’s recommendations.
Real-time PCR was performed using a CFX384 Touch™
Real-Time PCR detection system (Bio-Rad) with iTaq
Univer SYBR Green Supermix (Bio-Rad) reagent. All PCRs
were performed using the following conditions: pre-
denaturation at 95 °C for 3 min, 40 cycles of denaturation at
95 °C for 10s, and annealing at 60 °C for 60 s. A melting curve
was generated to confirm primer specificity and to avoid the
possibility of amplifying DNA contamination. The mRNA
levels of target genes were normalized to the 32 microglobu-
lin mRNA level. The average cycle threshold (Ct) value of
three technical replicates was used for the comparative Ct
(AACt) method. The primer sequences used for RT-qPCR
are listed in Tables 1 and 2.
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PCR. To evaluate relative expression, comparative ACT method was
employed. Results are combined from three independent purification of
UCB VSELs and HSCs. Results are presented as mean + SEM.
*P<0.05, **P<0.01, ***P < 0.001

RT-PCR Analysis

Total RNA was isolated using the RNeasy Mini kit, including
treatment with DNase I (both from Qiagen Inc., Germantown,
MD, USA). The purified mRNA (50 ng) was afterwards re-
verse transcribed into cDNA using the First Strand cDNA
Synthesis kit (Thermo Scientific, Waltham, MA, USA) ac-
cording to the manufacturer’s instructions and using a mixture
of oligo(dT) and random hexamers. Amplification of the syn-
thesized cDNA fragments was carried out using TaKaRa
Taq™ DNA Polymerase (Takara Bio USA, Inc.) and
sequence-specific ACE2 primers with 1 cycle of 8 min at
95 °C; 2 cycles of 2 min at 95 °C, 1 min at 60 °C, and
1 min at 72 °C; 45 cycles of 30 s at 95 °C, 1 min at 60 °C,
1 min at 72 °C; and 1 cycle of 10 min at 72 °C.

Exposure of Cells to SARS-CoV-2 Spike Protein and
Angiotensin Angiotensin Fragment 1-7

UCB-derived HSCs and VSELs were plated in 96-well plates
and stimulated with NCP-CoV (2019-nCoV) spike protein
(S1 +S2 ECD, with His-tag; Sino Biological) at a concentra-
tion of 10 nM. After 16 h of incubation, the cells were lysed,
and total RNA was isolated for qRT-PCR analysis of Nirp3,
ASC, AIM2, IL13, IL1S8, and Nirpl expression. In some
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Fig. 3 Expression of ACE2 on human CD34* and CD133* VSELs and
CD34" and CD133" HSCs. Expression of ACE2 was evaluated on
human UCB-derived VSELs and HSC by FACS and RT-PCR. Panel a.
Detection of ACE2 on Lin /CD34*/CD45~ VSELs (second raw) and
Lin /CD34*/CD45* HSCs (first raw). Panel b. Detection of ACE2 on
Lin /CD133%/CD45  VSELs (second raw) and Lin /CD133*/CD45*
HSCs (first raw). Results from flow cytometry are presented as a percent-
age of ACE2" cells. The data represent the mean value = SEM for two

experiments UCB-derived HSC were plated in 96-well plates
and stimulated with NCP-CoV (2019-nCoV) spike protein
(S1+ S2 ECD, with His-tag; Sino Biological) at a concentra-
tion of 10 nM alone or together with angiotensin Fragment 1—
7 (Millipore Sigma) at a concentration of 300 pg/ml.

Statistical Analysis
All results are presented as mean + SD. Statistical analysis of

the data was done using Student’s t test for unpaired samples,
with p <0.05 considered significant.

independent experiments (upper part of Panel a and b). The expression of
ACE2 gene was detected in purified mRNA from sorted human VSELs
and HSCs by reverse transcription polymerase chain reaction (RT-PCR).
Samples containing only water instead of cDNA and samples without
reverse transcriptase were used in each run as negative controls.
Representative agarose gels of the RT-PCR amplicon are shown (lower
part of Panel a and b)

