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Abstract: The activities of two classes of neutral proteases were studied: caspases and proteasomes,
which could be contained in vesicles generated by human stem cells. The formation of apoptosomes
could not be induced in human mesenchymal and hematopoietic stem cells (hereinafter —MSCs and
HSCs, respectively) with the participation of cytochrome C. Caspase activity was found in the cul-
ture medium and in exosomes after the tumor necrosis factor a (TNFa) supplementation only. This
activity is completely inhibited by a non-substrate caspase inhibitor emricane, and is not sensitive
to proteasome inhibitors. It is assumed that this activity has a membrane and intracellular location.
Supplementing of TNFa cell culture leads to the generation of neutrophils and other leukocytes and
the formation of apoptosomes in them, which are secreted with the exosomes and remain circulating
outside the cells. Extracellular activity pertains to protein complexes of molecular weight similar to
20S proteasomes and is probably represented by apoptosomes. It is suggested that TNFa induces in
HSC culture the appearance of neutrophils or the generation of other differentiated cells that are
capable of apoptosis, in contrast to HSCs or MSCs.

Keywords: apoptosis; caspase; exosomes; human hematopoietic stem cells; human mesenchymal
stem cells; proteasome; neutrophils; TNFa

1. Introduction

Recently, the list of intercellular communicators has been supplemented by extracel-
lular vesicles, whose content and membrane proteins are involved in cell signaling or its
modulation [1]. It is known that white blood cells secrete exosomes containing pro-
teasomes in the form of 20S particles [2]. It was found that proteasomal activity is im-
portant not only for intracellular proteolysis, as proven by the presence of functional pro-
teasomes in blood plasma, alveolar fluid, and the culture medium of some cells [3,4]. The
process of ubiquitination and the work of the proteasomal system are important for the
development of tissues and organs and the maintenance of cellular homeostasis. For ex-
ample, it was found that the lack of Rpt3, a protein in the regulatory subunit of pro-
teasomes, leads to inactivation of muscle stem cells and their apoptosis [5]. The opposite
example is ubiquitin-specific protease 7, which de-ubiquitinates proteasome targets; this
prevents apoptosis of leukemic cells [6]. Proteasome inhibitors cause programmed death
of myelogenous leukemia stem cells, “saving” p53 protein from proteolytic degradation,
but do not cause apoptosis of hematopoietic stem cells (HSCs), as they do not contain this
protein in significant quantities required for the regulatory activity [7,8].

During apoptosis, caspases organize a global program of cell destruction, targeting
about a thousand protein substrates [9]. These proteases cause DNA damage, inhibit tran-
scription, stop the translation of proteins, and disable many other important cellular pro-
cesses. There are a few indirect data indicating the existence of a canonical apoptotic mode
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of cell death in HSCs with formation of apoptosomes [10,11]. The traditional classification
of caspases as inflammatory and apoptotic has changed over the last decade, as it has
become clear that caspases involved in the inflammatory response, such as caspase-1, can
cause cell death, and apoptotic caspases (caspase-9, -3 and -7) can mediate processes that
do not cause it [12,13]. Spontaneous neutrophil death mediated by caspase-3 is a prototype
of programmed cell death and is critical for modulating inflammatory responses; how-
ever, the main regulatory pathways remain poorly understood. In old neutrophils, the
cleavage and activation of caspase-3 does not depend on the canonical pathway mediated
by caspase-8 or caspase-9. Instead, caspase-3 is activated by serine proteinase 3 (PR3),
which is presented in the cytoplasm of these neutrophils and is released from the granules
into the cytoplasm [14]. PR3 cleaves procaspase-3 at the cleavage site of caspase-9. Adap-
tive transfer of neutrophils with PR3 deficiency has shown that their delayed death occurs
through the other internal pathways of apoptosis/survival, rather than through the in-
flammatory microenvironment. The presence of a suicidal inhibitor of the above protease,
serine protease inhibitor B1 (SERPINB1) reduces the activity of PR3 in old neutrophils, and
the removal of SERPINB1 accelerates the death of these cells. PR3-mediated caspase-3 ac-
tivation controls spontaneous neutrophil death, but whether this process exists in stem
cells is unknown. Whether PR3 can be active in HSCs is also unknown [14,15]. Alterna-
tively, there are other variants of cell death, such as the external pathway of apoptosis or
necroptosis, and they could be related to the homeostasis of HSCs. In contrast to apopto-
sis, necroptosis is a regulated form of necrotic cell death mediated by receptor protein
kinase 3 and mixed lineage kinase domain-like protein (MLKL) [16,17]. It is triggered by
external ligands such as tumor necrosis factor a (TNFax) [16]. Stimulation of the TNFa recep-
tor leads to phosphorylation of MLKL. Phosphorylated MLKL oligomerizes on cytoplas-
mic necrosomes and disrupts membrane integrity, leading to cell death [17,18]. Pyroptosis
as a process mainly described for monocytes and macrophages is caused by inflammatory
caspases, such as caspase-1, -4, -5, -11 [19]. This form of cell death is determined by specific
limited cleavage of gasdermin D (GSDMD) with release of its n-terminal domain GsdmD
P30 [20]. GsdmD p30 collects with the formation of pores in the plasma membrane, which
leads to cell lysis [21].