Results

Like HSCs, highly purified human VSELSs express mRNA for
ACE2, TMPRSS2, and RAAS peptides and receptors as well
as components of the Nlrp3 inflammasome complex. We
sorted very small CD34"Lin CD45 cells (VSELs) and
CD34"Lin CD45™" cells (HSCs) from UCB by FACS (Fig. 1)
and phenotyped them by real-time PCR for expression of
mRNAs for the ACE2 entry receptor for SARS-CoV-2, the
spike protein-processing enzyme TIMPRSS2, the receptors
for Ang II (AT;R and AT,R), and the Ang (1-7) receptor
(MasR, Fig. 2). We found that all of these receptors were
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Fig. 4 Gating strategy for sorting murine VSELs and HSCs by FACS.
BM-derived VSELs and HSCs were isolated from murine BM total nu-
cleated cells (TNCs) following immunostaining for Sca-1, CD45, and the
hematopoietic lineage marker (Lin). BM-derived TNCs were visualized
by dot plot showing forward scatter (FSC) vs. side scatter (SSC) signals,
which are related to the size and granularity/complexity of cells. Cells

expressed in human VSELs and HSCs. In addition, both pop-
ulations of cells expressed the CMA gene, encoding chymase,
a chymotryptic serine proteinase, which is also involved in the
processing of Ang I into Ang II. Interestingly, we also detected
expression of renin, an enzyme that processes conversion of
angiotensinogen into Ang I, indicating that RAAS is involved
in regulating the biology of both types of cells.

Importantly, expression of SARS-CoV-2 entry receptor
ACE2 was subsequently confirmed at the protein level by
FACS on both CD34* and CD133" VSELs and HSCs
(Fig. 3a and b). Expression of ACE2 was slightly higher on
the surface of CD133" VSELs (~50%) than on CD34" VSELs
(~20%). At the same time CD34" HSC ~30% expressed
ACE2 and CD133* HSC ~40%.

Highly purified murine VSELs and HSCs express mRNAs
for ACE2, TMPRSS2, and RAAS peptides and receptors as
well as components of the Nlrp3 inflammasome complex.
Although murine cells are not infected by SARS-CoV-2, we
became interested in whether the murine counterparts of hu-
man VSELs and murine HSCs express the virus-entry recep-
tor and components of the RAAS. To address this question,
we purified murine bone marrow-derived VSELs and HSCs
by FACS sorting (Fig. 4), and the mRNA expression for all of
these genes was evaluated by real-time PCR. Figure 5a shows
that murine VSELs express, at much higher levels than HSCs
and mononuclear cells (MNCs), mRNAs for ACE2, AT|R,
AT,R, AT3R, MAS, and transmembrane protease 2
(TMPRSS2), which in human cells primes the SARS-CoV-2
spike protein (S) for better interaction with ACE2.
Interestingly, Fig. 5b demonstrates that murine VSELs and
HSCs highly express mRNAs for angiotensinogen, renin, and
the ACE receptor, which indicates that these cells may be regu-
lated by intrinsic RAAS. Because they also express AT;R and
MasR, they may respond to Ang II and Ang (1-7) stimulation.

@ Springer

from region P1 are further analyzed for Sca-1 and Lin expression. The
population of Sca-1*/Lin” objects was included in region P2 and subse-
quently sorted into CD45~ and CD45" subpopulations based on CD45
marker expression. Region P3 shows Sca-1*/Lin /CD45 ™ cells (VSELs).
Region P4 shows Sca-1*/Lin /CD45" cells (VSELSs)

Stimulation of human HSCs and VSELs with SARS-CoV-2
spike protein (S) activates the Nlrp3 inflammasome. We have
proposed that hyperactivation of the Nlrp3 inflammasome is the
culprit in the induction of cytokine storms in SARS-CoV-2-
infected patients, leading to multi-organ damage. There are dif-
ferent mechanisms that may lead to this problem, involving ex-
tensive stimulation of AT|R by Ang II or enhanced activity of
the complement cascade, which recognizes viral proteins by the
lectin pathway, immune complexes by the classical pathway, and
responds to Toll-like receptor activation by activating the alter-
native pathway. We recently hypothesized that the Nlrp3
inflammasome is activated after stimulation of ACE2 by viral
spike protein (S).

To test this hypothesis, we exposed human UCB-isolated
CD34"lin CD45" and CD133"lin"CD45" HSCs to recombinant
S protein for 16 h, and activation of the Nlrp3 inflammasome
was evaluated for changes in mRNA expression of Nlrp3, IL-103,
IL-18, and ASC. We also evaluated changes in expression of
mRNAs for two other inflammasomes, Aim2 and Nlrpl. We
show for the first time that exposure of UCB HSCs to spike
protein enhances transcription of all mRNAs evaluated in our
studies. At the same time activation of Nlrp3 inflammasome in
response to spike protein was attenuated in presence of Ang 1-7
(Fig. 6). We also detected elevated levels of secreted IL-1f3, as
determined by ELISA, in the conditioned media from cells stim-
ulated by spike protein, which is an important indicator of Nlrp3
inflammasome activation. Importantly, we exposed human
UCB-purified VSELSs to spike protein, and as shown in Fig. 7
we found upregulation of Nlrp3 mRNA.