Whether HSCs programmed cell death occurs by activating the internal apoptosis
pathway and whether this process forms a stable pool of cells in the stem state remains to
be determined. It is possible that programmed cell death does not exist in the HSCs in the
canonical form. We investigated the activities of two classes of neutral proteases: caspases
and proteasomes, which could be contained in vesicles generated by adult human stem
cells and which are involved in normal cell physiology, often determining the fate of cells
and their very existence. Moreover, this issue is important due to the practical tasks—the
usage of vesicles (mainly exosomes) as a therapeutic agent. We compared HSCs vesicles
with those generated by mesenchymal stem cells (MSCs) because the last are more stud-
ied.

2. Experiments

Bone marrow samples from sternums of 3 healthy male volunteers 38, 44, and 54
years old were donated to isolate adult human hematopoietic stem cells after obtaining
informed consent and approval of the study protocol by the Institute’s Ethics Committee.
MSCs and HSCs were separated from the rest of the bone marrow cells by means of a
negative selection procedure with monoclonal antibodies (StemCell, Vancouver, Canada).
For performing this, antibodies to the antigens CD3, CD11b, CD14, CD16, CD19, CD56,
CD66b for HSC and CD3, CD14, CD19, CD38, CD66b for MSCs were applied as Ro-
setteSep cocktails, designed to enrich the samples with progenitor cells. The isolated cells
were resuspended in StemSpan™ Serum-Free Expansion Medium (SFEM) and Mesen-
Cult™ MSC Basal Medium supplemented with an appropriate stimulant supplement con-
taining recombinant human cytokines: fms-related tyrosine kinase 3 ligand (FIt3L), stem
cell factor (SCF), interleukine-3 (IL-3), interleukine-6 (IL-6), and thrombopoietin (TPO)
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[22]. A similar medium was used for MSCs. Cells were cultured in a 95% humidified in-
cubator at 37 °C in 5% CO2. The medium was changed every 3 days during 3 weeks. The
cultured cells were concentrated by positive selection for CD34+ antigen using EasySep™
Human CD34 Positive Selection Kit on magnetic particles. The isolated cells were perme-
abilized with saponin 50 ug/mL before further manipulation and were stored on ice for
15-60 min in an isotonic buffer medium in a volume of 100-200 uL.

Part of HSCs after 10 days of cultivation was used to induce the generation of neu-
trophils and cell death induction by TNFa. SFEM medium was replaced with one con-
taining TNFq, interleukine-2 (IL-2), and granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) of 10 ng/mL (hereinafter “TNFa cocktail” or “TNFa” in the captions to the
figures). Cells were grown in the new medium for 4 days.