Interestingly, murine VSELs also highly express mRNAs
for elements of the Nlrp3 inflammasome and RAAS genes
(Fig. 8). Nevertheless, they are not infectable by SARS-
CoV-2. However, they may be regulated by RAAS similarly
as have been proposed for putative hemangioblasts [41].
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Fig. 5 The relative expression of
mRNAs for ACE2, RAAS
peptides and receptors, and
components of the Nlrp3
inflammasome in highly purified
murine bone marrow-derived
VSELs and HSCs. Real-time
PCR quantitation of FACS-sorted
murine VSELs and HSCs in
comparison with mononuclear
cells; *P<0.05, **P<0.01,
*#%P <0.001. In order to evaluate
relative expression, the compara-
tive ACT method was employed.
Results are presented as mean +
SEM. Panel a. Differences in the
expression of mRNAs for
angiotensin-converting enzyme 2
(ACE2), the type 1 angiotensin 11
receptor (AT1), the type 2 angio-
tensin II receptor (AT2), the
proto-oncogene Mas (MAS), the
type 3 angiotensin II receptor
(AT3), and transmembrane prote-
ase 2 (TMPRSS2). Panel b.
Differences in the expression of
mRNAs for renin (REN),
angiotensinogen (AGT), and
angiotensin-converting enzyme
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The most important message of this report is that human early-
development stem cells deposited in adult tissues, known as very
small embryonic-like stem cells (VSELS), like specified HSCs or
EPCs, express on their surface the ACE2 receptor for entry of
SARS-CoV-2 as well as the entry-facilitating protease
TMPRSS?2. In addition, these cells express AT;R, which indicates
thatthey can be challenged by Ang Il stimulation. Wealso report for
the first time that the virus-derived recombinant spike protein (S)
activates the Nlrp3 inflammasome in human VSELs and HSCs.
Our results are highly relevant to the potential long-term
effects of SARS-CoV-2 infection, as the virus may damage
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VSELSs by i) direct entry and cell lysis or ii) induction of cell
death by pyroptosis due to hyperactivation of the Nlrp3
inflammasome in response to S protein or to excessive Ang
IT stimulation by AT;R. Nlrp3 inflammasome-induced cell
death by pyroptosis is a result of activation of caspase 1, the
release of IL-13 and IL-18, the perturbation of mitochondrial
function, the creation of pores in the cell membrane by
gasdermin D, and the release of several alarmines or danger-
associated molecular pattern molecules (DAMPs) that subse-
quently amplify an uncontrolled immune response [16,
42-44]. This response involves secretion from other cells of
several pro-inflammatory cytokines such as. IL-6 or TNF-o¢
and mediators as well as activation of the complement and
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Fig. 6 Human CD34* HSC NLRP3
activate Nlrp3 inflammasome in .
response to SARS-Cov-2 spike 5
protein. Effect of NCP-CoV

(2019-nCoV) Spike protein (S1 + 4
S2 ECD, His tag) and
Angiotensin 1-7 on the expres-
sion of inflammasome related
genes. Real-time PCR quantita-
tion of FACS sorted human UCB
derived HSCs in comparison to
mononuclear cells; *P < 0.05,
**P<(0.01, ***P<0.001. In or-
der to evaluate relative expres-
sion, comparative ACT method
was employed. Results are pre- <
sented as mean + SEM.
Differences in the expression of o
mRNAs for NLRP3, AIM2, R

fold change

ASC, IL-1beta, IL-19 and NLRP1 43'
after 16 h exposure to SARS- '00
CoV-2 Spike alone and in the ‘§9
presence of Angiotensin 1-7 )
ASC
5—

fold change

coagulation cascades [45—47]. If uncontrolled, this process
may end in a cytokine storm and fatal organ damage.