The conditioned culture mediums were filtered through a 0.22 um filter, centrifuged
for 30 min at 15,000% g, and concentrated in 12-15 folds with 150 KD Millipore concentra-
tors. The concentrate was used for gel filtration and exosome isolation with the kit for
“total exosome isolation” (Invitrogen, Carlsbad, CA, USA). Exosomes were also isolated
by centrifugation for 3.5 h (4 °C) at RCF = 50,000x g. The precipitate was resuspended in
the isotonic medium and stored on ice.

The concentrated conditioned culture medium was fractionated by high molecular
weight gel filtration with HW-65 (Supelco, Japan) on a column of 50 x 1 c¢m, at the rate of
0.3 mL/min. Each fraction was reconcentrated on 150 KD filters (Millipore, Burlington,
MA, USA).

Apoptosis was induced in saponin-permeabilized cells with buffered solution of cy-
tochrome C (5 uM) and dATP (1 mM) for 1 h at 32 °C with the addition of protease inhib-
itors cocktail (Sigma, St. Louis, MO, USA) and 2 mM DTT [23]. Protease reactions were
performed in a volume of 200 pL at 37 °C. The activity of caspase-3 was measured using
the substrate (Z-Asp-Glu-Val-Asp)-Rhodamine 110 (Z-DEVD)2R110 in 10 mM Tris or 30
mM HEPES buffer, (pH 7.3) at Aex = 485 nm and Aem = 535 nm. (Z-DEVD):R110 as a
substrate was used to measure caspase activity together with 20 uM bortezomib or 2 uM
adamantane-acetyl-(6-aminohexanoyl)s-(leucinyl)s-vinyl-(methyl)-sulfone
(AdaAhxsLsVS) to reduce background proteasomal activity. Emricasan was added to con-
firm caspases’ specificity. The chymotrypsin-like proteasomal activity was measured us-
ing the Suc-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (Z-LLYV-AMC) substrate in the
same medium at Aex = 360 nm and Aem = 440 nm. Specificity was confirmed by the addi-
tion of inhibitors of all types of proteasomal activity: bortezomib (2 uM), AdaAhxsLsVS (2
M), or 0.1 uM epoxomycin in the case of chymotrypsin-like only [23].

mRNA from cultivated cell samples was isolated to detect the expression of specific
antigens. Twenty micrograms of total RNA from each sample of HSCs tested was isolated
using RNeasy mini kit (Qiagen, Valencia, CA, USA) and treated with DNase I (GE
Healthcare, Chicago, IL, USA). cDNA synthesis was performed using SuperScript III re-
verse transcriptase (Invitrogen) with polyA primers, according to the manufacturer’s rec-
ommended procedure; cDNA was treated with RNase H (Hoffmann-La Roche, Nutley,
NJ, USA) after synthesis. Hot-start Tfi DNA polymerase (Invitrogen) was used for PCR
reactions according to the manufacturer’s recommended procedure. PCR reaction prod-
ucts of mRNAs of CD14, CD34, and CD45 protein antigens were treated with Earl re-
striction enzyme (Fermentas, Waltham, MA, USA) to confirm the specificity of used pri-
mers. PCR with a minus template was included in the PCR experiment as a negative con-
trol, and primers to the cDNA fragment of the 15S protein of the small RNA ribosomal
subunit (primers from Ambion, Austin, TX, USA) were used as a positive control.

3. Results

Two cell populations were isolated and propagated from each bone marrow sample.
HSCs expressed mRNAs that corresponded to the phenotype CD34+, CD45*, CD14-. After
cultivation with TNFa cocktail, the marker CD14 appeared in the mRNA preparation. The
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set of total mRNAs isolated and identified from such cells changed on CD34+, CD45*,
CD14* phenotype.