It is well known that the innate immune response and acti-
vation of the Nlrp3 inflammasome are important defense
mechanisms during the first days of infection, until acquired
immunity responds with the production of antibodies.
However, on the other hand hyperactivation of this intracellu-
lar protein complex may induce a cytokine storm, with detri-
mental effects, leading to multi-organ failure. We have pro-
posed three scenarios for how this could happen. First, the
SARS-CoV-2 spike protein (S), after binding to cell surface-
expressed ACE2, directly triggers Nlrp3 inflammasome acti-
vation. In fact, we show for the first time that S protein binding
to ACE2 on human cells contributes to activation of the Nlrp3
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inflammasome. Importantly, we found that activation of the
Nlrp3 inflammasome in human cells after the interaction of
ACE2 with the SARS-CoV-2 S protein is ameliorated in the
presence of Ang (1-7). Second, as previously reported, after
engaging the AT1 receptor, Ang II activates the Nlrp3
inflammasome in lung, kidney cells, and cardiomyocytes,
and excessive activation of the Ang II-AT;R axis in these
cells may lead to pyroptosis [12, 48, 49]. Since, as shown in
our studies, both VSELs and HSCs highly express AT R,
there is i) an increase in Ang II activity in patients infected
with SARS-CoV-2 and ii) a lack of protective Ang (1-7)-Mas
signaling due to blockade and downregulation of ACE2 by
viral proteins, which may hyperactivate the Ang [I-AT,R
axis. Third, recognition and interaction of the complement
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Fig. 7 Human CD34" VSELs activate Nlrp3 inflammasome in response
to SARS-Cov-2 spike protein. Effect of NCP-CoV (2019-nCoV) Spike
protein (S1+ S2 ECD, His tag) on the expression of inflammasome re-
lated genes. Real-time PCR quantitation of FACS sorted human UCB
derived VSELs in comparison to mononuclear cells; *P <0.05, **P <
0.01, ***P < 0.001. In order to evaluate relative expression, comparative
ACT method was employed. Results are presented as mean + SEM.
Differences in the expression of mRNAs for NLRP3 after 16 h exposure
to SARS-CoV-2 Spike protein

Fig. 8 Murine VSELs express NLRP3

mRNAs for elements of the Nlrp3
inflammasome. Real-time PCR
quantitation of FACS-sorted mu-
rine VSELs and HSCs in com-
parison with mononuclear cells;
*P<0.05, #**P < 0.01, ***P <
0.001, ****P <(0.0001. In order
to evaluate relative expression,
the comparative ACT method
was employed. The relative
quantity of target gene was nor-
malized to the endogenous 32
microglobulin gene. Results are
presented as mean = SEM.
Graphs represent differences in
the expression of mRNAs for
NACHT, LRR, and PYD
domain-containing protein 3
(NLRP3); caspase 1 (CASP1);
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cascade with SARS-CoV-2 releases several potent cleavage
fragments, including C3a and C5a anaphylatoxins as well as
the C5bC9 membrane attack complex (MAC), which may
also directly trigger activation of the Nlrp3 inflammasome in
target cells including population of stem cells.

Therefore, the potential damage of VSELSs after virus entry or
exposure to Nlrp3 inflammasome hyperactivating mediators may
have a negative effect on the regenerative potential of SARS-
CoV-2-infected individuals and create potential long-term health
problems in survivors. This, however, will require further study.
In support of this possibility, ACE2 function and Ang (1-7)-
MasR signaling, which are perturbed by SARS-CoV-2 infection,
play a role in the proliferation of several stem cell types, includ-
ing HSCs, EPCs, and skeletal muscle cells [6, 15, 50]. Moreover,
since several complications from endothelium have been already
reported, it is important to assess the effects of infection on he-
matopoiesis and lymphopoiesis and also take into account dam-
age of more primitive precursors of these cells that are VSELs.

Another important observation is that RAAS mediators may
play a role in the development of VSELs. As mentioned in the
introduction, the role of RAAS in the development of putative
hemangioblasts has been reported in several old publications [39,
41, 51, 52]. These cells were purified for example from human
para-aortic splanchnopleura as CD143*, CD34", and CD45~
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population [53]. They expressed the ACE receptor (CD143),
however they were not evaluated for the expression of SARS-
Cov-2 entry receptor ACE2. In our studies human VSELs, which
may correspond to hemangioblasts in in vitro assays, are present
among the population of human ACE2*, very small
CD133"CD34™Lin CD45" cells. These cells, which have been
isolated from adult bone marrow, mobilized peripheral blood,
and umbilical cord blood, according to several independent re-
ports, have been proposed to serve in postnatal tissues as a back-
up stem cell population involved in tissue or organ
rejuvenation [26, 3335, 54]. Importantly in appropriate experi-
mental models they can become specified into functional HSCs
and EPCs.

In conclusion, since we still do not have an effective SARS-
CoV-2 vaccine in hand, the results presented in our current work
suggest that inhibition of the Nlrp3 inflammasome by the small-
molecule inhibitor MCC950 or application of Nlrp3
inflammasome inhibitors, such as Ang (1-7) or heme oxygenase
1 activators, could find potential clinical applications to prevent
onset of a cytokine storm and cell pyroptosis [23]. In further
support of this possibility, encouraging results have already been
obtained in employing antibodies against a Nlrp3
inflammasome-activation product, IL-1{3. Finally, based on our
results demonstrating ACE2 expression on the surface of
VSELs, further studies of infection with live virus will be needed
to address whether the virus may enter these cells. Finally, the
expression of several genes involved in RAAS in VSELSs raises
the possibility that this system is involved in the development
and specification of early-development stem cells.
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