Since the work is largely concerned with exosomes, the results are presented in the
form of a comparison of the properties of exosomes isolated from MSC and HSC cultures
due to the presence of sufficient information in the literature about exosomes from MSCs.
Investigation of caspase activity as in HSCs isolated by immuno-affinity method, and in
MSCs, was carried out with a non-peptide proteasome inhibitor to avoid misconceptions
about the proteasomal protease involved. The proteasome inhibitors (bortezomib and
AdaAhxsLsVS) were used at concentrations that completely blocked all protease activities
of proteasomes. Data about proteasomal activities which are completely inhibited by
bortezomib for different substrates are shown in Figure 1.
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Figure 1. Activity of bortezomib-sensitive proteasomes in CD34* hematopoietic stem cells (HSCs).
Data are presented as means + SD, n = 3.

It should be noted that the activity was detected only after the addition of saponin,
i.e, it is intracellular. Our attempts to induce apoptosis with cytochrome C and dATP
(under conditions of permeabilization of cells with saponin) were not effective in cases of
HSCs or MSCs. We attempted to induce apoptosis with TNFa (for 4 days, adding it at a
concentration of 10 ng/mL) in culture with HSCs, but specific activity for caspases induced
by cytochrome C and dATP was not detected also. In the CD34* cell population, we also
failed to detect intracellular protease activity selective for caspases induced by the addi-
tion of apoptosis inducers. Thus, it is possible to assume that MSCs and HSCs are not able
to develop classical apoptosis induced by the release of cytochrome C from mitochondria.

At the same time, TNFa-treated permeabilized CD34- cells had a little activity for the
substrate (Z-DEVD)2R110, which was completely inhibited by the addition of 0.1 uM
emrikasan. In exosomes from such cells, saponin caused unmasking of caspase activity in
vesicles (Figure 2). This also suggests the intracellular localization of active caspases in
neutrophils and/or their precursors.
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Figure 2. Activity of emricasan-sensitive (Z-Asp-Glu-Val-Asp)-Rhodamine 110 ((Z-DEVD)2R110)-
ase in exosomes from HSC and mesenchymal stem cells (MSC) cultural medium. Data are pre-
sented as means + SD, n = 3.

LLYVase activity that was inhibited by bortezomib and AdaAhxsLsVS was present
in exosomes (Figure 3). In the case of MSCs, this activity was manifested after the addition
of saponin. Proteasomal activity in exosomes from HSC culture medium was many folds
lesser than in the case of MSCs and the addition of saponin did not increase this activity.
At the same time, the activity in vesicles from the culture medium with TNFa cocktail was
significantly higher than without it (Figure 3), but the activity after the addition of saponin
did not increase. Furthermore, this activity increased after treatment of probes with bo-
vine serum albumin together with SDS, what is a characteristic feature of 20S-proteasomes
(data not shown).
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Figure 3. Bortezomib- and adamantane-acetyl-(6-aminohexanoyl)s-(leucinyl)s-vinyl-(methyl)-sul-
fone (AdaAhxsLsVS)-sensitive activity of LLYVase in exosomes from HSC and MSC cultural me-
dium, in the presence and absence of saponin. Data are presented as means + SD, n = 3.
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Chromatography of the concentrated medium from HSC culture showed that it con-
tains proteasomes outside the exosomal membranes, because the peaks of proteasomal
activity of samples prepared after treatment with Triton X-100 (0.05%) corresponded to
the profile of migration on the column of 20S proteasomes standard (Figure 4). The same
profile was found for the specific caspase activity, which correlates with known data on
the molecular size of apoptosomes, but the latter observation is true only for the use of
TNFa cocktail during cultivation. No caspase activity was detected in the MSC culture
medium.
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Figure 4. AdaAhxsLsVS- and emricasan-sensitive activities of neutral proteases in the eluate dur-
ing gel filtration of HSC cultural medium with tumor necrosis factor a (TNFa). Elution volume in
free volumes of the column (Vo) is plotted on the X axis. The arrow indicates the position of a
standard sample of 20S proteasomes (Enzo Inc., Farmingdale, NY, USA).

4. Discussion

We compared the exosomes’ contents purified from conditioned culture medium of
the adult HSCs and MSCs. It is known that therapeutic samples of exosomes generated
by natural killers have a cytotoxic effect [24]. Apoptosis determination in cultivated cells
and their extracellular vesicles can help to evaluate the cytotoxic potential of this possible
medicine.

Commonly used methods of apoptosis determination are to include the identification
of phosphatidylserine which appears on the outer part of the plasma membrane and binds
annexin V, the degradation of nuclear protein known as poly (ADP-ribose) polymerase,
or the determination of enzyme activities that should be distinguished from proteasome
caspase-like activity [9]. In most of the early studies, the specificity of caspase activity was
determined using peptide inhibitors. Simultaneously, the same substrates and inhibitors
of caspases are the substrates and inhibitors of proteasomal caspase-like activity. They
bind with the target enzymes in the same active center as the substrates, because they
differ from the substrates by the aldehyde group at the C-terminus of the peptide only.
This approach has promoted a lot of suggestions about the presence of apoptosis in adult
stem cells. At the same time, experiments on turning off the critical genes for the apoptosis
development did not correspond to this idea [25,26]. Furthermore, it should be taken into
account that there are many variants of white blood cell death in humans—apoptosis, py-
roptosis, necroptosis [10,11].
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We revealed that, secreted by HSCs, exosomes give off proteasomes into the culture
medium. Inhibitors used for the identification confirm that this activity relates to pro-
teasome. High molecular weight filtration indicates that proteasomal activity presents in
a 20S proteasomes fraction. It is well-known that proteasomes were found in extracellular
vesicles of different body fluids [27-30]. We found that extravesicular proteasomal activ-
ity is also presented and its amount is quite comparable to intravesicular activity. This is
also a known phenomenon, which is described for T-lymphocytes [2] and does not con-
tradict the known observations about the presence of free, extracellular, intact, and active
proteasomes in plasma, lung fluid, cervical fluid, etc. [29,30].

The induction of apoptosome formation in MSCs and HSCs with cytochrome C was
impossible and this correlates with the known data above. However, in the culture me-
dium and in the exosomes, we detected caspase-like activity after the addition of the TNFa
cocktail only. This activity is completely inhibited by a highly selective non-substrate in-
hibitor —emricasan, and is not sensitive to proteasome inhibitors. It should be noted that
in this case, proteasome inhibitors which are not structural analogues of their substrates
were used, and this feature significantly increases the accuracy of the data. The detected
caspase activity probably has two localizations—membrane and intracellular. This fol-
lows from data about activity after the permeabilization of membranes with saponin.
Since in our work we used a cocktail of protease inhibitors (including serine proteases), it
is possible to assume that caspase was activated during the spontaneous generation of
differentiated leukocytes, and not during the permeabilization of membranes. The de-
tected caspase activity is probably related to neutrophils whose membrane was decorated
by the active form of caspase-3 which was preactivated by the PR3 protease [14]. Extracel-
lular activity pertained to protein complexes of molecular weight similar to 20S pro-
teasomes and is probably represented by apoptosomes. Treatment of cell culture with
TNFa results in the formation of intracellular apoptosomes that are given off from the
exosomes (e.g., due to neutral sphingomyelidase activity). We assume that TNFa induces
the generation of neutrophils and other leukocytes in the culture of HSCs or the genera-
tion of other differentiated cells that are capable of apoptosis, in contrast to HSCs or MSCs
[31-34].
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HSC hematopoietic stem cell
MSC mesenchymal stem cell
TNFa tumor necrosis factor a
PR3 serine proteinase 3

SERPINB1 serine protease inhibitor B1
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MLKL mixed lineage kinase domain-like protein

GSDMD gasdermin D

SFEM Serum-Free Expansion Medium

FIt3L fms-related tyrosine kinase 3 ligand

SCF stem cell factor

IL-2, -3, -6 interleukine-2, -3, -6

TPO thrombopoietin

GM-CSF granulocyte-macrophage colony-stimulating factor
(Z-DEVD)2R110 Z-Asp-Glu-Val-Asp)-Rhodamine 110
AdaAhxsLsVS Adamantane-acetyl-(6-aminohexanoyl)s-(leucinyl)s-vinyl-(methyl)-sulfone
Z-LLYV-AMC Suc-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin
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